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Abstract

Nano ferrites CuCrg 3Erg g3Fe; 6704 and CuCrg3Ybg g3Fe| 6704 were synthesized using standard ceramic technique. X-ray
diffraction (XRD) patterns confirmed that the samples had cubic spinel structures. The average crystallite sizes of Er and Yb
samples were in the range of 104.2-100 nm. The morphology analyses using field emission scanning electron microscopy
(FESEM), high-resolution transmission electron microscopy (HRTEM) and atomic force microscopy (AFM) confirmed that
the samples were in the nanoscale range. The compositional analyses using energy-dispersive x-ray (EDX) showed the
atomic percentage (at.%) and weight percentage (Wt%) of the investigated samples. The magnetic properties were carried
out at room (300 K) and at low (100 K) temperatures magnetic hysteresis loop. The data showed that Er sample had higher
saturation magnetization (M) and lower coercivity (H,) than that of Yb sample suggesting that Er sample can be applied
in magnetic applications. Moreover, Er sample had higher dielectric constant (¢’), dielectric loss (¢”) and dielectric loss
tangent (tan &) than that of Yb sample. However, Yb sample had higher resistivity than that of Er sample suggesting that Yb

sample can be applied in electrical applications.
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1 Introduction

Ferrites can be introduced by the chemical formula AB;O4,
where A and B denote metal cations on tetrahedral (A) and
octahedral (B) sites, respectively. Rare earth ions having
unpaired 4f electrons and the strong spin-orbit coupling
pays more attention in many technological applications [1].
Many researchers have been attracted to substitute rare
earth ions into spinel ferrites due to 4f-3d couplings that
enhance the structural, magnetic and electrical properties of
nano ferrites [2]. The electrical and magnetic properties of
ferrites depend upon the nature of ions, their distribution
against the tetrahedral and octahedral (B) sites, and their
oxidation states [3]. Moreover, the physical properties of
spinel nano ferrites depend on cation distribution and the
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nature and the concentration of the dopant [4]. Nowadays,
applications of rare earth ions are using them in the strongest
and the highest performance of permanent magnet due to the
stability of their magnetic properties under high sintering
temperature [5]. The aim of the present work is to introduce
two substituted rare earth ions to Cu/Cr nano ferrites using
standard ceramic technique and to study the influence of the
structural, magnetic and electrical properties on them.

2 Experimental Work

CuCr0_3Er0_o3Fel_(,7O4 and CuCr0A3Yb0_O3Fel_(,7O4 nano
ferrites were prepared using standard ceramic technique [6]
which is the most common one in the preparation of ferrites.
The initial ingredients are copper II oxide, chromium III
oxide, erbium III oxide, ytterbium III oxide and iron III
oxide. Molar ratios of analar grade form oxides (BDH)
were mixed together. The mixtures were ground to very
fine powders using agate mortar for about 3 h; after that,
the mixture was compressed into pellet form using uniaxial
press under a pressure of 5 x 108N/m?. The samples
were fired using Lenton furnace UAF 16/5 (England) with
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microprocessor to control both the rates of heating and
cooling runs. Presintering was carried out at 800 °C for 6
h with a heating rate of 4 °C/min. Then, final sintering was
carried out at 1000 °C for 8 h with a heating rate 4 °C/min.
The samples were annealed at 1000 °C and all analyses have
done at this annealed temperature.

X-ray diffraction patterns (XRD) are obtained using
Diano corporation of target Cu-Ka (A = 1.5424 A). The
morphology was analyzed by atomic force microscopy
(AFM) using wet — SPM-9600 (scanning probe microscope)
Shimadzu made in Japan, non-contact mode, scanning elec-
tron microscope for the samples using SEM Model Quanta
250 field emission gun (FEG) attached with EDX Unit
(energy dispersive x-ray analyses), with accelerating voltage

30 40 50 60 70
260(%

30 kV, magnification x 14 up to 1,000,000 and resolu-
tion for Gun.1n), FEI company, Netherlands. Also, high-
resolution transmission electron microscopy (HRTEM, Tec-
nai G20, FEI, Netherland) was used for the purpose of
imaging, crystal structure revelation and elemental analy-
sis qualitative and semi-quantitative analysis, model: Tecnai
G20, super twin, double tilt and magnification range: up to
x 1,000,000. The room (300 K) and low (100 K) temper-
ature magnetic hysteresis loop of the nano ferrites samples
in this work were measured by maximum field 20 kG using
vibrating sample magnetometer (VSM) model, Lake Shore
7410. The electrical properties were carried out by Hiooki
bridge Japan LCR Hi tester type 3530 (Japan) at frequencies
ranging from 100 kHz to 5 MHz.

Table 1 Values of ionic radius, crystallite size, experimental lattice parameter (aexp), theoretical lattice parameter (aw ), x-ray density (D, ), bulk
density (Dp), surface area from XRD, porosity (P) and tolerance factor (T) of Er and Yb samples

Samples  Ionic radius  Crystallite size (nm)  dexp A) anA) Dy (gm/cm3) Dy, (gm/cm3) S (cmz/g) x10* P@®) T
Er 0.890 104.2 8.366 8.391 5.476 4.677 12.31 15 0.9989
Yb 0.868 100 8.362 8.390 5.488 4.360 13.76 21 0.9990
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3 Result and Discussion
3.1 X-ray Analysis

Figure la, b revealed that the investigated samples had
single-phase cubic spinel structure and indexed by ICDD
card (77-0013). The samples were accompanied by small
traces of secondary phase and indexed by ICDD card (75-

0541). The calculated data estimated from XRD patterns
were reported in Table 1. Both Er and Yb samples had
crystallite sizes in the nanoscale range and were calculated
using Debye Scherrer’s equation [7]. The lattice parameter
of Yb sample was lower than that of Er sample due to the
lower ionic radius and crystallite size of Yb sample than
that of Er sample. The experimental lattice parameter (exp)
was in good agreement with the theoretical one which was

Fig.2 a FESEM micrograph of Er sample. b EDX pattern of Er sample (the inset is the histogram of the average particle size of Er sample). ¢
FESEM micrograph of Yb sample. d EDX pattern of Yb sample (the inset is the histogram of the average particle size of Yb sample)
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Table2 EDX analysis of Er

and Yb samples Element Weight percentage (wt%) Atomic percentage (at.%)
Theoretical From EDX analysis Theoretical From EDX analysis

Er sample
Cu 26.322 25.62 14.286 16.73
Cr 6.461 7.36 4.286 5.87
Er 2.079 5.66 0.429 1.40
Fe 38.630 4491 23.857 33.36
o 26.509 16.45 57.143 42.64
Yb sample
Cu 26.303 27.99 14.286 18.05
Cr 6.457 7.92 4.286 6.24
Yb 2.149 2.76 0.429 0.65
Fe 38.602 44.90 23.857 32.95
O 26.490 16.43 57.143 42.10

calculated using the predictable cation distribution shown as
follow:

24 pa3+ 23RSt gt -
(C“0.1F60.9>  [Cug9Cro 3Erg o3Feq 771,04

(CuiFed}) [CuF e Ybyh Fegh,1, 03 M
The theoretical lattice parameter is calculated from the
following relation [8]:

8
33
where r4, rg and R, are ionic radii of A-site, B-site and for
oxygen (1.38 A) [9], respectively.

The x-ray density D, was calculated using the following
relation [8]:
D, = zM 3

X — W ( )
where Z is the number of molecules per unit cell, N is
Avogadro’s number, M is the molecular weight and a is
the lattice parameter of nano ferrites. In addition, the bulk
density Dj was calculated using the following relation [8]:

ath =

(4 + Ro) + /3G + Ro) | @)

Dy =— “

where m is the weight of the sample and V is the volume of
the sample. It is observed that, Yb sample had the highest
Dy than that of Er sample; on the other hand, Er sample
had the highest Dj than that of Yb sample. This may be

attributed to the lower lattice parameter of Yb sample
than that of Er sample. It is known that the porosity was
calculated using the formula [10]:

Dy,
D

X
One can obtain that the porosity of Er sample had the
lowest porosity than that of Yb sample, which improved the
densification of the sample. Moreover, the tolerance factor
T was suggested by the following relation [11]:

T:L(rA—i_RU)—kL( R, ) (6)
\/§ rg+ R, «/E rg+ R,

It is observed from Table I that the tolerance factor for
both samples were closed to unity which suggested that
the samples were spinel structure. In addition, the specific

surface area (S) was calculated from XRD analysis and
reported in Table 1 from the following relation [12]:

B 6000
~ Particlesizeinnmxbulkdensity

)

One can observe that the specific surface area (S) of Yb
sample was higher than that of Er sample due to the
crystallite size of Yb sample was lower than that Er sample.

3.2 FESEM and EDX Analysis

Figure 2a—d clarified the field emission scanning electron mic-
roscopy (FESEM) and the energy-dispersive x-ray analysis

Table 3 Values of ionic radius,

crystallite size from XRD, Sample Tonic radius (A) ~ Crystallite size  Particle size Particle size Particle size  Roughness
particle size from FESEM, XRD (nm) FESEM (um) HRTEM (nm) AFM (nm)

particle size from HRTEM,

particle size from AFM and Er 0.890 104.2 4.30 100.84 60 1.41
roughness of Er and Yb Yb 0.868 100 436 82.41 51 1.23
samples
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Fig.3 a HRTEM micrograph of Er sample. b SAED pattern of Er sample (the inset is the histogram of the average particle size of Er sample). ¢
HRTEM micrograph of Yb sample. d SAED pattern of Yb sample (the inset is the histogram of the average particle size of Yb sample)
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Fig. 4 a 3D image AFM of Er sample (the inset is the histogram of ¢ 3D image AFM of Yb sample (the inset is the histogram of the aver-
age particle size of Yb sample). d Plane image AFM of Yb sample (the

the average particle size of Er sample). b Plane image AFM of Er sam-
ple (the inset is the histogram of the surface roughness of Er sample). inset is the histogram of the surface roughness of Yb sample)
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Fig.5 a-d Magnetic hysteresis loop at room and low temperatures of Er and Yb samples
Table 4 Values of magnetic constants of Er and Yb samples
Magnetic Crystallite H.(G) M; (emu/g) M, (emulg) Squareness Experimental magnetic Anisotropy
parameters size (nm) M, /Mg moment (BM) k (erg/G)
Er sample
300 K 104.2 26.686 23.955 1.2086 0.050 1.04 652.3
100 K 17.371 39.324 0.81821 0.021 1.70 697.0
Yb sample
300 K 100 30.694 21.427 1.4445 0.067 0.92 671.1
100 K 21.875 33.553 0.83160 0.025 1.45 749.0
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(EDX) of the investigated samples. The FESEM micro-
graphs showed irregular distribution due to the samples had
large agglomerations as in Fig. 2a, c. These agglomerations
depended on many factors such as surface area, shape factor,
porosity and density [13] as shown in Table 1. It is hard
to estimate the particle size accurately from FESEM micro-
graph due to these agglomerations [14]. Figure 2b, d and
Table 2 estimated the EDX for the investigated sample.
The compositional analyses showed the atomic percentage
(at.%) and weight percentage (wt%) of the investigated
samples which were calculated theoretically and from
EDX analysis and reported in Table 2. The theoretical
compositional analysis was nearly in good agreement with
that obtained from EDX analysis as reported in Table 2. It
is observed that there was a slight difference between the
theoretical (at.%) and that determined from EDX analysis
due to the surface crystalline defect of the nano ferrites [15].

The inset of Fig. 2b, d showed the histogram of average
particle size using ImageJ software and reported in Table 3.
It is observed that the particle size of Yb sample was higher
than that of Er sample due to the high agglomeration of
smaller crystallite size of Yb sample.

3.3 HRTEM Analysis

Figure 3a—d illustrated the HRTEM of Er and Yb
samples. It is observed that the morphology revealed large
agglomerations due to the nanoscale size of the samples and
may be due to the particle proportional to their volume [16].
The particles size reported in Table 3, assured that the sizes
of the samples were in the nanoscale range. A closer look
at the selected area electron diffraction pattern (SAED)
of Yb sample, showed larger white spots which indicated
more crystallinity of Yb sample than that of Er sample. The
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histogram deduced from HRTEM analysis using Imagel
software indicated the average particle size and reported in
Table 3.

3.4 AFM Analysis

Figure 4a—d showed the atomic force microscopy (AFM)
of Er and Yb samples. The histogram of the average size
and the surface roughness were inset in Fig. 4a—d in which
their values were reported in Table 3. It is observed that
the surface roughness of Er sample shown in Fig. 4b was
larger than that of Yb sample shown in Fig. 4d. This is
attributed to the higher surface activity of Er sample than
that of Yb sample [17, 18]. The histogram of the particle

sizes of Er sample estimated from XRD, FESEM, HRTEM
and AFM analyses were larger than that of Yb sample due
to the larger ionic radius of Er ion than that of Yb ion.

3.5 Magnetic Properties

Figure 5a—d displayed the magnetic hysteresis loop at room
(300 K) and at low (100 K) temperatures for Er and Yb
samples. All samples showed ferromagnetic behaviour and
behaved as semiconductors like [19]. The obtained data
calculated from magnetic hysteresis loop were reported in
Table 4. The experimental magnetic moment was given by
the following equation [20]:

size calculated from AFM analysis was inset in Fig. 4a, c. _ Mwt x M; )
One can observe from the figure and Table 3 that the particle 7 5585
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The saturation magnetization (M;) increased at low tem-
perature (100 K) than that at room temperature (300 K)
due to the experimental magnetic moment increased at
100 K than that at 300 K. However, the coercivity (H,)
and remnant magnetization (M,) decreased at 100 K than
that at 300 K. This may be attributed to the variation of
the coercive filed with rare earth type was ascribed to the
frequency shift of vibrational modes and was explained on
the basis of the changes in magnetocrystalline anisotropy
[20]. The magnetocrystalline anisotropy constant (k) is
calculated [20] and reported in Table 4. It is observed that
the magnetocrystalline anisotropy constant (k) at 100 K
was higher than that at 300 K which revealed that the samples
may have technological magnetic applications at low temperature.

It is known that the squareness of spinel ferrite varies
from O to 1 [21]. Hence, the particle interact by magneto-
static interaction happened when the squareness <0.5, while
for random oriented non-interact particles happened when

the squareness = 0.5. Also, when 0.5 <squareness <1,
it suggested the existence of the exchange coupling parti-
cles. Therefore, the squareness of the investigated samples
reported in Table 4, had squareness <0.5 which attributed
to the magnetostatic interactions.

3.6 Electrical Properties

Figures 6, 7 and 8a—c illustrated the variation of dielectric
constant (&), dielectric loss (¢”) and dielectric loss tangent
(tan &) for all the investigated samples at different
temperatures (350, 450 and 550 K). At lower frequency
range (¢’, & and tan §) showed a rapid dispersion due to
the interfacial polarization. At higher frequency range, the
dispersion had nearly frequency independent response due
to the rotational displacements of the dipoles which resulted
in the orientational polarization [22]. As the temperature
increased, the ¢’, ¢” and tan § increased. However, they
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decreased with the increasing of the frequency and this was
the normal behaviour for semiconducting ferrites [23].

Figure 9a—c showed the variation of the ac conductivity
(0ac) against the frequency of Er and Yb samples. It is
observed that at low-frequency region, the ac conductivity
(0ac) remained constant; however, at high-frequency region,
the ac conductivity (o,c) increased. This increase may be
attributed to the increase of hopping of charge carriers
between the ions of Fe’t <« Fe’* and Er’t « Er’t
or Yb>* <« Yb®*, thereby the conduction of such ferrite
was increased [24]. As the temperature increased, the
conductivity decreased which estimated that the samples
gave high resistivity at 550 K.

4 Conclusion

1. X-ray analysis confirmed that all samples had cubic
spinel structures.

2. The morphology assured that the samples were in the
nanoscale range.

3. Er sample had higher (M;) and lower (H.) than that
of Yb sample suggesting Er sample can be applied in
magnetic applications.

4. Yb sample had higher resistivity and low dielectric loss
than that of Er sample suggesting Yb sample can be
applied in electrical applications.
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