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Magnetization dependences of Co,Zn, _ ,Fe,O,4 nanoparticles (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) synthesized with
the citrate precursor technique on an external magnetic field and temperature are presented. Ferrimagnetic
order in nanoparticles with x > 0.2 appeared at temperatures, 7, exceeding room temperature, and in
nanoparticles with x = 0 and 0.1 at 7' near 100 K. The saturation magnetization, M, remnant magnetiza-
tion, M, , and the coercive force, H,, increase with x increase and the temperature decrease. M reached very
high value: M, of NPs with x = 0.5 equals to 106.6 emu/g at 100 K while, according to the literature data,
M of stoichiometric bulk Co ferrite equals to 90 emu/g at 4.2 K. Correlations between concentration depen-
dences of magnetic and electric properties has been revealed and explained qualitatively.
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Mixed spinel ferrites (Co,Zn, _,Fe,0,) attract great
attention due to their unique properties such as high
specific electrical resistivity and low eddy current losses
[1—5], high saturation magnetization and Curie tem-
perature [6], thermodynamic stability, corrosion resis-
tance, high mechanical hardness, strong adsorption
capacity. Nanoparticles (NPs) with different Co and
Zn relative concentrations have an impressive range of
applications: active components of ferromagnetic
(FM) fluids, permanent magnets, computer compo-
nents, systems for targeted drug delivery, resonance
imaging, and many others (see, e.g., [7]). The extreme
members ZnFe,0, and CoFe,0, have the same crys-
talline spinel structure of the Fd-3m space group but
differ in the cations distribution between crystalline
positions. ZnFe,0, is the normal spinel where divalent
Zn*" ions occupy tetrahedral positions and trivalent
Fe3* ions are situated in octahedral positions. In the
inverse spinel CoFe,0,, a half of Fe3* ions occupy tet-
rahedral and other half of these ions, octahedral posi-
tions while Co?>" ions prefer octahedral positions.
According to these cation distributions, ZnFe,0, is
characterized by the antiferromagnetic (AFM) order
with the low Neel temperature, 7, =10 K, and
CoFe,0, is ferrimagnet with high Curie temperature,
T, =793 K, and the room temperature saturation

magnetization M, = 66.3 emu/g [7]. However, devia-

tions from this ideal distribution are observed fre-
quently in the case of NPs due to the low particles
dimension, surface effects, high concentration of sur-
face defects [8]. The degree of inversion can be pre-
sented with the formulae (Zn, _sFes) [ZngFe, _s] Oy,
where parentheses and square brackets refer to tetra-
hedral (A) and octahedral (B) positions, respectively.
Several authors synthesized partially inverted Zn-fer-
rite NPs which were ferrimagnetic at room tempera-
ture with the saturation magnetization varying from 10
to 88 emu/g in dependence on the synthesis tech-
nique. A wide variety of cation distributions over the
crystal positions and magnetic properties were
observed by several authors for the case of mixed spi-
nels Zn, _ ,Co,Fe;0, NPs (e.g., [9—13]). Thus, tech-
nological conditions had an extremely strong effects in
the properties of the synthesized NPs which empha-
sizes the need to study thoroughly magnetic character-
istics of obtained samples in each case.

Recently, a series of Co,Zn, _ ,Fe,O4 NPs with x
varying from 0.0 to 0.5 were prepared by citrate pre-
cursor technique which demonstrated a remarkable
electric resistivity and improved dielectric properties
[14]. The value of the dielectric loss tangent varied in
the range 0.003—0.052 at 1 MHz for different Co con-
centrations, and the samples were found to be very
good insulators. The study of magnetic properties of
this NPs system undertaken in the present work seems
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Fig. 1. (Color online) Field dependences of magnetization
of samples 1—6 measured at 7= (a) 300 and (b) 100 K.
Insets: magnetization curves of samples (a) 1—3 and (b) 1
and 2.

to be of importance from the point of view of the rela-
tionship between the electronic and magnetic subsys-
tems and the NPs applications.

Technology of the synthesis of the Co,Zn, _,Fe,0,
NPs with (x =0, 0.1, 0.2, 0.3, 0.4, 0.5 (samples 1-6,
respectively)) was described in details in [14]. X-ray
diffraction study revealed the spinel phase cubic struc-
ture of the Fd-3m space group. The average crystallite
size of the samples was found to be in the range of 28—
36 nm. The lattice constant decreased from 8.443 to
8.403 A with an increase in cobalt concentration
which was associated with the smaller Co?* ion radius
(0.72 A) comparing to the Zn** ion radius (0.74 A).
Magnetization dependences on an external magnetic
field and temperature were studied with the vibrating
sample magnetometer Lake Shore 8604 in magnetic
field up to 15 kOe at temperatures from 90 to 350 K.

Magnetization (M) curves of samples 1—6 versus
applied magnetic field (H) at 300 and 100 K are pre-
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sented in Figs. 1a and 1b, respectively. Only the sam-
ple 1 with x = 0 demonstrates a pure paramagnetic
behavior at room temperature. Even for the sample 2
with x = 0.1, the room temperature magnetization
curve deviates from the linear dependence on H char-
acteristic of a paramagnetic substance, and in the case
of sample 3 with x = 0.2, a very narrow hysteresis loop
is clearly visible.

At the same time, with an increase in the magnetic
field, the magnetization of these three samples
increases linearly in the field, differing significantly
from the course of the magnetization curves of sam-
ples 4—6. It can be assumed that some of the NPs in
samples 2 and 3 are in the superparamagnetic state at
room temperature, while most of the particles in those
samples are paramagnetic. In the case of samples 4—6
the shape of the magnetization curves indicates the
superparamagnetic state of the main part of NPs, and
the presence of hysteresis may mean that some of the
superparamagnetic NPs are blocked at room tempera-
ture. At that, a sharp magnetization increase is
observed at the transition from sample 3 to sample 4
which can be interpreted as a transition from a hetero-
geneous magnetic state of the entire ensemble of NPs,
in which paramagnetic and superparamagnetic NPs
coexist, to the superparamagnetic state of most NPs.
The similar picture was observed in [12, 13, 15, 16].

As the temperature decreases to 100 K, the super-
paramagnetic component appears in sample 1, which
does not contain Co. This follows from a change in the
shape of the magnetization curve: a characteristic s-
shaped bend appears near zero. An appearance of the
magnetic moment in the ZnFe,O, NPs was observed
earlier (e.g., [9]), but not always. For example, mag-
netic ordering was not observed up to 50 K in Zn spinel
NPs obtained with co-precipitation method [2, 12].
For all other samples, upon cooling, a strong increase

in the magnetization is observed. Remanence M, and

coercivity H, also increase when cooling but to varying
degrees.

The temperature dependences of the magnetiza-
tion (Fig. 2) of samples 1—5 recorded in a magnetic
field of 5 kOe are similar to the FC curves for
Co,Zn, _,Fe, 04 NPs synthesized with the precursor
combustion method shown in [12]. Several mecha-
nisms are responsible for the increase in the magneti-
zation of NPs with decreasing temperature. Among
them, the increase in the magnetic moment itself of
each NPs obeys the Curie law for paramagnets or the
Langevin’s law for magnetically ordered media, as well
as the alignment of magnetic moments in the direction
of the applied magnetic field. The shape of the tem-
perature dependence curves confirms the conclusion
made during the interpretation of the magnetization
curves about the concentration transition from the
predominantly paramagnetic to the superparamag-
netic state of NPs between Co concentrations x = 0.2
and 0.3.
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Fig. 2. (Color online) Magnetization temperature depen-
dences for (a) samples 1-5, curves /—5 with x = 0-0.4,
respectively, and (b) the same for samples with x = 0—0.2,
curves /—3, in a magnetic field of 5 kOe.

It is interesting to note some correlations between
the concentration dependences of the magnetic and
electric properties of the studied samples. In Fig. 3,
the concentration dependences of the coercivity and
remnant magnetization are shown in comparison with
the concentration dependence of the electric current
passing through the sample at a voltage of 3 V,
obtained from the current-voltage characteristics.
Co—Zn ferrite NPs were pressed into pellets to carry
out electric properties investigation.

An increase of the electric current with the Co con-
centration increase shown in Fig. 3 means decreasing
resistivity. In the mixture of ZnFe,O, and CoFe,0,
decreasing resistivity results from a smaller resistivity
of CoFe,0, vs. ZnFe,0,. To understand why the resis-
tivity of Co ferrites may be smaller, we may consider
the electronic structure calculations within the density
Vol. 117 2023
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Fig. 3. (Color online) Concentration dependences of H,,
M,., and the electric current at a voltage of 3 V from [14].

function theory (DFT). Such calculation for CoFe,0,
has been done by [17]. In this paper, the generalized
gradient approximation with PBE potential and Hub-
bard U correction had been used to calculate the elec-
tronic structure for different set of exchange parame-
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ters: MS1 configuration with FM Co—Co and Fe—Fe
and AFM Co—Fe exchange, MS2 with all FM
exchanges, MS3 with AFM Co—Co and FM Fe—Fe
interactions, and MS4 with FM Co—Co and AFM
Fe—Fe. While the insulator gap in the density of states
(DOS) had been obtained for MS1, MS2, and MS3
configurations, the MS4 state is almost conductor
with a band gap close to zero.

In the nanocrystalline samples discussed in this
paper there is a mixture of Fe, Co, and Zn cations in
different sublattices, that may be considered as the
mixture of all four possible configurations. If this mix-
ture is random, the 25% of the conducting phase will
results in the macroscopic conductivity of the whole
sample according to the percolation theory ideas. In
3D lattices with a random mixture of insulating and
conducting phases the macroscopic conductivity

occurs above the percolation threshold x, = 0.16 [18].

Correlation of magnetic and electrical properties in
Fig. 3 as well as concentration dependence of the dc
resistivity on the Co concentration in Fig. 12 of the
paper [14] can be explained within the percolation the-
ory. The minimum resistivity in the Co,Zn, _ .Fe,0, in
Fig. 12 in [14] is found for x = 0.2 and 0.3, just above
the percolation threshold.
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