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Quantum materials are materials whose ground states, as well as some low-energy excitations, can only be
captured by a truly quantum description, beyond semiclassical approximations. This includes all magnetic
systems, as well as superconducting or topologically nontrivial electronic phases. The electrodynamics of
such materials require consideration of the geometrical Berry phase of the electronic wave packet, while
the topology of their electronic band structures has emerged as a powerful classifier of their ground states.
Concentrations of Berry curvature in momentum-space act as emergent fictitious magnetic fields, generat-
ing an anomalous transverse velocity of quasiparticles and giving rise to the intrinsic anomalous Hall and
spin Hall effects. In this context, we report on a number of crystalline quantum materials in relation to
their superconducting or anomalous transport properties and magnetic ground states, with an emphasis

on epitaxial Heusler thin films grown by physical vapor deposition.

Noncollinear magnetic Heusler compounds

Heusler compounds belong to a remarkable class of in-
termetallic ternary materials that host a variety of
ground states, including superconducting and half-me-
tallic compounds, topological Dirac and (magnetic)
Weyl semimetals. They exhibit exotic magnetism with
noncollinear ferro-, ferri-, and antiferro-magnetic or-
derings and topologically nontrivial magnetic textures
dubbed (anti)skyrmions.

The experimental discovery in acentric tetragonal in-
verse Heusler compounds (with D»¢ symmetry) of (i) a
noncollinear ferrimagnetic ground state in MnRhSn,
followed by (ii) the observation of magnetic antiskyr-
mions in Mn; 4Pt;-,PdSn [1] and Mn,Rh;-,IrSn [2], in
collaboration with Stuart Parkin, has triggered the
search for new emergent phenomena in this family of
materials. One such material is the half-Heusler com-
pound MnPtGa, which exhibits rich temperature- and
field-driven magnetic phase diagrams, and hosts a non-
collinear spin-canted magnetic ground state.

In crystalline thin-film form, MnPtGa grown on
AlO3(0001) stabilizes in its centrosymmetric hexago-
nal structure with a preferred c-axis (0001) out-of-
plane crystal orientation, and exhibits a perpendicular
magnetic anisotropy below its Curie temperature (7c =
260 K). In addition, the MnPtGa system undergoes a
thermally induced spin-reorientation transition below
T« = 160 K, which marks the onset of a noncollinear
spin-canted state (Figure 1a). We have confirmed these
transitions by single-crystal neutron diffraction and
quantified the Mn spin canting angle (20° from the
c-axis) [3] in collaboration with Dmytro Inosov’s group.

We have also studied the magnetic phase diagram of
another Heusler system, the tetragonal inverse Heusler
Mn;Rh;-IrSn, grown epitaxially on MgO(001). We
tuned the content of Ir (0 <x <0.4), which (isovalently)
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substitutes Rh. The films exhibit a thermally driven
transition from a collinear ferromagnetic state (below
Tc = 280 K) to a noncollinear ferrimagnetic state (at T
= 170 K), similar to that of the parent compound,
anRhSI’l.
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Fig. 1: (a) Spin-canted magnetic ground state of hex-
agonal MnPtGa crystalline thin films [3]. (b) Anoma-
lous Hall conductivity (AHC) of MnPtGa films of
various thicknesses as a function of temperature, dis-
playing a cancelation of the AHC at a thickness-inde-
pendent temperature T* = 110 K [4]. (c) Experimen-
tally reported |AHC| vs. ow for various magnetic
systems for whom the AHE originates from intrinsic
Berry curvature, compared to those for our MnPtGa
and 60 nm-thick Mn:Rh;-<IrSn crystalline thin films.
Adapted from Ref. [4].
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We also turned to the anomalous transport properties
of the MnPtGa and Mn,Rh,;-Ir.Sn systems. Relatively
recent theoretical and experimental developments in
condensed matter physics have cemented the under-
standing that the anomalous Hall effect (AHE), which
is a consequence of spin—orbit coupling in materials
with broken time-reversal symmetry, can originate
from extrinsic (skew scattering and side-jump) and/or
intrinsic (Berry curvature) mechanisms. The intrinsic
mechanism is grounded in the topology of the Fermi
surface and the geometric Berry phase of the electronic
wave packet, which generates finite accumulations of
Berry curvature (in reciprocal space). For an interme-
diate conductivity regime (given by the values of o),
the anomalous Hall conductivity (AHC) is expected to
be independent of the longitudinal conductivity.

By contrast, we found that the AHC of MnPtGa thin
films exhibits nonmonotonic behavior as a function of
temperature, which notably changes sign at a thick-
ness-independent temperature 7* = 110 K (Figure 1b)
[4], and at first sight is not correlated to the spin-reori-
entation temperature. A similar behavior is observed
for all Mn,Rh;-Ir,Sn (0 < x < 0.4) crystalline films.
Thus, our observations constitute remarkable realiza-
tions of zero AHC in systems with finite magnetiza-
tion. While first-principles calculations agree with the
magnitude and sign of the reported AHC at low tem-
peratures — which suggests the intrinsic Berry curva-
ture mechanism is the dominant source of the AHE in
both systems (Figure 1c) — further theoretical investi-
gations (combining density functional theory, model
Hamiltonians, and mean-field theory) are underway to
clarify the mechanism(s) underlying the temperature-
driven sign change of the AHC.

Time-reversal symmetry breaking Weyl semimetals

In condensed matter systems, Weyl fermionic qua-
siparticles exist as low-energy excitations of Weyl
semimetals, in which electronic bands disperse linearly
in three-dimensional momentum space and cross at
symmetry-protected nodes called Weyl points, which
systematically come in pairs. The Berry curvature be-
comes singular at the Weyl points, which in turn act as
monopoles in momentum space with opposite handed-
ness and sign of the Berry curvature. Consequently,
they govern a number of intrinsic electronic transport
and optical responses of Weyl semimetals.

The coexistence of band inversion and magnetic order-
ing in a given material provides a method for designing
time-reversal symmetry breaking Weyl semimetals.
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We have used several optical and spectroscopic
(pump-)probe methods, in close collaboration with a
number of international research teams, to study the ul-
trafast dynamics and/or optical conductivities of two
canonical systems — noncollinear antiferromagneti-
cally ordered Weyl semimetal Mns;Sn [5] and ferro-
magnetic Weyl semimetal Co,MnGa [6—11] — in the
terahertz regime. Hereinafter, we focus on ferromag-
netic Weyl semimetal Co,MnGa.

In collaboration with Tobias Kampfrath and Henri
Jaffrés’ groups, we studied the ultrafast optically
driven spin injection from Co,MnGa thin films into an
adjacent Pt layer by means of terahertz emission spec-
troscopy [6,7]. We found that Co,MnGa is an efficient
terahertz spin current generator, reaching efficiencies
of typical 3d-transition-metal ferromagnets such as Fe.
Further experiments by Stefano Lupi’s group suggest
the existence of multiple terahertz generation mecha-
nisms originating from both the bulk and surface states
of Coo,MnGa [8]. The bulk emission mechanism is ex-
plained in terms of a photon-drag effect, whereas the
surface emission mechanism relates to the photovoltaic
effect originating from the topological surface state [8].
We also found evidence of photoinduced polaronic for-
mation in Co,MnGa [9]. With Liang Wu’s group, we
reported a thickness-independent AHC of Co,MnGa of
~600 Q'ecm™! (0.2 <w<1.5 THz) at room tempera-
ture. The longitudinal and Hall conductivities, weak
spin—orbit coupling, and proximity of the Weyl points
to the Fermi level satisfy the criteria for intrinsic te-
rahertz AHC. We further established that Co,MnGa
exhibits a sizeable Hall angle (8%), and thickness-in-
dependent Faraday rotation 56 mrad at room tempera-
ture, which are attributed to the intrinsic Berry curva-
ture contribution [10].

Altogether, these results highlight the potential of
CooMnGa as a spin-sink material for efficient
spin—charge interconversion and as a spin current
source in spintronics terahertz emitters. In addition, di-
rect manipulation of the spin and magnetization via
light irradiation may provide a path toward ultrafast en-
ergy-efficient devices. However, distinguishing the
microscopic processes that occur during ultrafast laser
excitation in magnetic alloys is challenging. In collab-
oration with Margaret Murnane’s group, we combined
the element specificity of extreme ultraviolet high-har-
monic probes — which sense light-induced spin trans-
fers across the entire M-edge of Coo.MnGa — with time-
dependent density functional theory. In doing so, we
disentangled the competition between three ultrafast
light-induced processes in Co,MnGa: same-site
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Co—Co spin transfer, intersite Co—Mn spin transfer,
and ultrafast spin flips mediated by spin—orbit cou-
pling. This combined approach facilitates a compre-
hensive microscopic interpretation of laser-induced
magnetization dynamics on timescales of less than 100
femtoseconds [11].

Superconducting half-Heusler topological insulator
candidate material

The emergence of topological states of matter intro-
duced new possibilities for both the understanding and
application of superconductivity. A fascinating idea in-
volves combining topological and superconducting
properties to create topological superconductors with
zero-energy modes suitable for applications in fault-
tolerant quantum computing. One candidate family of
materials expected to provide these conditions are the
heavy-element-containing half-Heusler compounds
(with general formula XYZ). Relativistic corrections in
these materials lead to band inversion with the fourfold
degenerate p-like I's band having higher energy than
the twofold degenerate s-like I's band, as observed in
topological insulators.

YPtBi is a particularly promising half-Heusler com-
pound. The j = 3/2 character of the I's band, which de-
rives from the Bi p orbitals, is predicted to lead to
higher-order pairing and thus to a topological super-
conducting state. However, experiments have thus far
been limited to bulk single crystals, which drastically
limits the scope of available probes. To reveal any ex-
otic superconducting nature, it is typically necessary to
examine lithographically patterned devices, where the
details of the superconducting wave function play a
tangible role in the transport properties. Examples of
such structures include superconducting quantum in-
terference devices (SQUIDs) and Josephson junctions.
However, the fabrication of such devices requires ad-
vanced nanofabrication techniques, typically starting
from thin film materials; it is not really feasible to use
bulk crystals.

In collaboration with Laurens Molenkamp’s group, we
have successfully grown high-quality crystalline epi-
taxial thin films of YPtBi(111) on Al,O3(0001), resort-
ing to molecular beam epitaxy [12]. A robust supercon-
ducting state was observed, with the critical tempera-
ture (7 = 0.67 K) and critical field (H(0) = 1.4 T) be-
ing consistent with those previously reported for bulk
crystals. Furthermore, we estimated the out-of-plane
superconducting coherence length to be 15 nm. Nota-
bly, we found that AlOx capping protected the sample
surface from oxidation or degradation, facilitating fur-
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ther lithographic processing and ex situ investigations.
Our results pave the way toward the development of
elaborate device architectures, which will benefit the
exploration of the potentially topological nature of su-
perconductivity in YPtBi, and to tentatively realize the
quantum spin Hall insulator regime in a wider bandgap
material than the canonical HgTe/CdTe quantum wells.

Superconducting misfit compounds: from bulk
crystals to mesoscopic devices

Over the past two decades, the exploration of truly two-
dimensional (2D) materials, as exemplified by mono-
layer graphene, has become an exciting frontier in ma-
terials science and condensed matter physics. The re-
cent discovery of correlated electronic phases and su-
perconductivity in twisted bilayer graphene, a super-
structure that forms a Moiré pattern, has triggered the
discovery of further 2D compounds and heterostruc-
tures. A myriad of van der Waals-layered and transi-
tion metal dichalcogenide heterostructures have been
extensively explored owing to their novel electronic
and magnetic properties at the ultrathin/atomic limit.

Among 2D materials, misfit layer compounds (MLCs)
have attracted considerable attention owing to their dis-
tinctive structure, crystallographic diversity, and chem-
ical tunability. Similar to twisted bilayer graphene,
MLCs feature lattice mismatch between the layers, lead-
ing to the formation of Moiré patterns or strain-induced
modifications in their electronic structure. MLCs are
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Fig. 2:
[MX)1+6)]mf (TX2)n] (m =n =1). (b) Hall bar device of
(SnSe)1.16(NbSe;) MLC. (c) Critical temperature and
(d) longitudinal resistivity of the bulk crystal and
50 nm flake of (SnSe);.16(NbSe>).

(a) Schematic of a misfit crystal
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typically represented by the general formula

[((MX)+5))m[(TX2).], where m and n equal 1, 2, or 3; T
denotes a transition metal element; M represents a post-
transition metal or rare-earth element; and X represents
a chalcogen (Figure 2a). These compounds mimic natu-
ral van der Waals heterostructures, comprising alternat-
ing stacked layers of distorted rock salt MX and hexag-
onal TX> structural units. Notably, effective charge
transfer occurs from the MX layers of MLCs to the 72X>
layers, resulting in a variety of intriguing physical phe-
nomena. To date, MLCs have been extensively studied
for their potential applications in optoelectronics, catal-
ysis, energy storage systems, and thermoelectrics. How-
ever, the fabrication of nanodevices to manipulate the
electronic properties using mono- or multilayered misfit
crystals remains a challenging and underexplored area.

With this motivation, we have grown high-quality sin-
gle crystals of (SnSe);.16(NbSe2) and (PbSe);.14(NbSe»)
MLCs by chemical vapor transport and characterized
the crystals using Laue diffraction and energy-disper-
sive X-ray spectroscopy. In collaboration with Nicola
Poccia’s group at [IFW, Dresden, we exfoliated the mis-
fit (SnSe)1.16(NbSe,) using a simple scotch tape tech-
nique and dry-transferred the few-layered exfoliated
flakes (thickness =~ 50 nm) onto prepatterned Cr/Au
electrodes to form well-defined Hall-bar microdevices
(Figure 2b). The entire process was performed inside
an Ar-filled glove box, with the samples transferred us-
ing a cryogenic transfer stage to mitigate oxidation and
defect formation or migration. In such Hall-bar micro-
devices, we observed that the superconducting transi-
tion temperature of the flakes remained similar to those
of the bulk MLCs, however, the Hall resistance of the
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flake exhibited interesting features, indicating unique
electronic properties at the nanoscale (Figure 2c-d).
These studies provide a first step toward exploring the
low-dimensional emergent electrodynamics of MLCs.

Toward engineered chiral structural, electronic
and magnetic degrees of freedom with topology

Over the past few years, chiral crystals have emerged
as a promising research direction in condensed matter
physics owing to their symmetry-related exotic physi-
cal properties. Among chiral crystals, topological chiral
semimetals with noncentrosymmetric cubic B20-type
structures (space group P23, No. 198) are of particular
interest because they display chirality in their crystal,
electronic, and magnetic structures (with B20-MnSi as
the canonical skyrmion lattice system). Although the
synthesis of chiral single crystals with noncentrosym-
metric cubic B20 structures is well established, their
heteroepitaxial growth into crystalline thin films re-
mains a notable challenge. In this regard, our group has
recently made progress in stabilizing the B20 structure
in a prototypical CoSi nonmagnetic chiral semimetal
using crystalline seed-layer epitaxial engineering.

Studies in the crystalline thin films of chiral B20 topo-
logical metals are expected to provide fundamental in-
sight into their intertwined electronic, chemical, and
physical properties. Compared with bulk crystals, het-
eroepitaxial thin films offer additional tuning parame-
ters, such as film thickness and biaxial (tensile or com-
pressive) strain, in addition to composition/doping
control. Moreover, the larger area-to-volume ratio in
thin films versus bulk crystals facilitates the study of
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surface-dependent phenomena such as interfacial spin
transport and catalytic reactions [13], which are diffi-
cult to explore in bulk crystals.

Along these lines, epitaxial thin films and exfoliated
layered compounds generally offer new opportunities
to study topologically nontrivial systems and their in-
tertwined degrees of freedom (charge, spin, orbital, and
lattice) in reduced dimensions. Heterostructures of
magnetic Weyl and nonmagnetic topological materials
with other quantum materials, such as noncollinear
(anti)ferromagnets and (topological) superconductors,
lithographically patterned into mesoscale devices, are
expected to enable vast studies (Figure 3), including
superconducting and magnetic proximity effects,
quantum anomalous Hall and quantum spin Hall insu-
lator states, Ising superconductivity, chiral charge den-
sity wave, Josephson diode effects in noncentrosym-
metric superconductors, (inverse) spin and orbital
(Rashba) Hall effects, current-induced spin selectivity,
and electrical magnetochiral anisotropy.

The realization of high-quality crystalline thin films by
physical vapor deposition (e.g., magnetron sputtering
and molecular beam epitaxy) is a worthwhile challenge
to undertake to enable the integration of entirely new
classes of topological materials into functional quan-
tum hardware architectures and next-generation
spintronic and electro-optical devices, and promises to
both challenge and further our understanding of topol-
ogy in condensed matter systems.
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