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Magnetoresistance of the correlated narrow-gap semiconductor FeSi was investigated by the radio
frequency self-resonant spiral coil technique in magnetic fields up to 500 T, which is supplied by an
electromagnetic flux compression megagauss generator. Semiconductor-to-metal transition accomplishes
around 270 T observed as a sharp kink in the magnetoresistance, which implies the closing of the
hybridization gap by the Zeeman shift of band edges. In the temperature-magnetic field phase diagram, the
semiconductor-metal transition field is found to be almost independent of temperature, which is in contrast
to a characteristic magnetic field associated with the hopping magnetoconduction in the in-gap localized
states, exhibiting a notable temperature dependence.
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Narrow-gap semiconductor alloys have been widely
recognized as a prototypical material used in far-infrared
optoelectronics, some of which have yet another intriguing
aspect as a strongly correlated electron system. A typical
example is the Kondo semiconductor, where the conduc-
tion and localized electrons form a nonmagnetic Kondo
singlet state as a consequence of the strong electron
correlation.
Iron monosilicide FeSi, which exhibits mysterious trans-

port, thermoelectric, and magnetic properties followed by
semiconductor-metal (S-M) transition, similar to those of
the Kondo semiconductor, has been a target of intense and
long-standing studies for more than half a century [1]. A
trend of recent studies [2,3] is to regard FeSi as a correlated
narrow-gap semiconductor without the formation of the
Kondo singlet. In the band structure calculation [3],
formation of a hybridization gap (termed in this Letter
as “h gap”) is predicted as a result of the orbital hybridi-
zation between Fe 3d and Si 2p bands. The presence of a
sharp peak across the energy gap in the density-of-state
calculation [4] is indicative of the underlying significance
of a correlation effect.
On the other hand, the h gap energy determined from

low-temperature experiments differs from one report to the
others (50–70 meV) [1,5–15], and they are insufficient to
support existing theoretical models under review. In addi-
tion, size-dependent electrical resistivity characteristic of a
topological surface state recently observed below 19 K [8]
suggests a potential difficulty in extracting the bulk band
structure especially at low temperatures by means of
surface-sensitive measurements such as the angle-resolved
photoemission spectroscopy.

Application of an external ultrastrong magnetic field to
these interacting yet puzzling electrons in FeSi is expected
to open an avenue for exploring the band structure details in
a highly correlated electron system. When the h gap is
narrow, an energy shift of the electronic band by the spin
Zeeman effect should have driven a change in the magnetic
and transport properties. Some calculations have predicted
the existence of the metamagnetic and associated S-M
transition at 170 T [16,17], 354 T, and 700 T [18].
However, the calculated transition field sensitively depends
on the gap magnitude, a fact that obscures a conclusive
prediction. In the late 1990s, the magnetization and the
radio frequency electrical resistivity measurements were
conducted in magnetic fields of up to 450 T [19,20], where
the chemical explosive flux compression technique was
used to generate ultrahigh magnetic fields [21]. Although
an anomalous increase in the electrical conductivity was
detected around 355 T, the transition point and the details of
conductivity evolution are yet indistinct. In order to open
insights into the issue mentioned above, precision and
reliable transport measurement techniques have been
expected to be developed in such an extreme environment
of ultrastrong magnetic fields.
Recent progress and developments in the electromag-

netic flux compression (EMFC) techniques have achieved a
remarkable capability to produce 1000-T-class highly
controllable magnetic fields, allowing precision physical
property measurements [22]. In addition, a radio frequency
self-resonant spiral coil technique recently developed in an
environment of exploding short-pulse magnets has enabled
us to conduct a sensitive ac conductivity measurement [23].
All the instruments and measurement techniques needed in
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FeSi are ready for a recurrence of searches for magneto-
resistance behavior in ultrastrong magnetic fields. In this
Letter, the magnetic field of up to 500 T is applied to ac
conductivity measurements of FeSi, from which the S-M
phase diagram was accomplished.
A single crystal of FeSi was fabricated by the

Czochralski technique. The detail of the sample quality
was described in Ref. [10], where FeSi samples were taken
from the same ingot as samples used in this Letter. The
temperature dependent magnetic susceptibility obtained by
the Magnetic Properties Measurement System (Quantum
Design) was confirmed to be quantitatively the same as that
of Koyama et al. [10]. A FeSi bulk crystal was cut into
the dimension of 2 × 1.2 × 0.3 mm3, and then the gold
electrode was evaporated by the sputtering machine.
The temperature dependence of dc electrical resistivity
[ρdcðB ¼ 0Þ] was measured by the Physical Properties
Measurement System (PPMS, Quantum Design; 10 Hz
ac mode).
Magnetic fields up to 500 T were produced by a

microsecond pulse mode with exploding destructive oper-
ation, the EMFC technique [22]. The electrical resistivity
was measured by the radio frequency contactless self-
resonant spiral coil technique [23]. A measurement sample
with a typical dimension of 1 × 1 × 0.05 mm3 was glued
on the probe coil (self-resonant spiral coil), to which
the radio frequency (rf) voltage tuned around 700 MHz
was applied. The returned signal from the probe coil (Vrf )
was converted to the electrical resistivity (ρac), via a
calibration curve of Vrf with respect to ρdc. Details of
the signal processing are described in Ref. [23]. The (100)
plane of a sample with the probe coil was set parallel to the
magnetic field axis to avoid Joule heating induced by the
eddy current subjected to an extremely short and intense
pulse field (dB=dt ∼ 5 × 107 T=s). Temperature is moni-
tored by an Au(Fe)-Chromel thermocouple or a RuO2

resistor chip set adjacent to the sample, and is measured just
before an ignition of pulse magnetic field and recorded as
initial temperature, T init. The experimental details are
presented in the Supplemental Material [24].
The result of the PPMS measurement in the absence

of the magnetic field is shown in Fig. 1. The tem-
perature dependence of ρdcðB ¼ 0Þ is plotted against
the reverse temperature (1=T). Above T� ¼ 80 K
(shaded with red background), an h gap (Δ) of 54 meV
was evaluated from the slope of Arrhenius plot above
T� (ρbulk ∝ exp½Δ=2kBT�).
As is noticed in Fig. 1, the Arrhenius plot deviates from a

single straight line at temperatures below T�, indicating that
the carrier dynamics shifts to a nonthermal activation
type inside the band gap. Among various conduction
mechanisms at low temperatures, ρdc below T� can be
interpreted by the variable range hopping (VRH) of
localized carriers in the in-gap states. In the Mott-type
VRH without the electron correlation, ρðTÞ is described as

ρMott ¼ ρ0 exp½ðT0=TÞ1=4� [29], where ρ0 and T0 are con-
stant. As shown in Fig. 1, ρdc in the whole range of
temperature is well reproduced by a fitting curve ρ−1fit ¼
ρ−1Mott þ ρ−1bulk (solid curve), with a set of parameters, Δ ¼
72 meV and T0 ¼ 1.48 eV. A magnitude similar to T0 was
reported by Takagi et al. (T0 ¼ 1.42 eV [30]). This result
implies that an electrical conduction at higher temperatures
is dominated by the thermally activated carriers across the
gap, whereas at low-temperatures below T� the VRH
conduction takes place in the in-gap localized states.
The existence of the midgap states has been suggested

by previous studies [31–34]. Most recently, Fang et al.
investigated ρðTÞ of a high-quality low-carrier sample, and
the energy scale of 35 meV was found from temperature
dependences of the resistance between 54 K and 30 K [8],
which is almost half of the h gap. However, the origin of the
midgap states in FeSi remains a subject of speculation.
Several scenarios can be considered based on the effect
stemming from the strong electron correlation [35,36], spin
polaron [32], and phonon-related excitation [37–42],
whose issue is out of the scope of the present work.
The result of ac conductivity measurement under the

magnetic field up to 420 T at T init ¼ 53 K is shown in
Fig. 2(a), where the time evolution of high-frequency probe
signal (Vrf ) from the self-resonant spiral coil is displayed
(upper panel) alongside that of the pulse magnetic field
(lower panel). The amplitude of Vrf increases with the
magnetic field, and saturates at 275 T. BðtÞ and VrfðtÞ
measured at 29 K and 6 K are shown in the Supplemental
Material [24].
In Fig. 2(b), ρacðBÞ converted from Vrf at T init ¼ 53 K,

29 K, and 6 K are presented. The open circles are
ρdcðB ¼ 0Þ drawn from Fig. 1. The anomalous fields
(Bsh, BS-M’ , and BS-M, defined later on) in ρacðBÞ are
pointed by the arrows. At 53 K, a sparse positive

FIG. 1. Temperature dependence of dc electrical resistivity
measured by PPMS. Two regions of temperature range are
divided by a boundary line (T� ¼ 80 K) on the basis of each
transport mechanism. The solid curve is a fitting result of ρdc. An
intrinsic band gap and in-gap components of the fitting curve are
shown by a dotted and a dashed line, respectively.
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magnetoresistance continues until a shoulderlike structure
at 60 T (Bsh). Then, ρacðBÞ shows a gradual decrease
starting approximately above 118 T (BS-M’ ). We found a
sudden drop in ρac with a clear kink at 275 T (BS-M), above
which ρacðBÞ saturates and approaches approximately zero.
Upon decreasing temperature from 53 K to 6 K, a positive
magnetoresistance below Bsh and a saturating behavior up
to BS-M’ become more pronounced due to a significant
increase of the magnetoresistance ratio. A positive mag-
netoresistance has also been reported in the previous high-
field study up to 35 T [9].
Note that in Fig. 1 ρdcðT < T�; B ¼ 0Þ has been well

explained by the VRH mechanism on the midgap localized
states. Accordingly, at low temperatures below T < T�, the
magnetoresistance up to the magnetic field BS-M’ can also
be characterized by the VRH conduction involving the
midgap states. Quite similarly to our observation up to
BS-M’ in Fig. 2(b), positive magnetoresistance with a linear
dependence on a magnetic field and saturation above a
certain magnetic field (corresponding to Bsh) were found by
the calculation based on the VRH theory taking account of
the intrastate correlation, which was revealed by Kurobe
and Kawamura [43].
Summarizing the above results, the temperature- and

magnetic-field-dependent electronic energy band is sche-
matically illustrated in Fig. 3. (a) At a zero magnetic field,
the Arrhenius-type thermal activation took place over the h
gap above T�, and changed to the VRH-type conduction in
the midgap states at lower temperatures. (b) By increasing
the magnetic fields up to BS-M’ , the conduction involving
the midgap states remains dominant.

As shown in Fig. 3(c), ΔðBÞ becomes sufficiently small
above BS-M’ due to the substantial Zeeman shift of band
edges, which makes the Arrhenius-type thermal activation
dominant again. Further suppression of the h gap with an
increasing magnetic field assists the thermal activation of
electrons and induces a gradual decrease in ρac between
BS-M’ and BS-M. Then, the conduction and the valence band
edges across the h gap begin to overlap each other, which
induces an abrupt drop in ρac just below BS-M. Accordingly,
BS-M should be regarded as a magnetic field intensity where
the S-M transition is accomplished as shown in Fig. 3(d). A
recurrent increase in ρacðBÞ observed above 400 T at 29K

FIG. 3. Schematic illustration of the electronic energy bands in
a characteristic range of temperatures and magnetic fields, (a) to
(d), in accordance with different events of each transport
phenomenon. The blue energy levels indicate the midgap states,
which dominate the electrical transport phenomenon below BS-M’

and temperature below T�. Symbol × represents an inactivated
transition over the hybridization gap Δ.

FIG. 2. Results of the high-field experiments. (a) Time evolution of Vrf (upper panel) and a pulsed magnetic field (lower panel) at
53 K. The inset is a schematic configuration of an FeSi sample and probe coil. (b) Magnetic field dependence of the electrical resistivity
at 53 K, 29 K, and 6 K. Characteristic magnetic field intensities Bsh, BS-M’ , and BS-M are pointed by arrows, which are determined by an
intersection of light-green dotted tangential lines.
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and 6 K could be simply an artifact signal noise or could be
most possibly caused by a metamagnetictype magnetiza-
tion increase associated with the S-M transition [16–18],
which could be unintentionally detected by the probe coil.
The magnitude of the h gap at B ¼ 0 is also estimated

from BS-M, as follows. The Zeeman shift of the conduction
and the valence band edges, Ec;vðBÞ ¼ Ec;vðB ¼ 0Þ �
gμBjSjB, where g is the g factor, μB is the Bohr magneton,
and S is the spin quantum number, can close the h gap. The
corresponding energy shift at BS-M ðT ¼ 53 KÞ ¼ 275 T is
evaluated as 2gμBjSjBS-M ¼ 64 meV, if ðS; gÞ ¼ ð1; 2Þ
referred from the recent theory [44] is adopted. This value
is slightly smaller but compatible with a value of the h gap
(72 meV) deduced from Fig. 1, and also consistent with the
values 50–70 meV observed in previous reports [1,5–15].
Magnetic field dependence of the h gap ΔðBÞ can be

evaluated in a similar manner as in Fig. 1, provided that the
Arrhenius plot is yielded for ρacðTÞ at a given magnetic
field, which is possible to construct at a magnetic field
B ¼ BS-M’ , using the value ρacðT; B ¼ BS-M’Þ as described
in detail in the Supplemental Material [24]. We found that
ΔðBÞ gradually decreases with an increasing magnetic field
as is seen in Fig. S3 of the Supplemental Material, which is
consistent with the collapse of the h gap by the spin
Zeeman effect as schematically illustrated in Fig. 3.
Bsh, BS-M’ and BS-M are plotted in the T–B phase diagram

by open circles and squares in Fig. 4. During an extremely
short duration time of the pulse magnetic field of a
microsecond order, thermal dissipation to the surrounding
environment is hardly expected around the sample, which
is exposed to a temperature increase from the Joule heating
during the pulse, termed as the sample temperature,

Tsamp ¼ T init þ δTðBÞ. The thin dotted lines in Fig. 4 are
the sample temperatures Tsamp½BðtÞ� evaluated by calculat-
ing the Joule heating in each experiment assuming an
adiabatic condition (see Supplemental Material). The
sample temperature gradually develops from T init, and
shows an abrupt increase above BS-M due to the field-
induced metallic conductivity. Bsh and BS-M’ disappear
around T� ¼ 80 K as guided by (red) dotted and (pale blue)
dashed curves, respectively. On the other hand, BS-M stays
still at 267� 10 T at temperatures between 53 K and 6 K
(the bold dashed line). It is to be noted that the h gap has
been reported to be almost independent on tempera-
tures below ∼100 K [14,45], which is consistent with
temperature-independent BS-M obtained in this work. As
distinguished by different background colors in Fig. 4,
characteristic magnetic fields (BS-M’ and BS-M) separate the
magnetic field regimes of different types of electronic
conduction, which are illustrated in Figs. 3(b)–3(d).
To sum up, the magnetoresistance of correlated narrow-

gap magnetic semiconductor FeSi was investigated in ultra-
strong magnetic fields up to 500 T, which is supplied by the
electromagnetic flux compression technique. On increasing
magnetic fields, four distinct phase changes were succes-
sively observed, firstly positive magnetoresistance, and then
its saturation area followed by a slow decrease of the
resistance up to a well-defined S-M transition at 267 T.
The S-M transition is well explained by a band gap squashed
into a zero-gap state that is compressed by the giant Zeeman
effect induced by ultrastrong magnetic fields.
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