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The effect of hydrostatic pressure on the magnetic susceptibility of iron monosilicide and of some solid
solutions based on it is investigated at room temperature. The derivatives with respect to volume are
derived, within the framework of a simple model, for the main parameters of the FeSi electron spectrum
(energy gap and band width). The possible role of the disordering of the potential in solid solutions is

assessed.
PACS numbers: 75.30.Cr, 62.50.+p

The peculiarities of the physical properties of the
monosilicides of 3d metals and their mutual solid solu-
tions is due to the singularities of the structure of the
electronic spectra. However, in spite of the intensive
study("»?], many properties of the electronic structure .
itself and the concrete form of its connection with the
observed effects are not clear, and experiments in
which the interatomic distance is varied may turn out
to be quite useful for the understanding of these ques-
tions. We present below the results of an investigation
of the magnetic properties of solid solutions of mono-
silicides of 3d metals with structure of the type B-20
under pressure.

EXPERIMENTAL PART

The magnetic susceptibility at hydrostatic pressures
up to 4000 atm and at room temperature were measured
by the method of free suspension of the metal by an in-
homogeneous magnetic field*! in the single-phase solid
solutions Fej-xCrxSi (0 = X = 0.7) and Fej_xNixSi
(0 = X = 0.3). The procedure for preparing the com-
pounds and their solutions, and also of spherical sam-
ples of ~1 mm dia, are described respectively in[*’®]
and!®l, The magnetic susceptibility of the samples of
all the compositions decreased linearly under pressure
(Fig. 1). The values of its logarithmic derivatives with
respect to volume are shown in Fig. 2 (the compressi-
bilities of the FeSi-CrSi solid solutions were obtained
by linear interpolation of the data for the monosilicides
of chromium!™ and nickel!®); for FeSi-NiSi we assumed
the same compressibility as for iron monosilicide). The
largest effect of the pressure on the susceptibility is
observed in pure iron monosilicide. Replacement of the
iron by either chromium or nickel leads to an appreci-
able decrease of the magnitude of the effect.

DISCUSSION OF RESULTS

Iron monosilicide is a semiconductor with small en-
ergy gap (2Eg ~ 0.05 eV), which separates narrow bands
(2a = 0.1 to 0.3 eV) with high density of states
N(E)!»?] (Fig. 3). Its magnetic susceptibility at low tem-
peratures, i.e., in the absence of carriers, is close to
zero, and consequently the appreciable paramagnetism
observed at room temperature is entirely due to the
pure spin contribution of the thermally excited carriers
(the orbital diamagnetism is negligibly small, owing to
the large effective masses, and the orbital paramag-
netism is likewise small, owing to the closeness of the
Fermi level to the top of the d band).
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FIG. 2. Experimental values of d In
x/d In V as functions of the composition Z”
(points) and their model description
with and without allowance for the 1 t
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To analyze the susceptibility of the iron silicide and
of its alloys at finite temperatures, we use the approxi-
mate expression from!®!
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The same reference gives a prescription for obtaining
the chemical potential ¢£(T): its value is centered in the
energy interval ~5.5 KT, in which the average value of
the integral density of state, defined by

J(E, %)= [ N(E")aE’ @)
te
is equal to zero; o is the value of the chemical poten-
tialat T = 0°K.

As the model spectrum in (1) we choose the scheme
shown in Fig. 3, where both subbands are of the same
form:
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The energy is reckoned from the center of the gap,
and all the calculations performed for +% are valid
also for - by virtue of the symmetry of the spectrum.

Figure 4 shows the temperature dependence of the
magnetic susceptibility of iron monosilicide, calculated
from (1); it agrees well with experiment if we assume
for the model parameters of the spectra the following
values:

2A=0.12 eV, 2E,=0.05 eV, m'~80 m,. (4)
Their agreement with the results of the more rigorous
theoretical analysis of the temperature dependence of
the susceptibility!?! confirms the validity of the employed
approach.

We shall use this approach to analyze the effects of
pressure. Differentiating (1) with respect to the volume
at constant capacity of the bands of type (3), we obtain

dlny dlnE,
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where y = =9 lnvA/a In V, and the coefficients @, and @
for small ¢ (| £|/(2.77kT - Eg) < 1) and temperatures
on the order of room temperature take the following
form:
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It follows from (6) that the dependences of the coef-
ficients on the level of the chemical potential are identi-
cal and that it is unfortunately impossible to separate
the contribution to (5) by using the data for alloys of
variable valence at fixed temperature. However, the
value of the first of the contributions, which is connected
with the deformation of the bands, can be estimated from
theoretical calculations for narrow bands of the reso-
nant type and from the experimental data for the d-bands
of transition metals.['®] Assuming according to!'®! that
v =2 £ 1 and comparing (5) with experiment for FeSi
(¢ = 0), we obtain

d1nE,/8 In V=—9+3, or 8(2E;)/01n V=—0.5 V.

Expression (5) with the assumed values of the
parameters y and 3 In Eg /8 1n V describes only quali-
tatively the behavior of the susceptibility of the alloys
near Fe Si (Fig. 2, solid line), under the assumption
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FIG. 3. Diagram of energy bands in iron monosilicide.
FIG. 4. Calculated (solid) and experimental functions x(T) for iron
monosilicide.
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that the effect of melting consists only in a change of
the level of the chemical potential given by (3) and (2)
in accordance with the average valence of the alloy.
Actually, there is also a smearing of the spectrum be-
cause of the scattering of the electrons by the inhomo-
geneities of the potential in the alloys. At small values
of X, this mechanism can be approximately accounted
for in terms of the effective temperature T* = gX,[!!]
which we add to the real temperature in (6). It must be
borne in mind that in the real spectrum of FeSi, first,
the parameters of the upper and lower subbands can
differ noticeably if their mean values corresponds with
the models (3) and (4); second, an initial shift of the
level of the chemical potential is possible, owing to the
impurities or the presence of defects. A certain asym-
metry of the observed peak in the pressure effect rela-
tive to pure FeSi (Fig. 2) can be attributed precisely to
these factors, and not only to peculiarities of the im-
purities themselves. We can therefore demand of the
model theory only a satisfactory description of the
shape of the peak, and not a disclosure of the differ-
ences between the scattering abilities of the impurities.
And such a description can indeed be obtained by intro-
ducing for chromium and nickel an identical value

B ~ 4 deg/at%. For greater clarity, the calculated
curve (dashed in Fig. 2) is shifted along the concentra-
tion axis until it coincides with experiment (this is
equivalent to an excess of acceptor impurity in the
initial FeSi). The value of g is in reasonable agreement
with the typical values of the Dingle factor!**] and should
lead to a washing out of the gap at X~ 0.25. The char-
acter of the temperature dependence of the conductivity
of the solid solutions Fe1-xMngSil**! and

Fe1-xNixSil®! is evidence of the vanishing of the gap at
precisely this concentration, regardless of the type and
valence of the third component.

The foregoing analysis is valid on the whole only
near FeSi. At a larger content of the third component in
the solutions (X ~ 0.5), the chemical-potential is located
far from the gap, and the state-density curve seems to
be maximally smoothed out as a result of scattering, so
that the decisive factor in the behavior of the magnetic
susceptibility under pressure should be the deformation
contribution. This prediction agrees qualitatively with
experiment.

The obtained behavior of the gap agrees in sign and
in magnitude with the gap between levels of different
symmetry, if the lower is referred to the edge of the
filled d-band.[*°! This is precisely the situation charac-
teristic of the considered compounds, where the d-band
is preferably almost filled or already filled, and the
gaps have a hybridization nature (see the NiAl spectrum
by way of illustrationt™]),

We have left out in the analysis the exchange correc-
tion to the spin paramagnetism, which not known for the
considered systems. In analogy with the palladium al-
loys, we can expect its participation in the pressure ef-
fects to be negligible,[*®] although it is not clear whether
this exchange property is general enough. Further re-
finements call for extending the temperature range and
the use of additional information, particularly the elec-
tric conductivity under pressure. But even in the form
presented here, the parameters that characterize the
properties of the energy spectrum of the electrons in
monosilicides of 3d metals may turn out to be useful for
the clarification of the genesis of the spectrum and the
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connection of various effects with its singularities, and
also for the correction of the form of the lattice poten-
tial.
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