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MAGNETIC HYSTERESIS AND CURIE
TEMPERATURE IN NICKEL-CHROMIUM
FERRITES SYNTHESIZED BY SOL-GEL
AUTO-COMBUSTION METHOD

Nanopowders of nickel-chromium ferrites with the general formula NiCry Fea—, O4 are synthe-
sized, by using the sol-gel auto-combustion method. Specimens of all ferrite compositions had a
cubic spinel structure. The average size of powder crystallites varied from 23 to 43 nm. After
the powders were pressed and sintered at a temperature of 1573 K, the average size of crystal-
lites grew to 65-83 nm. The shape of a hysteresis loop (the low coercivity H.) showed that the
specimens were soft magnetic materials. The residual magnetic field induction B, decreased
with the growing concentration of Cr>" ions due to the weakening of the interaction between
the spinel sublattices, whereas H. increased at that. The increase of the Cr®% ion content in
the ferrite specimens diminished the value of specific saturation magnetization os from 33.9 to
7.7 A m? kg, which testifies that less magnetic Cr*" ions substitute Fe*' ones in the ferrite
octahedral sublattice. The magnetic moments calculated for the proposed cation distribution in
the framework of the Néel two-sublattice model turned out some lower than the experimentally
measured values, which can be explained as a manifestation of the tilted spin effect and the
influence of a surface layer 0.22-2.01 nm in thickness with a violated magnetic structure. As
the temperature was lowered to 77 K, the magnetic parameters of the ferrite cores increased
owing to their superparamagnetic properties. The Curie temperature decreased from 831 to
685 K with the growth of Cr content.

Keywords: ferrite, nanoparticle, coercivity, specific saturation magnetization, Curie tem-

perature.

1. Introduction

As a result of fundamental researches, a new group of
magnetic substances — nonmetallic magnetic materi-
als, ferrites — was discovered [1]. More and more often,
nanodispersed powders of ferrites become objects to
study their magnetic properties, with the latter con-
siderably depending on the size of particles and the
morphology of clusters formed by them [2]. The most
suitable method for producing the complicated oxide
nanopowders is the sol-gel auto-combustion (SGAC)
method, in which the aqueous solutions of metal salts
are used [3]. A low temperature required to synthesize
finely dispersed ferrite powders together with a high
homogeneity of the latter comprises the main advan-
tages of this method in comparison with the ceramic
technology. At the same time, the microstructure of
dispersed materials obtained in such a way, as well as
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their magnetic properties, are not invariant and de-
pend on many factors, the most important of them
being the conditions, under which the materials are
synthesized, and the temperature of their treatment.

Nanopowders of nickel ferrite, NiFe;Qy4, are suc-
cessfully used in practice today. Usually, they are ap-
plied as fillers in magnetic fluids. Besides that, they
can also be used in medicine for the magnetically con-
trolled drug delivery [4], while developing electronic
devices with new functionalities [5], and so forth. De-
pending on the scope of applications, the properties
of nickel ferrite can be improved by properly sub-
stituting definite ions and selecting the treatment
technology. Such magnetic parameters as the resid-
ual magnetization and the coercivity, which are the
most important from the technological viewpoint, can
be modified by substituting Fe3* ions by Cr3t ones
[6]. The distributions of Ni?T, Fe3T, and Cr3*cations
over the spinel sublattices in nickel-chromium ferrites
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are known to critically depend on the method of fer-
rite synthesis. Moreover, those distributions change
with the annealing temperature [7], which undoubt-
edly determines the magnetic and electric properties
of specimens [8].

The substitution of Fe?* ions by Cr3* ones in nickel
ferrite obtained with the use of the ceramic technol-
ogy was studied in work [9] by applying the neutron
diffraction method. Furthermore, in work [10], a se-
ries of NiCr, (0 < z < 1.4) ferrites annealed at a
temperature of 1473 K for 12 h was studied. It was
found that, at the chrome content x = 1.4, only an
insignificant fraction of Ni** ions migrates from the
octahedral sublattice B into the tetrahedral sublattice
A. The authors of work [11], by applying the double-
sintering method at temperatures 1273 and 1473 K
for 12 h, found that this migration of Ni?* ions takes
place already at x = 1.2.

Concerning nickel-chromium ferrites in the nano-
size state, the structural and magnetic properties
of powders with the compositions NiCr,Fey ,O4
(x = 0.1 and 0.2) were studied in work [12]. The
powders were synthesized by mutually sedimentating
the aqueous solutions of NiCly-6H20O, CrCls-6H50O,
and FeCl3-6H>0O with the added NaOH solution. Af-
terward, the powders were additionally sintered at
high temperatures in order to obtain a single spinel
phase. The authors of work [13] also faced the single-
phase problem, when obtaining NiCr, (z = 0, 0.5,
and 1.0) ferrites, by using a variant of sol-gel meth-
ods, namely, the auto-combustion with the applica-
tion of metal nitrates and urea [CO(NHz)s] as a fuel
mixture.

In work [14], the structural and magnetic proper-
ties of NiCr,Fes_, Oy ferrites (with 2 varying from 0
to 1 with an increment of 0.2) with the average size of
crystallites from 20 to 30 nm were studied. The fer-
rites were synthesized by applying the wet-chemical
sedimentation method and using sulfates of corre-
sponding metal ions. The result of researches showed
that some fraction of Ni*t ions migrates from sub-
lattice B to sublattice A at the chromium content
x = 0.8. According to the literature data [15], such a
migration is possible already at an insignificant con-
tent of Cr3* ions in the nickel ferrite composition,
namely, at x = 0.2.

The authors of work [16] fabricated powders of
examined ferrites with an average crystallite size of
23-32 nm in the so-called “microwave” way, by us-
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ing the solutions of metal nitrates and a microwave
oven. They studied the structural and magnetic prop-
erties of those ferrites by measuring the hysteresis
loops at room temperature. At the same time, the
cited work does not contain data concerning such
magnetic parameters as the specific saturation mag-
netization oy and the coercivity H..

Summarizing the aforesaid, it should be noted
that, despite some knowledge about the crystalline
and magnetic structures of bulk nickel-chromium fer-
rites, as well as their other physical properties, the
morphology of small particles and the modifications
of their magnetic microstructure and physical prop-
erties, which depend on the fabrication procedure
and the temperature treatment regime, still remain
poorly studied. They are not widely discussed in the
scientific literature. In particular, in work [10], a
low-temperature study of the magnetic properties of
nickel-chromium ferrites was carried out at a temper-
ature of 77 K and making use of Mossbauer spec-
troscopy. Nevertheless, the scientific literature does
not contain information concerning the study of low-
temperature magnetic properties of Ni-Cr ferrites,
in particular, obtained with the use of the SGAC
method, in which the required parameters were de-
termined from the hysteresis-loop measurements in
the low-frequency interval. The aim of this work is to
perform the corresponding researches.

2. Experimental Technique

Ferrite powders of the NiCr,Fes_,O4 system with
x=20,0.1,0.2,0.3, 0.4, and 0.5 were synthesized with
the help of the SGAC method [17]. The phase compo-
sition of powders was monitored with the help of the
X-ray diffraction analysis on a diffractometer DRON-
3, by using the CuK, radiation (A = 0.154051 nm).
Registration was carried out in the angular interval
20° < 20 < 60° with a step of 0.05°. The average size
of powder crystallites, (D) = 23+43 nm, was calcu-
lated with the help of the Scherrer equation and us-
ing the data concerning the broadening of diffraction
maxima in the diffraction patterns of specimens.
Ferrimagnets can possess various forms. However,
it is toroidal cores that are mainly used in pulse de-
vices, because this shape allows the magnetic proper-
ties of materials to be used in full. Therefore, toroidal
ferrite cores with an external diameter of 2.3x 1072 m,
an internal diameter of 1.4 x 1072 m, and a height of
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Fig. 1. Frequency magnetization reversal of NiFeaO4 ferrite

about 0.2 x 1072 m were fabricated by pressing the
synthesized powders under a pressure of 3.3 x 10® Pa.
Then the specimens were sintered at a temperature
of 1573 K for 5 h and slowly cooled down in air. As
a result, single-phase specimens were obtained with a
structure corresponding to the cubic spinel structure
of the space group F'd3m. The average size of ferrite
crystallites in the annealed specimens amounted to
65-82 nm.

In order to determine the initial magnetic perme-
ability u, induction coils were fabricated by winding
a thin copper wire on the ferrite rings. The coil in-
ductance L was measured on a digital LCR meter of
the E7-8 type, at a frequency of 1 kHz, in a weak
magnetic field, and in a temperature interval of 293—
873 K.

It is very difficult to theoretically predict the main
parameters of hysteresis loops at the stage of fab-
rication of a ferromagnetic material. Therefore, they
are measured experimentally, as a rule. The magnetic
properties of specimens were studied by plotting the

Table 1. Parameters of magnetic
hysteresis loops for NiFe2O4 at H = 3200 A/m

f, Hz Hc, A/m By, mT Bmax, mT ks
100 1878 173 216 0.80
200 1298 160 181 0.88
300 1129 122 123 0.99
400 982 91 91 1.00
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magnetic hysteresis loops registered on an electronic
digital ferrometer F-5064 in a frequency interval of
100-400 Hz. The hysteresis loops were registered at
the temperatures T'= 77 and 300 K, and in an inter-
val of magnetic field strength values, H, from 1600 to
12000 A/m measured with an accuracy of £5 A/m.

3. Results and Their Analysis

Figure 1 illustrates the magnetization reversal of
nickel ferrite in a frequency interval of 100-400 Hz
at a magnetic field strength of 3200 A/m. As the fre-
quency increases, the hysteresis loop becomes nar-
rower, and the coercivity H. and the residual mag-
netic induction B, decrease. The ratio between the
field induction and the field strength determined from
this curve is called the dynamic magnetic permeabil-

ity pa:

1 Bmax
d = — 77 >
a Ko Hmax

(1)

where pg is the magnetic constant. As the field fre-
quency increases, the dynamic permeability decreases
owing to the inertia of magnetic processes. The area
of a hysteresis loop obtained at a definite frequency
and a definite magnetic field strength characterizes
the losses Sq of electromagnetic energy, converted
into heat, in a unit volume within one cycle of mag-
netization reversal. Those losses are created by eddy
currents, magnetic viscosity, and hysteresis. In the
case of weak fields, the quantity S4q can be expressed
by the formula [1§]

Sy = 7 Buax He. (2)

A specific feature of ferrites is their high specific
resistance, which is approximately 10° times higher
than the corresponding parameter for electrotechnical
steels. As a result, the losses for eddy currents become
almost excluded for ferrites. Therefore, the influence
of Foucault currents on the magnetic induction mag-
nitude is insignificant. In this case, as the frequency
increases, the magnetic induction in the core, for var-
ious reasons, cannot trace the magnetic field, and a
reduction of magnetic parameters is observed. One of
the origins resulting in the frequency dependence of
the coercivity is a displacement of interfaces between
the domains.

With the growth of the frequency, the area of a
hysteresis loop decreases. Accordingly, the magnetic
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field losses for the specimen magnetization reversal
also decrease. Note that the shape of a hysteresis loop
approaches the rectangular one at that. Ferrites with
a rectangular hysteresis loop are especially interest-
ing from the viewpoint of their application in com-
puter memory units. There are a number of specific
requirements to the parameters of the materials and
products of this type. The main of those parameters
is the squareness of a hysteresis loop, ks (see Table 1),
which is defined as a ratio between the residual induc-
tion B, and the maximum induction B ay:
B

ks = . 3
Bmax ( )

One can see that the squareness of a hysteresis loop
ks equals 1 at a frequency of 400 Hz, which allows
nickel ferrite to be used in magnetic systems for the
accumulation of information in electronic computers
and as cores in magnetic switches and amplifiers.

A family of hysteresis loops for the NiCrg 3Fe; 704
specimen is shown in Fig. 2. Expectedly, with the
growth of the magnetic field H, the residual magnetic
induction B, and the coercivity H, increase.

Figure 3 exhibits the magnetic hysteresis loops for
nickel-chromium ferrites registered at a frequency of
200 Hz. One can see that, as the substitution degree
2 in the NiCr,Fes ,O4 system increases, the mag-
netic induction B decreases, and the coercivity H.
grows. A reduction of the magnetic induction is as-
sociated with the tendency of Cr3t ions to occupy
octapositions [19], which gives rise to a weakening
of the A—B superexchange interaction. At the same
time, the coercivity grows with the magnetocrys-
talline anisotropy [20]. Note that the coercivity de-
pends not only on the anisotropy, but also on such
factors as the microdeformation, magnetic morphol-
ogy of particles, their size distribution, and the size
of magnetic domains.

The magnitude of magnetic induction increases,
as the temperature decreases from 300 to 77 K,
for all examined compositions of the ferrites con-
cerned. The stabilization of the directions of the sub-
lattice magnetic moments due to a reduction of ther-
mal excitations, when the ferrite specimens are cooled
down, is known to be the most probable reason giv-
ing rise to an increase of the magnetic induction in
the case of massive ferrite specimens with crystal-
lite sizes exceeding 100 pm. In the case of ferrites in
the nanocrystalline state, an alternative origin of this

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 11

120 o 1600 A/m

F —o—3200 A/m
80 F —9o—4800 A/m
| —e—6400 A/m
—e—8000 A/m
40 —9—9600 A/m
)
g 0
'Y

-40
-80 v
-120 C wﬁ. 1 n 1 L i " 1 1 n
-12000 -8000  -4000 0 4000 8000 12000
H, A/m

Fig. 2. Cyclic magnetization reversals of NiCrg 3Fe; 704 fer-
rite at f = 200 Hz
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Table 2. Parameters of magnetic hysteresis loops for Ni—Cr ferrites

. T =300 K T=T7TTK T = 0 K (extrapolation)
Chromium|
content z
He, A/m|os, A-m?- kg1 |os [24], A-m?- kg™ ! |t, nm | He, A/m |05, A-m2- kg=!|t, nm 050, A-m?- kg—1

0.0 2100 33.9 - 0.22 2484 34.3 0.04 34.45

0.1 2525 31.0 28.2 1.51 2740 33.8 0.40 34.84

0.2 2848 26.8 24.3 0.97 3064 28.4 0.28 29.00

0.3 3179 229 10.1 1.60 3517 25.4 0.42 26.32

0.4 3618 14.7 - 1.77 3989 16.5 0.44 17.17

0.5 3971 7.7 - 2.01 4283 8.9 0.51 9.33

Table 3. Distribution of cations
and magnetic parameters of NiCrpFes_ 04

- Distribution of cations| M, |myp, Mexp, Mexp,
(17] g/mol| pp |(300 K) us|(77 K) up
0.0 (Fe)[NiFe]O4 234.4| 2.0 1.42 1.44
0.1| (Fe)[NiCro.1Feo.9]O4 |234.0| 1.8 1.30 1.41
0.2| (Fe)[NiCrg.2Feq.8]04 |233.6| 1.6 1.12 1.19
0.3| (Fe)[NiCrq.3Feq.7]O4 |233.2| 1.4 0.96 1.06
0.4| (Fe)[NiCrg.4Feq.6]O4 |232.8| 1.2 0.61 0.69
0.5| (Fe)[NiCrg.5Feq.5]04 |232.5| 1.0 0.32 0.37

phenomenon can be the presence of such particles in
the specimens, which are in the superparamagnetic
state at a temperature of 300 K [21]. As the concen-
tration of Cr3T ions increases, the number of such
particles becomes larger. Concerning the coercivity,
it also grows, as the temperature decreases.

The dependence of the magnetic characteristics of
ferrites on their composition at a frequency of 200 Hz
and in a magnetic field of 12000 A/m is shown in
Table 2. Note that, for ferrites of the NiCr,Feo_,O4
system, which were obtained,by using the double-
sintering ceramic method at temperatures of 1273 and
1473 K for 12 h, the specific saturation magnetization
o decreases with the growth of x and varies within
an interval of 14-39 A m?/kg [10]. The specific sat-
uration magnetization is proportional to the size of
crystallites. For instance, o = 47.7 A m? /kg for the
ferrite with the Cr content x = 0 and an average crys-
tallite size of 147 nm, which was synthesized, by using
the oxalate impregnation method [22]. The specific
saturation magnetization og determined for NiFes;O4
at room temperature agrees well with the results of
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work [23] (05 = 34.5 A m?/kg). At the same time, the
authors of work [24] obtained somewhat lower values
for o4 (see Table 2).

The content of cations in nano-sized Ni-Cr fer-
rite powders can be described by the formula
(Fe?)[Ni2tFed Cr2*]03~ [17]. The magnetic mo-
ment myy, per formula unit is determined as the al-
gebraic sum of magnetic moments of the tetrahedral
(A) and octahedral (B) sublattices:

men = m(B) — m(A4). (4)

From the distribution of cations between the spinel
sublattices and the values of ionic magnetic moments
in positions A and B, we evaluated the magnetic mo-
ment per molecule. The substitutions of Fe3* ions
with the magnetic moment 55 by Cr3* ones with the
magnetic moment 3up results in a general reduction
of the magnetic moment of the ferrite system. This
tendency for magnetic moments of the specimens to
decrease with the growth of the substitution degree
x takes place owing to the reduction of m in sublat-
tice B due to the dominating presence of Cr3* ions.

Experimental spin magnetic moments in the Bohr
magneton units were obtained using the formula [25]

Moy

, 5
Naps (5)

Mexp =
where M is the molar mass, Ny the Avogadro con-
stant, and pp the Bohr magneton. From whence, we
obtain

Moy
xp — ———— . 6
Mexp = 5rey (6)

The corresponding values are quoted in Table 3. It
should be noted that the pure nickel ferrite has the
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highest magnetic moment among the researched spec-
imens. The above-presented results indicate that the
magnitude of mey, decreases with the growth of the
chromium content in the specimens both at room
temperature and at 77 K.

According to the results of work (23], Mexp, =
= 1.44 up for NiFe;O4 at room temperature, which
is very close to 1.42 up. However, it should be noted
that the values experimentally obtained for the mag-
netic moment, Mexp, are much lower than the theo-
retical ones, mygy. A similar discrepancy between the
magnetic moment values for the indicated chemical
composition of ferrites was obtained in work [10]. On
the one hand, it can be interpreted as the effect of
tilted spins [26] within the same sublattice, A or B,
in accordance with the Néel model extended by Yafet
and Kittel [27]. Furthermore, since the pressed ferrite
powders were subjected to the long-term sintering at
a high temperature, a redistribution of cations be-
tween the spinel sublattices most likely took place.

On the other hand, it is well known that, unlike
the case of massive ferrites with large crystallites, the
magnetization of fine grains strongly depends of the
thickness ¢ of the surface layer with a violated mag-
netic structure [28]. The specific saturation magneti-
zation is related to the parameter ¢ by the expression

9p\3
05 = 00 (1 - Dt), (7)

where os and oy correspond to the specific magneti-
zation of nano-sized grains at room temperature and
T = 0 K, respectively, D is the average grain di-
ameter, and ¢ the nonmagnetic shell thickness. From
Eq. (7), we obtain [29]

=D <1 (= )/> 0

The values of the specific saturation magnetization
o059 were determined by extrapolating the function
os(T') to its intersection with the line T = 0 (see
Table 2).

An important characteristic of the magnetic prop-
erties of ferrites is their initial magnetic permeabil-
ity u;. Its temperature dependences are depicted in
Fig. 4. One can see that, for each examined fer-
rite composition, the magnetic permeability reaches
a specific maximum value at a specific temperature
and then drastically decreases. It was known [30] that

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 11

60
—u—0,0
- ,-—l—l/.' -
50 l—l—"._.’._.—. o ' O’l
A o P | —a—0,2
-~ P it —v—03
40 r -—* —o— A/A_‘___A_A_A : P 0’4
- A4
3 P gl - . —*—0,5
30f wt T !
gr—y— Y o} 1
L Ss—o—s—0-—0—0—0—0—0—0—8—0T T} l
“—Q—t—t—*-ﬁ—*—‘——*—*—ﬁ—ﬂq t X l:
A AREN
1 1 1 1 “ 1 \' :‘ \‘ 1 X " 1
300 400 500 600 700 800 900
T,K

Fig. 4. Temperature dependences of the magnetic permeabil-
ity of NiCrzFea_ ;4 ferrites for various x

the maximum of the initial magnetic permeability is
observed at a temperature slightly below the Curie
point. Therefore, the true Curie temperature of fer-
rites was determined by linearly extrapolating the
steepest section in the dependence p(T) to the in-
tersection with the abscissa axis.

Table 4 contains the values of the temperature T,
at which the substance loses its ferromagnetic prop-
erties and transits into the paramagnetic state. It
should be noted that, as the substitution degree
x increases, both p; and 7. decrease. The mono-
tonic decrease of the Curie temperature is a result of
the weaker A-B superexchange interaction with the
growth of x in the NiCr,Fes_,O4 system [31].

For coarse-crystalline NiFe;O4 ferrite obtained
with the use of the ceramic technology, the Curie
temperature is known to equal 853 K. The authors of
work [15] obtained a Curie temperature of 846 K for
the nickel ferrite synthesized by thr sintering of NiO,

Table 4. Dependences of p;
and T on the substitution degree x

T wi | T. (SGAC),K | T.[15|, K | T. [33], K
0.0 | 42.6 831 846 856
0.1 | 37.3 814 -

0.2 | 30.1 784 804 818
0.3 | 27.3 753 - -

04 | 254 719 744 752
0.5 | 23.3 685 - 692
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Fe;03, and CryOg3 oxides at a temperature of 1623 K
for 12 h. Furthermore, the authors of work [33] ob-
tained T, = 856 K for a specimen with the same com-
position, which was synthesized at a temperature of
1473 K also for 12 h, by using the precursors NiCOs,
Fe;03, and CryO3. At the same time, for the NiFes Oy
ferrite obtained within the SGAC method, the Curie
temperature is lower by 15 and 25 K, respectively (see
Table 3). Moreover, the same tendency is observed for
other specimens of the NiCr,Fe,;_,0O,4 system.

The decrease of the Curie temperature in compar-
ison with that in massive ferrites containing large
crystallites can be associated with the reduction of
particle sizes, which is explained in the framework of
the theory of ferrimagnetic molecular field [34]. Ac-
cording to this theory, the magnetization decreases
monotonically, as the temperature increases until it
vanishes at T = T.. The smaller the size of mag-
netic particles, the lower is the saturation magneti-
zation of ferrites and the lower is the Curie temper-
ature. In particular, for NiFe;O,4 particles obtained
with the use of the chemical coprecipitation method,
the Curie temperature amounts to 798 K, if the the
average particle size equals 32 nm [35], and to 820 K
for 53-nm particles [36]. In work [31], it was revealed
that the reduction of the T, value for finely dispersed
particles with respect to that for coarse-crystalline
nickel-cobalt ferrites is substantially affected by the
thickness of the near-surface layer of crystallites with
a violated magnetic structure.

4. Conclusions

Among plenty of synthesis methods, the SGAC tech-
nology makes it possible to fabricate nano-sized pow-
ders with interesting magnetic properties. For exam-
ple, it was found that, as the magnetic field frequency
increases, the residual magnetic induction and the co-
ercivity decrease. The squareness of a hysteresis loop,
ks, grows at that, being equal to 1 for NiFe,O4 ferrite
at H = 3200 A/m and a frequency of 400 Hz.

It is found that if the chromium content in the stud-
ied specimens grows, the specific saturation magne-
tization oy decreases from 33.9 to 7.7 A m?/kg at
room temperature, whereas the coercivity increases
from 2100 to 3971 A/m. Note that the magnetic
characteristics become better for all ferrites of the
NiCr,Fes_,O4 system, as the temperature decreases
from 300 to 77 K.
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The experimentally measured values of the mag-
netic moment m are somewhat lower in comparison
with the theoretical values. This discrepancy can be
explained in the framework of the Yafet—Kittel model
as a manifestation of the effect of tilted spins, as well
as by a considerable influence of the thickness of a
near-surface layer with a violated magnetic structure
on the magnetic properties of ferrites. At room tem-
perature, this thickness equals 0.22-2.01 nm. In addi-
tion, the thickness of the near-surface layer consider-
ably affects the decrease of the Curie temperature in
fine-grained Ni-Cr ferrites in comparison with their
coarse-crystalline counterparts.
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MATHITHUH TICTEPE3UC

I TEMITEPATYPA KIOPI HIKEJIb-XPOMOBUX
OEPUTIB, OTPUMAHNX METO/J0M
30JIb-T'EJIb 3A YHACTI ABTOI'OPIHHS

Peszmowme

Hamopoamiphi Hikesb-xpoMoBi moporku ¢hepuTis i3 3arajabHOIO
dopmynoro NiCrgFea_ ;O4 cunTE30BAHO METOIOM 30/1b-T€JIb 32
yuaacrti asroropiaus (3T'A). Bei cknanu deputis MaoTh Kybi-

qHy CcTpyKTypy mmineni. Cepenniii po3aMip MOPOIIKIB 3HAXO-
nuBcs B mexkax 23-43 um. Ilicas npecyBaHHsI MOPOIIKIB Ta

999



V.S. Bushkova

IXx crikanHs 3a Temueparypu 1573 K cepenniit posmip kpu-
crajitiB craHoBuTh 65-83 HM. Popma IeTesib Mar"HiTHOrO Ti-
cTepe3ucy HiTBEPIKYE, IO JOCTiAKyBaHi 3pa3Ku € MarHiTo-
M’SKUMHU MaTepiajaMu 3aBJIsAKU HU3bKIA KOEPIUTHUBHIN Ccuiii
H:. 3ajumkoBa iHayKIliss By Mar"HiTHOrO IOJIsI 3 POCTOM KOH-
nenrparii fonis Cr3t smennryerncst 3a paxyHoK mocnabieHHs
B3aeMogil Mixk miarparkamu ImimiHeni B Toil 4ac, gk Hc 3po-
crae. 3i 36inbnrenusM y depurosux 3paskax ionis Cr3t smen-
HIYEThCsI 3HAYEHHsI IUTOMOI HaMarHiYeHOCTI HACUYEHHS O BiJL
339 A-m2- k0! 10 7,7 A-m2 kr— !, mo cBigumuTs mpO Te, 110
MeHII MarHiTHi ffonu xpoMy 3amimaioTs ionu Fe3t B oxrami-

1000

nrparii dpepuris. MaruiTHi MOMEHTH, PO3paXOBaHi 3 BUKOPHU-
CTaHHAM JBOIIArpaTKoBOI Mozesi Heesst 3a posnoisiom Kario-
HIB, € HEI0 HUXKYi 3a 3HAUEHHs, OTPUMaHI €KCIEPUMEHTAJIb-
HUM nuiaxoM. Lle 3ymMoBIIeHO NTpOSBOM edeKTY CKOIIEHUX CITi-
HIB Ta BILIMBOM TOBIIWHU IIOBEPXHEBOTO IApy t 3 MOpYyIlIeH-
HSIMHM MarHiTHOI CTPYKTYPHU, KU 3HaAXOAUThCA B Mexkax 0,22—
2,01 um. 3i 3HUKEHHSIM TeMIlepaTypu BuMipioBaHb 10 77 K
MarsiTHi napameTpu (GepUTOBUX OCEP/Ib 3POCTAIOTH, [0 3yMOB-
JIeHO TX cyllepliapaMarHiTHUMH BJIacTUBOCTsMH. Temmeparypa
Kropi T criagae Big 831 K mo 685 K 3 pocrom crymens: 3ami-
LIEHHS .
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