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Abstract

Unirradiated and irradiated nano spinels (CoCog sAl; 504, Co304) were prepared. All investigated samples were characterized
using different techniques such as X-ray diffraction (XRD), Fourier-transform infrared (FTIR) analysis, thermal gravimetric
analysis (TG), and transmission electron microscope (TEM). XRD and FTIR analyses confirmed the formation of spinel structure
in addition to the effect of gamma radiation on the crystalline structure of unirradiated nano spinels. TG analysis showed that the
irradiated nano spinels have more thermal stability than unirradiated ones. As an obvious effect of gamma radiation on structure,
the irradiated nano spinel sample showed a different particle morphology compared to the unirradiated one. An obvious
enhancement of both electrical and magnetic properties was observed for the irradiated nano spinel samples. The irradiated nano
spinel sample of cobalt oxide (Co;0.) showed the highest AC conductivity value (2.16 x 107 Q' cm™', at room temperature). In
contrast, the irradiated nano spinel sample of cobalt aluminate (CoCog sAl; 50,4) showed the highest saturation magnetization

(M) value (2.12 emu g ', at room temperature). All results were collected and discussed.

Keywords Gamma radiation - Irradiated nano spinels - Magnetic properties - Electrical properties

Introduction

Interest of the scientific community in nanosized materials has
increased in recent years due to their unusual physical and
chemical properties which are often different from its bulk
counterpart. The most remarkable size-dependent properties
of magnetic materials are electrical resistivity, saturation mag-
netization, coercivity, etc. [1]. Also, different methods of nano
spinel synthesis [2—8] have been investigated intensively due
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to the unique potential applications such as high-density mag-
netic recording and microwave devices, and magnetic fluids,
and also as an absorbent material to remove sulfide gases from
hot-coal gas [9, 10]. One example is the cobalt-aluminate
material system from which a series of Co"Co™ Al,_,Oy spi-
nels (where x=0-2) can be derived [11-15], including
CoAlL,O4, CoAlQ,, and Co304. CoAl,Oy4 is well known as
Thenard’s blue for its impressive optical property and is wide-
ly used in the ceramics, glass, and paint industry, and color TV
tubes as a contrast-enhancing luminescent pigment [16]. In
recent years, a lot of attention have been devoted towards
the gamma-irradiation-induced defect creations and modifica-
tions in the properties of nanomaterials. Radiation plays a vital
role in changing the properties of nanomaterials and the re-
sponsible mechanism is still not completely understood. It is
generally accepted that radiation have the capability to dis-
place atoms from their lattice site, and this process is respon-
sible for causing changes in the structure of metals.
Furthermore, interaction of radiant energy with the matter,
especially y-radiation, is an important problem of researchers
from the viewpoint of theory and practice. While passing
through the substances, the high-energy electromagnetic radi-
ation such as gamma rays interact with its atomic nuclei or

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-018-2676-2&domain=pdf
mailto:emad.youssef@fsc.bu.edu.eg
mailto:emad_masoud1981@yahoo.com

lonics

electrons. These interactions result in an elastic and inelastic
scattering of particles attended by the excitation and ionization
of the atoms as well as the nuclear reactions and disturbances
in the structure of the matter, so-called radiation damage [17].
The investigation of impacts of high-ionizing radiation on
semiconducting materials is a great thought for the improve-
ment of radiation-safe materials. Electronic industry obliges
materials that experience radiation-impelled scission or cross-
connecting for opposite applications while aviation and me-
dicinal applications require exceptionally radiation-stable ma-
terials [18]. Gamma rays create an adjustment in the structure
and charge carriers’ density in a semiconducting material,
which modifies the material properties in a commensurable
way [19, 20]. This change relies upon the dosage of irradiation
and sensibility of the solid materials to specific irradiation
[20]. In our present work, we aim to complete our previous
work [21] related to nano spinels. In that work, we studied the
structural, magnetic, optical, and electrical properties of nano
spinel cobalt aluminate prepared using different molar ratios
of cobalt: aluminum (AI’* substitution by Co®*), without a
dopant, and depending on the ability of cobalt ion to occupy
the positions of aluminum in the octahedral sites to compen-
sate for the lack of aluminum to form the cubic spinel struc-
ture. The sample containing Co/Al ratio of 1 (CoCoy 5Al; 504)
showed the best behavior of both electrical and magnetic prop-
erties [21]. As a continuation of this work and for the first time,
we here try to enhance the magnetic and electrical properties of
those spinels, depending on the gamma radiation effect. So, we
chose to study two of our previous nano spinel materials; one
containing aluminum and the other free of it. These two nano
spinels are CoCog sAl; 504 and Co;04. We will investigate the
effect of gamma radiation on structural, magnetic, optical, and
electrical properties of these nano spinels.

Experimental
Synthesis of nano spinels (CoCo, sAl; 504 and Co30,)

Co(NO3),'6H,0 (>98%, Fluka), AIINO;3);- 9H,O (>98.5%,
Merck), and glycine (>99.7%, Merck) were used as received
without further purification. Appropriate amounts of the
starting materials were used (Table 1) to prepare both
CoCoy5Al; 504 and Co304. All starting materials were intro-
duced with magnetic stirring into 36 ml distilled water. Two
kinds of chelated complexes formed with the dissolution of
the nitrate salts in the solution. A deep-purple solution was
obtained and further heated at 70 °C overnight to remove
excess water. During continuous heating, the solution became
more and more viscous and finally became a xerogel. The
resulting highly viscous xerogel was calcined at 600 °C (at a
rate of about 10 °C min ") for 3 h to finally get cobalt alumi-
nate (CoCog sAl; s04) and cobalt oxide (Coz0,4). The two
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Table 1 Appropriate amounts of Co (NO3),, Al (NO3)3, and glycine
used for FAS and CAS sample preparation

Sample Co(NO3), (mol) AI(NO3)3 (mol) Glycine (mol)
FAS 0.030 0 0.033

CAS 0.150 0.150 0.042

nano spinels were denoted as CAS and FAS for
CoCoq sAl; 504 and Coz0y, respectively. Following this, the
two samples were irradiated at 40 kGy using Cobalt-60, a
radio isotope of Cobalt. Also, the irradiated samples were
denoted as ICAS and IFAS for irradiated CoCog sAl; 504
and Co30y, respectively.

Characterization of samples

X-ray diffraction analysis was performed on a Diano (made by
Diano Corporation, USA). The pattern was run with Cu-
filtered CuKox radiation (A\=1.5418 A) energized at 45 kV,
and 10 mA. The samples were measured at room temperature
in the range from 26 = 10 to 80°. The infrared spectra of the
samples were recorded in the range of 4000-400 cm ™' using a
Brucker-FT-IR. Thermal analysis (TG) was performed in ni-
trogen atmosphere with a constant heating rate of 10 K/min in
a temperature range of 298—1273 K using Shimadzu DT-50.

The electrical conductivity measurements were performed
by sandwiching the powder samples (tablets) between two
stainless steel electrodes using a programmable automatic
LCR bridge (Model RM 6306 Phillips Bridge) in various tem-
peratures ranging from 298 to 373 K. The UV-Vis spectra
were recorded on a UV-visible spectrophotometer (Jasco,
model v670). The magnetic properties were measured using
vibrating sample magnetometer (VSM; Lake Shore 7404).
The morphology was analyzed using a transmission electron
microscope (TEM) operating at an accelerating voltage of
200 kV (JEOL, JEM 2100F).

Results and discussion

The XRD patterns of samples are shown in Fig. 1. All irradi-
ated and unirradiated samples exhibited diffraction peaks cor-
responding to the standard patterns of the spinel (ICSD 01-
082-2251). Extremely broad peaks are observed, indicating
the presence of very fine particles. No other crystalline phases
(like oxides of aluminum) appear in the samples, confirming
the purity and also tendency of cobalt ions to compensate for
the lack of aluminum ions (AI’*) in the octahedral sites of the
spinel that can be fully occupied only by cobalt ions in the
FAS sample. As obviously shown, the irradiated samples
(ICAS and IFAS) have less intensive peaks and a more amor-
phous peak nature than the unirradiated ones (CAS and FAS).
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Fig. 1 X-ray diffraction patterns 200
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This indicates the obvious effect of gamma radiation on the
crystalline structure deformation of spinels. The crystallite
size of all samples was calculated using the Scherer equation
[22] and found in a range of 23-25 nm for the unirradiated
samples and of 40—-62 nm for the irradiated ones (Table 5). As
the particle size depends directly on the number of molecules,
this also indicates the effect of gamma radiation on the number
of molecules per particle.

Figure 2 shows the FT-IR spectra of nano spinels. The band
at 3470 cm ' is attributed to the stretching vibrations of the
hydrogen-bonded OH groups [23]. The absorption band at
2964 cm ' is related to C—H stretching vibration from the or-
ganic compound (glycine) [23]. The characteristics of the
stretching bands between 1590 and 1720 cm ™' are due to —
COOH stretching vibrations [24, 25]. The absorption band at
1097 cm™ is probably due to CH-OH stretching vibration [24].
The bands over the range of 1000400 em ! (662,570 cm )
correspond to metal-oxygen bonds (Co—O and Al-O

stretching) vibrations for the spinel structure compound [23].
The presence of —OH group in all investigated samples is pos-
sibly due to the moisture absorption. Additionally, the basic
bands of metal oxide of ICAS and IFAS samples showed a
slight wave number value shift compared to those of CAS
and FAS samples, confirming the effect of gamma radiation
on bonding between atoms in the spinel structure.

To further investigate the gamma radiation effect on the
morphology, TEM analysis of the CoCog sAl; 504 sample,
as an example, was performed before and after the irradiation
process. Figure 3(a, b) shows an obvious difference for the
same sample through two scales of magnifications. The unir-
radiated sample (CAS) showed particles with nanorod ag-
glomeration that was obviously shown through the magnifi-
cation. As an interesting effect, the irradiated sample (ICAS)
showed particles with irregular shape agglomeration that was
also shown through the magnification. This indicates the gam-
ma radiation effect in creating defects not only in the atomic

Fig. 2 FT-IR spectra of FAS,
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Fig. 3 (a,b) TEM micrographs of a CAS
CAS and ICAS; with two

b ICAS

different magnifications

level, but also in the molecular one, and this effect can obvi-
ously extend to the particle level. To investigate the gamma
radiation effect on the crystal lattice structure, lattice parame-
ter (a), unit cell volume (V), X-ray density (d), bulk density
(dy), and porosity parameters were calculated (Table 2 and
Fig. 4). The calculated lattice parameter (a) (a=dyg(h* +
K+ L»'?) of unirradiated samples (CAS and FAS) showed
that the FAS sample has a higher value than the CAS one. This
can be interpreted in light of ionic radius values of both Co**
and AI** ions. The ionic radius of cobalt (0.745 A) is larger
than that of aluminum (0.535 A) [26], and as a result, lattice
parameter value increases upon substitution. This also dem-
onstrates that the Co- ions actually compensate the lack of
AP** jon concentration and occupy the octahedral sites for

Table 2  Lattice parameter (@), unit cell volume (V), X-ray density (dy),
bulk density (d},), and porosity of FAS, CAS, IFAS, and ICAS samples
Sample a(A) V@AY d (gfem®) dy (glem®)  Porosity (%)
FAS 8.129 537.17 5.96 342 42

CAS 8.104 53223 4381 1.93 60

IFAS 8.059 52341 6.11 2.74 55

ICAS 8.103 532.09 4.82 2.57 46

@ Springer
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all spinel samples [27]. In contrast, the irradiated samples
(ICAS and IFAS) showed lower lattice parameter values than
the unirradiated ones. This can give an indication of shrinkage
of crystal lattice of nano spinels after the gamma irradiation
process. This shrinkage may be due to the ability of gamma
radiation to convert Co- divalent ions to Co- trivalent ones. As
Co- trivalent ion has a lower ionic radius value (0.61 A) than
the Co- divalent one (0.745 A) [26], this may be the main
reason to get low lattice parameter and unit cell volume values
of the irradiated samples. Also, the ICAS sample showed the
highest lattice parameter value compared to the IFAS one, an
opposite trend to that of the unirradiated samples. This also
may be attributed to the deformation ratio difference of gam-
ma radiation in the presence of cobalt only or cobalt and alu-
minum. The X-ray density was calculated using the relation
[28]: dy —ray =Z X M/N. Ve, where Z is the number of mol-
ecules per formula unit (8 for the cubic structure), M is the
molar mass, N, is the Avogadro number (6.02 x 10**/mol),
and Vg is the unit cell volume (a°). The bulk density was
calculated by the following equation [29]: dyy = m/V where
m 1s the mass and V (7t12h, where 7 is the radius and # is the
height/thickness of pellet) is the volume of the pellet. The
percentage porosity was also calculated using the relation
[30]: P=1—dy/d, where d,, is the bulk density and d, is
the X-ray density. For the unirradiated samples (CAS and
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FAS), the FAS sample showed higher values of bulk and
X-ray density than the CAS one. The same behavior was
also observed for the irradiated ones. For X-ray density,
this may be attributed to the fact that the atomic mass of
cobalt (59 amu) is larger than that of aluminum
(26.98 amu) [30]. For bulk density, this may be due to
the fact that cobalt (8.90 g/cm3) has a larger value of
density than aluminum (2.702 g/cm?®). These results indi-
cate that the experimental d,, is less than the theoretical dy
and this may be attributed to the presence of pores created
during the sintering process [31]. Furthermore, the poros-
ity value of CAS sample is higher than that of FAS one
(Fig. 4). This also may be related to the ionic radius difference
of cobalt and aluminum ions. Another important notice is that the
irradiated samples showed an opposite behavior, where the FAS
sample has higher porosity value than the CAS one (Fig. 4). This
also shows that gamma radiation effects differ in the presence of
cobalt only (FAS), and cobalt and aluminum (CAS).

Figure 5 shows thermal gravimetric analysis (TG) of irra-
diated and unirradiated samples. Firstly, for unirradiated sam-
ples (CAS and FAS), the figure showed weight loss until a
temperature of 1000 °C for the CAS sample, but until 850 °C
for the FAS one. In general, the weight decrease until 300 °C
corresponds to the volatilization of free and adsorbed water
molecules. In a region from 300 to 1000 °C, this may be
attributed to the decomposition of glycine complexes traces,
as confirmed by FT-IR. The glycine complex traces of unirra-
diated samples were decomposed with a different thermal sta-
bility behavior. The FAS sample showed more thermal stabil-
ity behavior against glycine complex decomposition than the
CAS one. This means that the cobalt—glycine complexes are
chemically stronger than those of aluminum ones. Secondly,
for irradiated samples, the figure showed weight loss until a
temperature of 1000 °C for the ICAS sample, but until 925 °C
for the IFAS one. On the other hand, the glycine complex
traces of irradiated samples were also decomposed with a

Fig.5 TG analysis of FAS, CAS, 101
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Fig.6 UV-visible spectra of FAS,
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different thermal stability behavior. The IFAS sample showed
more thermal stability behavior against glycine complex de-
composition than the ICAS one. Also, the figure showed that
the irradiated samples have in general more thermal stability
behavior than the unirradiated ones. This also shows the gam-
ma radiation destruction and deformation effects on the crys-
talline structure of nano spinels. The UV-visible spectra of
unirradiated and irradiated samples are shown in Fig. 6. For
unirradiated samples (CAS and FAS), the figure showed no
absorbance at the region between 200 and 600 nm, while an
absorbance was observed at the region of 600-800 nm. At the
same time, the FAS sample showed an absorbance value
higher than that of the CAS one. This demonstrates the effect
of aluminum substitution by cobalt and obviously shows elec-
tronic transition changes that can take place in the spinel struc-
ture. For irradiated samples (ICAS and IFAS), the figure
showed an absorbance at the region of 200-350 nm, while
no absorbance was observed at the region of more than
350 nm. At the same time, the IFAS sample showed an absor-
bance value higher than that of the ICAS one. The observed
wave number value shift from a region (600-800 nm) to an-
other (200-350) also exhibits the gamma radiation effect of
destruction and deformation. All colorimetric parameters (L*,
a*, and b*) were determined and tabulated (Table 3). In gen-
eral, the colorimetric parameters indicate the color, intensity,

Table 3 Colorimetric

data of FAS, CAS, IFAS,  Sample L* a* b*
and ICAS samples
FAS 1650  —0.60  —127
CAS 16.75 -0.69  —048
IFAS 15.48 -0.53 -120
ICAS 1787 -070  —0.56

@ Springer

and lightness. For unirradiated samples (CAS and FAS), it is
obvious that there is a change in all colorimetric parameters,
especially the b* one, which indicates the blue color. The FAS
sample showed higher b* value than that of CAS one. This
also confirms the substitution effect of aluminum by cobalt on
electronic transitions of nano spinels. These electronic transi-
tions were previously discussed by Zayat and Levy [32], Kim
et al. [33], and Stangar UL et al. [34]. On the other hand, for
the irradiated samples (ICAS and IFAS), the table showed also
higher b* value of IFAS sample than that of the ICAS one.
Moreover, the gamma radiation effect was also confirmed
through the value change of all colorimetric parameters (L*,
a*, and b*). As obviously shown, all color parameters of IFAS
sample are lower than those of FAS one. In contrast, the ICAS
sample parameters are higher than those of CAS one. Figure 7
shows the temperature dependence of AC conductivity (at a
frequency of 100 Hz) of all investigated samples at a temper-
ature range of 298-373 K. In general, the spinel structure
contains defects in the form of Co-, Al-, and O- vacancies
[35], which can affect more the electrical properties [36—40],
in addition to the expected oxide ion defect formation. These
defects produce local structure deformation, in addition to the
local displacement in the direction of the local electrical field
resulting in the electron hopping. Thus, a number of electrons
together with the defects present in the structure form small
polarons. So, in addition to electron hopping, the hopping of
the small polarons between the adjacent sites, i.e., tetrahedral
and/or octahedral sites, occupied by the cobalt or cobalt and
aluminum also contributes to the conductivity. Figure 7
showed that AC conductivity values increase with increasing
temperature for all investigated samples. This can be mainly
attributed to the thermally activated mobility of electrons and
that of the small polarons, the hopping of which is enhanced
by a rise in temperature. For unirradiated samples, the CAS
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Fig. 7 Temperature dependence 12
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sample showed a higher conduction value than that of the FAS
one. This can be explained in view of the hopping mechanism.
This mechanism is considered responsible for the electrical
conduction in which the hopping of holes takes place between
the interstitial sites to occupy AI** and cobalt ions (Co®*) at
the octahedral sites [41]. In contrast, the irradiated samples
(ICAS and IFAS) showed an opposite trend compared to those
of unirradiated ones. The IFAS sample showed a higher con-
duction value than that of ICAS. This may be attributed to what
was mentioned above, the gamma radiation can induce the
formation of Co- trivalent ions, and as a result the [FAS sample
will exhibit a higher number of Co- trivalent ions than that of
ICAS. This means that the system will have extra electrons, and
as a result, the hopping mechanism (between Co®* and Co** in
octahedral) can also be expected.

On the other hand, the gamma radiation effect exhibited an
obvious enhancement of the conduction process of FAS sam-
ple, but no enhancement was observed for the CAS one. This
also may be attributed to the defect formation ratio difference
of gamma radiation in the sample of cobalt ions only and that
of aluminum and cobalt one, besides the high ratio of Co-
trivalent ions existing in the IFAS sample. The IFAS sample
showed the highest conduction value of 2.15 x 1070 Yem !,

Table 4  Values of conductivity and activation energy of FAS, CAS,
IFAS, and ICAS samples

Sample AC conductivity at Activation energy Bulk conductivity at
298K (Q'emY) (B, eV) 298 K (Q 'em

FAS 1.53x107° 0.14 7.89%x 1077

CAS  3.10x10°% 0.10 3.00x 1078

IFAS  2.16x107 0.25 2.14x1077

ICAS  5.60x107° 0.11 2.59%107°

at room temperature (Table 4). The other samples showed the
following conduction values in the order: [CAS; oac=3 X
108 Q' em ' SICAS; 04c=5.6%x107 Q' cm™' >FAS;
Opc=1.38x 10_9], at room temperature.

The temperature dependence of AC conductivity can be
described by the Arrhenius formula [42].

OAC = O CXp.(_EAc/kT) (1)

Where, o, is a temperature-independent term, & is the
Boltzman constant, 7 is the absolute temperature, and Exc is
the apparent activation energy. Figure 8 represents the activa-
tion energy values. The figure showed that the IFAS sample
has the lowest one (0.25 eV) compared to the other ones
having the following activation energy values in the order:
[CAS; 0.14 eV >ICAS; 04c=0.11 eV >FAS; 0.10 eV]. The
effect of temperature on both dielectric constant and loss was
also studied at 100 Hz for all investigated samples (Figs. 9,

0.3
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Fig. 8 Activation energy values of FAS, CAS, IFAS, and ICAS samples
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Fig. 9 Temperature dependence 1800

of dielectric constant (¢') of FAS,
CAS, TFAS, and ICAS samples at 1600 -
a frequency of 100 Hz
1400 A
1200 +
1000 +

800 A

600 +

Dielectric constant (€')

400 +
200 +

@8 ICAS

IFAS

B CAS

& FAS

e & _ = e = =t
I N T S
320 340 360 380
T (K)

10). For dielectric constant, in general, all samples except the
IFAS one exhibited an increase in behavior with increasing
temperature. The IFAS sample showed an increase in behavior
until a temperature value of around 360 °C, then a decrease
was observed until 373 °C. The dielectric constant increase
can be interpreted on the basis that as the temperature in-
creases, the thermal energy liberates more electronic transi-
tions and the field tries to align them in its direction [43].
For unirradiated samples, the FAS sample showed a higher
dielectric constant value than that of the CAS one. The same
thing was also observed for irradiated samples. As observed,
the irradiated samples showed higher dielectric constant
values than those of the unirradiated ones; this also may be
due to the deformation effect or/and different cobalt ion ratios.
The IFAS sample showed the highest dielectric constant value
(535.2) compared to the other ones that come according to the
following order: [FAS; 60.83 > CAS; 50> ICAS; 28.69], at

room temperature. On the other hand, the dielectric loss be-
havior comes identical to that of dielectric constant one
(Fig. 10). The only difference was that the CAS sample
showed higher dielectric loss value than that of the FAS sam-
ple. The dielectric loss value increase with increasing temper-
ature may be due to the relaxation of charges in cooperation
with the resulting drop in the relaxation time; this, in turn,
exerts a double effect on the dielectric loss. On one hand,
the friction between the charges will be increased and then
the increase in energy dissipation. On the other hand, the en-
ergy required to overcome the internal mechanical friction of
the medium will be decreased. Also, the IFAS sample showed
the highest dielectric loss value (4441) compared to the other
ones that come according to the following order: [CAS;
1900 > FAS; 61 > ICAS; 31], at room temperature. To further
investigate the electrical properties of all investigated samples,
dielectric constant and loss were also studied with different

Fig. 10 Temperature dependence 2.E+04
of dielectric loss (¢'") of FAS,
CAS, IFAS, and ICAS samples at 1.E+04 1
a frequency of 100 Hz
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Fig. 11 Frequency dependence of
dielectric constant (¢') of FAS,
CAS, IFAS, and ICAS samples at 2.7 - ICAS
room temperature (298 K)
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frequencies, at room temperature (298 K) (Figs. 11, 12). The
figure exhibited that all samples, in general, have a decrease in
behavior of both dielectric constant and loss with frequency.
The dielectric loss decrease with increasing frequency is due
to the high periodic reversal of the field at the interface. The
contribution of charges towards the dielectric loss decreases
with increasing frequency. Moreover, all values of dielectric
constant and loss at room temperature for both of unirradiated
and irradiated samples come in typical arrangement with those
at a frequency of 100 Hz. The IFAS sample showed the
highest dielectric constant value (554.88) compared to the
other ones that come according to the following order: [FAS;
63.07 > CAS; 40 >ICAS; 29.75], at room temperature. The
IFAS sample showed the highest dielectric loss value
(4001.7) compared to the other ones that come according to
the following order: [CAS; 256.63 > FAS; 27.58 > ICAS;
24.63], at room temperature.

To investigate the effect of gamma radiation on bulk conduc-
tivity value of all investigated samples, the complex impedance
spectra were also studied (Fig. 13). The figure showed an imped-
ance spectrum consists of a semicircle for all samples. This semi-
circle can be attributed to the electronic conduction process
[44-50]. Also, the bulk conductivity values at room temperature
were calculated (Table 4). The IFAS sample showed the highest
bulk conductivity value of 2.14 x 107" Q' cm ™. The other sam-
ples showed the following values in the order: [CAS; 0}, =3 x
1080 em ' >ICAS; 01,=5.59x 10 ° Q' cm ! > FAS; 0}, =
7.89x10°° Q' em '], at room temperature. This arrangement is
identical to that of AC conductivity one, as previously discussed.
Furthermore, the equivalent circuit was also determined and
shown in Fig. 13. Where R1 is the bulk resistance of the sample,
and Cl1 is its bulk capacity.

Figure 14 shows magnetization (M) versus applied mag-
netic field (H) at room temperature for all investigated

Fig. 12 Frequency dependence of a

dielectric loss (&) of FAS, CAS,
IFAS, and ICAS samples at room 3.5 1
temperature (298 K)
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Fig. 13 Complex impedance spectra of FAS, CAS, IFAS, and ICAS samples at room temperature (298 K)

samples. All magnetic parameter values are shown in Table 5.
All samples showed absence of hysteresis loop, which indi-
cates the presence of super paramagnetic and single-domain
crystals [51]. The little opened loop observed for the ICAS
sample may be related to the uncompensated surface spin of
the nanoparticles. For unirradiated samples, the CAS sample

showed a higher saturation magnetization value (M) than that
of the FAS one. This indicates that the spinel containing equal
molar ratio of cobalt and aluminum ions represents more en-
hanced saturation magnetization value than that containing
only cobalt ones. This can also be discussed in view of particle
size; the same sample showed smaller particle size than that of

Fig. 14 M-H curves of FAS,

CAS, IFAS, and ICAS samples at ICAS 2.5
room temperature (298 K)
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Table 5 Values of particle size, remanent magnetization saturation
magnetization (M), and coercivity (H,) of FAS, CAS, IFAS, and ICAS
samples

Table 6 Comparison of electrical (AC conductivity, ot cmﬁl, at room
temperature) and magnetic (M, emug ', at room temperature ) properties
of irradiated samples with other recent and previous ones

Sample  Particle size (nm) M, (emu/g) M (emu/g)  Hc (G)
FAS 25 11.71x 107  0.243 84.67
CAS 23 98.09x 107 1.110 112.32
IFAS 62 84.61x10°  1.058 232.65
ICAS 40 7419%107°  2.120 58.30

FAS one (Table 5). This enhancement can be attributed to a
modification in the long-range cycloid spin structure of cobalt
aluminate spinel [52]. Likewise, the irradiated samples
showed that the IFAS sample has a higher M, value than that
of ICAS one, even with the large particle size. Here, it is a
worthwhile to mention that the presence of trivalent cobalt
ions induced by the gamma radiation, as previously discussed,
can affect positively more than the particle size, as trivalent
cobalt ion has more magnetic moments than the divalent one
[53, 54]. In general, there are two important factors affecting
the magnetic properties of the spinel structures: particle size
and molar ratio. For our investigated samples, there is a com-
petition between the two factors, at the same time. These two
factors can affect with two important mechanisms, surface-
driven effect is the enhancement of the magnetic anisotropy
(Keff) with decreasing particle size [55, 56]. In addition to the
surface effect, the order—disorder characteristic of the samples
has also a strong influence on the decrease of saturation mag-
netization [57]. All saturation magnetization (M) values were
also represented in Fig. 15. The figure showed that the ICAS
sample has the highest saturation magnetization value (M),
2.12 emu g ' compared to the other ones, which showed the
following values in the order: [CAS; M =1.11 emu g ' >
IFAS; M,=1.11 emu g '>FAS; M,=0.243 emu g '], at
room temperature.
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Fig. 15 Saturation magnetization (M) values of FAS, CAS, IFAS, and
ICAS samples at room temperature (298 K)

Sample Electrical properties Magnetic Reference
(AC conductivity, properties
QO 'em ! at (M, emu gfl)
room temp.)
IFAS (irradiated 2.16x1077 1.058 This work
Co304)
ICAS (irradiated 5.60%10°° 2.120 This work
CoCoy sAl; 504)
CoAlLO4 - 0.23 [58]
MgAly sCo; sO4 1x10°8 - [59]
(CONDALO, 59x101° - [60]
Co304 - 0.08 [61]
Co304 - 0.10 [62]
Co304 - 0.62 [63]
Co304 - 0.37 [64]
Co304 - 0.40 [65]

To further show the enhanced electrical and magnetic prop-
erties of our investigated samples, a comparison with other
recent previous works was performed (Table 6). The table
showed that irradiated samples have obvious enhancement
of both electrical and magnetic properties. This indicates that
these samples are promising for different applications such as
magnetic recording, microwave devices, and magnetic fluids.

Conclusions

Nano spinels (CoCoysAl; 504 and Co;0,4) were prepared using
the sol-gel method. These samples were irradiated at 40 kGy
using Cobalt-60, a radio isotope of cobalt. Structural, electrical,
and magnetic properties were investigated for the unirradiated
and irradiated samples. X-ray and FT-IR analyses confirmed
the spinel structure formation and the effect of gamma radiation
on the crystallinity of unirradiated samples. Moreover, different
shape morphologies of particles were observed due to the gamma
radiation effect. The irradiated samples exhibited in general more
thermal stability behavior than the unirradiated ones. The IFAS
sample showed the highest conduction value of 2.15 x
107 Q' em™'. The other samples showed the following con-
duction values in the order: [CAS; opc=3 X 1080 em! >
ICAS; 0ac=5.6%10" Q' cm™' >FAS; opc=1.38x
10° Q' em™], at room temperature. Also, the IFAS sample
showed the highest dielectric constant value (535.2) compared
to the other ones that come according to the following order:
[FAS; 60.83 > CAS; 50 >1ICAS; 28.69], at room temperature.
Additionally, the ICAS sample showed the highest saturation
magnetization value (M), 2.12 emu g_l, compared to the other
ones which exhibited the following values in the order: [CAS;

@ Springer
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M,=1.11 emu g ' >IFAS; M,=1.11 emu g ' >FAS; M,=
0.243 emu g '], at room temperature. In conclusion, we can state
that the IFAS sample exhibited the best electrical properties; and
the ICAS one exhibited the best magnetic ones. In a comparison
with other previous works, the investigated samples showed an
obvious enhancement in both electrical and magnetic properties.
This obvious enhancement makes these samples promising can-
didates for different scientific applications such as magnetic re-
cording, microwave devices, and magnetic fluids.

Funding information The first and corresponding author of this research
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