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AH=2.1KkA/m.

[Bio.75Y1.05-xCa1.2+x](Feaa_xSnxVo)012 (Sny:Bi-CVG) ferrite materials were prepared by conventional
ceramic technique. The bulk density, microstructure and the magnetic properties of the obtained samples
were analyzed. The results showed that moderate addition of Sn** in Bi-CVG could lower the sintering
temperature and enhance the soft magnetic properties obviously. With the increase of Sn** content,
the saturation magnetization first increased and then decreased, while the coercivity and the ferromag-
netic resonance linewidth (AH) first sharply decreased and then slightly increased. Additionally, the
specimen of [Big75Yo.65Ca1.6](Fes0Sng4Vos)O12 sintered at 1075 °C possessed the highest density and the
optimum magnetic properties: RD (the relative density)=98.49%, Hc=152.3 A/m, 47Ms=711.3 x 1074T,

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Yttrium iron garnet (YIG, Y3Fe501;) is a well-known ferrimag-
netic material, which is assigned to a cubic structure (space group
Ia3d), with eight R3Fe5;01, molecules in each cell. Because of large
ion radius, R3* ion can occupy only dodecahedral sites, rather than
octahedral and tetrahedral sites. In the case of ferrimagnetic gar-
net R3Fe501,, the ion distribution structure can be represented by
the garnet formula as {R3}[Fe;](Fe3)012, where { },[ ], () represent
24c (dodecahedral), 16a (octahedral) and 24d (tetrahedral) sites,
respectively [1].

YIG and substituted YIG ceramic materials have been applied
widely in the microwave devices, such as circulators, oscillators and
phase shifters, due to their controllable saturation magnetization,
low dielectric loss tangent (tan§) in microwave region and small
linewidth (AH)in ferromagnetic resonance [2-9]. High density and
saturation magnetization, as well as uniform microstructure, are
essential in these materials to minimize the energy loss at high fre-
quencies [10]. However, in order to synthesize high-density YIG,
a sintering temperature of >1400°C is usually required, which is
higher than the melting points of high conductive metals like Ag—Pd
alloy (1145°C) [10,11]. Recently, it has been reported that the sin-
tering temperature could be reduced from 1400°C to 1280°C for
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Ca0-V,05 doped YIG with a relative density of >97%. Subsequently,
the sintering temperatures of YIG system were reduced to 1100°C
for (Caq12Y1.8)(VosFes.4)012 and (Bio75Ca1.2Y1.05)(Vo.sFes.4)012(Bi-
CVG) [11-16]. However, the effects of some other additives are
still to be investigated in an attempt to improve the density and
magnetic properties of YIG materials at still lower sintering tem-
peratures.

Our previous investigations showed that In-substituted Bi-CVG
ceramics can be prepared at a lower temperature of 1075°C [17].
But Iny03 is very expensive. In order to reduce the cost, in the
present work, cheaper Sn was used instead of In. Sn-substituted Bi-
CVG ceramics were prepared by conventional ceramic technique at
low sintering temperature and their microstructures and magnetic
properties were characterized.

2. Experimental

Polycrystalline samples of [Y1.05_xBio.75Ca1.2+x](Fess4_xSnyVog)012(Sny:Bi-CVG,
x=0.0, 0.2, 0.3, 0.4, 0.5, 0.6), were prepared by conventional ceramic technique.
Appropriate amounts of raw materials, Y203(99.95%), Fe,03(99.95%), Bi» 03(99.50%),
Sn0,(99.99%), V205(99.00%), CaC03(99.50%), were mixed in a planetary ball mill
with stainless steel ball and finally achieved an uniform mixture after milled for 4 h
with deionized water. Afterwards, the mixture was dried, screened and calcined at
950°C in air for 4h, and then milled for 6 h with an average particle size of 2 pum.
The obtained powders were pressed in a stainless-steel die under a pressure of
40,000 N/m? with 8 wt% polyvinyl-alcohol as a lubricant. Subsequently, the formed
disks (30 mm diameter, 4.0-6.0 mm thickness) specimens were dried in an oven at
100°Cfor 2 h and sintered in the temperature range 1000-1100 °C for 6 h. In order to
carry out FMR measurements, the samples were spherically shaped by an abrasive
technique capable of attaining sample diameters lower than 1 mm.
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Fig. 1. XRD patterns of Sny:Bi-CVG specimens sintered at 1075 °C.

The density of the sintered garnet samples was measured using Archimedes
method. The phase structures were determined by X-ray diffraction (XRD-7000S,
Shimadzu Co., Tokyo, Japan, Cu Ka). The morphology and microstructure of the frac-
ture surface were studied by a scanning electron microscope (SEM, JSM-6700F, JEOL
Co., Tokyo, Japan). The B-H hysteresis loops of the materials were evaluated by mea-
suring the impedance of a coil wound around the toroidal samples, with a Soft Mag-
netic Materials Automatic Test System (MATS, MATS-2010S, China) at room temper-
ature with a field of 1600 A/m. Finally, the ferromagnetic resonance linewidth (AH)
was measured with Microwave Ferrite Parameters Meter (3M6-17M, Doman Co.,
Russia).

3. Results and discussion
3.1. Crystalline phase analysis

Fig. 1 shows the XRD patterns of the samples sintered at 1075 °C
for 6 h. Itis found that the samples exhibit mainly garnet phase with
a smaller proportion of intermediate perovskite phase, YFeOs. But
the 26 position of each crystal surface shows no difference at all
with respect to the doping concentration of Sn**, implying that the
substituting of Fe3* with Sn** does not change the mainly crystal
structure.

The lattice constants of the samples with different Sn concentra-
tions (x) are shown in Fig. 2. It can be seen that the lattice constant
increases monotonously with the Sn** content increasing. The ionic
radius of Sn** (0.071 nm) is larger than that of Fe3* (0.061 nm) on
octahedral site of the garnet structure. Simultaneously, as a com-
pensating charge, Ca?* ion (0.112 nm) gets into dodecahedral site
of the garnet structure instead of Y3* jon whose ionic radius is rela-
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Fig. 2. Lattice constant of Sn,:Bi-CVG specimens sintered at 1075 °C as a function of
X.
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Fig. 3. Bulk density of Sn,:Bi-CVG sintered at different temperatures.
Table 1

The theoretical density (TD) and relative density (RD) of Sn,:Bi-CVG specimens at
1075°C.

X

0.0 0.2 0.3 0.4 0.5 0.6
TD (g/cm?) 5251 5220 5.199 5.197 5.195 5173
RD (%) 93.89 9594 97.72 98.49 96.88 97.62

tively smaller (0.089 nm). Therefore, the lattice constant gradually
increases with the Sn** content increasing.

3.2. Density and structure characterization

Fig. 3 displays the bulk density of Sny:Bi-CVG sintered at differ-
ent temperatures. The density of the specimens increases gradually
with the sintering temperature as expected until higher than
1075°C. Nevertheless, with further increase of the sintering tem-
perature, the density does not significantly increase. Therefore, the
optimum sintering temperature of Sny:Bi-CVG is about 1075°C.
In addition, under the same sintering temperature, the ceramic
density first increases and then decreases with the Sn** content
increasing. To explore the impact of Sn#* on the density, the relative
density (RD) and theoretical density (TD) of Sn,:Bi-CVG sintered at
1075°C are calculated and shown in Table 1. For the garnet struc-
ture, the theoretical density can be calculated by [3]

W
- NAag

(1)

where p is the theoretical density, Z the number of molecules per
unit cell, W, the molecular weight, Ny Avogadro constant and ag
the lattice constant. Because that with the Sn** content increasing,
the molecular weight Wy, changes little and the lattice constant
ap increases, the theoretical density decreases gradually. However,
the bulk density increases at the beginning and then decreases. All
these changes lead to the biggest relative density of 98.49% when
x=04.

Fig. 4 shows the SEM micrographs of Sng4:Bi-CVG specimen
with different sintering temperatures ranging from 1000°C to
1100°C. We can see that rising temperature increases the den-
sity and the grain size of the sample. But compared to Fig. 4(d),
Fig. 4(e) shows the grain size is uniform, suggesting that the
sintering temperature is too high. Therefore, we concluded that
the optimal sintering temperature of Sng4:Bi-CVG specimen is
1075°C. In addition, substituting Fe3* jon with Sn** can improve
the microstructure of the sample.
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Fig. 4. SEM micrograph of Sng 4:Bi-CVG ferrite sintered at different temperatures: (a) 1000 °C, (b) 1025°C, (¢) 1050°C, (d) 1075°C, and (e) 1100°C.

3.3. Magnetic properties

Fig. 5 displays the saturation magnetization (Ms) and the coer-
civity (Hc) of Sny:Bi-CVG specimens sintered at 1075 °Cas a function
of x. With x increasing to 0.4, Ms slowly increases, and H. decreases.
While x further increases, Mg sharply decreases and H. slightly
increases.

In the Bi-CVG crystal system, Bi3*, Ca2* and V°* are non-
magnetic ions while Fe3* is magnetic ion. The magnetic moment
caused by two Fe3* jons in octahedral (a-) site is aligned anti-
parallel to that caused by three Fe3* ions in tetrahedral (d-) site,
leaving a net magnetic moment from Fe3* in the d-site. There-
fore, Ms of Bi-CVG is given by the magnetic Fe3* in the d-site. The
total magnetic moment direction is consistent with the magnetic
moment orientation of the Fe3* ion in the d-site. Sn** belongs to
non-magnetic ion and does not bring additional magnetic moment.

1 1 1
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Fig. 5. Saturation magnetization (M) and the coercivity (H.) of Sny:Bi-CVG speci-
mens sintered at 1075 °C as a function of x.
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Fig. 6. Magnetic properties (Ms and H.) of Sng4:Bi-CVG with different sintering
temperatures.

However, Sn** changes Fe3* distributed condition between a-site
and d-site in the garnet structure [18]. Sn** is inclined to occupy
a-site, which causes that the quantity of Fe3* in a-site reduces
and then the net magnetic moment increases, thus M; of ferrites
strengthens. However, when the content of Sn** exceeds a criti-
cal point, due to too many non-magnetic ions in the a-site, a-d site
super-exchange interaction becomes much weak, which causes the
magnetic moments of partial Fe3* ions in the d-site anti-parallel
alignment, that is, magnetic moments with anti-parallel alignment
in a-d site reduces, So the total magnetic moments no longer
increase but reduce.

The coercive force H. is determined by the magnetic domain
wall motion and magnetic moment rotation [19]. For the gar-
net ferrite, its magnetic anisotropy constant K; is negative. Sn**
ion replaces Fe3* jon in a-site, Which reduces Fe3* ion con-
tent in a-site and compensates negative anisotropy constant
K; so that it approximates zero [20]. So the Sn*' content x
increases, magnetocrystalline anisotropy of ferrites decreases so
that the resistance of domain wall motion and magnetic moment
rotation reduces and thus H. decreases. However, H. slightly
increases with x>0.4, which may be due to the decrease of the
density.

The magnetic properties (Ms and H¢) of Sng4:Bi-CVG with dif-
ferent sintering temperatures are shown in Fig. 6. Ms increases
with the sintering temperature increasing up to around 1075°C,
which is basically due to the increase of the density. Meanwhile,
the average crystal grain increases and the distribution become
more uniform (shown in Fig. 4), thus the ability of magnetic domain
wall migration and magnetic moment rotation is enhanced, and so
the coercive force Hc decreases. When the sintering temperature
is higher than 1075 °C, the distribution of grain size is not uniform
and the density slightly reduces, therefore, Ms slightly decreases
and H. slightly increases.

Fig. 7 shows the magnetic hysteresis loops (B-Ms curves) for
Sny:Bi-CVG with x=0 and x=0.4. The values of saturation magne-
tization Ms and coercivity Hc of x=0.4 specimen are 711.3 x 1074 T
and 152.3 A/m, respectively. Compared to x=0 specimen, the sat-
uration magnetization Ms increases by about 50.4% while the
coercivity H. decreases by about 76.7%. The results show that
Sn** replacement obviously enhances the soft magnetic prop-
erties of Bi-CVG ferrite which sintered at low temperature as
1075°C. Meanwhile, Compared to our previous result which is
In-substituted Bi-CVG ceramic, the saturation magnetization M;
increases by about 40.5% while the coercivity H. decreases by
about 57.2%. So we replace In, O3 with SnO, which is cheap as raw
material, leading to lower raw material costs and better magnetic
properties.
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Fig. 7. Magnetic hysteresis loops (B-M; curves) for Sn,:Bi-CVG specimens of (a)x=0
and (b) x=0.4 at 1075 °C, respectively.
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Fig. 8. Ferromagnetic resonance linewidth (AH) of Sn,:Bi-CVG specimens sintered
at 1075°C as a function of x.

3.4. Ferromagnetic resonance linewidth (AH)

Fig. 8 shows the X band (9.5GHz) ferromagnetic resonance
linewidth (AH) as a function of Sn** content at room-temperature.
With x increasing, AH first sharply decreases, and then gradually
increases when x> 0.4. The linewidth AH,, caused by the fluctua-
tions of magnetic anisotropy field due to the random orientation of
grains, can be expressed as [21]:

2.07(Kqi /M5 )

AH, M-

(2)
where K is magnetic anisotropy constant. According to this equa-
tion, AH, is inversely proportional to the cube of M. With x
increasing, the saturation magnetization M; firstincreases and then
decreases, which causes AH, contributing to AH to have the oppo-
site trend. Meanwhile, the density of samples also influences the
linewidth AH.

4. Conclusion

High density Sny:Bi-CVG ferrite samples were successfully pre-
pared by conventional ceramic technique. The addition of SnO,
could lower the sintering temperature and enhance the soft mag-
netic properties obviously. With the Sn** content increasing, the
saturation magnetization M;s first increases and then decreases
because Sn-substitution changes the superexchange interaction
between a-d sites. While the coercivity Hc and the ferromag-
netic resonance linewidth (AH) first sharply decrease and then
slightly increase, which depend on both the magnetocrystalline
anisotropy and the density. The specimen with x=0.4 sintered at
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1075°C presents the best properties: RD=98.49%, H.=152.3 A/m,
47Ms=711.3 x 10~%T, AH=2.1kA/m. Compared to the reported
achievements in scientific research by conventional ceramic tech-
nique, the material has better properties at 1075 °C.
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