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ABSTRACT

The chemical formulae Ni;,Zn,GagsFe1 504 (x= 0, 0.5, and 1) with spinel structure was prepared by
a solid-state reaction at 1200 °C. The effect of irradiation by thermal neutrons is discussed on the
structure by X-ray diffraction and by the Fourier transforms infrared absorption. After irradiation, the
unit cell of the sample NZGF1 is expended, but for the samples NZGF2 and NZGF3 the unit cell is
compressed. The cation distribution for all samples has been estimated according to the theoretical
lattice parameters before and after irradiated. The spectra of FTIR show two bands, the band v1
(611-563 cm™) shifted to lower whereas the band v2 (428-435 cm™) shifted to increases. The
vibrating sample magnetometer (VSM) was measured before and after irradiation. The results of
magnetic properties show a decrease in introducing Zn ions and by irradiation. It can be concluded
that these compositions are convenient as a radiation detector materials.

Keywords: Nickel zinc gallium ferrites; thermal neutrons irradiation; lattice parameters; force
constants; detecting radiation materials.

1. INTRODUCTION which the unit cell is formed by 32 oxygen ions

that form 64 tetrahedral cations which is divalent
The general formula of the spinel structure metal ions (A2+), and 32 octahedral cations which
AB,O, is (A*")[B,>"10.% is face-centred cubic, in is trivalent ions [B*]. The probability of the
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classification of the spinel structure is three
types: normal, inverse, and mixed spinel based
on the cation occupancy [1,2]. In a normal spinel,
the divalent metal ions should be occupied the
tetrahedral sites (A) and the trivalent metal ions
should be occupied octahedral sites [B].
Examples of such normal spinels include
MgAlL,O,4, and ZnFe,O,4. In the inverse-spinel
structure, the position is inversed i.e. the
tetrahedral sites occupied by half of the B cations
and the other half will occupy the octahedral,
while the all (A) cations occupy the octahedral
sites. It is denoted as (B*")[A*'B*'] O,. CoFe,0,
and NiFe,O, are examples of the inverse-spinel
structure [3,4]. In a mixed spinel, it is mixed
between A and B cations occupy both octahedral
and tetrahedral sites, and the molecular formula
is (M2 Fer, M Fern [0, Examples of
mixed spinels include NiCo0,04, MnCo0,0,, and
CoMn,0,4. Generally, the spinel ferrites AB,O,
have been good electrical and magneto-optical
properties, according to the A- and B-site cation
distribution and they possess widely investigated
for applications in different fields, including the

electronics  industry, magnetic  recording,
magnetic resonance imaging, and ferrofluid
[5,6].

There are several studies done [7-11] on the
irradiation effects induced by gamma rays on the
ferrite, but the study of the irradiation by thermal
neutron are very rare. The previous works on Niy.
«LnGayFe,., 0, [7,12-13] do not study the effect
of radiation on structure, and the step of x = 0.0,
0.5, and 1 do not study. This work studies the
effect of a weak dose of thermal neutron
irradiation on the structure and the magnetic
properties of Niy,Zn,GagsFe;s0,4 (x= 0, 0.5, and
1). The dose of thermal neutron irradiation was
weak because we want to measure the
sensitivity of our samples for weak radiation for
using as a radiation—detector.

2. MEASUREMENTS AND CALCULATION
2.1 Preparation and Irradiation

The conventional ceramic technique used to
prepare the system Ni,Zn,GagsFe; 504: where X
= 0.0, 0.5, and 1. The starting materials were
Nickel oxide (NiO), Zinc oxide (ZnO), Gallium
oxide (Ga,O3) and ferric oxide o-Fe,Os, all
materials with high purity 99.99%. The samples
were pre-sintered at temperatures 1423 K for 72
h and followed by slow cooling to room
temperature. The homogeneous powder was
obtained by reground for 2 h and sintered again
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at temperatures 1473 K for 10 h, and followed by
slow cooling to room temperature. The system
Nil_xanGao.5Fell504 with x = 0.0, 0.5 and 1.0,
were labeled as NZGF1, NZGF2 and NZGF3,
respectively. The prepared samples were
irradiated by thermal neutrons using a rabbit
system for 2 sec with dose of 2.3 Gy at ET-RR2
Reactor, Nuclear Research Center, Atomic
Energy Authority, Egypt. The unirradiated and
irradiated process was labelled as Z0 and Z1,
respectively.

and

2.2 Structural Characterization

Calculation

The crystal structure, purity and homogeneity of
the prepared samples were checked by X-ray
diffraction (XRD) wusing a XD-D1 X-ray
diffractometer with the CuKa radiation (A =
1.5404 A), and a nickel filter in the interval 26 =
10°-80° at a step scan of 0.02° with time 2 s.
From X-ray diffraction the lattice constant (axrp)
of the unit cell was calculated using the following
equation:

axro = dV( h? + K + %) )

where, d is the inter-planer spacing in XRD
pattern (=2 sin 8 /A) and (hkl) is the Miller indices
of the diffraction plane. To compare the lattice
constant obtained from the XRD data and the
theoretically estimated values, we have
calculated the theoretical lattice constant (ay,)
based on the ionic radii of cations at A and B
sites; using the following expression [14]:

an = (8/3V3)[(ra + Ro) + V3 (15 + Ro)] )

where, ra and rg are the cationic radii at A- and
B-sites, respectively, and Ry is the oxygen ion
radius. The ionic radii of cations are dependent
upon their coordination, 4 and 6 oxygen ions are
surrounding the tetrahedral (A) and octahedral
(B) sites respectively. Here, Nix"™ (0.55A), Zn,"
(0.60R), Ga,™® (0.47R), Fen"™ (0.49R), Nig"
(0.69A8), Zng™ (0.74A), Gag™ (0.62A), Feg"
(0.645A), and O (1.38A) in cubic close-packed
geometry [15]. The radii of ions on tetrahedral
and octahedral sites, ry and rg respectively are
given by [16]:

ra = Crel(Fe*) + Cnr(Ni®)+Cgar(Ga®) +
Czar(2Zn*") ®3)

e = léZ[CFer(FeSJr) + Cnir(Ni)+Cgar(Ga™) +
Czl(Zn™)] (4)
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where, r(Fe*"), r(Ni*"), rgGa3+), and r(zn*) are
the ionic radii of Fe**, Ni**, Ga*", and zn* ions.
While Cg, Cpniy, Cga, and Cz, are the
concentration of the cation in A- and B- sites,
respectively.

The average bond lengths between cations in
both A- and B- sites, and oxygen R, and Rg,
respectively, are given by:

RA =rat RO and RB =rg+ RO (5)
The oxygen position parameter u can be
determined from the relation,

ra=av3 (u-0.25)-Ro or

rB:a(S/B-U)-RO (6)

To identify the chemical bonds and functional
groups of our system, the FTIR spectrum
recorded in the wavenumber range of 4000—-400
cm™’, using a FTIR spectrometer (Perkin Elmer,
Spectrum 100, USA). The spring-model of
vibration of atoms is the principle of FTIR
spectroscopy, while the wave number v of
vibration is given by [17]:

V2 = FlAn*c®M (7)

where, F is the spring (force) constant, M is the
reduced mass of ions involved and c is the
velocity of light. The force constant is reflected of
bond strength.

The VSM behavior of the prepared samples was
investigated with maximum magnetic field (H) of
20 kOe wusing LakeShore 7410 at room
temperature. The parameters such as the
saturation magnetization (Ms) and coercivity (Hc)
are calculated from the loops. The magnetic
moment per formula unit in Bohr magneton g
can be calculated using the following relation
[18]:

He = (MwxM;)/5585 (8)

where, M, is the molecular weight of the
particular composition, Mg is the saturation
magnetization (emu/gm) and the constant 5585
is the magnetic factor. The squareness ratio of all
samples are calculated using the relation (S =
Mr/Ms).

3. RESULTS AND DISCUSSION
3.1 X-Ray Analysis

Fig. 1(a, and b) shows the XRD patterns for the
synthesized samples NZGF1, NZGF2 and
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NZGF3, before and after irradiation. All patterns
are single phase and show the stability of the
crystalline structure and no other phases are
found after irradiation. The planes (111), (220),
(311), (222), (400), (422), (511), and (440) are in
good agreement with the cubic spinel structure. It
is noticed that, the position of 20 is slightly
shifted to lower angle with introducing the Zn
ions, which lead to increase the interplanar
distance (d) and increasing the lattice constant
(Eg.1) of the unit cell. The lattice parameters
(axrp, am, Ra, Rg) before and after irradiation
samples are presented in Table 1. The tabulated
values show that the lattice constant (axgp) for all
samples increases with introducing the Zn ions,
due to the ionic radii of Zn ion is large than that
substituted by Ni ions. As the results of
introducing Zn ions, the bonding length (R,) is
increased i.e. the lattice is expanded. A
quantitative measure of the distance between an
oxygen ion and cations in wunit cell, this
displacement is the oxygen positional parameter
u= 3/8 = 0.375A. If any deviation from the perfect
value of u= 3/8 = 0.375A due to the
accommodation of relatively large or small ions,
distortion of the lattice structure will occur. So,
when the parameter u is changed, the unit cell
will be distorted. The oxygen positional
parameter u for all samples before and after
irradiation is calculated in tabulated in Table 1,
and notice that, the u parameters are increased
i.e. the lattice constant will be increased which
indicates expanded of the unit cell as mentioned
above. Also, the values of bonding length R, is
increased by introducing Zn** ion which indicated
that, the Zn*" ions will be going to A-site. To
ensure the exactness of the proposed
distribution, lattice parameters for the NZGF
ferrite have been calculated theoretically and
summarized in Table 1. From Table 1 the
theoretical values are in good approaches with
experimental values and they both have the
same trend.

In the Ni-Zn ferrite [19], the Zn*" ions have strong
preference for A-sites due to their sp3 covalence
and the Ni** ions strong preference for B-sites
because of their higher octahedral crystal field
stabilization energy (CFSE) equally showed
while the Fe** ions no preference for any of the
sites because of have zero CFSE, i.e. the Fe**
ions in both the sites. Also, Ga ions are no
preference for any of the sites according to the
measurements of Mdossbauer Effect [12].
Therefore, according to the calculation of lattice
parameters for the sample NiGagsFe;s0, the
estimated cation distribution before radiation is
tabulated in Table 2.
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Fig. 1(a-b). The X-ray diffraction patterns of NZGF ferrites before and after irradiation

Table 1. The lattice parameters for Ni;Zn,GagsFe1 50,4 before (Z0) and after (Z1) irradiation

Sample axrp) ) Ra Re u(®)  axro A(th) Ra Rs u (A)
(Z0) (Z0) (Z0)  (Z0)  (Z0) (Z1) (1)  (23) (Z1) (Z1)
NZGF1 8.329 8324 1860 2.048 0.379 8.375 8.342 1.860 2.054 0.378
NZGF2 8.418 8377 1925 2.030 0.382 8.375 8.395 1.925 2.037 0.391
NZGF3 8.420 8419 1980 2.019 0.386 8.417 8.450 1.980 2.026 0.386
Table 2. Cation distribution before (Z0) and after (Z1) irradiation
Sample Before irradiation After irradiation
A-site B-site A-site B-site
NZGF1 FeosGaos Ni,Fe; Fe™0sGa o5 NI Fe™yoFe™ o,
NZGF2 FeosZNos NipsGagsFe; Fe+30,52n+20,5 Ni+20.5Ga+30.5Fe+30.9Fe+20.1
NZGF3 an Gaol5|:el.5 Zn+21 Ga+30_5|:e+31_4|:e+20_1

The effect of irradiation by thermal neutrons on
the unit cell of NZGF, we notice that, the sample
NZGF1 after irradiation, the experimental lattice
constant (axrp) is increased i.e. the unit cell is

expended, but for the samples NZGF2 and
NZGF3 decreased i.e. the wunit cell is
compressed after irradiation. This distortion may
be due to the formation of ferrous ions (Fe”") with
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larger radius (0.76 A), as reported in many
studies [7-9,20-22]. After irradiation, the lattice
parameter of NZGF samples not only depend on
Zn** content but also depend on the distorted
lattice formed by thermal neutron irradiation. The
estimated cation distribution after irradiation by
thermal neutrons is tabulated in Table 2. The
number of ferrous ions must be adjusted to reach
the best matching between theoretical and
experimental structures and magnetic
parameters.

3.2 FT-IR Analysis

FT-IR spectra for the system NZGF ferrite before
and after irradiation in the frequency range
4000—400 cm™" are shown in Fig. 2(a, b, and c).
The information of the chemical and molecular
structure changes in the ferrite will be known by
infrared spectroscopy according to the changes
in the Fe*-0* bond when some foreign atom is
introduced in the parent ferrite compound and/or
during heat treatment or after irradiation.
According to Waldron [23] the ferrites have two
distinct bands in the range 1000-300 cm-1
corresponding to the tetrahedral (A-) and the
octahedral (B-) site, represented as v1 and v2,
respectively. The band v1 and the band v2 were
obtained from the stretching vibration of the unit
cell in the A-site, and the metal-oxygen vibration
in the B-site, respectively [24]. Otherwise, this
range will be for the free or absorbed water H-O-
H 1000-1200 cm™', the carboxylate groups
(COO- stretching) 1400-1600 cm? and the
hydrocarbon chain (CH2 and CH3 groups) 2800-
3000 cm™. As seen in Fig. 2 (a, b) show two
main absorption bands: v1 (611-563 cm'1) shifts
to lower wave numbers whereas v2 (428-435
cm'1) shifts to increases with introducing Zn ions.
The vibrational frequencies of the IR bands
corresponding to tetrahedral and octahedral sites
(before and after irradiation) are given in Table 3.
Generally, the values of the vibration frequencies
change with changing the bond length in the
spinel unit cell as a result of substituting
elements with different ionic radii [25]. So, the
introduce of zn** ions which has larger radius
and greater atomic weight will increase the bond
length (Ra) as maintained in XRD which reflects
to decrease the (v1) in the tetrahedral site. On
the other hand, the migration of Fe*" ions to the
B-site with a comparatively smaller radius and
low atomic weight will decrease the bond length
(Rg) which reflects to increase the frequency of
vibration in the octahedral site (v2). The above
discussions are reflected well for unirradiated
and irradiated samples.
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The force constants corresponding to the
tetrahedral F;r and octahedral F sites, calculated
by using:

Fr=7.62x M1 x v;>x10” (9)

Fo = 10.62 x (M2/2) x v,°x10” (10)
where M1 and M2 are the molecular weight of
tetrahedral and octahedral sites, respectively.
The values of force constant for tetrahedral (F7)
and octahedral (Fo) sites are listed in Table 3.
This table shows that, the force constant of A-site
(Fy) is found to be higher than that of the B-site
(Fo). This can be due to the stronger interaction
between cations and oxygen ions at A-site than
that B-site [26]. This explains why the bond
length R, is shorter than the bond length Rg
(Table 1). In other words, the increasing in bond
length should lead to a decrease in force
constant.

Generally, in case of inverse and/or mixed spinel
ferrites, the variation of the bond strengths
between the same cation present in both sites
(such as Fe) and their strong interaction with
each other, broadens and in some cases splits of
bands [17]. Fig. 2c shows clear broadens and
split of the sample NZGF3 due to irradiation by
thermal neutrons. It is noticed that the broadness
of octahedral band (v2) is less than the
tetrahedral band (v1). This indicates the cations
at the octahedral sites have a high stability than
the cations at the tetrahedral site after irradiation
by thermal neutrons. In another word, the effect
of irradiation by thermal neutrons on the samples
which contain Zn ions will increase the
interaction cations at both sites (tetrahedral and
octahedral), and increases the constant force
and frequency band. Therefore, ferric ions
exposed to thermal neutrons are changed to
ferrous ions this tends to broad and shift of the
absorbed bands. The obtained evidence in our
composition explains the distortion of the lattice
after irradiation which indicates the useful
properties of this composition for detecting
nuclear pollution.

3.3 VSM Analysis

Fig. 3 (a-c) shows the hysteresis curves versus
magnetic field for the NZGF ferrite system before
and after irradiation measured by VSM with the
maximum applied the field of £20 kOe. Table 4
summarizes the magnetization parameters (Ms,
M:, He, Hexpy: @and Hgny). These values show that
the magnetization parameters have decreased
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by introducing the Zn ions. This due to, the
magnetic moment of Zn”* and Ga* (0 pg), but for
Ni** is (2.9 pg), and for Fe* is (5 pg). As
mentioned above, the interaction cations at both
sites (tetrahedral and octahedral) increased due
to the irradiation by thermal neutrons which
reflects the magnetic properties of the samples.
Therefore, the saturation magnetization (Ms)
decreases with the increasing of Zn* ions 66 -
1.8968e mu/g. The values of saturation
magnetization for NZGF1 is high decreased by
irradiation, due to the formation of ferrous (Fe2+)
ions in B-site which have magnetic moment (4
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coercivity He, which indicate a soft magnetic
behaviour of the samples under investigation.
From table it is clear that the squareness ratio
(S=Mr/Ms) is found to be very low <0.5 for all
samples, which indicate the formation of multi-
domain grains.

From the estimated cation distribution of NZGF
samples, it was necessary to calculate the
theoretical magnetic net moment uy, to verify the
cation distribution of our samples before and
after irradiation. According to Neel's model
of ferrimagnetism which have two sub-lattice

Ug) less than ferric ions (Fe*") [27], the net moment per formula is given by
(5 uB). As seen in Fig. 3, the loops have a small  uy = Mg(X) — Ma(X), where M, and Mg are the
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Fig. 2(a-c). The FTIR spectra of NZGF ferrites before and after irradiation
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Fig. 3. The VSM spectra of NZGF ferrites before and after irradiation

Table 3. FTIR absorption band position (v1, and v2), and force constants (F1, and Fg) of Ni,.
«ZNyGagsFe1 50,4 before (Z0) and after (Z1) irradiation

Sample  vicm™ v2cm® FrNm  FoN/m vicm™ v2em™  FrN/m FoN/m
(20) (20) (20) (20) (Z1) (Z1) (21) (21)
NZGF1 611 427 17.86 11.09 603 428 17.40 11.14
NZGF2 595 430 16.35 11.79 599 435 16.57 12.063
NZGF3 563 435 15.10 12.20 566 458 15.26 13.53

A and B sub-lattice magnetic moments in ug.
Neel's magnetic moment has been calculated for
samples NZGF1 and NZGF2, but NZGF3 sample
has not the interaction between sub-lattice. The
experimental magnetic moment ey IS

calculated per

formula and

tabulated with

theoretical magnetic net moment uy, in Table 4.
They both have the same trend and it confirms
the estimated cation distributions for NZGF
samples.
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Table 4. Magnetic parameters for Ni,,Zn,GagsFe; 504 before (Z0) and after (Z1) irradiation

Sample Mg M, Hc Hex)  Heh)
(emu/g) (emu/g) (Oe) Z0 Z0
Z0 Z0 Z0

Ms M, Hc(Oe)  Hex Han
(emu/g) (emul/g) Z1 Z1 Z1
Z1 Z1

NZGF1 65.985 2.284 44945 285 54
NZGF2  38.948 0.909 36.857 1.71 3.95
NZGF3  1.8968 0.005 40.174 0.08 -

49,959 1.542 42.145 2.16 4.6
37.009 0.667 26.701 162 3.6
1.8191 0.004 35426 0.08 -

4. CONCLUSIONS 2.

The objective of this study to measure the
sensitivity of Ni;,Zn,GagsFe;s04 (X= 0, 0.5, and
1) for use as a radiation—detector by the following
conclusions:

e All patterns show single phase with high
stability of the crystalline structure and no
other phases are found due to irradiation.

e The effect of irradiation is a compressive
strain on the crystal lattice of samples
which contain Zinc ion, but for the x=0.0
sample is elongation strain. 4.

e The defect formed in the unit cell is due to
the formation of ferrous ion.

e The calculation values are in good
approaches with experimental values and
they both have the same trend and it
confirms the estimated cation distributions
for NZGF samples.

e The effect of irradiation on the samples
which contain Zn ions will increase the
interaction cations at both sites (tetrahedral
and octahedral), which increased the
constant force and frequency band. And
therefore, the irradiation by thermal
neutrons of ferric ions changes to ferrous
ions, this tends to shift of some absorbed
bands.

e The magnetization parameters were
decreased by introducing of Zn ions and by
thermal neutron irradiation.
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