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The parent NiFe,04 and Zn/Ga substituted spinel ferrite powders have been prepared by solid state re-
action technique. As a typical example, the Nig;Zng3Fe;5Gags04 sample has been prepared by sol-gel
auto combustion method with the nano-scale crystallites size. X-ray and Mossbauer studies were carried
out for the prepared samples. Structure and microstructure properties were investigated using the time-
of-flight HRFD instrument at the IBR-2 pulsed reactor, at a temperatures range 15-473 K. The Rietveld
refinement of the neutron diffraction data revealed that all samples possess cubic symmetry corre-

Keywords: sponding to the space group Fd3m. Cations distribution show that Ni?* is a complete inverse spinel ion,
X—{ay while Ga>* equally distributed between the two A and B-sublattices. The level of microstrains in bulk
r}gsls)bauer samples was estimated as very small while the size of coherently scattered domains is quite large. For
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nano-structured sample the domain size is around 120 A.
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1. Introduction

Spinel ferrites have been studied and are considered as well-
known materials with “mature” technologies. However, the ad-
vances in applications and fabrication technologies in the last 10
years have been impressive. Bulk ferrites remain a key group of
magnetic materials, while nano-structured ferrites show a dra-
matic promise for applications in even significantly wider fields
[1-9]. The characteristic physical properties of the spinel ferrites
(e.g. electric and magnetic properties) arise from the ability of
these compounds to distribute the cations amongst the available
tetrahedral A- and octahedral B-sites [10-15].

Spinel with A2*B3707 formula has a normal cubic spinel
structure with oxygen ions forming a cubic close packed lattice
with A and B cations occupying the tetrahedral and octahedral
coordinated interstices respectively. In the inverse structure, A-
and B-cations substitute each other, with the form B[AB]O,. But in
general case, we have (AsB;_s)[A1_sB1,5]04, Where in par-
entheses and square brackets cations in A- and B-positions are
shown, respectively and the inversion parameter § can be between
0 and 1 (partially inverted spinel).

Nickel ferrite compound has been investigated by means of
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neutron diffraction for the first time about 60 years ago [16]. The
inversion parameter for NiFe,04 was 6 ~ 0 and the structural for-
mula can be written as Fe[NiFe]O4 [17]. In its bulk form, Fe[NiFe]O4
shows ferrimagnetic order below 850 K. Its magnetic structure
consists of two antiferromagnetically coupled sublattices. A first
sublattice is formed by ferromagnetically ordered Fe3* (3d>,
magnetic moment M=5 pg) ions occupying the tetragonal A sites,
while the second sublattice contains ferromagnetically ordered
Ni%*+ (3d® M=2 pg) and Fe3* (3d°, M=5 p3) ions occupying the
octahedral B sites. This type of ordering results in a saturation
magnetization of 2 pg/f.u. (fu.=formula unit) [18].

From physical point of view, the cubic-to-tetragonal phase
transformation and Jahn-Teller (JT) distortion in the tetragonal
phase have attracted considerable attention during many years. In
the Reactor and Neutron Physics Department (NRC, Cairo) the
substituted spinel compounds are investigated by means of X-ray
and Mossbauer techniques to shed more lights on crystallographic
structure and the microscopic picture of the magnetic ordering in
these diluted ferrimagnets. In particular, the Zn-substituted
Cu, _xZnyFe, ,Ga,04 compositions were investigated in details
[19-22] and it was shown that at x> 0.25, tetragonal-to-cubic
transformation occurs.

In continuation of these studies we analyze both the parent
compound (NiFe,04) and its two Zn/Ga substituted compositions
Nig7ZngsFe, _,GayO4 with y=1 and 0.5 by means of neutron
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diffraction, which is more sensitive to cation distribution than
X-rays and Méssbauer to provide more information about atomic
and magnetic structure. Additionally to conventionally prepared
samples with large crystallite size, a nano-structured composition
Ni0,7zno'3Fe1.5Gao.504 was studied.

2. Experimental details
2.1. Sample preparation

Polycrystalline samples of NiFe,O4, Nig7ZngsFeGaO4, and
Nig 7Zng 3Fe;5Gag 504 (referred to as S1, S2 and S3 respectively) are
synthesized through solid state reactions using NiO, ZnO, CuO, and
Ga,03 as starting materials. The mixture of the oxide powders is
prefired at 1100 °C for 72 h. The product is reground and fired
again at the same conditions to improve homogeneity. Finally,
powders are pressed into pellets and sintered at 1200 °C for 8 h,
then slowly cooled to room temperature [21,23]. X-ray diffraction
(XRD) measurements are obtained and their analysis makes it
clear that the products are crystallized in single-phase spinel
structure. The Nig;Zng3Fe;s5Gags04 composition has been pre-
pared again in the nano-scale using sol-gel auto combustion
method [24-26], and it is referred to as S4. The Fe(NOs)s; - 9H,0,
Zn(NOs), - 6H,0, Ni(NOs),-6H,0 and citric acid (CgHgO;) were
first dissolved in a minimum amount of deionized water to yield a
transparent aqueous solution. The mole ratio of citric acid to the
total metal cations content was 1:1. The pH value of the solution
was adjusted to 7 using ammonia (NH4OH). The precursor solution
was heated at about 80 °C till evaporating all volatile components
and water from the beaker and then a very dense gel was formed
after which a fluffy dark brown powder was observed at about
200 °C. The fluffy powder was grinded mechanically well in agate
mortar to produce more fine and dens powder. X-ray diffraction
(XRD) measurements are carried out at room temperature using
CoK,, radiation. The notation of studied samples, their nominal
composition and initially supposed cation distribution are pre-
sented in Table 1.

Mossbauer effect (ME) spectra are recorded at room tempera-
ture using a time mode spectrometer using a constant acceleration
drive with PCAII-1024 channel. The source used is °’Co in Rh
matrix with initial activity 50 mCi. Metallic iron spectrum is used
for calibration of both observed velocities and hyperfine fields.
Absorber thickness is approximately 10 mg/cm? of natural iron.
The experimental spectra were fitted by means of a least-squares
procedure [27].

2.2. Neutron diffraction measurements

The diffraction patterns were measured with the time-of-flight
HRFD instrument at the IBR-2 pulsed reactor in Dubna [28] at
several temperatures in the 15-473 K range. At this diffractometer
the correlation technique of data acquisition is used, which pro-
vides a very high resolution (Ad/d~ 0.0013) that is practically

Table 1
Notation, nominal composition and initially supposed cation distribution for the
studied samples.

Studied samples Cations distribution

Code Chemical formula A-site B-site
S1 NiFe,04 (Fe) [FeNi]
S3 Nig.7Znp3Gag sFe1504 (Feo7Zng3) [Feo.sNig7Gags]
S4 Nig.7Zno3Gao sFe1504 nano (Feo.7Zno3) [Feo.sNio.7Gao s]
S2 Nip7Zng 3GaFeO,4 (Feo7Zno3) [Feo3Nig7Gaos]

constant in a wide interval of dyy spacing's. The high-resolution
diffraction patterns were collected by several detectors, placed at
back scattering angles (20= + 152°, dp;=0.6-3.6 A) and (90°, dna
=0.8-49 A). Additionally, the low-resolution patterns (Ad/
d ~0.01) were measured at low scattering angle (PSD at 26=30°)
for diffraction data collecting up to dpq=16 A.

3. Results and discussion

Fig. 1 shows the XRD patterns of the compositions NiFe;0y4,
Nig 7Zng 3FeGaQyg4, and Nig;Zng3Fe; 5Gag 504 in bulk and nano form
respectively. The result of indexing XRD patterns points out that
the nominal composition structures with different concentrations
are single-phase with no additional lines corresponding to any
other phases. The lattice parameters are obtained by fitting the
diffraction peaks positions and are found to be only slightly
changed with increasing Ga content. This is expected since the
radius of Ga>* (0.62 A) is very close to that of Fe3* (0.64 A).

Fig. 2 illustrates the ME spectra recorded at room temperature
for present compounds. The NiFe,04 (S1) sample shows a well-
defined absorption lines fitted with two Zeeman sextets due to
Fe>* at the two distinct crystallographic A- and B-sites in the
spinel ferrites unit cell. Samples with Ga content show a relaxed
spectrum (S3 sample) or even a paramagnetic one (S2 sample).
The relaxation effect decreases in the same composition but in
nano-scale (S4 sample).
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Fig. 1. X-ray diffraction patterns for S1-S4 samples. Miller indices for diffraction
lines are shown. The larger widths of diffraction lines of S4 sample are due to “size
effect”.
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Fig. 2. Mossbauer spectra at room temperature for S1-S4 samples. The S2 sample
is in paramagnetic state, others are in ferrimagnetic state with Fe** at the two
distinct crystallographic sites.

3.1. Quadrupole Interaction (2¢€)

Quadrupole splitting (2¢€) results from the asymmetrical charge
distribution surrounding the Fe ion caused by the electric field
gradient (EFG) with varying magnitude, direction, sign and sym-
metry. In cubic unit cell with Fe** at A- and B-sites, the Quadru-
pole splitting (2€) at A-site is due to the asymmetric charge dis-
tribution from the 12 B-neighbors. While, at B-site this EFG may
arise from departure of the six nearest anion neighbors from their
ideal octahedral symmetry and the non-spherical distribution of
charges on the next nearest cation and anion neighbors of the
B-site. In the present work, Quadrupole splitting (2€) values are
negligible (as seen in Table 2). This is due to the overall cubic
symmetry of the prepared spinel ferrite and randomness of che-
mical disorder by which there will be an equal probability for
small Quadrupole splitting (2€)'s of opposite signs. Hence, the
centers of the Zeeman lines will not change, and consequently

Table 2

there will be no net observable Quadrupole splitting (2¢).
3.2. Isomer shift (6)

The obtained IS values for the present samples at room tem-
perature are given in Table 2. The obtained result of § (A) < (B) in
the well-ordered spectra is in agreement with other previously
reported data [29-31]. This could be interpreted as being due to
the large band separation of Fe>*-02~ for the octahedral ions
compared with that for the tetrahedral ions. There is no significant
change of the IS values with Ga content observed in this spinel
system. This means that the s- electron charge distribution of Fe
ions is negligibly influenced by gallium substitution.

3.3. Hyperfine fields (Hps)

Hyperfine magnetic field Hyf at Fe nucleus is proportional to
the spontaneous magnetization of the sublattice to which the
particular nucleus belongs. Hys measured by ME consists of three
contributions: Hpf=Hcore+Hdip + Hshit, Where Hore results from
polarization of s-electrons by the magnetic moments of d-elec-
trons. This field is larger for free ions than for ions in a crystal
because of covalency. Hqip represents the dipolar fields produced
by the surrounding magnetic ions. This field depends on the dis-
tribution of the cation over A- and B-sites. Hgi is the super-
transferred hyperfine fields at a central cation and originate from
the magnetic moments of the nearest neighboring cations, i.e.
from the intersublattice contributions haa and hgg and the inter-
sublattice contributions hag and hga. The hyperfine field Hy¢ values
for the present compounds at room temperature are given in Ta-
ble 2. It can be noticed that the hyperfine field Hyr decreases as Ga
content x increases. This could explained as; the intersublattice
contributions hag and hgs are predominant in the sample with
x=0.0. The introduction of Ga®>* with closed (3d'°) shell in place
of Fe3* in this unit cell, it replaces Fe3* at the B-site and results in
decreasing of these intersublattice contributions and in turns de-
creases the hyperfine field Hyr at both sites.

3.4. Neutron diffraction analysis

The analysis of the diffraction patterns was performed using
the Rietveld method by the MRIA [32] and FullProf [33] codes. The
refinements were done in the frame of the first setting (without
center of symmetry) of the Fd3m (No. 227) space group. In this
group the atomic positions for AB,0,4 spinel with Z=4 are: A in
(8a) - (0, 0, 0), B in (16d) - (5/8, 5/8, 5/8), O in (32e) with
x=y=z~3/8. The thermal factors were introduced in isotropic
approximation. The next neutron scattering lengths were used in
refinements: bg.=0.945, b;,=0.568, bg,=0.729, bni=1.030,
bo=0.581, all in 10~ '? cm units.

Firstly, the refinement of the S1 sample was performed, during
which the total amounts of Ni and Fe were fixed to 1 and 2, cor-
respondingly, occupancy factors of A- and B-sites were free. At the
first stage, the magnetic structure was included in the simplest
ferrimagnetic collinear option. The result is shown in Fig. 3, where
two peaks with strongest magnetic contribution are indicated. For

Mossbauer parameters: hyperfine field (Hy¢), Quadruple splitting (2¢) and Isomer shift (5) for the samples in table.

Samples Higa (kOe) Hpg (kOe) Sa (mmy/s) &g (mm/s) 2¢ep (mmY/s) 2ep (Mm/s)
NiFe,04 489.2 + 0.09 521.2+0.08 0.1362 + 0.0016 0.2417 +0.0015 0.004 + 0.006 0.008 + 0.006
Nig7Zng3Gag sFe1504 3422 +0.14 394.1+0.18 0.1591 +0.0018 0.1579 + 0.0013 —0.115 + 0.004 0.034 + 0.006
Nig7Zng 3Gag sFe1 504 nano 505.8 + 0.07 506.8 +0.08 0.1478 + 0.0017 0.2450 + 0.0011 0.122 + 0.005 —0.076 + 0.004
Nio7Zno3GaFeO4 - - doubletd Qdoublet

- - 0.2044 + 0.066 0.4968 + 0.056
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Fig. 3. The diffraction pattern of NiFe,O4 powder (the S1 sample) measured at
room temperature and processed using the Rietveld method. Vertical ticks indicate
the calculated reflection positions. The residual curve is shown at the bottom.
Miller indices of the strongest magnetic peaks with practically zero nuclear con-
tribution are indicated.
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Fig. 4. The same as in Fig. 3 but for Nig7Zng3GaFeO, powder (the S2 sample). The
magnetic contribution is practically absent.

Table 3

The structural parameters for S1-S4 samples obtained at room temperature; lattice
parameter, oxygen position, isotropic thermal factor of cations and oxygen, cation
occupancy factors for A- and B-sites, A-O and B-O bond lengths are shown. The
conventional experimental (R.) and weighted (R,,) R-factors (in %) are pointed.
Parameters without uncertainties (in brackets) were fixed during refinement. The
values of magnetic moments u are given for A- and B-sites.

Parameter S1 S2 S3 S4

Re/Ry 12.0/6.2 15.0/5.9 10.2/8.3 14.3/9.5
a A 8.3350 (1) 8.3461 (1) 8.3624 (1) 8.3830 (4)
By, A? 0.51 (2) 0.87 (8) 1.01 (4) 1.01

Bg, A2 0.32 (2) 0.56 (4) 1.01 (4) 1.01

Xo 0.3810 (1) 0.3836 (2) 0.3832 (3) 0377 (2)
Bo, A? 0.80 (2) 0.88 (5) 1.30 (7) 1.30

NFe, A[B-sites 0.99/1.01 (1)  0.23/0.77 (2) 0.42/1.08 (2) 0.42/1.08
nni, A/B-sites 0.01/0.99 (1)  0/0.7 0/0.7 0/0.7
Nzn, A/B-sites - 0.3/0 0.3/0 0.3/0
Nga, A/B-sites - 0.47/0.53 (2) 0.28/0.22 (2) 0.28/0.22
A-0, A 1.891 (1) 1.931 (1) 1.929 (1) 1.84 (1)
B-0, A 2.035 (1) 2.017 (1) 2.024 (1) 2.08 (1)
u (A[B-sites), uyg 4.5 (2)/3.1 (2) 0.93(13)/2.03(6)

LA 3300(100) 1660 (50) 1530 (50) 120 (10)

(Niy,Zn, ;)Fe, (Ga, 0,
Magnetic line (331)
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1.905 1.91 1.915 1.92 1.925 1.93
d, A
Fig. 5. Diffraction peak (331) of the S3 sample measured at low, room and high

temperatures. Nuclear structure factor for this peak is close to zero. Magnetic
contribution is absent after 200 °C.
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Fig. 6. Comparison of diffraction patterns measured with S3 and S4 (nano-struc-
tured) samples. The diffraction lines of the S4 sample are about 15 times wider than
of the S2 one. Positions of diffraction peaks are close in both samples.

occupancy factors of A- and B-sites we obtain: n(A)=1.010(4), n
(B)=1.990(4). It means that this spinel has the structural formula
as (Fe)[NiFe]O4 with precision of about 1% that perfectly matches
literature data [17]. Correlation with thermal factors, which often
complicates the determination of the occupancies, in our case is
not expressed strongly due to the very large dy-range and the
presence of a large number of well-resolved diffraction peaks. The
important result of this analysis is the confirmation of a possibility
to find occupancy factors with good accuracy despite the contrast
between Fe and Ni is not high.

For refinement of the S2 and S3 samples, as a starting point, we
suppose that all Ni atoms are in B-sites, Fe is substituted for Zn in
the A-site and all Ga atoms are in B-site. For this the coherent
scattering lengths for A and B sites are: by=0.832, bg=0.867 for S2
and b,=0.832, bg=0.921 for S3 again in 10~ !2 cm units. Refine-
ments of all measured patterns (an example is presented in Fig. 4)
show that nj is systematically smaller than 1 and, contrary, ng is
systematically higher than 2. The only hypothesis, which is com-
patible with these changes, is interchange of Fe in A-site and Ga in
B-site because bg,=0.729 < bg.=0.945. Thus we have two equa-
tions (for ny and ng occupancies) for one unknown quantity
(content of Ga in A-site). After averaging we obtain that in S2 and
S3 samples na(Ga)=0.28(2) and 0.47(2) respectively, which means
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Fig. 7. Dependence of widths of diffraction lines on d-spacing for S1-S3 samples (on the left) and S4 (on the right). Experimental points and approximation curves are
shown. The points for S2 (crosses) and S3 (triangles) are practically coincide (for clarity, only one curve is shown). The statistical errors for S1-S3 experimental points are
close to the sign size. The contribution of the HRFD resolution function, measured with a standard sample, is also shown. The (Ad)? values are multiplied by 10%.

that the real compositions of these samples are:

S2: (Fep23Gapa7Zng3) - [Feg77Nip7Gaos3]04, S3: (Feg42Gap2sZngs)-
[Fe108Nip7Gap22]04.

Thus, we may conclude that in both samples around 50% of Ga
atoms are shifted in the A-site. The structural parameters for all
samples and results of calculations of Ga content are shown in
Table 3. Thermal parameters of A- and B-cations of samples S2 and
S3 are considerably higher than for the parent compound, which is
probably due to the larger fluctuations of ionic radii. Moreover, for
the sample S3 to stabilize the refinement process we had to use
the constrain Bo=Bg.

The S1 and S3 samples are ferrimagnetic with Tc ~ 850 K and
420 K, correspondingly. The magnetic contribution in the in-
tensities of diffraction peaks is clearly seen (Fig. 5). Despite the
magnetic structure is not a subject of this paper, the preliminary
refinement of the values of magnetic moments was performed. For
this the FullProf package was used, with the magnetic form factor
of Fe>* for both A- and B-sites. The obtained data are presented in
Table 3.

3.5. Analysis of sample microstructure

The very high resolution of the HRFD instrument provides an
opportunity for analysis of microstructural characteristics of stu-
died samples, namely, the level of microstrains and the average
size of coherently scattered domains. The comparison of diffrac-
tion patterns measured with S3 and S4 (nano-structured) samples
is presented in Fig. 6. One can see their common identity, and a
notable increase in the level of the incoherent background arising
from the noncrystalline fraction in addition to peak broadening
(more than 10 times).

For estimation of the microstructural characteristics the fol-
lowing relation can be used [34]:

W@? =G+ (G + G)d® + Cud?,

where W is the width of diffraction lines (FWHM or integral
one), measured for a set of dy,y, C; and C, are known values, de-
scribed the resolution function of HRFD, C; and C4 are connected
with microstrains in a sample and size of coherently scattered
blocks, correspondingly. As it is known C; ~ (2€)? and C4 ~ (k/L)?,
where k depends on the shape of the blocks and usually is close to
1. The obtained W(d)? dependences for all S1-S4 samples are

shown in Fig. 7. The level of microstrains is very low for all sam-
ples and can not be estimated adequately. The size effect is quite
definite and can be estimated as L~3300A for S1 and as
L~ 1600 A for both S2 and S3. The smaller number of intensive
peaks in the nano-structured sample prevents the same precision
in size determination. Moreover, it depends on d-spacing range,
which is used for calculations and can be estimated roughly as
L~120 A. The obtained microstructural information is included in
Table 3.

4. Conclusions

Single-phase cubic spinel ferrites NiFe,04 and Nig 7Zng sFe,_,Ga
yO4 with y=1 and 0.5 in the bulk and nano-structured forms were
synthesized. Refinement of atomic structure through precise
analysis of neutron diffraction patterns measured with high-re-
solution TOF-diffractometer was done. Obtained results confirm
that at room temperature the NiFe,O4 parent compound is a fully
inverted spinel (6=0 + 0.01) with the cubic symmetry of the lat-
tice. The analysis of Zn/Ga doped compositions shows that the
cubic symmetry is preserved; all Zn ions are in A-sites, while Ga
ions are distributed equally between A- and B-sites of spinel
structure. No structural or magnetic phase transitions were found
down to 10 K. The level of microstrains was estimated as very
small while the size of coherently scattered domains is quite large.
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