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Crossover in magnetic properties of FeSi
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The magnetization of high quality iron monosilicide single crystals has been studied in a wide temperature
and magnetic-field range. These data are analyzed by taking into account strong Hubbard correlations between
eg and t2g states of Fe and the formation of spin polarons in the cubic FeSi matrix at low temperatures
(T,100 K). These heavy particles are transformed into ferromagnetic microregions atTc'15 K, which
result in the appearance of the low-temperature anomalies in transport and thermodynamic properties of this
compound. The suppression of the many-body resonance atEF occurs in FeSi at high temperatures, thus
leading to the crossover in magnetic properties of FeSi. The transition to the temperature induced magnetic
moments causes a dramatic increase of the magnetic susceptibility at temperaturesT.100 K.
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Interest in iron monosilicide FeSi dates back to the end
1930s when Foex1 had discovered that the magnetic susc
tibility of this compound increased with temperature abo
200 K. These results were later confirmed by Benoit,2 who
observed the broad susceptibility maximumx(T) near 540 K
~see, for example, the inset in Fig. 1! and thenx(T) depen-
dence was analyzed in detail in Ref. 3, where a simplifi
semiconductor two-band model with a gapEg;0.1 eV was
proposed to describex(T) and specific-heat anomalies. Ad
ditionally a Curie-Weiss-type behavior was established fr
the x(T) measurements in FeSi at high temperatu
700–1500 K~Ref. 4! ~see the inset in Fig. 1, interval Ia!
with the Curie constant corresponding to the localized m
ment of about 2mB per Fe atom. The absence of the lon
range magnetic order has been verified by neut
diffraction,5 29Si NMR, and 57Fe Mössbauer6 experiments.

A theoretical model of the unconventional magnetic b
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havior of FeSi has been proposed in the framework of
general self-consistent renormalization theory of s
fluctuations.7 This approach7,8 has been quite successful
explaining the temperature induced local magnetic mome
formed in FeSi at temperatures above 100 K~inset in Fig. 1,
interval Ib!. Moreover, inelastic neutron-scatterin
experiments9 have confirmed the presence of thermally i
duced spin fluctuations in FeSi. At the same time, no al
native was worked out in addition to the localized mome
description of thex(T) behavior in FeSi atT.100 K3 up to
now.

In contrast to the explanation of the magnetic propertie
intermediate and high temperaturesT.100 K, the origin of
the low-temperature magnetic anomalies in iron monos
cide ~inset in Fig. 1, intervals II-III! still remains a contro-
versial issue. At present there are only a few rather diverg
approaches applicable for the interpretation of both the lo
a-
FIG. 1. MagnetizationM (H,T0) vs magnetic
field at different temperaturesT0 between 1.5 and
300 K. The inset shows susceptibility vs temper
ture dependence of FeSi obtained in Ref. 4 (d)
and in this study (s) at H510 kOe.
©2002 The American Physical Society04-1
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temperature (T,70 K) ‘‘Curie-Weiss-like tail’’ of the mag-
netic susceptibility3,4,10–20~inset in Fig. 1, interval II! and the
absence of the magnetization saturationM (H,T54.2 K) in
fields up to 200 kOe.21 Among these approaches the mo
commonly used one is the description based on the idea
local fluctuations in the relative concentrations of Fe and
in the FeSi structure play very important role in th
compound,3 together with some residual imperfections in t
crystal such as lattice defects, impurities, off-stoichiomet4

From this point of view the low-temperature Curie-likex(T)
behavior can be attributed to the presence of paramagn
impurity moments3,4,10–15,17–19which are rather unusual fo
the B20 cubic lattice of iron monosilicide. Moreover, a ve
weak ferromagnetic response has been detected at he
temperatures even for very high quality FeSi sing
crystals12–15,17,18and it was attributed to the presence of t
uncompensated iron in these samples. Despite the afore
tioned ‘‘impurity problem’’ it is, however, believed12–14 that
‘‘ . . . the low-temperature properties can, even if impurity i
fluenced orbecausethey are impurity influenced, play a
important role in clarifying the physical characteristics
FeSi.’’14

Another approach to the interpretation of the lo
temperaturex(T) behavior has been proposed in the fram
work of a disordered conductor model16 where the suscepti
bility x5x0(12hAT) is derived from the analysis of th
density of states anomalies caused by the electron-elec
interactions. At the same time, the results of Arushan
et al.15 show that the contribution to the magnetic susce
bility from the single-occupied Anderson-localized states
the FeSi samples is negligible. Using all these models i
difficult to explain the observation that the presence of i
purities and their random distribution in the iron monos
cide matrix do not depend dramatically on the techniqu12

used to synthesize these samples~see also the inset of Fig. 1
intervals II-III!.

Recently, detailed transport and thermoelect
measurements20,22have been carried out in combination wi
a preliminary magnetization study on high quality sing
crystals of FeSi. It was shown that strong Hubbard corre
tions in iron monosilicide at low temperatures (T,100 K)
can be considered as the mechanism responsible for the
pearance of the numerous anomalies in transport and the
dynamics properties of FeSi. Moreover, the formation
heavy quasiparticles—spin polarons with effective mas
mp;100m0—occurs below liquid-nitrogen temperatures r
sulting from a strong polarization of the Fe magnetic m
ments located in the nearest environment of the charge
riers in the upper Hubbard band. The presence of these h
fermions in the cubic FeSi matrix may be interpreted
terms of a strong renormalization of the density of sta
~DOS! and the transition to the narrow-band transport.20,22

The DOS renormalization effects lead to the magnetic s
ceptibility increase in FeSi at temperaturesT,70 K, which
arises due to the Pauli paramagnetic contribution from
charge carriers in the narrow conduction band~many body
resonance! at Fermi levelEF .

To verify this approach, it is important to carry out
detailed study of magnetic characteristics of this unus
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compound. In this paper we present magnetization meas
ments carried out in a broad temperature~1.5–300 K! and
magnetic field~up to 120 kOe! range on high quality single
crystals of FeSi. The samples are the same as the ones
in our previous studies.20,22The magnetizationM (H,T) was
measured along different directions in the@111# plane using
the Oxford Instruments magnetometer VSM12/V.

A typical family of the experimentalM (H,T0) curves ob-
tained in several magnetic-field scans for one of the F
samples is given in Fig. 1. These isothermal field depend
cies of magnetization were measured by first increasing
then decreasingH. TheM (H) curves are completely revers
ible except of a small magnetic-fields regionH<3 kOe,
where only a very weak ferromagnetic response has b
detected belowTc'15 K.22 It should be mentioned her
that in these experiments the magnetic-field directionsH'

~111! have been used to minimize possible ferromagne
contributions22 at liquid-helium temperatures.

The M (H) isothermal dependencies do not demonstr
any trend to a saturation in the fields up to 120 kOe~Fig. 1!,
in agreement with the results of Motokawaet al.21 for T
54.2 K. In Fig. 2 the temperature dependencies of the m
netic susceptibilityx(T)5M (H0 ,T)/H0, obtained from the
magnetization measurements at fixed magnetic fieldsH0, are
presented in a double logarithmic plot. As found previous
x decreases from 300 K down to liquid nitrogen and th
rises again at lower temperatures.

To analyze the magnetization behavior~Figs. 1 and 2!, we
focus first on the so-called low-temperature Curie-Weiss-l
tail ~interval II!. It is well known from the general self
consistent renormalization theory of spin fluctuations7 that in
the case of itinerant magnetic metals or nearly ferromagn
semiconductors the Curie-Weiss-type susceptibility dep
dence does not correspond to any sort of an analytical s
tion. Moreover, such approximations of thex(T) behavior in
the itinerant electron magnetic systems are usually valid o
in a narrow range of microscopic parameters.7 The conclu-
sions formulated in Ref. 7 can be used to analyze the d
given in Figs. 1 and 2. From theM (H,T) data ~Fig. 2!,
which include also an empty cell correction for every te
perature and magnetic-field scan, it is easy to come to
conclusion that thex(T) behavior cannot be described by th
Curie-Weiss lawx21;T. Instead, the formx21;T2a rep-
resents the susceptibility data quite well with the expone
varying from a50.89 at lowH0 values (H0<20 kOe) to
a51.04 at high magnetic fieldsH.100 kOe~see fits in Fig.
2!. Moreover, the tendency to saturation of the susceptibi
x(T)5M (T)/H is clearly seen below 10 K, especially fo
magnetic fieldsH.20 kOe ~Fig. 2!, contrary to any low-
field approximation based on the Brillouin-like dependen
The problems with the previously discussed impurity bas
models used for thex(T) interpretations in FeSi becom
more evident when the Brillouin-type double logarithm
plot of magnetization is applied~Fig. 3!. Indeed, at low tem-
peratures the magnetization data~Figs. 1 and 2! can be fitted
by the dependenceM;(H/T)a with a,1, where the expo-
nenta is temperature dependent~see the upper inset in Fig
4-2
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FIG. 2. Susceptibilityx5M /H vs tempera-
ture in double logarithmic plot in different mag
netic fieldsH<120 kOe. The inset shows the re
sult of the effective magnetic momentme f f(T)
estimation in the frameworks of Eqs.~1! and ~2!
~see text! at temperatures above 100 K.
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3!. Thus any kind of impurity models fails to shed the lig
on the origin of the low-temperaturex(T) increase in iron
monosilicide.

It is worth noting here that, opposite to the situation
low temperatures, the Brillouin-type behavior (a51) can be
certainly used to analyze the data at intermediate and
temperaturesT.70 K ~Figs. 1–3!. According to the classi-
fication proposed in Refs. 20 and 22–23 for FeSi, the in
val T.70 K ~I! corresponds to the intrinsic conduction r
gion. In this temperature range one can obtain a linearM
;H/T dependence~see, for example, the curve forT
5130 K in Fig. 3!. Then, taking into account that th
ground state of FeSi is nonmagnetic (S50) and that the
system is thermally excited toS51 state with increasing
temperature22 ~see also a simplified view of the band schem
of FeSi in the Fermi level vicinity, lower inset in Fig. 3!, it is
easy to estimate the changes inx(T) in the intrinsic conduc-
tion region of iron monosilicide,

x~T!5
Ng2mB

2

kBT

2

31exp~Eg /kBT!
~1!
06440
t

h

r-

(kB : Boltzmann constant;g: g factor! and variation in mag-
nitude of the effective magnetic moment on Fe sitesme f f(T).
As a result, the analysis in the framework of a simple re
tion,

M5
n0exp~2Eg/2kBT!me f f

2 ~T!

3kBT
H, ~2!

makes it possible to reveal theme f f(T) variation between
2mB at room temperature andme f f'mB at temperatures
slightly above 100 K~inset in Fig. 2!. It should be mentioned
here thatme f f'mB coincides with the value typical for a
delocalized electron withs51/2 andg'2. This transforma-
tion of the charge carriers characteristics may be interpre
in terms of acrossoverin magnetic properties of FeSi from
thermally induced magnetic moments behavior to a narro
band spin polaron transport through the intragap sta
~manybody resonance atEF , lower inset in Fig. 3!.

In Ref. 20 the DOS renormalization effects in FeSi ha
been estimated in the approximation of the low-temperat
t
In
x-

-

d

FIG. 3. A Brillouin-type magnetizationM vs
H/T ratio is shown in double logarithmic plot a
different temperatures between 1.5 and 130 K.
the upper inset a temperature variation of an e
ponenta (a is the slope of the double logarith
mic M vs H/T presentation! is shown. In the
lower inset a simplified view of the FeSi ban
structure is given~see text!.
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FIG. 4. Differential susceptibility xd

5dM/dH vs magnetic field at different tempera
tures between 1.5 and 77 K. The saturation fie
Hex'3506100 kOe is marked~see text!.
er

lly
ic
r

w
n
e

th
lo
ld

to
to
e-
e

in
le
up-
is
ere
the

ons
rly

e

y
at

,

e
ure
h a
Pauli-like paramagnetic contribution from the charge carri
in the narrow conduction band of the widthEp'6 meV at
EF . A dramatic DOS transformation is predicted for the fu
frustrated Hubbard model at half filling from the metall
side U,Uc'3D of a Mott-Hubbard type metal-insulato
transition24 (U is an on-site Coulomb interaction,D is the
band half-width!. The transition from intrinsic conduction
through the iron 3d states to the spin polaron transport at lo
temperatures can be considered as a crossover betwee
different regimes of a metallic-type behavior in FeSi. B
sides that, essential changes have been detected from
tailed Hall and Seebeck coefficients data22 within the low-
temperature ‘‘spin polaron phase’’ in FeSi. As a result,
appearance of a ferromagnetic contribution was found be
Tc'15 K from these studies and also from the low-fie
magnetization measurements along the~111! axis.22 Addi-
tional features, such as hysteresis and ‘‘memory effects,’’
gether with a long-time relaxation behavior, allowed us
conclude in favor of the formation of ferromagnetic micror
gions (,10 Å in size! in the nearest environment of th
charge carriers in the upper (t2g , inset in Fig. 3! Hubbard
band.22
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At the same time, it is natural to expect that fast sp
fluctuations betweeneg and t2g states which are responsib
for the manybody resonance formation in FeSi are s
pressed by a sufficiently high magnetic field. To verify th
assumption the magnetization data of Figs. 1 and 2 w
analyzed by a numerical differentiation procedure, where
susceptibilityxd(H,T)5dM(H,T0)/dH was deduced from
theM (H,T0) dependencies. The results of these calculati
are shown in Figs. 4 and 5. A universal behavior is clea
seen in the family of thexd(H,T) curves, when allxd(H)
dependencies converge to the lowest temperaturexd(H)
curve~Fig. 4!. From this point of view there is no qualitativ
difference between the susceptibility behavior atT,Tc
'15 K andT.Tc although the transition from ‘‘the heav
fermions’’ to ferromagnetic microregions possibly occurs
Tc . In this situation it is natural to interpret the results22

where a uniform activation energyEp'6 meV has been
detected both for spin polaron transport (Ep is a so-called
spin polaron well! and for reversal of magnetization in th
small ferromagnetic domains, in terms of a universal nat
of these paramagnetic and ferromagnetic particles wit
c

e-
i at
FIG. 5. Differential susceptibility xd

5dM/dH vs temperature in different magneti
fields: 1:H54 kOe; 2: 10 kOe; 3: 30 kOe; 4: 50
kOe; 5: 80 kOe; 6: 115 kOe. The arrows corr
spond to the magnetic-phase transitions in FeS
Tm andTc ~Ref. 22!.
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CROSSOVER IN MAGNETIC PROPERTIES OF FeSi PHYSICAL REVIEW B65 064404
magnetic phase transition atTc in the microregions. More-
over, to support the picture it is necessary to point out a g
agreement in the exchange magnetic field value in these
romagnetic domainsHex<500 kOe as estimated from
anomalous Hall coefficient study in Ref. 22, and the ma
netic moments saturation fieldHs'3506100 kOe, which
can be deduced from our results~Fig. 4!.

The suppression of the spin fluctuations’ amplitude a
as a consequence, the susceptibility decrease in FeSi at
magnetic fields is in a good agreement with the data p
sented in Fig. 5, where the family ofxd(T,H0) temperature
dependencies is given. Indeed, the magnetic susceptib
increase at low temperaturesT,30 K is strongly reduced in
fields about 120 kOe both in paramagnetic (T.Tc'15 K,
interval II in Fig. 5! and ferromagnetic (T,Tc , range III!
regimes. Moreover, additional features~marked by arrows in
Fig. 5! in thesexd(T,H0) curves can be well established an
possibly attributed to the ferromagnetic (Tc'15 K) and
mictomagnetic (Tm'7 K, Ref. 22! transitions inside and
between short-range (,10 Å) spin polarons in the FeSi ma
trix. A detailed study of the iron monosilicide magnet
phase diagram at low temperatures is in progress now
will be the subject of the future publications.

In summary, the magnetization of high quality iron mon
silicide single crystals has been studied in a wide tempe
ture and magnetic-field range. The data were analyzed
terms of strong Hubbard correlations betweeneg and t2g
states of Fe and the formation of spin polarons in cubic F
o
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matrix at low temperatures (T,100 K). The transition from
the heavy fermion regime to ferromagnetic microregions f
mation atTc'15 K may explain numerous low-temperatu
anomalies, which are observed in transport and thermo
namic properties of this compound. The exchange magn
field in these ferromagnetic domainsHex'3506100 kOe
may be estimated from our magnetization measureme
which is comparable with the valueHex<500 kOe obtained
from the anomalous Hall coefficient data. At temperatu
high enough (T.100 K) to destroy the many-body reso
nance atEF the transition to the temperature induced ma
netic moments behavior@thermal excitation betweeneg and
t2g states of Fe,me f f(Fe)'2mB# occurs, leading to a dra
matic increase of the magnetic susceptibility. Due to that
intermediate and high temperatures both the transport
magnetic properties of FeSi may be reasonably well in
preted in terms of an electronic structure which consists
two narrow (2D'210 meV) and rather localized Fe 3d
bands in the vicinity of the Fermi level.
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