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The present study investigated the cadmium-cobalt ferrite nanoparticles doped with chromium and
ytterbium ions synthesized using the hydrothermal method. We analysed the samples by X-ray diffraction
(XRD), Field Emission Scanning Electron Microscope (FESEM), and vibrating Sample Magnetometer devices
(VSM). XRD confirmed the formation of an almost pure spinel structure. FESEM-obtained micrographs
showed spherical shapes for nanoparticles and by using Image] software, an average particle size of about
40 nm was obtained. The saturation magnetization, the remnant magnetization, and the coercivity field
were estimated using the hysteresis loop of the samples. The maximum coercivity field (815 Oe )was
obtained in the sample doped with ytterbium. This could be due to enhancing the spin-orbit coupling and
magnetocrystalline anisotropy constant of the cadmium-cobalt ferrite sample with ytterbium doping. The
saturation magnetization decreased with the doping of both ions due to the lower magnetic moment of the

Hydrothermal method

doped ions compared to the Fe ion.

1. Introduction

Spinel ferrites, with the general formula MFe204 (where
M is a divalent metal ion), are attractive types of magnetic
materials with different applications in industry and
science. One of the reasons that magnetic ferrites have
achieved such wide applications is the possibility of
diversifying their composition and optimizing their
properties by different preparation methods. Some of these
methods include; changes in their construction method,
changes in effective parameters in preparation (including
temperature, time, pressure, etc.), doping ferrites with
different ions, etc. The Cobalt ferrite (CoFe204) that is one
of the spinel ferrites, is considered as a hard magnetic
material due to its high coercivity field and consequently
having a wide hysteresis loop, and attracted the attention
of researchers due to its attractive properties and has
allocated a lot of research to itself [1-3]. Magnetic
anisotropy field and consequently huge coercivity field,
chemical stability, and high mechanical stiffness, relatively
large saturation magnetization, etc. are among the
properties that have caused to use of this substance in
medical sciences (use in imaging, distribution, and targeted
delivery of drugs, hyperthermia, etc.), military sciences
(radars, etc.), computer sciences (magnetic memories, etc.)
and various other sciences and industries[4-8]. It has been
said that one of the methods to optimize the properties of
ferrites is doping with different ions because a small
amount of an external ion in the composition of ferrites can
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significantly change their properties [9-11]. Among these,
non-magnetic metal ions such as zinc and cadmium are of
particular importance because they do not exhibit
magnetic moment and can disturb the magnetic moment's
equilibrium in the ferrite composition [9-19]. In these ions
whose electron configuration is [Ar]3d104S2 for Zn, and
[Kr]4d195S2 for Cd, when the electrons of the valence layer
(S orbital) are removed, their electron configuration
becomes [Ar]3d10 for Zn*2, and [Kr]4d!° for Cd+*2. In this
case, it is observed that all the orbitals of the current
valence layer, which are the d orbitals, are full, and the
electrons are paired. This is why these ions do not have a
pure magnetic moment and are called non-magnetic ions.

In a study by Kaur et al. cobalt ferrite nanoparticles
were doped with Zn*2 and Cd*2 ions, and their structural,
thermal, and magnetic properties were investigated [20].
By studying the results of that research, it was observed
that the magnetization of the doped samples increased
compared to the sample without doping, but the
magnetization increasing in the Cd*? doped sample was
greater than that of the sample doped with Zn*2. Therefore,
in this research cadmium cobalt ferrite was considered for
further investigation.

Another attractive class of ions that scientists has used
more in their recent research for doping in ferrite
compounds is the rare-earth ions. In these ions, due to the
inner 4f electron layer, there is an unquenched angular
momentum that results in a significant spin- orbit
interaction, thus having a high magnetocrystalline
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anisotropy. Therefore, it is expected that if these ions are
added to the ferrites, they can increase the coercivity field
(HC) [21]. In a study by Routray et al., after doping of La in
cobalt ferrite, the HC increased from 19500e for sample
x=0 to 3300 Oe for sample x=0.1 [22]. Also, Almessiereet al.
reported that by doping 4% Tm ion in cobalt ferrite, it
increased nearly 60% [23]. In the study of Bulai et al.,, the
substitution of 8 ions from the rare earth group was
compared with the pure sample. For all the doped samples,
HC was higher than the undoped sample [24]. Based on the
above data, we selected the Yb*3 from the rare earth group
for our research, which in recent research is less used than
the other ions of this group, for doping in ferrites. On the
other hand, by studying recent articles, it was observed that
in some cases, Cr*3 doping in the ferrite compounds,
including cobalt ferrite, leads to an increase of coercivity
field. In a study by Zhang et al., for chromium-doped cobalt
ferrite (CoCrxFez-xO4) samples, the maximum coercivity
field value was 6400 Oe in sample x=0.6. [25].

With that in mind, another ion we chose for doping in
our sample is Cr. Thus, in this study, we synthesized
samples of cobalt-cadmium ferrite doped with Cr*3 and
Yb*3 (separately) with a doping value of 0.1
{Co09Cdo.1Fe1.9%0.104(x=Cr, Yb)} by hydrothermal method
to see if doping both Yb and Cr ions can affect
simultaneously on the coercivity field to increase. After
confirming the formation of the spinel structures, we
investigated their magnetic properties. Our results show
that Yb doping significantly increases HC.

2. Experimental

In this research, the Coo.9Cdo1Fe204, Co09Cdo.1Fe1.9Cro.104,
and Coo.9Cdo.1Fe1.9Ybo.104 nanoparticles were synthesized
via the hydrothermal method. The following materials
were used as starting materials to make the samples:
iron(IlI) chloride hexahydrate (FeCls-6H20), cobalt
chloride hexahydrate (CoClz-6H20), cadmium chloride
(CdClz-2.5H20), ytterbium chloride hexahydrate (YbCls-
6H20), and sodium hydroxide (NaOH). After weighing the
stoichiometric amounts of the metal salts, they were
dissolved in deionized water. Simultaneously, a 0.5 molar
sodium hydroxide solution was prepared and gently added
to the metals salt solution. They were then stirred for 30
minutes on a magnetic stirrer to obtain a homogeneous
solution. Once the dark and homogeneous precursor was
obtained, the precursor was poured into an autoclave and
heated at 250°C for two hours. After cooling, the material
was washed with deionized water and ethanol. To obtain
the final samples, the washed material was dried on a
heater at 70° C for 3 hours.

After preparing the samples X-ray diffractometer was
employed using a Cu-Ka (A=1.5406 A°) radiation in the
range of 20=20-80° as a source to confirm the formation of
the spinel structure. The surface morphology of the
annealed powders was determined by field emission
scanning electron microscopy (FE-SEM). Then, to study the
magnetic properties of the samples, vibrational sample
magnetometry analysis (VSM, Meghnatis Daghigh Kavir
Co., Iran) was used.

Explanation: The samples were named as:

(Cd)—=Co0.5Cdp.1Fe204 and(Cd-Cr)—Coo.9Cdo.1Fe1.9Cro104 and
(Cd-Yb)—Coo.9Cdo.1Fe1.9Ybo.104.

3. Results and Discussion

The XRD patterns of samples are shown in Fig. 1.
Comparing these patterns with the standard cobalt ferrite
card (No.22-1086)[26,27], we see no impurity peaks in the
XRD pattern of samples. Reflections were observed from
(220), (331), (400), (422), (511), and (440), planes
indicating the formation of a single-phase cubic spinel
structure for synthesized samples.
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Fig. 1. X-ray diffraction pattern of samples.

We further performed the Rietveld refinement of the
XRD data using Fullprof-Suite software, which confirmed
the material belongs to the Fd3m space group. Using a =

dpaVh? + k? + 12 (dnuis the lattice spacing, and hkl are
Miller indexes) and after Rietveld refinement, we obtained
the lattice parameter for the samples, as shown in Table 1.
Let's look at the ionic radius of the ions. The lattice
parameter did not change because the ionic radius of Cr+3
(62 pm) and Fe*3 (60 pm) are close. But by considering the
sizeable ionic radius difference between Fe*3 andYb+*3(87
pm), the lattice parameter decreased significantly by Yb
doping. The X-ray density of prepared samples calculated

from  pypp = % and they are listed in table 1. In this

equation, Na is Avogadro's number, M is the formula mass
of the sample, and the number 8 is due to the number of
units of each sample (Cd, Cd-Cd, Cd-Yb) per unit cell. [28].
The significant increase of X-ray density in the Yb doped
sample is due to the big difference between the atomic
weight of Yb (173.05 amu) and Fe (55.84 amu) ions.

To obtain images and observe the morphology of the
samples, we subjected them to field emission scanning
electron microscopy (FE-SEM) analysis. These images are
shown in Fig. 2. The images obtained by FE-SEM analysis
show that the cadmium-cobalt ferrite nanoparticles are
almost spherical and uniformly distributed.
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By using Image] software, the average particle size of
samples was estimated to be about 40nm. Table 1 lists the
average particle sizes obtained from the FE-SEM images.

Fig. 2. FE-SEM images of samples a)Cd, b)Cd-Cr,c)Cd-Yb..

Table 1
lattice parameter, particle size (from FE-SEM images), and X-ray density
of the samples.

sample Cd Cd-Cr Cd-Yb
a(d) 8.41 8.41 8.35
D_FESEM 40 41 40
(nm)

‘()é)/(f%) 5.81 5.80 631
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Fig. 3. hysteresis loop of the samples at room temperature.
Inset shows the magnetization curve with a field range of -1 to +1
kOe

The hysteresis loop of the samples is shown in Fig. 3.
The magnetic parameters obtained with the help of this
diagram are listed in Table 2.

As we know, cobalt ferrite has an inverse spinel
structure. In other words, divalent ions are located in
octahedral (B) sites. Thus half of the trivalent ions are in
octahedral (B) sites, and the other half are in tetrahedral
(A) sites. For this reason, the magnetic property of cobalt
ferrite is mainly due to the divalentions of cobalt, which are
in the octahedral sites. Because the magnetic moments of
the trivalent iron ions, which are unparallel in the
octahedral and tetrahedral sites, neutralize each other's
magnetic properties (see Fig. 4a). When one of the non-
magnetic ions (eg Cd+*2) enters the cobalt ferrite
composition, although it replaces Co*? in the octahedral
sites, it prefers to sit in the tetrahedral sites. Thus, as much
as Cd*2 entrees the compound, the same Fe*3 transfers from
the octahedral to the tetrahedral position (see Fig. 4b). As
we know, according to NeilNeel's theory, the theoretical
magnetic moment is given by the equation:

Tlgal = MB - MA (1)

where M4 and Mg are the A-site and B-site sub-lattice
magnetic moments estimated from the magnetic moment
of each ion in pg (Bohr magneton) (5, 3, 0 for Fe*3, Co*2, and
Cd+?, respectively) [10,28-29]. With cadmium doping, the
magnetic moment of the A-sites reduces by 5us, equivalent
to the magnetic moment of Fe*3 that is removed from the
tetrahedral position. Instead, the magnetic moment of the
B-sites increases by 2us. Due to the replacement of Fe*3
instead of Co*? in these sites, whose magnetic moment
difference is equal to 5ps-3ps = 2us. Therefore, the total
magnetic moment, the difference between the A and B-
sites' magnetic moment, increases the compound's
magnetization.
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Fig. 4. a) Inverse spinel structure of cobalt ferrite b) Mixed spinel
structure of cobalt ferrite doped with cadmium.

The structure of cadmium-cobalt ferrite and how ions
are located in tetrahedral and octahedral sites can be
represented in Fig. 4b. Now consider adding Cr*3 or Yb*3 to
this structure. We know that Cr*3 replaces Fe*3 when it
enters the composition, preferring to sit in octahedral sites.
The magnetic moment of Cr*3 is 3us, and the magnetic
moment of Fe*3 is 5ug. By locating the Cr*3 in the octahedral
sites, the value of 3pp is added to the magnetic moment of
the octahedral sites. Because Fe*3 is removed from the
octahedral sites, the magnetic moment of B-sites reduces
by 5us, so the net magnetic moment of B-sites decreases by
2us, and thus the total magnetic moment decreases. As a
result, as shown in table 2, in the Cr*3 doped sample,
saturation magnetization (Ms) decreased compared to the
undoped sample.

Similarly, due to the lower magnetic moment of
Yb+3(4us) compared to Fe*3(5ug), the saturation
magnetization of the sample doped with Yb decreased, as
shown in Fig. 3 and Table 2. According to equation 1, as
previously described, we obtained the theoretical magnetic
moment of the samples, and the results are shown in Table
2. The experimental magnetic moment of the samples is
also obtained with the help of the below equation [30, 31]:

exp _ Ms(emu/g)xMw(gmol™) _ Mw(g)xMs(emu/g) )
B uB(]/T)xNA(mol—l)x1o3 5585 ( )

Where Mw is the molecular weight of the samples and
Ms is the amount of saturation magnetization. In fact, with
the help of the values of Bohr magneton (ug= 9.274x10-24
J/T) and Avogadro number (N4=6.0221409x1023 mol-1)
values and using the conversion factor of 1 emu=10-3 J/T,
the corresponding simplification is done. The calculation
result is presented in Table 2. As can be seen from the data
in Table 2, the calculated value,n§ is different from the
value of n;, ¥ . One reason for this could be the difference in
particle size of the samples. Another reason that can be
mentioned is the distribution of cations in octahedral and
tetrahedral sites. There is also another factor that should
be considered. As mentioned, by substituting Cd+2 ions in
the cobalt ferrite composition, the symmetry of the Fe*3
ions at the octahedral and tetrahedral sites is disturbed,
and we saw that the Fe*3 ions no longer neutralize each
other's effects. We then substituted Cr*3 or Yb*3 ions for
Fe*3jons in the resulting composition (i.e.,, cadmium-cobalt
ferrite). Due to the addition of these new ions and the fact
that each of these ions has a different magnetic moment

from its neighbor, the magnetic moment of ions located in
the octahedral and tetrahedral sites can no longer be
considered antiparallel. Evidence of this is the difference in
the value of the experimental magnetic moment and the
theoretical magnetic moment[32]. For this reason, Neel's
two-sublattice model is no longer able to estimate the
magnetic moment of the samples, and another model,
called the Yaffet-Kittel's (Y-K) three-sublattice model, must
be used to calculate the magnetic moment of the samples.
In this model, the magnetic moment is calculated by
equation (3)[ 32, 33]:

ng = Mgcosa — M, 3)

According to this model, the magnetic moment of the B-
sites is composed of two components B1 and B2, that have
equal value with the Y-K angle (ay-x) between them. This is
due to the difference in the value of the theoretical
magnetic moment and experimental magnetic moment.
[33-37] (see Fig. 5). We calculated the angle ay-xby equation
(3). The results are shown in Table 2. As can be seen, the Y-
K angle increased in the doped samples confirming the
reduced magnetization in these samples compared to the
cadmium-cobalt ferrite sample. Because the higher ay-k
results in higher spin canting on B-site, the total M
decreases[33,36-37]. By Yb and Cr doping, the number of
Fe ions decreases on B-site. Thus, the strength of the
exchange interaction between the ions may decrease on the
B-site, which result in the spin canting of the ions on A-site
and then decrease the net magnetic moments. The higher
Yafet-Kittle angle observed in Yb substitution than Cr
substitution could be due to the weaker exchange
interaction between Yb and Fe ions in the B-sites( Yb 4f
electrons are relatively localized) compared to the Cr -Fe
ions interaction.

A-site

o,
y

A-site

Fig.5. The orientation of magnetic moment at A and B-sites.
(a) Neel'smodel (Linear) (b) Yaffet-Kittel's Model (Nonlinear).
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Table 2
Magnetic parameters of the samples

sample Cd Cd-Cr Cd-Yb
Ms (emu/g) 81 76 59
Hc (Oe) 430 490 815
Mr (emu/g) 24 31 25
ng P (uB) 3.48 3.26 2.73
ng* (uB) 3.7 35 2.6
R (Mr/Ms) 0.3 0.41 0.44
K (erg/g) x105  2.02 2.06 12.29
ay-k (deg) 13.3 14.1 26.8

According to the data in Table 2, we can see an almost
double increase in the coercivity field of samples doped
with Yb*3 compared to the undoped sample. To justify this,
we consider the electron configuration of rare-earth ions.
In this group of ions, the 4f orbital layer, closer to the core
than the 5d orbital, is not filling. Therefore, in these ions,
the rate of spin-orbit interaction is high due to the
unquenched orbital angular momentum. Since the
magnetocrystalline anisotropy mainly originates from the
spin-orbit interaction thus its value is significant in this
group of ions[24,38]. It is well known that as the magnetic
anisotropy increases, the coercivity field increases. This is
why the coercivity field increases with Yb*3 doping. Such
behavior has been reported in several studies [24,39]. The
increase of the Hcin the Cd-Cr sample could be due to the
difference in the anisotropy coefficient of the Cr with Fe. As
described, the coercivity field (Hc) is directly related to the
anisotropy coefficient, and the higher the anisotropy
coefficient, the higher the coercivity field. We further

calculated the remanence ratio that is equal to the ratio of
the remanent magnetization to the saturation
magnetization (R = Mr/Ms) [40, 41]. The calculated values
of Rare given in Table 2. According to Stoner-Wolfarth's (S-
W) theory, if R is about 0.83, it is related to cubic
anisotropy, and if about 0.5, related to uniaxial anisotropy.
It can be seen from Table 2 that the R values of the samples
are in the range of R< 0.5, indicating a single magnetic
domain with uniaxial anisotropy. To obtain the samples’
anisotropy constant (K), we can use the relationship
between the magnetization and the applied field. This
relationship is shown by Equation (4) [42]:

M=MS(1—% ﬁ)+XH (4)

Mz

In this equationa, § and y are constant, and Ms is the
saturation magnetization. The first constant (a), which is
related to micro-stresses (or local stress due to crystal
defects), shows itself only in a specific and small area of the
field and can be ignored in high fields [42]. Also, the x-
constant, which is related to the increased field in the
spontaneous magnetic domain and is known as the
paramagnetism-like term, is ignored at temperatures
below the Curie temperature[43,44]. So the equation (4)
can be roughly replaced by [45-47]:

B
M=u(1-L) (5)

The term that contains f is related to effective magnetic
anisotropy, K, and can be written as[47-50]:

=t (6)

K = M
To use equation (6), we must first obtain the f constant
by plotting the M diagram versus 1/H?, and then obtain the
anisotropy constant(K) of the samples using equation (6).
The magnetization diagram (M) in terms of 1/H? for all
samples is shown in Fig. 6. The values obtained for K are
listed in Table 2. According to the obtained values,
anisotropy constants increased by Yb doping due to the
stronger spin-orbit coupling of Yb compared to Fe.
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In this study, samples of cadmium-cobalt ferrite
nanoparticles were synthesized with chromium and
ytterbium doping by using the hydrothermal method. XRD
analysis of the samples confirmed the formation of spinel
structure. VSM analysis showed that saturation
magnetization reduced by Cr and Yb doping in cadmium-
cobalt ferrite nanoparticle samples. The coercivity field of
the doped samples increased due to the increase of the
spin-orbit coupling and the magnetocrystalline anisotropy
constant.
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