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a  b  s  t  r  a  c  t

The  crystallization  process  of  bismuth  substituted  yttrium  iron  garnet  (BixY3−xFe5O12;  x  = 0,  1,  2)  powder
prepared  by  the  metal-organic  decomposition  method  has  been  studied  with  various  sintering  tempera-
tures.  The  pure  garnet  phase  was  observed  for  the x  =  1 powder  at 900 ◦C sintering  temperature,  whereas
the x  =  0,  2 powder  showed  secondary  phases.  The  x =  0 powder  showed  a  similar  crystallization  process
to  that  of  the  solid  state  reaction  method.  For  the  x =1,  2 powders,  it is  proposed  that  the  lowering  of  the
eywords:
i–YIG
arnet
agnetism
etal-organic decomposition method

crystallization  temperature  is  due  to  the  lowered  stability  of  the  intermediate  phase.  The  infrared  spec-
troscopy  and  magnetic  properties  were  also  investigated.  The  pure  garnet  phase  showed  three  absorption
bands located  at  563,  598,  655  cm−1 that shifted  to 555,  588,  639  cm−1 along  with  an  increase  of  bismuth
concentration.  The  maximum  values  of saturation  and  remanence  magnetization  and  the  minimum  value
of coercivity  were  observed  for the x  =  1 powder  sintered  at  900 ◦C,  which  were  20.8  emu/g,  2.67  emu/g,
and 31.9  Oe,  respectively.
. Introduction

Yttrium iron garnet and its derived rare-earth doped com-
ounds have been extensively studied because of the outstanding
haracteristics such as a large Faraday rotation, low propagation
oss, and high saturated magnetization with smaller line width in

agnetic resonance [1].  In recent years, there have been many
nvestigations of YIG and doped-YIG nanocrystals since these highly
ivided materials can be used in Faraday magneto-optical devices
or telecommunications, high-density magnetic or magneto opti-
al information storage, and so on [2].  In particular, bismuth doped
ttrium iron garnet (Bi–YIG) has attracted much attention due to
he high transmittance and huge Faraday rotation for visible wave-
engths [3].

The conventional solid state reaction method often requires
rolonged grinding and high sintering temperature which yields

arge particles and poor chemical homogeneity [2].  To overcome
hese disadvantages, there have been many studies using vari-

us chemical solution decomposition (CSD) methods, such as the
ol–gel method [4],  hydrothermal synthesis [5],  and the coprecipi-
ation method [2].  Indeed, recent studies based on the CSD methods

∗ Corresponding author. Tel.: +82 2 715 8425; fax: +82 2 715 8429.
E-mail address: klee@sogang.ac.kr (K. Lee).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

showed a successful preparation of garnet nanocrystals with low
sintering temperature [2,4–6].

The CSD methods have a unique advantage of homogeneity and
controllability of composition along with the capability of large
area deposition in combination with easy and simple process-
ing. Among these methods, since the metal-organic decomposition
(MOD) method uses chemically stable solvents, such as carboxylic
acid, it could be a promising technique keeping the above advan-
tages along with chemical stability.

Despite these advantages, the MOD  method has been less stud-
ied than other CSD methods. In the CSD method, crystallization
kinetics and physical properties are strongly dependent on the
types of ligand, kinds of solution, and heating schedule [7].  To
prepare high quality material, it is necessary to understand the
synthesis process in crystallization. In the present study, we inves-
tigated the synthesis process and crystallization behavior in the
MOD method for YIG and Bi–YIG powder with different doping
concentrations.

2. Experimental details

MOD  solutions of BixY3−xFe5O12 (x = 0, 1, 2) were purchased from Kojundo Chem-

ical Laboratory. The chemical composition of the MOD  solution was  selected to have
ratios of Bi:Y:Fe of 0:3:5, 1:2:5, 2:1:5, respectively. Each element was  synthesized
to  organo-metallic complexes from carboxylic acids with carbon numbers from 3 to
20 by a reaction with rosin, in organic solvents such as esters. The detailed synthesis
is  presented in reference [3].

dx.doi.org/10.1016/j.jallcom.2011.07.005
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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To prepare the powders, each solution was dried at 150 ◦C for one week, and
as  ground by a mortar. To investigate the crystallization process, each powder
as sintered at 400–1200 ◦C, and examined by powder X-ray diffraction (XRD) and

ourier transform infrared spectroscopy (FTIR). Magnetic properties were studied
y  a vibrating sample magnetometer (VSM).

. Results and discussion

.1. XRD results of the x = 0 powder

Fig. 1(A) and (B) shows the XRD pattern of undoped YIG powders
intered at 400–1200 ◦C. The XRD pattern of the powder sintered
t 400 ◦C shows a strong maghemite (�-Fe2O3) phase [8] with an
dditional broad peak near 29◦ (marked as ‘*’) and a small peak near
3◦ (marked as ‘+’). When the sintering temperature was  increased
p to 500 ◦C, the diffraction peaks became stronger and a new peak
ear 48◦ (marked as ‘@’) and 52◦ (marked as ‘#’) appeared. The
wo broad peaks near 29◦ and 48◦ can be assigned to a yttrium
xide (Y2O3) [9],  and the broadness suggests that yttrium oxide
onsists of an amorphous phase or fine particles. The peak near
3◦ (marked as ‘+’) can be assigned to the hexagonal or orthombic
ttrium iron oxide (h-YFeO3, o-YFeO3) or the hematite (�-Fe2O3)
hase, but from the relation with a peak near 52◦, indicates it
hould be assigned to the h-YFeO3 phase [10]. As the sintering
emperature increased, the diffraction peaks of the Y2O3 and h-
FeO3 phases became stronger. Sintered powder at 700 ◦C showed

 similar diffraction pattern to the patterns of the powders sin-
ered at 400–600 ◦C. When the sintering temperature increased up
o 800–1100 ◦C (Fig. 1(B)), the diffraction pattern of the powders
s drastically changed. The maghemite phase and broad peaks of
ttrium oxide disappeared and o-YFeO3 [10] appeared as a major
hase along with a weak garnet phase [11]. The peak related to
he h-YFeO3 located near 52◦ remained at 800 ◦C but disappeared
t higher sintering temperature (900–1200 ◦C). The garnet phase
eaks became stronger with increasing of sintering temperature,
ut the orthoferrite phase became weaker and remained up to
300 ◦C (the XRD pattern of 1300 ◦C showed a similar pattern,
o it is not presented). The remaining YFO phases may  be due
o insufficient sintering time or chemical inhomogeneity caused
y decomposition of the organic parts. The appearance and crys-
allization temperature of the garnet phase was  similar to other
reparation methods [12–14].

For the powders sintered at high temperature (T > 800 ◦C), the
bserved phases and appearance and crystallization temperature
f garnet was similar to that of the solid state reaction (SSR) method.
his suggests that the crystallization process is similar to the SSR
ethod and described by the following equations:

2O3 + Fe2O3 → 2YFeO3; at 800–1200 ◦C,

YFeO3 + Fe2O3 → Y3Fe5O12; at 1000–1300 ◦C.

nd means that the crystallization process does not depend on
hemical reactions of organic ligands or its influence on the crys-
allization process is very limited. However, at lower sintering
emperature, the sintered powders showed two metastable phases:
-Fe2O3 and h-YFeO3, and this suggests that the crystallization pro-
ess is related to the decomposition process of the initial organic
ompounds.

For the powders sintered at lower temperature (T < 700 ◦C),
here was an interesting phase, h-YFeO3, which is suggested as

 metastable phase in the Fe2O3-Y2O3 system, and at high tem-
erature (∼860 ◦C), the h-YFeO3 phase is transformed to other

wo stable phase: o-YFeO3 (orthohombic, perovskite structure)
r Y3Fe5O12 (cubic, garnet structure) [11,15,16].  For the forma-
ion of the h-YFeO3 phase in selective self-propagating combustion
ynthesis [10], the authors reported that the lowering of flame
pounds 509 (2011) 9434– 9440 9435

temperature results in the preferred formation of h-YFeO3. In our
experiment, the precursors had a large carbon chain and were dis-
solved in non-interacting solvent, therefore, the formation of metal
oxides occurs by thermal decomposition of the organic part. When
the thermal decomposition of the reactants happens, they are very
unstable as compared to the final product. The crystal growth of
the product is directly associated with the decomposition process
so that the metastable phase would be formed preferentially due
to a large driving force provided by the reaction [15].

It is worthwhile to note the existence of the �-Fe2O3 phase at rel-
atively high sintering temperature. Maghemite, the ferromangetic
cubic form, is a metastable polymorph of the Fe2O3 system and
is transformed to stable hematite (�-Fe2O3) around 300–400 ◦C.
It was reported that the transition temperature is increased up to
700 ◦C when the nanocrystalline maghemite is supported on a sil-
ica matrix [17]. The authors suggested that the interaction between
iron atoms and silica matrix stabilizes the maghemite phase so
that the transition temperature is increased. Similar result have
been reported for the Y2O3 doped �-Fe2O3 prepared by a sol–gel
method that showed an increase of the transformation tempera-
ture up to 775 ◦C with 12.4 mol% yttrium concentration [8].  In our
experiment, the existence of the maghemite phase up to 700 ◦C
may  be explained by the same reason: Y2O3 would stabilize the
maghemite phase by interaction with iron ions.

3.2. XRD results of x = 1,2 powder

Fig. 2(A) and (B) shows the XRD pattern of BixY3−xFe5O12 (x = 1,
2) powders sintered at 400–900 ◦C. At 400 ◦C, the pattern of the
x = 1 powder showed two phases: a major phase, �-Bi2O3 [18], and
a minor phase, �-Fe2O3. In the case of x = 2, there are three phases:
�-Bi2O3, tetragonal YnBi1−nFeO3 (t-YBFO) [19] and �-Fe2O3, and
the t-YBFO phase was  stronger than the �-Fe2O3 phase. When the
sintering temperature was increased up to 500 ◦C, for the x = 1 case,
several broad peaks corresponding to the t-YBFO and Y2O3 phases
appeared and the �-Bi2O3 phase peaks are buried in those peaks.
However, for the x = 2 powder, the �-Bi2O3 phase peaks remained
distinguishable and weaker than the t-YBFO phase. When the sin-
tering temperature was increased up to 600 ◦C, the �-Bi2O3 phase
completely disappeared for both x = 1, 2, and this temperature is
similar to the transition temperature from the �-Bi2O3 to the �-
Bi2O3 or the �-Bi2O3 phase (497–600 ◦C) [20]. We  note that the
YBFO phase showed tetragonal structure rather than rhombohe-
dral structure. It has been reported that the structural transition
from rhombohedral to tetragonal phase occurs when the yttrium
concentration is greater than 0.15 [19].

When the sintering temperature was  700 ◦C, the garnet phase
appeared in both samples, and the appearance temperature was
comparable to other preparation methods [11,21]. For the x = 1
powder, the diffraction pattern showed a orthohombic structure (o-
YBFO) which usually appears when BiFeO3 is doped by a lanthanide
element [22]. Lattice parameters derived from the XRD pattern
were: a = 5.3909 Å, b = 5.6742 Å, c = 7.6892 Å, and these were com-
parable to reported values of BiFeO3 doped by 30 mol% Gd (GdBFO):
a = 5.4206 Å, b = 5.6329 Å, c = 7.7889 Å [23]. Because the ionic radius
of Bi3+ is larger than that of Y3+, it is expected that the lattice param-
eter of o-YBFO is larger than that of o-YFO. The smaller lattice
parameters of the x = 0 powder (a = 5.3505, b = 5.6315, c = 7.6753)
is consistent with this suggestion, but the difference of lattice
parameters was  not isotropic: �a,  �b ≈ 0.04 Å and �c  ≈ 0.01 Å,
indicating a distortion of the lattice geometry. Similar behavior
was  reported in yttrium–lanthanum orthoferrite, which showed an

anisotropic contraction when the lanthanum ion was substituted
by yttrium which has a smaller ionic radius than lanthanum [24].
The XRD pattern of the x = 2 powder showed a strong t-YBFO phase
with a weak garnet phase. Lattice parameters of the t-YBFO phase
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ig. 1. XRD pattern of the x = 0 powder sintered at 400–700 ◦C (A) and 800–1200
100 ◦C, and (i) 1200 ◦C. Assignment of diffraction peaks are indicated as following:

alculated from the XRD pattern were: a = 5.5457 Å, c = 12.5893 Å,
nd are comparable to that of the reference values when the yttrium

oncentration was 0.15: a = 5.5619 Å, c = 12.5305 Å [19].

Increasing the sintering temperature to 800 ◦C, the intensity of
iffraction peaks of the garnet phase were comparable to the YBFO
hase in both powders, and at 900 ◦C, the powder x = 1 showed

ig. 2. XRD pattern of the x = 1 (A) and x = 2 (B) powders sintered at 400–900 ◦C: (a) 400 ◦C
eaks  are indicated as following: g: garnet, o: o-YBFO, t: t-YBFO, �: �-Fe2O3, �: �-Bi2O3.
: (a) 400 ◦C, (b) 500 ◦C, (c) 600 ◦C, (d) 700 ◦C, (e) 800 ◦C, (f) 900 ◦C, (g) 1000 ◦C, (h)
rnet, o: o-YFeO3, h: h-YFeO3, �: �-Fe2O3, y: Y2O3.

only the garnet phase diffraction pattern whereas the powder x = 2
showed a weak BiFeO3 phase along with another secondary phase,

Bi2Fe4O9, which usually appears as a secondary phase for BiFeO3
and Bi–YIG when bismuth has excessive composition [21]. Lat-
tice parameters of the garnet phase for the x = 1, 2 powder were
12.44, 12.48 Å, respectively, larger than that of the x = 0 powder

, (b) 500 ◦C, (c) 600 ◦C, (d) 700 ◦C, (e) 800 ◦C, and (f) 900 ◦C. Assignment of diffraction



d Com

(
T
t
t
t
x
I
t
c

b
�
p
p
a
t
a
o
Y
s
b

�

c
t
k
l
w
o
p
t
H
o
f
a
w
a
t
2

r
l
w
C
c
l
y
t
g
t

H. Lee et al. / Journal of Alloys an

12.3286 Å) and the reported value (12.376 Å) for pure YIG [25].
his increase is due to the substitution of small Y+3 by big Bi+3, and
he larger lattice parameter of garnet in x = 2 powder indicates that
he phase is more highly doped by bismuth. The lattice parame-
er of the x = 1 powder was similar to reported values, but for the

 = 2 powder, the lattice parameter was similar to that of x = 1.8.
t is known that the bismuth concentration cannot exceed 1.8 in
he garnet phase because of its large lattice constant, and this is
onsistent with our result.

It is worthwhile to compare the difference of phase formation
etween the x = 0 and the x = 1, 2 powders. For the x = 0 powder, the
-Fe2O3 phase combined with Y2O3 is more stable than the o-YFeO3
hase at 400 ◦C, then at 700 ◦C, the �-Fe2O3 phase is slowly decom-
osed. For the x = 1 powder, the t-YBFO phase already appeared
t lower temperature (T > 500 ◦C), and as we increase the sintering
emperature, the t-YBFO phase is transformed to o-YBFO. At 700 ◦C,

 rapid increase of the o-YBFO phase peak together with a decrease
f the Y2O3 phase peak is observed. The rapid increase of the o-
BFO phase with the disappearance of the Y2O3 suggests that the
tructural transition induced by a reaction with Y2O3 is described
y the following mechanism:

-Fe2O3 + �-Bi2O3 → 2BiFeO3[rhombohedral];

2(1 − n)BiFeO3[rhombohedral] + nY2O3 + nFe2O3

→ 2YnBi1−nFeO3[tetragonal]; at T < 600 ◦C, n < 0.1

2(1 − m)YnBi1−nFeO3[tetragonal] + mY2O3 + mFe2O3

→ 2Yn+mBi1−n−mFeO3[orthohombic];

at T = 700 ◦C n + m > 0.3.

For the crystallization of the Bi–YIG phase, it is known that the
rystallization temperature is lowered with an increasing concen-
ration of bismuth [26,27]. Although this phenomena has been well
nown for a long time, there have been few papers dealing with the
owering of the crystallization temperature. In the SSR method, it

as reported that the lowering of the crystallization temperature
f garnet and hexaferrite [27] is due to the existence of a liquid
hase of Bi2O3. The authors suggest that the liquid phase enhances
he ion diffusion so that the crystallization temperature is lowered.
owever, in our study, because the bismuth does not exist as a
xide but as a organic compound, the crystallization process is dif-
erent from the SSR method. The appearance of t, o-YBFO phase
t relatively lower sintering temperature (T < 500 ◦C) suggests that
hen the garnet phase is crystallized, the bismuth does not exist

s a Bi2O3 phase but as a t, o-YBFO phase. Therefore, it is plausible
hat the crystallization of the garnet phase of Bi–YIG powder (x = 1,
) is through the intermediate YnBi1−nFeO3 phase:

3YnBi1−nFeO3 + Fe2O3 → Y3nBi3−3nFe5O12;

at T = 700 ◦C, n < 1.

In the study of the thermodynamic stability of BiFeO3 and
elated Bi-based perovskites [28], the authors show that BiFeO3 fol-
ows a trend of perovskites (ABO3), and a substitution on the A site

ith a larger or more basic cation stabilizes the preovskites phase.
ompared to Bi, Y has a smaller ionc radius but is a more basic
ation. This suggests that the substitution of Y for Bi would stabi-
ize the BFO phase. It was reported that when the concentration of

ttrium was 0.1, the BiFeO3 single phase was observed, but when
he concentration was increased up to 0.3, secondary phases like a
arnet phase were observed [19]. This result suggests that despite
hat yttrium is a more basic cation than bismuth, the BiFeO3 phase
pounds 509 (2011) 9434– 9440 9437

becomes unstable to the garnet phase when the concentration of
yttrium is increased up to 0.3. The lowering of crystallization tem-
perature of Bi substituted YIG may  be related to this result. The x = 1,
2 powders sintered at lower temperature (T < 600 ◦C) showed the
Y doped BFO phase, and when the sintering temperature increased
up to 700 ◦C, the garnet phase appeared and the diffraction peaks
became stronger while the YBFO phase became weaker. This sug-
gests that at high temperature (T > 700 ◦C), the YBFO phase became
unstable to the garnet phase so the preferred crystallization to the
garnet phase occurs.

3.3. FTIR studies

Fig. 3(A) shows FTIR transmittance spectra of x = 0 powders sin-
tered at 400–1200 ◦C between 400 and 800 cm−1. Sintered powders
at 400–700 ◦C showed three absorption peak at 558, 635, 693 cm−1,
and these bands can be assigned to Fe–O vibration of �-Fe2O3 [29].
When the sintering temperature increased up to 800 ◦C, absorption
bands of �-Fe2O3 disappeared and the band located at 558 cm−1

shifted to 563 cm−1, which correspond to the Fe–O stretching mode
of the perovskite system [19], and a new absorption band appeared
at 598 cm−1. The sintered powder at 1200 ◦C showed three absorp-
tion bands at 563, 598, 655 cm−1, and these bands can be assigned
to the asymmetric stretching of the tetrahedron Fe–O bond of YIG
[30]. Fig. 3(B) and (C) shows FTIR transmittance spectra of x = 1,
2 powders sintered at 400–900 ◦C between 400 and 800 cm−1,
respectively. The two  powders (x = 1, 2) sintered at 400–600 ◦C
showed three absorption bands of �-Fe2O3 similar to the x = 0
powder. Absorption bands of �-Fe2O3 of x = 1, 2 powders disap-
peared at 700 ◦C, and new absorption band related to the perovskite
appeared at 556 cm−1 for x = 1, and 551 cm−1 for x = 2 powder. At the
higher sintering temperature (800–900 ◦C), three absorption bands
appeared at 558, 595, 646 cm−1 for the x = 1 powder, and at 555, 588,
639 cm−1, for the x = 2 powder. The disappearance and appearance
temperature of the absorption bands related to orthoferrite and
garnet were consistent with the XRD results.

The absorption bands corresponding to garnet and perovskite
showed a tendency to shift to lower frequency with increase of the
bismuth concentration. Fig. 4(A) and (B) shows the FTIR transmit-
tance spectra corresponding to the perovskite phase and the garnet
phase. For the band shift of the garnet phase, it was  reported that
that the absorption bands have linear behavior with the unit cell
volume, and when the rare-earth ion is substituted by a larger rare
earth element, the band is shifted to lower frequency due to the
decrease of the Fe–O bond strength [30]. The band shift of YFO
to lower frequency along with the bismuth concentration indi-
cates that the force constant of the Fe3+–O−2 bond changes. Similar
result has been reported for DyxBi1−xFeO3 solid solutions [31]. The
authors reported that the absorption frequencies are sensitive to
the structure of DyxBi1−xFeO3 rather than the mass of the vibrating
ions. These results are consistent with our observation in the XRD
experiment that showed a structural transition as a function of bis-
muth concentration. However, more detailed studies are required
to further confirm this conclusion.

3.4. Magnetic properties

Fig. 5(A) and (B) shows the sintering temperature dependence
of MS and HC and MR. The saturation magnetizations (MS) of
the powders sintered at 400–600 ◦C were 10∼17 emu/g, and the
maximum value observed from the powder sintered at 500 ◦C, is
17.327 emu/g. From the XRD result, because only the �-Fe2O3 phase

has a strong ferrimagnetic property among the observed phases at
those temperatures, the magnetic behavior of sintered powders at
400–600 ◦C would strongly depend on the �-Fe2O3 phase. The MS
values were comparable to the value of �-Fe2O3 nanoparticle in
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ig. 3. FTIR transmittance spectra of the powders: (A) for x = 0 powder sintered at
owders sintered at (a) 400 ◦C, (b) 600 ◦C, (c) 700 ◦C, (d) 800 ◦C, and (e) 900 ◦C.
 silica matrix [32]. The low coercivity (HC) and remanence mag-
etization (MR), and un-saturated magnetization at high magnetic
eld suggests that �-Fe2O3 exhibits weak and soft ferromagnetic
nd superparamagnetic behaviors [33]. The particle size was  cal-

Fig. 4. FTIR transmittance spectra of sintered powder: (A) sintered at 800 ◦C for x = 0
0 ◦C, (b) 700 ◦C, (c) 800 ◦C, (d) 900 ◦C, and (e) 1200 ◦C; (B) for x = 1 and (C) for x = 2
culated by Scherrer’s equation, and estimated to be about 15.4 nm,
and this value is slightly larger than that of superparamagnetic �-
Fe2O3 nanoparticles [32]. In the range of 500–600 ◦C, the MS and
MR decreased whereas the HC showed an increase. The decrease of

, and 700 ◦C for x = 1, 2, (B) sintered at 1200 ◦C for x = 0, and 900 ◦C for x = 1, 2.
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ondary phases leads to the decrease of the magnetic moment of the
x = 2 powder.
Fig. 5. Variation of saturation magnetization (MS), coercivity (HC), and rema

S and MR would be due to the YBFO phase formation showing a
eak ferrimagnetic property, wheares the increase of HC suggests

n increase of particle size [34].
These three values drastically decreased at 700 ◦C, and as

n increase of sintering temperature, the MS and MR increased
hereas the HC decreased continuously. From the XRD result,

he magnetic property of the powder at this sintering tempera-
ure range would strongly depend on the YBFO and garnet phase.
or the magnetic property of BiFeO3, it is well known that the
agnetic property originates from G-type anti-ferromagnetism

t room temperature and shows weak ferrimagnetic behavior
19,35]. In the study of size dependent magnetic properties of
iFeO3 nanoparticles [35], it was reported that the MS and HC

ncrease as the particle size decreases. The reported values for
4 nm BiFeO3 nanoparticles were: MS = 1.55 emu/g, HC = 58 Oe, and
hese are comparable to the measured values of the sintered pow-
er at 700 ◦C: MS = 1.779 emu/g, HC = 66.351 Oe. The particle size of
he YBFO phase estimated by Scherrer’s equation was 13.9 nm and
t is also comparable to the reference value. However, for MR, the
ifference between the measured value (0.429 emu/g) and refer-
nce value (0.032 emu/g) was an order of magnitude. This deviation
uggests that the garnet phase contributes to the magnetic prop-
rties of the powder. With the increase of sintering temperature
rom 700 ◦C up to 900 ◦C, the MS and MR increased, whereas the HC
ecreased. The maximum value of MS and MR and the minimum
f HC observed at 900 ◦C was 20.8 emu/g and 2.67 emu/g, 31.9 Oe,
espectively, and they are comparable to the reported values [26].

Fig. 6 shows magnetic hysteresis curves of the powders sintered
t 900 ◦C for x = 1, 2, and sintered at 1200 ◦C for x = 0. The MS of the

 = 0 powder was 20.5 emu/g and this value was  slightly smaller

han that of the x = 1 powder. It may  be due to the existence of a
econdary phase of x = 0 powder, and it is known that the substi-
ution of bismuth enhances the superexchange coupling between
he ferric ions and results in a increase of the magnetic moment
 magnetization (MR) of x = 1 powders as a function of sintering temperature.

[11]. These two factors would lead to a larger magnetic moment of
the x = 1 powder. The MS of x = 2 powder was  9.13 emu/g, and this
value was  much smaller than that of x = 0, 1 powders. This may be
due to the poor crystallinity and existence of a secondary phase.
It is known that when the bismuth concentration is as high as 1.8,
Bi–YIG cannot be grown because of its large lattice constant. The
XRD pattern of x = 2 powder sintered at 900 ◦C showed stronger
secondary phases and a broader garnet phase peak than the x = 0,
1 powder. Thus, it is plausible that the poor crystallinity and sec-
Fig. 6. Room temperature hysteresis loops of powders sintered at 900 ◦C for x = 1, 2
and  at 1200 ◦C for x = 0 powder.
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. Conclusions

The crystallization of BixY3−xFe5O12 (x = 0, 1, 2) powder prepared
y the MOD  method has been studied. In the lower temperature
egion (400–700 ◦C), the XRD patterns of x = 0 powder showed a
trong maghemite phase, whereas the XRD patterns of x = 1, 2 pow-
ers showed o, t-YBFO as a major phase. At higher temperatures,
he x = 0 powder showed similar crystallization process to the SSR

ethod (800–1200 ◦C), but for the x = 1, 2 powders, it was proposed
hat the crystallization to the garnet phase is through an interme-
iate phase, and suggested that the lowering of the crystallization
emperature is due to the lowered stability of the YBFO phase com-
ared to the YFO phase. The pure garnet phase was observed at
00 ◦C for the x = 1 powder, but for the x = 2 powder, secondary
hases were observed with the garnet phase. FTIR and magnetic
roperties of the garnet phase were also examined. The IR absorp-
ion band shift according to bismuth concentration was  observed,
nd it was suggested that the shift would be due to the structural
istortion induced by difference of ionic radius of yttrium and bis-
uth. The magnetic properties of the garnet phase of the x = 0, 1

owders were similar to the reported values, but for the x = 2 pow-
er, MS was decreased because of poor crystallinity and existence
f secondary phases.
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