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1. INTRODUCTION

For a long time, the FeSi crystal has attracted the
attention of researchers due to its unique physical prop-
erties. This crystal has been found to exhibit unusual
behavior of the magnetic susceptibility, thermal, and
electrical parameters. For example, as the temperature
increases, the electrical resistivity p first decreases
monotonically by approximately four orders of magni-
tude, reaches a minimum near 7 = 300 K (in this case,
p(T) cannot be described by a simple thermal-activa-
tion dependence), and then slowly increases. Because
of this, the FeSi crystal is assigned either to the Kondo
compounds [1] or to materials in which a semiconduc-
tor—metal transition is realized [2]. In terms of its mag-
netic properties, this material does not fit the traditional
scheme of magnetic behavior. As the temperature
increases to T = 90 K, the magnetic susceptibility
decreases (y ~ 10#-107%) and then increases signifi-
cantly and reaches a maximum at 7 = 500 K [3]. Moss-
bauer spectroscopy studies [4] and neutron diffraction
analysis [5] have not revealed any magnetic order in
this compound. At 7 > 550 K, the temperature depen-
dence of the magnetic susceptibility obeys the Curie—
Weiss law. However, more extensive experiments using
polarized neutrons [6] have revealed the presence of
magnetic scattering, which was interpreted as being
due to the existence of microregions with ferromag-
netic correlations of spin fluctuations.

The iron ions in this crystal are believed to be in the
tetravalent state (Fe**) and have, in the d* configuration,

the ground state e;‘g (S = 0). The energy gap between
the ground state and the first excited state is A ~ 600 K.

Therefore, the magnetic moment must be entirely
absent at low temperatures and can occur only with

increasing temperature, when the e;g tzlg state (§=1) is
filled. In the high-temperature range, the magnetic
properties can be adequately described in terms of fill-
ing of this level [7]. However, the situation is unclear in
the low-temperature range. On the one hand, there is a
point of view that the low-temperature specific features
can be explained in terms of the presence of impurity-
iron ions that occur due to nonstoichiometry of the
crystal [3, 8, 9]. On the other hand, the authors of [10-
12] interpret the results of complex investigations of the
magnetic, thermoelectric, and galvanomagnetic proper-
ties of the FeSi crystal in the framework of the Hubbard
model with strong electron correlations. The low-tem-
perature specific features of the physical properties are
associated in [10-12] with the formation of spin
polarons. However, up to now, a universally accepted
approach to the description of the complete set of phys-
ical properties has been lacking. For this reason, we
studied the low-temperature magnetic properties of
FeSi samples prepared under various technological
conditions.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

We synthesized both polycrystalline samples and
single crystals. As is known [13], in the iron—silicon
system, the €-FeSi phase with a zinc-blende structure
exists in a narrow region near the equiatomic composi-
tion. The polycrystalline samples were produced by
melt cooling at a rate of 3 K/h. Preliminarily, a mixture
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of iron and silicon was ground thoroughly and then
heated to melting and held at this temperature for 5 h.
After cooling, the material obtained was again ground
and the overall procedure was repeated. Three to four
cycles were performed. The single-crystal samples
were grown using the standard gas-transport reaction
method. The crystallite sizes in samples O1 and O2
were <1072 mm, and the cross-sectional size of a single
crystal (in the form of a tetrahedron) was 1.5 mm. The
x-ray diffraction patterns were obtained for several
samples taken from different regions of a crucible. The
x-ray diffraction data agreed for all of the compositions
synthesized.

Magnetic measurements were carried out using a
SQUID magnetometer in the temperature range 7 =
4.2-300 K in magnetic fields H < 0.8 kOe and also
using a high-temperature vibrating-coil magnetometer
operating at temperatures of up to 7 = 950 K.

3. EXPERIMENTAL RESULTS

Below, we present the experimental data obtained
on FeSi (sample O1) and Fe, 405Si)g95s (sample O2)
polycrystals and a single crystal. Figure 1 shows the x-
ray diffraction patterns for samples O1 and O2; these
data are in agreement with the literature data. The
spectra of these samples are seen to be closely similar
even in terms of their details; namely, the peak posi-
tions and intensities are coincident, with the exception
of the peak intensities at large scattering angles. Since
these peaks occur due to x-ray scattering from the
planes with small interplanar spacings, the observed
difference indicates that the nearest surrounding of
iron ions varies with the ratio between the chemical
elements in a sample. The x-ray diffraction pattern for
the single-crystal sample is virtually the same as that
for sample O1.

Figure 2 shows the temperature dependences of the
magnetic susceptibility of samples O1 and O2 and the
FeSi single crystal (curves /-3, respectively). It is
worth noting that, under the same experimental condi-
tions, the magnetic susceptibility of polycrystalline
sample O1 (which is nominally stoichiometric) is lower
than that of sample O2. The difference between the
temperature dependences of the susceptibility for dif-
ferent samples decreases as the magnetic field increases
(H — 10 kQOe). On the whole, the magnetic suscepti-
bility versus temperature curve for sample O1 has the
form shown in the inset to Fig. 2. This dependence is
typical of the FeSi compound.

It was established that external influences manifest
themselves to the greatest extent for the a priori defect
sample O2. For this reason, we studied this sample in
more detail. The emphasis was on studying the low-
field specific features in the behavior of the magnetiza-
tion. The magnetization curves were measured as func-
tions of the thermomagnetic prehistory. Figure 3 shows
the variation in the magnetization measured in both
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Fig. 1. X-ray diffraction patterns of FeSi crystals: (a) a sam-

ple with an equiatomic iron and silicon content (O1) and
(b) a sample with an excess iron content (O2).
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Fig. 2. Temperature dependences of the magnetic suscepti-
bility for (/, 2) FeSi polycrystalline samples O1 and 02,
respectively, and (3) an FeSi single crystal. Points /-3 show
experimental data, and lines 6, 5, and 4 are the respective
theoretical fittings with a Langevin function. The measure-
ment field is H = 600 Oe. The inset shows the temperature
dependence of the magnetic susceptibility in the entire tem-
perature range possible for sample O1.

increasing and decreasing fields for sample O2 cooled
in a zero magnetic field. It is seen that, in the magnetic-
field range studied, saturation is not reached, which
agrees with other experimental data obtained in high
magnetic fields [11]. In magnetic fields H < 150 Oe at
T = 4.2 K, pronounced hysteresis is observed in the
magnetization curve for sample O2, whereas for sam-
ple O1 and the single crystal the hysteresis is less by
approximately one order of magnitude. In the initial
portion of the curve, the behavior of the magnetization
is obviously different from that for a paramagnet and is
characteristic of a system with interactions.
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Fig. 3. Field dependences of the magnetization for sample
02. The arrows indicate the sweep direction of the magnetic
field. Points are experimental data, curves / are theoretical
fittings (the solid curve is a Langevin function), and curves
2 and 3 correspond to the data set for sample O2 from the
table. T=4.2 K.

Figure 4 shows the temperature dependences of the
low-field magnetization for sample O2 obtained during
cooling in a zero magnetic field (the ZFC regime) and
in a measurement field H = 10 Oe (the FC regime). As
follows from Fig. 4, the most substantial distinctions
between the M(T) curves are observed up to a tempera-
ture 7 = 100 K, which corresponds to the minimum in
the temperature dependence of the magnetization. At
higher temperatures, the curves approach each other and
their behaviors become similar. The higher the measure-
ment field, the less the observed distinctions between
the M(T) curves and the lower the temperature at which
the distinction between the magnetization curves
obtained under different cooling conditions is observed.

To reveal magnetically ordered regions, we also per-
formed Mossbauer spectra measurements of the natural
iron content in powder samples 5 mg/cm? thick. The
spectra are found to be paramagnetic doublets. We
obtained the following parameters of the hyperfine
structure: the isomer chemical shift with respect to o-
Fe is 8 = 0.27 £ 0.01 mm/s, the hyperfine field at the
iron nucleus site is Hy = 0, the quadrupole splitting is
€= 0.5 £ 0.02 mm/s, and the linewidth at half-maxi-
mum is W=0.37 £0.02 mm/s. From the chemical shift,
we estimated the silicon content in the samples to be
=50 at %. All the above parameter values correspond

Magnetic moments of iron clusters m, the number of atoms
in a cluster n, and the cluster content in a sample N

Sample m, 10718 G n N, 10 cm™
01 my =27 ny =97 Nl =2.67
02 my = 75 ny = 270 N21 = 068

Mmpy = 0.612 Nyy = 22 N22 =7.07
Single crystal | my =2.2 ny=179 N;=1.52
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Fig. 4. Temperature dependences of the magnetization for
sample O2. Points are experimental data, and lines corre-
spond to calculations performed for (/, 3) the ZFC regime
and (2, 4) the FC regime. The measurement field is H =
10 Oe.

(within the accuracy of the experiment) to the literature
data.

4. DISCUSSION OF THE RESULTS

The experimental results obtained can be interpreted
in the framework of the impurity center model. Indeed,
an analysis of the literature data shows that the values
of both the low-temperature magnetic susceptibility
and low-field thermomagnetic hysteresis vary notice-
ably from sample to sample. In this case, the problem
of primary importance is to determine the magnetic
moments and the amounts of magnetic impurities (clus-
ters). We fitted the experimental curves in Fig. 2 using
the Langevin functions

M(H, T) = mN{coth(Zl—I;{)—%}, (1)
B

where kg is the Boltzmann constant and H is the mea-
surement field (in our case, H = 600 Oe). The magnetic
moments m of impurity clusters and the content of clus-
ters N are considered to be adjustable parameters. We
found that experimental curves / and 3 in Fig. 2 fit func-
tion (1) well (curves 6 and 4 in Fig. 2, respectively) and
that curve 2 fits a superposition of two functions (1)
(curve 5 in Fig. 2). The table lists the values of the mag-
netic moments m, the number of atoms in a cluster n, and
the content of impurity clusters N in the samples studied.

When determining the number of atoms in a cluster
n, we used the results from [14], where the magnetic
properties of iron clusters were calculated as a function
of the number of particles in a cluster. From that calcu-
lation, it follows that, as the cluster size increases, the
magnetic moment per atom increases and becomes
equal to about 3, (as in bulk iron) for clusters contain-
ing 15 or more atoms. It is known [2] that the FeSi crys-

No. 4 2006



NONSTOICHIOMETRY AND LOW-TEMPERATURE MAGNETIC PROPERTIES

tal, as well as pure Si, has a zinc-blende structure with
a lattice parameter a = 0.484 nm. The unit cell contains
four formula units. Therefore, the total number of iron
atoms per 1 cm? is 3.5 x 10?? and only ~3 X 10'7 of them
(for sample O2) are in clusters. In this case, the average
interparticle spacing is r; ~ 50 nm if the average cross-
sectional size of the particles is d < 1 nm. For com-
pounds with this structure, in particular, for silicon
[15], the formation of structural defects (precipitates)
up to 50 nm in size is typical.

Thus, we can conclude that, in fields H > 100 Oe, the
system behaves like an ensemble of superparamagnetic
particles. However, the behavior in low magnetic fields
invites special discussion. In principle, the dipole—
dipole interaction between superparamagnetic particles
[16] can give rise to thermomagnetic hysteresis phe-
nomena. However, in our case, estimating the contribu-
tion from the dipole—dipole interaction to the molecular

field (H ;~m/ r?j ) gives a maximum value Hyy = 0.5 Oe,
which cannot explain the experimental results.

Experimental dependences / and 2 in Fig. 4 are the
most demonstrative. These dependences can be fitted
by the following empirical curves:

(a) curve 3
M(H9 T)ZFC = M22(T7 h)NZFC + Mres9 (2)

where 4 = H — 1900 Oe is the effective field acting on a
cluster my,, H = 10 Oe is the measurement field,
M,(T, h) is the Langevin function for clusters of size
Ny, and M, = M,(T = 80 K, H = 600 Oe) is the rema-
nent magnetization;

(b) curve 4
M(Ta H)FC = MZ(T’ H) +M22(T7 h)NFC +Mres7 (3)

where N, = 8 X 102 and Ny = 6 x 1072 are the frac-
tions of clusters involved in the interaction under the
conditions corresponding to Fig. 4.

These dependences can be explained if it is assumed
that the impurity clusters are segregated [15] and some
large clusters of size n,, are surrounded by smaller clus-
ters of size n,, that are in immediate contact with the
large clusters. Let m,; and m,; be the cluster magnetic
moments that do not interact and let m,; and m,; be the
cluster magnetic moments that are coupled via
exchange interaction. Here, indices 1 and 2 refer to the
clusters of sizes n,, and n,,, respectively. In this case,
the energy of the overall system can be written in the
form

E = Egp + Ejys

where
Egp = —(zmu*‘sziJH “4)
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describes the superparamagnetic part of the system (the
indices / and i label the noninteracting clusters) and

Ei, = _[Zmlk"'ZijJH'i'z?\'mlkaj )
k J k, j

describes the interacting part of the system (the indices
k, j). Here, the parenthetical expression is the Zeeman
contribution from the clusters with sizes n,, and n,,; the
last sum describes the exchange interaction between
these clusters; and A is the exchange interaction con-
stant, which is taken to be the same for all pairs for sim-
plicity. It follows from formula (2) that the molecular
field Ay that acts on the jth cluster belonging to the n,,
set corresponds to antiferromagnetic exchange. The
value of this field can be determined from Eq. (5) as
(hyip)y; = H—Amy, (A > 0), where Amy;, = 1900 Oe.

On cooling in a zero magnetic field (ZFC regime),
each cluster from the n,, set with index k is oriented
randomly. Therefore, the magnetization of this sub-
system and, as a result, the average magnetization of
the clusters n,, with index j that are exchange-coupled
with the above clusters are equal to zero. After a weak
magnetic field is applied, in the subsystem m,; # 0 and,
owing to the inequality [Am,;| > H, clusters m,; are ori-
ented in the direction opposite to the external magnetic
field. Further, as the temperature increases, the contri-
bution of this subsystem to the total magnetization
decreases on the background of the remanent magneti-
zation; as a result, we obtain curves / and 3 in Fig. 4. In
the case of cooling in a magnetic field (FC regime), the
total magnetization of the superparamagnetic sub-
system is noticeably higher than the remanent magneti-
zation and curves 2 and 4 in Fig. 4 are obtained as a
result of summation of the magnetizations of the super-
paramagnetic and exchange-coupled subsystems. The
value and behavior of the remanent magnetization can-
not be explained using this idealized system. It is likely
that we should take into account the iron ions of the
host matrix, which interact with the iron clusters at the
boundaries. In the initial range of the temperature
dependence of the magnetization of the host iron ions,
its value is determined by the population of the excited
state exp(—A/kgD)/[1 + exp(—AlkgT)]. It is easy to find
that, at = 100 K, the population is 2.5 x 10~ and the
magnetization of the host matrix at this temperature is
higher than that of the cluster subsystem. The interac-
tion between the cluster subsystem and the host iron
ions can induce metastable states, which will cause
remanent phenomena.

5. CONCLUSIONS

As a result of the study performed, we have estab-
lished that the low-temperature magnetic susceptibility
of the FeSi crystal is associated with the superparamag-
netic state of the clusters formed due to nonstoichiom-
etry. The thermomagnetic remanent phenomena have
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been explained under the assumption that exchange
coupling exists between part of the magnetic clusters.
In more perfect polycrystalline samples and single
crystals, the size distribution of clusters has a small
spread, as indicated by the good fitting of the experi-
mental data with a Langevin function (although acci-
dental coincidence cannot be ruled out). High nonsto-
ichiometry provides a spreading of the size distribution
and makes simple description of the experimental data
impossible. In this case, an excess content of the impu-
rity iron leads to the formation of new nuclei of smaller
size rather than to cluster growth.
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