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Session 1
Frustrated Magnetism
(Invited) Crystal and Magnetic Structures of a Family of Quantum Kagome Antiferromagnets
Lucy Clark, Katherine Tustain
University of Liverpool, UK
Materials constructed from kagome layers of antiferromagnetically coupled S = ½ moments are highly prized
as they offer a unique opportunity to explore the elusive quantum spin liquid state (QSL). The mineral
herbertsmithite, ZnCu3(OH)6Cl2, contains such a kagome array of Cu2+ S = ½ ions and consequently, has
garnered considerable attention as a QSL candidate. However, the substantial Cu2+/Zn2+ disorder within the
crystal structure of herbertsmithite continues to call into question our understanding of its magnetic ground
state. More recently, an alternative Cu2+-based mineral known as Zn-doped barlowite, ZnCu3(OH)6FBr, has
shown promise as a new materialisation of the QSL state, with first-principles studies indicating that the
extent of the anti-site disorder is reduced in comparison to herbertsmithite owing to the different stacking of
the kagome planes in Zn-barlowite. Despite this interest, the crystal and magnetic structures of the parent
material barlowite, Cu4(OH)6FBr, were poorly understood with several conflicting reports in the literature.
Here, I will present our comprehensive powder neutron diffraction study of barlowite, revealing an intriguing
structural phase transition below T = 250 K and clarifying the nature of the magnetic ground below TN = 15
K. Furthermore, I will show that we can tune the magnetic ground state of barlowite from antiferromagnetic
order to quantum disorder upon Zn-doping though our magnetometry and muon spectroscopy
measurements. Finally, I will discuss our efforts to control the nature of the structural phase transition within
a new family of compounds through the exchange of the halide ions in barlowite.
Magnetic-order crossover in coupled spin ladders
Mingee Chung (Jeong)1, Hadrien Mayaffre2, and Mladen Horvatic2
1

University of Birmingham, UK, 2LNCMI Grenoble, France

Quantum spin ladders in a magnetic field serve as a paradigmatic model in quantum magnetism and manybody physics. For instance, a spin-1/2 Heisenberg antiferromagnetic (AFM) ladder in a field between the two
critical values hosts as the ground state a Tomonaga-Luttinger liquid in one-dimensional regime. As
temperature decreases such that a weak residual coupling between the ladders comes into play, they
undergo a transition into a 3D XY long-range-ordered phase, being described as a magnon Bose-Einstein
condensate. Here we demonstrate a set of NMR observations on the metal-organic ladder compound
(C7H10N)2CuBr4, called DIMPY, which defies the above standard paradigm. From 14N NMR line splitting, we
discover that an unexpected crossover takes place around T*~100 mK, which is well below the ordering
transition temperature of 300 mK: the seemingly saturated ordered moments starts growing again across T*.
This is corroborated by that the low-energy excitations as probed via NMR relaxation are also modified
across T*. We discuss the results in light of the recent theories on spatially anisotropic Heisenberg AFMs
showing the crossover between the quasi-2D and the 3D ordered phases. In DIMPY, the frustrated magnetic
coupling network between the ladders may introduce a hierarchy of the coupling strength, resulting in three
distinctive regimes of effective dimensionality.
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Long range magnetic interactions in a frustrated antiferromagnet using the Transverse Field method
Andreas Hermann, Harry Keen, Adam Jacobsson, and Andrew Huxley
University of Edinburgh, UK
Actinide compounds exhibit strong electronic correlations that can lead to intriguing collective excitations
such as unusual magnetism and heavy-fermion superconductivity. These present challenges to modern
electronic structure calculations. We present here density functional (DFT) calculations on a prototypical
actinide compound that combines frustrated magnetism on a triangular lattice with strong coupling along
chains of magnetic atoms perpendicular to the plane of frustration. To account for on-site Coulomb
repulsion we employ a general implementation of the DFT+U method with a Yukawa screening of
the Coulomb interaction in the Slater integrals. We discuss various approaches to probe favourable magnetic
order: an analysis of the Lindhard function obtained from the non- magnetic band structure to identify
nesting instabilities; explicit extraction of exchange coupling parameters from a series of supercell local
moment arrangements; and employing the transverse field method (TFM), a recent development for the selfconsistent determination of magnetic exchange interactions based on spin spiral excitation calculations. The
TFM is applied here to compute the long-range exchange interactions in the compound.
(Invited) Room-Temperature Spin-Ice Physics in Cadmium Cyanide
Andrew Goodwin
University of Oxford, UK
Spin ices are magnetic materials - usually oxide pyrochlores - that harbour a diverse range of remarkable
physics. As hosts for emergent magnetic `monopoles' they are a paradigm example of fractionalisation;
they support an emergent Coulomb interaction; and they exhibit extraordinarily complex phase behaviour
under variations in temperature, pressure, or applied magnetic field. Yet all this unusual physics occurs at
extremely low temperatures (~1-2 K), which severely complicates experimental measurement and limits
most applications of these effects. This talk will explore the extent to which cadmium cyanide, Cd(CN)2,
actually represents a room-temperature non-magnetic analogue of these exotic materials, in which the
dipolar CN- ion plays the role of pseudospin.

Polaritons/Non-Eq
Low threshold polariton lasing from an organic semiconductor in a planar microcavity
Sai Kiran Rajendran1, Mengjie Wei1, 2, Hamid Ohadi1, 2, Arvydas Ruseckas1, 2, Graham A. Turnbull1, 2, and Ifor
D. W. Samuel1, 2
1

University of St Andrews, UK, 2SUPA, UK

Frenkel excitons in organic semiconductors have a high oscillator strength and binding energy that allow
observation of strong coupling to light at room temperatures. Strong coupling of excitons to cavity modes in
microcavities results in hybrid states called cavity polaritons that enable observation of lasing without
population inversion. However the incident polariton lasing thresholds in organic semiconductor
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microcavities reported so far are higher than 300 µJ cm-2 and also higher than thresholds reported for
photon lasing.
In this work, we show that pentafluorene is a promising material for room temperature strong coupling by
tuning the concentration in planar metallic microcavities. We also explore pentafluorene for polariton lasing
by fabricating cavities with distributed Bragg reflectors resulting in a Q factor close to 300. Polariton lasing is
observed showing characteristic features such as nonlinearity in emission intensity, spectral narrowing,
increase in directionality, collapse in spatial distribution and long range spatial coherence. Degradation of
the sample during fabrication is minimized by the use of a buffer layer and negative detuning is used to
improve radiative decay into the lower polariton mode. This results in an extremely low cavity polariton lasing
threshold of 17 µJ cm-2. This advance in lasing threshold [1] brings us closer towards the realization of
electrically pumped room temperature polariton lasers opening the route towards efficient coherent light
sources.
[1] Sai Kiran Rajendran et al., Adv. Optical Mater. 2019, 1801791
Dynamical Critical Exponents and Kibble-Zurek Physics in a Driven-Dissipative Quantum System
Nick Proukakis1, 2, Paolo Comaron1, 2, Galaa Dagvadorj3, Alex Zamora3, Iacopo Carusotto4, 5, and Marzena
Szymanska3
1

Newcastle University, UK, 2Joint Quantum Centre, UK, 3University College London, UK, 4INO-CNR BEC
Centre, Italy, 5Trento University, Italy
We study the phase-ordering of coherently and incoherently driven microcavity polaritons after an infinitely
rapid quench across the Berezinskii-Kosterlitz-Thouless critical region and confirm that the system fulfills
dynamical scaling hypothesis for both driving schemes, despite its driven-dissipative nature, by exhibiting
self-similar patterns for the two-point correlator at late times of the phase ordering. We show that, similarly
to their non-dissipative (equilibrium) counterparts, polaritons are characterised by the dynamical critical
exponent z=2 with topological defects playing a fundamental role in the dynamics, giving logarithmic
corrections to the power-law decay of number of vortices and growth of the characteristic length-scale [1].
By performing a detailed study of the steady-state profile in the case of incoherently-pumped polariton
condensates, we identify the precise location of the BKT phase transition. Knowledge of this enables the
discussion of finite-duration pump quenches across the critical point, directly examining the validity of the
fundamental assumptions in the Kibble-Zurek mechanism and verifying that the system falls in the 2D XY
universality class [2].
Our findings are cast in the more general non-equilibrium and Kibble-Zurek framework by making explicit
reference to related results in the context of 2D ultracold atoms in a box-like trap.
We acknowledge funding from the EPSRC.
[1] P. Comaron, G. Dagvadorj, A. Zamora, I. Carusotto, N. P. Proukakis and M. H. Szymanska, PRL 121,
095302 (2018).
[2] A. Zamora et al (Preprint)
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Critical response of a quantum van der Pol oscillator
Shovan Dutta and Nigel Cooper
University of Cambridge, UK
Classical nonequilibrium systems close to a dynamical critical point are known to act as efficient sensors.
We study the response of such systems in the quantum regime, and find new, characteristic features which
can be realized in experiments. In particular, we study the response of a quantum van der Pol oscillator,
finding a diverging susceptibility near the onset of self-oscillations, and negative susceptibility for smallenergy excitations. The classical limit emerges at strong drives with the population of higher energy levels.
These features are generic and result from a competition between drive and dissipation, which can be
engineered in several platforms, including trapped ions, optomechanical cavities, and superconducting
circuits.
Ultrafast negative photoconductance of controllably doped carbon nanotubes
James Lloyd-Hughes1, Maria Burdanova2, Alexey Tsapenko2, Daria Satco2, Reza Kashtiban2, Connor Mosley2,
Maurizio Monti1, Michael Staniforth1, Jeremy Sloan1, Yuriy Gladush2, and Albert Nasibulin2
1

University of Warwick, UK, 2Skolkovo Institute of Science and Technology, Russia

Single-walled carbon nanotubes (SWCNTs) provide an exceptional system for the study of the
nonequilibrium dynamics of quasiparticles confined to move in one dimension. While excitons are the
primary photo-product in SWCNTs at room temperature, as a result of the strong, weakly-screened Coulomb
interaction inherent to 1D SWCNTs, free charges can be readily supplied by defects, adsorption doping or
electrostatic gating. In this regime, with intentional or unintentional doping, excitons can readily bind with
free charges to form charged excitons, or trions.
We studied the complex interactions between trions, excitons and equilibrium charges, which can undergo
axial plasmon motion, after a femtosecond light pulse photoexcited the system. The ultrafast dynamics of
charges and excitons in controllably-doped SWCNT thin films was examined by optical-pump THz-probe
spectroscopy and ultrafast IR pump-probe spectroscopy. Remarkably, rather than undergoing a normal
positive photoconductivity, with an increase in the conductivity of the material upon photoexcitation, we
observed a pronounced negative photoconductivity where the material’s overall conductivity was reduced.
The negative photoconductivity observed was assigned to a photoinduced reduction in the free charge
density associated with trion formation, with a concomitant reduction in the momentum scattering rate.
The large amplitude of negative THz photoconductivity and the tunability of its recovery time with doping offer
promise for spectrally wide-band ultrafast devices including THz detectors, polarizers and modulators.

Low Temperature Physics
(Invited) Quantum materials into the microkelvin regime
John Saunders
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Royal Holloway, University of London, UK
The study of quantum materials, strongly correlated electron and helium systems, at the ultralow
temperatures frontier is replete with scientific opportunities, and new technical challenges. Helium in two
dimensions can be manipulated to realize: 2D Fermi liquids; Wigner-Mott-Hubbard transition; 2D frustrated
magnetism with putative quantum spin liquid; heavy fermion Kondo-breakdown quantum criticality;
intertwined density wave and superfluid order; many body localization. Furthermore there is a renewed
impetus to study p-wave superfluid 3He as the only firmly established topological “superconductor”. The gift
of Nature is that it has both chiral and time reversal invariant phases, with distinct topology. Technical
innovations have enabled its study under precisely engineered nanoscale confinement, on length scales of
order the superfluid coherence length. Using such confinement as a control parameter, allows sculpture of
new superfluid states, and the engineering of hybrid nanostructures. This opens the study of topological
mesoscopic superfluid 3He and the characterization of the emergent excitations arising from bulksurface/edge correspondence.
On the other hand new frontiers are opening up in the area of strongly correlated electron systems. For
example we have demonstrated the ability to cool a 2D electron gas to 1 mK and below, with the prospect to
investigate correlation effects in semiconductor nanostructures. The study of quantum critical metallic
systems to lower temperatures than hitherto explored is also of interest. Our recent transport measurements
on the heavy fermion metal YbRh2Si2 identify a superconductor with multiple phases: a candidate spin-triplet
topological superconductor.
Characterization of vibrating dislocations in solid helium by their interaction with AC shear deformation and
isotopic impurities
Andrei Golov1, Maksim Brazhnikov2, and Yury Mukharsky3
1

University of Manchester, UK, 2Institute of Solid State Physics, Russia, 3CEA-Saclay/IRAMIS, France

Mobile dislocations in polycrystalline hcp 4He were investigated through their interaction with an oscillatory
shear strain of frequencies 161 Hz and 931 Hz. Samples of 4He with the concentration of 3He ~ 0.3 ppm,
grown by the blocked capillary method at molar volume 19.53 cm^3/mol, have been studied at
temperatures 0.1 - 1.0 K before and after annealing at temperatures 1.8 - 2.0 K, and also after work
hardening by high-amplitude twisting at low temperature and after subsequent annealing at 0.6 - 0.7 K.
Monitoring the amplitude dependence of the shear modulus after strong forcing allowed to extract the
distribution of lengths of mobile segments of dislocations n(L) and to compare them after each treatment of
the sample. Two new methods of measuring n(L), from the equilibrium temperature dependence of the shear
modulus and internal friction at small strain, were also introduced and verified experimentally.
Unlike measurements on single crystals, we found no saturation at small lengths - while studying a wider
range of lengths than previous authors. We obtained evidences for a multi-scale self-similar structure of the
dislocation network in cold-worked samples - for which L^4n(L) = const from L ~ 0.1 mm down to at least L
~ 100 nm. We investigated the dynamics of the recovery of cold-worked samples back to the homogeneous
state characterized by a single network length, during which short segments quickly disappear, while the
longest dislocations appear after longer annealing times.
A complementary characterization of dislocations by the scattering of thermal transverse phonons is
consistent with these observations.
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Probing Quantum Fluids with Nanomechanical Beams
Andrew Guthrie, Sergey Kafanov, Viktor Tsepelin, Richard Haley, Dima Zmeev, and Yuri Pashkin
Lancaster University, UK
Nanoelectromechanical resonators have great potential for sensing applications due to their unparalleled
mass and force sensitivity. Here we present our experiments using doubly clamped, nanobeam resonators of
extremely high quality factor operating in superfluid 4He at mK temperatures. We demonstrate the
nanobeams' sensitivity to the thermal excitations, phonons and rotons, as well as the role of acoustics in the
damping at the lowest temperatures. We present the unique ability to drive the nanobeams using the
momentum transfer of phonons generated by a nearby heater. This so-called "phonon wind'' is an inversethermomechanical effect that until now has never been demonstrated. Our work paves the way towards
future low-temperature experiments using nanobeams, such as probing the complex properties of superfluid
3
He at the lowest temperatures. In this system, the probe size actually becomes comparable to the quantum
coherence length, ξ.
Quasiparticle Imaging inside a Fermionic Condensate
Theo Noble, Sean Ahlstrom, Ian Bradley, Edward Guise, Richard Haley, George Pickett, Roch Schanen,
Malcom Poole, Viktor Tsepelin, Tom Wilcox, and Andrew Woods
Lancaster University, UK
Superfluid helium-3 is a fermionic condensate made up of Cooper pairs of helium-3 atoms. Thermally
excited unpaired quasiparticles are free to travel through the condensate and at ultra-low temperatures of
150μK their trajectories become ballistic. We beam quasiparticles towards a 5×5 pixel camera of quartz
tuning forks and observe that the quasiparticles follow photonic-like trajectories. We demonstrate the use of
this source-camera configuration to non-invasively detect and even image topological defects in the
condensate, such as quantum vortices.
Superfluidity in 3He beyond the Landau Velocity and Dynamics of Surface States
Ash Jennings1, Samuli Autti1, Tony Guénault1, Rich Haley1, Sergey Kafanov1, George Pickett1, Roch Schanen1,
Arkady Soldatov2, Viktor Tsepelin1, Jakub Vonka3, and Dmitry Zmeev1
1

Lancaster University, UK, 2Kapitza Institute of Physical Problems, Russia, 3Paul Scherrer Institut, Switzerland

Recently, it has been shown that superfluidity in 3He-B can survive in flows past an object at velocities far
exceeding the critical Landau value. The experiments are performed in the temperature range of 150–
230 μK, where bulk Bogoliubov excitations have ballistic trajectories. The model supporting this
phenomenon suggests that Andreev-bound states on the surface of the moving object are emitted into bulk
only at velocities above the critical Landau velocity. Our observations suggests there is no mechanism for the
breaking of Cooper pairs at an arbitrarily fast velocity in our experimental configuration. This means
dissipation only occurs due to the surface quasiparticle emission during acceleration.

12

Further investigation into the dynamics of the surface states demonstrates that we can emit the most
energetic bound quasiparticles into bulk in a controllable manner, and observe the replenishment of the
emptied states. The surface states were found to have a surprisingly long lifetime of a few milliseconds,
independent of whether the surface of the object is covered with 3He or 2.5 monolayers of solid 4He.
We have now built a new experimental configuration where we can move superfluid contained inside the
nematic aerogel Nafen at quasi-uniform velocity. Nafen alters the phase diagram of the superfluid, allowing
us to test the conditions for supercritical superflow in the polar-distorted B phase and the polar phase. The
polar phase has a nodal line in the superfluid energy gap along the equator of the Fermi surface and
therefore the mechanism for supercritical superflow (if any) must be different.

Session 2
Superconductivity
(Invited) Large positive magnetoresistance in a novel superconductor Ca3.2Co4Sn12.8
Monika Gamza1, Philipp Niklowitz2, Konstantin Semeniuk3, and Malte Grosche3
1

University of Central Lancashire, UK, 2Royal Holloway University of London, UK, 3University of London, UK

Finding new materials with large magnetoresistance (MR) has driven crucial progress in both solid state
physics and device application. Well-known examples include giant MR in magnetic multilayers and colossal
MR in Mn-based perovskites. For nonmagnetic systems, huge positive MR was seen in semiconductors with
ultra–high carrier mobilities and in a number of metals and semimetals. Studies on the latter systems led to
discoveries of experimental realizations for various topologically nontrivial states such as Weyl or Dirac
semimetals and brought this field to the forefront of solid state research.
Here we report on a huge positive normal-state magnetoresistance (MR) of a novel superconducting
Remeika phase Ca3.2Co4Sn12.8. For crystals grown from Sn flux with residual resistivity ratios (RRRs) of 60100, the low-temperature MR measured in magnetic field of up to 9 T reaches 1000% and does not show a
tendency towards saturation. We present results of structural, thermodynamic and transport measurements
as well as ab-initio electronic structure calculations. We demonstrate that for samples with RRRs ranging
from ~2 to ~60, the MR increases with the RRR, while parameters of the superconducting state including
the critical temperature TC ≈ 5.5 K remain nearly unaffected. Analysis of Hall effect and transverse
magnetoresistance data for crystals with different RRRs based on a two-band model indicates that the
magnitude of the MR is controlled by large mobilities of charge carriers in a nearly compensated electronhole system. Causes for high charge carrier mobilities will be discussed with the help of the experimental and
computational results.
High-Pressure Transport Studies in the superconducting and charge density wave material NbSe2
Owen Moulding, Sven Friedemann, Takaki Muramatsu, and Israel Osmond
University of Bristol, UK
The transition metal dichalcogenide 2H-NbSe2 has a well-documented charge density wave (CDW) and
superconducting transition at 33K and 7K at ambient pressure. The CDW transition is suppressed under high
pressure and is absent beyond its quantum critical point (QCP). The effect of this QCP on superconductivity
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is of great interest and stimulates discussions on the relation between superconductivity and the CDW order.
So far, resistivity, magnetic susceptibility, and X-ray measurements have explored the vicinity of this QCP
and they indicate a weak relation between superconductivity and the CDW: either a weak competition
between CDW order and superconductivity or a weak promotion of superconductivity by fluctuations at the
CDW QCP.
Here, we present high-pressure Hall effect measurements as a clear probe of the CDW order and trace the
CDW transition to higher pressures than previously measured with transport methods. Further, the signchange in the Hall coefficient observed at ambient pressure is suppressed and ultimately saturates to holelike beyond the CDW QCP. We also observe a peak in the superconducting temperature about the QCP of the
CDW of 4.7GPa, which indicates an enhancement of the electron-phonon coupling at the QCP.
Imaging the superfluid density in FeTe0.55Se0.45
Damianos Chatzopoulos1, Cho Doohee1, Koen Bastiaans1, Genda Gu2, and Milan Allan1
1

Leiden University, Netherlands, 2Brookhaven National Laboratory, USA

Among the mysteries surrounding unconventional, strongly correlated superconductors is the possibility of
spatial variations in their superfluid density. We use atomic-resolution Josephson scanning tunneling
microscopy (JSTM) to reveal a strongly inhomogeneous superfluid in an iron-based superconductor. JSTM is
based on the Josephson effect predicting Cooper pair tunneling through a vacuum barrier between two
superconducting electrodes. Here I will present our latest results [1] on JSTM on FeTe0.55Se0.45 where we
use a Pb-coated tip as a superconducting probe. By simultaneously measuring the topographic and
electronic properties, we find that the inhomogeneity in the superfluid density is not caused by structural
disorder or strong inter-pocket scattering, and does not correlate with variations in the energy of the Cooper
pair-breaking gap. Instead, we see a clear spatial correlation between superfluid density and the
quasiparticle strength, defined as the height of the coherence peak, on a local scale. This puts the ironbased superconductors on equal footing with the cuprates. When repeated at different temperatures, our
technique could further help elucidate what local and global mechanisms limit the critical temperature in
unconventional superconductors.
[1] D. Cho et al. “A strongly inhomogeneous superfluid in an iron-based superconductor” arXiv:1901.00149
Time-reversal symmetry breaking in superconductors through loop super-current order
Sudeep Kumar Ghosh1, Jorge Quintanilla1, and James Annett2
1

University of Kent, UK, 2University of Bristol, UK

Recent muon-spin relaxation experiments have found broken time-reversal symmetry in a number of
superconductors which from other points of view (such as specific heat, penetration depth and sensitivity to
impurities) appear to be fully conventional. We propose a novel superconducting instability where
microscopic loop super-currents form spontaneously within a unit cell at the critical temperature. Such
currents break time-reversal symmetry without needing an unconventional pairing mechanism. Using
Ginzburg-Landau theory we describe in detail how they emerge in a toy model. We estimate the size of the
resulting spontaneous magnetic moment and find it to be consistent with the existing experiments. We
discuss the crystal symmetry requirements and apply our theory to the recently discovered families of time-
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reversal symmetry breaking but otherwise seemingly conventional superconductors: Re6X (X=Zr, Hf, Ti) and
Zr3Ir, showing the possibility of this instability.
Evaluation of chiral superconductivity in Sr2RuO4
Clifford Hicks
Max Planck Institute, Germany
There is compelling evidence supporting a hypothesis that the superconducting order parameter of Sr2RuO4
is chiral, including a nonzero Kerr rotation below Tc, and evidence for an internal degree of freedom in the
order parameter. I present new evidence from muon spin rotation experiments, and discuss in the context of
other measurements including scanning SQUID microscopy and heat capacity of Sr2RuO4 under uniaxial
stress, which find no thermodynamic evidence for chirality. The possibility of chirality presents a conundrum:
chirality would require either spin-triplet pairing or a horizontal line node, and neither is easily reconciled
with known data and properties of Sr2RuO4.
Sr2RuO4 under uniaxial stress along the c-axis
Fabian Jerzembeck, Alexander Steppke, Dmitry Sokolov, Naoki Kikugawa, Andrew Mackenzie, and Clifford
Hicks
Max Planck Institute, Germany
Through application of in-plane uniaxial stress, the unconventional superconductor Sr2RuO4 can be driven
through a Lifshitz transition at a single Van Hove point: the uniaxial stress applies an elliptical distortion to
the largest Fermi surface, and it eventually reaches the zone boundary. This transition is accompanied by
strong enhancement in Tc and Hc2. Compression along the c axis, however, is predicted to expand this Fermi
surface approximately isotropically, causing it to eventually reach the zone boundary along both the kx and
ky directions, driving Lifshitz transitions at two Van Hove points simultaneously. Here, we present first results
on the strain dependence of Tc under uniaxial compression along the c axis. Through careful shaping of the
sample, we have been able to achieve uniaxial compressions of 2–3%, which calculations predict is close to
that needed to achieve these transitions.

Non-Eq/Topology
Nonequilibrium finite frequency noise in chiral Luttinger liquid coupled to phonons
Edvin Idrisov
University of Luxembourg, Luxembourg
We study transport between quantum Hall edge states at filling factor one in the presence
of electron-acoustic-phonon coupling. Performing a Bogoliubov-Valatin trasformation
the low-energy spectrum of interacting electron-phonon system is presented. The electron-phonon
interaction splits the spectrum into charged and neutral "downstream" and neutral "upstream"
modes with different velocities. In the regimes of dc and periodic ac biases the tunelling current and
non-equilibrium finite frequency non-symmetrized noise are calculated perturbatively in tunneling
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coupling of quantum point contact. We show that the presence of electron-phonon interaction
strongly modies noise and current analytical structures in comparing with free-fermion case.

Edvin G. Idrisov, https://arxiv.org/abs/1903.06144 (2019)
Emergent SU(2) dynamics and perfect quantum many-body scars
Soonwon Choi1, Christopher Turner2, Hannes Pichler3, Wen Wei Ho3, Alexios Michailidis4, Zlatko Papic2,
Maksym Serbyn4, Mikhail Lukin3, and Dmitry Abanin5
1

University of California Berkeley, USA, 2University of Leeds, UK, 3Harvard University, USA, 4IST Austria,
Austria, 5University of Geneva, Switzerland

Motivated by recent experimental observations of coherent many-body revivals in a constrained Rydberg
atom chain, we construct a weak quasi-local deformation of the Rydberg blockade Hamiltonian, which
makes the revivals virtually perfect. Our analysis suggests the existence of an underlying non-integrable
Hamiltonian which supports an emergent SU(2)-spin dynamics within a small subspace of the many-body
Hilbert space. We show that such perfect dynamics necessitates the existence of atypical, nonergodic energy
eigenstates - quantum many-body scars. Furthermore, using these insights, we construct a toy model that
hosts exact quantum many-body scars, providing an intuitive explanation of their origin. Our results offer
specific routes to enhancing coherent many-body revivals, and provide a step towards establishing the
stability of quantum many-body scars in the thermodynamic limit.
Braiding of Majorana Fermions in a cavity
Mircea Trif1, 2 and Pascal Simon3
1

Tsinghua University, China,2 Instytut Fizyki PAN, Poland, 3University of Paris-Sud, France

One dimensional p-wave (or topological) mesoscopic superconductors are known to host zero energy end
modes known as Majorana fermions, i. e. particles that are their own antiparticle. These exotic objects are
robust against local perturbations and, moreover, they obey non-Abelian statistics under braiding
operations, thus recommending them as qubits for the implementation of a topological quantum computer.
While most of the studies of these systems pertain to electronic transport, which is invasive by nature,
photons give direct access to some of its exotic features such as the topological phase transition, the
presence Majorana fermions, and the fractional Josephson effect, all in a non-invasive fashion. In this talk, I
will show that also their exotic exchange statistics pertaining to their braiding can be imprinted into the
electromagnetic ﬁeld of the cavity, which in turn can be detected by dispersive readouts techniques.
Topological Protection in Photonic Multilayers and Transmission Line Networks
David Whittaker
University of Sheffield, UK
The Su-Schrieffer-Heeger (SSH) model is widely known as the `toy' model used to introduce the ideas of
topology in band structure. It is a one-dimensional, tight-binding model, whose spectrum exhibits chiral
symmetry, meaning that it
is symmetric about the centre of the band gap. Any localised state which is located at the chiral point is
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topologically protected - the energy is unaffected by disorder, provided it does not break the chiral
symmetry.
There is, however, a belief that no physical system is truly chiral, so that topology in one dimension can only
be approximate. In fact, as is shown here, a one-dimensional photonic lattice possesses exact chiral
symmetry if the optical thicknesses of the layers are commensurate. Any such structure can be described by
an SSH-type tight-binding model. Defects in these chiral structures can support protected localised states;
indeed the planar semiconductor microcavity structures which have been fabricated for more than 25 years
are actually topologically protected SSH interface states.
The mathematical description of multilayer structures in terms of transfer matrices is identical to that which
applies to radio frequency transmission lines. It should thus be possible to observe analogous topological
effects in
lines consisting of alternating high and low impedance coaxial cables. However, transmission lines can also
be made into networks, which, as will be shown, map onto tight-binding models. This makes them interesting
candidates for studying topological physics in higher dimensions, in principle not even limited to the three
physical dimensions.
A coherent nanomechanical oscillator driven by single-electron tunneling
Yutian Wen1, Natalia Ares1, Felix J. Schupp3, Tian Pei1, George Briggs1, and Edward Laird2
1

University of Oxford, UK, 2Lancaster University, UK, 3Princeton University, USA

We create and characterize a new kind of nanomechanical oscillator made from a suspended carbon
nanotube. The oscillator exploits strong electromechanical coupling between the vibrating nanotube and a
single-electron transistor (SET) defined along its length. The current through the SET is both a sensitive
transducer for the motion, and a source of feedback that leads to self-amplifying oscillations. Using a novel
time-resolved measurement technique, we characterize the coherence of these oscillations, finding an autocorrelation time as long as 100 microseconds. This system resembles an electromechanical laser, with the
pumping provided by the electrical bias and the phonon cavity provided by the mechanical resonance. While
the linewidth of the free-running oscillator is limited by slow frequency fluctuations, we show two ways to
stabilise it: by locking its frequency to an injection tone, and by adjusting the mechanical tension in a
phase-locked loop. With feedback applied, the mechanical linewidth can be stabilised to within 2 Hz at a
230 MHz oscillation frequency. This device serves both as an on-chip acoustic oscillator and to illuminate
the connection between the physics of measurement backaction and of lasers.
The spin resonance clock transition of the endohedral fullerene 15N@C60
Edward Laird1, Reuben Harding2, Shen Zhou2, James Zhou2, Thomas Lindvall2, Will Myers2, Arzhang Ardavan2,
Andrew Briggs2, Kyriakos Porfyrakis2
1

Lancaster University, UK, 2University of Oxford, UK

Portable atomic clocks have applications ranging from jam-resistant GPS to undersea seismometers. Existing
clocks based on atomic vapours are challenging to miniaturise, but a clock based on spin resonance would
allow the entire device to be integrated onto a single chip. We have measured the spin resonance clock
transition of the endohedral fullerene 15N@C60 – nature’s atom trap. In this material, a carbon cage encloses
and protects a central nitrogen radical, leading to outstanding spin resonance lifetime at room temperature.
Moreover, at the clock field, the electron and nuclear spins conspire to make the resonance frequency
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independent of magnetic field, and therefore resistant to field noise. This is the first molecular spin
resonance clock transition discovered at room temperature.
We characterize the entire low-field spin resonance spectrum of this molecule in parallel and perpendicular
magnetic fields. We infer an upper bound to the clock transition linewidth of 100 kHz. Using experimental
data, we are able to place a bound on the clock’s projected frequency stability, and we discuss ways to
improve the stability to be competitive with existing miniature clocks.

Semiconductors and Semimetals
(Invited) Quantum dots in two-dimensional heterostructures
Brian Gerardot
Heriot-Watt University, UK
Van der Waals (vdW) heterostructures, in which a wide range of unique atomic layers can easily be
combined, offer novel prospects to engineer and manipulate quantum confined states. Here I will present
two approaches to this exciting prospect. I will first present Coulomb blockade in a vdW quantum dot device
with tunnel coupling to a tunable Fermionic reservoir. Hybrid excitons, composed of localized quantum dot
states (in WSe2) and Fermi reservoir continuum states (in graphene), are observed due to ultra-strong spinconserving tunnel coupling resulting from an atomically thin tunnel barrier (hBN). Secondly, I will present
evidence for quantum confined states engineered by the periodic potential landscape of interlayer valley
excitons in a vdW heterostructure. Here, the moire potential of a twisted MoSe2/WSe2 heterobilayer traps
interlayer excitons. We show that the trapped interlayer excitons inherit the magneto-optical properties of the
type-II band-structure, opening new ways to engineer quantum confined states in vdW heterostructures.
Developing Novel Cryogenic Coupled Microwave Resonators Calorimeter for Precision x-ray Detection
Ling Hao, Giuseppe Lorusso, John Gallop
National Physical Laboratory, UK
Determining the age of the solar system or how cancer treatments damage DNA are two research areas that
both rely on very precise nuclear decay characterisation. We are developing a novel cryogenic calorimetry
technique, based on the use of coupled microwave dielectric resonators with opposing characteristics. An
ultra-low loss sapphire resonator is strongly coupled to much smaller dielectric resonator which has a high
relative permittivity which is strongly temperature dependent down < 10K. Perovskite structured materials
such as SrTiO3 and CaTiO3 satisfy these criteria. The resonant frequency of the coupled system may be
accurately measured but is also extremely sensitive to the temperature of the perovskite component, which
acts both as x-ray absorber and thermometer element without the need for connecting leads. The x-ray
energy deposited in the perovskite element causes a temperature rise and a resultant shift in resonant
frequency. When maintained at an optimal temperature, the temperature dependent frequency change can
be as high as 1GHz/K. The high permittivity makes the absorber resonator size small and cryogenic
operation ensures minimal heat capacity. Since the perovskites are electrically insulating, only phonon
contributions to the specific heat exist, an advantage over metallic absorbers with their linearly temperature
dependent contribution. We report preliminary results on operation of the system down to 7K and speculate
on further developments with this novel technology, expecting energy resolution below 10eV at this
temperature and extending towards the quantum limit for sub 1K operation.
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(Invited) Spin and charge Transport Physics of Organic Semiconductors
Henning Sirringhaus
University of Cambridge, UK
Over recent years there has been tremendous progress in developing low-temperature, solution-processible
organic semiconductors that provide high charge carrier mobilities for both n-type and p-type device
operation, good operational stability and other functionalities such as efficient electroluminescene, sensing
or memory functions for a variety of applications. We are interested in understanding the spin and charge
transport physics of these materials and the relationship between molecular structure, microstructure and
spin and charge diffusion. Organic semiconductors may enable realisation of long spin relaxation times and
long spin diffusion lengths due to the weak spin-orbit coupling but it is difficult to achieve efficient spin
injection by conventional electrical injection from spin-polarised ferromagnetic metals due to impedance
mismatch. We have developed a method for efficient spin injection into these highly resistive materials using
the technique of spin pumping using ferromagnetic resonance induced at the interface between
ferromagnetic metals or insulators and organic semiconductors. In this talk I will give an overview over the
physics of molecular and polymer semiconductors and discuss their relevance for applications in large-area
electronics, spintronics and quantum information.
Low-temperature transport in vertical topological p-n-junctions
Dirk Backes1, Danhong Huang2, Rhodri Mansell3, Martin Lanius4, Jörn Kampmeier4, David Ritchie3, Gregor
Mussler4, Godfrey Gumbs5, Detlev Grützmacher4, and Vijay Narayan3
1

Loughborough University, UK, 2Air Force Research Laboratory, USA, 3University of Cambridge, UK, 4Peter
Grünberg Institute, Germany, 5Hunter College, USA

Topological p-n junctions are predicted to harbour a plethora of physical phenomena such as spin
interference effects at the p-n interface [1] and topological exciton condensates [2]. We create such systems
by stacking n-type Bi2Te3 and p-type Sb2Te3 layers upon each other using molecular beam epitaxy. By
changing the Sb2Te3-thickness the Fermi level can be positioned in the bulk band gap and the surface
carriers can be tuned between n- and p-type. Low-temperature magnetotransport was used to study the
topological properties [3] and electron-electron interactions [4] as a function of the Sb2Te3-thickness.
Firstly, by comparing the longitudinal and Hall resistance with a multi-channel model the reduction of
transport through the bulk is demonstrated. Secondly, we find that electrons interact stronger with increasing
sample thickness and underpin this observation by a semi-classical Boltzmann theory. Finally, a number for
the two-dimensional states contributing to the electron-electron interactions is obtained by analysing the
temperature dependence and compared to the one contributing to weak-antilocalisation. Interestingly, both
numbers differ and are generally larger for electron-electron interactions. In future, our systematic study will
help to illuminate the origins of electron-electron interactions and weak-antilocalisation in topological
insulators.
[1] R. Ilan, F. de Juan, and J. E. Moore, Phys. Rev. Lett. 115, 096802 (2015)
[2] B. Seradjeh, J. E. Moore, and M. Franz, Phys. Rev. Lett. 103, 066402 (2009)
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[3] D. Backes et al., Phys. Rev. B 96, 125125 (2017)
[4] D. Backes et al., Phys. Rev. B 99, 125139 (2019)
Thermopower and Unconventional Nernst Effect in the tungsten ditelluride (WTe2)
Fasil Dejene
Loughborough University, UK
Tungsten ditelluride (WTe2) is one of a series of recently discovered high mobility transition metal
dichalcogenide semimetals, some of whose properties are characteristic of topological Weyl metals (1). One
of its most interesting properties is the unsaturated giant magnetoresistance that it exhibits at low
temperatures. This large nonsaturating magnetoresistance (MR) at low temperatures is attributed to a nearly
complete electron–hole (e-h) charge compensation together with large charge carrier mobilities. An
important question is the degree to which this property can be ascribed to a conventional semimetallic
model in which a highly compensated, high mobility metal exhibits large magnetoresistance. In this
contribution, we present magneto thermoelectric transport measurements in thin WTe2 flakes (3). The
longitudinal thermopower (Seebeck effect) of semimetallic WTe2 exfoliated flakes exhibit periodic sign
changes about zero with an increasing magnetic field that indicates distinct electron and hole Landau levels
and nearly fully compensated electron and hole carrier densities. However, inconsistent with a conventional
semimetallic picture, we find a rapid enhancement of the Nernst effect at low temperatures that is nonlinear
in the magnetic field indicating Berry curvature contributions due to type-II Weyl (3) characteristics of
carriers close to the Fermi energy.
[1] Ali, M. N et al., Nature 2014, 514, 205– 208
[2] Rana, K.G., Dejene, F.K., Kumar, N. et al., Nano Lett., 2018, 18 (10), pp 6591–6596
[3] Soluyanov et al.,. Type-II Weyl semimetals. Nature 2015, 527, 495– 498

Session 3
Strongly Correlated Electron Systems
A new U-based heavy fermion superconductor
Christopher O’Neill1, Andrew Huxley1, Julian Schmehr1, Pascal Manuel2, Didier Wermeille3, Harry Keen1,
Andreas Hermann1, Luke Cairns1, Elliot Christou4, Frank Kruger4
1
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Here we present our results on a previously overlooked heavy fermion compound with an
exceedingly simple crystalline structure comprised of columns arranged in a triangular lattice. The
main interest is that at temperatures an order of magnitude below the Néel temperature, quantum
critical behaviour such as a log(T) dependence of heat capacity and magnetic susceptibility and a
linear dependence of resistivity are observed. Such quantum critical behaviour occurring deep
within an already ordered state is unprecedented and contrary to the standard Doniach picture [1].
One explanation for such behaviour is the presence of multi-channel Kondo physics.
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As well as discussing the ambient pressure quantum critical behaviour I will present our recent
measurements under applied hydrostatic pressure. Using pressure we have been able to suppress
the magnetic order. Once the magnetic order is suppressed, a transition to a superconducting state
occurs. Measured HC2 curves of the superconducting order show HC2 is larger than that expected
for the spin-paramagnetic limit. The importance and novelty of these extremely unusual results will
be discussed.
[1] S. Doniach, The Kondo lattice and weak antiferromagnetism 91 231 (1977)
Metamagnetism in Strongly Correlated Electron Systems: a comparison of UPt3 and Sr3Ru2O7
Stephen Julian1, Mingxuan Fu1, Lingyun He1, and Alix McCollam2
1

University of Toronto, Canada, 2Radboud University, The Netherlands

Many strongly correlated electron systems have a large magnetic susceptibility, so that laboratory-scale
magnetic fields can induce a substantial polarization of the quasiparticle bands. Non-linear features in the
density of states, arising for example from Van Hove singularities (e.g. [1]) and/or Lifshitz transitions where
new Fermi surfaces appear or disappear, produce non-linear features in the magnetisation vs. field curve, in
the most extreme cases giving rise to metamagnetic transitions, in which the magnetisation rises rapdily, and
often discontinuously, as a function of applied field.
In this presentation the metamagnetic transition in the heavy fermion superconductor UPt3 will be compared
with that of Sr3Ru2O7, a bilayer ruthenate that shows field-induced order in association with its
metamagnetic transition [2]. The metamagnetic transitions, at 20 T and 8 T respectively, have a number of
features in common. We compare magnetotransport signatures, and measurements of the Fermi surface
across the metamagnetic transitions [3,4], and ask if the transition in UPt3 can be ascribed to a Lifshitz
transition involving a Van Hove singularity, as has been argued for Sr3Ru2O7 [1].
[1] D V Efremov et al., arXiv:1810.13392
[2] S A Grigera et al., Science 306 (2004) 1154; C Lester et al., Nature Materals 14 (2015) 373.
[3] J F Mercure et al., Phys. Rev. B 81 (2010) 235103
[4] L He et al., in preparation; M Fu et al., in preparation.
Resistivity and magnetotransport across a nematic quantum critical point
Nigel Hussey
Radboud University, The Netherlands
Evidence for electronic nematicity, a correlated electronic state with broken rotational symmetry, has been
reported in a host of metallic systems that exhibit this so-called quantum critical behaviour. In all cases,
however, the nematicity is found to be intertwined with other forms of order, such as antiferromagnetism or
charge density wave, that might themselves be responsible for the observed behaviour. The iron
chalcogenide family FeSe1-xSx is unique in this respect since nematic order appears to exist in isolation,
though the impact of nematicity on the ground state has been obscured by superconductivity. Here, we use
high magnetic fields to destroy the superconducting state in FeSe1-xSx and follow the evolution of the
electrical resistivity across the nematic quantum critical point. Classic signatures of quantum criticality are
revealed, including an enhancement in the coefficient of the T2 resistivity on approaching the quantum
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critical point (QCP) and, at the QCP itself, a strictly T-linear resistivity that extends over a decade in
temperature. We also report a detailed study of the normal state transverse magnetoresistance (MR) in
FeSe1-xSx across the nematic QCP that reveals unambiguously and for the first time, the coexistence of two
charge sectors in a quantum critical system. Finally, we present evidence for the presence of a quantum
vortex liquid in FeSe1-xSx due to both strong magnetic and strong nematic fluctuations. Time permitting, the
role of nematicity in the superconductivity itself will also be discussed.
Magnetic field tuned valence transition in CeOs4Sb12
Matthew Pearce
University of Warwick, UK
We have mapped out the field-temperature phase diagram of the valence transition in the skutterudite
compound CeOs4Sb12 up to 60 T using resistivity, magnetostriction and PDO (contactless conductivity)
measurements in both static and pulsed fields. In contrast to the previously proposed phase diagram for this
compound, the boundary between the low-field, low-temperature ‘L’ phase and the high field, high
temperature ‘H’ phase extends to much higher fields and temperatures. It also exhibits an unusual ‘wedgelike’ shape where the L phase is suppressed in favour of the H phase at low temperatures under high applied
fields. This destabilisation of the L phase also occurs at the high-temperature and low-field end of the phase
boundary. An analysis of Shubnikov-de Haas oscillations in the H phase yields an upturn in quasiparticle
effective masses with decreasing field as the intersection of the H, L and antiferromagnetic phases is
approached. Combined with the unusual shape of the phase boundary, this points towards a significant role
for fluctuations in the physics of the system.
Investigation of the link between the metal-insulator and structural transitions in Ca2RuO4, using polarization
dependent X-ray absorption spectroscopy
Steven Richards1, 2, Giannantonio Cibin2, Robin Perry4, Sinead Rowe1, Laurence Bouchenoire3, Paul
Thompson3, Sofia Diaz-Moreno2, Shu Hayama2, and Silvia Ramos1
1
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University College London, UK
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Layered ruthenates provide a very rich platform for the study of strongly correlated behaviour (displaying
superconductivity, magnetism, spin-waves, metal-insulator transitions, etc.) The energy scales associated to
each type of electronic order are very close in these materials and hence result in rich phase diagrams.
In this work we will present polarization dependent X-ray absorption spectroscopy measurements carried out
on Ca2RuO4. We are interested in probing the link between the electronic and structural changes around the
Ru sites. The nature of the Mott transition and the role played by the orbital degree of freedom are
controversial. The two scenarios that have been proposed to describe the Mott-type mechanism responsible
for the metal-insulator transition involve different orbital occupations and polarizations. The first suggests the
transition is orbital selective and only affects the xy-band, while the second proposes the Mott transition is
not orbital selective and is assisted by the crystal field splitting. The study of this transition plays an
important role in the wider understanding of the effect of the spin-orbit interactions for the development of
electronic order in solids, a potential driving force for new quantum order.
Our results show that the Mott transition is orbital selective and show no evidence of significant effects due
to crystal field splitting. We have also been able to characterise the structural transitions that occur in the

22

material (for example, a flattening and tilting of the octahedral that is associated to the magnetic transition)
and tentatively identified how the structural and electronic properties are linked.
Observing a Hierarchy of Modes in a 1D Strongly Correlated Non-Linear Luttinger Liquid
Pedro Vianez1, Wooi Kiat Tan1, Oleksandr Tsyplyatyev3, Yiqing Jin1, Ian Farrer2, David Ritchie1, Jonathan
Griffiths1, Thomas Mitchell1, and Christopher Ford1
1
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It is notoriously hard to study theoretically interacting quantum systems outside the Luttinger-liquid regime,
particularly when considering higher-energy excitations in finite-length 1D systems, as its key assumptions
no longer hold. Recent theoretical work has focused on extending this theory to include such regimes. It is
predicted that, for higher-order excitations, ‘replica’ parabolic dispersions with higher momenta or negative
effective mass should be observed, in addition to the simple parabolic dispersion, and that a hierarchy of
modes should therefore emerge, controlled by system length and separated in amplitude by powers of
R2/L2, where R is the interaction length-scale and L is the length of the system.
Our work focuses on the experimental detection and quantification of these higher-order excitations. We
measure momentum-resolved tunnelling of electrons to and from an array of wires formed within a GaAs
heterostructure, and map the dispersion of the system both in the equilibrium and nonequilibrium regimes.
We will present recent experimental data obtained at 300mK for systems ranging from 1-5µm where both
first- and second-order replica modes, in addition to the lowest 1D subband itself, can be seen. The
momentum dependence of the observed structure will also be discussed and compared to what is predicted
by theory. Independent interaction parameters are obtained from other well-known 1D features observed at
low energy, such as the spin-charge separation and the zero-bias anomaly.

Magnetism
Path Integrals over Finite-Depth Circuit States - a Microscopic Analysis of the J1-J2 Model
Adam McRoberts1, Chris Hooley1, and Andrew Green2
1

University of St Andrews, UK, 2London Centre for Nanotechnology, UK

We present the results of a microscopic analysis of the spin-1/2 chain with competing nearest and nextnearest neighbour antiferromagnetic interactions. We use an approach based on path integrals over states
generated by finite-depth circuits, which is similar in both spirit and execution to the path integrals over
matrix product states.
One of the main advantages of this approach is that, because the path integrals are over entangled states, it
allows us to capture some of the effects of entanglement directly at the saddle-point level without resorting
to an instanton expansion. This allows us to elucidate the role of entanglement at the critical point.
We find that some of the essential features of the topological phase transition are already present at the
saddle-point level; specifically, the spontaneous breaking of the Z2 lattice symmetry as the system
dimerises at a critical strength of the next-nearest neighbour interactions. Our description of the critical point
is improved by the inclusion of fluctuations, and, in the continuum limit, we identify topological terms in the
Berry phase that demonstrate the Kosterlitz-Thouless nature of the transition.
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Millikelvin Torque Magnetometry of Molecular Magnets
Simen Sopp and Lapo Bogani
University of Oxford, UK
Molecular magnetism has relied on the availability of magnetisation data at mK temperatures, since its very
beginning. While the micro-SQUID technique has historically been important, other techniques can provide
precious information when exported to pushed environments (e.g. mK temperatures and vector fields,
and/or fast field-sweep rates). On single crystals, cantilever torque magnetometry has been used
successfully for these purposes before [1,2], but is only rarely available at mK temperatures and with a full
3D rotation of the magnetic field. This can, for example, correct possible misalignments and also, more
importantly, allow magnetic torque measurements along any crystal plane.
I describe the fabrication and use of cantilever torque magnetometry to investigate the anisotropy of
molecular magnets, such as rare-earth-containing single-molecule magnets (SMMs) and chain magnets.
Using our unique experimental setup we aim at developing a novel tool for a complete vector analysis of the
magnetic anisotropy of molecular nanomagnets [3]. In addition, the design, fabrication and testing of a
home-built superconducting magnet for ultra-fast field sweeps (up to 1 Tesla/second) will be presented.
[1] A. Cornia, M. Affronte, A. B. M. Jansen, D. Gatteschi, A. Caneshi, R. Sessoli, Chemical Physics Letters,
2000, 322, 477-482.
[2] F. El Hallak, J. van Slageren, M. Dressel, Review of Scientific Instruments, 2010, 81, 095105.
[3] L. Rigamonti, A Cornia, A. Nava, M. Perfetti, M. L. Boulon, A. L. Barra, X. Zhong, K. Park, R. Sessoli,
Physical Chemistry Chemical Physics, 2014, 16, 17220-17230.
Longitudinal spin fluctuations in collinear magnets
Harry Keen and Andreas Hermann
University of Edinburgh, UK
Classical local-moment models, like the Heisenberg and Ising models, are often used in combination with ab
initio calculations to predict the magnetic properties of real materials. These estimates often perform poorly
for magnetic metals. Including the effect of longitudinal spin fluctuations by allowing spin magnitudes to
vary, constrained by a Landau-like on-site potential, has been applied to specific cases in the past and
tends to improve agreement with experiment. In this work, we study a simple model of scalar spins with such
an on-site potential, where the scale of the fluctuations is characterised by a single parameter. We pursue
the implications of these longitudinal fluctuations on collinear magnetic states with Monte Carlo simulations.
These simulations are intractable with the standard Metropolis algorithm, so we discuss an alternative
method, the numerical Heat-bath algorithm. We consider ordered states on a stacked triangular lattice, with
particular focus on modulated order that arises from competing long-range interactions perpendicular to the
plane. We study the nature of the emerging states and how they depend on both the longitudinal
fluctuations and relative strengths of interactions.
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Topological spin-active sites in graphenoid molecules
Federico Lombardi1, Alessandro Lodi1, Ji Ma2, Junzhi Liu2, Michael Slota1, William Myers1, and Lapo Bogani1
1

University of Oxford, UK, 2TU Dresden, Germany

Numerous theories have proposed the idea of introducing spins in carbon nanostructures using the
topological structure of the carbon lattice. Due to the very low spin-orbit coupling and hyperfine interaction,
carbon devices would be more suitable than standard semiconductors to protect coherence and enable long
spin transport. However, experiments involving fullerenes and carbon nanotubes yielded negative results
showing how the coherence is affected by additional environmental factors. Nanographene demonstrated to
be a system of interested thanks to the topological protected spin states at the edge. Bottom-up chemical
design of the molecules produced defect-free structures that can be functionalised to achieve targeted
properties. Here, we present the study of the quantum properties of a polycyclic aromatic hydrocarbon (PAH)
that shows a singlet ground state and a closely-lying excited triplet state with superior quantum properties.
We used pulsed electron paramagnetic resonance to measure the coherence time and evaluate the sources
of decoherence in the different regimes. The results suggest better performances than state-of-the-art
molecular nano-systems and pave the way to quantum applications of nanographene.
Activating buffer layer graphene on SiC through atomic hydrogen exposure
Phillip Bentley, Toby Bird, Kevin Chan, Aaron Graham, Jason Zhang, Aires Ferreira, Steve Tear, and Andrew
Pratt
University of York, UK
Annealing the six- and four-hexagonal polymorphs of silicon carbide in ultrahigh vacuum leads to the
desorption of silicon atoms and the formation of epitaxial graphene. Such a system is of interest due to
silicon carbide’s large bandgap of 3.02 eV and the ability to change both the face polarity and the cutoff
angle of the substrate. It is well know that single layer graphene on the Si-terminated surface of SiC(0001)
features back-bonds to surface Si atoms that inhibits linear dispersion around the Dirac point of the
electronic density of states. However, these back-bonds can be saturated through the intercalation of atomic
hydrogen to leave a quasi-free-standing layer of graphene that is more suitable device applications.
Here, we report on the reversible transformation of the surface density of states (SDOS) as a consequence of
hydrogenation of the Si back-bond state for the 6H-SiC(0001) system. We use ultraviolet photoemission
spectroscopy (UPS) to analyse the transformation of states as a consequence of hydrogenation as well as
the change in UPS due to the transition between the surface reconstructions. Additionally, for the first time
with this system, we use the extremely surface sensitive technique of metastable de-excitation spectroscopy
(MDS) to probe the SDOS of both reconstructions. A strong change in the MDS spectra as a result of
hydrogenation is seen to disappear by annealing to recover the back-bond state. Supporting density
functional theory calculations are presented and compared to the experimental data.
Manufacture of a 7.5 M Long Cryogen-Free Magnet System for Neutron Decay Studies
Roger Mitchell, Jeremy Good, Tom Ritman-Meer
Cryogenic Ltd, UK
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The design of a large purpose built cryogen-free magnet is reviewed. The system has been
manufactured for the Fundamental Neutron Physics Beamline (FNPBL) at the Spallation Neutron
Source (SNS), Oak Ridge, Tennessee.
The magnet system will house a custom spectrometer and be used to measure a, the electronneutrino correlation parameter, and b, the Fierz interference term in neutron beta decay.
The cryostat is cylindrical, nominally 7.5m along its axis and 1.43 m in diameter. It houses a
complex set of niobium-titanium superconducting windings which provide a varying magnetic field
profile along a 320mm diameter gold-plated UHV bore. The bore tube extends along the full length
of the cryostat and has orthogonal ports connected to the neutron beamline. A vacuum of <3.10-10
mbar is achieved.
The stray field generated by the magnet windings surrounding the UHV bore is compensated by a
series of negatively wound co-axial windings which have approximately twice the diameter of the
internal positive windings. The cryostat system will be housed in a passive steel shield to further
compensate the stray field.
The magnet windings operate nominally at 4K and are cooled by four Gifford McMahon two-stage
cryocoolers, each delivering 1.5W cooling power at their second stage. No liquid cryogens are used
for normal operation of the system. The cryostat design allows the magnet system to be operated in
both horizontal and vertical orientations.
Hybrid Organic-Inorganic Systems
(Invited) First Principles Computational Modeling of the Excitonic Properties of Lead-Halide Perovskites
Marina Filip1, 2, Jonah B. Haber1, and Jeffrey B. Neaton1, 2, 3
1
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NanoSciences Institute at Berkeley, USA

Organic-inorganic metal-halide perovskites have emerged as one of the most important class of photovoltaic
materials, with perovskite solar cells currently reaching record power conversion efficiencies that exceed
23%. In addition, three-dimensional (3D) and quasi-two dimensional (2D) layered halide perovskites are
gaining significant momentum in the context of applications to light-emitting devices. Despite these
developments, the fundamental optoelectronic properties of this complex class of materials are not fully
understood. In this context, first principles computational modelling can play a key role in understanding the
electronic and optical properties of 3D and quasi-2D perovskites from an atomistic perspective. In this work
we study the electronic and optical properties of 3D inorganic lead-halide perovskites, and quasi-2D
Ruddlesden-Popper variants, within many-body perturbation theory. In our calculations, we employ the GW
approximation to calculate the quasiparticle band structure, and calculate excitonic spectra within the
Bethe-Salpeter equation, while including the effect of spin-orbit coupling throughout. We focus on the effect
of dimensionality and structural geometry, as well as the effect of chemistry on the optoelectronic properties
of 3D and quasi-2D perovskites. We discuss excitonic fine structure of 3D and quasi-2D perovskite variants,
and make a comparative analysis of the optical spectra and photophysics of these novel 3D and quasi-2D
semiconductors.

26

Probing hot carrier relaxation in Sn- and Pb-containing halide perovskite semiconductors
James Lloyd-Hughes, Maurizio Monti, Jack Woolley, Edward Butler-Caddle, and Michael Staniforth
University of Warwick, UK
The remarkable optoelectronic performance of metal halide perovskites has instigated fundamental research
into their photophysics and photochemistry, including the fundamentals of light absorption and emission,
and electrical transport. Recent studies have revealed unexpected hot carrier phenomena in metal halide
perovskites, whereby at energies high above the band gap, and at high excitation intensities, long-lived hot
carriers have been observed that can undergo long-range transport. This has opened the possibility of
harvesting and exploiting hot carriers in semiconductor devices, for instance to overcome the SchockleyQueisser limit in photovoltaic cells.
In order to investigate the fundamental physics of energy relaxation following photoexcitation in the halide
perovskites we adopted a multi-technique approach based on two ultrafast spectroscopy techniques -optical-pump, THz-probe spectroscopy (OPTPS) and optical-pump, white-light probe spectroscopy (OPWLPs)
-- combined with photoluminescence spectroscopy. The dynamic increase in terahertz photoconductivity
witnessed by OPTPS was used to track the formation of highly mobile charges, resulting from energetic
intraband relaxation. The conductivity rise time obtained with OPTP was fully consistent with the timescale for
the reduction in the electronic temperature, as deduced from OPWLPs.
We explored a range of Pb- and Sn- based halide perovskites, and discovered that Pb-containing materials
exhibited substantially faster energy relaxation than the Sn perovsites, signifying a stronger electron-phonon
interaction. The findings provide insights into the fundamental timescales for energy relaxation and the
formation of mobile charges in perovskite semiconductors.
Strong light-matter coupling for reduced voltage losses in organic photovoltaics
Andreas Mischok1, Vasileios Christos Nikolis2, Bernhard Siegmund5, Jonas Kublitski2, Ulrich Hörmann3, Dieter
Neher3, Malte Christian Gather1, and Koen Vandewal4
1

University of St Andrews, UK, 2TU Dresden, Germany, 3University of Potsdam, Germany, 4Hasselt University,
Belgium,5 Heliatek GmbH, Germany
Strong light-matter coupling can be utilized to manipulate the optical and electronic properties of
photoactive materials. Here, we explore the use of strong coupling in organic photovoltaics. By introducing
an organic solar cell into a metal-metal microcavity, we observe polariton formation from the singlet excited
state of the electron donor chloroboron subnaphthalocyanine (SubNc) and the cavity photon. As a
consequence of the energetic split upon polariton formation, the lowest absorption level and thus optical
gap Eopt of the material is red-shifted without any chemical alteration.
Combining SubNc with a fullerene (C60) acceptor, we manage to decrease the driving force for electron
transfer between the optical gap and the weakly absorbing C60-SubNc charge transfer state, which remains
unaffected by strong coupling.
Utilizing SubNc in combination with a hexachloro phenoxy chloroboron subphtalocyanine (SubPc) acceptor,
we observe strong coupling between both SubPc and SubNc singlet excitons and cavity photons. In the
resulting solar cell, the corresponding optical gap is again lowered and the absorption edge steepens when
going from an inhomogeneously broadened exciton to a homogeneously broadened polariton. As the open
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circuit voltage VOC of the device stays unaffected, we thus effectively decrease the voltage losses Eopt-eVoc
from 0.58eV to 0.52eV. As a result of the steepened absorption edge in this organic solar cell, we achieve
an Urbach energy of only 15.6meV, which is comparable to that of lead halide perovskite devices.
Light Scattering from Solid-State Quantum Emitters: Beyond the Atomic Picture
Catherine Phillips1, Alistair Brash1, Jake Iles-Smith1, 2, Dara McCutcheon3, Jesper Mork4, Maurice Skolnick1,
Mark Fox1, and Ashan Nazir2
1

University of Sheffield, UK, 2University of Manchester, UK, 3University of Bristol, UK, 4Technical University of
Denmark, Denmark
The coherent scattering of light by a single quantum emitter is a fundamental building block of quantum
optics and offers exciting possibilities to generate non-classical states of light, coherently manipulate spins
and generate entanglement between remote qubits. However, solid state emitters differ fundamentally from
the atomic systems where such scattering was first observed as they are coupled to the environment of the
host material. A particularly important example is the deformation potential coupling of self-assembled QDs
to longitudinal acoustic (LA) phonons. In this work we use both experiment and theory to go beyond the
atomic picture, developing an intuitive picture of scattering from solid-state emitters based on the phonondressing of the optical transition.
Phonon relaxation within the ground state manifold provides a pathway for Stokes and anti-Stokes
scattering, leading to a phonon sideband in the emission spectrum that persists even in the coherent
scattering regime. Owing to their origin in the ground state, these processes are not suppressed even in the
limits of vanishingly weak excitation or large detuning between the laser and the emitter. Furthermore, we
also show that the phonon coupling of the excited state causes an asymmetric, non-monotonic dependence
of the coherent fraction when detuning the laser from the transition, in strong contrast to the atomic model
where a symmetric, monotonic increase is expected. I will discuss the consequences of our results in the
context of applications and also demonstrate that cavity-QED can help reduce but not eliminate these
effects.

Session 4
Superconductivity
(Invited) High field Hall effect across the cuprate phase diagram
Antony Carrington
University of Bristol, UK
The Hall number in the low temperature, high field limit (nH) has a particular significance because within
conventional transport theory it is simply related the number of charge carriers and so its evolution with the
number of carriers doped into the material gives crucial information about the nature of the charge
transport. Here I report a study of the high field Hall coefficient of the single layer cuprates Tl2201 and
(Pb/La) doped Bi2201 which shows how nH evolves in the overdoped, so-called strange metal, phase of
cuprates. We find that hole concentration inferred from nH increases smoothly from p to 1+p, where p is the
number of holes doped into the parent insulating state, over a wide range of the overdoped part of the phase
diagram. Surprisingly, this evolution continues beyond the critical hole doping p at which the normal state
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pseudogap closes. Indeed the evolution of nH seems to correlate with the emergence of the anomalous
linear-in-T term in the longitudinal resistivity rather than the appearance of a pseudogap. The relation to
previous data on other cuprates YBCO and LSCO will be discussed.
Magnetic excitations in Sr2CuO2Cl2 and La2CuO4
Nicholas Brookes1, 2, Davide Betto1, 3, Roberto Fumagalli4, Giacomo Ghiringhelli4, Lucio Braicovich4, and Jose
Lorenzana5
1

ESRF, France, 2DLS, France, 3Max Planck Institute, Germany, 4Politecnico di Milano, Italy, 5Institute of
Complex Systems, Italy
The spin ½ antiferromagnetic (AFM) two-dimensional (2D) square lattice is one of the best studied quantum
systems and represents a benchmark for quantum magnetism. In particular, a square AFM lattice in the
CuO2 planes represents the building block for layered high-temperature cuprate superconductors. The parent
compounds La2CuO4 (LCO)[1] and Sr2CuO2Cl2 (SCOC)[2] are well known examples of 2D AFM systems and
their spin wave excitations have been investigated by inelastic neutron scattering (INS). Recently, resonant
inelastic x-ray scattering (RIXS) has also proven to be a useful technique to study a great variety of
excitations in strongly correlated systems. However, Plumb et al.[2] pointed out discrepancies between INS
and RIXS measurements in the magnetic excitation dispersion of SCOC close to q = (½, 0) r.l.u.
Here, we report state-of-the-art ultra-high energy resolution RIXS measurements on LCO and SCOC. We find
that the single magnon excitations always show an asymmetric lineshape; this asymmetry increases moving
from Γ to (½, 0). We interpret this as a signature of a Fano-like process induced by the interaction between
the single magnon and the very broad bimagnon continuum of excitations. Considering this, the LCO spin
wave dispersion matches the one from INS, while the discrepancy for SCOC is reduced to ~15 meV. This
effect is more pronounced in SCOC than in LCO because in the latter the bimagnon excitations are at higher
energy.
[1] N. S. Headings et al., PRL 105, 247001 (2010).
[2] K. W. Plumb et al., PRB 89, 180410 (2014).
Interplay between charge order and superconductivity in the vortex-state of high-Tc cuprates
Yu-Te Hsu1, Maarten Berben1, Matija Culo1, Nigel Hussey1, Stephen Hayden2, Hidenori Takagi3, and Takeshi
Kondo4
1

High Field Magnet Laboratory, The Netherlands, 2University of Bristol, UK, 3Max Planck Institute, Germany,
University of Tokyo, Japan
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The pseudogap regime in the high-Tc cuprates is to known to host a plethora of electronic orders, whose
interplay with superconductivity is yet unclear. Charge order, recently found to be common among the
underdoped cuprates, is argued to compete with superconductivity and suppress the upper critical field
(Hc2) to approximately 25 T at p ≈ 12% in YBa2Cu3O6+x (Y123). The vortex-solid boundary, defined as the
border below which the resistivity is zero in the temperature-magnetic field phase diagram and expected to
merge with Hc2 at low temperature, has been predominately probed using pulsed magnetic fields where a
high electrical current ≈10 mA is required. Previously, we have found that the onset magnetic field of finite
resistivity (Hr) in p ≈ 12% Y123 exhibits an unusual dependence on the applied current at temperatures
below 10 K, which leads to the observation of zero-resistivity superconductivity beyond 45 T at 40 mK when
a vanishingly low current of 0.01 mA is used.
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In order to ascertain whether this current dependence of Hr is specific to Y123 or a generic behaviour of
underdoped cuprates, we studied three other cuprates with different crystal structures, levels of homogeneity
and Tc's: La2-xSrxCuO4 (La-214), Bi2Sr2-xLaxCuO6+y (Bi-2201), and YBa2Cu4O8 (Y124). By measuring
the electrical resistivity over a broad range of doping and current, we found that the occurrence of currentdependent Hr is confined within the doping range where the existence of charge order is established in these
compounds. We further discuss the possible origin and implications of our results.
Superfluid density and overdoped cuprates – conventional but phase separated
Jeffery Tallon
Victoria University of Wellington, New Zealand
Muon spin relaxation and specific heat data are presented to probe the electronic state of several overdoped
cuprate superconductors. The electronic specific heat to 300 K captures the full spectrum of low-lying spin
and charge excitations up to about 100 meV. The field-dependent electronic specific heat allows the
calculation of the penetration depth and superfluid density. We show that (i) in the overdoped state a
progressive phase separation takes place causing the superfluid density to increasingly weaken, with the
ultimate suppression of superconductivity; (ii) the behaviour is otherwise apparently very conventional with
the two BCS ratios for d-wave superconductivity being sustained; and (iii) the reported coincidence of the
pseudogap with a Lifshitz transition is not supported, and neither is the associated re-entrant
superconductivity.
Design and characterization of Josephson Travelling-Wave Parametric Amplifiers
Ilya Golokolenov1,2, Erik Jellyman1, Christoph Kissling3, Sergey Kafanov1, Andrew Guthrie1,
Marat Khabipov3, Ralf Dolata3, Jon Prance1, Yuri Pashkin1 and Alexander Zorin3
1

Lancaster University, UK, 2National Research University HSE, Russia, 3Physikalisch-Technische
Bundesanstalt, Germany
Superconducting circuits possess unique properties that make them suitable for applications in a variety of
areas. The key element of the circuit is a Josephson junction that can be viewed as a non-linear inductor. The
junction inductance is determined by its critical current, whose value is defined in the fabrication and can
also be adjusted in the experiment
We are developing a Josephson traveling-wave parametric amplifier (JTWPA), which was proposed recently
[1,2], using all-aluminium technology. The device is a superconducting coplanar transmission line with an
array of ~ 100-1000 non-hysteretic RF-SQUIDs inserted in the central line. Each cell of the array has a
specific capacitance and inductance that determine the desired 50 Ω impedance. The Josephson
inductance exceed the geometric inductance and is in parallel to the latter. Therefore, its modulation does
not affect the wave impedance of the device. Depending on the circuit design, modulation of the Josephson
inductance is achieved either by the strong pump signal applied to the input port or by the external magnetic
flux. The SQUID array is analogous to a one-dimensional artificial medium with well-controlled quadratic and
cubic non-linearities giving rise to 2nd and 3rd harmonics of the signal. This allows the device operation in
the four-wave and three-wave mixing regimes.
We are characterizing JTWPAs in a dilution refrigerator with a base temperature of 8 mK. In the three-wavemixing regime, the device can yield 20 dB gain for signals in the GHz range and ensures large separation in
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frequency between the signal and the pump, which make it an ideal first-stage amplifier for measurements
of weak signals.
[1] A.B. Zorin, Phys. Rev. Applied 6, 034006 (2016).
[2] A.B. Zorin, arXiv:1804.09109.

Multiferroics and Spintronics
(Invited) The Bulk Photovoltaic Effect in Non-centrosymmetric Materials
Mingmin Yang, Marin Alexe
University of Warwick, UK
The bulk photovoltaic effect, which is an intrinsic property of materials lacking centrosymmetry, has attracted
renewed attention recently and emerged as a topic of both fundamental interest and technological
importance. After briefly reviewing the history of the bulk photovoltaic effect since the 1970s, this talk will
first discuss the roles of ferroelectric polarization in the manifestation of the bulk photovoltaic effect in
ferroelectric materials. Afterwards, reversible optical control of ferroelectric polarization at room temperature
will be introduced. By the combination of the bulk photovoltaic effect and atomic force microscope tip, the
ferroelectric polarization of BiFeO3 thin film can be reversibly switched solely by light via changing
illumination areas or simply rotating light polarization angles. This strategy can also be used to optical
control of the resistance in ferroelectric tunnel junctions. At last, a fundamentally new photovoltaic
mechanism termed the flexo-photovoltaic effect will be introduced, which generalize the bulk photovoltaic
effect from non-centrosymmetric materials into any semiconductors regardless of their symmetry. This
finding would not only extend present solar cell technologies by boosting the solar energy conversion
efficiency from a wide pool of established semiconductors, but also provides new insights into understanding
the structure-property correlations in photo-active materials.
Fe4Ta2O9-A NewType-II Multiferroics
Soumendra Nath Panja1, Luminita Harnagea1, Jitender Kumar1, Prashanta Mukharjee1, Ramesh Chandra
Nath1, Arunkumar Nigam2, and Sunil Nair1
1
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We report on the magnetic, thermodynamic, dielectric, and pyroelectric measurements on the hitherto
unreported Fe4Ta2O9. This system is seen to exhibit a series of magnetic transitions, many of which are
coupled to the emergence of ferroelectric order, making Fe4Ta2O9 the only genuine multiferroic in its material
class. We suggest that the observed properties arise as a consequence of an effective reduction in the
dimensionality of the magnetic lattice, with the magnetically active Fe2+ ions preferentially occupying a
quasi-two-dimensional buckled honeycomb structure. The low-temperature H-T phase diagram of Fe4Ta2O9
reveals a rich variety of coupled magnetic and ferroelectric phases similar to that observed in the distorted
kagome systems.
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Tracking a hysteretic and disorder-broadened phase transition via the electromagnon response in improper
ferroelectrics
Connor Mosley, Dharmalingam Prabhakaran, and James Lloyd-Hughes
University of Warwick, UK
We demonstrate that electromagnons can be used to directly probe the nature of a phase transition between
magnetically ordered phases in an improper ferroelectric. The antiferromagnetic/paraelectric to
antiferromagnetic/ferroelectric phase transition in Cu1-xZnxO (x=0, 0.05) alloys was tracked via the
electromagnon response using terahertz time-domain spectroscopy, on heating and cooling through the
phase transition. The transition was found to exhibit thermal hysteresis, confirming its first-order nature, and
to broaden under the influence of spin-disorder upon Zn substitution. The energy of the electromagnon
increases upon alloying, as a result of the non-magnetic ions modifying the magnetic interactions that give
rise to the multiferroic phase and electromagnons. We describe our findings in the context of recent
theoretical work that examined improper ferroelectricity and electromagnons in CuO from phenomenological
and first-principles approaches.
Magnetic anisotropy in actinide-based magnetic bilayers
Emma Gilroy, Ross Springell, and Chris Bell
University of Bristol, UK
Large spin-orbit coupling in metals is promising for producing highly spin polarised currents for spintronics
via the spin Hall effect. However, the presence of induced magnetic moments in heavy elements at
interfaces with ferromagnets is known to occur (e.g. in Pt and Pd), but the effect on spin transport across the
interface is an unresolved question. Naively, due to its large mass, uranium is another interesting candidate
for studying spin-orbit coupling and spintronics. Notably, it has been shown using x-ray circular dichroism
that a significant induced moment occurs in Fe/U multilayers but not in Ni/U or Co/U. These results motivate
magnetotransport studies of FM/U bilayer thin films, where FM = Fe, Ni or Co, to disentangle the role of spinorbit coupling from that of induced moment. In the first instance, we focus on room temperature
magnetometry and magnetoresistance measurements for various U thicknesses. We will discuss our
preliminary studies which show potential oscillations of in-plane anisotropy with increasing U thickness, as
well as re-entrant perpendicular anisotropy.
Coherent manipulation of spin states in graphene nanostructures
Lapo Bogani, Michael Slota, Federico Lombardi
University of Oxford, UK
Controlling the dynamics of spins in carbon nanosystems is pivotal to the design of spintronic and quantum
computing devices. Graphene ribbons with nanometer-scale widths should exhibit half-metallicity, quantum
confinement and magnetic edge effects, while point-defects in graphene lattices are predicted to have long
coherence times. Experimental investigations are however hampered by the lack of precise atomic-level
control of the graphene lattice. Here we provide an experimental testing ground of theoretical predictions, by
shaping the graphene lattice using molecular techniques, to probe spin-graphene interactions.
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We show how graphene nanoribbons made via molecular routes can be functionalized to create almost-ideal
magnetic structures to test a decade of theoretical work. We observe the predicted delocalized magnetic
edge states, and comparison with a non-graphitized reference material allows clear identification of
fingerprint behaviours. We quantify the spin-orbit coupling parameters, define the interaction patterns, and
unravel the spin decoherence channels. Even without any optimization, the spin coherence time is in the µs
range at room temperature, and we perform quantum inversion operations between edge and radical spins.
Eventually we show how molecular synthesis can lead to the rational, precise inclusion of five-membered
disclination sites in graphene dots, thus realizing one of the earliest theoretical concepts for magnetic
functionalization of graphene. We show that coherence times of >400 μs can be achieved above liquid
nitrogen temperature, and we discuss the effect of nuclear bath and the environment.

Surface Physics
(Invited) Achieving giant Rashba splitting in transition metal oxide surface states
Veronika Sunko1, Helge Rosner1, Pallavi Kushwaha1, Seunghyun Khim1, Federico Mazzola2, Lewis Bawden2,
Oliver J. Clark2, Jonathon M. Riley2, Maurits W. Haverkort1, Andrew P. Mackenzie1, and Philip D. C. King1
1
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Considerable attention has been paid recently to the ability of electronic states to lose their spin degeneracy
at surfaces and interfaces, hence becoming ‘spin-split’. This is in part because of the hope that this property
can be used to create a new type of electronics, using both spin and charge of the electrons, but also
because such spin-splitting can lead to new ground states of fundamental interest. It is thus desirable to
maximise this effect, and increase the energy difference between states of opposite spin. Based on the large
majority of existing experimental evidence gathered to date, this energy scale is usually a relatively small
fraction of the bare spin-orbit coupling scale of the atoms involved. We have however shown that this need
not be the case. Using modern synchrotron based spin and angle resolved photoemission spectroscopy to
image spin-split states on the surfaces of delafossite oxides PdCoO2, PtCoO2 and PdRhO2, we have
observed spin-splitting of the size of the full atomic spin-orbit coupling of the relevant atoms. Comparing
these experimental results, first-principles theory, and minimal tight binding models, we were able to
understand how this arises as a consequence of the relative size of the two relevant energy scales, spin-orbit
coupling and inversion symmetry breaking. What is more, we show how certain structural configurations may
aid the creation of such states, an insight relevant for design of new materials.
Observation of Efros and Shklovskii Regime on Sb2Te3 nanocrystallites embedded into an amorphous matrix
Sofia Ferreira Teixeira1, Ana L.Pires1, Will R. Branford2, João P. Araújo1, Lesley F. Cohen2, and André M.
Pereira1
1
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Topological Insulators (TI) are a recently discovered category of materials. 3D TIs host a protected metallic
state on their surface while having an insulating bulk. This state appears in the form of a spin-textured Dirac
cone, where spin is locked with momentum. Due to these properties, a wide range of applications are
foreseen to exist, from spintronics to superconductors. However, more studies and experimental realisation
of the TI nanomaterials are still lacking.
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In this presentation, the structural and electrical properties of a uniform nanocrystalline Sb2Te3 thin film
fabricated by ion beam sputter deposition are going to be addressed. A discussion on how the thin film bulk
conduction is dominated by Variable Range Hopping (VRH) in an Efros and Shklovskii (ES) regime is being
presented. However, the presence of the weak antilocalisation (WAL) cusps on the magnetoresistance at low
temperatures and modest magnetic fields is also analysed to show that it is consistent with the existence of
the TI surface state, having a magnetic localisation length Lϕ of 62 nm and a single two-dimensional channel
open at 2 K. As the thin film has been made using a scalable inexpensive deposition method, the results
presented here herald promising future applications of this interesting topological insulator material.
Angle-resolved photoemission spectroscopy of twisted bi- and trilayer graphene
Marcin Mucha-Kruczynski, Joshua Thompson, and Aitor Garcia-Ruiz
University of Bath, UK
Angle-resolved photoemission spectroscopy (ARPES) is a powerful method of exploring the electronic band
structure of solids, in particular 2D materials. Here, we study theoretically ARPES spectra of bi- and tri-layer
stacks of graphene with one twisted interface.
We model ARPES spectra of twisted bilayer graphene for a broad range of the twist angle θ, from the “magic
angle” limit of ~1° to the maximum twist angles of ~30°. The momentum resolution of ARPES as well as
sensitivity to chirality of electrons in graphene allows us to track the positions of the Dirac points across the
“magic angle” condition of a flat miniband. At the same time, we show that for large angles, Bragg scattering
on moiré superlattice leads to significant changes in the vicinity of the M points of the graphene Brillouin
zone.
In contrast, stacks of three layers, with two forming a Bernal bilayer and the third one twisted, are special
because they are the thinnest structures that contain both aligned and misaligned configurations. While the
former can be easily described using real-space tight-binding model, the latter is commonly modelled by
coupling graphene electrons in the reciprocal space. The complementarity of the two spaces allows us to
build a model in which the interatomic potential between carbons is described in a self-consistent fashion.
We show that ARPES spectra of twisted trilayer graphene allow determination of this potential for a simple
ansatz without additional external input. Importantly, our approach can be applied to many other van der
Waals interfaces.
Molecular-graphene-nanoribbon electronic nanodevices
Tian Pei1, Nicola Dotti1, Pascal Gehring2, Hatef Sadeghi3, Yunbin Hu4, Akimitsu Narita4, Sara Sangtarash3,
Colin Lambert3, Andrew Briggs1, Klaus Müllen4, and Lapo Bogani1
1

University of Oxford, UK, 2TU Delft, The Netherlands,3 University of Lancaster, UK, 4Max Planck Institute,
Germany
An enduring challenge in nanotechnology is the fabrication of devices that are nanometers long, yet defined
down to the single-atom level. This degree of control remains an aspiration in quantum electronics:
quantum-dots display a distribution of sizes and shapes, and carbon-nanotubes have varying chiral indices.
Graphene nanoribbons should display half-metallicity, quantum confinement and magnetic edge effects,
solely when their edges are shaped with molecular precision. Chemically-synthesised graphene
nanoribbons, now provide the necessary structural control, but their potential for quantum electronics is

34

largely unexplored. Here we demonstrate electronic nanodevices based on molecular graphene nanoribbons
that are exactly 5 benzene-rings-wide and mass-produced via solution chemistry. At room-temperature the
devices operate as ambi-polar transistors, while at low temperature the microscopic details define the
quantum transport. The evolution of the states in magnetic fields shows a behaviour completely opposite to
non-molecular nanoribbons. We quantify the spin-orbit coupling and the spin coherence length, and identify
time-reversal symmetry breaking in a universality-class transition. These results demonstrate molecularlyshaped elements in quantum electronics, and open the path to the introduction of functional groups and
topological phenomena, via synthetic design.
Finite kz states and missing electron bands in the Quasiparticle Interference measurements of FeSe
Luke Rhodes1, Matthew Watson1, Timur Kim2, and Matthias Eschrig3
1

University of St Andrews, UK, 2Diamond Light Source Ltd, UK, 3Royal Holloway University of London, UK

Recent Quasiparticle Interference (QPI) experiments on FeSe have revealed strikingly anisotropic scattering
dispersions in the underlying, nematic, electronic structure. Here we show that these anisotropies can be
directly accounted for in a model of FeSe which describes the electronic structure determined by
photoemission experiments. We find that, despite the quasi-two-dimensional nature of this material, the kz
dependence of the electronic structure plays a vital role in the observed QPI measurements within the energy
range of +50 meV. Furthermore, although conventional theoretical models of FeSe consist of one hole
pocket and two electron pockets at the Fermi level, we find that the experimental QPI data is in agreement
with a model that only consists of one hole pocket and a single electron pocket, in direct agreement with
photoemission studies on detwinned crystals of FeSe. This result unifies both tunnelling and photoemission
based experiments on FeSe and provides important insight into the low-temperature electronic structure of
FeSe within a single domain.

Session 5
Superconductivity
Supercurrent in ferromagnetic Josephson junctions with heavy metal interlayers
Nathan Satchell1 and Norman Birge2
1

University of Leeds, UK, 2Michigan State University, USA

The ferromagnet-superconductor (F-S) proximity effect in thin films is an area of intense research effort due
to the new physics revealed at such interfaces. An effective way to explore and exploit this new physics is the
fabrication of ferromagnetic Josephson junctions. These typically take the form: S/N/F/N/S, where N a
normal metal. The role of the N spacer layer is usually to promote the growth of the F layer – which may not
be well lattice matched with the S layer. The critical current density of these junctions oscillates in sign and
diminishes over very small thicknesses of F due to the exchange field dephasing Cooper pairs. By including
two additional F’, F” layers in a S/N/F’/N/F/N/F”/N/S junction, singlet Cooper pairs can be converted to
spin aligned triplet Cooper pairs, which are not dephased by the exchange field and penetrate deep into the
middle F layer. These triplet Cooper pairs carry a dissipationless spin current and are the fundamental
building block for the fledging field of superspintronics. It has been theoretically predicted that replacing the
N/F’/N and N/F”/N layers with a single layer NSOC (where NSOC is a heavy metal with Rashba spin-orbit
coupling) can also generate triplet Cooper pairs. In this work we describe our experimental progress to
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realise such a junction in two distinct F layer systems; a Co/Ru/Co synthetic antiferromagnet and a Co/Ni
multilayer with canted magnetisation.
Communal Pairing in spin-imbalanced Fermi gases
Darryl Foo, Thomas Whitehead, Gareth Conduit
University of Cambridge, UK
A spin-imbalanced Fermi gas with an attractive contact interaction forms a superconducting state whose
underlying components are superpositions of Cooper pairs that share minority-spin fermions. This
superconducting state includes correlations between all available fermions, making it energetically favorable
to the Fulde--Ferrell--Larkin--Ovchinnikov superconducting state. The ratio of the number of up- and downspin fermions in the instability is set by the ratio of the up- and down-spin density of states in momentum at
the Fermi surfaces, to fully utilize the accessible fermions. We present analytical and complementary
Diffusion Monte Carlo results for the state, revealing a nonzero condensate fraction across a range of nonzero
fermion pair momenta.
Non-linear Meissner response in unconventional superconductors: CeCoIn5 and KFe2As2
Joe Wilcox1, Dariusz Kazcorowski2, Liam Malone1, Frederic Hardy3, Carsten Putzke4, Thomas Wolf3, Peter
Adelmann3, Christoph Meingast3, and Antony Carrington1
1
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One of the key predictions of the theory of unconventional superconductors is that the Meissner response
should be non-linear in the applied field, that is that the effective magnetic penetration depth should be field
dependent in sharp contrast to the field-independent behaviour observed in conventional superconductors
with isotropic gaps. This effect was searched for extensively in cuprates but was not clearly observed,
possibly because of other competing effects such as the formation of Andreev bound states. Here we have
measured the field dependence of the penetration depth in two other putative nodal superconductors:
CeCoIn5 and KFe2As2. Measurements were made down to 50mK in fields up to and slightly exceeding the
lower critical field.
For CeCoIn5 the field dependence of the penetration depth displays many of the hallmarks of the theoretical
predictions for a d-wave superconductor thus confirming for the first time the validity of the theory. Some
aspects are however unexplained by existing theory and may require extensions to include the possible
multiband-multigap nature of superconductivity in this material.
For KFe2As2 a quite different response was found, which together with the ease with which gapped
behaviour may be induced in the temperature dependence of the penetration depth suggests that any nodes
in the gap function of this material are not symmetry protected and negative parts of the gap function are
shallow and easily lifted by disorder.
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2D Materials
Electronic contributions to the Raman spectrum of twisted bilayer graphene
Aitor Garcia-Ruiz1, Marcin Mucha-Kruczynski1, Joshua Thompson1, and Vladimir Falko2
1
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The interest in the physics of twisted bilayer graphene (tBLG) has been redoubled following the recent
discovery in this material of a superconducting phase. In this system, the coupling between the two
graphene monolayers hybridises Dirac states, resulting in a reduction of the Fermi velocity and the formation
of van Hove singularities (VHSs). The position of these VHSs is closely connected to the twist angle, drifting
towards the neutrality point as the angle becomes smaller. For a twist angle around 1.1o, the first bands
below and above the neutrality point become flat, and electron-electron interaction takes over, leading to the
appearance of strongly correlated phenomena.
Here, using the continuum model, we study theoretically the purely electronic contributions to the Raman
spectrum of tBLG for twist angles close to the magic angle. We show that non-resonant excitation of electronhole pairs between the first minibands above and below the neutrality point lead to a peak, the position of
which is determined by the twist angle. We estimate the quantum efficiency of this Raman feature as ∼1013, about two orders of magnitude less than the intensity of the G peak. Because of its electronic origin, the
new peak provides direct information about the flatness of the first minibands in tBLG.
Microwave Method for Non-contact Electrical Characterisation of Graphene and other 2D Materials
Ling Hao and John Gallop
National Physical Laboratory, UK
Graphene's high conductivity and low thickness enable a unique non-contact technique for measurement of
sheet resistance, using a technique based on perturbation of a microwave dielectric resonator [1]. We
describe the principles of the technique as well as recent developments using an open microwave resonator
for non-contact and fast measure the electrical properties of the graphene and other 2D materials. This has
the potential to allow on-line sensing of graphene electrical properties (without the need for patterning or
contact) in a roll-to-roll growth facility, for example.
Mapping the properties of larger area monolayer CVD graphene properties is also described. Comparison
between the non-contacting microwave measurement and conventional 4-terminal van der Pauw shows
good agreement. We are also developing a near-field dielectric resonator microwave system to allow us to
characterisation the electrical properties down to micro-scale.
We have a patented technique for non-contacting measurement of graphene and other think film mobility
and carrier concentration, based on a microwave version of the Hall effect when a magnetic field is applied.
Recent experiments show that this may also be done in an open resonator configuration, using a permanent
magnet, with further potential real-world quality-control applications.
[1] L. Hao et al. Appl. Phys. Lett. 103, 123103 (2013).
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Orbital-selective hybridisations in the CDW phase of monolayer TiSe2
Matthew Watson, Akhil Rajan, Kaycee Underwood, and Phil King
University of St. Andrews, UK
Monolayers of transition metal dichalcogenides allow us to probe how the charge density wave instabilities
found in the layered bulk materials develop in the true 2D limit. A peculiar case is TiSe2, intrinsically a
narrow-gap semiconductor, but which undergoes a CDW-like transition at Tc ≈ 210 K in the monolayer. Our
ARPES measurements on quasi-freestanding monolayers of TiSe2 enable us to track the band hybridisations
that develop through the CDW transition, enabled by a 2x2 reconstruction of the lattice. In the bulk, these
hybridisations were found to have an important dependence on the out-of-plane momentum [1], but the
simplifications offered by the 2D limit allows for more quantitative analysis. By comparing ARPES
dispersions with a tight-binding model, we find that a key concept is an orbital-selective hybridisation, in
which the d3z2-r2 orbital component of the Ti conduction band does not hybridise, but other orbitals hybridise
strongly with the Se-derived valence bands. Our analysis further shows that the band hybridisations
observed in the ground state can be accurately accounted for by the atomic displacements alone, putting
tight constraints on any purely electronic term, such as the proposed excitonic insulator instability.
[1] Watson et al. Phys. Rev. Lett. 122, 076404 (2019)

Electron Structure
QSGW+DMFT Description of Many-body phenomena
Mark van Schilfgaarde
King’s College London, UK
Constructing a model-free, general-purpose solver for the many-body Schrodinger equation is a Herculean
task, yet our ability to do so has evolved dramatically in recent years. Density-functional theory is the most
popular approach because of its simplicity, but practical implementations are based on some ansatz which
limits its reliability. To correct one or another of its failings, a crazy-quilt of extensions have evolved. However
the model-like flavor of such additions introduces arbitrariness in the theory. Green's function methods, in
contrast, are transparent; however in practice they are usually built around a DFT-like starting point, and
inconsistencies and ambiguities get propagated into the higher level theory. We show how the quasiparticle
self-consistent GW approximation (QSGW) eliminates the ambiguities in starting point dependence, and
dramatically improves on the quality of the effective one-body Hamiltonian while remaining in a true ab initio
framework. We show examples where QSGW can do an excellent job at predicting one-and two-particle
properties of a wide range of systems, particularly when ladder diagrams are added to W.
These diagrams leave out spin fluctuations, and the theory begins to break down where they become
important. Dynamical Mean Field Theory (DMFT) is the most widely use approach to strongly correlated
systems. Since the largest spin correlations are local, combining QSGW with DMFT should result in a very
good description of strongly correlated systems with large spin fluctuations. We show several examples
demonstrating this, in particular how this (nearly) ab initio treatment can provide insight into
superconductivity in Sr2RuO4 in a manner that model descriptions cannot.
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Band structure study of anisotropic magnetic interactions in Iridium oxides
Alexander Yaresko
Max Planck Institute for Solid State Research, Germany
Because of strong spin-orbit coupling of Iridium magnetic interaction in Ir4+ oxides cannot be described by an
isotropic Heisenberg-like model and anisotropic exchange interactions become important. In α-Na2IrO3, in
which edge sharing IrO octahedra form a honeycomb lattice, magnetic interaction were suggested to be
bond-dependent and to be described by the Kitaev model. On the other hand, in Sr2IrO4 with corner sharing
octahedra the dominant magnetic interactions are isotropic nearest neighbor J and anti-symmetric
Dzyaloshinskii-Moriya (DM) interactions. We performed LSDA+U band structure calculations for α-Na2IrO3,
Sr2IrO4, and Y2Ir2O7 assuming different magnetic configurations constrained by the lattice symmetry. Then,
anisotropic magnetic interactions were estimated by mapping the total energy differences onto an effective
model which includes isotropic Heisenberg-like as well as bond-dependent anisotropic magnetic
interactions. In α-Na2IrO3, the total energy differences cannot be described by the isotropic Heisenberg-like
model and symmetric anisotropic terms are at least as strong as the isotropic ones. In Sr2IrO4 and Y2Ir2O7
with pyrochlore structure, the dominant anisotropic exchange is the anti-symmetric DM interaction.

Plenary 3
(Plenary) Artificial Ferroic Systems: from hybrid systems to magnetic metamaterials
Laura Heyderman
ETH Zurich - Paul Scherrer Institute, Switzerland
In artificial ferroic systems [1], novel functionality is engineered through the combination of designed ferroic
structures and the control of the interactions between the different components. In hybrid mesoscopic
structures incorporating two different ferromagnetic layers, the static and dynamic behaviour result from the
mutual imprint of the magnetic domain configurations. Here, vortex core reversal can be induced by
displacing the core across a domain boundary with a magnetic field [2].
In artificial spin ice, consisting of arrays of dipolar-coupled nanomagnets arranged in frustrated geometries,
a number of interesting collective phenomena can be observed such as emergent magnetic monopoles [3]
and phase transitions [4]. In thermally-active systems with superparamagnetic elements, there is a
geometry-dependent evolution of magnetic configurations to the lowest-energy states [5], and this dynamic
process can be chiral [6]. It is also possible to create artificial toroidal crystals [7] and implement these
nanomagnetic systems for reproducible logic operations [8]. Finally, we have developed synchrotron x-ray
tomography methods to obtain chemical, structural and magnetic information in 3D [9].
[1] L.J. Heyderman and R.L. Stamps, JPCM (2013)
[2] P. Wohlhuter et al. Nat Commun (2015)
[3] E. Mengotti et al. Nature Phys (2011)
[4] L. Anghinolfi et al. Nat Commun (2015); N. Leo et al. Nat Commun (2018)
[5] A. Farhan et al. Nature Phys and PRL (2013)
[6] S. Gliga et al. Nat Mater (2017)
[7] J. Lehmann et al. Nat. Nanotechnol. (2019)
[8] H. Arava et al. Nanotechnology (2018)
[9] C. Donnelly et al. PRL (2015) & Nature (2017)
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Session 6
Superconductivity
Tunable superconductivity and quantum sub-bands in SrTiO3-based heterostructures
Christopher Bell
University of Bristol, UK
At low temperatures bulk SrTiO3 is on the border of ferroelectricity, and can be doped to create a low density
superconductor with high electron mobility. In parallel with bulk investigations into the origins of
superconductivity in this system, there has been much interest in low dimensional SrTiO3 heterostructures,
where quantum sub-bands can be controllably formed. A central question for the heterostructure studies is
the impact of the sub-band quantization on the superconductivity. Single delta-doped layers, using Nb as
the electron donor, with the electrons symmetrically confined, show enhanced electron mobility, 2D
superconductivity and 2D quantum oscillations in the thin limit. Notably however we do not observe large
changes in the superconducting transition temperatures despite the significant band structure modulation.
More complex systems using coupled double delta-doped layers allow us to drive towards tunable sub-band
superconductivity, offering a controlled way to explore this fascinating quantum material.
Mesoscopic pairing without superconductivity
Johannes Hofmann
University of Cambridge, UK
Motivated by experiments on SrTiO3 nanowires, I shall present recent theory results on pairing signatures in
mesoscopic nanowires with a variable attractive pairing interaction. Depending on the wire length, density,
and interaction strength, these systems realize a simultaneous bulk-to-mesoscopic and BCS-BEC crossover,
which can be described in terms of a parity parameter that quantifies the odd-even energy difference and
generalizes the bulk Cooper pair binding energy to mesoscopic systems. The parity parameter can be
extracted from recent measurements of conductance oscillations in SrTiO3 nanowires by Cheng et al.
[Nature (London) 521, 196 (2015)], where it marks the critical magnetic field that separates pair and
single-particle currents. Our results place the experiment in the fluctuation-dominated mesoscopic regime on
the BCS side of the crossover.
Anomalous Surface Magnetisation in Nonsymmorphic Superconductor In2Bi
Irina Grigorieva
University of Manchester, UK
Nonsymmorphic superconductors belong to a class of topological materials where a combination of a
nonsymmorphic crystalline symmetry (e.g. screw or glide symmetry) and particle-hole symmetry in the
superconducting state is predicted to support topologically protected surface states. We studied high-quality
single crystals of nonsymmorphic superconductor In2Bi that crystallises in P63/mmc space group and
possesses screw symmetry. While the basic properties of these compound (electrical resistivity, Fermi
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surface topology, critical parameters for superconductivity) have been known for several decades, little
attention has been paid to its nonsymmorphic crystal symmetry and its implications.
We found that In2Bi shows an unusual magnetic response in the vicinity of the superconducting transition to
(or from) the normal state: (i) a notable hysteresis in both field-dependent- and temperature-dependent
magnetisation near Hc2(T) in increasing/decreasing H or T; (ii) an additional (to the usual surface
superconductivity) diamagnetic response above Hc2. On the basis of DFT calculations of In2Bi band structure
and general symmetry arguments we attribute the above features of magnetisation to the presence of
symmetry-protected surface states. The observed anomalous surface magnetisation is highly sensitive to the
crystallinity of the surface layer: while only weakly affected by bulk pinning, all new features disappear if the
integrity of the crystal lattice at the surface is lost, for example, when the surface is mechanically scratched.
This is consistent with the crystal symmetry being essential for the presence of the surface states and further
supports our interpretation of the observed behaviour.
Singlet-triplet superconductivity at van Hove singularity in the Rashba-Hubbard model
Matthew Trott, Chris Hooley
University of St Andrews, UK
Recent intensive research on topological materials has focussed attention on the interplay of strong spinorbit coupling, electron-electron interactions, and electronic band structure. Here we study Fermi surface
instabilities of the square lattice Hubbard model with Rashba spin-orbit coupling, in the case of van Hove
filling where the density of states becomes logarithmically divergent. The spin-orbit coupling breaks the spin
degeneracy of the bands such that all four van Hove points have the same helicity. Renormalisation group
analysis shows the leading instability is to a mixed singlet-triplet superconducting state.

Skyrmions
(Invited) Skyrmions under the x-rays
Thorsten Hesjedal1, Shilei Zhang1, and Gerrit van der Laan2
1
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Magnetic skyrmions in noncentrosymmetric chiral magnets form ordered lattices with a periodicity ranging
from 3-100 nm. This lengthscale lends itself to soft x-ray scattering experiments owing to the large resonant
scattering cross-section for 3d elements, the excellent reciprocal space resolution, as well as the tunable
surface sensitivity. We will present an overview of the capabilities of resonant elastic x-ray scattering (REXS)
for the study of magnetic skyrmions [1], highlighting the following effects:
• Microscopic skyrmion properties [2]: By exploiting the polarization dependence of REXS, the exact
surface helicity angles of twisted skyrmions for both left- and right-handed chiral bulk Cu2OSeO3
was determined.
•

Full 3D spin structure of skyrmions [3]: Using polarization-dependent REXS we found a continuous
transformation of the skyrmion tubes from pure Néel-twisting at the surface to pure Bloch-twisting in
the bulk over a distance of several hundred nanometers.
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•

Rotating lattices [4]: In a magnetic field gradient, skyrmions undergo rotation with well-defined
dynamics. This provides an effective way of controlling skyrmions in racetrack memory schemes.

[1] S. L. Zhang et al., Phys. Rev. B 93, 214420 (2016); DOI: 10.1103/PhysRevB.93.214420; S. L. Zhang
et al., Nat. Commun. 8, 14619 (2017); DOI: 10.1038/ncomms14619
[2] S. L. Zhang et al., Phys. Rev. Lett. 120, 227202 (2018); DOI: 10.1103/PhysRevLett.120.227202
[3] S. L. Zhang et al., Proc. Natl. Acad. Sci. U.S.A. (2018), DOI: 10.1073/pnas.1803367115
[4] S. L. Zhang et al., Nat. Commun. 9, 2115 (2018); DOI: 10.1038/s41467-018-04563-4
Metastability in the skyrmion system of Zn doped Cu2OSeO3
Peter Hatton1, Max Birch1, Murray Wilson1, Rina Takagi2, Shinichiro Seki2, Yoshinori Tokura2, Marta Crisanti3,
Ales Štefančič4, Jonathon White5, Geetha Balakrishnan4, and Robert Cubitt3
1
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Skyrmions are topologically protected spin textures that appear in certain chiral magnetic materials and are
proposed for application as memory elements due to their small size and the stability given by the
topological energy barrier between skyrmions and neighboring magnetic phases.
One bulk chiral material in which skyrmions are observed is the multiferroic insulator Cu2OSeO3. In this
material, as in other bulk skyrmion hosts, skyrmions are stable only in a narrow region just below TC.
However, they can also exist as a metastable state at lower temperatures if the system is rapidly cooled.
Furthermore, Cu2OSeO3 is unusual in that the stability region of skyrmions can be modified by applying
electric fields, which raises the possibility of low-energy skyrmion manipulation with electric fields rather
than currents.
In this talk I will present small angle neutron scattering (SANS) and magnetometry work studying
metastability in Zn substituted Cu2OSeO3. This substitution slightly decreases TC, however we find that it
dramatically increases the metastable lifetime of skyrmions. Our measurements suggest that this
enhancement arises from an entropic change in the number of pathways by which skyrmions can unwind
into the conical state.
Furthermore, we have used SANS to measure the formation time of skyrmions out of the conical state when
an electric field is applied to Zn substituted Cu2OSeO3. From the Arrhenius law temperature dependence of
these formation times, we extract an energy barrier for skyrmion formation of 1.57 eV. This large energy
barrier demonstrates how costly it is to create these complex chiral objects.
Studying the skyrmion lattice in multiferroic Cu2OSeO3 with muon-spin relaxation
Thomas Hicken1, Tom Lancaster1, Murray Willson1, Benjamin Huddart1, Zachary Hawkhead1, Matjaz
Gomilsek1, Ales Štefančič2, Geetha Balakrishnan2, and Francis Pratt3
1

Durham University, UK, 2University of Warwick, UK, 3ISIS Neutron and Muon Source, UK

Skyrmions are nanometre-sized magnetic swirls characterised by their non-trivial topology and are currently
of much interest due to their potential applications in a variety of spintronic devices. One aspect of skyrmion
physics that is imperative to understand is their dynamics. A technique that is particularly useful for studying
skyrmion systems is muon-spin relaxation (muSR), where spin-polarised positive muons are implanted in a
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material and the depolarisation due to fluctuating local magnetic fields is measured. muSR is ideally placed
to study skyrmion dynamics due to its sensitivity to dynamic magnetism in the frequency window where
collective skyrmion modes are expected. Here we present muSR investigations of a skyrmion-lattice hosting
material, Cu2OSeO3. This material is of interest due to its multiferroic properties which allow the
manipulation of skyrmions with an applied electric field. Using muSR, we have shown that there is a
significantly enhanced dynamic response inside the skyrmion-lattice phase compared to the surrounding
magnetic phases. This suggests a significant change to the field distribution and fluctuation rate of the
magnetic moments. We also show that, when the magnetic Cu ions are substituted for non-magnetic Zn ions,
muSR is sensitive to phase separation that occurs in polycrystalline materials.

Topology
(Invited) Chiral Topological Semimetal with Multifold Band Crossings and Long Fermi-arcs
Yulin Chen
University of Oxford, UK
Topological semimetals in crystals with a chiral structure (which possess a handedness due to a lack of
mirror and inversion symmetries) are expected to display numerous exotic physical phenomena, including
fermionic excitations with large topological charge, long Fermi-arc surface states, unusual magnetotransport
and lattice dynamics, as well as a quantized response to circularly polarized light. To date, all experimentally
confirmed topological semimetals exist in crystals that contain mirror operations, meaning that these
properties do not appear.
In this talk, I will show that AlPt is a structurally chiral topological semimetal that hosts new fourfold and
sixfold fermions, which can be viewed as a higher spin generalization of Weyl fermions without equivalence
in elementary particle physics. These multifold fermions are located at high symmetry points and have Chern
numbers larger than those in Weyl semimetals, thus resulting in multiple Fermi arcs that span the full
diagonal of the surface Brillouin zone. By imaging these long Fermi arcs, we experimentally determine the
magnitude and sign of their Chern number, allowing us to relate their dispersion to the handedness of their
host crystal.
Ultracold atoms in an optical kagome lattice
Tiffany Harte, Daniel Reed, Max Melchner, and Ulrich Schneider
University of Cambridge, UK
Ultracold atoms in optical lattices can be used to simulate and explore emergent phenomena equivalent to
effects in condensed matter physics. We are building an experiment to study ultracold atoms in the flat band
of an optical kagome lattice, and will implement a quantum gas microscope to obtain single site resolution
and direct access to local observables. We can create the kagome pattern of corner-sharing triangles by the
superposition of commensurate triangular optical lattices, and cool and confine the three different atomic
species 87Rb and 39K (bosonic) and 40K (fermionic) to enable studies of tuneable bosons, fermions and
mixtures in this geometry.
The kagome lattice is highly frustrated and contains a flat energy band that arises from interfering tunnelling
elements in the Hamiltonian. This flat band is the highest of the three tight binding bands for positive
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tunnelling, but can be populated by means of reversing the sign of the interaction and potential energy terms
to create a negative temperature state. As well as the inherent strong correlations and localisation of
particles, this will give us access to the interesting topology of the flat band, the transport properties of which
are dominated by the Berry curvature. We will be able to tune the interactions between particles and perform
direct interferometric measurements of the Berry curvature.
Self-Organisation of Electrons in Low Dimension
Sanjeev Kumar1, Michael Pepper1, Henry Montagu1, David Ritchie2, and Ian Farrer3
1

University College London, UK, 2University of Cambridge, UK, 3University of Sheffield, UK

The discovery of the fractional quantum Hall effect in 1982 triggered considerable theoretical debate on the
possibility of fractional quantization of conductance in the absence of Landau levels formed by a quantizing
magnetic field. Various situations have been theoretically envisaged, particularly lattice models in which
band flattening resembles Landau levels [1-3]. Recently, the first observations of the fractional quantisation
of conductance in the absence of a magnetic field were reported in quasi-one dimensional (1D) quantum
wires based on germanium and GaAs [4,5].
In this presentation, we will show that a rich mix of fractions can be observed, and manipulated, in the
absence of a quantizing magnetic field, when a low-density electron system in a GaAs based quasi-1D
quantum wire is allowed to relax in the second dimension. The behaviour has been observed for both
symmetric and asymmetric confinement but increasing the asymmetry of the confinement potential, to result
in a flattening of confinement, enhances the appearance of new fractional states such as 2/5, 1/2, 1/6,
etc. The new quantum states found have implications both for the physics of low dimensional electron
systems and also for quantum technologies.
[1] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett. 48, 1559 (1982).
[2] B. I. Halperin, Phys. Rev. B 25, 2185 (1982).
[3] J. Jain, Advances in Physics 41, 105 (1992).
[4] Y. Gul et al, Journal of Physics: Condensed Matter 30, 09LT01 (2018).
[5] S. Kumar et al, Phys. Rev. Lett. 122, 086803 (2019).
Interaction-driven quantum Hall plateau transition between a |C|>1 Chern Insulator and a ν = 1/3 Laughlin
state in the Hofstadter model
Leon Schoonderwoerd1, Frank Pollmann2, and Gunnar Möller1
1

University of Kent, UK, 2TU Munich, Germany

We present numerical evidence of an interaction-driven quantum Hall plateau transition between a |C|>1
Chern Insulator and a ν = 1/3 Laughlin state in the Hofstadter model. We study the model using DMRG at
flux densities p/q, where the lowest Landau level (LLL) manifold is made up of p magnetic sub-bands. First,
we show explicit evidence that a ν = 1/3 Laughlin state can be stabilised in situations where the LLL consists
of multiple bands, when the interaction strength V is sufficiently high. Matching the number of magnetic subbands to 1/ν, the model also realises a Chern insulator at low interaction strength. We show evidence for a
direct transition between these two phases at some flux densities, and we characterise the transition in
terms of its critical, topological and entanglement properties.
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Posters
P01. Frustrated Magnets with Chemically-tailorable Interactions
Alasdair Bradford1, Stephen Lee1, Philip Lightfoot1, Machiel Flokstra1, and Wenjiao Yao2
1

University of St Andrews, UK, 2Shenzen Institute of Advanced Technology, China

In this presentation, we identify the quantum science behind some specific inventions included in our
worldwide study of patent activity in second generation quantum technologies (QT). Furthermore we illustrate
innovation in QT with selected case studies based on patent applications in our landscape report. Our
presentation shows the evolution of patent filings, the geographical origin of QT inventions and QT flows. We
identify prolific inventors and prolific research organisations. We identify collaborations between research
organisations and industry.
Especially in new, emerging technologies like QT, there is a need to analyse geographical and technological
trends, to recognise innovation patterns and practices. Conventional information sources such as journals
and conference proceedings do not generally provide commercialisation insight. However careful
investigation of patent data gives more direct evidence of the intention to innovate.
Quantum technology (QT) is a rapidly accelerating field of research and development with a strong potential
for economic growth. However, the effective transfer of technology from academia to commercialisation,
especially in Europe, is lacking. The European Patent Office supports innovation in the QT field and is taking
all necessary actions, to raise awareness amongst academics and entrepreneurs, of intellectual property
issues in the field. Furthermore to enhance innovation in QT the European Union has launched the €1 billion
QT Flagship.
P02. Crystal and magnetic structure of incommensurately modulated Ba1-pCr2Se4-p determined by powder
neutron diffraction
Kieran Routledge, Jonathan Alaria, and John Claridge
University of Liverpool, UK
The structural and physical properties of the columnar composite crystal A1-pCr2X4-p (A=Ba, Sr, Eu, Pb; X= S,
Se; p » 0.29) have not been studied in detail and were reported as an intergrowth of three structural units
which have a common hexagonal basal plane, but different c axes. A three-dimensional network (B21X36) of
triply twined strips of CrX6 octahedra with a lattice constant of c0 creates hexagonal tunnels containing A6B2X6
chains with a lattice parameter c6 and the triangular tunnels of A3X chains with a lattice parameter c3. Its
local structures have been described qualitatively using electron microscopy techniques, but the crystal
structure has not yet been fully determined and as pointed out originally is a necessity to understand and
possibly tune the physical properties in these materials. In particular, there has been no investigation of the
crystal structure below the magnetic ordering temperature which is often driven by a subtle structural
transition.
From the partial structure described above a model was constructed using superspace crystallography, in the
superspace group P6/m(00γ1)s0(00γ2)00 and has been used as a starting model for Rietveld refinement of
the variable temperature powder neutron diffraction pattern. We find that in the case of Ba0.712Cr2Se3.712 an
incommensurate superstructure is observed at room temperature with a=22.9705(2)Å, c0=3.62726(4)Å,
γ1=0.60218(2) and γ2=0.79556(5). The temperature dependence of the lattice parameters showed
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negative thermal expansion in the c direction, and a structural phase transition at 135 K to accompany the
magnetic transition.
P03. Multi-dimensional manipulations of magnetic polarized structure on multiferroic Y-type hexaferrite
Ba0.5Sr1.5Mg2Fe12O22 (BSMFO)
Jiahao Chen, Francis Chmiel, Dharmalingam Prabhakaran, Roger Johnson, and Paolo Radaelli
University of Oxford, UK
As a novel type II multiferroic, Y-type hexaferrite has been extensively investigated due to its potential
application in room-temperature memory device. This spin-originated magneto-electrical (ME) coupled
compound exhibits a canted two fan structure at weak magnetic field range (less than 200 mT), whose
polarity is significant in manipulation described by inverse Dzyaloshinskii-Moriya interaction. We report our
progress of high efficient ME switching via initialising poling method with static electrical and magnetic field,
based on PPMS (Quantum Design), and soft X-ray XMCD domain imaging technique supported by
synchrotron (Diamond Light Source), on Ba0.5Sr1.5Mg2Fe12O22 (BSMFO) system whose Tc temperature is
much lifted by Sr doping. Mono-domain with homogenous magnetic polarity is achieved on BSMFO system
for the first time by static electric field poling, and full manipulation of the magnetic polarity through electric
field is profoundly explored. In particular, we discovered the evidence of a conserved ferro-toroidal order
parameter which is probably responsible for memory effect during the manipulation investigation. In
addition to functional switching methodology, the mechanism and dynamical process of the ME coupling is
studied in our recent experiment based on beamline I10 and I06, DLS. A modified two fan tilted conical
structural (MTFTC) model is proposed to clarify the authentic dynamics of the field induced switching
mechanism in arguably transversal cone phase, and our recent experiment exhibits a potential evidence of
magnetic domain switching by high intensity THz radiation developed in DLS, which symbolises the ultrafast
magnetic domain manipulation on Y-type hexaferrite in sub-picosecond regime for the first time.
P04. Analysing microscopic phase coexistence using the conformal bootstrap
Matt Dowens and Chris Hooley
University of St. Andrews, UK
The question of whether certain phases of matter can coexist microscopically arises in several contexts in the
theory of quantum matter. These include the coexistence of charge density wave order and
superconductivity in the cuprates, the coexistence of magnetism and superconductivity in the heavy fermion
compounds and the iron-based superconductors, and the coexistence of crystalline and superfluid orders in
the putative ‘supersolid’ phase of helium-4.
One approach to trying to determine whether such coexistence phases are possible is based on the phase
diagrams of the associated Landau-Ginzburg models, and in particular the multicritical points that they
contain. Microscopic phase coexistence requires certain types of multicritical theory to be available to join
up these phase diagrams in a consistent way; if they are not, then phase diagrams featuring the putative
coexistence phase cannot exist.
The existence (or not) of particular types of multicritical theory can be addressed using the conformal
bootstrap method, which has recently been very fruitfully applied to several problems in
(2+1)-dimensional criticality. Some early results of applying this technique to the phase-coexistence
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problem are already in the literature. In this talk, I will briefly outline what is already known, and present the
preliminary results of our own conformal bootstrap calculations.
P05. Improving the efficiency of quantum impurity solvers for Dynamical Mean Field Theory
Sean Harding and Stephen Clark
University of Bristol, UK
Quantum Impurity Models arise in many contexts in condensed matter. Dynamical Mean Field Theory (DMFT)
for example outlines a strategy to construct a quantum impurity model that shares excited-state properties
with some generic correlated system of interacting particles on a lattice. By working with the impurity model,
we can indirectly obtain spectral information for the lattice problem without constructing its exponentially
large Hilbert space.
This mapping is approximate, and holds provided the range of the correlations (either in real space or
reciprocal space) is small, which is a realistic condition for many materials, such as the correlated transition
metal oxides.
DMFT does not limit the frequency (energy) dependence of correlations, hence it is able to treat low-energy
and high-energy excitations on equal footing.
Despite the extensive arsenal of techniques available for solving many-body problems, impurity models
describe lattices with complex correlation phenomena are still challenging to solve. However, practically all
of these many-body techniques can benefit from a judicial choice of single-particle basis for
the impurity model.
I demonstrate how to construct efficient choices of single-particle basis for impurity models, and
demonstrate their usefulness using both a Matrix Product State (MPS) and Configuration Interaction (CI)
approach to the impurity solver. Such novel basis choices could be a valuable avenue to explore in
extending TNT-DMFT to realistic materials.
P06. Chemical Control of Correlated Metals as Transparent Conductors
Jessica Stoner, Philip Murgatroyd, Marita O’Sullivan, Matthew Dyer, Troy Manning, John Claridge, Matthew
Rosseinsky, and Jonathan Alaria
University of Liverpool, UK
Correlated metallic transition metal oxides offer a route to thin film transparent conductors that is distinct
from the degenerate doping of broad band wide gap semiconductors. In a correlated metal transparent
conductor, inter-electron repulsion shifts the plasma frequency out of the visible region to enhance optical
transmission, while the high carrier density of a metal retains sufficient conductivity. By exploiting control of
the filling, position and width of the bands derived from the B site transition metal in ABO3 perovskite oxide
films, we show that pulsed laser deposition-grown films of cubic SrMoO3 and orthorhombic CaMoO3 based
on the second transition series cation 4d2 Mo4+ have superior transparent conductor properties to the first
transition series 3d1 V4+-based SrVO3. The increased carrier concentration offered by the greater bandfilling
in the molybdates gives higher conductivity while retaining sufficient correlation to keep the plasma edge
below the visible region. The reduced binding energy of the n = 4 frontier orbitals in the second transition
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series materials shifts the energies of oxide 2p to metal nd transitions into the near-ultra violet to enhance
visible transparency. The A site size-driven rotation of MoO6 octahedra in CaMoO3 optimizes the balance
between plasma frequency and conductivity for transparent conductor performance.
P07. A polarity-driven instability to itinerant surface ferromagnetism in the delafossite oxide PdCoO2
Federico Mazzola1, Veronika Sunko1,2, Seunghyun Khim2, Helge Rosner2, Oliver Clark1, Lewis Bawden1, Igor
Marković1, Timur Kim3, Moritz Hoesch3, Andrew Mackenzie2, and Phil King1
1

University of St. Andrews, UK, 2Max Planck Institute, Germany, 3Diamond Light Source, UK

The ability to manipulate the surface and interface properties of correlated electron systems underpins the
burgeoning field of designer quantum matter. In this context, electronic reconstructions arising from polar
interfaces have been widely discussed as a way to drastically modify the interface electronic properties of
complex oxide heterostructures [1]. Here, using angle-resolved photoemission, we show that such an
electronic reconstruction occurs at the polar surfaces of delafossite oxides [2], which represent an emerging
class of transition-metal oxide materials [3]. We demonstrate how this leads to a Stoner-instability towards
itinerant ferromagnetism at the Pd-terminated surface of non-magnetic PdCoO2 [2], stabilising a magnetic
environment which does not exist in the bulk. We further show how this leads to a strong coupling of the
surface electrons with magnons, and how this coupling strongly renormalizes the surface electronic structure
of PdCoO2, with effective masses enhanced by up to nearly a factor 3.
[1] Hwang et al. Nature Mater.11, 103(2012)
[2] Mazzola et al., PNAS, 115 (51), 2018
[3] Mackenzie, Rep. Prog. Phys. 80, 32501(2017)
P08. Scanning Tunneling Microscopy and Spectroscopy on the Metallic Delafossite PdCoO2
Dibyashree Chakraborti1, Seunghyun Khim2, Andrew Mackenzie2, and Peter Wahl1
1

University of St. Andrews, UK, 2Max Planck Institute, Germany

The metallic delafossite PdCoO2 has risen to the limelight in the past few years [1]. Due to unusually long
mean free paths, the electron fluid exhibits hydrodynamic effects [2].The anisotropic crystal structure leads
to a quasi-2D character of the electronic states making the material suitable for surface sensitive
techniques. Because of the polar nature of the surface, exciting physics is observed such giant Rashba spinsplitting [3] and itinerant ferromagnetism [4]. In our study, we have investigated the different surface
terminations of PdCoO2 with low temperature Scanning Tunneling Microscopy. We will discuss their
assignment and spectroscopic signatures.
[1] W. Hicks et al, Phys. Rev. Lett. 109, 116401 (2012)
[2] J.W Moll et al, Science 351, 1061 (2016)
[3] Sunko et al, Nature 549, 492 (2017)
[4] Mazzola et al, PNAS 115 (51) 12956-12960
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P09. Anomalous structural behaviour near a Mott transition in compressed Ca2RuO4
Harry Keen1, Stephen Julian2, and Andreas Hermann1
1

University of Edinburgh, UK, 2University of Toronto, Canada

Ca2RuO4 has a rich phase diagram, featuring a metal-insulator transition with a structural distortion upon
cooling, antiferromagnetic ordering upon further cooling, and metallisation and ferromagnetic order, followed
by a further structural transition, under pressure. It is one end member of the Ca(2-x)Sr(x)RuO4 series that
includes the proposed triplet superconductor Sr2RuO4 at the other end. Ca2RuO4 shows intriguing collective
phenomena in its own right, such as electric-field-induced metallisation and current-induced diamagnetism,
negative thermal expansion, and a Higgs mode. Several of these properties are intricately linked to structural
distortions of the RuO6 octahedra, which in turn are susceptible to pressure-induced changes. In fact,
Ca2RuO4 shows an unusual c-lattice expansion under hydrostatic compression. However, while its electronic
structure has been explored in several computational studies at ambient conditions, its structural and
electronic properties under pressure have not been investigated in detail before. Here, we study the highpressure phase evolution of Ca2RuO4 using density functional theory (DFT) and DFT+U calculations. We
show that the c-lattice expansion in the metallic high-pressure phase as well as details of the octahedral
arrangements can be described if the on-site repulsion U is fine-tuned appropriately. The sensitivity to the
size of U highlights how close the metallic phase remains to the Mott insulating phase.
P10. Influence of crystal growth conditions on the charge density wave in 1T-VSe2
Charles Sayers1, Liam Farrar1, Simon Bending1, Konstantin Koshmak3, Angelo Giglia3, Luca Pasquali2, and
Enrico Da Como1
1

University of Bath, UK, 2 Universita’ di Modena e Reggio Emilia, Italy, 3Elettra Sincrotrone Trieste, Italy

We examine the charge density wave (CDW) properties of 1T-VSe2 single crystals grown by chemical vapour
transport (CVT) under varying conditions. Specifically, we find that lowering the growth temperature (< 630
°C), increases both the CDW transition temperature and the residual resistance ratio (RRR) value, indicating
higher crystal purity. Using X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS), we correlate the observed CDW properties with stoichiometry and presence of defects. In addition, we
have developed a method to grow ultra-high quality 1T-VSe2 crystals with an onset temperature, Tc1 = (116
± 1) K and maximum RRR ≈ 31. This work highlights the sensitivity of the charge density wave in 1T-VSe2 to
crystal quality which is strongly influenced by subtle changes in growth conditions.
P11. Solid to Liquid Melting in Two-dimensional Magnetic Skyrmions
Kelsea Gill and Niels Walet
University of Manchester, UK
In recent years, there has been increased interest in the applications of the topologically non-trivial spin
structures known as magnetic skyrmions for use in spintronic devices. For skyrmion based devices to ever be
realised, there needs to be a solid understanding of the affects of finite temperatures on skyrmion systems.
In our work, we investigate the temperature-mediated solid to liquid phase transition in two-dimensional
magnetic skyrmion systems. We use Monte Carlo techniques to study skyrmion systems at finite
temperatures, and we utilize correlation functions along with spatial plots of the skyrmion number density to
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gain insight into the changing order of the skyrmion system as it transitions from a skyrmion lattice to
a skyrmion liquid.
P12. Oxide MBE Growth of SrTiO3
Gordon Kentish, Igor Markovic, and Martin McLaren
University of St. Andrews, UK
Perovskite oxide materials display a wide variety of exotic functional properties including superconductivity,
ferroelectricity, multiferroicity and more. They are of particular interest due to the tunability of these
properties. For instance, SrTiO3 is a bulk quantum paraelectric with frustrated ferroelectric order;
manipulation of this material through strain, doping and isotope exchange has successfully stabilised
ferroelectric order in this material. In the case of strained films ferroelectric behaviour is possible even at
room temperature. To investigate tuneable perovskite materials, it is essential to grow high quality samples.
Growth of thin films of SrTiO3 on the OMBE system at the University of St Andrews has been developed. Both
homoepitaxy and heteroepitaxy on LSAT ((LaAlO3)0.3(Sr2TaAlO6)0.7)) have been successfully grown using
either O2 or O3 for oxidation. Using O3has been found to result in unstable Sr flux due to oxidation of the
source material. The cell has been modified to reduce the aperture to create an over pressure of Sr vapor
inside the cell. Using this method oxidation of the Sr source material has been successfully reduced.
Oscillations in the RHEED diffraction pattern during growth as layers are deposited allow for atomic layer
precision. In addition to allowing very high-quality samples to be grown, this allows for manipulation of the
layered structure of perovskite materials. The material structure can also be manipulated through strain from
the substrate for heteroepitaxial growth.
P13. Orbital-selective hybridisations in the CDW phase of monolayer TiSe2
Matthew Watson, Akhil Rajan, Kaycee Underwood, and Phil King
University of St. Andrews, UK
Monolayers of transition metal dichalcogenides allow us to probe how the charge density wave instabilities
found in the layered bulk materials develop in the true 2D limit. A peculiar case is TiSe2, intrinsically a
narrow-gap semiconductor, but which undergoes a CDW-like transition at Tc ≈ 210 K in the monolayer. Our
ARPES measurements on quasi-freestanding monolayers of TiSe2 enable us to track the band hybridisations
that develop through the CDW transition, enabled by a 2x2 reconstruction of the lattice. In the bulk, these
hybridisations were found to have an important dependence on the out-of-plane momentum [1], but the
simplifications offered by the 2D limit allows for more quantitative analysis. By comparing ARPES
dispersions with a tight-binding model, we find that a key concept is an orbital-selective hybridisation, in
which the d3z2-r2 orbital component of the Ti conduction band does not hybridise, but other orbitals hybridise
strongly with the Se-derived valence bands. Our analysis further shows that the band hybridisations
observed in the ground state can be accurately accounted for by the atomic displacements alone, putting
tight constraints on any purely electronic term, such as the proposed excitonic insulator instability.
[1] Watson et al. Phys. Rev. Lett. 122, 076404 (2019)
P14. Polymorph control to stabilise Mott insulating (1T) or metallic (1H) NbSe2 monolayers
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Kaycee Underwood, Akhil Rajan, Frederico Mazzola, and Phil King
University of St Andrews, UK
Transitional Metal Dichalcogenides (TMDs) have widely varying material properties, ranging from metallic to
semiconducting, and are known to host states such as superconductivity and charge density waves.
Fabrication of single layer TMDs promises new potential for applications in electronics, spintronics and
optoelectronics, as well as allowing exploration into the interaction of electrons in novel environments. Here
we focus on the epitaxial growth of NbSe2via Molecular Beam Epitaxy (MBE). In the monolayer limit, 1HNbSe2has been shown to display Ising Superconductivity and tuneable charge density wave states.
Epitaxial growth of NbSe2using molecular-beam epitaxy (MBE) promises a route to high-quality monolayer
fabrication, as well as opening the possibility to stabilise different polymorphs. Indeed, the 1T polymorph
was recently proposed to lead to a Mott insulating ground state in the monolayer limit. In order to
controllably achieve this, it is vital to have an in depth understanding of the growth dynamics and
morphology of the MBE-grown films. I will present a systematic study of the effects of growth temperature, Se
overpressure, growth rate, and post-growth annealing on film morphology and polymorph control. We find
that mixed phases are naturally obtained, and find distinct spectroscopic signatures of the metallic and Mott
insulating state in angle-resolved photoemission measurements. We use these to develop routes to obtain
single-phase NbSe2monolayers.
P15. Morphology control of epitaxial monolayer transition metal dichalcogenides
Akhil Rajan, Kaycee Underwood, and Phil King
University of St. Andrews, UK
The 2D transition metal dichalcogenides (TMDs) host a wide range of material properties, with the metallic
systems of particular interest for the interacting electronic states and phases which these host. How such
states evolve when the material is thinned to the single-layer limit is a key question in the study of 2D
materials. This necessitates the fabrication of high-quality single-layer TMDs. Although typically achieved via
exfoliation from bulk crystals, thin-film growth techniques such as molecular beam epitaxy (MBE) are being
increasingly explored as a route to growth of high-quality and large-area TMD monolayers. Here, we present
a systematic study of the influence of adatom mobility, growth rate, and metal:chalcogen flux on the
morphology and uniformity of monolayer samples of the TMDs NbSe2, VSe2 and TiSe2 grown by molecularbeam epitaxy. Through this, we identify optimised growth conditions for the fabrication of high-quality
monolayers, ultimately realising the largest grain sizes that have been achieved using this approach to date.
P16. Investigation of 3D Topological Insulator Antimony Telluride in search of novel superconducting
topological materials
Josh Gretton and Satoshi Sasaki
University of Leeds, UK
A recent explosion of interest in Topological Materials, whose bulk electronic band structure is characterised
by non-trivial topological invariants, has been fuelled by the existence of exotic surface electronic states that
necessarily exist as long as the bulk topological property of the system is preserved. In 3D Topological
Insulators and Superconductors that obey Time Reversal Symmetry these states are 2D linearly dispersive
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Dirac and Majorana cones respectively, which may find use in spintronics and topological quantum
computing devices.
Furthering understanding and application of these materials requires new realisations and current work in
Leeds synthesizing novel high-quality topological materials and characterising their unusual electronic
properties will be presented. The primary focus will be on narrow band gap semiconductor Antimony
Telluride, which has a spin orbit coupling induced band inversion resulting in a non-trivial Z2 topological
index and subsequently hosts topologically protected Dirac cones on its surfaces.
The straightforward growth of large single crystals of this material and electronic characterisation using
analysis of the Hall coefficient and Quantum oscillations observed in the magnetoresistance uncover it as a
promising system to explore novel superconducting topological materials. Basing a doping investigation on
the guiding principles gleaned in the discovery of Topological Superconductors Copper intercalated Bismuth
Selenide and Indium doped Tin Telluride this work will summarise progress towards the discovery of a novel
Topological Superconductor hosting Majorana surface states, pushing towards the useful application of
topological quantum computing devices.
P17. Enhanced magnetic hysteresis in the Quantum Hall regime in the 2D-1D regime
Elias Peraticos1, Sanjeev Kumar1, Michael Pepper1, Ian Farrer2, David Ritchie3, Geb Jones3, Jonathan
Griffiths3
1

University College London, UK, 2University of Sheffield, UK, 3University of Cambridge, UK

The hysteretic behaviour in the quantum Hall effect (QHE) of a two-dimensional electron gas (2DEG)
integrated with a one-dimensional (1D) constriction defined with split gates assisted by a top gate in a
GaAs/AlGaAs heterostructure has been investigated. This observation is believed to be due to a nonequilibrium state of the 2DEG [1]. The importance of studying this hysteretic behaviour is to understand in
more detail the many-body effects and clarifying the concepts within the QHE regime in such systems. It has
been noticed that the hysteresis has similarities with magnetisation of ferromagnets and was found to be
enhanced as the 1D constriction was gradually formed. However, the hysteresis direction is inverted. The
anhysteretic curve was calculated using mini-hysteretic loops within the larger hysteretic area observed.
Furthermore the time relaxation over the hysteretic area was observed indicating a sharp change in the
response of the system between the edges of the hysteretic loop and the central area within the loop. The
variations in the relaxation times could indicate changes in domain structures [1,3,5] probably due to
quantum phase transitions [2,3] and non-equilibrium edge currents [1,4].
[1] M.V. Budantsev, D.A. Pokhabov, A.G. Pogosov, E.Yu. Zhdanov, A.K. Bakarpv, A.I. Toropov,
Semiconductors, Vol. 48, No. 11 (2014).
[2] V. Piazza et al., Nature, Vol. 402 (1999).
[3] J. Eom, et al., Science, Vol. 289 (2000).
[4] M. V. Budantsev et al.,JETP LETTERS, Vol. 89, No. 1, (2009)
[5] G. Bertotti, Hysteresis in Magnetism, Academic, New York (1998)
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P18. Mirror symmetry-constrained band hybridisation of intersecting spin-split surface states in NbGeSb
Igor Markovic
University of St Andrews, UK
In recent years the interplay of spin-orbit coupling (SOC) and crystalline symmetries has been extensively
explored as a driving mechanism for developing novel electronic band structures in solids. Here, we
investigate this interplay in NbGeSb, a member of the non-symmorphic ZrSiS family of Dirac nodal line semimetals [1-3]. In particular, we use spin- and angle-resolved photoemission spectroscopy (SARPES) and
density functional theory (DFT) to study the surface electronic structure of this compound. We observe two
pairs of surface states, each exhibiting a large spin-splitting of the Rashba type. We find how these states
intersect along the Brillouin zone edge, forming a peculiar crossing pattern whereby three band crossings are
seemingly protected while a fourth develops a considerable hybridisation gap. We propose a model for this
hybridisation asymmetry based on the development of orbital angular momentum in the surface bands, and
the symmetry constraints on both this orbital and the spin angular momenta imposed by the mirror line
which exists at the Brillouin zone boundary. Our results demonstrate the possibility for trivial surface states of
bulk crystals to develop symmetry-protected band crossing structures akin to Weyl points of a threedimensional bulk system, opening a new route to engineer topological electronic states in solids.
[1] Topp et al., PRX 7, 041073 (2017)
[2] Chen et al., PRB 95, 125126 (2017)
[3] Takane et al., PRB 94, 121108 (2016)
P19. Probing the bulk Fermi-surface of the nodal-line semi-metal PdSn4: From first principle calculations to
experiment
Philip Murgatroyd, Jonathan Alaria, and Matthew Dyer
University of Liverpool, UK
Nodal-line semimetals (NLSM) are systems in which the conduction and valence bands cross along a closed
trajectory, as a line or loop, within the Brillouin zone. PtSn4 is a system in which nodal line fermions have
previously been studied, such systems lay the foundation in which the physics of Dirac fermions can be
studied.
PdSn4 is an isostructural homologue to PtSn4 which has recently been synthesised and studied. The Fermi
surface of these materials, as observed by ARPES, are complicated with multiple hole and electron pockets
making characteristic features of a NLSM difficult to identify. This study probes the bulk Fermi surface of
PdSn4 using a combined experimental and theoretical approach to reconcile the experimentally observed
orbits with calculated Fermi surfaces.
Magnetisation has been measured on a high quality PdSn4 single crystal using a vibrating sample
magnetometer between 2K and 20K with the field perpendicular to the long axis of the structure. Well
defined de Haas-van Alphen (dHvA) oscillations in magnetisation were observed and analysed in the basis
of the Lifshitz-Kosevich theory.
Bulk first principle ab initio calculations were performed using VASP (GGA-PBE) with SOC included to
produce a high resolution 3D Fermi surface. Relevant bands about the Fermi level were analysed via the
SKEAF software, modelled in the experimental geometry, to extract theoretical dHvA oscillation frequencies.
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Our results enhance the understanding of the Fermiology of this NLSM, with preliminary results indicating a
2D pocket not observed in previous bulk measurements. Excellent agreement between theory and
experiment is achieved.
P20. Kinetic Stabilization of 1D Surface States near Twin Boundaries in Noncentrosymmetric BiPd
Chi Ming Yim1, Christopher Trainer1, Ana Maldonado1, Bernd Braunecker1, Alexander Yaresko2, Darren Peets3,
and Peter Wahl1
1

University of St Andrews, UK, 2Max Planck Institute, Germany, 3Fudan University, China

The search for one-dimensional (1D) topologically protected electronic states has become an important
research goal for condensed matter physics owing to their potential use in spintronic devices or as a building
block for topologically nontrivial electronic states. Using low temperature scanning tunnelling microscopy, we
demonstrate the formation of 1D electronic states at twin boundaries at the surface of the
noncentrosymmetric material BiPd. These twin boundaries are topological defects that separate regions with
antiparallel orientations of the crystallographic b axis. We demonstrate that the formation of the 1D
electronic states can be rationalized by a change in effective mass of two-dimensional surface states across
the twin boundary. Our work therefore reveals a novel route towards designing 1D electronic states with
strong spin-orbit coupling.
P21. nanoARPES facility at Diamond Light Source
Pavel Dudin, Timur Kim, Sungwon Jung, and Cephise Cacho
Diamond Light Source, UK
The nanoARPES branch of I05-ARPES beamline of Diamond Light Source has started user operation in the
beginning of 2017. This contribution presents a preliminary overview of user experience and performance of
the endstation.
In spatially resolved ARPES (nanoARPES), standard angle resolved photoemission spectroscopy acquires
spatial resolution using the light spot below 1 micron [1-3]. Using the scanning probe (microscopy)
approach, we could study many systems that are challenging for traditional ARPES. We studied microcleaved samples in small flakes, domains of different nature in various multi-component systems, etc. In
micro-device (FET, field effect transistor), the ARPES was measured as a function of gate voltage.
The endstation delivers spatially resolved ARPES in the range of photon energies 50-100 eV, with energy
resolution 30 meV, angle resolution below 0.5 deg and sample temperature from 30 to 300 K.
These and other examples of spatially resolved ARPES are described, including first successful publications
where beamline has contributed [4]. This would help to disclose the potential of new technique for user
community.
[1]
[2]
[3]
[4]

J.Avila et al., Journal of Physics: Conference Series 425 (2013) 19202
P.Dudin et al., J. Synchrotron Rad. (2010) 17, 445–45
A.Bostwick et al, Synchrotron Radiation News 25, 5, (2012), 19-25
T.Kondo et al., Nature, 2019, DOI 10.1038/s41586-019-0927-7
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P22. Angle-resolved photoemission spectroscopy of monolayer ReSe2
Lewis Hart1, Surani Gunasekera1, James Webb1, Marcin Mucha-Kruczynski1, Daniel Wolverson1, José Avila2,
and Maria-Carmen Asensio3
1

University of Bath, UK, 2Synchotron SOLEIL, France, 3Instituto de Ciencia de Materiales de Madrid, Spain

Transition metal dichalcogenides (TMDs) are an interesting group of van der Waals materials, which have a
wide range of electronic and optical properties that can be incorporated into advanced heterostructures.
Rhenium diselenide is an unusual member of the TMD family as a result of this material being stable in a
triclinic structure that has in-plane anisotropy due to in-plane rhenium chains. Using nanoscale angleresolved photoemission spectroscopy (nano-ARPES) we have probed the valence band structure of bulk,
few-layer and monolayer ReSe2. We observe quasi-one-dimensional electronic states in monolayer ReSe2;
the uppermost valence band is very flat along the direction perpendicular to the rhenium chains, with a
bandwidth of 100±10meV. This band becomes progressively more dispersive with layer number which
agrees with our density functional theory calculations. For all thicknesses of ReSe2 we observe a highly
anisotropic in-plane electronic structure with the uppermost valence bands more dispersive along the
direction parallel to the rhenium chains.
P23. High-Pressure Measurements of Upper and Lower Critical Fields in 2H-NbSe2
Israel Osmond and Sven Freidemann
University of Bristol, UK
With superconductivity often found in the vicinity of ordered states such as charge density waves (CDW) and
antiferromagnetism, the ability to tune materials through these states serves as a vital tool in exploring the
interplay of these phases with superconductivity. For characterizing a given superconductor, magnetic
measurements provide a non-invasive method of studying vortex dynamics and measuring critical
temperatures and fields.
Likewise, pressure measurements serve as a continuous tuning parameter across many of these phases. As
such, the application of pressure provides a method to both access novel structures not available at ambient
pressure, and to explore the competition between phases such as the CDW and superconducting order. This
work develops current pressure cell technology compatible with commercial SQUID magnetometers, in both
piston cylinder and gemstone anvil type cells.
Previous research into 2H-NbSe2 has shown multiband superconductivity, CDW ordering, and the existence
of a quantum critical point beneath the superconducting state. Here, we use the aforementioned pressure
cells for magnetic susceptibility measurements, mapping the behaviour of both upper and lower critical
fields in 2H-NbSe2 with temperature and pressure. These critical fields are then analysed within a two-band
model, providing superconducting gap magnitudes on each of the two main Fermi sheets.
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P24. Electrical resistivity and Raman spectroscopy of hydrogen sulfide under high pressure
Takaki Muramatsu, Owen Moulding, Yan Zhou, Martin Kubal, and Sven Friedemann
University of Bristol, UK
High TC superconductivity (~200K) of hydrogen sulfide (H3S) was discovered by A. P. Drozdov el al in 2015.
The superconductivity was observed in its high-pressure metallic phase (P > 100 GPa) and several groups
reported that new structural phase (H3S) is synthesised in the high-pressure superconducting phase from
H2S at ambient conditions. The temperature must be kept below about 200 K while pressure is increased to
100 GPa to form the structural phase. In this work we built sample loading system to diamond anvil high
pressure cell for hydrogen sulfide and developed the transport measurement technique using diamond-anvil
high-pressure cell. Raman spectroscopy and electrical resistance of hydrogen sulfide are studied to
reproduce the reported high TC superconductivity.
P25. Superconductivity in FCC and BCC high-Tc molecular systems
Ganiyu D. Adebanjo1, James P. Hague1, and Pavel E. Kornilovitch2
1
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Amongst the molecular superconductors, the trivalent alkali-doped fullerides (A3C60) have gained enormous
attention due to their remarkably high transition temperatures (Tc up to 40K). Most members of the A3C60
compounds have FCC structures and they have been studied both in the experimental and theoretical
realms. However, Cs3C60 is structurally bimodal – which means it can be synthesized in two different phases,
BCC and FCC – and little is known theoretically about the effect of lattice structure on the superconductivity.
The goal of this work is to understand the onset of superconductivity in Cs3C60 in its different structural
phases and to make some theoretical predictions about the behaviours of paired electrons in both systems.
The extended-Hubbard model (or UV model) offers an approximation for studying phase transitions in an
interacting system. We study pairing properties of this model on the unstudied BCC and FCC lattices. We
calculate dispersion, effective mass and pairing radius, using these to estimate the critical temperature for
Bose-Einstein condensation.
P26. Strain as a Tuning Parameter of the Superconducting Transition in Nb Doped SrTiO3
Craig Topping, Mari Cole, and Andreas Rost
University of St Andrews, UK
The perovskite semiconductor SrTiO3 is a quantum paraelectric that can be tuned towards a ferroelectric
transition by either 18O substitution or strain via a quantum critical phase transition. At the same time
superconductivity has been observed upon n-type carrier doping by either Nb or O-dificiency. The
superconducting transition temperature is highest at an optimal doping of approximately 0.6 % before
rapidly dropping to zero for higher dopings. Thus SrTi1-xNbxO3 is a particularly dilute superconductor. The
interplay of this superconductivity with the unconventional dielectric properties due to the ferroelectric
quantum phase transition is a longstanding question. Recent experiments showed that strain can be used in
principle to investigate this question. Here we will report on magnetotransport studies investigating the
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phase diagram for a much larger range of tension and compression in order to study the correlation between
maximum TC under strain with the occurrence of the ferroelectric quantum phase transition.
P27. Suppression of superconductivity and enhanced anisotropy in ultra-thin flakes of FeSe
Liam Farrar1, Simon Bending1, Matthew Bristow2, Amalia Coldea2, Amir Haghighirad2, 3, and Alix McCollam4, 5
1
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University, The Netherlands, 5High Field Magnet Laboratory, The Netherlands

The discovery of high temperature superconductivity in a monolayer of FeSe on SrTiO3 has ignited significant
interest in understanding its two-dimensional superconductivity and the interfacial phenomena that
determine its properties. To address these aspects, we examine the superconducting and electronic
properties of exfoliated thin flakes of FeSe as a function of decreasing thickness, from bulk down towards 10
nm. We present a magnetotransport study in magnetic fields up to 38 T, which allows us to assess the
changes in the multi-band electronic properties as a function of thickness. By reducing the thickness, the
superconductivity of FeSe flakes is suppressed and the superconducting phase diagrams show significant
changes in anisotropy.
P28. High energy spin excitations in the spin-1 square-lattice antiferromagnet La2NiO4
Alexander Petsch1, N. S. Headings1, D. Prabhakaran2, A. T. Boothroyd2, C. D. Frost3, and Stephen Hayden1
1

University of Bristol, UK, 2University of Oxford, UK, 3STFC Rutherford Appleton Laboratory, UK

Whereas antiferromagnetic spin-1/2 compounds are well studied higher spin systems are only sporadically
characterised and yet research is mainly focused on systems like Haldane chains and spin liquids. Spin-1
systems such as square-lattice antiferromagnet La2NiO4 can exhibit properties forbidden in spin-1/2 like
orbital dependent hopping and biquadratic Heisenberg-Hamiltonians due to Hund’s coupling and crystal
field splitting. Which makes them interesting as reference systems for resonant inelastic X-ray scattering
(RIXS).
We present inelastic neutron scattering measurements up to high energies of the magnetic excitations in the
model system La2NiO4. It is known for stripes ordering and incommensurate spin and charge ordering if
doped. We find anisotropic, non-degenerate spin waves showing a spectral anomaly at high energies
beyond nearest neighbour linear spin wave theory. Possible candidates as explanations are
antiferromagnetic second nearest neighbour coupling, or currently discussed quantum effects such as
spinon deconfinement[1] or magnon-magnon scattering[2] as seen in and predicted for cuprates such as
CFTD[1] and CuF2(H2O)2(pz)[3].
[1] B. Dalla Piazza et al., Nat. Phys. 11, 62 (2014)
[2] M. Powalski et al., SciPost Phys. 4, 001 (2018)
[3] C. H. Wang et al., Phys. Rev. B 86, 134409 (2010)
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P29. Strain-tuning emergent phases in FeTe between (Π, 0) and (Π, Π) order
Chi Ming Yim1, Christopher Trainer1, Christoph Heil2, and Peter Wahl1
1

University of St Andrews, UK, 2Graz University of Technology, Austria

Iron telluride, the non-superconducting parent compound of the Fe chalcogenide materials, exhibits a
peculiar (π, 0) magnetic order not seen in other iron-based superconductors, which show (π, π) magnetic
order. Theoretical predictions indicate that other magnetic phases can be stabilized in Fe1+xTe through tuning
of the coupling strength between magnetic moments at next-nearest neighbor Fe sites.
Using low temperature scanning tunneling microscopy of strained samples, we have studied, at the atomic
scale, the impact of small lattice distortions on the magnetic order of Fe1+xTe (x~0.06). Straining the
material along the [110] direction, we have observed a new ordered phase that is characterized by a (π, π)
order. I will discuss the origin of this new phase, and show measurements of its electronic and magnetic
properties.
P30. The effect of Helium on spin polarized electron tunnelling
Christopher Trainer, Chi Ming Yim, and Peter Wahl
University of St Andrews, UK
FeTe, the parent compound of the Iron Chalcogenide superconductors, is an antiferromagnet at low
temperatures with strong electron correlations. The magnetic order of this compound can be detected in STM
imaging of the surface (1,2) using spin-polarized STM with a magnetic tip allowing it to resolve the magnetic
order at the sample surface. The only STM study of this compound that did not detect this magnetic order
was conducted in a Helium environment (3) as opposed to vacuum. I present a systematic study of how the
intensity of the imaged magnetic order changes as Helium is introduced to the STM tunnel junction. I show
that the Helium supresses the spin polarization of the tunnelling electrons and discuss the potential
mechanisms behind this.
[1] M. Enayat et.al, Science 345, 653 (2014).
[2] T. Hänke et.al, Nat. Commun., 8, 13939 (2017).
[3] T. Machida et.al, J. Phys. Soc. Jpn. 81, 074714 (2012).
P31. Modular Acrylonitrile Butadiene Styrene as a Structural Thermal Insulator Material for Cryogenic
Applications
Dmitry Zmeev, Joshua Chawner, Alexander Jones, Theo Noble, George Pickett, and Viktor Tsepelin
Lancaster University, UK
We report measurements of the thermal conductance of a structure made from commercial Acrylonitrile
Butadiene Styrene (ABS) modules, known as LEGO® blocks, in the temperature range from 70 mK to 1.8 K.
For the sample a power law for the effective thermal conductivity κ=λT n was determined, with n = 1.75 ±
0.02 and λ = (8.7 ± 0.3)× 10-5 WK-1 m-1.
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We conclude that this effective ABS-void compound material provides better thermal isolation than wellknown bulk insulator materials in the explored temperature range. LEGO® blocks represent a cheap and
superlative alternative to materials such as Macor or Vespel.
In our setup, less than 1 μW of power can heat an experimental area of 5 cm2 to over 1 K, without any
significant change to the base temperature of the dilution refrigerator.
More general ABS plastic structures are readily available and allow for ease of construction of tailored
experimental environments that require measurements in wide temperature ranges. This work suggests that
custom-built effective materials with even better thermal performance could be readily and cheaply
produced by 3D printing.
P32. Developing on-chip cooling for new physics and improved nanoelectronics
Francis Bettsworth, Samuli Autti, Anthony Guénault, Richard Haley, Alex Jones, Yuri Pashkin, Jonathan
Prance, Viktor Tsepelin, and Dmitry Zmeev
Lancaster University, UK
The cooling of nanoelectronic systems has traditionally been limited by weak electron-phonon coupling
below 10 mK. Breaching this limit to achieve sub millikelvin temperatures would greatly aid research in
quantum systems, allowing the improvement of metrology standards, sensors, annealers and the search for
new physical phenomena. We discuss that further electronic cooling can be achieved in commercial dilution
refrigerators through the demagnetisation of on-chip electroplated metals such as copper and indium. Weak
electron-phonon coupling aids this technique by isolating the cooled electrons from the warm host lattice
and associated heat-leak. We demonstrate this in cooling a coulomb blockade thermometer (CBT) which
allows for primary electron thermometry throughout the cooling process. Using a copper refrigerant we have
achieved 4.5 mK in a commercial dilution refrigerator with a hold time below 5 mK of 1200 s. We have also
reached 1.2 mK temperatures with a hold time of 1700 s in a custom wet dilution refrigerator. We are
currently seeking to use on-chip electroplated copper and indium to cool other micro and nanoelectronic
systems to below millikelvin temperatures.
P33. Controlling Reactivity in Metal/Metal Oxide Nanoparticles
Toby Bird1, Jed Cooper1, Sitki Atkas1, Shuayl Alotaibi1, Roland Kroger1, and Andrew Pratt1, 2
1
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Magnetic nanoparticles are critical materials for a variety of high-stake applications that will address global
challenges in healthcare and environmental remediation. Whilst significant progress in these areas has been
made, key challenges remain. Their readiness to oxidise causes them to be less effective as their properties
change. Understanding the oxidation process in gaseous and aqueous environments is key to making more
stable magnetic nanoparticles. Enabling the possibility of controlling nanoparticle reactivity through, for
example, controlling strain using capping layers. This understanding is essential to increase their lifetime and
potential for these applications.
Iron nanoparticles are of particular interest due to their magnetic properties but these rapidly oxidise in
atmosphere. Iron nanoscale oxidation has been shown to be different to bulk. Rather than reaching an
equilibrium thickness of 2-3 nm, predicted by Cabrera-Mott theory, the metal/oxide interface continues to
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progress towards the particle interior with an oxidation front that depends on the lateral position along the
nanoparticle face. Kirkendall voids also appear due to the imbalance of the relative rates of diffusion of O
and Fe. The next step is understanding the balance between lattice and grain boundary diffusion as the
oxide shell develops. Here, we present images of iron nanoparticles at different stages of oxidation, obtained
using an aberration-corrected transmission electron microscope. The properties and oxidative behaviour of
nanoparticles deposited using a gas aggregation cluster source under different conditions will also be
discussed with a focus on particle size, geometry, and coating material. Supporting electron spectroscopy
measurements will be presented.
P34. Monte Carlo simulations of columnar Lanthanide Formates
Zoe Jones and Andrew Goodwin
University of Oxford, UK
Lanthanide Formate, Ln(HCOO)3, forms columnar structures containing one dimensional Ln-Ln chains
connected by formate linkers. This material is of interest in magnetocalorics and is an excellent candidate for
exploring low dimensional magnetism; interactions along the chains are strong, whereas those between the
chains are weak.
Here we report the results of Monte Carlo simulations for a variety of interchain and intrachain couplings of
relevance to this system. We find the existence of anomalous low dimensional phases containing both order
and disorder.
P35. Non-Markovian Spin Dynamics in an Electron Conductor
Stephanie Matern and Bernd Baunecker
University of St. Andrews, UK
Determining the dynamics of a system in contact with a bath beyond the Markov approximation remains a
challenge, especially for a fermionic environment. Here, we expand the Nakashima-Zwanzig master equation
in the weak coupling limit to obtain the full time evolution of an impurity spin system coupled to itinerant
electrons. We keep in particular quantum memory effects leading to non-Markovian dynamics at short time
scales. This allows us to show that even a non-interacting electron system causes a notable memory effect
due to the restriction of fluctuations by the Fermi surface. Our results are analytical and describe the full time
range from the novel non-Markovian contributions to the well-known exponential decay expressions.
But the approach itself is independent of the bath structure and can also be used to study the nonMarkovian dynamics in a more complex environment found, for instance, in a strongly correlated system.
Furthermore, we show that it is possible to actively employ the non-Markovian dynamics to manipulate the
electronic environment. As an illustration we propose a mechanism to efficiently cool the environment in a
temperature independent way. This presents an opportunity to sidestep the natural bottleneck at low
temperature for conventional cooling by demagnetisation, particularly for low dimensional systems.
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P36. Spatio-temporal coherence in quenched Fermi systems
Conor Jackson and Bernd Braunecker
University of St Andrews, UK
The study of quantum systems following a sudden quench has grown into an important area in the field of
non-equilibrium physics. The Fermi-edge singularity is the paradigmatic example of a quenched many-body
system, offering a rare case of an exactly solvable system out of equilibrium and describes the case where a
local impurity is suddenly introduced into a non-interacting Fermi gas. The established treatment of the
Fermi-edge, however, focuses on the properties of the system only at the position of the impurity. We
examine the time evolution of spatial correlations in the Fermi-gas after the quench in the limit of large
distances and times. We find overlap with the initial state decay as a power law with the distance the
electron travelled, the time since the quench and the ‘light cone distance’ vFt ± x, where vF is the Fermivelocity. This suggests the existence of a travelling long ranged coherent signal on top of the largely
incoherent Fermi-sea, which it may be possible to use to coherently couple quantum systems at a distance.
P37. Controlling subgap transport via dissipation engineering
Francois Damanet1, Eduardo Mascarenhas1, David Pekker2, and Andrew Daley1
University of Strathclyde, UK, University of Pittsburgh, USA
Inspired by the microscopic control over dissipative processes in quantum optics and cold atoms, we
develop an open-system framework to study dissipative control of transport in tunnelling junctions of
strongly interacting fermions, relevant for both solid state and cold atom experiments. We show how subgap
currents exhibiting Multiple Andreev Reflections -- the stimulated transport of electrons in the presence of
Cooper-pairs -- can be controlled via engineering of superconducting leads or superfluid atomic gases. Our
approach lends itself to directly incorporating dissipation within the channel for the transport process, and
we demonstrate robustness of the induced currents against dephasing. This opens opportunities for
engineering many phenomena with transport in strongly interacting systems, and as an example we show
how nonreciprocal electron and Cooper-pair currents can be induced in this setup.
P38. New 100-kHz Beamline with High Harmonic Generation at U.K. Artemis Facility
Charlotte Sanders, Y Zhang, A Wyatt, G Karras, R T Chapman, G M Greetham, M Towrie, and E Springate
STFC, UK
The U.K.’s Central Laser Facility (CLF) Artemis laboratory is a user facility offering pump-probe angle-resolved
photoemission spectroscopy (ARPES) studies, where ultrafast dynamics can be probed in solid-state
systems using high-harmonic generation (HHG). Our beamline supports the study of dynamics ranging from
the fs to the ps regimes, with tunable polarisation in both the pump and probe.
We are presently in the process of upgrading our beamline to include a 100-kHz laser system with HHG. In
our first user call in 2020 we plan to offer time and energy resolution of around 50 fs and 100 meV,
respectively, for probe energies of hν = 25 - 40 eV, and pump energies 1.7 and 2.6 μm (0.48 and 0.73 eV).
In subsequent calls we will offer optimized time and energy resolution and fully tunable pump. Furthermore,
we will offer probe energies up to approximately hν = 100 eV (although with somewhat lower energy
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resolution and lower fluence at highest energies). Not only will our new beamline enable time-resolved
ARPES measurements with excellent time and energy resolution, it will also offer favourable statistics and
space charge conditions relative to lower-repetition-rate systems.
I will present here some of the details of our upgrade plans, and contextualize them within our vision for the
scientific scope of the facility.
P39. Dual quantum confinement and anisotropic spin splitting in the multi-valley semimetal PtSe2
Oliver Clark1, Federico Mazzola1, Jiagui Feng3, Veronika Sunko2, Igor Marković1, Lewis Bawden1, Timur K.
Kim4, Phil D. C. King1, and Mohammad Saeed Bahramy5
1
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Nanobionics, China, 4Diamond Light Source Ltd, UK, 5University of Tokyo, Japan
The creation and control of two-dimensional electron gases (2DEGs) at material interfaces is considered as a
bedrock of electronic devices, but can also yield novel environments for manipulating the electronic structure
of materials. Here, through angle-resolved photoemission and first-principles DFT based space-charge
calculations, we show how a 2DEG can be stabilized at the surface of the semimetallic transition metal
dichalcogenide, PtSe2 upon deposition of sub-monolayer coverages of alkali metal adatoms. In bulk, PtSe2
is a compensated semi-metal. We show how the presence of both electron and hole carriers in the bulk
leads to an unusual near-surface band bending potential profile, exhibiting spatially segregated electron and
hole accumulation regions. We further show how this “dual” band bending, markedly different to the
monotonic potential profiles which are ubiquitous to gated semiconductor systems, drives an enhancement
of the inversion symmetry breaking associated with the confining potential. This leads to a pronounced
Rashba-like spin splitting of the 2DEG states. Intriguingly, this spin splitting is highly anisotropic, due to the
multi-orbital nature of the underlying bulk band structure. Together, our results therefore demonstrate the
novel environment that semimetals can provide for tailoring electrostatically induced potential profiles and
spin-split electronic states in solids [1].
[1] O. J. Clark et al., Phys. Rev. B 99, 045438 (2019)
P40. Spin-polarised metastable helium study of surface spin canting in single-crystal Fe3O4(001)
Phillip Bentley1, Yasushi Yamauchi2, Mitsunori Kurahashi2, Xia Sun3, and Andrew Pratt1
1
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Technology of China, China

Previously, we have demonstrated for Fe3O4 (magnetite) that the Fermi-level spin polarisation, P(EF), is
different for the outermost layer when compared to bulk values by using the extreme surface sensitive
technique of spin-polarised metastable de-excitation spectroscopy (SPMDS). This method uses helium
atoms in the metastable 23S state (19.82 eV) which de-excite a few Å above a surface through one of two
different Auger electron processes. The He 23S beam can be spin polarised by preparing the atoms in the mj
= +1 or mj = -1 magnetic sublevels allowing the spin-split density of states of a material to be probed.
Here, we show the first results from the development of the microscopic equivalent of SPMDS: spin-polarised
metastable emission electron microscopy (SPMEEM). This technique will enable novel studies of surface
magnetic phenomena and allow P(EF) to be mapped across a surface and we demonstrate its potential by
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presenting images of the magnetic domain structure of single crystal Fe3O4(001). Top-surface spinpolarisation both in-plane and out-of-plane is compared to sub-surface measurements obtained using
ultraviolet magnetic circular dichroism (UVMCD) with both then compared to existing SPLEEM results.
Previously it has been observed that out-of-plane SPLEEM measurements for magnetite are weak but
present due to spin-canting effects. Here we demonstrate that at the surface, this effect is pronounced as
evidenced by the observation of distinct spin polarisation both in-plane and out-of-plane.
P41. Quasiparticle interference on a natural mineral: Mapping the bands of Galena
Carolina de Almeida Marques, Christopher Trainer, Chi Ming Yim, Timothy Raub, and Peter Wahl
University of St Andrews, UK
Galena (PbS) is the main ore of lead and one of the most common minerals on Earth. It crystallizes naturally
on a rock-salt crystal structure and high-quality samples, that cleave perfectly, are common natural
occurrences. It played a fundamental role as a point-contact diode in the early days of wireless radios, and
nowadays its largest application is as infrared sensors. It belongs to the lead chalcogenides PbX (X=Te, Se,
S), narrow direct bandgap semiconductors which have high thermoelectric figures of merit and unusual
semiconducting properties. Their electronic band structure has been studied theoretically and
experimentally, revealing a bandgap which decreases with decreasing temperature and under pressure.
Previous Scanning tunnelling microscopy (STM) studies on PbS crystals reported atomically-resolved
surfaces. In this study, a natural argentiferous PbS crystal was cleaved in situ and measured at 20K, using a
home-built low-temperature STM. High-quality flat surfaces with a large variety of defects, surrounded by
clear patterns due to quasiparticle interference (QPI) are observed. The Fourier transform of differential
conductance maps allows access to the q-vectors corresponding to the QPI patterns. In this way, the
electronic structure of PbS was mapped in both the occupied and unoccupied states.
P42. 7.1 Tesla Cryogen-Free Gyrotron magnet for the ITER development programme
Roger Mitchell, Jeremy Good, and Tom Ritman-Meer
Cryogenic Ltd, UK
A review of a custom-built cryogen-free magnet system intended for use as part of the European
development program of the 1MW continuous wave, cylindrical cavity gyrotron at 170 GHz for the ITER
electron cyclotron system.
The magnet system houses a 1 MW gyrotron whilst providing a physical and mechanical structure which is
compatible with further development towards a generation of 2MW coaxial cavity gyrotrons.
The magnet comprises four niobium-titanium windings producing a peak field of 7.1T at the gyrotron cavity
within a 240mm UHV room temperature bore. Two of the four windings are negatively wound to rapidly
diminish the field at the cathode 364mm below the field centre. The opposing interactive forces between
the windings at full field are >114 Tonnes.
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It was essential to undergo a thorough analysis of field perturbation generated by mechanical strain in the
windings at high field to ensure the magnetic field profile was within 1% of a theoretical optimised profile for
electron transport.
A tilt alignment between the gyrotron mechanical axis and the magnetic axis of <0.02º is maintained even
following intentional quenching of the magnet at full field.
P43. Probing non-equilibrium physics using two-dimensional quantum gases
Elliot Bentine, Adam Barker, Kathrin Luksch, Shinichi Sunami, David Garrick, and Chris Foot
University of Oxford, UK
The relaxation of non-equilibrium states is ubiquitous throughout physics. Although the equilibration of
classical systems is well understood, there remain open questions as to how quantum systems thermalise.
We plan to investigate the thermalisation and non-equilibrium dynamics of a two-dimensional closed
quantum system, using an ultracold atom apparatus. With such an apparatus, the dynamics can be resolved
in real time, and both the real- and momentum-space distributions are directly accessible. The atoms are
well isolated from the environment, and are thus a paradigm of a closed quantum system. Furthermore,
these experiments are highly controllable through a range of techniques that use optical and magnetic fields.
Our apparatus uses radiofrequency magnetic fields to create a pair of independent, two-dimensional,
quantum-degenerate Bose gases, which are each quenched into a non-equilibrium state. As each cloud
thermalizes, they cross the Kosterlitz-Thouless (KT) phase transition, leading to a proliferation of unbound
vortex-antivortex pairs. We will use matter-wave interference to directly observe and spatially resolve the
relative phase fluctuations between the two clouds. This versatile method will allow us to measure the phase
correlations and determine the distribution of the phase fluctuations as these two-dimensional systems
relax. In addition, we will investigate the scaling exponents both near and far from the KT phase transition,
providing a window into the universality of non-equilibrium behaviour close to the critical point.
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