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Superconducting materials with topologically nontrivial electronic structure have attracted much attention
owing to their exotic quantum-mechanical properties and diverse potential applications. External pressure
can drive topological quantum phase transitions, which offers a means for generating and investigating
these phases, elucidating the interplay between different ground states. The realization of superconductivity
in topological compounds is regarded as an important step in achieving quantum computing. Here, we map
the electronic and structural phase diagrams of topologically nontrivial materials via electronic transport
measurements (magnetoresistivity, Hall effect), Raman spectroscopy, and synchrotron x-ray diffraction at
high pressures. To gain further insight into these pressure-driven transitions, our studies are accompanied
by theoretical calculations of electronic band structures.

Superconductivity and topology are two intriguing  two or more protected bands. Consequently, a funda-
phenomena of quantum condensed phases. The for-  mental attribute of topological phases is the presence
mer arises from electron pairing and the latter of a gapless state at the boundary (surface or edge).
emerges from crystal and atomic orbital symmetry.  This is related to the topology of the bulk electronic
These symmetries enrich the characteristics of the  structure and its projection onto the boundary.
bands, either as bandgaps or degeneracies between
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Fig. 1: Schematic of a diamond anvil cell and examples for experimental studies of properties of solids at high
pressures: (a) changes in Raman spectra indicating the structural phase transition in SiS>; [4] (b) synchrotron
x-ray powder diffraction pattern of the collapsed tetragonal phase of BaCr:As»; [5] (c) temperature dependence of
the electrical resistivity of PdS in the vicinity of pressure-induced superconducting transition, [6] (d) Nonlinear
magnetic field dependence of Hall resistivity of NblrTes at different pressures, [7] (e) magnetization signal of su-
perconducting MoTe: at 7.5 GPa [8]; (f) synchrotron *’Fe Méssbauer spectra at 8 GPa in magnetic field 2 T. [9]
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The combination of superconductivity and topology in
a material gives rise to topological superconductivity.
These materials can host Majorana fermions, which
could have potential applications in quantum compu-
ting. Over the past two decades, these aspects have
been investigated in several materials. Various Bi-con-
taining topological insulators have been found to be in-
trinsic superconductors, either by applying chemical
pressure and/or doping [1] or by applying external
pressure [2]. For example, superconductivity in the
topological insulator YPtBi [3] occurs at ambient pres-
sure but seems to extend to unconventional spin-multi-
plet pairing mechanisms. To better understand new
topologically nontrivial phases of matter, it is useful to
investigate the competition between different topolog-
ically trivial and nontrivial ground states and emerging
phenomena by tuning the system via chemical doping
or applying a combination of external stimuli such as
temperature, magnetic field and pressure. Although
high-pressure phases of matter have limited direct ap-
plications, performing experiments under pressure is
an invaluable tool for discovering and understanding
such novel phases. High pressure is a particularly clean
method of modifying the crystal structure without in-
troducing chemical impurities or defects.

Although setting up a high-pressure experiment is still
difficult and time consuming, studies of the effect of
pressure on properties of matter can now be performed
using nearly all experimental techniques in tempera-
ture ranges from mK to thousands of K and/or at high
magnetic fields. To generate pressure up to 100 GPa
we have designed our own miniature diamond anvil
cells (DAC) schematically shown in Figure 1. The op-
tical transparency of diamond in a wide range of the
electromagnetic spectrum allow to perform several
spectroscopic methods. Especially, Raman spectros-
copy is a powerful method to study the pressure effect
on interatomic interactions in the materials, to monitor
pressure-induced phase transitions (Figure 1a), and in
combination with high-pressure synchrotron x-ray dif-
fraction (Figure 1b), to determine the structures of the
new polymorphic forms of compounds [4]. In situ
measurements of the resistivity of tiny samples with
electrical contacts allow to study pressure-induced
changes of the electronic properties of matter such as
insulator-metal transitions and superconductivity (Fig-
ure 1c) [6]. Magnetoresistance and Hall-effect meas-
urements (Figure 1d) are crucial for inferring infor-
mation about the interactions between itinerant charge
carriers and the magnetic degrees of freedom and pres-
sure-induced changes of the electronic structure [7].
Although extremely difficult due to very small volume
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of the sample in high-pressure experiments, magneti-
zation measurements in SQUIDs (Figure 1e) might be
utilized for the observation of the Meissner effect in
superconductors at high pressures [8]. The recent de-
velopment of the synchrotron techniques provides pos-
sibilities for detailed studies of the pressure effect on
the magnetic ordering by Madssbauer spectroscopy
(Figure 1f) in a wide range of pressures, temperatures
and applied magnetic fields [9, 10]. Our group is con-
tinuously working on the application of new experi-
mental techniques to study the pressure effect on the
structural, electronic and magnetic properties of solids.
E. g., currently we apply the nuclear forward scattering
(NFS) of synchrotron radiation to study the pressure-
induced magnetic and valence transitions in Europium-
based compounds.

Pressure-induced superconductivity in the weak
topological insulator RhBi,

The Bi-rich part of the binary Rh-Bi system has at-
tracted significant interest owing to its superconductiv-
ity [11]. Recently, RhBi, was shown to be a weak top-
ological insulator [12]. RhBi, is not superconducting at
ambient pressure [11]; nevertheless, it exhibits intri-
guing new physical phenomena under stress or strain.
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Fig. 2: (a) Temperature dependence of normalized
electrical resistivity p/prsk for o-RhBi; at different
pressures. (b) Temperature dependence of normalized
resistivity p/p o k in the vicinity of the superconducting
transition temperature. (c) Temperature dependence
of p/piok for different magnetic fields at 16.1 GPa. (d)
Temperature dependence of upper critical field
woH>(T) and Ginzburg—Landau fitting curve.
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We studied the electronic transport properties of RhBi»
at pressures up to ~40 GPa [13]. High-quality single
crystals were grown using the Bi-flux method. The
monoclinic unit cell parameters (P2/c symmetry with
lattice parameters a = 6.9241(13) A, b =6.7946(8) A,
c=6.9587(13) A and = 117.73°), as determined by
unambiguous indexing of the x-ray diffraction pat-
terns, which agrees with published data for the stable
a-phase of RhBi, at room temperature.

To study the effect of pressure on the electronic prop-
erties of a-RhBi,, we measured the temperature de-
pendence of its resistivity at different pressures (Fig-
ure la). At pressures up to 10.6 GPa, the resistivity de-
creased monotonously upon cooling, indicating that
0-RhBi; exhibits normal metallic behavior in this pres-
sure range. Superconductivity was not observed in this
pressure range upon cooling to 1.8 K (the minimum
temperature of the experiment), in accordance with
ambient pressure data on RhBi, [11].

Upon increasing the pressure to 10.6 GPa, an abrupt
drop in resistivity was observed at 2 K. This indicates
the onset of a superconducting transition (Figure 2a).
Indeed, as the pressure was increased to 13.2 GPa, zero
resistivity was observed (Figure 2b). The supercon-
ducting state was further characterized by a series of
resistivity measurements under an applied magnetic
field (Figure 2c). The superconducting transition tem-
perature 7. decreased with increasing magnetic field.
Notably, at uoH = 1 T, T dropped below our lowest
measurement temperature (1.9 K). Fitting the He(7)
data using the Ginzburg—Landau equation yields an up-
per critical field uoH2(0) = 0.71 T for a-RhBi, at
16.1 GPa (Figure 2d).
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Fig. 3: Pressure dependence of the critical tempera-
ture T, of superconductivity (left axis) and upper criti-
cal field poH.>(0) (right axis) for a-RhBi>.

In the absence of experimental data on the structural
evolution of RhBi, under pressure, the dynamical sta-
bility of a-RhBi, under compression was examined by
calculating the phonon spectrum of the monoclinic
a-RhBi; structure at pressures of up to 40 GPa. Struc-
tural stability was observed over the full pressure
range, as is indicated by the absence of imaginary pho-
non modes and a progressive hardening of the acousti-
cal modes with increasing compression [13].

The pressure evolution of the superconducting transi-
tion in a-RhBi, was further studied by measuring the
resistivity at pressures up to 40.7 GPa (Figure 2b).
T. rapidly increased with increasing pressure up to
16.1 GPa (7. = 5.1 K), and then decreased gradually as
the pressure increased further, reaching 2.3 K at
40.7 GPa (the highest pressure in this experiment).
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Fig. 4: Superconductivity of IrBipsTe; . at ambient pressure. (a) Metallic conduction behavior is evidenced by
the decrease in resistivity upon cooling. Inset: Superconducting transition at low temperature. (b) The heat ca-
pacity (shown as Cy/T vs. T°) exhibits a jump at the superconducting transition temperature, indicating bulk
superconductivity. The Sommerfeld parameter and initial Debye temperature are derived from a fit (red line).
Inset: Field dependence of heat capacity. The upturn at low temperatures is due to nuclear contributions.
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This results in a dome-shaped dependence of 7. on
pressure (Figure 3). As anticipated, the value of the up-
per critical field uoH2(0) decreased gradually with in-
creasing pressure until reaching 0.53 T at 37.5 GPa
(Figure 3). At all pressures, poH:(0) remained below
the Pauli limit, as observed in numerous metal-Bi bi-
nary superconducting compounds, including KBis,
RbBi,, and S-PdBi..

Our ab initio calculations of the band structure re-
vealed a correlation between the dome-shaped depend-
ence of T, on pressure and the non-monotonic shift of
the electron energy relative to the Fermi level at spe-
cific points of the Brillouin zone [13]. The observation
of pressure-induced superconductivity in the weak top-
ological insulator a-RhBi, may provide a promising
platform to study topological superconductivity.

Superconductivity in the ternary pyrite-type com-
pound IrBii—Teq+.

Compounds with composition 7X; (where 7 is a tran-
sition metal and X is a chalcogen or pnictogen) with
pyrite-type structure have attracted considerable atten-
tion owing to their metal-insulator transitions, with
various magnetic and electrical phases ranging from
antiferromagnetic insulators to superconductors. Nota-
bly, several TX> compounds have been reported to have
topological properties. For example, PtBi, was pre-
dicted to be a Dirac semimetal, and its superconductiv-
ity under pressure was confirmed [14]. In addition, via
angle-resolved photoemission spectroscopy, it was
confirmed that CoS; is a true semimetal that hosts
Weyl fermions.

Superconducting properties of structurally related
Ir-Te compounds (IrTes, Ir;Teg, and Ir Te,) with dif-
ferent chemical doping and applied external pressure
have recently been investigated in relation to their
bonding and structural properties. These compounds
undergo a major structural transition instead of pro-
gressive variations of the crystal lattice parameters.
More freedom in crystal chemistry is offered in the ter-
nary cobaltite compounds 7YX (where 7 is a transition
metal, Y is a pnictogen, and X is a chalcogen), most of
which (over a hundred are known) crystalize in pyrite-
type or closely related structures and contain bond an-
ion pairs Xz, Y», or XY. The electronic or crystalline
structure of cobaltites can be widely tuned by chemical
substitution or external pressure. Investigating the in-
terplay between crystal structure and electronic prop-
erties facilitates elucidation of the mechanism of super-
conductivity in pyrite-type materials.

Single crystals of IrBii—Tei+ (x = 0.2), grown by the
Bi-flux method [15], exhibit the pyrite-type structure
(space group Pa3, No. 205) with a refined lattice con-
stant @ = 6.5004(3) A. This is consistent with literature.
The refinement of the atomic occupancy verifies that
Bi is partially substituted by Te, resulting in the for-
mula IrBig79Te) 21.

Upon substituting some of the Bi atoms in IrBig79Tei .2
with Te to achieve an actual composition IrBipgTe; 2,
metallic behavior is observed (Figure 4a) [15], in con-
trast to the reported semiconducting behavior of IrBiTe.
Furthermore, IrBigsTei>» demonstrates bulk supercon-
ductivity below 1.7 K (Figure 4a), which is further evi-
denced by the jump in specific heat capacity at 7. Fur-
thermore, the transition temperature shifts to lower tem-
peratures with increasing magnetic field (Figure 4b).
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Fig. 5: Superconductivity of IrBipsTe; > at high pressure. (a) Temperature dependence of electrical resistivity
down to Twin = 1.3 K under selected pressures. Inset: Pressure dependence of room-temperature resistivity up to
45 GPa. (b) Pressure dependence of T, obtained from two experimental runs. Inset: Normalized resistivity below
3 K derived from the resistivity data in panel (a).

4 HIGHLIGHTS 2024



The application of external pressure enhances the su-
perconducting transition temperature of IrBigsTei»
(Figure 5a). The highest T: value (2.6 K) was achieved
at a pressure of 26.5 GPa. With further compression, 7.
decreases slightly, demonstrating a dome-shaped de-
pendence on pressure (Figure 5b).

In the normal state, IrBiogTei » displays metallic behav-
ior up to the highest applied pressure. Hall-effect meas-
urement revealed that application of pressure increases
the carrier density, which plays a crucial role in the en-
hancement of superconductivity. Our studies on
IrBigsTe) 2 suggest that the 7YX cobaltite family of ter-
nary compounds with pyrite structures is a good plat-
form for studies of superconductivity by modifying the
chemical composition or applying pressure.

Charge density wave transitions and superconduc-
tivity in CsV3Sbs single crystals

Single-crystal CsV3Sbs with characteristic kagome
layers (see report TQC_03_Feng) of V-atoms in the
crystal structure was grown via chemical vapor
transport reactions by members of our group. These
samples exhibited good crystal quality and chemical
homogeneity, leading to extraordinarily small widths
of both the charge density wave (Figure 6) and super-
conducting transitions. A remarkably low density of
charged point defects was mirrored by a very weak up-
turn (Curie-law term) of magnetic susceptibility at low
temperatures. These crystals have been used in several
investigations (e.g. [16—19]) in collaborations with
various other leading groups worldwide.
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Fig. 6: (a) Magnetic susceptibility y(T) of CsV3Sbs
along the crystallographic c direction and (b) deriva-
tive d(yT)/dT during warming (red) and cooling (blue).
The temperature hysteresis of transitions between dif-

ferent charge density wave ordering patterns are visi-
ble. Unpublished data, cf. [16,18].
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Outlook

While in the past years our superconductivity research
was mostly centered around transition-metal chalco-
genides under high pressure, now materials with lay-
ered but also clearly three-dimensional structures with
flat bands have come into focus. Several compounds
with kagome structure layers and rare-earth were al-
ready investigated by members of our group in this re-
spect and we plan to extend research to some new
Ni- and Cr-based systems and their high-pressure
phases. It is well known that flat bands and van Hove
singularities lead sequences of various ordered elec-
tronic states; however, the role of dispersion remains
to be investigated in more detail.

We participate in the new SuperC consortium [20] de-
voted to the finding of new candidates for supercon-
ductors with high critical temperature by high-through-
put DFT and phonon calculations combined with ma-
chine learning. Our group, besides the kagome materi-
als, targets for the synthesis and investigation of Laves,
AlB>- and ThCr,Sir-type structure superconductors,
which are of more three-dimensional character. In the
last decade superconductivity has been discovered in
compounds with large amounts of magnetic elements
like Cr, Mn and Fe and we think there is potential to
find more compound superconductors with such usu-
ally avoided elements at high pressure. Moreover,
light-element compounds and their possibly supercon-
ducting phases at high pressure up to 100 GPa are of
interest.
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