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Possible surface magnetism in the topological Kondo insulator candidate FeSi
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Our group has previously reported the existence of a conducting surface state (CSS) in FeSi, a candidate
for a d-electron topological Kondo insulator (TKI), at low temperature. In this paper, we present the electrical
transport properties of single crystals of FeSi studied in the phase space of temperature (T ), magnetic field (B),
and the angle (θ ) between the electrical current and B. The normalized T -dependent electrical resistance (R) of a
successively thinned FeSi crystal provides further confirmation of the existence of a CSS. We report that, in the
CSS, the magnetoresistance (MR) exhibits a hysteresis loop bounded within ±0.5 T, suggesting two-dimensional
magnetic ordering. The hysteretic MR is asymmetric in B and anisotropic with respect to θ . Further exploration of
R(θ ) at a fixed field of 9 T reveals an initial progressive rotation of the axis for twofold rotational symmetry from
2 to 10 K, then a stabilized axis for twofold symmetry until, at T > 40 K, the anisotropy vanishes, coincident
with the disappearance of the CSS. These observations point to a possible magnetically ordered surface state that
has been reported in similar systems such as FeSi nanofilms and bulk SmB6.
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I. INTRODUCTION

Since the 1960s, researchers have revealed many anoma-
lous properties of the correlated d-electron compound FeSi,
including a continuous transition with decreasing temperature
from a metal with a localized magnetic moment to a semicon-
ductor with a small gap ∼60 meV and a nonmagnetic ground
state [1–5]. Our group reported evidence for a conducting sur-
face state (CSS) in FeSi in which the electrical resistance R(T )
exhibits metallic behavior with dR/dT > 0 below a maxi-
mum in R(T ) at TS ≈ 19 K that marks the onset of the CSS
[6]. Subsequently, several papers reporting studies on FeSi
single crystals have been published that support our claim of
the existence of a CSS in FeSi, including a paper reporting
a high-resolution tunneling spectroscopy study of the FeSi
(110) surface [7] and a paper involving electrical transport
measurements on a FeSi single crystal using a double-sided
Corbino disk geometry [8]. Recently, Dzero et al. [9,10] pro-
posed that a group of narrow-gap f -electron semiconductors
referred to as Kondo insulators (KIs) could have CSSs of
topological origin. This provided a possible explanation for
the saturation of R(T ) of SmB6 < 4 K to a constant value
in terms of the formation of a topological CSS. In extensive
experiments, during the past several years, researchers have
established that SmB6 has a CSS, with evidence that it is
a topological KI (TKI) [11–14]. In our previous work [15],
we noted that many of the properties of FeSi resemble those
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of SmB6 and suggested that the CSS could have a topolog-
ical origin, and FeSi could be an example of a correlated
d-electron TKI.

While many experimental and theoretical researchers have
been focused on the anomalous magnetic susceptibility
and metal-insulator transition at high temperatures of FeSi,
Paschen et al. [16] conducted a comprehensive study of the
electrical transport, thermal, and magnetic properties of FeSi
down to very low temperatures. The Hall effect, magne-
tization, and electrical resistivity measurements on a very
high-quality FeSi single crystal with a small Fe (Si) excess
(deficiency) of up to 4% revealed evidence of a metallic state
in FeSi with interacting magnetic moments <1 K. Paschen
et al. [16] attributed this metallic state to the formation of
impurity bands out of ppm-level donor states. Hysteresis
in magnetoresistance (MR) and an anomalous Hall effect
were reported for SmB6 below the onset temperature of its
low-temperature resistivity plateau, leading the authors to pro-
pose the existence of a ferromagnetic, topologically nontrivial
surface state with a quantized conductance value of e2/h stem-
ming from the chiral edge channels of ferromagnetic domain
walls [17]. Considering the resemblance in behavior of the
resistivity under magnetic fields between FeSi and SmB6 and
a report of a spin-orbit coupled ferromagnetic surface state
originating from the Zak phase in FeSi nanofilms [18], we
undertook a search for evidence of magnetic ordering in the
CSS of FeSi single crystals. To affect this search, we carried
out electrical resistance R(T ) measurements on rod-shaped
FeSi single crystals previously studied in our lab [6,15] as a
function of temperature (T ), applied magnetic field (B), and
angle (θ ) of rotation of the FeSi single crystal about its long
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FIG. 1. Plots of (a) electrical resistance R vs temperature T and (b) ln(R) vs 1/T in magnetic fields B between 0 and 9 T for FeSi. The
magnetoresistance (MR), defined as MR ≡ �R(B, T )/R(0, T ) = [R(B, T ) − R(0, T )]/R(0, T ), is negative below ∼ 34 K, and its magnitude
is largest at ∼21.5 K, where R(B, T ) exhibits a maximum. An extrapolation of the linear region between 34 and 50 K in (b) to lower
temperatures (red dashed-dotted line) can be used to estimate the temperature of the onset of the surface state TS.

axis, which is perpendicular to B and parallel to the electrical
current (see diagram in Fig. 4(d)). Below the temperature
of the peak in R(T ) of FeSi, we observed hysteresis in the
MR of the sample as well as anisotropic behavior of the MR
with respect to θ . Moreover, the axis of the anisotropic MR
exhibits a gradual rotation as the temperature increases from
2 to 10 K. Our results suggest that some type of magnetic
ordering is associated with the CSS of FeSi, which may be
an example of two-dimensional (2D) magnetic order, possibly
ferromagnetic, in a d-electron KI.

II. EXPERIMENTAL METHODS

A. Single-crystalline synthesis and x-ray
diffraction measurements

High-quality FeSi single-crystalline samples were synthe-
sized in a molten tin flux as described in Ref. [6]. Several
single crystals were selected and examined in a Rigaku
Synergy-S single-crystal x-ray diffractometer equipped with
Mo radiation (λKα = 0.71073 Å) to obtain the structure and
crystal facet information. The crystal was measured with an
exposure time of 10 s and a scanning 2θ width of 0.5° at room
temperature. The data were processed in CrysAlis software,
and structural refinement was conducted with the SHELXTL

package using direct methods and refined by full-matrix least-
squares on F 2.

B. Electrical transport measurements

To establish a good surface to make electrical contact for
transport measurements, samples were soaked in 20% HF
aqueous solution for 10 min, after which platinum or gold
leads were attached using silver paint or silver epoxy when
mechanically strong electrical contacts were necessary. Elec-

trical resistance, R(T, B, θ ), measurements in the ranges for
T , B, and θ of 2 K � T � 300 K, 0 � B � 9 T, and 0◦ �
θ � 360◦ were performed in a Quantum Design Physical
Property Measurement System (PPMS) DynaCool with an
electrical transport option and a horizontal rotator. A stan-
dard four-probe technique was used to measure the electrical
resistance with a low frequency (0.4 or 0.5 Hz) ac current
excitation of 0.1 mA at high temperature and 0.01 mA at low
temperature.

III. RESULTS AND DISCUSSION

To obtain further insight into the structural features and
crystal orientation information of FeSi grown from a Sn flux,
several single crystals were investigated to extract elemental
distributions and an accurate determination of interatomic
distances and coordination environments. The detailed re-
finement and atomic coordinate information are presented in
Tables S1 and S2 in the Supplemental Material [19]. All sam-
ples crystallize in the cubic chiral space group P213 (No. 198)
with atoms located at two 4a sites. Upon careful examination
of the two 4a sites, no Sn flux impurity was detected, and
both sites are fully occupied by Fe and Si atoms, respectively,
based on the chemical composition refinement. Single-crystal
x-ray diffraction measurements were also conducted to deter-
mine the crystal directions. Accordingly, the Sn flux as-grown
rod-shaped FeSi crystals were found to grow along the face
diagonal 〈011〉 direction.

The electrical resistance R(T ) of a rod-shaped FeSi single
crystal with a length of ∼2.4 mm and a thickness of ∼40 µm
grown along its [01̄1] direction was measured as a function
of temperature in magnetic fields oriented perpendicular to
the electrical current (also along [01̄1]) up to 9 T. As shown
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in Fig. 1, the resistance of the sample is independent of the
magnetic field between room temperature and 34 K. However,
<34 K, the resistance decreases with magnetic field, imply-
ing a negative MR defined by MR ≡ �R(B, T )/R(0, T ) =
[R(B, T ) − R(0, T )]/R(0, T ). At ambient pressure, from 160
to 34 K, the R(T ) curve of FeSi can be described well by an
Arrhenius law in two different temperature ranges (160–70
and 55–35 K) [6,15]. Below 34 K, this two-gap semicon-
ductor model fails to describe the behavior of R(T ) which
features a peak at ∼21.5 K, indicating a crossover from semi-
conducting to metallic behavior. The behavior of R(T ) in
magnetic fields suggests that the bulk insulating state of FeSi
is hardly affected by fields up to 9 T, whereas the conduc-
tivity of the CSS is enhanced by a magnetic field. The CSS
electrically shorts the bulk state significantly, as indicated
by the much lower measured resistance than extrapolations
of the resistance >34 K fitted with the second energy gap
activation model in Fig. 1 (red dashed-dotted lines). As a
result, the negative transverse MR must be from the CSS
of FeSi.

Many metals show a positive MR. By using a simple two-
band model [20], the transverse MR of metals with a closed
Fermi surface should show a quadratic magnetic field depen-
dence (MR ∼ B2) at low field and saturate in the high-field
limit, whereas for metals with an open Fermi surface in certain
crystallographic directions, the MR would maintain its B2

dependence without saturation even at high fields. This rough
model has successfully explained the MR of some nonmag-
netic simple metals (e.g., copper, silver, and gold) and has
been used to provide information about the topology of the
Fermi surface of metals [21]. However, the two-band model
has a problem with explaining the linear MR in some alkali
metals such as potassium which is usually thought to have a
closed and nearly spherical Fermi surface but instead exhibits
a linear, unsaturated MR, up to 5.5 T [22]. Moreover, the
two-band model is insufficient in explaining the MR in metals
with magnetic moments, such as Fe which has a negative
and hysteretic transverse MR along some crystal axes at low
temperatures [23] or Dy and Ho which have complicated MR
depending on temperature, strength, and directions of applied
fields [24].

Considering the inability of the two-band model to account
for the MR of magnetic materials, we briefly describe the MR
of some KIs which are believed to have a topological surface
state at low temperatures to give an overall perspective of how
the MR of potential TKIs would typically behave if a general
rule existed.

SmB6: As a prototype TKI, SmB6 shows a crossover from
a slightly positive MR just above its onset temperature (5 K)
of its putative topological metallic surface state, to a pro-
nounced negative MR with decreasing temperature [25]. For
even lower temperatures, Chen et al. [25] reported a small
positive MR at 2 K, while Nakajima et al. [17] observed
a small negative MR < 1 K. In both studies, the resistance
measurements were made with the current in the (100) plane
and a perpendicular field.

YbB12: The high-temperature KI region shows a nega-
tive transverse MR suggesting a field-induced closing of the
hybridization gap. The MR is large and negative at 2.5 K
and 14 T, and its magnitude decreases upon cooling <2.5 K,

where the metallic surface emerges as signaled by the resis-
tivity plateau [26].

FeSb2: It was recently suggested by angle-resolved pho-
toemission spectroscopy that a metallic surface state exists
in FeSb2, another d-electron KI candidate. At 4.2 K, FeSb2

has a positive MR that persists up to 17.5 T [27]. However,
at 3 K, below the onset of the temperature at which the
resistance saturates, the MR is first negative and then becomes
positive >1.5 T [28]. This negative MR was explained within
the framework of weak electronic localization in an extrinsic
semiconductor with ppm-level impurities [28]. However, we
note that the negative MR of the FeSi single crystal studied
herein has its largest magnitude at ∼21.5 K, where R(B, T )
exhibits a maximum, qualitatively like what was found in
SmB6 and YbB12, and is found in the region of temperature
where the normalized resistance is sensitive to the change
in cross-sectional area of the rod-shaped FeSi single crystal
(see Fig. S1 in the Supplemental Material [19]). Based on
these observations, we conclude that the negative MR is un-
likely associated with the formation of an extrinsic impurity
conduction band, and it cannot be accounted for in terms of
an ordinary two-band model for simple metals.

To further understand the effect of magnetic fields on the
CSS, the field dependence of the resistance of the same sample
was measured with the sample positioned at fixed angles (θ )
about its long axis [01̄1]. A magnetic field perpendicular to
[01̄1] was swept from 4 to −4 T then back to 4 T to determine
whether the resistance depends on the history of the applied
field. The results are shown for measurements made at 2 and
10 K in Fig. 2 and 20 and 30 K in Fig. 3. The R(B⊥[01̄1] )
curves at these temperatures are anisotropic; the curves vary
at different values of θ . Although the anisotropy persists from
2 to 30 K, the R(B⊥[01̄1] ) curves exhibit dramatically different
types of behavior, regarding whether they are hysteretic and
symmetric about B = 0 T, that depends on the history of the
applied magnetic field and temperature. At 2 K [see Figs. 2(a)
and 2(c)] and 10 K [see Figs. 2(b) and 2(d)], at fixed values of
θ , the R(B⊥[01̄1] ) curves are asymmetric and exhibit hysteretic
behavior in the region −0.5 T � B⊥[01̄1] � 0.5 T for changes
in the sign of the magnetic field B⊥[01̄1]. There is a switch of
chirality of the hysteresis between 60° and 90°, the origin
of which still needs further investigation but is apparently
associated with the asymmetry of the MR. At 0° and 30°,
the resistance for B > 0 is higher than that for B < 0, which
corresponds to counterclockwise chirality. At 90°, 120°, and
150°, the resistance of B < 0 is higher than that for B > 0, and
the chirality is clockwise. At 60°, the area of the hysteresis
loop reaches its minimum accompanied with the suppression
of the asymmetric MR. The results shown in Figs. 3(a) and
3(c) (20 K) and Figs. 3(b) and 3(d) (30 K), near or above
the temperature at which R(T ) exhibits a peak, reveal that, in
contrast to the behavior of the R(B⊥[01̄1]) curves in Fig. 2, the
R(B⊥[01̄1] ) curves are now symmetric with respect to the sign
of the magnetic field B⊥[01̄1], and the hysteresis in the MR is
no longer present.

The asymmetric and hysteretic behavior observed in the
R(B⊥[01̄1] ) curves at fixed angles of θ shown in Fig. 2 for
temperatures of 2 and 10 K suggest the possible formation
of 2D ferromagnetic order associated with the CSS state in
FeSi. Evidence for ferromagnetic order near TS has also been
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FIG. 2. Electrical resistance R vs magnetic field B⊥[01̄1] for vari-
ous values of the angle θ at 2 and 10 K, where B⊥[01̄1] is perpendicular
to the axis [01̄1] of the rod-shaped FeSi single crystal, and at various
values of the angle θ about the FeSi crystal axis. Plots of R vs
B⊥[01̄1] are shown for (a) and (b) −4 T � B⊥[01̄1] � 4 T and (c) and
(d) −1 T � B⊥[01̄1] � 1 T, where the R(B⊥[01̄1] ) curves are shifted
vertically for visual clarity. Arrows point to the direction of the
magnetoresistance (MR) loops. Note the switch in chirality of the
hysteresis between 60° and 90°.

suggested based on magnetic field-modulated microwave
spectroscopy measurements reported by Breindel et al. [15].
Similar hysteretic behavior as a function of magnetic field
has been observed in Hall effect studies of chemical-vapor-
transport-grown single crystals of FeSi by Paschen et al. [16]
and suggested to be due to some type of magnetic order or
interaction between magnetic moments [16]. Recently, Hall
effect measurements on the (111) surface of thin films of
FeSi grown on silicon substrates were observed to exhibit
hysteretic behavior as a function of B in the region <1 T,
which was attributed to ferromagnetic order in a CSS. The
ferromagnetic order was confirmed by magnetization mea-
surements and polarized neutron reflectometry on these FeSi
films with thicknesses of the order of 10 nm [18]. Interest-
ingly, hysteresis in MR measurements performed on SmB6

single crystals have been interpreted in terms of ferromagnetic
ordering of electrons in the CSS of a TKI [17].

Displayed in Fig. 4 are isothermal polar plots of the
normalized angular-dependent MR (AMR) patterns at 9 T,
AMR ≡ 100 × [R(θ ) − R(−14◦)]/R(−14◦) (%) at various

FIG. 3. Electrical resistance R vs magnetic field B⊥[01̄1] for var-
ious values of the angle θ at 20 and 30 K, where B⊥[01̄1] is
perpendicular to the axis [01̄1] of the rod-shaped FeSi single crystal,
and at various values of the angle θ about the FeSi crystal axis. Plots
of R vs B⊥[01̄1] are shown for (a) and (b) −4 T � B⊥[01̄1] � 4 T and
(c) and (d) −1 T � B⊥[01̄1] � 1 T, where curves are shifted vertically
for visual clarity.

temperatures indicated in panels (a)–(c) for B⊥[01̄1], where
the long axis of the rod-shaped FeSi crystal is in the [01̄1]
direction. A diagram in Fig. 4(d) shows the placement of
current I and voltage V electrodes on the rod-shaped FeSi
single crystal (blue color) and the magnetic field B direction
which was aligned perpendicular to the axis of the FeSi crystal
and oriented at an angle of rotation θ about the crystal axis.
In addition, the crystal axis and I were arranged along the
[01̄1] direction. In panel (a), the polar plots have a nearly
symmetrical peanut shape in which the long axis rotates in
the clockwise direction by ∼60◦ from 2 to 10 K; in panel
(b), the polar plots evolve from a peanut shape to a circular
shape from 20 to 40 K, and the axis does not rotate; while in
panel (c), the polar plots are circular with an amplitude that
decreases with increasing temperature from 50 to 80 K. The
twofold rotational (C2) symmetry was also observed in SmB6

plate-shaped [25] and rod-shaped [29] samples, and a FeSb2

plate-shaped [30] sample when MR was measured below the
temperature of the onset of their resistivity plateaus, which
was thought to originate from the surface conductivity of these
two putative TKIs. The crossover from C4 symmetry to C2

symmetry in the cubic SmB6 can be interpreted because of a
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FIG. 4. Isothermal polar plots of the normalized angular-dependent magnetoresistance (AMR) at 9 T, AMR ≡ 100 × [R(θ ) − R(−14◦)]/
R(−14◦) (%) at various temperatures indicated in the three panels for B⊥[01̄1], where the axis of the rod-shaped FeSi crystal is in the [01̄1]
direction: (a) T = 2, 4, 6, 8, and 10 K; (b) T = 20, 30, and 40 K; and (c) T = 50, 60, 70, and 80 K. (d) Schematic diagram showing the
rod-shaped FeSi single crystal (blue color), the disposition of current I and voltage V electrodes, the magnetic field B which is perpendicular
to the axis of the rod-shaped FeSi crystal and oriented at an angle θ of rotation about the crystal axis. The small mismatches at the beginning
and end of some curves are due to initial temperature control instability of the PPMS DynaCool in which the measurements were made.

rotational symmetry-breaking nematic ordering on the surface
of a TKI [31]. More strikingly, the peanut-shaped AMR of
SmB6 and FeSb2 [30] rotates with temperature where surface
conductivity dominates, remarkably like the phenomenon ob-
served here for FeSi.

Shown in Fig. 5 is the degree of anisotropy An ≡ (Rmax −
Rmin)/Rmax vs T between 0 and 50 K, where Rmax and Rmin are
the maximum and minimum values of R, respectively, of the
isothermal MR at 9 T. A clear correspondence exists between
the types of patterns of the AMR and the CSS with or without
hysteresis in the MR. Below Ts (2–15 K), the MR in the FeSi
CSS shows a hysteresis loop (see Fig. 2), corresponding to
a peanut-shaped AMR with a temperature-dependent change
in the direction of the long axis seen in Fig. 4(a). Between
20 and ∼40 K, the CSS is still present, but the hysteresis in
the MR disappears (see Fig. 3) accompanied by a stabilized
yet less anisotropic AMR shown in Fig. 4(b). At even higher
temperatures where the insulating state dominates, the MR of
FeSi becomes negligible (see Fig. 1) and thus is isotropic, as
shown in Fig. 4(c).

A possible source of hysteresis in the MR of FeSi is the oc-
currence of ferromagnetic order. In ferromagnetic materials,
the MR depends on the orientation of the magnetization with
respect to the direction of the electrical current. The hysteretic
and anisotropic MR found in FeSi could be due to magnetic
ordering, possibly ferromagnetic, associated with the CSS.
As discussed above, similar phenomena were observed in a
SmB6 slab [17] and FeSi nanofilms [18], both of which were
attributed to the presence of a ferromagnetic metallic surface
state. The origin of this state, however, has been interpreted in
different ways in different systems. Ohtsuka et al. [18] did not
classify FeSi as a topological insulator and instead attributed
the CSS to a Zak phase, a Berry phase accumulated by a Bloch
state along a path across the Brillouin zone, based on various
measurements they performed on FeSi and first-principles
calculations. However, a Kondo breakdown scenario [32] pro-
vides another possible explanation for the formation of the
magnetic CSS in FeSi in terms of a TKI. At the surface of a
TKI, the local magnetic moments cannot be fully screened
by conduction electrons. This Kondo breakdown liberates
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FIG. 5. Degree of anisotropy An ≡ (Rmax − Rmin )/Rmax, where
Rmax and Rmin are the maximum and minimum values of R, respec-
tively, of the isothermal magnetoresistance at 9 T, vs temperature T
between 0 and 50 K. Regions of anisotropic (rotating or stabilized)
and isotropic behavior are indicated in the colored regions of the
figure.

unquenched magnetic moments and many carriers that would
otherwise be confined inside Kondo singlets at the surface,
leading to protection of the surface state against decreasing
thickness. Moreover, a chiral Kondo lattice will form due to
the surface Kondo breakdown, with a ground state that is
either magnetically ordered or a heavy Fermi liquid [32]. This
theory was supported by the discovery of a hysteretic MR in
SmB6 nanowires [33]. Compared with bulk samples, SmB6

nanowires (tens of nanometers) showed even higher resistivity
plateau temperatures, which is quite unusual because perfect
topological protection of the surface states requires an infinite
bulk. With the possibility of surface Kondo breakdown, the
topological surface in SmB6 was predicted to be persistent
even in an ultrathin film with thickness of ∼10 nm [32].
He et al. [33] also found the anomalous MR hysteresis only
appeared <8 K, less obvious with increasing temperature and
increasing thickness of the nanowires. Based on the Mermin-
Wagner theorem, reduced dimensionality tends to destroy
long-range magnetic ordering in conventional ferromagnetic
materials. Kondo breakdown, resilient in small dimensions,
involving weaker Kondo screening and a stronger RKKY
interaction at the surface, seems more likely the origin of the
magnetic ordering in SmB6 nanowires.

In an early study of flux grown single crystals of FeSi,
Paschen et al. [16] observed a resistivity plateau <1 K, ac-
companied by hysteresis in the Hall voltage, although no
information was provided about the dimensions of the FeSi
single crystals on which the measurements were made. In this
paper, electrical resistivity measurements were made on rod-
shaped FeSi single crystals with thicknesses of ∼50 µm. The
measurements revealed a decrease in R(T ) with decreasing

temperature below ∼21 K and hysteresis in the anisotropic
MR AMR. Ohtsuka et al. [18] synthesized FeSi nanofilms
on Si (111) substrates, with thicknesses varying from 5 to
60 nm along the [111] direction. At temperatures <100 K, the
Hall conductivity (σxy) and normalized magnetization M vs
magnetic field B curves were found to display clear hysteresis
loops whose magnitudes depend inversely on the thickness of
the nanofilms. The area of the hysteresis loop in σxy decreases
with increasing thickness [18], as found previously in the MR
of SmB6 nanowires [33]. There is a report on FeSi nanowires
showing magnetization hysteresis even at room temperature,
although the authors attributed this to the interaction between
charge carriers and localized dangling bond spins which is
significant at the nanoscale [34]. We could not exclude the
possibility that the observed hysteresis in AMR associated
with the CSS of FeSi arises from magnetic ordering formed
by an impurity conduction band or dangling covalent bonds
terminated at the surface. However, the inverse correlation of
the MR/magnetization hysteresis loop size with the sample di-
mensions observed in different literature reports suggests the
Kondo breakdown picture may be the origin of the magnetic
order in the CSS of FeSi.

IV. CONCLUDING REMARKS

Transverse MR measurements at low temperatures were
conducted on high-quality FeSi single crystals which grow
in the direction of the face diagonal of the cubic B20 struc-
ture, [01̄1]. A negative MR was observed below the onset
temperature TS of the CSS, in contrast to the positive MR
often seen in simple metals, revealing an unusual mecha-
nism of charge transport in the metallic surface state of FeSi.
Moreover, anisotropic hysteresis in the MR was observed in
the CSS, resembling what has been reported for SmB6, the
prototype f -electron KI to which FeSi is being compared,
pointing to possible surface magnetic ordering. The relation-
ship between electrical resistance of FeSi and the angle θ of
the magnetic field at B = 9 T, R(θ, 9 T), was measured at
various fixed temperatures. The twofold rotational symmetry
of R(θ, 9 T) that was observed may reflect the emergence of
the CSS of FeSi. However, the underlying reason for the rota-
tion of the peanut-shaped AMR is not clear and awaits further
investigation.

Two theoretical scenarios, the Zak phase and Kondo break-
down, were discussed herein as possible explanations for the
surface magnetic ordering indicated by the hysteresis in the
MR of FeSi. We note that the intriguing phenomena found in
FeSi could be attributed to Kondo breakdown on the surface,
which can create unscreened magnetic moments and liberate
unbound conduction electrons from Kondo singlets, thus in-
troducing a metallic, magnetically ordered surface. We expect
the Kondo breakdown and its effects on the surface conduc-
tion and magnetism would be more dominant in the TKI with
smaller dimensions or larger surface-to-volume ratios, which
is consistent with our studies and other reports by Paschen
et al. [16], Ohtsuka et al. [18], and Hung et al. [34]. To
further test the Kondo breakdown scenario in FeSi, we plan
to perform MR, Hall effect, and magnetization measurements
on a successively thinned rod-shaped sample or powdered
samples to examine whether hysteresis in samples with larger
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surface areas will be more pronounced. Sensitive and spatially
resolved magnetization mapping characterizations such as
magnetic force microscopy, magneto-optic Kerr microscopy,
and optically detected magnetic resonance of diamond
nitrogen-vacancy centers would be extremely useful to image
any possible magnetization structures of the CSS of FeSi.
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