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The temperature-dependent electronic states of FeSi have been studied by using high-resolution angle-
resolved photoemission spectroscopy �ARPES� and using low-energy tunable photons. At low temperatures, a
peak indicating the valence-band maximum �VBM� exists at a binding energy of �20 meV along the �R
direction. The observed dispersional width of the energy bands is narrower than that given by the band-
structure calculation, and the width of the ARPES peak near the VBM rapidly broadens as the binding energy
increases. Analysis of a model self-energy reveals the importance of electron correlation, especially near the
VBM. We observed an unusual temperature dependence of the ARPES spectral features near the Fermi level
�EF�: Below �100 K, the peak at the VBM and the energy gap structures are almost unchanged, while at
�100–350 K, the peak gradually moves toward EF and the gap is filled. The present results indicate that FeSi
is a strongly correlated semiconductor, with a renormalized band near EF being responsible for the rapid
collapse of the peak and the coherent energy gap upon heating.
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For more than 40 years, FeSi has attracted many research-
ers for its anomalous electrical and magnetic properties.1–14

From band-structure calculations, FeSi is considered to be a
nonmagnetic band insulator with an energy gap of Eg

LDA

�100 meV.11–13 Below �100 K, the temperature depen-
dence of the electronic resistivity shows an insulating behav-
ior. However, this gradually changes upon heating and be-
comes metallic above �300 K.2–5 As the temperature
increases, the magnetic susceptibility starts to rise at
�100 K and forms a broad maximum at �500 K, above
which it decreases following the Curie-Weiss law.1–10 These
behaviors cannot be explained by the simple band model.
Jaccarino et al.1 tried to explain the temperature variance of
the magnetic susceptibility by assuming that there were lo-
calized levels near the Fermi level �EF�. This phenomena has
also been explained by the spin-fluctuation theory, taking
into account a narrow gap in the electronic density of states
�DOS�.15 Recently, interest in FeSi has been revived since
the physical properties are claimed to be similar to those of
the 4f-electron Kondo insulators,16 which are potential can-
didates for new thermoelectric materials.17 The temperature-
dependent optical measurements of FeSi show a rapid col-
lapse of the energy gap and an unusual spectral weight
transfer from ��0 to an energy range much larger than the
energy gap.14 This unusual temperature dependence may re-
sult from electron correlation.14

Photoemission spectroscopy is a powerful method to di-
rectly examine the electronic states of solids. To date, angle-
integrated photoemission spectroscopy �AIPES� studies us-
ing a helium lamp �h�=21.2 eV and 40.8 eV� have revealed
that in the binding energy range of EB�0–50 meV, the
DOS is suppressed upon cooling.18–21 However, the residual

spectral intensity is high at EF, which is thought to be caused
by the metallic states at the surface.20 Recently, a high-
resolution AIPES study using a laser �h�=6.994 eV� has
been carried out.22 Due to the long inelastic mean free path
of a photoelectron with a kinetic energy EK�10 eV, one can
probe bulk-derived electronic states. The residual spectral
intensity at EF was found to be reduced, which suggests that
most of the spectral intensity at EF taken at h��20 eV is
derived from the metallic state at the surface. As for the
band-structure, Park et al.23 performed angle-resolved photo-
emission spectroscopy �ARPES� on a cleaved FeSi�100� at
h�=24 eV and observed a sharp peak that forms the valence
band maximum �VBM� in the �XM� plane of the Brillouin
zone �BZ�. The peak width significantly increased with in-
creasing EB; the peak was not clearly detected for EB
�30 meV. Furthermore, the peak intensity was strongly en-
hanced upon cooling. Hinarejos et al.24 prepared a FeSi �111�
thin film on Si �111� and performed ARPES at room tem-
perature. It was found that the observed band structures in
the wide-binding energy range along the �R direction are in
agreement with a band-structure calculation. However, the
energy dependence of the self-energy derived from the
electron-electron interaction has not been explicitly clarified
as yet, and the bulk-derived ARPES spectral features close to
the VBM still have not been explained as a function of tem-
perature.

In this paper, by means of high-resolution low-excitation
energy ARPES, we have proved that the renormalized band
exists at the VBM and that, therefore, FeSi is a strongly
correlated semiconductor. We discuss the unusual tempera-
ture dependence of the ARPES spectral features from the
viewpoint of the collapse of the coherent energy gap due to a
strong correlation among thermally induced carriers near EF.
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High-energy-resolution ARPES measurements were con-
ducted with tunable low-energy photons on the helical undu-
lator beamline BL-9A of the compact electron-storage ring
�HiSOR� at Hiroshima Synchrotron Radiation Center, Hi-
roshima University.25 A high-resolution hemispherical
electron-energy analyzer SES2002 �Gammadata-Scientia,
Sweden� was used. The total energy resolution, including for
both the electron-energy analyzer and the monochromator,
was set at �E=1.3–8 meV at h�=5.48–23.5 eV. The base
pressure of the chamber was 1	10−8 Pa.

The FeSi single crystal samples were synthesized accord-
ing to the Czochralski method.6,7 The lattice constant was
determined to be a=4.4853 Å 7. From the magnetic suscep-
tibility measurements, the energy gap was estimated to be
Eg=62 meV 6. On the basis of the extrinsic paramagnetic
component below �80 K, and assuming that the impurity
ion is Fe+3 �S=5 /2�, the impurity concentration was evalu-
ated to be 0.1% of the concentration of Fe,6 or 4.1
	1019 cm−3.7 The FeSi single crystal was shaped into par-
allelepiped rods by using Laue photographs and the �111�
surface was positioned toward the analyzer in the normal
emission geometry. The clean surfaces were obtained by
cleaving with a knife edge in-situ.26 A sharp peak feature
near the VBM and dispersive bands in the wide energy range
were clearly observed. The position of EF was determined by
referring to the Fermi edge of the Au film electrically con-
nected to the sample before and after data accumulation.

In the ARPES experiments, the sample was rotated

around the �11̄0� axis. The rotation angle 
 was measured

from the �111� direction toward �112̄���110��. With this ge-
ometry, energy bands in the �XRM plane of the BZ were
detected �gray plane in Fig. 1�a��. At h�=23.5 eV, one could
examine the cross section of the Fermi surface in the �XRM
plane as indicated by the solid curve in Fig. 1�b�. It was
assumed that the inner potential and the work function were

12 eV and 4.5 eV, respectively. Figure 1�c� shows the
ARPES spectra taken at h�=23.5 eV at 20 K with a momen-
tum resolution of �k=0.01 Å−1. A peak structure was ob-
served at 
=0° at EB�40 meV that moves toward higher
binding energies with �
�. One can recognize that the peak
disperses until EB�500 meV. The peak becomes sharper as
it approaches EF.

Figure 2�a� represents an intensity plot on a linear gray-
scale in EB−k� plane. The open circles indicate the positions
of the structures in the ARPES spectra and show band dis-
persions. The band is closest to EF around k� =0 Å−1, which
suggests that the VBM is located on the �-R line. Figure 2�b�
shows the band structures along the solid curve in Fig. 1�b�,
which was calculated by using the full potential linearized
augmented plane wave method �FLAPW�. The calculated en-
ergy gap is Eg

LDA�100 meV. There exist bands close to EF
around k� =0 Å−1, which disperse to EB�600 meV at k�

�1 Å−1, which are in qualitative agreement with the ob-
served band structures. However, the observed dispersional
bandwidth, which is �500 meV, is slightly narrower than
the calculated one, �600 meV. Furthermore, the peak that
forms the VBM is quickly broadened as it shifts away from
EF because of a change in �
�. It is also difficult to identify
the peak for EB�50 meV, which is in agreement with pre-
vious ARPES measurements.23

Figure 3�a� shows the normal emission ARPES spectra at
5 K. Here, the acceptance angle of the analyzer was set at

= �5° ��k=0.1–0.3 Å−1, indicated by a dashed line in
Fig. 3�b��. For h�=7–10 eV, peaks were clearly observed
near EF only around the normal emission �i.e., �111�� direc-
tion. The peak shifted to higher EB above and below h�
=8.4 eV. Figures 3�b� and 3�c� show measured k points in
the BZ by means of normal emission ARPES �h�
=5.48 eV–14.8 eV� along the �R line and the energy bands
calculated within the local-density approximation �LDA�
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FIG. 1. �a� Brillouin zone of FeSi. The �XRM plane �gray� was
measured by ARPES experiment. �b� Relation between k� and k�.
The solid curve shows the cross-section of the Brillouin zone mea-
sured by the ARPES with h�=23.5 eV. �c� ARPES spectra of FeSi
taken at h�=23.5 eV. Structures are indicated by triangles.
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FIG. 2. �a� Intensity plot of the ARPES spectra. The open circles
indicate the peak positions. �b� Calculated LSDA band structures
along the solid line in Fig. 1�b�. �c� Real and imaginary parts of
���� assumed in the present analyses. �d� Intensity map of A�k ,��
with the self-energy correction. A Gaussian function with a width of
5 meV FWHM was convoluted to represent energy resolution.
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along the �R line, respectively. The ARPES spectra taken at
h�=23.5 eV and 8.4 eV correspond to almost the same k
point in the BZ and the observed peak positions are in agree-
ment with the calculated VBM positions. However, the ob-
served peak positions away from the VBM have lower EB
than the calculated ones �bars in Fig. 3�a��. The normal emis-
sion ARPES results also suggest that the peak becomes nar-
rower as it approaches EF, which is in agreement with the �
�
scan taken at h�=23.5 eV �Fig. 1�c��. These results are
highly suggestive of strong renormalization, especially near
the VBM.

ARPES spectral features are represented by the single-
particle spectral function: A�k ,��=− 1


 Im 1
�−�k

0−��k,�� . Here,
��k ,�� is derived from many-body interactions, such as the
electron-electron and the electron-phonon interactions.27 The
imaginary part of the self-energy is related to the energy-
dependent peak-width broadening, �=2�Im��k ,���. The real
part of the self-energy corresponds to the energy shift from
the noninteraction band: Re ��k ,��=�k−�k

0.
On the basis of the observed band narrowing in the wide

energy range and significant peak-width broadening near the
VBM, we have assumed that the deviation from the LDA
calculation is mainly derived from electron correlation.

In order to demonstrate the renormalization effect derived
from the electron-electron interaction, a simple analytic
function introduced by Saitoh et al.19 was adopted. They
calculated the spectral function by assuming a k-independent
analytical self-energy ����=�h���+�l���, where �h���
=gh� / ��+ i�h�2 and �l���=−gl / ��+ i�l�− igl /�l.

19 It should
be noted that this model includes the self-energy for the low
energy region, �l���, which represents the strong renormal-
ization near the VBM. The real and the imaginary parts are
shown in Fig. 2�c�; the parameters used in the previous study
were gh=13.0, �h=5.0, gl=0.0025 and �l=0.025.19

Figure 2�d� exhibits an intensity map of A�k ,�� that was
calculated by using the parameters previously used. The
open circles indicate the observed band positions. Although

we did not optimize these parameters, this simulation was
found to reasonably explain experimental results. The band
width is narrowed by �1−� Re � /���−1�0.7 in the wide
energy range, which explains the reduction of the energy gap
Eg /Eg

LDA�0.6. A broad spectral structure at EB�500 meV
at k� �1 Å−1 was reproduced with the model self-energy. We
should note that the substantial energy dependence of the
peak width near the VBM could not be explained without
�l��� for ����0.025. This supports the hypothesis that the
renormalization due to the electron-electron interaction is
more significant near the VBM.28

We then examined the temperature dependence of the
peak structure at the VBM. The peak was most significantly
enhanced and closest to EF �EB=20 meV� in the spectrum
taken at h�=8.44 eV at 5 K. Figure 4 shows the temperature
dependence of the 8.44 eV spectra. The spectra have been
normalized to the intensity integrated between EB=
−200 meV and 200 meV. Although the intensity of the peak
observed at 5 K considerably decreases with increasing tem-
perature, the intensity for EB�150 meV did not change.
Therefore, the significant temperature variation only occurs
within a narrow energy range near the VBM. This coincides
with the fact that the significantly renormalized band exists
near the VBM. The spectral intensity taken at various tem-
peratures is conserved within �EB��200 meV, which is con-
sistent with the previous AIPES experiments.22 The inset of
Fig. 4 shows that the bulk-sensitive photoemission spectra
taken at h�=5.48 and 8.44 eV have finite residual intensity at
EF, which is similar to a previous AIPES result.22 The re-
sidual intensity is assumed to originate from impuritylike
states �or a many-body resonance29�, which are responsible
for an anomalous metallic conductivity below �1 K,3,4 an
anomalous Hall effect,3,29 and a complicated magnetic phase
diagram below 20 K.29

In order to evaluate the experimental A�k ,�� near the
VBM, the 8.44 eV spectra taken at various temperatures
were divided by the Fermi–Dirac distribution function con-
voluted with a Gaussian function that represents energy res-
olution as shown in Fig. 5�a�. Spectral weight above EF can
be observed within EB�−5kBT�−100 meV at 150–200
K.30 Since a peak was not observed on the unoccupied side,
the energy gap should be indirect as predicted by the LDA
calculations.11,12 The peak width broadens as the temperature
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increases. At 355 K, one cannot see the energy gap in the
observed A�k ,��.

Figure 5�b� shows the spectral intensity at the peak and at
the gap as a function of temperature. Upon heating, the peak
intensity decreases. The gap starts to decrease above
�100 K, and almost disappears at �300 K.

Figure 5�c� exhibits that the peak position is almost un-
changed below �100 K. From 100 to 150 K, however, the
peak was significantly shifted toward lower EB, and the en-
ergy gap completely disappeared at �355 K.

These observations are consistent with the temperature
dependences of the electrical resistivity2–5 and the magnetic
susceptibility.6,7,31 On the basis of the ARPES results, we
have tried to describe the temperature-dependent electronic
states of FeSi. Since there are no structural and magnetic
phase transitions above 50 K,32,33 electron correlation should
play a principal role in the unusual temperature dependence.
Electron correlation in FeSi has been theoretically explained
by using the spin-fluctuation theory,15 LDA+U,34 the Ander-
son lattice model,35 and the two-band Hubbard model.36,37

For the temperature region T�100 K, the electrons and
holes cannot be thermally excited due to the existence of the
energy gap. The impuritylike states near EF affect the physi-

cal properties. The binding energies of the observed band
are, however, smaller than those given by the LDA calcula-
tion. Furthermore, there exists a noticeable energy-dependent
peak-width broadening, especially near the VBM. The simu-
lation with the model self-energy, taking into account strong
renormalization near the VBM, reproduced our ARPES re-
sults. These results indicate that FeSi is not an ordinary semi-
conductor but a strongly correlated one.

The electron correlation effect manifests itself as the tem-
perature increases. For the temperature region 100 K�T
�350 K, a peak shift toward EF and a peak-width broaden-
ing take place. The energy gap gradually disappears upon
heating. It is interesting to note that these unusual behaviors
are similar to the temperature-dependence of the energy gap
of the f-electron Kondo semiconductors.16,38,39 We assume
that above �100 K the electron correlation effects among
the temperature-induced carriers become significant.
Namely, the increase of the inelastic scattering among carri-
ers upon heating accelerates the collapse of the energy gap.
The energy range for the significantly renormalized band
near the VBM is �50 meV, which is in accord with the fact
that an obvious temperature variance of the spectral features
is observed in the narrow energy range near EF. The rapid
temperature-dependent collapse of the energy gap due to
electron correlation is described by the two-band Hubbard
model calculation.37

For the temperature region T�350 K, no peak and gap
structures exist around EF, which is in agreement with the
metallic behavior. It is to be noted that at elevated tempera-
tures the spin-fluctuation effect is important in explaining the
unusual magnetic properties of FeSi.15

In summary, high-resolution ARPES measurements of
FeSi single crystals have been performed with tunable low-
energy photons. We have observed a peak at �20 meV that
forms the VBM along the �R direction. We have clarified
that there exists strong renormalization near the VBM. The
temperature dependence of the spectra indicates that the sig-
nificant temperature variation occurs in a narrow energy
range around the VBM and the energy gap in the experimen-
tal A�k ,�� rapidly collapses above �100 K. The present
results illustrate that electron correlation plays an important
role in the metal-insulator transition in FeSi and, thus, FeSi
can be considered a strongly correlated semiconductor.
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