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Low-temperature properties of e-FeSi from ab initio band theory
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Local-density calculations of the electronic structure as a function of temperature T and applied mag-
netic field H are presented for FeSi. The small band gap (6 mRy) makes FeSi change from being semi-

conducting at low T to being metallic at moderate T, and the exchange enhancement shows strong varia-

tions with T and H. An unusual situation, when a local field has closed the gap, is favorable for addi-

tional enhancement and spin Auctuations. Low-T properties are understood from mean-field calcula-
tions based on the band structure, but spin fluctuations have to be invoked to describe properties for T
larger than about 200 K.

The cubic compound e-FeSi has eight atoms per unit
cell and its crystal structure in 820. It has been studied
mostly due to its unusual magnetic properties, such as the
maximum of the magnetic susceptibility at about 500 K.'
Band calculations have shown an indirect semiconduct-
ing gap of only 4—8 mRy. Resistivity and infrared ab-
sorption confirm the presence of a gap of about 50 meV
at low temperature, ' but it is essentially closed already
at a temperature of 200 K. A recent work proposes that
strong Kondo-like correlations and disordering of the
band structure have to be present in FeSi in order to ex-
plain the rapid T variation of the optical gap. " The pres-
sure dependence of the magnetic susceptibility has been
found to agree with the calculated variation of the band
gap. Theories of spin fluctuations have been put ~orward
to explain various T-dependent properties, ' and forma-
tion of magnetic moments at high T has been detected
from neutron scattering. These moments are too small
to be seen in spectra of x-ray photoemission, ' but the
shape of the spectra agree with the general shape of the
calculated density-of-states (DOSs).

In this work we show that first-principles band results,
based on the local-density approximation (LDA), " lend
support to the idea that magnetic Auctuations become
important at moderate temperatures. An adequate
description of the T variation of the magnetic susceptibil-
ity and many other properties must take the fluctuations
into account for T ~ 200 K.

For the band calculations we use the self-consistent,
semirelativistic, all-electron, linear-muSn-tin-orbital
(LMTO) method, ' in which T-dependent electronic exci-
tations are included via the Fermi-Dirac function. '

Spin-polarized calculations including the applied magnet-
ic field H give the Stoner enhancement of the susceptibili-
ty. ' The atomic sphere radii in these calculations were
0.328ao and 0.29ao for Fe and Si, respectively. This
choice gives only small discontinuities of the potential at
the limits of the spheres. As noted in Ref. 4 and from
comparing with the band results in Ref. 3, the bands near
the gap are not sensitive to reasonable choices of sphere
radii. The basis used s, p, and d for all sites, with f in-
cluded in three center terms and tails. '

The LMTO calculations give a band structure and a

gap which is very similar to what has been published ear-
lier by use of different methods. The calculated lattice
constant, ao =4.43 A, is found at the minimum of the to-
tal energy E„,. This is about l%%uo smaller than the experi-
mental lattice constant. The bulk modulus, 8, at ao is

calculated to be 2.2 mbar, which is considerably larger
than the experimental value, 1.3 Mbar, quoted in Ref. 15.
It is known that LDA overestimates the bulk modulus
and underestimates the lattice constant for 3d metals.
The gap E is indirect, ranging from 6.1 mRy at a lattice
constant of 0.98ao to 5.7 mRy at 1.02ao. Bandwidths
normally increase with pressure, and therefore gaps be-

tween different bands close with applied pressure. But
here in FeSi the case is different since the gap is in the
middle of the Fe 3d band. This may also be relevant for
the fact that it is rather exceptional that E agree well

with experiment, since LDA usually gives too small gaps
in semiconductors.

The gap E is stable against changes in temperature.
When T is increased from about 30 to 500 K (at fixed
volume) the gap increases only about 0.05 mRy, despite
the different electron occupation at large T. The density
of states on both sides of the gap is dominated by Fe d
states; cf. Fig. 1. The character of Si p and d is about —,'0

of Fe d, both below and above the gap, so no real-space
charge transfer is obtained by raising T. This explains
the weak T dependence of the band structure itself. It is
also true that the gaps within each of the two spin-
polarized band structures are likewise insensitive to the
temperature. However, for the physical properties it is
the eff'ective band gap (the gap which remains after an
exchange-splitted band structure) which is important. As
wiH be seen from the spin-polarized band results, proper-
ties of the effective gap depend strongly on H and T.

The exchange (or Stoner) enhancement S(T,H) is
defined as the ratio between the calculated exchange
splitting of the (mostly Fe d) electrons at the Fermi ener-

gy EF, and the applied field energy (l mRy corresponds
to 230 T). It is shown in Fig. 2 for five different fields.
For small fields with an energy lower than the gap energy
one sees no particular field dependence. The magnetic
response is absent at low T since the material is essential-
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FIG. 1. Paramagnetic Fe d I', solid line) and Si p (broken line)
DOSs as calculated by tetrahedron integration. Units are in
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FIG. 2. The enhancement of the magnetic susceptibility
S(H, T) for five applied field [0.2 (o), 1 (o) 2 ( X ), 6 (+), and 8

mRy (+ )j at different temperatures. 1 mRy corresponds to a
field of 230 T.

ly an insulator. From about 250 K and above, the occu-
pations of electrons above the gap and holes below the
gap give metallic properties, and a gradual increase of the
Stoner enhancement is observed. Note that the shape of
the S(T,H) curve resembles measured susceptibilities in
the range 50—500 K, although it has a small amplitude.
(Measured results sometimes show an increase below 50
K which is extrinsic due to impurities, etc. ' ) A satura-
tion is found experimentally beyond about 500 K, while
the calculated S (H, T) increases further.

When the exchange splitting is equal or larger than the
gap energy (-6 mRy), FeSi enters into a very interesting
situation: The applied field will close the gap, so that the
top of the minority valence band will meet the bottom of
the majority conduction band at EF. Now magnetic exci-
tations occur already at very low T, since the holes below
EF are in the minority band, while excited electrons

above EF have to go to the majority band. Therefore a
change in spin character is induced by raising T at large
H. As seen in Fig. 2, the high-field enhancements are
much larger than at low field, because of this particular
crossover of minority and majority bands. The sharp
raise of the DOS on both sides of the gap makes the spin
transfer important already at low T, while at larger T the
effect is weakened, due to the smearing from the Fermi-
Dirac function. This mechanism may also be triggered
by thermal fluctuations and lead to an additional
enhancement of local moments. For thermal Auctuations
at 300 K, k&T-2 mRy. The low-field Stoner enhance-
ment at this temperature is about 1.5, and a local Auctua-
tion of the field of 2 mRy would be enhanced to 3 mRy,
which is half of the energy gap. These comparisons indi-
cate that energies of thermal and magnetic Auctuations
are not too far away from the critical value of the gap en-
ergy. Thus enhancement of the mean-field results are ex-
pected to come from fluctuations, and makes the suscep-
tibility curve rise more steeply than S(H, T) in Fig. 2.
Thermomagnetic Auctuations of this type are consistent
with the fact that optical measurements find no gap al-
ready at rather low T, as in Ref. 6. The Auctuations may
consist of regions of several unit cells in which the inter-
nal field at a given instant is sufFicient to close the gap lo-
cally.

This particular feature of the FeSi band structure
makes the material sensitive to magnetic impurities. A
local field is induced in the region of FeSi around the im-
purity leading to spin polarization and closing of the gap.
This field is then enhanced by the mechanism mentioned
above to give a rather important magnetic halo around
the impurity site. For larger T the effect is weakened be-
cause of the Fermi-Dirac smearing. This effect resembles
the Kondo effect, " and it is consistent with observations
of enhanced susceptibility below 50 K in some samples. '

At very high temperatures it is clear that magnetic dis-
order is important to decrease the susceptibility. A
Curie-Weiss behavior as in ferromagnets above T, is
therefore expected beyond a certain temperature.
Theories for spin fluctuations give weakened susceptibili-
ty at large T due to the disordering of local moments.
An extrapolation of the magnetic moment from high T
towards 0 K, via a Curie-Weiss law, give large estimates
of the magnetic moment, but such a procedure does not
give the real moments at 0 K. The calculated moments
at the lowest temperatures are close to zero for the low
fields, while at H=6. 0 mRy the moments are about
0. 16pz per Fe atom and about —0.004pz per Si atom.
The Si moments and exchange splitting always show a
weak antiferromagnetic tendency relative to the Fe ma-
jority spins, but the amplitudes are only a few percent of
those of Fe. The similarity between measured and calcu-
lated susceptibility suggests that the T behavior is deter-
mined by the bands for moderate T, while the intensity
has to be enchanced by fluctuations for T)200 K, in or-
der to understand a large amplitude of the magnetic mo-
ment. The observed maximum in the susceptibility is due
to strong flluctuations before magnetic disorder takes over
above —500 K.

A self-consistent mean-field calculation of the electron-
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ic contribution to the heat capacity C( T) is done from
the T variations of the total energy. FeSi at low tempera-
ture (below 50—100 K) is insulating with no electronic
specific heat. Thereafter C/T increases smoothly to a sa-
turated value of about 4 mJ/(mol K ) around 300 K. A
further increase of T does not increase the effective DOS
around EF more and C/T remains at this level. Experi-
mentally it is dificult to separate electron and phonon
contributions at these rather large T. But from the
analysis which is presented in Ref. 1 the anomalous FeSi
contribution is in addition to the normal specific heat of
CoSi. This procedure gives a rising anomalous contribu-
tion which is peaked at 250—300 K (where C/T is read to
be of the order 1 mJ/(mol K ), in reasonable agreement
with the calculated curve.

The electronic pressure P from valence electrons has
been calculated as function of T. The result suggests that
FeSi has an electronic contribution to the thermal expan-
sion starting from 100—150 K. The pressure remains
constant up to about 150 K. Thereafter P increases
linearly with T, P=3X10 (T 150) M—bar. With the
calculated bulk modulus (2.2 Mbar with no T depen-
dence) and neglecting other contributions, the coefficients
a= 1/V (dV/dT)=1/8 (dP/dT), where V is the
volume, is rather constant, 1.4X10 K '. Thus ac-
cording to these mean-field calculations a is correlated to
the gap energy, since thermal expansion starts only when
thermal excitations can excite electrons across the gap.

Magnetic fluctuations tend to increase the thermal ex-
pansion further. This is concluded from the variation of
P as function of magnetic moment M. The results for
different fields H at low T (kii T &E ) fit to
P=2X10 H (Mbar if H is in T). This means that a spin
fluctuation of 0. lpga per Fe atom increases the pressure
with roughly 1 kbar, when T is constant. At larger T the
differences in magnetic susceptibility (and moment) be-
tween high- and low-field solutions are smaller than at
low T, as seen in Fig. 2. The contribution to thermal ex-
pansion from spin fluctuations should appear at a temper-
ature near 200 K, where other indications have shown
that excitations just start across the gap. At this temper-
ature the calculated low-field (H &500 T, without ffuc-
tuations) magnetostriction is almost linear in
H:6 V/V= 10 H. Measured magnetostriction has been
reported to be almost quadratical in H for T below 29
K.' Measurements at higher temperature (or higher
field) are required to see effects from ffuctuations.

In addition to magnetic fluctuations it is also impor-
tant to note that T-dependent vibrational properties are
not included in the band calculations. It is expected that
band smearing and fluctuations directly related to lattice
vibrations will close the gap at temperatures that are
comparable or higher than the Debye temperature. For
instance, a band smearing coming from fluctuations of
the Madelung potential is proportional to V'T and it
amounts to —5 mRy at T=500 K in 4d metals. ' A
broadening of this amplitude contributes to band-edge
smearing as well, and may fill the narrow gap at moderate
T.

Finally, we also calculate the thermoelectric power
K(T) at low T. As was mentioned, the bands do not
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lated from the frozen paramagnetic DOS. The three cases are
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'+ ) holes per unit cell.

change much with T, and the calculation of K (T) can be
done from the frozen bands with constant electron
scattering time r. ' The T dependence of IC ( T) enters via
the derivative of the Fermi-Dirac function. The result at
low T depends sensitively on the initial position of EF,
and E(T) shown in Fig. 3 is for a slight hole doping
Fei &Si&+&. This agrees well with measured data
presented in Ref. 18, both concerning the T variation and
the magnitudes. The rapid variation of K at low T is
mainly due to the displacement of EF with T, from the
top of the valence band to the middle of the gap. The
good agreement with experiment for this property is (to-
gether with resistivity data) another indication that the
band structure and the gap is correct. No contribution
from disorder or fluctuations are expected, since the data
are restricted to low temperature.

In conclusion, we have calculated several low-
temperature properties of FeSi from ab initio band
theory. The calculated exchange enhancement gives in-
sight to the mechanism of spin fluctuations in FeSi, al-
though a quantitative calculation of magnetic susceptibil-
ity including dynamical effects is not done. Some other
calculated properties are presented in order to suggest
measurements were mean-field and fluctuation effects can
be separated. The results imply that the physics of FeSi
is quite difFerent in three temperature regions. The T
dependencies at low T (below about 100 K) can be under-
stood from mean-field properties of a small-gap semicon-
ductor. At an intermediate temperature range (about
100—200 K) the material behaves as a (poor) metal be-
cause of the important electron excitations across the
gap. Mean-field calculations are still adequate, but not in
the region of higher temperature when spin fluctuations
become important. The spin-polarized calculations show
that a key feature of the bands is that the gap can be
closed by an exchange splitting. This allows for stronger
T dependencies at lower T than if only Fermi-Dirac exci-
tations across the nonpolarized gap was allowed, and it
will enforce the exchange enhancement further. It also



51 BRIEF REPORTS 11 109

follows that the material is sensitive to magnetic impuri-
ties.

These findings, based on parameter-free calculations,
provide a complementary information to what has al-
ready been proposed for FeSi. The role of spin fluctua-
tions have been supported by theories, in which density-
of-state models and parameters for Coulomb interaction
and exchange enhancements have been used to describe
several T-dependent properties, ' in particular the
Curie-Weiss form of the susceptibility at high tempera-
ture. The present work shows that the local exchange
enhancement is not constant, but varies with T and H.
An expected disordering of the band structure itself is
proposed in Ref. 4. Here we note that atomic vibrations
become important for T being close to the Debye temper-
ature, but their interaction with spin fluctuations are yet

not determined.
Some results suggest that measurements at large mag-

netic fields (or with dilute magnetic impurities) could elu-
cidate the nature of the gap and its closure by exchange
splitting. A large field should bring spin fluctuations to-
wards lower temperature, according to the conclusions
above. This also has an impact on the thermal expansion,
where the contribution from fluctuations and disorder are
separated from the pure band effects. The possibility of
promoting spin fluctuations by closing the gap by an
internal field makes FeSi quite unusual, since applied
fields normally tend to align disordered moments and
therefore also tend to suppress spin fluctuations.

I am grateful to Dr. G. Grechnev for various discus-
sions about FeSi.

V. Jaccarino, G. K. Wertheim, J. H. Wernick, L. R. Walker,
and S. Arajs, Phys. Rev. 160, 476 (1967).

L. F. Mattheiss and D.R. Hamann, Phys. Rev. B 47, 13114
(1993).

G. E. Grechnev, T. Jarlborg, A. S. Panfilov, M. Peter, and I. V.
Svechkarev, Solid State Commun. 91, 835 (1994).

4C. Fu, M. P. Krijn, and S. Doniach, Phys. Rev. B 49, 2219
(1994).

~D. Mandrus, J. L. Sarrao, A. Migliori, and Z. Fisk, Bull. Am.
Phys. Soc. 39, 732 (1994).

Z. Schlesinger, Z. Fisk, H.-T. Zhang, M. B. Maple, J. F. DiTu-
sa, and G. Aeppli, Phys. Rev. Lett. 71, 1748 (1993).

7Y. Takahashi and T. Moriya, J. Phys. Soc. Jpn. 46, 1451 (1979);
S. N. Evangelou and D. M. Edvards, J. Phys. C 16, 2121
(1983).

Y. Takahashi, M. Tano, and T. Moriya, J. Magn. Magn.
Mater. 31-34, 329 (1983).

G. Shirane, J. E. Fischer, Y. Endoh, and K. Tajima, Phys. Rev.
Lett. 59, 351 (1987); K. Tajima, Y. Endoh, J. E. Fischer, and

G. Shirane, Phys. Rev. B 38, 6954 (1988).
S.-J. Oh, J. W. Allen, and J. M. Lawrence, Phys. Rev. B 35,
2267 (1987).

W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965);N. D.
Mermin, ibid. 137, A1441 (1965); L. Hedin, B. I. Lundqvist,
and S. Lundqvist, Solid State Commun. 9, 537 (1971).
O. K. Anderson, Phys. Rev. B 12, 3060 (1975);T. Jarlborg and
G. Arbman, J. Phys. F 7, 1635 (1977).

T. Jarlborg and P. Lerch, Phys. Lett. A 176, 130 (1993).
i4T. Jarlborg and A. J. Freeman, Phys. Rev. B 23, 3577 (1981).

H. Klimker, J. M. Perz, I. V. Svechkarev, and D. G. Dolgopo-
lov, J. Magn. Magn. Mater. 62, 339 (1986).
J. Haglund, G Grimvall, and T. Jarlborg, Phys. Rev. B 47,
9279 (1993).

' P. B. Allen, W. E. Pickett, and H. Krakauer, Phys. Rev. B 37,
7482 (1988).
B. C. Sales, E. C. Jones, B. C. Chakoumakos, J. A.
Fernandes-Baca, and H. E. Harmon, Bull. Am. Phys. Soc. 39,
732 (1994).


