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Abstract—Calcium hexagonal ferrite in the form of a system of nanocrystals has been synthesizes using ele-
ments of cryochemical technology for the first time. The obtained ensemble of particles corresponds to the
model Stoner—Wohlfarth system according to the following characteristics: the phase composition, the shape
of the basic magnetization curve, and the coercive force. The temperature dependences of the magnetization
in the range 300—700 K at fixed values of the magnetic field indicate the presence of a transition to the super-

paramagnetic (SPM) state. The boundary temperatures ng, and T; 4y of the range of the SPM transition
have been determined, and the role of the external magnetic field, which stimulates the transition in this pro-

cess in accordance with the theory, has been confirmed.

1. INTRODUCTION

In the last decade, methods for obtaining and
studying the fundamental properties of nanodispersed
magnetic materials have been intensively developed.
Of special interest for creation of new magnetic mate-
rials for innovative medicobiological technologies is
the class of hexagonal ferrites. The interest in these
ferrites is associated with the possibility of performing
the effective control over the properties of hexagonal
ferrites by introducing dia- and paramagnetic ions, as
well as with the special features of the superparamag-
netic (SPM) state, which is inherent in ultrasmall par-
ticles.

The ferrite powder synthesized in this work was
intended for development of a new class of biologically
compatible composite materials on the basis of cal-
cium, in which nanocrystalline particles of hexagonal
ferrite Ca,, sBa, sFe;,0,, were used for the first time as
the magnetic component [1—5]. This composition has
the highest degree of structural similarity with the
mineral components of bone and bone implants on the
basis of hydroxyapatite Ca,(PO,);OH. However,
when obtaining calcium hexaferrite, certain difficul-
ties arise in matching a number of technological and
output functional parameters (chemical homogeneity
of initial materials, the temperature and duration of
synthesis, the single-phase composition of the finished
product, the shape and diameter of particles, the
absence of conglomerates in powder, the saturation

magnetization, the coercive force, and the magnetic
state).

The objective of the present study was to develop a
method for synthesis of nanocrystals from calcium
hexagonal ferrite using elements of cryochemical
technology and to investigate the specific size effect
caused by the transition of particles of the system from
the magnetostable state to the SPM state.

2. EXPERIMENTAL TECHNIQUES

2.1. Method for Preparing Highly Dispersed Powders
of Calcium Hexagonal Ferrite

One of the prior conditions for the synthesis of
nanodispersed ferrite particles of the composition
Ca, sBa, sFe,0o, the preparation of which runs into
difficulties caused by the critically small radius of cal-
cium ions, is the high chemical homogeneity of the
initial ferrite-forming mixture. Therefore, for prepar-
ing the initial multicomponent salt mixture, the most
effective cryochemical technology was used [6]. In the
framework of the employed cryochemical technology,
the mixed stoichiometric solution of the compatible
salts Ca(CH;COOQ), (reagent grade), Ba(NO;),
(reagent grade), and Fe(CHOO); (chemically pure)
was dispersed by means of a pneumatic nozzle to liq-
uid nitrogen. Subsequent sublimation drying (dehy-
dration) of formed cryogranules of micrometer sizes
was performed in a sublimer on pans of stainless steel,






Results of the interpretation of the diffraction patterns of the Ca, sBag sFe ;0,9 powder synthesized at 900°C

No. I, rel. units | 20, deg 0, deg sin® d, A hkl a, A ¢, A
1 5.9 23.27 11.635 0.20158 3.820 006 - 22.919
2 65.7 30.44 15.220 0.2624 2.935 110 5.869 —

3 10.33 31.37 15.685 0.27021 2.850 008 - 22.797

4 89.7 32.30 16.150 0.27802 2.770 107 - -

5 7.0 33.20 16.600 0.28555 2.697 112 - -

6 100.0 34.29 17.145 0.29465 2.613 114 - —

7 34.0 35.47 17.735 0.30447 2.529 200 5.841 —

8 56.7 37.15 18.575 0.31839 2.418 203 - -

9 3.7 39.30 19.650 0.33611 2.291 109 — —
10 32.96 40.44 20.220 0.34546 2.229 205 — —
11 25.19 42.57 21.285 0.36283 2,122 206 — —
12 5.9 50.36 25.180 0.42526 1.811 209 — —
13 38.7 55.20 27.600 0.46308 1.663 127 - -
14 42.04 56.60 28.300 0.47387 1.625 304 — —
15 50.67 63.07 31.535 0.52278 1.473 220 5.892 —
16 8.8 67.42 33.710 0.55474 1.388 2.0.14 - -
17 11.8 72.77 36.385 0.59295 1.299 317 - -

admixture of a.-F,05, whose content, according to the
data of x-ray phase analysis, does not exceed 5%. The
arrow in the diffraction pattern (Fig. 2) marks the
reflex of the maximum intensity, corresponding to the
admixture phase. Calculations of the parameters of the
crystal lattice of calcium hexaferrite have shown that
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Fig. 3. Mossbauer spectra of the system of

Cay sBag sFe|,0 9 nanocrystals obtained at (a) 77 and (b)
300 K.

the lattice parameter a remains practically equal to the
basis composition of BaFe ,O,4 [8], and the observed
decrease in the lattice parameter ¢ indirectly confirms
that Ca?* ions have entered the crystal structure of fer-
rite.

The Massbauer analysis confirms that the synthe-
sized Ca, sBa, sFe ;0,9 nanocrystals obtained at room
temperature can be assigned to the hexagonal ferrite of
structural type M. Figure 3 presents experimental
Mossbauer spectra of nanocrystalline
Ca, sBag sFe,0,y obtained at room temperature and at
the temperature of liquid nitrogen. Mathematical pro-
cessing of the experimental Mossbauer spectra was
performed by means of the program described in [9].
The spectrum consists of a set of Zeeman sextets
emerging due to the absorption of gamma-quanta by
isotopes (Fe’’) of iron ions of various crystallographic
positions. The line intensity ratios (Fig. 3) in the sex-
tets are 3:2:1:1:2:3, which is typical for powder sam-
ples. The parameters of hyperfine interactions (HFI),
namely: the effective magnetic fields, quadrupole
splittings, and isomeric chemical shifts, calculated
from the spectrum of Ca, sBa, sFe .0, (Fig. 3), are
close to the HFI parameters of hexagonal ferrites of
type M |10]. The Mossbauer spectra have no addi-
tional lines indicating the presence of an irrelevant
phase and no lines in the region of zero velocity, which
belongs to the paramagnetic or HFI phase
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Fig. 5. Temperature dependences of the specific magneti-
zation at fixed values of the external magnetic field (H <
H,) H=(1)1.0,(2)1.5,(3) 2.0, and (4) 3.0 kOe. The inset
shows the temperature dependence of the magnetization
in the external magnetic field /# = 5 kOe during heating
and cooling.

volume of particles still exceeds the critical volume.
For realization of the transition, stimulating action of
the external magnetic field is necessary, because, in the
presence of the field, the critical volume increases
according to the formula Vg, = Vy,/(1 — H/H,)?.

According to the theoretical model developed in
[13], the transition of the system of single-domain
particles is indicated by the presence of a maximum in
the temperature dependence of magnetization. The
character of the experimental temperature depen-
dences of the specific magnetization o for a system of
Ca, sBay sFe ;0,9 nanocrystals for the values of the
magnetic field of 1.0, 1.5, 2.0, and 3.0 kOe (Fig. 5)
fully agrees with the theoretic results for small fields
(H < H,). The temperature at which the maximum in
the curve o(7) is observed is introduced as the block-
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ing temperature 7% . As expected, with an increase in

the field, 7532,), is displaced towards lower temperatures
with simultaneous smearing of the observed anomaly.

For a real system in which particles are distributed
with respect to their volume and effective magnetic
anisotropy fields, the SPM transition is realized in a
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certain temperature range Téf),— B,;, where 32,

corresponds to the temperature from which the mono-
tonic decrease in the magnetization is disturbed and
replaced by subsequent rather a sharp increase.

The observed anomaly, whose form resembles the
Hopkinson effect, is associated with the deblocking

caused by thermal energy and the energy of external
magnetic field of the magnetic moments of nanocrys-
tals with V' = Vg, blocked earlier by the magnetic
anisotropy energy.

Another typical feature of the magnetic state tran-
sitions MS — SPM (heating in the field) and
SPM — MS (cooling in the field) is the mismatch
between the forward (o(7)) and reverse (o*(7))
dependences under study. This fact is illustrated by
Fig. 5 (inset). It is readily seen that the dependence
o*(7T) for the case of H = 0.5 kOe is not anomalous
and its value at 300 K exceeds o 7-fold. According to
theoretical estimates of [13], in the limiting case when
H — 0, the effect of irreversibility of o(7) must
increase up to 26. The experimental data obtained for
a system of Bake ;0,4 nanocrystals in a field of 0.25
kOe [14] are close to the theoretical value.

6. CONCLUSIONS

For the first time, using elements of cryochemical
technology, a system of nanocrystals of calcium hexag-
onal ferrite has been synthesized for (due to improved
biological compatibility of chemical composition) fur-
ther approbation as magnetic nanoagents for medico-
biological purposes. Attestation of the experimental
powder sample with respect to a number of parameters
has been performed. The initially observed inconfor-
mity of the attestation parameters to a system of sin-
gle-domain particles has been removed by additional
grinding of the powder at the final stage of the techno-
logical process. The repeated attestation has con-
firmed the conformity of the powder to the model sys-
tem of small Stoner—Wohlfarth particles.

In experimental studied of the temperature depen-
dences of magnetization in small fields (H <€ H)), a
dimensional effect has been found in the high-temper-
ature region, which is associated with changes in the
magnetic states of particles with volumes close to crit-
ical. From the viewpoint of prospects to use particles
of this ferrite as magnetic nanoagents in medical tech-
nologies, it is of interest to find more exactly the opti-
mal conditions for formation of the SPM state of par-
ticle directly in the therapeutical temperature region.

ACKNOWLEDGMENTS

This study was supported by the State Foundation
for Basic Research of the Ministry of Science and
Education of Ukraine within the framework of the
Russian—Ukrainian International Project for 2009—
2010 (project no. F 28.7/014), the Russian Founda-
tion for Basic Research (project no. 09-02-90447-
Ukr f a), and the Foundation for Basic Research of
the Ministry of Science and Education of Ukraine
(contract no. F 25/229-2008).

We are grateful to the Center of Collective Use
“Diagnostics of the Structure and Properties of Nano-



materials” and the Scientific and Educational Innova-
tion Center “Nanostructured Materials and Nano-
technologies” of the Belgorod State University.

REFERENCES

. 7. 7. Zyman, M. V. Tkachenko, L. P. O’khovik, and
N. V. Debukh, in Proceedings of the International Con-
Jerence “Functional Materials,” Crimea, Ukraine, 2007,
p. 503.

. 7. 7. Zyman, M. V. Tkachenko, and D. V. Polevodin,
J. Mater. Sci.: Mater. Med. 19, 2819 (2008).

. Yu. N. Primak and N. Tkachenko, Visn. Khark. Nats.
Univ. im. V. N. Kazarina, Ser. Fiz. 821, 113 (2008).

. N. V. Tkachenko, L. P. O’khovik, and A. S. Kamzin,
Phys. Solid State 53 (8), 1588 (2011).

. N. V. Tkachenko, L. P. O’khovik, and A. S. Kamzin,
Tech. Phys. Lett. 37 (6), 494 (2011).

. Yu. D. Tret’yvakov, N. N. Oleinikov, and A. P. Mozhaey,
Principles of Cryochemical Technology: A Textbook
(Vysshaya Shkola, Moscow, 1987) [in Russian].

10.

11.

12.

13.

14

H. Yamamoto, T Kawaguchi, and M. Nagakura, Fun-
tai oyobi Funmatsu Yakin (J. Jpn. Soc. Powder Powder
Metall.) 25 (7), 24 (1973).

J. Smit and H. P. J. Wijn, Ferrites (Wiley, New York,
1959; Inostrannaya Literatura, Moscow, 1962).

V. S. Rusakov, Izv. Akad. Nauk, Ser. Fiz. 63 (7), 1389
(1999).

A. S. Kamzin, V. L. Rozenbaum, and L. P. O’khovik,
JETP 84 (4), 788 (1997).

E. S. Stoner and E. P. Wohlfarth, IEEE Trans. Magn.
27, 3469 (1991).

7. V. Golubenko, A. S. Kamzin, L. P Ol’khovik,
M. M. Khvorov, Z. 1. Sizova, and V. P. Shabatin, Phys.
Solid State. 44 (9), 1698 (2002).

H. Pfeiffer and W. Schiippel, J. Magn. Magn. Mater.
30, 92 (1994).

. H. Pfeiffer, Phys. Status Solidi A 120, 233 (1990).



