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Abstract
Single phase Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) ferrite
samples have been prepared by the solid state reaction method. The room
temperature Mössbauer spectra for all the samples indicate the paramagnetic
nature of the prepared samples. Mössbauer spectra have been deconvoluted
separately for the tetrahedral ‘A’ site and the octahedral ‘B’ site to identify
the variations of the Mössbauer parameters, i.e. isomer shift, quadrupole
splitting and linewidth, with the concentration of Cd doping, x , for the
tetrahedral ‘A’ site and octahedral ‘B’ site. Changes of these parameters with
concentration, x , confirm that the Cd2+ ions prefer to go to the tetrahedral ‘A’
site compared to the octahedral ‘B’ site in this Zn(1−x)Cdx Fe2O4 cubic spinel
ferrite system. To study the changes in the electron momentum distributions,
coincidence Doppler broadening of the electron positron annihilation γ -
radiation measurement technique has been employed. The results indicate that
positrons are annihilating less with the oxygen 2p electrons and other core
electrons in the case of mixed (Zn(1−x)Cdx Fe2O4) ferrites than ZnFe2O4 or
CdFe2O4 ferrites.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the recent past ferrites either in the microcrystalline phase or in the nanocrystalline phase
have drawn a lot of attention due to their unique magnetic as well as electrical properties [1].
Among them the spinel ferrites, MFe2O4, where M = Co, Ni, Mg, Zn, Cd etc, have many
applications, e.g., in microwave devices, gas sensors, information storage systems etc. [2, 3].
In the spinel structured materials there are two sites, tetrahedral A sites and octahedral B
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sites. In the normal spinel structured materials, e.g. ZnFe2O4, CdFe2O4 etc, tetrahedral A
sites are occupied by the Zn2+ and Cd2+ ions whereas the octahedral B sites are occupied by
the Fe3+ ions [4]. Both ZnFe2O4 and CdFe2O4 are normal spinels in which the ZnFe2O4 shows
antiferromagnetic behaviour below 10.5 K whereas for CdFe2O4 it is below 12 K [5, 6]. The
spinel ferrites can be prepared by different methods, e.g. the solid-state reaction method [7],
the sol–gel method [8], the wet chemical method [9] etc.

In the present work, Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) ferrite samples
have been prepared by the solid state reaction method. The sintering temperature and time have
been optimized by ensuring the single phase of the prepared samples. The single phase of the
prepared samples, its average particle size and lattice parameter a have been determined by the
powder x-ray diffraction method. The local magnetic properties of the prepared samples have
been studied by employing the 57Fe (14.4 keV) Mössbauer technique [4].

The variations of the electron momentum distributions due to systematic doping of Cd
in the Zn(1−x)CdxFe2O4 system have been studied by employing the coincidence Doppler
broadening of the electron positron annihilation γ -radiation (CDBEPAR) measurement
technique [10, 11]. In the CDBEPAR spectroscopic technique a positron from the radioactive
(22Na) source is thermalized inside the material under study and annihilated with an electron,
emitting two oppositely directed 511 keV γ -rays [10]. Depending upon the momentum of the
electron (p) these 511 keV γ -rays are Doppler shifted by an amount ±�E in the laboratory
frame, where

�E = pLc/2

pL is the component of the electron momentum, p, along the detector direction. By using a
high resolution HPGe detector one can measure the Doppler shifts of these 511 keV γ -rays.
The wing part of the 511 keV photo-peak carries the information about the annihilation of
positrons with the higher momentum electrons, e.g. core electrons of different atoms. Using
two HPGe detectors in coincidence and placed at an angle 180◦ with respect to each other,
it is possible to reduce the background in the 511 keV photo-peak drastically [11]. This
allows the study of positron annihilation with the higher momentum electrons with a much
better precision. Thus by measuring the Doppler broadening of the 511 keV γ -rays and proper
analysis of the CDBEPAR spectrum [11] one can identify the electrons with which the positrons
are annihilating.

2. Experimental outline

Ferrite (Zn(1−x)CdxFe2O4 with x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) samples have been prepared
by the standard solid state reaction method from a stoichiometric mixture of α-Fe2O3 (purity
99.998%, Alfa Aesar, Johnson Matthey, Germany), ZnO (purity 99.998%, Alfa Aesar, Johnson
Matthey, Germany) and CdO (purity 99.998%, Alfa Aesar, Johnson Matthey, Germany). The
mixture is first ball milled in a Fritsch Pulverisette 5 planetary ball mill grinder with agate
balls for 1 h and then calcined at different temperatures in air, followed by slow cooling.
The different calcination temperatures for different samples have been listed in table 1. The
sintering temperature is kept the same as the calcination temperature. The resulting material is
then pressed (∼220 MPa pelletizing pressure) in the form of pellets. The cubic spinel structure
of the materials has been confirmed by the x-ray diffraction pattern (figure 1). The x-ray
diffraction data are collected on a Philips 1710 automatic diffractometer with Cu Kα radiation.
For each sample a scan has been performed from 4◦ to 90◦ with a step size of 0.02◦. The
average particle size of the sample has been calculated from the Williamson–Hall plot [12] i.e.

β cos θ = Kλ/D + 2ε sin θ
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Figure 1. X-ray diffraction (XRD) pattern of the ZnFe2O4, Zn0.5Cd0.5Fe2O4 and CdFe2O4

samples.

Table 1. The calcination temperature, T , and the time duration, H , for the preparation of
Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) samples.

x T (◦C) H (h)

0.0 1100 3
0.1 1050 3
0.3 1050 3
0.5 970 3
0.7 950 3
1.0 900 3

where D is the average particle size, β is the FWHM, K is a constant (=0.89), λ is the
wavelength, θ is the Bragg angle and ε is the strain introduced inside the sample.

Room temperature 57Fe Mössbauer spectra for all the samples have been recorded in
the transmission configuration with constant acceleration mode. A gas filled proportional
counter has been used for the detection of 14.4 keV Mössbauer γ -rays, while a 10 mCi 57Co
isotope embedded in an Rh matrix has been used as the Mössbauer source. The Mössbauer
spectrometer has been calibrated with 95.16% enriched 57Fe2O3 and standard α-57Fe foil. The
Mössbauer spectra have been analysed by a standard least square fitting program (NMOSFIT).

For the CDBEPAR measurement, two identical HPGe detectors (efficiency, 12%; type,
PGC 1216sp from DSG, Germany), having energy resolution of 1.1 keV at 514 keV of 85Sr,
have been used as two 511 keV γ -ray detectors, while the CDBEPAR spectra have been
recorded in a dual ADC-based multiparameter data acquisition system (MPA-3 from FAST
ComTec., Germany). An about 10 μCi 22Na positron source (enclosed in between thin Mylar
foils) has been sandwiched between two identical and plane faced pellets [13]. The peak to
background ratio of this CDBEPAR measurement system, with ±�E selection, is ∼105:1.

3. Results and discussion

Table 1 represents the calcination temperature and corresponding duration for the preparation
of different samples. It is clear from table 1 that for lower concentration higher calcination

3
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Figure 2. Williamson–Hall plot of the CdFe2O4 sample.

Table 2. Average particle size, D, and the strain in Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7
and 1.0) samples.

x D (nm) Strain (%)

0.0 35 4.40 × 10−4

0.1 44 1.62 × 10−3

0.3 58 3.50 × 10−3

0.5 33 2.28 × 10−3

0.7 39 2.15 × 10−3

1.0 44 2.46 × 10−3

temperature is required. Li et al [14] prepared the ZnFe2O4 samples by the solid state reaction
method with the calcination temperature of 1200 ◦C for a duration of 48 h. In the present
case the same preparation process with a ball mill grinding and mixing method (∼1 h) before
calcination has been adopted. This reduces the duration of the calcination process (∼3 h).
Thus the method is very useful to prepare ferrite samples within a very short time. In the case
of CdFe2O4 samples the reported calcination temperature is 900 ◦C and the duration is 12 h [7],
but for the present case the samples have been calcined at 900 ◦C for 3 h only. The sintering
temperature is kept the same as the calcination temperature.

Figure 1 shows the x-ray diffraction (XRD) pattern for the ZnFe2O4, Zn0.5Cd0.5Fe2O4

and CdFe2O4 samples. The XRD peaks confirm the cubic spinel structure for all the samples.
The average particle size and the strain introduced inside the samples have been calculated
by the Williamson–Hall plot [12]. A typical Williamson–Hall plot for the CdFe2O4 sample
has been shown in figure 2. Average particle sizes and strains have been calculated from the
slope and the intercept of the fitted straight line, respectively. The average particle size and
the strain introduced inside the sample for all the samples obtained from the Williamson–Hall
plot are listed in table 2. It is clear from table 2 that the doping does not greatly affect the
average particle size of the ferrite samples but the doping concentration strongly increases the
strain introduced inside the samples. The lattice parameters a for all the cubic spinel structured
samples have been calculated from different diffraction lines of the XRD pattern (figure 1).

4



J. Phys.: Condens. Matter 19 (2007) 236210 M Chakrabarti et al

0.0 0.2 0.4 0.6 0.8 1.0
0.83

0.84

0.85

0.86

0.87

a
 (

n
m

)

Concentration, x

Figure 3. Variation of the lattice parameter, a, with Cd2+ concentration, x , in the Zn(1−x)Cdx Fe2O4

system.

Figure 3 shows the variation of the lattice parameter a with Cd2+ concentration, x . It is seen
from figure 3, that the lattice parameter increases linearly with concentration, x . The lattice
parameters a for ZnFe2O4 and CdFe2O4 samples have been calculated as 0.833 and 0.867 nm,
respectively, which are very close to the literature value (0.844 and 0.869 nm for ZnFe2O4

and CdFe2O4 samples, respectively) [15]. The larger value of lattice parameter a for CdFe2O4

compared to ZnFe2O4 is due to the larger ionic radius of Cd2+ than Zn2+.
The radii of the tetrahedral (Rtetra) and octahedral (Rocta) sites, the tetrahedral (RAx) and

octahedral (RBx) bond length, the tetrahedral edge length (Rxx ), the shared octahedral edge
length (Rx′ x) and the unshared octahedral edge length (Rx′′ x) of these cubic mixed spinel oxides
have been calculated by using the following equations [16]:

Rtetra = √
3(u − 1/4)a − R0

Rocta = {3u2 − (11/4)u + 43/64}1/2a − R0

RAx = √
3(u − 1/4)a

RBx = {3u2 − (11/4)u + 43/64}1/2a

Rxx = √
2(2u − 1/2)a

Rx′ x = √
2(1 − 2u)a

Rx′′ x = {4u2 − 3u + 11/16}1/2a

where u is the oxygen parameter (u = 0.385, 0.3859, 0.38705, 0.38827, 0.3895 and 0.3911
for Zn(1−x)Cdx Fe2O4 samples with x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0 respectively [16]), and
a is the lattice parameter. R0 = 1.38 Å [17] is the radius of the oxygen atom. These values
are summarized in table 3. Figure 4 shows the variations of the radii of the tetrahedral sites
and the octahedral sites with Cd2+ concentration, x , in the Zn(1−x)Cdx Fe2O4 system. From
figure 4 it is clear that Rtetra increases linearly with x but Rocta remains almost constant. From
table 3 it is clear that the tetrahedral bond length also increases sharply with x , whereas the
octahedral bond length remains almost constant. This is because the larger ionic radius Cd2+
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Figure 4. Variations of the radii of the tetrahedral sites and the octahedral sites with Cd2+
concentration, x .

Table 3. Values of tetrahedral and octahedral bond length and tetrahedral, shared octahedral and
unshared octahedral edge length for the Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0)
samples.

Concentration of
Cd, x

Tetrahedral bond
length (pm)

Octahedral bond
length (pm)

Tetrahedral edge
length (pm)

Shared octahedral
edge length (pm)

Unshared octahedral
edge length (pm)

0.0 195 200 318 271 295
0.1 197 201 322 271 297
0.3 201 202 327 270 299
0.5 202 201 331 267 300
0.7 206 202 337 267 303
1.0 212 201 346 267 308

is replacing the smaller ionic radius Zn2+ in the tetrahedral sites in the Zn(1−x)Cdx Fe2O4 cubic
spinel ferrites.

Figures 5(a) and (b) represent the room temperature Mössbauer spectra for the
Zn(1−x)CdxFe2O4 (x = 0.0, 0.1, 0.3, 0.5, 0.7 and 1.0) samples. It is clear from these figures
that all the samples show a doublet type of Mössbauer spectra and no ferromagnetic nature
(six line pattern of Mössbauer spectra) has been observed. Some spectral broadening is also
observed, which increases with increasing concentration of Cd2+ in the Zn(1−x)CdxFe2O4

system. This spectral broadening is due to the changes in the tetrahedral bond length and due to
the change in the Zn2+, Cd2+ and Fe3+ ionic distributions in the tetrahedral and octahedral sites
of this Zn(1−x)Cdx Fe2O4 cubic spinel ferrite system. From the experimental Mössbauer spectra
both isomer shift (IS) and quadrupole splitting (QS) have been calculated by a standard least
square fitting program, NMOSFIT. Figure 6 represents the variation of the isomer shift and the
quadrupole splitting with the concentration, x , of Cd2+ in the Zn(1−x)Cdx Fe2O4 system. The
typical values of IS and QS for the ZnFe2O4 sample are 0.115 and 0.335 mm s−1, respectively.
The variations of the Mössbauer parameters (IS and QS) with the concentration, x , of Cd in the
Zn(1−x)CdxFe2O4 system have been depicted in figure 6.
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Figure 5. (a) Room temperature Mössbauer spectra for the Zn(1−x)Cdx Fe2O4 (x = 0.0, 0.1 and
0.3) samples. (b) Room temperature Mössbauer spectra for the Zn(1−x)Cdx Fe2O4 (x = 0.5, 0.7
and 1.0) samples.

The isomer shift and the linewidth value have also been deconvoluted separately for the
tetrahedral ‘A’ site and the octahedral ‘B’ site of this spinel system due to doping of the Cd2+
ion. Figure 7 represents the variation of the isomer shift and the linewidth for the ‘A’ site
and ‘B’ site of this Zn(1−x)Cdx Fe2O4 cubic spinel ferrite system with Cd2+ concentration, x .
From this figure it is clear that the isomer shift for the tetrahedral ‘A’ site increases, whereas
for the octahedral ‘B’ site it decreases, which suggests that the s electron density at the ‘B’ site
decreases and for the ‘A’ site it increases due to the substitution of Cd2+ in the Zn(1−x)CdxFe2O4

system. The linewidth also increases for the tetrahedral ‘A’ site compared to the octahedral ‘B’
site. Thus, due to incorporation of the larger ionic radius Cd2+ ion in place of the Zn2+ ion
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‘B’ site of the Zn(1−x)Cdx Fe2O4 cubic spinel ferrite system with Cd2+ concentration, x .

in the tetrahedral ‘A’ site of the Zn(1−x)Cdx Fe2O4 cubic spinel ferrite system, both Mössbauer
parameters increase.

Doping of Cd2+ in the Zn(1−x)CdxFe2O4 cubic spinel ferrite system may introduce some
defects inside the samples. To study this effect the coincidence Doppler broadening of the
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Figure 9. Ratios of the experimental electron positron momentum distributions for ZnFe2O4,
Zn0.7Cd0.3Fe2O4, Zn0.5Cd0.5Fe2O4 and CdFe2O4 systems to the electron–positron momentum
distributions of a 99.9999% pure defect free Al single crystal.

electron positron annihilation γ -radiation spectrum has been analysed by evaluating the so
called line-shape parameter (S-parameter) [18]. The S-parameter is calculated as the ratio of
the counts in the central area of the 511 keV photo-peak (|511 keV − Eγ | � 0.85 keV) and
the total area of the photo-peak (|511 keV − Eγ | � 4.25 keV). The S-parameter represents the
fraction of positrons annihilating with the lower momentum electrons with respect to the total
electrons annihilated. Figure 8 represents the variation of S parameter with Cd2+ concentration,
x . From this figure it is observed that the value of S parameter is almost the same for both
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ZnFe2O4 and CdFe2O4 while the S-parameter has an increased value for mixed ferrite systems,
i.e. Zn(1−x)Cdx Fe2O4, x = 0.3, 0.5, 0.7. This suggests that in the case of mixed ferrite systems
either positrons are annihilating more with the lower momentum electrons or annihilating less
with the higher momentum electrons such as core electrons of different atomic sites. For better
understanding, CDBEPAR spectra have been analysed by constructing the ratio curve [19, 20]
with respect to the CDBEPAR spectrum of a defect free Al (99.9999% pure) single crystal.
Figure 9 represents the ratio curves for the ZnFe2O4, Zn0.7Cd0.3Fe2O4, Zn0.5Cd0.5Fe2O4 and
CdFe2O4 systems. Generally, the ratio curve for oxide materials with respect to Al shows a
peak at ∼11×10−3m0c, which is primarily due to the annihilation of positrons with oxygen 2p
electrons [20, 21]. From figure 9 it is clear that the annihilation of positrons with the oxygen
2p electrons and other core electrons decreases in the case of mixed ferrites (Zn(1−x)Cdx Fe2O4,
x = 0.3, 0.5, 0.7) compared with the ZnFe2O4 and CdFe2O4 systems. This suggests formation
of more oxygen defects in the mixed ferrite system. Thus the reason behind the increased value
of S-parameter, in the case of the mixed ferrite system, is less annihilation of positrons with the
oxygen 2p electrons and with other core electrons in this system.

4. Conclusion

Zn(1−x)CdxFe2O4 (0 � x � 1) ferrites have been prepared by the solid state reaction method
with ball mill grinding and mixing processes. The lattice parameter and the tetrahedral
and octahedral site radii have been calculated by analysing the XRD pattern. The room
temperature Mössbauer spectra for all the prepared samples indicate the paramagnetic nature
of the prepared samples at room temperature. Isomer shift, quadrupole splitting and linewidth
have been calculated separately for the tetrahedral ‘A’ site and the octahedral ‘B’ site for all
the prepared samples by deconvoluting the room temperature Mössbauer spectra. Changes
of these parameters with concentration x confirm that in this Zn(1−x)Cdx Fe2O4 cubic spinel
ferrite system Cd2+ ions prefer to go to the tetrahedral ‘A’ site compared to the octahedral ‘B’
site. To observe the changes in the electron momentum distributions in these Zn(1−x)CdxFe2O4

(0 � x � 1) spinel ferrites, coincidence Doppler broadening of the electron positron
annihilation radiation measurement technique has been employed. From the results of
CDBEPAR measurement it has been concluded that the positrons are less annihilating with
the oxygen 2p electrons in the mixed ferrites (Zn(1−x)Cdx Fe2O4, x = 0.3, 0.5 and 0.7) than the
ZnFe2O4 and CdFe2O4 systems.
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