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Programme 

Sunday 2 April 
 

12:30 Registration 
Marquee - Main Quad 

  Session: Tutorials 
Chair: Oleg Mitrofanov, University College London, UK 

13:30 (Invited) Waveguides for terahertz radiation 
Daniel Mittleman, Brown University, USA 
Cruciform Building B304 - LT1 
 

14:15 (Invited) Nonlinear optical THz generations and applications 
Kodo Kawase, Nagoya University, Japan 

15:00 Refreshments 
Marquee - Main Quad 

15:45 (Invited) Beam engineering in terahertz quantum-cascade lasers 
Benjamin Williams, University of California Los Angeles (UCLA), USA 

16:30 (Invited) Terahertz pulse probes of nanoscale dynamics in materials 
Frank Hegmann, University of Alberta, Canada 

17:15 Close and welcome refreshments 
South Cloisters 

 
 
Monday 3 April 
 
07:30 Registration 

Marquee - Main Quad 
 

08:20 Welcome address  
Oleg Mitrofanov and Miriam Serena Vitiello, University College London and NEST, Istituto Nanoscienze 
CNR and Scuola Normale Superiore, Italy 
Cruciform Building B304 - LT1 
 

  Plenary Session I 
Chair: Oleg Mitrofanov, University College London, UK 
 

08:30 (Plenary) Faster than a cycle of light 
Rupert Huber, University of Regensburg, Germany 
 

09:15 Nonlinear near-field THz imaging of metamaterials 
François Blanchard, École de technologie supérieure, Canada 
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09:30 Near field THz probes for subwavelength interferometric imaging 
Maria Caterina Giordano, NEST, Istituto Nanoscienze – CNR and Scuola Normale Superiore, Italy 
 

09:45 The surface plasmon with metasurface studied by terahertz near-field spectroscopy 
Jiaguang Han, Tianjin University, China 
 

10:00 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: THz spectroscopy I 
Chair: Charles Schmuttenmaer, Yale University, USA 
 

10:30 Ultrafast two-dimensional THz spectroscopy on aspirin 
Giulia Folpini, Max-Born-Institut, Germany 
 

10:45 Exploring the anharmonic potential in crystalline systems with high-field THz lattice control 
Jeremy A Johnson, Brigham Young University, USA 
 

11:00 Non-Linear THz spectroscopy in liquid phase 
Janne Savolainen, ZEMOS/RUB, Germany 
 

11:15 2D Raman–THz spectroscopy reveals the inhomogeneity of aqueous salt solutions 
Andrey Shalit, Universitat Zurich, Switzerland 
 

11:30 THz-frequency zone-folded weak phonon modes in 4H and 6H silicon carbide 
Peter Uhd Jepsen, Technical University of Denmark, Denmark 
 

11:45 Sub-picosecond nonlinear THz transmission modulation with ultrafast recovery time in silicon carbide 
Peter Uhd Jepsen, Technical University of Denmark, Denmark 
 

12:00 Fabry-Perot etalons for broad-band calculation of refractive indices using fourier transform 
spectroscopy 
Steven Chick, University of Surrey, UK  
 

12:15 Lunch and exhibition 
Marquee - Main Quad 
 

14:00 Poster session 1 
North Cloisters 
 

  Session: QCL 1 
Chair: Benjamin Williams, University of California Los Angeles, USA 
 

15:00 (Invited) Short THz pulse generation from a dispersion compensated modelocked quantum cascade 
laser 
Sukhdeep Dhillon, Ecole Normale Supérieure, France 
 

15:30 High-power, low-divergent, single-mode THz quantum cascade wire lasers operating in pulsed and 
continuous-wave regime 
Simone Biasco, CNR-NANO, NEST, Italy 

3 

 



 

15:45 Electrically-controlled frequency tuning of terahertz quantum cascade lasers over 190 GHz using a 
coupled cavity with integrated photonic lattice 
Iman Kundu, University of Leeds, UK 
 

16:00 Amplitude and frequency tuning of an external cavity coupled terahertz quantum cascade laser using 
graphene coupled metamaterials 
Stephen Kindness, University of Cambridge, UK 
 

16:15 Mode imaging of terahertz quantum cascade lasers 
Sebastian Schoenhuber, TU Wien, Austria 
 

16:30 Terahertz quantum cascade laser based frequency comb with 1 THz spectral bandwidth and dual-
comb operation 
Markus Rösch, ETH Zurich, Switzerland 
 

16:45 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: THz waveguides and metamaterials 
Chair: Daniel Mittleman, Brown University, USA 
 

17:30 Radial photocurrents for single-cycle terahertz pulse excitation and propagation in hollow coaxial 
waveguides 
Miguel Navarro-Cia, University of Birmingham, UK 
 

17:45 Direct measurement of mode evolution through negative index terahertz waveguides 
Ajay Nahata, University of Utah, USA 
 

18:00  Hollow cylindrical metal terahertz waveguides suitable for cryogenic applications 
Riccardo Degl'Innocenti, University of Cambridge, UK 
 

18:15  Control of spoof localized surface plasmons using terahertz vortex beam 
Takashi Arikawa, Kyoto University, Japan 
 

18:30 Diffraction enhanced transparency (DET) using frequency detuned and displaced resonant rods 
Niels van Hoof, Dutch Institute for Fundamental Energy Research (DIFFER), Netherlands 
 

18:45 Archimedean spiral metamaterials and their potential application for terahertz-spectroscopy of chiral 
molecules 
Charles Schmuttenmaer, Yale University, USA 
 

19:00 Exhibition reception - drinks and canapes served 
Marquee - Main Quad 
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Tuesday 4 April 
 
08:00 Registration 

Marquee - Main Quad 
 

  Session: THz detectors 
Chair: Junichiro Kono, Rice University, USA 
 

08:30 (Invited) Uncooled, sensitive, high-speed bolometers using doubly clamped microelectromechanical 
resonators 
Kazuhiko Hirakawa, University of Tokyo, Japan 
 

09:00 Novel THz detector based on photo-thermal-acoustic effect in 3-dimensional graphene 
Mostafa Shalaby, SwissFEL (PSI), Switzerland 
 

09:15 Low-noise room temperature Terahertz 1D and 2D nano-detectors operating in the 0.3 – 3.8 THz 
range 
Enrico Dardanis, CNR NANO - Istituto Nanoscienze, Italy 
 

09:30 Demonstration of a peak electric field sensitive terahertz camera 
Simon Lehnskov Lange, Technical University of Denmark, Denmark 
 

09:45 METATeraCAM - A 64 x 64 CMOS terahertz focal plane array 
James Grant, University of Glasgow, UK   
 

10:00 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: THz components and systems 
Chair: Peter Uhd Jepsen, Technical University of Denmark, Denmark 
 

10:30 Subwavelength THz imaging using optically patterned photomodulators 
Euan Hendry, University of Exeter, UK 
 

10:45 THz sensing and imaging using rydberg atoms 
Christopher Wade, Durham University, UK 
 

11:00 Design of an integrated plasmonic THz on-chip spectroscopy platform 
James Seddon, University College London, UK 
 

11:15 Demultiplexing of terahertz wireless links by a leaky-wave antenna 
Jianjun Ma, Brown University, USA 
 

11:30 Experimental investigation of laser linewidth tolerance of photonic THz wireless systems using low-
complexity PE algorithm 
Luis Gonzalez Guerrero, University College London, UK 
 

11:45 An ultrafast III-V semiconducting nanowire THz polarisation modulator 
Djamshid Damry, University of Oxford, UK 
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12:00 Lunch and exhibition 
Marquee - Main Quad 
 

14:00 Exhibition session - exact content to be confirmed 
Marquee - Main Quad 
 

  Session: Quantum effects 
Chair: Karl Unterrainer, TU Wein, Austria 
 

15:00 (Invited) Terahertz quantum optics based on metamaterials  
Jerome Faist, ETH Zurich, Switzerland 
 

15:30 Terahertz-frequency magnon-phonon-polaritons in the strong coupling regime 
Prasahnt Sivarajah, Massachusetts Institute of Technology, USA 
 

15:45 Influence of charged sensitizing quantum dots on the electron dynamics in ZnO probed by time-
resolved terahertz spectroscopy 
Hynek Nemec, Institute of Physics of the Czech Academy of Sciences, Czech Republic 
 

16:00 Colossal terahertz magnetoresistance at room temperature in oxide nanocolumns 
James Lloyd-Hughes, University of Warwick, UK 
 

16:15 Access to subcycle quantum electrodynamics by multi-terahertz technology 
Philipp Sulzer, University of Konstanz, Germany 
 

16:30 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: Graphene and 2D materials 
Chair: Federico Capasso, Harvard University, USA 
 

17:30 Ultrafast carrier dynamics in chemically-synthesized atomically-precise graphene nanoribbons 
Ivan Ivanov, Max Planck Institute for Polymer Research, Germany 
 

17:45 Evidence of Fermi level pinning at the Dirac point in epitaxial multilayer graphene 
Juliette Mangeney, CNRS-ENS-LPA, France 
 

18:00  Landau-quantized graphene as a nonlinear THz material 
Stephan Winnerl, HZDR, Germany 
 

18:15  Landau level spectroscopy of Dirac fermions in ZrTe5 and other topological materials 
Dmitry Smirnov, National High Magnetic Field Laboratory, USA 
 

18:30 Intersubband transitions in transition metal dichalcogenides (TMDs) 
Peter Schmidt, ICFO - The Institute of Photonic Sciences, Spain 
 

18:45 Current-injection terahertz emission in distributed-feedback dual-gate graphene-channel field-effect 
transistor 
Deepika Yadav, Tohoku University, Japan  
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19:00 Close 
 
 
Wednesday 5 April 
 
08:00 Registration 

Marquee - Main Quad 
 

  Plenary Session II 
Chair: Miriam Serena Vitiello, NEST, Istituto Nanoscienze CNR and Scuola Normale Superiore, Italy 
 

08:30 (Plenary) Title: TBC 
Federico Capasso, Harvard University, USA 
 

09:15 Adsorption energy of physisorbed oxygen molecules on 2D materials measured by laser terahertz 
emission microscopy 
Masayoshi Tonouchi, Osaka University, Japan 
 

09:30 Shining light on the scattering mechanisms influencing electron mobility in modulation-doped core-
shell GaAs/AlGaAs nanowires 
Jessica Boland, University of Oxford, UK 
 

09:45 Light-induced out of equilibrium terahertz plasmonics in Bi2Se3 topological insulator 
Flavio Giorgianni, Paul Scherrer Institut, Switzerland 
 

10:00 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: QCLs 2 
Chair: Jerome Faist, ETH Zurich, Switzerland 
 

10:30 Multi-THz Sideband Generation on an optical telecom carrier at room temperature 
Sarah Houver, CNRS - Laboratoire Pierre Aigrain, France 
 

10:45 Dispersion and mode control of broadband terahertz quantum cascade lasers 
Juraj Darmo, TU Wien, Austria 
 

11:00 Gas spectroscopy with integrated frequency monitoring, through self-mixing in a terahertz quantum-
cascade laser 
Alexander Valavanis, University of Leeds, UK 
 

11:15 Bolometric detection of terahertz quantum cascade lasers with graphene-plasmonic antenna arrays 
Riccardo Degl'Innocenti, University of Cambridge, UK 
 

11:30 THz metal-insulator-metal disk resonators coupled to semiconductor quantum wells 
Christian Georg Derntl, TU Wien, Austria 
 

11:45 Non-invasive measurement of absolute leaf water content with terahertz quantum cascade lasers 
Lorenzo Baldacci, CNR Istituto Nanoscienze, Italy 
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12:00 Lunch and exhibition 
Marquee - Main Quad 
 

14:00 Poster session 2 
North Cloisters 
 

  Session: THz sources 
Chair: Kodo Kawase, Nagoya University, Japan 
 

15:00 (Invited) Terahertz linear acceleration for compact electron and x-ray sources 
Franz Kärtner, DESY and University of Hamburg, Germany 
 

15:30 Efficient spintronic terahertz emitters based on epitaxial grown Fe/Pt layer structures 
René Beigang, University of Kaiserslautern, Germany 
 

15:45 Prospects of highly efficient semiconductor contact-grating THz pulse sources 
József Fülöp, University of Pécs, Hungary 
 

16:00 Intense THz field generation via two-color filamentation in air at 1 kHz 
Yungjun Yoo, University of Maryland, USA 
 

16:15 High-harmonic generation in monolayer materials 
Naotaka Yoshikawa, Kyoto University, Japan 
 

16:30 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: THz spectroscopy II 
Chair: Ajay Nahata, University of Utah, USA 
 

17:30 Terahertz fingerprints of cancer DNA 
Joo-Hiuk Son, University of Seoul, South Korea 
 

17:45 Measurements and simulation of skin occlusion effects using THz pulsed imaging 
Emma Pickwell-MacPherson, CUHK, Hong Kong 
 

18:00  Terahertz-induced modulation of liquid water and other liquids 
Peter Zalden, European XFEL and University of Hamburg, Germany 
 

18:15  Soft desorption from the hydrogen bonded solids using intense THz pulses 
Masaya Nagai, Osaka University, Japan 
 

18:30 Molphoogical changes of polymers induced by intense THz pulses 
Hiromichi Hoshina, RIKEN, Japan 
 

18:45 Differentiating benign and malignant breast tissue using a handheld Terahertzprobe 
Vincent Wallace, University of Western Australia, Australia  
 

19:00 Time-resolved multi-THz studies of single crystal hybrid halide perovskites 
David Cooke, McGill University, Canada 

8 

 



 

19:15 Close 
  
 
Thursday 6 April 
 
08:00 Registration 

Marquee - Main Quad 
 

  Session: Ultrafast Dynamics 
Chair: Rupert Huber, University of Regensburg, Germany 
 

08:30 (Invited) Ultrafast spintronics with terahertz radiation 
Tobias Kampfrath, Fritz Harber Institute of the Max Planck Society, Germany 
 

09:00 THz Field-induced lattice motion and nonlinear phonon coupling in SrTiO3 probed with ultrafast x-ray 
diffraction 
Michael Kozina, SLAC National Accelerator Laboratory, USA 
 

09:15 Berry curvature induced dynamical birefringence from electron-hole recollisions 
Darren Valovcin, University of California, Santa Barbara, USA 
 

09:30 Non-resonant magnetization dynamics in ferromagnetic thin films driven by an intense single-cycle 
THz pulse 
Christoph Hauri, Paul Scherrer Institute/EPFL, Switzerland 
 

09:45 THz-driven ultrafast spin-lattice scattering in metallic ferromagnets 
Sergey Kovalev, Helmholz Zentrum Dresden Rossendorf, Germany 
 

10:00 Refreshments and exhibition 
Marquee - Main Quad 
 

  Session: THz spectroscopy III 
Chair: Masayoshi Tonouchi, Osaka University, Japan 
 

10:30 Bandwidth-controlled metallization in pressurized VO2 revealed by optical pump – THz probe 
spectroscopy 
Johannes M Braun, Helmholtz-Zentrum Dresden-Rossendorf, Germany 
 

10:45 Long-range and high-speed electron and spin transport at GaAs/AlGaAs interface  
Petr Kuzel, Institute of Physics, Czech Academy of Sciences, Czech Republic 
 

11:00 In situ terahertz spectroelectrochemistry of metal oxide films 
Coleen Nemes, Yale University, USA 
 

11:15 Linear and nonlinear terahertz time-domain magnetic resonance spectroscopies 
Xian Li, Massachusetts Institute of Technology, USA 
 

11:30 Charge-carrier dynamics in 3D and 2D hybrid metal halide perovskites studied with terahertz 
spectroscopy 
Rebecca Milot, University of Oxford, UK 
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11:45 Two-photon and two-phonon coherences in InSb from three-pulse THz spectroscopy 

Carmine Somma, Max-Born-Institut, Germany 
 

12:00 Lunch and exhibition 
Marquee - Main Quad 
 

14:00 Poster session 3 
North Cloisters 
 

  Session: Near field microscopy 
Chair: Frank Hegmann, University of Alberta, Canada 
 

15:00 (Invited) Visualizing terahertz graphene plasmons  
Pablo Alonso González, CIC nanoGUNE, Spain 
 

15:30 Ultrafast switching of hybrid polaritons in black phosphorus heterostructures 
Fabian Mooshammer, University of Regensburg, Germany 
 

15:45 Efficient coupling of terahertz radiation to near-field scattering probes 
Thomas Siday, University College London, UK 
 

16:00 Resonant THz near-field probes 
Stefan Mastel, CIC nanoGUNE, Spain 
 

16:15 Bias-dependent laser terahertz emission microscopy with nanometer resolution 
Pernille Klarskov, Brown University, USA 
 

16:30 Close 
 

18:00  Conference Banquet  
Churchill War Museum 

  
 
Friday 7 April 
 
09:00 Registration 

Marquee - Main Quad 
 

  Session: Light-matter interaction 
Chair: Richard Averitt, University of California, San Diego, USA 
 

09:30 (Invited) Highly efficient terahertz metasurface flat lens 
Hou-Tong Chen, Los Alamos National Laboratory, USA 
 

10:00 Ultra-strong coupling at THz frequencies with high-Tc complementary metasurfaces 
James Keller, ETH Zürich, Switzerland 
 

10:15 Ultrastrong light-matter coupling with few electrons in single LC resonators 
Giacomo Scalari, ETH Zürich, Switzerland 
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10:30 Asymmetric polariton dispersion in the ultrastrong coupling regime 

Curdin Maissen, ETH Zürich, Switzerland 
 

10:45 Refreshments 
Marquee - Main Quad 
 

11:30 Wrap up session and conclusion remarks 
 

12:15 Lunch 
Marquee - Main Quad 
 

12:30 Excursions 
  
 
Poster session 1 
 
PS1:01 Observation of THz coherent transients in GaSe crystals 
Mira Naftaly, National Physical Laboratory, UK 
 
PS1:02 Amplification of terahertz plasmons at junctions in two-dimensional electron channels 
Serhii Siaber, Imperial College London, UK 
 
PS1:03 Discrimination of myelin deficit brain using terahertz time-domain spectroscopy 
Li-Guo Zhu, China Academy of Engineering Physics, China 
 
PS1:04 Excitation of terahertz plasmons in two-dimensional electron channels by coupling to coplanar 
waveguides 
Attique Dawood, Imperial College London, UK 
 
PS1:05 Carrier density dependence of THz field-induced nonlinearity in graphene 
Hassan A Hafez Eid, Max Planck Institute for Polymer Research, Germany 
 
PS1:06 Charge transport in anodic TiO2 nanotubes studied by terahertz spectroscopy 
Jiří Kuchařík, Institute of Physics of the Czech Academy of Sciences, Czech Republic 
 
PS1:07 Terahertz probing of the electron energy relaxation in (Cd1-xZnx)3As2 Dirac semimetals 
Alexandra Galeeva, M.V. Lomonosov Moscow State University, Russia 
 
PS1:08 Amplification of plasmons in active graphene-hexagonal-boron-nitride van der Waals heterostructures 
Mikhail Morozov, Kotelnikov Institute of Radio Engineering and Electronics of Russian Academy of Sciences 
(Saratov Branch), Russia 
 
PS1:09 Probing the frequency-dependent transient photoconductivity of bare and dye-sensitized mesoporous 
SnO2 films in aqueous electrolyte 
Kevin Regan, Yale University, USA 
 
PS1:10 Temperature-dependent terahertz time domain spectroscopy to investigate solid state phase transitions 
in molecular crystals 
Jens Neu, Yale University, USA 
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PS1:11 Terahertz narrowband pump – broadband probe spectroscopy of intersubband transitions in a wide 
single quantum well 
Johannes Schmidt, Helmholtz-Zentrum Dresden-Rossendorf, Germany 
 
PS1:12: Quantum theory of linear THz response of semiconductor nanostructures 
Tomas Ostatnicky, Charles University, Czech Republic 
 
PS1:13 Intersubband population inversion and stimulated terahertz transitions in landau level system of 
resonant tunneling quantum well structures 
Yury Mityagin, P.N.Lebedev Physical Institute of Russian Academy of Sciences, Russia 
 
PS1:14 Study on nonlinear dynamics in Resonant Tunneling Diodes (RTD): unlocking dynamical diversity for THz 
devices applications 
Andreas Karsaklian Dal Bosco, Riken, Japan 
 
PS1:15 Terahertz quantum Hall effect for spin-split heavy-hole gases in strained Ge quantum wells 
Michele Failla, University of Warwick, UK 
 
PS1:16 THz time-domain spectroscopy reveals hyperfine structure features of lowest transitions of trivalent 
lanthanide Ho3+ in LiYF4:Ho 
Rodolfo Hermans, University College London, UK 
 
PS1:17 Characterization of 1D nanostructures using optical pump – terahertz probe time-domain spectroscopy 
Peter Karlsen, University of Exeter, UK 
 
PS1:18 A practical cell biosensor based on highly-sensitive terahertz metamaterial 
Caihong Zhang, Nanjing University, China 
 
PS1:19 Water mapping around alcohol chains by THz spectroscopy 
Katsuyoshi Aoki, Ruhr Universität Bochum, Germany 
 
PS1:20 Low-temperature scattering scanning near-field infrared microscopy 
Denny Lang, Helmholtz-Zentrum Dresden-Rossendorf, Germany 
 
PS1:21 Spectroscopy of anisotropic materials using THz pulses with rotatable polarisation 
Connor Mosley, University of Warwick, UK 
 
PS1:22 Time-resolved infrared spectroscopy at the nanoscale 
Max Eisele, neaspec GmbH, Germany 
 
PS1:23 Multilevel image encoding on terahertz metasurfaces 
Ajay Nahata, University of Utah, USA 
 
PS1:24 Optical excitation selective modulation of terahertz using 2D hybrid organic-inorganic perovskites 
Ajay Nahata, University of Utah, USA 
 
PS1:25 Terahertz photoconductivity in silicon nanocrystals networks at low temperature 
Vladimir Pushkarev, Institute of Physics of the Czech Academy of Sciences, Czech Republic 
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PS1:26 Time-resolved terahertz spectroscopy of macroporous inverse opal structured Ge films 
Mary Alvean Narreto, University of Alberta, Canada 
 
PS1:27 THz spectroscopy of hair: towards a potential indicator of breast cancer 
Ginny Shooter, University College London, UK 
 
PS1:28 Investigation of dielectric properties of breast tissue phantoms using a non-debye model 
Bao Truong, University of Western Australia, Australia 
 
PS1:29 A CW-THz source with broadband tunability and high frequency accuracy using an optical-modulator-
based flat comb generator for high precision spectroscopy 
Isao Morohashi, National Institute of Information and Communications Technology, Japan 
 
  
Poster session 2 
 
PS2:01 Real-time monitoring of gas concentration mixed with unwanted smoke under atmospheric pressure 
using asynchronous-optical-sampling THz time-domain spectroscopy 
Takeshi Yasui, Tokushima University, Japan 
 
PS2:02 Investigating cell-scaffold interaction by terahertz frequency-domain circular dichroism spectroscopy 
Bin Yang, University of Chester, UK 
 
PS2:03 THz spectroscopy of palm oil products 
Mario Méndez Aller, TU Darmstadt, Germany 
 
PS2:04 Practical considerations of deploying terahertz technology for automotive coatings inspection 
Philip Taday, TeraView Ltd., UK 
 
PS2:05 Towards real-world THz imaging with optically controllable single-pixel cameras 
Sven Augustin, Humboldt University Berlin, Germany 
 
PS2:06 Polarization switching THz devices for protein analysis 
David Blyth, University of Essex, UK 
 
PS2:07 Phase-matched generation of coherent field transients below 15 THz in 4H-SiC 
Johannes Bühler, University of Konstanz, Germany 
 
PS2:08 Nanometre precision in THz thicknesses measurements of dielectric and metal-dielectric structures 
Keno Krewer, Max Planck Institute for Polymer Research, Germany 
 
PS2:09 Vector network analyser based angular resolved measurements at THz frequencies 
Andreas Klein, Durham University, UK 
 
PS2:10 Nonlinear-optical coefficient measurements of precisely processed organic crystals 
Takashi Notake, RIKEN, Japan 
 
PS2:11 Detection proper and defective sugar beet seeds using THz time domain spectroscopy 
Jan C Balzer, Philipps-Universität Marburg, Germany 
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PS2:12:An investigation into the complementarity of THz imaging, stimulated infrared thermography and DHSPI 
for the imaging of concealed wall paintings 
John Bowen, University of Reading, UK 
 
PS2:13 Single-shot spectral measurement of THz radiation from two-color laser focusing in air 
Yungjun Yoo, University of Maryland, USA 
 
PS2:14 THz generation using non-linear crystallites dispersed in organogels 
Rajeev Kini, IISER-TVM, India 
 
PS2:15 Multispectral detection from X-ray to THz on standard silicon CCD and CMOS sensors 
Mostafa Shalaby, SwissFEL (PSI), Switzerland 
 
PS2:16 Intense THz source based on BNA organic crystal pumped at conventional Ti:Sapphire wavelength 
Mostafa Shalaby, SwissFEL (PSI), Switzerland 
 
PS2:17 Highly versatile narrowband Terahertz source providing extreme field strength 
Christoph Hauri, Paul Scherrer Institute/EPFL, Switzerland 
 
PS2:18 Near-field microscopy of electromagnetically induced transparency in terahertz dolmens 
Alexei Halpin, Dutch Institute for Fundamental Energy Research (DIFFER), Netherlands 
 
PS2:19 Synthetic multi-spectral materials for co-axial imaging 
James Grant, University of Glasgow, UK 
 
PS2:20 Terahertz nondestructive characterization of multi-layered structures using sparse deconvolution 
accounting for pulse spreading 
Junliang Dong, Georgia Tech Lorraine, France 
 
PS2:21 Interaction mechanisms of confined meta-atoms 
M Wenclawiak, TU Wien, Austria 
 
PS2:22 Parallel plate waveguide terahertz time domain spectroscopy for two-dimensional conductive materials 
in the transverse electric mode: Performance and limitation 
Moritz Razanoelina, Osaka University, Japan 
 
PS2:23 Geometric phase shaping of terahertz vortex beams 
Emmanuel Abraham, Bordeaux University - LOMA, France 
 
PS2:24 Resistance of various metals and dielectrics against high THz field induced damage 
Krzysztof Iwaszczuk, Technical University of Denmark, Denmark 
 
PS2:25 Electric-field-tunable terahertz response of planar metamaterials deposited on strained SrTiO3 films 
Christelle Kadlec, Institute of Physics of the Czech Academy of Sciences, Czech Republic 
 
PS2:26 Coupling surface plasmon polariton modes to complementary metasurfaces tuned by inter meta-atom 
distance 
James Keller, ETH Zürich, Switzerland 
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PS2:27 Magneto-Plasmon and cyclotron transition ultrastrongly coupled to subwavelength resonator 
Gian Lorenzo Paravicini-Bagliani, ETH Zürich, Switzerland 
 
PS2:28 Magneto-THz spectroscopy of the photoexcited semiconductor 
Tomohide Morimoto, Osaka University, Japan 
 
PS2:29 Active waveguides enabled by liquid metal actuation 
Kimberly Reichel, Brown University, USA 
 
PS2:30 Artificial dielectric polarizing beam splitter for the THz region 
Rajind Mendis, Brown University, USA 
 
PS2:31 An ultra-thin tunable terahertz absorber 
Ilya Shadrivov, Australian National University, Australia 
 
PS2:32 Dynamic light-induced THz resonators in a waveguide 
Lauren Gingras, McGill University, Canada 
  
 
Poster session 3 
 
PS3:01 Metrology of terahertz measurements by time-domain-spectroscopy 
Andreas Steiger, Physikalisch-Technische Bundesanstalt, Germany 
 
PS3:02 TELBE: High-field high-repetition-rate photon facility for coherent THz control of matter 
Sergey Kovalev, Helmholz Zentrum Dresden Rossendorf, Germany 
 
PS3:03 THz pump-probe setup for experiments in high magnetic fields 
Dmytro Kamenskyi, Radboud University, Netherlands 
 
PS3:04 Real-time frequency measurement of CW-THz radiation using dual photo-carrier THz combs induced by a 
free-running, dual-wavelength mode-locked, Er:fiber laser 
Takeshi Yasui, Tokushima University, Japan 
 
PS3:05 Improving performance in terahertz spectral identification by empirical mode decomposition 
Yunpeng Su, Tsinghua University, China 
 
PS3:06 FELBE, The THz/Infrared FEL user facility for ultrafast, nanoscale, and high field studies 
John Michael Klopf, Helmholtz Zentrum Dresden-Rossendorf (HZDR), Germany 
 
PS3:07 Ultrafast field emission of electron from a metallic nanotip by intense single cycle THz pulses 
Dominique Matte, McGill University, Canada 
 
PS3:08 Tuneable THz generation using 2nd order non-linear optical effects in GaAs/AlGaAs multi-quantum well 
excitons at room temperature 
Avan Majeed, University of Sheffield, UK 
 
PS3:09 Towards direct access to THz-driven transient electronic states with time-resolved ARPES 
Jan-Christoph Deinert, Helmholtz-Zentrum Dresden-Rossendorf, Germany 
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PS3:10 Making a commercial infrared pyroelectric detector sensitive to millimetre waves via near-field 
metasurface-pyroelectric-film interaction 
Miguel Navarro-Cia, University of Birmingham, UK 
 
PS3:11 Intense and broadband THz wave generation in new organic electro-optic OHQ-T crystals 
Jae-Hyun Han, Ajou University, South Korea 
 
PS3:12:Assessment of large internal optical anisotropy in fluoroelastomer with carbon black fillers using a 
polarization sensitive terahertz spectroscopy 
Makoto Okano, Keio University, Japan 
 
PS3:13 Retrieval of elliptically-polarized terahertz electric-field pulse shapes by electro-optic sampling 
Kenichi Oguchi, Keio University, Japan 
 
PS3:14 Direct measurement of terahertz wavefront pulses using 2D electro-optic imaging 
Emmanuel Abraham, Bordeaux University - LOMA, France 
 
PS3:15 Monolithic extractors for broadband terahertz quantum cascade laser based frequency combs 
M Rösch, ETH Zurich, Switzerland 
 
PS3:16 Efficient terahertz wave generation by new organic electro-optic salt crystals at Ti:sapphire wavelength 
Seung-Chul Lee, Ajou University, South Korea 
 
PS3:17 High-power THz wave generation with large-area organic electro-optic crystals grown in confinement 
geometry 
Chan-Uk Jeong, Ajou University, South Korea 
 
PS3:18 Sub-cycle cross-phase modulation in GaP induced by ultrastrong THz Field 
Carlo Vicario, Paul Scherrer Institute, Switzerland 
 
PS3:19 Multi-mJ Stokes pulses for high-field THz generation in organic crystals 
Carlo Vicario, Paul Scherrer Institute, Switzerland 
 
PS3:20 Photocarriers in the GaAs-based photovoltaic device evaluated with the pulsed THz emission 
Keita Miyagawa, Osaka University, Japan 
 
PS3:21 Vertical emission in whispering gallery mode quantum cascade terahertz lasers through dipole-antenna 
engineering 
Lorenzo Baldacci, NEST Laboratory, CNR - Istituto Nanoscienze & Scuola Normale Superiore, Italy 
 
PS3:22 Numerical study of THz-pulse-driven proton post-accelerator 
László Pálfalvi, University of Pécs, Hungary 
 
PS3:23 Asymmetric strip line electrodes for photoconductive terahertz emission 
Abhishek Singh, Helmholtz Zentrum Dresden Rossendorf, Germany 
 
PS3:24 Uneven enhancement of terahertz generation in photoconductive antenna by silver nanoantennas 
Nikolay Petrov, ITMO University, Russia 
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PS3:25 Spatial-frequency noise suppression techniques for terahertz pulse time domain holography 
Nikolay Petrov, ITMO University, Russia 
 
PS3:26 Free-space terahertz radiation from a LT-GaAs-on-quartz large-area photoconductive emitter 
Joshua Freeman, University of Leeds, UK 
 
PS3:27 Photoconductive THz detectors utilizing localized Beryllium doping: 10 dB increase in dynamic range 
Robert Kohlhaas, Fraunhofer Heinrich Hertz Institute, Germany 
 
PS3:28 High performance InGaAs/InAlAs terahertz quantum cascade lasers 
Martin Alexander Kainz, TU Wien, Austria 
 
PS3:29 Studies of dilute materials for THz emitters and detectors 
Leena Al-Ghuraibawi, University of Essex, UK 
 
PS3:30 Designing an efficient terahertz detector based on a photoconductive hybrid cavity 
Thomas Siday, University College London, UK 
 
PS3:31 Nonlinear optics in QCLs: Towards broadband THz-to-optical up-conversion 
Sarah Houver, CNRS - Laboratoire Pierre Aigrain, France 
 
PS3:32 Reconfigurable terahertz plasmonic devices using shape memory alloys 
Ajay Nahata, University of Utah, USA 
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Tutorials 
 
(Invited) Waveguides for terahertz radiation 

D M Mittleman 

Brown University, USA 

The study of waveguides for terahertz radiation has been an active field of research for many years [1].  The field 
has been inspired by the challenges associated with finding effective wave guiding strategies for ultra-broadband 
single-cycle terahertz pulses, and by the numerous applications in sensing, imaging, and spectroscopy that such 
devices could enable. In this tutorial, we will begin with a brief review of the technique of terahertz time-domain 
spectroscopy. We will then review the basic physics of the relevant waveguide components, and discuss a few 
examples to illustrate various classes of guiding strategies and their uses in the terahertz range. 

For broadband pulses, the most useful waveguides are those which exhibit no low-frequency cut off, and no (or low) 
group velocity dispersion. Among the various examples of waveguides which support a dispersionless TEM mode, 
most researchers have used the parallel plate waveguide (PPWG). Since the first THz pulse characterization [2], this 
waveguiding strategy has been a workhorse system for many research groups. Of particular note are applications in 
high-resolution spectroscopy of molecular crystals, for which a PPWG provides a long interaction length, broadband 
coverage, and unprecedented spectral resolution due to line narrowing effects [3]. 

Recently, researchers have also begun to study modes of  the  PPWG  other  than  the  TEM  mode,  such  as  the 
lowest-order TE mode.  This mode exhibits a cut-off at a frequency given by fC = c/ 2b , where b is the spacing 
between the plates. This cut-off frequency can lead to a distortion of the pulse spectrum, since frequencies below fC 
cannot propagate inside the waveguide. Also, for frequencies above fC, strong group velocity dispersion leads to 
chirping of an input single-cycle pulse. For these reasons the TE modes have not often been employed. However, by 
increasing the plate spacing, one can push the cut-off frequency to a lower value, below the relevant spectral range. 
This effectively eliminates these pulse distortions, while preserving the single-mode coupling into the desired 
waveguide mode [4]. Moreover, over- moding the waveguide in this fashion can also dramatically reduce the 
intrinsic ohmic attenuation, opening up interesting possibilities for long-distance low-loss propagation [5]. In the TE1 
mode, the waveguide can also behave as a two-dimensional artificial dielectric medium with a refractive index less 
than unity. This opens up a large range of valuable applications in the THz range. 

We will also briefly discuss several other examples of waveguide configurations that have attracted attention in the 
THz range. These include dielectric waveguides, such as photonic crystal fibers [6] and subwavelength dielectric 
fibers [7], as well as plasmonic waveguides, in which the signal propagates as a surface wave [8]. As with the more 
familiar situation of plasmons in the visible and near infrared, this latter case can provide a route to subwavelength 
imaging or spectroscopy [9]. 

 

Figure 1. THz waveforms corresponding to (a) input reference, (b) TEM-mode propagation in a PPWG, (c) TE1-mode 
propagation in a PPWG with small plate spacing (b =0.5 mm), (d) TE1-mode propagation in a PPWG with large plate 
spacing (b =5 mm). In panels (b)-(d), the waveguide length is 2.5 cm. 

[1]  G. Gallot, S. P. Jamison, R. W. McGowan, and D. Grischkowsky, “Terahertz waveguides,” J. Opt. Soc. Am. B, 
 17, 851-863 (2000). 
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[2]  R. Mendis and D. Grischkowsky, “Undistorted guided-wave propagation of subpicosecond terahertz 
 pulses,” Opt. Lett., 26, 846 (2001). 
[3]  J. S. Melinger, S. Sree Harsha, N. Laman, and D. Grischkowsky, “Guided wave terahertz spectroscopy of 
 molecular solids,” J. Opt. Soc. Am.B, 26, A79-A89 (2009). 
[4]  R. Mendis and D. M. Mittleman, “Comparison of the lowest-order transverse-electric (TE1) and transverse 
 magnetic (TEM) modes of the parallel-plate waveguide for terahertz pulse applications,” Opt. Express, 17, 
 14839 (2009). 
[5]  R. Mendis and D. M. Mittleman, “An investigation of the lowest-order transverse-electric (TE1) mode of the 
 parallel-plate waveguide for THz pulse propagation,” J. Opt. Soc. Am. B, 26, A6 (2009). 
[6]  K. Nielsen, H. K. Rasmussen, A. J. L. Adam, P. C. M. Planken, O. Bang, and P. U. Jepsen, “ Bendable, low-
 loss Topas fibers for the terahertz frequency range,” Opt. Express 17, 8592 (2009). 
[7]  H.-W. Chen, Y.-T. Li, C.-L. Pan, J.-L. Kuo, J.-Y. Lu, L.-J. Chen, and C.-K. Sun, “Investigation on spectral loss 
 characteristics of subwavelength terahertz fibers,” Opt. Lett., 32, 1017 (2007). 
[8]  K. Wang and D. M. Mittleman, “Metal wires for terahertz wave guiding,” Nature, 432, 376 (2004). 
[9]  M. Awad, M. Nagel, and H. Kurz, “Tapered Sommerfeld wire terahertz near-field imaging,” Appl. Phys. Lett., 
 94, 051107 (2009). 
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(Invited) Nonlinear optical THz generations and applications 

K Kawase, K Murate and K Takeya 

Nagoya University, Japan 

In 2003, we reported the first-ever development of a spectral imaging system using THz-wave parametric oscillator 
(TPO) [1]. The TPO has a dynamic range below four orders of magnitude, which enables it to identify reagents only 
through thin envelopes using spectral imaging. Recently, we have succeeded in the development of high power and 
high sensitivity THz wave spectral imaging system using injection-seeded THz parametric generation (is-TPG) and 
detection [2]. A dynamic range of 100 dB has been obtained, which is much higher than that of the 2003 TPO. The 
peak output power of is- TPG approached 50 kW by introducing a microchip YAG laser with shorter pulse width of 
420ps. In the detection section of our system, THz-wave was converted back into near infrared beam by nonlinear 
optical wavelength conversion. We have realized ten orders of dynamic range using commercially available near 
infrared photo detector. Now we can detect drugs under much thicker obstacles than before using evolved is-TPG 
spectroscopic imaging system as shown in Fig. 1. Our evolved is-TPG system has potential applications in 
spectroscopic sensing and imaging of chemicals through obstacles [3] and non- destructive CT imaging of 
plastic/ceramic products [4, 5]. We have also compared our is-TPG spectrometer and TDS (THz Time Domain 
Spectroscopy) for the purpose of drug detection through thick envelopes. 

 
On the other hand, non-contact layer thickness measurement method is important in various industrial applications. 
The regular Terahertz-TDS (Time-domain Spectroscopy) system using a PCA (photoconductive antenna) is 
inapplicable when the duration of the generated pulse is longer than the travel time within a thin film. In this 
research, a newly-developed THz-TDS system, which generates ultrashort pulses, was adopted for thickness 
measurement using a time of flight reflection tomography technique. The system is based on a Cherenkov phase 
matching mechanism using a MgO: LiNbO3 ridge waveguide and generates a shorter and stronger pulse than the 
conventional PCA. 

[1]  K. Kawase, Y. Ogawa, Y. Watanabe, H. Inoue, Opt. Exp. 11 (2003) 2549. 
[2]  S. Hayashi, K. Nawata, T. Taira, K. Kawase, H. Minamide, Sci. Rep. 4 (2014) 5045.  
[3]  M. Kato, S. Tripathi, K. Murate, K. Imayama K. Kawase, Opt. Exp. 24 (2016) 6425. 
[4]  S.R. Tripathi, Y. Sugiyama, K. Murate, K. Kawase, Opt. Exp. 24 (2016) 6433. 
[5]  K. Murate, S. Hayashi, K. Kawase, Appl. Phys. Exp. 10 (2017) 032401. 
[6] K. Takeya, T. Minami, H. Okano, S. R. Tripathi, K. Kawase, APL Photon. 2 (2017) 016102. 
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(Invited) Beam engineering in terahertz quantum-cascade lasers  

B S Williams 

University of California Los Angeles (UCLA), USA 

The topic of this tutorial presentation is to provide an overview of the state-of-the-art for terahertz quantum-cascade 
lasers, and the various methods for beam engineering. Terahertz quantum-cascade lasers are becoming increasingly 
practical sources for radiation in the 1-6 THz range, particularly when continuous-wave operation is needed, or when 
power levels of milliwatts or greater are required. However, beam quality and optical coupling efficiency has been a 
problem for THz QC-lasers from their inception. Terahertz QC-lasers almost exclusively use metallic and/or 
plasmonic waveguides often with a sub-wavelength sized cross-section; this leads to highly divergent beams with 
large sidelobes unless special measures are taken. There have been myriad of solutions presented to this problem, 
including facet mounted lenses, waveguide attached horn antennas, spatial filters, 2nd -order DFB cavities and 
arrays, surface emitting photonic crystal cavities, quasi-crystalline, aperiodic, and random cavities, end-fire lasers 
including 3rd order DFBs and antenna-coupled DFBs, phase-locked surface emitting arrays, plasmonic antennas 
and collimators, leaky-wave-antennas, and metasurface vertical-external-cavity surface-emitting-lasers (VECSELs) – 
to name a few! In this tutorial, the fundamentals of these various solutions will be discussed, including their 
associated trade-offs, particularly with respect to figures of merit such as threshold, slope efficiency, output power, 
spectral characteristics, beam quality. We will also discuss how new laser functionality is obtained from these 
various approaches – for example the use of antenna concepts can enable beam steering, and engineering of the 
output polarization. 

 

(Invited) Terahertz pulse probes of nanoscale dynamics in materials 

F Hegmann  

University of Alberta, Canada 

Abstract not available  
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Plenary session I 

(Plenary) Faster than a cycle of light 

R Huber 

University of Regensburg, Germany 

Light is an electromagnetic wave. Yet, it often displays more of its corpuscular nature when interacting with matter, 
e.g., by photon absorption. The advent of atomically strong laser pulses featuring a constant electric-field shape has 
opened the door to a new regime where the lightwave acts like a classical acceleration force [1]. The ability to 
control coherent electron transport on a subcycle timescale has made highharmonic (HH) generation, attosecond 
science, and lightwave electronics accessible [1-9]. Terahertz (THz) fields are uniquely suited to promote charge 
transport to unprecedented field strengths, massively subcycle time scales, and even atomic spatial resolution [3-
15].  

We employ phase-controlled multi-THz fields on the order of 1 V/Å to generate HH radiation in bulk semiconductors, 
covering more than 13 optical octaves [4]. Tracing the electron dynamics on subcycle scales (Fig. 1a), we reveal a 
coherent interplay of dynamical Bloch oscillations and a novel strong-field quantum interference between various 
energy bands [5]. This mechanism can be exploited to even shape the HH carrier wave [6] for solid-state 
attosecond sources. Strong THz fields can also accelerate and collide electrons and holes [7] that form excitons in 
the dichalcogenide WSe2 [10]. This novel concept of a quasiparticle collider provides insights into the structure and 
dynamics of quasiparticles as conventional accelerators expose the nature of elementary particles. 

 
Figure1 | a, Time structure (blue curve) of THz-driven high-har- monic pulses from bulk GaSe in direct comparison 
with the driv- ing THz waveform (black cur- ve). b, Femtosecond snapshot of a single orbital of an individual 
pentacene molecule. Top: Out- of-plane vibrations of this single molecule are directly resolved in space and time. 

Far-field spectroscopy is restricted by the diffraction limit. We explore two ways of tracing subcycle dynamics on the 
nanoscale: (1) Combining electro-optic sampling with near-field scanning optical micro- scopy we demonstrate 
simultaneous 10 fs and 10 nm resolution [11]. The ultrafast nanoscope allows us to resolve ultrafast photo-
switching of surface plasmon polaritons on black phosphorus [12]. (2) Ultrafast THz scanning tunnelling microscopy 
[13-15] is used to enter an uncharted, spectroscopic tunnelling regi- me where the peak of a THz waveform removes 
a single electron from an individual molecule’s highest occupied molecular orbital [14]. We utilize this process to 
record ~100 fs snapshot images of the orbital structure and reveal coherent molecular vibrations directly in the 
time domain, with sub-angstrom preci- sion (Fig. 1b) [14]. This approach offers a radically new way of accessing 
the microcosm by observing and controlling electronic quantum motion inside individual molecules at optical clock 
rates. 

[1]  P. B. Corkum and F. Krausz, Nature Phys. 3, 381 (2007), and references therein. 
[2]  S. Ghimire, et al., Nature Phys. 7, 138 (2011). 
[3]  B. Zaks et al., Nature 483, 580 (2012). 
[4]  O. Schubert et al., Nature Photon. 8, 119 (2014). 
[5]  M. Hohenleutner, et al., Nature 523, 572 (2015).  
[6]  F. Langer et al., Nature Photon., doi:10.1038/nphoton.2017.29  (2017). 
[7]   F. Langer et al., Nature 533, 225 (2016). 
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[8]     T. Maag et al., Nature Phys. 12, 119 (2016). 
[9]     S. Baierl et al., Nature Photon. 10, 715 (2016). 
[10]   C. Poellmann et al., Nature Mater. 14, 889 (2015). 
[11]   M. Eisele et al., Nature Photon. 8, 841 (2014). 
[12]   M. A. Huber et al., Nature Nanotech. 12, 207 (2017). 
[13]   T. L. Cocker et al., Nature Photon. 7, 620 (2013). 
[14]   T. L. Cocker, D. Peller et al., Nature 539, 263 (2016).  
[15]   V. Jelic et al., Nature Phys., doi:10.1038/nphys4047 (2017). 

 

Nonlinear near-field THz imaging of metamaterials 

F Blanchard1, T Tanaka2, R Morandotti3 and K Tanaka2 
1École de technologie supérieure, Canada, 2Kyoto University, Japan, 3INRS-EMT, Université du Québec, Canada 

Terahertz (THz) imaging is currently based on linear effects, however there is great interest on how nonlinear effects 
induced by THz radiation could be exploited for THz imaging [1]. Already with THz field strengths on the order of 100 
kVcm–1 to 1 MVcm–1 [2], significant nonlinearities have been reported in semiconductors materials. Among several 
exciting phenomena, THz saturable absorption by ultrafast THz pulses (achieved through free-carrier mobility 
saturation) was extensively studied [3,4]. For a Gaussian beam excitation, nonlinearities may have strong spatial 
dependences on the field strength. However, such features are typically averaged out in the far-field, thus reducing 
or misinterpreting the local nonlinear effects. One way to circumvent this problem is to access the field/matter 
interactions in the near-field range and time-resolve its 2-dimensional amplitude distribution.  

In this work, we have characterized the nonlinear THz properties of a 500-nm-thick InGaAs ndoped semiconductor 
sample by intense THz transmission measurements in the near-field range. We show that when a sample is placed 
between a semiconductor film and an electro-optics sensor, a nonlinear mapping of the field distribution around the 
sample can be carried out. The images revealed by our method are indeed different from their linear near-field 
counterparts (i.e. without the thin film material), which brings an additional degree of freedom for manipulating the 
THz light.  

In fig. 1, using a THz microscope [5], we successfully measured the nonlinear near-field electromagnetic response 
of a metamaterial array directly deposited on a thin film InGaAs semiconductor. In (a) and (b) we present an artistic 
illustration of the device with a visible image of the gold pattern metamaterial sample, respectively. In (c) and (d) 
we illustrate the high field THz amplitude maps normalized to their low field counterparts as function of frequency, 
i.e. on a Si substrate (c) and on a InGaAs thin film (d). For these two configurations at the sample position, the low 
field value is set to 45 kV/cm whereas the high field case corresponds to 450 kV/cm. Even if the images saturate as 
a function of field strength in (d), i.e. due to a limited nonlinear coefficient, our method may pave the way to 
perform novel ultra-sensitive subwavelength THz imaging. 

 

Figure 1. (a) Schematic of the device. (b) Visible image of the metamaterial structure. (c) Normalized frequency 
maps of the sample patterned on the Si substrate. (d) Normalized frequency maps of the sample patterned on 
InGaAs thin film. 

[1]  X.-C. Zhang, Nat. Photonics 7, 670 (2013). 
[2]  H. Hirori, et al., Appl. Phys. Lett. 98, 091106 (2011). 
[3]  L. Razzari, et al., Phys. Rev. B 79, 193204 (2009). 
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[4] J. Hebling, et al., Phys. Rev. B 81, 035201(2010). 
[5]  F. Blanchard, et al., Opt. Express. 19, 8277 (2011). 

 

Near field THz probes for subwavelength interferometric imaging 

M C Giordano1, O Mitrofanov2, L Viti1, D Ercolani1, L Sorba1and M S Vitiello1 
1NEST, Istituto Nanoscienze – CNR and Scuola Normale Superiore, Italy, 2University College London, UK 

Near-field terahertz (THz) imaging techniques with subwavelength resolution have recently shown their potential 
applications in a variety of fields ranging from nanophotonics to life sciences. To date, different nearfield detection 
schemes have been developed, based either on subwavelength metallic aperture probes, electrooptic probes or 
sharp tip (apertureless) probes. Nanoscale subwavelength resolution imaging is generally achieved by 
concentrating the radiation with a sharp metallic tip[1]. However the scattering efficiency of the tip in the THz range 
tends to be prohibitively low, thus requiring the use of powerful THz lasers and sophisticated signal demodulation 
techniques. On the other hand, spatial resolution of the aperture-type near-field probes is limited by the strong 
suppression of transmission through a subwavelength aperture. The problem of weak aperture transmission can be 
mitigated in integrated probes[3].  

Here, we show a novel near-field THz imaging system employing a simple and versatile interferometric optical setup 
and a phase- and amplitude- sensitive thermoelectric nano-detector coupled with a subwavelength metallic 
aperture[2,3]. By conceiving a novel probe architecture we exploit inherently strong evanescent THz field arising 
within the aperture to mitigate the problem of vanishing transmission, a major limit in aperture-based near field 
microscopy techniques. Thermoelectric detection of the THz radiation is induced in a transistor channel made of an 
InAs nanowire. The nanowire was transferred on an undoped Si substrate, the transistor channel was defined using 
asymmetric channel electrodes and a gate electrode coupled to a 20 μm×20 μm aperture. 

 

Figure (a-b) Schematic diagram and SEM image of the near field probe. (c-d) Detected photo-voltage ΔuSD as a 
function of the delay for both the illumination and the reference beams present (c) and for the illumination beam 
blocked (d). 

The interferometric setup splits the radiation emitted by a 3.4 THz quantum cascade laser (QCL) in two beams. The 
illumination beam, having intensity I1, directly impinges on the front side of the subwavelength metallic aperture 
coupled with a near field detector, as shown in Fig. (a-b). The reference beam having intensity I2 reaches the back 
side of the device, after traveling along the optical delay lines of the interferometer. If both the THz beams are ON an 
interference pattern is detected as a source-drain photovoltage (Fig.c), while a weak signal is observed if the 
illumination beam is blocked (Fig. d). 
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The proposed architecture enables room temperature sub-wavelength resolution coherent imaging, paving the way 
to compact and versatile THz imaging systems and promising to bridge the gap in spatial resolution from the 
nanoscale to the diffraction limit. 

[1]  A. Huber et al. Nano Letters 8.11: 3766 (2008). 
[2]  L.Viti et al. Scientific reports 6 (2016). 
[3]  A.J. Macfaden et al. Applied Physics Letters 104, 011110 (2014). 

 

The surface plasmon with metasurface studied by terahertz near-field spectroscopy 

J Han, X Zhang, Q Xu and Y Xu 

Tianjin University, China 

Surface plasmons (SPs) are electromagnetic waves that confined to propagate at the metal-dielectric interface. The 
most attractive feature of SPs are manipulating of sub-wavelength scale electromagnetic fields at a two-dimensional 
(2D) platform, opening up the possibility of series of cutting-edge applications.1 Seeking new approaches in SPs 
control is highly desired in developing next-generation integrated photonic devices and components. In recent 
years, metasurfaces have enabled local control over the abrupt phase change of electromagnetic waves, as well as 
the amplitude, which allowed new degrees of freedom in designing the wavefront of the output anomalous free-
space wave, such as deflecting and focusing or diverging. 

 

Figure1 Terahertz surface plasmon studies by near-field spectroscopy here, we directly apply metasurface on SW 
launching. By properly designing the spatial separation and orientation of the paired aperture resonators, nearly 
arbitrary phase profile is achieved that allows anomalous (directional and focusing/diverging) SPs launching and 
manipulation of the wavefront. In this case, the wavefront of SPs is no longer restricted by its special excitation 
patterns which rely on the SW propagation phase [2]. Furthermore, we propose a method to simultaneously control 
the phase and amplitude of the excited SPs. Based on that, we demonstrated how to directly apply the concept of 
computer-generated holography (CGH) in 2D platform to generate complicated SP profiles, and analysed the key 
features to improve the imaging quality. Furthermore, spin-switchable SP profiles are achieved by proper designing. 
More interesting, the method also allows us to continuously control the holographic SP profiles by using linear 
polarization with different rotation angle, including turning the SP profiles from maximum intensity to shut down, and 
steplessly turning two independent SP profiles from one to another. The simplicity and versatility of the proposed 
design strategy could offer promising opportunities for plasmonics [3]. 

[1]  Barnes WL, Dereux A, Ebbesen TW, “Surface plasmon subwavelength optics,” Nature 424, 824-830 
 (2003). 
[2]  X Zhang, YXu, W Yue, Z Tian, J Gu, Y Li, R Singh, S  Zhang, J Han, and W Zhang, “ Anomalous surface wave 
 launching by handedness phase control,  ” Adv. Mater. 27, 7123-7129 (2015). 
[3]  X Zhang, Q Xu, Q Li, Y Xu, J Gu, Z Tian, C Ouyang, Y Liu, S Zhang, X Zhang, J Han, W Zhang, “Asymmetric 
 excitation of surface plasmons by  dark mode coupling,” Sci. Adv. 2, e1501142 (2016).  
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Session: THz spectroscopy I 

Ultrafast two-dimensional THz spectroscopy on aspirin 

K Reimann1, G Folpini1, M Woerner1, T Elsaesser1, J Hoja2 and A Tkatchenko2 
1Max-Born-Institut, Germany, 2University of Luxembourg, Luxembourg 

Typically, molecular vibrations have low transition dipole moments so that very high incident fields are required to 
observe nonlinearities. If, however, there is a strong coupling between vibrational and electronic transitions, the 
resulting hybrid mode can have a large transition dipole moment. Furthermore, the coupling leads to a strong 
redshift of the frequency, similar to the soft mode in ferroelectrics [1]. As an example, here we investigate the 
nonlinear response of a low-frequency mode at 1.1 THz [Fig. 1(d)] in the molecular crystal aspirin (acetylsalicylic 
acid, C9H8O4) with ultrafast 2D THz spectroscopy [2]. The electric fields of two THz pulses transmitted through 
tablets of polycrystalline aspirin as functions of the real time t and of the coherence time τ between the pulses are 
measured by electro-optic sampling [Fig. 1(a)]. The nonlinear response of aspirin is determined from the difference 
between the electric field of both pulses entering the sample and the electric fields of the single pulses [Fig. 1(b)]. 
The A-pump–B-probe signal, obtained from filtering in the frequency domain [Fig. 1(c)] and a Fourier back-
transform [Fig. 1(e)], shows a blueshift of the transition frequency upon excitation. Recent theoretical work [3] has 
shown that the vibrational mode relevant for the observed signals is a hindered rotation of the CH3 group. This 
mode is strongly coupled to electron density fluctuations of the π electrons in the aromatic ring [4]. Upon excitation, 
the electron-phonon coupling decreases, leading to a frequency increase of this mode. 

 
Figure 1: (a) Electric field transients of two THz pulses A and B transmitted through polycrystalline aspirin as a 
function of real time 𝑡𝑡 and coherence time 𝑇𝑇 at a temperature of 80 K. (b) Corresponding nonlinear signal. (c) Two-
dimensional Fourier transform of the nonlinear signal. (d) Absorption spectra for different thicknesses. (e) Electric 
field of pulse B and the A-pump{B-probe signal for 𝑇𝑇 = 1:6 ps. 

[1]  F. Zamponi et al., Proc. Natl. Acad. Sci. USA 109, 5207 (2012). 
[2]  W. Kuehn et al., J. Phys. Chem. B 115, 5448 (2011); Phys. Rev. Lett. 107, 067401 (2011). 
[3]  A. M. Reilly and A. Tkatchenko, Phys. Rev. Lett. 113, 055701 (2014). 
[4]  N. Laman, S. S. Harsha, and D. Grischkowsky, Appl. Spectroscopy 62, 319 (2008). 
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Exploring the anharmonic potential in crystalline systems with high-field THz lattice control 

B E Knighton, C L Johnson, L M Rawlings, R T Hardy, A Urrea, B S Dastrup, J R Hall, N R Ellsworth, P D Salmans, C D 
Moss and J A Johnson 

Brigham Young University, USA 

Terahertz (THz) electric field pulses with high peak field strengths and relatively low photon energies have proven 
useful in observing fascinating effects in a number of materials, including exciting vibrations to large amplitudes to 
sample anharmonic regions of the potential [1]. Further potential examples of THz control over material properties 
have been suggested and even modeled, such as ultrafast polarization switching by soft mode excitation [1]. 
Dynamic control over the crystal lattice using high-field THz pulses in order to influence material properties, study 
the potential energy surface, and track coherent energy flow in a system is a promising and still relatively 
unexplored area of study. 

Here we briefly report two main results: 1) The main route to mapping out the potential energy surface in crystalline 
systems is via 1st principles calculations. We show that by exciting vibrational modes in LiNbO3 to large amplitudes 
using intense THz pulses, we experimentally extract the shape of the anharmonic potential energy surface along the 
vibrational coordinate(without relying on computational methods). 2) The full potential energy surface also allows 
for anharmonic coupling between vibrational degrees of freedom. We have experimentally observed the coherent 
transfer of energy between vibrational modes in CdWO4 and TeO2 via an anharmonic coupling mechanism that has 
been termed ionic Raman scattering [2].  THz pulses with peak-to-peak electric field strengths in excess of 1 MV/cm 
coherently excite IR active phonon modes to such large amplitudes that a set of Raman active vibrational modes are 
in turn anharmonically and coherently  excited,  thus  giving  additional details on the potential energy surface. 

 
 

Figure A. High-field THz generation pump–optical probe measurements. B. THz excitation waveform and spectrum. C. 
Resonant phonon mode excitation in LiNbO3. D. Large amplitude vibrational excitation in LiNbO3 allows 
determination of the shape of the anharmonic potential. E. Coherent Raman active phonon modes in CdWO4 excited 
via anharmonic coupling to resonantly excited IR active phonon modes: time trace above and Fourier transform 
below. Data in blue and fitted model to extract anharmonic coupling parameters in red. 

[1]  T. Kampfrath, K. Tanaka, K. A. Nelson. “Resonant and nonresonant control over matter and light by intense 
 terahertz transients”. Nat. Photon. 7, 680 (2013). 
[2] M. Först, C. Manzoni, S. Kaiser, Y. Tomioka, Y. Tokura, R. Merlin, A. Cavalleri. “Nonlinear phononics as an 
 ultrafast route to lattice control” Nat. Phys. 7, 854 (2011).  
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Non-linear THz spectroscopy in liquid phase 

J Savolainen1, S Ahmed2 and P Hamm2 
1ZEMOS/RUB, Germany, 2University of Zürich, Switzerland 

Whether it is following ultrafast electron ejection in neat water or probing hydrogen-bonding network dynamics of 
water or water-solute systems, timeresolved ultrafast techniques directly in THz range are required. We present here 
our recent results from optical-pump THz-probe experiments [1] and two-dimensional Raman-THz spectroscopy of 
water [2]. Basic elementary excitations in condensed matter like nuclear motions (translations, intra- and 
intermolecular vibrations) and low-frequency electronic excitations such as intraband transitions, lie in the THz 
range. Implementing time-resolved and non-linear spectroscopies that probe these transitions is a challenging goal 
that is finally coming to realization [3]. This is important since nonequilibrium dynamics of the mentioned low-
frequency excitations have a high relevance for understanding structural dynamics, relaxation processes and energy 
dissipation in liquids. In this contribution we discuss examples of novel liquidphase non-linear THz spectroscopies 
employing both electronic and nuclear resonances.  

As the smallest quantum-mechanical solute in a thermodynamic bath solvated aqueous electron has fascinated 
scientist for decades. We use time-domain THz spectroscopy together with a photo-ionizing pulse to follow the early 
steps of the ejection of the electron to the water network and show how –in ultrafast timescales- water is a 
semiconductor. We further show, how the early relaxation of the ejected electron can be described with a particle-in-
a-box-picture. 

 
A novel multi-dimensional spectroscopy, 2D Raman-THz spectroscopy, is introduced and new results from pure 
water are discussed. This new approach has a great potential in bringing more detailed understanding into the 
nature and dynamics of water hydrogen-bonding network and in general it provides a new way to probe the motions 
in this low-frequency window. Using the available strong laser pulses for a Raman interaction together with THz 
pulses that act via dipole interaction we realized a two-dimensional spectroscopy directly in the THz regime. This 
experiment on water shows an echo-like feature (Fig. 1b), which indicates that indeed water network is 
inhomogeneous, but at least according to the new data, only for a short time. As an outlook we also investigated 
how this THz-echo evolves as solutes are added to the water network [4]. 

[1]  Janne Savolainen, Frank Uhlig, Saima Ahmed, Peter Hamm and Pavel Jungwirth, “Direct observation of the 
 collapse of the delocalized excess electron in water,” Nature Chemistry 6, 697–701 (2014). 
[2]  Janne Savolainen, Saima Ahmed and Peter Hamm “Twodimensional Raman-terahertz spectroscopy of 
 water,” PNAS 110 51, 20402–20407 (2014). 
[3]  Thomas Elsaesser, Klaus Reimann, and Michael Woerner “Focus: Phase-resolved nonlinear terahertz 
 spectroscopy—From charge dynamics in solids to molecular excitations in liquids,” The Journal of Chemical 
 Physics 142, 212301 (2015).  
[4] Andrey Shalit, Saima Ahmed, Janne Savolainen and Peter Hamm “Terahertz echoes reveal the 
 inhomogeneity of aqueous salt solutions,” Nature Chemistry, doi:10.1038/nchem.2642 (2016). 
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2D Raman–THz spectroscopy reveals the inhomogeneity of aqueous salt solutions 

A Shalit, S Ahmed, J Savolainen and P Hamm 

Universitat Zurich, Switzerland 

Various multidimensional THz techniques have emerged recently allowing to observe the spectroscopic signatures of 
molecules in the liquid [1] and gas phases [2] and semiconductor solid [3] through nonlinear interactions in the 
spectral range of few THz. Here we apply a novel nonlinear multidimensional Raman-THz spectroscopy [4] to 
investigate how structural and dynamical properties of liquid water are affected by ion solvation. The inherent ability 
of multidimensional spectroscopy to deconvolute heterogeneous relaxation dynamic is used to reveal the correlation 
between the inhomogeneity of the collective intermolecular hydrogen-bonds mods and the viscosity of salt solution 
Comparison of the 2D Raman-THz response of neat water (fig 1a) with the series of chloride salts (see for example 
MgCl2 salt response in fig. 1b) reveal the extended relaxation component along the t1=t2 diagonal in the 2D plot as 
the viscosity of the solution increases. As in case of conceptually similar 2D Raman spectroscopy [5] the signal 
along t1=t2 reflects the degree of the inhomogeneity of the intermolecular motion. Specifically, we demonstrate that 
the relaxation time along t1=t2 correlates with the capability of a given cation to increase/decrease the viscosity of 
the solution (fig. 1c) thus connecting the macroscopic observable (viscosity) to microscopic hydrogen bond 
networks dynamics [6]. A detailed understanding of the observed t1=t2 signal will require massive support from 
theory as well as from molecular dynamics (MD) simulations and first steps in this direction are underway.  

 

Fig. 1 a) The experimental 2D Raman-THz signal of a) water and b) 2M MgCl2. Insets display the cuts along the 
diagonal t1=t2. c) Relaxation times for the serious of 2M Mn+Cln  salts vs. viscosity. 

[1]  I. A. Finnerana, R. Welscha, M. A. Allodia, T. F. Miller, and G. A. Blakea, , Proc. Natl. Acad. Sci. U.S.A. 113 
 6857 (2016). 
[2]  J. Lua, Y. Zhanga, H. Y. Hwanga, B. K. Ofori-Okaia, S. Fleischer, and K. A. Nelsona, Proc. Natl. Acad. Sci. 
 U.S.A. 113 1180 (2016). 
[3]  W. Kuehn, K. Reimann, M. Woerner, T. Elsaesser, R. Hey, and U. Schade. Phys. Rev. Lett. 107, 067401 
 (2011).  
[4]  J.Savolainen, S. Ahmed, and P. Hamm, Proc. Natl. Acad. Sci. U.S.A. 110 20402 (2013). 
[5]  Y.Tanimura, S.Mukamel, J.Chem.Phys. 99 9496 (1993). 
[6]  A.Shalit, S.Ahmed, J.Savolainen and P.Hamm, Nature Chem. doi:10.1038/nchem.2642 (2016) 
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THz-frequency zone-folded weak phonon modes in 4H and 6H silicon carbide 

P U Jepsen, A Tarekegne, K Kaltenecker and K Iwaszczuk 

Technical University of Denmark, Denmark 

Silicon carbide (SiC) is a highly resistant material useful in a wide range of mechanical as well as high-power 
electronic applications and as material for novel solid-state light sources. Silicon carbide is produced in a range of 
different polytypes, with the 4H and 6H polytypes being the most prominent and readily available ones. 

Here we perform THz time-domain spectroscopy (THz-TDS) and ab-initio density functional theory (DFT) studies of 
phonon modes of undoped 4H-SiC and 6H-SiC in the 2-16 THz range, thereby extending the previous range of THz-
TDS studies of SiC [1] both with respect to frequency range and polytypes. 

We observe very weak zone-folded phonon modes [2] below the fundamental and very strong, polar TO mode, and 
find that the frequency and intensity of these modes are specific to the polytype. 

We use a femtosecond two-color air plasma as THz source and air-biased coherent detection (ABCD) for detection 
of the THz transients transmitted through the samples, as illustrated in Fig. 1(a). The resulting permittivity of 4H and 
6H-SiC is shown in Fig. 1(b) and (c), respectively. Together with each set of experimental data we show global fits 
based on two Lorentz oscillators. The real part of the permittivity is for both polytypes dominated by the dispersion 
of the strong TO phonon at approximately 25 THz. On top of this, we clearly observe a weak dispersive feature at 
7.92 THz (4H) and 7.19 THz (6H), with the corresponding narrow peak in the imaginary part of the permittivity. 

Ab-initio DFT with the PBE exchange-correlation functional optimized for solids [3] reproduces these frequencies 
well (4H: 7.82 THz; 6H: 6.87 THz), and importantly, allows identification of the nature of these weak modes. Figure 
1(b) and (c) shows the symmetry of the mode in 4H and 6H SiC. The different Si-C layers in the vertical superlattice 
of the polytypes move with respect to each other in a pattern characteristic to the polytype. The Brillouin zone of the 
4H and 6H polytypes can be understood as zone-folded versions of the 3C cubic polytype [2], and this folding 
introduces IR-active phonon modes below the TO mode. As the partial charges on Si (+1.25e) and C (-1.25e) 
nearly compensates each other, the total dipole moment and hence infrared activity is approximately 4 orders of 
magnitude weaker than the polar TO mode at 25 THz, confirmed both by DFT simulation and by the relative 
strengths of the Lorentz oscillators used to fit the experimental data. 

 
Figure 1. (left) Reference signal (black) and transmitted, dispersed signal through 4H SiC. Permittivity (black: 
measurements; red: fits) of 4H SiC (middle) and 6H SiC (right). The motion of the Si-C layers of the zone-folded 
modes in the unit cells are indicated. 

[1]  M. Naftaly, J. F. Molloy, B. Magnusson, Y. M. Andreev, and G. V. Lanskii, "Silicon carbide - a high-
 transparency nonlinear material for THz applications," Opt. Express 24, 2590-2595 (2016). 
[2]  D. W. Feldman, J. H. Parker, W. J. Choyke, and L. Patrick, "Phonon Dispersion Curves by Raman Scattering 
 in SiC, Polytypes 3C, 4H, 6H, 15R, and 21R," Phys. Rev. 173, 787-793 (1968). 
[3]  S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. J. Probert, K. Refson, and M. C. Payne,"First 
 principles methods using CASTEP," Z. Kristall. 220, 567-570 (2005). 
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Sub-picosecond nonlinear THz transmission modulation with ultrafast recovery time in silicon carbide 

A T Tarekegne, K Iwaszczuk, W Lu, H Ou and P U Jepsen 

Technical University of Denmark, Denmark 

Silicon carbide (SiC)  has ten times higher breakdown voltage, twice as high saturation velocity of carriers and three 
times higher thermal conductivity and higher melting point compared to silicon which makes it a material of choice 
for electronic applications in extreme conditions [1] and also a promising material for a high power THz platform.  
Here we present first results that demonstrate a nonlinear THz-modulator with unprecedented high switching speed 
(>1 THz) and modulation depth, based on absorption modulation by ultrafast field-induced carrier population 
transfer from the first to the second conduction band at the M conduction band valley. 

Undoped SiC, which is a transparent material in the THz spectral range [2], does not exhibit any nonlinear response 
at the electric field strengths available to us (<500 kV/cm). In N-doped SiC, on the other hand, we observe a clear 
nonlinear transmission. The dynamics of this process is monitored by THz pump-THz probe measurements. Two 
collinear THz beams are generated by optical rectification in a lithium niobate (LiNbO3) crystal in tilted wavefront 
geometry. The THz pump beam with >300 kV/cm electric field strength is used to induce the nonlinearity, and a 
much weaker THz probe beam is used to follow the nonlinear transmission dynamics. 

At room temperature, donor electrons thermally populate the lowest conduction band (see process 1 in Fig. 1(a)). 
The THz pump field accelerates the electrons (process 2), and when the energy of the electrons is higher than the 
energy difference between the two conduction bands at the M-valley (0.18 eV [3]), the electrons will scatter to the 
second conduction band via intervalley scattering (process 3). The electrons in the second conduction band have a 
lower conduction mass (higher mobility) than in the first conduction band [4] and thus the THz absorption 
increases. The second conduction band is rapidly depopulated after the THz pump as electrons scatter to the first 
conduction band (process 4). 

The pump pulse profile and probe transmission as a function of pump-probe delay is shown in Fig. 1(b). During the 
pump-probe pulse temporal overlap the transmission decreases by more than 20% (absorption increases). The 
nonlinear transmission shows a two-peak structure (-0.4 and +0.3 ps in Fig. 1(b)) that corresponds to the first 
negative and positive maxima of the THz pump pulse. This clearly demonstrates that the nonlinear process is so fast 
that transmission partially recovers on a sub- cycle time scale. The THz transmission recovers so fast due to rapid 
electron scattering back to the lowest conduction band. A simple two-state model with only doping level as fitting 
parameter confirms that this process leads to the observed modulation depth and that the recovery of the 
transmission happens on the sub-ps (250 fs) time scale. This makes SiC probably the fastest nonlinear 

THz modulator demonstrated so far, with a recovery time as fast as the switch-on time. 

 
Figure 1. (a) Schematic diagram of mechanism of THz-induced nonlinear transmission in SiC; (b) Transmission of 
the probe pulse as a function of pump-probe delay time. 

[1]  J. H. Zhao, et al., Semicond. Sci. Technol 15, 1093 (2000). 
[2]  M. Naftaly, et al., Opt. Express 24, 2590 (2016). 
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Fabry-perot etalons for broad-band calculation of refractive indices using fourier transform spectroscopy 

S Chick1, M Naftaly2, G Matmon3 and B Murdin1 

1University of Surrey, UK, 2National Physical Laboratory, UK, 3University College London, UK 

Measurement of refractive index of new and existing materials is an essential step in realizing optical systems such 
as lasers and parametric optics. The far-infrared is of particular interest due to the growing industrial interest in 
materials, light sources, and engineering. Terahertz Time-Domain Spectroscopy (TDS) can establish refractive index 
with high sensitivity in the 1 – 4 THz region, but above 4 THz Fourier Transform Spectroscopy (FTS, a.k.a. FTIR) with 
black-body sources is required. 

In this case, n is usually found from straight-forwards analysis of the transmission spectrum of optical flats made 
from the material of interest forming Fabry-Perot (FP) etalons. We propose a greatly improved method for obtaining 
refractive index from FTS of simple, uncoated flats. We show that the experimental FP transmission interferogram 
can be manipulated to yield a refractive index spectrum with high resolution and over a wide bandwidth. The 
method is able to recover rapid variations in the refractive index over smaller bandwidths and, with better noise 
properties than possible using an analysis  based  on  straight-forwards  peak–separation in the frequency domain.  
The attenuation coefficient follows immediately. 

We demonstrate the methodology using uncoated, optically flat slabs of high purity, high resistivity FZ silicon, 
extracting refractive index and attenuation coefficients between 2 – 20 THz for a range of thicknesses between 1 – 9 
mm. The practical example serves to demonstrate optimal parameters for the analysis as well as to highlight 
possible systematic errors.By utilizing a common data acquisition method and extracting the refractive index using 
simple post-processing; the method allows the extraction of refractive indices as a function of frequency without the 
requirement for a specialized experiment. In principle, the methodology is applicable in any frequency band where 
FP fringes can be measured spectroscopically from uncoated flats. 

 
Figure 1 – Refractive index extracted from FTS data of a 1 mm thick sample of silicon by three different methods: two 
similar methods proposed in this work (Method 1: phase analysis in the time domain; Method 2: Peak Fitting 
Fourier filtered data) and a naïve analysis based on raw data and the simple Fabry-Perot transfer function. 
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(Invited) Short THz pulse generation from a dispersion compensated modelocked quantum cascade laser 

F Wang1, H Nong1, T Fobbe2, V Pistore1, S Houver1, S Markmann2, N Jukam2, M Amanti3, C Sirtori3, S Moumdji3, R 
Colombelli3, L Li4, E Linfield5, G Davies4, J Mangeney1, J Tignon1, and S Dhillon1  
1Laboratoire Pierre Aigrain, Ecole Normale Supérieure-PSL Research University, France, 2Ruhr-Universität Bochum, 
Germany, 3University of Paris-Sud, France, 4University of Leeds, UK  

Dispersion compensation is vital for the generation of ultrashort and single cycle pulses from modelocked lasers 
across the electromagnetic spectrum. It is typically based on addition of an extra dispersive element to the laser 
cavity that introduces a chromatic dispersion opposite to that of the gain medium. To date, however, no such 
scheme have been successfully applied to terahertz (THz) quantum cascade lasers (QCL) for short and stable pulse 
generation in the THz range. In this work, we will summarize the current state-of-the art [1–3] and show a monolithic 
on-chip compensation scheme (fig. a) for a modelocked QCL, permitting THz pulses to be considerably shortened 
from 16ps to 4ps (fig. b). This is based on the realization of a small coupled cavity resonator that acts as an ‘off 
resonance’ Gires-Tournois interferometer (GTI), permitting large THz spectral bandwidths to be compensated. This 
novel application of a GTI opens up a direct and simple route to sub-picosecond and single cycle pulses in the THz 
range from a compact semiconductor source.  

 

 
(a)                                                                     (b) 

Fig a) GTI schematic a) Schematic of the GTI coupled to a QCL to realised ultrashort THz pulses. The inset represents 
the GTI with asymmetric reflectivities, r1 and r2 and a cavity length, l. b) Short Pulse generation from THz QCLs. 
Comparison of a QCL with a GTI (red) and a standard QCL cavity (black). 

[1]  D. Bachmann, M. Rösch, M. J. Süess, M. Beck, K. Unterrainer, J. Darmo, J. Faist, and G. Scalari, Optica 3, 
 1087 (2016).  
[2]  F. Wang, K. Maussang, S. Moumdji, R. Colombelli, J. R. Freeman, I. Kundu, L. Li, E. H. Linfield, A. G. Davies, 
 J. Mangeney, J. Tignon, and S. S. Dhillon, Optica 2, 944 (2015).  
[3]  S. Barbieri, M. Ravaro, P. Gellie, G. Santarelli, C. Manquest, C. Sirtori, S. P. Khanna, E. H. Linfield, and A. G. 
 Davies, Nat. Photonics 5, 306 (2011). 

 
  

33 

 



 

High-power, low-divergent, single-mode THz quantum cascade wire lasers operating in pulsed and continuous-wave 
regime 

S Biasco, M S Vitiello and K Garrasi 

CNR-NANO, NEST, Italy 

Quantum cascade lasers (QCLs) operating at terahertz (THz) frequencies have undergone a rapid development in 
performance since their first demonstration, showing their potential as high power, high spectral purity, ultra-
broadband gain sources for a number of fields including astronomy, security screening, biomedicine, and cultural 
heritage. Most applications for THz technology require radiation sources with a high-brightness and low divergent 
spatial profile in the far-field. However, double-metal waveguides, conventionally employed to maximize the THz QCL 
operating temperature, suffer from the lack of efficient extraction and a poor collimation of the output radiation, 
owing to the sub-wavelength dimensions of the resonant cavities. Also, the strong longitudinal confinement provided 
by the micro-strip waveguide configuration typically induces the laser to operate in a multimode regime. 

The difficulty of achieving controlled spectral and spatial beam patterns from THz QCLs has recently been addressed 
by engineering two-dimensional photonic crystal lasers,[1] one-dimensional (1D) graded heterostructures[2], bi-
periodic distributed feedback (DFB) gratings,[3] and edge-emitting third-order (periodic)  DFBs,[4] the latter 
showing superior performance in terms of emission profiles and power conversion efficiencies. Despite the clear 
advantages of this latter approach, there are critical challenges associated with the need of a perfect phase-
matching condition that must be established lithographically through deep dry etching processes and that, being 
dependent on the lasing frequency, requires high precision, an extremely demanding task. 

 

Here we report on the development of THz QCLs exploiting two novel lithographic configurations to address 
simultaneously the need for: i) low divergence; ii) single-mode emission; iii) high power; and, iv) high wall-plug 
efficiency. We devised a set of in-plane emitting 1D-wire lasers exploiting: a) a dual periodicity slit architecture; b) 
corrugated wire laser cavities, employing a feedback grating provided by the sinusoidal lateral corrugation, weakly 
coupled into free-space. In this latter case, holes with diameters (5–10 μm), significantly smaller than the emitted 
radiation wavelength, have been periodically patterned onto the top surface with a periodicity equal to the 
extraction wave-vector kex, to allow efficient point-like isotropic vertical extraction. By tuning kex in regular steps, 
spanning a 10% range around the light cone edge we achieved single-mode in-plane emission around 3 THz with 
maximum peak optical powers of ~ 85 mW, slope efficiencies of ~ 250 mW/A and highly collimated emission with 
optical beam divergencies ≤ 10°. We also demonstrate continuous-wave operation with 10 mW power and very low 
threshold current densities. 

The proposed geometries open the way for the development of a new class of single-mode, high power and highly 
collimated continuous wave emitters based on an easy-to-implement phase matching approach, making the 
proposed concept very appealing for the development of portable THz sources suitable for imaging, sensing and 
security applications. 

[1]  Y. Chassagneux et al., Nature 457, 174 (2009). 
[2]  G. Xu et al. Nature Communications 3, 952 (2012). 
[3]  M.I.Amanti et al, Nature Photonics 4, (2009). 
[4]  F. Castellano et al, Applied Physics Letters 106, 011103 (2015) 
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Electrically-controlled frequency tuning of terahertz quantum cascade lasers over 190 GHz using a coupled cavity 
with integrated photonic lattice 

I Kundu, P Dean, A Valavanis, L Li, E Linfield and G Davies 

University of Leeds, UK 

Terahertz (THz) frequency quantum cascade lasers (QCLs) are compact unipolar semiconductor sources of THz 
radiation, in which photons are generated through intersubband electron transitions [1]. THz QCLs typically use 
ridge waveguides, and emit multiple frequencies characteristic of Fabry–Pérot cavities. However, several THz 
applications, such as trace gas detection, spectroscopy, feedback-interferometry-based imaging, atmospheric 
observations, and security screening, require a widely frequency tuneable and single-mode THz source. Moreover, 
the current and temperature tuning of THz QCLs are only ~–5 MHz/mA and –34 to –100 MHz/K, respectively [2]. As 
such, development of an electrically-controlled frequency tuneable THz QCL is still a technological challenge. 

We previously demonstrated electrically-controlled discrete, and quasi-continuous Vernier frequency tuning of THz 
QCLs using an optically coupled cavity (CC) approach, comprising a lasing (active) cavity and a tuning (passive) 
cavity [3, 4]. We have also demonstrated continuous tuning of a CC mode without any degradation of output power 
by integrating a finite-defect-site photonic lattice (PL) into the lasing cavity [4]. We recently improved our PL design 
and have engineered spectral emission, and frequency tuning from such PL-QCLs [5]. Here, we report the progress 
made towards improving the spectral coverage from our next generation of electrically-controlled frequency 
tuenable THz CC-PL-QCLs. 

Frequency emission in our previous CC-QCLs was controlled only through localised electrical Joule heating of the 
tuning cavity (driven sub-threshold). Here, we have additionally driven our tuning cavity above threshold, and 
exploited mutual coupling and cavity pulling effects to enhance continuous frequency tuning [6]. Furthermore, we 
have also integrated a PL into the lasing cavity, allowing discrete tuning of CC modes. Through a combination of the 
discrete tuning and cavity pulling effect, in conjunction with thermal effects, we have recorded frequency tuning over 
190 GHz (side mode suppression 20–40dB), including a ~100 GHz quasi-continuous tuning from ~3.47– 3.57 THz 
[Fig. 1] from a THz CC PL QCL based on an active region reported in Ref. [7]. 

 

[1]  R. Köhler, et al., Nature 417, 156–159 (2002). 
[2] M. S. Vitiello and A. Tredicucci, IEEE Trans. Terahertz Sci. Technol. 1, 76–84 (2011). 
[3]  I. Kundu et al., Opt. Express 22, 16595–16605 (2014). 
[4]  I. Kundu et al., “Quasi-continuous frequency tunable terahertz quantum cascade lasers with coupled cavity 
 and integrated photonic lattice,” Opt. Express, accepted (2016). 
[5]  I. Kundu et al., “Frequency tunability and spectral control in terahertz quantum cascade lasers with a 
 phaseadjusted finite-defect-site photonic lattice,” in preparation (2016). 
[6]  D. Turčinková et al., Appl. Phys. Lett. 106, 131107 (2015). 
[7]  M. Wienold et al., Electron. Lett. 45, 1030–1031 (2009). 
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Amplitude and frequency tuning of an external cavity coupled terahertz quantum cascade laser using graphene 
coupled metamaterials 

S Kindness, D Jessop, B Wei, R Wallis, P Braeuninger-Weimer, S Hofmann, H Beere, D Ritchie and R Degl'Innocenti 

University of Cambridge, UK 

Terahertz (THz) technologies are a growing research area due to many potential applications in spectroscopy, 
communications and imaging. For these technologies to mature, there must be high power THz sources available 
which can have their amplitude, frequency and phase externally controlled and modulated at fast speeds [1]. We 
present here an optoelectronic, tunable mirror which can be used to externally modulate the output of a standard 
bound-to-continuum quantum cascade Laser (QCL) source emitting at 3 THz. We employ an external cavity set up 
which uses an antireflection coated lens attached to one of the QCL facets to fully suppress the lasing. An external 
reflective element is fabricated using a frequency dispersive split ring resonator (SRR) metamaterial array which is 
coupled with graphene for electrical tuning. The SRR device has a tunable reflectivity which feeds the THz radiation 
back into the QCL cavity through the lens, restoring lasing action thus realizing an external cavity QCL. The amplitude 
of the output is incredibly sensitive to the strength of the feedback from the SRR device due to the exponential 
nature of laser gain. The laser output power can therefore be strongly modulated by electrically modulating the 
reflectivity of the SRR device. By applying a bias across the SRR/Graphene device between a range of 0 to 80 V, 
amplitude modulation depths of ~25 dB can be realized. 

By carefully biasing the QCL and applying a range of back gate voltages to the SRR/graphene device, we 
demonstrate external amplitude modulation depths of 100 %. Similar devices to this have demonstrated 
modulation of THz radiation at speeds greater than 100 MHz [1]. There are a myriad of applications for such a 
device, particularly in THz communications where the modulation bandwidth and signal to noise ratio of the source 
are critical parameters for high bit/data rate communication. Another application would be as a fast optoelectronic 
chopper for feedback imaging experiments. This would be a clear improvement on the slow mechanical choppers 
which are normally used for these measurements, greatly increasing the acquisition speed of the image. 

The SRR devices are lithographically tuned to reflect at a specific frequency which gives a degree of influence over 
the spectra of the output from the QCL. If the laser is operating in multi-mode emission, preferential reflection and 
modulation of specific modes has been demonstrated by employing both lithographic and electrical tuning. The 
conversion of a multi-mode output to a single mode output at the application of an external bias to our SRR device 
is also demonstrated. This functionality could be very useful as the single-mode operation of THz sources is a 
prerequisite for many applications including THz spectroscopy. 

 

Figure 1. (a) QCL and SRR/graphene device feedback set up. The QCL with a coated lens acts as a quantum 
cascade amplifier QCA; (b) SEM of the SRR device; (c)FEM simulations of the electric field and current in a single 
SRR at the resonance frequency. 

[1]  D. Jessop, S. Kindness, et al., Appl. Phys. Lett. 108, 171101 (2016). 
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Mode imaging of terahertz quantum cascade lasers 

S Schoenhuber1, M Brandstettter1, M Krall1, M A Kainz1, H Detz2, T Zederbauer1, A M Andrews1, G Strasser1 and K 
Unterrainer1 
1TU Wien, Austria, 2Austrian Academy of Science, Austria 

Quantum cascade lasers (QCLs) are compact, powerful sources that cover a wide emission range from the infrared 
to the terahertz (THz) spectral region. Due to the long wavelengths and the typically very small output apertures of 
common THz QCL ridge waveguides, it is, however, challenging to obtain a highly directional emission from such 
devices. Various alternative cavity concepts have therefore been studied to optimize the far-field of THz QCLs. For 
analyzing the resulting mode profile, mostly either a single pixel detector mounted on a translation stage or a focal 
plane array has been used. However, these measurements only give spectrally integrated information about the far-
field. Obtaining spectrally resolved far-fields using narrow optical filters [1] or apertures [2] is possible but time 
consuming and challenging. Here, we demonstrate a convenient and fast method to record spectrally resolved far-
fields of terahertz quantum cascade lasers.  

Our measurement technique [3] uses a microbolometer focal plane array (FPA), which is placed inside the sample 
chamber of a commercial FTIR spectrometer (see Fig. 1(a)). The THz radiation emitted from the QCL is coupled into 
the FTIR via a parabolic mirror, and each pixel of the camera records an individual interferogram, which is Fourier 
transformed to determine the spectrally resolved far-field of the laser. In Fig. 1(b), spectra recorded with the internal 
single pixel detector and from integrating over all pixels of the camera are compared, showing a very good 
agreement. 

A particular promising type of device for shaping the far-field emission properties are THz quantum cascade random 
lasers [4]. These devices produce broadband, multimode THz emission, and with an optimized configuration, also a 
very collimated beam. With the presented method, the contributions of the individual modes of a THz quantum 
cascade random laser to the total far field can be nicely separated. In Fig. 1(c) the far field contributions of two 
selected modes of a random laser are depicted, and in Fig. 1(d) the integrated far field of the same device is shown. 

Using this technique, the properties of novel optical cavities for broadband multi-mode emission, which are very 
required for various applications of THz QCLs, can be accurately studied. 

 
Figure 1. (a) Scheme of measurement setup. The focal plane array microbolometer (camera) is placed in the 
sample chamber of an FTIR. (b) Comparison of spectra obtained with the FTIR internal DTGS detector (bottom) and 
the microbolometer camera. Both exhibit the same spectral features. (c) Far-field contributions of two selected 
modes of a THz quantum cascade random laser. (d) Integrated far field of the device. 

[1]  J. He et al., “Narrow bandpass tunable terahertz filter based on photonic crystal cavity,” Appl. Opt. 51, 
 776–779 (2012). 
[2]  A. A. Tavallaee et al., “Terahertz quantum-cascade laser with active leaky-wave antenna,” Appl. Phys. Lett. 
 99, 141115 (2011). 
[3]  Brandstetter et al., “Spectrally resolved far-fields of terahertz quantum cascade lasers,“ Opt. Express 24, 
 25462–25470 (2016). 
[4]  Schönhuber et al., “Random lasers for broadband directional emission,“ Optica 3, 1035–1038 (2016). 
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Terahertz quantum cascade laser based frequency comb with 1 THz spectral bandwidth and dual-comb operation 

M Rösch1, G Scalari1, M Beck1, M J Süess1, D Bachmann2, K Unterrainer1, J Darmo2 and J Faist1 
1ETH Zurich, Switzerland, 2TU Wien, Austria 

We report here a new Terahertz Quantum Cascade Laser (THz QCL) active region that allows the generation of a 
frequency comb with a spectral bandwidth of 1 THz centered at 3.1 THz. The frequency comb nature of the lasers 
was verified by a dual-comb experiment.  

The recent development in broadband THz QCLs resulted in the demonstration of powerful frequency combs in the 
THz range with spectral bandwidths of up to 630 GHz [1,2]. Frequency combs are an attractive tool for spectroscopy 
especially at THz frequencies [3]. To further improve the spectral coverage of such frequency combs, we designed a 
laser based on 4 different active regions with central frequencies of 2.3, 2.6, 2.9, 3.5 THz integrated in a single 
laser cavity. This results in lasers with almost 2 THz spectral bandwidth (see Figure 1(a)) with a 1.32 THz wide flat 
top within a 20 dB range. The reported bandwidth spans over more than a full octave in frequency. With respect to 
previous designs [2], the laser features a significantly larger dynamical range as well as higher output power up to 
10mW peak power in pulsed operation. 

Dry-etched lasers with side-absorbers for lateral mode suppression similar as in [4] were fabricated for continuous 
wave (CW) operation. These lasers show up to 1 THz spectral bandwidth when operating as frequency combs (see 
Figure 1(b)). The narrow intermode beatnote (inset of Figure 1) was used to identify the frequency comb operation 
[1,2]. To fully prove the frequency comb nature of these lasers an on-chip dual-comb experiment similar to the one 
reported in [5] has been performed. 9 modes of the multi-heterodyne spectrum could be resolved. Due to heat 
dissipation the spectral bandwidth is significantly limited in the case of dual-comb operation. 

 

The reported work shows that a further expansion of spectral bandwidth in THz QCLs can indeed be realized fully 
exploiting the possibility to stack different active region designs within a single laser cavity. The improved spectral 
bandwidth also leads to an increased bandwidth in frequency comb operation of 1 THz. 

[1]  D. Burghoff et al., Nature Photonics 8, 462-467 (2014) 
[2]  M. R¨osch, G. Scalari, M. Beck, and J. Faist, Nature Photonics 9, 42-47 (2015) 
[3]  T. Udem, R. Holzwarth, T. W. H¨ansch, Nature 416, 233 (2002). 
[4]  D. Bachmann, M. R¨osch et al., Optica 3, 1087–1094 (2016) 
[5]  M. R¨osch, G. Scalari, G. Villares, L. Bosco, M. Beck, J. Faist, Appl. Phys. Lett. 108, 171104 (2016) 
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Session: THz waveguides and metamaterials 

Radial photocurrents for single-cycle terahertz pulse excitation and propagation in hollow coaxial waveguides 

M Navarro-Cia1, J Wu2, H Liu2 and O Mitrofanov2 
1University of Birmingham, UK, 2University College London, UK 

Low dispersion of single-cycle terahertz (THz) pulses can be achieved in very few hollow waveguides such as 
dielectric-lined and coaxial waveguides. The former has been widely investigated [1] because, among other 
reasons, the in-coupling is very efficient with typical THz emitters. Conversely, the fundamental mode of a coaxial 
waveguide, the transverse electromagnetic (TEM) mode, is radiallypolarized and it exhibits poor mode matching with 
standard linearly-polarized THz emitters, making the in-coupling not efficient for this, otherwise attractive, waveguide 
[2]. 

We solve this problem by exploiting the radially-polarized THz pulses generated from photoexcited charge density 
gradients in narrowband semiconductors [3]. This leads to a simple coupling scheme for THz coaxial waveguides 
using standard optical (IR) beams with a Gaussian profile [4] (Fig 1(a)). In our experiments, a 1 μm thick indium 
arsenide layer is placed at the input of a 100 mm long copper coaxial waveguide with external diameter of 2.8 mm 
(or 2 mm) and inner rod diameter of 1.6 mm (or 1 mm). At the waveguide output, the field is detected by an 
integrated subwavelength aperture (10×10 μm2) THz near-field probe. We demonstrate that, for maximum 
efficiency, the spot size of the incident optical beam needs to be slightly larger than the inner rod diameter (Fig. 
1(b)). The TEM mode (see the xy-map in Fig. 1(a)) has unnoticeable dispersion (Fig.1(c)). The estimated 
attenuation of the TEM mode ranges from 15 (~0.035 cm-1) to 40 dB/m (~0.104 cm-1) at the low and high end of 
the spectral window investigated. 

When comparing the results with those obtained for a standard linearly-polarized THz emitter optimized for 
maximum coupling to the TEM mode, we observe higher discrimination against higher order modes for the here 
proposed scheme. This suggests that quasi-single TEM propagation can be achieved for this simple coupling 
scheme. This work may trigger further studies of the widely used (at microwaves) coaxial waveguides for THz 
applications and suggests that a spatial THz modulator can be realised with a spatial light modulator that tailors the 
optical photoexcitation. 

 
Figure 1. (a) Sketch of the experimental setup (top), pump beam (bottom left), generated THz field (bottom) and 
Ex(x,y) at the waveguide output (bottom right). (b) Output THz signal vs. pump beam spot. Insets show images of 
the pump beams at the plane of the InAs surface taken with a CMOS camera. (c) Experimental spectrogram at the 
waveguide output for optimum coupling condition. The numerically computed group delays for the TEM and TE11 
modes are superimposed to facilitate the comparison. Inset shows the experimental setups. 

[1]  O. Mitrofanov, et al., IEEE Trans. THz Sci. Tech. 1, 124-132 (2011). 
[2]  X. Wang, et al., Opt. Express 20, 7706-7715 (2012). 
[3]  S.C. Corzo-Garcia, et al., Phys. Rev. B 94, 045301 (2016). 
[4]  M. Navarro-Cía, et al., Sci. Rep. to be published 
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Direct measurement of mode evolution through negative index terahertz waveguides 

S Pandey, B Cui, B Gupta, D Pande, D Schurig and A Nahata 

University of Utah, USA 

Metamaterials allow access to material properties otherwise unavailable through naturally occurring materials, such 
as a negative index of refraction. We accomplish this using unit cells that are composed of a combination of split 
ring resonators and posts [1,2]. At microwave frequencies, such devices can be fabricated on substrates and easily 
positioned in appropriate geometries to yield the desired properties. This is not possible at higher frequencies, 
including in the THz spectral range. Thus, alternate fabrication methodologies are required. 

Prior work in creating negative index devices for THz applications relied on by depositing and defining successively 
deposited planar layers of metals and dielectrics. In this work, we describe a unique fabrication capability to create 
THz waveguide with a 1-D array of relevant structures that stand on a metallized substrate. A section of a complete 
device is shown in Fig. 1(a). In contrast to implementations that utilize dielectric materials, the device described 
here is inherently lower loss as it is all-metallic. 

We use a modified THz time-domain spectroscopy to characterize the waveguide [3]. Normally incident broadband 
single-cycle THz pulses are coupled to surface plasmon-polaritons (SPPs). An electro-optic crystal that can be 
moved to any point along the waveguide allows for direct measurement of mode evolution of the propagating wave. 
The time-domain measurements clearly demonstrate a negative refractive index over a ~33 GHz bandwidth 
centered about 0.192 THz, with a minimum value of -0.3, as shown in Fig. 1(b). We can also define a figure of merit 
for the waveguide, defined as the ratio of real to the imaginary part of refractive index. This value is ~ 42 and is an 
order of magnitude better than previous realizations of negative index devices at THz frequencies. 

Finally, we note that since the fabrication approach is modular, construction of a composite waveguide structure 
with both positive and negative regions is possible. We present the capability to engineer the operable negative 
bandwidth (Δν) via control of the periodicity (Δd) of unit cell, as shown in Fig. 1(c). 

 
[1]  R. A. Shelby, D. R. Smith, and S. Schultz, Science 292, 77–79 (2001). 
[2]  D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr and D. R. Smith, Science 10, 
 977-980 (2006). 
[3]  S. Pandey, S. Liu, B. Gupta and A. Nahata. Photon. Res.1, 148-153 (2013). 
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Hollow cylindrical metal terahertz waveguides suitable for cryogenic applications 

R Wallis1, R Degl'Innocenti1, D Jessop1, O Mitrofanov2, C Bledt3, J Melzer3, J Harrington3, H Beere1 and D Ritchie1 
1University of Cambridge, UK, 2University College London, UK, 3Rutgers University, USA 

Recently, the field of terahertz (THz) waveguides has made significant progress towards improving fundamental 
performance characteristics such as transmission losses, dispersion, as well as fabrication techniques [1]. However, 
to date, there has been relatively little focus on THz waveguides suitable for delivery in cryogenic environments (≤ 4 
K), within which there exists the potential for extensive study of samples operating with transitions on the THz scale 
(7 – 15 meV ≈ 1.7 – 3.6 THz).  

In this work [2], we choose to focus attention on developing waveguides suitable for operating effectively in such 
environments, where delivery of THz radiation has been traditionally challenging. Such waveguides are required to 
be mechanically robust at such temperatures, have sufficiently low loss, and also be available in lengths > 1 m for 
system integration. We investigate extruded hollow annealed and un-annealed copper (AnCu and UnCu) 
waveguides (HMWGs), with bore diameters between 1.75 and 4.6 mm. These are investigated in terms of 
transmission losses, bending losses, and mode profiles, at three separate frequencies (2.0, 2.85, and 3.2 THz). 
This is achieved via the use of THz QCLs coupled into a hollow dielectric lined metallic waveguide (PS-MWG), which 
is used as a launch structure [3] before coupling into the test waveguides (Fig. 1. a)). The measured losses (Fig. 1. 
b)) varied considerably depending on the choice of material, frequency and diameter, from up to ~30 dB/m for a 
1.75 mm UnCu waveguide, down to < 3 dB/m for the 4.6 mm AnCu waveguide, a value sufficiently low to allow 
such a waveguide to be effectively implemented into fiber-coupled cryogenic delivery systems. Primarily single 
mode transmission was also recorded for the 1.75 mm diameter HMWGs (Fig. 1. c)), with only minor degradation 
for larger diameters.  

 
Figure 1. a) Schematic of the setup used to characterize the HMWGs. b) Measured transmission losses. Faded bars 
show measurements taken in standard atmosphere, and solid bars whilst purging with N2. c) Beam profiles of the 
1.75 mm UnCu and AnCu HMWGs, showing primarily single mode transmission. Each panel represents 4 mm2.   

An additional consideration for future systems is the bending losses, which were measured for the 4.6 mm AnCu 
waveguide at 90° to be as low as ~2 dB/m with a bend radius of 15.9 mm. The influence of the inner waveguide 
surface roughness (σ) and correlation length (Lc) on the recorded losses was also explored. It was concluded that 
the observed σ values, between ~0.5 – 3.0 μm, were not a significant contributing factor to the losses, and that the 
varying correlation lengths may contribute to the transmission losses. Currently, the theoretical frameworks 
available fail to account for this, and further measurements would allow the full development of such a scattering 
theory in the future. 

[1]  O. Mitrofanov et al., Terahertz Science and Technology, IEEE Transactions on 1(1), 124-132 (2011). 
[2]  R. Wallis et al., Optics Express – Accepted for publication 
[3]  R. Wallis et al., Optics Express 23(20), 26276-26287 (2015). 
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Control of spoof localized surface plasmons using terahertz vortex beam 

T Arikawa1, S Morimoto1, F Blanchard2, K Sakai3, KSasaki3 and K Tanaka1 
1Kyoto University, Japan, 2École de Technologie Superieure (ÉTS) Montréal, Canada, 3Hokkaido University, Japan 

Strong electric field enhancement and confinement using localized surface plasmons (LSPs) offer a promising route 
to realize various plasmonic applications at optical frequencies, such as ultrasensitive detection of biochemical 
materials with sub-wavelength spatial resolution. In the terahertz (THz) frequency region, however, similar approach 
by a simple scale-up by wavelength does not work since metal behaves as a perfect electric conductor (PEC) that 
does not support LSPs. In order to bring the useful properties of LSPs down to the THz frequency region, spoof LSPs 
have been proposed theoretically [1]. Spoof LSPs, supported by PEC disks with sub-wavelength periodic grooves 
(Fig. 1(k)), reproduce the behaviour of LSPs with tailor-made resonance frequencies. In this study, we 
experimentally demonstrate selective excitation of spoof LSPs including multipolar modes using THz vortex beam 
with the orbital angular momentum ℓℏ, where ℓ is the topological charge [2]. 

We used a terahertz microscope [3], which enables us to perform time-resolved near-field imaging with spatial 
resolution of ~10 μm. A corrugated gold disk (Fig. 1(k)) was fabricated using photolithographic and vacuum 
deposition technique. Figures 1(a)-(e) show five temporal snapshots of the THz electric field around the corrugated 
disk (black double circle) excited by a linearly polarized Gaussian beam. One can see the negative ((a), (c)) and 
positive ((b)) peak electric field of the incident THz pulse and the characteristic dipolar standing wave oscillation 
around the outer edge of the sample. This localized standing wave (with the period of 2.92 ps (0.34 THz)) that lasts 
for a few ps after the incident pulse clearly shows the existence of the dipolar spoof LSP. 

With vortex beam excitation, we observed quite distinct behaviour. Figures 1(f)-(j) show electric field snapshots 
around the sample excited by a linearly polarized vortex beam with the topological charge +1 at 0.5 THz. One can 
see a phase vortex of the incident THz pulse ((f)-(g)) and the characteristic structure with three-fold symmetry after 
(h). This electric field pattern travels along the outer edge in a clockwise direction with the period of 1.74 ps (0.57 
THz). This strongly indicates that multipolar spoof LSP is excited. To identify the spoof LSP mode excited in the 
sample, we derived analytical expression for the electric field pattern associated with multipolar LSP modes. In the 
quasi- static approximation, we found that three-fold symmetric field distribution corresponds to the quadrupole 
mode spoof LSP. These observations suggest the selection rules governed by  the  conservation of the total angular 
momentum as theoretically proposed in ref [4]. We also confirmed that the resonance frequencies of the dipole and 
quadrupole mode are consistent with the dispersion relation determined by the dimension of the corrugated disk 
[1]. These results show that we can design and control spoof LSPs using the orbital angular Figure 1. (a) Temporal 
snapshots of the THz electric field around the sample excited by a linearly polarized Gaussian beam ((a)-(e)) and 
vortex beam with the topological charge +1 at 0.5 THz ((f)-(j)). Both excitation pulses are normally incident on the 
sample. Black arrows in momentum of light.  

 
Figure 1. (a) Temporal snapshots of the THz electric field around the sample excited by a linearly polarized Gaussian 
beam ((a)-(e)) and vortex beam with the topological charge +1 at 0.5 THz ((f)-(j)). Both excitation pulses are 
normally incident on the sample. Black arrows in (a) and (f) show the polarization direction of the incident THz 
pulse. (k) The sample has 30 grooves with an outer (inner) radius of 53 (18) μm. The thickness of the gold is 100 
nm. 
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Diffraction enhanced transparency (DET) using frequency detuned and displaced resonant rods 

A Bhattacharya, A Halpin, N van Hoof and J G Rivas 

Dutch Institute for Fundamental Energy Research (DIFFER), Netherlands 

In this contribution, we demonstrate that a periodic lattice of frequency-detuned and displaced resonant rods can 
suppress the THz extinction at the central resonant frequency, leading to an enhanced spectral window of near 
perfect transparency [1], as shown in Fig. 1(a). The system consists of a periodic lattice of metallic rods of two 
different sizes as shown in the inset of Fig. 1(a). Each of the rods supports a strong half-wavelength (λ/2) 
resonance which are detuned with respect to each other. Furthermore, both the rods are spatially displaced within 
each unit cell of the lattice. The groupindex obtained from far-field measurements shows that the THz field is 
strongly delayed by more than four orders of magnitude at the spectral transparency window, as shown in Fig. 1(b). 
Using microspectroscopic measurements of the electric near fields [2], we show that this transparency window has 
its origin in the interference between two surface lattice resonances, arising from the diffractively enhanced radiative 
coupling of the two λ/2 resonances in the lattice [3] (Inset of Fig. 1(b)). Thus, we term this phenomenon as 
Diffraction Enhanced Transparency (DET). Since DET does not involve near-field coupling between resonators, the 
fabrication tolerance to imperfections is expected to be very high. This remarkable response and ease of fabrication 
renders these systems as very interesting components for THz communication. 

 

 

Figure 1. (a) DET window induced in extinction spectrum of a lattice of frequency detuned and displaced resonant 
dipoles. Inset: An optical microscopic image of the sample, (b) the corresponding group index associated with the 
extinction spectrum indicating high reduction of group index in the DET frequency. Inset: THz near-field micro-
spectroscopy of electric nearfields at the DET frequency in the vicinity of the structures. 

[1]  M. C. Schaafsma and A. Bhattacharya and J. Gómez Rivas, ACS Photonics 3(9), 1596-1603 (2016). 
[2]  A. Bhattacharya and J. Gómez Rivas, APL Photonics 1, 086103 (2016). 
[3]  A. D. Humphrey and N. Meinzer and T. A. Starkey and W. L. Barnes, ACS Photonics 3 (4), 634-639 (2016). 
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Archimedean spiral metamaterials and their potential application for terahertz-spectroscopy of chiral molecules 

C Schmuttenmaer, J Neu, D Aschaffenburg and M Williams 

Yale University, USA 

Metamaterials are primarily known for the large range of possible permittivity and permeability combinations 
that can be realized with these artificial resonant structures. A second useful advantage of these micro resonators is 
that the field is several orders of magnitude higher near the structure compared to free space. This local field 
enhancements allows for highly sensitive measurements of complex- valued refractive indices. It is also possible to 
measure highly absorptive materials and the local permittivity of sub-wavelength thick layers with high precision 
using metamaterials [1]. 

However, chiral samples have not yet been characterized in this manner in the THz region. To address this challenge, 
we fabricated and simulated metamaterials of Archimedean spiral arrays [2]. The spiral arrays were prepared on a 1 
mm thick high-resistivity float-zone silicon wafer using electron-beam lithography. The spirals themselves are made 
of aluminum and are 250 nm thick. The spiral arrays are characterized by several parameters, all of which can be 
varied, as seen in Figure 1(a). The number of turns and turn spacing determine the “effective diameter” of the 
spirals. The array period determines the areal density, or filling fraction, of the spirals. 

Previous work on these spiral arrays has provided us with general insight into the optical properties of this 
metamaterial [2]. However, it did not address the small feature at 1.08 THz for the spirals with 5 turns identified 
with the blue oval in Figure 1(b). This feature is only present when the spiral “diameter” is in the range of 60% to 
75% of the array period. In addition, this sharp feature is an extremely promising candidate for spectroscopic 
applications, because narrow features are more sensitive to changes in absorption coefficient and the refractive 
index. Based on simulations and experiments, we will present the dependence of the sharp feature on turn spacing 
and number of turns. We will also present detailed simulations of the field distributions at a number of resonance 
frequencies. This will provide insight as to why some features are broad and some are narrow. 

The presented work will give a more detailed understanding of the electromagnetic coupling between the 
metamaterial unit cells and the incoming field. This deeper understanding will allow for metamaterials to be 
optimized to probe specific resonances in chiral molecules. A detailed understanding of the metamaterial can even 
allow the measurement of circular dichroism by depositing a thin layer of chiral molecules of one handedness on an 
array of spirals. Similar experiments have been carried out in the visible region of the spectrum [3], but not the THz 
region.  

In conclusion, we will present detailed simulations and experimental verifications of chiral metamaterials, and 
discuss their potential for spectroscopic applications. 

 
[1]  B. Reinhard, et al., Appl. Phys. Lett., 100, 221101 (2012) 
[2]  D. J. Aschaffenburg, et al., J. Phys. Chem., 144, 174705 (2016) 
[3]  E. Hendry, et al., Nature Nanotechnol. 5, 783 (2010).  
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(Invited) Uncooled, sensitive, high-speed bolometers using doubly clamped microelectromechanical resonators 

Y Zhang, S Hosono, N Nagai, and K Hirakawa 

University of Tokyo, Japan 

Microelectromechanical system (MEMS)-based resonators are very attractive for sensing applications owing to their 
high sensitivities. High quality (Q)-factors of MEMS resonators lead to excellent sensitivities in detecting changes in 
the resonance frequencies. Recently, we proposed an uncooled, all electrical driving and detecting, very sensitive 
thermometer structure using a MEMS resonator for terahertz (THz) bolometer applications. [1] We have fabricated a 
GaAs doubly clamped MEMS beam resonator whose oscillation can be excited and detected by piezoelectric 
effect.[2]  

When a heating power is applied to a NiCr film deposited on the MEMS beam surface, internal thermal stress is 
generated in the beam, leading to a reduction in the resonance frequency. The present device detects a shift in the 
resonance frequency caused by heating and works as a very sensitive thermometer.  We have estimated the noise 
equivalent power (NEP) of the MEMS resonator to be below 20 pW/Hz1/2, which is very promising for realizing high 
sensitivity THz detection at room temperature. 

Furthermore, we have performed frequency-modulation (FM) detection for the fast operation of the MEMS 
bolometers.  In the conventional “slope detection” scheme, a shift in the resonance frequency is detected by the 
change in the oscillation amplitude, which limits the operation bandwidth to be ~f/Q (typically ~100 Hz).  In 
contrast, in the “FM detection” scheme, the resonator operates in a self-sustained mode by using a feedback 
circuit.  The FM detection scheme allows a detection speed which is not limited by the Q-factors, allowing fast THz 
detection in the order of 10 kHz. 

[1]  Y. Zhang, et al., Appl. Phys. Lett. 108 (16), 163503 (2016). 
[2]  I. Mahboob and H. Yamaguchi, Nature Nanotech. 3, 275 (2008). 
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Novel THz detector based on photo-thermal-acoustic effect in 3-dimensional graphene 

M Shalaby1, F Giorgianni2, C Vicario1, S Lupi1 and C Hauri3 
1SwissFEL (PSI), Switzerland, 2University of Rome La Sapienza, Italy, 3EPFL, Switzerland 

We report on a novel, simple and efficient THz energy and intensity profile diagnostic tool which is based on the 
photo-thermo-acoustic (PTA) effect in a 3-dim graphene sponge. The THz pulse illuminating the graphene induces a 
prompt thermal wave and sound emission. The presented photo-acoustic converter is based on ultralight 3-dim 
graphene which has the unique ability to turn efficiently the electromagnetic waves into heat and sound. The PTA 
process is enabled by graphene properties of perfect absorber, ultralow density, small inertia and negligible heat 
capacity. The reported diagnostic is sensitive to exceptionally large electromagnetic range covering microwaves, THz 
and optical frequencies. 

 

Figure 1. a) THz detection by photo-thermo-acoustic effect. b) and e) temporal and spectral characteristics of the 
emitted sound c) linear dependence of the sound peak on the THz pulse energy and d) thermal image of the THz 
focus.  

The detector is used to sense a pulsed THz beam at a repetition rate of 100 Hz generated by optical rectification in 
organic crystals [1, 2]. In the experiment (Fig. 1a) the sound which is generated by the THz pulse impinging on the 
3D-graphene, is recorded by a conventional condenser microphone. While the acoustic emission mimics the 100 Hz 
THz time structure (Fig. 1b) the sound signal is surprisingly found to be proportional to the impinging THz pulse 
energy (Fig. 1 c). The linearity of this conversion enables the scheme to be used as THz energy detector. 

As shown in Fig. 1 e) the acoustic spectrum is largely independent on the THz spectral content, and the acoustic 
spectra obtained with different cut-off frequencies present the same characteristics. The presented scheme is also 
well-suited for remote THz sensing as it detects radiation propagating over several meters. Furthermore we mention 
the use of 3D graphene as a 2D THz beam profiler when used in combination with a 2D thermal detector (Fig. 1d). 

In conclusion, our results show a novel and efficient THz detector scheme working over a large spectral range. 
Combined with a commercial microphone and 2D thermal detector it provides the THz pulse energy and THz 
intensity profile, respectively. The presented proof-of-principle experiment may trigger new routes for 
electromagnetic wave detection as well as controlling sound and heat by light. 

[1]  M. Shalaby and C.P. Hauri, Nature Communications 6, 5976 (2015) 
[2]  C. Vicario, et al. Opt. Lett., 39, 6632, (2014). 
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Low-noise room temperature terahertz 1D and 2D nano-detectors operating in the 0.3 – 3.8 THz range 

L Viti1, E Dardanis1, J Hu3, A Politano4, D Ercolani5, L Sorba1 and M S Vitiello1 
1CNR NANO - Istituto Nanoscienze, Italy, 2Scuola Normale Superiore, Italy, 3Tulane University, Italy, 4Università degli 
Studi della Calabria, Italy, 5NEST - Scuola Normale Superiore, Italy 

The ability to convert light into an electrical signal with high efficiencies and controllable dynamics is a major need 
in photonics and optoelectronics. In the Terahertz (THz) frequency range, with its exceptional application 
possibilities in high data rate wireless communications, security, night-vision, biomedical or video-imaging and gas 
sensing, detection technologies providing efficiency and sensitivity performances that can be “engineered” from 
scratch, remain elusive. This prompted in the last decade a major surge of interdisciplinary research, encompassing 
the investigation of different technologies in-between optics and microwave electronics, different physical 
mechanisms and a large variety of material systems, offering ad-hoc properties to target the expected performance 
and functionalities. 

Here we provide an overview on our recent technological developments on THz photodetectors based on one 
dimensional (1D) field effect transistors (FETs) exploiting semiconductor nanowires1 or bi-dimensional (2D) 
FETs[2,3], embedding heterostructures built with un-doped or Se-doped black-phosphorus (BP), and van der Waals 
structures combining hexagonal borum nitride (hBN) and BP in a multi-stack configuration. 

By using atto-farad order capacitance InAs or InAs/InSb NWs, efficiently coupled via broadband antennas in a 1D 
FET, we were able to demonstrate highly-sensitive room temperature (RT) THz detection, in the photon frequencies 
range 0.3-3.4 THz, and in the resistive self-mixing regime, with responsivities > 100 V/W at 0.3 THz and of 14 V/W 
at 3.4 THz, with noise equivalent powers of 60 pW /Hz½ and electrical bandwidths of a few MHz. The proposed 
detection mechanism ensures the best performance in a 1D geometry, when only one plasmon mode can be 
excited by the incoming electromagnetic field, opening appealing perspectives for engineering plasmonic detectors. 

Conversely, by exploiting the inherent electrical and thermal in-plane anisotropy of a flexible thin flake of high 
mobility undoped or Se-doped BP (μ>700 cm2/Vs), we devised plasma-wave, thermoelectric and bolometric nano- 
detectors with a selective, switchable and controllable operating mechanism[2,3], reaching RT detection 
performance in the 0.3-3.8 THz range with responsivity in the range 1.2- 8V/W and NEP in the range 5nW/Hz½ -
100pW/Hz½. The same geometries have been exploited to engineer mechanically stacked hBN/BP/hBN 
heterostructured nanodetectors operating in the 0.3-0.65 THz range from 4K to 300K, with a record S/N = 20000.  
The proposed architectures and the superior optical performances, open intriguing perspectives for the realisation of 
multi-pixel focal plane sensors with ultrafast response time. 

 
(a) NW devices operating at 300 GHz and 3.4 THz. Responsivity vs. lateral gate bias. Inset: SEM image of the 
antenna gap area (3.4 THz device). (b) BP device at 3.4 THz. Responsivity vs. top gate bias. Inset: THz spot, as 
detected in the beam focal plane. (c) Responsivity vs. gate bias in a doped BP ambipolar device at 3.8 THz. Inset: 
SEM image of the antenna gap area. (d) Temperature dependence of the responsivity in a hBN/BP device at 0.3 
THz. Inset: AFM image of the antenna gap area. 
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Demonstration of a peak electric field sensitive terahertz camera 

S L Lange and K Iwaszczuk 

Technical University of Denmark, Denmark 

We demonstrate a novel terahertz (THz) camera which maps the cross-sectional intensity distribution of THz field 
transients and is sensitive to the peak electric field strength. The camera effectively up- converts THz frequencies 
through field ionization of noble gasses with a glow discharge in the UV-vis regime. 

Recent research has shown ultrafast electron field emission from metal antennas due to strong THz pulse irradiation 
[1,2]. The emission is strongly nonlinear with the electric field strength. The presented work demonstrates how to 
maximise the total emission using periodically structured Au coupled split ring resonator antennas on a Si/SiO2 
hetero- substrate. The antennas enhance the peak electric field in a large, few μm-sized gap designed to avoid 
metal damage due to electron bombardment as well as nonlinear effects in the substrate. The electron field 
emission subsequently excites surrounding argon molecules that undergo radiative relaxation in the CCD-sensitive 
UV-vis regime. The latter is recorded with a standard commercial camera. Hence, the setup constitutes a novel THz 
camera that outperforms both pyrocams and microbolometers in terms of reduced size and price as well as being 
operational below 1THz. 

Finite-Element Time-Domain (FETD) simulations are used to show an Au antenna design with a time-domain peak 
field enhancement factor of 370. The antenna is placed in a periodic array on a HR-Si wafer with 1μm SiO2 on top 
to suppress field-induced nonlinearities in the substrate. The entire sample is fabricated using standard UV-
lithography, and it is introduced as a sidewall to a pressure control chamber with the antennas sitting on the inner 
side. The chamber is filled with argon at 1torr pressure. Upon THz illumination, UV-vis light is generated in the 
chamber and guided through a simple imaging system to the CCD camera. The resulting picture effectively maps the 
THz peak electric field intensity distribution with a lateral resolution on the order of 200μm. 

 
a) Simulation of the antenna structure captured at the point in time when the enhancement of the incident THz 
transient is the largest. The colour bar is cut at 30 times the incident peak field strength to better show the field 
distribution. b) Electric field enhancement simulated 25nm above the I-shaped tip. The main field emission occurs 
within 1 ps. c) Outline of the experimental setup. d) Picture of the argon plasma glow discharge (color) mapping the 
THz peak electric field intensity distribution. The background image (grayscale) shows the array of antennas and is 
captured separately. 

[1] K. Iwaszczuk, M. Zalkovskij, A. C. Strikwerda and P. U. Jepsen, “Nitrogen plasma formation through terahertz 
 induced ultrafast electron field emission,” Optica, vol. 2, pp. 116-123, 2015. 
[2] Jingdi Zhang et al., “Terahertz radiation-induced sub-cycle field electron emission across a split-gap dipole. 
 antenna,” Applied Physical Letters, vol. 107, 2015. 
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METATeraCAM - A 64 x 64 CMOS terahertz focal plane array  

I Escorcia, J Grant, L Gouveia, J Gough and D Cumming 

University of Glasgow, UK 

Advancements in the field of terahertz (THz) science and technology have resulted in a number of important 
applications including security and medical imaging, explosive detection, non-destructive testing and wireless 
communication. Research has been driven by the unique properties of THz radiation: it is non-ionising thus safe to 
biological tissue; transparent to several common plastics and fibres; and has a shorter wavelength than millimeter 
waves, giving a higher spatial resolution. In addition several materials, such as explosives and illicit drugs, have 
characteristic THz spectroscopic signatures that can be readily identified. 

The proliferation of these applications into everyday life has been hampered by the lack of inexpensive, compact 
and room-temperature THz sources and detectors. In order to bring THz technology to the forefront of many 
applications, compact, sensitive, fast, inexpensive and room- temperature sources and detectors are required. The 
development of focal plane arrays (FPAs) using low cost silicon-based technology for visible light imaging has 
revolutionized photography. It is anticipated that the realization of high sensitivity, room temperature and low cost 
Terahertz FPAs will rapidly promote the exploitation of THz imaging systems in many applications. As a major step 
towards these goals, we present the development of a room temperature, 2.5 THz FPA made on complementary 
metal oxide semiconductor (CMOS) technology that exhibits high sensitivity by uniquely exploiting novel 
metamaterial (MM) structures [1-4]. As shown in Fig. 1(a), we implement THz MM structures directly in the metallic 
and dielectric layers of a standard 0.18 𝜇𝜇m CMOS process and couple them with vanadium oxide (VOx) resistive 
micro-bolometers. We demonstrate the use of the  technology in stand-off imaging of a hidden metallic object,  
shown in Fig.1(b), in both transmission and reflection modes (Fig. 1(c) and (d)) respectively. 

 
Fig. 1. (a) Scanning electron micrograph of a section of the 64 x 64 FPA showing the electric ring resonator of the 
MM absorber coupled with VOx microbolometer; (b) Cut-out “T” shape in Al hidden in a manila envelope; (c) THz 
transmission image and (d) THz reflection image of the hidden object. 

[1]  J. Grant, et al., Laser Photon. Rev. 7, 1043 (2013). 
[2]  I. E. Carranza, et al., Terahertz Sci. Technol. IEEE Trans. 5, 892 (2015). 
[3]  I. E. Carranza, et al., IEEE J. Sel. Top. Quantum Electron. 99, 1 (2016). 
[4]  I. E. Carranza, et al., Opt. Lett. 41, 3261 (2016). 
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Session: THz components and systems 

Subwavelength THz imaging using optically patterned photomodulators 

S Hornett and E Hendry 

University of Exeter, UK  

Most non-conductive materials and non-polar liquids are transparent to terahertz frequencies (0.2-2THz), and due 
to their non-ionizing photon energies there is great interest and potential in imaging in the THz regime [1]. However, 
the long wavelengths (1.5-0.15mm) mean that even diffraction limited imaging will fail to resolve structures of 
micron size many of which have interesting THz interactions. Currently the two most popular approaches for near 
field THz imaging lie in either scattering tip [2] or scanning apeture methods [3]. Neither of these methods allow any 
form of compressed sensing as they rely on measurements at a single point. 

In this contribution we describe a new technique which uses an optically modulated, spatially patterned THz beam, 
created via a photomodulator [4, 5]. Using digital micromirror arrays we generate a patterned optical beam with 
spatial dimensions defined by the optical diffraction limit, which can be quickly reconfigured up to 10,000 times 
per second. Using such an optically patterned beam, we can leverage the power of single pixel imaging techniques 
such as Hadmard imaging, with excellent signal to noise and high resolution (down to 8μm, ~λ/50), breaking the 
THz diffraction limit by almost two orders of magnitude. We apply this new technique to measure a number of 
interesting systems including buried semiconductor structures [5], biological samples and graphene 
photoconductivity variations [6]. 

 
Figure 1. (a) Experimental Configuration; (b) A map of the THz photoconductivity of graphene showing carrier 
concentration variations. 

[1]  W. L. Chan, J. Deibel, D. M. Mittleman, Rep. Prog. Phys. 70, 1325–1379 (2007). 
[2]  H. T. Chen, R. Kersting, and G. C. Cho. Appl. Phys. Lett., 83(15), 3009–3011 (2003). 
[3]  O. Mitrofanov, et al., Appl. Phys. Lett., 77(22), 3496–3498 (2000). 
[4]  R. I. Stantchev, et al., Phys. Rev. A, 92, 043820 (2015). 
[5]  R. I. Stantchev, et al., Sci. Adv. 2, 6,e1600190 (2016). 
[6]  S.M.Hornett, et al., Nano Lett., 16 (11), 7019–7024 (2016). 
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THz Sensing and imaging using rydberg atoms 

K Weatherill, C Wade, C Adams and N Sibalic 

Durham University, UK  

Atoms make excellent electromagnetic field sensors because they can couple strongly to electromagnetic fields, 
providing sensitive narrowband response. In addition, atom are automatically calibrated as each atom of the same 
isotope is identical and has well studied permanent properties that facilitate tracing to SI units. Atomic states that 
couple to multiple transitions offer an interface between different frequency regimes. In this way, atomic ground 
states have been used to map microwave fields onto an optical probe. However, atomic ground states are only 
sensitive to a limited selection of microwave frequencies. Typically it is difficult to find atomic resonances in the THz 
frequency range however, highly-excited Rydberg atoms couple to many strong, electric dipole transitions across a 
wide range of microwave and THz frequencies, making them ideal candidates for field measurement and for 
frequency standards in the millimetre wave and THz range. Recently the optical readout of Rydberg states was 
demonstrated in a room-temperature alkali-metal vapour using electromagnetically induced transparency (EIT) [1]. 
The ‘Rydberg EIT’ technique has since been exploited to readout radio frequency fields, to demonstrate precision 
microwave electrometry and for subwavelength imaging of microwave fields [2]. 

In this work we report on recent experiments where we use the strong optical coupling of atoms to ‘read out’ THz 
fields [3]. The THz fields are applied to a room temperature atomic vapour excited to high-lying Rydberg states. Fig 1 
shows an optical image from a THz standing wave applied to an atomic gas. The green optical fluorescence is only 
emitted from regions where the THz field and IR laser beams overlaps. We also demonstrate how strong atom-atom 
interactions leads to a THz driven optical phase transition [4]. This phase transition leads to enhanced sensitivity of 
the atomic vapour to resonant THz fields. 

 
Figure 1: Image of optical fluorescence from a THz standing wave in a room temperature atomic vapour. 

[1]  A. K. Mohapatra, T. R. Jackson, and C. S. Adams, Phys. Rev. Lett. 98, 113003 (2007) 
[2]  J. A. Sedlacek, et al. Nature Physics, 8, 819 (2012) 
[3]  C. G. Wade, et al. Nature Photonics (2016) doi:10.1038/nphoton.2016.214 
[4]  C. Carr, R. Ritter, C. S. Adams and K. J. Weatherill Phys. Rev. Lett. 111, 113901 (2013) 
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Design of an integrated plasmonic THz on-chip spectroscopy platform 

J Seddon and C Renaud 

University College London, UK 

The Terahertz (THz) and sub-millimeter region of the electromagnetic spectrum is an area that contains 
spectroscopically interesting features, such as molecular rotational and vibrational resonances, and electron 
paramagnetic resonances. To access this region several sources and detectors have been developed using both 
electronic and optoelectronic generation and detection[1]. Monolithic integration of an optoelectronic generation 
and detection platform along with a method to enhance the THz signal allows for improved sensitivity and stability 
over free space systems[2].  

A THz metamaterial waveguide integrated with Travelling Wave Uni-Travelling Carrier (TW-UTC) photodiodes has been 
designed making use of spoof surface plasmon polaritons to guide THz and submillimetre signals to an integrated 
TW-UTC photodiode acting as an optoelectronic down converter. The characteristic impedance of the metamaterial 
waveguide was calculated and transitions were designed to match the momentum and impedance of the integrated 
co-planar waveguides to the metamaterial waveguide. The bandwidth of the waveguide is evaluated and shown to 
be from 100-500 GHz, with the upper limit determined by the engineered resonant frequency of the metamaterial. 
The characteristic impedance of the metamaterial waveguide is calculated and used to optimize the coplanar to 
plasmonic transition. 

A Localized Surface Plasmon (LSP) resonator is also designed, demonstrating electric and magnetic dipoles within 
the frequency band of the metamaterial waveguide. The Extinction Cross Section (ECS) of the metamaterial particle 
is calculated and the E field of the two resonant modes simulated. The LSP resonator is then coupled to the 
integrated plasmonic waveguide devices and the S-parameters calculated for the waveguide band shown in figure 
1. 

The LSP resonator is designed to act as a sensor for changes in refractive index or to couple to specific resonant 
features. To assess the performance of the system the device sensor is evaluated in the presence of an undoped 
silicon sample and a characteristic shift in refractive index is observed. An artificial sample resonance is also 
created using a Lorentzian dispersion model as an absorbing resonance so that the coupling of the LSP resonance 
to a sample resonance can be assessed. 

 
[1]  E. Rouvalis, M. J. Fice, C. C. Renaud, and A. J. Seeds, “Optoelectronic detection of millimetre-wave signals 
 with travelling-wave uni-travelling carrier photodiodes,” Opt. Express, vol. 19, no. 3, p. 2079, Jan. 2011. 
[2]  S. Hisatake, J.-Y. Kim, K. Ajito, and T. Nagatsuma, “Self-Heterodyne Spectrometer Using Uni- 
 Traveling-Carrier Photodiodes for Terahertz-Wave Generators and Optoelectronic Mixers,” J. Light. 
 Technol. Vol. 32, Issue 20, pp. 3683-3689, vol. 32, no. 20, pp. 3683–3689, 2014. 
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Demultiplexing of terahertz wireless links by a leaky-wave antenna 

J Ma1, N Karl1, S Bretin2, G Ducournau2 and D Mittleman1 
1Brown University, USA, 2Institut d’Electronique de Microélectronique et de Nanotechnologie (IEMN), France 

Wireless communication links in Terahertz (THz) range is attracting growing interest because of its wide bandwidth, 
which is now regarded as the most promising way to handle fast increasing in wireless data traffic. However, to 
multiplex and demultiplex these links for high channel capacity is still a challenge. Here, we use a leaky-wave 
antenna to demonstrate the mux and demux of real-time data streams at THz frequencies. 

The leaky-wave device relies on a metal parallel-plate waveguide (PPWG) with one slot opened in the top plate as 
discussed in [1]. With this design, we can couple wireless signal from free space to the device or from the device to 
free space, according to a phase-matching criterion which links the free space propagation angle to the carrier wave 
frequency [2]. Thus, links at different carrier frequencies can be coupled into and out of the mux/demux due to their 
angle difference (frequency division) [1].  

We implement a THz wireless link with carrier frequency tuned from 270 GHz to 320 GHz. Based on the phase 
matching condition, the corresponding optimum propagation angle ϕ should change from 42o to 36o when the 
plate separation is 0.8mm [1]. The THz signal emerging from the waveguide is collected with a 25mm-focal-length 
lens and detected with a Schottky diode detector coupled with a horn antenna. 

Figure 1 shows bit-error-rate (BER) performance with respect to the angular position of the receiver. These data were 
measured at a reduced input power, to avoid saturating the BER curves and thereby permit an accurate 
determination of the angular dependence at each frequency. At optimum input power to the waveguide, and with a 
data rate of 4.25 Gbps, we achieve error–free demux (i.e., BER < 10-11) for all carrier frequencies in our scan range 
(i.e., over a 50 GHz bandwidth). 

From these reduced-power scans, we obtain the optimum out-coupling angle, corresponding to the minimum BER in 
the curve. The inset shows optimum angle versus carrier frequency, which agrees with the phase matching criterion 
[1]. The BER curve moves about 1.5o for each 10 GHz frequency shift. This demonstrates that the demultiplexing of 
THz links at different frequencies is feasible, due to the significant angular separation of different channels. We note 
that a larger angular sensitivity can be realized by narrowing the waveguide plate separation, which can be valuable 
for larger modulation rates which would require more channel bandwidth. 

 
Figure 1. Demultiplexing of THz wireless links. Lower inset: measured and predicted optimum angle versus carrier 
frequency. Upper inset: system diagram for measurement 

[1]  N. J. Karl, R. W. McKinney, Y. Monnai, R. Mendis, and D. M. Mittleman, Nature Photon. 9, 717 (2015). 
[2]  R. Mendis and D. M. Mittleman, IEEE Trans. Microw. Theory Techn. 58, 1993 (2010). 
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Experimental investigation of laser linewidth tolerance of photonic THz wireless systems using low-complexity PE 
algorithm 

L Gonzalez Guerrero1, H Shams1, M J Fice1, A J Seeds1, M Naftaly2 and C C Renaud1 
1University College London, UK, 2National Physical Laboratory, UK 

The lower THz band (100 GHz – 1 THz) has several transmission windows with bandwidths of several tens of GHz 
which can be used to overcome the spectrum congestion at lower frequency bands. The IEEE 802.15 Task Group for 
100 Gbit/s Wireless is currently considering the band from 252 GHz to 325 GHz (73 GHz bandwidth) for (a) wireless 
backhaul and fronthaul systems (b) wireless communication between servers inside data centers and (c) very high-
speed wireless LANs and PANs. Due to the extreme high freespace path loss at THz frequencies, the distribution of 
THz signals from the central office to the remote antenna unit using optical fiber is a very attractive solution. In this 
scenario, the beating of two optical modes in an ultrafast photodiode (photonic THz generation) may be 
advantageous over competing technologies as it enables the use of radio-over-fiber (RoF) techniques (see Fig.1 
(a)).  

On the other hand, this approach has the disadvantage that the electrical signal generated at the photodiode will 
exhibit phase noise resulting from the linewidth of the two lasers. This may prevent the system from operating at an 
acceptable BER. Even if two correlated modes are used, phase noise will arise from temperature changes and 
unmatched transmission paths between the modulated signal and unmodulated carrier. An alternative way to 
eliminate the phase noise is through the use of phase-estimation (PE) algorithms at the receiver. The function of this 
algorithms is to remove the phase term coming from both data modulation and additive white Gaussian noise in 
order to make an estimation of the phase distortion originating from signal linewidth, which is then subtracted from 
the received signal.  

In this work, we show experimentally and through simulations how low-complexity PE algorithms that are already 
used in coherent optical communications can enable the use of free-running lasers in photonic THz systems. This is 
not only an advantage regarding cost, but also in terms of system scalability and flexibility. For the experimental 
demonstration, we use the setup shown in Fig. 1 (a), which is the typical arrangement expected in future high-speed 
WLANs based on photonic down-conversion [1]. The PE algorithm implemented at the receiver is a combination of 
the Mth -power operation and a block-averaging filter (Mth - power block algorithm [2]). At the optical transmitter, the 
signal is modulated in a quadrature phase shift keying format at a symbol rate of 10 Gbaud for a total data speed 
of 20 Gbit/s. As shown in Fig. 1 (b), where the bit error rate is plotted against the signal-to-noise ratio per bit for 
different combined optical linewidths, this simple algorithm can handle optical linewidths in the range of MHz. This 
confirms that the spectral purity requirement of future ultra-high speed wireless systems can be met with integrated 
lasers and without complex stabilization techniques. 

 
Figure1: (a) Experimental setup and (b) receiver tolerance to THz signal linewidth. RRH: remote radio head; VOA: 
variable optical attenuator; UTC: uni-traveling-carrier photodiode; ADC: analog-to-digital converter. 

[1]  A. J. Seeds, H. Shams, M. J. Fice, and C. C. Renaud, “TeraHertz Photonics for Wireless Communications,” J. 
 Light.Technol., vol. 33, no. 3, pp. 579–587, 2015. 
[2]  M. Seimetz, “Laser linewidth limitations for optical systems with high-order modulation employing feed 
 forward  digital carrier phase estimation,” OFC/NFOEC 2008, pp. 2–4, 2008. 
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An ultrafast III-V semiconducting nanowire THz polarisation modulator 

D Damry1, J Boland1, S Baig2, H Tan3, C Jagadish3, H Joyce2 and M Johnston1 
1University of Oxford, UK, 2University of Cambridge, UK, 3Australian National University, Australia 

Over the past decade there has been tremendous progress in the development of THz emitters and detectors. 
However to develop the next generation of THz based technologies, the ability to modulate the intensity and/or 
polarisation of THz radiation at high speed and with good modulation depth is vital. Optically switchable THz 
polarisers are a promising solution to this gap in THz technology. To date, conventional polarisers for THz 
frequencies are built with metallic wires. However, these are fragile, expensive, and inefficient, usually with their 
performance being dependent on the wire diameter and spacings. 

In this work we present a novel ultrafast THz polarisation modulator based on III-V semi- conducting nanowire 
materials, primarily focusing on GaAs nanowires, which have been shown to have high absorption coefficients and 
are active in the THz region. 

We utilise an optical pump terahertz-probe setup and vary the polarisation of the optical pump beam, figure 1, to 
demonstrate ultrafast picosecond THz modulation with a modulation depth of -9 dB. We present a high extinction 
ratio of 13% and dynamic range of -3 dB, which is comparable to graphene and metamaterial-based THz 
modulators, while surpassing the performance of carbon nanotube THz polarisers.[1] We show a broad bandwidth 
for the THz transmission between 0.1 THz and 4 THz and a carrier lifetime for the GaAs nanowires of 1 ps, allowing 
for sub-picosecond switching speeds. Our device combines not only a large modulation depth but also a broad 
bandwidth and picosecond time resolution for THz wave modulation, making it an ideal candidate for ultrafast 
communication. Furthermore, this technology will allow for more information to be encoded onto the THz wave and 
the realisation of high-speed THz communication. 

 
Figure 1: Schematic diagram showing the polarisation modulation of THz radiation. 

[1]  Docherty et al., J. Appl. Phys., 20, (17), 115, 2014 
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Session: Quantum effects 

(Invited) Terahertz quantum optics based on metamaterials   

J Faist  

ETH Zurich, Switzerland 
 
The range of frequencies between the 100GHz to 10THz, often referred as the “terahertz gap”, produce an 
interesting combination of challenges and opportunities. In this range, it is in particular possible to create metallic 
or supraconductive metamaterial resonators with a very high field enhancement. In such metamaterial resonators, 
the electric field arising from vacuum fluctuations is enhanced by the very small effective volume of the cavity where 
the electric field is maximum, with values as large as  (Veff/

3)-1/2 >2 x103 . As a result, the system is especially well-
suited for the observation[1] of ultra-strong light-matter coupling regime in which the ground state of the system 
contains virtual photons originating from the anti-resonant terms of the Hamiltonian[2]. Cavity quantum 
electrodynamics in such a regime should enable new effects to be observed, such as the emission of Casimir-like 
squeezed vacuum photons upon non-adiabatic change in the coupling energy.  

In this presentation, we will report on our progress in developing metamaterials and quantum structures aimed at 
studying this physics. In particular, to enable the observation emission following a non-adiabatic modulation of a 
cavity, we have developed superconducting switchable resonators[3]. These resonators have also been optimized to 
exhibit ultrastrong coupling with only few (about 50) electrons of a two-dimensional electron gas below the surface. 
We also demonstrated that these resonators can be coupled by SPP waves and therefore become dispersive with in-
plane wavevector. Another prediction also include a Dicke phase transition towards a superradiant state in a 
graphene layer. Working towards this goal, we have recently achieved the strong coupling between graphene 
nanoribbon and a metamaterial and demonstrated its potential as a modulator[4].  

In another line of work we have also developed a measurement of the first and second order correlation functions of 
terahertz fields using an electro-optic sensing technique[5]. Such a technique has also been recently used to 
measure the electric field fluctuations of vacuum[6]. Applications to the measurement of quantum cascade lasers 
outputs, as well the optimization of this setup towards the measurement of single photons will be presented and 
discussed.   

[1] G. Scalari, C. Maissen, D. Turcinkova, D. Hagenmuller, S. De Liberato, C. Ciuti, et al., "Ultrastrong Coupling 
 of the Cyclotron Transition of a 2D Electron Gas to a THz Metamaterial," Science, vol. 335, pp. 1323-
 1326, Apr 15 2012. 
[2] C. Ciuti, G. Bastard, and I. Carusotto, "Quantum vacuum properties of the intersubband cavity polariton 
 field," Physical Review B, vol. 72, p. 115303, Sep 01 2005. 
[3] G. Scalari, C. Maissen, S. Cibella, R. Leoni, and J. Faist, "High quality factor, fully switchable terahertz 
 superconducting metasurface," Applied Physics Letters, vol. 105, p. 261104, Dec 29 2014. 
[4] P. Q. Liu, I. J. Luxmoore, S. A. Mikhailov, N. A. Savostianova, F. Valmorra, J. Faist, et al., "Highly tunable 
 hybrid metamaterials employing split-ring resonators strongly coupled to graphene surface plasmons," in 
 Nature Communications vol. 6, ed, 2015. 
[5] I.-C. Benea-Chelmus, C. Bonzon, C. Maissen, G. Scalari, M. Beck, and J. Faist, "Subcycle measurement of 
 intensity correlations in the terahertz frequency range," in Phys Rev A vol. 93, ed: American Physical 
 Society, 2016, pp. 043812-9. 
[6] C. Riek, D. V. Seletskiy, A. S. Moskalenko, J. F. Schmidt, P. Krauspe, S. Eckart, et al., "Direct sampling of 
 electric-field vacuum fluctuations," in Science vol. 350, ed, 2015, pp. 420-423. 
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Terahertz-frequency magnon-phonon-polaritons in the strong coupling regime 

P Sivarajah1, J Lu1, M Xiang2, W Ren2, S Cao2, S Kamba3 and K Nelson1 
1Massachusetts Institute of Technology, USA, 2University of Shanghai, China, 3Academy of Sciences of the Czech 
Republic, Czech Republic 

Strong coupling between light and matter occurs when the two interact strongly enough to form new hybrid modes 
called polaritons[1]. Thus far, the focus of strong coupling physics has been on either the electric or magnetic 
degrees of freedom, yet the ensuing physics and potential applications motivate the prospect of simultaneously 
coupling to both. Spintronics, in its quest toward long-range and terahertz (THz) frequency operation, would 
particularly benefit from such strong coupling because it provides a means for facile transport and interaction with 
THz spin information. 

Here we report our results[2] on the strong coupling of both the electric and magnetic degrees of freedom to an 
ultrafast terahertz frequency electromagnetic wave. In our system, optical phonons in a slab of ferroelectric lithium 
niobate (LiNbO3) are strongly coupled to a THz electric field to form phonon-polaritons, which are simultaneously 
strongly coupled to magnons in an adjacent slab of canted antiferromagnetic erbium orthoferrite (ErFeO3) via the 
THz magnetic field (see Fig. 1a). The strong coupling leads to the formation of new magnon-phonon-polariton 
modes, which we experimentally observe in the wavevector-frequency dispersion curve in the form of an avoided 
crossing (see Fig. 1b). 

Our simple yet versatile on-chip platform opens up the possibility of multifunctional and ultrafast control and 
conversion among photonic, phononic, and spin degrees of freedom, and thus provides a promising avenue by 
which to explore ultrafast THz spintronics. 

 

Fig. 1: (a) A line-focused pump pulse generates THz frequency phonon-polaritons in LiNbO3 that enter the LiNbO3-
air-ErFeO3 hybrid slab and excite magnons to create magnon-phonon-polaritons. A probe pulse is delayed both 
spatially and temporally to measure the THz electric field profile via electro-optic sampling in LiNbO3. (b) Dispersion 
curve showing the normal mode splitting between the magnon resonance at 0.67 THz and the first-order phonon-
polariton mode. Dashed curves show uncoupled magnon frequency and a numerical calculation of the phonon-
polariton dispersion, and the red curves show calculated magnon-phonon-polariton dispersion curves. 

[1]  P. Törmä and W.L. Barnes, Rep. Prog. Phys. 78, 13901 (2015). 
[2]  P. Sivarajah, J. Lu, M. Xiang, W. Ren, S. Kamba, S. Cao, and K.A. Nelson, arXiv Prepr. arXiv1611.01814 
 (2016). 
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Influence of charged sensitizing quantum dots on the electron dynamics in ZnO probed by time-resolved terahertz 
spectroscopy 

H Nemec1, S Bamini2, K Zidek2, M Abdellah2, M Al-Marri3, P Chabera2, C Ponseca2, K Zhang2 and T Pullerits2 
1Institute of Physics of the Czech Academy of Sciences, Czech Republic, 2Lund University, Sweden, 3Qatar 
University, Qatar 

Wide-band-gap semiconductor nanoparticles (NPs) sensitized by semiconductor quantum dots (QDs) are promising 
stable photovoltaic materials [1]. The incident light absorbed in the QDs produces electron-hole pairs inside the 
QDs; the electron is subsequently injected into the NP. Achieving high charge collection efficiency requires high 
injection rate prohibiting competition with various recombination processes. 

Here we combine transient absorption (TA) spectroscopy and time-resolved THz spectroscopy to investigate 
photoinitiated processes in ZnO NPs sensitized by CdSe QDs. While TA probes mainly the oxidation state of the 
sensitizer, THz spectroscopy probes predominantly the population of free charges in the NPs and their transport on 
nanometer distances. We thus obtain a detailed picture of the electron dynamics, including the interaction of the 
injected electrons with the charged QDs. In particular, it turns out that the mobility of injected charges is 
considerably lower than the mobility of charges directly photogenerated in the NPs (Fig. 1b,c). We explain this 
behavior in terms of Coulombic interaction between the electrons injected into NPs and the holes left in the 
sensitizing QD (Fig. 1a). Indeed, the Monte-Carlo calculations [2] of conductivity of confined charges in the 
presence of the Coulombic interaction provide spectra in a good agreement with the measured ones. The interaction 
between electrons and holes also manifests itself in the form of a charge transfer state, which is responsible for 
slower (tens-picoseconds) injection rate of electrons into the NPs [3]. 

 

Figure. 1. (a) Scheme of the Coulombic interaction between an injected electron and a hole left in the sensitizing 
QD. (b) Mobility spectrum of carriers in bare ZnO NPs generated by above-gap excitation of the NPs. (c) Mobility 
spectrum of electrons injected from the QDs into the NPs. Symbols: measured data, lines: results of Monte-Carlo 
calculations including effective medium theory accounting for the inhomogeneity of the nanoparticular network. 

[1]  P. V. Kamat, J. Phys. Chem. C 112, 18737 (2008). 
[2]  H. Němec, P. Kužel, and V. Sundström, Phys. Rev. B 79, 115309 (2009). 
[3]  K. Žídek et al., J. Am. Chem. Soc. 134, 12110 (2012). 
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Colossal terahertz magnetoresistance at room temperature in oxide nanocolumns 

J Lloyd-Hughes1, C Mosley1, M Lees1, S Jones2, A Chen3, Q Jia3, E-M Choi4 and J MacManus-Driscoll4 
1University of Warwick, UK, 2University of Oxford, UK, 3Los Alamos National Laboratory, USA, 4University of 
Cambridge, UK 

Conventional materials have magnetoresistances ∆R/R=[R(B)-R(0)]/R(0) of a few percent, and the giant 
magnetoresistance of metal heterostructures approaches 30% for dc fields and at THz frequencies [1]. In contrast, 
in colossal magnetoresistance (CMR) oxides the resistance can change by orders of magnitude in a magnetic field. 
Here we report for the first time that colossal magnetoresistance persists to THz frequencies, with 
magnetoresistances above -99% at 1THz and at room temperature [2]. 

The THz magneto-optical conductivity of the colossal magnetoresistance compound La0.7Sr0.3MnO3 was investigated 
by THz time-domain spectroscopy [Fig. 1(a)]. The response of vertically-aligned nanocolumns of La0.7Sr0.3MnO3 in a 
ZnO matrix [3] was compared with that of pure La0.7Sr0.3MnO3 thin films. This is particularly important as it allows the 
comparison of the intrinsic CMR effect, witnessed in pure single crystals around room temperature, with the extrinsic 
CMR effect, which is controlled by grain boundaries. Extrinsic CMR requires lower applied magnetic fields than the 
intrinsic effect, desirable for applications, but works below room temperature. Surprisingly, and in contrast to the dc 
CMR effect, we demonstrate that the THz magneto-optical response in La0.7Sr0.3MnO3 nanocolumns is an intrinsic 
effect. The THz CMR is large at the Curie temperature, when core Mn spins begin to align ferromagnetically, but 
decreases at lower temperatures. 

At temperatures below the metal-insulator transition (when samples are metallic) the frequency- dependent 
conductivity is well described by the Drude model of free-carrier absorption [Fig. 1(b)]. The application of a 
magnetic field perpendicular to the samples was found to enhance the Drude spectral weight, which can be 
understood within the double-exchange picture of charge transport in the CMR manganites. At the Curie 
temperature (300K) the THz conductivity of the nanocolumn film was dramatically enhanced by the application of a 
magnetic field, creating a non-Drude conductivity that increases with frequency [Fig. 1(c)]. We discuss possible 
origins of this trend, including the prevalent picture in the literature of bipolarons destruction under a magnetic field 
into single polarons. 

The observed colossal THz magnetoresistance suggests that the magnetoresistance can be large for ac motion on 
nanometre length scales, even when the magnetoresistance is negligible on the macroscopic length scales probed 
by dc transport. Colossal THz magnetoresistance at THz frequencies may find use in active THz optical and electronic 
components controlled by magnetic fields. 

 

Figure 1. (a) THz spectroscopy of a vertically-aligned LSMO-ZnO nanostructure under a magnetic field, B. (b) Real 
THz conductivity, 1, in the metallic state at 200K, showing a Drude free-carrier absorption. (b) Non-Drude 1 in 2T 
steps from B=0T (blue) to B=8T (purple) at the Curie temperature (300K). 

[1]  Z. Jin et al., Nat. Phys. 11, 761 (2015). 
[2]  J. Lloyd-Hughes et al., submitted (2016). 
[3]  A. Chen et al., Adv. Funct. Mater. 21, 2423 (2011). 
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Access to subcycle quantum electrodynamics by multi-terahertz technology 

P Sulzer, C Riek, M Seeger, A S Moskalenko, G Burkard, D V Seletskiy and A Leitenstorfer 

University of Konstanz, Germany 

We present a time-domain detection method for nonclassical states of light. It is based on electro-optic sampling 
(EOS) of mid-infrared frequencies [1,2]. A nonlinear interaction between a probe pulse and a low-frequency wave 
packet is exploited to access the temporal structure of the electric field of the co-propagating input. Using tightly-
focused few-fs probe pulses and rapid statistical readouts, we have recently shown the first direct detection [3,4] of 
vacuum fluctuations of the electric field. Here we demonstrate manipulation and detection of squeezed vacuum, 
setting the stage for detection of arbitrary quantum wave packets. For this purpose, intense 12-fs long pump pulses 
centered at a wavelength of 1550 nm are focused into a nonlinear crystal (GX, Fig. 1a), producing few-cycle mid-IR 
transients ETHz(t) via optical rectification (Fig. 1b, top). Upon transmission through the GX, the vacuum field 
experiences a time-varying refractive index n induced by the ETHz(t) via e.g. the linear Pockels effect. Through this 
coupling, the local variance of the transmitted quantum field becomes correlated between adjacent space-time 
segments, characteristic of a squeezed vacuum state. The modified vacuum noise pattern and 5.8-fs long probe 
pulse are spatio-temporally overlapped on a nonlinear crystal for quantum field detection via EOS (DX, Fig. 1a). By 
varying the delay time tD between pump and probe pulses, the generated mid-IR transients and restructured 
vacuum fluctuations are characterized. Relative differential noise (RDN) measurements quantify the standard 
deviation of the quantum field, as sampled at each delay tD and referenced to the bare vacuum level. 

 
Figure 1. (a) Schematic of a time-domain experiment with squeezed photons; (b) Mid-IR transient and co-
propagating noise pattern, measured via EOS. (c) Measured RDN extrema vs pump pulse energy and model fit. 

A high sensitivity is ensured by analysis of the amplitude statistics of nearby pulse pairs, detected electronically at 
the fourth sub-harmonic of the repetition rate of the laser system [5]. A RDN trace (Fig. 1b, bottom) corresponding 
to a generated quantum state reveals time segments where vacuum fluctuations are enhanced (green) and 
suppressed below the bare vacuum (red). The carrier-envelope phase shift of the two transients by nearly 𝜋𝜋/2 is 
consistent with the Pockels picture. The apparent asymmetry in the RDN signal is a direct consequence of the 
quantum nature of the probed field. The measured dependence of the maximum values in the excess and reduced 
noise (green and red diamonds, respectively) on the pump power is shown in Fig. 1c. The blue line shows the 
dependence of these quantities, should it result from the Heisenberg uncertainty principle. Excellent agreement 
attests to the detected squeezed state having a 50% suppression of noise below vacuum level, when extrapolated 
to the GX. These results pave a promising route to exploration of quantum physics on subcycle timescales with 
applications e.g. to quantum spectroscopy of condensed matter. 

[1]  Q. Wu, X.-C. Zhang, Appl. Phys. Lett. 71, 1285 (1997). 
[2]  A. Leitenstorfer et al., Appl. Phys. Lett. 74, 1516 (1999). 
[3]  C. Riek et al., Science 350, 420 (2015). 
[4]  A. S. Moskalenko et al., Phys. Rev. Lett. 115,263601 (2015). 
[5]  C. Riek et al., arXiv:1611.06773 [quant-ph], accepted for publication (Nature, 2016). 
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Session: Graphene and 2D materials 

Ultrafast carrier dynamics in chemically-synthesized atomically-precise graphene nanoribbons 

I Ivanov, Y Hu, U Beser, A Narita, K Muellen, M Bonn and D Turchinovich 

Max Planck Institute for Polymer Research, Germany 

One-dimensional well-defined graphene nanoribbons (GNRs) are promising materials for future electronics and 
optoelectronics. The structural properties of the GNRs such as width, chirality, and edge structure can be controlled 
with atomic precision during their chemical synthesis [1,2]. While some structural differences, such as edge 
structure, have purely chemical benefits (for instance, ease of solubility in certain liquid medium), their influence on 
the electronic conduction of GNRs remains unclear. Here we employ the time-resolved terahertz (THz) spectroscopy 
[3] to investigate the photoconductivity of “bottom-up” synthesized [1] GNRs with different structural properties. 

We study three distinctly different types of GNRs: two types of GNRs of the same backbone structure but with 
different positions of dodecyl (C12H15) side-chains, and one type of GNRs with completely different chirality and 
edge structure (Fig. 1a). All three GNRs presented here share similar optical properties such as the bandgap. We 
measure the overall dynamics of photoconductivity in time upon excitation by a 50 fs, 400 nm optical pulse (Fig. 
1b), as well as the photoconductivity spectra at the photoconductivity maxima (Fig. 1c). 

We have found that the photocarrier dynamics show similar temporal evolutions after excitation in all samples. The 
observed negative imaginary photoconductivity is evidence of the presence of restoring force acting on the 
generated carriers, which is indicative of bound or localized charges. Using Drude-Smith model [4] to describe 
measured photoconductivity spectra we obtain the scattering times of the carriers in all samples, which turns out to 
be strikingly similar (~20 fs). Overall, the measured photoconductivities and their dynamics are found to be in close 
resemblance to the previously studied GNRs of varying width [2,5]. 

In conclusion, we have investigated the ultrafast THz photoconductivity of GNRs with different edge structures. We 
have found that the nature and particulars of the photoconductivity in chemically-synthesized GNRs stays 
surprisingly robust towards structural differences of GNRs. This effect can be employed in future GNR-based 
nanoelectronics, where the GNRs can be optimally chosen according to their optical and chemical properties, while 
their photo-conductive properties will display certain universal behaviour. 

 
Figure 1. (a) The three types of investigated GNRs samples. R denotes dodecyl (C12H15) chains; (b) 
Photoconductivity of GNRs as a function of pump-probe delay time between optical and THz pulses; (c) 
Photoconductivity spectra of GNRs samples normalized to the density of absorbed photons. The lines show Drude-
Smith fits.  

[1]  A. Narita, et al., Nat. Chem. 6, 126 (2013). 
[2]  A. Narita, et al., ACS Nano 8, 11622 (2014). 
[3]  R. Ulbricht, et al., Rev. Mod. Phys. 83, 543 (2011). 
[4]  N. Smith, Phys. Rev. B 64, 155106 (2001). 
[5]  S. A. Jensen, et al., Nano Lett. 13, 5925 (2013). 
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Evidence of Fermi level pinning at the Dirac point in epitaxial multilayer graphene 

J Mangeney, S Massabeau, M Baillergeau, T Phuphachong, C Berger, W de Heer, S Dhillon, J Tignon, L-A de 
Vaulchier and R Ferreira 

CNRS-ENS-LPA, France 

Owing to its zero bandgap, graphene is interesting for fundamental study of interband processes at THz frequencies 
and for the technological development of THz photonic devices [1]. However, this requires large graphene crystal 
with extremely low Fermi level energy (≤2 meV) [2]. Epitaxial growth of graphene on C-terminated  surface of 4H-SiC 
substrate is very promising since it yields a high- quality multilayer graphene at the wafer scale, many independent 
quasi-neutral layers with Fermi level energy that has been previously inferred to be less than 7 meV [3,4]. However, 
how close the Fermi level is to the Dirac point in the quasi-neutral layers remains to be elucidated. 

Here, we investigate the temperature-dependent conductivity of epitaxial multilayer graphene (MEG) in the vicinity 
of the Dirac point. Using THz time-domain spectroscopy, we measure the transmitted THz waveforms through MEG 
from 5 K to 300 K and calculate the transmission spectra (see Fig. 2a). We clearly observe that the overall 
transmittance and thus the total conductivity strongly varies with temperature for all frequencies. For a thorough 
understanding of the involved interband and intraband processes, we perform a full calculation of the temperature-
dependent THz conductivity in the graphene layers (see Fig. 2b and Fig. 2c). By confrontation experimental and 
predicted spectra, we find evidence that the Fermi level in the quasi-neutral graphene layers is pinned at the Dirac 
point by midgap states. These finite density of states at the Dirac point has been predicted by previous theoretical 
works in the presence of vacancies [5]. We also demonstrate that the scattering mechanisms result from the 
interplay between midgap states that dominate in the vicinity of the Dirac point and short-range potentials that 
govern at higher energies (>8 meV) (Fig. 2d). 

Our findings show the potential of multilayer epitaxial graphene for probing the properties of Dirac particles close to 
the Dirac point but also for THz photonic devices that rely on interband processes at THz frequencies. 

 

Figure 1 a) Experimental transmission spectra of MEG from 5K to 300 K. b) Corresponding calculated transmission 
spectra of graphene layers considering scattering on short-range potentials only (dashed line) and considering both 
scattering on shortrange potentials and on mid-gap states (solid line). c) Deviation in % from calculated to 
experimental data as a function of frequency. Black symbols results from calculations assuming scattering on short-
range potentials only and open symbols on both scattering processes. d) Scattering times as a function of carrier 
energies: scattering time on short-range potentials (red line), scattering time on channels related to the presence of 
vacancy defects (blue line) and the total scattering time including both scattering mechanisms (black line) 

[1]  A. Tredicucci and M. S. Vitiello, Device, IEEE J. Sel. Topics Quantum Electron. 20, 8500109 (2014). 
[2] L. Ren et al., Nano Lett. 12, 3711 (2012). 
[3]  M. Orlita, et al., Phys. Rev. Lett. 101, 267601 (2008). 
[4]  Dong Sun et al., Phys. Rev. Lett. 104, 136802 (2010). 
[5]  N. M. R. Peres, F. Guinea, and A. H. Castro Neto, Phys. Rev. B 73, 125411 (2006). 
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Landau-quantized graphene as a nonlinear THz material 

J König-Otto1, Y Wang2, A Belyanin2, A Pashkin1, H Schneider1, M Helm1 and S Winnerl1 
1HZDR, Germany, 2Texas A&M University, USA 

Graphene, a gapless two-dimensional semiconductor, features constant optical absorption in a wide spectral range. 
In presence of a magnetic field, the linear band structure of graphene at low energies splits up into a series of non-
equidistant Landau levels (LLs). Consequently, the optical absorption is redistributed into Landau-level resonances. 
Population inversion [1, 2] and strong optical nonlinearities [3] have been predicted for Landau-quantized 
graphene. Experimentally the population dynamics has been studied and direct evidence for strong Auger scattering 
in the time domain has been found [4]. In this presentation we show first experiments on the polarization dynamics 
and the scaling behavior of the four-wave mixing (FWM) signal. 

The experiments were performed on almost intrinsic layers of epitaxial multilayer graphene grown on the C-
terminated side of SiC. The sample was kept at 10 K in a split coil magnet with optical access. Using linearly 
polarized radiation at a frequency of 19 THz we investigated the LL-1 → LL0 and LL0 → LL1 transition, which were 
tuned into resonance by a magnetic field of 4.5 T. Employing radiation pulses with a duration of 4 ps from the free-
electron laser FELBE, the degenerate FWM signals were recorded and compared to pump-probe signals (cf. Fig. 1). 
The FWM signal is essentially symmetric and reflects the pulse duration of radiation pulses. This indicates that the 
dephasing time of the microscopic polarization is faster than the pulse duration. The excited population, on the 
other hand, is present on much longer timescales. At low intensities, the FWM scales quadratically with the power of 
the incident beam, that delivers two photons for the FWM process. At incident fields above ~10 kV/cm saturation is 
observed. Furthermore, the magnetic field was tuned while keeping the photon energy fixed. This reveals a 
considerably smaller linewidth of the third-order susceptibility resonance as compared to the linewidth of the linear 
absorption measured by Fourier transform spectroscopy. This is consistent with the nonlinear scaling of the FWM 
signal. Our experimental results, in particular also the deduced value for the surface susceptibility of the order of 10-

19 m3/V2, are in accord with theoretical predictions based on the density matrix formalism. 

In summary, Landau-quantized graphene represents a strong nonlinear medium with a resonance tunable by the 
magnetic field. This may be interesting for nonlinear THz applications, such as frequency mixing and parametric 
generation. 

We are grateful to C. Berger and W. A. de Heer from Georgia Tech and M. Orlita from LNCMI-CNRS in Grenoble for 
sample growth and linear magneto-spectroscopy measurements, respectively. 

 
Figure 1. Excitation scheme in Landau-quantized graphene (a), population dynamics measured in a pump-probe 
experiment (b) and polarization dynamics measured in a degenerate FWM experiment under the same conditions. 

[1]  F. Wendler and E. Malic, Sci. Rep. 5, 12646, 2015. 
[2]  Y. Wang, M. Tokman, and A. Belyanin Phys. Rev. Lett. 91, 033821 (2015). 
[3]  X. Yao and A. Belyanin, Phys. Rev. Lett. 108, 255503 (2012). 
[4]  M. Mittendorff, F. Wendler, E. Malic, E. Knorr, M. Orlita, M. Potemski, C. Berger, W. A. de Heer, H.Schneider, 
 M. Helm, and S. Winnerl, Nature Phys. 11, 75 (2015). 
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Landau level spectroscopy of Dirac fermions in ZrTe5 and other topological materials 

D Smirnov1, Y Jiang2, Z Jiang2, J Ludwig3 and S Moon3 
1National High Magnetic Field Laboratory, USA, 2Georgia Institute of Technology, USA, 3Florida State University, USA 

Finding a large band gap topological insulator (TI) is crucial to future room-temperature (corresponding to ~25 
meV) device applications. Recently, monolayer ZrTe5 has been predicted to be new functional two-dimensional (2D) 
TI [1], with a large (bulk) band gap far surpassing their predecessors, e.g., HgTe/CdTe and InAs/GaSb quantum 
wells. However, its electronic structure in the bulk is currently under heated debate, with interpretations ranging from 
weak/strong TI to Dirac semimetal. Here, we report on a “bulk-sensitive” magneto-infrared transmission study of 
ZrTe5 thin flakes in magnetic fields up to 17T. At zero magnetic field, our samples exhibit graphene-like optical 
absorption, which signifies their 2D nature. In a magnetic field, we observed a series of inter-band Landau level (LL) 
transitions that can be described by a massive Dirac fermion model with a small mass. More interestingly, we 
observed a four-fold splitting of low-lying LL transitions. Thanks to the newly developed circular polarized magneto-
infrared capability, we were able to separate the σ+ and σ− active transitions. These observations enable further 
exploration of the origin in the splitting: (i) the band asymmetry breaks the degeneracy of the dipole allowed inter-
band LL transitions, and (ii) the remaining two-fold degeneracy is due to a combined effect of large g-factor and a 
small energy gap in this system. Our results support a 2D Dirac semimetal interpretation, consistent with recent 
electronic transport studies [2,3]. Finally, we compare the LL structure of Dirac fermions in ZrTe5 and in other 
topological materials that we systematically investigated over last few years, such as HgCdTe and InAs/GaSb [4, 5, 
6].  

[1]  H. Weng, X. Dai, and Z. Fang, Physical Review X 4, 011002 (2014).  
[2]  W. Yu et al., Scientific Reports 6, 35357 (2016).  
[3]  X. Yuan et al., NPG Asia Mater 8, e325 (2016).  
[4]  J. Ludwig et al., Physical Review B 89, 241406(R) (2014).  
[5]  F. Teppe et al., Nature Communications 7, 12576 (2016).  
[6]  Y. Jiang et al., arXiv:1610.05784, submitted. 
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Intersubband transitions in transition metal dichalcogenides (TMDs) 

P Schmidt, F Vialla, M Massicotte, M Lundeberg and F Koppens 

ICFO - The Institute of Photonic Sciences, Spain 

The discovery of intersubband transitions in III-V semiconductor heterostructures [1] had a huge impact on large 
parts of the condensed matter physics community and ultimately led to the development of quantum well infrared 
photodetectors [2] and quantum cascade lasers [3]. One of the main constraints, however, are the strict lattice 
matching conditions of the heterostructures – limiting the available materials to combine – and its expensive and 
complicated growth. 

Recently, another type of heterostructures has appeared, so-called van der Waals heterostructures [4] which 
combine different two-dimensional (2D) materials. In these heterostructures no lattice matching is required since 
the interaction between different layers is only mediated by van der Waals forces. This gives rise to a virtually 
unlimited number of combinations of different 2D materials. Furthermore, the fabrication of van der Waals 
heterostructures does not involve expensive and costly equipment but allows for simple CVD growth and transfer. 
Indeed, 2D materials are an ideal candidate for intersubband transitions since its atomically sharp interfaces define 
a perfect quantum well. Until now however, the observation of intersubband transitions in 2D materials has not yet 
been reported. This is mainly due to two reasons: First, exfoliated flakes are typically rather small, much smaller 
than the spot size of a mid-infrared or terahertz laser source. Chemically synthesised flakes can be larger, however 
their thickness is limited to a few monolayers and a thickness dependent study is not possible. 

Here, we present an innovative measurement technique that allows us to overcome these constraints and measure 
intersubband transitions in semiconducting TMDs. We demonstrate absorption due to intersubband transitions in 
the conduction band of MoS2 and valence band of WSe2. By varying the doping of the TMD flakes we can compare 
the extracted values of the absorption to a simple model for an infinite square well potential and find a good 
quantitative agreement. 

[1]  West et al., First observation of an extremely large-dipole infrared transition within the conduction band of a 
 GaAs quantum well, APL 46, 1156 (1985) 
[2]  Levine et al., New 10 μm infrared detector using intersubband absorption in resonant tunnelling GaAlAs 
 superlattices, APL 50, 1092 (1987) 
[3]  Faist et al., Quantum cascade laser, Science 264, 553-556 (1994) 
[4]  Geim et al., Van der Waals heterostructures, Nature 499, 419-425 (2013) 
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Current-injection terahertz emission in distributed-feedback dual-gate graphene-channel field-effect transistor 

T Otsuji1, D Yadav1, Y Tobah2, G Tamamushi1, J Mitsushio1, T Watanabe1, A A Dubinov3, M Ryzhii4 and V Ryzhii1 
1Tohoku University, Japan, 2University of Texas, Austin, USA, 3Lobachevsky State University of Nizhny Novgorod, 
Russia, 4University of Aizu, Japan 

Negative-dynamic conductivity in the terahertz (THz) spectral range can be induced by either optical or injection 
pumping of graphene, which may lead to new types of THz lasers [1-3]. We implement a forward-biased graphene 
structure with a lateral p-i-n junction in a distributed-feedback dual-gate graphene-channel field-effect transistor 
(DFB-DG-GFET) and experimentally observe amplified spontaneous THz emission in a wide frequency range (1-7.6 
THz) at 100K. 

Graphene synthesized by the thermal decomposition of a C-face 4H-SiC substrate [4] was used to fabricate the 
GFET having a SiN gate insulator [5]. The room temperature intrinsic field-effect mobility for the device was around 
100,000 cm2/Vs at the maximal transconductance. Fig 1(a) shows the device image, a pair of tooth-brush-shaped 
gate electrode was patterned to form a DFB laser cavity in  which  the  active  gain  area  and  corresponding  gain  
coefficient  are  spatially  modulated.  With complementary biased gate 1(Vg1 < 0) and gate 2 (Vg2 > 0), the carrier 
population can be inverted at the intermediate channel region by forward-biasing the drain-source voltage Vd. 

THz emission from the sample was measured at temperatures from 300K to 100K using a Fourier-transform 
spectrometer with a 4.2K-cooled Si bolometer. The background blackbody radiation was first observed under the 
zero-bias condition, which was subtracted from the one observed under biased conditions. A rather strong emission 
at 100K (Fig. 1(b)), stronger than that at higher temperatures from 300 to 150K (Fig. 1(c)), was observed in 1-7.6 
THz range when Vd is forward-biased to a certain level under symmetric electron and hole injection conditions (Vg2= 
4.56 V, Vg1= -2.58 V) leading to carrier population inversion. Poor DFB cavity effects (due to a poor fabrication 
yield) do not work properly as single-mode lasing but give a tendency being transcended from spontaneous 
broadband THz emission to stimulated emission previously reported with a different sample having the identical 
design parameters [5]. The central peak at ~5 THz coincides with the fundamental DFB mode [5]. 

Apart from temperature dependent spontaneous THz emission, the device also exhibited double- threshold-like 
behaviour as shown in Fig. 1(d), which may be due to the carrier overcooling effect [2] as was discussed in [5]. 
Although the results obtained here show broadband emission, a careful design of DFB cavity (higher DFB 
modulation and larger number of DFB periods) is expected to result in single mode emission at 4.96 THz with 
emitted output power of the order of ~10 μW. 

 
Figure 1. (a) Image of the fabricated DFB dual-gate graphene-channel transistor; grating period, the effective 
refractive index, the Bragg wavelength, and the principal mode are 12 μm, 2.52, 60.5 μm, and 4.96 THz, 
respectively. (b) Observed emission spectra in the DFB based device under population inversion (Vg2= 4.56 V, Vg1= -
2.58 V) for different values of drain voltage at 100K. (c) Temperature dependence of the emission spectra. (d) THz 
emission intensity vs. drain voltage (Vd). 
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Adsorption energy of physisorbed oxygen molecules on 2D materials measured by laser terahertz emission 
microscopy 

F R Bagsican1, A Winchester2, S Ghosh2, X Zhang3, H Murakami1, S Talapatra2, R Vajtai3, P M Ajayan3, J Kono3, M 
Tonouchi1, I Kawayama1, L Ma3 and M Wang3 
1Osaka University, Japan, 2Southern Illinois University-Carbondale, USA, 3Rice University, USA 

Understanding molecular adsorption in atomically thin two-dimensional (2D) materials is important because their 
properties are extremely susceptible to the atmosphere. We previously reported that the THz emission from 
graphene-coated InP changes upon O2 adsorption, due to the modification in the surface depletion field in InP by O2 
[1]. Here, we utilized this effect to quantitatively determine the adsorption energy of O2 molecules in 2D materials – 
graphene and WS2 – using laser THz emission microscopy (LTEM). 

Chemical vapor deposition (CVD) and liquid phase exfoliation (LPE) techniques were used to grow monolayer 
graphene and WS2 flakes, respectively, which were subsequently deposited on InP wafers. Photoexcitation of 
samples was done using femtosecond infrared pulses (λ = 800 nm), and the emitted THz radiation was guided 
using a pair of off-axis parabolic mirrors into a dipole-shaped LT- GaAs photoconductive switch for detection. 

The temperature dependence of the difference in the THz emission between unannealed and annealed samples 
(Fig. 1a, inset) was used to quantify the relative change in the amount of O2 adsorbates due to thermal desorption. 
This change was then analysed using the Polanyi-Wigner equation for desorption rates to calculate the adsorption 
energies based on the slope of the linear fits (Fig. 1a). The estimated adsorption energies (0.16 eV, 0.15 eV, and 
0.25 eV for CVD graphene, LPE graphene, and LPE WS2, respectively) were found to agree well with the values in the 
literature for O2 molecules physisorbed on graphene [2,3] and WS2 [4]. LTEM can also be used to visualize O2 
adsorbates on the surface of 2D materials, as seen in Fig. 1b, wherein we show that O2 adsorption in monolayer 
graphene is enhanced under UV illumination. 

 
Figure 1. (a) Difference in THz emission with annealing (inset) and ln(O2) vs 1/T plot to estimate adsorption energy; 
(b) Spatial map of adsorbed O2 molecules which shows more adsorption in the UV-illuminated area.  

This work was partially supported by JSPS KAKENHI Grant Numbers JP25630149 and JP26107524, Air Force Office 
of Scientific Research (Grant Numbers FA9550-14-1-0268 and FA2386-15-1-0004), and Program for Promoting 
International Joint Research, Osaka University. 
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Shining light on the scattering mechanisms influencing electron mobility in modulation-doped core-shell 
GaAs/AlGaAs nanowires  

J Boland1, G Tütüncüoglu2, J Gong1, S Conesa-Boj3, C Davies1, L Herz1, A F I Morral2 and M Johnston1 
1University of Oxford, UK, 2École Polytechnique Fédérale de Lausanne (EPFL), Switzerland, 3Kavli Institute of 
Nanoscience, Netherlands 

Reliable control of the conductivity within semiconductor nanowires is essential for the development of novel 
optoelectronic devices[1]. Dopant incorporation within the nanowire can allow for such control and optimisation of 
key optoelectronic properties, such as electron mobility and carrier lifetime. Previous studies have already shown an 
increase in carrier lifetime for n-type and p-type ‘shell’ doped GaAs nanowires, making them ideal candidates for 
nanowire solar cells, LEDs and nanolasers[2]. Recently, p-type doping in GaAs nanowires has also been shown to 
increase radiative efficiency, enabling room-temperature nano-lasing in unpassivated nanowires[3]. Thus, in-depth 
characterisation of doping mechanisms in semiconductor nanowires and their effect on the nanowire 
optoelectronics properties is crucial. 

Here, we investigate the optoelectronic properties of n-type modulation Si-doped core-shell GaAs/AlGaAs 
nanowires as a function of temperature between 5K and 300K. Modulation doping, in particular, is of great interest 
for use in nanowire-based devices, as it has been shown to allow for high carrier concentrations without degradation 
of the electron mobility[4]. Optical pump terahertz-probe (OPTP) and photoluminescence (PL) spectroscopy was 
utilised to carry out non-contact measurements of the charge carrier dynamics of the doped nanowires[5], and the 
temperature dependence of the electron mobility, photoconductivity lifetime and radiative efficiency was examined. 
We determine an ionisation energy of 6.7 ± 0.5meV (T = 52 K) for the Si donors forming the modulation doping in 
the AlGaAs shell. Below the ionisation temperature, we demonstrate an electron mobility of 4360±380cm2V-1s-1 at 
5K and show that charge scattering is only limited by acoustic phonons and the interface. Above the ionisation 
temperature, we show an electron mobility of 2200±130cm2V-1s-1 at room temperature, which is only limited by 
scattering off polar longitudinal optical phonons. We also demonstrate an increase in carrier lifetime and radiative 
efficiency (up to 10% at 300K) with increasing temperature, as a direct result of passivation of interfacial trap 
states by the Si donors within the nanowire. 

 

[1]  D. Saxena et al., Nat. Photon. 7, 963–968 (2013); B Mayer et al., Nat. Commun. 4, 2931 (2013) 
[2]  J.L. Boland, et al, ACS Nano, 10, 4219-4227 (2016); 
[3] T. Burgess, et al., Nat. Comms., 7, 1-7 (2016); 
[4]  J.L. Boland, et al, Nano Lett. 15, 1336-1342, (2015); 
[5]  H.J. Joyce, et al., Sem. Sci. Tech. 31, 103003, (2016); 
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Light-induced out of equilibrium terahertz plasmonics in Bi2Se3 topological insulator 

F Giorgianni1, M Shalaby1, C Vicario1, C P Hauri1 and S Lupi2 
1Paul Scherrer Institut, Switzerland, 2University of Rome La Sapienza, Italy 

Plasmons, collective charge density oscillations in a conductive material, show remarkable electromagnetic 
properties, with great potential optical applications from terahertz to the ultraviolet. Besides of conventional 
plasmonic excitations in metals and in semiconductors, 2-dimensional (2D) plasmons of massless Dirac electrons 
have been observed in graphene and at the surface of topological insulators (TIs). TIs are quantum electronic 
materials with an insulating gap in the bulk originated by a strong spin-orbit coupling and Dirac metallic states at 
their interfaces. Among the various TIs, Bi2Se3 is one on the most promising material due to its large band gap 
Eg~300 meV. Recently, it has been shown that the low energy single particle and collective (plasmons) 
electrodynamics response are dominated by surface Dirac electrons in Bi2Se3 in steady state regime [1]. The 
photoinduced relaxation dynamics show that an excess of electrons are continuously injected from bulk to the 
surface through surface states-bulk phonon scattering channel [2,3]. 

In this work we study the time resolved photo-induced dynamics plasmonic response in micro-ribbons patterned 
Bi2Se3 thin film by means of optical-pump/THz-probe spectroscopy. 

 
We have found that unlike conventional plasmonic systems based on semiconductor, noble metal or graphene 
based Dirac plasmonic, TIs offers a non-trivial relaxation dynamics due to complex band structures and the bulk-
Dirac surface state scattering. According to tr-ARPES [2], hot electrons generated in the bulk are injected in the 
Dirac surface states leading to an indirect cumulative increase of carrier population, as shown in Fig. 1 (a). As a 
result, the plasmonic mode undergoes a delayed blue-shift due to the injection of hot carrier as illustrated in Fig. 1 
(b). However, also the bulk itself becomes metallic and participates to the plasmon resonance. 

We have shown that, differently from other plasmonic systems, plasmon resonance in TI at THz frequencies can be 
widely tuned on picosecond timescale by injection of hot-electron from bulk to surface. 

This proof-of -concept experiment shows that the topological insulators are good platform for the realization of 
plasmonic THz devices which can be dynamically tunable a by a contactless ultrafast indirect photo-gating. 

[1]  P. Di Pietro, et al., Nat. Nan. 8.8, 556-560 (2013). 
[2]  J. A. Sobota, et al., Phys. Rev. Lett. 108, 117403 (2012). 
[3] S. Sim, et al,. Phys. Rev. B 89, 165137 (2014). 
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Multi-THz Sideband Generation on an optical telecom carrier at room temperature 

S Houver1, A Lebreton1, A Mottaghizadeh2, M Amanti2, C Sirtori2, G Beaudoin3, I Sagnes3, O Parillaud4, R 
Colombelli3, J Tignon1 and S Dhillon1 
1CNRS - Laboratoire Pierre Aigrain, France, 2Laboratoire Matériaux et Phanomènes Quantiques, France, 4Centre de 
Nanosciences et de Nanotechnologies, France, 6Thales Research and Technology, France 

Wavelength shifting is an important process in fiber-optical communications, and is implicated for example, for 
transferring information between low-loss transmission windows, typically between 1.3 μm and 1.55 μm. This is 
normally achieved using optical-electrical-optical (OEO) switches that results in speed bottlenecks. Here, we 
demonstrate an all-optical wavelength shifting scheme using quantum cascade lasers (QCLs) [1] for the generation 
of sidebands on an optical telecom carrier at room temperature, potentially being considerably faster than OEOs. 
The process is based on resonant nonlinearities where phase matching is less critical and we show the first 
demonstration of telecom sideband generation at room temperature with QCLs, where previous sideband generation 
with QCLs [2-4] have been limited to optical pumps in the near-infrared range (~800 nm). 

The wavelength shift in the telecom domain was achieved by nonlinear sideband generation using a modified MIR 
QCL (ƛ=8.8μm, EQCL), based on InGaAs/AlInAs quantum wells on an InP substrate, and a resonant telecom pump, 
ENIR. The scheme (shown in fig. 1), permits the generation of sidebands at ENIR±EQCL, translating into wavelength 
shifts over the entire telecom band, from 1300 nm to 1700 nm. The telecom pump and sideband are separated by 
140 meV (i.e. the QCL photon) corresponding to ∆ƛ~250 nm in the telecom range, permitting to shift from 1.3 μm 
to 1.55 μm and vice-versa (blue curve in figure 2). Demonstrations of sideband generation at room temperature are 
shown. THz sideband generation with InGaAs/AlInAs THz QCLs are also demonstrated and compared to those in the 
MIR (also shown on figure 2). This is correlated with nonlinear susceptibility calculations highlighting the 
contribution of the inter- and inter-subband transitions to the nonlinear efficiency. 

To conclude, sideband generation in the telecom range has been demonstrated at room temperature. This 
demonstration in the telecom range will further permit novel approaches for the QCL stabilization and the up-
conversion of the MIR emission to the telecom domain. 

 

Figure 1: Schematic of the telecom nonlinear frequency mixing in a QCL, leading to sum and difference frequency 
generation. Figure 2: Spectrum showing THz sum sideband at ENIR-ETHz (green) and MIR sum sideband at ENIR-
EMIR (blue) generation 

[1]  J. Faist, F. Capasso, D.L. Sivco, C. Sirtori, A.L. Hutchinson, A.Y. Cho, Science, 264 (1994) 553-556. 
[2]  J. Madeo, P. Cavalie, J.R. Freeman, N. Jukam, J. Maysonnave, K. Maussang, H.E. Beere, D.A. Ritchie, C. 
 Sirtori, J. Tignon, S.S. Dhillon, Nat Photonics, 6 (2012) 519-524. 
[3]  P. Cavalie, J. Freeman, K. Maussang, E. Strupiechonski, G. Xu, R. Colombelli, L. Li, A.G. Davies, E.H. 
 Linfield, J. Tignon, S.S. Dhillon, Appl Phys Lett, 102 (2013). 
[4]  S. Houver, P. Cavalié, M.R. St-Jean, M.I. Amanti, C. Sirtori, L.H. Li, A.G. Davies, E.H. Linfield, T.A.S. Pereira, 
 A. Lebreton, J. Tignon, S.S. Dhillon, Opt Express, 23 (2015) 4012-4020  
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Dispersion and mode control of broadband terahertz quantum cascade lasers 

D Bachmann1, M Rösch2, G Scalari2, M J Süess2, C G Derntl1, M Beck2, J Faist2, K Unterrainer1 and J Darmo1 
1TU Wien, Austria, 2ETH Zürich, Switzerland 

The state-of-the-art approach to realize broadband terahertz quantum cascade lasers (THz QCLs) is to stack different 
quantum cascades with individually designed emission frequencies into a single metal- metal waveguide. Using 
such heterogeneous active regions, it is possible to achieve octave-spanning laser emission [1]. However, such 
devices usually suffer from non-uniform power distribution between the laser modes and the frequency comb 
operation is limited to a narrow driving current range. In order to improve the performance of heterogeneous THz 
QCLs the inherent group velocity dispersion (GVD) needs to be compensated and all higher order lateral modes 
need to be suppressed. 

Hence, we employ a THz time-domain spectroscopy (TDS) system to investigate the dispersion dynamics of 
heterogeneous THz QCLs [2]. The total GVD of the entire laser cavity, including the contributions of the active region, 
the semiconductor material and the waveguide, can be extracted from the spectral phase of the transmitted THz 
pulses. Figure 1(a) shows the measured round-trip phase (black circles) that was obtained by subtracting the 
spectral phases of two subsequent THz probing pulses. The polynomial fit (red line) is used to perform a second-
order derivative in order to calculate the GVD of the QC structure. The determined GVD curves exhibit frequency 
dependent oscillations and strongly depend on the driving conditions of the laser [3]. 

The absence of higher order lateral modes in broadband THz QCLs is an essential requirement for many 
applications, in particular for short pulse generation and frequency comb operation. By introducing lossy side-
absorbers [4] to the edges of metal-metal waveguides, we are able to control and fully suppress all excited lateral 
modes. The absorbers enable octave-spanning laser emission centered at 2.5 THz and frequency comb operation 
with a bandwidth of 440 GHz. Implementing lossy side-absorbers to injection seeded THz QCLs [5] leads to the 
formation of a clean train of THz pulses with an ultra-short pulse width of 2.5 ps [6], as shown in Figure 1(b). 

 

Figure 1. (a) Measured spectral difference phase (black circles) accumulated during one round-trip through the THz 
QCL cavity. The polynomial fit of the data between 1.9 and 3.1 THz (red line) is used to extract the total GVD of the 
broadband device. (b) Intensity profile of a short THz pulse that is emitted by an injection seeded THz QCL with a 
heterogeneous active region. The metal-metal waveguide of the QC laser employs lossy side-absorbers to suppress 
higher order lateral modes. 

[1]  M. Rösch, G. Scalari, M. Beck, and J. Faist, Nat. Photon. 9, 42 (2014). 
[2]  J. Kröll, et al., Nature 449, 698 (2007). 
[3]  D. Bachmann, et al., Appl. Phys. Lett. 109, 221107 (2016). 
[4]  J. A. Fan, et al., Appl. Phys. Lett. 92, 031106 (2008). 
[5]  D. Oustinov, et al., Nat. Commun. 1, 1 (2010). 
[6]  D. Bachmann, et al., Optica 3, 1087 (2016). 
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Gas spectroscopy with integrated frequency monitoring, through self-mixing in a terahertz quantum-cascade laser 

A Valavanis, R Chhantyal Pun, P Rubino, J Keeley, I Kundu, L Li, G Davies, P Dean and E Linfield 

University of Leeds, UK 

Terahertz-frequency quantum cascade lasers (THz QCLs) [1] have been used as compact, yet powerful sources of 
THz radiation in a range of gas spectroscopy techniques [2], including both in situ active sensing [3] and 
heterodyne radiometry [4]. A novel approach has recently been demonstrated, based on self-mixing interferometry 
(SMI) in a QCL [5]. This effect occurs when radiation is fed back into the QCL from an external reflector [6]. The 
resulting interference within the QCL perturbs the terminal voltage, and the absorption spectrum of a gas within the 
external cavity may be inferred from the amplitude of these perturbations. This eliminates the need for an external 
THz detector, doubles the interaction-length for absorption spectroscopy, and the scanning speed can potentially be 
raised to the time-scale of the QCL lasing dynamics (~10 GHz). 

A limitation reported in the previously published work is that the QCL emission frequency was inferred from prior 
FTIR measurements of the unperturbed laser. However, the actual system QCL frequency is perturbed by SMI 
feedback effects and is therefore dependent on the gas absorption cross- section, leading to apparent frequency 
shifts in the measured spectral lines. In this work, we demonstrate a technique to measure the frequency directly by 
extending the external cavity length modulation to 200-mm using a motorised linear translation stage [Fig. 1(a)]. 
The QCL in this system can be tuned by adjusting the drive current, over a 1.5 GHz bandwidth, around a centre 
frequency of 3.394 THz. Fig. 1(b) shows the transmitted radiation intensity through a 73-cm gas cell with TPX 
windows, filled with methanol vapour at a pressure of 2 Torr, as a function of drive current, measured using a 
pyroelectric detector. Two absorption lines are clearly resolved. By replacing the detector with a planar mirror, and 
recording the QCL voltage modulation as a function of stage position, a full interferogram can be acquired, and a 
Fourier transform can then be used to determine the laser frequency and the amplitude of the transmitted signal 
[Fig. 1(c)]. In this paper, we will demonstrate the reconstruction of the methanol absorption spectrum, with direct 
measurement of the laser frequency using this technique. 

 
Figure 1 (a) Schematic of SMI system (LIA = lock-in amplifier) (b) transmitted THz power through methanol as a 
function of QCL drive current, recorded using a pyroelectric detector. (c) Exemplar QCL emission spectrum obtained 
from SMI interferogram  

[1]  R. Köhler et al., Nature, vol. 417, pp. 156–159, May 2002. 
[2]  H.-W. Hübers et al., J. Infrared Millim. Terahertz Waves, vol. 34, pp. 325–341, Apr. 2013. 
[3]  L. Consolino et al., Sensors, vol. 13, pp. 3331–3340, Mar. 2013. 
[4] H. Richter et al., IEEE Trans. Terahertz Sci. Technol., vol. 5, pp. 539–545, Jul. 2015. 
[5]  T. Hagelschuer et al., Appl. Phys. Lett., vol. 109, p. 191101, Nov. 2016. 
[6]  P. Dean et al., Opt. Lett., vol. 36, pp. 2587–2589, Jul. 2011. 
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Bolometric detection of terahertz quantum cascade lasers with graphene-plasmonic antenna arrays 

R Degl'Innocenti, L Xiao, S Kindness, V Kamboj, B Wei, P Braeuninger-Weimer, K Nakanishi, A Aria, S Hofmann, H 
Beere and D Ritchie 

University of Cambridge, UK 

Terahertz (THz) photonics represents a rapidly growing research area because of several applications in 
spectroscopy, communications and imaging. The detection of THz remains particularly elusive and is traditionally 
based on intrinsically slow devices such as pyroelectric detectors, Golay cells or cryogenic operating detectors, such 
as Si-bolometers. Alternatively, graphene or other 2D material based detectors have emerged as a valid alternative 
for fast room temperature detection of THz radiation [1]. We present a fast room temperature terahertz detector 
based on graphene loaded plasmonic antenna arrays based on the bolometric effect. A schematic of the device is 
shown in Fig. 1(a) together with a scanning electron microscopy of a unit cell. The metallic (Ti/Au, 10/65 nm) 
antenna elements, which are arranged in series and are shorted by graphene regions, are contacting source and 
drain metallic pads thus providing both the optical resonant element and the electrodes. 

The distance between the antenna’s arms allows a strong field enhancement in the graphene region, when the 
incident radiation is resonant with the antennas. The current passing through the source and drain is dependent on 
the graphene’s conductivity, which is modified by the power impinging onto the detector as well as from the biasing 
back-gate voltage. The detecting area (1.2 mm2) has been encapsulated with 80 nm final conformal dielectric layer 
of 80 nm of Al2O3, deposited via atomic layer deposition which helps in bringing the Dirac point to values < 20 V, as 
shown in the inset of Fig. 1 b. The device has been characterized and tested with a bound to continuum terahertz 
quantum cascade laser (QCL) emitting at a single frequency around 2 THz, close to the resonant frequency of the 
plasmonic antennas, yielding a maximum responsivity of ~ 2 mA/W. The photocurrent signal recorded at different 
gate voltages is shown in Fig. 1 b) and peaks at the Dirac point, following a trend similar to the source drain 
resistance RSD reported in the inset 

 

 
Figure 1. (a) Schematic of the detector based on plasmonic antenna arrays and graphene. (b) photocurrent 
measurements acquired at different gate voltages with a QCL emitting at 2 THz. The inset reports the electrical 
characterization of the device. 

[1]  R. Degl’Innocenti, et al., ACS Photon. 3, 1747–1753 (2016). 
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THz metal-insulator-metal disk resonators coupled to semiconductor quantum wells 

C G Derntl, D Bachmann, K Unterrainer and J Darmo 

TU Wien, Austria 

Plasmonic resonators have the outstanding ability of extraordinary high field confinement, which reaches effective 
mode volumes smaller than 10-3 of λ3 for metal-insulator-metal (MIM) designs [1]. Despite the moderate 
resonator quality (Q) factors the giant field enhancement enables to explore the limits of light-matter interaction 
[2,3]. The same feature of a cavity enhances nonlinear effects in matter, resulting e.g. in effective nonlinear 
frequency conversion. Those processes can be further improved by using tailored high non-linear susceptibility 
materials such as semiconductor quantum wells (QW) [4]. Recently, Lee et al. demonstrated experimentally a 
second harmonic conversion efficiency of 2 x 10-6 W/W2 in the mid-infrared [5] using a doubly-resonant 
metamaterial (MM) coupled to intersubband transitions (ISBT) in QWs. Furthermore, theoretical investigations 
predict a conversion efficiency of 1.3 x 10-2 W/W2 with split ring resonators strongly coupled to ISBTs [6]. 

Here, we transfer this concept of enhanced nonlinear susceptibility of MM strongly coupled to semiconductor 
heterostructures to the THz regime and investigate the induced parametric frequency conversion for a MIM type 
resonators. For increasing the nonlinearity the MM has to be strongly interacting to the QWs. As a MM we have 
investigated the modified MIM circular patch resonators’ array in simulations and experiment, see Fig. 1.(a). The 
resonators offer several selectively excitable eigenmodes with measured Q factors ranging from 13 to 40. For an 
advanced second-harmonic generation (SHG) and sum-frequency generation (SFG) process, two or three cavity 
modes have to overlap. In Fig 1.(b) a SFG process with three cavity modes with an overlap of 30% is shown. For 
doubly-resonant conversion (two cavity modes) even a mode overlap of 80% is provided by those cavity modes. On 
the other hand, for an efficient second order conversion process asymmetric QWs are  required  (e.g.  SHG  in  [4])  
providing  a  high  second  order  non-linear  term  of  susceptibility 𝑋𝑋𝑧𝑧𝑧𝑧𝑧𝑧

(2)( 𝜔𝜔 −ω𝑖𝑖,ω,ω𝑖𝑖)~N z31 Z23 Z12 with 
doping concentration N. The matrix elements zij are the QW parameters that can be optimized for the conversion 
process by the well design. Fig. 1.(c) illustrates a step QW and its wavefunctions optimized for the highest product 
of the matrix elements zij for the material system GaAs/AlGaAs in the THz regime. We used a Schrödinger-Poisson 
self-consistent solver to calculate the eigenenergies, eigenfunctions, and matrix elements of the QWs. 

 

 

Figure 1. (a) Sketch and SEM micrograph of a MIM disk resonator with broke symmetry. (b) High mode overlap is 
necessary (2) for effective conversion. The polarization field 𝑃𝑃𝑧𝑧=𝑋𝑋𝑧𝑧𝑧𝑧𝑧𝑧 Emode1,z Emode2,z, that is generated by the former 
two modes, has to overlap with the target mode. (c) Step quantum well: E2-E1= 10meV, z12 z23 z31 = 128nm3, 
𝑋𝑋𝑧𝑧𝑧𝑧𝑧𝑧

(2) ~ 10-4m/V. 
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[2]  C. Maissen, et al., Phys. Rev. B 90, 205309 (2014). 
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Non-invasive measurement of absolute leaf water content with terahertz quantum cascade lasers 

L Baldacci1, M Pagano2, L Masini1, A Toncelli3, G Carelli3, P Storchi2 and A Tredicucci1 
1CNR Istituto Nanoscienze, Italy, 2CREA, Unità di ricerca per la viticoltura, Italy, 3Università di Pisa, Italy 

Water sustainability of crop production is one of the major challenges we will have to face in the future. The ability to 
perform accurate and reliable measurements of the leaf water content could be decisive for water saving strategies 
[1]. Terahertz spectroscopic techniques are capturing a lot of interest in this application field, because they are non-
invasive and their measurements are clear, thanks to the large absorption coefficient of water and the relatively 
small losses related to the dry mass. Absolute leaf water mass measurement reliability is an actual issue, 
essentially due to intravariety heterogeneities; therefore, most of the proposed methods are based on relative 
measurements [2], or additional non-trivial measurements [3]. Here we present a method which improves the 
precision and reduces the technical complexity by combining the transmission measurements, performed using a 
THz QCL source, with simple pictures of the leaves taken by an optical camera. 

This method was tested on six plants of Vitis vinifera L. (cv “Colorino”). In order to relate our measurement method 
to the leaf water mass, we measured the optical depth (at 2.5 THz) and leaf projective area for all the leaves which 
were fully extended and developed. The leaf water mass was obtained by the difference between the fresh leaf 
weight and the weight after drying for 24 h at 105°C. In Figure 1 we report the experimental data for the product 
between the optical depth and the leaf projective area as function of the leaf water mass. The linear regression 
(purple straight line) indicates that a simple linear relation between the two variables reproduces the experimental 
data with 95% accuracy. In conclusion, this method may overcome the issues related to intra-variety 
heterogeneities; thanks to the maturity and robustness reached today by THz QCL technology, we may adapt these 
tools to operate in field conditions and measure the leaf water mass in a simple, non-invasive, and reliable way. 

 
[1]  E.-D. Schulze, et al., BioScience, 37(1) 30-37 (1987). 
[2]  E. Castro-Camus, et al., Scientific reports 3 (2013). 
[3]  R. Gente, M. Koch, Plant methods 11(1), 15 (2015). 
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(Invited)  Terahertz linear acceleration for compact electron and x-ray sources 

F X Kärtner1,2,3, D. Zhang1, A Fallahi1, X Wu1, M Fakhari1, H Cankaya, 1 A-L Calendron1, C Zhou1, F Ahr1,2, F Lemery1, W 
Qiao1, R W Huang1,3, K Ravi1,3 and N H Matlis1 
1DESY, Germany, 2University of Hamburg, Germany, 3 Massachusetts Institute of Technology, USA 

Approaches towards a linear THz accelerator technology are discussed. Theoretical and first experimental results on 
laser based THz generation, guns, accelerators as well as compact X-ray sources based on those devices are 
presented.  

Today, high brightness and highly relativistic electron beams are generated by circular or linear accelerators (LINAC) 
typically operating with 1-3 GHz accelerating frequencies and approaches towards X-band frequencies in the 10 
GHz range are maturing. The achievable accelerating gradients are limited by field emission from cavity walls or 
pulsed heating to several tens of MV/m in the case of low frequencies and up to 100 MV/m in the case of X-band 
frequencies. Short electron bunches are typically created by photoemission from the cathode in the presence of a 
strongly accelerating field followed by bunch compression. Low charge bunches, 1-10 pC, may be compressed to 
durations down to 3 – 10 𝜇𝜇m (or 10 – 30 fs in pulse duration). At a given accelerating field strength and RF 
frequency, compression is limited by space charge to a few femtoseconds. These short electron bunches can be 
used for ultrafast electron diffraction or intense X-ray production. Choosing an operating frequency of the 
accelerator in the THz range, i.e. here 0.1 - 0.5 THz, promises to push the accelerating field to the 1 GV/m range 
and bunch compression of still significant charge, of about 1 pC, to the sub-femtosecond level.  

Over the last years, key demonstrations have been made showing the feasibility of this concept. A proof of principle 
THz acceleration experiment based on laser-generated single-cycle THz pulses with 10 𝜇𝜇J pulse energy at 0.45 THz 
has been performed recently [1].  First THz guns based on a parallel plate THz waveguide have been reported 
producing quasi-monochromatic electron bunches with a few percent energy spread around 400 eV mean energy 
[2]. More advanced THz gun structures driven by either single-cycle or multi-cycle THz pulses have been proposed 
[3,4].  The single-cycle gun structures are composed of arrays of parallel plate waveguides with dielectric fillings to 
delay the THz pulses in each waveguide, such that when excited with a single high energy THz pulse jointly, a tilted 
pulse front is created at the interaction point with electrons. This leads to continuous acceleration of the electron 
bunch in the interaction areas, see Fig. 1 (a). To demonstrate this single cycle accelerator concept, we used a UV-
photo-triggered, 55 kV DC-gun to inject an electron bunch into the accelerating structure. Note, the accelerating 
structure is ideally driven by two pulses from opposite directions, however, here we drive it only from one direction. 
Fig. 1 (b) shows the accelerated electron spectrum, measured by a dipole deflector and an MCP, in comparison to 
the spectrum without applied THz field. Clearly, the average energy of the electrons is increased by 13 keV and 
significantly broadened due to the relatively long electron bunch from the DC-gun of about 500 fs, filling a 
significant portion of the about 3 ps period accelerating THz field. Due to the single-side driving of the gun, the 
transverse magnetic field is not compensated, which leads to a deflection of the electron bunch by the Lorentz force 
normal to the energy deflector. Thus the accelerating structure functions in parallel as a transverse deflecting 
structure.  The deflection as a function of delay of the THz field relative to the electron bunch enables the tracing of 
the THz-field or streaking of the electron bunch to measure its duration, see Fig. 1(d). The deflection strength of 
about 15 mrad/fs allows for femtosecond resolution streaking. The numerically simulated deflection trace is shown 
in Fig. 1(e).  
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Figure 1: (a) Acceleration of an electron bunch from a 55 keV DC-gun using a multiple THz waveguide acceleration 
device with dipole magnet for energy measurement on MCP; (b) electron energy spectrum without (black) and with 
THz pulse(red); (c) THz acceleration device; (d) transverse deflection as a function of delay between THz-field and 
electron bunch; (e) simulated deflection trace [5].  

Currrent work is geared towards pushing laser based THz generation to the multi-mJ level by using high energy, Joule 
level, picosecond lasers with optimized pulse formats to difference frequency generation in periodically poled 
Lithium Niobate [6].  Such high energy THz pulses can accelerate electrons to the 10-20 MeV level, energetic 
enough to enable hard X-ray generation via inverse Compton scattering with another picosecond high energy laser 
pulse [7]. 

[1]   E. A. Nanni, W. R. Huang, K. Ravi, A. Fallahi, G. Moriena, R. J. Miller, and F. X. Kärtner,  Nat. 
 Communications 6, p. 8486 (2015). 
[2]   W. R. Huang,  et al, Optica 3, p. 1209 (2016). 
[3]   A. Fallahi, M. Fakhari, A. Yahaghi, M. Arrieta, and F. X. Kärtner, Phys. Rev. Accelerators and Beams 19, 
 081302 (2016). 
[4]   M. Fakahri, A. Fallahi and F. X. Kärtner, to appear in Phys. Rev. Accelerators and Beams 19, 081302 
 (2017). 
[5]   D. Zhang et al., to be published. 
[6]   K. Ravi, D. Schimpf and F. X. Kärtner, Opt. Lett. 42:(22), p. 25582 (2016). 
[7]   F. X. Kärtner et al. doi:10.1016/j.nima.2016.02.080. 
  

77 

 



 

Efficient spintronic terahertz emitters based on epitaxial grown Fe/Pt layer structures 

R Beigang1, M Klos2, S Krimi1, S Keller1, E Papaioannou1 and G Torosyan2 
1University of Kaiserslautern, Germany, 2Photonic Center Kaiserslautern, Germany 

The inverse spin Hall effect (ISHE) can be used to generate broadband terahertz (THz) radiation. This has been 
demonstrated recently [1 – 3]. We report on efficient generation of pulsed broadband terahertz radiation utilizing 
the inverse spin hall effect in Fe/Pt bilayers on MgO and sapphire substrates. The magnetic and nonmagnetic layers 
were epitaxially grown on MgO and sapphire substrates. The emitter was optimized with respect to layer thickness, 
growth parameters, substrates and geometrical arrangement. Using the device in a counterintuitive orientation a 
hyperhemispherical Si lens was attached to increase the collection efficiency of the emitter. In this arrangement 
multiple reflections of the THz pulses from the substrate surfaces are avoided as the metallic layers act as an 
antireflection coating [4]. A schematic diagram of the spintronic emitter is shown in Fig. 1. 

 

Figure 1. (a) Schematic diagram (not to scale) of the spintronic THz emitter with attached Si lens. 

The experimentally determined dependence of the THz signal on the layer thicknesses was in qualitative agreement 
with simulations of the ISHE in the Fe-Pt bilayer. An optimum total layer thickness of 5 nm was found. The optimized 
emitter provided a bandwidth of up to 8 THz for the sapphire substrate which was mainly limited by the GaAs 
photoconductive antenna used as detector. The pulse length was as short as 220 fs for a pump pulse length of the 
800 nm pump laser of about 50 fs. In the case of MgO substrates strong THz absorption of MgO reduced the 
dynamic range above 3 THz considerably. 

 

Figure 2. (a) THz pulse generated from a Fe/Pt bilayer on sapphire; (b) Corresponding spectrum with characteristic 
water vapor absorption lines (relative humidity RH = 36%); c) THz pulse generated under dry air conditions (RH = 
4%)  

Average pump powers as low as 20 mW (at a repetition rate of 80 MHz) have been used for terahertz generation. 
This and the general performance makes the spintronic terahertz emitter compatible with established emitters like 
photoconductive switches or nonlinear generation methods. 

[1]  T. Seifert et al., Nature Photonics 10, 483 (2016) 
[2]  D. Yang, et al., Advanced Optical Materials. doi:10.1002/adom.201600270 (2016) 
[3]  Y. Wu, Adv. Mater. doi:10.1002/adma.201603031 (2016) 
[4]  J. Kröll et al., Optics Express 15, 6552 (2007) 
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Prospects of highly efficient semiconductor contact-grating THz pulse sources 

J Fülöp1, B Monoszlai2, G Polónyi3, G Andriukaitis4, A Baltuska4 and J Hebling1 
1University of Pécs, Hungary, 2ELI-ALPS, Hungary, 3MTA-PTE High-Field Terahertz Research Group, Hungary, 4Vienna 
University of Technology, Austria 

The low- (0.1–2 THz) and mid-frequency (2–20 THz) bands of the THz range can be accessed by optical rectification 
(OR) in LiNbO3 [1] and organic crystals [2], respectively. The low-frequency band is optimally fitting for acceleration 
of charged particle beams. However, further increasing the THz pulse energy and field strength is challenging. Here 
we present a novel approach for highly efficient THz generation utilizing semiconductors, which is easily scalable to 
the highest energies. 

The potential of semiconductor materials for high-energy high-field THz pulse generation has been only recently 
recognized [3-5]. OR in ZnTe pumped at 0.8 μm, near its collinear phase-matching wavelength, resulted in 
maximum 1.5 μJ THz pulse energy at 3.1×10‒5 efficiency [6]. In our experiment using a pump wavelength of 1.7 μm 
more than two orders of magnitude higher efficiency, as high as 0.7% (empty symbols in Fig. 1a), and 14 μJ THz 
pulse energy were demonstrated [4]. The reason for the enormous increase in efficiency was a wavelength 
sufficiently long to eliminate two-and three-photon pump absorption and the associated free-carrier absorption in 
the THz range. 

At such long infrared pump wavelengths tilted-pulse-front pumping has to be used for phase matching. Utilizing this 
advantageously small pulse-front tilt angle (<30°), we realized a monolithic ZnTe contact-grating (CG) THz source 
(insets in Fig. 1a) and demonstrated the generation of THz pulses with up to 3.9 μJ energy and 0.3% efficiency (full 
symbols in Fig. 1a) [5]. It is straight-forward to scale the CG source to higher energies simply by increasing its size 
and the pump energy. 

We will discuss the prospects and basic design aspects of infrared-pumped semiconductor THz sources, including 
optimal pumping and phase-matching conditions (Fig. 1b). Our results show that semiconductor THz sources can be 
flexibly tailored to applications, such as the generation of controlled multicycle waveforms for particle acceleration. 
It is feasible that THz pulses with >1 mJ energy and >20 MV/cm electric field strength will be achievable with less 
than 200 mJ pump energy from a CG source. Efficient monolithic semiconductor THz sources can become a key 
technology for compact THz particle accelerators and other THz high-field applications. 

 

Figure 1. (a) Measured THz generation efficiency versus pump intensity in ZnTe. (b) Simulation of efficiency for 
various pump pulse duration and intensity values under the influence of four-photon absorption in ZnTe. 

[1]  J. A. Fülöp et al., Opt. Express 22, 20155 (2014). 
[2]  C. Vicario et al., Opt. Lett. 39, 6632 (2014). 
[3]  F. Blanchard et al., Appl. Phys. Lett. 105, 241106 (2014). 
[4]  Gy. Polónyi et al., Opt. Express 8, 95 (2016). 
[5]  J. A. Fülöp et al., Optica 3, 1075 (2016). 
[6]  F. Blanchard et al., Opt. Express 15, 13212 (2007). 
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Intense THz field generation via two-color filamentation in air at 1 kHz 

K-Y Kim, Y Yoo, D Kuk and Z Zhong 

University of Maryland, USA 

We present strong terahertz (THz) filed (16 MV/cm) generation at 1 kHz via two-colour femtosecond laser 
filamentation in air [1]. In this experiment, 800 nm, 10 mJ, 1 kHz, 30 fs laser pulses are focused by a lens (200 
mm ~ 1 m focal length) through a BBO crystal which generates the second harmonics at 400 nm. Co-focusing of 
the 1st and 2nd harmonics makes filaments in air, working as a broadband source of THz radiation (0.1~100 THz). 

We find that the output THz energy is greatly enhanced by increasing the filament length by weak focusing (see Fig. 
1(a)). In particular, long filamentation provides almost twice more THz energy compared to short filamentation 
under the same laser condition. In addition, the radiated THz radiation can be refocused to near its diffraction limit 
even in long-length filamentation (see Fig. 1(b)). In practice, we have achieved maximum THz field strengths of 16 
MV/cm, estimated from measured THz energy (2.6 μJ), beam spot size (42.5 μm), and pulse duration (<200 fs) 
(see Fig. 1(c)).  

In addition, we performed real-time imaging with an uncooled microbolometer camera tocharacterize THz divergence 
angle as a function of focusing geometry (numerical aperture) and different frequency components. 

 
Figure 1. Measurement of (a) THz energy and (b) beam spot size, (c) waveform and spectrum, and (d) divergence 
angle to characterise THz field strengths and beam properties. 

[1]  Y. J. Yoo, D. H. Kuk, Z. Zhong, and K.Y. Kim, IEEE Journal of Selected Topics in Quantum Electronics 
 (accepted). 
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High-harmonic generation in monolayer materials 

N Yoshikawa1, T Tamaya2 and K Tanaka1 
1Kyoto University, Japan, 2National Institute of Advanced Industrial Science and Technology (AIST), Japan 

Observation of high-order harmonic generation (HHG) in solids [1] has opened a new platform for investigating the 
ultrafast electron dynamics in strong light field because it clearly reflects the sub- cycle electron motion in intense 
laser field. Interplay between strong field of light and materials brings about novel optical phenomena. Monolayer 
transition metal dichalcogenides (TMDs) have the unique electronic and optical properties because of their ideal 
two-dimensionalities and inversion symmetry breaking. These characteristics cause peculiar properties of Bloch 
electrons, such as large exciton binding energy and the coupling of real spin and valley pseudospin. Recently, the 
observation of HHG in monolayer TMD has been reported [2], but the underlying mechanism is still under debate. 
Here we report HHG in several monolayer materials and the polarization dependence of the emitted HHG. 

The mid-infrared femtosecond laser pulse with 0.26 eV photon energy was generated by a differential frequency 
generation (DFG) configuration with a combination of Ti:sapphire based regenerative amplifier (800 nm center 
wavelength, 35 fs pulse duration, 1kHz repetition rate, and 1 mJ pulse  energy)  and  a  β-BaB2O4   (BBO)  based  
optical  parametric  amplifier  (OPA).  The maximum intensity of the pump beam at the sample was about 1 
TW/cm2. The generated HHG was measured by a grating spectrometer equipped with a Peltier-cooled charge-
coupled device (CCD) camera. Typical HHG spectrum in monolayer MoSe2 is shown in Fig.1. We observed the even 
and odd harmonic generation from monolayer MoSe2 up to 15th harmonics in near-infrared to ultraviolet spectral 
region. The excitation power dependence of harmonic intensity shows the deviation from the perturbative nonlinear 
behaviour, indicating the non-perturbative feature of HHG process.  We also observed the strong dependence on 
ellipticity of the pump beam. Observed ellipticity dependence can be explained on the basis of the recently 
developed theory of HHG in solid-state materials [3]. Concerning to the even ordered HHG, the harmonic intensity 
does not monotonically decrease with increasing harmonic order. The intensity of the 14th harmonics is larger than 
8th, 10th, and 12th as shown in Fig. 1, for example. By investigating the harmonic yields in several monolayer 
materials, we found that it can be related to the van Hove singularity in the band structure. 

 

Figure 1. High-harmonic generation (HHG) spectrum from monolayer MoSe2. The spectrum of mid-infrared laser 
pulse is also shown by dashed line.. 

[1]  S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini, L. F. DiMauro, and D. A. Reis, Nature Phys. 7, 138 
 (2010). 
[2]  H. Liu, Y. Li, Y. S. You, S. Ghimire, T. F. Heinz, and D. A. Reis, Nature Phys. (2016). 
[3]  T. Tamaya, A. Ishikawa, T. Ogawa, and K. Tanaka, Phys. Rev. B (R), accepted for publication (2016). 
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Session: THz spectroscopy II 

Terahertz fingerprints of cancer DNA 

J-H Son and H Cheon 

University of Seoul, South Korea 

Cancer is defined as a genetic and epigenetic disease involving the chemical and structural alteration of DNA. 
Because optical techniques measure overlapped and synthetic signals of materials, regardless of “ordering” 
features (such as the nucleotide order of a DNA sequence), it is difficult to sequence a genome to detect cancerous 
genetic changes using optical techniques. For this reason, previous genome sequencing methods, such as 
nanopore sequencing, have usually used electronic techniques [1, 2]. This only serves to emphasize the importance 
of finding the optical molecular fingerprints of cancer, and the need for a means to detect cancerous epigenetic 
changes to DNA. Aberrant DNA methylation is an epigenetic modification, a well-known carcinogenic mechanism 
[3, 4], and a common chemical and structural modification of DNA that does not change the DNA sequence. 
Terahertz waves can be used to observe modifications to DNA because the characteristic energies of biomolecules 
occur in the terahertz region. We found resonance fingerprints of methylation in cancer DNAs using improved 
terahertz spectroscopic methods [5]. The terahertz characteristics of methylated cytidine, a nucleoside, were a clue 
to observing the resonance fingerprints of DNA methylation. In aqueous solutions, we tracked and monitored the 
molecular resonances of genomic DNA from two control (293T, M-293T) and five cancer (PC3, A431, A549, MCF-7, 
SNU-1) cell lines, using freezing techniques and baseline corrections, as shown in Fig. 1 (a). The amplitudes of the 
resonance signals were dependent on the types of cancer cells the DNA had come from. These signals were 
quantified to identify cancer cell types, and the results were similar to those of biological quantification methods 
(Fig. 1 (b)). This research demonstrated that the molecular resonance fingerprints of cancer DNAs exist  in  the  
terahertz  region,  and  they  can  be  measured  using  advanced  terahertz  time-domain spectroscopy (THz-TDS) 
techniques. These results can be utilized to diagnose early cancer at the molecular level, and provide a potential 
cancer biomarker. 

 
Figure 1. (a) Resonance of normal and cancer DNA; (b) DNA quantification results. 

[1]  Branton D. et al., The potential and challenges of nanopore sequencing. Nat. Biotechnol. 26 (10), 1146–
 1153 (2008). 
[2]  Sadeghi H. et al., Graphene sculpturene nanopores for DNA nucleobase sensing. J. Phys. Chem. B 118, 
 6908–6914 (2014). 
[3]  Jones, P. A. DNA methylation and cancer. Oncogene 21, 5358–5360 (2002). 
[4]  Laird, PW. The power and the promise of DNA methylation markers. Nat. Rev. Cancer 3, 253–266 (2003). 
[5]  Cheon, H. et al., Terahertz molecular resonance of cancer DNA. Scientific Reports 6, 37103 (2016). 
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Measurements and simulation of skin occlusion effects using THz pulsed imaging 

E Pickwell-MacPherson, Q Sun, E Parrott and X Liu 

CUHK, Hong-Kong 

If terahertz imaging is ever to be used for in vivo diagnosis, effects of occlusion need to be well understood.  In this 
study we use reflection geometry terahertz (THz) pulsed imaging [1] to measure the effects of occlusion on human 
volar forearm skin in vivo. We found that the THz reflectivity of the volar forearm decreased by 25% after 20 minutes 
of occlusion due to an increase in the water concentration at the skin’s surface, with the greatest change being 
observed in the first 30 seconds of measurement. To better understand this observation, we have also conducted 
simulations based on diffusion theory [2] and a stratified media model [3] to determine the expected THz reflectivity 
and reflection phase changes due to skin occlusion. In the simulation the skin is treated as a multi-layered 
structure: the water concentration in each layer is calculated at an occlusion time, 𝑡𝑡, using diffusion theory, this is 
then used in stratified media theory to calculate the total reflection coefficient of the skin. An optimization solver is 
applied to determine the best fitting parameters of the subject. From our results in Figure 1(a), we see that the 
measured and simulated results match well for the frequency dependent reflectivity. The reflectivity as a function of 
occlusion time at 0.5 THz and 1.0 THz is given in Figure 1(b). The decay rate of reflectivity depends on the diffusion 
coefficient 𝐷𝐷 in Eqn (1), which describes how fast the water flows in skin and varies with occlusion time and depth 
in the skin.  

                                                                        ∂𝑐𝑐
∂𝑡𝑡

= 𝐷𝐷 ∂2𝑐𝑐
∂𝑥𝑥2

      (1) 

For this subject, the diffusion coefficient model [4] describes well the water diffusion motion in the skin. 

 

Figure 1. The spectrum of the (a) reflectivity before and after 20 minutes of occlusion. Solid lines represent 
measured data whereas dash lines represent calculated results. Non-occluded results are in red and results after 20 
minutes of occlusion are given in blue. (b) The reflectivity changes with occlusion time at 0.5 THz and 1.0 THz; 
measured results are shown by dots. 0.5 THz results are in red and 1.0 THz results are in blue. 

[1] S. Fan, Y. He, B. S. Ung, and E. Pickwell-MacPherson, "The growth of biomedical terahertz research," 
 Journal of Physics D: Applied Physics, vol. 47, p. 374009, 2014. 
[2] W. Pan, X. Zhang, M. Lane, and P. Xiao, "The occlusion effects in capacitive contact imaging for in vivo skin 
 damage assessments," Int J Cosmet Sci, vol. 37, pp. 395-400, Aug 2015. 
[3] D. B. Bennett, W. Li, Z. D. Taylor, W. S. Grundfest, and E. R. Brown, "Stratified Media Model for Terahertz 
 Reflectometry of the Skin," IEEE Sensors Journal, vol. 11, pp. 1253-1262, 2011. 
[4] X. Li, R. Johnson, and G. B. Kasting, "On the Variation of Water Diffusion Coefficient in Stratum Corneum 
 With Water Content," Journal of Pharmaceutical Sciences, vol. 105, pp. 1141-1147, 2016. 
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Terahertz-induced modulation of liquid water and other liquids 

P Zalden1, L Song1, X Wu1, H Huang2, O D Mücke1, C Bressler1 and F X Kärtner1 
1European XFEL and University of Hamburg, Germany, 2Center for Free-Electron Laser Science (CFEL), DESY, 
Germany 

Hydrogen bonding and the resulting molecular dynamics in liquid water are held responsible for most of its 
anomalous properties, e.g., the density anomaly [1]. The contribution of hydrogen bonds to the dielectric function 
of water can be found in the range of 20 GHz to 6 THz, but the broad spectral features of these dynamics preclude a 
unique identification of modes. They are most commonly identified as a hydrogen bond stretching mode at 5 THz 
and few relaxation mechanisms of the hydrogen bond network with decay times corresponding to 1.6, 0.16 and 
0.02 THz, whose origin is still unclear [2]. It was shown recently that molecules exposed to strong terahertz electric 
fields can be partially oriented, causing an optical birefringence [3]. Comparing the transient to the known THz 
electric field pulse E(t), one can extract the relaxation times of the underlying dynamics. 

We have employed this technique to study the molecular dynamics of liquid water. Unlike earlier studies on water 
[4], we use single-cycle terahertz pulses generated from LiNbO3 and peak field strength of 530 kV/cm in the focus 
to excite liquids in a cuvette made of pure quartz. The polarization of a subsequent weak probe beam at 800 nm is 
rotated by Δφ and detected by balanced photodiodes.  

Fig. 1(a) shows the result of a measurement on 200 μm of 2-propanole (blue curve), together with a refinement (red 
curve), obtained by fitting the three parameters B1, B2 and τ using the following model: 

  ∆φ = ∫dx2π⦋𝐵𝐵1𝐸𝐸 (𝑥𝑥, 𝑡𝑡)2+ 𝐵𝐵2
𝜏𝜏

 ∫ 𝑑𝑑𝑡𝑡′𝑡𝑡
−00 𝐸𝐸2 (𝑥𝑥, 𝑡𝑡′)𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋  (𝑡𝑡

′−𝑡𝑡
𝜏𝜏

) ] 

Here, B1 and B2 are the electronic (instantaneous) and molecular (delayed) Kerr coefficients. x and τ are  the  
position  within  the  cuvette  and  the  relaxation  time  constant,  respectively.  The resulting relaxation time of 2-
propanole corresponds to (0.11±0.01) THz and (0.15±0.02) THz in case of water, see Fig. 1(b). This confirms for 
the first time, that the 0.16-THz relaxation mechanism of water corresponds to the rotational relaxation of water 
molecules. Further insights are obtained from the analysis of the other fit parameters and the investigation of other 
liquids. 

   a)    b) 

 

                                                                               

Figure 1. Terahertz-induced birefringence: (a) 200 μm of 2-propanole; (b) 200 μm of de-ionized water. 

[1]  P. Ben Ishai et al., Phys. Chem. Chem. Phys. 17, 15428–34 (2015). 
[2]  J. K. Vij et al., J. Mol. Liq. 112, 125–135 (2004). 
[3]  M. C. Hoffmann et al., Appl. Phys. Lett. 95, 100–103 (2009). 
[4]  A. Taschin et al., J. Chem. Phys. 141, 084507 (2014). 
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Soft desorption from the hydrogen bonded solids using intense THz pulses 

M Nagai1, E Matsubara2, M Ashida2, M Fuyuki3, K Kawase2, A Irizawa2, G Isoyama2, J Aoki2 and M Toyoda2 
1Osaka University, Japan, 3Kio University, Japan 

Intense electromagnetic wave is one of the most powerful tools for the material heating, synthesizing, dissociation, 
and deformation. Microwave ovens via strong relaxational excitation and laser machining via intramolecular 
vibrational and electric excitation are widely used now. In the terahertz frequency region, where the intense sources 
have been developed recently, some critical applications of similar material steering should be promising. Here, we 
demonstrate a new desorption scheme of the individual molecules using intense THz pulse. We drive the 
macroscopic modes such as the intermolecular vibration mode, libration modes below 300 cm-1 using the resonant 
THz pulses, and extract the individual molecules from the hydrogen bonded solid without thermalization. 

In our demonstration, we used the THz-FEL based on the L-band electron linac of the Research Laboratory for 
Quantum Beam Science, attached to the Institute of Scientific and Industrial Research at Osaka University [1]. It 
covers the frequency range of 2−8 THz using electron beam with 15 MeV. A macropulse of the FEL consisted of a 
train of ~100 micropulses with a duration of ~10 ps and 0.2 mJ pulse energy, and 27 MHz repetition. Previously, 
we reported the morphological change of the polymers induced by defocused THz irradiation [2]. 

We investigated the excitation frequency dependence of desorption traces, time-resolved luminescence spectra, 
and the time-of-flight mass signal to evaluate the thermalization, unexpected electric excitation, and the dynamics 
of soft desorption. Figure 1 shows the result of THz time-of-flight mass spectrometry of the glucose microcrystal 
under the THz-FEL excitation. In this measurement, we desorbed and ionized atoms/molecules with THz-FEL pulses 
and detected the arriving time of the ions accelerated by DC electric field. The time of flight is proportional to the 
square root of the ion mass, giving us information on the desorbed ion. We reduced the number of the micropulses 
in one macropulse for the simple characterization of the ion signals. One sees the characteristic positive ion signals 
under the excitation resonant for the THz absorption (3.5 THz), which correspond to the glucose molecules, but they 
do not appear under the off-resonant excitation. This result is the direct evidence of the soft desorption and 
ionization of one individual molecule by the THz-FEL irradiation. It  will  open  a  new  mission-critical  application  
such  as  matrix-free  laser  desorption  ionization technique for the mass spectrometry. 

 
[1]  K. Kawase et al., Nucl. Instrum. Methods A 726, 96 (2013). 
[2]  H. Hoshina, et al. , Sci. Rep. 6, 27180 (2016). 
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Molphoogical changes of polymers induced by intense THz pulses 

H Hoshina1, S Tatsuoka2, H Sato2, M Nakamura3, Y Ozaki3 and G Isoyama4 
1Terahertz Sensing and Imaging Team, Japan, 2Kobe University, Japan, 3Kwansei Gakuin University, Japan, 4Osaka 
University, Japan 

Since the THz photon energy is quite low compared to the energy of the covalent bonds, we can modify the 
intermolecular conformation “softly,” without damaging the chemical structures. In this presentation we irradiate 
high power THz pulses to the polymer samples for altering their macromolecular structures. A THz-FEL at the Institute 
of Scientific and Industrial Research, Osaka University, was used as a THz irradiation source. The output macro-
pulses with a 5 Hz repetition rate, composed of ~100 micropulses with 10 ps duration, was loosely focused on the 
sample. The macropulse energy of 3.9 mJ was irradiated on 10 mm2 area which corresponds to the peak power of 
~40MW/cm2 for each micropulse. 

 

 

Figure 1: Transmission microscope images of PHB with and without THz irradiation obtained using confocal laser 
microscope. 

Figure 1 shows the transmission microsope images of the poly(3-hydroxybutyrate)  (PHB)  films  grown  form  dilute 
solution  with  chloroform.  The THz beam was irradiated during the formation of the PHB film samples through 30 
min evaporation. PHB films grown with and without THz irradiation show clear morphological difference.  Without THz 
irradiation, a few micrometer-sized multi-shape early- grown spherulite structures are uniformly distributed, in which 
a number of dark, micrometer-sized, curved structures are randomly tangled (I and II). On the other hand, the THz- 
irradiated sample is composed of bright, needle-shaped structures with ~1m thickness (III) and dark structure 
aggregates (IV). The sizes and shapes of the needle-shaped structures are quite similar to those of PHB single 
crystals slowly grown from a dilute solution. The existence of these two structures strongly suggests that this 
specimen has higher crystallinity than the un-irradiated material. In fact, the crystallinity obtained by the ratio of the 
infrared absorption intensities was 37% and 57% without and with THz irradiation, respectively. The PHB 
crystallinity induced by the cast crystallization is remarkably lower than that of typical melt-crystallized samples 
(~55%), suggesting that the PHB metastable structure changes to a stable polymorph under THz wave irradiation. 

Thus, significant increase of the polymer crystallinity is observed through the irradiation of THz waves, whcih strongly 
suggesting the potential of THz wave as a tool for controlling the macromolecular polymorph, which determines the 
polymer properties and functions. The machenism of the polymer structural change and the application for the 
material science will be discussed. 

[1]  H. Hoshina et al. Scientific Reports, 6, 27180 (2016). 
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Differentiating benign and malignant breast tissue using a handheld Terahertzprobe 

M Grootendorst1,2, S B de Koning1,2,  A J Fitzgerald3, A Portieri4, M Cariati1,2, M Pepper4,5, V P Wallace3, S Pinder1 and 
A Purushotham1,2 
1King’s College London, UK, 2Guy’s and St Thomas’ NHS Foundation Trust, UK, 3University of Western Australia, 
Australia, 4Teraview Ltd., UK, 5University College London, UK 

The purpose of this study was to develop histopathological methods to analyse breast tissue samples scanned with 
a handheld Terahertz (THz) probe, and evaluate the ability of THz time and frequency domain pulses and parameters 
to discriminate between benign and malignant tissue, with the aim of developing a technique to assess tumour 
resection margins in breast‐conserving surgery. 

Materials and Methods: In all, 15 breast tissue samples (13 patients) from freshly excised wide local excision and 
mastectomy specimens were scanned using a handheld THz probe with a bandwidth of 0‐2.0 THz (Teraview Ltd., 
UK). For each sample detailed pathology, including type of predominant tissue (tumour and tumour type, fibrous or 
adipose), type of background tissue, and cell density were obtained at 1.0mm-‐‐intervals, and correlated with THz 
data. Samples with a predominant tissue cell density of ≥ 60% were included. The full THz time and frequency 
domain pulses, as well as individual parameters, were evaluated.  An area under the receiver operating 
characteristic curve (AUROC) analysis was performed to quantify the performance of each parameter in 
discriminating between tumour and fibrous tissue. Parameters with an AUROC value >0.75 were included. A Mann‐
Whitney U test was performed to determine whether the differences in parameter values were statistically 
significantly different. 

Results: In all, 6 invasive ductal carcinomas, 1 invasive lobular carcinoma, 4 fibrous and 4 adipose samples were 
used. Adipose tissue could be readily discriminated from tumour/fibrous tissue using the full time‐domain pulse 
(Fig. 1). Tumour could be discriminated from fibrous tissue using specific parameters; all these parameters had 
values that were statistically significantly different between tumour and fibrous (p<0.001). Especially, the power at 
frequency 0.18‐0.29THz proved to be a strong discriminator (AUROC ≥ 0.97). 

In conclusion Time‐domain pulses and parameters from handheld THz probe measurements can accurately 
discriminate between benign breast and malignant tissue in an ex vivo setting. More high‐dense tumour samples 
from different tumour types and low-‐‐dense samples are needed to further evaluate this technique prior to in vivo 
patient studies. 

 
Figure 1: Typical impulse function of highly tumour, fibrous, and adipose tissue, and air, respectively. Clear 
differences are seen between the impulse functions from air and from tissue, and between adipose and 
tumour/fibrous tissue, especially at time points t = 7.97 ps, t = 8.93 ps, and t = 9.67 ps (black arrows). 
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Time-resolved multi-THz studies of single crystal hybrid halide perovskites 

D Cooke1, D Valverde-Chavez2, H Razavipour2, C Stoumpos3, C Ponseca Jr.4, A Yartsev4, V Sundstrom4, and M 
Kanatzidis3 
1McGill University, Canada, 3Northwestern University, USA, 4Lund University, Sweden 

Organometallic halide perovskites (OMHPs) are currently a hot topic for research in next generation optoelectronics, 
particularly photovoltaics. This class of materials exhibit excellent light absorption, good transport properties, and 
long carrier lifetimes that are seemingly resilient to the presence of defects. The photophysics of this material, 
however, exhibits several peculiarities that hint that it is not just the solution processable version of an inorganic 
direct band gap semiconductor such as GaAs. The long carrier lifetimes, for instance, are counter to what one would 
expect for a direct band gap semiconductor. In addition, the presence of defects, which must be in high density for 
a solution processed material, seemingly does not deteriorate the carrier mobility. Much work remains to be done to 
understand the basic photophysics of these materials. 

In this talk, I outline recent time-resolved terahertz spectroscopy measurements on single crystal OMHPs in 
reflection mode following femtosecond excitation [1]. We employ an air-based THz spectrometer with continuous 
spectral coverage from 1 - 30 THz, enabling simultaneous monitoring of key phonon features, Drude spectral weight, 
and signatures of the exciton whose binding energy has been reported to be in the 10 - 50 meV range. Static 
spectroscopy of a large single crystal of the most widely studied OMHP, CH3NH3PbI3, reveals the dielectric function 
responsible for the screening of the electron-hole Coulomb interaction, which is dominated by a strong Pb-I phonon 
resonance. The transient photoconductivity on a sub- to several picosecond time scale after fs excitation at the 
band edge of 1.55 eV shows a pure Drude response with a momentum scattering time on the order of ~70 fs, 
leading to a mobility on the order of 600 cm2/Vs, remarkably high for a solution processed material. Drude analysis 
of these spectra directly provides the free carrier density, from which we can calculate the mobile carrier yield and 
find it is consistent with a larger binding energy of 50 meV if one uses an equilibrium Saha- Langmuir analysis. 
However, a small transient-lived feature at 12 meV is observed that we assign to an orbital transition of the exciton, 
whose decay matches the rise time of the free charge density. This indicates the majority of charges in single crystal 
CH3NH3PbI3 are being generated by ionization of excitons in this high carrier density regime > 1018 cm-3. 

Recent wavelength, fluence and temperature dependent measurements will be discussed, as well as investigations 
into the effects of nanoscale confinement through self-assembly of crystalline CH3NH3PbI3 quantum wells. 

 

Figure 1.(a) Time domain waveforms of the incident (Einc), reflected (Eref) and differential pulses from the single 
crystal CH3NH3PbI3 facet and (b) the extracted conductivity spectrum 1 ps after excitation with Drude fits. 

[1]  D. A. Valverde-Chavez, D. G. Cooke et al., Energy Environ. Sci. 8, 3700 (2015). 
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Session: Ultrafast Dynamics 

(Invited) Ultrafast spintronics with terahertz radiation 

T Kampfrath 

Fritz Haber Institute of the Max Planck Society, Germany 

Sub-picosecond terahertz (THz) electromagnetic pulses are a powerful tool to probe and even control numerous low-
energy modes of condensed matter. Examples include phonons, excitons, free electrons and Cooper pairs. Here, we 
consider experiments showing that THz radiation is also a very useful and versatile tool to address the electron spin, 
in particular its ultrafast transport in spintronic materials. 

First, we launch spin transport from a ferromagnetic (e.g. iron) into a nonmagnetic metal thin film (e.g. platinum) by 
means of a femtosecond laser pulse. Detection of the spin current is facilitated by the inverse spin Hall effect that 
deflects spin-up and -down electrons in opposite directions, resulting in the emission of a THz pulse (see figure) [1]. 
Consequently, sampling of the THz field allows us to monitor the spin transport and provides a quick and easy 
estimate of the strength of the spin Hall effect in a contact-free manner. Optimization of the spintronic thin-film 
structure has led to new, efficient and scalable emitters of THz pulses that fully cover the range from 1 to 30 THz 
without gap [2]. 

Second, this technique is applied to insulating magnets, in particular ferrimagnetic yttrium iron garnet (YIG) which is 
capped with a platinum (Pt) thin film. We show that optical excitation of the YIG/Pt system results in an ultrafast 
version of the recently discovered spin Seebeck effect (SSE): a spin current across the YIG/Pt interface driven by the 
temperature gradient between YIG and Pt [3]. By extracting the spin-current dynamics from the measured THz 
waveform [4], we find that the SSE is even operative at extremely high, that is, THz frequencies. Our measurements 
strongly suggest the emitted THz field is a sensitive probe of magnetic/nonmagnetic interfaces. 

 

 

 

 

 

 

 

 
 
[1] T. Kampfrath, M. Battiato, P. Maldonado, G. Eilers, J. Nötzold, S. Mährlein, V. Zbarsky, F. Freimuth, Y. 
 Mokrousov, S. Blügel, M. Wolf, I. Radu, P.M. Oppeneer, M. Münzenberg, Nature Nanotech. 8, 256 (2013) 
[2] T. Seifert, S. Jaiswal, U. Martens, J. Hannegan, L. Braun, P. Maldonado, F. Freimuth, A. Kronenberg, J. 
 Henrizi,  I. Radu, E. Beaurepaire, Y. Mokrousov, P.M. Oppeneer, M. Jourdan, G. Jakob, D. Turchinovich, L.M. 
 Hayden, M. Wolf, M. Münzenberg, M. Kläui, T. Kampfrath, Nature Photon. 10, 715 (2016). 
[3] K. Uchida et al., Nature Mat. 9, 894 (2010). 
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THz field-induced lattice motion and nonlinear phonon coupling in SrTiO3 probed with ultrafast x-ray diffraction 

M Kozina1, A Sternbach2, C Bernhard3, S Bonetti4, T van Driel1, J Glownia1, P Marsik3, M Radovic5, U Staub5, C Vaz5, 
D Zhu1 and M Hoffmann1 
1SLAC National Accelerator Laboratory, USA, 2University of California-San Diego, USA, 3University of Fribourg, 
Switzerland, 4Stockholm University, Sweden, 5Swiss Light Source / Paul Scherrer Institut, Switzerland 

THz control over the polarization state of ferroelectrics and domain switching has been proposed [1] but has so far 
remained elusive.  Strontium Titanate (SrTiO3 or STO) is a prototypical perovskite and a model system for displacive 
phase transitions. At room temperature it has centrosymmetric structure but approaches a ferroelectric transition at 
lower temperature without ever reaching it, due to quantum fluctuations [2]. The phase transition is associated with 
instability of the crystal against one of the normal modes of vibration, which is connected to the mechanism of 
ferroelectricity. This mode is known as the soft mode and is strongly IR active. The mode frequency is around 2.5 
THz at room temperature and ~1 THz at 100K for bulk STO. We drive this mode in thin-film STO adiabatically with an 
intense THz field (0.9 MV/cm) polarized in-plane and measure the resulting x-ray diffraction intensity change on the 
sub-cycle timescale using the LCLS x-ray free electron laser [3]. 

In Fig. 1A we show direct evidence of field-driven dynamics, as the conjugate x-ray reflections (223) and (223) 
show opposite-sign transient effects. The cross-plane reflection (004) shows no transient change confirming that 
lattice motion occurs only along the electric field direction. Additionally by tuning the sample temperature we are 
able to move the phonon resonance peak, allowing for both below- and at-resonance excitation. When we 
resonantly excite the STO we also observe at highest driving fields the appearance of a much higher frequency 
(~5.1 THz) signal far above the  THz bandwidth which we attribute to nonlinear coupling between phonon modes 
(Fig. 1B,C). While the low frequency signal roughly follows the THz waveform, the high-frequency term gradually 
increases as energy is transferred to this mode (Fig. 1B). Finally we utilized a microstructured gold antenna to 
locally enhance the field and observe a five-fold increase in transient scattering signal. 

 

Figure 1: (A) Time-resolved diffraction intensity change off-resonance (black overlay is THz electrooptic sampling 
trace) for three x-ray reflections. (B) Intensity change at resonance separated into high- and low-frequency 
components with cut off 3.125 THz. Black overlay is THz trace (a.u.). (C) Spectral bandwidth of transient x-ray 
diffraction signal (blue) overlaid with THz spectral content (red) showing extra weight at ~5.1 THz. The inset shows 
the STO unit cell and lowest-frequency zonecenter optical phonon eigenvector (adapted from [4]). Data in (A,B) 
offset vertically for clarity.  

[1]  T. Qi et al. Phys. Rev. Lett. 102, 247603 (2009). 
[2]  R. A. Cowley Phil. Trans. R. Soc. Lond. A 354 2799-2814 (1996). 
[3] Bostedt, C. et al. Rev. Mod. Phys. 88 015007 (2016). 
[4]  Hlinka, J. et al. Phase Transitions 79 41-78 (2006). 
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Berry curvature induced dynamical birefringence from electron-hole recollisions 

D Valovcin1, H Banks1, Q Wu2, S Mack3, AGossard1, L Pfeiffer4, R-B Liu2 and M Sherwin1 
1University of California, Santa Barbara, USA, 2The Chinese University of Hong Kong, China, 3Naval Research Lab, 
USA, 4Princeton University, USA 

Electron-hole recollisions and high-order sideband generation (HSG) occur when a near-band gap laser beam 
excites a semiconductor that is driven by sufficiently strong THz-frequency electric fields [1]. We report experimental 
and theoretical studies of HSG from three GaAs/AlGaAs quantum wells driven by 40 ns pulses of linearly-polarized 
540 GHz radiation with a strength of 35 kV/cm, which is 3 times stronger than the Coulomb field that binds 
excitons. Observed HSG spectra contain dozens of sidebands, up to 90th order, to our knowledge the highest-order 
optical nonlinearity observed in solids. We find that sidebands with order greater than 20 are usually stronger when 
the near-infrared (NIR) electric field is polarized perpendicular to the THz electric field than when they are parallel 
(see Figure 1). Polarimetry of the high-order sidebands shows that, the sidebands exhibit significant ellipticity that 
increases with increasing sideband order. We call these phenomena dynamical birefringence. We explain our results 
in terms of a generalization of the three-step model for high-order harmonic generation. (1) The linearly-polarized 
NIR laser creates a superposition of electron-heavy hole pairs with opposite total spins near the Γ point. (2) The 
terahertz field accelerates the electrons and holes apart and back together, exploring up to 10% of the Brillouin 
zone around the Γ point during this process. Strong heavy hole-light hole coupling induces anti-crossings between 
nearby hole subbands causing the holes to experience a significant non-Abelian Berry curvature. (3) The electrons 
and holes recollide, emitting high-order sidebands. Quantum interference between electron-hole recollision 
pathways associated with electron-hole pairs that were injected with opposite spins results in the observed 
dynamical birefringence. Our results open the door to direct measurements of the complete electronic structure of 
semiconductors and insulators near the Γ point, including band structure, scattering rates, and Berry curvature. 

 

Figure 1: Sideband conversion efficiencies for two THz-NIR relative polarizations as drawn on the top. The 
perpendicular-excited sidebands are much stronger than the parallel-excited sidebands above a certain order 
threshold for all three samples. 

[1]  Zaks, B., et al., Nature, 483, 580-583 (2012); Zaks, B., et al., APL, 102, 012104 (2013); Banks, H., et 
 al., PRL, 111, 267402 (2013). 
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Non-resonant magnetization dynamics in ferromagnetic thin films driven by an intense single-cycle THz pulse  

C Hauri1, M Shalaby1, C Vicario1, A Donges2, K Carva3, P Oppeneer4 and U Nowak2 
1Paul Scherrer Institute/EPFL, Switzerland, 2Univeristy of Konstanz, Germany, 3Charles University, Czech Republic, 
4Uppsala University, Sweden 

The speed of magnetization reversal is a key feature in magnetic storage devices. The ongoing pursuetowards faster 
magnetization control has triggered the development of laser sources at Terahertz frequencies since such pulses 
have shown suitable to excite coherent magnetization dynamics by Zeeman precession [1]. The recent advent of THz 
pulses with field strength up to several Teslas [2] opens now novel opportunities to coherently control ultrafast 
magnetization dynamics in the strong- field regime, which is different from the commonly used optical lasers where 
the magnetizationcontrol is mediated by heat deposition [3].  

 

Figure 1. a) THz stimulus with two different polarities and the corresponding THz induced magnetization dynamics 
shown in (b). The measured dynamics are a superposition of precessional and heat-induced spin dynamics. 

Here we present time-resolved measurements exploring the THz-induced magnetization dynamics in the 
ferromagnetic thin film samples Co, Fe and Ni. We present the induced dynamics as function of the THz field 
strength up to extreme amplitudes of 7 T and 21 MV/cm, respectively. By increasing the THz pump fluence, we find 
a continuous transition from the regime of purely coherent oscillations, to the incoherent regime, where spin 
oscillations are superimposed by thermal demagnetization. Our observations show that while the coherent spin 
dynamics are driven by the magnetic field, the incoherent dynamics are dominated by the THz electric field 
component. The observed magnetization dynamics are excellently reproduced by simulations based on ab-initio 
calculations for the Heisenberg spin Hamiltonian and the stochastic Landau-Lifshitz-Gilbert equation to describe the 
spin dynamics at finite temperature. 

[1]  C. Vicario et al., Nature Photon. 7, 720 (2013). 
[2]  M. Shalaby et al., Nature Commun. 6, 5976 (2015). 
[3]  E. Beaurepaire et al., Phys. Rev. Lett. 76, 4250 (1996). 
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THz-driven ultrafast spin-lattice scattering in metallic ferromagnets 

S Bonetti1, M Hoffmann2, M Hudl1, S Kovalev3, N Awari3, M Gensch3, S-H Yang4, M Samant4, S Parkin5 and H Dürr2 
1Stockholm University, Sweden, 2SLAC National Accelerator Laboratory, USA, 3Helmholz Zentrum Dresden 
Rossendorf, Germany, 4IBM Almaden Research Center, USA, 5Max Planck Institute for Microstructure Physics, 
Germany 

The interaction between magnetism and light is receiving considerable interest in recent years, after the 
groundbreaking experiments that showed that ultrashort (~100 fs) infrared light pulses can be used to demagnetize 
[1] or even switch [2] the magnetization of thin film ferromagnets. However, to date no clear and commonly 
accepted understanding of the fundamental physical processes governing the ultrafast magnetization has been 
reached. Two main mechanisms have been put forward as possible ways of absorbing spin angular momentum: 
dissipation of spins through the electronic system, via the creation of superdiffusive spin-currents [3], or via the 
phonon bath, through spin- orbit scattering of Elliot-Yafet type [4]. Although experimental evidence for both 
mechanisms has been reported, their relative contributions to ultrafast demagnetization remain debated with the 
accurate modelling of the infrared fs laser-induced highly non-equilibrium state remaining a key obstacle. 

In this talk, we present recent experiments where we used strong THz fields, rather than infrared pulses, to excite 
ultrafast magnetization dynamics in thin film ferromagnets, and probed it with the time-resolved magneto-optical 
Kerr effect. In one case [6], we compared the response from two films with remarkably different lattice structure: a 
crystalline Fe film and an amorphous CoFeB film. We observe Landau- Lifshitz-torque magnetization dynamics of 
comparable magnitude in both systems, but only the amorphous sample shows ultrafast demagnetization caused 
by the spin-lattice depolarization of the THz-induced ultrafast spin current, as shown in Fig. 1. Such spin-lattice   
scattering events occur on similar time scales than the conventional spin conserving electronic scattering (~30 fs). 
This is significantly faster that optical laser-induced demagnetization, and THz conductivity measurements point 
towards the influence of lattice disorder in amorphous CoFeB as the driving force for enhanced spin-lattice 
scattering. In another experiment, we used the multicycle THz pulses produced at the High-Field High-Repetition-
Rate Terahertz facility @ ELBE (TELBE) [7] to drive magnetization dynamics in amorphous and annealed CoFeB 
samples. Preliminary results   indicate that ultrafast demagnetization depends both on the lattice ordering in the 
sample as well as on the frequency of the multicycle THz pulses. Further measurements and modelling are ongoing. 

 
Time-resolved ultrafast demagnetization dynamics following THz excitation for (a) Fe and (b) CoFeB thin films. (c) 
THz peak field dependence of the CoFeB demagnetization data (solid symbols) in (b) and square fit (line). 

[1]  E. Beaurepaire et al., Phys. Rev. Lett. 76, 4250 (1996). 
[2]  C. D. Stanciu et al., Phys. Rev. Lett. 99, 047601 (2007). 
[3]  M. Battiato et al., Phys. Rev. Lett. 105, 027203 (2010). 
[4]  B. Koopmans et al., Phys. Rev. Lett. 95, 267207 (2005). B. Koopmans et al., Nature Mater. 9, 259 
 (2010). 
[5]  Z. Jin, et al. Nature Phys. 11, 761 (2015). 
[6]  S. Bonetti et al., Physical Review Letters 117, 087205 (2016) 
[7]  http://www.hzdr.de/db/Cms?pNid=2609 
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Session: THz spectroscopy III 

Bandwidth-controlled metallization in pressurized VO2 revealed by optical pump – THz probe spectroscopy 

J M Braun1, H Schneider1, M Helm1, R Mirek2, L A Boatner3, R E Marvel4, R F Haglund4 and A Pashkin1 
1Helmholtz-Zentrum Dresden-Rossendorf, Germany, 2University of Warsaw, Poland, 3Oak Ridge National Laboratory, 
USA, 4Vanderbilt University, USA 

Vanadium dioxide (VO2) is a classic example of a transition metal oxide showing a sharp first- order insulator-to-
metal transition (IMT) around 340 K accompanied by a pronounced structural transformation. Pressure-induced 
metallization of VO2 has been demonstrated by infrared spectroscopy [1] and resistivity measurements [2]. 
Remarkably, in contrast to the temperature-driven IMT, the crystal structure is not affected and remains monoclinic 
in the metallic phase [1-3]. 

Here we apply ultrafast optical pump – THz probe spectroscopy in order to reveal the nature of the pressure-induced 
IMT in a single crystal of VO2. The probe pulses with a central frequency of 30 THz were generated by difference 
frequency mixing and focused down to a 35-𝜇𝜇m-spot on the sample mounted inside a diamond anvil pressure cell. 
Using THz radiation with photon energies far below the bandgap of VO2 gives us an extremely sensitive probe of the 
dynamics of metallization [4]. 

Fig. 1(a) demonstrates that above a certain excitation fluence, a non-zero pump-probe signal survives on a multi-ps 
timescale indicating the long-lived photoinduced metallic state [4]. Here we define the threshold fluence 𝛷𝛷th as a 
crossing point of linearly extrapolated pump-probe signals in the low- and high-excitation regimes, as shown in Fig. 
1(b). Surprisingly, the threshold behavior typical for the insulating state of VO2 is also observed above the IMT that 
occurs between 6 and 8 GPa. This indicates a strongly correlated character of the pressure-induced metallic phase 
in which a part of the electrons remains localized - as predicted for a bandwidth-controlled Mott-Hubbard transition. 

Fig. 1(c) shows that 𝛷𝛷th initially increases with pressure evidencing that the monoclinic structure stabilizes under 
hydrostatic compression. However, at the pressure-induced IMT, we observe a sudden drop of 𝛷𝛷th. This may be 
related to the partial screening of Coulomb correlations by delocalized electrons in the metallic state that lowers the 
critical excitation density necessary for a complete closure of the correlation gap. Our results attest to a purely 
electronic pressure-induced Mott-Hubbard transition in VO2 and yield important insights into the nature of the 
correlated metallic state. 

 

Figure 1: (a) Typical pump-probe response of VO2 under a pressure of 2.9 GPa at different excitation fluences 𝛷𝛷; 
(b) Amplitude of pump-probe in the metastable photoinduced state 1 ps after the excitation at different pressures; 
(c) Dependence of the threshold fluence 𝛷𝛷th as a function of applied pressure. pc marks the region of the insulator-
metal transition. 

[1]  E. Arcangeletti et al., Phys. Rev. Lett. 98, 196406 (2007). 
[2]  L. Bai et al., Phys. Rev. B. 91, 104110 (2015). 
[3]  W.-P. Hsieh et al., Appl. Phys. Lett. 104, 021917 (2014). 
[4]  C. Kübler et al., Phys. Rev. Lett. 99, 116401 (2007). 
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Long-range and high-speed electron and spin transport at GaAs/AlGaAs interface 

P Kuzel1, L Nadvornik1, P Nemec2, T Janda2, K Olejnik1, V Novak1, V Skoromets1, H Nemec1, F Trojanek2, T Jungwirth1 
and J Wunderlich1 
1Institute of Physics, Czech Academy of Sciences, Czech Republic, 2Charles University in Prague, Czech Republic 

We combine optical pump–probe (time and spatially resolved Kerr effect measurements) and optical pump–
terahertz probe (ultrafast THz photoconductivity measurements) techniques to determine fundamental spin and 
charge transport parameters in a semiconductor heterostructure. Unprecedented combination of long-range and 
high-speed spin transport is achieved by suppression of processes limiting the carrier lifetime and mobility. 

Our undoped MBE-grown GaAs/AlGaAs heterostructure enables an efficient spatial separation of photoexcited 
electrons and holes due to the built-in electric field in the GaAs layer (Fig. 1). Electrons accumulated close to the 
GaAs/AlGaAs interface exhibit a high mobility (>105 cm2V-1s-1) and long lifetime at 10 K. Highly mobile electrons 
are detected by THz probing even at times >200 μs after photoexcitation. Since the spin decay channel due to the 
electron-hole recombination is suppressed, spin lifetimes of 20 ns and spin diffusion length of 13 μm are observed. 
The properties of the structure under study are compared with various other structures (including superlattices and 
doped 2DEG structures). We show that the presence of an undoped GaAs / AlGaAs interface with a sub-micrometer 
distance from the GaAs surface is crucial for the performance of the device [1]. 

 

Figure 1: Scheme of the structure under study and its function. Long-lived high-mobility electron subsystem with 
long spin lifetime is formed in a shallow potential minimum close to the GaAs/AlGaAs interface as indicated in the 
picture. 

[1]  L. Nádvorník et al., Sci. Rep. 6, 22901 (2016). 
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In situ terahertz spectroelectrochemistry of metal oxide films 

C Nemes, J Swierk and C Schmuttenmaer 

Yale University, USA 

Spectroelectrochemistry (SEC) is an electrochemical technique which provides spectroscopic information beyond 
that obtained from standard electrochemical measurements. SEC has been developed for a variety of spectroscopic 
methods, such as infrared, visible, and X-ray absorption spectroscopy among others, and each requires different 
electrochemical cell designs to satisfy transparency requirements and geometric constraints. Despite its utility in 
studying a wide variety of materials, THz spectroscopy is not included in the list of established 
spectroelectrochemical methods. In this work, we present a THz- transparent electrochemical cell specifically 
designed for THz SEC and demonstrate THz SEC of a SnO2 film in an aqueous electrolyte solution. 

Wide-bandgap metal oxides are of interest for their potential applications in photo electrochemical cells, which 
convert solar energy into either electrical or chemical energy. In either case, the metal oxide film plays two crucial 
roles: 1. accepting photo generated electrons, either from an excitation of a covalently bound dye, or direct 
bandgap absorption, and 2. transporting them to an electrode. Both processes must be efficient to maximize overall 
device efficiency. THz spectroscopy has contributed to the understanding of these processes through both time-
resolved THz spectroscopy (TRTS) [1] and photo- conductivity measurements [2]. The ability to vary the 
electrochemical potential of the metal oxide film during a THz experiment opens the way for new types of 
experiments that will reveal insights that cannot be obtained by THz spectroscopy or electrochemistry alone. 

 
Figure 1. (a) Schematic diagram of the three- electrode cell design. From left to right: pat- terned FTO on fused 
quartz substrate, metal oxide  film  (~5  μm),  electrolyte  solution  (25μm), platinized FTO on fused quartz substrate 
with holes containing reference electrode (RE) and inlet and outlet tubes for flow of electrolyte solution; (b) 
transmitted THz amplitude and applied potential through three-electrode SnO2 cell as a function of time. 

In previous work, we demonstrated the design of THz-transparent electrodes and their implementation into dye-
sensitized solar cells (DSSCs) [3]. THz-transparent electrodes were fabrication by patterning fluorine-doped tin oxide 
(FTO) electrodes into a wire-grid configuration. Using these patterned 

FTO electrodes as the working and counter electrodes in a DSSC, we carried out TRTS as a function of applied 
potential. In a DSSC, the counter electrode potential is held fixed by the potential of the redox couple, allowing it to 
act as a quasi-reference. However, in order to accurately control the electrochemical potential of metal oxide film in 
any electrolyte solution, a reference electrode is required. Our THz-transparent three-electrode cell design, 
containing working, counter, and reference electrodes is shown in Fig. 1a. With this three-electrode design, we are 
able to control the Fermi level of the SnO2 film, and observe a sharp decrease in transmitted THz amplitude at 
potentials where electrons populate conduction band SnO2 states (as shown in Fig. 1b). Inlet and outlet tubes allow 
continuous replenishment of the electrolyte solution, and it is also possible to introduce a completely different 
solution in order to study the effect of electrolyte solution on the film. TRTS as a function of applied potential is also 
possible, and a method for extracting the frequency-dependent conductivity of a film within the three-electrode cell 
is currently underway. 
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[2]  K. P. Regan, et al., J. Phys. Chem. C 120, 14926 (2016). 
[3]  C. T. Nemes, et al., J. Phys. Chem. Lett. 6, 3257 (2015). 

 

Linear and nonlinear terahertz time-domain magnetic resonance spectroscopies 

J Lu, X Li, G Skorupskii, L Sun, B Ofori-Okai, M Dincă and K Nelson 

Massachusetts Institute of Technology, USA 

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique in chemistry for characterization of 
molecular and biological systems. EPR spectroscopy has been widely used to characterize zero-field splittings (ZFS) 
in molecular complexes and biomolecules with high-spin paramagnetic metal ions. ZFS is the magnetic fine 
structure of the metal ions in these systems, and is closely related to the geometric and electronic structures of the 
metal ions [1]. At THz frequencies, even linear EPR measurements are often difficult due to strong DC magnetic 
fields required and narrow spectral coverage of the THz sources used. 

In this work, we present linear THz time-domain measurements of THz-frequency ZFS in different types of 
paramagnetic molecules at zero DC magnetic field. As an example, we show the linear EPR results of iron(II) 
phthalocyanine (FePc). Fig. 1(a) illustrates the ZFS for FePc which is an S = 1 system. 

The ZFS parameters D and E are related to the axial and transversal components of the magnetic anisotropy 
respectively [2]. THz magnetic fields were applied to drive the spin transitions ν12 and ν13. THz EPR spectrum of FePc 
shown in Fig. 1(b) was obtained from Fourier transformation of the free- induction decay (FID) signal measured in 
the time domain. Both spin transitions within the spin triplet were observed. We determined the ZFS parameters 
from the measured spin transition frequencies, which show good agreement with other types of measurements. 

We have also demonstrated 2D THz magnetic resonance spectroscopy in a canted antiferromagnetic crystal YFeO3. 
We applied two time-delayed strong THz magnetic fields to drive the magnon mode in the system. 2D time-domain 
nonlinear signals as a function of the inter-pulse delay and EO sampling detection time were recorded and mapped 
into the 2D spectrum shown in Fig. 1(c), where we observed 3rd-order signals including rephasing (R, spin echo), 
nonrephasing (NR), 2-quantum (2Q) and pump- probe (PP) and 2nd-order signals including second-harmonic 
generation (SHG) and THz rectification (TR), which all originate from the spin degree of freedom. 

Extension to field-swept THz EPR and multidimensional EPR spectroscopies on molecular complexes is under 
investigation. The study would allow spectroscopic access to the magnetic fine structures of metal ions in molecules 
and biological systems and reveal rich information content. 

 

Figure 1. (a) ZFS diagram for an S = 1 compound. Two magnetic-dipole-allowed transitions are labeled as v12 and 
v13. (b) THz field absorbance spectrum of FePc. (c) 2D THz magnitude spectrum of the magnon in the canted 
antiferromagnetic YFeO3. 

[1]  G. Mathies, et al, J. Magn. Reson. 224, 94-100 (2012). 
[2]  R. Boča, Coord. Chem. Rev. 248, 757 (2004).  
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Charge-carrier dynamics in 3D and 2D hybrid metal halide perovskites studied with terahertz spectroscopy 

R Milot, G Eperon, R Sutton, H Snaith, MJohnston and L Herz 

University of Oxford, UK 

Hybrid metal halide perovskites, which adopt the crystal structure as shown in the figure below, have shown 
extraordinary success as active layers in solar cells, with power conversion efficiencies rivalling existing silicon 
technologies.[1] A benefit of perovskites is that they are comprised of low-cost, earth abundant materials, and 
perovskite thin films are easily synthesized with simple starting materials. The success of perovskites is due largely 
to their superior optoelectronic properties, which include strong absorption across the entire visible spectrum, long 
charge-carrier lifetimes, and high charge-carrier mobilities.1-3 Furthermore, their structure and optoelectronic 
properties are highly tunable with simple chemical substitutions. 

Due to the rapid development of the field, much remains to be discovered about the basic chemical and physical 
properties of perovskite thin films and how these properties determine photovoltaic device efficiency. Optical-
pump/THz-probe spectroscopy (OPTP) has proven to be an essential technique for studying the charge-carrier 
dynamics and charge-carrier mobility in these materials.[2,3] With temperature dependent OPTP measurements, we 
have determined that the charge-carrier mobility and charge-carrier recombination dynamics in methylammonium 
lead triiodide (CH3NH3PbI3), the prototypical hybrid metal halide perovskite, are strongly dependent on the 
structural phase, defect density, and band structure of the material.[4] We further probed these relationships with 
the addition of phenylethylammonium (PEA) to the perovskite structure,[5] which alters the dimensionality of the 
thin films. For these 2D perovskites, the charge-carrier dynamics and charge-carrier mobility are negatively 
influenced by increased exciton binding energy but improved by decreased defect density and improved 
crystallinity. Maximizing photovoltaic performance therefore requires a balancing of these factors. 

 
A.)  The  crystal  structure  of  the  cubic  phase  of  methylammonium  lead  triiodide.    B.)    OPTP measurements 
of the charge-carrier dynamics in CH3NH3PbI3 and (PEA)2PbI4. 

[1]  Manser, J. S. et al. Chem. Rev. 2016, 116, 12956–13008. 
[2]  Herz, L. M. Ann. Rev. Phys. Chem 2016, 67, 65-89. 
[3] Johnston, M. B. et al. Acc. Chem. Res. 2016, 49, 146-154. 
[4] Milot, R. L. et al. Adv. Funct. Mater. 2015, 25, 6218–6227. 
[5] Milot, R. L. et al. Adv. Funct. Mater. 2015, 25, 6218– 
[6] Milot, R. L. et al. Nano Letters 2016, 16, 7001-7007. 
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Two-photon and two-phonon coherences in InSb from three-pulse THz spectroscopy 

K Reimann, C Somma, G Folpini, M Woerner and T Elsaesser 

Max-Born-Institut, Germany 

Two-quantum coherences are nonclassical states that are of particular interest in light-matter interactions. In the 
case of an oscillator, they correspond to a classical particle moving to the left and the right at the same time. Here, 
we discuss the generation and time-resolved mapping of two-photon and two-phonon coherences in the 
semiconductor InSb using phase- resolved 2D collinear THz spectroscopy [1] with three pulses. The THz pulses used 
have center frequencies around 20 THz, they are not in resonance with the two-phonon transition (10 THz) and with 
the InSb bandgap (41 THz). The electric field of these pulses transmitted through a (100)-oriented InSb single 
crystal is measured by electrooptic sampling [see Fig. 1(a)]. The delay between pulses A and B is the coherence 
time  , between pulses B and C the waiting time Tw . Measuring the transmitted electric field transients for all 
combinations of the three pulses, it is possible to unambiguously detect the nonlinear signal generated by all three 
pulses [2], see Fig. 1(b). A two- dimensional Fourier transform of the nonlinear signal along 𝑡𝑡 and 𝜏𝜏 [Figs. 1(c) and 
(d)] shows two groups of signals, one around νt = 22 THz, the other around νt = 10 THz. Because of the large 
transition dipole moment of the interband transition, at the applied electric field amplitudes of 100 kV/cm the 
measurements are already in the nonperturbative regime. Therefore high-order nonlinearities (like χ(9) and χ(11)) can 
lead to larger signals than a low-order nonlinearity as χ(3). Only such high-order nonlinearities allow our 
observation of two-quantum coherences, a two-phonon coherence at νt = 10 THz and a two-photon coherence at ντ 
= 44 THz, connected to two-photon absorption from valence to conduction band. 

 
Figure 1: (a) THz electric field transient as functions of real time t and coherence time τ for a waiting time of Tw = 
827 fs. (b) Correspond- ing nonlinear signal, obtained from ENL   = EABC  − EAB − EBC  − EAC  +EA + EB + EC .  
Experimental 2D nonlinear signal in the frequency domain for (c) Tw   = 35 fs and (d)Tw = 827 fs. 

We acknowledge financial support by the Deutsche Forschungsgemeinschaft: RE 806/9-1. 

[1]  W. Kuehn et al., J. Phys. Chem. B 115, 5448 (2011). 
[2]  C. Somma et al., Phys. Rev. Lett. 116, 177401 (2016); J. Chem. Phys. 144, 184202 (2016). 

  

99 

 



 

Session: Near field microscopy 

(Invited) Visualizing terahertz graphene plasmons  

P Alonso-González1,2, A Y Nikitin1,3, Y Gao4, A Woessner5, M B Lundeberg5, A Principi6, N Forcellini7, W Yan1, S Vélez1, 
A J Huber8, K Watanabe9, T Taniguchi9, L E Hueso1,3, M Polini10, J Hone4, F H L Koppens5,11 and R Hillenbrand3,1 
1CIC nanoGUNE, Spain, 2Universidad de Oviedo, Spain, 3IKERBASQUE, Basque Foundation for Science, Spain, 
4Columbia University, USA, 5The Barcelona Institute of Science and Technology, Spain, 6Radboud University, 
Netherlands, 7Imperial College London, UK, 8Neaspec GmbH, Germany, 9National Institute for Materials Science, 
Japan, 10Istituto Italiano di Tecnologia, Italy, 11ICREA – Institució Catalana de Recerça i Estudis Avancats, Spain 

The interaction of terahertz (THz) radiation with graphene has a vast application potential in many technologies, 
including imaging, communications, sensing, or photo-detection, among others. Recently, it has been shown that 
the excitation of localized THz plasmons in graphene can strongly enhance light-matter interactions, opening the 
door to more efficient optoelectronic devices. Here, we will present on the first visualization of propagating graphene 
plasmons (GPs) at THz frequencies, which can also be controlled by metallic (split) gates. Intriguingly, due to the 
coupling of GPs with the metal gate underneath we observe a linearization of the plasmon dispersion (thus revealing 
acoustic plasmons), which comes along with an extreme confinement of the plasmon fields [1]. These extraordinary 
GPs properties are very promising for sensing and communication technologies. To map the THz GPs, we introduce 
nanoscale-resolved THz photocurrent nanoscopy as a novel tool for studying fundamental and applied aspects of 
local THz photocurrent generation with a resolution of 25 nm, nearly 4 orders of magnitude below the diffraction 
limit.  

[1] P. Alonso-González, A. Y. Nikitin, Y. Gao, A. Woessner, M. B. Lundeberg, A. Principi, N. Forcellini, W. Yan, S. 
 Vélez, A. J. Huber, K. Watanabe, T. Taniguchi, L. E. Hueso, M. Polini, J. Hone, F. H. L. Koppens, and R. 
 Hillenbrand, Nature Nanotechnology, 12, 31–35 (2017). 
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Ultrafast switching of hybrid polaritons in black phosphorus heterostructures 

F Mooshammer1, M A Huber1, M Plankl1, L Viti2, F Sandner1, L Z Kastner1, T Frank1, J Fabian1, M S Vitiello2, T L 
Cocker1 and R Huber1 
1University of Regensburg, Germany, 2NEST CNR – Istituto Nanoscienze and Scuola Normale Superiore, Italy 

Surface polaritons in the mid infrared have emerged as a versatile platform for extreme light confinement and 
tailored nanophotonics [1]. These hybrid light-matter coupled modes can be hosted on two-dimensional materials 
such as graphene or hexagonal boron nitride. Whereas surface plasmons have been successfully modulated in 
gapless graphene, semiconducting layered materials and heterostructures hold new promise for high-contrast, 
ultrafast control of polaritons. 

Here, we report on the first ultrafast snapshots of a switchable surface polariton mode [2]. In a tailored  
heterostructure,  we  sandwich  the  direct-gap  semiconductor  black  phosphorus  [3]  (BP) between two SiO2 

layers such that photo-excited surface plasmon polaritons on BP couple to surface phonon polaritons on the 
adjacent SiO2  layers to form the hybrid interface polaritons. Using pumpprobe multi-THz scanning near-field optical 
microscopy (SNOM) [4], we resolve the photo-activated mode as a standing wave pattern in the scattered intensity. 
Uniquely, in our experiments the mid- infrared polariton fringes are visible only when the heterostructure is 
photoexcited by femtosecond near-infrared pulses (Fig. 1a). We find that the hybrid mode emerges within the 
duration of our pump pulse (FWHM: 40 fs), as electron-hole pairs are created within the BP layer. The subsequent 
recombination of the photogenerated carriers leads to a decay of the hybrid mode amplitude within ~5 ps. 
Remarkably, the interference fringe spacing, and hence the hybrid polariton’s wavelength, is found to be almost 
constant throughout the entire lifetime of the photo-activated mode. This decoupling of the hybrid polariton’s 
momentum from the BP carrier density stands in stark contrast to the behavior of conventional plasmon modes [1]. 
Moreover, employing nano-spectroscopy, we trace the evolution of the hybrid polariton’s energy and observe that it 
is also constant (Fig. 1b), which agrees with our theoretical modelling of the polariton hybridization (Fig. 1c). The 
switchable hybrid polariton with constant energy and momentum holds great promise for future ultrafast polariton 
devices because a grating, for example, should allow for efficient incoupling throughout its lifetime. 

 
 

Figure 1 | Pump-probe multi-THz near-field microscopy and nano-spectroscopy of a hybrid phonon-plasmon 
polariton. (a) Spatial dependence of the scattered near-field intensity I4 in the multi-THz range without pump 
excitation (top panel) and 250 fs after photoactivation by a near-infrared pulse (FWHM: 40 fs). All scale bars are 2 
μm long. (b) Ultrafast evolution of the scattered near-field amplitude 𝑠𝑠3 normalized to the unexcited case, revealing 
the emergence and decay of the hybrid mode. (c) Theoretical dispersion relation of the modes supported by the 
SiO2/black phosphorus (BP)/SiO2 heterostructure visualized via the imaginary part of the Fresnel coefficient rp. 
Whereas the Reststrahlenband of SiO2 (dashed lines) is dominated by its bare surface phonons for low BP plasma 
frequencies 𝑣𝑣Pl (left panel), high carrier densities within the BP (right panel) cause a hybridization of these surface 
phonon polaritons with the upper surface plasmon polariton (SPP+) branch. 

[1]  D. N. Basov, M. M. Fogler & F. J García de Abajo, Science, 354, 195 (2016) and references therein.              
[2]  M. A. Huber et al., Nat. Nanotechnol., in press, DOI: 10.1038/nnano.2016.261. 
[3]  X. Ling, H. Wang, S. Huang, F. Xia & M. S. Dresselhaus Proc. Natl. Acad. Sci. USA 112, 4523–4530 
 (2015). 
[4]  M. Eisele et al., Nat. Photon. 8, 841-845 (2014). 
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Efficient coupling of terahertz radiation to near-field scattering probes 

T Siday and O Mitrofanov 

University College London, UK 

Near-field microscopy with a scattering probe (s-SNOM), though now a mature technique at optical and infrared (IR) 
frequencies, is still under development in the terahertz (THz) range. At present, the most popular implementations of 
THz s-SNOM are based around atomic force microscope (AFM) cantilevers, as it is an efficient technique at optical 
frequencies. However, in the THz range the small AFM tip dimensions compared to the longer THz wavelength result 
in inefficient scattering, and therefore low measured signal to noise ratio (SNR) as light scattered from the apex of 
the probe is dominated by large background signals. A THz s-SNOM configuration designed to efficiently couple THz 
to the probe apex would give rise to higher SNR, increasing the sensitivity of this microscopy technique. 

Here, we propose and demonstrate a novel THz pulse coupling configuration for THz s-SNOM utilising a radial THz 
source exciting the base of a sharp resonant scattering tip attached to a semiconductor layer (Fig. 1a). When 
excited by near-IR laser pulses at normal incidence, a thin layer of InAs generates a radial THz field with a centre 
frequency around 1THz [1]. This field distribution couples to a guided mode propagating along the length of an 
Indium scatting probe. A schematic of the operation of this THz s-SNOM configuration is shown in Fig. 1a. Inset is a 
scanning electron microscopy (SEM) image of a ~270 𝜇𝜇m long probe with a ~50 nm apex diameter. 

The  THz  guided  mode  is  investigated  with  aperture-type  near-field  microscopy  [2]. Experimentally measured 
field confinement at the apex of the probe is shown in Fig. 1b. Much of the field is confined to <4 𝜇𝜇m (the spatial 
resolution of the aperture probe used for the characterisation). It is in fact likely that the THz field at the apex of the 
Indium probe is confined to ~50 nm, as the field confinement at the apex of such a probe is similar to the apex 
diameter [3]. The field intensity at the apex of the probe is further found to be ~40x greater than the THz emission 
of InAs alone. We also evaluate the scattering efficiency using a far-field THz detector, and determine the 
contributions to the scattering signal from the InAs source, the length of the tip, and the tip apex. 

Combined with the InAs-based THz source, the In tips deliver ease of fabrication, efficient coupling to the apex of the 
probe, and the potential for high resolution imaging making them a promising alternative to the AFM cantilever 
probe for THz s-SNOM. 

 
[1]  R. Mueckstein et al. IEEE Trans. Terahertz Sci. Technol. 5, 260–267 (2015). 
[2]  O. Mitrofanov et al. IEEE J. Sel. Top. Quantum Electron. 7, 600–607 (2001). 
[3]  L. Novotny and S. J. Stranick, Annu. Rev. Phys. Chem. 57, 303–331 (2006). 
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Resonant THz near-field probes 

S Mastel1, M B Lundeberg2, P Alonso-Gonzáles1, Y Gao3, K Watanabe4, T Taniguchi4, J Hone3, F H L Koppens2, A Y 
Nikitin1 and R Hillenbrand1 
1CIC nanoGUNE, Spain, 2ICFO-Institut de Ciències Fotòniques, Spain, 3Columbia University, USA, 4National Institute 
for Material Science, Japan 

Many terahertz (THz) applications require strong THz field concentrations, for example high-resolution THz imaging or 
THz sensing of small amounts of matter [1]. While far-field optics is only able to focus radiation on length scales of 
the wavelength, near fields at the nanometer-sized apex of metal tips, or in sub-wavelength apertures or slits, can 
be concentrated to deep sub-wavelength length scale [2]. 

Here we report the development of THz-resonant scanning near-field probes, yielding strongly enhanced and 
nanoscale confined THz near fields at their very tip apex. We employ focused ion beam (FIB) machining to fabricate 
sharp platinum/iridium tips of a length in the order of the THz wavelength, and attach them to standard atomic force 
microscopy (AFM) cantilevers. The tips are illuminated with THz radiation from a gas laser. A graphene based near-
field detector is used to measure the near-field intensity directly at the tip apex of differently long probes, all of 
them exhibiting an apex diameter of 50 nm. Measurements at 3.11 THz reveal their first and second antenna 
resonances for probes of 33 and 78 μm length (Fig. 1b), which provide up to one order of magnitude enhanced 
near-field intensity at the tip apex compared to tips that have a length of 17 μm (standard AFM tip length). The 
results are corroborated by numerical simulations (solid line in Fig. 1b), which predict remarkable field intensity 
enhancements of about 107 relative to the incident field. We envision exciting future applications, including 
scattering-type THz near-field nanoscopy [3] and THz photocurrent nano-imaging [4] with enhanced sensitivity, 
nanoscale nonlinear THz imaging or nanoscale control and manipulation of matter employing ultrastrong and 
ultrashort THz pulses [5]. 

 
Figure 1: (a) Sketch of a FIB fabricated THz antenna probe with length L. (b) experimentally measured detector 
signal (symbols) and calculated (solid line) near-field enhancement as a function of tip length L. 

[1]  B. Ferguson and X.-C. Zhang, Nature Materials, vol. 1, pp. 26-33, 2002. 
[2]  A. J. L. Adam, Journal of Infrared, Millimeter and Terahertz Waves, vol. 32, pp. 976-1019, 2011.  
[3]  A. J. Huber et al., Nano Letters, vol. 8, no. 11, pp. 3766-3770, 2008. 
[4]  P. Alonso-González et al., Nature Nanotechnology, 2016. 
[5]  Tobias Kampfrath et al., Nature Photonics, vol. 7, pp. 680-690, 2013. 
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Bias-dependent laser terahertz emission microscopy with nanometer resolution 

P Klarskov and D Mittleman 

Brown University, USA 

With the diffraction-limit giving a spatial resolution worse than hundreds of microns for a focused terahertz (THz) 
beam, several methods have been developed in order to enable studies of carrier dynamics with a high resolution 
both in time and space. One example is Laser Terahertz Emission Microscopy (LTEM) where THz pulses are 
generated in a semiconductor sample by fs laser pulses and the emitted THz radiation is measured in the far field. 
In this case, the spatial resolution is limited by the wavelength of the incident excitation laser instead of the larger 
THz beam spot [1]. Another example is to confine an incident THz wave using plasmonic coupling to a 
subwavelength metal tip. Based on this approach, optical pump/THz probe nano-spectroscopy can provide high 
temporal and, notably, high spatial resolution, typically on the order of 10 nm [2]. Here, we demonstrate the 
combination of these two techniques, performing LTEM with spatial resolution of a plasmonic tip, in order to obtain 
information about the intrinsic carrier dynamics in materials with nano-resolution. 

 

Figure 1 (a) THz peak electric field recorded on a p-doped InAs surface with a scratch in the right side of the image. 
(b) THz peak electric field superimposed on the simultaneously recorded AFM image giving the height profile of the 
surface. (c) Examples of two waveforms recorded from the InAs surface at a fixed position without bias (black curve) 
and with 10 V applied to the AFM probe (red curve). (d) Absolute values of the positive (solid lines) and negative 
(dashed lines) THz peak field when increasing the bias voltage from 0 to 10 V (black lines) and decreasing from 10 
V to 0 (red line). The data in (c) and (d) are normalized to the 0 V data. 

Figure 1 shows our measurements on a sample of p-doped InAs which previously has been utilized as a THz source 
due to its high electron mobility [3]. The sample is photo-excited with 100 fs pulses at 820 nm at a repetition rate 
of 80 MHz. The incident average power is approximately 28 mW. The THz pulses emerging from the AFM tip are 
detected by EO sampling in a ZnTe crystal with lockin detection to the tapping frequency of the AFM probe (18 kHz). 
Fig1a shows the positive THz peak electric field recorded over the InAs, near a rough surface feature (a scratch) in 
the right side of the image. In Fig 1b the THz signal is superimposed on the simultaneously recorded AFM image (the 
total height is 44 nm). The THz signal is perfectly correlated with the nanometer-scale surface topography, thus 
demonstrating that the measured signal originates from a tip-size-limited spatial region. We also observe (Fig. 1c) a 
strong modulation of the THz signal when the AFM tip is biased with respect to the sample. When increasing the 
bias, we observe first a slight increase in the THz field, followed by a rapid decay (black curves in Fig. 1d). However, 
when decreasing the bias, the field smoothly increases back to the initial value (red curves in Fig. 1d). This 
reproducible hysteresis could be a signature of tip-induced modification of the occupancy of surface states, thus 
modulating the induced surface dipole on a nanometer length scale. 

[1]  T. Kiwa et al., Opt. Lett. 28, 2058-2060 (2003). 
[2]  M. Eisele et al., ," Nature Photon. 8, 841-845 (2014). 
[3]  K. Liu, Phys. Rev. B 73, 155330 (2006). 

 

104 

 



 

(Invited)  Highly efficient terahertz metasurface flat lens 

H-T Chen1, C-C Chang1, D Headland2, D Abbott2 and W Withayachumnankul2 
1Los Alamos National Laboratory, USA, 2The University of Adelaide, Australia 

Metasurfaces, the two-dimensional equivalent of metamaterials, have shown unprecedented capability in 
manipulating terahertz (THz) waves, such as anomalous refraction/reflection, broadband polarization conversion, 
flat lensing, broadband hologram, and signal modulation, to name a few [1]. Unlike bulk electromagnetic media, 
ultrathin metasurfaces enable abrupt phase discontinuity of reflection/transmission via initiating resonances in 
subwavelength resonators, where the scattering amplitude and phase can be controlled through tuning their 
geometric parameters. Therefore, metasurfaces are capable of engineering the wavefront of transmitted/reflected 
THz beams by introducing a spatially variant amplitude/phase profile through rationale design of subwavelength 
resonators, leading to ultrathin planar THz devices. Recently, plasmonic metasurface-based flat lenses have been 
demonstrated at THz frequencies [2,3], which allow planar integration of lenses in a THz system to overcome the 
limitations of conventional lenses. While these devices exhibit unprecedented capabilities, their performance still 
suffers from low efficiencies. 

Here, we experimentally demonstrated a THz metasurface flat lens based on a tri-layer metasurface concept 
adapted from our previous demonstration of high-efficiency broadband linear polarization converters [4]. Using an 
array of anisotropic resonators with 16 different structures sandwiched between two orthogonally oriented metallic 
gratings, a parabolic phase profile with an increment of 22.5° was realized in the radial direction while maintaining 
high transmission efficiencies. The freestanding THz metasurface flat lens was fabricated using standard 
photolithographic methods for metallic structures and spin-coating for polyimide films, with an overall thickness of 
120 μm, an active area of 5 cm × 5 cm, a focal length of 5 cm, and a designed operational frequency of 0.4 THz.  
The device was fully characterized using a standard THz time-domain spectrometer (TDS). The focused THz beam 
profile was obtained by raster scanning the THz detector in the x- and y- directions while the broadband THz beam 
was propagating in the z-direction. We accomplished diffraction-limited THz beam focus at 0.4 THz with 68% power 
efficiency, in excellent agreement with the design specifics. The THz-TDS measurements also allow us to extract  THz  
beam profile in the propagation  direction and at other frequencies. 

 
Figure 1 Left panel: Photo of the THz metasurface flat lens with holder; Right panel: Measured THz beam profile at 
the focal plane. 

[1]  H.-T. Chen, A. J. Taylor, N. Yu, “A review of metasurfaces: physics and applications,” Rep. Prog. Phys. 79, 
 076401 (2016). 
[2]  Q. Wang, X. Zhang, Y. Xu, Z. Tian, J. Gu, W. Yue, S. Zhang, J. Han, and W. Zhang, “A broadband 
 metasurface-based terahertz flat-lens array,” Adv. Opt. Mater. 3, 779 (2015). 
[3]  X.-Y. Jiang, J.-S. Ye, J.-W. He, X.-K. Wang, D. Hu, S.-F. Feng, Q. Kan, and Y. Zhang, “An ultrathin terahertz 
 lens with axial long focal depth based on metasurfaces,” Opt. Express 21,30030 (2013). 
[4]  N. K. Grady et al., “Terahertz metamaterials for linear polarization conversion and anomalous refraction,” 
 Science 340, 1304-1307 (2013). 
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Ultra-strong coupling at THz frequencies with high-Tc complementary metasurfaces 

J Keller, G Scalari, C Maissen, M Süess, M Beck and J Faist 

ETH Zürich, Switzerland 

Light-matter interactions are of fundamental interest for many fields as numerous phenomena can be explored. We 
study an ultra-strongly coupled system in which the rotating wave approximation is not valid anymore and counter-
rotating terms of the Hamiltonian start to be non-negligible [1, 2]. We realise this system with inter-Landau level 
(LL) transitions of a high mobility 2 dimensional electron gas (2DEG) coupled to a highly subwavelength mode of a 
split ring resonator [3]. 

 

Figure 1. a) Scanning electron micrograph of one split ring resonator of a meta-surface array fabricated by focused 
ion beam (FIB) milling. b) Coupled meta-surface to a 2 DEG leading to a splitting of the modes. 

Of central importance is the investigation of novel meta-surfaces and new materials to observe some unique 
phenomenology. A switch- able and narrow linewidth cavity is desirable and can be achieved utilising 
superconducting materials where the resonators do not resonate anymore once heated above the materials 
transition temperature [4,5]. 

As the cyclotron energy is tuned via magnetic field, the use of high- Tc superconductors like YBCO is required to 
sustain the cavity performance in strong magnetic field. Also, the prospect of achieving very high quality factor 
cavities is very appealing. Recently, Zhang and co-workers [6] achieved a high cooperativity by the realization of a 
high quality factor photonic crystal cavity suppressing the super radiant decay of the cyclotron linewidth. We aim at 
achieving the ultra-strong coupling of LL transitions to very high quality factor modes with a high Tc superconductor 
strongly subwavelength cavity and thus reaching high vacuum field enhancement together with long-lived 
polaritonic states. We fabricate meta-surfaces (design similar to [5]) with focused ion beam (FIB) milling in thin 
YBCO films (200nm) as shown in Figure 1a). Above the critical temperature Tc of the superconductor, no resonance 
can be observed whereas the resonator mode is clearly visible below Tc. At cryogenic temperatures of 3K, we 
achieve ultra-strong coupling to a AlGaAs/GaAs quantum well resulting in an anti-crossing of the modes (Figure 1 
b)): the resulting polariton lines are resolution-limited. To resolve very narrow linewidths, the resolution of the THz-
TDS has to be extended beyond the usual scanning length corresponding to the sample thickness. Methods 
involving metallic thin film impedance matching [7] are in progress to enhance the measurement frequency 
resolution. 

[1]  C. Ciuti et al., Phys. Rev. B 72, 115303 (2005). 
[2]  G. G�unter et al., Nature 457, 178-181 (2009). 
[3]  G. Scalari et al., Science 335, 1323-1326 (2012). 
[4]  G. Scalari et al., New. Journ. of Phys. 335, 1323-1326 (2014). 
[5]  G. Scalari et al., Appl. Phys. Lett. 105, 261104 (2014). 
[6]  Q. Zhang et al., Nat. Phys. 12, 10051011 (2016). 
[7]  J. Kr�oll et al., Optics Express, 15, 6552 (2007). 
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Ultrastrong light-matter coupling with few electrons in single LC resonators 

G Scalari1, J Keller1, S Cibella2, C Maissen1, R Leoni2, M Beck1 and J Faist1 
1ETH Zürich, Switzerland, 2Istituto di Fotonica e Nanotecnologie (IFN), Italy 

Strong light-matter coupling has been recently successfully explored in the GHz and THz [1] range with on-chip 
platforms. New and intriguing quantum optical phenomena have been predicted in the ultrastrong coupling regime 
[2], when the coupling strength Ω becomes comparable to the unperturbed frequency of the system ω. We recently 
proposed a new experimental platform where we couple the inter-Landau level transition of an high-mobility 2DEG 
to the highly subwavelength photonic mode of an LC meta-atom [3] showing very large Ω/ωc = 0.87. Our system 
benefits from the collective  enhancement of the light-matter coupling which comes from the scaling of the coupling 
Ω ∝ √𝑛𝑛, were n is the number of optically active electrons. In our previous experiments [3] and in literature [4] this 
number varies from 104 − 103 electrons per meta-atom. We now engineer a new cavity, resonant at 290 GHz, with 
an extremely reduced effective mode surface Seff = 4 × 10−14 m2 (FE simulations, CST) which allows to enter the few 
(<100) electron regime. It consist of a complementary metasurface with two very sharp metallic tips (Fig.1(a,b)) on 
top of a single triangular quantum well. THz-TDS transmission experiments as a function of the applied magnetic 
field reveal strong anticrossing of the cavity mode with linear cyclotron dispersion. Measurements for arrays of only 
12 cavities are reported in Fig.1(c). On the top horizontal axis we report the number of  electrons occupying the 
topmost Landau level as a function of the magnetic field. At the anticrossing field of B=0.73 T we measure 
approximately 60 electrons ultra strongly coupled (Ω/ωc = 0.3) to the cavity mode. We also performed 
measurements of single resonators at 280 GHz (data not shown) where we measure a normalized ratio Ω/ωc = 
0.08 for 100 electrons and Ω/ωc = 0.05 for 60 electrons. These experiments open up the possibility of single-
object ultrastrong coupling experiments on few electrons. 

 

Fig. 1. (a) Bird’s eye SEM picture of the Au resonant cavity deposited on top of the GaAs/AlGaAs QW with a zoom 
(b) of the tip region (60 nm wide). (c): Transmission measurement at 2.8 K on a 10 cavity sample. 

[1]  A. Wallraff et al., Nature, Nature 431, 162-167 (2004), Y. Todorov et al., Phys. Rev. Lett. 102, (2009) 
[2]  C. Ciuti et al., Phys. Rev. B 72, 115303 (2005) 
[3]  G. Scalari et al., Science 335, 1323 (2012), C. Maissen et al., Phys. Rev. B 90, 205309 (2014) 
[4]  A. Benz et al., Nature Comm., 4, 2882 (2013), M. Malerba et al., Appl. Phys. Lett., 109, (2016) 
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Asymmetric polariton dispersion in the ultrastrong coupling regime  

C Maissen, G Scalari, M Beck and J Faist 

ETH Zürich, Switzerland 

We investigate the polariton dispersion in the ultrastrong coupling regime over a large range of detuning sweeping 
both, the matter excitation frequency and the cavity resonance frequency. We observe a clear asymmetry between 
the two cases which results from collective screening and from scaling of the coupling rate as function of the bare 
frequencies. 

The ultrastrong coupling regime is attained for coupling rates Ω similar or larger than the bare transition frequencies 
𝜔𝜔𝐿𝐿C, 𝜔𝜔0. In this regime, the frequency interaction induced energy shifts remain significant also for large detuning.  
The  experiments were performed on the system consisting of planar complementary split ring resonators (SRRs) 
coupled to the cyclotron transition in a two dimensional electron gas (2DEG) in a GaAs/AlGaAs heterostructure 
[1,2] (see also illustration in fig. 1a). The cyclotron transition in this system depends linearly on the static magnetic 
field 𝐵𝐵0 applied perpendicular to the surface 

      𝜔𝜔0 = 𝑒𝑒𝐵𝐵𝑜𝑜
𝑚𝑚𝑒𝑒

 

(𝑋𝑋𝑒𝑒
∗  and 𝑋𝑋 the effective electron mass and elementary charge respectively). The LC-resonance of the SRR was 

lithographically tuned. To this end, the in-plane dimensions of the resonators were scaled linearly by a factor 𝑎𝑎, and 
we found a scaling of the frequency 𝜔𝜔𝐿𝐿𝐶𝐶 ∝ 𝑎𝑎. In this study, we tuned the resonator frequency over almost two 
octaves, from 270 GHz to 900 GHz.  

Figure 1b and 1c show the extracted polariton frequencies for tuning of the matter and light frequency respectively 
while fixing the other one to 480 GHz. For the first case shown, we observe the opening of the polaritonic gap along 
the light branch as reported earlier [1] . For the latter case (fig. 1c) the polaritonic gap opens again along the light 
branch (which is tuned in this case). In either case, the minimum mode splitting is attained at resonance 𝜔𝜔0 = 𝜔𝜔𝐿𝐿𝐶𝐶 
≡   and amounts to 2Ω. This asymmetry as function of detuning has two distinct origins: first, the diamagnetic 
interaction terms contain an inverse proportionality to the matter frequency 

      𝐷𝐷 = Ω2/𝜔𝜔0. 

Second, the coupling rate Ω has in general a frequency dependence. In the specific system reported here, 
employing the linear in-plane scaling, we find 

      Ω ∝ √𝜔𝜔0. 

With this value, the Hopfield model of two coupled harmonic oscillators [3] reproduces perfectly the measured 
polariton dispersion as shown by the black solid line in figures 1b and 1c. These results demonstrate the broadband 
nature of ultrastrong coupling. Polariton frequencies are significantly modified even for large detunings and 
frequency dependences of the system parameters need be considered for large detunings. 

 
Figure 1. (a) Sample geometry for 𝑎𝑎 = 1. Polariton dispersion as function of the matter frequency (b) and cavity 
frequency (c) for fixed resonance frequency 𝜔𝜔𝑟𝑟 = 2𝜋𝜋×480 GHz showing a normalized coupling rate Ω/𝜔𝜔𝑟𝑟 = 0.23. 
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PS1:01 Observation of THz coherent transients in GaSe crystals 

J Fletcher1, M Naftaly2, J Molloy2, Y Andreev3, K Kokh4 and G Lanskii3 
1retired, 2National Physical Laboratory, UK, 3Institute of Monitoring of Climatic and Ecological Systems SB RAS, 
Russia, 4Institute of Geology and Mineralogy SB RAS, Russia 

Coherent transients at THz frequencies have been observed in gases and molecular vapors. In these experiments, a 
THz time-domain spectrometer was used to excite rotational transitions in the gaseous species and to detect the 
coherent re-emission transients, termed free-induction decay [1-3]. Here for the first time we report observation of 
free-induction decay in GaSe crystals where it is due to a phonon mode at 0.59 THz. As in studies on gases, THz 
time-domain spectroscopy was used to observe decay of coherent transients in two GaSe crystals. In addition, 
continuous-wave THz spectroscopy was used to measure the phonon absorption line with high frequency resolution 
and avoiding the effects of apparatus function [6]. Two crystals were examined; their growth and preparation is 
described elsewhere [7]. One of the crystals has a significantly narrower absorption line and a longer decay time 
than the other; the levels of crystal defects and inhomogeneities in the two crystals are also known to be different 
[8]. 

Figure1a shows the (narrower) phonon absorption line profile obtained by pulsed and CW measurements; Figure 1b 
shows the same phonon absorption line together with the calculated emission line and with Lorentzian fits to both 
lines. It is seen that both absorption and emission have Lorentzian line profiles, with emission being significantly 
broader, as may be expected. 

 

Figure 1. (a) Phonon absorption line in GaSe measured using pulsed and CW TDS; (b) The measured phonon 
absorption line and the calculated emission line together with Lorentzian fits (fitting parameters shown in inset). 

 
Figure 2. Part of a time-domain trace showing decay of re-emission transients with a lifetime of 75 ± 5 ps. 

Figure 2 shows the decay of re-emission transients in the same crystal, with the calculated lifetime of 75 ± 5 ps. 

[1]  H. Harde, D. Grischkowsky, J. Opt. Soc. Am. B 8, 1642 (1991). 
[2]  H. Harde, N. Katzenellenbogen, D. Grischkowsky, J. Opt. Soc. Am. B 11, 1018 (1994). 
[3]  B.L. Yu, et al., Appl. Phys. Lett. 86, 101108 (2005). 
[4]  D. Bigourd, et al., Opt. Commun. 281, 3111 (2008). 
[5]  S. Fleischer, et al., Phys. Rev. Lett. 109, 123603 (2012). 
[6]  J. Molloy, et al., 40th Int. Conf. IRMMW-THz’2015, 
[7]  K.A. Kokh, et al., Cryst. Res. Technol. 46 327 (2011). 
[8]  J. Guo, et al., Light: Sci. & Appl. 4, e362 (2015). 
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PS1:02 Amplification of terahertz plasmons at junctions in two-dimensional electron channels  

S Siaber and O Sydoruk 

Imperial College London, UK 

A promising approach for creating compact terahertz sources is the use of plasmon instabilities in two-dimensional 
electron gases (2DEGs). A pioneering theoretical study by Dyakonov and Shur [1] predicted a plasmon instability in 
field-effect transistors with a dc current flowing through the channel. 

The instability occurs due to plasmon reflections from the source and the drain, where specific (and different) 
boundary conditions are postulated. Plasmon reflections also occur at junctions between gated and non-gated 
2DEGs [2-4] [see Fig. 1(a)], and so can also be expected to provide plasmon amplification. This presentation will 
discuss the behaviour of plasmons at the junctions in the presence of a dc current, demonstrate plasmon 
amplification, and provide examples of oscillating structures. 

Reflection and transmission of a plasmon incident on a junction between a gated and non-gated channel depends 
on the boundary conditions at the junctions.  Several forms of these have been suggested in the literature, for 
example, continuity of the plasmon potential and power flux [2] or ballistic current model [5]. 

Our approach, however, takes into account the fields across the whole junction (the channel, the dielectric and the 
gate). We use the full set of Maxwell’s equations for the fields and hydrodynamic equations for the electron motion. 
The fields to the right and left of the junction are expanded into waveguide eigenmodes, which include the incident, 
transmitted, and reflected plasmons and non- bound modes. We first solve the problem in the absence of dc current 
to obtain the plasmon reflection and transmission coefficients [3,4]. Assuming then a weak dc current, we find, by a 
perturbation technique, corrections to the coefficients linear in the dc drift velocity. 

Figure 1(b) shows the absolute value of the reflected plasmon amplitude depending on the carrier concentration in 
the gated channel. The plasmon is incident from the non-gated region. The solid lines correspond to the dc drift 
velocity equal to c/5000, where 𝑐𝑐is the velocity of light in vacuum; the dashed lines correspond to the driftless 
case.  The impact of the dc drift is stronger for higher frequencies, whereas the dependence on the electron 
concentration is weak. 

 

 
 (a)                                                                              (b) 

Fig. 1. (a) Gated–non-gated boundary; (b) reflection coefficients with and without DC current in 2D channel. 

[1]  M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465 (1993). 
[2]  G. R. Aizin and G. C. Dyer, Phys. Rev. B 86, 235316 (2012). 
[3]  O. Sydoruk et al, Phys. Rev. Lett. 92, 195304 (2015). 
[4]  O. Sydoruk, K. Choonee, and G. C. Dyer, IEEE Trans. THz Sci. and Tech. 5, 486 (2015). 
[5]  A. S. Petrov, D. Svintsov, V. Ryzhii, M. S. Shur, arXiv:1610.07035 (2016).  
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PS1:03 Discrimination of myelin deficit brain using terahertz time-domain spectroscopy 

L-G Zhu1, Y Zou1, J Li1, Y Cui2, P Tang1, M Chen2 and J Zhao1 
1China Academy of Engineering Physics, China, 2Sichuan University, China 

Myelin is a compact multilamellar structure that plays critical roles in normal functioning of nervous system. Myelin 
abnormality causes a number of neurological diseases and contributes to the complex neuropsychiatric disorders 
[1]. A variety of methods, including cerebrospinal fluid analysis, neuroimaging (e.g., MRI, DTI), electron microscopy 
and immunohistochemistry of biopsy, are proved to be effective in diagnosis of demyelination. However, these 
methods are either with exogenous labeling or time consuming, and their reliability may depend on the ‘severity’ of 
disease. Here we present a new method based on terahertz time-domain spectroscopy (THz-TDS)[2]  that  
distinguish myelin deficit brain from normal brain without labeling. 

Using a mutant dysmyelinating mouse model [3], THz absorption coefficient and refractive index of normal and 
myelin deficit brain tissues were measured (Fig. 1). There is only a moderate increase in the absorption of the 
myelin deficit brain samples, in contrast to a significant increase in that of the normal brain samples (Fig. 1a). We 
find the refractive indices of the myelin deficit brains maintain at about 1.65 over a THz range from 0.4 to 0.9 THz, 
whereas that of the normal brains displayed a gradual decrease when frequency increases (Fig. 1b). The principle 
component analysis (PCA) based on THz time-domain spectra without calculating the complex refractive index 
would save time and able to distinguish the normal and pathological tissues with high accuracy (95.8%) (Fig. 1c) 

 

Figure 1. (a) Absorption; (b) Refractive index; (c) PCA of dysmyelination mice brain tissues. 

To assess if this method could discriminate demyelinating foci in demyelination disease, such as multiple sclerosis 
(MS), we used one of the most characterized animal models of MS, the experimental autoimmune 
encephalomyelitis (EAE) [4] in rhesus monkey for ex vivo brain tissues detection. For obtaining the PCA analysis 
based on THz spectra, we measured randomly 5 regions of interest (ROI) in paraffin-embed brain tissues from an 
EAE and a normal monkey with THz-TDS. The score plots in the 5 ROI of the normal brain clustering together with 
similar PC1 and PC2 values, in contrast to separate score plots according to regions in the ROI of  the  EAE  brain  
(Fig.  2a).  The separate score plots may be caused by pathological changes revealed by luxol-fast blue (LFB) 
staining that demyelination lesion (arrowheads) with inflammatory infiltrates (insert in b with arrows) in the ROI #3 
and #4 (Fig. 2b), and neuronal cells death (arrows) even loss of neurons (arrowheads) in the ROI #5 (Fig. 2c). In 
this talk, I’ll present more experimental data and detailed interpretation. 

 
Figure 2. (a) PCA of EAE monkey brain; LFB staining of ROI #3 (b) and ROI #5 (c) in EAE monkey brain. 

[1]  K.-A. Nave, Nature 468, 244-252 (2010). 
[2]  K. Meng, et al., J. Biomed. Opt. 19(7), 077001(2014) 
[3]  Y. Zou, et al., J. Neurosci 34, 15764-15778 (2014). 
[4]  C. S. Constantinescu, et al., Brit. J. Pharmacol 164, 1079-1106 (2011). 
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PS1:04 Excitation of terahertz plasmons in two-dimensional electron channels by coupling to coplanar waveguides  

A Dawood and O Sydoruk 

Imperial College London, UK 

Two-dimensional (2D) electron channels can support plasmons at terahertz frequencies. The traditional method of 
plasmon excitation is by an electromagnetic (EM) wave incident upon a channel from the free space. The EM wave 
is then coupled to plasmons either by a grating coupler [1] or by an antenna [2]. Guided-wave excitation, on the 
other hand, is possible by coupling a 2D channel to waveguides, and was employed in the past at microwave 
frequencies [3]. Recent experiments [4], however, have achieved excitation and detection of plasmons using 
coplanar waveguides between 100 and 400 GHz. 

In these experiments, a 2D mesa consisting of one gated and two ungated 2D channels was terminated by ohmic 
contacts. Both contacts were connected to the central conductors of two lithographically-defined coplanar 
waveguides. The ground planes of the waveguides were terminated next to the 2D mesa (see Fig. 1). 

Using an in-house-built 3D FDTD solver, we have simulated the plasmon excitation in an arrangement consisting of 
an ungated 2D channel connected at both ends to identical coplanarwaveguides. The 2D channel was 30 μm wide 
and 60 μm long. It was placed at the boundary of a GaAs substrate and air. The channel was modelled at a 3D slab 
with a lossless Drude permittivity whose 3D plasma electron density was 𝑛𝑛3𝐷𝐷 = 𝑛𝑛2𝐷𝐷/t = 3.1×1015 cm-3. Here 𝑛𝑛2𝐷𝐷 
is the 2D electron density, which we took, following the experiments [4], as 6.5×1011 cm-2. The thickness t was 2.1 
μm, which on one hand reduced the calculation time but on the other still yielded the correct 2D dispersion relation 
[5]. Figure 1 shows the distribution of the transverse electric field at 200 GHz. Excitation of the 2D channel can be 
seen. The decay of the electric field away from the channel is typical of plasmons. The aim of this presentation will 
be to discuss the coupling between the waveguides and the 2D channels in this and other configurations. 

 
Figure 1. Simulated field distributions (left panel: top view and right panel: side view) show plasmon excitation. 

[1]  S. J. Allen et al, Phys. Rev. Lett. 38, 980 (1977). 
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113 

 



 

PS1:05 Carrier density dependence of THz field-induced nonlinearity in graphene 

H A Hafez Eid1, X Chai2, P Lévesque3, I Al-Naib4, M Dignam5, R Martel3 and T Ozaki2 
1Max Planck Institute for Polymer Research, Germany, 2INRS-EMT, Canada, 3Université de Montréal, 
Canada, 4University of Dammam, Saudi Arabia, 5Queen’s University, Canada 

We report carrier density dependence of nonlinear terahertz (THz) transmission through gated graphene.  In our 
experiment, we use a CVD graphene sample in which the free carrier concentration (or the Fermi level) is tuned via 
electrochemical doping [1]. We performed THz time-domain spectroscopy of the sample using intense single-cycle 
THz pulses generated by optical rectification of 800 nm, 40 fs Ti:sapphire laser pulses in a LiNbO3 crystal using the 
pulse-front-tilting technique [2,3]. Nonlinear THz field-induced transparency in the graphene sample has been 
observed when the exciting THz field strength is increased, which is found to be strongly dependent on the doping 
concentration. 

Fig. 1 shows the dependence of the peak transmission on both the doping concentration (or the Fermi-level energy) 
and the THz field strength. For a fixed THz field strength, we observe a reduction in the graphene transmission, 
indicating an increase in the THz absorption by increasing the free carrier concentration. The highest transmission is 
observed at the charge neutrality point (CNP) where the free carrier concentration is minimum. The peak 
transmission is then found to increase with the THz field, indicating nonlinear response of the graphene sample. This 
effect is attributed to suppression in the photoconductivity of the sample with increasing the THz field [4, 5]. 
Interestingly, the relative increase in transmission (the THz field-induced nonlinearity) becomes more pronounced 
for higher doping concentrations, indicating that the nonlinear THz field effects in graphene are mainly dependent 
on the presence of free carriers. A simple Drude-like model accounting for the dependence of the photoconductivity 
on both the doping concentration and the exciting THz field strength is employed to reproduce the experimental 
results. 

 
Figure 1: Carrier density dependence of THz field-induced transparency in gated graphene: (a) the peak 
transmission as a function of the Fermi level for various THz peak electric field strengths, and (b) the dependence of 
the peak transmission on the THz peak electric field for various doping levels. The negative sign of the Fermi level 
energy indicates hole doping with the Fermi level lies in the valence band below the CNP. 
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PS1:06 Charge transport in anodic TiO2 nanotubes studied by terahertz spectroscopy 

J Kuchařík1, H Sopha2, M Krbal2, I Rychetský1, P Kužel1, J M Macák2 and H Němec1 
1Institute of Physics of the Czech Academy of Sciences, Czech Republic, 2University of Pardubice, Czech Republic 

Nanostructures of TiO2 are promising with respect to their wide range of applications. TiO2 nanotubes [1] contain 
long continuous paths enabling at least theoretically fast long-distance charge transport, which makes them 
promising for applications in photovoltaics or photochemistry [2]. 

Using time-resolved terahertz spectroscopy, we investigated charge transport in 30 μm-thick layer of anatase 
nanotubes (wall thickness ≈ 10 nm, outer diameter ≈ 140 nm – Fig. 1a,b). The measured response in the direction 
perpendicular to the nanotube axis is influenced by depolarization fields which develop due to the inhomogeneous 
nature of the structure. Effective medium theory reflecting the real morphology of the nanotubes was employed to 
retrieve the microscopic mobility from the measured transient transmittance ΔT/T [3,4]. Example of the measured 
spectrum of ΔT/T (Fig. 1c) shows a resonant-like behavior, which we show to be due to Fabry-Pérot interferences in 
the photoexcited layer. After deconvolution we obtain the spectrum of the quantum yield-mobility product 𝜉𝜉𝜇𝜇 (Fig. 
1d), which exhibits typical signatures of carrier confinement in nanometer-sized objects. Monte-Carlo calculations of 
the conductivity of confined charges [5] reveal that the carriers must be confined more strongly than just by the 
nanotube walls. Indeed, a good match between calculated and measured spectra is obtained when the nanotubes 
are divided into smaller regions (cubes with edge length a ~ 10 nm) almost isolated from each other (Fig. 1b) and 
when the interior of the nanotubes has a crystalline quality comparable to good bulk anatase crystals (mobility ~30 
cm2V–1s–1 or higher). We think that band bending in the nanotube is at the origin of the additional confining force. 

 

Figure 1. (a) SEM image of the studied sample; (b) Sketch of the nanotube cross-section for the Monte-Carlo 
calculations. The dotted lines denote planes where the charges may undergo an additional interaction 
(backscattering); (c) Example of transient transmittance spectrum of the studied sample; (d) Spectra of mobility 
obtained by Monte-Carlo calculations for various sizes a of cubic regions indicated in panel (b). 

[1]  J. M. Macák, et al., Curr. Opin. Solid State Mater. Sci. 11, 3 (2007). 
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PS1:07 Terahertz probing of the electron energy relaxation in (Cd1-xZnx)3As2 Dirac semimetals 

D Khokhlov1, A Galeeva1, I Krylov1, K Drozdov1, A Knjazev2, A Kochura3, A Kuzmenko3, V Zakhvalinskii4, S Danilov5 
and L Ryabova1 
1M.V. Lomonosov Moscow State University, Russia, 2Kursk Construction College, Russia, 3South-West State 
University, Russia, 4Belgorod National Research University, Russia, 5University of Regensburg, Germany 

In a Dirac semimetal, the bulk conduction and valence bands are inverted and touch each other in two points of the 
Brillouin zone, the Dirac points. The dispersion relation is linear in the proximity of the Dirac points in all three 
dimensions of the momentum space. The question concerning formation of spin-polarized surface electron states in 
3D Dirac semimetals remains open. In this paper, we present an indication for formation of spin-polarized electron 
states with high mobility on the surface of the Dirac semimetal solid solutions (Cd1-xZnx)3As2 with the inverted energy 
spectrum in the bulk. The samples used were single crystals of (Cd1-xZnx)3As2 grown from the vapor phase. The 
transition from the inverted electronic spectrum to the direct one occurs in (Cd1-xZnx)3As2 at x ≈ 0.08. The 
composition of the samples studied corresponded both to the inverted and direct spectrum regions. The main tool of 
the study was measurements of the photoelectromagnetic (PEM) effect. The effect was induced by the action of 100 
ns – long pulses of an optically pumped NH3 terahertz laser with the wavelengths of 90 and 148 μm. The magnetic 
field up to 3 T was applied to induce the PEM effect. All PEM effect measurements were performed at the 
temperature T = 4.2 K.  

The PEM effect manifests itself as appearance of a voltage drop across the sample in the direction normal to the 
magnetic field and to the incident radiation flux. The effect originates from the Lorentz force action to the diffusive 
electron flux. The voltage sign is defined solely by the direction of the net charge carrier flux to or from the surface. 
The PEM effect was observed in all samples at both laser wavelengths used. The effect is odd in magnetic field. Its 
amplitude rises linearly in low fields B < 1.5 T with a further tendency of saturation. The PEM effect sign corresponds 
to the net electron flux from the sample surface to its bulk. For the direct spectrum sample with x = 0.25, the effect 
scales up as a function of the incident radiation power for both laser wavelengths used. Instead, for the inversed 
spectrum sample with x = 0.045, the effect amplitude is defined by the number of incident quanta in unit time.  

It was suggested in [1] that this difference in the case of topological insulators (Bi1-xInx)2Se3 is due to the different 
relation between the characteristic thermalization τth and diffusion τdif times of free electrons excited by the 
incident terahertz radiation. In the trivial insulator case, τth << τdif, so the excited electrons first thermalize and then 
diffuse, so the effect depends on the power absorbed. In the case of a topological insulator, the reverse relation τth 
>> τdif is realized, so the diffusion starts first. Thermalization of electrons excited by the incident terahertz radiation 
occurs mainly via the interelectron interaction. Consequently, the strong enhancement of the thermalization time in 
topological insulators compared to the trivial insulators is likely to come out as a result of reduction of the number 
of electrons that interact effectively with a given one. As it was suggested in [1], this reduction may be due to 
appearance of locking of the spin direction to the momentum direction of surface electron states in topological 
insulators, so the surface electrons may effectively interact only with other electrons possessing the same spin 
direction. Therefore this enhancement of the thermalization time is a signature of appearance of the spin texture of 
surface electron states. The results of the present experiment demonstrate that this kind of spin texture appears not 
only in the topological insulators, but in the Dirac semimetals as well.  

[1]  A.V. Galeeva, S.G. Egorova, V.I. Chernichkin, M.E. Tamm, L.V. Yashina, V.V. Rumyantsev, S.V. Morozov, H. 
 Plank, S.N. Danilov, L.I. Ryabova, D.R. Khokhlov, Semicond. Sci. Technol. 31, 095010 (2016). 
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PS1:08 Amplification of plasmons in active graphene-hexagonal-boron-nitride van der Waals heterostructures 

M Morozov1, I Moiseenko2 and V Popov1 
1Kotelnikov Institute of Radio Engineering and Electronics of Russian Academy of Sciences (Saratov Branch), 
Russia, 2National Research Saratov State University, Russia 

Terahertz (THz) nanophotonics and nanoplasmonics based on graphene are modern avenues in nanotechnology 
science [1]. Graphene is a two-dimensional material with zero band-gap [2,3]. Terahertz negative conductivity of 
active graphene (with the population inversion of free charge carries) [4] makes THz graphene lasers [5] and 
plasmonic amplifiers [6–8] possible. Hexagonal boron nitride (h-BN) is one of the best dielectric substrate for 
graphene-based devices. In graphene-h-BN van der Waals heterostructures, plasmons can propagate with a very 
low damping and strong plasmonic field localization near graphene [9]. Hexagonal boron nitride is a layered 
material with hyperbolic behaviour because the in and out of plane components of permittivity tensor of h-BN are 
opposite in signs in the reststrahlen frequency bands [10]. 

We study the plasmon-phonon propagation and amplification (damping) process in active graphene sandwiched 
between two semi-infinite bulk h-BN media by the van der Waals assembly technique (Fig. 1). The plasmon-phonon 
dispersion and plasmon gain were numerically calculated in frequency region near the reststrahlen frequency band 
where h-BN exhibits the hyperbolic behaviour. 

In Fig. 2, we plot the dispersion of plasmon-phonon wave in graphene-h-BN heterostructure (blue curve) as 
compared with the dispersion of plasmons in graphene on SiC (which is an isotropic material in the studied 
frequency range) substrate (red curve). One can see the negative slope on the plasmon-phonon dispersion curve in 
the reststrahlen frequency band (between dashed lines in Fig.2). 

This negative slope of dispersion curve implies the existence of phonon-plasmon backward-wave with the group and 
phase velocities of the wave counter-directed. One can see that the plasmon-phonon gain increment normalized to 
plasmon wavelength in graphene-h-BN heterostructure exceeds that in graphene on SiC substrate by more than an 
order of magnitude in the backward-wave frequency band (compare the blue and red curves in Fig. 3). 

The work was supported by the Russian Foundation for Basic Research (Grant No. 16-32- 00524). 
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PS1:09 Probing the frequency-dependent transient photoconductivity of bare and dye-sensitized mesoporous SnO2 
films in aqueous electrolyte 

K Regan, J Swierk, J Neu and C Schmuttenmaer 

Yale University, USA 

Photoelectrochemical cells (PECs) convert solar energy into a useable fuel, and thus further understanding of their 
components is crucial towards producing efficient renewable energy sources. In this study, we focus on the role of 
mesoporous tin (IV) oxide (SnO2) nanoparticulate (d ≈ 33 nm) films as the metal oxide photoanode material for 
PECs. SnO2 is a reasonably well-studied photoanode material due to its high electron mobility and favourable 
conduction band (CB) minimum energy, which allows for a wide array of photosensitizers. Since the bandgap 
energy of SnO2 is at the UV tail of the AM1.5 solar spectrum, the majority of research has been focused on dye-
sensitized systems, which absorb visible light. Here, we are interested in comparing how the lifetime of carriers in 
the CB depends on the manner in which they are generated. 

The photoconductive properties of the mesoporous SnO2 films were studied in the presence of aqueous electrolyte 
(0.1 M HClO4, pH = 1) by time-resolved terahertz (THz) spectroscopy. Using optical pump – THz probe (OPTP) 
measurements, we found that the method of photoinduced charge generation has a dramatic effect on the injection 
and trap- ping/recombination dynamics of mobile charge carriers on the picosecond timescale. We compared direct 
band gap excita- tion (λpump = 267 nm) to dye-sensitized electron injection (λpump = 400 nm). As displayed in Fig. 1. 
(a), direct band gap excitation results in an instrument response limited sub-picosecond carrier generation 
timescale, yet displays nearly one order of magnitude faster charge trapping/recombination rate compared to dye-
sensitized films [1]. Electron injection in dye-sensitized films occurs on a timescale of tens of picoseconds, and the 
photoinduced carriers remain mobile for orders of magnitude longer than the bare films [2]. 

To further understand the OPTP dynamics, THz transient photoconductivity measurements were made at five pump 
delays, tpump. We found that the frequency-dependent conductivity does not follow either the Drude-Smith (DS) 
model or Bruggemann effective medium theory. Therefore, we intro- duce an extended Drude-Smith (EDS) model 
that accounts for a frequency independent change in the real permittivity,  Δϵ′, upon photoexcitation that is 
proportional to the carrier density, N, at a particular tpump. This contributes only to the imaginary portion of the 
photoinduced conductivity. The five photoconductivity spectra were globally fit with the same scattering time, τscatt, 
and persistence of velocity parameter, c1, while allowing only N to vary for each data set. In conclusion, we 
presented OPTP measurements of bare and dye-sensitized SnO2, which reveal strongly different carrier dynamics. 
Furthermore, we proposed an extended DS model, which describes the spectral response significantly better than 
the DS model. 

 
Figure 1. (a) OPTP of bare (blue) and dyesensitized (black) SnO2 films. (b) Schematic of dye injection and direct 
bandgap excitation. 

 
[1]  K.P. Regan, et al., J. Phys. Chem. C. 120 (27), 14926 (2016) 
[2]  J.R. Swierk, et al., J. Phys. Chem. C. 120 (11), 5940 (2016). 
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PS1:10 Temperature-dependent terahertz time domain spectroscopy to investigate solid state phase transitions in 
molecular crystals  

J Neu, C T Nemes, K P Regan, M R C Williams and C A Schmuttenmaer 

Yale University, USA 

It has been proposed that molecular machines can be constructed using organic molecular crystals whose 
constituents exhibit concerted displacement as a function of crystal temperature. These changes are usually 
associated with a Martensitic phase transition, which is a type of solid-state phase transition rarely found in organic 
crystals. In this work we present temperature-dependent THz-TDS measurements of DL-norvaline, an amino acid 
crystal that undergoes a phase-change suspected to be Martensitic [1]. The effects of grain size and the addition of 
amino acid impurities on the terahertz spectrum of DL-norvaline have been studied. For sample preparation, the 
amino acid crystals are ball- milled to less than 5 μm large grains and then mixed with Teflon and pressed in a 
pellet. The absorption of the pure material is calculated from these measurements using the Bruggeman equation. 

Figure (a) shows the absorption spectrum for crystalline DL-norvaline. A distinct change in the spectrum is visible 
when the sample is cooled down from 190 K to 180 K. This singular change in the spectral characteristic cannot 
trivially be explained by a continuous thermal shrinkage of the lattice; instead, it is evidence of a rearrangement of 
the lattice, i.e., a solid-solid phase transition. The low temperature vibrational spectrum has been simulated using 
SIESTA density functional theory package [2], and these results are compared with the experimental findings. 

In a second experiment, DL-norvaline crystals are grown with a low concentration of various α-amino acid that act 
as dopants. The dopants cause lattice imperfections that influence the phase transition temperature, but they do 
not affect the low temperature resonance frequency, as plotted in Fig- ure (b). The influence of different dopants 
and their ability to decrease or increase the phase transition temperature will be discussed in detail in the 
presentation. 

The effect of nucleation sites on the solid-solid phase transition is studied using samples with different grain sizes. 
Sample 1 is prepared by mixing small grains (diameter less than 5 μm) with Teflon, and sample 2 by mixing larger 
grains with a diameter of 125 μm to 250 μm. The results of these measurements are plotted in Figure (c). Both 
samples show a change in the spectral characteristics when cooled down, however the transition temperature for 
the small grains is 180 K, while the larger grains undergo the transition at 190 K. The samples are chemically 
identical and processed in the same manner, the only difference is their grain size. Assuming that the probability of 
lattice defects in a grain is constant across all sizes, the larger grains should possess more defect sites. The change 
in transition temperature for different grain sizes allows us to approximate the transition enthalpy. 

In conclusion, temperature-dependent THz-TDS has been used to investigate phase transitions and vibrational 
modes in molecular crystals.  In particular, we investigated the phase transition in DL-norvaline and studied the 
influence of grain sizes and different dopants on this phase transition. 

 

Figure 1. Experimental THz spectrum of (a) pure DL-norvaline. A distinctive change in the spectral characteristic is 
visible when the sample is cooled from 190K to 180K. For DL-norvaline doped with L-Phenylglycine (b) the same 
transition is detected when the sample is cooled from 180K to 170K. (c) Pure DL-norvaline for different grain sizes. 
The solid line shows the results for grain sizes with less than 5 μm diameter, the dotted line for grain sizes between 
125 μm and 250 μm. 
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PS1:11 Terahertz narrowband pump – broadband probe spectroscopy of intersubband transitions in a wide single 
quantum well 

J Schmidt, S Winnerl, E Dimakis, H Schneider and M Helm 

Helmholtz-Zentrum Dresden-Rossendorf, Germany 

Electron relaxation dynamics of intersubband transitions (ISBT) in quantum wells can cover a broad range from ps 
to ns time scales, dependent on the transition energy compared to the LO-phonon energy [1]. Most of previous 
studies used various types of narrowband interband or intraband spectroscopy, where only one transition can be 
studied at a time. We have developed a setup that allows for narrowband THz pumping using the free electron laser 
FELBE together with broadband THz probing employing time-domain spectroscopy, and thus enabling us to record 
the full spectral relaxation dynamics under resonant pumping. 

We study a 40 nm wide modulation doped single GaAs quantum well; this guarantees a homogeneous intensity 
over the active structure (which is not the case in multi quantum wells). To improve the sensitivity of the 
measurements, we modulate the electron density using proper gate voltages. 

Fig. 1 shows the linear absorption spectrum for different electron densities: the 1-2 ISBT is seen at 2.15 THz, 
whereas at higher electron density the 2-3 transition shows up at 3.4 THz. Fig.2 shows the decay of the integrated 
THz probe signal, while pumping the 1-2 transition resonantly, yielding a relaxation time of ~1100 ps. We will also 
report on the full probe spectra, on excitation of the 2-3 transition, and we are searching for pump-induced 
quantum coherent effects.

 
Figure 1 (left): QW absorption spectrum for different modulation voltages corresponding to increasing electron 
densities. The grey shaded background depicts the broadband reference spectrum. Slight spectral shifts result from 
the gate-voltage induced changes of the QW shape. 

Figure 2 (right): Decay of the broadband THz-probe signal under resonant excitation of the 1-2 transition. 

[1]  B. N. Murdin, W. Heiss, C. J. G. M. Langerak, S.-C. Lee, I. Galbraith, G. Strasser, E. Gornik, M. Helm, C. R. 
 Pidgeon, Phys. Rev. B 55, 5171(1997) 

  

 
 

 

120 

 



 

PS1:12 Quantum theory of linear THz response of semiconductor nanostructures 

T Ostatnicky1, H Němec2 and P Kužel2 
1Charles University, Czech Republic, 2Institute of Physics, ASCR, Czech Republic 

The interpretation of THz photoconductivity measurements in semiconductor nanocrystals (NCs) is usually carried 
out within the framework of a phenomenological (Drude-Smith) model [1], microscopic theories based on classical 
physics [2] or effective-medium-based mixing rules [3]. A linear response theory of quantum conductivity based on 
the Fermi’s golden rule has been also mentioned in relevant reviews [4]. In that quantum model the scattering of 
carriers by all possible channels is phenomenologically introduced by a single scattering rate. Such model is usually 
applied to the optical range where it makes correct predictions. However, it does not take into account the diffusion 
current of scattered (incoherent) carriers back to the thermal equilibrium state. Namely, the model predicts a non-
vanishing dc mobility even for small isolated NCs. Indeed, the investigated system should be considered as strongly 
disordered due to a large dephasing caused by interactions of the electron with phonons, impurities, surface states, 
roughness of the crystal walls etc. In the THz range, the dephasing rate is of the same order of magnitude as the 
frequency of the probing field and therefore the diffusion current is expected to be important. 

In this contribution we revise the standard theory of linear response and adapt it for the use in the THz frequency 
regime. To this aim we identify and take into account all the contributions of electrons to the electric current and 
express the proper mobility of quantized electrons.  

The resulting formula for evaluation of the electron mobility is valid for NCs of arbitrary size and is ready for the use 
in THz experiments. For large NCs the formula is able to reproduce the Drude model; for medium-size NCs it fits the 
previous classical Monte-Carlo calculations [2]. Finally, we identify the critical point at which the classical theory 
fails due to neglecting the quantum interference effects. In Fig. 1 we show the calculated mobility spectra for several 
sizes of cubic GaAs NCs. A clear transition from a peak centered in the multi-THz range to a Drude-like curve is 
observed. 

The model reveals important information about the electron motion and its coherence under electromagnetic 
probing in the THz and multi-THz frequency range. It also clearly resolves the key difference between transport 
measurements with the electric contacts and in a contactless way. We believe that the model is a basis for 
theoretical calculations of both linear and nonlinear response of strongly disordered confined electrons in 
electromagnetic fields with frequency comparable to (or smaller than) the electron dephasing rate. 

    (a)                                                            (b) 

 
Figure 1. (a) Real and (b) imaginary part of the mobility of an electron confined in a cubic GaAs NC. The data are 
plotted for a temperature 10 K, electron density 108 cm-3, dephasing time 270 fs and several NC sizes. For clarity, 
only the lowest frequency resonance is included in the plot for each NC size. 

[1]  N. V. Smith, Phys. Rev. B 64, 155106 (2001). 
[2]  H. Němec, P. Kužel, and V. Sundström, Phys. Rev. B 79, 11 5309 (2009). 
[3]  H.-K. Nienhuys and V. Sundström, Appl. Phys. Lett. 87, 012101 (2005). 
[4]  J. Lloyd-Hughes and T.-I. Jeon, J. Infrared Milli. THz. Waves 33, 871, (2012). 

121 

 



 

PS1:13 Intersubband population inversion and stimulated terahertz transitions in landau level system of resonant 
tunneling quantum well structures 

Y Mityagin1,2, M Telenkov1,3 and V Agafonov1 

1P.N.Lebedev Physical Institute of Russian Academy of Sciences, Russia, 2National University of Science and 
Technology, Russia, 3National Research Nuclear University, Russia 

A new mechanism of frequency-tunable stimulated emission of coherent terahertz radiation on intersubband 
transitions between Landau levels in periodic resonant tunneling quantum well structures under a resonant 
tunneling pumping of the upper subband was proposed and proved theoretically. The carrier distribution over 
Landau levels was calculated in resonant tunneling GaAs/AlGaAs quantum well structures taking into account 
electron-electron as well as single-electron (phonon and interface roughness) scattering mechanisms. A 
considerable population inversion between the ground (zeroth) Landau level in the upper subband and the first 
excited one in the lowest subband was shown to be achieved in a wide continuous range of the magnetic field thus 
providing the possibility of wide range tunable stimulated terahertz emission. The electron-electron scattering was 
demonstrated to be the most important in providing the effect [1].  

An effective way was proposed to overcome the selection rule «∆n = 0 » forbidding the intersubband inter-Landau 
level transitions of interest in isotropic band semiconductors (in particular, in GaAs). It was shown that this selection 
rule can be lifted by tilting magnetic field with respect to the structure layers. It was also shown that to achieve 
significant values of the dipole matrix element it is important to provide a potential asymmetry along the structure 
growth axis - otherwise the matrix element remains close to zero even in a tilted magnetic field. A considerable effect 
was found to be achieved in a periodic structure, each period consisting of two strongly coupled quantum wells of 
different width separated by a thin barrier [2].  

It was also shown that in asymmetric structures the relative shift of different subband wave functions caused by the 
structure asymmetry leads to a considerable increase of intersubband scattering time as compared with that of a 
single symmetric quantum well while the intensity of intrasubband scattering remains practically the same. It allows 
increasing substantially the inter-Landau level population inversion. So in the periodic cascade quantum well 
structures with an asymmetric double well period a significant improvement of the terahertz emission efficiency can 
be achieved due to both the considerable values of the inter-Landau level dipole matrix element and the increase of 
the population inversion [3].  

[1]  M.P.Telenkov, Yu.A.Mityagin, P.F.Kartsev, JETP Letters, 92(6), 401-404 (2010).  
[2]  M.P.Telenkov, Yu.A. Mityagin, P.F. Kartsev, Nanoscale Research Letters, 7, 491-495 (2012); Optical and 
 Quantum Electronics, 46(6), 759-767 (2014).  
[3]  M.P.Telenkov, Yu.A. Mityagin, A.A.Kutsevol, V.V.Agafonov, K.K.Nagaraja, JETP Letters, 100(10), 644-647 
 (2014). 
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PS1:14 Study on nonlinear dynamics in Resonant Tunneling Diodes (RTD): unlocking dynamical diversity for THz 
devices applications 

A Karsaklian Dal Bosco1, S Suzuki2, M Asada2 and H Minamide1 
1Riken, Japan, 2Tokyo Institute of Technology, Japan 

The terahertz frequency range has been drawing pretty much attention in the last decades. Many applications 
involving THz emission, imaging and detection have been proposed in the domains of biology, sensing or wireless 
communications [1]. As for THz emitting techniques, several methods and devices are being used for either pulsing 
or continuous sources among which nonlinear interactions between laser beams, oscillations in quantum cascade 
laser or semiconductor components [2-3]. A very interesting particularity of the THz domain is the fact that it defines 
a common border between optics and electronics. As such, these two domains of physics are strongly 
interconnected by THz devices for communication technologies, sensing, imaging etc. 

Nonlinear dynamical effects observed in systems with delayed feedback are studied throughout all domains of 
physics as interdisciplinary mechanisms and dynamical behaviors can be identified and universally interpreted. In 
the field of optics, the best-known systems with optical feedback are semiconductor lasers in which part of the 
emitted light is sent back to the internal cavity, causing complex dynamics to occur in the corresponding temporal 
waveform. In such systems, bifurcation mechanisms leading an initially stationary solution to chaos or high-
frequency complex dynamics can be observed as the feedback strength is varied [4]. Although nonlinear dynamics 
of semiconductor lasers with feedback have been intensively investigated under various experimental conditions, 
there are very few studies addressing the question of the dynamical phenomena observed in RTDs with optical 
feedback. The purpose of this study is to tackle this topic. 

Our experimental setup consists of a RTD [5-6] before which a mirror is inserted and aligned in order to generate a 
feedback beam. A polarizer is used to modulate the feedback strength. We carry out electrical and optical detection 
methods in order to know precisely the influences of the addition of feedback on the RTD’s temporal waveform and 
spectrum.  

We aim at exploring the dynamical features that could show up when submitting a RTD to optical feedback and 
making the feedback strength vary. Promising properties can be expected in terms high-frequency modulations such 
as super-harmonic THz oscillations or THz chaotic dynamics. Nonlinear dynamics of optoelectronic circuits using 
RTDs has been demonstrated experimentally and numerically, revealing that chaotic behaviors can be expected 
from these devices [7].  

[1]  M. Tonouchi, Nat. Photonics 1, 97 (2007). 
[2]  B. S. Williams, Nat. Photonics 1, 517 (2007). 
[3]  M. C. Hoffmann et al., J. Phys. D: Appl. Phys. 44, 8 (2011). 
[4]  J. Mørk et al., IEEE J. Quantum Electron. 28 , 93 (1992). 
[5]  M. Asada, Journal of Applied Physics, 108, 034504 (2010). 
[6]  M. Asada et al., Japanese Journal of Applied Physics 54, 070309 (2015). 
[7]  B. Romeira et al., IEEE J. Quantum Electron. 45, 1436 (2009) 
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PS1:15 Terahertz quantum hall effect for spin-split heavy-hole gases in strained Ge quantum wells 

M Failla1, J Keller2, G Scalari2, C Maissen2, J Faist2, C Reichl3, W Wegscheider3, O Newell1, D Leadley1, M Myronov1 
and J Lloyd-Hughes1 
1University of Warwick, UK, 2Institute for Quantum Electronics, Switzerland, 3ETH Zürich, Switzerland 

High mobility two-dimensional hole gases (2DHGs) in strained germanium quantum wells (sGe-QWs) are attractive 
systems for optoelectronic and spintronic devices due to the com- patibility of Ge in CMOS technology and their 
finite spin-orbit interaction (SOI) [1]. The SOI, driven by structural inversion asymmetry (SIA) in modulation doped 
SiGe heterostructures, can lift the spin degeneracy and provide spin-split states separated by the Rashba energy Δ 
even at zero external magnetic field. We recently performed THz time-domain magneto-spectroscopy (THz-TDMS) to 
characterise 0.8%-sGe-QWs and determine Δ [2], finding results in line with magneto-transport (MT) 
measurements [1]. 

Differently from MT experiments, THz-TDMS measures, in a non-contact manner, the op- tical longitudinal 
conductivity σxx(ω, B) driven by the ac THz-field [3]. In addition to standard THz-TDMS, polarisation-resolved (PR) 
THz-TDMS allows the determination of the transverse magneto-conductivity σxy (ω, B) which can reveal features of 
the optical quantum Hall effect (OQHE), i.e. the QHE driven by an ac electric field as reported for a 2D electron gas 
(2DEG) in GaAs [4]. Since the dc-QHE helped the understanding of 2D-systems, its evolution to the optical case 
deserves deeper studies. While the QHE, according to the scaling theory, is related to the degree of disorder and the 
σxy -plateaux are attributed to energy states with localisation length smaller than the sample size L, in the OQHE L is 
considered to be the distance travelled in one cycle of the ac-field and results in narrower plateaux than in the QHE 
case [4]. 

In this work, 2DHGs in 1.3% sGe-QWs are investigated by means of PR-THz-TDMS [5]. The response of 2DHGs in Ge 
is compared with 2DEGs in GaAs and shows that the opposite sign of the effective mass results in cyclotron 
resonance (CR) waveforms with opposite helicity, as depicted for the 2DHG by the black arrow in Fig.(a).  The sign 
difference is also observed in the ellipticity Δη(ω, B) ∝ Im[σxy (ω, B)] which, for 2DHGs, presents spin-split CRs 
[Fig.(b)]. 

These are ascribed to both the Zeeman splitting and the strong non-parabolocity of the heavy hole (HH) band in Ge. 
The higher strain of samples herein results in increased HH mobilities exceeding 106 cm2/Vs, as well as a lower Δ. 
Finally we report, for the first time in spin-split 2DHGs, plateaux at even and odd filling factors ν [Fig.(c)].  All 
plateaux resulted broader (Δν ∼ 0.5) than for the 2DEG (Δν ∼ 0.1) [4]. 

 
[1]  C. Morrison et al., Physica Status Solidi (a) 213, 11, 2809 (2016) 
[2]   M. Failla et al., Phys. Rev. B 92, 4, 045303 (2015) 
[3]   J.  Lloyd-Hughes, J. Phys. D: Appl. Phys. 47, 374006 (2014). 
[4]  Y. Ikebe, Phys. Rev. Lett. 104, 256802 (2010). 
[5]  M. Failla et al., New Journal of Physics 18, 11, 113036 (2016) 

124 

 



 

PS1:16 THz time-domain spectroscopy reveals hyperfine structure features of lowest transitions of trivalent 
lanthanide Ho3+ in LiYF4:Ho 

R Hermans1, J Freeman2, G Matmon1, G Aeppli3, E Linfield2, A G Davies2 and A Seeds1 
1University College London, UK, 2University of Leeds, UK, 3ETH Zürich, Switzerland 

Yttrium Lithium Fluoride (LiYF4) with rare earth dopants such as Holmium substituting Y3+ attracts significant research 
and development interest for the study of magnetism through an ideal 1D Ising model and as laser gain media. The 
lower spin-orbit 5 I8 state of the 4f10 electronic configuration of Ho3+ is split by the crystal field. We focus on the 
lowest three levels, a Γ3,4 doublet ground state and two Γ2 singlets [1]. We use Terahertz time domain spectroscopy 
(THz-TDS) [2] on LiYF4:Ho (≤1%) and observe polarization-dependent absorptions and phase changes at 0.2, 0.5 
and 0.7 THz that we identify as transitions among these states and resolve the hyperfine energy splitting of the 
ground state. We repeat these experiments for 0.1%, 0.25%, 0.5% and 1.0% concentration of Ho3+ dopant and as 
a function of temperature, complementing previous FTIR results [3]. Furthermore, we report the first direct 
measurements of the lowest lying transitions and level repulsion in this material. We also analyse previously 
inaccessible details of thermal state population and line broadening, observing exceptionally narrow, long-lived 
states in the THz region.  

[1]  N. Karayianis, D. E. Wortman, and H. P. Jenssen, “Analysis of the optical spectrum of Ho3+ in LiYF4,” J. 
 Phys. Chem. Solids, vol. 37, no. 7, pp. 675–682, Jan. 1976.  
[2]  P. U. Jepsen, D. G. Cooke, and M. Koch, “Terahertz spectroscopy and imaging - Modern techniques and 
 applications,” Laser Photon. Rev., vol. 5, no. 1, pp. 124–166, Jan. 2011.  
[3]  G. Matmon, S. A. Lynch, T. F. Rosenbaum, A. J. Fisher, and G. Aeppli, “Optical response from terahertz to 
 visible light of electronuclear transitions in LiYF4:Ho3+,” Phys. Rev. B, vol. 94, no. 20, p. 205132, Nov. 
 2016. 
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PS1:17 Characterization of 1D nanostructures using optical pump – terahertz probe time-domain spectroscopy 

P Karlsen1, M Shuba2 and E Hendry1 
1University of Exeter, UK, 2Belarusian State University, Belarus 

One-dimensional nanostructures such as semiconductor nanowires and Single-Walled CarbonNanotubes (SWCNT’s) 
show enormous potential as active components in devices such as solar cells, gas sensors and photocatalytic 
applications [1]. SWCNTs are particularly appealing, since their electronic structure can be tuned via their “chirality” 
[2]. These materials can be either metallic or semiconducting, and are promising candidates for the development of 
novel THz devices with many proposed applications such as THz emitters, detectors, polarizers and antennas [3]. 
Both nanowires and SWCNT’s are of special interest due to the exotic and novel properties that can manifest 
themselves due to the increased surface-to-volume ratio and quantum confinement effects.  

However characterizing the electronic properties of these devices can prove to be difficult due to the inherent small 
scales involved with these materials. Many of the typical characterization techniques for bulk materials are 
unreliable for nanostructures, since they require addition of contacts, wires and such, which can disturb or even 
destroy the fragile nanostructure arrangement in a sample or device and mask the true response of the material. 
Here we report our results characterizing the electronic and optical properties of various nanowires and SWCNTs 
using Optical Pump – THz Probe Time-Domain Spectroscopy. Terahertz Time-Domain Spectroscopy (THz-TDS) is an 
all-optical and non-destructive technique that has proven very effective at characterizing the high frequency 
electronic properties of both bulk and nanomaterials. In particular, studying the charge-carrier dynamics in these 
materials can reveal a number of interesting properties, since charge carriers can have very different properties in 
semiconductors and semiconductor nanostructures, depending on morphology, temperature, and material 
properties such as the crystal structure, band gap, dielectric function, and electron-phonon coupling strength [4]. 
Combining THz measurements with an optical “pump” stimulation enables evaluation of the ultrafast photo-
response due to photoexcitation. This versatile technique allows measurement of important parameters for device 
applications, including carrier lifetimes, surface recombination velocities, carrier mobilities and donor doping levels, 
which are important for many applications such as photovoltaic devices, light-emitting diodes and transistors.  

[1]  H. Zheng, et al., Adv. Funct. Mater., 21, no. 12, pp. 2175–2196, (2011).  
[2]  J. Kono, et al., Nanoscale, 5, no. 4, pp. 1411–39, (2013).  
[3]  R. R. Hartmann, J. Kono, and M. E. Portnoi, 25, no. 32, p. 322001, (2014).  
[4]  R. Ulbricht, E. Hendry, J. Shan, T. F. Heinz, and M. Bonn, Rev. Mod. Phys., 83, no. 2, pp. 543–586, (2011). 
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PS1:18 A practical cell biosensor based on highly-sensitive terahertz metamaterial 

C Zhang, L Ding, B Jin, Y Hou and J Chen 

Najing University, China 

Label-free, non-destructive, real-time and in-situ measurement on cell form or status is highly desirable in cell 
biology. Here, we propose a design of biosensor based on terahertz (THz) metamaterial to meet this requirement. 
This metamaterial consists of a planar array of five concentric subwavelength gold ring resonators on a 10μm-thick 
polyimide substrate, which is thin enough to increase the sensitivity than thicker substrate. Using this sensor, the 
cell apoptosis measurement is studied by terahertz time domain spectroscopy (THz TDS). Cancer cell treated with or 
without cisplatin is measured. We find a linear relation between cell apoptosis determined by widely used Flow 
cytometry and the relative change of resonant frequencies of the metamaterial. This implies that we can determine 
the cell apoptosis in a label-free manner. An in-situ measurement scheme using reflective-type THz time-domain 
spectroscopy is also discussed. Therefore, our metamaterial-based biosensor can be developed into a cheap, non-
destructive, real-time and in-situ detection tool, which is of significant impact on the study of cell biology. We think 
our work is a key step towards a real application of THz biosensor, which could make significant ompact on the 
study of cell biology, especially the change of cell form or status.  

[1]  C. H. Zhang, et al, Appl. Phys. Lett. 108, 241105 (2016).  
[2]  Xiaojun Wu et al., Biosensors and  Bioelectronics, 42, 626-631 (2013) 
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PS1:19 Water mapping around alcohol chains by THz spectroscopy 

K Aoki, F Böhm, C Hoberg, G Schwaab, J Savolainen and M Havenith 

Ruhr Universität Bochum, Germany 

Hydrophobic hydration is considered to play a key role in biological processes ranging from membrane formation to 
protein folding and ligand binding. Initially, pictures of icebergs and local clathrates or clathrate-like structures have 
been used to illustrate the hydration process. For small solutes (less than 1 nm), the water molecules are predicted 
to form a water cage with a tetrahedral structure around the hydrophobic moiety, whereas the solvation of extended 
hydrophobic surfaces has a more disruptive effect on water structure. Large hydrophobic solutes cause an interface 
like that between liquid and vapor to form, i.e. dewetting takes place. 

THz spectroscopy is a powerful tool to probe the hydrogen bond network dynamics in aqueous solutions. Previously 
we have shown that the low frequency spectra can be decomposed into intramolecular as well as intermolecular 
modes describing the collective network motions of water, the correlated as well as the anticorrelated motions of the 
hydration water with the solute [1-3]. Here, we report the temperature dependent measurements of alcohol 
hydration (including methanol (MtOH), ethanol (EtOH), 1-propanol (PrOH), 1-butanol (BuOH)) was investigated 
using FTIR and THz-TDS setups. High accuracy measurements by a THz-TDS setup were demonstrated and the 
obtained absorption spectra were combined with those obtained by precise FTIR measurements. 

We have set-up a highly-accurate THz-TDS setup, in which THz waves are generated from an antenna and detected 
by an electro-optical sampling method using a 0.5-mm ZnTe crystal. Using the setup, we achieved a signal-to-noise 
ratio of 1500 in 30 seconds of accumulation time for waveform measurements and a dynamic range of about 70 
dB. The setup combines a rapid-scan stage and a high- acquisition-rate lock-in amplifier together with an 
automatized switching of the sample and reference cells. The recorded waveforms were averaged and analyzed 
using a standard procedure. In addition, the resolved complex refractive index spectra were averaged against the 
sample/reference modulation [4]. After averaging, the typical standard deviation of the absorption coefficient at 1 
THz was estimated to be less than 0.5 % 

Figure 1 shows a comparison of the recorded absorption coefficient spectra, 𝛼𝛼, of water and the 0.5 M alcohol 
solutions. The frequency ranges covered by the THz-TDS setup and the FTIR spectrometer were 0.3 – 2.0 THz (10 - 
67 cm-1) and 1.5 - 10.5 THz (50 - 350 cm-1), respectively. Using THz spectroscopy to probe directly the low 
frequency modes of hydration water around alcohol chain we show that the hydrophobic moiety induces more 
tetrahedral as well as more distorted 

 

Figure 1.  Absorption coefficient spectra, 𝛼𝛼, of water and 0.5 M aqueous solutions of MtOH, EtOH, PrOH, BuOH at 
20°C. The observed frequency range by the THz-TDS setup and the FTIR spectrometer was 0.3 – 2.0 THz (10 - 67 
cm-1) and 1.5 – 10.5 THz (50 - 350 cm-1), respectively (Ref. [5]). 

[1]  S. Funkner et al., J. Am. Chem. Soc. 134, 1030 (2012). 
[2]  V. Conti Nibali and M. Havenith, J. Am. Chem. Soc. 136, 12800 (2014). 
[3]  Y. Sun, G. Niehues, H. Forbert, G. Decka, G. Schwaab, D. Marx, M. Havenith, J. Am. Chem. Soc. 136, 5031 
 (2014). 
[4]  K. Aoki et al., Appl. Phys. Lett. 103, 173704 (2013). 
[5]  K. Aoki et al., IRMMW-THz 2016, H5P.07.15 (2016). 
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PS1:20 Low-temperature scattering scanning near-field infrared microscopy  

D Lang1, J Döring2, S C Kehr2, LM Eng2, S Winnerl1, H Schneider1 and M Helm1 
1Helmholtz-Zentrum Dresden-Rossendorf, Germany, 2TU Dresden, Germany 

We present a combination of a versatile low-temperature scattering-type near-field infrared microscope (LT-s-SNIM 
[1]) with a tunable infrared free-electron laser (FEL [2]). Our s-SNIM operates over a broad temperature range from 
15 - 300 K [1,3,4] and is unique in being tunable over a broad frequency range, thanks to the FEL. 

The over-all LT-s-SNIM functionality down to lowest temperature was tested on both standard Au and structured Si-
SiO2 samples (see Fig. 1a), revealing net near-field contrasts and no topography cross- talk. Secondly, we 
investigated several ferroelectric phase transitions in barium titanate single crystals at 273 K [1] and 193 K [5], 
allowing to associate clear near-field resonances to every phase and each ferroelectric domain; here, the clear 
benefit of our LT-s- SNOM pays off, being able to record s-SNOM, PFM, KPFM and topographic data with one and 
the same tip from every sample surface spot. Thirdly, we used the Jahn-Teller-Transition in the piezoelectric material 
GaV4S8 [6] to quantify the local temperature increase under the AFM tip upon IR irradiation (see Fig. 1b). 

 

Figure 1: (a) Scan images and cross sections at an ambient temperature of T = 7 K and a wavelength of λ = 9.7 μm 
of the topography (top left) and near-field signal (top right) on a structured SiO2 pattern on Si, showing a clear 
material contrast with a spatial resolution better than 50 nm. (b) The temperature difference ΔT resulting from a 
local heating at the laser power Pt  at the tip for λ = 10.6 μm. 

[1]  Doo ring et al., Appl. Phys. Lett. 105, 053109 (2014). 
[2]  Kuschewski et al., Appl. Phys. Lett. 108, 113102 (2016). 
[3]  Yang et al., Rev. Sci. Instrum. 84, 023701 (2013). 
[4]  McLeod et al., Nature Phys. (2016); DOI: 10.1038/NPHYS3882.  
[5] Doo ring et al., J. Appl. Phys. 120, 084103 (2016). 
[6]  Wang et al., Phys. Rev. Lett. 115, 1-5 (2015). 
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PS1:21 Spectroscopy of anisotropic materials using THz pulses with rotatable polarisation 

C Mosley, M Failla and J Lloyd-Hughes 

University of Warwick, UK 

Polarisation-resolved THz-TDS is a powerful way to probe the properties of anisotropic media. Here we demonstrate 
a convenient method by which polarisation-resolved THz spectroscopy of anisotropic media can be performed, 
without rotating the sample. The approach was to rotate a photoconductive emitter about the incident 
photoexcitation beam. This new method is particularly beneficial to study anisotropic materials held in a cryostat at 
low temperature, where it would be challenging to rotate the sample while maintaining the correct temperature. 

Interdigitated photoconductive emitters were fabricated on semi-insulating GaAs substrates by photolithography. 
Polarisation-resolved THz-TDS using a [111]-oriented ZnTe crystal allowed both the horizontal and vertical 
components of the THz electric field to be detected [1]. This class of THz emitters produces linearly polarised THz 
radiation, with a measured ellipticity less than 2 ◦ in the frequency range up to 2.0 THz without needing a wire-grid 
polariser. 

The emitter was mounted on a motorised rotation stage in order to precisely vary the polarisation angle of the THz 
radiation incident on the sample. The emitter’s position in the plane of the contacts was adjusted by motorised x 
and y stages, and the device’s resistance is reported in Fig. (a) (colours) versus x and y. The white dot shows the 
‘centre of mass’ of the dc conductance, corresponding to the centre of the emitter. This was found at each angle, in 
order to keep the emitter centred on the photoexcitation beam during rotating. A larger interdigitated emitter or 
precision mounting on the rotation axis could avoid the x-y calibration step. 

In methods based on crossed wire-grid polarisers, the electric field strength of the THz pulse incident on the detector 
is small when the polarisers are close to orthogonal. In the present case the peak amplitude √𝐸𝐸𝑥𝑥2 +  𝐸𝐸𝑦𝑦2 of the 
detected THz pulse (without sample) varies by < 10 % as the emitter is rotated, as shown by the blue curve in Fig. 
(b). An example polarisation-resolved time-domain waveform is reported in Fig. (c) for an emitter angle of 130 ◦. 

The freely-rotatable THz pulse allows the optical axes (and complex refractive indices) of anisotropic media to be 
determined. To demonstrate the versatility of this approach we examined two cases. (i) LaAlO3, a birefringent 
medium that does not absorb in the THz range [2]. Here we report that the precise determination of the optical axes 
of LaAlO3 by examining where the ellipticity of the transmitted THz pulse was a minimum. (ii) CuO, an anisotropic 
medium with both birefringence and anisotropic THz absorption, associated with an electrically-active magnon 
(electromagnon) along the [101] crystal direction [3]. Using the new, rotatable THz pulse setup we mapped the 
electromagnon’s absorption strength away from [101] by changing the emitter angle, for a sample held fixed in a 
cryostat. Weak additional absorption features associated with the multiferroic state were revealed. 

 
Figure 1: (a) Resistance map of the interdigitated emitter. Inset: centre of emitter versus angle. (b) Horizontal 
component, Ex, vertical component, Ey and amplitude, √𝐸𝐸𝑥𝑥2 +  𝐸𝐸𝑦𝑦2 of the peak THz field. (c)Time-domain waveform 
at emitter angle 130 ◦. 

[1]   N. C. J. van der Valk et al., Opt.  Lett. 30, 2802 (2005).  
[2]   Lloyd-Hughes et al. Opt. Lett.  39, 1121  (2014). 
[3]  S. P. P. Jones et al. Nat. Commun. 5, 3787 (2014). 
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PS1:22 Time-resolved infrared spectroscopy at the nanoscale 

M Eisele and A Huber 

Neaspec GmbH, Germany 

Time-resolved optical spectroscopy in the mid to far-infrared spectral range (0.1 – 100 THz) has become a powerful 
tool to couple to and study the dynamics of low-energy elementary excitations, e.g. phonons, plasmons, and 
excitons on ultrafast timescales.  With the development of time-resolved terahertz spectroscopy, ultrafast 
spectroscopy in the infrared has even reached the ultimate sub-cycle temporal limit [1,2]. In contrast to the 
achievements regarding the temporal resolution, the spatial resolution of far-field terahertz studies is in most 
studies limited to the scale of the probing wavelength by diffraction (3 μm – 3 mm), making it impossible to probe 
the intrinsic response of single nanoparticles, nanodomains, or nanocrystals. To circumvent this fundamental limit, 
time-resolved infrared spectroscopy has recently been combined with scattering-type scanning near-field optical 
microscopy (s-SNOM). For the first time this approach enables a detailed analysis of charge-carrier dynamics in 
single layer materials [3,4], semiconductors [5], single nanoparticles [6], and even strongly-correlated materials 
[7] with femtosecond temporal and nanometer spatial resolution. 

This talk will present the recent highlights in the field of ultrafast infrared spectroscopy and time- resolved terahertz 
time-domain spectroscopy in combination with the resolving power of s-SNOM. In addition we will introduce our 
first, commercially available and ready-to-use nanoscale terahertz spectrometer and show near-field measurements 
on various test samples. The achieved spatial resolution is <15nm at a probe center-frequency of 300μm, 
corresponding to a spatial resolution of > ƛ/20000 as compared to conventional far-field terahertz spectroscopy 
(see also Figure 1). 

 
Figure 1. (a) Schematics of the microscope setup. The generated THz radiation is focused with a high NA parabolic 
mirror on a metal AFM tip. The scattered near-field is collected with the same parabolic mirror and is send to a THz 
detector. (b) Typical THz near-field transients measured on a gold sample with <15nm spatial resolution. The 
corresponding spectra are calculated by Fourier transformation (c) Topography of a gold / silicon carbide (SiC) test 
sample measured with the tapping-mode AFM. (d) Spectrally integrated measurement of the electric field of the 
terahertz waveform (EOS delay @ 2.5ps) measured simultaneously to the AFM topography. A strong contrast in the 
electric field is visible between the gold and the SiC surface. 

[1]  R. Ulbricht et al., Review of Modern Physics 83, 543 (2011). 
[2]  R. Huber et al., Nature 414, 286 (2001). 
[3]  M. Wagner et al., Nano Letters 14, 894 (2014). 
[4]  G. X. Ni et al., Nature Photonics 10, 244 (2016). 
[5]  M. Wagner et al., Nano Letters 14, 4529 (2014). 
[6]  M. Eisele et al., Nature Photonics 8, 841 (2014). 
[7]  M. A. Huber et al., Nano Letters 16, 1421 (2016). 
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PS1:23 Multilevel image encoding on terahertz metasurfaces 

A Chanana1, A Paulsen2 and A Nahata1 
1University of Utah, USA, 2Massachusetts Institute of Technology, USA 

Metasurfaces, or two-dimensional metamaterials, have ensued great interest due to their unique ability to engineer 
the amplitude, phase or polarization of the incident radiation [1]. Recent demonstrations of metasurfaces have 
showcased interesting applications in imaging and holography among others [2,3]. However, such designs require 
spatial arrangement of geometrically varying unit cells. Our work experimentally demonstrates a novel technique to 
encode information on to terahertz metasurfaces comprising of geometrically identical unit cells. This  is achieved 
by varying the conductivity of the unit cell by tuning the relative composition of conductive silver and resistive 
carbon inks, thus controlling the resonant absorption observed in transmission (Fig 1b). By encoding the 
information pixel-by-pixel on to the conductivity of the underlying unit cell we encoded 9 grey level information on 
the simple dipole array structure. Using a bit more complicated geometry comprising of multiple resonators per 
pixel, we encoded 36 bit information using cross dipole structure and 43 (64) bits per pixel using 3 colour 
metasurface. In our design, the range of silver-carbon ink ratio is maintained such that the structure looks 
unpatterned visually. The information can only be retrieved when interrogated with appropriate frequency along 
appropriate polarization, as shown in schematic in Fig 1(c). 

 
 

Figure 1. (a) Expanded view of uniform dipole array fabricated using inkjet printer. The scale bar is 500 microns; (b) 
THz-TDS transmission measurements for uniform dipole array of varying conductivities (c) schematic showing the 
metasurfaces design concept, the encoded image is only retrieved with imaged with correct frequency and along 
appropriate polarization. 

[1]  Yu, Nanfang, and Federico Capasso. “Flat optics with designer metasurfaces”. Nature Materials 13, 2 
 (2013). 
[2]  Kildishev, A. V., et. al.. “Planar photonics with metasurfaces.” Science 339, 6125 (2013). 
[3]  Ni, X., et al. Metasurface holograms for visible light. Nature Comm., 4 , 2807 (2013). 
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PS1:24 Optical excitation selective modulation of terahertz using 2D hybrid organic-inorganic perovskites 

A Chanana, Y Zhai, C Zhang, Z V Vardeny and A Nahata 

University of Utah, USA 

Active control over Terahertz (THz) resonances holds a promise for development of next generation of electronic and 
communication devices [1]. Among various modulation techniques, optical control over THz modulators is 
particularly interesting due to availability of wide variety of materials and efficient generation of photo carriers. 
However, most semiconductors require high peak optical intensities to generate sufficient carriers, thus requiring 
pulsed laser pump system for device operation. Recently, methyl ammonium lead iodide (MAPbI3) based organic-
inorganic photovoltaics have shown extraordinary surge in efficiency rivalling silicon based solar cells [2]. Moreover, 
two-dimensional (2D) counterpart of these perovskites offers tunable band gap, by varying the number of 
electrically connected layers (n=1,2,3); these self-assembled layered 2D perovskites have high exciton absorption 
at the band edge [3]. In this work, we present an excitation selective modulation of THz radiation using 2D hybrid 
organic-inorganic perovskite films. We demonstrate 100% modulation of THz radiation using a commercially 
available Halogen lamp source. The excitation dependent response was studied using combination of optical filters 
in the path of lamp excitation (schematic shown in Fig1(a)). The THz extinction plots shows high absorption peaks 
corresponding to photoluminescence (PL) emission observed in these films, thus indicating the role of excitons in 
THz conductivity in these perovskites (Fig 1(b)). Furthermore, we exploit these properties to design THz plasmonic 
device based on metallic mole arrays which can be selectively modulated based on color of excitation spectrum. 

 
Figure 1 (a) Schematic showing experimental setup where 2D Perovskite/ Silicon sample was photoexcited with 
halogen lamp, optical filters were used to study excitation dependence. (b) (Left to right) solid lines show THz 
extinction vs. optical wavelength for n=1,2 & 3 layer 2D perovskites films, the dashed (filled) curves shows 
corresponding PL spectra. 

[1]    Rahm, M., et. al. J. of Infrared, Millimeter, and Terahertz Waves 34, 1, 1-27 (2013). 
[2]    Snaith, H.J. J Phys. Chem. Lett. 4, 213623-3630 (2013). 
[3]    Ahmad, S., et.al. ACS Appl. Mater. & Interfaces 7, 45, 25227-25236 (2015). 
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PS1:25 Terahertz photoconductivity in silicon nanocrystals networks at low temperature 

V Pushkarev1, H Němec1, S Gutsch2, D Hiller2, J Laube2, M Zacharias2, T Ostatnický3 and P Kužel1 
1Institute of Physics of the Czech Academy of Sciences, Czech Republic, 2University of Freiburg, Germany, 3Charles 
University in Prague, Czech Republic 

Investigation of charge carrier motion in the silicon-based nanostructures is significant for many applications. 
However, elucidation of microscopic nature of charge transport in nanocrystal networks can be a quite challenging 
task due to the nanometer dimensions, complex morphology of the structures and a typically broad size distribution 
of nanocrystals. The time-resolved terahertz (THz) spectroscopy is a very useful technique allowing contact-free 
probing of charge transport on nanometer distances and ultrafast time scale [1]. 

For this investigation superlattices of 4.5nm thick silicon-rich silicon oxide layers SiOx (0≤x≤1) in between 4 nm 
thick SiO2 barrier layers were deposited using plasma enhanced chemical vapor deposition. Silicon nanocrystals 
networks were obtained by means of thermal decomposition of silicon-rich layers [2]. THz photoconductivity spectra 
of the samples were measured at 20 and 300K using conventional setup for time-resolved THz spectroscopy based 
on a Ti:sapphire amplifier. 

Measurements at room temperature with similar samples were described by classical Monte Carlo calculations [3]. 
We show in the present results that the shapes of the mobility spectra at 20 and 300 K do not differ much; this 
behavior disagrees with the classical model and Maxwell-Boltzmann statistics [4]. Clearly, quantum nature of the 
carrier confinement must play a significant role. For this reason, for the first time, we introduced quantum 
mechanical calculations of microscopic mobility in THz range based on linear response theory. We also introduce a 
distribution of nanocrystal sizes and the morphology parameters through a suitable effective medium theory [5]. 
This allows us to transform the quantum microscopic mobility to the effective conductivity measured in the 
experiment. Our complex microscopic model will be discussed in this contribution; it allows us to get information 
about the charge transport and the sample morphology (size distribution of conductive nanocrystals). 

 

Figure 1. (a) Example of measured (symbols) and fitted (lines) spectra of normalized transient transmission function 
ΔTnorm [5] at 400nm excitation beam wavelength at 20K. Different colours correspond to different excitation fluence 
densities ranging from 6.2×1011 (purple) to 4.5×1014 (black); (b) Distribution of sizes in the investigated sample 
obtained from the fitting. 

[1]  H. Němec et al., J. Photochem. Photobiol. A 215, 123 (2010). 
[2] J. Laube et al., Appl. Phys. Lett., 108, 043106 (2016). 
[3]  H. Němec et al., Phys. Rev. B 91, 195443 (2015). 
[4]  L. Fekete et al., Phys. Rev. B 79, 115306 (2009). 
[5]  P. Kužel and H. Němec, J. Phys. D: Appl. Phys. 47, 374005 (2014). 
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PS1:26 Time-resolved terahertz spectroscopy of macroporous inverse opal structured Ge films 

M A Narreto1, M Giebel2, NAmer1, T Fässler2 and F Hegmann1 
1University of Alberta, Canada, 2Technical University of Munich, Germany 

Germanium (Ge) has high carrier mobility and long wavelength sensitivity due to its low bandgap, making it useful 
for applications in photonic devices. The properties of nanostructured Ge have also attracted attention [1], including 
studies of the terahertz dynamics in Ge nanowires [2,3]. Here, we use time-resolved terahertz spectroscopy (TRTS) 
[4,5] to investigate the ultrafast carrier dynamics and terahertz conductivity in macroporous inverse opal structured 
Ge films with pore diameters of 150- 250 nm and walls thickness <200 nm [1], as shown in the inset in Fig. 1. Both 
amorphous and crystalline macroporous Ge samples are photoexcited with 400 nm, 100 fs pump pulses at 1 kHz. 
The resulting transient terahertz conductivity, shown in Fig. 1, follows the Drude-Smith model [5] with a scattering 
time of 𝜏𝜏= 48-56 fs and backscattering parameter c = -0.72 to -0.82, indicative of localization of photoexcited 
carriers within the pore walls. Furthermore, the ultrafast photoconductivity shows a decay time of <10 ps (Fig. 1). 
The pore walls have dimensions comparable to the carrier diffusion length, which leads to carrier localization and 
reduced carrier mobility [5].  The crystalline Ge inverse opal structures have much thinner walls in addition to high 
inhomogeneity, as seen in the SEM images in the inset of Fig. 1, leading to a lower terahertz conductivity compared 
to the amorphous inverse opal samples. The dependence of the ultrafast terahertz dynamics on pump wavelength 
and fluence are also explored. 

 

 

Figure 1. Terahertz complex conductivity of amorphous inverse opal structure on silica extracted from the TRTS 
measurements, which follows a Drude-Smith model. b) Negative differential terahertz transmission (−Δ𝑇𝑇/𝑇𝑇) of the 
amorphous and crystalline inverse opal structure measured at a pump wavelength of 400 nm and fluence of 1.31 
mJ/cm2. The inset shows the SEM images of the macroporous amorphous and crystalline inverse Ge opal structures. 

[1]  Bentlohner, M. M. et al., Angew. Chem. 128, 2487 –2491 (2016). 
[2]  Strait, J. H. et al., Nano Lett. 9, 2967-2972 (2009). 
[3]  Lee, W.-J. et al., Sci. Rep. 3, 01984; 10.1038/srep01984 (2013). 
[4]  Lloyd-Hughes, J. et al., Phys.Rev. B 78, 085320 (2008). 
[5]  Titova, L. V. et al., Phys. Rev. B 83, 085403 (2011). 
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PS1:27 THz spectroscopy of hair: towards a potential indicator of breast cancer 

G Shooter, A Gibson, V Wallace, T Siday and O Mitrofanov 

University College London, London, UK 

Some researchers have claimed that diseases such as breast cancer affect the X-Ray diffraction pattern of hair [1], 
though there is controversy in the literature about the repeatability of this technique. The mechanism has been 
proposed to be changes in lipid or protein content of hair. We are investigating whether THz spectroscopy of hair 
could inform the debate. There is little in the literature about characterizing the THz spectrum of hair. 

There have been attempts to characterize the THz spectrum of hair using bundles of hair with transmission geometry 
THz time-domain spectroscopy (TDS) and single hairs with transmission geometry near field THz TDS. The former 
found that the thickness of the bundle, the straightness of the hairs and the orientation of the bundle relative to the 
polarization of the electric field of the THz pulses affected the spectra.  The latter did not produce a reliable 
spectrum for a single hair. 

There is a need for more robust analysis of hair using THz. We will use two THz systems to analyse hair samples, a 
near-field THz TDS system and a standard commercial TDS system (TeraPulse4000, TeraView). We will first test the 
ability of each system to produce a reliable spectrum from a hair sample. 

The THz spectrum for a sample around the size of a hair (~100μm) would have contributions from the material 
content of the sample as well as geometrical resonances due to the size. To attempt to quantify the effect of the 
geometrical resonances in samples of this size in the near-field system, sugar crystals have been investigated. There 
is agreement in the literature about the THz spectrum for sugar crystals, with clear absorption peaks at around 1.4 
and 1.8 THz. 

We placed a sugar crystal in the near-field system as in Fig. 1(a). The sample was placed as close as possible to the 
detector, which had an aperture of 10μm. The transfer function shown in Fig.1(b) was calculated by dividing the 
Fourier transform of the sample pulse by the Fourier transform of the reference pulse. The minima in the diagram 
show absorption. The crystalline sugar sample has absorption troughs at around 1.5 and 1.8 THz, close to the peaks 
present in the literature. The increase of the transfer function above 1 at lower frequencies may be due to 
geometrical resonances. To attempt to quantify the effect of the geometrical resonances, crystals of varying size will 
be used.  

 

Figure 1. (a) The setup of the sugar crystal sample in the near field system; (b) The transfer function for a sucrose 
crystal. We will investigate the effect of geometric resonances using sugar crystals, fibres and software simulations. 
Once these are understood, we will analyse the THz spectrum of hair and determine the reproducibility of these 
measurements to inform the development of the technique as a potential screening tool for cancer. 

[1]  V. James, et al. Nature. 398, 6722, (1999). 
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PS1:28 Investigation of dielectric properties of breast tissue phantoms using a non-debye model 

B C Q Truong, A J Fitzgerald, S Fan and V Wallace  

University of Western Australia, Australia 

Our previously-published non-Debye model for breast tissue has showed its potential for providing useful 
information about the tissue composition. This advantage of the dielectric model is apparently beneficial to 
classification of breast cancer in terahertz imaging systems. Thus, in this study, we explore the capability of the 
dielectric model to describe the tissue composition through tissue-mimicking phantoms comprising of water and 
lipid. 

Terahertz (THz) imaging has also been studied to image breast tissue, which has demonstrated good contrast 
between normal and cancerous breast tissues [1]. An intraoperative portable Terahertz (THz) probe has been 
recently developed by TeraView Ltd to enable a flexible access to cancerous regions in vivo for use in breast 
conserving surgery. However, classification accuracy of images from this system for breast cancer is very limited due 
to a number of challenges including the inhomogeneity of breast tissue. Our previous study proposed a non-Debye 
model (nDB) for describing the dielectric properties of breast tissue [2]. Several parameters of this model were 
shown to be potential indicators of tissue content in breast samples. Thus, applying the dielectric model to imaging 
breast tissue could help us to estimate the adipose or tumour content and thus improve the cancer classification. In 
this study, we validate this capability of the dielectric model nDB through phantoms mimicking the breast tissue. 

The breast tissue phantoms were created from a commercially available emulsion - Intralipid (Sigma Aldrick, UK). 
Experimental data were collected on reflection from the TPISpectra4000 (TeraView Ltd, UK). The spectra of complex 
permittivity were numerically calculated from the time-domain data using the self-referenced reflection THz-TDS 
approach [3]. Then, the extracted dielectric constants of the phantoms were used to fit the nDB model and extract 
the optimal model parameters. Regression analysis  was  conducted  to  identify  the  correlation  between  these  
parameters  and  the  lipid concentration. The initial results show that the nDB model can fit the measured data very 
well. More importantly, the outcomes of the regression analysis suggest that the parameter σ of nDB is the best 
indicator of the change in lipid concentration among the model parameters. Fig. 1 shows that the increase in lipid 
concentration results in the decrease in σ. 

 
 

Figure 1. The regression line describes the relationship between σ of the nDB and the lipid concentration. 

Since the breast tissue is much more complicated than the water-lipid phantom, it is essential to consider more 
complex phantoms comprising of not only water and lipid but also protein. Therefore, in the next stage of this study, 
we will investigate the impact of protein and its combination with lipid on dielectric properties of breast tissue to 
understand the interaction between THz radiation and breast tissue better. 

[1]  A. J. Fitzgerald et al, Radiology, 239(2), 533–540(2006). 
[2]  B. C. Q. Truong et al, IEEE Trans. Biomed. Eng., 62(2), 699–707(2015). 
[3]  P. U. Jepsen, U. Møller, and H. Merbold, Opt. Express, 15, 14717–14737(2007). 
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PS1:29 A CW-THz source with broadband tunability and high frequency accuracy using an optical-modulator-based 
flat comb generator for high precision spectroscopy 

I Morohashi, T Sakamoto, N Sekine, A Kasamatsu and I Hosako 

National Institute of Information and Communications Technology, Japan 

Terahertz (THz) spectroscopy is one of important industrial applications in material characterization, gas sensing and 
so forth [1]. Although THz time-domain spectroscopy (THz-TDS) can simultaneously acquire amplitude and phase 
spectra, the frequency resolution is decided by the temporal scan range of THz waveforms. In addition, THz-TDS 
needs to precisely adjust optical path lengths of probe and THz pulses. In most cases of THz spectroscopy, 
amplitude spectra of transmitted THz pulses are important. It makes possible to simplify the THz spectroscopic 
system into one composed of a frequency tunable THz source and a detector. Photonic down-conversion is a good 
candidate for frequency-tunable THz sources, because the frequency of THz signals can be precisely controlled by 
the frequency separation of two-tone signals. In this paper, we propose a cw-THz source consisted of a Mach-
Zehnder-modulator-based flat comb generator (MZ-FCG) for a frequency-tunable THz source. 

 
Figure 1 shows the setup for the THz source. By using a pair of optical tunable bandpass filters (TBFs), optical two-
tone signals were extracted from optical combs generated by the MZ-FCG (Fig. 2) [1]. The frequency separation of 
the two-tone signal was set to 100 GHz, and was launched into a uni- traveling carrier photodiode (UTC-PD), 
generating a 100 GHz signal. The frequency of the THz wave can be precisely controlled by the frequency of the 
synthesizer driving the MZ-FCG and the mode selection by the TBFs. Figure 2(b) shows a spectrum of a generated 
100 GHz signal. The linewidth of the 100 GHz signal was less than 1 Hz. Figure 2(c) shows a phase noise 
characteristics of the 100 GHz signal. The phase noise at the frequency offset of 100 kHz was -103 dBc/Hz, which 
was consistent with that estimated from the driving signal. From Allan deviation characteristics (not shown), the 
frequency stability of 100 GHz signal was 10-13 level (the averaging time of 1 sec), which corresponds to the center 
frequency deviation within 10 mHz. This result implies that our approach can generate THz waves with high 
frequency accuracy and stability. 

[1]  T. Sakamoto, T. Kawanishi, and M. Tsuchiya, Opt. Lett. 33, 890 (2008). 
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PS2:01 Real-time monitoring of gas concentration mixed with unwanted smoke under atmospheric pressure using 
asynchronous-optical-sampling THz time-domain spectroscopy 

T Yasui1, Y-D Hsieh1, S Nakamura1, T Minamikawa1 and F Hindle2 
1Tokushima University, Japan, 2Université du Littoral Côte d’Opale, Japan 

Terahertz (THz) spectroscopy is a promising method for analyzing polar gas molecules mixed with unwanted aerosols 
due to its ability to obtain spectral fingerprints of rotational transition and immunity to aerosol scattering. In 
particular, asynchronous-optical-sampling THz time-domain spectroscopy (ASOPS-THz-TDS) has a potential to 
achieve high resolution, high accuracy, broad spectral coverage in real time [1, 2]. In this article, dynamic 
monitoring of acetonitrile (CH3CN) gas concentration was performed in the presence of smoke under the 
atmospheric pressure using a fiber-based ASOPS-THz-TDS [3]. 

To match THz spectral signatures of gas molecules at atmospheric pressure, the spectral resolution was optimized to 
1 GHz with a measurement rate of 1 Hz. Without the influence of scattering or absorption by the smoke, many J 
manifolds of rotational transitions in CH3CN molecules were spectrally resolved at atmospheric pressure (see Fig. 
1). Using the fitting model considering all the spectral contributions of the numerous closely packed K components 
in each of J manifolds from 0.2 THz to 1 THz, the temporal change of CH3CN gas concentration was monitored with 
an uncertainty of 200 ppm. The multiplex nature of this spectrometer also allowed the water concentration to be 
determined simultaneously with an uncertainty of 0.1%. The  CH3CN concentrations increased from zero to 3.4% 
during the volatilization of CH3CN droplets, and that the volatilized CH3CN gas diffused in the gas cell filled with 
smoke while the water vapor concentration fell slightly from 0.050 to 0.043 (see Fig. 2). Also, we estimated the 
lower detection limit of several gases related with the combustion process and the fire accident from comparison of 
the integrated absorption intensity, and show a potential of the present system for monitoring of HCN, HCl, SO, and 
SO2 (see Fig. 3). 

This system will be a powerful tool for real-time monitoring of target gases in practical applicationsof gas analysis in 
the atmospheric pressure, such as combustion processes or fire accident. 

 

[1]   C.  Janke  et  al.,  "Asynchronous  optical  sampling  for  high-speed  characterization  of  integrated 
 resonant terahertz sensors," Opt. Lett. 30, 1405–1407 (2005). 
[2]  T. Yasui et al., "Asynchronous optical sampling terahertz time-domain spectroscopy for ultrahigh spectral 
 resolution and rapid data acquisition," Appl. Phys. Lett. 87, 061101 (2005). 
[3]   Y.-D.  Hsieh  et  al.,  "Dynamic  terahertz  spectroscopy  of  gas  molecules  mixed  with  unwanted aerosol  
 under atmospheric pressure using fibre-based asynchronous-optical-sampling terahertz time-domain 
 pectroscopy," Sci. Rep. 6, 28114 (2016). 
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PS2:02 Investigating cell-scaffold interaction by terahertz frequency-domain circular dichroism spectroscopy  

B Yang1, Y Zeng2, J Qiu2 and R Donnan2 
1University of Chester, UK, 2Queen Mary University of London, UK 

Terahertz (THz) spectroscopy, theoretically and experimentally paints a picture of the importance of inter-domain 
collective dynamics in biopolymer structure and function, and suggest the existence of a large number of THz 
collective modes in biomaterials. As charged macromolecules, the absorption of cells should be coupled with 
circular dichroism activity since the collective vibrational modes of a folded, chiral biomolecule would fundamentally 
display differential absorption between left- and right-handed circular polarized radiations in the THz spectral 
domain. We would expect the magnitude of THz CD, and the relation between THz CD spectroscopic signatures and 
the structure, to be moderated by the charge distribution and mechanical properties of biomaterials and tissues. 

There are few THz-CD spectrometers commercially available. The combination of a conventional antenna 
measurement instrument, the Vector Network Analyser (VNA), with a THz quasi-optical (QO) circuit bench has been 
built up. The CD spectroscopy has demonstrated its advantages to characterize an intrinsically chiral hexaferrite 
wafer [1, 2] and now it is been used to explore the cell- scaffold interactions, particularly the response of collagen 
gel with contractile fibroblastic cells. In Fig.1, the fixed numbers of fibroblast cells, as dopant, is injected and spread 
into three differently prepared concentrations of collagen in order to investigate the reactions between them, and 
clear spectral differences under different polarization cases are observed. In Fig.2, the mixture of collagen and 
fibroblast cells is ‘CCTV-like’ monitored continuously for 16 hours and the two reflected THz chiral signals show 
significant differences. Initial results demonstrated that THz CD metrology can sensitively discriminate the variations 
of contractible cells in the scaffold (collagen) and the work will help scientists and engineers to monitor cellular 
interactions in real-time in an efficient and non-invasive manner. 

 
[1]  B. Yang and R. Donnan, Journal of Magnetism and Magnetic Materials, 323 (15), 1992-1997. 
[2]  B. Yang, et al, Journal of Applied Physics, 109 (10), 104505. 
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PS2:03 THz spectroscopy of palm oil products 

M Méndez Aller1, D S Ong2, H LN Lau3 and S Preu1 
1TU Darmstadt, Germany, 2Multimedia University, Malaysia, 3Malaysian Palm Oil Board, Malaysia 

Palm oil production is one of the most important industries of oils and fats in the world, especially in south East 
Asia, with Malaysia currently producing 39% of the world palm oil [1]. One of the most important characteristics of 
palm oil is that two types of oils are extracted from the palm oil tree: the oil coming from the mesocarp and the one 
extracted from the seed or kernel. This leads to the possibility of obtaining a wider variety of products after 
refinement than other oil industries. Ultraviolet, visible and infrared spectroscopy are widely used for quality control 
and specification of palm oil products, identifying free fat acids, moisture, minor components and impurities. 
Important quality indicators using UV light are the Deterioration of Bleachability Index (DOBI) and total carotene 
content [2,3]. However, determination of additives that might artificially enhance these indicators requires 
examination over a wider range. While we should not expect narrow features at the THz range, transmission through 
many packaging materials and sensitivity to determine relative content of solvents and solutes make pulsed THz 
spectroscopy interesting for quality and content control [4]. 

We present early results on the THz spectroscopy of three products of palm oil: palm olein (liquid fraction of the 
crude oil), palm methyl ester (PME) biodiesel and palm mixed tocotrienols and tocopherol concentrate (vitamin E). 
The transmission measurement has been taken in a time domain spectroscopy (TDS) setup driven by a 90 fs laser 
operating at 1550 nm (Menlo Systems Tera K15). The cuvette that contains the samples consists of two 
polypropylene windows spaced by 3 mm. 

 

 
Figure 1. Absorption coefficient of three palm oil products. 

From the results, it is possible to observe that absorption stays low enough to measure thought samples with path 
lengths of several millimeters with about 2.5 THz bandwidth. Biodiesel shows a pronounced absorption maximum 
around 1.4 THz. The tocotrienols and tocopherol mixture as well as olein show a linear increase in the absorption 
coefficient Their complex refractive index from 500 GHz-2 THz is almost constant with values of 𝑛𝑛= (1.56 + 𝑖𝑖0.018) 
± (0.01 + 𝑖𝑖0.004) and (1.51+i0.023) ± (0.02 + 𝑖𝑖0.003), respectively. When examining pure substances, 
comparisons to these values could be used to identify contaminations. 

[1]      http://mpoc.org.my/Malaysian_Palm_Oil_Industry.aspx 
[2]  S. Upstone, “Measurement of Quality of Crude Palm Oils used in Margarine Production by UV/Visible 
 Spectroscopy”, Application Note, PerkinElmer Inc., UK. 
[3]  MPOB Test Methods, “Method of Test for Palm Oil and Palm Products: Determination of Carotene Content”, 
 Method p2.6:2004, Malaysian Palm Oil Board. 
[4]  K.-E. Peiponen, J.A. Zeitler, M. Kuwata-Gonokami, “Terahertz Spectroscopy and Imaging”, Springer Seriesin 
 Optical Sciences, vol. 171 (Springer, Berlin, 2013) 
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PS2:04 Practical considerations of deploying terahertz technology for automotive coatings inspection 

R K May, I S Gregory and P F Taday 

TeraView Ltd. 

Many  industrial  processes  involve  the  deposition  of  multiple  protective  or  aesthetic  coatings  onto surfaces. 
In the automotive and aerospace industries, the thickness of individual paint films is one of the most critical quality 
parameters in the paint process. We report on intensive work undertaken to integrate terahertz sensing for paint 
thickness measurement for quality control in automotive manufacturing. For terahertz technology to enter the 
industrial sector practical limitations must be overcome. With the advent of robust, turnkey terahertz systems, the 
technology has matured sufficiently to perform proof-of-concept demonstrations, initially in the laboratory [1] and 
then in the factory [2], but until recently there remained a gulf between a functioning demonstrator and a system 
ready for full-scale deployment. Our work has demonstrated solutions to the hurdles encountered, including 
perceived issues raised by an industry that is traditionally conservative in its adoption of new technology. 

Time-domain waveforms reflected from the painted surface are measured using TeraView's TeraCota (Terahertz 
Coating thickness analysis) instrument and then simulated using a matrix formalism of Fresnel's equations, in 
which each paint layer is represented by parameters that describe its thickness and optical response (a complex, 
frequency-dependent refractive index). We then use numerical optimization to determine, without user 
interpretation, the thickness of, typically, four to five paint layers at each measurement location. The non-contact 
nature of measurements allows function hitherto unavailable with induction or ultrasonic probes, for example: rapid 
(sub-second) measurement cycles, continuous line- scanning across profiles, access to curved surfaces and/or 
narrow areas. Positioning sensors relative to automated assembly lines presents additional requirements in terms 
of: sensor positioning and alignment; automated validation of good and bad measurements; and ensuring 
continuous reliable operation in a harsh industrial environment with support provided primarily by existing plant 
staff rather than the need for  dedicated  specialist  support.  The last requirement was satisfied by putting the 
sensor through aggressive durability and robustness testing. 

Depending on individual customer requirements, deployment will occur in either automated (robotically-positioned) 
or handheld (manually-positioned) modes of operation. For the latter, manual-handling requirements were fulfilled 
by integrating the sensor with ergonomic support arms. For both modes of operations, positioning and alignment 
specifications have been met using a combination of signal filtering and feedback algorithms to ensure only data of 
suitable quality is accepted. Working with system integrators who are already established within the automotive 
industry, we have addressed residual concerns, and provide a direct route to full in-line deployment. 

 
Figure 1: Photographs of the TeraCota instrument in manual (left) and automated (right) modes. 

[1]  I.S. Gregory, R.K. May, K. Su, J.A. Zeitler, Proc. 39th Int. Conf. IRMMW-THz, 14-19 Sep. 2014 
[2]  I.S. Gregory, R.K. May, P. Mounaix, Proc. 41st Int. Conf. IRMMW-THz, 25-30 Sep. 2016 
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PS2:05 Towards real-world THz imaging with optically controllable single-pixel cameras 

S Augustin1, P Jung2 and H-W Huebers1 
1Humboldt University Berlin, Germany, 2Technical University Berlin, Germany 

As is known, single-pixel cameras [1] are able to image objects with just a single detector with the help of spatial 
light modulators without any movement of its single detector. The successful application of the SPC concept to the 
THz region was reported by several authors (e.g. [2], [3]). THz-SPCs offer an alternative to mechanical scanning 
based approaches that is fast, cost-efficient and allows signal processing already on the hardware level (e.g. 
Compressed Sensing acquisition schemes). One recent measurement example using an optically controllable THz-
SPC in transmission mode is shown in Fig. 1.  

The THz-SPC used to acquire the image employed a 7 mW 345 GHz source a sc- Germanium optical switch, a 160 
W (electrical power) halogen lamp and a single heterodyne detector. As demonstrated, fast imaging (~seconds) of 
scenes of several cm2 size with resolution at the mm scale is possible and was also reported in the literature ([2], 
[3]). However, all reported imagery uses binary objects as imaging targets.  In order to enable imaging of non-binary 
targets, which is a more realistic application scenario, the imaging process of a THz-SPC has to be understood and 
modeled in detail. Towards that end we have devised a multilinear model (1) that describes the overall imaging 
process including target and calibration parameters. Thus, let x be the target vector (image) to recover, Φis the 
matrix of binary measurement masks and the matrix E-Φcontains the complementary masks. The vector of SPC 
measurements is then modeled by equation (1): 

 
Figure 1. THz-SPC image acquired in approx. 30 s showing a portion of the cameras field-of-view (LHS). The RHS 
shows a digital camera image of the imaged object (metallic grid with 4 mm x 5 mm openings). 

𝑦𝑦 = 𝑋𝑋 ⊙ �[𝛷𝛷;𝐸𝐸 −𝛷𝛷] ∙ ��𝑏𝑏 ⊙𝑥𝑥
𝑎𝑎 ⊙𝑥𝑥� + 𝑛𝑛�𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑢𝑢 ⊙𝑣𝑣 = 𝑑𝑑𝑖𝑖𝑎𝑎𝑑𝑑 9𝑢𝑢� ∙ 𝑣𝑣             [1] 

The unknown elementwise-positive vectors p, a and b in (1) describe different uncertainties in the imaging device 
and n denotes Gaussian noise. In the remainder of this text, a calibration method will be presented to determine the 
unknown calibration parameters and with that knowledge improve the imaging process. 

[1]    M. F. Duarte, M. A. Davenport, D. Takhar, J. N. Laska, Ting Sun, K. F. Kelly, and R. G. Baraniuk, “Single-pixel 
 imaging via compressive sampling,” IEEE Sig. Proc. Mag., vol. 25, no. 2, pp. 83–91, 2008. 
[2]    D. Shrekenhamer, C. M.Watts, and W. J. Padilla, “Terahertz single pixelimaging with an optically controlled 
 dynamic spatial light modulator,”Optics Express, vol. 21, no. 10, p. 12507, 2013. 
[3]    S. Augustin, J. Hieronymus, P. Jung, and H.-W. Hübers. “Compressed Sensing in a Fully Non-Mechanical 
 350 GHz Imaging Setting." Journal of Infrared, Millimeter, and Terahertz Waves, 36(5):496–512, 2015. 

 

  

143 

 



 

PS2:06 Polarization switching THz devices for protein analysis 

D Blyth and A Vickers 

University of Essex, UK 

The effective coupling of THz radiation to a sample prepared for protein analysis by spectroscopy is dependent on 
the polarisation of the radiation. The coupling can be described by the reflection coefficient R and the transmission 
coefficient T at the beam sample interface [1]. Photoconductive dipole antennas emit linear polarised THz radiation 
in the direction of the voltage bias on the electrodes. 𝑅𝑅is then expressed by equations 2.8-2.9 for S and P 
polarisations respectively. 

 

Where 𝑛𝑛1 and 𝑛𝑛2 are the refractive index of air and the sample respectively. 𝜃𝜃𝑖𝑖 is the angle of incidence and 𝜃𝜃𝑡𝑡 is the 
transmission angle. Due to the conservation of energy the transmission coefficient is therefore described by 
equations 2.10 and 2.11. 

    𝑇𝑇S = 1 − 𝑅𝑅S                                                             (2.10) 

    𝑇𝑇𝑋𝑋= 1 − 𝑅𝑅𝑋𝑋     (2.11) 

Modulated Infra-red Reflection Absorption Spectroscopy (PM-IRRAS) originally developed in 2001 [2] has become 
a widely available commercial tool. In essence this spectrometer emits in turn the IR beam in its P and S polarised 
components. At a glancing angle on a thin film substrate, the surface absorption of P polarised IR radiation is 
significantly enhanced [3]. Conversely the S polarised IR radiation has almost no surface absorption at any angle. 
From the spectrum of these two measurements a differential spectrum can be calculated, greatly reducing the noise 
of the system. The development of Terahertz reflection absorption spectroscopy (THz-RAS) is dependent on the 
development of an orthogonal polarised THz emitter. Orthogonal linear polarisation in the THz region has been 
successfully achieved in a number of ways. Chen and Zhang [4] first demonstrated an early successful attempt of 
generating polarised THz radiation. The technique involved the polarisation of the pump femtosecond ultra-fast laser 
that illuminates a ZnTe electro-optic emitter, with the resulting polarisation of the THz beam linked to the tensor 
product of the crystal. Polarisation of THz radiation has also been achieved using photoconductive antennas. These 
polarisable antennas have been developed in two forms, three and four electrode contacts, where polarisation is 
controlled by altering the direction of the electric field. These antennas have been demonstrated for both the 
generation and detection of polarised THz radiation [5, 6]. In this work a polarisable four contact photoconductive 
antenna scheme is investigated, that is compatible with existing THz-TDS spectrometers. The characteristics of the 
polarisable antenna are computationally calculated and compared to the THz emission of a fabricated antenna 
based on the same design. To generate THz radiation, the polarisable antenna is optically pumped by an ultra-fast 
laser pulse between two biased electrodes. The generation and acceleration of the resulting carriers in the substrate 
produce broad band radiation in the THz frequency regime. Ultra-fast laser excitation is applied to a model antenna 
in the form of a photocurrent pulse, from which the near field and far field frequency response are calculated. 

[1]  D. Crompton, PhD thesis, “Decoding the Picosecond Dynamics of Aqueous Biomolecular Systems:Through 
 Novel Terahertz Instrumentation and Molecular Dynamic Simulations,” September 2013. 
[2]  B. L. Frey, R. M. Corn, and S. C. Weibel, "Polarization‐Modulation Approaches to Reflection– 
 Absorption Spectroscopy," Handbook of Vibrational Spectroscopy, 2001. 
[3]  R. G. Greenler, "Infrared study of adsorbed molecules on metal surfaces by reflection techniques," 
 The Journal of chemical physics, vol. 44, p. 310, 1966. 
[4]  Q. Chen and X. C. Zhang, "Polarization modulation in optoelectronic generation and detection of terahertz 
 beams," Applied physics letters, vol. 74, pp. 3435-3437, 1999. 
[5]  H. Makabe, Y. Hirota, M. Tani, and M. Hangyo, "Polarization state measurement of terahertz 
 electromagnetic radiation by three-contact photoconductive antenna," Optics Express, vol. 15, pp. 11650-
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 11657, 2007. 
[6]  Y. Hirota, R. Hattori, M. Tani, and M. Hangyo, "Polarization modulation of terahertz electromagnetic 
 radiation by four-contact photoconductive antenna," Optics Express, vol. 14, pp. 4486- 4493, 2006. 

 

PS2:07 Phase-matched generation of coherent field transients below 15 THz in 4H-SiC 

M P Fischer, J Bühler, T Kurihara, G Fitzky, A Leitenstorfer and D Brida 

University of Konstanz, Germany 

The frequency range between 5 THz and 15 THz is a spectral region of particular interest since it overlaps with 
fundamental excitations in condensed-matter systems such as phonons in crystals, vibrations in molecules and low-
energy collective modes in correlated materials. However, the generation and coherent detection of highly stable 
THz transients for ultrafast experiments in this spectral interval is hindered by the fact that most nonlinear emitters 
display either a forbidden region due to the presence of the Reststrahlen band or lack of birefringence for proper 
phase matching. In this work, we present 4H silicon carbide (4H-SiC) as a new nonlinear crystal for difference 
frequency generation (DFG) in this elusive spectral regime. SiC features a large variety of advantageous properties 
including a Reststrahlen band at relatively high frequencies between 20 THz and 30 THz [1], high crystal quality, 
excellent transmission in the visible range without two-photon absorption of near-infrared pump light, high second 
order nonlinearity [2, 3] plus strong uniaxial birefringence allowing for phase matching and high conversion 
efficiency in thick crystals. 

 
Figure 1. (a) Calculated type-I (ooe) phase matching curves for several pump wavelengths for difference frequency 
generation in 4H-SiC; (b) spectra of pulses generated via DFG in 4H-SiC (left to right: Ө = 38°, 45°, 60°, 90°); (c) 
EOS time trace of a pulse generated via optical rectification in ZnTe recorded using SiC, inset: intensity spectrum. 

Chemical vapor deposition-grown 4H-SiC (Norstel AB, Sweden) is cut at various angles Ө with respect to the optical 
axis and polished to a thickness of 400 μm. The ordinary and extraordinary refractive indices were characterized by 
FTIR measurements thus allowing us to update, in the frequency range of interest, the Sellmeier equations from 
previous works [4]. Fig. 1(a) shows the phase matching curve in case of DFG pumped at 1280 nm (blue line), 1030 
nm (red) and 800 nm (black). To demonstrate DFG, a Ti:sapphire femtosecond laser system [5] equipped with two 
independently tunable optical parametric amplifiers operating in the near infrared at central wavelengths of 1280 
nm and 1320 nm to 1360 nm were used, respectively. The far-infrared pulses were detected via electro-optic 
sampling (EOS) in a 20-μm-thick ZnTe crystal. Fig. 2(b) includes the spectra of the emitted multi-cycle THz pulses 
measured for various angles Ө of the crystal showing full tunability of the central frequency below 15 THz. In 
addition, we also employed SiC as nonlinear crystal for the detection of broadband low-frequency THz pulses. Fig. 
1(c) shows the waveform of a transient centered at 1.5 THz and generated via optical rectification (OR) in ZnTe as 
measured by electro-optic sampling with a SiC crystal. 

In conclusion, 4H-SiC is a novel nonlinear crystal that can cover the full spectral region below 15 THz both in 
emission and detection, opening up immediate applications in ultrafast experiments. 

[1]  A. Paarmann, et al., Appl. Phys. Lett. 107, 081101 (2015). 
[2]  J. H. Strait, et al., Appl. Phys. Lett. 95, 051912 (2008). 
[3]  S. Wang, et al., Laser Photon. Rev. 7, 831 (2013). 
[4]  M. Naftaly, et al., Opt. Express 24, 2590 (2016). 
[5]  F. Junginger, et al., Opt. Lett. 35, 2645 (2010). 
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PS2:08 Nanometre precision in THz thicknesses measurements of dielectric and metal-dielectric structures 

K Krewer, Z Mics, M Bonn and D Turchinovich 

Max Planck Institute for Polymer Research, Germany 

We show that it is possible to accurately determine the thickness of dielectric layers with the precision down to just 
a few nanometres, using the standard THz spectroscopy with a bandwidth of 2.3 THz. For the metal films grown on 
dielectrics our method allows one to establish the electron momentum scattering times in the metal as small as 
only a few femtoseconds. 

The time-domain nature of ultrafast THz spectroscopy enables its two popular applications: thickness measurements 
based on the time-of-flight of the THz pulses, and complex-valued conductivity measurements such as e.g. on thin 
conductive films, in particular yielding the electron momentum scattering times. Often, both of these measurements 
are combined within a single experiment, when the conductive properties of a thin metal film deposited on the 
dielectric substrate needs to be precisely established [1]. The measurement is usually referenced to the 
transmission through a bare substrate to obtain the complex sheet conductivity of the film. A difference in thickness 
of 150 nm between sample and reference substrate will result in a systematic error of the scattering time of more 
than 1 fs for common substrates such as silicon or MgO. Given that even high quality Si wafers typically have total 
thickness variations on the order of micrometres [2], it is crucially important to measure the thickness difference d 
and correct for it. Here we obtain both the complex sheet conductivity of the metal film and the thickness difference 
by analysing the primary transmitted pulse and its first echo within the substrate. In the echo, the thickness 
difference leads to a ca. 4 times larger phase shift compared to the direct transmission. These different phase shifts 
allow determining the thickness difference. 

 

Figure 1. Left: sketch of the THz beam paths through sample and reference substrate. The thickness difference d can 
be determined by comparing the primary (path I) transmission and its first echo (path II) between reference and 
sample. Right: Thickness difference measured for 5 samples with differently thin iron layers on top is displayed on 
the left scale (black), the standard error of the mean of these measurements on the right scale (red). 

As an example, we determined the thickness differences between 5 approximately 0.5 mm – thick MgO substrates 
covered with 2.2 to 20 nm iron, and an uncovered reference MgO substrate from a different substrate batch. We see 
differences 𝑑𝑑between 0.4 and 23.8 μm with standard errors of less than 15 nm each, which is comparable to the 
accuracy of interferometric laser metrology [3] and implies a resolution better than 𝜆𝜆⁄10000 for our spectral range 
0.3 – 2.3 THz. The typical wafer-to- wafer manufacturing precision for these 0.5 mm thick samples is 20 μm, which 
fits our result well.  

Correcting for these thickness differences, we observe conductivity spectra of iron which follow the Drude-
Sommerfeld model, and extract the electron scattering times in ranging from 7 to 20 fs. 

[1]       Z. Jin, et al., Nat. Phys. 11, 761–766, (2015). 
[2]       G. Eranna, Crystal Growth and Evaluation of Silicon for VLSI and ULSI, CRC Press (2014).  
[3]       T. J. Dunn, C. A. Lee, and M. J. Tronolone, Proc. SPIE, 7790,77900I–9 (2010). 

  

146 

 



 

PS2:09 Vector network analyser based angular resolved measurements at THz frequencies 

A K Klein, J M Hammler, D Zeze, C Balocco and A Gallant 

Durham University, UK 

Angular  resolved  measurements  are  commonly  carried  out  with  visible  and  infrared  light  for  the 
characterisation of a wide range of structures, e.g. for plasmonic structures where the coupling to the plasmons at 
different frequencies is depending on the incident angle or the study of ferroelectric nanomaterials, where the 
dynamics of the domain structures can be investigated over the Brewster angle [1]. However, such measurements 
have proven to be much more challenging at THz frequencies. In particular, this is the case with THz time domain 
spectroscopy (TDS) systems which suffer from issues with the naturally occurring deformation of the beam front 
leading to an angular dependent bandwidth variation. Furthermore, the use of coherent detection can make it 
difficult to handle experiments where there is a significant change in polarisation. Instead, here we present a system 
which uses a vector network analyser in combination with two Virginia Diode frequency range extenders to generate 
and detect continuous wave THz radiation. Horn antennas, with a low aspect ratio of 2:1, are used to couple the 
radiation into free space. Therefore, even if the THz radiation is linearly polarised, the receiving antenna is able to 
accept a different polarisation, albeit with a lower efficiency. The talk will focus on the angular resolved 
characterisation of spoof-plasmonic structures, such as groove structures and hole arrays. 

 

Figure 1. Angular dependent reflectance measurements of a spoof plasmonic array structure of rectangular holes as 
described in [2]. A dip in reflectance is visible where the THz radiation first couples to the structure around 15 ° at 
lower frequencies. With increasing angle the coupling frequency shifts upwards as well. The change in contrast 
arises from the stitching of two individual measurements for different angle ranges. 

[1]  I. Luk’yanchuk, et al., arXiv:1410.3124 (2014). [2] C. K. A. Hill, et al., IRMMW-THz 15598971 (201 
 IRMMW-THz 15598971 (2015). 
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PS2:10 Nonlinear-optical coefficient measurements of precisely processed organic crystals 

T Notake, T Hosobata, M Takeda, Y Yamagata and H Minamide 

RIKEN, Japan 

(DAST) [1] and N-benzyl-2-methyl-4-nitroaniline (BNA) [2] have been actively studied for not only high-power THz-
wave radiation [3] but also high-sensitive wideband detection [4] and ultrashort-pulse E-O detection [5]. In order to 
fully utilize their potentials, it is obviously important to measure magnitude of every nonlinear optical coefficient in 
the 𝜒𝜒(2 tensor with a high accuracy. However, relevant reports have been amazingly limited for organic materials. 
Although magnitudes of some elements in the 𝜒𝜒(2) tensors of DAST and BNA were reported [6-8], there are 
discrepancy depending on reports and large error bars. Besides, d13, d15, d24, d31, d32, d33, d35 elements of DAST 
(monoclinic, point group m) and d15, d24, d31 elements of BNA (orthorhombic, point group mm2) still remains 
unknown. These facts indicate difficulty of the measurements for immature organic materials. In this paper, we 
report results of precise nonlinear optical coefficient measurements for them whose shape were processed properly. 

To measure a magnitude of nonlinear optical coefficients, Maker fringe measurements have been performed in 
general [9]. From an envelope of the fringe, magnitude of nonlinear optical coefficient can be determined. However, 
to observe appropriate fringe patterns, precise processing of the sample crystals with interfaces that are enough 
parallel and flat within a coherence length is extremely important. Such processing used to be difficult for organic 
materials. We applied ultrahigh precision cutting process with special crystalline diamond tool for fragile organic 
crystals. It enables the organic crystals to be shaped with appropriate crystal-axes and -planes depending on target 
dij element to be measured. After several optimizations for the processing parameters, plane-parallel plate with 
surface roughness less than 10 nm can be successfully obtained. Figure 1 shows an example of measured Maker 
fringe of SHG beam from the processed BNA with (010) plane. Here, directions of polarization for pump and SHG 
beam, rotation axis of the BNA were properly arranged to measure unknown d15 element. As a result, decent fringe 
pattern without distortion, asymmetry and nonzero-minima can be observed. Redline shows fitting considering 
general anisotropy in biaxial crystals [10] and it coincide with the experimental data well. Absolute value of the d15 
of BNA can be determined by comparison with similar Maker fringe data for well-known reference crystals such as 
KTP. In this way, precise measurements of optical nonlinear coefficients have become possible even for organic 
materials by applying ultrahigh precision cutting processing. Measuring unknown dij elements is useful to 
understand physical mechanism of large nonlinearity in organic materials due to 𝜋𝜋-electrons. 

 
Figure 1. Maker fringe pattern for d15 element in the 𝜒𝜒(2) tensor of precisely processed (010) BNA slab. 
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PS2:11 Detection proper and defective sugar beet seeds using THz time domain spectroscopy 

R Gente1, S F Busch1, E-M Stübling1, L M Schneider1, C B Hirschmann2, O Peters3, R Holzwarth3, T Müller-Wirts4, J C 
Balzer1 and M Koch1 

1Philipps-Universität Marburg, Germany, 2KWS SAAT SE, Germany, 3Menlo Systems GmbH, Germany, 4TEM 
Messtechnik GmbH, Germany 

To ensure the desired high yield in agricultural production a constant quality of the disseminated seeds is desired. 
Especially sugar beet seeds have a comparably high rate of 30-40% of defective seeds [1] that should be 
discarded before the seeds are brought to the field. Currently, the assessment of the seeds is a complex and time 
consuming process which includes X-ray imaging of the seeds for defining a weight threshold between proper and 
defective seeds. Here, we show how THz time domain measurements can be used for this task to replace the X-ray 
imaging in a way that can be automated for large numbers of samples. 

For the measurements a THz time domain spectrometer based on a fiber laser at 1550 nm and fiber-coupled THz 
antenna modules is used [2]. Polymer lenses are used to form a THz beam path with an intermediate focus. In this 
focus an aperture with a diameter of 1.5 mm is inserted. The samples are placed directly on the aperture. As shown 
in figure 1, a distinguishable difference between proper and defective seeds is already visible in the unprocessed 
time domain data. In the data analysis the transmitted signal through the aperture with and without a sample is 
compared. A reliable classification of the seeds can be achieved based on the phase shift that is caused by the 
samples in the frequency window between 250 GHz and 350 GHz. To eliminate  the  ambiguity  of 2𝜋𝜋in  the  phase  
information,  an  unwrap  routine  is  applied  to  the measured values. The values that are determined in this way 
from the THz waveforms separate themselves into two clusters that can be described by a Gaussian mixing model 
[3]. This model is self-calibrating without any need for pre-classified training data. The results of this data evaluation 
for measurements on 50 proper and 50 defective seeds are shown in figure 2. Using the X-ray results a reference, 
overall 87% of the seeds are classified correctly by the THz measurements  [2]. 

 
Currently, we are working towards an integrated and fully automated measurement system that can be used for the 
examination of a large number of seeds in an industrial environment. This setup will include a THz time domain 
spectrometer with a fast delay unit and a mechanical solution for the automated singling, placement and sorting of 
the samples. 

[1]  A. Kockelmann, U. Meyer, “Seed Production and Quality,” in Sugar Beet, A. P. Draycott, Ed. Oxford, UK: 
 Blackwell Publishing, 2006, ch. 5, pp. 89-112 
[2]  R. Gente et al. “Quality Control of Sugar Beet Seeds With THz Time-Domain Spectroscopy.” IEEE 
 Transactions on Terahertz Science and Technology, vol. 6, no.5, pp. 754-756, 
[3]  W. H. Press et al., “Gaussian Mixture Models and k-Means Clustering,” in Numerical Recipes: The Art of 
 Scientific Computing, 3rd ed. New York, NY, USA: Cambridge University Press, 2007, ch. 16.1, pp. 842 
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PS2:12 An investigation into the complementarity of THz imaging, stimulated infrared thermography and DHSPI for 
the imaging of concealed wall paintings 

J Bowen1, D Giovannacci2, V Tornari3, E Bourguignon2, D Brissaud2, M Andrianakis3 and V Detalle2 
1University of Reading, UK, 2Laboratoire de Recherche des Monuments Historique, France, 3Institute of Electronic 
Structure and Laser, Foundation for Research and Technology - Hellas (IESL/FORTH), Greece 

Terahertz imaging and spectroscopy show considerable promise for the analysis of cultural heritage artifacts and 
structures. In particular, the ability of terahertz radiation to penetrate through up to about 10 mm of wall plaster and 
to show contrast between different paint pigments makes it uniquely well suited to the imaging of concealed wall 
paintings, which, at some point in their history, have become covered by obscuring layers of plaster and/or paint 
[1]. However, with current technology, the terahertz image acquisition process is relatively time-consuming, 
meaning that only small areas of wall can be scanned in a reasonable time. This limitation is especially problematic 
in situations in which the exact location of the wall painting is unknown, as the long acquisition times make the 
technique impractical for surveying large areas of wall. With a view to overcoming this limitation, this paper presents 
the results of an investigation into the complementarity of terahertz imaging with two alternative imaging 
technologies that may be applied to the analysis of wall paintings: stimulated infrared thermography and digital 
holographic speckle pattern interferometry (DHPSI). This is the first time that all three techniques have been used 
together in an attempt to image a concealed wall painting inside a historic building.  

The measurements were carried out over the course of six days in June 2016 in the 12th Century Church of St. 
Gregory the Great, in Morville, Shropshire, UK. The only surviving record of a wall painting on the south wall of the 
church is in a book dating from 1859, which gives a description and sketch of the painting following its discovery 
under whitewash during renovations carried out in 1842. The painting had subsequently been covered again with 
further plaster and/or paint layers. The description in the book is ambiguous with regard to its location on the south 
wall.  

Terahertz imaging was carried out using a Picometrix T-ray 4000 time-domain imaging system in reflection mode. 
Stimulated infrared thermography was performed using a system developed by LRMH and the University of Reims 
Champaign Ardenne [2]. DHSPI was carried out using a system developed by IESL/FORTH [3]. All three instruments 
form part of the IPERION CH (Integrated Platform for the European Research Infrastructure ON Cultural Heritage) 
Mobile Laboratory (MOLAB). Extensive measurements were made using all three techniques on the eastern, central 
and western regions of the south wall, as well as adjacent to an exposed region of 13th Century fresco on the north 
wall, used to provide a reference for processing data collected from elsewhere in the church.  

Good agreement was seen between all three techniques, which were able to distinguish areas with structural defects 
and deterioration from those that were more solid. While thermography and DHSPI cannot provide direct images of 
concealed paintings, the results show that these techniques can provide valuable clues to their location that can be 
used to target subsequent detailed but more time-consuming terahertz imaging. Additionally, they can be used to 
identify cracks, voids and delaminations that can give rise to optical artifacts in terahertz images, giving scope for 
their removal in subsequent processing.  

Financial support by the Access to Research Infrastructures activity in the H2020 Programme of the EU (IPERION CH 
Grant Agreement n. 654028) is gratefully acknowledged.  
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PS2:13 Single-shot spectral measurement of THz radiation from two-colour laser focusing in air 

K-Y Kim, Y Yoo, Z Zhong and D Kuk 

University of Maryland, USA 

We report a novel, single-shot method to measure the spectrum of THz radiation emitted from two-colour laser 
focusing in air. Previously, the spectrum was measured by using Electro-Optic Sampling (EOS), Air Biased Coherent 
Detection (ABCD), or Fourier Transform Infrared spectroscopy (FTIR) [1]. However, these methods typically need 
multi-shot pump-probe scanning, and thus it takes a long time for data acquisition. This is also vulnerable to shot-
to-shot laser energy fluctuations. For single-shot spectral characterization, we have implemented two geometric 
setups. In the first scheme, cylindrical focusing is adopted to generate a two-dimensional (2-D) plasma sheet, 
which generates coherent two diverging THz lobes. Those THz lobes are collected and refocused by a cylindrical 
mirror onto an uncooled microbolometer 2-D array where the THz beams with different incident angles interfere and 
generate fringe patterns (see Fig. 1(a)). The interference pattern can be analysed to extract the spectral power of the 
emitted THz beam (see Fig. 1(b)). In the second setup, two parallel filaments with small separation (<1 mm) are 
produced by focusing and splitting two-colour laser pulses with a combination of a spherical lens and mirrors. Each 
filament produces conical THz beam profiles, and two conical beams can interfere and make fringe patterns on the 
microbolometer array (see Fig. 1(c)). The corresponding spectrum is shown in Fig. 1(d). These setups can be also 
used as a single-shot THz spectrometer to characterize materials. 

 
Figure 1 THz fringe patterns formed on a microbolometer 2D array when two coherent THz beams are created by (a) 
cylindrical and (c) spherical focusing, with their extracted THz spectra (b) and (d). 

[1]  T. I. Oh, Y. S. You, N. Jhajj, E. Rosenthal, H. M. Milchberg, and K. Y. Kim, New J. Phys. 15, 075002 (2013). 
[2]  D. Kuk3, Y. J. Yoo2, E. W. Rosenthal, N. Jhajj, H. M. Milchberg, and K. Y. Kim, Appl. Phys. Lett. 108, 
 121106 (2016). 
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PS2:14 THz generation using non-linear crystallites dispersed in organogels 

A Prathap, C P Vaisakh, K Sureshan and R Kini 

IISER-TVM, India 

Crystals of organic salts like trans-4-dimethylamino-N-methyl-4-stilbazolium-tosylate (DAST) show good non-linear 
properties and possess large electro optics coefficients [1, 2]. Using difference frequency generation and optical 
rectification in such crystals broadband THz generation is possible. We here report the generation of THz pulses 
using DAST crystallites uniformly embedded in an organogel medium transparent to THz signals. We have studied 
two types of composites: in one case we have ground the bulk DAST crystal in a mill and uniformly dispersed the 
crystallites in the gel matrix and in the second case the DAST nanocrystals are in-situ grown in the gel matrix. The 
intensity of the THz signals produced from the gel matrix could be tuned by varying the concentration of the DAST 
crystallites. We will also discuss ways to control the orientation of the nanocrystals in the gel medium. 

 

Figure 1. (a) THz electric field transient generated using 800nm excitation (100 fs) from DAST crystallites in an 
organogel matrix (b) The corresponding Fourier spectrum. 
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PS2:15 Multispectral detection from X-ray to THz on standard silicon CCD and CMOS sensors 

M Shalaby1, C Vicario1 and C Hauri2 
1SwissFEL (PSI), Switzerland, 2EPFL, Switzerland 

Present technology for visualising Terahertz (THz) radiation is limited as it does not allow for high-resolution imaging. 
Here we present a novel approach for visualizing THz pulses profiles on a CCD/CMOS sensor in the THz gap (1-15 
THz) at extreme spatial resolution. Our results will advance the field of THz imaging and beam profile 
characterization. 

Photo-induced electron transitions can lead to significant changes of the macroscopic electronic properties in 
semiconductors. This principle is responsible for the detection of light with charge-coupled devices. Their spectral 
sensitivity is limited by the semiconductor bandgap which has restricted their visualization capabilities to the 
optical, ultraviolet, and X-ray regimes. The absence of an imaging device in the low frequency terahertz range has 
severely hampered the advance of terahertz imaging applications in the past. Here we introduce a high-performing 
imaging concept to the terahertz range. On the basis of a silicon charge-coupled device we visualize 5–13 THz 
radiation with photon energy under 2% of the sensor’s band-gap energy. The unprecedented small pitch and large 
number of pixels allow the visualization of complex terahertz radiation patterns in real time and with high spatial 
detail. This advance will have a great impact on a wide range of terahertz imaging disciplines [1,2]. 

 

Figure 1 (a) High-resolved THz imaging with CCD surpasses the performance of conventional bolometric-based 
imaging. (b) Our novel approach allows visualization of a THz beam passing through the focus at 10 times better 
resolution than what is achieved with conventional technology (c). 

We extended the detection technique to include imaging hard X-ray radiation on the same sensor thus solving the 
long standing hurdle over spatially overlapping X-ray and THz in pump-probe experiments at the X-ray FELs. 

[1]  M. Shalaby and C.P. Hauri, Nat. Commun. 6, 5976 (2015). 
[2]  M. Shalaby and C.P. Hauri, Appl. Phys. Lett. 106, 181108 (2015). 
[3]  M. Shalaby, C. Vicario and C.P. Hauri,, Nat. Commun. 6, 8439 (2015)s 
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PS2:16 Intense THz source based on BNA organic crystal pumped at conventional Ti:Sapphire wavelength  

M Shalaby1, C Vicario1 and C Hauri2 
1SwissFEL (PSI), Switzerland, 2EPFL, Switzerland 

We report on high-energy terahertz pulses by optical rectification (OR) in the organic crystal N-benzyl-2- methyl-4-
nitroaniline (BNA) directly pumped by a conventional Ti:sapphire amplifier. The simple scheme provides an optical-
to- terahertz conversion efficiency of 0.25% when pumped by collimated laser pulses with duration of 50 fs and a 
central wavelength of 800 nm. The maximum output energy and electric field are 0.54 μJ and 0.5 MV/cm for 210 μJ 
optical pump [1]. 

Optical rectification (OR) in nonlinear crystals is the preferred generation technique, as it enables the most intense 
single cycle THz source technology. While Lithium Niobate is presently the most commonly used crystal, the 
complexity of the generation and focusing scheme presently limits the peak field to 1.2 MV/cm [2]. Organic crystals 
are presently the most efficient for THz generation with up 83 MV/cm peak field already reported [3]. However, 
efficient THz generation from organic crystals requires long wavelength of optical pumping (using optical parametric 
amplifiers) thus showing a major drawback. BNA is an organic crystal that could combine the advantage of direct 
Ti:Sapphire pumping (like Lithium Niobate) and very high nonlinearity and collinear phase matching (like other OPA- 
pumped organic crystals). 

We used 800 nm-centered Ti:sa laser pulses (repetition rate 100 Hz, pulse duration 50 fs) to pump a 680 μm thick 
BNA crystal [28]. The experimental setup is shown in Fig. 1(a). The THz temporal field profile and spectrum, Figs. 
1(b) and Fig. 1(c), respectively, are measured using standard free-space electrooptical sampling and an 800 nm 
laser pulse as probe. For the detection a ZnTe electro-optical crystal with a thickness of 0.5 mm is used. The electric 
field time trace shows a Mexican hat-like single-cycle THz pulse. Such a pulse shape resembles the half-cycle THz 
pulse desired for applications such as magnetic domain flipping [29]. The spectrum has a cutoff at 3 THz and a 
center frequency of 1.3 THz. These characteristics are similar to those obtained from LN sources. 

We studied the THz pulse energy and conversion efficiency as a function of the pump fluence using a BNA crystal 
with a 2 mm clear aperture and a thickness of 680 μm. Although the THz energy is expected to scale quadratically 
with the pump energy, we experimentally obtained a nearly linear dependence [Fig. 1(d)]. This is due to the 
nonlinear absorption of the pump and THz radiation inside the BNA crystal. At a fluence of 5.3 mJ∕cm2, we 
measured 0.54 μJ THz energy for a pump energy of 210 μJ using the normal spectrum from our laser [inset in Fig. 
1(a)]. This corresponds to a pump-to-THz conversion efficiency of 0.26%. This is the highest achieved value in 
crystal-safe operation. As we increased the pump fluence further, the THz energy increased correspondingly, but 
gradual damage of the crystal was observed over time. From these measurements, we conclude that the damage 
threshold of BNA is around 6 mJ∕cm2 for our laser parameters. A maximum peak field of 0.5 MV/cm is estimated 
from the maximum THz pulse energy, the field temporal profile, and assuming diffraction-limited focus. Higher field 
is feasible with larger BNA organic and higher pump energy. 

 
Figure 1. Terahertz pulse characteristics. (a) Experimental setup, (b) temporal evolution of the electric field, and (c) 
amplitude spectrum of the generated THz pulse. The spectrum of the laser pump pulse is shown as an inset in 
(b).(d) Generated THz pulse energy. 
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PS2:17 Highly versatile narrowband terahertz source providing extreme field strength 

C Hauri1, C Vicario2, M Shalaby2, A Ovchinnikov3 and O Chefonov3 
1Paul Scherrer Institute/EPFL, Switzerland, 2PSI, Switzerland, 3JIHT, Russia 

The exploration of high field phenomena in the THz frequency range (0.1-10 THz) requires advanced THz laser 
technology to cope with the versatile source requirements to drive non-resonant and selective dynamics [1,2]. Here 
we present a laser-based THz technology which is able to provide both intense single-cycle pulses up to 50 MV/cm 
as well as narrowband radiation at MV/cm field strength tunable across a frequency range of 0.5-8 THz and tunable 
in spectral bandwidth. The source is based on optical rectification of a Cr:forsterite laser [3,4] in large-size organic 
crystals [5]. 

 
Figure 1. a) field autocorrelation and b) corresponding spectral shape of a signle-cycle THz pulse produced in 
DSTMS organic crystal. The same source is capable to deliver narrowband radiation tunable across 1-8 THz (c), at 
energies up to 20 uJ (d) and field strength up to 8 MV/cm (e). 

The main results are summarized in Fig. 1. Pumped with a 10 mJ Cr:forsterite laser pulse (100 fs, ƛ=1.25 𝜇𝜇m) the 
optical rectification in the organic crystal DSTMS gives rise to a broadband, single- cycle pulse at field strength >50 
MV/cm with the multi-octave spanning spectral content shown in Fig 1b). Alternatively, the narrowband emission 
from the same organic crystal is shown in Fig. 1 c). Narrowband THz generation is established by using the 
modulated temporal intensity profile of the otherwise same Cr:forsterite pump beam. This intensity modulation is 
formed by frequency beating of two chirped replicas which are split and delayed in time. Our scheme gives a 
straight-forward control on the spectral bandwidth by chirp and delay adjustment of the pump pulse. When the 
chirped pulse duration is increased from transform-limited 120 fs to 20 ps the THz spectral width gets continuously 
reduced and results finally in a record narrowband 45 GHz FWHM spectrum centered at 1.8 THz. The corresponding 
relative bandwidth of ≈2% is approaching the performance of modern THz free electron lasers which provide a 
typical relative bandwidth of ≈1%. 

The tunable narrowband THz pulse field strength and THz energy is frequency dependent which is shown in Fig 1 d) 
and e) respectively. High pulse energies up to 20 μJ are achieved for a 10% spectral bandwidth centered around 2 
THz and still up to 0.5 𝜇𝜇J are achieved at the highest frequency of 8 THz. This gives rise to field strength of 0.5 
MV/cm up to 8 MV/cm (Fig. 1e). 

In conclusion, we have shown extreme spectral tunability of a THz high-field source based on optical rectification in 
the organic crystal DSTMS. The intense single-cycle and multi-cycle pulses presented here will open new science 
opportunities to drive non-resonant and selective, resonant phenomena at field strength which could not be 
demonstrated so far. 

155 

 



 

[1]  C. Vicario et al. Nature Photon. 7, 720 (2013). 
[2]  S. Baierl et al. Nature Photon. (2016).  
[3]  C. Vicario et al. Optics Express 23, 4573 (2015). 
[4]  C. Vicario et al. Opt. Lett. 39, 6632 (2014). 
[5]  C. Vicario, et al. Phys. Rev. Lett., 112, 213901 (2014). 

 

PS2:18 Near-field microscopy of electromagnetically induced transparency in terahertz dolmens 

A Halpin1, A Bhattacharya1, N van Hoof1, C Mennes2 and J Gomez Rivas1 
1Dutch Institute for Fundamental Energy Research (DIFFER), Netherlands, 2AMOLF, Netherlands 

Terahertz (THz) resonant structures present an attractive canvas for the design of novel optoelectronic devices in the 
far-infrared. By exploiting the strong scattering properties of metallic resonators, effects such as beam steering [1], 
spectral filtering [2], and enhanced group delays [3] have been demonstrated over very thin optical path lengths 
with high figures of merit. In many implementations, such effects arise due to interferences occurring in local fields 
of the resonators via evanescent coupling. We use scanning probe near-field THz time-domain microscopy [4] to 
present spectral maps of a periodic array of gold dolmen structures. The system consists of a first resonator that 
supports a bright mode, which couples efficiently to the radiation field, and a second resonator that supports a dark 
mode which cannot be driven by incident plane wave radiation. The interaction of these two modes in the near-field 
gives rise to electromagnetically induced transparency, observed in far-field extinction spectra. The coupling 
between bright and dark modes supported by the structure is visualized through the hybridization of these modes, 
and by the enhanced field recorded at position of the dark resonator which cannot be directly excited from the far-
field. These measurements present a platform for disentangling the local field distribution near more complex 
optoelectronic devices in the THz range, for applications in the emerging field of THz photonics. 

 
 

Figure 1: Spectral near-field maps of Ez at several detection frequencies. 
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 4346 (2014). 
[4]         M. Wächter, M. Nagel, and H. Kurz, Appl. Phys. Lett., 95, 041112 (2009). 
 

 

  

156 

 



 

PS2:19 Synthetic multi-spectral materials for co-axial imaging 

J Grant, I McCrindle and D Cumming 

University of Glasgow, UK 

Multi-spectral imaging using visible, Infrared (IR) and Terahertz (THz) radiation is a burgeoning topic in the field of 
remote sensing. Each spectrally distinct waveband can provide complementary information of a particular scene via 
different contrast mechanisms. Visible can replicate what the human eye can see, IR can penetrate through smoke, 
cloud and fog while THz can penetrate non- conductive materials such as plastic and clothing. By employing image 
fusion algorithms a composite image of the scene over several wavebands can be rendered and convey more 
information than individual images at each wavelength. 

The complexity and diversity of materials required for imaging different spectral bands mean that modern multi-
spectral imaging systems use a range of different cameras. Synthetic multi-spectral materials (SMMs); structured 
materials capable of operating over different wavebands simultaneously, offer a way to coaxially filter and absorb 
visible, IR and THz radiation opening up the potential to use a single camera to capture visible, IR and THz images 
and thereby dramatically simplify system complexity. SMMs exploit hybridised metamaterial (MM) and plasmonic 
structures to combine multi-spectral functionalities into a single material. By scaling the plasmonic and MM 
geometries and selecting the appropriate constituent materials one can realise a universally multifunctional optical 
material in any waveband from the visible to mm wave [1-5]. 

In this contribution we demonstrate through simulations and experimentally five types of SMM capable of 
simultaneously selectively filtering and absorbing visible, IR and THz (see Fig. 1 as an example). Such photonic 
structures could be integrated with a Si CMOS chip where the visible detection would be done by Si photodiodes 
and the IR/THz detection done by micro-bolometer sensors positioned above the integrated circuit and render a 
component capable of forming coaxial visible, IR and THz images. This implementation would obviate the traditional 
approach of using a separate detector material system, typically mercury cadmium telluride (MCT) for the IR 
detection and flip chip bonding to the CMOS chip used for the visible and THz detection [6-7]. 

 

 

Figure 1. (a) Optical micrograph of the synthetic multi-spectral device capable of filtering visible and simultaneously 
absorbing IR and THz; (b) Absorption (1-120 THz) and transmission (300-700 THz) spectrum of the synthetic multi-
spectral device. 
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PS2:20 Terahertz nondestructive characterization of multi-layered structures using sparse deconvolution accounting 
for pulse spreading 

J Dong1, A Locquet1 and D S Citrin2 
1Georgia Tech Lorraine, France, 2Georgia Institute of Technology, USA 

Deconvolution is usually required to precisely resolve the overlapping time-domain THz echoes in the 
characterization of multi-layered structures. The performance of deconvolution is mainly limited to deconvolve THz 
signals with time-invariant echoes, which assumes that the THz echoes are time-shifted, amplitude-scaled replicas 
of the THz reference signal. In practice, however, the reflected THz signals can be both sparse and time-varying due 
to the frequency-dependent attenuation and dispersion during the propagation of THz waves in materials. For thick 
multi-layered samples in particular, a shape broadening of echoes, which grows as propagation distance increases, 
can be clearly observed in the received THz signals. This temporal pulse spreading degrades the accuracy of the 
deconvolution based on time-invariant echoes. 

 
Figure 1. THz deconvolution results for the seven-layered structures. (a) The deconvolved signal with FWDD;(b) The 
deconvolved signal with sparse deconvolution without considering the pulse spreading; (c) The deconvolved signal 
with sparse deconvolution including pulse spreading; (d) Zoom-in on the last three interfaces in (b); (e) Zoom-in on 
the last three interfaces in (c). The spurious peaks in (c) disappear when pulse spreading is taken into account. 

In this study, THz sparse deconvolution based on an iterative shrinkage algorithm is presented, and a simple but 
effective time-domain model for describing temporal pulse spreading is designed and introduced into the algorithm 
to take into account the time-varying echoes reflected from a seven-layered structures (fabricated by stacking 4 
papercards with air gaps in between). The deconvolution results are shown in Fig. 1, and the results are compared 
with the frequency-wavelet domain deconvolution (FWDD) and sparse deconvolution without considering the pulse 
spreading. The results show the effectiveness of this algorithm to deconvolve the time-varying echoes reflected from 
multi-layered structures. 
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PS2:21 Interaction mechanisms of confined meta-atoms 

M Wenclawiak, K Unterrainer and J Darmo 

TU Wien, Austria 

In this contribution we investigate the interaction mechanisms in an array of meta-atoms built of single dipoles in 
the THz regime. We hereby focus on the coupling effects in between the elements of an array of meta-atoms and 
analyse their interaction with respect to a change of the geometry and the dielectric environment of the 
metamaterial layer. 

In 1999 Pendry et al. presented first a material system built of structures with dimensions shorter than the 
interacting wavelength, which was followed by an increasing research interest in these new material systems ever 
since [1]. The opportunity of artificially designing the optical response of the material system leads to a control over 
transmission and refraction properties and even to negative index materials [2-3]. Lately, metamaterial structures 
have been used in order to access intersubband transitions in quantum heterostructures [4]. 

In this study we describe the meta-atom, which can be regarded as the elementary building block of a metamaterial 
system, as a structure built of conductively coupled dipoles. We present a simple analytical model derived out of 
our experiments, which can be used to determine the resonance response for more complex structures in order to 
couple these to intersubband transitions in the THz regime. The experimental investigation is carried out in a 
conventional time-domain-spectroscopy (TDS) setup. By arranging the coupled dipoles of our planar gold 
resonators in different geometries, we have the possibility to access a higher number of resonance modes, which 
then can be selected by the polarization of the impinging electromagnetic radiation. The characteristic features of 
our metamaterial layers such as resonance frequency and linewidth are extracted from the transmission spectra. 

Due to a finite cross-section of a single meta-atom, samples usually contain arrays of meta-atoms in order to 
achieve a reasonably strong response. The linewidth is thereby affected by the distance in between the elements. In 
order to investigate the interaction in between the single structures, we carried out measurements with an increasing 
number of elements randomly arranged in cells, which are separated far enough to prohibit interaction among them 
(see Fig. 1(a)). The transmission spectra, as shown in Fig. 1(b), feature hereby an increasing linewidth with an 
increasing number of elements without influencing the resonance frequency. Due to the random arrangement these 
effects cannot be attributed to the array geometry but more to the subwavelength confinement of the meta-atoms in 
space. 

 
Figure 1. (a) Schematic drawing for a structure consisting of two coupled dipoles and a geometry with N = 3 
elements in the randomly patterned cells; (b) Transmission spectra for an increasing number of elements N. The 
dashed line represents the extracted resonance frequency. 

[1]  J. B. Pendry et al., IEEE Trans. Microwave Theory Tech. 47 (1999).  
[2]  N. Yu et al., Science 334, 333-337 (2011). 
[3]  J. B. Pendry, Phys. Rev. Lett. 85, 3966-3969 (2000). 
[4]  D. Dietze et al., Optics Express 19, 13700-13706 (2011). 
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PS2:22 Parallel plate waveguide terahertz time domain spectroscopy for two-dimensional conductive materials in 
the transverse electric mode: Performance and limitation 

M Razanoelina1, F Bagsican1, I Kawayama1, X Zhang2, L Ma2, H Murakami1, R Vajtai2, P Ajayan2, J Kono2, D 
Mittleman3 and M Tonouchi1 
1Osaka University, Japan, 2Rice University, Texas, USA, 3Brown University, USA 

The new class of one and two-dimensional materials including graphene and carbon nanotubes have been 
acknowledged as building blocks for future optoelectronic devices in the terahertz (THz) range. However, these 
materials have rather low conductivities, which require high-sensitivity techniques in order to reveal their basic 
characteristics and to investigate on their carrier transport dynamics. 

Parallel plate waveguide (PPWG) has been shown to be a very powerful tool to characterize thin layer of dielectric 
material in the terahertz (THz) range [1]. In this approach, the thin film is deposited on one of the metal plate of the 
PPWG and the measurements are all made use of the fundamental transverse electromagnetic (TEM) mode. 
However, this technique is unsuitable for atomic-thin conductive layer since the sample becomes essentially 
indistinguishable from the metal substrate. 

In this work, we firstly demonstrate the capability of the parallel plate waveguide (PPWG) in the transverse electric 
(TE) mode to measure the sheet conductivity of a very low conductive atomic-layer and two-dimensional materials. 
We show that a low carrier density of ~ 2×1011 cm-2 of a two-dimensional material, which exhibits less than 1% of 
absorption in normal incidence THz-time domain spectroscopy (TDS), induces ~ 30% absorption in TE mode of 
PPWG geometry [2]. This approach enables the detection of low-conductivity carriers in a straightforward, 
macroscopic configuration that is compatible with any standard time-domain THz spectroscopy setup. For example, 
Fig 1 shows the experimental conductivity extracted for an annealed graphene sample on magnesium oxide (MgO). 
The Fermi energy extracted from the PPWG-THz-TDS measurements (EF = 62.1 meV) agree very well with the EF 
measured by Raman spectroscopy (EF = 60.4 meV). 

 

 

 

 

 

Figure 1 Sheet conductivity of annealed graphene measured by PPWG in TE mode and the associated limit of 
detection. 

The TE mode of the PPWG is a very sensitive technique in THz spectroscopy of two dimensional materials. However, 
there is a limitation of minimum conductivity that can be measured with this approach. In this research, we also 
have established the lower measurement limitation value. Amongst other experimental parameters, the minimum 
conductivity measurable depends on the ratio of PPWG plate separation to the waveguide length (𝜎𝜎S, min α d/L). For 
example, the lower limits values evaluated from the graphene conductivity experimental data is shown as green 
curve in Fig 1.  

This work was partially supported by JSPS KAKENHI Grant Numbers JP25630149 and JP26107524, Air Force Office 
of Scientific Research (Grant Numbers FA9550-14-1-0268 and FA2386-15-1-0004), and Program for Promoting 
International Joint Research, Osaka University 
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PS2:23 Geometric phase shaping of terahertz vortex beams 

E Abraham, A Minasyan, C Trovato, J Degert, E Freysz and E Brasselet 

Bordeaux University – LOMA, France 

In the field of terahertz (THz) science and technology developments, a recent attention corresponds to topological 
beam shaping that refers to tailor-made structured fields endowed with phase and/or polarization singularities.  
Such  vortex  beams  will  find  a  number  of  applications  for  sensing, microscopy, trapping and manipulating as 
well as communication technologies. Although a few papers presented singular THz optics developments, there is 
not yet well-established topological shaping approach enabling simple yet efficient generation of THz beams with 
arbitrary orbital angular momentum states. In this communication, we propose to exploit the geometric phase in 
order to achieve polarization-controlled THz vortex beams and superposition of them from “regular” THz beams free 
from any singularities [1]. 

The experimental setup employs an amplified Ti:Sa femtosecond laser source splitted into pump and probe beams 
for THz field generation and detection. Broadband linearly polarized THz pulses over the typical range 0.1-2.5 THz 
are prepared by optical rectification of the laser pulses in a ZnTe nonlinear crystal and a quasi-monochromatic 
beam is obtained by placing a 1 THz bandpass filter after the crystal. Then, topological shaping of THz pulses 
basically relies on the use of a half-wave quartz birefringent retarder whose optical axis orientation angle ψ in the 
transverse plane has the form ψ=qϕ (q half-integer and ϕ the usual azimuthal angle), as introduced in the 
framework of optical vortex generation in the visible domain [2]. The effect of this space-variant anisotropic optical 
element on an incident circularly-polarized field, easily grasped from Jones calculation, leads to the generation of a 
circularly polarized vortex beam with helicity-controlled topological charge ℓ= ±1. The real-time generated THz vortex 
electric field is fully reconstructed in two dimensions using a pump-probe detection scheme composed of a high-
speed CMOS camera coupled to a 2D electro-optical detection.  

The resulting image of the modulated probe light intensity is then read-out on the camera, from which the time-
dependent THz electric field amplitude is deduced. For ℓ=-1 and q=1/2, Fig. 1a shows the THz intensity transverse 
pattern obtained by averaging the THz pulse intensity for different time delays. As expected, the doughnut-shaped 
intensity pattern is reminiscent of on-axis phase singularity that is associated to a zero of THz intensity, see Fig. 
1(a). Instantaneous amplitude transverse patterns are shown in Fig. 1(b) over half a THz period duration (i.e. T ~ 1 
ps, that is ~300 mm free-space delay). The spatiotemporal spiraling structure of the electric field corresponds to 
the presence of a phase singularity with topological charge ℓ=-1 since a 2π rotation of the pattern per wavelength is 
observed.  Nonseparable superpositions of such vortex beams have also been obtained and characterised by a two-
dimensional polarimetric analysis.  

These results emphasize the versatility of the spin-orbit electromagnetic toolbox to prepare on- demand THz 
structured light endowed with polarization-controlled orbital angular momentum content. 

 
Figure 1. (a) Intensity pattern of the 1 THz vortex beam. (b) Temporal evolution of the THz electric field transverse 
distribution revealing phase singularity of topological charge ℓ=-1. Scale bar: 10mm. 
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PS2:24 Resistance of various metals and dielectrics against high THz field induced damage 

K Iwaszczuk1, J Zhu2, A Tarekegne1, S Soham3, U Guler3, S Bogdanov3, A Boltasseva3, Y Ma2 and P Jepsen1 
1Technical University of Denmark, Denmark, 2Zhejiang University, China, 3Purdue University, USA 

Metamaterial (MM) structures at terahertz (THz) frequencies are widely used for electric field enhancement purposes 
and often applied together with high peak field THz sources. Such combination allows for investigation of ultrafast 
high field physics which at the current state cannot be reached by THz sources alone. THz-induced impact ionization 
and Zener tunneling in various semiconductors or THz-induced ultrafast electron field emission are just two 
examples. 

Typically THz metamaterials for field enhancement are based on metallic structures arranged in various geometrical 
shapes. Strong THz pulse illumination (few hundred kV/cm) combined with high field enhancement results in 
electric field on the order of several MV/cm at the metal surface. Such high fields have been reported to cause 
damage to metals and dielectric substrates [1, 2]. The damage process is probably the main limitation on the 
highest achievable electric field. 

In this work, we investigate various metals as well as dielectric substrates for their resistance to damage caused by 
high field THz illumination. Metamaterial metal samples are illuminated by strong THz pulses with peak electric field 
of 450 kV/cm for a given period of time. Before and after strong THz illumination we perform spectroscopic 
characterization of antenna samples with highly attenuated THz beam and do optical and SEM imaging. By 
monitoring rate of change to the THz transmission resonances due to material damage a quantitate method of 
measuring the robustness of the system is possible. 

Significant damage to the metal is clearly visible (Fig. 1). Even though the damage process is not of a thermal 
nature we observe a correlation between robustness and the melting temperature. We also find out that the 
substrate material plays role in the damage process as well. Antennas made on silicon are characterized by 
conducting channels between top and bottom dipole (Fig. 1(b)), which significantly change THz frequency response 
of the system [8]. Dynamics of that process is shown in Fig. 1(e). On the other hand, antennas on SiO2 substrate 
are characterized by scattered debris of metal, which do not lead to conducting channels between top and bottom 
dipole. We find out that out of the investigated systems, highly conducting metallic TiN on a sapphire substrate is 
most robust. 

 

Figure 1. (a-d) High THz field induced damage to metal metamaterial structures on high resistivity silicon. Gap 
between metal tips is width 5 μm wide; metal thickness 200 nm. (e) Dynamics of the damage for various metals 
monitored by change of the transmission at the metamaterial resonance. 

[1]  A. Strikwerda et al. Optics Express 23, 11586-11599 (2015). 
[2]  H. Hwang et al. Journal of Modern Optics, 1-33 (2014). 
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PS2:25 Electric-field-tunable terahertz response of planar metamaterials deposited on strained SrTiO3 film 

C Kadlec, VSkoromets, H Němec, F Kadlec, V Jurka and P Kužel 

Institute of Physics of the Czech Academy of Sciences, Czech Republic 

We demonstrate a metamaterial exhibiting a tunable response in the terahertz domain, controlled by a bias electric 
field. The active part of the metamaterial consists of a thin epitaxially strained SrTiO3(STO) film, which exhibits a 
pronounced dependence of the permittivity on the bias, and a periodically patterned metallic electrode structure 
deposited on top. The motif of the pattern displays an electromagnetic resonance near 0.5 THz; since the resonant 
field penetrates into the film, the resonance frequency is determined also by the film permittivity. Owing to this, the 
resonant frequency depends on the bias applied on the electrodes. Specifically, upon applying a bias voltage of up 
to 55 V, a relative tunability of the resonance frequency of 18% was achieved at room temperature (RT). 

We grew two 50-nm thick STO/DSO bilayers on a (110) DyScO3 (DSO) substrate (Fig. 1a). The resulting lattice 
mismatch ensures a tensile strain in the STO films which induces the ferroelectric phase transition close to RT and, 
consequently, a dramatic increase in the STO permittivity and tunability [1]. On top of this heterostructure, we 
deposited a metallic metamaterial pattern designed to exhibit a resonance at THz frequencies. It consists of a 
periodic array of I-shaped 36-μm-long resonators forming 20-μm-wide capacitors with a gap of 4 μm. All resonators 
in one row are connected by a 4-μm wide stripe perpendicular to the THz electric field (Fig. 1b). 

We applied a bias on the described electrodes, which we progressively increased up to 55 V at RT. Taking into 
account the geometry of the electrodes, applying a 10 V bias corresponds to an electric field of 25 kV/cm in the 
capacitor gap and ca. 2.7 kV/cm between the stripes. Figure 1c shows the THz transmittance spectra obtained as 
the ratio of the Fourier transforms of the sample and a DSO substrate of the same thickness. The frequency of the 
resonance was evaluated from the fits of the minimum by a quadratic function. The minimum shifts from 0.48 THz at 
0 V to 0.57 THz at 55 V, which corresponds to a tunability of 18%. A similar tendency was found by finite-element 
method simulation (Comsol Multiphysics) using the values of the permittivity under bias measured previously for 
this sample [2]. To get an overview of the tuning abilities of the sample, we performed similar measurements at 
lower temperatures (Fig. 1d). As expected, the tunability is the highest at RT as the STO is close to the phase 
transition. The tunability shows a tendency to level off at higher bias values. 

 

Figure 1. (a) Scheme of the sample; (b) SEM view of the surface; (c) Relative transmittance spectra for varying bias 
(line: experiment; +: simulations); (d) Resonance frequency vs. applied bias for several temperatures. Electric-field 
tunability of a STO-based metasurface has been demonstrated experimentally and confirmed by simulations. Such 
a device can be used as a THz frequency modulator.  

[1]  J. H. Haeni, et al., Nature 430, 758 (2004). 
[2]  C. Kadlec, et al., J. Phys.: Condens. Matter 21, 115902 (2009). 
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PS2:26 Coupling surface plasmon polariton modes to complementary metasurfaces tuned by inter meta-atom 
distance 

J Keller1, C Maissen1, J Haase2, G L Paravicini-Bagliani1, F Valmorra1, J Palomo3, J Mangenev3, J Tignon3, S S 
Dhillon3, G Scalari1 and J Faist1 
1ETH Zürich, Switzerland, 2Paul Scherrer Institute, Switzerland, 3Universite Paris Diderot, France 

Light-matter interactions are of fundamental interest for many fields as numerous phenomena can be explored. We 
study an ultra-strongly coupled system in which the rotating wave approximation is not valid anymore and counter-
rotating terms of the Hamiltonian start to be non-negligible [1, 2]. We realize this system with inter-Landau level (LL) 
transitions of a high mobility 2 dimensional electron gas (2DEG) coupled to a highly subwavelength mode of a split 
ring resonator [3].  

Of central importance is the in-Magnetic field (T) investigation of novel meta-surfaces and new materials to observe 
some unique phenomenology. A switchable and narrow linewidth cavity is desirable and can be achieved utilising 
superconducting materials where the resonators do not resonate anymore once heated above the materials 
transition temperature [4,5]. 

 
As the the cyclotron energy is tuned via magnetic field, the use of high- Tc superconductors like YBCO is re- quired 
to sustain the cavity perfor- mance in strong magnetic field. Also, the prospect of achieving very high quality factor 
cavities is very appealing. Recently, Zhang and co-workers [6] achieved a high cooperativity by the realization of a 
high quality factor pho- tonic crystal cavity suppressing the superradiant decay of the cyclotron linewidth. We aim at 
achieving the ultra-strong coupling of LL transitions to very high quality factor modes with a high Tc superconductor 
strongly subwavelength cavity and thus reaching high vacuum field en- hancement together with long-lived 
polaritonic states. We fabricate metasurfaces (design similar to [5]) with focused ion beam (FIB) milling in thin 
YBCO films (200nm) as shown in Figure 1 a). Above the critical temperature Tc of the superconductor, no resonance 
can be observed whereas the resonator mode is clearly visible below Tc. At cryogenic temperatures of 3K, we 
achieve ultra-strong coupling to a AlGaAs/GaAs quantum well resulting in an anti-crossing of the modes (Figure 1 
b)): the resulting polariton lines are resolution-limited. To resolve very narrow linewidths, the resolution of the THz-
TDS has to be extended beyond the usual scanning length corresponding to the sample thickness. Methods 
involving metallic thin film impedance matching [7] are in progress to enhance the measurement frequency 
resolution. 

[1]   C. Ciuti et al., Phys. Rev. B 72, 115303 (2005). 
[2]  G. Gu¨nter et al., Nature 457, 178-181 (2009). 
[3]   G. Scalari et al., Science 335, 1323-1326 (2012). 
[4]   G. Scalari et al., New. Journ. of Phys.  335, 1323-1326 (2014). 
[5]   G. Scalari et al., Appl. Phys. Lett. 105, 261104 (2014). 
[6]   Q. Zhang et al., Nat. Phys. 12, 10051011 (2016). 
[7]   J. Kr¨oll et al., Optics Express, 15, 6552 (2007). 
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PS2:27 Magneto-Plasmon and cyclotron transition ultrastrongly coupled to subwavelength resonator 

G L Paravicini-Bagliani, G Scalari, F Valmorra, J Keller, C Maissen, M Beck and J Faist 

ETH Zürich, Switzerland 

Ultra-strong light-matter coupling realized with a subwavelength split-ring resonator as the cavity and a two 
dimensional electron gas (2DEG) as the matter part is a flexible platform to study this regime.[1, 4] Here, we etch 
the 2DEG to obtain few micron wide electron gas stripes. This results in a (magneto-)plasmon excitation that also 
couples to the cavity.  Its dispersion [2] is described by 𝜔𝜔𝑀𝑀𝑀𝑀 

2 =  𝜔𝜔𝑀𝑀
2 +  𝜔𝜔𝐶𝐶

2  where 𝜔𝜔𝑀𝑀
2  = (𝑛𝑛𝑠𝑠𝑋𝑋2)/(2m∗E0E)π/W and 

has been measured in transmission with THz-TDS shown in Figure 1a). The subwavelength cavity exposes the 2DEG 
stripe to strong vacuum electric field fluctuations ∈vac = �(ℎ𝑤𝑤𝑐𝑐)/(2 ∈ 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐) ≈ 50V /m polarized across the stripe. 
A thin chromium gate allows to tune the electron density and hence ωp, while not changing the cavity resonance. 

This system shows two new regimes.[3] Figure 1c) shows the regime ωp ≈ ωcav , where the collective plasmon 
resonance ultra-strongly couples with the subwavelength cavity.  Note, the magneto-plasmon polaritons exist 
already at zero magnetic field and show a splitting of approximately 150 GHz, which corresponds to a light matter 
coupling ratio of Ω/ωcav = 15%. The gate dependence of the plasmon allows to tune the coupling as well as the 
magnetic field for which the anti-crossing occurs. For certain densities we observe coexisting coupling to the 
cyclotron and magneto-plasmon excitation. 

 
a) Measured magneto-plasmon dispersion (dots) in a THz-TDS. b) Sketch of etched GaAs 2DEG stripe cross section 
in a sub- wavelength cavity producing strong vac- uum fluctuations. c) Magneto-Plasmon- Polarition  dispersion  
with  ωp ≈ ωcav d)  Cavity  coupled  to  cyclotron  transition, with ωp > ωcav 

The second interesting regime is ωp > ωcav, shown in the measurement in Figure 1c. Here, the cavity couples again 
to the single-particle cyclotron transition, but seems to have strongly reduced oscillator strength, so that the strong 
coupling regime is not reached here. This is clearly different to the third and well known regime ωcav << ωp where 
normalized light-matter coupling ratios Ω/ωcav of nearly 100% have been observed for cyclotron-polaritons [5]. As 
an outlook, our new sample geometry allows to perform quantum Hall transport mea- surements in the presence of 
ultrastrong coupling to a THz cavity vacuum field. 

[1]   G. Scalari, C. Maissen, D. Turcinkova, D. Hagenmller, S. De Liberato, C. Ciuti, C. Reichl, D. Schuh, W. 
 Wegscheider, M. Beck, J. Faist, Science, 335, 1323 (2012) . 
[2]   F. Stern, Physical Review Letters, 18, 546 (1967). 
[3]   G. Paravicini-Bagliani et al., in preparation. 
[4]  D. Hagenmu¨ller, S. De Liberato and C. Ciuti, Physical Review B, 81, 235303 (2010). 
[5]  C. Maissen, G. Scalari, F. Valmorra, M. Beck, J. Faist, Physical Review B, 90, 205309 (2014). 
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PS2:28 Magneto-THz spectroscopy of the photoexcited semiconductor 

T Morimoto, M Nagai and M Ashida 

Osaka University, Japan 

THz spectroscopy for the photoexcited semiconductors is useful to obtain the information on the carrier dynamics in 
picosecond timescale, and many demonstrations of optical-pump-THz-probe spectroscopy have been reported, 
where the temporal evolution of the summation of the conductivity components for electron and hole can be 
obtained. Magneto-THz spectroscopy is also a powerful tool for the characterization of the carrier’s transport. Since 
the conductivity components of electron and hole are separately modulated by the magnetic field, we can evaluate 
the individual conductivity components for electron and hole, which are critical for the spintronics [1]. Recently, we 
proposed the simple magneto-THz spectroscopy technique in the reflection geometry [2]. Using THz wave plates and 
polarizers, we directly measured the reflection coefficient for the circular polarization and evaluated the conductivity 
for the circular polarization. We experimentally demonstrated the magneto- THz spectroscopy for both p- and n-type 
Ge wafers to confirm reliability of our experimental technique [3]. Here, we report the magneto-THz spectroscopy for 
the photoexcited semiconductors, which have the bipolar carriers. 

We investigated photoexcited InSb in our demonstration.  It is a model material for the THz spectroscopy because 
thermally excited carriers exist at room temperature with the plasma frequency of 2 THz [2]. Since the effective mass 
of electron is much smaller than that of hole, the conductivity components of electron and hole are shifted with 
different cyclotron frequencies. It allows us to extract the individual information on the photodoped electrons and 
holes. We injected the photocarriers and evaluated the reflection coefficient change for the circular polarization. 
Figure 1 shows the reflectivity and phase change of InSb crystal induced by the photoexcitation under the magnetic 
field of 0 (black) and ±0.5 T (red/blue). The incident THz pulses are right (clockwise)-circularly polarized with 
respect to the source. These modulation signals are mainly characteristic for the electron motion [2]. However, the 
non-symmetric changes of the spectrum cannot be explained only with the election motion, and we have to analyse 
it with conductivity component of hole. 

 
Figure 1. The reflectivity and phase change of InSb crystal induced by the photoexcitation under the magnetic field 
of 0 (black) and ±0.5 T (red/blue). 

[1]  J. M. Kikkawa and D. D. Awschalom, Phys. Rev. Lett. 80, 4313 (1998). 
[2]  T. Morimoto, G. Yamashita, M. Nagai, M. Ashida, Appl. Phys. Express. 9, 022402 (2016). 
[3]  T. Morimoto, M. Nagai, M. Ashida. to be submitted. 
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PS2:29 Active waveguides enabled by liquid metal actuation 
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The future of wireless communication will lie in the terahertz (THz) range, but many crucial capabilities and devices 
remain out of reach. Signal processing functionalities have been demonstrated with parallel-plate waveguides 
(PPWGs),1,2 but dynamic control of these capabilities has not yet been realized. The controlling (and limiting) 
factor of these waveguide-based devices is the (fixed) metallic geometry. Excitingly, recent research has 
demonstrated the possibilities of electronically reconfigurable liquid metals.3,4 Liquid metal components have 
been studied previously for the design of flexible THz devices.5 When integrated into a THz waveguide, electrically 
switchable liquid metals enable dynamic control of the structure, and thereby open new opportunities for active 
components. 

As a first step towards validating this idea, we demonstrate an active switchable waveguide- based filter, in a 
configuration that could be used for channel add-drop functionality. Our design has two PPWGs placed one above 
the other with the middle metal wall shared between the two. If there is a small gap in this adjoining wall, light can 
couple from the top waveguide to the bottom. The center frequency and bandwidth of coupling can be tuned by 
adjusting the size of the gap. By using repositionable liquid metal in this region, we achieve active control of the 
coupling. 

In our first generation device, a 5 mm long plug of liquid metal, Galinstan, is contained in a glass capillary tube 
filled with an electrolyte (1.75 M NaOH in Methanol) that runs between the waveguides (see Fig. 1(a)). An applied 
voltage applied across the electrolyte solution causes the plug to move in or out of the beam path, thereby closing 
or opening the gap. Fig. 1(b) shows the electric field pattern at 200 GHz from FEM simulation where the top 
waveguide is excited in TE1 mode at Port 1. Some of the light is transmitted out of Port 2, and some couples 
through the quartz glass capillary tube (inner diameter = 0.8 mm, outer diameter = 1 mm) to exit the bottom 
waveguide at Port 3. With the plug in the beam path, the light is blocked from Port 3 and transmitted through Port 2. 

With our first generation device, we experimentally evaluate this concept using a waveguide plate separation of 1 
mm. Results (Fig. 1(c)) show transmission through Port 2 (upper curves) and Port 3 (lower curves). First we take 
static measurements for the  glass  tube  filled  with  only  electrolyte (black) and a stationary Galinstan plug (blue). 
The inset of Fig. 1(c) shows an on-off ratio above 20 dB for Port 3. We then apply a square wave of 2 Hz at 4 Vpp at 
the ends of the capillary tube causing the plug to oscillate a distance of about 3 mm, and measure THz waveform 
when the plug is out of the beam path (red curves). This condition corresponds to the static electrolyte 
measurements, and indeed we see the red and black curves nearly coincide, validating the effectiveness of the 
liquid metal actuation to actively control the output. Higher switching speed can possibly be achieved, but these 
capabilities need to be further optimized. In a second generation device, we plan to implement an array of smaller 
diameter capillary tubes in the gap, for greater flexibility and frequency agility. 

 
Figure 1 (a) Diagram of geometry. (b) FEM simulation. (c) Experimental results for (top) Port 2 and (bottom) Port 3. 

[1]  N.J. Karl, R.W. Mckinney, Y. Monnai, R. Mendis, and D.M. Mittleman, Nat. Photonics 9, 717 (2015). 
[2]  K.S. Reichel, R. Mendis, and D.M. Mittleman, Sci. Rep. 6, 28925 (2016). 
[3]  M. Wang, C. Trlica, M.R. Khan, M.D. Dickey, and J.J. Adams, J. Appl. Phys. 117, 194901 (2015). 
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PS2:30 Artificial dielectric polarizing beam splitter for the THz region 
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We demonstrate a polarizing beam splitter (PBS) for the THz frequency region, based on artificial dielectrics. The 
artificial dielectric medium is a uniform stack of metal plates, which is electromagnetically equivalent to an array of 
parallel-plate waveguides (PPWGs) [1]. The plates are made of 30 μm thick stainless steel and are spaced 300 μm 
apart, as seen in the prototype shown in Fig. 1(a). In the designed geometry, the input beam enters the stack-of-
plates at an angle of 45°to the virtual surface emulated by the plate edges, with the plane of incidence parallel to 
the plate surfaces. 

The operation of the PBS relies on both the TEM and TE1 fundamental modes of the PPWG. When the input electric-
field is polarized perpendicular to the plates, only TEM modes are excited in the PPWG array, and the beam 
propagates through the device without altering its path. This is illustrated in the FEM simulation result shown in the 
top panel of Fig. 1(b). However, when the input is polarized parallel to the plates, only TE1 modes can be excited in 
the PPWG array, and the propagation is influenced by the mode’s cut off frequency. Input frequencies that are 
above the cut off will propagate through the device, while those that are below cut off will be reflected. In fact, these 
below-cut off frequencies will be totally and specularly reflected in a well-defined beam [1]. This is illustrated in the 
simulation result shown in the bottom panel of Fig. 1(b). 

Now, if the input polarization is at an angle (between 0°and 90°) to the plates, both the TEM and TE1 modes would 
be excited simultaneously. Then, the portion of the input beam propagating via the TEM mode will exit the device on 
axis, polarized perpendicular to the plates. And the portion that causes to excite the TE1 mode, if below cutoff, will 
be totally reflected at 90°to the input axis, polarized parallel to the plates. By rotating the input polarization, we can 
control the power division into the two output arms, thereby, realizing a versatile PBS. 

Fig. 1(c) gives the experimental results (dots) for the power division at a frequency of 0.5 THz when the input 
polarization (which is originally set parallel to the plates by the transmitter) is rotated via a polarizer. These results 
agree very well with the theoretical (solid) curves. The inset shows the measured time-domain waveforms of the 
reflected signals from the PBS and a polished aluminum mirror (situated in-place), when the input polarization is 
parallel to the plates. These waveforms prove the highly efficient operation of the device, virtually throughout the 
whole input THz spectrum. 

 

Figure 1. (a) Photo of the PBS with a close-up view of the plates; (b) FEM simulations at a frequency of 0.2 THz 
when the input is polarized perpendicular (top) and parallel (bottom) to the plates; (c) Experiment (dots) versus 
theory (solid curves). Inset shows the measured reflected signals from the PBS (blue curve) and a polished 
aluminum mirror (red curve). 

[1]  R. Mendis, M. Nagai, Y. Wang, N. Karl, and D. M. Mittleman, Scient. Rep. 6, 23023 (2016). 
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PS2:31 An ultra-thin tunable terahertz absorber 

I Shadrivov1, M Liu1, M Susli2, D Silva2, G Putrino2, H Kala2, S Fan2, M Cole1, L Faraone2 and V Wallace2 
1Australian National University, Australia, 2University of Western Australia, Australia 

High-performance tunable absorbers for terahertz frequencies are crucial for advancing applications such as 
terahertz detection and imaging. Among the numerous solutions for reconfigurable THz metamaterials and meta-
devices (see [1][2] and the references therein), the hybridization of micro-electro-mechanical-systems (MEMS) and 
THz metamaterials is one of the most promising paradigms. Using the strong sensitivity of the electromagnetic 
response of metamaterials to the mutual position of its elements, we place meta-atoms supporting strongly 
localized modes on microscopic suspended flat membranes of micro-electro-mechanical systems. We demonstrate 
prototype devices that are among the best-performing tunable THz absorbers to date with ultra-thin device thickness 
(∼1/50 of the working wavelength), strong absorption (up to 80%), giant mechanical tunability (resonance shifts 
by more than 200% of the resonance linewidth), large modulation (up to 65% of absolute change in absorption), 
and fast switching speed (∼27 micro-seconds). The demonstrated approach can be further extended in order to 
modulate transmission, phase and polarization of the terahertz radiation. 

We designed and fabricated a series of MEMS tunable metamaterial absorbers using standard surface 
micromachining techniques compatible with most MEMS foundries (schematic of the device is shown in Fig. 1 (a)). 
We experimentally characterized the dynamic mechanical response, including the response time of our devices by 
monitoring the displacement of the meta-atoms using an optical vibrometer. We measured the THz absorption using 
time-domain spectrometer, and observed the modulation of the absorption (see Fig. 1(b,c)). The absorption 
maximum at resonance in some of our devices reaches 80%, sufficient for imaging applications, and this can be 
further improved by optimizing fabrication process in order to achieve the theoretically predicted 98% absorption. 

  

Figure 1. (a) Schematic of the unit cell of the THz absorber. (b) Measured absorption spectra for different 
applied peak-to-peak voltage Vpp for one of fabricated devices. (c) Absorption change measured at the 
initial resonant frequency of maximum absorption for unactuated device, and the change of resonant 
frequencies with actuation voltage. 

[1] N.I. Zheludev, Y.S. Kivshar From metamaterials to metadevices, Nature materials 11, 917–924 (2012). 
[2] K. Fan, W.J. Padilla Dynamic electromagnetic metamaterials, Materials Today 18, 39–50 (2015). 
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PS2:32 Dynamic light-induced THz resonators in a waveguide 

L Gingras and D Cooke 

McGill University, Canada 

In this work, we demonstrate an all-optical platform for THz pulse-shaping inside a dielectric-filled parallel-plate 
waveguide (PPWG). The dielectric constant of an embedded semiconductor is locally modulated by photoinjection 
of charge carriers using a spatially-patterned 1050 nm fs pulse with photon energy just above the indirect bandgap. 
The dispersion relation of the PPWG is modified on a picosecond timescale from the continuum light line to that of a 
zero-gap metal-dielectric photonic crystal. This structure is fully reversible in nature and reconfigurable after carrier 
relaxation, enabling pulse-shaping of broadband THz pulses. This platform is a flexible tool for THz photonics and 
holds potential for synthesizing arbitrarily shaped THz pulses, making it suitable for applications in THz 
telecommunications [1] or for fundamental physics experiments requiring total electric-field control [2]. 

Figure 1(a) schematically depicts the experimental setup, a Si-filled THz parallel plate waveguide being pumped 
through a film of ITO by a fs pulse. The refractive index at THz frequencies is locally modulated by the injected 
photocarriers (dotted regions), thus creating a one-dimensional metal-dielectric photonic structure [3]. Each 
interface created partially reflects the incident THz pulse synthesizing a multi-cycle THz excitation in reflection 
geometry while showing the characteristic enhanced transmission resonances (Fig. 1(b), circles) at integer multiples 
of the fundamental cavity mode, as expected from a metal-dielectric photonic crystal. Finite Difference Time Domain 
(FDTD) simulations reproduce the THz transmittance very well (Fig. 1(b), lines) and show a corresponding narrow-
band reflected field intensity in Fig. 1(c). In this work, we further discuss the implications of spatially tailoring the 
pump intensity to achieve all-optical arbitrary pulse-shaping at THz frequencies in a reconfigurable and fully-
reversible fashion. 

 
Figure 1 (a) Schematic representation of the experimental setup where a spatially patterned pump creates a THz 
resonator inside a PPWG. (b) Experimental (circles) and simulated (solid lines) transmittance as a function of 
pump-probe time delay. (c) Simulated reflectance as a function of pump-probe time delay. 

[1]  T. Nagatsuma, G. Ducournau & C. C. Renaud, Nature Photon. 10, 371-379 (2016) 
[2]  M. Sato et. al, Nature Photon. 7, 724-731 (2013) 
[3]  L. Gingras, F. Blanchard, M. Georgin and D. G. Cooke, Opt. Express 24, 2496-2504 (2016). 
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PS3:01 Metrology of terahertz measurements by time-domain-spectroscopy 

A Steiger1, M Kehrt1 and K Lange2 
1PTB, Germany, 2SLT Sensor- und Lasertechnik GmbH, Germany 

Metrology of THz measurements by pulsed time-domain-spectroscopy (TDS) is indispensable for striking success of 
industrial applications such as plastic, paper, or ceramic inspection, measurements of paint or coating layers, and 
further non-contact inspections of non-conducting materials. For instance, the applied total THz power is crucial for 
impact assessment of such new technologies in the THz spectral range. In addition, the accuracy of transmission 
and reflection measurements has to be known.  

All of these challenging tasks are solved by novel pyroelectric thin-film THz detectors. A constant responsivity for 
measuring the total THz power of the broadband spectrum of pulsed TDS systems is achieved by an ultra-thin 
pyroelectric polyvinylidene fluoride (PVDF) foil of these pyroelectric detectors. The foil is coated by special 
conductive electrodes on both surfaces. As innovation, the equivalent parallel circuit of the sheet resistance of both 
conductive coatings is matched to half the vacuum impedance. By this means, these coatings act together as a 
broadband thin metal absorber. Thus an additional black absorbing layer of conventional pyroelectric detectors is 
not required anymore. Simultaneously, the conductive electrodes are used to readout the electrical charges which 
are generated on both sides of the foil if it is heated by absorbed radiation [1]. The lack of any additional absorbing 
layer results in a remarkably increased detector responsivity due to the reduced thermal capacity. Furthermore, the 
refractive index of PVDF is low. All together, this leads to a constant absorption of 50 % for all frequencies from GHz 
to THz because the corresponding wavelengths are much larger than the thickness of the foil of a few μm. The flat 
responsivity of these novel THz detectors was proved by the first international THz laser power measurement 
comparison [2]. A specimen was calibrated at 1.40 THz and revealed the same responsivity at 762 GHz in this 
comparison. Moreover, such detector was used for the first absolute THz power measurement of an advanced 
emitter of a TDS-system [3]. Then the rear cover of the detector was removed that the THz beam which is 
transmitted through the pyroelectric foil could be detected by the receiver of the TDSsystem. Such recorded spectra 
disclosed a spectrally constant 25 % transmittance of the pyroelectric foil which comes along with its spectrally 
constant absorptance of 50 %.  

This revealed the coated foil of the pyroelectric THz detector as possible reference material in order to validate 
transmission and reflection measurements by means of TDS. An accurately metalized foil reflects and transmits 25 
% of the incoming radiation for all THz and GHz frequencies. The required uniform coatings with appropriate high 
sheet resistances and the mounting technology of the coated ultra-thin foil inside the detector housing are the 
challenges of manufacture. The spectrally flat quality will be checked by Fourier transform spectroscopy as well as 
at a new measurement facility which is actually set up at PTB. This new facility for THz reflection and transmission 
measurements is based on a fiber-coupled TDS spectrometer of latest technology. The final goal is to transfer the 
reference material from PTB to SME’s in Germany supporting their capability for innovation in the THz range.  

[1]  R. Müller, B. Gutschwager, J. Hollandt, M. Kehrt, C. Monte, R. Müller, and A. Steiger, Journal of Infrared, 
 Millimeter, and Terahertz Waves 36, 654-661 (2015).  
[2]  A. Steiger, R. Müller, A. Remesal Oliva, Y. Deng, Q. Sun, M. White, and J. Lehman, IEEE transactions on THz 
 science and technology 6, 664-669 (2016).  
[3]  B. Globisch, R. Dietz, T. Göbel, M. Schell, W. Bohmeyer, R. Müller, and A. Steiger, Optics Letters 40, 3544-
 3547 (2015). 
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PS3:02 TELBE: High-field high-repetition-rate photon facility for coherent THz control of matter 

S Kovalev1, J-C Deinert1, B Green1, N Awari1, A Fisher2, T Kampfrath3, N Stojanovic4 and M Gensch1 
1Helmholz Zentrum Dresden Rossendorf, Germany, 2SLAC, USA, 3Fritz-Haber-Institute, Germany, 4DESY, Germany 

The TELBE THz user facility is the first of a new class of accelerator-driven THz light sources that provide MV/cm 
fields at repetition rates of few 100 kHz or beyond (see figure 1). The facility is based on superradiant enhancement 
of radiation from relativistic electron bunches in a compact MeV level superconducting radiofrequency (SRF) 
electron accelerator. 

 
Figure 1: Schematic of a SRF accelerator-driven superradiant THz source (a) and comparison of the TELBE design 
parameters to record pulse energies from laser-based THz sources (b).  

Novel pulse-resolved diagnostics enables time-resolved studies with 30 fs resolution. In this contribution we are 
presenting the THz parameters as well as the results from first benchmarking THz control experiments in matter (see 
figure 2). 

 
Figure 2: Benchmark experiment – a multicycle THz pulse is selectively driving the AFM mode in NiO at 1 THz (a). The 
orders of magnitude higher spectral density of the TELBE THz pulse results in a significantly increased amplitude of 
the transient Faraday angle compared to excitation with table-top THz based sources (b). 

High-field THz-driven phenomena are commonly studied with laser-based, single cycle THz sources, at moderate 
repetition rates up to few kHz [1]. In contrast, the super-radiant THz facility TELBE [2] discussed in this contribution 
provides flexible quasi-cw repetition rates up to the few 100 kHz regime, peak fields in the GV/m regime and an 
ultimate flexibility with respect to the THz pulse form. This allows performing THz pump-probe experiments with the 
optimal repetition rate and THz pulse form. As we discuss, this not only enhances the sensitivity or dynamic range 
but also allows employing duty-cycle hungry techniques such  as  time-resolved  ARPES  or  time-resolved nearfield 
microscopy [3]. 

[1]  T. Kampfrath et al., Nature Photon. 7 (2013), 680. 
[2]  B. Green et al., Sci. Rep. 6 (2016), 22256. 
[3]  F. Kuschewski et al., Sci. Rep. 5 (2015), 12582. 
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PS3:03 THz pump-probe setup for experiments in high magnetic fields 

D Kamenskyi, B Bernath, M Ozerov, H Engelkamp, P Christianen, B Redlich, Avan der Meer and J K Maan 

Radboud University, Netherlands 

Recent development of the 90 meter long evacuated, quasi-optical THz transport line between free electron lasers 
(FEL)sources of Terahertz and infrared radiation (FELIX laboratory) and Bitter 33-Tesla magnet (High Magnetic Field 
Laboratory) at Radboud University opens new opportunities for the THz-spectroscopy in high magnetic fields. The  
pump-probe  technique  is  a  fascinating  experimental  setup  which  uses  full  potential  of  THz  radiation 
generated by FELs (a huge power and pulsed structure). For example, such setup will allow to study carriers 
dynamics in semiconductors by means of cyclotron resonance over unique range of frequencies, radiation powers, 
and magnetic fields. However, the limited space available inside the Bitter magnet bore (32-mm diameter) makes 
the design of such setup sensitive to the divergence of the beam especially at frequencies below 1 THz (33 cm-1). 

We make an optical table top prototype of the pump-probe setup schematically shown in Fig. 2. It consists of four 
60 cm long new silver tubes with of 7.1 mm inner diameter and two silicon prisms with refractive index n = 3.41. 
There are two channels called PUMP and PROBE (red and blue arrows, respectively). We measure transmission of 
these channels and leakage from pump to probe. One can see that 3.4% of initial radiation arrives to the end of its 
channel when only 0.065% comes to the other one. We also tested the setup in the magnet (without cryostat) and 
find out that magnetic field up to 33 tesla does not affect results shown in figure. Obtained data reveal rather small 
leakage between the pump and probe channels (below 2%) which suggests that the realization of the real low-
temperature pump-probe setup in the Bitter magnet is very promising. 

 

Figure 1. Prototype setup for the pump-probe measurement. One can see that leakage is about 2% 
0.065/(0.065+3.4) = 0.02 amount of the transmitted light arrived to the wrong channel). 

This work is part of the research program of the Foundation for Fundamental Research on Matter (FOM), which is 
part of the Netherlands Organisation for Scientific Research (NWO). Parts of this work were supported by EMFL 
(European Union Contract No. 26211). 

 

 

 

  

173 

 



 

PS3:04 Real-time frequency measurement of CW-THz radiation using dual photo-carrier THz combs induced by a 
free-running, dual-wavelength mode-locked, Er:fiber laser 

T Yasui1, G Hu2, T Mizuguchi1, X Zhao2, T Minamikawa1, T Mizuno1, Y Yang2, C Li2, M Bai2 and Z Zheng2 
1Tokushima University, Japan, 2Beihang University, China 

While absolute frequency measurement is one of the fundamental measurements for any electromagnetic wave, it 
remains a challenging task in the terahertz (THz) region especially under the room temperature. One promising 
method for this purpose is the photoconductive mixing with the photo-carrier THz frequency comb (PC-THz comb) in 
a photoconductive antenna (PCA), because PC-THz comb serves as a precise frequency ruler in the THz region [1]. 
Furthermore, the use of dual PC-THz combs with different frequency spacings enables real-time determination of the 
absolute frequency for the frequency-fluctuating CW-THz radiation [2]. However, the need of a pair of stabilized 
mode-locked lasers with slightly detuned repetition frequencies remains a factor hindering the practical 
applications. 

In this article, a single, free-running, dual-wavelength mode-locked, erbium-doped fibre laser was exploited to 
measure the absolute frequency of CW-THz radiation in real time using dual PC-THz combs [3]. Two independent 
mode-locked laser beams with different wavelengths and different repetition frequencies were generated from this 
laser [see Fig. 1(a) and (b)] and were used to generate dual PC-THz combs having different frequency spacings in 
photoconductive antennae. Based on the dual  PC-THz  combs,  the  absolute  frequency  of  CW-THz  radiation  was  
determined  with  a  relative precision  of  1.2×10-9 and a relative accuracy of 1.4×10-9 at  sampling rate of 100 
Hz. Real-time determination of the absolute frequency of CW-THz radiation varying over a few tens of GHz was also 
demonstrated (see Fig. 2). 

Use of a single dual-wavelength mode-locked fiber laser, in place of dual mode-locked lasers, greatly reduced the 
size, complexity, and cost of the measurement system while maintaining the real-time capability and high 
measurement precision. 

 
[1]  S. Yokoyama et al., "Terahertz spectrum analyzer based on a terahertz frequency comb," Opt. Express 16, 
 13052-13061 (2008). 
[2]  T. Yasui et al., "Real-time absolute frequency measurement of continuous-wave terahertz radiation based 
 on dual terahertz combs of photocarriers with different frequency spacings," Opt. Express 23, 11367-
 11367 (2015). 
[3]  G. Hu et al., "Measurement of absolute frequency of continuous-wave terahertz radiation in real time using 
 a free-running, dual-wavelength mode-locked, erbium-doped fibre laser," Sci. Rep., in revision. 
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PS3:05 Improving performance in terahertz spectral identification by empirical mode decomposition 

Y Su, Z Li, X Deng and X Zheng 

Tsinghua University, China 

We have applied empirical mode decomposition (EMD)[1] in order to improve the detecting sensitivity of materials 
with low concentrations and weak absorption peaks. Previous works basically use high orders of intrinsic mode 
functions (IMF) to extract the trend of signals[2, 3]. However, lower orders of IMFs have wider frequency range and 
more energy. We will show that the absorption spectrum obtained by the first order IMF shows superior performance 
in spectral identification. 

As shown in Fig.1, we modified the terahertz time-domain spectroscopy (THz-TDS) by adding four reflectors in the 
transmission path and extended the path by 3 meters. We conducted the testing experiment on water vapor in 
ambient air with relative humidity of 20%. Fig.2 shows the reference signal before modification and the 3-meter 
signal after modification as well as their IMF components. 

 
It is clear to see from Fig. 3(a) that the absorption coefficient drops to below zero at about 1THz and only absorption 
peaks below 1.41THz can be identified correctly without utilizing EMD. However, based on the same original signals, 
all the peaks below 2.3THz are exhibited distinctly by adopting IMF1 as shown in Fig. 3(b). Especially for higher 
frequencies like 2.04, 2.17 and 2.26 THz, the peaks are more evident than those in lower frequencies. Since high 
orders of IMFs contain limited energy and little information in high frequencies, the absorption curve above 1.4 THz 
shows as random noise as shown in Fig.3(c). In summary, the first order IMF not only contains a complete set of 
absorption peaks below 2.3THz, but also magnifies the peaks in high frequencies in spite of the overall high 
attenuation. 

 
EMD can improve the detecting sensitivity and become an effective supplementary means to Fourier transform. 
Since EMD magnifies the spectral details of certain frequency range, it shows great potential in discrimination of 
materials and prediction of their concentrations in the future.  

[1] N. E. Huang, et al., Proc. R. Soc. London Ser. A-Math. Phys. Eng. Sci. 454, 903 (1998). 
[2]  B. Weng, et al., GENSIPS 2006. 2006, 63 (2006). 
[3]  Z. Xu, et al., EURASIP J. Adv. Signal Process. 2014, 1 (2014). 

 

 

175 

 



 

PS3:06 FELBE, the THz/Infrared FEL user facility for ultrafast, nanoscale, and high field studies 

J M Klopf, M Helm, U Lehnert, P Michel, A Pashkin, H Schneider, W Seidel, S Winnerl and S Zvyagin 

Helmholtz Zentrum Dresden-Rossendorf (HZDR), Germany 

The FELBE User Facility at the ELBE Center for High-Power Radiation Sources offers two THz/infrared Free Electron 
Lasers (FEL) that deliver beam into suite of eight different labs with dedicated instrumentation for a wide range of 
optical measurements. The tuning range spanned by the two FELs extends from the mid infrared to the THz/far 
infrared (1.2–75 THz / 4–250 μm). The spectral range and pulse energy (0.01–2 μJ/pulse) of the transform limited 
ultrashort pulses (τp = 1–25 ps) are ideal for time-resolved measurements of many types of transient processes, 
particularly in lowdimensional [1], quantum structures [2], and correlated systems [3].  

For these types of measurements, the FELBE User Labs are equipped with instrumentation and synchronized 
ultrashort table-top lasers (i.e. Ti:Sa oscillators, regens, OPAs, SFG/DFG) to enable both degenerate (single color), 
and non-degenerate (two color) pump-probe experiments. Optical cryostats and an 8 T split coil magnet are 
available for low temperature and magnetic field dependent studies. Furthermore, the FELBE beamline has been 
extended into the adjacent High Field Magnet Lab (HLD), enabling measurement techniques such as Electron Spin 
Resonance (ESR) spectroscopy at fields up to 70 T [4]. The high repetition rate of the FELBE beam (13 MHz) is 
critical for measurements with the pulsed magnet, and also has enabled revolutionary methods in 
scatteringScanning Nearfield Optical Microscopy (s-SNOM) to detect sub-wavelength features, such as the coupling 
of evanescent fields in negative index materials [5], and low-temperature phase transitions in individual domains 
[6].  

The characteristics of the FELBE source and upgrades that are underway will be presented. Details of the laboratory 
instrumentation and techniques will also be presented, as well as a summary of results from several recent user 
experiments. Proposals are invited from users twice a year for beamtime on FELBE 
(https://www.hzdr.de/db/Cms?pNid=471).  

[1]  M. Mittendorff, F. Wendler, E. Malic, A. Knorr, M. Orlita, M. Potemski, C. Berger, W. A. de Heer, H. 
 Schneider, M. Helm and S. Winnerl, Nature Physics 11, 75-81 (2015).  
[2]  D. Stephan, J. Bhattacharyya, Y. H. Huo, O. G. Schmidt, A. Rastelli, M. Helm and H. Schneider, Appl. Phys. 
 Lett. 108, 082107 (2016).  
[3]  M. M. Jadidi, J. C. König-Otto, S. Winnerl, A. B. Sushkov, H. D. Drew, T. E. Murphy and M. Mittendorff, Nano 
 Letters 16, 2734-2738 (2016).  
[4]  M. Ozerov, J. Romhányi, M. Belesi, H. Berger, J. P. Ansermet, J. van den Brink, J. Wosnitza, S. A. Zvyagin 
 and I. Rousochatzakis, Phys. Rev. Lett. 113, 157205 (2014).  
[5]  S. C. Kehr, Y. M. Liu, L. W. Martin, P. Yu, M. Gajek, S. Y. Yang, C. H. Yang, M. T. Wenzel, R. Jacob, H. G. von 
 Ribbeck, M. Helm, X. Zhang, L. M. Eng and R. Ramesh, Nat. Commun. 2, 249 (2011).  
[6]  J. Döring, H.-G. von Ribbeck, M. Fehrenbacher, S. C. Kehr and L. M. Eng, Appl. Phys. Lett. 105, 053109 
 (2014). 

  

176 

 

https://www.hzdr.de/db/Cms?pNid=471


 

PS3:07 Ultrafast field emission of electron from a metallic nanotip by intense single cycle THz pulses 

D Matte, L Gingras, B Siwick and D Cooke 

McGill University, Canada 

The local field enhancement at the apex of mettallic nanotips allows the observation of highly nonlinear light-matter 
interactions in solid state materials. In this work, we demonstrate sub-cycle field emission of electrons from a 
tungsten nanotip excited by an intense single cycle THz pulse (Fig 1a). Incident peak electric fields approaching 
600kV/cm greatly enhanced by the tip greatly reduces the potential barrier for tunnel ionization from the Fermi level 
of the metal[1], and these fs electron wavepackets are subsequently accelerated to keV energy levels [2] by the 
amplified electric field on a sub-cycle timescale [3]. Such fs electron wavepackets can be used to advance 
techniques for ultrafast electron diffraction. 

Fig. 1b shows the exponential dependance of the electrons emissions with incident THz field strength expected by 
Fowler-Nordheim theory of field emission [4]. The inset show the electron emission as a function of the tip position 
transversely through the focal point of the THz beam showing a profile width well below the ~400 μm THz beam 
diameter, consistent with an exponential field dependence of the emission rate. Calculated bunch charges are on 
the order of 10 5 electrons per pulse, approaching the flux required for single shot electron diffraction and meriting 
a study on space- charge effects. We will discuss further beam characterization and efforts toward temporal control 
of the field emission process. 

 

Fig 1 a) Schematic of the electron emission setup. b) Collected electron in function of the THz electric field (squares) 
and exponential fit (line). Inset : Electron emission pattern trough the THz focus 

[1]  G. Herink, L. Wimmer, and C. Ropers, New J. Phys. 16- 123005 (2014). 
[2]  Sha Li & R.R. Jones, Nat. Comm. 7, 13405 (2016). 
[3]  G. Herink, D. R. Solli, M. Gulde, & C. Ropers, Nature, 483- 190–193 (2012). 
[4]  R. H. Fowler and L. Nordheim, Proc,R. Soc. London, Ser. A 119- 173 (1928). 
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PS3:08 Tuneable THz generation using 2nd order non-linear optical effects in GaAs/AlGaAs multi-quantum well 
excitons at room temperature 

A Majeed1, P Ivanov2, B Stevens1, E Clarks1, D Childs2, O Kojima3 and R Hogg2 
1University of Sheffield, UK, 2University of Glasgow, UK, 3Kobe University, Japan 

We report the generation of tuneable THz radiation (0.75-3 THz) through second order nonlinear effects in the 
excitation of excitons in GaAs/AlAs multi-quantum wells (MQWs), using readily available continuous wave (CW) 
laser diodes at room temperature. A MQW GaAs/AlAs sample was designed to have excitonic resonances at a 
wavelength accessible by commercially available lasers (850nm, 260mW), and have E1HH1–E1LH1 splitting of 
9.1meV. The sample was grown by MBE with the MQW region containing 30 repeats of 11.9nm GaAs separated by 
7.1nm AlAs barriers. These preliminary measurements removed the substrate and cap layer. The sample was then 
capillary bonded to a diamond heat spreader [1]. Two collimated lasers were used to excite the excitonic 
resonances. Both lasers were normally incident to the sample surface. Figure 1(a) shows THz power obtained in 
collinear and crossed polarisations of the lasers with one laser resonant with the HH exciton, and the other laser 
tuned across the excitonic bands with both lasers operating at 260mW. A clear signal is observed in the case of 
collinear excitation which scales with the density of states of the excitons. Power dependence measurements 
confirm this is a second order non-linear effect. Using a simple interferometer, and fitting the measured power with 
the expected transmission of a Fabry-Perot etalon, frequency measurements indicate the ability to tune the THz 
radiation from 0.75-3THz. See Figs 1(b-d). For excitation at the peaks of HH and LH, a conversion efficiency of 
1.2×10-5 was obtained. This was achieved without the use of plasmonic effects, nor any kind of an antenna, nor an 
applied E-field to the structure. This offers the opportunity for the creation of compact, low cost, tuneable room 
temperature THz source. 

 
Figure1: (a) Absorption spectrum of the sample, and THz power obtained in collinear and crossed polarisations of 
the lasers with one laser resonant with the HH exciton, and the other laser tuned across the excitonic bands with 
both lasers operating at 260mW, (b,c and d) Fitting the measured power with the expected transmission of a Fabry-
Perot etalon. 
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PS3:09 Towards direct access to THz-driven transient electronic states with time-resolved ARPES 

J-C Deinert1, B W Green1, S Kovalev1, J Stähler2 and M Gensch1 
1Helmholtz-Zentrum Dresden-Rossendorf, Germany, 2Fritz-Haber-Institut der Max-Planck-Gesellschaft, Germany 

In this contribution we present the concept for a novel experimental setup at the THz facility TELBE at Helmholtz-
Zentrum Dresden-Rossendorf [1], which combines THz excitation with time- and angle- resolved photoelectron 
spectroscopy (tr-ARPES). This challenging combination of two state-of-the-art techniques promises new insights into 
highly relevant non-equilibrium processes in matter, since THz excitation provides resonant access to a multitude of 
fundamental modes, e.g., lattice vibrations, molecular rotations, spin precession and the motion of free electrons. 
Until now, the corresponding changes to the electronic structure of a material can be probed only indirectly, e.g., by 
measuring the material's optical properties. The obvious method – tr-ARPES – which gives direct access to the 
electronic states on a femtosecond timescale (cf. Fig. 1) has not been implemented due to the previously 
unaccomplishable high duty cycle of the THz source (>> 10 kHz repetition rate quasi-cw) to provide sufficient 
statistics for tr-ARPES. This limitation is overcome at the TELBE which provides tunable and CEP-stable THz pulses at 
a repetition rate of 100 kHz based on superradiant emission, and timing stability of < 30 fs due to a novel pulse-to-
pulse diagnostics scheme [3]. Over the next three years a tr-ARPES setup shall hence be implemented at the THz 
facility TELBE which aims at establishing feasibility and dynamic range despite obvious obstacles such as residual 
streaking of the photoelectrons by the high THz excitation fields (see, e.g., [2]). This contribution is discussing the 
challenges and the opportunities of tr-ARPES in THz control experiments and will outline the current design of the 
planned tr-ARPES endstation. 

 

 
Figure 1: Scheme of THz-ARPES principle. The THz pump pulse excites the sample into a non- equilibrium state. The 
resulting changes to the electronic structure are probed via photoemission with a second ultraviolet (UV) pulse. 

[1]  B. Green et al., Sci. Rep. 6 (2016), 22256. 
[2]  U. Fruehling et al., Nat. Phot.. 3 (2009), 523. 
[3]  see poster presentation of S. Kovalev 
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PS3:10 Making a commercial infrared pyroelectric detector sensitive to millimetre waves via near-field metasurface-
pyroelectric-film interaction 

M Navarro-Cia1, S A Kuznetsov2, A G Paulish3 and A V Arzhannikov2 
1University of Birmingham, UK, 2Novosibirsk State University, Russia, 3Institute of Semiconductor Physics SB RAS, 
Novosibirsk Branch “TDIAM”, Russia 

Unlike neighbouring spectral regions, millimetre and submillimetre waves (i.e., Terahertz frequencies) have been 
proven to be difficult to generate and detect [1]. With the advent of metamaterials and metasurfaces, new venues to 
optimize emitters and detectors for such challenging radiation have been opened. 

We propose here a simple approach to turn an economical commercial infrared pyroelectric detector into a 140 GHz 
polarization-dependent detector [2]. The scheme relies on the introduction of a deep-subwavelength thin absorber 
on top of the pyroelectric film. The small separation compared with the resonance wavelength between the 
absorber’s top metasurface and the ground plane as well as the direct contact of the ground plane with the 
pyroelectric detector top electrode triggers strong near- field interactions that make it possible the absorption of 
millimetre wave radiation by the few-μm- thick pyroelectric film that otherwise would be transparent. We first 
optimize and fabricate the absorber (λ-to-thickness ratio of ~140) based on an array of rectangular metal patches 
on a grounded propylene slab as an individual entity to test its performance (solid black line in Fig. 1). Afterwards, 
we integrate the absorber into the infrared pyroelectric detector, housing the resulting structure in an Ar-filled KT-3 
package with the original germanium window substituted for a 350 μm thick sapphire slab to provide transparency 
for the incoming 140 GHz radiation. The voltage responsivity and time response of the final prototypes show 
performances for millimetre wave radiation similar to the original detector for infrared radiation. The proposed 
detectors can be easily integrated into one- or two-dimensional arrays to enable spectral and polarization analysis 
of (sub)millimetre wave beams without using supplementary dispersive elements. 

 

Figure 1. Normalized spectral sensitivity of two manufactured pyroelectric detectors (symbols) along with the 
absorptivity of the metasurface alone (solid black line) for vertical (left) and horizontal polarization (right). 

[1]  G. Carpintero, E. García-Muñoz, H. Hartnagel, S. Preu, and A. Raisanen, Semiconductor TeraHertz 
 Technology: Devices and Systems at Room Temperature Operation (Wiley-IEEE Press, 2015). 
[2]  S.A. Kuznetsov, A.G. Paulish, M. Navarro-Cía, and A. V. Arzhannikov, Sci. Rep. 6, 21079 (2016). 
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PS3:11 Intense and broadband THz wave generation in new organic electro-optic OHQ-T crystals  

J-H Han1, C-U Jeong1, S-C Lee1, S-H Lee1, B J Kang1, F Rotermund2 and O-P Kwon1 
1Ajou University, Korea, South Korea, 2Korea Advanced Institute of Science and Technology (KAIST), South Korea 

Terahertz (THz) photonics in the region of 0.1-10 THz have received large attention for various applications such as 
THz imaging, THz time domain spectroscopy and time-resolved pump–probe spectroscopy and nondestructive 
material characterization. Organic electro-optic crystals are very potential materials for highly efficient broadband 
THz generation because they exhibit larger optical nonlinearity and higher optical-to-THz conversion efficiency 
compared to inorganic crystals such as ZnTe and Gap. In this work, we report intense and broadband THz wave 
generation based on new organic electro-optic crystal, i.e. OHQ-T (2-(4-hydroxystyryl)-1-methylquinolinium 4- 
methylbenzenesulfonate), which possesses optimal molecular packing for maximizing the optical nonlinearities and 
electro-optic coefficients. [1] OHQ-T crystals exhibit intense and broadband THz wave generation; the peak-to-peak 
THz E-field (Eptp) is 32 times larger than ZnTe crystal and the generated THz wave width is wider than ZnTe. The upper 
cut-off frequency of OHQ-T is about 10 THz that is 4 times higher than ZnTe. To further investigate efficient 
broadband THz wave generation with high electric field amplitudes, OHQ-T single crystals with different thicknesses 
from 0.2 to 1.8 mm are examined. The highest electric field amplitude (Eptp) of 650 kV/cm was achieved in 0.78 
mm thick OHQ-T crystals with 1300 nm pumping. These results well correspond with theoretical calculations. In 
addition, THz Eptp, a maximum THz output power and a maximum optical-to-THz conversion efficiency rise with 
increase of incident pump power but the upper cut-off frequency is saturated around 12 THz. [2 

[1]  S.H. Lee, B.J. Kang, J.S. Kim, B.W. Yoo, J.H. Jeong, K.H. Lee, M. Jazbinsek, J.W. Kim, H.S. Yun, J.T. Kim, Y.S. 
 Lee, F. Rotermund, O.P. Kwon, Adv. Opt. Mater. 3, 756 (2015).  
[2]  B.J Kang, I.H. Baek, S.H. Lee, W.T. Kim, S.J. Lee, Y.U. Jeong, O.P. Kwon, F. Rotermund, Opt. Express. 24, 
 11054 (2016). 
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PS3:12 Assessment of large internal optical anisotropy in fluoroelastomer with carbon black fillers using a 
polarization sensitive terahertz spectroscopy 

M Okano and S Watanabe 

Keio University, Japan 

Elastomer composite is one of the most valuable and essential materials for modern society, because it has some 
significant characteristics such as the viscoelasticity, durability, and chemical resistance. These features enable it to 
utilize a wide variety of engineering applications (for instance, automobile tires, mountings, seals, and so on). Since 
the degradation and breakdown of these elastomers would cause fatal accidents, the inspection and assessment of 
their internal states is distinctly important in terms of safety. However, since most of the elastomer composites are 
optically opaque in the infrared and visible spectral region, there are few reports concerning assessment of their 
internal states so far. 

Terahertz time-domain spectroscopy (THz-TDS) is a promising candidate for investigating the internal states of 
optically-opaque elastomers, because terahertz wave shows high transmittance for polymeric materials due to its 
low photon energy [1]. In particular, a polarization-sensitive (PS) THz-TDS technique can reveal the internal 
molecular orientation, which is linked to mechanical, electrical, and optical properties, of opaque polymers [2]. In 
this work, we report a large optical anisotropy of the elastomer composite induced by the conductive fillers 
measured using the PS THz-TDS measurements [3], and discuss possible applications for in situ, nondestructive 
testing. 

Figure 1 shows a photograph of the experimental setup. Our system consists of a commercial THz-TDS system (T-ray 
5000, Advanced Photonix, Inc.) and a rotating polarizer that is mounted on a hollow-shaft motor and set in front of 
the terahertz receiver. By rotating the polarizer with a rotation frequency of 40 Hz, we can obtain the polarization 
information of the terahertz waves within 25 milliseconds. We performed the PS THz-TDS measurements in the 
transmission configuration as shown in Fig. 1. Fluoroelastomer (V-100, Togawa Rubber Co., Ltd.) with a thickness of 
1 mm was used in this work as a sample. The sample contains the conductive carbon black (CB) fillers for improving 
its durability, resulting in that make sample’s color black. We fixed both sides of the samples on the translation 
stage, in order to perform the PS THz-TDS measurement with various drawing ratios by mechanical stretching. 

 
We found a large optical anisotropy of the samples with a degree of birefringence (Δn) of 0.1 even under unloaded 
condition. The origin of large birefringence is attributed to the orientational distribution of the conductive CB fillers 
which form anisotropically-shaped aggregates in the fluoroelastomer. When we stretched the sample along the 
major axis of the refractive index, the birefringence monotonically increases with the draw ratio. On the other hand, 
when we stretched the sample along the minor axis of the refractive index, the birefringence disappears and the 
major axis rotates about 90 degrees parallel to the stretched direction under the particular draw ratio. 

This fact indicates that external-stress-induced changes in the optical anisotropy strongly depend on the relation 
between the direction of the sample’s optic axis and that of the external stress[3]. Thus, we believe that the optical 
anisotropy of the elastomer due to the conductive CB fillers can be utilized as a probe for assessment of the internal 
deformation of the samples. 

Part of this work was supported by JST under Collaborative Research Based on Industrial Demand “Terahertz-wave: 
Towards Innovative Development of Terahertz-wave Technologies and Applications .” 
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[1]  S. Wietzke, C. Jansen, F. Rutz, D.M. Mittleman, and M. Koch, Polymer Testing 26, 614 (2007). 
[2]  S. Katletz et al., Opt. Express 20, 23025 (2012). 
[3]  M. Okano and S. Watanabe, Sci. Rep. 6, 39079 (2016). 

 

PS3:13 Retrieval of elliptically-polarized terahertz electric-field pulse shapes by electro-optic sampling 

K Oguchi, M Okano and S Watanabe 

Keio University, Japan 

Recently, a study on terahertz induced nonlinear optical phenomena becomes one of the hottest topics in 
condensed matter physics. For example, an intense terahertz field is utilized for spin control of the antiferromagnetic 
materials [1]. In these phenomena, the field-matter interactions depend strongly on the magnitude, phase, and 
polarization of the applied terahertz field because of the optical nonlinearity. To understand the interactions, a 
precise measurement of terahertz pulse shape is essential.  

However, it is well known that the measured terahertz pulse shapes by the electro-optic (EO) sampling method are 
distorted by the phase-mismatch between the terahertz wave and optical probe pulse, absorption inside the EO 
crystal, and the effects of finite pulse width. Many researchers have demonstrated the retrieval of the linearly-
polarized terahertz field shapes [2-4]. However, an experimental demonstration of the retrieval of the elliptically-
polarized ones is still lacking. 

Here, by taking into account the above distortion factors, we demonstrate retrieval of an elliptically- polarized 
terahertz electric-field pulse shape measured by the EO sampling method without using wire- grid polarizers [5, 6]. 
We measure an elliptically-polarized terahertz electric-field pulse shape by using two <110>-orientated ZnTe 
crystals with thickness of 1- and 0.2-mm. The measured terahertz pulse shapes are different, due to the thickness 
dependent sensitivity. To retrieve a time-domain profile of the terahertz E-field pulse exerted on the ZnTe crystals, we 
compensate frequency-dependent sensitivity and phase shift, derived from the phase-mismatch, absorptions, and 
the effects of finite pulse width. 

Figures 1 (a) and (b) show the retrieved elliptically-polarized terahertz E-field pulse shapes from the two measured 
pulses. We successfully retrieve an original elliptically-polarized terahertz pulse shape. We also succeed in retrieving 
terahertz E-field pulses detected by different EO crystals such as GaP crystals, and these results certify the validity 
of our retrieval methodology. 

Part of this work was supported by JST under Collaborative Research Based on Industrial Demand “Terahertz-wave: 
Towards Innovative Development of Terahertz-wave Technologies and Applications.” 

 

Figure 1. The retrieved elliptically-polarized terahertz E-field pulse shapes detected by (a) 1-mm thick ZnTe and (b) 
0.2-mm thick ZnTe, respectively. The two figures are shown in the same scale. Lines are drawn to guide the eye. 

[1]  T. Kampfrath et. al., Nat. Photon. 5, 31 (2011). 
[2]  H. J. Bakker et. al., J. Opt. Soc. Am. B, 15, 1795 (1998). 
[3]  A. Leitenstorfer et. al., Appl. Phys. Lett. 74, 1516 (1999). 
[4]  A. Tomasino et. al., Sci. Rep. 3, 3116 (2013). 
[5]  K. Oguchi et. al., J. Opt. Soc. Am. B 31, 3170 (2014). 
[6]  K. Oguchi et. al., Appl. Phys. Lett. 108, 011105 (2016). 
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PS3:14 Direct measurement of terahertz wavefront pulses using 2D electro-optic imaging 

E Abraham1, M Brossard1, J Degert1, E Freysz1 and T Yasui2 
1Bordeaux University - LOMA, France, 2Tokushima University, Japan 

Wavefront  characterization  of  terahertz  (THz)  pulses  is  essential  to  optimize  far-field  intensity distribution or 
spot focalization of time-domain spectrometers, as well as increase the peak power of intense terahertz sources. In 
the visible spectral region, there are a lot of different techniques of wavefront measurement, like the use of a 
Hartmann mask. It was invented a century ago to perform optical metrology for a wide variety of applications 
including adaptive optics, ophthalmology and wavefront characterization [1]. However, in THz  science and 
technology, it is well-known that spatiotemporal profiles of THz transient fields can also be directly determined 
through electro-optic (EO) sampling in a nonlinear crystal [2]. In this communication we will show that this latter 
technique is well adapted for the quantitative determination of the optical aberrations of THz pulses.  

THz pulses are generated by optical rectification of amplified femtosecond laser pulses (800 nm, 1 mJ, 150 fs) in a 
ZnTe crystal. After beam expansion and collimation, the THz beam is sent into a second ZnTe crystal for electro-optic 
detection with a time-delayed laser probe pulse (Fig. 1a). There, the spatial distribution of the broadband (0.1–3 
THz) THz electric field is converted into optical intensities captured by a CMOS camera. By varying the time delay 
between the probe and THz pulses, EO sampling can record the spatial dependence of the full (amplitude and 
phase) THz electric field, ETHz, in the crystal plane. Then, after Fourier transformation of the temporal data, we can 
get for every frequency the amplitude and the phase of ETHz in this plane. From this phase mapping, it is possible to 
calculate the surface of equi-phase, which constitutes the definition of the wavefront. 

To illustrate our method, we measured the optical aberrations of the THz beam presented in Fig. 1a, which is 
supposed to have a planar wavefront. The result is presented in Fig. 1b at 1 THz but can be perform at every other 
frequency within the broadband THz pulses. Clearly, this wavefront is not fully planar since some optical 
deformations are visible near the edge of the beam, indicating by the yellow color. This is even clearer after the  
decomposition of the wavefront onto the linear combination of the Zernike polynomials, where each polynomials  
represents a specific optical aberration. As shown in Fig. 1c, the THz wavefront presents some X and Y tilts 
associated with astigmatism that may be attributed to imperfect beam collimation or optical aberrations on the 
incident laser beam or the ZnTe nonlinear crystal. 

More generally, we believe that our THz wavefront sensor could provide a real advance for time- domain (imaging) 
spectrometers which require a perfect focalization of the THz beam or any other THz devices sensitive to wavefront 
distortions. Associated with deformable mirrors, it could open the route to THz adaptive optics.  

 

[1]  J. Hartmann, Z. Instrumentenkd. 20, 47 (1900). 
[2]  E. Abraham et al., Opt. Exp. 24(5), 5203 (2016). 
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PS3:15 Monolithic extractors for broadband terahertz quantum cascade laser based frequency combs 

M Rösch, C B Chelmus, G Scalari, C Bonzon, M J Süess, M Beck and J Faist 

ETH Zurich, Switzerland 

We present a novel extracting structure for terahertz quantum cascade laser (THz QCL) based frequency combs 
directly integrated into the laser waveguide. The structure allows the generation of single- lobed farfields of a 600 
GHz wide frequency comb at 2.5 THz. Additionally frequency comb dynamical range has been significantly 
improved. 

THz QCL frequency combs still have some challenges to be tackled to get them useful for spectroscopy [1,2]. One of 
them are the scattered farfields due to the sub-wavelength facet of metal-metal waveguides [3]. Several intrinsically 
broadband extracting techniques have been reported to circumvent this issue such as horn antennas or attaching a 
hemispherical lens to the waveguide [4-6]. However none of them can be monolithically integrated into the 
waveguide. Furthermore, only the lens-based approach reported in [5] has been implemented on QCL frequency 
combs. The presented approach uses the concept of the 

 
3rd order distributed feedback (DFB) lasers [7]. However, only a small part of the ridge contains a grating structure 
(see Fig.1(a)). The shape of the grating was optimized for broadband (600 GHz) emission. The active region used is 
identical with the one reported in [2]. Higher order lateral modes are actively suppressed by a mode control 
structure as reoprted in [8]. 

As can be seen from Figure 1(b) the laser bandwidth is 600 GHz, in good agreement with the simulations of the 
extracting structure. Intermode beatnote measurements confirm frequency comb operation of the laser (inset of 
Figure 1(b)). 

The farfield has been significantly improved showing a single lobed peak with only slight asymmetries (Figure 1(c)). 
Such a farfield is very beneficial as the collection efficiency can be drastically increased resulting in a 5-fold power 
increase compared to a reference laser without extractor. Since the spec- tral bandwidth is successfully limited to 
600 GHz the frequency comb operation range is drastically increased compared to reference lasers where frequency 
comb operation is limited to only a small part of the dynamical range of the laser. 

[1]  D. Burghoff et al., Nature Photonics 8, 462-467 (2014) 
[2]  M. Ro¨sch, G. Scalari, M. Beck, and J. Faist, Nature Photonics 9, 42-47 (2015) 
[3] B. S. Williams, S. Kumar, H. Callebaut, Q. Hu, and J. L. Reno, Appl. Phys. Lett. 83, 2124 (2003)  
[4]  M.I. Amanti, M. Fischer, C. Walther, G. Scalari, J. Faist, Electronics Letters 43, Issue 10 (2007)  
[5]  A.W.M. Lee, Q. Qin, S. Kumar, B. S. Williams, Q. Hu, J. L. Reno, Optics Letters 32, 2840 (2007)  
[6]  F. Wang et al., Optics express 24 (3) 2174-2182 (2016) 
[7]  M.I. Amanti, M. Fischer, G. Scalari, M.Beck, J. Faist, Nature Photonics 3, 586 - 590 (2009) 
[8]  D. Bachmann, M. Roo¨sch et al., Optica 3, 1087–1094 (2016)  
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PS3:16 Efficient terahertz wave generation by new organic electro-optic salt crystals at Ti:sapphire wavelength 

S-C Lee1, B J Kang1, F Rotermund2 and O-P Kwon1 
1Ajou University, South Korea, 2Korea Advanced Institute of Science and Technology (KAIST), South Korea 

Broadband terahertz (THz) wave technology using organic electro-optic crystal has attracted considerable attention 
for various practical applications such as THz time-domain spectroscopy, THz imaging and non-destructive material 
characterizations.[1] Especially, THz wave generation using high-power Ti:sapphire amplifiers operating near-
infrared (NIR) wavelengths (around 800 nm) have many advantages compared to low-power infrared femtosecond 
lasers. However, many organic electro-optic crystal exhibit a relatively low THz generation efficiency at 800nm 
because of phase mismatch between the generated THz waves and the optical pump pulses. In this work, we report 
efficient broadband THz wave generation using new organic electro-optic salt crystals at Ti:sapphire wavelength 
(800nm). New organic electro-optic salt crystals are based on the acentric core structure OHQ (2-(4-hydroxystyryl)-
1-methylquinolinium) cation with naphthalene-2-sulfonate and naphthalene-1-sulfonate for OHQ-N2S and OHQ-
N1S crystals, respectively [2]. The as-grown OHQN2S and OHQ-N1S crystals exhibit optimal molecular ordering for 
maximizing the diagonal electrooptic and nonlinear responses. To obtain an optimal crystal thickness for efficient 
THz wave generation, single OHQ-N2S crystals are prepared by a simple cleaving method. The prepared OHQN2S 
single crystal with good optical quality (with two parallel surfaces having high flatness) and desired crystal thickness 
has remarkable crystal characteristics suitable for highly efficient THz wave generation. In addition, OHQ-N2S crystal 
exhibits efficient broadband THz wave generation with femtosecond-laser-pumping from a Ti:sapphire amplifiers at 
800nm. Compared to the standard inorganic ZnTe crystal, OHQ-N2S crystal with a broad bandwidth with the upper 
cut-off frequency of 6.0 THz exhibit 4.7 times higher field amplitude and 3 times higher peak-to-peak THz field.  

[1]  T. Kampfrath, K. Tanaka, K. A. Nelson, Nat. Photon. 7, 680 (2013).  
[2]  S.-C. Lee, B. J. Kang, M.-J. Koo, S.-H. Lee, J.-H. Han, J.-Y. Choi, W. T. Kim, M. Jazbinsek, H. Yun, D. Kim, F. 
 Rotermund, O.-P. Kwon Adv. Opt. Mater., accepted (2016) 
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PS3:17 High-power THz wave generation with large-area organic electro-optic crystals grown in confinement 
geometry 

C-U Jeong1, S-H Lee1, S-C Lee1, J-H Han1, B J Kang1, F Rotermund2 and O-P Kwon1 
1Ajou University, South Korea, 2Korea Advanced Institute of Science and Technology (KAIST), South Korea 

Terahertz (THz) technology with intense broadband THz wave generation source is important for a wide range of THz 
applications. One of important parameters of THz wave generation crystals is large area which allows the use of high 
pump optical power levels and lead to increasing generated THz intensity. Organic benchmark electro-optic crystals 
such as HMQ-TMS (2-(4-hydroxy-3- methoxystyryl)-1-methylquinolinium 2,4,6-trimethylbenzenesulfonate and OH1 
(2-(3-(4- hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile)are very promising materials for intense 
broadband THz wave generation. [1,2] HMQ-TMS and OH1 crystals exhibit large nonlinear optical response and high 
optical-to-THz conversion efficiency by optical rectification (OR) and different frequency generation (DFG). In the 
present work, we report high-power THz wave generation s using large-area HMQ-TMS and OH1 crystals with optimal 
crystal morphologies. [3] The large-area HMQ-TMS and OH1 crystals are grown by a new crystal engineering 
technique, which allow thickness-controlled growth of large area crystal in confined geometry with a sub-millimeter 
gap. The large-area HMQ-TMS and OH1 crystals grown in a planar confined geometry exhibit same crystal structure 
compare to HMQ-TMS and OH1 crystals grown by conventional crystal growing method without polymorphism. To 
investigate THz generation efficiency, THz wave generation experiments with the large-area HMQ-TMS crystal are 
performed by optical rectification of 1400 nm pump pulses with a pulse duration of 150 fs using large clear 
aperture of 3 mm. HMQ-TMS crystal grown in confined geometry exhibits efficient THz generation efficiency, similar 
as that grown in conventional crystal growing method.  

[1]  J. H. Jeong, B. J. Kang, J. S. Kim, M. Jazbinsek, S. H. Lee, S. C. Lee, I. H. Baek, H. Yun, J. Kim, Y. S. Lee, J. H. 
 Lee, J.-H. Kim, F. Rotermund, O. P. Kwon, Sci. Rep. 3, 3200 (2013).  
[2]  O. P. Kwon, S. J. Kwon, M. Jazbinsek, F. D. J. Brunner, J. I. Seo, C. Hunziker, A. Schneider, H. Yun, Y. S. Lee, 
 P. Günter, Adv. Funct. Mater. 18, 3242 (2008).  
[3]  S. H. Lee, S. J. Lee, M. Jazbinsek, B. J. Kang, F. Rotermund , O. P. Kwon, CrystEngComm. 18, 7311 (2016) 
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PS3:18 Sub-cycle cross-phase modulation in GaP induced by ultrastrong THz Field 

C Vicario1, M Shalaby1 and C P Hauri1,2 
1PSI, Switzerland, 2EPFL, Switzerland 

Ultrastrong Terahertz (THz) transients have the potential to control instantaneously macroscopic properties of the 
matter [1-2]. By employing our recently developed THz bullet configuration [3, 4] with electric and magnetic field 
strength overpassing GV/m and few Tesla we demonstrated THz- driven ultrafast electronic and magnetic dynamics 
[5, 6]. Here we present giant cross-phase modulation (XPM) between an intense single-cycle THz pulse and a co-
propagating 50-fs nIR laser pulse in thin gallium phosphide (GaP) [7, 8]. 

 
Figure 1. a) Spectrum b) autocorrelation trace and c) transverse distribution of the high-energy Stoke pulse. 

The main results are summarized in Fig. 1. THz pulses with energy up to 50 μJ and spectral contents between 0.1 
and 5 THz are realized by optical rectification in DSTMS.  The corresponding single-cycle THz electric field with peak 
strength of 24.4 MV/cm is shown in Fig. 1 a). Shown in Fig 1b) is the two dimensional representation of the 
copragating laser spectral intensity (vertical axis) as function of the delay with respect to the TH wave (horizontal  
axis). The laser spectrum is instantaneously broadened by the THz driven XPM due to simultaneous action of 
Pockels and Kerr effects. At the maximum amplitude, the nonlinear change of the index of refraction of GaP results 
in spectral broadening up to 180 nm calculated at 10% level (magenta spectrum). This is about 5 times larger than 
the original laser spectral width. After the main THz peak the laser spectrum returns immediately to its original 
shape. The XPM spectral modifications are also studies for increasing THz effective field strength in the crystal (Fig 1 
c)). The spectrum as well as the optical transmission is severely modified for electric field >5 MV/cm. At field > 20 
MV/cm these effects tend to saturate. 

In conclusion, we have shown extreme spectral broadening by THz-induced XPM in GaP. The spectral broadening is 
caused by interplay of Kerr and Pockels effects whose strength is controlled by the applied THz electric field. The 
results presented here could be used for advanced manipulation of the spectral and temporal properties of 
femtosecond nIR laser pulse and ultimately to produce pulses with tunable duration down to the sub-10 fs regime. 

[1]  M. Tonouchi, Nature Photon. 1, 97 (2007). 
[2]  T. Kampfrath, K. Tanaka and K. A. Nelson, Nature Photonics 7, 680 (2013).  
[3] M. Shalaby and C.P. Hauri, Nature Communications 6, 5976. 
[4]  C. Vicario, et al. Opt. Lett., 39, 6632, (2014). 
[5]  C. Vicario et al. Nature Photon. 7, 720 (2013). 
[6]  M. Shalaby, C. Vicario and C.P. Hauri, Nature Commun. DOI 10.1038/ncomms9439 (2015). 
[7]  Y. Shen et al. Phys. Rev. Lett. 99, 043901(2007). 
[8]  C. Vicario, M. Shalaby and C. P. Hauri, submitted to Phys. Rev. Lett. 
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PS3:19 Multi-mJ Stokes pulses for high-field THz generation in organic crystals 

C Vicario1, M Shalaby1 and C P Hauri1,2 
1PSI, Switzerland, 2EPFL, Switzerland 

Present THz source technology, with peak fields > 1 GV/m, are realized by optical rectification (OR) of femtosecond 
pulses in organic crystals [1-3]. The main challenge for such source is the need of high-energy pump laser at non-
standard wavelengths (1.2 – 1.5 μm) for the best phase matching conditions. Ti:sapphire-driven optical parametric 
amplifiers are the most common technique to shift the spectrum towards longer wavelengths. These converters, 
however, suffer for limited pulse energy and poor output beam quality which are detrimental for further upscaling of 
the THz field. 

Here we report high-efficiency and high-energy frequency down-conversion by stimulated Raman scattering (SRS) in 
high-pressure H2[4]. In the experimental setup a femtosecond Ti:sapphire laser amplifier delivering 30 mJ pulses at 
100 Hz stimulates the Raman process [5]. The laser spectrum is centered at 820 nm with bandwidth of 30 nm. A 
double-pulse pumping scheme of the active medium is used in the SRS. Two orthogonally polarized pulses with 
equal energy are delayed by 250 ps a prior to the Raman cell. The first pulse generates a coherent phonon wave in 
H2, on which SRS of the delayed replica occurs with high efficiency. In order to limit parasitic effects which suppress 
the Raman process, we employ chirped laser pulses of hundred ps to seed and pump the SRS. After amplification 
the Stokes pulse at 1.28 μm is re-compressed by means of a gratings compressor. 

 
Figure 1. a) Spectrum b) autocorrelation trace and c) transverse distribution of the high-energy Stoke pulse. 

Shown in Figure 1 a) is the spectral intensity of the Stokes pulse (central wavelength 1280 nm and bandwidth 50 
nm FWHM). Its shape mimics the spectral shape of the Ti:Sa pump amplifier. The autocorrelation trace of the full 
compressed pulse is reported in Fig. 1b) indicating a pulse duration of 66 fs. This value is close to the transform 
limited duration (65 fs) for the Stokes spectrum. As shown in Fig. 1 c) the Stokes pulse presents a regular 
transverse intensity which is well suited for optical rectification in organic crystals. The maximum Stokes pulse 
energy and power is 4.6 mJ corresponding to 15% conversion efficiency. This is the largest pulse energy and results 
in the highest average power ever reached in femtosecond SRS. Upscaling in power and energy is feasible by 
increasing the pump energy and keeping the power density constant for high-field THz generation in organic crystal. 

[1]  M. Shalaby and C. P. Hauri, Nat. Commun. 6, 5976 (2015). 
[2]  C. Vicario, A. V. Ovchinnikov, S. I. Ashitkov, M. B. Agranat, V. E. Fortov, and C. P. Hauri, Opt. Lett. 39, 6632 
 (2014). 
[3]  C. Ruchert, C. Vicario, B. Monoszlai and C. P. Hauri, Phys. Rev. Lett. 112, 213901 (2014). 
[4]  C. Vicario, M. Shalaby, A. Konyashchenko, L. Losev, and C. P. Hauri, Opt. Lett. 41, 4719 (2016). 
[5]  A. Trisorio, P. M. Paul, F. Ple, C. Ruchert, C. Vicario and C. P. Hauri, Opt. Expr. 2012819, (2011). 
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PS3:20 Photocarriers in the GaAs-based photovoltaic device evaluated with the pulsed THz emission 

K Miyagawa1, G Yamashita1, M Nagai1, C Kim2, H Akiyama2, Y Kanemitsu3 and M Ashida1 
1Osaka University, Japan, 2University of Tokyo, Japan, 3Kyoto University, Japan 

Solar cells with high energy conversion efficiency have been developed recently. To reach the maximum conversion 
efficiency, it is critical to understand the carrier dynamics such as charge separation in active regions and 
photocarrier lifetimes including photon recycling. To investigate them, conventional photoluminescence and 
electroluminescence measurements have been performed. 

Evaluation of the THz radiation from the photovoltaic device by the ultrashort optical pulse excitation is also a 
powerful tool, because it includes the information on the drift current in the active layer. The THz radiation from the 
solar cells has been reported with reverse bias [1]. Here, we focus on the photocarrier dynamics in solar cells under 
operating conditions, which are between short circuit and open circuit conditions. In this report, we show the THz 
radiation from a GaAs-based photovoltaic device with different bias. It is widely used as a model device and we 
have investigated the carrier dynamics in the device with photoluminescence measurements [2] and THz reflection 
spectroscopy [3]. Furthermore, we can compare our results with many reports on the GaAs-based THz emitter [4,5]. 

We investigated the photovoltaic device as shown in Fig. 1(a). To evaluate the THz radiation, we used the mode-
locked Ti:sapphire laser (repetition frequency of 80 MHz, wavelength of 800 nm, and pulse duration of 20 fs). The 
penetration length 750 nm of photoexcitation allows us to inject the photocarriers into p- and i-layers. We observed 
that the field amplitude of the THz radiation increases with the inverse bias voltage, originating from the drift current. 
We also observed the THz radiation under the open circuit condition (Vbias = VOC = -0.6 V), where the drift and 
diffusion currents are balanced in the active layer in equilibrium situation. Figure 1 (b) shows the profile of the THz 
radiation at different excitation power and its time shape depend on the excitation power. It reflects that the time- 
and position-dependent carrier density and momentum distribution rearranges the potential profile by the 
photoexcitation [5], which is critical for the carrier dynamics in the photovoltaic device in the operating condition. 

 

Figure 1. (a) The structure and I-V curves of our photovoltaic device. (b) The time profiles of the THz radiation at 
different excitation power from the photovoltaic device. 

[1]  H. Nakanishi, et al., AIP Advances 5, 117129 (2015). 
[2]  D. M. Tex et al, Appl. Phys. Lett. 106, 013905 (2015). 
[3]  G. Yamashita et al. submitted. 
[4]  “Terahertz Optoelectronics” Ed. by K. Sakai, (Springer, 2005). 
[5]  A. Reklaitis, Phys. Rev. B 74, 165305 (2006). 

 

 

  

190 

 



 

PS3:21 Vertical emission in whispering gallery mode quantum cascade terahertz lasers through dipole-antenna 
engineering 

A Pitanti1, L Masini1, L Baldacci1, M S Vitiello1, R Degl'Innocenti2, H E Beere2, D A Ritchie2 and A Tredicucci3 
1NEST Lab., CNR - Istituto Nanoscienze & Scuola Normale Superiore, Italy, 2University of Cambridge, UK, 3Università 
di Pisa & CNR - Istituto Nanoscienze, Italy 

Beam shaping and control is an essential requirement to fully enable photonic based technology. This is particularly 
relevant in the spectral region of the THz, where the most compact and pure sources, the quantum cascade lasers 
(QCL), heavily suffer from large output beam divergence due to the subwavelength size of the microcavities which 
host the active material. Several attempts to overcome this limitation based on photonic engineering of the cavity 
top surface have been reported in the literature [1]; but still either offer non-ideal performances or pulsed operation 
of the laser emission. Here we report a different approach for vertical emission based on engineering of coupled 
cavity systems. Starting from a couple of THz cylindrical whispering gallery mode (WGM) lasers, we control their 
mutual coupling strength by placing them in close proximity and by adding a suspended metallic wire which 
connects the two elements. When the proper supermode symmetry is considered, the wire acts as a dipole antenna, 
strongly focusing part of the emitted field in the vertical direction. With a careful balance of the coupling rate and 
radial radiative loss rate, it is possible to design a cavity in which most of the laser emission is collimated in a low 
divergence ±10° beam. By joining together the optimal lasing properties of the WGM (given by the combination of 
small size with high mode quality factors [2]) with a strong vertical emission, we obtain a low-threshold (6mA), high-
slope efficiency (160 mW/A) subwavelength laser operating up to 50 K in continuos wave with a peak power of 
about 250 𝜇𝜇W at 3.5 THz. The low power consumption and the nice beam brightness make this concept very 
appealing for the development of portable THz sources suitable for imaging and sensing operation to be used 
directly in the field. 

 

Figure 1 - (a): Simulations of |E|2 at ƛ/2 distance (top row) and power flow (bottom row) for three different radii 
devices; note that vertical emission is obtained for the right combination of coupling and radiative loss rates. (b): 
SEM pictures of the device. (c): IV and LI characteristic. In the inset a map of the measured far-field; the dashed 
lines are simulated isolines. 

[1]  L. Mahler, L., and A. Tredicucci, Photonic engineering of surface‐emitting terahertz quantum cascade lasers, 
 Laser Photon. Rev. 5: 647-658 (2011) 
[2]  Y. Chassagneux, J. Palomo, R. Colombelli, S. Dhillon and C. Sirtori, Terahertz microcavity lasers with 
 subwavelength mode volumes and thresholds in the milliampere range, Appl. Phys. Lett. 90: 91113-
 91113 (2007) 
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PS3:22 Numerical study of THz-pulse-driven proton post-accelerator 

Z Tibai1, L Pálfalvi1, J A Fülöp2, G Almási1 and J Hebling1 
1University of Pécs, Hungary, 2MTA-PTE High-Field Terahertz Research Group, Hungary 

Hadron therapy motivates research dealing with the production of proton beams with 70÷100 MeV energy and 
relative energy spread of about 1%. Laser-driven plasma accelerators produce proton beams with only a few tens-
of-MeV energy and extremely broad spectra, hindering direct applications for hadron therapy [1,2]. 

Recently, we proposed a method for post-acceleration and monochromatization of laser- produced proton bunches 
[3], which utilizes the evanescent field of THz pulses in the vacuum gap between a pair of dielectric prisms (Fig. 1a). 
Here we present numerical simulations with an improved model, which takes into account the finite size of the 
original proton bunch. Our simulations predict the monochromatization of the proton bunch with a relative energy 
spread as low as 0.52% at 42 MeV.  

THz pulses with extremely high electric field strength exceeding the MV/cm level [4] and sub-mJ pulse energy [5] 
became recently available and further increase is in sight. Therefore we also investigated the acceleration efficiency 
at higher electric fields. The dependence of the energy gain on the peak electric field strength, together with a 
square-root fit are shown in Fig 1b. According to our calculations with 10 MV/cm electric field strength, 7 MeV 
acceleration can be achieved over less than 2-cm distance. However, the damage thresholds of suitable materials 
in the THz range are yet unknown. THz pump—THz probe measurements are planned to investigate the feasibility of 
such high field strengths. 

  a)                                                                       b) 

 

Figure 1: (a) Scheme of the THz evanescent-wave accelerator. (b) Dependence of the energy gain on the electric 
field. Symbols: numerical model, solid line: square-root fit. 

An increase of the proton bunch energy from 40 to 70 MeV can be expected in five such post- acceleration stages 
with 8 MV/cm field strength in each. This can already be sufficient for applications in hadron therapy. Furthermore, 
we will extend our investigations to various beam sizes and different types of THz sources [4,5], too. 

[1]  R. A. Snavely et al., Phys. Rev. Lett. 85, 2945 (2000). 
[2]  D. Haberberger et al., Nat. Phys. 8, 95 (2012). 
[3]  L. Pálfalvi et al., Phys. Rev. ST Accel. Beams, 17, 031301 (2014). 
[4]  C. Vicario et al., Opt. Lett. 39, 6632 (2014). 
[5]  J. A. FFüüllööpp eett aal.l.,, OOpptt.. EExxpprressess 2222,, 2200115555 ((22001144)).. 
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PS3:23 Asymmetric strip line electrodes for photoconductive terahertz emission 

A Singh, S Winnerl, J König-Otto, D Stephan, M Helm and H Schneider 

Helmholtz Zentrum Dresden Rossendorf, Germany 

Strip line geometries are one of the simplest and oldest designs for the electrodes to apply bias on photoconductive 
terahertz emitters. Arrays of strip lines are also used to fabricate interdigitated photoconductive emitters (iPCE) for 
terahertz (THz) pulse radiation [1]. Metallic electrodes are needed to apply an electric field in the photoconducting 
medium but at the same time they prevent significant area of photoconducting surface from photoexcitation. 
Reducing the width of the electrodes symmetrically will reduce the loss in pump power taking place due to the 
reflection from electrodes, but that will also reduce the THz emission efficiency of each strip line pair too [2]. 

Here we studied various combinations (two symmetric and two asymmetric designs) of strip line widths for strip line 
photoconductive emitters fabricated on semi-insulating GaAs. We found out that the THz emission efficiency 
depends strongly on the anode width. The wider the anode, the higher is the THz amplitude. Cathode width does not 
play significant role in THz emission performance. The THz amplitude remains almost unaffected when cathode 
width was reduced from 20 μm to 2 μm (Fig. 1(a)) and from 50 μm to 2 μm (Fig. 1(b)). Therefore, an asymmetric 
strip line pair with reduced cathode width could enhance the efficiency of interdigitated photoconductive THz 
emitters. 

 

Figure 1. THz pulses emitted from photoconductive emitters with different narrow (N), wide (W) combination (N-N, 
N-W, W-N, W-W) of anode-cathode strip line widths. Narrow is 2 μm and wide is 20 μm in (a) and 50 μm in (b). 

[1] A.  Dreyhaupt,  et  al.,  “High-intensity  terahertz  radiation  from  a  microstructured  large-area 
 photoconductor,” Applied Physics Letters 86, 121114 (2005). 
[2]   A.  Singh  et  al.,  “Plasmonic  efficiency enhancement  at  the  anode  of strip  line photoconductive 
 terahertz emitters,” Optics Express 24 (20), 22628 (2016). 
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PS3:24 Uneven enhancement of terahertz generation in photoconductive antenna by silver nanoantennas 

S Lepeshov1, A Gorodetsky2, N Toropov1, T Vartanyan1, E Rafailov3, N Petrov1 and A Krasnok4 
1ITMO University, Russia, 2Cockcroft Institute, UK, 3Aston University, UK, 4The University of Texas at Austin, USA 

Terahertz  photoconductive antennas are one of the most promising sources of pulsed terahertz radiation[1]. They 
are widely used in terahertz time-domain spectroscopy due to ability of operation at room temperatures and stable 
generation of picosecond pulses. However, photoconductive antennas possess a low coefficient of optical-to-
terahertz conversion due to the carrier screening effect and low quantum efficiency. To overcome these limitations, 
optical nanoantennas can be placed in the gap of terahertz photoconductive antenna [2]. 

Optical nanoantennas are resonant nanostructures capable of transforming incident optical waves in a strong near-
field. Therefore, nanoantennas can be used to enhance the electric field and increase the absorption cross section 
in the surface layer of the semiconductor substrate of the photoconductive antenna. Here, we present the results of 
our experimental investigations of log-periodic photoconductive antennas enhancement with silver nanoantennas 
embedded in the antenna gap. Silver spheroid nanoantennas provide 4 times higher spectral radiant power of log-
periodic antenna. 

Log-periodic antenna electrodes were deposited onto the quantum-dot based InAs:GaAs semiconductor substrate 
by optical lithography. Antennas have the gap of 8 μm, and overall diameter of 1.8 mm. Then, 20-nm silver film was 
placed onto the substrate surface of one of the antennas. Upon heating due to the thermal dewetting process the 
silver film folded into a disordered array of spheroid nanoparticles. By varying the thickness of the silver film, the 
size of the nanoparticles can be changed. The size of the nanoparticle corresponds to the resonant regime at the 
wavelength of Ti:Sa femtosecond laser pumping (800 nm). 

Experimental evaluation of the produced samples was done using a terahertz time-resolved spectroscopic setup. 
The results are shown in Figure 1а. The laser pump power in the experiment was 50 mW, the bias voltage was 12V. 
It can be seen that the amplitude of the terahertz pulse of the antenna with silver nanoantennas increased 1.5 
times as compared with antenna without nanoantennas, while the duration of the pulse has not changed. Figure 1b 
demonstrates nonuniform increasement of the spectral signal power. In the frequency range from 0.05 to 0.5 THz 
average power gain value is 3, at the frequency of 0.5 THz there is no gain, and in the range from 0.5 to 1.1 THz, the 
average gain value is equal to 5. Thus, using silver nanoantennas fabricated by a relatively simple method, it is 
possible to increase the coefficient of optical-to-terahertz conversion to 4 times. 

 

 
Figure 1. (a) The terahertz signals of the log-periodic photoconductive antenna with silver nanoantennas (red curve) 
and without nanoantennas (blue curve); (b) the spectra of terahertz signals. INSERT: image of log-periodic 
photoconductive antenna on quantum-dot based InAs:GaAs semiconductor substrate; SEM-image of the silver 
nanoparticles in the gap of the antenna. 

[1]  Jepsen, P. U. et.al  Laser & Photonics Reviews, 5(1), 124–166 (2011) 
[2]  Lepeshov, S., et al., al Laser & Photonics Reviews,  DOI: 10.1002/lpor.201600199 (2016). 
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PS3:25 This report describes a technique for Spatial-frequency noise suppression of broadband wavefronts 
measured by terahertz pulse time-domain holography 

N Petrov, N S Balbekin, M S Kulya and A A Gorodetsky 

ITMO University, Russia 

The holographic methods capable to provide information about object spatial amplitude and phase characteristics 
are of great interest for the variety of terahertz (THz) imaging techniques. Broadband THz pulses generated by optical 
radiation of ultrashort duration allow for time-resolved detection and collecting spectral information. THz Pulse Time-
Domain Holography (PTDH) [1] is the ultimate way for imaging various objects. First, this imaging layout is suitable 
for many practical applications, since the object under investigation can be arbitrary placed in a wide beam. 
Second, it provides high resolution in all directions. Transverse resolution is about one wavelength order and Z-
resolution is defined by the precision of the optical delay line [2] and the duration of ultrashort probe pulses, which 
are order of few tens femtoseconds. And finally, THz PTDH is optics-free. After the THz beam is collimated it passes 
through the object and goes straight to the detection stage. As result, absence of additional optical elements 
minimizes of optical aberrations. 

A one of the main current limitations of the technique is typically small power of pulsed radiation. Together with the 
wide-beam registration scheme it leads to the appearance of noise in the reconstructed images. 

In pulsed THz holographic imaging the signal is measured by sequentially-scanning or fast two dimensional electro-
optic detection. Then time-profiles are converted into THz spectra at every wavefronts point. Thus, THz PTDH offer for 
investigation a big amount of data: full spatial-temporal and spatial-frequency dependences. In this work, we 
estimated various noise suppression techniques, such as noise filtering in the frequency domain (see Fig. 1, middle 
group from 3 images, obtained with Chebyshev, Butterworth, Bessel filters correspondingly) and in the spatial 
domain (Fig. 1, right image, obtained by interferometric sin-cos filtering). 

 

Moreover, broadband continuous nature of pulsed THz radiation allows wavefront extrapolation beyond the field of 
view during the process of their propagation. Thus, a post-measurement coherent image processing techniques [3-
5] can be implemented to improve the resolution and decrease noise content in the reconstructed image. Given 
report reveals the principles of application of these techniques in a THz holographic imaging. 

[1]    N. V. Petrov, M. S. Kulya, A. N. Tsypkin, V. G. Bespalov, and A. Gorodetsky, IEEE Trans. Terahertz Sci. 
 Technol. 6, 464 (2016). 
[2]    D. Jahn, S. Lippert, M. Bisi, L. Oberto, J. C. Balzer, and M. Koch, J. Infrared, Millimeter, Terahertz Waves 
 (2016). 
[3]    P. Ferraro, S. De Nicola, A. Finizio, G. Pierattini, and G. Coppola, Appl. Phys. Lett. 85, 2709 (2004).  
[4]    T. Latychevskaia and H.-W. Fink, Opt. Express 21, 7726 (2013). 
[5]    T. Latychevskaia and H.-W. Fink, Appl. Phys. Lett. 103, 204105 (2013). 
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PS3:26 Free-space terahertz radiation from a LT-GaAs-on-quartz large-area photoconductive emitter 

J Freeman, D Bacon, A Burnett, M Swinthenbank, C Russell, L Li, C Wood, J Cunningham, E Linfield, G Davies and P 
Dean 

University of Leeds, UK 

We demonstrate high power free-space emission and sensitive detection of THz radiation using LT-GaAs transferred 
onto quartz substrates, a technique that has proven successful in on-chip THz waveguides[1]. While there are 
examples of free-space THz radiation emission from LT-GaAs bonded to sapphire [2], these do not provide a 
comprehensive comparison between lift-off-transfer devices and devices fabricated ‘as-grown’ on the semi-
insulating (SI)-GaAs substrate, the latter of which are very widely used. Furthermore, here we focus on devices with 
large gaps, to produce high output fields and power. 

In this work [3], we use Z-cut quartz as a substrate since it possesses a significantly higher electrical resistivity than 
SI-GaAs. It also exhibits low losses in the THz region, and is transparent to 800 nm light. Its low refractive index in 
the THz region of approximately 1.9 compared to 3.6 in SI- GaAs, is also a useful attribute in THz time-domain 
spectroscopy systems, as we demonstrate below. We fully characterize these emitters making use of two collection 
techniques. The first is a THz transmission geometry, in which optical excitation and THz collection occur on opposite 
sides of the device; the advantage of a low-index substrate here is that a smaller percentage of the THz pulse is 
reflected back into the substrate at the substrate-air interface, in comparison to when using SI-GaAs. In reflection 
geometry, however, excitation and collection occur on the same side of the device. In this orientation, a higher 
percentage of the generated signal should be emitted from the excited side, when compared with a device mounted 
on SI-GaAs. We show that our devices provide higher optical-to- THz conversion efficiencies and significantly larger 
breakdown fields when compared to SI-GaAs devices, which we attribute to reduced parasitic current in the 
substrate, Fig. 1a. In addition, we find improved performance when these devices are used for photoconductive 
detection, which we explain through a combination of reduced parasitic substrate currents and reduced space-
charge build-up in the device, together with enhanced THz coupling into the detector from the low-index substrate. 
Finally, we use thick quartz substrates (2 mm) to  demonstrate the advantages  of this  technique for  high 
resolution spectroscopy (Fig. 1b). 

 (a)                                                                            (b) 

 

Figure 1. (a) Peak-to-peak value of the THz field, extracted from the time-domain signals, as a function of applied 
field. The inset shows the variation of peak-to-peak output amplitude with incident optical power. The black curve 
represents the quartz substrate and the red curve represents the SI-GaAs substrate. (b) Normalised time- domain 
trace using SI-GaAs substrate emitter with 150-μm-thick GaP electro-optic detection crystal (red line) and quartz 
substrate devices for both emitter and detector (black line). Inset: FFT of the same data, normalised to the noise 
level. 

[1]  C. Russell, et al. Lab on a Chip 13, 4065–4070 (2013). 
[2]  H.-M. Heiliger, et al. Appl. Phys. Lett. 69, 2903–2905 (1996). 
[3]  D. R. Bacon, et al. Opt. Express 24, 26986-26997 (2016). 
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PS3:27 Photoconductive THz detectors utilizing localized Beryllium doping: 10 dB increase in dynamic range 

R Kohlhaas, B Globisch, S Nellen and M Schell 

Fraunhofer Heinrich Hertz Institute, Germany 

Over the last years, improvement of the photoconductors used for terahertz (THz) emitter and detector antennas has 
led to higher emitted THz power as well as larger detected bandwidth and dynamic range. In combination with fiber-
coupled femtosecond lasers at a wavelength of 1550 nm THz time-domain spectroscopy (TDS) systems have 
evolved into commercially available products [1]. One promising application of THz TDS is non-destructive testing 
(NDT) of thin films with thickness in the range of only tens of micrometers. To resolve such thin layers a large 
spectral bandwidth is necessary. 

Here, we report on the performance of THz detector antennas based on a low-temperature-grown (LTG) 
In0.47Ga0.53As/In0.48Al0.52As multi-layer heterostructure (MLHS) doped with Beryllium (Be). By doping the InAlAs 
layers only, a localized Be-doping profile is created. This can be seen in Fig. 1 a) where the doping profile obtained 
by secondary ion mass spectroscopy of four periods is shown. Be- doping of LTG-InGaAs is necessary in order to 
ionize As antisite defects and induce ultrafast carrier trapping which is a prerequisite for high bandwidth THz 
detection [2]. At the same time, Be-doping reduces the mobility as ionized impurity scattering becomes more likely. 
The localized doping approach addresses this trade-off: The fast trapping occurs near the interface of the two layers 
whereas an area of high mobility is maintained in the center of the InGaAs layers. Compared to homogenously 
doped structures, the Hall mobility could be increased by a factor of approx. two. Even more importantly, the 
electron lifetime of the locally doped samples was as fast as 300 fs and showed only minor features of trap 
saturation for high excitation densities in optical differential transmission measurements. Hence, fast carrier 
trapping is maintained for the local doping approach. 

Subsequently, the samples were processed to dipole antennas with 10 μm wide gaps and characterized as 
detectors in a standard THz-TDS setup. As shown in Fig. 1 b), the detected THz spectrum shows a slow spectral roll-
off due to the ultrashort carrier lifetime. In combination with the large mobility of the photoconductor this leads to a 
dynamic range of 100 dB and a bandwidth of up to 6.5 THz. In comparison to a detector based on the same MLHS 
with homogenous Be-doping (Fig. 1 b, orange), localized doping results in a 10 dB increase in the dynamic range 
with frequencies above 3 THz exhibiting higher signal-to-noise ratio. 

In summary, localized Be-doping in LTG-InGaAs/InAlAs MLHS improves the trade-off between fast carrier trapping 
and high mobility. THz detectors fabricated from locally Be-doped samples feature up to 6.5 THz spectral bandwidth 
and 100 dB dynamic range. These detectors have great potential to increase the resolution of THz-TDS in NDT 
applications. 

 

Figure 1 a) SIMS profile of four periods of the InGaAs/InAlAs MLHS. InAlAs layers are shown in grey, InGaAs layers 
in between. b) The THz spectrum detected by an antenna based on localized Be-doping (black) vs Be volume 
doping (orange). The dashed lines correspond to the noise level. 20 mW of optical power were applied to emitter 
and detector. The emitter antenna was biased with 12 kV/cm. The average of 1000 pulse traces is shown. 
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PS3:28 High performance InGaAs/InAlAs terahertz quantum cascade lasers 

M A Kainz, C Deutsch, M Krall, M Brandstetter, D Bachmann, S Schönhuber, H Detz, T Zederbauer, D C MacFarland, 
A M Andrews, W Schrenk, G Strasser and K Unterrainer 

TU Wien, Austria 

Quantum cascade lasers (QCLs) with their electrically pumped nature and compact feature size are nice devices for 
efficient light sources in the terahertz (THz) spectral region. So far, the decrease of optical gain with rising 
temperature limited the operation of THz QCLs to a temperature of about 200 K [1]. As the optical gain scales 
inversely with the effective electron mass of the active region, material systems with a low effective electron mass 
provide more gain. Beside the standard GaAs/AlGaAs material system, such low effective electron materials include 
InGaAs/InAl(Ga)As [2,3], InGaAs/GaAsSb [4], and InAs/AlAsSb [5] with compositions lattice matched to InP or 
InAs, respectively. 

Here we report on high performance THz QCLs based on InGaAs/InAlAs heterostructures embedded in Au-Au double 
metal waveguides. Growth related asymmetries like interface roughness and dopant migration play a crucial role in 
this material system. By using a symmetric active region design these effects are studied and result in a preferred 
electron flow in growth direction. A structure based on a three well optical phonon depletion scheme is optimized for 
this bias direction. Depending on the doping concentration the performance of the structure shows a trade-off 
between high output power and maximum operating temperature. While the highest operation temperature of 155 K 
is achieved with a sheet doping density of 2 × 1010 cm-2, a peak power of 151 mW is found for 7.2 × 1010 cm-2. 
With this structure we obtained the highest temperature operation for an InGaAs-based THz QCL and the highest 
output power for a double metal waveguide device. 

 
Figure 1. (a) Light-current-voltage measurement for both bias directions of the symmetric design showing a higher 
slope efficiency for the negative bias direction. (b) Temperature performance of the optimized asymmetric design. 

[1]  S. Fathololoumi, et al., Opt. Express 20, 3866 (2012).  
[2]  M. Fischer, et al., J. Cryst. Growth 311, 1939 (2009). 
[3]  K. Ohtani, et al., Appl. Phys. Lett. 103, 41103 (2013). 
[4]  C. Deutsch, et al., Appl. Phys. Lett. 97, 261110 (2010). 
[5]  M. Brandstetter, M. A. Kainz, et al., Appl. Phys. Lett. 108, 11109 (2016). 
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PS3:29 Studies of dilute materials for THz emitters and detectors 

L Al-Ghuraibawi1, A Vickers1, H Ternehäll2 and J Freeman3 
1University of Essex, UK, 2Chalmers University of Technology, Sweden, 3University of Leeds, UK 

Dilute bismides have attracted much attention as candidate materials for optoelctronic terahertz (THz) emitters and 
detectors starting from 2006 [1]. The unique electronic properties of the band structure in dilute bismide alloys, due 
to the Bi incorporation, are boosting several exciting lines of research to understand the mechanism of THz 
generation in this interesting alloy [2]. It has been demonstrated that an increase in the peak to peak amplitude of 
the THz electric field with increasing Bi concentration [3] occurs, therefore the unique results from this alloy are 
expected to play a key role in the development of very efficient semiconductor devices in the THz spectral range.  

This paper reports the measurements of the THz emission from InAs films which have been grown by molecular 
beam epitaxy on a semi-insulating (100) GaAs substrate without, and with different Bi/As flux ratio. The set of InAs 
film samples was grown without Bi and with different flux ratio of Bi/As. One of the samples was grown without Bi 
flux as a reference sample. The Bi/As flux ratios in other four samples were approximately 0.01, 0.001, 0.005 and 
0.00025 [4].  

A terahertz time domain spectroscopy setup is used to generate the terahertz radiation from InAsBi samples. A 
mode locked Ti-Sapphire laser (centre wavelength 796 nm, pulse repetition rate 80 MHz pulse length) is used to 
excite the sample with 250 mW, an optical chopper at 830 Hz is used to modulate the signal at the sample. The 
sample is adjusted at the X-Y-Z stage for proper alignment. Parabolic mirrors are used to collect and focus the signal 
on to an electro-optic crystal (1 mm ZnTe). This is followed by a quarter-wave plate, a Wollaston prism and set of 
balanced photodiodes for electro-optic detection. The delay stage is used to control the delay between the pump 
and sampling beams, and the signal is measured using a lock-in amplifier.  

Our results show the generated THz power as a function of the bismide flux during growth and the optical excitation 
power used to excite the THz emission. We analyse the results, including our analysis of the impact of the Bi flux on 
the sample performance as a THz emitter. Furthermore we discuss the underlying mechanism for the THz generation.  

[1]  K Bertulis, A Krotkus, G Aleksejenko, V Pacebutas, R Adomavicius, G Molis, and Saulius Marcinkevicius. 
 GaBiAs: A material for optoelectronic terahertz devices. Applied physics letters, 88(20):201112–201112, 
 2006.  
[2]  G Pettinari, A Patane, Antonio Polimeni, M Capizzi, Xianfeng Lu, and T Tiedje. Bi-induced p-type 
 conductivity in nominally undoped Ga(AsBi). Applied Physics Letters, 100(9):092109, 2012.  
[3]  C. P. Vaisakh, Angelo Mascarenhas, and R. N. Kini. THz generation mechanisms in the semiconductor alloy, 
 GaAs1–xBix. Journal of Applied Physics, 118(16):165702, 2015.  
[4]  H Zhao, A Malko, and ZH Lai. Effect of bismuth on structural and electrical properties of InAs films grown on 
 GaAs substrates by MBE. Journal of Crystal Growth, 425:89–93, 2015. 
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PS3:30 Designing an efficient terahertz detector based on a photoconductive hybrid cavity 

T Siday1, R J Thompson1, S Glass1, T-S Luk2, J L Reno2, I Brener2 and O Mitrofanov1 
1University College London, UK, 2Sandia National Laboratory, USA 

A significant technological challenge in the terahertz (THz) frequency range is the development of efficient nano-
scale THz detectors, which promise integration of THz technologies. The efficiency of photoconductive (PC) THz 
detectors based on low temperature grown GaAs (LT-GaAs) is limited by the material properties: the mean free path 
of photo-excited carriers and the optical absorption length. The incorporation of nanostructured electrodes into PC 
antennas reduces photo-carrier travel distance before collection at an electrode, improving the sensitivity [1]. The 
noise however may also increase as the close spacing of electrodes leads to greater dark current. 

Alternatively, photonic structures have been proposed for trapping light within an optically thin PC layer. Such a 
design can enhance optical absorption, improving efficiency of THz PC detection [2]. A recently proposed THz 
detector with a hybrid cavity design consists of an optically thin layer of LT- GaAs between a Distributed Bragg 
Reflector (DBR) and an array of electrically isolated nanoantennas, as illustrated in Fig. 1a. Here, we explore the 
effects of altering the structure parameters with the goal of increasing the efficiency of nano-scale PC THz detectors. 

Hybrid cavity structures of different designs were fabricated and experimentally tested. The structures were also 
simulated numerically (finite-difference time-domain simulations (FDTD)) [3] to better understand the relevant 
physical processes. Periodic maxima in the optical absorption of the hybrid cavity are seen when increasing the 
thickness of LT-GaAs as shown in Fig. 1b, with optimal absorption in the range of 80%. Unlike within a 
semiconductor microcavity, the absorption maxima in the hybrid cavity occur when the LT-GaAs layer thickness is 
1/4 (50 nm), 3/4 (160 nm), or 5/4 (270 nm) of the design wavelength (Fig. 1b) [4]. This can be attributed to the 
interplay between the nanoantennas and the DBR. We further find that the antenna length strongly affects the 
wavelength and efficiency of maximum absorption, whereas the periodicity of the array is not as critical. 

The optimized hybrid cavity designs with LT-GaAs thicknesses of 50 nm and 270 nm were integrated into THz 
detectors. The fabricated THz detectors showed an increased THz response at the optimal operating wavelength 
(~815 nm). Figure 1c compares waveforms of THz pulses detected by a PC detector incorporating the hybrid cavity 
design (red) and a detector with no nanoantenna array. 

 
Figure 1. a) Illustration of the Hybrid cavity structure, inset: an SEM of nanoantennas with periodicity 340 nm x 250 
nm, length 100 nm and width 70 nm. b) Absorption within hybrid cavity for increasing thickness of LT-GaAs. c) THz 
emission from ZnTe, as detected by a hybrid cavity THz detector operating at 815 nm (red line), and a detector 
without the nanoantenna array (black line) [4]. 

[1]  C.W. Berry et al. Nat. Commun. 4, 1622 (2013). 
[2]  O. Mitrofanov et al. ACS Photonics 2, 1763 (2015). 
[3]  Lumerical Solutions Inc, http://www.lumerical.com/tcad-products/fdtd/. 
[4]  R.J. Thompson et al. Appl. Phys. Lett. (under review) 
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PS3:31 Nonlinear optics in QCLs: Towards broadband THz-to-optical up-conversion  

S Houver1, A Lebreton2, R Colombelli3, L Li4, E Linfield4, G Davies4, J Tignon2 and S Dhillon2 
1CNRS - Laboratoire Pierre Aigrain, France, 2Laboratoire Pierre Aigrain - ENS, France, 3Centre de Nanosciences et de 
Nanotechnologies, France, 4University of Leeds, UK 

THz nonlinear optics is a rapidly developing field owing to recent performances of high-intensity THz sources. 
However, these sources remain large and require a considerable operational know-how. We have recently 
demonstrated that it is possible to exploit the THz fields generated by a compact source, the quantum cascade laser 
(QCL) [1], for THz nonlinear optics. By exploiting resonant nonlinearities, we have shown [2, 3] nonlinear frequency 
mixing between a near infrared (NIR) pump (ENIR) and a THz beam (EQCL) within a QCL cavity for sideband generation 
i.e. ENIR ± EQCL. 

In these studies, sideband generation have been demonstrated in transmission geometry, where ENIR is coupled 
through one end of the cavity and the sideband exits the opposite end. Sideband generation is inherently limited to 
a finite pump energy range, the sideband being rapidly absorbed by the bandgap. In this work, to overcome this 
absorption limitation and, by a novel reflection geometry, we demonstrate nonlinear frequency mixing between the 
external NIR and THz QCL photon on a much wider energy range. Moreover, by comparing the results with nonlinear 
susceptibility calculations, the electrons and holes states involved in sideband generation can be identified. 

 

Figure 1: Sideband efficiency as a function of photon energy. Bottom, difference frequency in transmission 
geometry. Top, sum and difference frequency in reflection geometry highlighting a considerable broader response 

Figure 2: Bottom, transmission geometry through QCL cavity. Top, reflection geometry through the etched slits on 
the top of the QCL 

To conclude, sideband generation in a reflection geometry has been demonstrated in a THz QCL over a wide pump 
energy range (~ 40meV). It has been possible to largely overcome absorption and excite higher electronic states 
with the goal to reach higher sideband efficiencies. This will permit this work to be applied to THz up-conversion and 
all-optical wavelength shifting. 

[1]  J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho, Science 264, 553-556 (1994).  
[2]  J. Madeo, P. Cavalie, J. R. Freeman, N. Jukam, J. Maysonnave, K. Maussang, H. E. Beere, D. A. Ritchie, C. 
 Sirtori, J. Tignon, and S. S. Dhillon, Nat Photonics 6, 519-524 (2012). 
[3]  P. Cavalie, J. Freeman, K. Maussang, E. Strupiechonski, G. Xu, R. Colombelli, L. Li, A. G. Davies, E. H. 
 Linfield, J. Tignon, and S. S. Dhillon, Appl Phys Lett 102 (2013). 
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PS3:32 Reconfigurable terahertz plasmonic devices using shape memory alloys 

B Gupta, S Pandey and A Nahata  

University of Utah, USA 

Within the field of plasmonics, there has been significant work in making active terahertz devices and controlling the 
propagation properties of surface plasmon-polaritons (SPPs). In the terahertz (THz) frequency range, a wide variety 
of materials support low loss propagation of SPPs, including all conventional metals, as well as many 
unconventional metals. Recently, there has been great interest in using vanadium oxide [1], because of it 
undergoes a phase transformation from insulator to metal, which is reversible and can be extremely fast. Changes in 
resistivity by more than five orders of magnitude can be achieved through the application of an external stimulus [2, 
3]. 

We describe creating an active plasmonics device for THz applications using shape memory alloys. These materials 
can be trained to have two bistable physical geometries at two different temperatures, so that the plasmonic 
response can be altered by changing the temperature. To demonstrate this, we fabricated a periodic aperture 
square array on a shape memory alloy (SMA) sheet. The SMA sheet is trained to have two bistable physical 
geometries- one is planar at high temperature (60 0C) and another is corrugated sinusoidal structure at room 
temperature. By changing the temperature, the SMA physical geometry can be switched from one to another 
geometry reproducibly. We began with a planar hole array geometry and then folded into corrugated structures with 
different corrugation depths h from h=0.5 mm to 6mm as shown in Fig. 1(a) and Fig. 1(b). The THz transmission for 
the planar and the corrugated sinusoidal structure when the THz in polarized parallel to the corrugation is shown in 
Fig.1 (c). As the corrugation depth increases, the magnitude of the transmission resonances decreases. The second 
order mode also disappears quickly once the h>0.5mm. We also have shown the thermal cycling reproducibility as 
measured via the peak amplitude of the lowest order transmission resonance for 100 thermal cycles (not shown). 

 

Figure 1. (a) Photograph of hole array aperture fabricated in a 5 cm x 5 cm x 127 μm thick free-standing shape 
memory alloy (Nitinol) foil. The circular aperture diameter is 300 μm and the periodicity of 600μm. (b) Image of the 
aperture array when heated above Af. (b) Side view of the aperture array when cooled below Mf, showing the cross-
section of the corrugated sinusoidal structure. h varied from 0.5  mm to 6 mm, while the periodicity, p, is kept 
constant at 10 mm. (c) Experimentally measured THz transmission as a function of the corrugation height, h. 

[1]  F. J. Morin, Phys. Rev. Lett. 1959, 3, 34. 
[2]  A. Cavalleri, C. Tóth, C. W. Siders, J. A. Squier, F. Ráksi, P. Forget, J. C. Kieffer, Phys. Rev. Lett. 2001, 87, 
 237401. 
[3]  T. Driscoll, H.-T. Kim, B.-G. Chae, B.-J. Kim, Y.-W. Lee, N. M. Jokerst, S. Palit, D. R. Smith, M. D. Ventra, D. 
 N. Basov, Science 2009, 325, 1518. 
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