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The emulsion method was used to prepare nanocrystalline Nig7Mng3GdxFe,_x04 ferrites. The
growth of particles, the structure and the magnetic properties were investigated by X-ray
diffraction (XRD), Mdssbauer spectroscopy and vibrating sample magnetometer (VSM).
Furthermore, the influence of Gd,O3 on magnetic properties of Ni-Mn ferrite powders has been
investigated in detail. When the crystallite sizes are about 30-40 nm, all the samples have the
similar Ms values. The variational rules of saturation magnetization (Ms) and coercivity (Hc)
along with doped-Gd contents at different sintering temperatures show that the maximum Gd
ions content doped into ferrite lattices is x = 0.06. When Gd-doped content x is larger than 0.06,
the doped Gd ions can’t enter into the ferrite lattice totally but reside at grain boundary, as the
ionic radii of the Gd3* ions are larger than that of Fe3* ions. The ferrimagnetism have not
disappeared completely, even if the crystallite size is 7.8 nm.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Ferrites, i.e. ferromagnetic cubic spinels possess the com-
bined properties of magnetic materials and insulators.
During last few decades, they have been studied exten-
sively because of their importance in basic as well as
in applied research [1]. The spinel ferrites (MFe;Oy,
M = a divalent cation) belong to an important class
of magnetic materials because of their remarkable mag-
netic properties particularly in the radio frequency re-
gion, physical flexibility, high electrical resistivity, me-
chanical hardness, and chemical stability [2]. The mag-
netic properties of ferrites can be changed by the substi-
tution of various kinds of M?* among divalent cations
(Zn**, Mg?t, Cu*t, Mn?*, Ni*t, Co**, Fe’*..)), or
by introducing a relatively small amount of rare-earth
ions. In our experiment, the structural and magnetic
properties of Ni-Mn ferrite doped with Gd,O3 were
investigated. The particle size was varied by changed
the duration of heat treatment above -crystallization
temperature.
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2. Experimental

Nanocrystalline Nig7Mng3GdyFe,_xO4 ferrites were
prepared by the emulsion method, using analytically pure
grade Nl(NOg)z 6H20, FG(NO3)3~ 9H20, MH(N03)2
and Gd, O3 as starting materials. PEG (molecular weight
20000) was used as the surfactant. The amount of the
nitrates were mixed with PEG to form solution, then
NH,OH with the concentration of 2 M was dropped
into the solution until PH = 9.5 to form the precipitate.
The precipitate was washed with distilled water for three
times and dried at 90 °C for 7 h to prepare the precur-
sor. The precursor was calcined at different temperatures
at air atmosphere for 2 h, respectively. Nanocrystalline
Nigp7Mng 3GdyFe,_xO4 ferrites powders with different
crystallite sizes were synthesized.

The structure and the crystallite sizes are tested by X-
ray diffractometer (XRD) in the 26 range 25-65° using Cu
Ko Tadiation (A = 0.15405 nm). The type of X-ray diffrac-
tometer is SHIMADZU Co. Tokyo Japan. The database
of the Joint Committee on Powder Diffraction Data was
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used for the interpretation of XRD spectra. The crystal-
lite sizes are calculated using Scherrer’s relationship D =
kA/(w — wy)cos6, where D is the average diameter in nm,
k is the shape factor, w and w, are the half intensity width
of the relevant diffraction peak and instrumental broaden-
ing, respectively. A is the X-ray wavelength and 6 is the
Bragg’s diffraction angle. The crystallite sizes of the sam-
ples are estimated from the line width of the (311) XRD
peaks. Mossbauer spectrum was recorded at 295 K by a
computerized Oxford MS-500 Mdssbauer spectrometer of
the electromechanical type in constant acceleration mode.
A%Co source in a Rhodium matrix was used in a con-
tinuously distributed hyperfine magnetic field. A 25 yum
thick high purity alpha iron foil was used for calibration.
The experimental data was analyzed with a standard least
square fitting program assuming Lorentzian line shapes.
Magnetic measurements were carried out at room tem-
perature using a vibrating sample magnetometer (VSM)
(Digital Measurement System JDM-13) with a maximum
magnetic field of 10000 Oe.

3. Results and discussion

The XRD patterns of Nig7Mng3Gdg Fe; 90, ferrite
nanocrystals synthesized at different temperatures are
shown in Fig. 1. The peaks in the spectra indicate the
single-phase spinel ferrite with no extra reflections. Sim-
ilar XRD patterns were observed for the other samples.
The peaks become sharper with the increase in heat treat-
ment temperatures. This indicates that the crystallite sizes
are increased with the sintering temperatures.

The cryatallite size of Nip;Mng3Gd,Fe,_,O4 ferrite
nanocrystals varied with the heat treatment temperatures
and Gd-doped contents are listed in Table I. It can be got
easily that the crystallite sizes are decreased when Gd ions
were doped into Ni-Mn ferrites. And the crystallite sizes
are increased with the heat treatment temperatures for all
the samples. Fig. 2 shows the variation of crystallite sizes
with Gd-doped contents at 600, 800 and 850°C. From
Fig. 2, the decreasing trend of crystallite sizes with the
increasing Gd-doped contents can be observed obviously.
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Figure I ~ XRD patterns of Nig7Mng3Gdo 1 Fej 904 ferrite nanocrystals

synthesized at: (a) 600°C, (b) 800°C, and (c) 850°C.
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TABLE I Crystallite sizes of Nip7Mng 3Gd,Fe,—,O4 ferrite nanocrys-
tals varied with the heat treatment temperatures T and Gd-doped contents
X

Crystallite sizes (nm)

T (°C) 600 800 850
x =0.00 13.8 34.4 475
x=0.02 10.3 31.7 44.8
x=0.04 9.7 30.9 36.2
x = 0.06 10.1 23.7 38.1
x =0.08 10.1 19.8 40.0
x=0.10 7.8 21.0 38.6
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Figure 2 The crystallite sizes varied with the Gd-doped contents at: (a)
600°C, (b) 800°C, and (c) 850°C.

Such a result can be explained as follows:

The magnetic domains will be increased with the
increasing heat treatment temperatures, so the crystallite
sizes grow for all the samples. When some Fe ions in
ferrite lattices are substituted by Gd ions, the lattice
parameters will be changed [3—6]. The variation of lattice
parameters will lead to the lattice strains, which produce
the internal stress [5, 7, 8]. Such a stress hinders the
growth of grains, so the grain sizes of the samples doped
with Gd ions are smaller than that of Ni-Mn ferrite
nanocrystal. On the other side, due to the larger bond
energy of Gd*>T-O?~ as compared with that of Fe’*-0%~,
it is obvious that more energy is needed to make Gd
ions enter into lattice and form the bond of Gd**-0%~.
All doped-Gd** ferrites have higher thermal stability
relative to Ni-Mn ferrite nanocrystal, and hence more
energy is needed for the substituted samples to complete
crystallization and grains grow. Further more, some Gd
ions may reside at grain boundary when Gd ions are
doped into Ni-Mn ferrite [6], as the ionic radii of the
Gd** ions are larger than that of Fe** ions. The presence
of Gd ions at the boundary of grain will bring pressure to
bear on the grains and hinder the growth of grains.

The magnetic hysteresis curves for Niyp7Mng;3
GdyxFe,_xOg4ferrite nanocrystals calcined at 600°C
are given in Fig. 3. It can be seen that Nig;Mng3
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Figure 3 The magnetic hysteresis curves for Nig7Mng 3GdyxFe,_xO4 fer-
rite nanocrystals calcined at 600°C with the different Gd-doped contents
X.

GdyFe,_xO, ferrite nanoparticles only show magnetic
curves without hysteresis loops, as a result, the Hc and
Mr values of the samples listed in Table II are all zero.
The Nip7Mng 3GdyFe,_xOqferrite nanocrystals calcined
at 600°C with the crystallite sizes of 13.8, 10.3, 9.7,
10.1, 10.1 and 7.8 nm have the superparamagnetic phase
corresponding to the Gd-doped content x = 0, 0.02,
0.04, 0.06, 0.08 and 0.10, respectively. This can be
further proved by the result of Mdssbauer spectrum. The
saturation magnetizations for the samples doped with Gd
ions are lower than that of un-doped one and decreased
with the Gd-doped contents.

Effects of Gd-doped contents and nanoparticles sizes
on the magnetic properties are listed in Table II. It can be
seen from Table II that the saturation magnetization values
of all the samples decrease with the decreasing crystal-
lite sizes. This may be deduced that the magnetic do-

TABLE II Effects of Gd-doped contents and nanoparticles sizes on the
magnetic properties

Ms Mr
X T (°C) D (nm) (emu/g) Hc (Oe) (emu/g)
0 600 13.8 39.5 0 0
800 34.4 50.3 76.9 32
850 47.5 55.6 47.6 2.8
0.02 600 10.3 28.9 0 0
800 31.7 49.8 50.2 3.0
850 44.8 533 46.7 2.6
0.04 600 9.7 27.9 0 0
800 30.9 49.5 49.4 2.6
850 36.2 53.0 46.7 2.4
0.06 600 10.1 27.8 0 0
800 23.7 45.0 52.2 2.7
850 38.1 52.3 41.2 2.6
0.08 600 10.1 25.6 0 0
800 19.8 41.8 39.4 2.5
850 40.0 48.7 47.6 2.9
0.10 600 7.8 16 0 0
800 21.0 40.2 30 1.2
850 38.6 48.2 54.6 3.1
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Figure 4 The saturation magnetization varied with Gd-doped contents
calcined at (a) 600°C, (b)800°C, and (c) 850°C.1

mains of the nanoparticles are increased with the growth
of crystallite sizes. In addition, the Ms values are de-
creased with the increase of Gd-doped contents at the
same heat treatment temperature. Fig. 4 shows the satu-
ration magnetization varied with the Gd-doped contents
at different sintering temperatures. It can be seen clearly
that the saturation magnetizations are decreased with the
Gd-doped contents at the same calcination temperature,
and the descending trend is becoming more and more
manifest with the decrease of calcination temperatures.
When calcined at 600°C, the saturation magnetization
Ms of Nig7Mng 3GdyFe,_xO4 ferrite nanocrystals with x
= 0.0 and 1.0 are 39.5 and 16 emu/g, respectively which
particle size are 13.8 and 7.8 nm. The effects of infinite
sizes may be dominant at 600°C. Change in the magnetic
structure on the particles surface is significant, due to
large surface/volume radios of the nanoparticles [9]. The
Ms values of Gd-doped samples are close to the un-doped
sample at 800 and 850°C. When the crystallite sizes are
about 30—40 nm, the samples have the similar Ms values.
This may be for the following facts. The magnetic mo-
ment of Gd ions is 7.94 ug, and Gd is the only rare-earth
element that the Curie temperature 7 (293.2 K) is close
to room temperature. When the Fe ions are substituted by
Gd ions at lattice sites, the R-R interactions are stronger
than Fe-Fe interactions, so the saturation magnetization
may be increased significantly. But the Gd-doped contents
are less than 10% of Fe contents, the micro-substitution is
not enough to increase the saturation magnetization sig-
nificantly. The R-R interactions are negligible and the R-
Fe interactions are weak. Especially, when the Gd-doped
contents x are larger than 0.06, the Ms values are decreased
slightly as compared with the other samples at the similar
crystallite sizes. When the contents of doped Gd ions are
increased, the doped Gd ions can’t enter into the ferrite
lattice totally, as the ionic radii of the Gd** ions are larger
than that of Fe** ions. Hence the Fe-Fe interactions are
decreased due to the reduction in the concentration of Fe
ions on the B sites. All the explanations are based on the
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assumption that the rare-earth ions occupy the B sites [8,
10].

From the values of coercivityvadjust (Hc) and remanent
magnetization (Mr) listed in Table II, it can be observed
that both the values of the samples calcined at 600°C
arevadjust all zero because of the existence of superpara-
magnetic phase. In addition,vadjust Hc and Mr values of
the samples calcined at 800°C are larger than that of sam-
ples calined at 850°C, when the Gd-doped contents are
less than 0.08. This may be due to the following discus-
sions. It’s known that the magnetic anisotropyvadjust field
in ferrites results mainly from the presence of Fe** ions
[11]. For Gd-doped samples the concentration of Fe**
ions is expected to decrease, i.e., the magnetic anisotropy
decreases. Moreover, the concentration of Fe** ions is
also decreased with the increasing heat treatment temper-
atures. When the Gd-doped contents are x = 0.08 and
x = 0.10, the different result is got that the Hc and Mr
values of the samples are increased with the calcinations
temperatures. When the contents of doped Gd ions are
increased, the doped Gd ions can’t enter into the ferrite
lattice totally, as the lager radii of Gd ions relative to
Fe ions. So some Gd ions may reside at grain boundary
and form oxide. The presence of oxide at grain boundary
inhibits the motion of domain walls. The oxide will be
more stable with the increasing temperatures, so the Hc
values are increased with the heat treatment temperatures
when the Gd-doped contents are larger than 0.06, and the
maximum value of He for the sample calcined at 850°C is
got at x = 0.1. However, it is shown that the coercivities
values decrease with the increasing content of Gd ions
when the samples are calcined at 800°C. It is due to the
quite small grains with a reduced number of inner pores.
Because the smaller crystallite sizes of the samples with
Gd ions relative to un-doped sample, the displacement of
the magnetic domain walls becomes easier and the lower
coercivities are obtained.

Fig. 5 shows the Mossbauer spectra of Niyp7Mng 3
Gdy. 1 Fe; 90,4 ferrite nanocrystal measured at room tem-
peratures. As evident from the Fig. 5a, the spectrum con-
sists of a weak sextet pattern superposed on a distinct
central doublet, which indicates that the sample has a
ferromagnetic and superparamagnetic nature, simultane-
ously. A well-resolved six-line pattern of the sample with
the particle sizes 21 nm is mainly attributed to the ferro-
magnetic behaviour in Fig. 5b. The change of magnetic
phase for the ferrite powder can be explained with the
variation of particle sizes as a function of annealing tem-
peratures.

Mossbauer parameters of Nip7Mng3Gdy Fe 90y fer-
rite nanocrystals with the crystallite sizes of 7.8 nm (a)
and 21 nm (b) are listed in Table III. §, AE, B and A,
represent isomer shift, quadrupole shift, hyperfine field
and fractional area of the pattern, respectively. Table III
illustrates that the § values of A-sites is less than that of
B-sites. This conclusion has been proved by many liter-
atures [12—14]. The values of AFE indicate the degree of
deviating from cubic symmetrical structure. The absolute
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Figure 5 The Mossbauer spectrum of the Nip7Mng 3Gdg. 1Fe; 9Oy ferrite
nanocrystals with the particle sizes of 7.8 nm (a) and 21 nm (b) measured
at 295 K.

values of AE will be increased with the decreasing parti-
cle sizes, and the asymmetrical electric fields surrounding
the Mossbauer nucleus will be strengthened along with
the decreasing particle sizes. Because the particle sizes are
small, the crystallization will be incomplete. The value of
B (B) is larger than that of B (A). This may result from that
the magnetic properties are increased with the crystallite
sizes. In addition, the superparamagnetism in sample (A)
also make the decrease of the hyperfine field. The value
of hyperfine field at B-sites B (B) is larger than that of
at A-sites B (A}). This may be due to the stronger A-O-B
superinteraction at B-sites.

From the percent of the absorption area of the
Mossbauer spectra, we can decide the cation distribution.
The fraction of Fe ions at the tetrahedral A and octahe-
dral B sites were determined using the area of Mdssbauer
spectra. For stoichiometric ferrite it is easy to estimate
the cation distribution, but it becomes rather difficult for

TABLE III The Mdssbauer parameters for Nip7Mng3Gdg 1Feq 904
ferrite nanocrystal with the crystallite sizes of 7.8 nm (A) and 21 nm (B)

Sample Sublattice & (mms~!) AE (mms~') B (kOe) Ag

A A 0.32 0.04 343.9 0.15
B 0.38 0.04 4413 0.17
B, 0.37 0.06 157.2 0.22
Ca 0.37 0.59 - 0.26
Cp 0.39 1.12 - 0.20

B A 0.35 —0.04 488.2 0.20
Ay 0.33 0.04 459.5 0.19
B 0.43 —0.003 506.8 0.17
B, 0.39 0.01 418.5 0.22
B; 0.35 0.03 476.2 0.22

Error +0.02 +0.02 +1.0 +0.02




mixed ferrites, since they contain mixtures of more than
one cation other than iron. In addition, all doped-Gd ions
can’t enter into ferrite lattice at B sites. It is difficult to
decide the amount of substituting Gd ions for Fe ions,
so the cation distribution of Niy7Mng3Gdg 1Fe; 9O, fer-
rite nanocrystal can’t be determined only by Mdssbauer
spectrum.

4. Conclusions

The XRD patterns show that nanocrystalline
Nip7Mny3GdyFe,_xO4 ferrites have single spinel
structure. The crystallite sizes are decreased when Gd
ions were doped into Ni-Mn ferrites. And the crystallite
sizes are increased with the heat treatment temperatures
for all the samples. When the crystallite sizes are about
3040 nm, the samples have the similar Ms values. When
Gd-doped contents x is larger than 0.06, all doped Gd
ions can’t enter into the ferrite lattice but reside at grain
boundary. The maximum content of Gd** ions doped in
ferrite lattices substituted by are x = 0.06. The values
of Hc and Mr are zero for all the samples calcined at
600°C. In addition, the Hc and Mr values of the samples
cacined at 800°C are larger than that of sintered at 850°C,
when the Gd-doped contents are less than 0.08. When
the Gd-doped contents are x = 0.08 and x = 0.10, the
different result is got that the Hc and Mr values of the
samples are increased with the calcinations temperatures.
And all Gd-doped ions can’t enter into the ferrite lattice.
The experimental results of Mossbauer spectra show
the ferrimagnetism of Nig;Mng3Gdg Fe; 904 ferrite
nanocrystal have not disappeared completely, even if the
crystallite size is 7.8 nm. When the crystallite size is
21 nm, Niyp7Mng3Gdg Fe; 90, ferrite nanocrystal has
only ferrimagnetism.
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