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Spin fluctuations in the temperature-induced paramagnet FeSi
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Extensive polarized-neutron experiments have been performed on an FeSi single crystal in a tem-

perature range between 150 and 600 K, and the first concrete evidence that FeSi exhibits
temperature-induced magnetism is presented. The magnetic scattering depends strongly on q
around "ferromagnetic" reciprocal-lattice points, but the integrated intensity over energy is in-

dependent of q. The magnetic moment M(qj deduced from the integrated intensity increases with

increasing temperature and is in good agreement with the temperature variation of the magnetic
moment calculated from the static susceptibility. The width of the energy spectrum depends strong-

ly on both temperature and q. These results can be interpreted in terms of temperature-induced
paramagnetism with a narrow-band-gap model.

I. INTRODUCTION

The cubic compound FeSi has a crystal structure of
820 (space group P2, 3) and it exhibits anomalous mag-
netic behavior which has been studied for many years.
The most unusual property is the temperature variation
of the magnetic susceptibility' which shows a broad peak
around 500 K as in Fig. 1, but no magnetic ordering has
been observed down to low temperature. Jaccarino
et al. ' proposed a semiconducting band model which has
a narrow gap between conduction and valence band, as
shown in the inset of Fig. 1, to reproduce the temperature
dependence of the susceptibility and specific heat. The
gap model was supported by the band calculation of
Nakanishi et al. , agreement with experiment being ob-
tained only in the case of vanishing bandwidth.
Takahashi and Moriya claimed that this case was un-
realistic for FeSi. More recently, these authors applied
the self-consistent renortnalization (SCR) theory
developed by Moriya et al. to the semiconducting band
system and they concluded that the anomalous mag-
netic and thermal behavior in FeSi can be interpreted
by a temperature-induced paramagnetic moment. '

Evangelou and Edwards also discussed the anomalous
magnetism of FeSi in the temperature-induced-moment
picture.

As has been pointed out by Moriya, the temperature-
induced magnetic moment is one of the most important
characteristics in an itinerant-spin system. An apprecia-
ble temperature-induced paramagnetic moment was pre-
dicted to appear at high temperature in a weak itinerant-
spin system, which has been indeed observed by Ishikawa
et al. in MnSi. The anomalous behavior of the suscepti-
bility in some pyrite systems such as CoS2 and CoSe2 is
also explained by the temperature-induced moment mod-
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FIG. 1. The temperature dependence of the static magnetic
susceptibility of Fesi [after Jaccarino et al. (Ref. 1)] The inset
is the model of the semiconducting band structure proposed by
Jaccarino et al. 2h represents the band gap between valence
and conduction bands and the Fermi level Ez locates between
them.

el.
This model of temperature-induced magnetism ap-

peared very attractive for FeSi. However, subsequent
neutron scattering experiments by Motoya et al. ' and
Kohgi and Ishikawa" could not detect any trace of mag-
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netic moment, thus failed to confirm this model. We will
comment later on possible reasons for the failure of these
neutron scattering experiments. The first observation of
magnetic scattering was made by Ziebeck et a/. ' with a
powder sample. However, their results are rather mar-
ginal and are interpreted as disproving the temperature
induced moment model. Recent experiments with x-ray
photoemission spectroscopy by Oh et al. ' also gave no
indication of the induced magnetic moment.

Under these circumstances, it is extremely important
to reexamine the magnetic cross section in FeSi using a
single crystal. We have performed neutron paramagnetic
scattering experiments on FeSi with polarized neutrons
using a large nearly perfect single crystal prepared for
this work. This technique' ' is a powerful means to in-
vestigate the behavior of the magnetic moment and has
been utilized extensively. The simple scattering func-
tion'
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where M(q) is the magnetic moment, has been shown to
describe qualitatively the paramagnetic moment of vari-
ous 3d metals. ' As reported in our previous work, ' a
strong q-dependent magnetic scattering is observed

around the (1,1,0) reciprocal-lattice point, as is shown in
Fig. 2, and the intensity follows the temperature variation
of the static susceptibility. However, the energy-
integrated intensity is q independent, which is the truly
unique feature of FeSi. This paper reports the experi-
ments and analysis in detail and aims to characterize the
temperature-induced magnetism.

We performed our preliminary neutron scattering ex-
periment using a crystal of rather small size ( —3 crn )

and poor mosaic. However, we failed to observe the
magnetic signal. The main reason was not because of the
crystal. We did not find the proper experimental condi-
tion for observing S(q, ro). It should be noted that even
with the new large size of crystal, observation of the mag-
netic scattering is not easily made because the scattering
intensity is so weak and spread out in the whole Brillouin
zone, as will be shown below.

II. EXPERIMENTAL RESULTS AND ANALYSIS

(2)

The polarized neutron scattering experiments were
performed on a triple axis spectrometer at the High Flux
Beam Reactor at Brookhaven National Laboratory.
Cu2MnA1 (111)crystals were used both as monochroma-
tor and analyzer. The constant-q data were mainly taken
with a fixed final energy of Ef ——41 meV, while some of
the data were taken with Ef ——60 meV. The horizontal
collimation was 40'-80'-80'-130'. The large single crystal
( —12 cm ) with a mosaic of about 0.3' was grown by the
Czochralski method at Tohoku university. No significant
second phase was detected by x-ray di6'raction. The
paramagnetic scattering intensities can be separated from
other nuclear scattering by taking the intensity di6'erence
between the measuring modes with a horizontal field
(HF) and a vertical field (VF) present at the sample site
with a spin flipper on ( + —),
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The paramagnetic scattering function is expressed as
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FIG. 2. The magnetic scattering observed at (1+(,1+(,0)
( 1+/, 1+/, 1+/) reciprocal-lattice points. The data are

taken with the analyzer set at AE =0 of 41 meV neutrons. (The
energy resolution is 6 meV. ) Solid lines are the guide for the
eye.

The magnetic scattering has been observed around the
(1,1,0) and (1,1,1) reciprocal-lattice points as shown in
Fig. 2. The data are obtained with the analyzer set at
DE=0 of 41 rneV neutrons. The intensity is higher
around the (1,1,0) than around the (1,1,1) point, which is
consistent with the difference of the product f (Q)FM at
the two reciprocal-lattice points, where FM is the struc-
ture factor assuming ferromagnetic ordering of Fe. No
appreciable magnetic scattering has been observed
around the (2,0,0) point, where FM is calculated to be
negligible. The calculated values of FM assuming fer-
romagnetic structure are listed in Table I.



6956 K. TAJIMA, Y. ENDOH, J. E. FISCHER, AND G. SHIRANE

TABLE I. The magnetic structure factor I'~ of FeSi calcu-
lated by assuming ferromagnetic ordering of the Fe atoms.

Index

I I

41meV

SM

FeSi 500 K

(= 0.075—

1,0,0
1,1,0
1,1,1

2,0,0

0
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1
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The constant Q scan has been performed along the
[110]direction around the (1,1,0) reciprocal-lattice point
in the temperature range between 150 and 600 K. Spec-
tra for various g (reduced q) at 300 and 500 K are shown
in Figs. 3 and 4. The shape of the spectrum is very sharp
at small value of g while it becomes broad at larger g.
However, the integration of the spectrum over energy has
been found to be independent of g as illustrated for vari-
ous temperatures in Fig. 5. These integrated values are
normalized by f(Q) . Nontrivial decrease of the in-
tegrated intensity at large g, which appeared at lower
temperature as 300 K, is due to incomplete integration of
the spectrum, because I becomes very large and the con-
stant q scan could not cover the full energy range of the
spectrum. The results of Fig. 5 make a contrast with
those in Fig. 2 where the measurement was made with
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FIG. 4. Constant q spectra taken with the I» —I» mode at
500 K. Solid lines are the result of fitting calculation using Eq.
(3) (see text). 10M corresponds approximately to 10 min count-
ing time at A'co=0.
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the analyzer set at AE =0, and indicate that there is no
instantaneous ferromagnetic correlation. Therefore, the
analysis using Eqs. (3) and (4) has been made by assuming
the inverse correlation range K] to be infinity. Solid lines
in Figs. 3 and 4 are results of the convolution of the Eq.
(3) with the resolution function of the spectrometer. M
in Eq. (3) is held fixed for a given T, consistent with

The only parameter for the fitting of the spec-
trurn is I and the good agreement between calculations
and observations is obtained with this assumption.

Since the origin of the anomalous paramagnetism in
FeSi is due to the unique band structure as shown in the
inset of Fig. 1, we expected to observe two contributions
to the total scattering function,

200—
S(q, co) =[S(q,co)],„,+[S(q,co)]s,~, (5)
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FIG. 3. Constant q spectra taken with the IHF —IyF mode at
300 K. Solid lines are the result of fitting calculation using Eq.
(3) (see text). 10M corresponds approximately 10 min counting
time at Ace=0.

where [S(q,co)],„, is a general paramagnetic function of
Eq. (3) and [S(q,co)], is the magnetic scattering func-
tion which reflects the band gap model. The latter may
be expected to be an illustration of Fig. 6. As the band
gap 2h is estimated to be —50 meV, we might observe a
spectrum of which the peak position deviates appreciably
from E=0. Such a deviation has appeared in a spectrum
at /=0. 2 in Fig. 3. However, we could not distinguish
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FIG. 5. The integrated intensity of the constant q data for
various g and temperatures. These values are normalized by
f(Q)'.

contributions from [S(q,co)] „, and [S(q,co)]s,z in the
present measurement because the deviation of the peak
position in [S(q,co)] „,is also large if I & kT. A solid
line in the spectrum of (=0.2 in Fig. 3 has been obtained
using only [S(q,cu)] „, with I =60 meV. In this
analysis, we have only used [S(q,co)] „,for all spectra.

Mz can be expressed by the integration of S(q, co) over
energy through the relation,

The integrated intensity at various temperatures in Fig. 5
which is indicated by solid lines thus corresponds to M
and is plotted against temperature in Fig. 7 (open circles).
M obtained from the fitting of Eq. (3) with constant Q
data, which is described above, are also shown by solid
circles. A solid line is the result of the calculation
M (0)=3k'(0) using the static susceptibility. ' The ab-
solute value of the integrated intensity was determined
from the phonon intensity measurement of the same
sample. M at 300 K was determined to be (3.5+2)ps
which agrees with 3kTX(0) at the same temperature
within experimental error. Thus, the temperature depen-
dence of the M determined from the neutron scattering
and the susceptibility measurement are in agreement with
each other.

The q dependence of I at various temperatures ob-
tained from the analysis is illustrated in Fig. 8. It exhib-
its a unique feature in FeSi. At 300 K, the q dependence
is very steep while it becomes moderate at high tempera-
tures. The constant q spectrum at large g becomes sharp
at high temperatures as compared in Fig. 9 in the case of
(=0.15. On the other hand, in the small g region, the
width of the high-temperature spectrum is broader than
at low temperature. The temperature dependence of I at
(=0.15 and 0.075 are compared in Fig. 10.

It should be mentioned to the difficulty of the measure-
ment of the magnetic scattering from FeSi. As men-
tioned above, the absolute value of M was determined to
be (3.5+2)ps at 300 K. The value is twice as large at
600 K, but it should be emphasized that it almost corre-
sponds to the smallest value of the observation for
M (q, T) measured in Fe (Ref. 18) and Ni (Ref. 19) and is
constant throughout the Brillouin zone. The strong q
dependence of the linewidth, especially at low ternpera-
ture with small M, makes the observation of magnetic
scattering at large q almost impossible. Many attempts
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FIG. 6. The schematic diagram for the scattering cross sec-
tion [S(q,co)]g,~ caused by the interband transition. The dotted
line is [S(q,co)]g, at finite temperatures. 2h is the band gap
shown in the inset of Fig. 1 (after the private communication
from Y. Takahashi).

FIG. 7. The temperature variation of the integrated intensity
of constant-q spectra (open circles). M' determined from the
Lorentzian fitting analysis using Eq. (3) is also plotted (solid cir-
cles). The solid line represents 3k'(0) calculated using the
data shown in Fig. 1.
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FIG. 10. The temperature dependence of I at (=0.15 (open
circles) and /=0. 075 (solid circles). Solid lines are the guide for
the eye.
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FIG. 8. The q dependence of the inverse lifetime I at various
temperatures. Solid lines are the fitting curve I =Aq with
A =1000 meV A and a=3 at 300 K, A =82 meV A ",and
a=1.5 at 500 K and A =50 meV A ' and a=1 at 600 K, re-
spectively.

have been made to overcome such severe experimental
conditions, and we finally settled on a rather coarse reso-
lution in order to obtain sufficient intensity. The observa-
tion of the magnetic signal with g&0. 2 was still very
difficult. The measurement with better resolution, e.g.,
13.7 meV, near the zone center is not successful because
of no enhancement of the scattering intensity as in Fe and
Ni. The comparison of the magnetic intensity with that
of phonons is demonstrated in Fig. 11. The longitudinal
phonon with (=0.15 has been measured with the spin
nonAip mode using Ef ——30 meV. The magnetic intensity
which is illustrated as the shaded part in the figure are
the estimation from the measurement at (=O.OS. The
ratio of the magnetic intensity to nuclear one is very
small, therefore, the mixing of the nuclear scattering to
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FIG. 9. The comparison of the constant q spectrum of
/=0. 15 at various temperatures. Solid lines are the calculated
fitting curve using Eq. (3).

FIG. 11. The comparison of the intensities of the nuclear
(solid line) and magnetic (shaded) scattering of /=0. 15 at 300 K
(see text).
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the magnetic intensity, which is caused by the difference
of the spin flipping ratio between VF and HF modes, are
checked frequently and confirmed to be negligible. It is
now clear why previous experiments by Motoya et al. '

and Kohgi and Ishikawa" could not detect the magnetic
signal. The former made the experiment on a powdered
sample with a polarized neutron beam, but the intensity
of the incident neutron is not supposed to be sufficient to
detect the magnetic signal. Using the unpolarized beam,
the latter concentrated the experiment at large g ( -0.5)
because the phonon spectrum prevents observation of the
magnetic signal in the small g region. As has been men-
tioned above, it is almost impossible to detect the mag-
netic scattering at (-0.5 even in the High Flux Beam
Reactor.

III. DISCUSSION

As was shown in Fig. 7, direct observation of the
temperature-induced magnetic moment in FeSi has suc-
ceeded with the polarized neutron technique. The results
are in good agreement with the calculation from the stat-
ic susceptibility measurement. We believe that this is
concrete evidence for the model of the temperature in-
duced paramagnetism in FeSi. The integrated intensity
or M observed in the measured temperature range does
not depend on q, i.e., there is no instantaneous correla-
tion between magnetic moments. However, as shown in
Figs. 2 and 8, the magnetic scattering has been observed
only around the "ferromagnetic" reciprocal-lattice points
and the inverse life time I of the spin fluctuation tends to
vanish as q~0. Therefore, the spin fluctuations with
small q dominate if we take the long time average, and it
is clear that the exchange interaction in FeSi is ferromag
netic. The similar behavior of M and I in spin fluctua-
tion was also observed in the localized spin ferromagnet
PdzMnSn well above the Curie temperature ( T =4T, ).

The temperature dependence of I (q) is remarkable and
this is the unique feature in FeSi. The power of q in I
varies from q at 300 K to q' at 600 K. The theoretical
descriptions of I are given for metals and alloys, but
these theories are only for weak ferromagnets and metals
such as Fe and Ni, and cannot be applied to the present
experimental results. The paramagnetic moment M in
FeSi is thought to appear with the thermally excited elec-
trons in the conduction band and holes in the valence
band, and [S( q, co ) ]~,„, includes informations of these
band transitions. Therefore, the dynamics of the magnet-
ic moment, i.e., I of the spin fluctuation is controlled by
the relaxation process of interband and/or intraband
transitions which may give an appreciable temperature
dependence reflecting the temperature dependence of the
Fermi distribution function. Although I increases slight-
ly with increasing temperature at small g region, it de-
creases dramatically in the large g region, as is shown in
Figs. 8 or 10. Constant q spectra of /=0. 15 at various

temperatures demonstrate the dramatic decrease of I, as
is shown in Fig. 9. In general, I exhibits smaller value in
the localized spin system than in the itinerant-spin sys-

tern, as has been summarized by Shirane et al. Ac-
cording to Takahashi and Moriya, the magnetic moment
in FeSi is induced thermally through the negative mode-
mode coupling of the spin fluctuations, and at high tem-
perature, this temperature-induced magnetic moment sat-
urates and behaves as the localized magnetic moment.
Therefore, it is speculated that the small value of I at
high temperature in FeSi reflects the localized character
of the magnetic moment which is also consistent with the
model of the temperature-induced paramagnetism pro-
posed by Moriya.

As has been pointed out by Ishikawa et al. s on the ex-
periment with MnSi, it is quite important to estimate the
contribution of the zero-point spin fluctuation to the ob-
served spectrum. In order to evaluate the pure thermal
spin fluctuation, Ishikawa et al. proposed that the in-
tegration of the constant Q spectrum should be made
only in the region of negative energy (neutron energy
gain) side. In the present experiment of FeSi, measuring

temperatures are rather high compared with that of MnSi
and q is restricted to a small range. Therefore, the contri-
bution from the zero-point spin fluctuation is small and
within an experimental error. However, if we extend the
measurement to low-temperature and/or large-q region
where the spectrum of the spin fluctuation spread to
higher energy transfer, the contribution of the zero-point
spin fluctuation becomes appreciably large compared
with that of the temperature-induced spin fluctuation.

Present experimental results are analyzed only based
on the simple Lorentzian scattering cross section of Eq.
(3). As mentioned in the preceding section, the estima-
tion of the contribution from [S(q,co)]s, is very difficult
and we have omitted this term. Both the temperature
dependence and the absolute value of M obtained from
the present analysis are consistent with the calculation
using static susceptibility, which suggest, from the sum
rule of the scattering intensity, that there is no contribu-
tion from [S(q,co)]s,~. However, because of the difficulty
of the experiment, the accuracy of the experiment may be
not enough to give a definitive conclusion on this point
and it may be worth it to proceed with the experiment us-

ing higher energy and higher flux neutrons.
The magnetic scattering from the anomalous pararnag-

net FeSi has been observed and results seem to be de-
scribed rather well by the model of the temperature-
induced paramagnetisrn. However, in order to under-
stand the behavior of FeSi in more detail and quantita-
tively, especially for I (q, T), we should wait for the de-
tailed calculation based on the actual band structure.
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