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Magnetostatic properties of FeSi and Feg o3 Cog 025 single crystals have been studied. It has been found
that the temperature and field dependences of the magnetization of monocrystal FeSi are strongly affected
by introduction of a small amount of Co (2 %). A description of the results were provided by a model ac-
counting for the formation of superparamagnetic iron clusters, as well as Fe-Co complezes. It is assumed
that Fe-Co complexes form a ferromagnetic phase, which is approximately 0.6% of the Fegy 93 Coo,025i

sample weight
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Fe;_,Co,Si compounds has attracted extensive interest because of unusual magnetic struc-
tures in them. The pure FeSi is nonmagnetic [1], but the introduction of Co impurities leads to
appearance of magnetic ordering in the form of a helimagnetic or conical phase, depending on
external factors [2]. In heavily doped samples a skyrmion lattice forms [3], which can be observed
using various methods [4, 5]. It is also assumed that there are "chiral bubbles", new stable states
on the surface of Fe;_,Co,Si [6].

The magnetic and magnetotransport properties of the Fe;_,Co,Si compounds depend on the
concentration of Co. The change in concentration causes an increase in the critical temperature
and a change in chirality to the opposite [7]. Bulk and film Fe;_,Co,Si samples have a positive
magnetoresistance, the value of which also depends on z [8,9]. Due to the combination of all these
factors, FeSi is considered as a promising material for spintronics and magnetic storage [6, 9, 10].

There are articles that reflect the properties of heavily doped Fe;_,Co,Si systems. But there
is interest in research in the range of low impurity concentration. Even at x = 0.02 a dielectric-
metal transition is observed [11]. This is about the same critical concentration as was found in the
Fe;_,Cr,Si compound, where the deviation of the thermopower and the Sommerfeld coefficient
is observed [12]. Weak doping with heavy impurities such as Ir and Os affects the scattering of
phonons, decreasing the phonon thermal conductivity [13]. The Fe;_,Co,Si compound with a
concentration of z < 0.3 has the same characteristic[14].
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1. Experiment

The Fe,_1Co,Si compounds were obtained by gas-transport reaction method. The size of
crystallites in such samples are of the order of < 1072 mm with an average transverse size
of the single crystal of about 1.5 mm [15]. A monocrystal FeSi (containing no cobalt) and a
Fep 93sCo0,0251 (with a content of 2% Co) samples were prepared for the present study.

The structure and composition of the samples were studied using semiquantitative X-ray
phase analysis. X-ray patterns of FeSi and Feg 9sCog 0251 samples are identical (Fig. 1, top). Also,
these patterns agree with the reference FeSi spectrum (Fig. 1, bottom). Peaks that correspond
to metallic Co are absent. This indicates that the cobalt atoms are dissolved in FeSi. In addition
to the main phase, only the Co;Fes phase can be present in the samples, the lines of which can
be overlapped by FeSi lines. The composition of the samples is confirmed and corresponds to
the nominal value.
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Fig. 1. Top — X-ray diffraction patterns of FeSi (red) end Feg 9sCoo,02Si (black dotted) samples.
Bottom — the reference FeSi spectrum (black strokes)

2. Magnetic measurements

Studies of magnetostatic characteristics were performed on a MPMS-XL SQUID magne-
tometer. Samples do not have pronounced ferromagnetic properties. Magnetization curves have
a paramagnetic form at a temperature of 2 K (Fig. 2a). A sample of pure FeSi reaches saturation
at about 1.5 emu/g, while in Feg 93Cog,0251 this one is about 2.5 emu/g. The magnetization curve
of the FeSi sample becomes almost linear at a temperature of 300 K (Fig. 2b). In addition, the
difference between magnetic moments of FeSi and Feg 9sCog 0251 samples becomes larger (0.45
and 1.6 emu/g, respectively).

The temperature dependence of the magnetic moment was measured in a field of 10 kOe
for the Feg 9gCop,025i sample and in a field of 5 kOe for the FeSi sample. It is known that
iron atoms in FeSi form superparamagnetic clusters, and their behavior can be described by the
Langevin function [16]. If impurity Co atoms are surrounded by iron atoms (Fe-Co complexes),
they become magnetic and create an additional magnetic moment. Therefore, the theoretical fit
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is accomplished using the following expression:
M(H,T) =mN{coth(mH/kgT) — kgT/mH} — Mpc_co, (1)

where the first term describes the moment associated with superparamagnetic Fe clusters, and

Mpe_c, is the magnetic moment from the Fe-Co complexes. The temperature dependence of
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Fig. 2. The magnetization curves of FeSi and Feg 9sCog 0251 samples: a) at T =2 K, b) at T =
=300 K
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Fig. 3. The temperature dependence of the magnetic moment of the Fe 93Cog 0251 sample. The
theoretical curve is plotted using the formula (1)

the magnetic moment of the Fej 9gCoyp 0251 sample is well described by this formula when using
the parameters m = 1,3 - 107! emu, N = 6 - 10*®, and Mr._c, = 1,2 emu/g. The theoretical
curve calculated in this way coincides with the experimental dependence (Fig. 3). Such a fitting
for FeSi single crystal does not give any satisfactory result.

The dependence of the susceptibility x pe—co(H) of Fe-Co complexes was found using the field
dependences of the magnetic moment of the Feg 9gsCog 0251 sample, as well as the parameters m
and N from the fit. To do this, the magnetic moment, calculated through the Langevin function
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My, = coth(mH /kgT) — kpT/mH, was deducted from the experimental values of the magnetic
moment Me,,. Obtained field dependences of the susceptibility of the sample Feg 93Cog 025i at
different temperatures almost coincide (Fig. 4a). This suggests that the magnetism of Fe-Co
complexes is the same at any temperature. Thus, one can assume the presence of a ferromagnetic
phase in the composition of the Fep 9gCog 0251 sample.
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Fig. 4. a — field dependence of the susceptibility of Fe-Co complexes at different temperatures.
b — the magnetization curves of Fe-Co complexes (left scale) and Feq9Cogg alloy [17] (right scale)

Various magnetization curves were compared with the field dependence of the magnetization
associated only with Fe-Co complexes (Mpe—co(H) = Mezp — Mp). It was ascertained that
MFpe—co(H) is most similar to the magnetization curve of the FeyoCogg alloy [17]. The Curie
temperature of such an alloy is much higher than room temperature. From the ratio of division
values of the left and right scales (Fig. 4b), one can estimate that the Fe-Co complexes constitute
approximately 0.6 % of the entire Feg 9gCog 0251 sample weight.

The typical temperature dependence of the magnetic susceptibility for FeSi has a minimum
of about 100 K, after which it increases with increasing temperature (in the range under study
up to 300 K). This is exactly what was obtained (curve 1 in Fig. 5). However, the susceptibility
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Fig. 5. The temperature dependences of the magnetic susceptibility, associated only with Fe
clusters, of FeSi (curve 1) and Feg 9sCop 02Si (curve 2) single crystals
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of the sample Feg 93Cog 0251 decreases monotonically with increasing temperature. The assumed
contribution from Fe-Co complexes was subtracted from the experimental data and the suscepti-
bility xpe = (M(H,T) — Mpe_co)/H, associated only with Fe clusters, was calculated (curve 2
in Fig. 5). However, the temperature dependence of the susceptibility of the FeSi sample, which
does not have Fe-Co complexes, is significantly different from that of the Feg 9gsCop 02Si sample,
where the contribution of Fe-Co complexes is excluded.

Conclusion

The low concentration of cobalt in the Fe, 1 CozSi single crystal causes significant changes
in the magnetic properties. Lightly doped Feg 93Cog 02Si sample demonstrates the temperature
dependence of the magnetic susceptibility different from that of pure FeSi. This is attributed to
the presence in the crystal of an additional ferromagnetic Fe-Co phase. These results make it
promising to study the structure of such samples, as well as samples with different concentra-
tions of Co.
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MarsautHble cBoiicTBa MoHOKpucrtaJioB Fe,_,Co,Si
npu MaJioii KoHeHTparuu npumecu Co

I'ne6 FO. FOpkun
I'eunaauii C. IlaTpun

Cranucias A. dpukos

VHCTUTYT WHYKEHEPHOW (DU3NKHU U PAJMOIIEKTPOHUKI
Cubupckuit dheiepabHbIil YHUBEPCUTET

Csobopunrii, 79, Kpacuosipck, 660041

WNucruryr dusukn nm. JI. B. Kupernckoro CO PAH
Axanmemropomok, 50/38, Kpacrospck, 660036

Poccus

B pabome mnpedcmassero uccaedosanue MaA2HUMOCMAMUYECKULT Tapaxmepucmur obpasuos FeSi u
Feg 98 Coo,02.5i. Obrapyotceno, wmo enecernue neboavwozo xoauwecmsa npumecmu Co (2 %) snavumens-
HO BAUAEM HA MEMNEPAMYPHOBIE U TMOAEEHLE 3ABUCUMOCTNU HAMAZHUYEHHOCTIU MOHOKpUcmasia FeSi.
Peszyavmamo, obpabomarv, 6 pamrar modesu, ywemuiearoulet 06pa3osanue CyYnepnapamazHumHls Kid-
cmepos orcenesda, a makoice xomnaexcos Fe-Co. IIpednosazaemcsa, wmo womnaexco, Fe-Co obpasyrom
peppomaznummnyro gasy, xkomopas cocmasanem npumepho 0,6 % om macco, obpasuya Feg gg Cog 02 Si.

Karoueswie caosa: cusuyud osrceneda, npumecsy Co, cynepnapamazHemuam.
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