
Condensed Matter Physics

Artist’s view of a single layer boron nitride before hydrogen-assisted exfoliation from the growth substrate. (A. P.
Seitsonen)



Condensed matter theory

Prof. Titus Neupert

We study topological phases of quantum matter with nu-
merical and analytical tools. Topological electronic states
are characterized universal and robust phenomena, such
as the Hall conductivity in the integer quantum Hall ef-
fect, that are of fundamental interest or promise appli-
cations in future electronics. We study and propose con-

crete materials to realize such topological effects, but are
also interested in studying abstract models to understand
what phases of matter can exist in principle.
Our numerical toolbox includes neural network algo-

rithms to study strongly interacting quantum many-body
systems. Furthermore, we work at the interface of quan-

tum computing and condensed matter physics.

https://www.physik.uzh.ch/g/neupert

Building topological crystalline superconductors atom by atom

Two-dimensional superconductors are a highly sought-after
phase of matter, and their fundamental characteristic is the

presence of Majorana modes at their boundaries. While these
phases are elusive in natural compounds, they may be real-
ized by designing artificial quantum materials.

Our group has worked closely with researchers in the
Sessi group at the Max Plank Institute of Microstructure
Physics in Halle, Germany, to build a platform in which such
exotic superconductivity can be found. The workhorse are so-
called Shiba-states, which appear when a magnetic atom (in
our case chromium) is added to the surface of a conventional
superconductor (in our case niobium). The Shiba states are
located near the magnetic adatom in the spectral gap of the
superconductor. Adding several atoms next to each other will
lead to a hybridization of their Shiba states. If a whole lattice
of adatoms is formed, one can think of a “band structure” of
Shiba states — all within the gap of the underlying supercon-
ductor and thus at very low energies. This band structure is
by construction that of a superconductor and can be in differ-
ent topological phases, depending on the design of the lattice.

By assembling the lattices of magnetic adatoms one by
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Scanning tunneling microscopy image of some of the adatom struc-
tures that were created in our study. The individual chromium
atoms, each of which hosts a Shiba state, are visible.

one, using scanning tunnelling microscopy techniques, it was
possible to built different two dimensional structures, distin-
guished by the type of lattice in the bulk and termination ge-
ometry. Scanning tunnelling microscopy also allows to probe
these structures with single-atom precision. The experimental
measurements and theoretical predictions indicate that two
of the structures host Majorana edge bands and corner Ma-
jorana modes, respectively, which are protected by the crys-
talline symmetries of the sample and termination geometry.

The corner Majorana modes are a manifestation of the
concept of “higher-order topology” that was introduced by

our group in 2018. Standard topological phases host spe-
cial protected modes on their boundary (a surface for three-
dimensional systems and an edge for two-dimensional sys-
tems). Higher-order topological phases exhibit such modes
in lower-dimensional sections of the boundary (a hinge
of a three-dimensional system and a corner for a two-
dimensional system). So far, experiments have focused on re-
alizing higher-order topology in three-dimensional semicon-
ductors and two-dimensional metamaterial structures. Our
study reports the first realization of higher-order topology in
superconductors.

This work shows that Shiba lattices are a promising a plat-
form to design topological phases in two dimensional super-
conductors.

1. Two-dimensional Shiba lattices as a possible platform
for crystalline topological superconductivity,
M. O. Soldini et al. Nature Physics 19, 1848–1854 (2023)

2. Evidence of a room-temperature quantum spin Hall
edge state in a higher-order topological insulator,
N. Shumiya et al. Nature Materials 21, 1111–1115 (2022)

3. Transport response of topological hinge modes in α-
Bi4Br4, M. S. Hossain et al. arXiv:2312.09487,
in press in Nature Physics
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Theory of topological matter

Prof. Tomáš Bzdušek

Our research focuses on topological phases of classical

and quantum matter. Topological matter exhibits proper-
ties resilient against a broad range of perturbations, and
include phenomena such as quantized Hall conductiv-
ity in semiconductor devices or spin-momentum-locked
metallic states on the surface of topological insulators.
We use diverse mathematical techniques and numerical
approaches to extend the notion of topological invari-
ants to a broader array of physical systems and to study
their fingerprints in physical observables, and we propose
prospective setups for realizing them in experiments. Be-
sides conventional crystalline solids, we also explore dis-
sipative and periodically driven systems, along with lat-
tices that feature unique curved or aperiodic geometries.

https://www.physik.uzh.ch/g/bzdusek

Spectra and topology in hyperbolic lattices

Curved spaces constitute an essential ingredient of general
relativity. As a theoretical tool, negatively curved anti-de Sit-
ter spaces also arise by virtue of a holographic correspon-
dence when describing certain strongly correlated conformal
field theories. While curvature of space is not an essential
ingredient of traditional condensed matter physics, recent
experimental works with superconducting waveguide res-
onators and with electric-circuit networks made it possible
to engineer classical and quantum Hamiltonians with emer-
gent negative curvature. However, little is presently known
about generalizations of common condensed matter physics
notions, such as crystal symmetry, Bloch band theory, and
topological order, to the realm of negatively curved spaces.

Our group conducted investigations aimed at providing
the theoretical characterization of these recent experimental
works. We studied the symmetry group of regular “{p, q}”
hyperbolic lattices, where q regular p-gons meet at each ver-
tex. Their spectral and quantum mechanical properties imply

53

Department of Physics, University of Zurich | Annual Report and Highlights 2022

https://www.physik.uzh.ch/g/bzdusek.html


Hyperbolic {8, 3} lattice, drawn in the Poincaré disk projection. The
indicated primitive unit cell (yellow) tiles the hyperbolic plane, with
translation group generated by four primitive translation (colored
arrows). The growing supercells (shades of brown) form a coherent
sequence that facilitates an efficient computation of energy spec-
tra.

unique challenges, owing to the curvature-induced non-
commutativity of hyperbolic translations, and practical ap-
proaches for efficient computations of their spectra have re-
mained missing. In a work carried out with our former doc-
toral student Patrick Lenggenhager, we have developed an
approach, based on constructing ever larger supercells as

symmetric aggregates of smaller cells, that allows for com-
puting hyperbolic spectra with an unprecedented level of de-
tail. To make these tools available for the broader community,
we have implemented the technique in a pair of complemen-
tary software packages, namely HYPERCELLS for GAP and
HYPERBLOCH for Mathematica.

A particularly striking feature of hyperbolic lattices is
the high dimension of their reciprocal space. In particular,
topological invariants characterizing Euclidean crystals in ar-
bitrarily high spatial dimension, such as the second Chern
number describing non-linear quantum Hall state in four-
dimensional space, can arise in two-dimensional hyperbolic
lattice. By leveraging the supercell method, we currently in-
vestigate how these exotic topological states are constrained
by crystalline symmetry, and how they manifest through
bulk-boundary correspondence and in transport properties.

Highlighted Publications:

1. Non-Abelian Hyperbolic Band Theory from Super-
cells; P. M. Lenggenhager, J. Maciejko, and T. Bzdušek,
Phys. Rev. Lett. 131, 226401 (2023)

2. Symmetry and topology of hyperbolic Haldane mod-
els; A. Chen, Y. Guan, P. M. Lenggenhager, J. Maciejko,
I. Boettcher, and T. Bzdušek,
Phys. Rev. B 108, 085114 (2023)
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Superconductivity and Magnetism

Professor Johan Chang

We investigate quantum matter phases emerging from

strong electronic interactions. High-temperature super-
conductivity, strange metals, density-wave instabilities
and electronic driven metal insulators metal-insulator
transitions are studied by synchrotron techniques. Using
angle-resolved photo-emission spectroscopy (ARPES)
and resonant inelastic x-ray scattering (RIXS), we reveal
electronic structures and properties of such correlated
electron systems. Quantum phase transitions tuned by
magnetic field, uniaxial or hydrostatic pressure are fur-
thermore explored by high-energy x-ray diffraction. Our
group also has technical initiatives to develop innovative
and compact cryo-cooling methodology. Finally, we are
involved in data science analysing x-ray scattering results
using machine learning methodology.
https://www.physik.uzh.ch/chang

Hallmarks of quantum matter are complex phases emerging
from electronic interactions. An experimental progress path-
way is to study these phases with advanced spectroscopy
techniques. Here, we provide two study examples using elec-
tron spectroscopy and resonant x-ray scattering on, respec-
tively, a multi-orbital Mott insulator and a superconductivity
charge order system.

Skin metal-insulator transition

Doped Mott insulators are the starting point for interest-
ing physics such as high temperature superconductivity and
quantum spin liquids. For multi-band Mott insulators, orbital
selective ground states have been envisioned. However, or-
bital selective metals and Mott insulators have been difficult
to realize experimentally. Using photoemission spectroscopy,
we demonstrated how Ca2RuO4, upon alkali-metal surface
doping, develops a single-band metal skin. Our dynamical
mean field theory calculations reveal that homogeneous elec-
tron doping of Ca2RuO4 results in a multi-band metal. All to
gether, our results provide evidence for an orbital-selective
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Charge order phase diagram emerging from our resonant scattering
experiments

Mott insulator breakdown, which is unachievable via sim-
ple electron doping. Supported by a cluster model and clus-
ter perturbation theory calculations, we demonstrate a type
of skin metal-insulator transition induced by surface dopants
that orbital-selectively hybridize with the bulk Mott state and
in turn produce coherent in-gap states.

Charge order and superconductivity

In high-temperature cuprate superconductors, stripe order
refers broadly to a coupled spin and charge modulation with
a commensuration of eight and four lattice units, respectively.
How this stripe order evolves across optimal doping remains
a controversial question. Here we carried out a systematic res-
onant inelastic x-ray scattering (RIXS) study of weak charge

correlations in La2−xSrxCuO4 and La1.8−xEu0.2SrxCuO4. Our
ultra high energy resolution experiments demonstrate the
importance of the separation of inelastic and elastic scatter-
ing processes. Long-range temperature-dependent stripe or-
der is only found below optimal doping. At higher dop-
ing, short-range temperature-independent correlations are
present up to the highest doping measured. This transfor-
mation is distinct from and preempts the pseudogap crit-
ical doping. We argue that the doping and temperature-
independent short-range correlations originate from unre-
solved electron–phonon coupling that broadly peaks at the
stripe ordering vector.

Spin-off initiative

After winning the Swiss Innovation Award end of 2021, con-
denZero matured – in 2023 – to the level where the company
could move to the Zurich-campus. The patent underlying
the company technology went into the nationalization phase
(accepted in China, pending decision in EU, USA, Canada).
Three orders arrived in 2023 and Innosuisse awarded a "con-
solidation" innovation grant.

• Fate of charge order in overdoped La-based cuprates,
K. von Arx et al., npj Quantum Materials 8, 7 (2023)

• Orbital-selective metal skin induced by alkali-metal ...
M. Horio et al., Communications Physics 6, 323 (2023)
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Oxide Interface Physics

Prof. Marta Gibert

Our group is dedicated to the growth and investigation of
transition metal oxide heterostructure (i.e. thin films, su-
perlattices). The ability to create structures with sub-nm
precision by off-axis rf magnetron sputtering allows us to
tune the properties of these materials thanks to reduced
dimensionality and interface reconstructions. Our goal is
to understand the subtle atomic-scale structural and elec-
tronic mechanisms controlling interface physics in com-
plex oxides, which is key for the rational design of mate-
rials with tailored properties.

https://www.physik.uzh.ch/g/gibert

Transition metal oxides are a fascinating and widely studied
class of materials displaying a wide range of physical prop-
erties (i.e. metal-insulator transitions, magnetism, supercon-
ductivity, etc.) useful for the development of next-generation
electronic devices. All these functionalities stem from strong
electronic correlations and a complex interplay between the

charge, orbital, spin and lattice degrees of freedom. The gen-
eration of thin films and heterostructures allows these func-
tionalities to be tuned even further, i.e. by imposing epi-
taxial strain and lowering the dimensionality. For instance,
we recently showed that B-site ordered double perovskite
Nd2NiMnO6 films exhibit ferromagnetism even at ultralow
thicknesses of only 3 unit cells (≈1.2 nm). Through a detailed
x-ray magnetic circular dichroism study, we were able to dis-
tinguish the magnetic components into a strong ferromag-
netic Ni/Mn sublattice and a paramagnetic Nd sublattice [1].

In Zurich, we continued the investigation of SrCrO3
thin films. Transport measurements have revealed a metallic
phase down to 100K for films grown under low strain with a
strain-dependent metal-to-insulator transition. On the other
hand, magnetic properties measurements revealed a strain-
independent antiferromagnetic phase at temperatures below
150K. These findings prove the coexistence of an antiferro-
magnetic and metallic phase in SrCrO3 films. The possible
Fermi surface reconstruction occurring at the metal-insulator
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SrCrO3/LaCrO3 (SCO/LCO) superlattices. A: Resistivity measure-
ments as a function of superlattice periodicity. The legend indi-
cates the number of LCO and SCO unit cells, respectively. The
subscripted number indicates the number of period repetitions.
Two transitions are observed for samples with thick SCO layers,
whereas a unique transition occurs as SCO thickness is reduced to
few unit cells. B: Scanning transmission electron microscopy image
of a (7,10)6 superlattice (blue curve in panel A). In this image,
only two periods are visible. The interfaces between SCO and LCO
are well visible and the intermixing is low.

transition signalled by a change in charge carrier is currently
being investigated using magnetoresistance measurements.

In parallel, we started the fabrication and investigation
of superlattices alternating ultrathin layers of SrCrO3 and
LaCrO3. In contrast to SrCrO3, LaCrO3 is known to be insu-
lating and weakly ferromagnetic. As both materials stabilise
with different oxidation states, a polar discontinuity occurs at
the interfaces between SrCrO3 and LaCrO3 together with in-
terfacial charge transfer. Scanning transmission electron mi-
croscopy measurements are used to investigate the micro-
scopic atomic structure of the superlattices, revealing coher-
ent and epitaxial growth and a low intermixing at the layer
interface. The SrCrO3/ LaCrO3y superlattices have a rather
small resistivity. They show a metallic behaviour with two
resistivity upturns when the SCO layer is thicker than 16uc
but only one when less than 5uc.

Highlighted Publication:

1. Paramagnetic Nd sublattice and thickness-dependent
ferromagnetism in Nd2NiMnO6 double perovskite
thin films,
Jonathan Spring et al., Phys. Rev. Materials 7, 104407
(2023)
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Low dimensional systems

Prof. Thomas Greber

We study objects like zero-dimensional endofullerene

molecules and two-dimensional (2D) boron nitride

layers in view of their functionality as nano-materials.
Single-molecule magnetism is the focus of the fullerene
research, where we apply x-ray absorption and a sub-
Kelvin superconducting quantum interference device.
In the activity of the 2D materials, we grow the highest
quality boron nitride on substrates up to the four-inch
wafer scale with chemical vapor deposition, subse-
quent exfoliation, and implementation in devices. At
UZH Irchel, we use a dedicated clean room, optical
microscopy, inkjet printing, and surface science tools
such as low-energy electron diffraction, photoemission,
and scanning tunneling microscopy for these purposes.
At the Swiss Light Source, we perform photoemission
and x-ray absorption spectroscopy experiments.
https://www.physik.uzh.ch/g/greber

Stability of single layer h-BN on metals

High quality single layer hexagonal boron nitride may be
grown on transition metals with chemical vapor deposition
(CVD). These systems are used as templates for molecules,
production of pores with nanometer size, functional elec-
trodes in electrochemical cells, or as educts for the production
of free standing boron nitride layers.

With density functional theory (DFT) we calculated
the atomic adsorption energies of boron and nitrogen, BN
dimers, (BN)3 hexamers and h-BN with and without atomic
vacancies for different transition metals. It turns out that the
catalytic substrates lower the stability of the h-BN that is e.g.
more stable on copper than on nickel. Importantly, defects,
impurities like carbon or domain boundaries lower the sta-
bility of the systems. The over all stability may be quantified
with pyrolysis experiments where the systems are heated at
a given rate to high temperatures. The disintegration of the
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Pyrolysis of h-BN on Pt(111). Low energy electron diffraction
(LEED) pattern (E = 100 eV) prior (left) and after (right) pyrol-
ysis. Center UV flash lamp photoemission signal during annealing
with a heating rate of 10 ◦Cmin-1. A significant signal drop is ob-
served after the temperature reached the pyrolysis temperature Tp

of 1200 ◦C (red arrow). Data: A. Hemmi et al., Small (2022).

h-BN is measured in the decrease of the photoelectron yield
of a xenon flash lamp. For the case of h-BN on platinum the
Figure shows high quality electron diffraction pattern of h-BN
on Pt(111) before and clean Pt(111) after heating. The record
pyrolysis temperature Tp of 1200 ◦C indicates highest quality
boron nitride.

The pyrolysis temperature of h-BN on a given transition
metal is a measure for its quality and can be correlated to the
DFT results.

The calculations run at the at the Swiss National Super-

computing Centre (CSCS) in Lugano, and the experiments
were performed in the Sinergia lab on the Irchel campus of
the University of Zürich. The project was funded by the Euro-
pean Commission (European Union’s Horizon 2020 research
and innovation programme) under the Graphene Flagship.

Highlighted Publications:

1. Growing sp2 materials on transition metals: calculated
atomic adsorption energies of hydrogen, boron, car-
bon, nitrogen, and oxygen atoms, C2 and BN dimers,
C6 and (BN)3 hexamers, graphene and h-BN with and
without atomic vacancies
A. P. Seitsonen and T. Greber, Nanoscale Adv. 6, 268
(2024)

2. Correlation of Work Function and Conformation of C80
Endofullerenes on h-BN/Ni(111)
R. Stania et al., Adv. Mater. Interfaces 2300935, (2023)

3. Inferring the Dy-N axis orientation in adsorbed
DySc2N@C80 endofullerenes by linearly polarized
x-ray absorption spectroscopy
R. Sagehashi et al., Phys. Rev. Mat. 7, 086001 (2023)
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Correlated Quantum Matter

Prof. Marc Janoschek

Our research is centered on genuine quantum phenom-
ena in bulk materials that arise due to collective electronic
behavior. These electronic correlations strongly couple
spin, charge and lattice degrees of freedom resulting
in emergent and rich low-energy physics. We study
materials in which such collective quantum phenomena
at the atomic-scale are borne out in exotic and func-
tional macroscopic properties. We tune the underlying
quantum interactions via external control parameters
(pressure, field, strain, crystal chemistry) to understand
the properties of quantum materials. For this purpose, we
probe quantum matter with state-of-the-art large-scale
neutron, photon and muon experiments.
https://www.physik.uzh.ch/g/janoschek

A quantitative Kondo Lattice Model

Electrons at the border of localization generate exotic states
of matter across all classes of strongly correlated electron

materials and many other quantum materials with emer-
gent functionality. The Kondo lattice model has been key
in qualitatively demonstrating how a myriad of correlated
quantum matter states emerge from the interplay of local and
itinerant electrons. Beyond the strongly correlated electron
materials for which this archetypal model was conceived,
it applies to a growing list of novel quantum systems with
potential for applications including the electronic transport
through quantum dots, voltage-tunable magnetic moments
in graphene, magnetism in twisted-bilayer graphene and
in two-dimensional organometallic materials, the electronic
structure in layered narrow-electronic-band materials, elec-
tronic resonances of Kagome metals, metallic spin liquid
states, skyrmions in centrosymmetric magnets and fully tun-
able electronic quasiparticles in semiconductor moiré mate-
rials. Further, Kondo lattice models have been used to study
flat-band materials and predict novel topological states such
as topological superconductivity and quantum spin liquid
states, including the highly sought-after fractional quasipar-
ticles. Despite this continued relevance, quantitative predic-
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Magnetic excitations in CeIn3. (a) Calculated and (b) measured
magnon dispersion and dynamic magnetic susceptibility in the an-
tiferromagnetic state of CeIn3 are in quantitative agreement. Panels
(c) and (d) compare theory (blue lines) and experiment (circles)
along energy and momentum transfer cuts, respectively.

tions for real materials based on Kondo lattice models remain
a formidable computational hurdle.

Both for experiment and theory, the challenge in under-

standing real materials is the extreme energy resolution re-
quired to capture the inherently small energy scales that
emerge in the renormalized electronic state arising from in-
terplay of local and intinerant electrons. Notably, materials-
specific theoretical investigations of emergent phenomena are
often limited by the difficulty of validating low-energy ef-
fective models derived from complex high-energy input. To-
gether with our theory collaborators from the University of
Tennessee, Los Alamos, and RIKEN, we have demonstrated
that for the prototypical strongly-correlated antiferromagnet
CeIn3 a multi-orbital periodic Anderson model embedded
with input from ab initio bandstructure calculations can be
reduced to a simple Kondo-Heisenberg model, which cap-
tures the magnetic interactions quantitatively. We validate
this tractable Hamiltonian via high-resolution neutron spec-
troscopy that reproduces accurately the magnetic soft modes
in CeIn3 (see figure), which are believed to mediate uncon-
ventional superconductivity. Our study paves the way for a
quantitative understanding of metallic quantum states such
as unconventional superconductivity.

Highlighted Publications:

1. A microscopic Kondo lattice model for the heavy
fermion antiferromagnet CeIn3,
W. S. Simeth, et al., Nat. Comm.14, 8239 (2023)
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Quantum Matter

Prof. Fabian Natterer

Our research group focuses on low-dimensional quantum
materials. We explore how matter receives her proper-
ties from the interaction between individual atoms and
molecules using atomically resolved scanning probe mi-
croscopy (SPM). By subjecting matter to extreme condi-
tions - such as cryogenic temperatures, exposure to mag-
netic fields, or doping – we find control knobs that fine-
tune material properties. Our investigations include mea-
surements of the electronic structure using SPM enabled
electron spin resonance, pump-probe spectroscopy, and
fast quasiparticle interference imaging.

https://www.physik.uzh.ch/g/natterer

Electronic Structure Mapping of 2D Materials

We infer the band structure of two dimensional quantum
materials using fast quasiparticle interference imaging (QPI).
QPI works by measuring the point spectroscopy (local den-

sity of states) at every topographic location. To speed up this
traditionally slow technique, we utilize compressed sensing
and parallel spectroscopy. While the former enables the mea-
surement of fewer locations, the latter speeds up the LDOS
mapping. Using our fast QPI method, we investigate the van
der Waals material 4Hb-TaS2 that exhibits a superlattice of al-
ternating layers with 1H and 1T coordination structures. The
interaction between the two charge density waves (CDW) of
the respective layers enhances the superconducting proper-
ties compared to pristine 2H-TaS2. We identify a weakly dis-
persing band on the 1T surface and find domains with dif-
ferent orientations of the CDW, which change the observed
long-wavelength Moiré patterns at the surface and the energy
onset of the weakly dispersing band.

Superconducting tips for Josephson Junction STM

To enhance the energy resolution of our STM, we introduce a
straightforward method to create superconducting tips made
from Nb wires. The trick is to controllably break the Nb wires
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Large scale quasiparticle interference map of 4Hb-TaS2, measured
in 2 days instead of 27 with our fast QPI technique, and showing
the effect of Moiré patterns on the weakly dispersing bands close
to the Fermi level.

in vacuum to expose fresh metal to the vacuum instead of

ambient pressure that previously resulted in oxidized tips.
These superconducting tips can be used for QPI mapping or
represent one part of a Josephson junction. The latter act as
the central component of a charge qubit that can be scanned
along the surface and used to atomically map the presence
of sources of decoherence or it provides insight into the pair-
ing mechanism of low-dimensional superconductors via the
emission of Josephson radiation.

Highlighted Publications:

1. Vacuum cleaving of superconducting niobium tips to
optimize noise filtering and with adjustable gap size
for scanning tunneling microscopy,
Carolina A. Marques et al., MethodsX 11, 102483
(2023), DOI: 10.1016/j.mex.2023.102483

64



Phase Transitions, Materials and Applications

Prof. Andreas Schilling

We are interested in selected topics in materials research,
spanning the entire spectrum from searching new mate-

rials, their characterization, and corresponding applica-

tions. We have been particularly active in superconduc-

tivity, magnetism and thermodynamics. Our laboratory
is equipped with modern furnaces for material synthesis,
4He/3He cryostats and a dilution cryostat, all with super-
conducting magnets.
We are structuring thin superconducting films at the
FIRST Center for Micro- and Nanoscience at ETHZ and
are using them both for basic research and applica-
tions. Corresponding nanostructures may serve as ultra-
fast single-photon detectors in the infrared, visible and X-
ray range.

https://www.physik.uzh.ch/g/schilling

Superconductivity in un-hydrated and hydrated
Lix(H2O)yTaS2

Layered transition-metal dichalcogenides (TMDs) have at-
tracted increasing interest due to their relevance in under-
standing high-temperature superconductors. They can ex-
hibit various quantum states such as metallic, Mott insu-
lating, and a state with charge-density waves (CDWs). 2H-
TaS2 is a prominent representative member of the 2H-TMD
family, in which both superconductivity and CDW can co-
exist. In bulk 2H-TaS2, the incommensurate charge-density
wave order has a transition temperature (TCDW) of approx-
imately 75 K. This state coexists with superconductivity as
the temperature decreases below the superconducting tran-
sition temperature (Tc) of 0.8 K. Like in other transition
metal dichalcogenides, this transition temperature can be
tuned through chemical doping, intercalation, annealing,
gating, and exfoliation or restacking. We have systemati-
cally studied the structural and physical properties of Li-
intercalated LixTaS2 and hydrated Lix(H2O)yTaS2 (y ≈ 0.86).
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Electronic phase diagrams of (a) un-hydrated LixTaS2 and (b) hy-
drated Lix(H2O)yTaS2. Open circles in (a): CDW transition tem-
perature TCDW; filled circles: Tc. Inset: crystal structure of LixTaS2.

In un-hydrated LixTaS2, the CDW formation temperature is
continuously suppressed by gradually increasing the lithium
content x, and Tc increases with a maximum transition tem-
perature Tc = 3.5 K for x = 0.096 (see Fig. a). In contrast, there
are no signs of a charge-density wave formation in hydrated
Lix(H2O)yTaS2, where the intercalation of water leads to a
considerable expansion of the unit cell. There, the transition
temperature to superconductivity also shows a dome-shaped
dependence on the lithium content x, but with a maximum Tc

of 4.6 K for a comparably high Li content (x ≈ 0.42) (Fig. b).

This Tc value is larger than that of corresponding optimally
doped 2H-TaS2 without water or organic intercalants, which
supports the scenario that a weakened interlayer coupling,
resulting from a large interlayer spacing, may suppress the
tendency of charge-density wave formation and thereby en-
hances superconductivity. At first glance, the dependence of
Tc on the Li content x may be attributed to an associated
charge-carrier doping. However, our Hall-effect data taken
on LixTaS2 suggest that the changes in the effective number
of charge carriers is at least an order of magnitude larger than
that inferred from the Li-content x alone. Therefore, the in-
tercalation probably primarily weakens the CDW state and
thus indirectly leads to a strong increase in the density of the
mobile charge carriers, which in turn promotes superconduc-
tivity.

Highlighted Publications:

1. Superconductivity in hydrated Lix(H2O)yTaS2
H. Liu et al., J. Mater. Chem. C 11, 3553 (2023).

2. Competing spin-glass and spin-fluctuation states in
NdxPr4−xNi3O8
S. Huangfu et al., Phys. Rev. B 108, 014410 (2023).
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Coherent Diffraction Imaging

PD. Tatiana Latychevskaia (Paul Scherrer Institut)

We develop lens-less imaging methods towards high-
resolution and three-dimensional imaging of nano-scaled
objects, two-dimensional materials and macromolecules.
Coherent diffraction imaging and holography are lens-
less imaging techniques where the intensity of the wave
diffracted by the sample is acquired by a detector in the
far field. The phase distribution of the diffracted wave
together with the sample structure is then reconstructed
by applying numerical methods. Employing short
wavelength radiation, such as electron or X-ray waves,
in lens-less imaging techniques allows for imaging at
atomic resolution.

https://www.psi.ch/en/lnb/people/tatiana-
latychevskaia

Coherent imaging with low-energy electrons,

quantitative analysis

Low-energy electrons (20 - 300 eV) hold the promise for low-
dose, non-destructive, high-resolution imaging, but at the
price of challenging data analysis. Recently, we quantita-
tively evaluated the properties of low-energy electrons when
applied for coherent imaging [1]. Unlike electrons of energies
typically employed in commercial transmission electron mi-
croscopes (20 - 300 keV), low-energy electrons (20 - 300 eV)
introduce about 10 times larger phase shift into the probing
electron waves. The maximal phase shift acquired by a 120 eV
electron wave scattered by a carbon atom was theoretically
estimated to be 5.03 radian and experimentally measured to
be between 3 and 7.5 radian. Low-energy electrons diffract
much stronger than high-energy electrons, the corresponding
point spread function shows that only very thin objects of up
to 3 Å in thickness can be imaged in focus. Thus, when imag-
ing an object of finite thickness, such as a macromolecule, the
obtained image will always be blurred due to the out-of-focus
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Left: moiré pattern in twisted bilayer graphene (TBG) with indi-
cated AA, AB and BA stacking regions. Right: topological channels
(shown in orange) in TBG; the inset shows the band structure, the
green and blue curves denote the conduction and valence bands,
and the red lines show the topologically protected states formed in
between the domains (inside the domain wall (DW) region) when
the domains are gapped.

signal, which can be an explanation for the long-standing
problem of limited resolution in low-energy electron holog-
raphy of macromolecules. A simple method to quantitatively
evaluate the absorption of a specimen from its in-line holo-
gram without the need to reconstruct the hologram was pre-
sented.

Controlling topological states in bilayer graphene

Topological states are exciting physical objects with poten-
tial for use in quantum applications. In bilayer graphene, the

topological states are hosted by the domain walls (DWs) that
separate the AB and BA stacking of atoms. An example of
topological channels in twisted bilayer graphene is shown in
Figure 1 [2]. The DWs size can be changed by lithium interca-
lation, but the overall number of DWs is preserved; these pro-
cesses were visualised by electron microscopy by Endo et al.
(Nat. Nanotech. 18, 1154–1161 (2023)). We provided perspec-
tive for future directions for such lithium-intercalated sys-
tems: The electronic properties of such systems are yet to be
characterised. Moreover, other 2D crystals and various inter-
calating atoms can be tried out. The observed differences in
the speed of lithium intercalation and de-intercalation pro-
cesses can be further investigated; such studies can help in
understanding the lithium battery operation processes at the
atomic level.

1. Coherent imaging with low-energy electrons, quanti-
tative analysis,
T. Latychevskaia, Ultramicroscopy 253 113807 (2023)
https://doi.org/10.1016/j.ultramic.2023.113807

2. Controlling topological states in bilayer graphene,
T. Latychevskaia, Nature Nanotechnology (2023)
http://dx.doi.org/10.1038/s41565-023-01454-8
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Advanced Materials for Advanced Lasers
PD. Davide Bleiner (EMPA)

The group investigates materials and plasmas for en-
abling new laser concepts. In particular, a main challenge
is the realization of compact X-ray lasers. These are com-
plementary to accelerator beamlines or high harmonic
generation beamlines. The level of footprint reduction in-
fluences the conceptual design. For lab-scale systems, ei-
ther kiloampere discharges or terawatt laser pulses are
used as pumps. For X-ray lasers on a chip, we are explor-
ing 2D materials with resonant capabilities.

https://www.empa.ch/web/s502

Plasma Physics for Tabletop X-ray Lasers

Plasmas of highly ionized atoms have electronic tran-
sition of higher energy than the neutral counterparts
found in crystalline lattices. Henceforth, the use of plas-
mas as gain media permits to realize lasing action at
higher transition energies. These are in the VUV down
to the soft X-rays. Stimulated emission and amplification
across a plasma is a single-pass process, without resonator.

The main challenge is that the plasma is not as homogeneous
as a crystal medium. From the early days at Livermore Na-
tional Laboratory with multi kJ pulses, the efficiency has dra-
matically grown to fit of a optical table in the lab. Typically,
electrical discharges or laser-produced plasmas are used.

Tabletop beams for short wavelength spectrochemistry,
D. Bleiner, Spectrochimica Acta Part B: Atomic Spec-
troscopy 181 (2021):105978.
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