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Ultrafine CoysMnyFe,O, powders have been fabricated by a sol-gel method. Structural and magnetic prop-
erties of the powders were investigated by x-ray diffractometry, transmission electron microscopy (TEM),
Mbdssbauer spectroscopy, and vibrating sample magnetometry (VSM). Co-Mn ferrite powders that were fired at
and above 773 K contained only a single spinel phase and behaved ferrimagnetically. Powders fired at 673 and
723 K had a spinel structure and were mixed paramagnetic and ferrimagnetic in nature, The magnetic behav-
ior of Co-Mn ferrite powders fired at and above 873 K showed that an increase of the firing temperature
yielded a decrease in the coercivity and an increase in the saturation magnetization. The maximum saturation
magnetization and coercivity of Co-Mn ferrite powders were 66.7 emu/g and 1523 Qe, respectively. Mosshbauer
spectra of the powder fired at 923 K were taken at various temperatures ranging from 13 to 850 K. The iron
ions-at both A (tetrahedral) and B (octahedral) sites were found to be in ferric high-spin states. The Néel tem-
perature T was found to be 850 + 2 K. Debye temperatures for A and B sites were found to be @, =757+5 K

and @ =282+ 5 K, respectively.

1. Introduction

The preparation and characterization of nano-crystalline
ferrite powders have been studied extensively in recent
years [1-3]. Ferrites are well known as magnetic com-
pounds that have been studied for applications in micro-
wave devices and as magnetic recording media using their
novel physical properties [4, 5]. Cobalt ferrite, CoFeQy, is
a well-known magnetic material which has been studied in
detail due to its high coercivity (5400 Oe) and moderate
saturation magnetization (about 80 emu/g) as well as its
remarkable chemical stability and mechanical hardness [6).
For use as high-density magnetic recording materials, the
particles size of ferrite particles must be < 10 nm to avoid
the exchange interaction between neighboring particles [7].
As the particle size becomes smaller than the critical size
needed to keep satisfactory magnetic properties, the mag-
netization direction of the ultrafine ferrite powder is not
fixed as in large crystals, but fluctuates spontaneously. Solu-
tion routes are commonly used to fabricate ultrafine pow-
ders, rather than solid-state reaction processes. One of the
solution routes is the sol-gel method, which is known as a
technique for low temperature synthesis of glass, ceramic,
and other materials. One of the advantages of using the sol-
gel method is the lower annealing temperature that enables
smaller particle sizes to grow, e.g. nano-crystalline particles.
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Recently, sol-gel methods for the growth of ultrafine cobalt
ferrite and barium ferrite powders have been investigated
[8, 91; however, ultrafine cobalt-manganese ferrite particles
have not yet been investigated to a great extent.

2. Experiment

In this study, a sol-gel procedure was used for the growth
of ultrafine Co-Mn ferrite powders and their structural and
magnetic properties were characterized using x-ray diffrac-
tion, transmission electron microscopy (TEM), Mdssbauer
spectroscopy, and vibrating sample magnetometry (VSM).
X-ray diffraction and TEM measurements provide informa-
tion about the formation of phases, the crystallization tem-
perature, and particle sizes. Maossbauer spectroscopy
measurements were used to identify magnetic phases and
magnetic properties of ultrafine powders. VSM measure-
ments gave the saturation magnetization and coercivities of
the Co-Mn ferrite powders as a function of firing tempera-
ture.

Ultrafine Co-Mn ferrite powders were synthesized by a
sol-gel method. A block diagram outlining the prepara-
tion process for CogoMny Fe O, ferrite powder is shown
in Fig. 1. Weighed amounts of Co(CH;CO,), - 4H,0,
Mn(CH;CQO,), - 4H,0, and Fe(NOs); - 9H,O were first dis-
solved in 2-methoxyethanol (2-MOE) and water for 30 min
using an ultrasonic cleaner. The solution was refluxed at
343 K for 12 h to allow gel formation and then dried at 373
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Fig. 1. Preparation process for the CopoMny Fe,04 ferrite
powder.

K in a dry oven for 24 h. The dried powder was ground and
fired at various temperatures for 6 h in air. X-ray diffraction
patterns of the samples were obtained with Cu K¢ radia-
tion. The Mossbauer spectra were recorded using a conven-
tional Mossbauer spectrometer of the electromechanical
type [10] with a 30-mCi source in a Rh matrix.
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Fig. 2. Changes in the x-ray diffraction spectra of CoggMng -
Fe,O4 powders at various firing temperatures.
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3. Result and Discussion

X-ray diffraction patterns of CogoMng Fe,O, powders
fired at various temperatures are shown in Fig. 2. All peaks
of Co-Mn ferrite powders fired at and above 673 K are con-
sistent with those of a typical spinel structure of a cobalt
ferrite prepared by a conventional solid-state reaction [11].
However, the diffraction peaks for the powder fired at 673
K are fairly broad, indicating that the sample consists of
quite fine crystallites. The line broadening for the other
samples decreases with increase of the firing temperature
corresponding to, the growth of larger particles of Co-Mn
ferrite powders. Figure 3 shows TEM micrographs of the
Co-Mn ferrite powders fired at 573 and 923 K. Particles of
both samples are spherical in shape and have average par-
ticle size of 15 and 92 nm.

Moéssbauer absorption spectra measured at room temper-
ature for CogoMng 1Fe,O4 powders fired at different temper-
atures are shown in Fig. 4. Spectra of all samples fired at
and above 773 K are fitted with two six-line subpatterns
that are assigned to A ions in tetrahedral sites and B ions in
octahedral sites of a typical spinel crystal structure. How-
ever, the spectrum for the samples fired at 673 and 723 K
consists of two six-line subspectra and a doublet. It is sug-

P

Fig. 3. Transmission electron microscopy (TEM) images of
CoooMny  Fe,0, powders fired at 573 (a) and 923 K (b).
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Fig. 4. Room-temperature Mossbauer spectra of CogeMng -
Fe,0, at various firing temperatures.

gested that the samples fired at 673 and 723 K are both
paramagnetic and ferrimagnetic in nature. In case of the
sample fired at 673 K, 32% of the powder has particle too
small to maintain the ferrimagnetic properties at room tem-
perature and the remaining portion has a partice size large
enough to become ferrimagnetic. The ratio of the two mag-
netic phases is based on the calculated absorption ratio of
the two subspectra. The Mossbauer spectra measured at
room temperature for the powder fired at 573 and 623 K, as
shown in Fig. 4, are attributable to Fe ions in the super-
paramagnetic state in CogoMng Fe;O4 powders. That is,
most of the Co-Mn ferrite particles fired at 573 and 623 K
are too small to become ferrimagnetic.

Figure 5 shows the Mossbauer spectra of the sample fired
at 673 K, taken at various temperatures. The change in the
spectrum is typical for superparamagnetic materials as the
measuring temperature decreases. These Mossbauer results
are similar to those obtained by Grigorova et al. [12]. The
spectra recorded at and below 130 K are fitted with two six-
line subpatterns. The broad absorption lines of the two sub-
spectra are related to the relaxation phenomena. When the
measuring temperature is lowered, the relaxation time to
maintain the ferrimagnetic property becomes larger so that
some of the superparamagnetic Co-Mn ferrite particles
become ferrimagnetic [13].

Figure 6 shows the Mdssbauer spectra of the sample fired
at 923 K taken at various temperatures. The spectra are
composed of two six-line hyperfine patterns, A and B. Just
above the Néel temperature of Ty =850+2 K, the Mdss-
bauer spectrum becomes a sharp doublet. Using a least-
squares computer program, two sets of six Lorentzian lines
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Fig. 5. Mossbauer spectra recorded at various temperatures of
CoggMny Fe, Oy, fired at 673 K.
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Fig. 6. Mossbauer spectra recorded at various temperatures of
COOAgMHOA1F6204 fired at 923 K.

were fitted to the Mossbauer spectra under the well-known
restraints [14], which are valid when the quadrupole inter-
action is much weaker than the magnetic hyperfine interac-
tion. The results of the computer analysis are presented in
Table 1. The isomer shift values at room temperature for the
A and B patterns were found to be 0.14 = 0.01 mm/s and
0.24 £ 0.01 mnvs relative to Fe metal, respectively, which
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Table 1. Magnetic hyperfine field (H,,), quadrupole shift (AE),
and isomer shift (6 ) for the tetrahedral (A) and the octahedral
(B) sites at various temperatures T for CogoMny 1Fe;0,4 annealed
at 923 K. & is relative to the iron metal

Hyr(kOe AEy (mm/ 6 (mm/s
T K w (kOe) o (mmy/s) ( )
A B A B A
13 538 514 -0.09 -0.05 033 0.23
77 537 513 -0.08 -0.06 032 0.23
295 514 486 008 -001 024 0.14

500 468 433 007 002 020 0.11

were consistent with a high-spin Fe charge state [15]. The
smaller value of the A site isomer shift was due to a larger
covalency at the A site. The magnetic hyperfine field values
at 13 K are 514 and 538 kOe for the A and B patterns,
respectively, which are typical values for ferric ions. Plots
of reduced magnetic hyperfine fields H,s(T)/H,s(0) against
reduced temperature T/Ty for A and B sites of
CoygMny Fe,O, are given in Fig. 7 along with the Brillouin
curve B(S) for S =5/2. From these plots, it is seen that the
magnetic fields (within the experimental error) are propor-
tional to the sublattice magnetization. Figure 8 shows the
temperature dependence of the resonant absorption area.
The Debye model gives the following expression for the
recoil-free fraction [16].

B 3E, (
f= e"p[‘sz@

where Ey is the recoil energy of “’Fe for the 14.4 keV
gamma ray. © and kg represent the Debye temperature and
Boltzman constant, respectively. The Debye temperature for
each site can be calculated from the temperature depen-
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Fig. 7. Reduced magnetic hypetfine fields H(T)/H,(0) against
reduced temperature T/Ty for A and B sites of CogsMng 1Fe;O,
fired at 923 K. Points marked are the experimental values The
full curve is the Brillouin curve for § =5/2.
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Fig. 8. Natural logarithm of the absorption area In F vs. T2
for the A and B subspectra of CopgMny Fe, O, fired at 923 K.

dence of the resonant absorption area of each subspectrum
at low temperatures. The calculated Debye temperatures of
the A and B sites were @, =757 +5 K and ©p=282 x5 K.
The magnetic properties of annealed powders have been
determined at room temperature using a vibrating sample
magnetometer. Figure 9 shows the firing temperature
dependence of saturation magnetization and coercivity at a
maximum field of 15 kOe. The saturation magnetization
increases drastically with firing temperature. However, the
coercivity decreases when the annealing temperature is
higher than 873 K. This magnetic behavior is related to the
variation of the particle size. The samples fired at 573 and
623 K show only a small saturation magnetization. With the
Mossbauer spectroscopy measurement, it is known that
most of the Co-Mn ferrite particles have particle sizes
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Fig. 9. Changes of saturation magnetization and coercivitis
for CogoMnyg 1Fe,O, powders as a function of firing tempera-
ture.
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smaller than the critical size to maintain their magnetic
properties. The maximum saturation magnetization and
coercivity of Co-Mn ferrite powders are 66.7 emu/g and
1523 Qe measured in a maximum external field of 15 kQOe.
However, these two values are not of faired at the same
exactly the same firing temperature.
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