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Abstract

The objective of this work was to study the influence of annealing temperature on the structural changes and magnetic prop-
erties of the Ni,, sZn,, sFe,O, spinel-type nanoparticles. The nanomaterial was prepared by the chemical co-precipitation
method and studied by thermal analysis (TG-DTA), X-ray diffraction (XRD), transmission electron microscopy (TEM),
magnetic measurements and °’Fe Mossbauer spectrometry. XRD has revealed that the as-prepared sample shows poor crys-
tallization with less defined diffraction lines. As the annealing temperature increases, the diffraction peaks become intense
and well defined, reflecting perfect crystallization of the sample. The estimated crystallite size varies from 25 to 83 nm. TEM
observations give information on the morphology and confirm the XRD results. To quantify the proportions of the iron atoms
in the tetrahedral and octahedral sites, in-field Mossbauer spectrometry measurements were carried out at low temperature.

Saturation magnetization (M,) and the average hyperfine magnetic field ((B f)) increase gradually with annealing temperature.
For the sample annealed at 1000 °C, the magnetic entropy change |A5$axw and relative cooling power, measured under field

change of 2T, are 0.67 J kg=! K~' and 112.5 J kg™!, respectively.

Keywords Nickel-zinc ferrite nanoparticles - X-ray diffraction - °’Fe Mossbauer spectrometry - Magnetic properties -

Magnetocaloric effect

1 Introduction

The chemical and physical behaviors of spinel ferrites are
highly dependent on composition, grain size and cation dis-
tribution in tetrahedral and octahedral sites. The reduction
in the grain size of ferrites reveals new magnetic behaviors.
In addition, the method and the conditions of synthesis of
these nanomaterials as well as the annealing temperature
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are critical factors that determine the microstructure and
the physical properties. In this field, nanocrystalline mag-
netic spinel ferrite has attracted the attention of scientists
and researchers because of its applications in diverse fields,
such as data storage, hyperthermia, magnetic fluids, target
drug delivery, magnetic refrigeration [1-7]. Various syn-
thesis methods, such as co-precipitation [8], sol-gel [9],
mechanochemical process [10], solid-state reaction [11],
are commonly used by several authors to synthesize spinel
ferrite nanoparticles.

Ni—Zn ferrites are soft magnetic ceramics having a spi-
nel configuration where the oxygen anions are arranged in
a face-centered cubic lattice. The distribution of divalent
and trivalent cations between the tetrahedral and octahe-
dral sites in this material can be expressed with formula
(Zn3*Fe* ) [Nit* Felt ]O,, where 4 is the degree of
inversion. In this formula, the metallic cations (Zn?rFeT_r /1)
occupy the tetrahedral A sites and the metallic cations
[Nit* AFeﬁ .| occupy the octahedral B sites [12]. For a normal
ferrite such as ZnFe,0,4, 4 is equal to 0 [13] and it is equal
to 1 for an inverse spinel such as NiFe,O, [14], while for a
mixed spinel structure, it is between 0 and 1 [15]. Thus, the
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physical properties of these nanomaterials strongly depend
on the cation distribution and the magnetic interactions in A
and B sites. As a result, to regulate the magnetic properties
of these nanoferrites, it is necessary to control the cationic
occupations at the interstices [16].

Spinel ferrite nanomaterials have also attracted consider-
able interest in their potential application as materials for the
magnetic refrigeration [2, 3]. Although these nanomaterials
present a slight change in entropy as compared to gadolin-
ium [17] or other nanomaterials [18], they present several
advantages make them promising for use in this field of
application, such as their low production cost, their change
ordering, their high magnetization and also their magne-
tocaloric effect (MCE) changed in the wide range of tem-
perature. In addition, the ease of the synthesis method used
and changes in chemical composition or adequate annealing
makes possible the adjustment of the Curie temperature (7;.),
which allows expands the scope of the search for new refrig-
erant nanomaterials. Recently, El Maalam et al. [19] found
that Zn,_,Ni Fe,O, (x=0.3 and 0.4) synthesized by solid-
state reaction had an important magnetic entropy, 1.41 and
1.45Jkg™! K~!in a field of 5T for x=0.3 and 0.4, respec-
tively. They found that it had a large refrigerant capacity.
Anwar et al. [3] reported a decrease in 7 from 845 to 302 K
when Zn concentration increases from 0 to 0.7 in the same
system, in which a maximum change in magnetic entropy
at 2.5T (~1.39 J kg™! K™!) with relative cooling power of
161 J kg™" was observed for the Zn, sNi, sFe,0, sample.

In this work, Ni,, sZn sFe,O, nanoparticles were prepared
using co-precipitation method and characterized by different
techniques such as X-ray diffraction, transmission electron
microscopy, >’Fe Mossbauer spectrometry and vibrating
sample magnetometer. We provide a detailed structural anal-
ysis in relation to magnetic and magnetocaloric properties.

2 Experimental procedure

The synthesis of the nickel-zinc ferrite powder was per-
formed by the co-precipitation method using iron chlo-
ride hexahydrate (FeCl;-6H,0), nickel nitrate hexahy-
drate (Ni (NO;),-6H,0) and zinc nitrate hexahydrate
(Zn(NOs;),-6H,0). These precursors were weighed accord-
ing to the formula of Ni, sZn, sFe,0, and then were dis-
solved in 100 ml of deionized water and stirred in a magnetic
stirrer at 40 °C for 30 min. A NaOH solution of 1 M concen-
tration was prepared and used as a precipitating agent. It was
dipped into the above solution to have pH =12. The resulting
intermixture was stirred in a magnetic stirrer at 40 °C for
2 h. Then, the product was filtered using a vacuum pump
and it was washed several times to remove the unwanted salt
residues and other impurities. The precipitate was then dried
at 80 °C for 12 h, and the obtained product was ground in
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a mortar to have fine powder which is the raw sample. The
dried powders were finally annealed in air for 2 h at different
temperatures (600, 800, 900 and 1000 °C).

TG-DTA analyzer (LabSys EVO Setaram 1600) was used
to investigate the thermal changes in the sample. TG-DTA
plot shows that after 500 °C, there is no more loss of mass.
The crystalline phase of the as-prepared and annealed
materials was identified by powder X-ray diffractometer,
D8 Advance, with CuK_ radiation source (4= 1.5406 A) at
40 kV and 40 mA in the range of 15 <26 <75° with step of
0.02°. We also observed the morphology and calculated the
size of the particles from the micrograph obtained with the
help of TEM (FEI Technai). The transmission Mdssbauer
spectra were recorded using a standard spectrometer with a
37Co/Rh source, with an initial activity of 25 mCi, running
in constant acceleration mode at room temperature and at
11 K under external magnetic field applied parallel to the
direction of the incident y-ray. To calculate the spectra and
estimate the values of the hyperfine parameters, we have
used the standard least square fitting program NORMOS
[20]. To study the magnetocaloric effect (M CE) in the sam-
ple, magnetization measurements versus the temperature
and the magnetic applied field were carried out using a BS/
magnetometer equipped with three pairs of anti-Helmholtz
coils developed at Louis Néel Laboratory in Grenoble. M(T)
data were obtained in 200-800 K temperature range with an
applied magnetic field of 0.05 T. Isothermal M(H) data were
measured in the vicinity of Curie temperature in the range of
450-630 K by a step of 5 K and under an applied magnetic
field varying from 1 to 5T.

3 Results and discussion
3.1 Structural properties

The X-ray diffraction patterns of the sample annealed at dif-
ferent temperatures are compared in Fig. 1: the shape of the
patterns changes when the annealing temperature increases
from 600 to 1000 °C. Indeed, the as-prepared sample shows
poor crystallization with low and broadened peaks. As
the annealing temperature increases, the structure evolves
and the peaks become well defined. The diffraction peak
analysis shows that in addition to the main phase of spinel
ferrite Ni—-Zn JCPDS card no. (08-0234), which is marked
by Miller indices in Fig. 1, there is a secondary phase of
y-Fe, 05 JCPDS card no. (39-1346). The characteristic peaks
of y-Fe,0; remain visible up to calcination temperature of
900 °C. For the sample annealed at 1000 °C, the diffrac-
tion peaks show the presence of a pure Ni—Zn spinel. Using
DIFFRAC.EVA software, the diffraction peaks have been
indexed with respect to the cubic spinel-type structure with
space group Fd3m. It is also observed that the diffraction
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Fig. 1 XRD patterns of the nanoparticles of Ni, 5Zn, sFe,0, annealed
at different temperatures

peaks become narrower and sharper with increasing anneal-
ing temperature, indicating an increase in the crystallite size,
which has been confirmed by the crystallite size calculation
using the Scherrer equation at (311) peaks [8]:

A

b=09870 5o &)
where D is the crystallite size in nm, 4 is the wavelength of
X-ray radiations, 6 is the Bragg’s angle for diffraction peak
and A(26) is the full width at half maximum for diffrac-
tion peak. The last two parameters are deduced from the
spectra using X’ Pert HighScore software. The evolution of
the calculated crystallite sizes versus annealing temperature
is depicted in Fig. 2. We can observe that the crystallite
size increases gradually, from 25 to 83 nm, as the anneal-
ing temperature increases from 600 to 900 °C and becomes
constant. According to Ayyappan [21], the growth of nano-
particles can be attributed to their coalescence by solid-state
diffusion, where the system reduces its free energy by reduc-
ing the surface area of the nanoparticles.

The lattice parameter, a, can be written for a cubic system
in the form [22]:

a=dhklvh2+k2+lz (2)

where d,, is the interplanar distance and £, k, [ are the Miller
indices. It’s deduced from Bragg relation.

For an accurate calculation of the lattice constant, the
lattice parameter was calculated for each peak of the XRD
pattern and then the average of these values is determined.
The estimated values of the lattice parameter, a, for each
temperature are close. For the sample annealed at 1000 °C,
a=8.392 A which is in good agreement with that found by
other authors [23].
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Fig.2 Variation of the crystallite size as a function of annealing tem-
perature (T,). The solid line is a guide to the eyes

3.2 Morphology and chemical composition

The morphology and microstructure of the samples were
investigated by TEM micrographs illustrated in Fig. 3a—d.
The images show that most of the observed nanoparticles
have a spherical shape but some elongated nanoparticles
are also present. As well, a low degree of agglomeration
of nanoparticles is observed. Based on the TEM observa-
tions, it is seen that the size of the nanoparticles increases
with the increase in the temperature. The estimated average
nanoparticle size varies in the range 16—-84 nm, which is in
good agreement with XRD results.

Figure 4 shows energy-dispersive X-ray spectroscopy
(EDX) elemental analysis of Ni, sZn, sFe,O, nanoparticles
calcined at 1000 °C. The experimental chemical composi-
tions of Ni, Zn, Fe and O estimated from EDX analysis are
listed in Table 1. They are found to be similar to the expected
stoichiometry of Ni, sZn. sFe,0,, while no impurities are
detected in the sample. The observed peaks associated with
carbon and copper, in the spectra, derived from the metallic
grid on which we deposited the powders.

3.3 Mossbauer measurements

The confinement from bulk into nanostructured powder for
Ni—Zn spinel ferrites is at the origin of the modification in
the distribution of Fe’* ions between octahedral and tetra-
hedral sites. In order to study the cationic distribution and
the iron coordination in Ni-Zn ferrite nanoparticles, STFe
Mossbauer spectrometry is one of the most appropriate tech-
niques. Mossbauer spectra collected at room temperature of
the samples annealed at different temperatures are shown in
Fig. 5a. As the annealing temperature increases, the change
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Fig.3 TEM images, for a scale
of 100 nm, of the annealed
samples at 600 (a), 800 (b), 900
(¢), 1000 °C (d)

Table 1 Weight and atomic percentages for Ni, sZn, sFe,0,

e Element Weight (%) Atomic
percent-
age

- 0 19.7 472
3 Fe 51.7 35.3
= Ni 13.4 8.7
523 Zn 15.2 3.8
£

of the hyperfine structure is attributed to the progressive
increase in the blocked magnetic states at the expense of
the decrease in the superparamagnetic states. The spectrum

Energy (keV) recorded using a low velocity range for the as-prepared
(Fig. 5b) consists of a quadrupole doublet with broadened
Fig.4 EDX spectra of Nij sZn, sFe,0, sample annealed at 1000 °C and asymmetrical lines due to dynamic and surface effects:
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Fig.5 Room Mbossbauer spectra of Nij sZn, sFe,0, samples for dif-
ferent annealing temperatures (a) and Mossbauer spectrum related
to the as obtained sample measured using the low velocity (b). The

it can be well described by means of a discrete distribu-
tion of quadrupolar splitting (Fig. 5b) correlated linearly
with that of isomer shift, allowing the small asymmetry to
be well reproduced. This is consistent with the presence of
Fe** species located in both tetrahedral and octahedral units.
In addition, the value of ¢ = <QS2>/(QS)2 = 1.29 is fairly
consistent with that expected in the case of an amorphous
structure (1.273 [24]). This completely corroborates the con-
clusion established from X-ray diffraction. It is important to
note that the present quadrupolar doublet is not due to the
presence of superparamagnetic relaxation phenomena, as the
particles are too large [25].

As illustrated in Fig. 5a, the spectra of powders annealed
at 600 and 800 °C result from the superposition of a mag-
netic sextet with broadened and non-Lorentzian lines and
a quadrupolar feature in the center. These spectra can be
well modeled with a superposition of two components: (1)
a hyperfine field distribution attributed to some atomic Fe,
Ni, and Zn disorder in the vicinity of the tetrahedral and
octahedral Fe’* probes, and (2) a quadrupole doublet due
to some remaining amorphous domains. To adjust correctly
the spectrum related to sample annealed at 600 °C, we added
to both components two sextets whose total area does not
exceed 7% of the total spectrum area. The calculated hyper-
fine parameters (B, ;= 50T, §=0.3 mm s~!) and (B,;=5IT,
6=0.42 mm s‘l) are associated with A and B sites [26],
respectively, of y-Fe,O; impurity phase observed by XRD.
For the spectrum recorded at 800 °C, the impurity phase of
y-Fe,05 is not well observed, and it was neglected.

However, the spectra collected on powders annealed at
900 and 1000 °C consist only of a magnetic broad com-
ponent which can be well described with a distribution of
hyperfine field. Such a feature indicates the formation of

Velocity (mm/s)

points represented by (+) correspond to the experimental spectra and
the solid line represents the fit

a non-well ordered Ni,, sZn, sFe,0, spinel phase resulting
from the contribution of the thermal energy to redistribute
cationic in their favorite sites. The values of the hyperfine
parameters characteristic of these spectra are summarized
in Table 2. The calculated values of isomer shift ranged
between 0.30 and 0.35 mm s~! are consistent with the pres-
ence of high spin state Fe*™. As depicted in Fig. 6, the aver-
age hyperfine field (B,;) increases with the particles size
but remains smaller than the value estimated for the bulk
material, BB = 51.4T [27]. In addition, the increase in
(By¢) with annealing temperature results from the progres-
sive structural transformation from the amorphous to the
crystalline state, thus promoting an increase in the magnetic
order in each sublattice. For its part, the relative area of the
doublet decreases and disappears completely at an annealing
temperature of 800 °C when the crystallization of Ni—Zn
ferrite is well improved, as can be seen on the XRD patterns.

Conventional Mdssbauer spectrometry remains inappro-
priate to discriminate contributions of both A and B sites to
the total spectrum in the case of ferrites and to estimate their
relative proportions due to a lack of resolution of the hyper-
fine structure. However, the use of Mossbauer spectrometry
under magnetic field is necessary to arrange the magnetic
moments and then split the two Mossbauer components cor-
responding to A and B sites (see details in [28] and refer-
ences therein). Figure 7 shows the Mdssbauer spectrum of
the Nij sZn sFe,0, sample annealed at 1000 °C, collected
at 11 K under an external magnetic field of 8T applied par-
allel to the y-beam: one observes clearly two well resolved
sextets with low intensity intermediate lines. The refined
values of hyperfine parameters are listed in Table 3. In this
case, B,y corresponds to the field at >’Fe measured under
the external magnetic field B,,,. By comparing the values of
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Table 2 Refined values of T, (°C) Component  Relative (B) £1.0(T)  (5)+£0.02  (AEQ)or
Mbssbauer hyperfine parameters area+ 1 (%) (mm s~ (2¢) +0.02
at 300 K for different annealing - (mm_s—l)
temperatures (7,): HFD
(hyperfine field distribution), 1000 HFD 100 36.2 0.46 0.00
OD (quadrupole doublet), By 900 HFD 100 35.8 0.38 0.00
(hyperfine field), 6 (isomer ’ ’ ’
shift), AEQ (quadrupole 800 HFD 95 339 0.34 0.00
separation) and 2¢ (quadrupole QD 5 - 0.33 0.40
shift) 600 HFD 87.4 29.0 0.32 0.00

QD 5.6 - 0.34 0.40

Site A 2.7 50.0 0.30 0.00

Site B 4.3 51.0 0.42 0.00

As-prepared QD 100 - 0.34 0.67

36 4 o__,.-—-——o
] /
e [* ]
A'—
-
V321
30 -
* ]
28 T T T T T T T T T
600 700 800 900 1000
T (°C)

Fig.6 Evolution of the average hyperfine field (B,) versus annealing
temperature (7,). The solid line is a guide to the eyes

Absorption (a.u.)

T T T T T T T T T T T
-15 10 5 0 5 10 15
Velocity (mm/s)

Fig.7 Mossbauer spectra of Ni, sZn,, sFe,0, measured at 11 K under
an external magnetic field of 8T. The points represented by (+) corre-
spond to the experimental spectra, and the solid line represents the fit
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Table 3 Refined values of Mossbauer hyperfine parameters at 11 K
under an external magnetic field of 8T: B,y (effective field), By
(hyperfine field), 6 (isomer shift), 2& (quadrupole shift) and @ (canting
angle)

By (T) By (T)  &(mms™!) 2e(mms™) 6(°)
Asite 60+0.5 522+0.5 0.38+0.01 —0.04+0.02 12+5
Bsite 44.2+0.5 0.49+0.01 —0.07+0.02 1845

46.4+0.5 0.49+0.01 0.02+0.02 165

(45.3)405 (53.0)+05 (0.49)+001 (—0.02)+  (17) +5

0.02

isomer shift, the sextet with B.;=60T and 6=0.38 mm s7lis
clearly attributed to iron atoms in A sites while the other one
(Byy=45.3T and §=0.49 mm s™") is assigned to the B sites
with relative proportions equal to 31 and 69%, respectively.
So, the lowest B, value corresponds to the iron magnetic
moments aligned to external field direction, while the high-
est B value corresponds to other iron moments aligned in
the opposite direction of the external field. One can conclude
that the hyperfine fields are opposite to magnetic moments of
iron, resulting from the large and negative value of the con-
tact term contribution, as expected. The values of the hyper-
fine magnetic fields B,; can be calculated from the relation:

2 _ 2 2
By =By + By, — 2 - BBy - cOs 0 3)
where 6 is the canting angle given by the expression:

4—x
4+x

6 = arccos

“

where x is the intensity of the intermediate lines 2 and 5.
Thus, the estimated values of hyperfine fields By, are 52.2
and 53T for A and B sites, respectively.

If we consider that /, and I represent the intensity of
subspectral A and B, the degree of cation inversion A of
spinel can be calculated using the hyperfine parameters
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deduced from the fit of the spectrum measured under exter-
nal field, according to the relation:

In _Ja 2
I fy 2-2 )

1,/I represents the Fe** ion fraction ratio which is propor-
tional to the area ratio of tetrahedral and octahedral sites,
falfg is the ratio of the recoilless fractions equivalent to about
0.94 at room temperature but tends to 1 at low temperature
[29, 30] and A is the fraction of Fe®* in A site. It follows that
the estimated value of 4 is 0.62, which indicate that some of
7Zn** moves from A to B site. Thus, the cation distribution
can be expressed as (ZnZ % Felt ) [Zn2* Nitt Fe* ]O,. The
present result is closely consistent with those reported by

Jadhav et al. [31] and Gabal et al. [32], respectively.
3.4 Magnetization measurements

The magnetic behavior of spinel ferrites depends on sev-
eral factors such as the synthesis technique, the distribution
of cations into tetrahedral and octahedral sites and the size
of the crystalline grain in the case of confined structures
[33]. Typical plots of M—H of Ni,, sZn sFe,O, nanoparticles,
annealed at 1000 °C, measured at 5 and 300 K are depicted
in Fig. 8. As can be seen, the M—H plots show that the sam-
ples exhibit a typical ferrimagnetic behavior. The saturation
is reached by applying a magnetic field of 1.25 and 0.86T,
respectively.

The evolution of the saturation magnetization (M,)
obtained from the hysteresis loops is presented in Fig. 9. It
is observed that M, increases significantly with particle size.
The increase in M, can be explained by the interactions
between ions occupying A and B sites [34]. So, at the
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Fig. 8 Magnetization versus applied field of Ni, 5Zn, sFe,0, annealed
at 1000 °C
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Fig.9 Evolution of M, at 5 K, with annealing temperature (7). The
solid line is a guide to the eyes

surface of nanoparticles, a dead layer is formed due to the
uncompensated exchange interactions. For small particle
size, the ratio of surface area to volume increases, so the
dead layer becomes more dominant than the volume which
leads to a decrease in A—B interaction and therefore the mag-
netization (M,) decrease. The opposite case is seen as the
particle sizes increase [35]. For the sample annealed at
1000 °C, M, is above 132 emu g™'. The obtained values of
M are more important than those obtained for bulk Nickel
and Zinc ferrites [36, 37]. According to Berkowitz et al.
C

[38], M, varies with particles size D like M = Mf . <1 -3

where Mf is the saturation magnetization of the bulk ferrite
and C is a constant. The values of Mf and C are obtained by
plotting M, versus D. The slope gives the value of Mf, and
the intercept gives that of C. Note that C=6¢, where ¢ is the
thickness of the magnetic dead layer located at the surface
of the nanoparticles. The presence of the nonmagnetic layer
is related to the existence of canting of particle surface spins.
We have estimated the value of ¢ to 0.74 nm, which is in
good agreement with those reported by others authors in
NiZnFe,0, [39], MnFe,0, [40] and LiFe,O, [38].

3.5 Magnetocaloric effect investigation

In this part, we limit the study to the sample annealed at
1000 °C which has a pure spinel structure and a highest
saturation magnetization values (M,=132 emu g~ at 5 K).
To study the magnetocaloric effect (MCE), first the tempera-
ture dependence of field-cooled (FC) magnetization under
an applied field of 0.05T was measured, as can be seen in
Fig. 10. From this curve, the sample exhibits a clear transi-
tion from ferrimagnetic (FM) to paramagnetic (PM) state
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Fig. 10 Magnetization of Ni, sZn, sFe,0, as a function of the temper-
ature at magnetic field of 0.05T. The insert of plot represents dM/dT
versus 7 for Nij, sZn sFe,O, sample

with increasing temperature. Curie temperature 7,- was con-
firmed from the derivative of magnetization dM/dT versus T
curve which is shown in the inset of Fig. 10. The observed
minimum at 550 K corresponds to 7. At this temperature,
the magnetic entropy presents a large change. To investigate
the MCE of the sample at different temperature regions, we
measured isothermal variation of the magnetization M ver-
sus the applied magnetic field u,H at different temperatures
T, with step of 5 K (Fig. 11). As we can see, the isotherms
below 550 K differ from those measured at high tempera-
ture. Thus, the isotherms beyond 550 K show visible cur-
vatures but no tendency to saturation has been observed.
From M(u,H) curves, we plotted the Arrott curves M? versus
HoHIM, as shown in Fig. 12. According to Banerjee criteria
[41], a positive slope of M? versus uoH/M is the signature of

501 450K
40 -
S 304 77#7,77—7**77 8=5K
T —
= / —
g )
2
= 0
i
10 4 630K
0 T T T T T T T
0 10000 20000 30000 40000 50000 60000
H (OCe)

Fig. 11 Isothermal magnetization curves M(H) of Nij sZn, sFe,O, at
different temperatures
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Fig. 12 Arrot plot of Ni, sZn sFe,O, sample annealed at 1000 °C

the existence of a second-order magnetic phase transition,
on the other hand a negative slope indicates the existence of
first-order one. For this sample, the magnetic phase transi-
tion is of second order.

Materials with a first-order transition are characterized by
a strong variation in magnetic entropy but present a small
temperature range 67 gy Giant magnetocaloric effects are
found in this family of materials and in this situation, the
transition is irreversible and the Maxwell relation cannot
be used because its non-equilibrium application can lead to
overestimations of ASy;. On the other hand, materials with
a second-order transition have a small variation in magnetic
entropy change extending over a wide temperature range
OTpwppm- For these materials, the Maxwell method is gen-
erally applied to determine the variation of the magnetic
entropy change (— AS),) caused by the application of the
applied field (uoH) [42, 43]. So, Maxwell relation is given
by using the following expression [44]:

Ast/OH(%)H-dH ©)

ASy = 2 M; =M AH,

i Tt - Ti+l
where M; and M, are the experimental values of the mag-
netization at T; and T}, | under a magnetic field H;, respec-
tively. The values of M, T and H are determined from the
isothermal curves of magnetization M(pyH).

Figure 13 illustrates the magnetic entropy change for
sample heat treated at 1000 °C as a function of tempera-
ture at different fields (AH=1, 2, 3, 4 and 5T). — ASy,
takes a maximum around T; as well, it increases with
increasing applied magnetic field. At the 2T magnetic
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Fig. 13 Temperature dependence of magnetic entropy change under
different magnetic fields for Ni, sZn, sFe,0,

field, a value of the maximum magnetic entropy change
(— ASTAX) 6f 0.67 J kg™' K™ is observed. This value is no
less important than that found in the literature [3, 19]. To
evaluate the magnetic refrigeration quality of the sample,
we determine the relative cooling power (RCP) using the
following relation [45]:

RCP = — AS{M™* X 6Trwim @)

where 6Tpwy is the full width at half maximum of the
magnetic entropy change curve — ASy(T). The found val-
ues of T, — ASy; and RCP are compared to available data
(Table 4). Also, we can note that the calculated RCP is
comparable to that of some perovskite and spinel materi-
als [46, 47]. The magnetocaloric parameters (— AS)y; and
RCP) for our sample are close to that of Ni, sZn sFe,0,
synthesized by solid-state reaction [3] for which the Curie
temperature is 481 K, (0.67 J kg™! K~!vs. 1.04 J kg=! K™1)
and (112.5 T kg~! vs. 138 J kg™"), respectively. The noted
difference is attributed to the grain size, which is higher in
solid-state reaction. Based on the above results, we consider
that our sample possesses rather good magnetocaloric prop-
erties at high temperatures.

4 Conclusion

In this work, we have studied the effect of the annealing
temperature (600—1000 °C) on the structural and magnetic
properties of Nij sZn, sFe,0, compound synthesized by
co-precipitation method. According to the XRD results, for
annealing temperature equal to 1000 °C, the sample crys-
tallizes in Fd3m cubic system and no impurities have been
detected. The crystallite size estimated by X-ray diffraction
increases from 25 to 83 nm with increasing the annealing
temperature from 600 up to 1000 °C. On the other hand, the
observations as well as the EDX carried out by TEM confirm
the results obtained by X-ray diffraction. Room temperature
Mossbauer spectra show clearly the effect of the anneal-
ing temperature. They change from a paramagnetic doublet
for the as-prepared sample to a purely magnetic broad peak
component for that annealed at 1000 °C. The average hyper-
fine magnetic field increases with increasing crystallite size.
Also, Mossbauer spectrometry recorded at 11 K under an
external magnetic field has been used in order to evaluate the
proportions of the Fe’* species located in A and B sites and
so to estimate the cationic inversion degree. Magnetocaloric
measurements evince that our sample, under a magnetic
applied field change of 2T, presents an important relative
cooling power (RCP), 112.5 T kg™!, at Curie temperature of
550 K. This sample shows the highest saturation magneti-
zation values and this can be beneficial for magnetocaloric
applications; work is in progress to bring 7~ close to room
temperature and also to improve its physical properties by
doping it with other elements.

Table 4' Curie temperature T, yoH (T) Te (K) —ASy RCP (J kg—l) References
magnetlg entrop)./ change —ASy 0 kg—l K1
and relative cooling power RCP
Ni 5Zn, sFe,0, 2 550 0.67 112.5 This work
Ni 5Zn, sFe,0, 2 481 1.04 138.0 [3]
La, gNag ;5K sMnO; 2 330 2.09 107.5 [40]
Pry ¢St 35K 0sMnO; 2 303 3.09 95.6 [41]
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