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MAGNETIC PROPERTIES
OF Fe30,/CoFe; O, COMPOSITE NANOPARTICLES
WITH CORE/SHELL ARCHITECTURE

Magnetic properties of the sets of FesO4(core)/CoFez Oy (shell) composite nanoparticles with
a core diameter of about 6.3 nm and various shell thicknesses (0, 1.0, and 2.5 nm), as well
as the miztures of Fes Os and CoFes Os nanoparticles taken in the ratios corresponding to the
core/shell material contents in the former case, have been studied. The results of magnetic
research showed that the coating of magnetic nanoparticles with a shell gives rise to the ap-
pearance of two simultaneous effects: the modification of the core/shell interface parameters
and the parameter change in both the manoparticle’s core and shell themselves. As a result,
the core/shell particles acquire new characteristics that are inherent neither to Fes O4 nor to
CoFezOy4. The obtained results open the way to the optimization and adaptation of the pa-
rameters of the core/shell spinel-ferrite-based nanoparticles for their application in various
technological and biomedical domains.
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1. Introduction

The core/shell architecture of nanoparticles attracts
considerable interest, because it allows materials with
different properties to be combined and nanostruc-
tures with controlled magnetic characteristics to be
manufactured. In addition to variations in the size,
shape, and composition of specimens, the control over
the material properties by combining different mag-
netic materials and making a purposeful impact on
the near-interface region becomes a dominant trend,
in which a new factor for the development of mate-
rials with improved characteristics is introduced. Re-
cent studies have demonstrated the advantages of the
core/shell architecture, when enhancing the efficiency
of dc magnets, increasing the heat resistance of mag-
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netic nanocrystals in order to overcome the “super-
paramagnetic limit” for information media, and op-
timizing the parameters of nanoparticles in biomedi-
cal applications [1-5]. The study of core/shell com-
binations of different magnetic materials broadens
our body of knowledge concerning magnetic interac-
tions at the nanoscale level and creates conditions for
achieving the desired magnetic parameters in various
applications.

The ferrite spinel system MFe,O4 (M = Fe, Co,
Mn, and so forth) is one of the most important
and widely used magnetic materials. It includes both
magnetically hard and magnetically soft materials.
For example, cobalt ferrite CoFes Q4 is a magnetically
hard material with the magnetocrystalline anisotropy
constant K > 10° J/m? [3, 5]. On the other hand,
magnetite Fe3O, is a ferrite with the much lower
magnetic anisotropy constant K > 103+10* J/m?
[6,7]. Nevertheless, owing to the identical crystalline
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structure and similar crystallographic parameters of
those ferrite spinels, the epitaxial growth of a contin-
uous shell made from one of those materials around
the nanoparticle core made from the other material
becomes possible. Such approach to the production
and study of nanoparticles with the core/shell archi-
tecture can provide a reliable basis for a thorough
explanation and a more profound understanding of
magnetism in nanostructured materials, as well as
the relations connecting their crystalline structures,
morphology, and physical properties.

Currently, there are only a few studies in this di-
rection [3, 8-11]. Issues giving rise to a full under-
standing of the influence of the core/shell architecture
on the magnetization and the effective anisotropy of
magnetic nanoparticles, as well as the role of inter-
face effects in the formation of magnetic properties
of composite nanostructures of this type, still remain
open.

In this work, we will compare the magnetic prop-
erties of Fe3Oy4(core)/CoFeaOy(shell) nanoparticles
with the properties of the mixtures of FezO, and
CoFe; 04 nanoparticles taken in the corresponding ra-
tios. Attention was focused on the role of interface
phenomena occurring at the Fe3sO4/CoFesO, inter-
face in the formation of the magnetic properties of
core/shell nanoparticles. The methods of purposeful
control over the magnetic parameters of composite
nanostructures were discussed from the viewpoint of
various technological and biomedical applications.

2. Experimental Specimens and Procedure

The synthesis of nanostructures with the core/shell
architecture is a rather complicated procedure, be-
cause it must provide a high crystallinity degree
in both the core and the shell, guarantee a high-
quality epitaxy, and minimize the mixing processes
at the core/shell interface. That is why when produc-
ing Fez04/CoFes04 composite nanoparticles, we ac-
count for the results of previous works performed by
our and other research groups [9-13|. In our previous
works, the combined application of X-ray diffraction
and Mossbauer spectroscopy to °“Fe nuclei allowed
us to draw conclusion that, among the methods used
to synthesize magnetic nanoparticles (MNPs), the
method of co-precipitation from a diethylene glycol
(DEG) solution makes it possible to fabricate mag-
netite nanoparticles with the least amount of the
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maghemite and goethite phases [10, 12]. Therefore,
this method was used in the present work as well.

While synthesizing Fe3O, and CoFesO4 nano-
particles, as well as Fe3O4/CoFesO4 composite
MNPs, the following initial reagents were applied:
iron (IIT) chloride nonahydrate (97% FeCl;-9H50,
Sigma Aldrich), cobalt (II) nitrate hexahydrate
(98% Co(NO3)s - 6H20, Sigma Aldrich), iron (II) sul-
fate heptahydrate (99% FeSOy-7H,0, Sigma Ald-
rich), sodium hydroxide (98% NaOH), and diethylene
glycol (99% DEG, Sigma Aldrich).

For the synthesis of Fe30, and CoFe;O4 nanopar-
ticles, the initial reagents were taken in a stoichio-
metric ratio of 2: 1 (Fe*t : Fe>™ or Fe** : Co?"). Then
they were mixed with diethylene glycol, and the solu-
tion was stirred for 1 h. Simultaneously, the solution
of NaOH in DEG was prepared. The alkaline solu-
tion was added dropwise to the former solution, and
the mixture was stirred again for 1 h. The obtained
reaction mixture was heated up to a temperature of
200°C at a rate of 2-3°C/min and kept at this tem-
perature for 1.5 h. The synthesis allowed us to fabri-
cate Fe30,4 and CoFesO4 magnetic nanoparticles with
average sizes of about 6.3 and 4.1 nm, respectively,
[8]. The synthesized Fe3O4 and CoFesO4 nanopartic-
les in the form of their solutions in diethylene glycol
were used to prepare mixtures of Fe3O4 and CoFe;0y
nanoparticles with the mass ratios between the com-
ponents corresponding to the mass ratios between the
core and shell materials in each core/shell specimen.

On the other hand, for the synthesis of Fe3Oy4/
CoFesO4 composite nanoparticles, a solution for the
creation of the CoFeo Q4 shell was prepared at the first
stage. Namely, Co(NOg3)3-6H30 and FeCl; - 9H-0,
which were taken in a molar ratio of 1:2, were dis-
solved in DEG, and the solution was stirred for 1 h.
Simultaneously, the solution of NaOH in DEG was
prepared. The alkaline solution was added dropwise
to the solution of the salt mixture Co(NO3)s - 6H2O
and FeCl;-9H50, and the obtained mixture was
stirred again for 1 h. Afterward, the solution with
the previously synthesized core nanoparticles (Fe3Oy)
was added to the resulting reaction mixture, and the
resulting product was stirred again for 1 h under
the ultrasound action. The obtained reaction mix-
ture was heated up to a temperature of 200 °C at
a rate of 2-3 °C/min and kept at this temperature
for 1.5 h. Then oleic acid was added, and the mixture
was stirred for 10 min. The resulting precipitate was

905



V.O. Zamorskyi, Ya.M. Lytvynenko, A.M. Pogorily et al.

cooled down and centrifuged. Then it was dispersed
once more in ethanol and dried in air at a tempera-
ture of 30 °C.

The amount of CoFeyO4 needed to synthesize a
shell with a required thickness was determined ac-
cording to the following algorithm. The volume of
the material required for the shell of one core/shell
particle, Vinen, was calculated according to the for-
mula Vipen = %7‘( (R% — R‘;’), where R, and Ry are
the radii of the uncoated and coated, respectively,
particles. The mass of the shell material per one par-
ticle, mgnen, was found as mghenn = pVihell, where p is
the shell material density. The mass of the core ma-
terial per particle, mcore, was calculated in the same
way. The known value of the ratio mghen/Mcore made
it possible to determine the mass of the shell mate-
rial for any selected mass of the core material. For
instance, in order to coat 1 g of Fe3O4 nanoparticles
possessing an average core size of 6.3 nm with a shell
1 nm in thickness, 1.287 g of CoFe;Qy4 is required.

According to the method described above, Fe3sOy4/
CoFes 04 composite MNPs with a fixed core diameter
of about 6.3 nm and effective shell thicknesses of 0,
1.0, and 2.5 nm (hereafter, specimens S0, S1, and S2,
respectively) were synthesized. We also prepared mix-
tures of Fe3O4 and CoFe;O4 nanoparticles with mass
ratios of 1:1.2 and 1:5 (hereafter, specimens Mix1
and Mix2, respectively), which corresponded to the
shell /core mass ratios for the nanoparticles in speci-
mens S1 and S2, respectively.

The synthesized materials were studied on an
X’Pert PANalytical diffractometer (at a 45 kV volt-
age and a 40 mA current using Ni filtered Co-Ka«
radiation) with the help of the X-ray diffraction
method. The radiation intensity distribution and the
X-ray peak angles for both pure initial compounds
and core/shell nanoparticles were calculated using the
PeakFit 4.12 software by analyzing separate experi-
mental peaks with maximum intensities in the inter-
val of 20-angles from 38° to 46°. The exposure dura-
tion was 30 s per experimental point. The size and
morphology of the researched nanoparticles were de-
termined with the help of a scanning electron micro-
scope JEM-1230.

Magnetic measurements were performed in a tem-
perature interval of 5-400 K using a commercial de-
vice Quantum Design Physical Property Measure-
ment System, which was equipped with a vibration
magnetometer. The magnetic moment was measured
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when heating the specimen in the field Hpeasur =
= 50 Oe after its cooling in the zero magnetic field
(the ZFC mode). The isothermal hysteresis loops
were measured at temperatures of 5 and 300 K in
magnetic fields up to 90 kOe.

3. Research Results

The results of X-ray diffraction studies of the syn-
thesized nanostructures were analyzed in work [8] in
detail. All synthesized specimens had a cubic spinel
structure (ICDD 19-0629) and were absolutely free of
any impurity phases.

According to the results of electron microscopy re-
search, the average size of Fe3O4 magnetic nanopar-
ticles was about 6.3 nm [8]. As the effective thickness
of the CoFesOy shell increased, the average particle
size also increased in accordance with the results of
preliminary calculations.

Figure 1 demonstrates the magnetic hysteresis
loops for all researched specimens (these are speci-
mens S0, S1, S2, Mix1, and Mix2) measured at a
temperature of 5 K. In both specimen series, the
growth of the CoFe;O,4 content strongly affects the
loop shape by modifying its parameters, in particu-
lar, the saturation magnetization My and the coercive
force H,.

For the Fe3O4 and CoFe;O4 nanoparticles, the
saturation magnetization amounted to 77 and
50 A m?/kg, respectively, at the temperature T =
= 5 K. It is worth noting that the corresponding
values of My for the bulk specimens equaled 98 and
94 A m?/kg, respectively, [15]. The reduced magne-
tization of nanoparticles can be a result of the ap-
preciable contribution from near-surface layers, which
are characterized, as a rule, by a larger magnetic dis-
order [8]. A conclusion can also be drawn that the
contribution of near-surface layers to the nanoparti-
cle magnetization is larger in the CoFe,O4 magnetic
nanoparticles than in the Fe3O4 ones.

The creation of a shell around the core and
its further growth led to a substantial transforma-
tion of the loop shape.In particular, the values
of both the saturation magnetization M; and the
coercive force H. changed. The initial coating of
MNPs (tshen = 1.0 nm) did not considerably affect
the Mg value. But the growth of the shell thickness
to 2.5 nm resulted in a reduction of the Mg value to
64 A m?/kg. Such behavior may be associated with
an enhanced contribution of the CoFesOy4 shell, which
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demonstrated a reduced magnetization in the nano-
scale regime [8,16,17].

A drastic increase of the H. value from about
370 Oe to about 6.8 kOe (i.e., by more than an or-
der of magnitude) was observed for the initial MNP
coating with the thickness tghen = 1.0 nm. As the
shell thickness increased, the coercive force also in-
creased and reached a value of about 10.1 kOe for
specimen S2 with e = 2.5 nm. Those effects can be
explained, if we assume a simultaneous action of two
factors: (i) the modification of the parameters char-
acterizing the phase interface between the core and
the shell and (ii) the contribution of the magnetically
hard shell to the growth of the total coercivity. Since
the coercivity of single-domain MNPs is coupled with
the effective anisotropy constant K.g [18], the data
exhibited in Fig. 1 make it possible to draw a prelim-
inary conclusion that the emergence of the shell and
the subsequent growth of its thickness are responsi-
ble for the strong increase of Kqg. It is worth noting
that a similar behavior was observed for the core/shell
MnFe;04/CoFey04 and ZnFes 04 /CoFesO4 nanopar-
ticles [3, 19, 20].

The character of the My and H. variation in Mix1
and Mix2 specimens was close to that observed in
S1 and S2 specimens. Namely, an increase of the
CoFe;04 content led to a saturation magnetization
reduction and a coercive force growth, but the mag-
nitudes of the M, and H. changes in Mix1 and Mix2
specimens were less pronounced. The distorted shape
of the hysteresis loops for those specimens may arise
because the particles could rotate in the course of the
remagnetization process [21].

In Fig. 2, the temperature dependences of the mag-
netization of researched specimens, Mypc(T), are
shown. To register the dependence Mypc(T), the
specimen was cooled down from room temperature
to 5 K in the zero magnetic field. Then the exter-
nal magnetic field Hpeasur = 50 Oe was applied to
the specimen, and the parameter Mzpc was mea-
sured as a function of the temperature during the
process of specimen heating. One can see that each
Mypc(T) dependence in Fig. 2 has a maximum at
a certain temperature T3, which is called the block-
ing temperature. The appearance of the maximum
in the Mzpc(T) dependence testifies that, near Ty,
the anisotropy energy of nanoparticles, K.gV, be-
comes comparable with the thermal energy kT (here,
V is the particle volume, and &k the Boltzmann con-
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Fig. 1. Dependences of specimen magnetization on the mag-
netic field strength. The measurements were made at the tem-
perature T = 5 K. The inset in panel (a) demonstrates the
dependence M (H) for specimen SO at low magnetic fields

stant). At the temperatures T' < T}, the magnetic
moments of most nanoparticles are blocked, and their
orientation is determined by the anisotropy energy
(field). At the temperatures higher than the blocking
temperature, the behavior of most nanoparticles is
superparamagnetic [8].

Specimen S1 has a single blocking temperature. It
means that the spins in the nanoparticle core and
shell are strongly bound and jointly respond to
the temperature and magnetic field changes. For the
MNPs with a shell thickness of 2.5 nm (specimen S2),
two peaks are observed. They can be generated by
separate contributions from the nanoparticle core and
the nanoparticle shell because the thickness of the lat-
ter is rather substantial.
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For specimens S0, S1, and S2, the T} value in-
creases from about 175 K (without the coating) to
about 328 K (with the initial MNP coating by the
CoFeq 0y shell with tgpen = 1.0 nm) and reaches about
356 K for the specimen with tghey = 2.5 nm. Such
behavior is in agreement with the conclusion made
above about the increase of the effective anisotropy
constant K., which is associated with the creation
of the shell and the subsequent increase of its thick-
ness. Further-more, the increase of the total volume
of MNPs also contributes to this trend, because the
Ty, value is related to the product K.gV [22,23]. Tt
should be noted that the blocking temperature in
specimens Mix1 and Mix2 remains almost the same
as in the initial specimen SO0, although the average
size of nanoparticles decreases.
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Fig. 8. Dependences of the saturation magnetization Ms (a)
and the effective anisotropy constant K.g (b) on the CoFezOy
content in the studied specimens

For a deeper understanding of the processes that
govern the behavior of examined specimens, a more
detailed analysis of the obtained data was made. A
simple model of noninteracting single-domain parti-
cles was used to describe the experimental depen-
dences Mypc(T') that are shown in Fig. 2. At every
temperature, the ensemble of nanoparticles can be di-
vided into two groups depending on their size. These
are nanoparticles dwelling in an ideal superparamag-
netic state (their volume V is below a certain critical
value V..) and nanoparticles the magnetic moments of
which remain blocked (their volume V' > V). As a
result, we obtain

Ve
%?L:/umewwﬂmw+
s 0
+ / (MJH/3Kot)V f(V)aV |V f(V)aV, (1)
Ve

where L(z) is the Langevin function, and f(V') the
distribution function of nanoparticles over their vol-
umes. The first term in the numerator is written in
the approximation that the energy barrier, which is
defined as the product KegV', is much lower than the
thermal energy kT, so that such a barrier can be ne-
glected. In this case, the response of the magnetiza-
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tion to a magnetic field or temperature (H or T') vari-
ation is described by the Langevin function. The sec-
ond term is a result of the initial susceptibility of ran-
domly oriented, blocked, single-domain nanopartic-
les with the effective anisotropy coefficient K.g. The
boundary between the two groups is determined by
the critical volume

kT T
= O g (Tm) 9
Ve Keff " (TO) ( )

where 7,,, is a characteristic measurement time, and
0 = 1079 s [10, 25]. For quasistatic measurements,
the parameter 7,,, was chosen to equal 100 s.

The calculation results are shown in Fig. 2 by
dashed curves. In the course of calculations, the MNP
volume distribution was approximated by the log-
normal function, which was chosen according to the
transmission electron microscopy data [8]. The elec-
tron microscopy data were also used to determine the
average size of nanoparticles in each specimen (this
parameter was considered to be a fixed one). In or-
der to obtain the maximum agreement between the
experimental and calculated data, the width of the
volume distribution function and the K.g value were
varied. The approximation results were used to ob-
tain the K.g values for all studied specimens.

Figure 3 illustrates the dependences of the effective
anisotropy constant K.g and the saturation magne-
tization My on the shell thickness t; for the exam-
ined specimens. One can see that the growth of the
CoFe;04 content leads to the growth of the effec-
tive anisotropy constant and the reduction of the sat-
uration magnetization. Those changes are less pro-
nounced for specimens S1 and S2 as compared with
those for specimens Mix1 and Mix2. It is evident that
the creation of the CoFesOy4 shell around a FesOy
nanoparticle changes the parameters of both the ini-
tial nanoparticle and the shell around it. As a result,
the core/shell nanoparticles acquire new characteris-
tics, which are not inherent to both the core (Fe3O4)
and the shell (CoFey0O4) materials.

The results concerning the regularities in the de-
pendences of the core/shell nanoparticle properties on
the shell thickness tgpe11, which were obtained in this
work and in works [8,26], open the way to a purpose-
ful control over the magnetic parameters of composite
nanostructures in various technological and biomedi-
cal applications.
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4. Conclusions

The magnetic properties of composite nanoparticles
with the core/shell architecture were studied. The
nanoparticle core (Fe3O4) had a fixed diameter of
about 6.3 nm, whereas the effective shell (CoFe;Oy)
thickness was varied: tgpen = 0, 1.0, and 2.5 nm. The
magnetic characteristics for the ensembles of those
nanoparticles were determined and compared with
their counterparts for the mixtures of FesO, and
CoFesO4 nanoparticles taken in the corresponding
ratios.

On the basis of the results of magnetometric stud-
ies, it was shown that the shell thickness in the
Fe30,4/CoFey0,4 composite magnetic nanoparticles
strongly affects the hysteresis loop shape and the tem-
perature dependence of the magnetization. In the fra-
mework of a simple model for coexisting superpara-
magnetic and blocked magnetic nanoparticles, the ef-
fective anisotropy constants were calculated. A con-
clusion was drawn that the creation of a CoFesOy
shell around a Fe3O,4 nanoparticle leads to the pa-
rameter change in both the initial nanoparticle and
its shell. As a result, nanoparticles with the core/shell
architecture acquire new characteristics, which are in-
herent neither to the core (Fe3O4) nor to the shell
(CoFez04) material.

The obtained results open the way to the opti-
mization and adaptation of the parameters of the
core/shell nanoparticles fabricated on the basis of fer-
rite spinels and intended for application in various
technological and biomedical domains.
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MATHITHI BJTACTHBOCTI
KOMITIOBUTHINX HAHOYACTUHOK Fe304/CoFe204
3 APXITEKTVYPOIO APO/OBOJIOHKA

Peszowme

IIpoBeieHO mOCITiIXKEHHST MArHITHUX BJIACTUBOCTEN JBOX THUIIIB
HAHOYACTHHOK: HAHOYACTHHOK 3 apXiTEKTypOIo sApo,/060JIOH-
ka (core/shell) Fe3O4/CoFe204 3 TOBmmHOI simpa ~6,3 HM
i 3minnO0 TOBIIMHOIO oGosionku (0; 1,0; 2,5 mM) Ta cymimd
okpemux HaHodacTuHOK Fe3O4 i CoFexOy4 y chiBBigHOIIEH-
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HsIX, IO BiZIMOBIIAIOTH KOHIIEHTPAIIAM KOMIIOHEHT HAHOYACTHU-
HOK 5171po/06osioHKa. AHami3 pe3yiabraTiB MarHiromerpil moka-
3y€, M0 HOKPUTTS MAarHITHUX HAHOYACTUHOK ODOJIOHKOIO IIPU-
BOJIUTH JI0 JIBOX OJTHOYACHUX edeKTiB: Moudikallil napaMeTpis
MikazHOI rpaHUIll MiXK siIpOM Ta OOOJIOHKOK Ta TpaHCHOp-
KU, B pe3ysbTari yoro core/shell HanouacTuHKy HaGyBaOTH HO-
BHX XapaKTEPHUCTHUK, AKi He xapakTepHi ui mua saapa (Fe3Oq4),
ui g obosnonku (CoFeaOy), Hi muist Mexanivrol cymimi Ha X
ocuoBi. OTpumani pe3yabTaTé BiIKPUBAIOTH HIJISIXH IO OITHU-
Mizanii Ta azamnranii mapamerpis core/shell nanouacTuHOK Ha
OCHOBI (pepuTiB-1miHEeIEH JJIst TX BUKOPDUCTAHHSI B PI3HUX Te-
XHOJIOTIYHMUX 1 GIOMEIUYHUX TaJIy3sX.

911



