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In this paper, mixed spinel Co-Mn-Cr ferrite with varying chromium
content have been investigated to deduce the relation between the structure
and some physical properties; electric, optical and magnetic.

Nano-crystalline Cog ;Mn 3CrFe; Oy (x = 0.0, 0.2, 0.4, 0.6, 0.8, and
1) were synthesized via co-precipitation route. The obtained particle size
from transmission electron microscope (TEM) micrographs is close to the
crystallite size calculated from X-ray diffraction (XRD) by Sherrer’s
formula, and the particle size distribution is regular. The infrared spectra
represent two strong absorption bands around 600 - 400 em”™’, which
confirm the presence of M-O stretching bond. The mechanical properties
enhanced by adding Cr’* ions. The optical band-gap calculated from UV-
visible spectroscopy is quite affected by adding Cr'* ions because of
particle size reduction. The saturation magnetization (M) and the
coercivity (H,) decrease with Cr*" ions substitution. The variations of the
electrical conductivity and drift mobility with temperature were also
investigated. The conduction mechanism changed from electron hopping to
polaron hopping by raising the temperature. Superparamagnetic
Coy.7Mny ;CrFe; Oy (x > 0.6) nanocrystals can be used in biomedical
applications and low  power-loss  applications. The  sample
Coy.7Mny 3CroFe; sO4 has high squareness ratio (M,/M,) and, it may be
suitable for memory applications.

1. Introduction

The particle geometry and internal structure of magnetic nanostructure
materials, such as ferrites, differs drastically from their bulk counterparts that
makes these materials possess interesting physical properties and have promising
applications [1]. These materials have technological applications in high-
frequency devices as electromagnets, magnetic bulk cores, and microwave
absorbers. On the other hand, they have biological applications as in magnetic
fluids, drug delivery and as contrast agents in magnetic resonance imaging [2].
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In this manuscript, we have investigated the properties of co-precipitated
mixed spinel ferrites contain cobalt, manganese and chromium ions. Where
Manganese ferrite has been used extensively in the microwave and magnetic
recording applications [3]. And cobalt ferrite CoFe,O4 has a wide range of
applications in high-frequency devices and memory cores because cobalt ferrite
has a unique property over the rest of ferrites which is high magneto-crystalline
anisotropy [4]. CoFe,0, also has high Curie temperature 7,, reasonable saturation
magnetization, and high coercivity [4]. Both MnFe,O, and CoFe,O, are
recognized as mixed inverse spinel but the degree of inversion depends basically
upon the preparation conditions including sintering temperature [5] [6].

The existence of nonmagnetic trivalent or tetravalent cations has a great
influence on the physical properties of spinel ferrites particularly magnetic,
elastic and electric properties [5]. These features can be controlled by replacing
iron ions with other metallic ions in these materials to be convenient for various

. . . . . 3+ .
applications. For this purpose, we use chromium ions (Cr "), which have
antiferromagnetic nature and prefer the octahedral site occupation [7], to obtain
samples with different properties.

Moreover, it is important to study the elastic properties of materials to get
beneficial information about the structural nature and binding characteristics
between adjacent atoms [8].

M. A. Amer et al. [9] had studied the effect of Cr’" substitution on the
properties of FeCrFe, ,O4. They found that some structural parameters increase
with Cr’" addition and others decrease.

M. Raghasudha et al. [10] had examined the magnetic properties of
CoCrFe,O, and confirmed the formation of magnetically soft materials which
can be used in transformer and motor cores. A. Manikandan et al. [11] had
investigated the influence of Co’" substitution on the properties of
CoMn,; Fe,O,. The most important conclusion they reached is that
Co,Mn,_Fe,0, nano-crystals can be used as catalysts for the conversion of benzyl
alcohol to benzaldehyde with a conversion efficiency of 87.32 % for pure
MnFe,0, and 94.28 % for the Cog¢Mng 4Fe,0, spinel as a catalyst [11].

In the present work, mixed CoMnCr ferrites have been prepared and
investigated to examine the correlation between the chemical structure and the
important physical properties such as optical, electric and magnetic properties.

2. Experimental

2.1. Sample preparation

A series of Cog;Mng;CrFe, O, ferrite nanoparticles (x = 0.0, 0.2, 0.4,
0.6, 0.8, and 1) have been prepared by co-precipitating aqueous salt solutions in
alkaline medium. Solutions of CoCl,.6H,0, MnCl,.4H,0, CrCl;.6H,0, and FeCl;



Egypt. J. Solids, Vol. (42), (2019/2020) 3

in the required stoichiometric ratios have been used, and the preparation method
has been published before [7]. The precipitated powders have been collected and
washed by distilled water then dried at 80°C for 24 h and ground in an agate
mortar to obtain ultrafine powders.

2.2 Characterization and Measurements

The as-prepared nanoparticles have been characterized by X-ray diffraction
using (Cu-K, radiation with A= 1.54 A) and FTIR spectroscopy using Bruker
Tensor 27 in the range of 200 - 5000 cm™'. The magnetization measurements have
been carried out at room temperature up to the maximum field of 18 KOe by
using Model Lake Shore 7410. The optical absorption spectra in the visible and
ultraviolet region have been recorded by using a UV/VIS spectrophotometer in
the wavelength region 200 -1100 nm. The average particle size of the samples has
been determined by a transmission electron microscope (TEM) (JEOL JEM-
2100). The direct current (DC) electrical conductivity has been measured for
samples (x = 0.2, 0.6, and 1) by the two-probe method as a function of
temperature in the range of T (40-400°C).

3. Results and Discussion
3.1. X-ray Analysis

Figure (1) shows the XRD patterns recorded for the as—prepared
Cog.7Mny ;CrFe, ,O4. The diffracted signals of cubic spinel at the planes (111),
(220), (311), (400), (422), (511) and (440) appear obviously in the samples (x = 0,
0.2) only [12], but the signals in the other samples become broader and less
obvious because of the significantly reduced average crystallite size by increasing
Cr’* ions ratio and therefore the samples seem amorphous [13]. From Table 1, it is

observed that the calculated lattice constant '@’ (@ =dvh*+k?+1%) and
average crystallite size 'R' (calculated from Scherrer’s formula R = 0.94/B,,, cos 0)
decrease with Cr’" ion substitution.

This occurs because the smaller Cr’* ions (0.63 A) enter the octahedral sites
instead of the larger Fe’™ ions (0.67 A) which leads to contraction of bond lengths
in octahedral sites, and the reduction in the unit cell volume [14]. Consequently,
the X-ray density increases and the porosity decreases. Additionally, the magnetic
ions' distance (jump length) in the tetrahedral A-site (L,), octahedral B-site (Lp)
and shared sites (L4.z) have been calculated using the relations [12]:

'f '\-‘ﬁ

T3
T Lyp=a—- and Lig=a—- (1)

LA-A =a

The jump length (hopping length) depends on the lattice constant and
consequently decreases with increasing Cr’* ions concentration (Table 1) [15].
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Figure (1): The X-ray diffraction (XRD) patterns of the as-prepared

Cog.7Mn, ;Cr,Fe,_,O4 samples.

Table (1): The Lattice constant, Average crystallite size R from XRD (nm),
Average particle size D from TEM (nm), X-ray density p, (g/cm’),
Porosity P (%), L. (A), Lgs (A) and L, (A) of the as-prepared
(Cop.7 Mny 3 Cry Fe, ,O4) samples.

Lattice R D DPx P Ly Ly Lyp

X | constant (a)| from XRD |from TEM (g/cm3) (%) (A) (A) (A)

A (nm) (nm)

0 8.431 211 25 5174 | 514 | 3.651 | 2981 | 3.495
0.2 | 8399 18.4 33 5216 | 517 | 3.637| 2969 | 3.482
041 8391 33 3 5214 | 51.0 | 3.633| 2967 | 3.479
0.6 | 8380 38 5217 | 502 | 3.629 | 2963 | 3474
08 | 8368 S 5222 | 497 | 3.623| 2959 | 3.469

1 8.358 24 23 5223 | 492 | 3.619| 2955| 3.465

3.2. Infrared Spectra:

IR spectrum of a chemical substance is its recognition code. Four
absorption bands only known to appear in ferrites; v, v, v; and v, have been
observed in the spectra of Coy;Mn,;CrFe, 04 samples, as shown in Figure 2
and listed in Table 2. v; (585 to 595 cm™) and v, (400 to 509 cm™), are ascribed to
the stretching vibrations of Fe’*-O”" bonds at A-sites and intrinsic vibrations of
Fe’-0* and Cr’’-O> bonds at B-sites, respectively [16] [17]. v; is nearly
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constant, but v, has a slight shift to higher frequencies by adding Cr’* ions. This
shift may be due to the variation in cation-oxygen bond length resulting from
replacing Fe’" ions by smaller Cr’* ions at the octahedral sites [9]. The cation
distribution over A and B sites influences the width of the spectral bands that
increases with Cr’" ions addition [15]. It is obvious that v; > v, because the
tetrahedral site bonds are shorter than those of the octahedral ones [18]. The weak
band v; in the range of 320 to 325 cm™ results from the existence of divalent
metal ions (Fe*" or Co®") in the B-sites [19]. The triple band around 1600 cm ™" is
related to the hydroxyl groups H-O-H bending vibrations [12]. The weak
absorption band v, is usually ascribed as due to the presence of divalent ions in
the A-sites [12].

Transmittance [%]

0 1000 2000 3000 4000 5000

wavenumber cm?

Figure (2): IR spectra of the as-prepared Co0.7Mn0.3CrxFe2-x04 samples.

Table (2): Values of IR absorption bands of the as-prepared
(Cop.7Mn, 3CrFe,.O4) samples.

X VI-I vz-l v3_1 VA-]
(cm™) (cm™) (cm™) (cm™)
0 585 400 320 822
0.2 585 477 320 880
04 578 504 324 854
0.6 580 509 324 809
0.8 584 509 325 880
1 595 509 325 869
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The force constants of the tetrahedral site F; and the octahedral site Fj
depend on the vibrational frequency and is calculated from the relation [19]:

Fy = 4micivi p, Fy = dm?c?vi p (7

"where u is the reduced mass of Fe’* and O ions (u = 2.061x10™ g)" [20] and ¢
is the velocity of the electromagnetic wave (¢ = 3x/0"° cm/s). The force constant
is proportional to the strength of the bonds between the ions. As mentioned
above, the bond length shortens by replacing Fe’ ions by Cr’" ions at the
octahedral sites which leads to raising the force constant (), as shown in Fig.(3).
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Figure (3): The relation between the force constants and the composition.

Debye temperature O, is the temperature at which a crystal has its highest
heovaAp

A 21,
where 4 is Plank's constant, £ is Boltzmann's constant, c is the velocity of light

and v,y is the average value of the wavenumbers which equals (v;+ v,)/2. The
calculated Op is drawn as a function of the composition 'x', as displayed in Fig. (4).

normal mode of vibration. It is calculated using the relation ©p =

Debye temperature specifies the stability of the crystal lattice. When the
material is heated below Debye temperature, the atomic motion is restricted, and
the electrons move across the lattice planes with minimal scattering. But above
Debye temperature, the scattering becomes quite large [21]. So materials with
higher Debye temperature have low scattering and hence become more stable. In
these samples, Op increases with x as seen because the strength of interatomic
bonding hardens, which indicates that the lattice becomes more stable by
increasing Cr’" ions [21].
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Figure (4): Debye temperature O as a function of composition.

3.3. Elastic properties

The elastic constants clarify the nature of the binding forces and the
thermal properties of solids. Especially, Young's modulus of ferrite materials is a
critical agent for the various magnetic core shapes as rods and rings [22]. Some
effective factors as high magnetic field, electric field, pressure, or temperature
can generate large stresses in a polycrystalline material. The mechanical
properties are of prominent importance in the incorporation of the material into a
functional device [22].

It is worth mentioning that the ultrasonic pulse transmission technique
(UPT) is a common technique for measuring the elastic and force constants of
materials. In this technique, the length of the tested material should be about 1
cm, and the sample must be in the hard pelletized shape. This seems difficult
because novel advanced materials such as nanoparticles, single crystals or
irradiated material can be synthesized in very small quantities. So UPT is
considered as a complicated technique [23]. Therefore, FTIR spectroscopy is a
preferable technique for measuring the mechanical properties in such cases
because it is sufficient to use only few milligrams of a material for IR
examination. Furthermore, in UPT technique, the influence of pores and micro-
cracks should be frustrated by zero porosity correction. But it is not required in
infrared spectroscopy [23].

For cubic structured materials, the force constant (/) equals the product of
stiffness constant (C;; longitudinal modulus) and lattice constant (@). The stiffness
elastic constants, C;; and C;;are calculated using the following relations [24]:
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Ciu= ;, Cp= —= (2)

o is the Poisson's ratio that is a function of pore fraction: o = 0.324 (1- 1.043P),
where P is the porosity. Also, the three elastic moduli of solids for cubic structure
in terms of stiffness constants are calculated using the following relations [25]:

Bulk modulus (B) = (€11 +2C1) (3)

Young's modulus (E) = I‘E""_F;z}_i:;xﬂ} 4)
hbaaTlyz

Rigidity modulus (G) = "rf+ 5 (5)

Increasing the proportion of Cr’" ions raises the elastic moduli values, as seen in
Table 3, because minimizing the grain size leads to the excessive increase in the
total grain boundary area which contributes to the rigidity of the materials. Grain
boundaries play a significant role in dislocation motion impedance. Since the
existence of dislocations weakens the crystal then minimization of the grains
enhances the strength as well as the toughness of materials [24] [23]. Generally,
elastic moduli of nano-crystalline ferrites are larger than their bulk counterparts
according to the literature [26].

Table (3): Stiffness constants, C;;, C;,, elastic moduli, B, Y and G.

X | C;(GPa) C,> (GPa) B (GPa) Y (GPa) | G (GPa)
0 217.4 384.1 98.07 205.8 89.48
0.2 247.6 435 111.5 234.6 102.1
0.4 256.4 458.9 116 242.4 105.2
0.6 259.9 474 118.2 245.3 106.3
0.8 262.3 484.5 119.7 247.2 106.9
1 268.3 502.2 122.9 252.5 109

3.3. Transmission Electron Microscopy (TEM):

Figure (5) shows the TEM micrographs of Coy;Mng;CrFe; Oy (x = 0,
0.2, 0.4, 1) ferrite nanoparticles. The measured size of the nano-crystals from
TEM images is in good agreement with the size calculated from peak broadening
in X-ray diffractograms, as listed in Table 1. Cr’" ions effect on the particle size is
very clear. The histograms of the size distribution obtained from the statistics
over around 230 particles show that the particles have a narrow size distribution
as in Fig. (6). Most of the particles have nearly spherical appearance however
some elongated particles are also present. The selected area electron diffraction
(SAED) pattern of Cog;Mng3Fe;O, is shown in Fig. 5(b). The SAED pattern
consists of concentric rings with bright spots over the rings. This feature indicates
that the samples are polycrystalline. High crystallinity of Coy;Mng;Fe,O4 was
proven by the spotted look of the diffraction rings, as expected.
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Figure (5): TEM images of: (a), (b) Coy;7Mn,;Fe,04, its SAED pattern respectively (c)
Coy.7Mny 3Crg 2Fe; 504 (d) Cog;Mng 3Cro 4Fe; 604 (€) CogsMng;CrFeOy.



E. H. EI-Ghazzawy 10

35 o 45 4
(a} ag | (b)
30
35
25 - 30 |
é 20 | £ 25
2 &
15 e 20
g’ 2 15
2w E
10
U 5 |
0 - 0
13 25 32 39 46 53 (v 26 34 42 5 L3
Particle size (nm) Particle size (nm)
30 - 35 -
() (d}
25 - 30 7

Frequency (%)
Frequency (%)
E R B

w
wn
1

15 2 25 3 35 4 45 §5 55 & 65 15 2 a5 3 315 a a5

Particle size (nm)
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3.4. Ultraviolet and Visible Spectroscopy:

The optical absorption spectra of Coq;Mng;CriFe, (O, samples in the
visible and ultraviolet regions are shown in Fig. (7). The overall behavior of the
absorbance spectra is the same for all the samples, and the absorbance has been
reduced with increasing Cr’* ion ratio. The dependence of absorbance on
wavelength is negligible for small sizes [14].

The energy band-gaps have been calculated with the help of optical
absorption data. The absorption coefficient, 'a' has been calculated using the

. I .
fundamental relations: I = Iye™%f, = Ln ({—) = —at , where 4 is the absorbance
o

and, ¢ is the thickness of the sample. In the high-absorption intensity region, the
optical absorption coefficient follows the known Beer-Lambert law: ahv = S(hv
— E;)". To estimate the energy band-gap (E,), the graph of (ahv)* versus hv has
been plotted (not displayed here). The intercept of the line at o = 0 gives the
values of (E,). The values have been found in the range 1.382-2.229 eV (Table 4).
The features of crystalline solids such as the structure and the defects affect
deeply the band-gap [27]. It is observed that the energy band-gap expands by
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reducing the particle size [28] so a blue shift occurs in the absorption spectra, as
seen in Fig. (7). This means that the electrons need more energy to cross the
larger forbidden band in tiny size samples which exhibit lower electrical
conductivity, as will be discussed below.
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Figure (7): UV/Visible absorption spectra of Co,;Mng 3CryFe, ,O4 samples.

The values of the exponent n depend on the nature of the transition and are
theoretically equal to 2 and 1/2 for allowed indirect and direct electronic
transition, respectively [29]. Transferring electrons from the highest-energy state
in the valence band to the lowest one in the conduction band without any
variation in momentum makes the band-gap "direct" and consequently photons
can be emitted. While in the "indirect" band-gap, the crystal momentum changes
and a photon cannot be emitted because the electron must pass through a
moderate state and transfer momentum to the crystal lattice [30].

The analysis of the obtained data shows that the involved transition
mechanism is the allowed direct transition since linearity dependence is obtained
with n =1/2. It is worth mentioning that the variation of the band-gap with varying
the particle size is an important aspect for photocatalytic applications of these
materials [31].

Table (4): The optical energy-gap, E, of Coy;Mn, 3CrcFe,,O4 samples.

Samples E,(eV)
Co¢.7Mn 3Fe,04 1.382
Co.7Mng 3CrrFe; 304 1.903
Cog7sMng 3Crg 4Fe; 604 2.731
Coo7sMng3Crq sFe; 404 2.74
Co0.7Mng3CrqgFe; 204 2.229
Cop.sMn;Cr,Fe, O, 2.325
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3.5 Magnetic Measurements:

The magnetic hysteresis loop is formed by applying a variable magnetic
field through the sample and measuring its magnetization. In Co ferrites, the
magnetic anisotropy and hysteresis are obviou. The magnetic hysteresis loops of
the Cog 7Mn, ;CrFe, O4 samples are displayed in Fig. (8).
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Figure (8): The magnetic hysteresis loops of the Coy;Mn, 3CrFe,_,O4 nanoparticles.

Table (5): values of saturation magnetization M,, remnant magnetization M,,
squareness ratio SQR and coercivity H, of Coy;Mng;Cr,Fe,.,O, samples.

Sample M; (emu/g) M, (emu/g) M,/M, H. (G)
X=0 65.407 25.340 0.387 806.33
X=0.2 13.693 7.5887 0.554 2736.5
X=04 4.1230 1.5289 0.371 1723.2
X=0.6 | e | e | e 151.68
X=0.8 W | e | e e 5.2228
) G T e e 4.3324

The presence of Cr’* ions at the octahedral sites causes a rapid drop in the
saturation magnetization (M) values, as seen in Table (5). So the magnetization
of the octahedral site (Mjp) decreases while the magnetization of the tetrahedral
site (M,) increases. Therefore the net magnetization (Mp-M,) decreases [15].
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Moreover, uncompensated spins form at the surface of the nanoparticles and
reduce M [1] [7]. The saturation magnetization of CoFe,O, can be improved by
adding ions with higher magnetic moment than cobalt as manganese where Co”"
is 3 ug but Mn>" is 5 ug [11]. The unsaturated magnetization of Coq;Mng3CrFe,.
xO4 (x = 0.6) is due to thermal fluctuations of small particles at room temperature
even at the maximum field of 20 kOe. These small particles have large surface
with disordered spins that leads to non-saturated magnetization [32]. The samples
Cog.7sMng;CrFe, O, (x = 0.6) exhibit non-hysteresis state and may be
considered as superparamagnetics which have several applications, such as drug
delivery, hyperthermia, bio-separation, and magnetic resonance imaging. The
nearly zero coercive force permits easy magnetization and demagnetization with
little magnetic loss. Therefore, those soft magnetic materials may be suitable for
transformer and motor cores to reduce the energy dissipation with AC
alternating fields [33].

The existence of non-magnetic Cr’" ions minimizes the coercivity because
of reducing the anisotropy field, which in turn decreases the domain wall energy
[15]. It is seen that the squareness ratio (M,/M;) of the sample
Co¢.7Mny ;Crg,Fe; 304 is relatively high. Generally, large SQR values are
desired for recording medium [26]. While the other samples with lower SQR
may be used as choke coils to reduce high frequency harmonics in the current
source. This requires a soft magnetic material with induced anisotropy and low
remanence [1].

The dependence of coercivity on the particle size is clarified based on
domain structure. From Table (1) and Table (5), it is observed that the coercivity
increases with the particle size up to its highest value of 2736.5 Gauss for the
sample x = 0.2 which has a single domain size limit [34]. After that H. decreases
for the sample x = 0.0 due to the formation of multi-domains.

The magneto-crystalline anisotropy constant K;, which is proportional to H,
and M, by the formula: H.a ?‘, decreases by decreasing the coercivity. The
we

magnetic fine particles containing cobalt exhibit cubic anisotropy or uniaxial
magnetic anisotropy. The type of anisotropy depends on the squareness ratio
M,/M; [35] according to the Stoner-Wohlfarth model for single domain particles
oriented randomly [36]. When M,/M; < 0.5 the anisotropy is uniaxial magnetic
anisotropy rather than cubic anisotropy. So we can deduce that the samples
Co¢.7sMng 3CrFe, O, with x < 0.4 possess uniaxial anisotropy which can be
caused by surface effects [36].

On the other hand, the magnetization is always decreasing as porosity
increases contrary to the coercivity which increases with porosity in some cases
and decreases in others. Fig. (9), displays the increase of H. with the porosity
because the acicularity of inner pores is larger than the magnetic particles [37].
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Figure (9): Variation of coercivity with porosity

3.6. DC Electrical Conductivity:
The DC electrical conductivity (oy,.) is given by the well-known relation:
g = oge Ea/KT (6)
where oy is the pre-exponential factor and, E, is the activation energy. While the

drift mobility, x4, could be calculated using the relations [38]:

1 Ngm

Ha= =, =" Prg (7)

where e is the charge of the electron, p is the resistivity, » is the concentration of
charge carriers, N is the Avogadro’s number, M is the molecular weight of the
compound, Pr, is the number of iron atoms in the chemical formula of the ferrites
and p, is the measured density. Raising temperature increases the drift mobility
of the electric charge carriers that leads to increasing conductivity, as seen in Fig.
(10 : 11), reflects the semiconducting nature of ferrites.
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Figure (10): DC conductivity of some selected Co, ;Mng;CrFe, 04 samples.
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Figure (11): Drift mobility as a function of inverse temperature (1/kgT).

Hopping of charge carriers between ions (i. e. Fe*’— Fe’") of different
valance states is considered as the main conduction mechanism in ferrites [39].
The hopping chance depends on the distance (jump length) through which the
electrons pass between different valance states of metal. So it is expected that
electron hopping probability increases by shortening the jump length. Actually
the jump length decreased in the samples, as seen in Table 1 but the hopping
conductivity decreases. This happened because replacing Fe’ ions by Cr’* ions in
the octahedral sites reduces the hopping probability of the 3d electrons between
Fe*" and Fe’* [14]. Hopping takes place among electrons in octahedral sites
because the distance between two metal ions in the octahedral site is shorter than
that between the octahedral and tetrahedral sites [26], as shown in Table (1).

The activation energy was determined using the known Arrhenius relation.
The activation energy values vary with temperature by changing the conduction
mechanism, as shown in Table 6. The activation energy at higher temperature
region is higher than that at lower temperature region. The electric conduction at
lower temperatures is due to electron hopping between Fe®" and Fe’* ions,
whereas at higher temperatures, it is due to hopping of small polarons [40]. A
small polaron is formed when a charge is captured at a certain site and, the
neighboring ions are displaced towards this charge creating distortion. Both the
charge and its distortion together are called a polaron. Naturally, the movement of
the polaron takes place at higher temperatures by thermally activated hopping
mechanism [21].

Table 6: The activation energy (eV) of Co,;Mn3CrFe, O, samples.

X | x=02 | x=06 | x=1
Activation energy E, (eV)

Low temperature region 0.512 0.327 0.391

High temperature region 0.757 0.988 0.814
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It is worth mentioning that we should distinguish between the electrical
conduction activation energy E, and the optical band-gap E,. £, depends on the
energy required to overcome the Coulomb interactions between electrons and
their atoms whereas E, means the energy needed for excitation of electrons from
the valance band to conduction band using photons of selected frequency [41]. So
it is expected to find E, > E, as shown in Tables 4, 6.

4. Conclusion

The obtained ferrite nano-particles synthesized by the co-precipitation
method have narrow range of particle sizes which has been confirmed by TEM
analysis. The substitution of Cr’" ions plays a significant role in the alternation of
crystal structure, morphologies and physical properties. The infrared spectroscopy
is a successful and powerful technique for calculating the force constants and
elastic moduli. Cr’" ions substitution hardens the interatomic bonding and,
enhances the stability of the lattice. Superparamagnetic Cog;Mn,;CriFe; Oq4
(x = 0.6) nanocrystals are believed to be promising in drug delivery,
hyperthermia, bio-separation, and magnetic resonance imaging. The nearly zero
coercive force makes these soft magnetic materials to be suitable for the low-loss
applications. The high squareness ratio (M,/M;) of Co,;Mn,;Cry,Fe; 3O, makes
it desirable for recording media, while lower squareness samples may be used
in cores of choke coils. The samples Coj;Mng;CrFe, O with x < 0.4 have
uniaxial anisotropy.
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