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ABSTRACT

4f electron-based topological Kondo insulators have long been researched for their potential to conduct electric current via protected surface
states, while simultaneously exhibiting unusually robust insulating behavior in their interiors. To this end, we have investigated the electrical
transport of the 3d-based correlated insulators FeSi and FeSb2, which have exhibited enough similarities to their f electron cousins to warrant
investigation. By using a double-sided Corbino disk transport geometry, we show unambiguous evidence of surface conductance in both of
these Fe-based materials. In addition, by using a four-terminal Corbino inverted resistance technique, we extract the bulk resistivity as a func-
tion of temperature. Similar to topological Kondo insulator SmB6, the bulk resistivity of FeSi and FeSb2 is confirmed to exponentially increase
by up to 9 orders of magnitude from room temperature to the lowest accessible temperature. This demonstrates that these materials are
excellent bulk insulators, providing an ideal platform for studying correlated 2D physics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148249

The canonical Kondo insulators SmB6
1 and YbB12

2 have recently
regained widespread interest following the identification of non-trivial
band topology, studies of topological surface states, and the possible
observations of charge-neutral fermions.3,4 It is now well established
that the low-temperature plateau in electrical resistivity measurements
of these materials originates from a surface channel contribution, con-
sistent with the topological band inversion that is predicted to occur
when Kondo hybridization opens a bulk bandgap at the Fermi level.5,6

Other examples of materials with apparent surface conduction have
come to light, with low-temperature plateaus in resistivity arising
despite apparent insulating behavior on cooling from room tempera-
ture. Most systems exhibit a resistivity increase in only a few factors at
most before exhibiting saturation.7–11 For these materials, a resistance
plateau originating from surface conduction is unlikely as the low
resistivity values of the plateaus would imply an unusually high sheet
conductivity (using reasonable geometric factors). In contrast, a hand-
ful of correlated insulators including FeSi,12–14 FeSb2,

15 and Ce3Bi4Pt3
8

exhibit much larger (3–6 orders of magnitude) increases in resistivity
before the plateau16 similar to the cases of SmB6 and YbB12.

In particular, the low-temperature resistivity saturation observed
in the iron-based correlated insulators FeSi and FeSb2 has been sug-
gested to originate from topological surface conducting states, as evi-
denced by transport17,18 and ARPES19 experiments. In contrast to the
weakly correlated topological surface states, exotic phenomena that
might be related to strong correlation characteristics such as surface
magnetism (Zak phase in FeSi20) and very low surface Fermi velocity
(vF of 103–104 m/s in FeSb2

19) have been reported in these two materi-
als. Both materials exhibit striking similarities to the topological Kondo
insulator SmB6, in that their ground states are non-magnetic21–23

despite having magnetic elements, and that they both have narrow band
gaps,12,24 which, in the case of SmB6, arises due to Kondo physics.25,26

However, in FeSi and FeSb2, this would require that the 3d electrons
participate in the gap opening instead of 4f electrons, and since the 3d
electrons are less localized in nature, understanding the origin of the
bandgap is more difficult not as well agreed upon as in SmB6. Both
FeSi27–29 and FeSb2

30 have been studied under the Kondo insulator
framework, which involves a gap opening due to hybridization between
a localized moment and a dispersive conduction band. However, there
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are other band calculations that show the bandgap is between the 3d
multiplets.31–34 Overall, it is not confirmed that neither these materials
share a common origin of bulk-insulating behavior (e.g., Kondo effect),
nor topology plays a role in originating the apparent surface state con-
duction, raising the question on the nature of bulk and surface conduc-
tion in these materials.

While numerous studies of transport have been performed on
SmB6, the true bulk-insulating behavior was confirmed using an inverted
resistance measurement technique.35 This technique, which accesses the
bulk conductance by circumventing the dominating surface conduction
channel via measurement of the voltage exterior of a Corbino disk,36

revealed another remarkable feature of the bulk-insulating behavior in
SmB6: a thermally activated, ten orders-of-magnitude increase in the
bulk resistivity on cooling from room temperature.

This measured exponential increase is in striking contrast to the
behavior observed in conventional narrow-gap insulators or semicon-
ductors, where the exponential rise of resistivity is typically terminated
by extrinsic carriers from point defects or other disorders. For this rea-
son, forming a truly insulating bulk in a semiconductor generally
requires exceptionally pure materials, and, indeed, the ability to precisely
control impurities is the foundation of the modern semiconductor indus-
try. This is because conventional semiconductors obey the Mott criterion
(aBN1=3 � 0:2637) where they transition into metal when the dopant
concentration is higher than 1016–1017 cm�3 (i.e.,�0.0001–0.001%).

In contrast, the insulating state in SmB6 is robust to many orders
of magnitude higher impurity density before the material transitions
to a metal. This increase in bulk resistivity can still be seen in SmB6
samples with up to several percent chemical substitution levels.38–40

This is surprising, considering only metals or s-wave superconductors
typically allows such high levels of substitution before transitioning to
a distinct ground state. Since the insulating bulk of SmB6 is so robust
to (zero-dimensional) point defects, there is growing evidence that
higher-order (one- or two-dimensional) defects such as dislocations
are the leading type of disorder important for bulk conduction, and
those defects are unconventional due to their topologically non-trivial
nature.41,42 Given this unusual disorder and impurity response in bulk
SmB6, it is also of interest to investigate other correlated insulators for
similar properties. Moreover, the characterization of such robust bulk-
insulating systems provides an important foundation for the continuing
surface states transport studies of FeSi and FeSb2 and may even be the
key technological advantage over more weakly correlated insulators.

In this study, we investigate the nature of bulk conductivity in the
correlated insulators FeSi and FeSb2, utilizing the inverted resistance
technique to extract and compare their bulk resistivities. Confirmation of
thermally activated bulk behavior in the low-temperature plateau region
suggests these systems are truly bulk-insulating correlated materials, and
that resistance saturation is due to surface conduction. The absence of
bulk impurity conduction in both materials reveals another set of exam-
ples of extraordinary bulk insulation in a correlated insulator.

We have prepared large single crystals (�5mm polyhedra for
FeSi and �2–3mm polyhedra for FeSb2), which easily allow for stan-
dard four-probe measurements, as depicted in the lower left inset of
Fig. 1. The resistance (RÞ vs temperature (T) of FeSi and FeSb2 in com-
parison with SmB6 is shown in Fig. 1. The standard resistance of all
three materials increases 5–6 orders of magnitude upon lowering the
temperature, consistent with the previous literature.14,43–46 Most nota-
bly, all three standard resistances saturate at low temperatures. In

SmB6, this saturation below 4K is due to a surface conduction layer,
likely a gapless dispersion emerging from the non-trivial band topol-
ogy. Recently, the existence of surface states has also been reported on
FeSi and FeSb2, using thickness-dependent transport17 and angle-
resolved photoemission spectroscopy,19 respectively. These studies
invite us to study the surface and hidden bulk conductivity of FeSi and
FeSb2. Indeed, later, we verify the low-temperature saturation features
in FeSi and FeSb2 are of a surface origin, together with an estimation
of the sheet resistance.

However, first, we comment on a hump feature at higher temper-
atures (SmB6 at 15K, FeSi at 50K, and FeSb2 at 30K). In SmB6, this
feature is weak, but it is much more pronounced in FeSi and FeSb2
and can even be thought of as another saturation feature before the
low-temperature surface one. To understand these hump features of
FeSi and FeSb2 more clearly, we also study the Hall coefficient as a
function of temperature as well. As shown in Fig. 2, we plot both resis-
tivity and Hall coefficient as a function of inverse temperature. In this
figure, we see that this feature exists in the Hall effect, and, therefore, it
is likely due to a carrier density change by the shift of chemical poten-
tial (higher activation energy to lower activation energy). This change
in activation energy has also been seen in the Hall effect of SmB6,
being consistent with the activation energy change from the middle of
the gap to closer to the conduction band edge.47 The reason for this
chemical potential shifting upon lowering the temperature is likely
originating from a crossover from the intrinsic to the extrinsic regime
(freeze out or ionization regime)48 or band bending due to the surface
states.49 Other temperature-dependent effects such as the bulk gap
opening reported from ARPES19,50 and STM51 studies may also play a
role in the change in activation energy. We summarize the activation
energy values in Table I. The difference in the slope between resistivity
and Hall indicates that mobility may also be a strong function of tem-
perature, which requires in-depth follow-up studies. Finally, it is
important to note that the Hall coefficient of our FeSi and FeSb2 lacks

FIG. 1. Typical resistance vs temperature of FeSi (red) and FeSb2 (blue) in com-
parison with SmB6 (black). Lower left inset: Resistances were measured using a
conventional four-probe geometry. Upper right inset: Schematic of an impurity band
close to the conduction band. E1 is the thermal activation energy from the chemical
potential (l) to the nearest band (conduction band in the figure), and E3 is the
extrinsic thermal activation energy originating from the hopping conduction between
impurity sites.
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the Hall sign change, although sign changes of RH have been observed
in FeSi previously.52 The Hall sign change is a feature commonly seen
in high-quality f-electron systems attributed to skew scattering.53–55

The absence of this sign change may reflect the high density of the
extrinsic scattering centers.55

We now show that the saturation of resistance at lower tempera-
tures originates from the surface and not from the bulk. It is difficult
to determine from a standard four-probe measurement if this satura-
tion is of surface origin. Instead, we use a method introduced in Ref.
35, employing two Corbino disks coaxially aligned on two opposite

surfaces. This allows us to measure what we call the lateral, hybrid,
radial, and vertical resistances as described in the caption of Fig. 3. If
the resistance saturation is originating from the surface conduction
and the bulk conduction is negligible, the lateral resistance is identical
to a Corbino disk measurement on a two-dimensional electron gas or
a thin film. Also, the radial and vertical resistance measurements are
identical to two Corbino disk resistance measurements connected in
parallel and in series, respectively. Most importantly, the hybrid mea-
surement is an inverted resistance measurement, which essentially
measures the voltage of the bulk current leaking out from a 2D
Faraday cage (i.e., exterior of a Corbino disk). The hybrid resistance
(Rhybrid) is given by

Rhybrid ¼ C1
rbt
r2
s
; (1)

where C1 is a dimensionless geometric factor, rb is the bulk conduc-
tance, rs is the surface conductance, and t is the thickness of the sam-
ple. This inverted (or hybrid) measurement is the key measurement of
this study since it contains bulk conductivity information, while the
rest of the other measurements show saturation due to the weak tem-
perature dependence of the surface resistance.

Experimental R vs T from Corbino measurements is shown in
Fig. 3 for FeSi (a) and FeSb2 (b) in comparison with the previously
reported SmB6 (c) (from Ref. 35) and a numerical demonstration sim-
ulating a conducting surface and an insulating bulk (d). This experi-
ment confirms that the resistance saturation in both FeSi and FeSb2
originates from the surface conduction channel. First, the low temper-
ature downturn of hybrid resistances consistent with Eq. (1) (i.e.,
rs � rb t). In FeSi, both top and bottom surfaces were polished as
identically as possible before patterning Corbino disks. In FeSb2, in
contrast, we polished only one surface and left the other surface in an
as-grown condition before patterning the Corbino disks. The differ-
ence of the lateral resistance values between two opposite surfaces, as
shown in the inset of Fig. 3(b), is quite significant. The as-grown sur-
face Rasgrown has an order of magnitude higher resistance value com-
pared to the Corbino disk patterned on a roughly polished surface
Rpolished. This is similar to the previous SmB6 report, showing evidence
of subsurface crack conduction on a poorly prepared surface.56,57

Nevertheless, the radial and vertical measurements still show consis-
tent behavior of the two channels connected in parallel and in series
(Rvertical ¼ Rpolished þ Rasgrown � Rasgrown and R�1radial ¼ R�1asgrown
þR�1polished � Rpolished), again consistent with the surface state picture.
Also, note that the bulk-to-surface crossover temperature is slightly
higher for ones that saturate at lower resistance, consistent with the
SmB6 ionic-gating study.58 For both FeSi and FeSb2, we find that
obtaining the same sheet resistance as the as-grown surface from finer
polishing is much more challenging than in SmB6, perhaps because
the samples are much softer. Once the surface has been polished, the
sheet resistance drops to a value that is almost an order of magnitude
smaller. This can be either surface quality improvement or the creation
of subsurface crack conduction channels, which requires further stud-
ies for clarification. Although, in principle, we can extract the bulk
resistivity with this setup, we prefer avoiding this change of sheet resis-
tivity (or effectively changing it) since the inverted resistance will
become a smaller value according to Eq. (1) (i.e., smaller qs becomes
smaller Rinv measurement). To this end, to measure the inverted resis-
tance measurement for bulk resistivity extraction studies, we employ a

FIG. 2. Comparison of resistivity (blue and left axis) and 9 T Hall coefficient (green
and right axis) at high temperatures focusing near the hump feature. The hump fea-
ture is shaded in gray. (a) FeSi and (b) FeSb2.

TABLE I. Activation energy fitting results of bulk resistivity and Hall coefficient. T� is
the temperature at which the slope changes and shows as a hump in resistivity. The
activation energies, D ¼ Ehigh and D ¼ Elow, are estimated by fitting the functional
form q ¼ q0 exp ðD=kBTÞ to the data.

Sample/
Measurement

Ehigh (meV)
(T > T�)

T� (hump
temperature) Elow (meV)

FeSi/Corbino 25.716 0.0970 66K 10.826 0.0468
FeSi/Hall 44.526 0.178 55K 7.226 0.135
FeSb2/Corbino 15.216 0.0833 35K 7.446 0.0290
FeSb2/Hall 54.096 0.532 31K 6.266 0.197
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four-terminal Corbino disk resistance measurement [as shown in the
inset of Fig. 4(a)] patterned on an as-grown (unpolished) surface.

The bulk resistivity can be extracted by combining the informa-
tion of the inverted resistance measurement and a standard four-
terminal resistance measurement as shown in Figs. 4(a) and 4(b)
(details are provided in the supplementary material).35,36 The result of
the bulk resistivity of FeSi and FeSb2, compared to the SmB6,

36 is
shown in Fig. 4(c). We note that the resistivity of FeSb2 is an effective
resistivity, where the current does not flow uniformly in an ortho-
rhombic material. However, prior studies indicate the activation ener-
gies do not significantly differ depending on the directions.15 We find
that both FeSb2 and FeSi show simple thermally activated behavior
with nearly 8–9 orders of magnitude increase.

Finally, we discuss the conducting surface channel. The resistance
of FeSi from the standard Corbino measurement reads R¼ 5.08 kX in
the surface-dominated regime. This corresponds to a sheet resistance
of 78.7 kX, far exceeding h=e2, which is the Mott–Ioffe–Regel (MIR)
limit (kFl ¼ 1) for a two-dimensional electron gas.59 This high value
appears to rule out a metallic surface state emerging from a 3d strong
topological insulator,60 which should be protected against back-
scattering and localization. For FeSb2, the temperature dependence is
much weaker, and the sheet resistivity value does not exceed the MIR
value. However, we note that rxx and ryy are not expected to be equal
in general even on the 2d layer since the crystal is orthorhombic.
Therefore, the sheet resistivity is an effective resistivity with qxx and
qyy not necessarily being an equal contribution. The details of the sur-
face states in both FeSi and FeSb2 will require future in-depth studies.

Among correlated insulators, a robust insulating behavior of the
bulk that increases exponentially by at least 8–9 orders of magnitude

has only been seen in flux-grown SmB6.
36 In this study, we found two

more materials behaving like this. Our finding is significant for future
surface transport studies where interruption of the bulk channel is not
acceptable. However, the detailed gap formation may be different in
nature. The insulating gap of FeSi and FeSb2 is likely to originate from
the 3d orbitals instead of the hybridization between a localized 4f
moment and a dispersive band.

In the historical literature of SmB6 and FeSi, a saturation of resis-
tance upon lowering the temperature has been interpreted as bulk
metallic states by impurity conduction. In order to be valid, the
authors have considered the Mott criterion and checked if the resistiv-
ity magnitude is consistent with a reasonable impurity concentration.
In FeSi, the critical impurity density for the Mott criterion was
reported to be 1019 cm�3, and it was consistent with a resistivity value
after increasing�5 orders of magnitude.13

We now find this saturation of resistance is a surface origin, and
the bulk continues to increase. The lowest temperature data point is lim-
ited by the performance of the electronics we used. Using the well-
established transport theory of charged impurities in conventional semi-
conductors, the absence of a thermal activation energy change originat-
ing from hopping conduction (assisted by phonons) up to very high
resistivity values suggests that FeSi and FeSb2 have an impurity density
that is lower than 5� 10�4% and 2� 10�3%, respectively. This low
impurity density is likely lower than the impurity level of our starting
materials of the crystals. Either the unintentional impurities do not act
as charged impurities (donors or acceptors) or our conventional under-
standing of impurities does not apply in these correlated insulators.

It is worth mentioning different viewpoints of the bulk of SmB6,
which might be relevant to our Fe-based insulator studies. One

FIG. 3. Surface conduction channel verification at low temperatures via employing coaxially aligned Corbino disks. (a) Inset: Schematic diagram of the Corbino disks on two
opposite surfaces. Lateral (in blue): R1;2 or R3;4, vertical (in green): R1;3 while shorting 2 and 4, and radial (in magenta): R1;2 while shorting 1 and 3, and 2 and 4. Hybrid (in
red): v1;2=i3;4. (a) R vs T measurement of FeSi (b) R vs T measurement of FeSb2. Inset: The blue data with the upper triangle symbol are the lateral configuration of a Corbino
disk on the polished surface, and the data with the lower triangle symbol are a lateral configuration measurement from an unpolished surface. (c) R vs T of SmB6 [reprinted
with permission from Eo et al., Phys. Rev. Appl. 9, 044006 (2018). Copyright (2018) by the American Physical Society].35 (d) Numerical (finite element analysis) demonstration
of a crossover from insulating bulk to surface conduction upon lowering the temperature using a bulk activation energy is 3.5 meV, and the sheet resistance is 100 X. Details
of the sample transport geometry can be found in Appendix B in the supplementary material.
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speculation is that the Kondo gap may have a resemblance to an
s-wave BCS superconducting gap whose existence is robust in the
presence of a large number of impurities.61 Related to this view, it is
worth mentioning that, in order to explain the experiments that sup-
port the experimental evidence of charge-neutral fermions, Erten
et al. view SmB6 as a failed superconductor, where the order parame-
ter does not have the topological stability to condensate into Cooper
pairs, but it is instead a super dielectric.62 The resistivity and Hall
coefficient temperature behavior have been explained by Rakoski
et al. without the presence of in-gap impurity states, but instead,
band bending by the surface states being responsible for the detailed
transport behavior.49 Alternatively, Souza et al.63 and Jiao et al.64

suggested the impurities are sealed off by metallic states by the topo-
logical nature. Finally, Skinner explains the behavior by in-gap
impurity states.65 In Skinner’s model, if the dispersion can be
approximated as a Mexican hat dispersion instead of a parabolic
band, the insulator-to-metal transition is reserved until about 104

times the doping density of the Mott criterion. Whether FeSi and
FeSb2 can also be understood within in these theoretical models
needs to be investigated in future works.

In conclusion, we have additionally discovered two robustly insu-
lating correlated insulators: FeSi and FeSb2, in the presence of surface
states. We believe these additional material findings that have surface
conduction channels with excellent insulation in the bulk will allow
heterostructures for 2D flatband engineering.

See the supplementary material for details of the crystal growth,
device fabrications, estimation of the limitation of data, bulk resistivity
extraction procedure, discussions on resistivity anisotropy, and doping
density estimation based on standard semiconductor physics.
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