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We report anomalous physical properties of high-quality single-
crystalline FeSi over a wide temperature range of 1.8-400 K. The
electrical resistivity p(T) can be described by activated behav-
ior with an energy gap A = 57 meV between 150 and 67 K,
below which the estimated energy gap is significantly smaller.
The magneto-resistivity and Hall coefficient change sign in the
vicinity of 67 K, suggesting a change of dominant charge carri-
ers. At ~19 K, p(T) undergoes a cross-over from semiconducting
to metallic behavior which is very robust against external mag-
netic fields. The low-temperature metallic conductivity depends
strongly on the width/thickness of the sample. In addition, no
indication of a bulk-phase transition or onset of magnetic order
is found down to 2 K from specific heat and magnetic suscepti-
bility measurements. The measurements are consistent with one
another and point to complex electronic transport behavior that
apparently involves a conducting surface state in FeSi at low tem-
peratures, suggesting the possibility that FeSi is a 3D topological
insulator.

FeSi | surface conductivity | topological insulator |
metal-semiconductor transition

he transition metal silicides FeSi, MnSi, CoSi, and CrSi have

the B20 crystal structure, which is the only group in the cubic
system without an inversion center. These compounds exhibit
a rich variety of physical phenomena that are of great inter-
est for fundamental understanding and potential applications.
For example, the d-electron compound FeSi shows a remarkable
similarity to f-electron Kondo insulators, and the electrical resis-
tivity p(7T") evolves continuously with decreasing temperature
from metallic behavior (dp/dT > 0) to semiconducting behav-
ior (dp/dT < 0) (1-5). A considerable amount of theoretical
effort (6-10) has been expended to explain the strong temper-
ature dependence of the magnetic susceptibility x(7") of FeSi,
which reaches a maximum value at ~500 K (1) that is not due to
magnetic order (11, 12).

The ground state of FeSi is considered to be nonmagnetic;
however, experimental investigations of FeSi at low temperature
reveal features that are sample-dependent and not well under-
stood (5, 13, 14). The published results are consistent in terms
of the small semiconducting energy gap of 50-60 meV inferred
from p(7T) measurements in the temperature range 70-170 K.
However, upon further decrease of the temperature, the fol-
lowing features in p(7) of FeSi have been reported: saturation
steps (5); a hump (shoulder) at 70 K (14, 15) or ~ 35 K (16);
a moderate increase with decreasing temperature <40 K (17)
or 50 K (18); or a saturation below ~5 K (19). Moreover, the
values of p < 70 K reported in these references are also very
different, indicating strong sample dependence of the electrical
transport behavior. It has been well established in experiments
that the electrical properties of semiconductors can be very sen-
sitive to external dopants (20-24). To investigate the intrinsic
physical properties of FeSi, we prepared high-quality single-
crystal samples of FeSi and performed various types of measure-
ments over a wide temperature range of 1.8-400 K. Anomalous
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electrical transport behavior associated with a change in pri-
mary charge carriers and negative magneto-resistivity at low
temperatures was observed in all of the samples. We also
report metallic conducting behavior of FeSi single crystals below
~20 K, yielding evidence for a conducting surface state, con-
sistent with specific heat, magneto-resistivity, and magnetization
measurements.

Results and Discussion

The FeSi single crystals grow along the [111] direction in the
Sn flux, resulting in bar-shaped samples. The results of single-
crystalline X-ray diffraction measurements on FeSi are shown
in Fig. 1. Consistent with previous studies, stoichiometric FeSi
crystallizes in the cubic chiral structure with space group P23
(B20-type) and lattice parameter a = 4.4860(5) A. No vacancies
were observed according to the refinement. The profile residual
Rp was 1.79% with a weighted profile residual Rwp = 4.11%. No
electron density residual was detected, revealing the high qual-
ity of the FeSi crystals. Scanning electron microscope (SEM)
and energy dispersive X-ray spectroscopy (EDX) investigations
yielded no evidence of additional elements (SI Appendix, Figs.
S1-S4).

Because of their bar shape and high quality, the FeSi single
crystals are very suitable for electron transport measurements
along the [111] direction. Upon cooling from 400 K, metallic-
like behavior could be observed down to 336 K, below which the
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Fig. 1. (A) The crystal structure of FeSi (red, Fe; blue, Si). (B) Single-crystal
X-ray diffraction precession image of the (h0/) plane in the reciprocal lattice
of FeSi at 300 K. All of the resolved spots correspond to the cubic chiral
crystal structure P243. (C) A 3D Fourier map showing the electron density in
B20-FeSi. (D) A 2D Fourier map showing the electron density on Fe and Si
along the z axis.

resistivity increased with decreasing temperature, resulting in a
minimum in p(7") at Ty = 336 K (Fig. 2 A4, Inset). Similar fea-
tures can also be found in other references with values of Tin
mostly in the range of 150-300 K) (5, 25-27). Decreasing the
temperature further resulted in a gradual enhancement of semi-
conducting behavior down to 152 K, which has been reported to
be related to the opening of an energy gap (28-30).

Fig. 2B shows a linear relation of In(p) vs. (1/7T") for FeSi
in the temperature range 152 K (T1) to 67 K (7%), consis-
tent with standard activated behavior with an energy gap A =
57.1 meV; this value of A is comparable to reported gap values
of 50-60 meV (1, 3, 15, 18). From 54 to 30 K, where the relation
In(p) vs. 1/T is also linear, the value of dIn(p)/d(1/T") corre-
sponds to an energy gap of 35 meV. Below 30 K (73), the p(T)
curve cannot be described by a standard activation model. Fur-
ther decrease of the temperature <19 K resulted in a cross-over
from semiconducting to metallic behavior (74), as shown in Fig.
2A4. As the behavior observed in p(T') below T4 was quite differ-
ent from that reported for FeSi in other references, we repeated
the measurements on different FeSi single crystals, which yielded
consistent resistivity values at high temperatures. However, a
strong size dependence of the metallic conductivity could be
observed at low temperatures, as shown in Fig. 3; as the average
width/thickness (W) of the sample was reduced, the low tem-
perature metallic conductivity increased dramatically, and the
semiconducting-to-metallic cross-over temperature (indicated by
the dashed arrow in Fig. 3) gradually increased. In contrast, the
electrical resistivity of the FeSi did not have a noticeable depen-
dence on L, the effective length of the sample (the distance
between the two voltage leads). As the surface area to volume
ratio increased with the thinning of the samples, the results
strongly suggest that the metallic conductivity originates from the
FeSi surface.

In an effort to gain a better understanding of the tempera-
ture dependence of p(T') of FeSi, especially the low-temperature
metallic behavior, we performed specific heat C,(7) measure-
ments on the samples down to 1.8 K, the results of which
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are shown in Fig. 4. It should be mentioned that some of
the early reports showed additional features in Cp(7) at
~10 K or <1 K which were attributed to Schottky-like anoma-
lies (5, 19). However, in this study, no Schottky-like features
were found in C,(T'). Thus, it is reasonable to describe the spe-
cific heat of the samples as the sum of electronic and lattice
contributions at low temperatures (i.c., C, = vT + 3T?). No
anomalies around T2 = 67 K, T3 = 30K, and 7, = 19 K could
be observed, indicating the absence of any bulk phase transi-
tions in FeSi at these temperatures. The estimated value of the
Debye temperature 6p of 457 K lies within the reported range
of 377-515 K (5, 31, 32). On the other hand, the electronic spe-
cific heat coefficient  was estimated to be 0.41 mJ-mol~* - K~2,
which is only ~8-30% of reported values (5), suggesting that the
samples studied in this work had a lower concentration of elec-
tron donor impurities, as the value of v was proportional to the
density of electronic states at the Fermi level. The metallic-like
conduction below T, exhibited by the FeSi samples in this work
was dramatically different from the semiconducting behavior
observed in other FeSi samples which have higher concentra-
tions of charge carriers. The seemingly contradictory phenomena
suggest that the metallic conduction observed in this study is
unlikely to be a bulk phenomenon, which is also supported
by the absence of features indicative of phase transitions in
the C,(T') data.

The temperature dependence of the magnetic susceptibility
x(T) for FeSi is shown in Fig. 5. Above 100 K, the value of the
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Fig. 2. (A) Electrical resistivity p vs. temperature T for FeSi with the current
flowing along the [111] direction <200 K. (B) In(p) vs. 1/T. A and B, Insets
show the resistivity at high temperatures and a picture of the sample with
the four-wire electrical lead configuration, respectively.
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magnetic susceptibility increased with increasing temperature,
which is similar to the behavior of x(7T) for an antiferromagnet
at temperatures below the Néel temperature. In the temperature
range 20-100 K, x(T) was very small (~0.15 emu-mol™* - T™1),
indicating that FeSi had a very weak response to the external
magnetic field and a nonmagnetic ground state. Below 15 K,
x(T) of FeSi had a Curie-Weiss-like upturn with decreasing
temperature, which is apparently associated with magnetic impu-
rities (1, 11). In this study, however, the magnitude and the onset
temperature of the x(7") upturn was significantly smaller and
lower, respectively, than reported values (15, 16, 33), indicating
lower magnetic impurity concentration for the present samples.
The knee observed in the M (H) curve at ~2 T indicated by the
arrow in Fig. 5, Inset is also consistent with a paramagnetic impu-
rity scenario. Above 2 T, it seemed that the magnetic field did
not dramatically affect the magnetization of the samples, which
also suggests the absence of magnetic order at low temperatures.
The results of the magnetic measurements revealed that the sam-
ples were of high quality, and the features observed around T»
and T4 in the p(T) curve were not related to any bulk magnetic
transitions.

In this study, the magnetization of FeSi can be well described
by the following Langevin function:

M = Mg]coth(uH kg T) — kg T/ uH], [1]

in which p is the magnetic moment of the impurity clusters and
Ms is the saturation magnetization. The corresponding fitting
of M(H) at 3.5 K gives M, = 2.433x10*° pp/mol and p =
7.95 pp. If we assume that the magnetic moment per impurity
atom is 3up as in pure iron, the concentration of Fe impurity
atoms is only ~130 ppm per Fe atom, which is comparable to or
significantly lower than the impurity concentration estimated for
single crystal specimens of FeSi (11, 19, 33). The fitting results
also show that, on average, only ~2-3 magnetic impurity atoms
comprise each cluster, indicating atomic-size magnetic clusters.
The estimated value of the Wilson—-Sommerfeld ratio of FeSi
is ~2.5, using the base magnetic susceptibility <100 K and the
electronic specific heat coefficient obtained in this study, which
is slightly higher than the expected value of ~2 for the Kondo
model (34).
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Fig. 3. Temperature dependence of the resistance (R) for FeSi single crys-
tals with different size, normalized by the resistance at 120 K (R130)-
The symbols W and L refer to the average width/thickness and effective
length of the samples, respectively. The arrow indicates the increase of the
semiconducting-to-metallic cross-over temperature.
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Fig. 4. Specific heat Co(T) of FeSi at low temperatures from 1.8 to 80 K. A
plot of Cp/T vs. T> <20 K is shown in Inset. The dashed line in Inset is a fit
of the expression Cp/T =~ +3T? to the data with the values of ~, 3, and 6
given in Inset.

Fig. 6 shows p(T) data for FeSi under external magnetic
field. At high temperatures, the values of p are almost inde-
pendent of the applied magnetic field; however, a negative
magneto-resistivity (MR), where MR = (pst — pot)/poT, could
be observed at ~70 K, as indicated by the arrow in Fig. 5, Inset
that becomes very significant <30 K; these temperatures are very
close to the temperatures 7> = 67 Kand T35 = 30 K, respectively.
It should be mentioned that previous studies of the MR are not
consistent: A negative MR was reported by Paschen et al. <30 K
and attributed to quantum interference effects (5); however, a
change of sign at ~70 K (close to T> = 67 K in this study) was
reported later, below which the MR is positive (14). In this study,
the negative MR reaches a minimum value at T4. The peak in
the absolute value of the MR in this study is ~20%, which is
obviously higher than the peak in the absolute value of the MR
reported in refs. 5 and 14, revealing the sample dependence of
the MR. While p(T) is very sensitive to the applied field at low
temperatures, the value of 74 seems to be independent of H,
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Fig. 5. Magnetic susceptibility x vs. temperature T for FeSi single crys-

tals. The corresponding magnetization curve at 3.5 K is shown in Inset. The
dashed curve is a fit of the Langevin function to the M(H) data.
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which provides additional evidence that the emergence of metal-
lic conductivity in p(T") around 7} is very robust with respect to
the external magnetic field.

The evolution of p as a function of H with H perpendicu-
lar and parallel to the long axis of the FeSi crystal at 2 K is
shown in Fig. 6, Upper Inset. No noticeable hysteresis in the
H dependence of the resistivity was observed, indicating no
detectable free Fe impurities. The value of p was suppressed
with increasing field, but the evolution of p(H) deviated slightly
from a linear relation. The angle between the directions of the
applied field and the current (long axis of the sample) « had
a small effect on the behavior of p(H). This can be qualita-
tively understood by considering both bulk and surface electron
conduction for FeSi. The negative MR can be observed at tem-
perature T> which is far above T,, suggesting that the negative
MR is a bulk phenomenon. If we assume that the response of
the surface contribution to the resistivity to an external field
was positive due to the additional scattering of free electrons
by the Lorentz force, increasing « will increase the effective
applied field on the sample surface and thus slightly enhance
the MR.

The main results of the Hall effect measurements at temper-
atures down to 30 K are displayed in Fig. 7. Unlike the results
of previous reports (5), linear relations of the Hall resistivity vs.
applied external field can be seen up to 9 T over a wide temper-
ature range >30 K (Fig. 7, Inset). At high temperatures, the Hall
coefficient Ry was positive and increased slightly with decreas-
ing temperature, indicating that the dominant charge carriers
were holes. However, a change of sign in Ry was observed at
~68 K, which is very close to 7% = 67 K and to the tempera-
ture of the sign change of the MR. The phenomena observed
in the Ry(T), MR(T), and p(T) measurements were consis-
tent with one another, indicating that the resistivity is dominated
by electron conduction and is sensitive to external field below
T, = 67 K.

Summary

In summary, the following conclusions can be drawn from
this study:
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Fig. 6. Electrical resistivity p vs. temperature T in magnetic fields up to
9 T. The applied field is perpendicular to the current. Shown in Upper Inset
is p vs. H at 2 K, with the applied fields perpendicular (blue) and parallel
(red) to the current, respectively. Displayed in Lower Inset is the temperature
dependence of the magneto-resistance (MR). The definition of the MR is
given in Lower Inset.
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Fig. 7. Evolution of the Hall coefficient Ry with temperature T. The Hall
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i) The electron transport behavior of FeSi is very sensitive to
sample quality. The high quality of the single crystal samples
used in this study is supported by X-ray diffraction, disper-
sive X-ray spectroscopy, specific heat, and magnetization
measurements.

ii) In the temperature range 150 to 67 K, the semiconducting
energy gap is 57 meV. Below 67 K, a much smaller energy
gap and a sign change of the magneto-resistance and Hall
coefficient are observed, suggesting a change in dominant
charge carriers.

iiif) A further decrease of the temperature results in a sharp
reversible cross-over from a negative slope to a positive
slope of p(T') at ~19 K. Corresponding magnetization and
magneto-resistivity measurements suggest that there is no
bulk magnetic order associated with this slope change in
p(T). No feature can be observed in specific heat mea-
surements. Investigation of the dependence of the electrical
resistivity on the geometrical factor reveals that the metal-
lic conductivity increases dramatically in thinner samples.
These results suggest that the metallic conductivity below
T, is a surface phenomenon. The possibility that FeSi is a
3D topological insulator should be considered for further
research.

iv) The fact that T4 shows no noticeable change with applied
external field up to 9 T and that the resistivity below Ty is
not strongly dependent on « imply that the metallic con-
ducting state of FeSi is very robust with respect to external
magnetic field.

v) Since the surface conduction of FeSi is very robust under
magnetic field and is significant only <19 K, the negative
magneto-resistivity of the sample should be associated with
the bulk properties of the samples. The slight increase of
MR with increasing « should be attributed to the surface
state of FeSi.

Methods

Single-crystalline samples of FeSi were grown in a high-temperature Sn flux
with Fe:Si molar ratio of 1:1. The quality of the FeSi samples was assessed
by means of single-crystal X-ray diffraction at room temperature. A Bruker
Apex Il X-ray diffractometer with Mo K,1 (A = 0.71073 A) radiation was
used to measure the scattering intensity. The crystal structure was refined
with the SHELXTL package (35). Electrical resistivity, magneto-resistivity, Hall
effect, and specific heat measurements were performed by using a Quantum
Design Physical Property Measurement System DynaCool. The magnetiza-
tion and magnetic susceptibility measurements were carried out with a
Quantum Design Magnetic Property Measurement System (36). SEM and

Fang et al.
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EDX were taken with a FEI Scios DualBeam focused ion beam (FIB)/SEM
operated at 15 kV.
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