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We report an investigation of the bulk electronic properties of Fe in FeSi1−xGex �x=0, 0.11, 0.19, and 0.44�
measured by high-resolution x-ray absorption spectroscopy at the Fe K edge, Fe K� x-ray emission, and 1s3p
resonant x-ray emission spectroscopies. The emission data clearly show an increase in the magnetic moment
when x increases from 0 to 0.44. This doping-induced spin transition is accompanied by the onset of the
magnetic order at x�0.2. The 1s3p resonant x-ray emission data reveal that the Fe 3d states exhibit a delo-
calized character, while no intermediate valence admixture takes place. This is at odd with the intermediate
valence Kondo insulator model and rather supports the local density approximation band theory.
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I. INTRODUCTION

The B20 cubic FeSi is a nonmagnetic p-type narrow gap
semiconductor, which unconventional magnetic and trans-
port properties have drawn considerable interest for several
decades. The magnetic susceptibility was observed to in-
crease drastically above 100 K, reaching a maximum near
540 K.1 The magnetic behavior at high temperatures can be
described by a Curie–Weiss law, indicating the presence of
magnetic moment. The �60 meV gap that opens at low tem-
peratures was found to vanish near 250 K by means of opti-
cal conductivity measurements.2 The gap-closure tempera-
ture being too low to result from a simple thermal activation
mechanism, the Kondo insulator �KI� model was proposed to
account for this behavior.3 The formation of the �60 meV
gap at low temperatures was later confirmed by high-
resolution laser photoelectron spectroscopy �PES�.4 A recent
study by angle-resolved photoelectron spectroscopy on FeSi
showed temperature regions of p-type semiconducting be-
havior at less than 100 K, intermediate and metallic states,
respectively, below and above 355 K.5

Many models have been proposed to explain the unique
properties of FeSi. These models include local density ap-
proximation �LDA�,6 extended LDA+U method,7 two-band
Hubbard model,9,10 LDA calculations for supercells, includ-
ing thermally induced lattice disorder,11 and spin fluctuation
theory.12,13 Yamada et al. proposed, using band calculations,
that a first-order transition occurs in the Fe 3d band at
170 T.14 The band theory indicated that FeSi has a broad
Fe 3d–Si 3p band and both Si and Fe have neutral
valences.7,15 The band picture is, however, inconsistent with
the KI model, which assumes the presence of localized 3d
orbitals slightly hybridized with s , p levels.7 Low tempera-
ture transport properties indicate the localization of the small
amount of extrinsic carriers. The electrical resistivity, for in-
stance, follow the variable-range-hopping form below 50 K.8

On the other hand, FeGe is a long-range spiral metallic
ferromagnet. Thus, Ge substitution of the Si sites of FeSi

offers interesting perspectives for the study of the evolution
of the gap along with the semiconducting to ferromagnet
metal transition.16–23 Mani et al. showed pressure-induced
insulator to metal transition �IMT� for x=0 and 0.05.20 Theo-
retically, Anisimov et al. carried out LDA+U calculations on
FeSi1−xGex and predicted a first-order IMT at around
x=0.4.21 Such a transition was later observed experimentally
by Yeo et al.22 at x=0.25. Jarlborg performed spin-polarized
band calculations for supercells of FeSi1−xGex.

23 They dem-
onstrated an increase in the volume and disorder with x and
predicted the IMT to occur at x�0.3. They indicated that a
small change in the volume induces a large change in the
magnetic moment for large x and that a small change in the
volume induces a large change in the magnetic moment for
large x. The calculated density of states �DOS� and the elec-
tron phonon coupling, however, were too small for the mea-
sured specific heat, signifying the importance of the effect of
spin fluctuations.23 DiTusa et al. observed an IMT in Al-
substituted FeSi for Al concentration �0.001. Though Al-
substituted FeSi behavior is similar to Si:P, its quasiparticle
excitations show exceptional mass enhancement around the
transition reminiscent of strongly correlated systems.24 Over-
all, it appears that the semiconductorlike behavior of FeSi is
not well understood yet, and it is still an open question
whether it can be properly described by the band theory or
should be accounted for as a strongly correlated system.

Clearing up the ambiguity of the electronic states and es-
timating the validity of the KI model22 call for an accurate
experimental analysis of the electronic structure of this ma-
terial. In this paper, we study the bulk electronic properties
of Fe in FeSi1−xGex as a function of Ge doping and tempera-
ture by means of high-resolution Fe K x-ray absorption spec-
troscopy, K� x-ray emission, and 1s3p resonant x-ray emis-
sion spectroscopies. The x-ray emission data provide
evidence for a spin crossover from low spin �LS� to high spin
�HS� with increasing x. Delocalization and high degree of
covalence for the Fe 3d states in FeSi are deduced from the
1s3p resonant x-ray emission spectroscopy measurements.
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Our results support the LDA band theory but are inconsistent
with KI picture, as no intermediate valence admixture is ob-
served.

II. EXPERIMENT

A. Samples

Polycrystalline samples of FeSi1−xGex were prepared by
argon arc melting from pure metals and annealing in evacu-
ated silica tubes. The Si /Ge composition was determined by
the energy dispersive x-ray spectroscopy. Powder x-ray dif-
fraction confirmed that all the samples �x=0, 0.11, 0.19, and
0.44� were in single phase with the cubic B20 structure. The
results of the magnetic susceptibility measurement as a func-
tion of temperature for x=0, 0.11, 0.19, and 0.44 are shown
in Fig. 1.25 Magnetic susceptibility of x=0, 0.11, and 0.19
show a gaplike behavior, while that of x=0.44 shows ferro-
magnetic transition at low temperature. This is similar to the
previous results of Yeo et al.22

B. X-ray spectroscopy

X-ray absorption spectroscopy in the partial fluorescence
yield mode �PFY-XAS�, x-ray emission spectroscopy �XES�,
and resonant x-ray emission spectroscopy �RXES� measure-
ments were performed at the BL15XU undulator beamline in
SPring-8.26 The undulator beam was monochromatized by a
water-cooled double crystal monochromator, calibrated in
energy between the K absorption edges of Cu, Fe, and Cr
metal foils. The incident beam intensity was monitored by a
thin Al foil located just before the sample. The emitted x rays
were analyzed using a Ge �111� double crystal spectrometer
with ��, �� geometry.27 The lattice constant of the Ge ana-
lyzer was previously estimated28 and the energy calibration
of the spectrometer was performed with the Fe K�1 line of
Fe metal. The resolution E /�E was estimated to be about
3350 at 8050 eV, where E is the emitted photon energy, and
the reproducibility of the emission energy was shown to be
within �0.03 eV. The emission spectra were measured with
a 0.2 eV energy step but, owing to the good statistics, long-
term stability of the spectrometer, and the weight of the
emission profile through the curve-fitting procedure, the peak

position could be determined within an accuracy of 1 order
smaller than the energy step. An Iwatani CRT-M310-OP cry-
ostat was used to cool down the samples from room tempera-
ture to about 16 K.

III. RESULTS AND DISCUSSION

A. High-resolution x-ray absorption spectroscopy

Figure 2 shows the Fe K PFY-XAS spectra for the x=0
�16 K�, 0.19 �50 and 300 K�, 0.44 �50 and 300 K� samples
and Fe metal �300 K�. They were obtained by setting the
spectrometer energy to the peak of the Fe K�1 �2p→1s�
emission line while scanning the incident energy through the
Fe K edge.29 Spectra in Fig. 2 are normalized in intensity to
their maximum around 7140 eV, where we estimate the sta-
tistical error to be �0.4%. We observe no temperature de-
pendence for the x=0.19 and 0.44 samples. The upper part of
Fig. 1 shows the intensity difference between these respec-
tive spectra and the spectrum for x=0. The intensity in the
7117–7139 eV energy range gradually increases with x and
tends to approach the one of Fe metal for the highest x value.

The peak at 7112 eV in the spectrum of Fe metal disap-
pears in the spectra of FeSi1−xGex. Müller et al. suggested
that this peak corresponds to Fe 3d density of states based on
a comparison between x-ray absorption spectra obtained for
3d transition metals.30 They pointed that the intensity of this
peak decreases with increasing atomic number along the 3d
transition-metal row and argued that it originates from the
electronic filling of the 3d band. Based on this idea, our
results suggest the filling of the 3d band for FeSi1−xGex over
Fe.

On the other hand, the preedge peak was shown to gain
intensity from both the dipole-forbidden 1s-3d transition and
the dipole contribution from on-site 3d-4p hybridization.31

Furthermore, Igarashi and Hirai, through a comparison be-
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tween calculated and experimental magnetic circular dichro-
ism absorption spectra on Fe metal, showed that it is the
hybridization between the Fe 4p states of the core hole site
and the Fe 3d states of a neighboring site which mostly con-
tributes to the intensity of this peak.32 The absence of a peak
at 7112 eV in the FeSi1−xGex spectra hints at a very weak
p-d hybridization, which agrees well with the band
calculations.6,15

The valence state of Fe in its intermetallic compounds is
often higher than Fe metal, in which case a chemical shift is
observed in the Fe K absorption edge at higher energies with
respect to Fe metal.33 In the present case, however, the maxi-
mum of the derivative of the PFY-XAS spectra for Fe metal
�after subtraction of the 7112 eV preedge peak� and
FeSi1−xGex �x=0, 0.19, and 0.44� is nearly constant at
7109.4�0.2 eV. This interestingly indicates that no change
occurs in the charge state of Fe upon alloying with Si or Ge
or changing temperature. We will show later that the absence
of intermediate valence admixture in FeSi is confirmed by
RXES. The absence of the change in the absorption edges is
consistent with the band calculation for these systems, which
suggested a neutral valence state �Fe0�.6,21 As seen in Fig. 2,
the PFY-XAS spectra of the x=0.44 sample approaches the
one of Fe metal in the E�7118 eV region, which corre-
sponds to the 1s→4p dipolar transitions.34

Urasaki and Saso showed with a two-band Hubbard
model that the gap of FeSi increases and the DOS near the
Fermi level changes as the temperature is decreased.10

Angle-resolved PES also showed a temperature dependence
for the valence band spectra of FeSi.5 Our PFY-XAS spectra,
however, are not sensitive to temperature change, as well as
the x-ray emission spectra, as will be shown later. LDA band
calculations indicated that the DOS of FeSi near the Fermi
level mainly results from Fe 3d states, slightly hybridized
with the surrounding Si 3p orbitals.15 Using PFY-XAS at the
Fe K preedge, one does not probe the Fe 3d states directly
but through 3d-4p hybridization.

B. X-ray emission spectroscopy

K� emission corresponds to a 3p→1s recombination af-
ter the creation of a 1s core hole. The exchange interaction

between the 3p core hole and the 3d open shell in the final
state splits the spectrum between the main line and a satellite
peak, called K��.35 K�1,3 and K�� are usually considered to
correspond to down-spin and up-spin transitions of 3p states,
respectively. We, however, noted that up- and down-spin
states are actually mixed in the spectra of 3d metal com-
pounds and thus only relative changes in the spin state could
be observed.33,36 It is also noted that we always observe K��
when the 3p core hole exists due to the above interaction.
Thus, we can only compare the relative change in the spin
states as low-spin state or high-spin state.

Figure 3�a� shows the Fe K� spectra obtained for x=0,
0.1, 0.19, and 0.44 at 300 K with an incident photon energy
of 7140 eV �bottom�, together with the intensity difference
from the x=0 spectrum �top�. The intensities are normalized
to the K�1,3 peak values. Statistical error is �0.7% at the
emitted photon energy of 7040 eV. A little shift of the order
of 0.1 eV toward low photon energies is observed in the
maximum of the K�1,3 emissions in Fig. 3�a�. Here, we de-
fine the center of mass of K� emission as c.m.
=�i�E�EdE /�i�E�dE, where i�E� and E are, respectively, in-
tensity normalized by the area ��i�E�dE=1� and the incident
photon energy in eV. The change in the c.m. is only within
0.1 eV upon changes in the Ge concentration or the tempera-
ture �as will be shown later in Fig. 5�a��. In order to focus on
the intensity changes in the K�� region, the energy of the
K�1,3 peaks is adjusted in energy to the x=0 spectrum. The
corresponding spectra are displayed in Fig. 3�b� together
with the Fe metal spectrum. We observe that K�� intensity
increases and gets closer to that of Fe metal with increasing
Ge concentration. Figure 3�c� shows the same spectra mea-
sured at 17 K adjusted in energy. There seems to be no tem-
perature dependence. This is confirmed in Fig. 4, where the
spectra measured for the x=0.19 and 0.44 samples show no
change throughout the 17–300 K temperature range.

We measured the K� �2p-1s transition� spectra for an
incident photon energy of 7140 eV.25 The peak energy posi-
tion and width of the K� emission were insensitive to the
change in temperature or composition. We observed a nar-
rowing of the Fe K� spectral width for FeSi1−xGex compared
with Fe metal, while the widths are almost the same between
x=0.19 and 0.44.
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Figure 5�a� shows the c.m. at 17 and 300 K and the inte-
grals of the absolute values of the difference �IAD�37,38 be-
tween a given �at x�0� and a reference spectrum �at x=0� at
300 K as a function of x. We note that, at variance with
studies using external pressure,40 the position of the c.m.
shows a slight monotonous variation upon doping. The posi-
tion of the c.m. in our case shows a much slighter monoto-
nous variation upon doping. The x dependence of the IAD is
linear. So far, a few methods have been proposed in order to
discuss the change in the spin state based on the K�
spectra.37–41 Among them, Vankó et al. recently showed that
the IAD aligning on the c.m. gives satisfying results.38 In our
case though, the change in the c.m. is so small �cf. Fig. 5�
that the aligning procedure does not affect the IAD signifi-

cantly. Figure 5�b� summarizes the results of Figs. 3�b� and
3�c�, the relative intensity change in K��, and the peak en-
ergy shift of K�1,3 with respect to x=0 at 17 and 300 K. In
order to estimate the relative intensity changes in the K��,
we take the integral of the intensity difference with the x
=0 spectrum in the 7030–7056 eV energy range. The K��
intensity increases monotonously as a function of the Ge
concentration. This is consistent with the result of the IAD.
The K�1,3 peak energy shift occurs between x=0.19 and x
=0.44. No temperature dependence for the data in Fig. 5 is
observed.

Let us recall the general relation between the DOS and
ferromagnetism according to the band picture by taking into
account the electron spin states. When we increase the num-
ber of up-spin electrons by increasing the band splitting, the
band energy increases by �E0= �N↑−N↓�2 /2N��F�, where N↑
and N↓ and N��F� are- up and down-spin electron numbers
and the DOS at the Fermi energy, respectively. On the other
hand, the repulsive Coulomb interaction energy is lowered
by �EI=−I�N↑−N↓�2 /2, where I is the on-site Coulomb in-
teraction divided by the number of atoms in the crystal.
When the Stoner condition of the ferromagnetic instability,
IN��F��1, is satisfied, the sum of �E0 and �EI becomes
negative and the ferromagnetic state with different up- and
down-spin electron numbers �N↑�N↓� is stabilized. This in-
dicates that the ferromagnetism is favored for higher inten-
sity of DOS at the Fermi energy, i.e., for systems with nar-
rower bandwidths. According to Yamada et al., FeSi shows
the first-order metamagnetic transition under around the
magnetic field of 170 T.14 This means that the ferromagnetic
state of FeSi is only slightly higher in energy than the para-
magnetic ground state. For supercell alloys, FeSi1−xGex, Jar-
lborg also showed that Ge doping causes the narrowing of
the unoccupied conduction band above the gap.23 The ferro-
magnetic instability around x=0.3 is therefore realized in
terms of a discontinuous transition from the insulating re-
gime with localized spins to the itinerant ferromagnetic state
stabilized by the band narrowing. This picture is consistent
with our experimental results, which show that the up-spin
component increases with the Ge doping level.

A decrease in the intensity of the K�� component has
been observed in a number of transition-metal compounds
subjected to external pressure.40,42,43 This spectral change
was interpreted based on the increase of the crystal field
splitting 10Dq between the two d subbands t2g and eg under
pressure, a magnetic collapse occurring as soon as 10Dq
becomes stronger than the magnetic exchange splitting.

The lattice constant of FeSi1−xGex was previously shown
by x-ray diffraction to exhibit a monotonous increase with x
up to 0.25 without structural phase transition.17 Hence, Ge
substitution of Si sites in FeSi produces a negative local
chemical pressure, i.e., a local lattice expansion around Ge
ions. The induced enhancement of the local density of states
on the nearest neighbor Fe sites favors the appearance of
magnetic moments. The increase in the K�� intensity with
Ge concentration therefore signifies the appearance of the
character of local magnetic moments on Fe sites. We note
that, although the spectroscopic data suggest a prolonged
transition of the spin state, XES yields information about the
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averaged local on-site magnetic moments. Thus, while appar-
ently progressive at a macroscopic scale, this transition pos-
sibly corresponds to a superposition of nonmagnetic and
magnetic Fe states, the ratio of the latter increasing with Ge
doping. This view is somewhat consistent with the fact that
doping causes local lattice expansions, contrasting with ex-
ternal pressure which induces homogeneous volume
changes. FeSi1−xGex was reported to enter a ferromagnetic
phase x=0.25.22 Although the present study does not include
spectra in the corresponding doping range, one may antici-
pate the magnetic moment to increase discontinuously when
entering the ferromagnetic phase at x=0.25.

Recently, we performed resonant photoelectron spectros-
copy in the soft x-ray region for FeSi1−xGex. We will show in
a separate publication44 that the peak energy shift of the K�
emission can be related to observed changes in the valence
photoelectron spectra.

C. Resonant x-ray emission spectroscopy

Figure 6 shows the 1s3p-RXES spectra collected on FeSi
at 16 K for several values of the incident energy across the
Fe K absorption edge. The spectra are plotted as a function of
transfer energy, which is defined as the difference between
the incident and emitted photon energies. One can observe
the Raman component at constant transfer energy below the
edge and the growing fluorescence signal shifting toward
high transfer energies as the incident energy is increased
above the edge. Through a curve-fitting procedure,28,45,46 we
separate the Raman and the fluorescence components. An
example of the curve fit is shown in Fig. 7�a� for an incident

photon energy of 7112 eV. Here, it is noted that the K�
spectrum consists of many unresolved lines and the Raman
spectrum below the absorption edge shows strong asymme-
try. Therefore, for convenience, in the fitting, we assume an
asymmetric profile for the Raman part and symmetric pro-
files for the fluorescence parts of K�1,3 and K��. The detail
of the structure in the spectrum should be confirmed in the
theoretical model in the future. Figure 7�b� shows the respec-
tive intensities of the Raman and fluorescence signals de-
rived from the fit, together with the PFY-XAS spectrum. It is
observed that the weak Raman component is limited to be-
low the absorption edge, as it quickly vanishes around
7114 eV. This suggests delocalization of the Fe 3d band.48

The temperature variation of the magnetic and electronic
properties of FeSi has been described until now based on the
KI picture, owing to similarities between the Fe 3d states in
FeSi and rare-earth f bands.3 However, in most 4f electron
systems explained by the KI picture, valence mixing is
observed.47,49,50 Yeo et al. compared the Hubbard-Anderson
U with the hybridization between the localized and the con-
duction state V for FeSi.22 They obtained a ratio U /V of 1.54,
suggesting a strong valence admixture. However, as seen in
Fig. 7, our fitting procedure can account for only one Raman
component, suggesting that FeSi is not in an intermediate
valence state. Furthermore, as mentioned in Sec. III A. A, no
chemical shift is observed in the absorption edge of the PFY-
XAS spectra upon Si or Ge alloying, showing that no change
occurs in the charge state with respect to Fe metal. The ab-
sence of intermediate valence admixture allows us to invali-
date the idea that the KI model may be suitable to explain the
FeSi physical properties.

IV. CONCLUSION

We measured the bulk electronic properties of FeSi1−xGex
as a function of x and the temperature. No temperature de-
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FIG. 7. �Color online� �a� Example of the curve fit for K� emis-
sion of FeSi �x=0� at the incident photon energy of 7112 eV. �b�
The intensities of fluorescence and Raman parts as a function of the
incident photon energies at 16 K for the data in Fig. 6.
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pendence is found in the electronic structure based on the
Fe K�1,3 XES and K PFY-XAS spectra. The K�1,3 emission
spectra give evidence for a doping-induced LS to HS transi-
tion between x=0 and 0.44. One may interpret this transition
as a superposition of LS and HS states, with the former com-
ponent increasing upon the doping-induced local lattice ex-
pansions. The RXES spectra suggest delocalization of the
Fe 3d states and no intermediate valence in FeSi. The va-
lence state is shown to remain constant upon Ge doping from
the PFY-XAS measurements of the absorption edge. Our re-
sults support the LDA band theory instead of the intermedi-
ate valence state KI picture.
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