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Magnetocrystalline anisotropy and three-dimensional hopping conduction at the surface of FeSb2
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Motivated by the recent discovery of metallic surface states in the d-electron Kondo insulator candidates FeSi
and FeSb2, along with some recent reports of magnetic correlations in the surface transport properties of FeSi,
we have investigated the low-temperature surface magnetotransport properties of FeSb2. By using a Corbino disk
transport geometry, we were able to isolate the electrical transport properties of a single surface of our samples
and study the [110] and [101] naturally forming faces separately. Studying the relationship between the applied
magnetic field, current direction, and crystal symmetry has allowed us to separate possible contributions to the
magnetotransport anisotropy. Unlike previous studies of SmB6 surface states, we find no two-dimensional Drude-
like dependence on field orientation relative to current direction, but instead a magnetocrystalline anisotropy that
appears to originate from local moment scattering with a well-defined easy axis along the [100] direction. We
compare these results with the magnetotransport properties of the conducting surface states on the [111] facet of
FeSi. We also find evidence of three-dimensional variable-range-hopping conduction below the bulk-to-surface
crossover, extending below 1 K, which implies that the electrical transport at the surface of these materials is
carried by a thin but three-dimensional conducting channel, which is inconsistent with the lower dimensional
states expected for a strong topological insulator.
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I. INTRODUCTION

Until recently, the study of Kondo insulator (KI) physics
has been focused on materials with heavy f -electron orbitals
near the Fermi level [1]. In typical KI systems, the local f
moment hybridizes with conduction electrons to form a nar-
row gap, with well-studied examples being SmB6 and YbB12

[2–7], and more recently U3Bi4Ni3 [8]. In these particular
systems, a clear plateau in the low-temperature electrical re-
sistance is found to arise due to residual conduction from
surface states that electrically short conduction from bulk acti-
vated charge carriers [9]. While angle-resolved photoemission
spectroscopy (ARPES) and scanning tunneling microscopy
quasiparticle interference studies on clean, in situ cleaved
surfaces show evidence of these gapless surface states, the
topological classification of these surface states is still heavily
debated [10,11].

First reports of the Kondo insulator descriptions of FeSi
and FeSb2 came from examining the bulk magnetization of
these materials and the apparent activation of a singlet ground
state to a high-temperature paramagnetic state, consistent with
singlet formation in Kondo insulators [12,13]. Speculation of
topological Kondo insulator physics arose after the first re-
ports of surface conduction in FeSi by dimensional scaling of
resistance [14], followed by spectroscopic evidence of gapless
surface states reported in FeSb2 and FeSi by ARPES [15,16]
and later demonstrated unambiguously by nonlocal transport
[17]. Subsequent magnetoresistance (MR) measurements on
FeSi showed that the surface states are magnetically correlated
with evidence of magnetically ordered surface states [18–21].

Recent measurements of surface magnetotransport anisotropy
in FeSb2 suggest similarities between SmB6 and FeSb2 but
do not report similar correlated physics as was found in
FeSi [22], although theoretical calculations suggest that FeSb2

is an incipient altermagnet which may stabilize order with
doping [23].

The topological KI description of FeSb2 is contested by
spectroscopic and ab initio studies [24,25]. For example,
Li et al. note that spectroscopic evidence supports the pres-
ence of surface states on the [010] and [110] surfaces with
the absence of surface states on [001] surfaces of FeSb2 [25].
The authors also propose an alternative theory to the Kondo
insulator description of FeSb2 involving an excitation of the
bulk spin state across a multiplet gap. Another possible mech-
anism put forth by Chikina et al. and supported by ab initio
calculations to match ARPES data is the possible existence of
structural distortions at the surface, which would depend on
how the surface is terminated [24].

In this paper, we report on low-temperature transport prop-
erties of the [110] and [101] surfaces of FeSb2, demonstrating
the crossover in magnetotransport anisotropy from the bulk-
dominated conduction regime at high temperatures to the
surface-dominated conduction regime at low temperatures by
comparing the angle dependence of the MR. A detailed anal-
ysis of the magnetic field dependence of the low-temperature
surface transport is shown to be consistent with local mo-
ment scattering, and comparisons to similar measurements on
the [111] surface of FeSi indicate that magnetic correlations
observed in the ferromagnetic surface states of FeSi may play
a similar role on the surface of FeSb2.
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FIG. 1. (a), (b) FeSb2 transport samples patterned with Corbino
disk transport geometries deposited with Ti/Au (yellow) on the FeSb2

(black) [110] surface and [101] surface. Silver pasted wire contacts
are shown in white spots, through which current flows and across
which voltage is measured as depicted in panels (c) and (d). (c), (d)
Schematic of magnetic field rotation in and out of plane of the [110]
surface a-b plane and [101] surface a-c plane, where yellow repre-
sents the Ti/Au layer and gray represents FeSb2. (e), (f) Schematic of
the a-b plane and a-c plane aligned with the orientation of panels (c)
and (d).

II. EXPERIMENTAL DETAILS

While all other previously reported topological Kondo
insulator candidates, including FeSi, have cubic crystal sym-
metry, FeSb2 crystallizes with orthorhombic crystal symmetry
[26] of space group Pnnm with unit cell dimensions of
a=5.834 Å, b=6.530 Å, and c=3.193 Å. This complicates the
study of surface states in this material, which entails a larger
permutation space for surfaces and unique field directions.
For this study, we will focus on the study of [110] and [101]
surfaces because of the convenience of being provided with
clean facets of these surfaces from crystal formation.

In order to carefully study the magnetotransport properties
of the surface of FeSb2, we obtained single-crystal sam-
ples with as-grown [110] and [101] facets. These samples
were grown using molten antimony flux method (see, e.g.,
Ref. [27]), which provides large clean facets which are useful
for patterning transport geometries, although it is important
that we were sure to prepare samples free from Sb inclusions
(see, e.g., Supplemental Material for our samples before Ti/Au
deposition [28]). We pattern Corbino disks on those facets by
standard photolithography followed by e-beam evaporation of
Ti/Au (30A/1500A), as shown in Figs. 1(a) and 1(b). These
metalized patterns not only confine the current path, but also
provide excellent electrical contacts. This technique probes
only a single surface and therefore provides a way to rotate

the magnetic field in and out of the plane in which our current
is confined [29]. When applied to a two-dimensional (2D)
electron gas (2DEG), this method allows an accurate measure-
ment of the 2D transport parameters, as has been shown with
the surface states of SmB6 [30]. The FeSi sample used in this
paper is the same four-terminal [111] surface Corbino sample
reported in previous reports [17,21].

This work is a follow-up to our previous work [17],
in which we demonstrate that the bulk resistivity exceeds
106 � cm at the temperatures at which we perform these
magnetotransport studies. Therefore, the transport contribu-
tion from the bulk can be estimated as a small dimensionless
parameter, x, introduced by Eo et al. [29]. The value of x
for our samples is on the order of 10−4 around 4 K for the
[110] surface sample and shrinks exponentially with cooling.
This indicates that the surface channel is at least 104 times
more conductive than the bulk, therefore we can conclude that
the bulk channel does not contribute to our low-temperature
magnetotransport studies.

Magnetoresistance—MR ≡ 100% × [R(B) − R(0)]/R(0)
for resistance R at magnetic field B—was measured using
Quantum Design Dynacool with a built-in resistance bridge
using 1-µA excitation. The direction of the field was
controlled using a horizontal (single axis) rotator insert
with in-plane and out-of-plane rotator pucks. Resistance
data below 1.8 K were measured in a Quantum Design
physical property measurement system using an adiabatic
demagnetization accessory and a built-in resistance bridge
using 100-nA excitation.

III. SURFACE CORBINO DISK ANGULAR
MAGNETORESISTANCE

Measurements of the angle dependence of MR show
three distinct regions of angular response that map well to
temperature-dependent changes in the zero-field resistance, as
shown in Fig. 2. The correlation between the crossover in the
angle dependence in MR and the plateau in low-temperature
electrical resistance associated with surface states confirms
that these regions are given by a low-temperature surface MR
(T � 4 K), high-temperature bulk MR (T � 10 K), and inter-
mediate mixed behavior, as described by our previous results
which separate the bulk and surface transport contributions
using the inverted resistance method [17].

To visualize the change in the angle dependence, we nor-
malized the MR by the maximum value of MR(θ ) for each
angle sweep at constant temperature and field. At high tem-
peratures, above the resistance plateau, the electrical transport
is predominantly through the bulk. In this regime, when
magnetic field is applied in plane of the Corbino disk, the
component of MR attributable to Lorentz force is at a mini-
mum since the component of the current perpendicular to the
magnetic field is at a minimum. This is reflected in Figs. 2(a)
and 2(c) for temperatures above 8 K by roughly 50% reduction
in MR for the field along the current direction in comparison
to the field fully perpendicular to the current. At temperatures
below 5 K, in contrast, results from surface angular MR reveal
a strong dependence on field direction relative to the principle
crystallographic axes, rather than the 2D current direction, as
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FIG. 2. Crossover in angular magnetoresistance symmetry as
shown in the normalized angle dependence of MR from 25 to 2 K
for current in the [110] surface with field swept in the a-b plane.
(a) Angle sweep vs temperature color plot of magnetoresistance
normalized to the maximum magnetoresistance for each isotherm
angle sweep at 7-T magnetic field with angle sweep depicted in
Fig. 1(c). (b) Zero field resistance showing the plateau on cooling
coinciding with symmetry change in angular magnetoresistance and
crossover from bulk to surface dominated transport regime according
to inverted resistance measurements [17]. (c), (d) 7-T magnetoresis-
tance angle sweep at 15 and 2 K corresponding to vertical line cuts
of the color plot in panel (a) without normalization.

depicted in Fig. 2(d). In this temperature range, the in-plane
and out-of-plane MRs are comparable and therefore inconsis-
tent with suppression of Lorentz force on charge carriers. This
result seems to rule out the Drude contribution expected from
a 2DEG from playing a significant role in the surface transport
properties of FeSb2.

The low-temperature MR field dependence of two corbino
samples with [110] and [101] surface geometries is presented
in Figs. 3(a) and 3(b), respectively, for field orientations
pointed along each principal crystal axis. The 2-K field re-
sponse is characterized by a negative MR at low fields for all
cases, most pronounced for fields along [100], and a positive
MR for larger fields. Near 10 T, the [101] surface sample
MR enters a high-field region characterized by a growing
negative MR contribution which may be the reprisal of the
low-field negative MR due to the saturation of the positive
MR component.

To understand the angle dependence of these samples, we
compare magnetic field rotations out of the plane of the sur-
face [Figs. 3(d) and 3(e)] and magnetic field rotations in the
plane of the surface [Figs. 3(g) and 3(h)]. In order to align
visually the angles for in-plane and out-of-plane angle sweeps
at 180◦, we define θ ′ = 90 − θ and normalize to the common
direction between in-plane and out-of-plane angle sweeps.
For example, R/R[11̄0](θ = 180◦) = R/R[11̄0](φ = 180◦) = 1
for the [110] surface and R/R[101̄](θ = 180◦) = R/R[101̄](φ =
180◦) = 1 for the [101] surface. The [100], [010], and [001]
directions are annotated on the plots for Figs. 3(d)–3(h) for
clarity. For both surfaces and all field values, the amplitude of
the angle dependence for field sweeps out of plane [Figs. 3(d)
and 3(e)] and in plane [Figs. 3(g) and 3(h)] are comparable
in magnitude with local maxima for the field along [010]
and [001] field directions. This further highlights the lack
of dependence of the MR on current direction and rather
that there is no shift in symmetry away from the crystalline
anisotropy spanning from low fields (where the negative MR
component is most prominent) to high fields (where the pos-
itive MR component is most prominent). For example, for a
2D system in which there is a negative MR contribution due to
spin-orbit coupled magnetic fluctuations and as positive MR
contribution due to Lorentz force on free carriers, we would
expect that the MR anisotropy would shift from crystalline
anisotropy at low fields to a high-field dependence on the field
relative to current direction. Such a scenario is not consistent
with our observations.

We can also consider the potential extrinsic effects from Sb
inclusions where, as pointed out by Tang et al. [31], Sb may
crystallize with a preferred orientation relative to the FeSb2

structure and may give rise to extrinsic angular dependent
physical properties that appear to be intrinsic to FeSb2. We can
rule this contribution out since, as discussed in Sec. II, we took
care to avoid antimony inclusions in our samples. We also
compared our results to angular magnetoresistance measure-
ments on uniaxial transport geometries for small samples of
FeSb2 prepared by chemical vapor transport, a method which
avoids Sb inclusions although it has not yet provided samples
large enough for fabricating Corbino disk transport samples,
and find good agreement with samples we have measured as
well as in chemical vapor transport sample transport studies
reported by Eaton et al. [22].

IV. COMPARISON OF THE [010] VS [001] SURFACE
WITH UNIAXIAL TRANSPORT

Due to the size and shape restrictions of our samples, only
the [101] and [110] surfaces have provided enough space for
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FIG. 3. (a), (b) Magnetic field dependence for the field applied along the principle crystal axes at 2 K for both current directions, [110]
and [101], with arrows corresponding to fields at which angle sweeps were measured for fixed magnetic field. (c)–(e) Fixed field angle sweeps
out of plane of the surface with resistance normalized to the resistance for the field applied along the corresponding in-plane magnetic field
direction and angle shifted by 90◦ such that θ = 180◦ and φ = 0◦ correspond to the same direction and normalized value of unity. (f)–(h) Fixed
field angle sweeps in plane of the surface.

patterning a Corbino disk transport geometry. Therefore, for
comparison with recent ARPES results, which show surface
states on the [010] surface and absence of surface states on the
[001] surface [25], we examine the magnetotransport proper-
ties of these surfaces with the uniaxial current direction along
the [100] direction. Although contributions from both surfaces
cannot be fully isolated in this transport geometry, a combined
effort of preparing a very thin and smooth surface with fine
polishing was made in order to best compare the transport
contributions from these surfaces for the same current and
field directions. The [010] surface sample is 200 µm wide
by 35 µm thin and the [001] surface sample is 400 µm wide
by 20 µm thin. As shown in Fig. 4(a), the bulk-dominated
transports (i.e., between 20 and 300 K) of these samples are
nearly identical, confirming that the current direction is well
aligned along the same direction for these two samples, since
the bulk transport is well known to be anisotropic [12].

However, as shown in the inset of Fig. 4(a), the low-
temperature surface-dominated transport (below 5 K, based
on the plateau similar to Ref. [17]) for the [001] surface
sample appears to be more insulating than that of the [010]
surface sample, based on the rate of change in resistance
with temperature indicating a steeper thermal activation of
the low-temperature transport for the [001] surface sample.
We characterize the MR response of these surfaces by again
applying field along each crystallographic axis and measuring
the field response. The measured anisotropy is qualitatively
consistent with the Corbino disk geometry samples, as shown

in Figs. 4(b) and 4(c) (i.e., the largest negative MR com-
ponent is observed for the a-axis field, while it is minimal
or negligible for the field along the b axis). Previous stud-
ies suggested that the observed low-field negative MR is a
consequence of interference effects such as weak localization
[32]. In this scenario, magnetic flux through self-intersecting
loops in coherent scattering paths gives rise to interference
that makes it more likely for electrons to travel in circularly
localized paths [33]. This effect, however, should strongly
depend on the angle between the magnetic field and the mo-
tion of charge carriers. It is also far more prevalent in 2D
systems due to the lower probability of self-intersecting loops
in three dimensions. The results of Figs. 4(b) and 4(c) are thus
inconsistent with 2D weak localization, since self-intersecting
loops perpendicular to the field along the current direction are
forbidden in this transport geometry. As for three-dimensional
(3D) weak localization, our results would imply an unlikely
scenario in which interference effects are absent for scattering
in the [010] plane but play a significant role for scattering in
all other planes.

V. LOW-TEMPERATURE HOPPING CONDUCTION

The crossover from bulk to surface-dominated transport
occurs around 10 K in FeSi and 5 K in FeSb2, as shown by the
plateau in R(T ) in Fig. 5(a) (a feature consistent with the bulk-
to-surface crossover as established in Ref. [17]). On cooling
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FIG. 4. Comparison of the surface MR of uniaxial c-axis current geometry for transport primarily on [010] and [001] surfaces. (a) Tem-
perature dependence of the 300-K resistance ratio shows similar bulk transport character between the two samples with divergence below
10 K with the transition to surface dominated transport. (b), (c) Magnetic field dependence for the field along a, b, and c axes (or [100], [010],
and [001], respectively) for current primarily on the (b) (010) surface and (c) (001) surface.

through the surface-dominated regime, the resistances of both
[110] and [101] surfaces, as well as for [111] FeSi, continue to
increase. This is atypical of the expected behavior of metallic
conduction. However, the increase is also inconsistent with
simple thermal activation across a charge gap, as indicated by
a sublinear (rather than linear) dependence of ln(R) vs 1/T
as shown in Fig. 5(b). Instead, the logarithmic resistance is
a power law of temperature, consistent with variable-range-
hopping (VRH) conduction as shown in Fig. 5(c) [although
this power law in the FeSi sample deviates at lowest tempera-
tures shown in the inset of Fig. 5(c)].

Mott VRH typically describes transport in a heavily doped
or amorphous semiconductor at low temperatures, where
conduction is dominated by hopping between sites with a
temperature-dependent length scale. In this regime, charge
carriers are localized and do not form extended states in the
material (i.e., beyond the limit kF l > 1). However, the inset
of Fig. 5(a) shows that the sheet resistance from a geometric

factor for a 2D surface Corbino disk [using dimensions in
Figs. 1(a) and 1(b)]; R� = 2πR/ ln(rout/rin ), for outer and
inner radii, rout = 270 µm and rin = 175 µm] does not exceed
h/e2, the expected value for a 2D metal-to-insulator transition
according to the Mott-Ioffe-Regal limit [34]. A possible expla-
nation for this is that the assumption of a strictly 2D surface
state, which was used to calculate the sheet resistance, is not
valid and would therefore give a smaller effective sheet resis-
tance due to the finite thickness of a 3D conduction channel.

The temperature dependence for VRH conduction is di-
mensionally dependent and takes on the form

ρ(T ) = ρ0 exp

[(
TVRH

T

)p]
, (1)

where p = 1/(d + 1) for a d-dimensional system (except p =
1/2 for Coulomb-gapped systems) and kBTVRH = β/[g(μ)ad ]
is the energy scale of the hopping channel with g(μ) the
density of states, hopping length scale α, and numerical co-

(a) (b) (c)

FIG. 5. (a) Extended sheet resistance measurement to low temperature on semilog scale with inset linear scale in units of h/e2 for FeSb2

[101] (blue squares), FeSb2 [110] (green stars), and FeSi [111] (orange circles). (b) Sublinear dependence of logarithmic resistance on inverse
temperature. (c) Power dependence of logarithmic resistance on inverse temperature with exponent of 1/4 fit (red dashed lines) to extract TVRH

for each surface.
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TABLE I. Summary of low-temperature hopping transport in
FeSi and FeSb2.

R� (h/e2) R� (h/e2)
Sample TVRH (K) T = 2 K T = 0.2 K

FeSb2 [101] 19.8 0.348 0.751
FeSb2 [110] 0.416 0.197 0.578
FeSi [111] 0.0075 0.135 0.158

efficient β [35]. This exponential power law readily describes
well-known systems, such as the cases of p = 1/4 scaling of
3D VRH in p-type Si [36], p = 1/3 scaling of 2D VRH in
GaAs/AlxGa1−xAs quantum wells [37,38], and the crossover
from p = 1/d + 1 to 1/2 in oxides with strong Coulomb
interactions [39] and heavily irradiated graphene [40].

A p = 1/4 power law describes the logarithmic resistance
well for the full temperature range below the crossover to the
surface dominated regime, as shown in Fig. 5(c), although the
FeSi sample deviates towards more conducting behavior at
lowest temperatures (for more details in finding the appropri-
ate power law, see Supplemental Material [28] and Ref. [41]).
The deviation of the FeSi surface resistance from the p = 1/4
law at the lowest temperatures may indicate the onset of an
additional conduction channel or a crossover between hop-
ping regimes. Previous studies have shown that FeSi surfaces
grown under different conditions can exhibit metallic conduc-
tion [14], suggesting that a parallel extended channel may
persist in some samples. Alternatively, the deviation could
reflect the emergence of the Efros-Shklovskii hopping regime
(p = 1/2) expected when Coulomb interactions open a soft
gap at the Fermi level [41]. Either scenario is consistent with
a progressive delocalization of the surface states relative to
the more strongly localized FeSb2 surfaces. The temperature
scale TVRH for hopping conduction in these three samples
varies dramatically as shown in Table I, with TVRH for FeSi
being over 2000 times smaller than that of the FeSb2 [101]
surface, despite having a conductivity of the same order of
magnitude. For reference, while the sheet resistance of FeSb2

and FeSi surfaces showing VRH conduction in this study is
in the range of 0.158 to 0.751 h/e2, SmB6 surfaces showing
metallic conduction have significantly smaller sheet resistance
values of 0.0003 to 0.085 h/e2 [30].

While it is surprising for an expectedly 2D surface state to
exhibit 3D hopping character, the apparent contradiction is not
unique. For example, Septianto et al. [42] reported a p = 1/4
power law for VRH in a 2D superlattice of PbS quantum dots,
a 2D nanoscale network exhibiting 3D-like conduction. Other
apparent violations of the p = 1/3 power law scaling in 2D
systems have been described using an assumed temperature
dependence of the resistance prefactor, ρ0 [43,44]. In the
case of the disordered surface states of the topological Kondo
insulator candidate, SmB6, reported by Batkova et al. [45], a
temperature-independent parallel resistance channel was in-
troduced to fit the data to a p = 1/3 power law. As another
example of a disordered surface state on a bulk 3D insulator,
such results are important for understanding our current work.
Therefore, we examine the data separately (see Supplemental
Material [28] Fig. S5), finding a similar p = 1/4 power law
when assuming no parallel conduction channels are present.

These deviations from p = 1/3 scaling in 2D (or quasi-2D)
systems are important for understanding the limits of the
standard analysis for hopping conduction as well as how the
effective transport length scales compare with the physical
dimensions (e.g., effective thickness) of these samples.

VI. FITTING MR TO HOPPING AND LOCAL MOMENT
SCATTERING MODELS

The low-temperature MR is inconsistent with conventional
orbital (Lorentz force driven) MR as established by the angle
dependence and negative MR at low fields. Similarly, the low-
temperature resistance is consistent with hopping conduction
rather than metallic transport. To reconcile these observations,
we first considered the effect of magnetic field on hopping
conduction. In semiconductors doped towards their insulator-
to-metal transitions like n-Ge and various III-V systems, a
large, exponential dependence of resistance on magnetic field
has been shown [46–49]. This effect is attributed to the shrink-
ing of the spatial extent of localized states such that the
overlap between neighboring impurity sites is reduced and
therefore hopping conduction is suppressed [35]. This effect
is largest for lightly doped semiconductors in which overlap
at zero field is already small, so it is well understood to scale
with the effective impurity radius and density of states at the
Fermi level and takes the form(

ρ(H )

ρ(0)

)
VRH

= exp

[
tae2

Nc2 h̄2

(
TVRH

T

)3/4

H2

]
(2)

where a is the impurity site radius, N is the impurity concen-
tration, and t = 5/2016 is a numerical coefficient [35]. This
field dependence only accounts for the increase in resistance,
while in some hopping conduction systems (and in the data
we present), a decrease in resistance at low fields is observed.
In some heavily doped semiconductors, negative MR has been
attributed to the Zeeman effect in which carriers in the upper
Zeeman state have an increased wave-function overlap with
neighboring states. This effect was proposed by Fukuyama
and Yosida [50] and used to describe the low-field MR of
n-type GaAs [51]. However, this effect should scale with
temperature proportional to T 1/4 (i.e., decreasing with cool-
ing) in contradiction with FeSb2 results showing a negative
MR component increasing with cooling as shown in Fig. 6.
Negative MR in variable-range-hopping systems is typically
attributed to quantum interference from self-intersecting loops
within paths connecting hopping sites [35,52]. This interfer-
ence, as discussed in a previous section, should depend on
field direction relative to current, which is absent in the MR
of FeSb2.

A possible explanation for the anisotropic negative MR ob-
served in FeSb2 is the effect of local moment scattering, which
could be anisotropic with respect to the crystal field. The
usual s-d scattering picture of conduction electrons coupling
to local moments works well for understanding the origin of
negative MR in metals with magnetic impurities. Although the
validity of applying s-d scattering models to VRH systems
is not straightforward, experimental evidence of the coupling
of transport to local magnetic moments in VRH systems is
clearly observed for dilute magnetic semiconductors, and even
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FIG. 6. Results from fitting the MR of (a) FeSb2 [101] surface MR with the field along the a axis, (b) FeSb2 [110] surface MR with the
field along the a axis, and (c) FeSi [111] surface MR with the field along the [111] direction to Eq. (4) with black dashed lines representing
lines of best fit. (d), (e) Extracted values of the magnetic field scale of (d) local moment scattering and (e) suppression of hopping conduction.
The inset of panel (e) shows that FeSb2 [101] fit results most closely resemble the expected temperature scaling for the field scale of hopping
conduction suppression.

at the surface of FeSi [21,53,54]. Therefore, we consider the
contribution of magnetic impurities to the negative MR of our
samples at low temperatures.

Bulk FeSb2 does not exhibit large magnetocrystalline
anisotropy, as its ground state is singlet [12,25]. How-
ever, when electron doped by Te substitution into a bulk
metal, for example, the magnetic properties become extremely
anisotropic with the [100] magnetic easy axis [55]. Local
moment scattering in metals, from second order perturbation
theory, should give a −M2 (for M magnetization of local
moment) contribution to MR at small magnetic fields and thus
follow a Curie-Weiss scaling with temperature for negative
quadratic MR. Although this scaling has been shown to work
well to describe Cu-Mn alloys [56,57], it is limited and incom-
plete in describing local moment scattering for some systems
in which impurity scattering from local moments plays a role.
A calculation based on the third-order expansion of the s-d
exchange interaction is used here, adapted by Khosla and
Fischer [58] from early theory work on tunnel junctions with
transition metal impurities [59]:

(
	ρ(H )

ρ(0)

)
KF

= −A1JρF ln

[
1 +

(
g0μ

αkBT

)2

B2

]
. (3)

The original Khosla and Fischer paper [58] also gives a
quadratic positive MR contribution in addition to this negative
component from local moment scattering. The authors make
it clear that a Lorentz force contribution is not responsible for
the observed positive MR as they observe positive longitudi-
nal MR of the same order as transverse, similar to the data
we present in this paper. They suggest a possible two-band
scenario in which the relative band populations, and therefore
the effective resistance, change with field to give an overall
positive quadratic component. However, in the heavily doped
regime (in which N/a is large) or at small fields, Eq. (2) can be
expanded to first order in small argument to give a quadratic
MR which is consistent with the observed MR of Khosla and
Fischer. Giving a complete expression for carriers hopping

in a doped semiconductor, in which local moments play a
leading role in the scattering of charge carriers, we have

ρ(H )

ρ(0)
= −a ln(1 + b2B2) + exp(c2B2), (4)

where the field scales of local moment scattering, i.e., b from
Eq. (3), should scale with T −1, and field scales of local wave-
function shrinkage, i.e., c from Eq. (2), should scale with
T −3/4.

The temperature dependence of MR in the surface transport
regime agrees well with the expected behavior from Eq. (4) for
the [101] surface of FeSb2 as shown in Fig. 6. The field scale
of the negative MR component evolves linearly with tempera-
ture while the field dependence of the hopping contribution
(positive MR component) scales as T 3/4. The temperature
evolution of the hopping field scale, c, for the FeSb2 [110]
and FeSi [111] surfaces appears to be inconsistent with the
expected scaling in this temperature range (T � 2 K). This
can be attributed to the small hopping temperature relative to
the temperature range being measured in Fig. 6, such that the
surface carriers are too delocalized to be sensitive to the small
changes in localized state wave functions with applied field.
For both FeSb2 samples, we find good agreement with the
model from Khosla and Fischer [58], which does not have
explicit dependence on the nature of conduction. The FeSi
sample, however, shows no agreement with the temperature
dependence expected from the Kholsla and Fischer model.
This is not surprising since there is a built-in assumption
of noninteracting local moments in the model, which con-
trasts with the reported magnetic order at the surface of FeSi
that plays a significant role in the observed negative MR
[18,20,21].

While the identification of local moment scattering as the
origin of the negative MR is based primarily on transport
signatures, magnetization measurements on FeSi and FeSb2

crystals from the same growth batch reveal a low-temperature
magnetic response that scales with surface area, directly im-
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plicating localized surface moments. A detailed account of
these magnetic measurements is reported for FeSi (see, e.g.,
Ref. [21]), the subject of an ongoing investigation in FeSb2.

VII. DISCUSSION

The transport character of our FeSb2 and FeSi samples is
consistent with a disordered surface conduction layer with an
effective thickness larger than the characteristic length scale
of the hopping channel. This result provides good evidence
that FeSb2 and FeSi are not strong topological insulators,
since our transport results show conduction by 3D localized
states unlike the 2D metallic (extended) states expected at the
surface of a strong topological insulator. Without knowing
the dielectric properties of FeSb2, it is difficult to estimate
the length scale of the hopping channel, lhop, but it may be
as small as a few or tens of nanometers and decreases with
temperature as lhop ∝ aeff ( T

TVRH
)1/4 for some effective Bohr

radius, aeff [35]. While the value of TVRH varies by orders of
magnitude among these samples, it should be noted that lhop

may only vary by a factor of 2.6 in between the [110] and
[101] surfaces of FeSb2 and a factor of 7.2 between FeSb2

and FeSi, assuming the same value of aeff (the value of which
depends on band structure and, in mixed-valence insulators,
can be orders of magnitude smaller than expected based on
effective mass alone [60]).

The origin of this surface transport channel is not fully
understood. Based on the crystalline anisotropy found in the
surface MR, and the fact that spectroscopic observations of
surface states were measured on surfaces cleaved in vacuum,
a disordered conducting oxide layer can be ruled out. A re-
cent ARPES and ab initio combined study by Chikina et al.
concluded that small structural distortions of a few percent
of the bulk lattice parameters is enough to shift a bulk band
near the Fermi level to match observed surface state dispersion
results [24]. These results would suggest that these surface
states appear due to some weak structural distortion that is not
present in the bulk. It is important to note that while ARPES
transport studies have demonstrated coherent surface states on
certain clean facets [15,24,25], such states are not necessarily
expected to give rise to macroscopic metallic transport if such
states are not topologically protected. The finite thickness and
disordered character of the conducting surface layer inferred
from 3D hopping conduction imply that any nontopological
surface bands are localized by surface disorder. This scenario
is consistent with Anderson localization of trivial surface
states once the mean free path is reduced below the localiza-
tion length. Furthermore, we emphasize that the conclusion
that FeSb2 is not a strong topological insulator is based on the
behavior of as-grown surfaces studied here and on transport
signatures of localized, three-dimensional conduction. While
transport alone cannot directly establish the topological clas-
sification, the absence of a two-dimensional metallic surface
channel, together with the facet-dependent and nontopological
surface states observed in ARPES and ab initio calculations
[24,25], supports our interpretation that the conducting layer
is a disordered, trivial surface state rather than a protected
topological one.

While our measurements do not directly image
surface disorder, the emergence of variable-range-hopping
conduction is consistent with carrier localization in a
disordered potential. The strong crystalline anisotropy of
the surface magnetoresistance further excludes an amorphous
oxide layer and points instead to a structurally distorted
crystalline surface. Together with the vacancy disorder and
symmetry reduction reported by Du et al. [61], these results
indicate that the surface conduction channel arises from a
disordered but crystalline layer of finite thickness rather than
from an ideal, stoichiometric termination. In this series of
experiments investigating structural defects via scanning
transmission electron microscopy and neutron scattering
measurements, Du et al. reported structural distortions due
to both Fe and Sb vacancies in all measured samples of
FeSb2 with various growth conditions. These vacancies are
frequent enough to show site occupations as small as 82% in
some Sb sites and 94% in some Fe sites. It was reported that
samples with these levels of vacancies also show a monoclinic
distortion that is evidenced by forbidden reflections in neutron
scattering, indicating some reduced symmetry. It is worth
noting that, while Du et al. suggest these defects contribute
in-gap impurity states that modify bulk physical property
measurements, recent measurements of the bulk resistivity
using the inverted resistance method show no sign of bulk im-
purity conduction [17]. This implies that defects present in the
bulk may contribute to scattering processes but do not form
an impurity band, and that somehow the bulk electronic gap is
incredibly robust to these defects. Therefore, the presence of
trivial surface states seems to suggest that either the robustness
of the bulk breaks down or the structural distortion due to
vacancies is stronger near the surface. Future work to directly
probe structural disorder or reconstruction of the surface is
needed to further understand the correlation between the
surface transport properties and disorder in these samples.

VIII. CONCLUSION

Magnetotransport measurements of two isolated surfaces
of the candidate d-electron topological Kondo insulator
FeSb2 were measured using both Corbino and oriented four-
wire geometries. Our measurements of field-angle-dependent
low-temperature electrical transport properties point to the
following conclusions.

(1) There is a crossover from orbital-dominated bulk MR
at high temperatures, to a surface state angular response dom-
inated by crystalline anisotropy at low temperatures.

(2) There is a low-temperature negative MR that is incon-
sistent with weak localization.

(3) Electrical transport properties are sensitive to the con-
ducting surface, with (010) and (001) comparisons consistent
with ARPES results [25].

(4) A surface hopping transport behavior is best described
by power laws consistent with 3D conduction.

(5) A combined hopping and local moment scattering
model best describes the temperature and magnetic field de-
pendence of the surface MR.

We show that these results are qualitatively similar to the
surface transport properties measured on the [111] surface of
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FeSi, which also exhibits low-temperature three-dimensional
variable-range-hopping conduction and magnetic scattering.
This suggests that the surface states of FeSb2 are best
described as a disordered semiconducting layer of finite thick-
ness, instead of a two-dimensional electron gas as expected for
the surface states of a strong topological insulator.
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FIG. 1. Orientation of [101] and [110] surface samples from
Laue diffraction. (a-b) Sample photos after polishing sur-
face with 0.3 micron Alumina with identified edge directions
aligned with crystallographic directions. (c-d) Laue diffrac-
tion images (black and white) with overlayed fit to pattern
(green) to determine orientation for field rotation.

FeSb2 grown by Sb flux produce large surfaces of [110]
and [101] facets. Samples with these surfaces which were
large enough to pattern Corbino disks were chose and
these surfaces were prepared with minimally abrasive pol-
ishing to avoid producing subsurface cracks, which have
been shown to contribute to surface conduction in SmB6.
To clean surfaces to be free from residual Sb flux, 0.3 mi-
cron alumina particles were used in a suspension to pre-
pare high quality surfaces shown in figure 1a and 1b. The
corresponding laue patterns in figure 1c and 1d were mea-
sured for the samples in the orientation showed in figure
1a and 1b to find the edges shown which match within 1
degree alignment the directions indicated by the arrows
for precise orientation. This precision allows us to be
certain that the magnetotransport symmetry is derrived
from crystal symmetry with negligible shift from contri-
butions due to the relationship between current and field
which is expected in metals due to Lorentz force contri-
bution to magnetoresistance.

Lorentz force contribution to surface and bulk

In metals, there is the expectation from Drude trans-
port that the first order contribution to magnetotrans-
port is the classical effect of Lorentz force on charge car-
riers. This is easy reconciled by suppressing magnetore-
sistance when the magnetic field is coincident with the
current direction to give a well defined angle dependence:

MR = µ2B2 sin2(θ) (1)

where µ is the carrier mobility and θ is the angle be-
tween the magnetic field and current direction in a linear
transport geometry. This relationship is easily derived
from the classical equation of motion for a charge carrier
in an electric and magnetic field. In a 2D electron gas
(2DEG), this behavior is expected for θ being the angle
between the magnetic field and the 2D plane (or Corbino
disk in our case) in which the current is confined. This
directly implies that there should be zero in-plane (pos-
itive) magnetoresistance in a 2DEG, which is inconsis-
tant with results for all in-plane magnetoresistance field
direction in the surface transport regime results shown
in figure 2a and 2b.

For 3D conduction in a Corbino disk, however, the
physics is the same however it can be intuitively un-
derstood that the magnetoresistance is only partially
suppressed for in-plane magnetic fields, by 50% in an
isotropic system. In an anisotropic 3D system, the in-
plane suppression varies with direction and is determined
by the relationship between the mobility components per-
pendicular and parallel to the magnetic field but in any
case, the quadratic magnetic field dependence should al-
ways be smaller for fields in plane in comparason to the
out-of-plane field dependence. This effect is observed in
the high temperature magnetotransport results shown for
FeSb2 Corbinos in figure 2c and 2d, in which the conduc-
tion is dominated by bulk carriers. At low temperatures,
however, the magnetoresistance is larger in-plane than
out-of-plane for at least one direction in-plane for both
samples. This directly violates the classical prediction
for both 2D and 3D Drude behavior.
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FIG. 2. In-plane and out-of-plane field sweeps for (a-b) the
surface dominated transport regime and (c-d) the bulk dom-
inated transport regime.

Determining the power law of variable-range
hopping conduction

In doped semiconductors near the insulator-to-metal
transition, in which overlap between localized states near
the Fermi level is the mode of electronic conduction,
the logarithmic resistance takes on a universal sub-linear
scaling with inverse temperature with a power law that
depends on dimensionality, with the exception of hopping
within a Coulombic gap:

R(T ) =


R0 exp

(
ε

kBT

)
Nearest-neighbor hopping

R1 exp

((
ε

kBT

) 1
d+1

)
VRH (Uncorrelated)

R2 exp

((
ε

kBT

) 1
2

)
VRH (Coulomb gap)

(2)
With some exceptions to this universal scaling, even

within the same chemical system with variations in dop-
ing level (e.g. p-type Ge) Zabrodskii proposed a method
of determining more reliably the power law associated
with the hopping regime by using the logarithmic deriva-
tive of resistance with temperature:

W =

(
ε

kBT

)x

= − d log(ρ)

d log(T )
(3)

and plotting this value on a log-log plot with temper-
ature to find the power law via the slope of this plot
[1]. We plot this quantity for the low temperature con-
duction on the [110] and [101] surface of FeSb2 in figure
3. Results from comparing the slope of these plots with
expectation for Coulombic, 2D, and 3D variable range
hopping power laws show best agreement with 3D vari-
able range hopping.
In addition to the Zabrodskii technique, we include a

comparison of 2D and 3D power law fits and their re-
spective residuals in figure 4 from the fits to show that
the 3D VRH scaling fits give a temperature independent
residual over much of the temperature range fit whereas
the 2D scaling gives large temperature dependence in the
fit residuals showing clear disagreement.

On the reports of 2D VRH power law in SmB6

Recent reports of low temperature transport in SmB6

samples grown by floating zone presents evidence of 2D
variable range hopping conduction [2], The authors claim
that they do not find agreement with 3D VRH scaling,
but do not provide evidence of fits or attempts to find an
appropriate scaling law. Instead, a two-channel model is
used in which there is a 2D VRH channel in parallel with
a temperature independent conductivity of the form

R(T )−1 = R−1
n +R−1

2D exp

(
−
(
TV RH

T

)1/3
)

(4)

where Rn is the channel resistance for the tempera-
ture independent channel in parallel with the hopping
conduction channel, which is determined from fit.
In figure 5, we compare data from this paper with a

single-channel 3D VRH conduction scalling and find good
agreement, supporting the ubiquity of this hopping scal-
ing across localized surface states in FeSb2, Te-flux grown
FeSi and now floating zone grown SmB6.
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FIG. 3. Zabrodskii plots to determine the power law of variable range hopping conduction at low temperatures for (b) FeSb2

[110] surface and (c) FeSb2 [101] surface.
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FIG. 4. Comparison of fits of FeSb2 VRH data to 2D (a) and
3D (b) variable range hopping scaling laws and their respec-
tive fit residuals (c-d).
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FIG. 5. Data digitized from reference [2] on the low temperature transport in SmB6 showing agreement with T1/4 power law.
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