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ABSTRACT

Ultrafine cadmium ferrite particles have been investigated by X-ray diffractometry, transmission electron microscopy and
SQUID magnetometry. All peaks of X-ray diffraction patterns are broad, but correspond to a cubic spinel structure with the
lattice constant of 8.65 A. The average particle size determined by TEM is 9.7 nm and the size distribution of particles is not
normal, but lognormal. The maximal magnetization measured at 5 K was 17.7 emu/g. The experimental data show a transi-
tion from a disorder ferrimagnetic phase to a spin-glass phase (i.e. reentrant behavior) with a freezing temperature (T} of
30 K. Superparamagnetic behavior of the particles is confirmed by the coincidence of the plots of M vs. H/T for 100 and

300 K.
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1. Introduction

ecently, research into ultrafine materials and their
properties has been given much attention because of
the wide range of potential applications, including magnetic
recording media, ferrofluids, catalysts, medical diagnostics,
drugdelivery systems, and pigments in paints and ceram-
ics.” The physical properties of the disordered system of
such particles differ from those of the free atoms or mole-
cules themselves as well as from the properties of the bulk
solids. These ultrafine particles have been also widely stud-
ied in the field of gas sensors in recent years.” Wet chemi-
cal methods, such as co-precipitation and hydrothermal
oxidation, and ball-mill grinding method have been used to
yield ultrafine ferrite particles ranging from 10 to 100 nm.
Many publications by these technique are available in liter-
atures.”” These synthesis methods are of particular interest
because of the low-temperature processing techniques. The
physical properties of ultrafine particles prepared by these
methods are drastically different from their bulk counter-
parts because the size of particles is sufficiently reduced.
The interparticle spacing and surface-to-volume ratio in
particles play a predominant role in influencing the mate-
rial properties. Small particles structurally differ from bulk
solids, in that a large fraction of atoms resides at the sur-
face. These surface atoms have lower coordination number
than the interior ones.
Cadmium ferrite is a specially interesting material for
magnetic investigation. The bulk material of cadmium fer-
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rite is known as completely normal spinel in which tetrahe-
dral or A-sites are almost exclusively occupied by Cd** ions,
and octahedral or B-sites by Fe®* ions. This material is clas-
sified as an antiferromagnetic material with the Néel tem-
perature of 10 K due to B-B interaction. The saturation
magnetization is 4.2 emuw/g at 300 K and 12 emu/g at 6 K.¥
Cadmium ferrite also shows a high sensitivity and selectiv-
ity to C,H,OH gas, and then is expected to find wide appli-
cations in the traffic management, food ferment, wine
making and medical processes.”

However, recent investigations have suggested that the
cation distribution of ultrafine cadmium ferrite particles is
partially inverted and the saturation magnetization of them
is remarkably different from that of the bulk material.
Yokoyama et al.'” have found that ultrafine cadmium fer-
rite particles with average size of 8 nm exhibited ferrimag-
netic behavior with a net magnetization of 89 emu/g at 6 K
in an applied field of 1 T, which corresponds to 4.6 p/molec-
ular. Their X-ray diffraction study showed that 6% and 13%
of the A-sites were occupied by Fe® ions in the bulk mate-
rial and ultrafine particles, respectively. On the other hand,
Chinnasamy et al.'” observed a smaller saturation magneti-
zation 22 emu/g at 5 K even in an applied field of 9 T. The
average particle size by prepared by them is 7 nm. These
extraordinary magnetic behavior may be related to the fer-
rimagnetic cluster formation of Fe** ions that is relevant to
cation distribution, the particle size distribution and the
preparation method. However, there is no detailed informa-
tion about the magnetic properties of cadmium with regard
to Fe® ion distribution not only in ultrafine particles but
also in bulk material.

The purpose of this work is to report the magnetization
and superparamagnetic phenomenon of ultrafine cadmium
ferrite particles.
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2. Experimental Procedure

Ultrafine cadmium ferrite particles were prepared by the
coprecipitation method. Iron chloride solution (0.2 mol/)
and cadmium sulfide solution (0.1 mol/l) as starting materi-
als were mixed. Ammonium carbonate solution was added
to the mixed solution until a pH of 6.5 was attained. The
product was washed with deionized water, filtered and then
dried at 60°C. X-ray powder diffraction patterns of the parti-
cles were obtained by using Cu-Ko radiation in the 25°<26<
70° range. Transmission Electron Microscopy(TEM) was
used to determine the particle shape and the average parti-
cle size. A SQUID magnetometer was used to study the
magnetic properties of the particles in the temperature
range of 5-300 K and in the field up to 50 kOe. In the field of
50 kOe the so-called Zero-Field-Cooled(ZFC) and Field-
Cooled(FC) magnetizations were also obtained by using the
following procedure: first, the sample was cooled from room
temperature to a low temperature in zero applied field, after
which a field H=50 kOe was applied, then the variation of
magnetization with temperature (ZFC process) was mea-
sured in the temperature-increasing process until 7=300 K.
Second, the sample was cooled again, keeping the same
applied field to the same low temperature; then the temper-
ature was increased, and again, the variation of magnetiza-
tion with temperature (FC process) was measured.

3. Results and Discussion

The X-ray diffraction patterns of ultrafine cadmium fer-
rite particles were taken at a slow scanning speed, i.e., 0.02°
advance in 20 per min., and shown in Fig. 1. X-ray diffrac-
tion patterns corresponding to the sample consist of broad
lines. The broadening of all diffraction peaks indicates that
the average size is very small. There is no evidence of extra
crystalline or amorphous phases present. Each peaks in the
patterns are broad, but can be indexed on the basis of a
cubic spinel structure. The lattice constant a, was found to
be 8.65 A, which is smaller than that of the bulk cadmium
ferrite(8.70 A'), by plotting a,(0) versus the Nelson-Riley
function and extrapolating to 6=90°. In general, the lattice
constant of the ultrafine particles is smaller than that of the
bulk material. The present difference in the lattice constant
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Fig. 1. X-ray diffraction pattern for ultrafine cadmium fer-
rite particles.
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Fig. 2. TEM micrograph of ultrafine cadmium ferrite parti-

cles.
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Fig. 8. Particle size distribution for ultrafine cadmium fer-
rtie particles.

between the fine particles and the bulk material of cad-
mium ferrite can be explained by the difference of cation
distribution between them'® and the possible contraction
because of the deformation of the Fe**[B]-O*-Fe* [B] bonds
as observed by Sépelak et al.'”

Fig. 2 shows electron micrograph of ultrafine cdmium fer-
rite particles taken by TEM. Either a distribution of particle
diameter, volume or number can be obtained form a study of
this microscopy. Probability density of ultrafine cadmium
ferrite particles measured from this micrograph is shown in
Fig. 3 (dot points). The distribution of particles may be fitted
to a well-known analytical Gaussian normal distribution.
However, it has been recently recognized and confirmed
experimentally that the size distribution of ultrafine parti-
cles is not normal, but lognormal.’*'® The lognormal distri-
bution flln x) , where x represents diameter of particles, is
represented as follows:
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Fig. 4. Temperature dependence of the magnetization obta-
ined in the FC process with applied field H=50 kOe.

exp(—(In x - 111_)()2/2(52)d In x
J2n o

where In x is the mean of the In x and ¢ is the standard
deviation of In x. It follows that

f(In x) d(In x) =

exp(-In(x - xm)2/20'2)d
X
J2r ox

where x__ is the median of x andInx=In (x,) .

f(x) d(x) =

Fig. 3 shows the least-square fit (solid line) of the above
lognormal distribution to the measured points obtained
from transmission electron micrographs. From these
results, the average particle size was found to be 9.7 nm.

Fig. 4 shows Field-Cooled (FC) magnetization curve with
an applied field H=50 kOe. The experimental curve of the
sample is different from that of ultrafine cobalt ferrite
particles'” in that the curve of the ultrafine cadmium ferrite
particles appears as the plateau of the field-cooled magneti-
zation below 30 K. These features are typical of a transition
from a disorder ferrimagnetic phase to a spin-glass phase
(i.e. reentrant behavior), with a freezing temperature T;=30
K.'® The random cadmium substitution of magnetic ions on
A and B sites induced a deterioration of magnetic interac-
tions inside and between the magnetic sub-lattices, and so
favors spin-glass state at low temperature.

Fig. 5 illustrates the magnetization curves measured at 5,
100 and 300 K in fields up to 50 kOe. It is evident that the
maximal applied field of 50 kOe is not enough to saturate
the sample. The maximal magnetizations measured at 5,
100 and 300 K are 17.7, 15.6 and 13.3 emu/g, respectively.
These values are smaller than those observed by Yokoyama
et al.*® and Chinnasamy et al.,'” but are still larger than
those of the bulk material (12 emw/g at 6 K and 4.2 emu/g at
300 K). This enhancement of magnetization in the ultrafine
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Fig. 5. Magnetization curves measured at 5, 100 and 300 K.

cadmium ferrite particles may be attributed to the magnetic
cluster formation caused by the deviation in cation distribu-
tion from the normal spinel structure, which is pronounced
in restricted geometry.

The present ultrafine cadmium ferrite particles show a
typical superparamagnetic behavior. This behavior can be
observed from the following aspects':

1. There is no hysteresis; i,e., both the retentivity and
coercivity are zero.

2. Magnetization curves measured at different tempera-
tures superimpose when M is plotted as a function of H/T.

In Fig. 5, there is hysteresis for the magnetization curve
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Fig. 6. Magnetization curves measured at 100 and 300 K
superimposed when M is plotted as a function of H/T.
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measured at 5 K: i.e., both retentivity and coercivity are not
zero. This indicates that the particles behave ferrimagneti-
cally at 5 K. But, at 100 and 300 K, the particles do not have
enough thermal energy to reach a complete thermal equilib-
rium with the applied field during the time required for the
measurement, and hysteresis does not appear. This sug-
gests that the particles behave superparamagnetically at
100 and 300 K.

Fig. 6 shows the magnetization curves for 100 and 300 K
plotted as a function of H/T. Superparamagnetic behavior
of the particles can be clearly confirmed by the superimposi-
tion of the plots of M vs. H/T for 100 and 300 K. Slight dis-
crepancies between the two curves are known as mainly
related to the particle size distribution.?”

4. Conclusion

Ultranfine cadmium ferrite particles were prepared by the
coprecipitation method. All peaks of X-ray diffraction pat-
terns can be attributed to a cubic spinel structure with the
lattice constant of 8.65 A. The average particle size deter-
mined by TEM is 9.7 nm and the size distribution of the
sample is not normal, but lognormal. The maximal magneti-
zations measured at 5, 100 and 300 K are 17.3, 15.6 and
13.3 emu/g, respectively. Field-cooled magnetization curve
with an applied field H=50 kOe appears as the plateau of
the field-cooled magnetization below 30 K. These feature is
typical of a transition from a disorder ferrimagnetic phase
to a spin-glass phase (i.e. reentrant behavior), with a freez-
ing temperature (T}) of 30 K. Superparamagnetic behavior
of the particles is additionally confirmed by the superimpo-
sition of the plots of M vs. H/T for 100 and 300 K.
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