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Abstract—The Fe;0,/CoFe,0,4 nanoparticles with a core—shell structure with an average size of 5 nm have
been obtained by codeposition from the iron and cobalt chloride solutions. An analysis of the magnetic prop-
erties of the obtained system and their comparison with the data for single-phase Fe;O,4 (4 nm) and CoFe,O,
(6 nm) nanoparticles has led to the conclusion about a noticeable interaction between the soft magnetic
(Fe;0,4) and hard magnetic (CoFe,0,) phases forming the core and shell of hybrid particles.
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1. INTRODUCTION

Magnetic nanoparticles with a pronounced
core/shell structure are widely used in medicine,
catalysis, including targeted drug delivery systems [1],
magnetically separable catalysts [2, 3], magnetic
hyperthermia [4], magnetic memory, and spintronics
[5]. The magnetic properties of nanostructured sys-
tems are determined not only by the molecular for-
mula of components, but also by the presence of
nanoscale inhomogeneities [5]. The high sensitivity of
magnetic interactions to structural inhomogeneities is
a key factor that opens great opportunities for creating
systems with unique properties [6—8], which evokes
increased interest of researchers.

A way of improving the magnetic characteristics of
nanoparticles is the creation of core—shell systems
consisting of a soft magnetic material with the low
coercivity and a hard magnetic material with the
higher coercivity. The magnetic and exchange interac-
tions inside an individual nanoparticle, along with the
interparticle interactions, are of great importance for
the formation of macroscopic properties of the entire
magnetic system, as well as for the effective interaction
of its individual particles with an ac electromagnetic
field. Within this paradigm, MFe,O, (M = Fe, Co,
Mn) particles and core—shell ferrite nanoparticles
consisting of a hard magnetic core (CoFe,0,) and a
magnetite shell (Fe;O,) have recently been studied to
check the efficiency of their use in hyperthermia [9—
15]. The magnetic measurements show that the coat-

ing of the CoFe,0, hard magnetic phase with magne-
tite ensures a fairly high coercivity and thereby
enhances the efficiency of magnetic hyperthermia. At
the same time, the biologically safe outer shell of mag-
netite makes such systems attractive for medical appli-
cations.

The core—shell nanoparticles with an inverse com-
position, i.e., with the Fe;0, core and CoFe,0, shell,
have been studied less intensively [16, 17]. Meanwhile,
such hybrid particles are not only promising for bio-
medical applications, but also are an excellent model
system for studying nanomagnetism and magnetic
exchange coupling. Indeed, the interaction of spins at
the interface between different magnetic phases leads,
for example, to the exchange bias or exchange spring
effect [18]. These phenomena are often united by the
term ‘magnetic hysteresis loop tailoring,” when a care-
ful selection of the parameters of a complex magnetic
system provides tunable dynamic magnetic properties
[19]. An example was given in [20], where the authors
managed to obtain particles with a high response to an
external magnetic field and, at the same time, zero
residual magnetization, which is of crucial importance
for use in cancer treatment.

In real dispersed systems based on the core—shell
nanoparticles, the resulting magnetic response will be
determined by the interaction of spins of the interface
between two phases [5, 21] and magnetic interparticle
interactions [22] with regard to the superparamagnetic
behavior of individual (isolated) nanoparticles. In
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view of this, it is important to obtain nanoparticles
with a specified size distribution and high uniformity.
In this case, the synthesized particles must be really
core—shell rather than a mixture of nanoparticles of
two types. Recently, we proposed a new method for
synthesizing ultrafine (4 nm) magnetite nanoparticles
by codeposition in a mixed water—dimethyl sulfoxide
(DMSO) solvent [23, 24]. In this study, the method
was modified for obtaining the core-shell Fe;O,—
CoFe,0, nanoparticles. The aim of the first stage of
this work was to obtain magnetite particles with a char-
acteristic size of 4—6 nm and a CoFe,0, surface layer
thickness of about 1 nm and investigate their structural
and magnetic properties. For the correct comparison
of the obtained data, reference samples of Fe;O, and
CoFe,0, nanoparticles with similar sizes were
examined.

2. EXPERIMENTAL

The nanoparticles under study were synthesized by
codeposition from the iron and cobalt chloride solu-
tions.

The reference samples of magnetite particles (here-
inafter referred to as sample S1) and cobalt ferrite
(hereinafter referred to as sample .$3) were synthesized
by codeposition with propylene oxide (PO) from a
solution of crystalline hydrates of iron(II) and (III)
chlorides (Fe3*/Fe?t = 2) in DMSO ([Fe3* + Fe?'] =
0.115 mol/L and PO/CI = 2.215) in an inert atmo-
sphere and from a solution of crystalline hydrates of
iron(Ill) and cobalt(Il) chlorides (Fe’"/Co*" =
2(1.998) in ethanol rectificate (93.2%) (at [Fe’* +
Co?*] = 0.334 mol/L and PO/CI = 4.6), respectively.

The core—shell particles (hereinafter referred to as
sample 52) were synthesized by codeposition from an
aqueous solution of iron(III) and (II) and cobalt(II)
chlorides (Fe**/(Fe*" + Co*") = 2) with a 20% aque-
ous solution of NH; ([Fe’" + Fe*™ + Co*] =

0.15 mol/L, pH = 9.5). At the used ratio Co?*/Fe?* =
7, the magnetite core in the forming particles is twice
as small as their total size. In contrast to ferrite, the
magnetite phase is formed at room temperature; con-
sequently, this phase forms the central part (core) of a
particle. To complete the formation of the ferrite shell,
a sealed mixture was exposed at 70°C for 2 h.

High resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL JEM-
2010 microscope at an accelerating voltage of 200 kV
with a resolution of 1.4 A.

The magnetic properties were measured on a
vibrating sample magnetometer [25] and a PPMS-
6000 Physical Property Measurement System at the
Center for Collective Use, Krasnoyarsk Scientific
Center, Siberian Branch, Russian Academy of Sci-
ences.
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Table 1. Ratio between Fe;0, and CoFe,0O, in the nanopar-
ticle samples, HRTEM average size, and calculated cobalt
ferrite spacer thickness 7,

FC3O4, COF6204, d dcore’ Z‘shells
l b
Sample vol % vol % nm nm nm
S1 (Fe;0y) 100 0 ~3.9 — —
S2(1:7) 12.5 87.5 ~5.0 | ~2.5 | ~1.25
53 (CoFe,0,) 0 100 ~6.0 - -

3. RESULTS AND DISCUSSION

Figure 1 shows HRTEM micrographs of particles
of the investigated samples. It can be seen that most
particles in the investigated samples are smaller than
10 nm. The particle size distribution histograms
obtained using a representative array of microphoto-
graphs confirm this conclusion (Fig. 1). Table 1 gives
the average particle sizes obtained using the HRTEM
data, volume ratio of Fe;O, and CoFe,0O, from the
synthesis conditions, and, for Fe;0,/CoFe,0, (sam-
ple S2), the calculated cobalt ferrite layer thickness
t4en- The interplanar spacings determined using the
HRTEM method correspond to a spinel ferrite struc-
ture. At the same time, the difference between the
Fe,0, and CoFe,0, lattice parameters is minor and,
in sample S2, the CoFe,0, shell cannot be distin-
guished from the Fe;0O, core in the HRTEM data. To
prove sample 52 to be not a mixture of Fe;O, and
CoFe,0, nanoparticles, it is necessary to compare the
magnetic properties of a series of such samples.

Figure 2 shows temperature dependences of mag-
netization M(T) for the investigated samples in a field
of H=1kOe. The dependences were measured in the
zero field cooling (ZFC) and field cooling (FC, H =
1 kOe) modes. All the dependences are typical of
superparamagnetic (SP) systems: there is a distinct
maximum in the M(T),r- dependence (at temperature
T...x) and reversible magnetization (no thermomag-
netic prehistory effect) at temperatures slightly higher
than 7,,,,. The T, values in a field of H =1 kOe are
about 26, 160, and 296 K for samples 51, S2, and 53,
respectively. It should be noted that, in the general
case, the temperature 7,,,, does not coincide with the
temperature 73 of the superparamagnetic blocking of
medium-size particles [26, 27]. The average blocking
temperature (7g) is defined as a maximum of the
derivative d{M(T),rc — M(TD)gc}/dT [26—29]. The
(Tp) values obtained in the described way are about
60 and 190 K for samples 52 and 53, respectively.

We would like to note an important fact that, for
sample S2, the only distinct maximum is observed in
the M(T),zc dependence. This indirectly indicates
that the particles in sample $2 manifest themselves in
the magnetic measurements as a single system.
Indeed, the magnetite particle size in sample S1 is
Vol. 62

No. 2 2020



SYNTHESIS AND MAGNETIC PROPERTIES

N, counts

N, counts

120

100

N, counts

287

80

(=N
=)

N
(e

20

(b)

30

[\o}
(=)

—_
(=]

10

()

ele]
S

(=N
=)

N
o

20

10

15
D, nm

Fig. 1. Microphotographs and size distribution of particles for samples (a) S1, (b) S2, and (c) S3.

~4 nm. This is close to the Fe;O, particle core size in
sample S2. Therefore, if the magnetite particles in
sample S2 formed a separate superparamagnetic sub-
system (and the CoFe,0, particles, correspondingly,
formed the second subsystem), then this would be
reflected in the temperature dependences of magneti-
zation M(T)zpc as an additional low-temperature
maximum. The aforesaid was confirmed by the tem-
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perature dependences of magnetization M(7T) mea-
sured in fields of 100 and 500 Oe (Fig. 3). Thus, based
on the analysis of the M(T) dependences for the
obtained samples, we can speak about the indirect
confirmation of a core-shell particle structure
(Fe;0,/CoFe,0,) in sample S2.

Figure 4 shows the magnetic hysteresis loops M(H)
of the investigated samples obtained at 7= 4.2 K. The
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Fig. 2. Temperature dependences of magnetization for the
samples in a field of H = 1 kOe in the ZFC and FC modes.

coercivity H¢ of soft magnetic material (magnetite) is
relatively low (H: ~ 450 Oe), which is typical of
nanoparticles of such size [24, 30]. In samples S2 and
S3, the H values are already ~12.65 and 9.2 kOe,
respectively. It is reasonable to compare the tempera-
ture behaviors of the coercivity of these hard magnetic
samples.

It is well-known that the temperature dependence
H(T) of the systems of single-domain ferro- and fer-

rimagnetic particles can be described by the expres-
sion [31, 32]

H(T) = H(T = 0)[1 = (T/T)™], (1)

where Tj is the superparamagnetic blocking tempera-
ture. Figure 5 shows the H:(7) dependences for sam-
ples S2 and 53 in the coordinates Hc, T"/2. For sample
53, the points fit well a straight. The point of intersec-
tion of this straight with the abscissa axis is ~190 K at
H(T=0)=10.8 kOe, which corresponds to the aver-
age blocking temperature (7g) (see above). The devia-
tion from dependence (1) at higher temperatures is
caused by the effect of the coarsest particles (the tail of
the distribution function) [33, 34].

In Fig. 5, one can also see that, for sample 52, the
experimental points do not obey the linear depen-
dence predicted by Eq. (1). The analysis of the H-(T)
dependence showed that it can be approximated by the
exponential dependence

Hc(T) = Ho(T = 0)exp(-BT). (2)

The inset in Fig. 5 shows the H-(T) dependence for
sample 52 in semilogarithmic coordinates. The exper-
imental points fit well a straight (B = 0.029 K-! at
H:(T = 0) = 13.5 kOe), which confirms dependence
(2). It is worth noting that the temperature depen-
dence of the coercivity sharper than that predicted by
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Fig. 3. Temperature dependences of magnetization for
sample 52 (Fe;04/CoFe,0,) in different external fields in

the ZFC and FC modes.

conventional expression (1) was observed in the sys-
tems of ferrimagnetic nanoparticles [35—38]. The
exponential H:(7) dependence of type (2) was
obtained on the y-Fe,0; particles 10 nm in size [35]
(the constant B3 in Eq. (2) = 0.02 K1), Fe;0, particles
10 nm in size [36] (at f = 0.014—0.019 K~'), and core-
shell Fe;0,/y-Fe,0; particles 6—12 nm in size [37].
The authors of [36] and [35] explained well this
extraordinary H-(7) dependence by the effect of mag-
netic interparticle interactions.

The effect of interparticle interactions on the prop-
erties of a system of magnetic nanoparticles is a fairly
frequently met phenomenon [22], while the depen-
dence of type (2) is extremely rare. In our case, at sim-
ilar particle sizes and saturation magnetizations
(Fig. 4) in samples 52 and 53, the interparticle inter-

80
60 F
40f
20

PRI B
=20 0 20 40 60
H, kOe

Fig. 4. Magnetic hysteresis loops of the samples at 7=4.2 K.
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Fig. 5. Dependences of the coercivity H of samples 52
and S3 on 7"/2. Inset: H(T) dependence for sample S2 in

semilogarithmic coordinates. Solid lines are plotted using
Egs. (1) and (2) (see the text).

actions can be assumed similar. Therefore, it is rea-
sonable to conclude that the observed difference in the
temperature behaviors of H-(T) for these samples is
caused by the difference between the structures of
constituent particles. It can be assumed that the atyp-
ically fast drop coercivity with increasing temperature
in sample S2 is caused by the temperature-dependent
processes related to the interaction of the magnetic
phases of the Fe;O, core and CoFe,O, shell inside a
hybrid particle.

4. CONCLUSIONS

In this study, we proposed a new method for syn-
thesizing core-shell nanoparticles and obtained the
Fe,0,/CoFe,0, system with a Fe;O, core size of
2.5 nm and a CoFe,0, shell size of 1.25 nm and a nar-
row particle size distribution. The investigations of the
magnetic properties of the obtained hybrid particles
and reference Fe;O, and CoFe,0, ones showed that
the obtained Fe;0,/CoFe,O, nanoparticles are, in
fact, a core—shell system. In addition, we emphasized
the atypical exponential (Eq. (2)) temperature depen-
dence of the coercivity observed for the core—shell
particles, which can be related to the features of the
interaction between the magnetic phases of the core
and shell.

The results obtained give grounds to use the devel-
oped method in synthesis and study of the highly dis-
persed oxide systems based on different size nanopar-
ticles with a soft magnetic shell and a hard magnetic
core and vice versa and seek for the effects related to
the interaction of the core and shell magnetic phases.
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