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Abstract

The crystal and magnetic structure of spinel ferrite CoFe, Ce O, with different Rare earth (RE) concentration (x < 0.1)
were studied by means of X-ray diffraction (XRD), vibrating sample magnetometer (VSM) and neutron diffraction (ND).
(XRD) confirms the formation of the samples in nano-scale with a single-phase cubic structure. The magnetic hysteresis
M-H loops obtained from VSM at 100 K introduce magnetic parameters; M, H, M_ with values larger than their room
temperature (RT) counterpart. The ND crystal parameters like as lattice parameters, interatomic bond lengths and the
distribution of cations between octahedral and tetrahedral crystallographic positions as well as a magnetic moment of
iron ions were obtained. With an increase in the concentration of cerium, a change in the corresponding bond lengths and
the iron magnetic moment in the octahedral oxygen environment is observed due to the predominant occupation of this

crystallographic position by cerium ions.
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Introduction

The spinel-type ferrite materials attract the attention
of researchers due to their unique structural and magnetic
properties [1]. Thus, due to the complex nature of redistribution of
magnetic cations between different crystallographic positions in
the spinel crystal structure these compounds show unusual types
of magnetic ordering, the spine-glass states, incommensurate and
canted magnetic structures [2-4]. Besides, those materials also
have found different applications in industry and technologies
[5-7] as transformer cores, radio frequency circuits, antennas,

data storage devices, magnetic nanostructures, and etc.

The formation of unique magnetic properties in spinel
ferrites is mainly due to redistribution of magnetic ions between
two non-equivalent crystallographic positions in the face-cen-
tered cubic structure with the space group Fd 3m: crystallo-
graphic position A with tetragonal oxygen environment and
position B with octahedral coordination one [8, 9]. It is accepted
that all magnetic interactions in spinel ferrites are divided into
three main groups: magnetic interactions between ions in po-
sition A (magnetic exchange interaction ], ,), magnetic interac-
tions /,, between cations in position B and exchange interactions
between magnetic cations in different crystal positions - J,, [9,
10]. It is believed that the magnetic interaction of J,, is much
stronger than the interactions of J,, and J,,, which leads to the
stabilization of the ferrimagnetic state in mixed spinel types [10].
As, an example, for tetragonal ferrite, ZnFe O, is characterized
by the filling of the iron ions in the octahedral positions only
[11]. On the other hand, in the ferrite MnFe,O,, Fe’* ions sits
in both positions [12]. The changes in the doping ratio of Mn**
and Zn*" ions of the initial spinel compound leads to significant

transformations in the magnetic properties of such compounds.

Another interesting ferrite is CoFe,O, [13, 14]. In this
ferrite compound, cobalt ions Co’* fill both A and B crystal-
lographic positions and the relative distribution could depend
on the synthesis conditions or the size effect of granules [15] or
nanoparticles [16]. The relative distribution of cobalt cations be-
tween different crystallographic positions, as well as the features
of the magnetic structure of ferrite materials, can be successfully
studied by means of the neutron diffraction method [15, 17, 18].
On the other hand, doping with non-magnetic ions with large
ionic radius can be applied to targeted control the occupation of
different cations in certain crystallographic positions [19]. Thus,
such large ions mainly occupy the oxygen octahedra in cubic

spinel structure, which leads to the redistribution of magnetic

cations in the tetragonal crystallographic position [20] and as
a result the changes in the magnetic structure of ferrites [21].
In our work, we had perform detailed studies of the crystal and
magnetic structure of doped cobalt ferrites CoFe, Ce O, for
cerium concentration range 0-0.1 due to the further insight of

structure-magnetic properties relationships in spinel ferrites.

Experimental techniques

The samples CoCe Fe, O,, (x= 0.0, 0.03, 0.05, 0.1), pre-
pared by chemical auto-combustion method [22]. The starting
materials are the nitrates of Cobalt, Iron and Cerium. A stoichio-
metric ratio of citric acid with formula (C.H,O,) used as an or-
ganic fuel to achieve the required temperature of reaction. The
mixture of nitrates and fuel were dissolved in a small amounts of
doubly distilled water, thereafter stirred for 2 h and heated to a
temperature of (80 °C). The PH value of the solution is mandato-
ry to be adjusted to 7-8 during the time of heating and stirring.
By the end of the previous process the water evaporated, and a
dry viscous gel is formed. Therefore, the burned gel converted to
flufty powder, which was collected and ground in an agate mor-

tar to obtain a fine powder.

X-ray diffraction (XRD) performed by Rigaku diffrac-
tometer with Cu Ka-radiation (A\=1.5406 A). (VSM) measure-
ments obtained by using- Lake Shore Model 7410 (USA), at a
temperature of 100 K and by Appling magnetic field up to 20
kOe. Neutron powder diffraction experiments at ambient condi-
tions were performed with the DN-6 diffractometer [23] at the
IBR-2 high-flux pulsed reactor (Frank Laboratory of Neutron
Physics, Joint Institute for Nuclear Research, Dubna, Russia). Dif-
fraction patterns were measured at a scattering angle of 26 = 90°
with the resolution Ad/d=0.022 at d=2 A. The typical exposure
time of one neutron diffraction pattern was — 20 min. The anal-
ysis of neutron diffraction data was performed by the Rietveld

method using the FullProf software package [24].

Results and discussion
X-ray diffraction

X-ray diffraction of the nano-ferrite samples CoCe_
Fe, O,, (x= 0.0, 0.03, 0.05, 0.1) synthesized by chemical au-
to-combustion method shown in Figure 1. The results of XRD,
published in our previous work [22], confirm the formation of
the samples in nano-scale with a single phase cubic structure.
The grain size (D) decreases with substitution ratio of Ce** in

Co-ferrite system [22].
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Low temperature (VSM) measurements

Magnetic hysteresis M-H loops obtained at 100 K by
applying an external magnetic field of +20 kG for CoFe, Ce O,,
(x= 0.0, 0.03, 0.05, 0.1) samples are shown in Figure 2. The M-H
results will be discussed based on: 1- the concentration of para-
magnetic Ce** ions, which have no magnetization contributions
in the spinel lattice [25-28]. 2- the ionic radius of cerium (1.03A)
is relatively larger than that of Fe** (0.64 A). This indicates that
Ce** substitutes Fe** only in octahedral B-site, which has radius
larger than that of the tetrahedral A-site. Therefore, the magnetic
moment of B-site gradually reduces by further addition of Ce**.
Consequently, the net magnetic moment of the lattice decreases
[M, - M,], where M, and M,

represents the magnetic moments of A and B sites, respective-

according to the equation: M =

ly [29-32]. These results confirmed with the neutron diffraction
data obtained in section 3.3. Besides, the disparity in ionic radii
between Ce* and Fe®* can causes a disturbance in the structure
by producing strain and disorder in the electronic state. For all

the samples in the series CoFe, Ce O,, the hysteresis is clearly
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Figure 1: X-ray diffraction patterns of CoFe, Ce O,

measured at ambient conditions
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Figure 2: Magnetic hysteresis M-H loops obtained at 100 K by applying an external magnetic field of +20 kG for CoFe, Ce O,
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observed Figure 2. The magnetic parameters; M, H, M_ calcu-
lated from M-H loops at 100 K listed in Table 1, are found to
be larger than their values estimated at room temperature (RT)
[22]. One of the reasons for increasing such parameters at low
temperature is that the magnetic moments are thermally fluctu-
ated and reduced. The H_values ranging between 6434 and 8682
G, while M_and M values were 45.6-120 and 33.2-95.5 (emu/g)
respectively. These values obtained at 100 K are indication of
the ferrimagnetic nature (FM) of the Ce** substituted Co-ferrite
[25]. Moreover, the substitution of RE in CoFe,O, increases the
degree of anisotropy and the spin orbit coupling in B-site. One
the other hand, except for the sample with (x=0.1) the values
of M_ decrease by further addition of Ce** Figure 3. Similar be-
havior obtained for the remanence values M_Table 1. Pervious
works reported that the magnetic parameters for nanoparticles
can be changed due to the effect of grain size, strain and values

of magnetic moments. The spin coupling interaction between

Table 1: The deduced magnetic parameters for CoCe Fe, O, (0.0<
x<0.10) samples obtained from the M-H loops at 100 K

magnetic ions through the 3d electrons is the main reason for
the magnetic properties of ferrites. In case of rare earth addi-
tion the RE*-Fe* interaction happens by the 3d-4f coupling,
which reduces the magnetic interaction through limitation of the
charges exchange in the A- and B-sites. Moreover, the RE*-RE**
interactions are negligible and consequently the magnetization
are reduced [33, 34]. The squareness factor M /M, Table 1 with
values > 0.5 confirms the existence of cubic magnetocrystalline
anisotropy, which is an indication of the single domain structure
[29, 35, 36]. When the major hysteresis loops is closed Figure 2,
it is also another signature of the formation of a single domain,

while all the irreversible hysteresis processes are completed [37].
Neutron diffraction (ND)

The neutron diffraction patterns of the studied CoFe,
Ce O, ferrites with different cerium content are shown in Figure
4. All neutron patterns correspond to the cubic structure with
the space group Fd 3m [8]. The obtained structural parameters
of studied compounds are listed in Table 2. When cerium con-

centration increases, the lattice parameter of cubic structure

Ce* M M
s H'(G) H (G) ' M/M_ | grows (Figure 5a). The crystal structure of CoFe, Ce O, ferrites
content -x | (emu/g) (emu/g) X x4
contains oxygen octahedra with Fe/CoB-O and tetrahedral units
0.0 120 6434 -6515 95.5 0.791
with Fe/CoA-O (Figure 4b). The calculated from experimental
0.03 105.5 7920 -7997 80.8 0.766
data the bond lengths as a function of cerium concentration are
0.05 45.6 8139 -8529 33.2 0.737 o
shown in Figure 6.
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Figure 3: Dependences of the magnetization and coercivity on x for CoFe, Ce O, ferrite
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Table 2: The unit cell parameters, the Co/Fe-O bond length, the fractional coordinates of

the oxygen atom, the average value of the magnetic moments of magnetic ions located in

the positions A and B for the CoFe, Ce O, compounds. In spinel crystal structure the Co

and Fe cations distributed between crystallographic position B - 8(a) (1/8, 1/8, 1/8) and

position A - 16(b) (1/2, 1/2, 1/2). The oxygen locates in positions 32(e) (x, X, X)

CoFe, Ce O,
(COO.SSFeOﬁZ) [COOAélFeL33- Cex] 04
Symmetry Fd3m
X 0.1 0.05 0.03 0
Lattice parameters
a(A) 8.354(3) | 8.353(3) | 8.352(3) | 8.350(3)
Bond-length
Fel-0O1 1.989(3) | 2.002(4) 1.801(4) | 1.986(2)
Fe2-0O1 2.005(3) | 1.998(3) | 2.182(3) | 1.999(3)
Fel-02 1.932(4) | 1.936(3) 1.939(3) | 1.949(3)
Fe2-0O2 2.027(3) | 2.031(4) | 2.035(3) | 2.045(4)
Atomic coordinates
O: x5z 0.256(2) | 0.257(2) | 0.256(3) | 0.256(3)
Magnetic moment, M
((Fel)*+(Col1)»)"* (u,) | 3.56(3) | 3.638(3) | 3.790(3) | 4.171(3)
((Fe2)*+(Co2)*)"? (u,) | 1.54(3) 1.619(3) 1.668(3) | 1.799(3)

It is possible to calculate the distribution of cations be-

tween tetragonal and octahedral crystallographic positions from

neutron diffraction data. The refined chemical compositions of

studied ferrites including the distribution of the different crys-

tallographic positions are listed in Table 2.

CoFey xCey O,

Neutron intensity, (arb. units)

T T T
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d-spacing(4)
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The concentration dependence of the bond lengths Fe/

Co-O for octahedral and tetrahedral positions for ferrites CoFe,

Ce O, is shown in Figure 5b. We calculate the changes in the

volumes of octahedral B and tetrahedral A crystallography units

under variation of cerium content. The corresponding data is

Figure 4: Neutron diffraction patterns of CoFe, Ce O, measured at ambient conditions and refined by the Rietveld method.

The experimental points and calculated profiles are shown. The ticks below represent the calculated positions of the

structural peaks of cubic phase of studied ferrites. The magnetic reflections are labeled as «M». The cubic crystal structure

of CoFe, Ce O,compounds of Fd 3m symmetry. The octahedra units are labeled by blue, the tetragonal units are green

JScholar Publishers

] Mater sci Appl 2021 | Vol 5: 103



T T T 2.04 T T T T T
a b
i ./././.
= 8.355 - - 0,
v ““12.02— Fe/Co-OB |
£ =
= 5
g = = =
o =
= =
'§ 8.350 g
350 1 &
- Fe/Co-OA
— .
T T T 1.90 T T T
0.00 0.05 0.10 0.00 0.05 0.10
Cerium concentration x, arb. units Cerium concentration x, arb. units

Figure 5: The lattice parameter of CoFe, Ce O, ferrite as a function of cerium concentration. The solid line is linear approximation

of experimental data. The Fe/Ce-O bond lengths of octahedral and tetrahedral units of the crystal structure of CoFe, Ce O, samples

11.20 T T T

11.15

11.10 -

-
-
o
(4]
1
1

hy
AY
AN

tetrahedral

Polyhedra volume V, A3

B & L

o @ o
a o o
1 1 1
1

3.50

0.00 0.05 0.10
Cerium concentration x, arb. units

Figure 6: The volume of the octahedral B and tetrahedral A units of the crystal structure of CoFe, Ce O, compounds as a function of cerium

concentration. The experimental error does not exceed the size of the characters. The solid lines are linear approximation of experimental data

424
4.0
3.8
3.6
e
g 34 =

1.8 1 .

1] M(Fe2+Co2)]
14 T T T
0.00 0.05 0.10

Cerium concentration x, arb. units
Figure 7: Dependence of the average magnetic moment on x for CoFe, Ce O, ferrite. The experimental error does not

exceed the size of the characters. The solid lines are polynomial linear approximation second order of experimental data

JScholar Publishers ] Mater sci Appl 2021 | Vol 5: 103



shown in Figure 6. The increase of the Fe/CoB-O bond length
and the volume of the octahedra unit indicates the fact that ceri-
um ions with a large ion radius embed in the octahedral units. It
should be noted that the corresponding Fe/CoA-O bond length
of tetragonal oxygen units and its volume does not change under
the cerium doping. Under cerium increasing the bond angle Fe/
CoA-O-Fe/CoB decrease from 123.5(4)° to 121.8(3)°.

It is known that the decrease in the valence angle means
an increase in the structural disordering, which leads to a de-
crease in the magnetic moment of iron and cobalt in the appro-
priate crystallographic positions. The determined values of the
average magnetic moments M, and M, of cobalt and iron mag-
netic ions in tetrahedral and octahedral crystallographic posi-
tions, respectively, were listed in Table 2. The magnetic moments
M, and M, as a function of cerium concentration is presented
in Figure 7. It is obvious that the increase of the cerium concen-
tration leads to a decrease in the average magnetic moment not
only in the octahedral position B where the cerium is embedded,
but also in the tetragonal one. This is due to not only the change
of weak magnetic interaction of J,, but also changes in the dom-

inant magnetic exchange J,, [9, 10].

Conclusion

A mixture of pure CoFe O, and Co-ferrite doped Ce*
ions have been prepared and studied in this study. The results of
XRD confirm the formation of the samples in nano-scale with a
single-phase cubic structure. VSM data shows that Ce** substi-
tutes Fe’* only in octahedral B-site, which indicates that the mag-
netic moment of B-site gradually reduces by further addition of
Ce*. The disparity in ionic radii between Ce** and Fe’* can caus-
es a disturbance in the structure by producing strain and disor-
der in the electronic state. A closed hysteresis loops is obtained,
which is a signature of the formation of a single domain and all
the irreversible hysteresis processes are completed. The effect of
Ce cerium concentration for CoFe, Ce O, ferrite on their crystal
and magnetic structure by neutron diffraction was investigated.
The obtained values of the lengths of interatomic bonds and sec-
ondary of the magnetic moments in different crystallographic
positions allow to identify structural mechanisms of formation

of magnetic properties of ferrite CoFe, Ce O, at different x.
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