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Structure and magnetic properties of Zn ferrite nanoparticles
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Abstract: A series of Zn Fe,  O,(x =0, 0.15, 0.30, 0.40,
0.48, 0.60, 0.70) nanoparticles prepared by hydrothermal
method are studied by use of transmission electron microscope,
X-ray  diffraction, vibrating sample  magnetometer,
superconducting quantum interference device magnetometer and
Mbssbauer spectrometer. All samples present a spinel structure.
The lattice constant increases with the increase in the Zn content
while the grain size decreases from 18 nm to 9 nm. Moreover,
the saturation magnetization at 5 K and 293 K increases initially
when x < 0.40 and subsequently decreases when x > 0.40. At
room temperature, Mossbauer spectra exhibit a change from a
well-defined sextet spectrum to a doublet spectrum as the Zn
content increases. The doublet spectrum begins to appear when x
=0. 6, while it begins when x =0. 80 for the bulk materials. The
results of magnetization and Curie temperature measurements
indicate that the doublet spectrum is due to the
surperparamagnetic state of the nanoparticles. Furthermore, the
relationship between the hyperfine field variation and the cation
distribution is discussed. The variation of magnetic properties is
interpreted by the three-sublattice Yafet-Kittel ('Y-K)model.
Key words: magnetic materials; Zn ferrite; Mossbauer spectra;
magnetic properties

agnetic nanoparticles have attracted much interest in
Mrecent years. It is attributed not only to their wide po-
tential applications in magnetic fluids, information storage
media, thermochemotherapy of tumors, etc. U531 but also
to a fundamental perspective. Nanoparticles of ferrites with
the spinel structure have been found to show different prop-
erties from those in bulk state due to their reduced dimen-
sions'!, which is important to be examined. Various bulk
Zn-substituted ferrites'”' which were well studied have been
commercial products for a long time, since their Curie tem-
perature, saturation magnetization, magnetic susceptibility
etc. can be adjusted by the zinc content. These properties
are primarily related to the cation distribution and the spin a-
lignment in sublattices'™ . It is an interesting topic to study
the relationship between the properties of Zn-substituted fer-
rite nanoparticles and the cation distribution. Zn-substituted
ferrite can be denoted as(Zn’*Fel’ ) [Fe]! Fel' ]O0,,
where the parentheses and the square brackets refer to cat-
ions occupying tetrahedral sites and octahedral sites, respec-
tively. The information of the cation distribution can be ob-
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tained by X-ray diffraction( XRD)'""', neutron diffraction'®
and Mossbauer spectrometer'”’ .

In this paper, Zn Fe,_ O, nanoparticles prepared by the
hydrothermal method are studied. By comparing the mag-
netization and the ordering behaviors of the nanoparticles
with those in the bulk materials, the magnetic properties af-
fected by the structure and the size effects of the nanoparti-
cles are measured and discussed.

1 Experiments

All the samples were prepared by the hydrothermal meth-
0od"" . Ferric chlorides, zinc chlorides and ferrous sulfate
were dissolved in distilled water according to stoichiometric
ratios. By dropping the solution of NH,OH slowly into the
above mixed solution, Zn Fe, O, nanoparticles were
formed by co-precipitation. The reaction was carried out un-
der hydrothermal conditions. During the reaction process,
the pH was kept at 9 to 11. The precipitates were filtered
and washed several times with deoxied distilled water, and
finally dried at room temperature under nitrogen protection.
The reaction involved in this process can be represented as

xZn** +(1 -x)Fe’” +2Fe’" +80H™ =Zn Fe, O, +4H,0

The X-ray diffraction( XRD) measurement was performed
by an ARL X’TRA diffractometer using Cu Ka radiation.
The chemical composition of the particles was confirmed by
EDX analysis with scanning electron microscopy( FEI Com-
pany). The morphologies of the products were observed by
a JEM-2000EX ( JEOL) transmission electron microscopy
(TEM)at 120 kV. The magnetic properties of the samples
were measured with a vibrating sample magnetometer
(VSM, Lakeshore, model 7300). The Mossbauer spectra
(MS) for various samples were measured with a radioactive
source of ¥ Co in a Rh matrix at room temperature in a
transmission configuration and in the mode of constant ac-
celeration. The spectrometer was calibrated using the room
temperature spectrum of an «-Fe foil. Zero-field-cooled
(ZFC) and field-cooled( FC) curves were measured between
5 K and 300 K by the SQUID magnetometer( quantum de-
sign). The value of the cooling field was about 100 Oe.

2 Results and Discussions

As presented in Fig. 1, the TEM image for Zn Fe,_ O,(x
=0.40) nanoparticles shows that they are homogeneous
particles with nearly spherical shapes and do not exhibit a
solvent or organic surface. The surface ratio of Zn to Fe ob-
tained by the EDS is basically consistent with the value we
designed. The diameters of the nanoparticles are counted ac-
cording to the TEM images, and the results indicate that all
of the samples exhibit a narrow size distribution. The struc-
tural information from a single Zn Fe, _O, nanoparticle is
also obtained by using a high resolution TEM, which shows
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that the products are all single crystal, as shown in the inset
of Fig. 1. The inset is a high resolution TEM image of a
single particle.
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Fig.1 The TEM images of Zn, ,Fe, O, nanoparticles

The X-ray diffraction patterns of the Zn Fe, O, nanopar-
ticles are shown in Fig.2. The observed diffraction lines are
found to be similar to the standard spectrum of Fe,O,(x =0)
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Fig. 2 XRD analysis for Zn Fe;_,O, nanoparticles with vari-

ous Zn contents

without extra lines, indicating that the product possesses a
single phase of the cubic spinel structure and no unreacted
phase exists. According to the Bragg formula 2dsing = A,
the average lattice constant increases from 0.839 0 to
0. 843 3 nm with the increase of the zinc substitution as
shown in Fig.3 (a) due to the substitution of Zn>* ions
(0. 074 nm) for Fe’* ions (0. 060 nm) at site A. The aver-
age particle size can be estimated according to the diffraction
peaks by using the Scherrer formula, without considering
possible contributions of crystal stress; i.e. ,

k
" Beosd

where D is the average diameter of the particles; A =
0. 154 18 nm is the wavelength of the X-ray; B is the line
width at half height of the peak; 6 is the diffractive angle
and k is a constant. The estimated particle size decreases
from 18 to 9 nm with the increase in the Zn content, which
agrees with the TEM data as shown in Fig. 3(b).

The Mossbauer spectra at room temperature for the
Zn Fe, O, nanoparticles are shown in Fig. 4. When x in-
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Fig.3 The lattice constant and average grain size vs. Zn
content. (a) The lattice constant changes with various Zn contents;
(b) The average grain size changes with various Zn contents

creases to 0. 6, the spectra change from a well defined sextet
spectrum to a doublet spectrum. The MS spectra of the bulk
Zn Fe, O, in Ref. [11] obviously exhibit similar varia-
tions due to the occurrence of paramagnetic states when the
Curie temperature decreases to room temperature or even
lower due to the reduced A-B exchange interaction caused
by high Zn content. However, in our experiments, with the
increase in the Zn content and the decrease in the particle
size, the thermal relaxation effects on the intensity and
shape of the spectra are clearly observed when x = 0. 30,
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Fig. 4 The Mossbauer spectra of the Zn,Fe, O, nanoparti-

cles with various Zn contents at room temperature
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0.40, 0.48. Furthermore, the doublet spectrum begins to
appear when x =0. 60, while it starts when x =0. 80 for the
bulk materials, which might be attributable to a superpara-
magnetic behavior. The XRD measurement results indicate
that the grain size decreases to about 10 nm when x =0. 60.
Therefore, the doublet spectrum at room temperature may
be attributable to the superparamagnetic relaxation effects in
the nanosized grains.

The measured spectra are fitted by using two sets of mag-
netic sextet spectra corresponding to Fe’* ions at site A and
(Fe’*, Fe’")ions at site B and one set of doublet spectrum
corresponding to the supermagnetic or paramagnetic phase.
The fitted sub-spectra are displayed with dotted lines as
shown in Fig. 4. The circles stand for the measured spectra
and the solid lines represent the final fitting curves which fit
the measured spectra well. The refined values of the hyper-
fine interactions parameters are given in Tab. 1. The values
of isomer shifts (IS) and quadrupole shifts (QS) of Zn ferrite
nanoparticles at room temperature for sites A and B have
minor differences from those of the bulk materials''"’. The
hyperfine magnetic field( HMF) of these nanoparticles shares
the same changing tendency as that of the bulk materials.
The HMF of site A is greater than that of site B, all of
which are reduced with the increase in the Zn content, as
shown in Tab. 1. The reduction of the hyperfine magnetic
field may be attributable to the following two reasons.

Tab.1 Hyperfine interactions parameters extracted
from Mossbauer spectra at 293 K

' IS/ . QS/i1 HMF/T Relative
x Site (mm-s™) (mm-s ™) (6=0.2) area/ %
(6 =0.06) (6=0.03) (6=2)
0 A 0.33 0.01 49.7 60
B 0.39 0.02 42.5 40
0.15 A 0.34 0.02 46.3 58
B 0. 36 0.01 41.5 42
0.30 A 0.28 0.03 44.6 57
B 0.38 -0.02 40.0 43
0. 40 A 0.29 0.01 43.5 56
B 0.45 0.02 40.0 44
A 0.36 0.01 36.9 36
0.48 B 0.37 0.01 30.5 40
0.29 0.74 24
0. 36 0.52 78
060 B 0.38 0. 05 24.3 22
0.70 0.35 0.57 100

Note: & denotes uncertainty of the corresponding parameters.

First, the magnetic coupling should become weak when
Fe ions are gradually substituted by non-magnetic Zn ions.
This can be confirmed by the results of EXAFS in our for-
mer work!””. Fig. 5 shows the relationship between the dis-
tribution of Zn ions and the hyperfine magnetic field change
of sites A and B as a result of the increase of the Zn concen-
tration. The results indicate that the hyperfine magnetic field
is related to the cation distribution and the superexchange in-
teractions. There are three kinds of exchange interactions in
the sublattices A and B of the spinel structure of ferrite,
which can be represented as A-O-B, A-O-A, and B-O-B.
The A-O-B exchange interaction is known to be much grea-
ter than the A-O-A and B-O-B exchange interactions. The
Zn ions preferentially occupy site A at low Zn doping. The
fitted results of EXAFS indicate that when x < 0.40, the
dopant of Zn ions almost totally occupy site A while the mo-
lar percentage of Zn>* in the total ions at site B is below

5% . The diamagnetic Zn ions at site A result in a breaking
of nearest-neighbor interaction. They also weaken the super-
exchange of Fe-O-Fe between sites A and B and thus de-
crease the hyperfine magnetic fields of both the sites. As
shown in Fig. 5, when x >0. 40, the percentage of Zn ions
at site B increases dramatically while that at site A increases
slightly with the increase in the Zn content. The more Zn
ions substituting Fe ions in sublattices A and B, the more
nearest-neighbor interactions are broken. The dominant
A-O-B interaction decreases rapidly, which makes the hy-
perfine magnetic fields of both sites decrease sharply and e-
ven results in the disappearance of the hyperfine magnetic
field when x > 0. 60.
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Fig.5 The dependence of Zn ion distributions and HMF on
Zn concentration for Zn Fe;_ O,. (a) Site A; (b) Site B

Secondly, the grain size of the particles decreases with
the increase in the Zn content, which results in a relatively
stronger collective magnetic excitation and thermal disturb-
ance effect. And it also reduces the superexchange interac-
tions in the nanoparticles. The relative area of the
Mossbauer doublet sub-spectrum, as shown in Tab. 1 ,
sharply increases from 24% to 78% as the Zn content in-
creases from 0. 48 to 0. 6, indicating that the superparamag-
netic phase increases quickly. This can be confirmed by the
temperature dependence of the magnetic hysteresis loop.

The temperature dependence of the saturation magnetiza-
tion M of the Zn Fe, O, nanoparticles is shown in Fig. 6.
Obviously, the Curie temperature 7, drops with the increase
in the substitution of Zn’* ions for Fe’* ions. The relation-
ship between 7, and the Zn content x is nearly linear, which
agrees with that of the bulk materials'”'. The Curie temper-
ature drops from 840 to 453 K with the increase in x from 0
to 0. 70. It should be noted that the Curie temperature is still
above room temperature when x = 0. 70, implying that the
doublet spectrum in the Mossbauer spectrum should not re-
sult from the paramagnetic phase.

Fig. 7 shows the hysteresis loop of the sample when x =
0. 40, which is measured by VSM and SQUID at 293 K and
5 K. It can be seen that the saturation magnetization and the
coercive field at 293 K are much less than those at 5 K, im-
plying the significant superparamagnetic effect on the room
temperature magnetic properties. The coercivity of the
Zn, ,Fe, (O, nanoparticles at 5 K increases significantly to
255 Oe, which is much greater than 13 Oe at 293 K. The
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Fig. 7 The hysteresis loop of the Zn, ,Fe, (O, nanoparticles
measured by SQUID at 5 K and by VSM at 293 K

saturation magnetization also shows an obvious increase
from 88 emu/g at 293 K to 123 emu/g at 5 K. Similar phe-
nomena occur for all of the samples. The magnetization and
the coercivity at 5 K and 293 K exhibit a strong dependence
on the temperature for the Zn Fe,_ O, nanoparticles. The
difference between high and low temperature are found to be
associated with the grain size. When the grain size becomes
smaller, the magnetization and the coercivity show a greater
change, which validates the results of the Mdossbauer spec-
tra. The low temperature dependence of the magnetization
for various Zn contents is also measured by SQUID for both
the zero-field-cooled( ZFC) and the field-cooled( FC) under a
field of 100 Oe from 300 to 5 K. The blocking temperature
T, is found to decrease as x increases from O to 0. 70. Fig. 8
shows that for the Zn Fe, O, nanoparticles, 7, = 280,
150, and 70 K correspond to x =0. 48, 0. 60 and 0. 70, re-
spectively. They are much lower than the corresponding Cu-
rie temperatures, indicating that 7, can be the blocking tem-
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Fig. 8 The temperature dependence of FC and ZFC for the
Zn Fe,_ O, nanoparticles under a field of 100 Oe

perature of certain superparamagnetic nanoparticles. There-
fore, although the large difference in characteristic time in
the SQUID magnetometry and some difference in 7, caused
by the MS measurement, the doublet spectrum in the
Mossbauer spectra can be attributed in part to superparamag-
netic particles in the sample when the Zn content is less than
0.70"".

As shown in Fig. 9(a), with the increase in the Zn con-
tent, the M, at 293 K increases when x<0. 4 and decreases
when x > 0.4, illustrating a changing tendency similar to
that of the bulk system of Zn Fe, O, and other mixed fer-
rites'” .  However, the saturation magnetization of the
Zn Fe,_ O, nanoparticles is smaller than that of the bulk
materials, and the maximum of M_ appears when x =0. 4,
which is higher than 0. 3 reported in Ref. [13]. The varia-
tions in M_ of the nanoparticles can be explained by cation
distribution and superexchange interaction!™. As the Zn
content is small, nonmagnetic Zn cations substituting Fe
cations at site A can reduce the magnetic moment in sublat-
tice A and increase the differences of the magnetic moments
between sublattices A and B, which make the total magneti-
zation increase. Supposing that the magnetic moment of Fe
cations at site B is antiparallel to that at site A due to the
dominant superexchange interaction( A-O-B) between sublat-
tices A and B, the magnetic moment g per formula of the
system can be estimated by (4 + 6x)u, on the basis of the
Neel model of the spin-only moment, where the magnetic
moments of Fe'* and Fe’* ions in Bohr magnetons u, are
five and four, respectively. For the high Zn content, the
decrease in the total magnetization of the products obtained
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Fig. 9 The measured and calculated magnetic parameters of
Zn Fe,_ O, nanoparticles. (a) Measured values of M, as a func-
tion of Zn content at 293 K; (b) Calculated values of saturation mag-
netization ny and Yafet-Kittel angle ayk as a function of Zn content;
(c¢) Schematic plot of Yafet-Kittel model
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by the VSM measurement can be explained by the model of
the noncollinear spin arrangement. According to the Yafet-
Kittel three-sublattice model with noncollinear spin arrange-
ment, the saturation magnetization of the Zn ferrite nanopar-
ticles with various Zn contents can be calculated, as shown
in Fig. 9(b). The detailed calculation process can be found
in our previous work'”'. «y, is the slant angle between the
magnetic moments in sublattices A and B in the Yafet-Kittel
model. With the increase in x, the calculated values in-
crease initially and then decrease, reproducing the results of
the hysteresis loop measurement with the maximum value of
magnetic moment at x =0. 4.

3 Conclusion

A series of Zn ferrite nanoparticles with spherical shape are
prepared by hydrothermal method. The hysteresis loop of the
Zn Fe, O, particles are measured by VSM and SQUID at
293 K and 5 K. The results indicate that the samples exhibit a
strong dependence of the saturation magnetization on the
composition and the temperature. With the increase in the Zn
content, the saturation magnetization increases initially when
x < 0.4 and subsequently decreases, showing a changing
tendency similar to that of the bulk Zn ferrites. The magneti-
zation and the coercivity increase with the decrease in the
temperature. The Mdssbauer spectra of the Zn Fe, O, nano-
particles obtained at room temperature display a doublet
spectrum when x = 0. 60. According to the results of XRD
and systematic magnetic measurements, we infer that the
doublet spectrum of the Mdossbauer spectra results from the
superparamagnetism of part particles of the samples at room
temperature when x =0. 60. The hyperfine magnetic field at
the tetrahedral sites is larger than that at the octahedral sites,
both of which decrease with the increase in the Zn content.
The reduction of the hyperfine field is attributable to the
nonmagnetic Zn ions substituting Fe ions and the corre-
sponding decrease in the grain size of the particles.
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