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Electronic inhomogeneities are of great interest not only from a fundamental point of view but also for
applications, e.g. in sensors and for spintronics. Here, we report on our research on two types of electronic
inhomogeneity, namely nanoscale phase separation via the formation of magnetic polarons, and the formation
of topologically non-trivial surface states. For the latter, we continued our efforts on the Kondo insulator
SmB6 by a systematic manipulation of its surface conductivity. For the half-Heusler compounds Y𝑇Bi we
showed that the impact of spin-orbit coupling on topology can be tuned by replacing 𝑇 = Pd with Pt. Magnetic
polaron formation was studied in depth for Eu5In2Sb6, a material which exhibits colossal magnetoresistance.
A possible nontrivial topology in this material remains elusive.

Materials in which the structural, electronic and mag-
netic degrees of freedom are entangled can exhibit un-
expected or even spectacular physical phenomena like
superconductivity, colossal magnetoresistance (CMR)
or the Kondo effect [1, 2, 3]. A hallmark of such cou-
pled degrees of freedom is the appearance of distinct
electronic phases, often accompanied by phase separa-
tion and pattern formation. In this respect we continued
two lines of research: i) topologically nontrivial surface
states on different materials and ii) polaron formation in
Eu-based compounds.
Over the past decade our primary experimental tool
was low-temperature Scanning Tunneling Microscopy
(STM) and Spectroscopy (STS). STM/S is perfectly
suited to tackle the afore-mentioned topics because it
combines atomic scale resolution with extreme surface
sensitivity. Unfortunately, our most powerful STM
equipment (base temperature of 0.3 K, ultra-high vac-
uum (UHV) conditions with in situ cleaving capabili-
ties, magnetic field capability up to 12 T) broke down
beyond repair. Since the implementation of a new
UHV 3He cryostat is only scheduled by the end of 2024,
alternative experimental tools were established. One
such technique is thermal expansion combined with mag-
netostriction measurements, implemented in our Physi-
cal Property Measurement System (PPMS). Its outstand-
ing sensitivity and first results on tetragonal DyRh2Si2
and HoRh2Si2 have recently been reported [4, 5].

Topologically non-trivial materials

We continued our research on the topological Kondo in-
sulator SmB6 by a systematic manipulation of its surface
conductivity [6, 7]. Albeit of topical interest, surpris-
ingly little is known about the properties of the SmB6
surface. In contrast to the bulk Sm valence of approxi-
mately +2.6 at low temperature, the valence at the sur-
face appears to be closer to +3, which may be related to
the formation of Sm2O3 near the surface. Moreover, de-
spite the considerable stability of the bulk SmB6 phase

[8], the surface chemistry may be changed such that
not only the chemical potential at the surface could be
shifted, but also time-dependent surface properties may
be observed. Consequently, if highly surface-sensitive
techniques (like STM/S) are to be applied, clean SmB6
surfaces are typically prepared by in situ cleaving in
ultra-high vacuum (UHV) conditions. However, SmB6
is difficult to break, and surfaces perpendicular to the
main crystallographic axes of the cubic structure are
polar in nature, very often giving rise to atomically
rough or (2×1) reconstructed surfaces. Notably, even
cleaved surfaces may exhibit valence inhomogeneities
and band-bending effects, see [7]. But also for cases
of less surface-sensitive techniques, like resistivity mea-
surements, surfaces often need to be prepared, which
may influence the surface itself, e.g. by disrupting the
crystal structure at the surface, introducing impurities
and subsurface cracks and/or, again, changing the Sm
valence.
In order to investigate the surface conductance in a con-
trolled and systematic way, we manipulated the sample
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Fig. 1: SEM images of the same SmB6 sample after
cutting an increasing number of lines using a Focused
Ion Beam (FIB) [6]. Shown are examples after FIB-runs
F2, F6, F7 and F9. The dark patches at the centers of F2
and F9 are residue of paraffin used for fixing the sample.
All scale bars: 500 𝜇m.
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Fig. 2: (a) Double-logarithmic plot of the resistivity
𝜌(𝑇) of Sm1−𝑥Gd𝑥B6 with 𝑥 = 0.0002 before and after
cutting an increasing number of lines by FIB (see Fig. 1).
(b) ln 𝜌 vs 1/𝑇 representation of the 𝜌(𝑇)-data.

surface utilizing a focused ion beam (FIB) [6]. Trenches
of about 7–10 𝜇m in depth were cut by Xe ions in consec-
utive runs, with each run about doubling the number of
trenches cut. This results in ever smaller areas between
the trenches, see Figure 1. For this example a mini-
mum grid line distance of about 15 𝜇m was achieved
after the final run F9, which is still large compared to
the effective carrier mean free path ℓ < 1 𝜇m [9]. Re-
sistance measurements were conducted after some FIB
runs, see Figure 2. Already the first cross of FIB-cut
lines (F2) increases the 𝜌(𝑇)-values within the plateau
at low 𝑇 compared to the as-grown surface by more than
30%, which appears to be well beyond the geometry in-
accuracy. Upon increasing the FIB-cut line density, the
low-𝑇 resistivity increases further such that 𝜌(𝑇) of F9
at lowest temperature exceeds the value of the as-grown
surface by almost one order of magnitude. At the same
time, the low-𝑇 limit within which thermally activated
behavior is observed, drops by 2 K from as grown to
F9, see Figure 2b. As expected, most other parameters
remain largely unaffected by the FIB surface structuring.
Consequently, the low-𝑇 surface conductivity can be
tailored in a controlled fashion.

We investigated various samples of Sm1−𝑥Gd𝑥B6 with
𝑥 = 0 and 0.0002 without apparent difference. The small
amount of Gd in one FIB-treated sample allowed for
ESR, in addition to the successive resistance measure-
ments for an increasing number of FIB cuts [9]. This
provided further evidence for the contribution of surface
or near-surface excitations to the relaxation mechanism
in ESR due to nontrivial surface states.

Rough surface treatments can result in so-called subsur-
face cracks, Figure 3. In our example, these cracks were
introduced by scratching the sample surface using a dia-
mond scribe. Such subsurface cracks lower the value of
the low-𝑇 resistance plateau by introducing additional
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Fig. 3: Exemplary SEM image of a sample cross section
underneath a scratched line. Cracks within the sample’s
bulk are clearly visible and marked by arrows.

conductance channels. This emphasizes that care must
be taken when analyzing treated SmB6 surfaces.
One of the most versatile class of compounds that host
numerous topological states of matter is the half-Heusler
compounds [10]. This family with a simple MgAgAs-
type cubic structure has been extensively explored be-
cause they exhibit a plethora of different physical prop-
erties and hence, great potential for material design. Ear-
lier theoretical calculations have suggested that the mech-
anism behind the appearance of topological features in
this family depends on the band inversion, which is very
similar to the one observed in the prototypical CdTe
and HgTe systems and originates from the zinc blende
crystal symmetry and strong spin-orbit coupling [11].
Consequently, comparing YPtBi and YPdBi can be an
excellent platform to experimentally tune the topological
properties through changes of the spin-orbit coupling as
both systems possess very similar lattice parameters.
The challenge in using STM/S for comparison of the
surface topology in YPtBi and YPdBi is related to the
fact that identical surface terminations have to be in-
vestigated for both materials. Again, finding atomically
flat surface areas on cubic half-Heuslers is extremely
rare. In Figure 4a and 4d, YBi-terminated (120) surface
planes of YPtBi and YPdBi, respectively, are shown
[12]. As mentioned, YPtBi and YPdBi differ primarily
in their spin-orbit coupling strength. Our STS results
find the local density of states (DOS) to be finite at 𝐸F
for YPtBi, while the topologically trivial YPdBi com-
pound exhibits a well-defined gap of ∼100 meV around
𝐸F, see Figure 4b and 4e, respectively. This clear dif-
ference is attributed to the presence of metallic surface
states in YPtBi resulting from its non-trivial topology.
Our band structure calculations, conducted specifically
for the surface terminations as determined by STM be-
forehand, are consistent with such a change in the local
DOS as shown in Figure 4c and 4f.
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Fig. 4: (a) Atomically resolved topography of YPtBi (bias voltage 𝑉𝑏 = −200 mV, 𝐼𝑠𝑝 = 0.7 nA, scale bar of
5 nm). Areas within which d𝐼/d𝑉-spectra were averaged are marked. (b) d𝐼/d𝑉-spectra within the purple and green
rectangles as well as for the total area (black) presented in (a). Dashed line: calculated bulk DOS normalized at
𝑉𝑏 = −350 mV to the experimental value. (c) Slab calculated electronic band structure for a YBi-terminated (120)
surface of YPtBi clearly indicating spectral weight within the bulk gap near the Γ point. (d) 6 × 6 nm2 topography
for YPdBi (𝑉𝑏 = −200 mV, 𝐼𝑠𝑝 = 0.6 nA, scale bar of 1 nm). (e) d𝐼/d𝑉-spectra averaged over the magenta, orange,
purple and the whole area shown in (d). Again, the calculated bulk DOS for YPdBi is included for comparison
(dashed line). (f) Slab calculated electronic band structure for the YBi-terminated (120) plane of YPdBi.

Polaron formation in Eu-based compounds

CMR in the perovskites is typically accompanied by a
mixed valence of Mn, double exchange and the presence
of Jahn-Teller distortions [2]. The recent finding [13]
of record CMR in the Zintl phase Eu5In2Sb6 with pure
Eu2+ has sparked a renewed interest in the mechanisms
underlying the CMR effect.
We investigated Eu5In2Sb6 by magnetic, electronic and
specific heat measurements [14]. The complex struc-
ture of Eu5In2Sb6 allows for three crystallographically
different Eu sites and the Eu sublattices may magneti-
cally order independently in which case the Dzyaloshin-
skii–Moriya interaction needs to be taken into consid-
eration [15]. Despite the fact that Eu2+ ions have or-
bital angular momentum 𝐿 = 0, there appear to be
multiple, anisotropic exchange interactions in the mag-
netic and transport properties, compare Figure 5a and
5b. The inset of Figure 5a shows the ratio of resis-
tivities measured at 9 T and 0 T from which an MR
= (𝜌(9 T) − 𝜌(0 T))/𝜌(0 T) beyond −99.999% is found
for 𝐼 ∥ 𝑎. Most importantly, our thermodynamic and
magnetotransport measurements along different crys-
tallographic directions strongly indicate the formation

of anisotropic polarons below about 130 K, i.e. well
above the magnetic ordering temperatures 𝑇N1 and 𝑇N2
[14]. These polarons start to interact in the 𝑎𝑏 plane
below about 30 K as clearly seen by a kink in 𝜌(𝑇),
Figure 5a. In contrast, the resistivity 𝜌(𝐼 ∥ 𝑐) in zero
field continues to rise down to 𝑇N1, i.e. without apparent
interaction along the 𝑐 direction. Application of a mag-
netic field supports the polaron formation regardless of
the crystallographic direction and hence, the differences
in 𝜌(𝑇) for 𝐼 ⊥ 𝑐 and 𝐼 ∥ 𝑐 abate, see inset to Figure 5b.
We note that an oblate shape of the polarons with their
short dimension along 𝑐 is consistent with results from
piezoresistance measurements [16].

Spin-resolved band structure calculations [15] suggested
a spin configuration with ferromagnetically coupled Eu
moments in the 𝑎𝑏 plane, which are alternatingly stacked
in an antiparallel staggered order. Our angular dependent
magnetization (𝑀) measurements as well as the observa-
tion of a spin-flop transition in 𝑀 (𝐻) for 𝐻 ∥ 𝑏 indicate
a preferred alignment of magnetic momentums along the
𝑏 direction. According to the band structure calculations,
the material has only rather few charge carriers available
in the antiferromagnetic state and hence, it allows only
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Fig. 5: Resistivity 𝜌(𝑇) in dependence on temperature
for (a) current 𝐼 ∥ 𝑎 and 𝐻 ∥ 𝑐 as well as for (b) 𝐼 ∥ 𝑐

and 𝐻 ∥ 𝑏. Inset in (a) shows the ratio of resistivities
𝜌(9 T)/𝜌(0 T). The MR reaches beyond −99.999%. In-
set in (b): Ratio 𝑟 of resistivities for the different configu-
rations presented in (a) and (b). The zero-field maximum
near 27 K is suppressed with field. Panels share the
same color code for magnetic fields.

for incoherent hopping transport via thermal activation.
The former result is in good agreement with the very
small but finite local DOS near 𝐸F observed by STS
on small patches of atomically flat surface areas, while
the latter may lead to an effective insulator-like behav-
ior as indeed observed in the resistivity measurements.
Importantly, for a ferromagnetic spin configuration an
enlarged DOS near 𝐸F is predicted which illustrates how
the difference in spin configuration can lead to a reorga-
nization of the small band contributions near 𝐸F and how
interacting polarons can give rise to reduced resistivity.

In our earlier work [17], we established a procedure to
directly visualize magnetic polarons in EuB6 by utiliz-
ing Scanning Tunneling Spectroscopy (STS). However,
a prerequisite for applying the procedure is atomically
flat surfaces within areas much larger than the polaron
size of typically a few nm. So far, our attempts to visu-
alize magnetic polarons on Eu5In2Sb6 by STS remain
inconclusive because we could not, despite considerable
effort, locate sufficiently large flat surface areas on in
situ cleaved single crystals [15]. We also note that we
were not able to confirm – neither experimentally nor
theoretically – the existence of topologically nontrivial

surface states [15]. The existence of such states has
been speculated on the basis of the non-symmorphic
space group 𝑃𝑏𝑚𝑎 the material Eu5In2Sb6 crystalizes
in, and the observation of topological order in the related
compound Ba5In2Sb6 [18].
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