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� The elements homogeneity in pre-
cursor determines the phase evolu-
tion process.

� Synthesis temperature decreases if
tetragonal YIG exists as the interme-
diate phase.

� A stable technique is for synthesizing
high quality cubic YIG nano powders.
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a b s t r a c t

The rapid chemical co-precipitation method is supposed to be a stable way to synthesize high quality
cubic yttrium iron garnet (YIG) nanopowders. In this paper, focusing on clarifying its formation mech-
anism, the thermal behaviors and the elemental distributions of the chemical co-precipitated precursors
have been analyzed by simultaneous differential scanning calorimetry plus thermal gravimetric analysis
(DSC-TGA) and energy disperse spectroscopy (EDS) mapping technique on a transmission electronic
microscope. The results indicated that the homogeneity of Y and Fe elemental distributions in the pre-
cursor powders determines the process through which the cubic YIG phase would form: one experiences
the intermediate tetragonal YIG phase; the other takes YFeO3 as the intermediate phase. The homoge-
nous distributions of Y and Fe elements in the precursor powders at the scale below 50 nm forms the
intermediate tetragonal YIG phase rather than YFeO3, which leads to reduction of the formation tem-
perature for synthesizing the single phase YIG. The obtained YIG nanopowders with the average particle
size below 100 nm show excellent magnetic properties with saturation magnetization of 26 emu/g and
coercive field of 45 Oe. This clear formation mechanism of YIG nanopowders is suitable for optimizing
the processing conditions for the chemical precipitation synthesis of YIG nanopowders at large scale.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Conventionally, yttrium iron garnet (YIG) with chemical
formulation of Y3Fe5O12 is considered to be an important soft
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ferrimagnetic material [1]. It has been widely used in tunable mi-
crowave devices due to its superior magnetic properties such as
controllable saturation magnetization, low dielectric loss, and
narrow ferromagnetic resonance line-width in the microwave re-
gion [2]. In the past few years, it has been realized that magnetic
nanostructures have superior features owing to their low-
dimensional scale effect [3]. Therefore, pure or doped YIG nano-
materials have attracted increasing attention, especially in fields
such as Faraday magneto-optical devices for telecommunications
[4,5], low temperature co-fired ceramics for microwave integrated
circuits [6], exchange coupling nano-magnetisms [7], high-density
magnetic or magneto-optical information storage [8], and
biomedical hyperthermia [9].

To satisfy the requirements of such applications, high quality
YIG nanopowders with precisely designed chemical compositions
or specific nanostructures are required [10,11]. Several chemical
techniques including the hydrothermal approach [12], chemical
coprecipitation route [13], sol-gel auto-combustion technique [14],
and micro-emulsion method [15] were developed to fabricate YIG-
related nanomaterials. Among them, chemical coprecipitation
method is considered suitable for mass production as it is a rela-
tively low-cost technique [16,17]. It has been extensively used to
fabricate pure or doped YIG nanopowders [13,18e23]. However, its
obstacle is the high secondary sintering temperature, as high as
1100 �C, which leads to coarsening of the synthesized nano-
particles. To decrease the secondary sintering temperature, the co-
precipitates as the precursors for heating treatment should be
simultaneously generated and homogenously mixed during the
chemical co-precipitating reaction, which is believed to be a deci-
sive factor governing the formation of crystalline phases during the
calcination of co-precipitates [21]. Focusing on this, many studies
have been performed to refine the chemical co-precipitation
technique using various kinds and amounts of precipitators,
employing surfactants in the co-precipitation process, and opti-
mizing the sintering temperature. YIG spherical particles were
successfully synthesized via co-precipitation using nitrates or
chlorides as the starting materials, urea or ammonia solution as the
precipitant, and PVP and ammonium iron (III) sulfate as the sur-
factants. The formation of crystalline phases from the precipitate
was found to start at 800 �C and yield an orthorhombic YIG phase
up to 1000 �C. After further calcination at 1100 �C, a single cubic
phase YIG was obtained and the powder particles were of an
average size of ~0.5 mm [18]. When using NaOH solution as the
precipitating agent, single-phase YIG powders can be obtained only
after calcining the precipitates at 1200 �C [19]. Altering the mixing
sequence by adding the solution of metal salts into the precipitant
solution instead of precipitant into the salts solution, it was found
that the target YIG phase was more easily formed at about
1000e1100 �C [20]. It indicated that the target YIG phase was
formed more easily if reverse strike co-precipitation was used.
Considering this, and based on experimental designs, Zhang, et al.
improved the chemical co-precipitation method by rapidly pouring
a solution of nitrates into a large amount of ammonia solution (1:4).
The results indicated that there was no YFeO3 in the emerging in-
termediate phase and single phase YIG nanopowders could be
synthesized at a temperature as low as 750 �C [13]. Such a method
provides a stable technique to synthesize high quality YIG nano-
powders several tens of nanometers in size. However, why was
there no YFeO3 in the intermediate phase? How can we control the
synthesis route to obtain YIG nanopowders with low-temperature
secondary sintering in the chemical co-precipitation technique or
other soft chemical methods? The formation mechanism is very
important but still not very clear. Therefore, to clarify this, the
thermal behaviors and elemental distributions in the precursor
powders are extremely important. In this paper, the possible
formation mechanism for the rapid chemical co-precipitation
method has been conceived based on the systematical investiga-
tion on influence of the precipitating agent solution. sintering
temperature on the phase formation and particle morphology.
Moreover, the relationships of the magnetic properties with micro-
structures of the synthesized powders have been discussed.

2. Material and methods

The rapid chemical co-precipitation technique plus secondary
heating treatment was used to synthesize YIG nanopowders, which
is similar to the method firstly reported by Zhang et al. [13] and
briefly described as follows: yttrium nitrate hexahydrate and ferric
nitrate nonahydrate were used as the starting materials, weighed
according to the stoichiometric ratio and dissolved in deionized
water to form an aqueous solution of nitrates. The concentrations of
yttrium nitrate and ferric nitrate solution were 0.625mol/L and
0.375mol/L, respectively. Ammonia solution with a concentration
of 28wt% was chosen as the precipitator with various ratios of
starting solution to ammonia solution (S/A). Under vigorous stir-
ring, the starting solution was poured into the ammonia solution
and allowed to react for about an hour. Subsequently, the as-formed
precipitates were collected from the solution by vacuum filtration
and washed with ethanol twice before moderate drying at 60 �C for
12 h. The dried precipitates were slightly ground into precursor
powders and placed in a furnace for thermal treatment at different
temperatures ranging from 650 to 900 �C for 2 h with a tempera-
ture ramping rate of 5 �C/min.

The infrared spectrums of the precipitates and synthesized
powders were collected (FT-IR, Varian 670) was utilized with KBr
disc method the range of 4000 to 400 cm�1. The phase composi-
tions and crystal structures of the synthesized powders were
identified using X-ray diffraction (XRD). The measurement was
carried out on a Rigaku Ultima III using a Cu-Ka radiation source.
The elemental distribution in the precursor precipitate was iden-
tified using energy disperse spectroscopy (EDS) mapping technique
on a transmission electronic microscope (TEM, FEI Tecnai G2 F30 S-
TWIN) and their thermal behavior was recorded by simultaneous
differential scanning calorimetry plus thermal gravimetric analysis
(DSC-TGA, TA, SDT Q600). The particle size and morphology were
observed using TEM (Philips, Tecnai 12). The magnetic properties
were measured with a vibrating sample magnetometer (VSM,
Lakeshore 7400).

3. Results and discussion

The FT-IR spectrums of the precipitates and synthesized pow-
ders at various temperatures were collected and shown in Fig. 1.
The absorption bands around 3418 cm�1, 1640 cm�1, 1504 cm�1,
and 1381 cm�1, assigned to O-H bonds, absorbed water molecules,
NH4

þ radicals, and NO3
�radicals, vanished as the firing temperature

achieved to 750 �C, indicating the complete elimination of water
and decomposition of precursors. As the firing temperature was
over 750 �C, the new week absorption bands at 561, 594 and
662 cm�1 represented the formation of YIG phase [13]. The
increasing intensity of these absorptions referred to increasing
crystallinity of YIG.

Fig. 2 demonstrates the XRD patterns of the powders synthe-
sized using the rapid chemical co-precipitation method. Single-
phase YIG powders were successfully fabricated with different S/
A, indicating that almost all the metal elements were precipitated
into the precursor powders and there was little deviation from the
element ratio in the YIG phase. There were two differences in the
phase evolution of YIG synthesized with different S/A values: 1) as
the S/A value decreased, the temperature to form the single phase



Fig. 1. IR spectrums of the precipitates and synthesized powders at various temper-
atures with S/A of 1:2.

Fig. 2. XRD patterns of the powders synthesized by the rapid chemical co-
precipitation plus secondary heating treatment at various temperatures for 2 h.
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YIG decreased from 850 �C to 750 �C; and 2) when the S/A value
was 1:1, YFeO3 existed as the intermediate phase, which was very
difficult to transform to YIG phase. As the S/A value changed to 1:2
and 1:4, tetragonal YIG was the intermediate phase formed instead
of YFeO3.

Why were there such great differences? What controls this
phase evolution process? To answer these two questions, attention
should be paid to two things: 1) the elemental contents and dis-
tributions in the precursor powders, and 2) the thermal behavior of
the precursor powders.

First, the EDS mapping technique was employed to confirm the
elemental contents in the precursor powders and to analyze the
element distribution. The Y and Fe elemental contents were very
similar to that in the starting materials according to the formula of
YIG. This agrees with the observation from the XRD patterns that all
the precursor powders were transformed into single-phase YIG
powders. However, there were obvious distinctions in the Y and Fe
elemental distributions in the different precursor powders, as
shown in Fig. 3. From the elemental distribution mapwith different
characteristic absorptions, it was easy to find that the Y distribution
was different from the Fe element distribution at the 50 nm scale
when S/A was 1:1. They were of different shapes, indicating Y-
enrichment in micro-domains. When S/A was 1:2 or 1:4, both Fe
and Y elemental distributions were of similar shapes, confirming
the homogenousmixing of Fe and Y in the precursor powders at the
scale below 50 nm. Increasing the amount of precipitating agent
poured into the starting metal salts solution increased the rapidity
with which the chemical co-precipitation reaction took place,
resulting in smaller precipitate particles and improved homoge-
neity of the metal elements [13,22].

The difference in homogeneity of the metal elements affected
thermal decomposition and solid-state reactions, which could be
identified by thermal analysis. Fig. 4 gives the TG-DSC curves of the
precursor powders with different S/A values. The endothermic
peaks below 100 �Cwith aweight loss less than 9wt% resulted from
the evaporation of the residual solvents like ethanol and water.
When the S/A was 1:1, the TG curve showed a weight loss of about
25wt% in a wide temperature range from 100 �C to about 770 �C.
This should be ascribed to the decomposition of amorphous pre-
cipitates into oxides [23]. However, a similar loss in weight took
place in a relatively narrow range from 100 �C to about 500 �C as
the S/A decreased to 1:2 or 1:4. This indicated that the precursor
powders were conducive to accomplishing the decomposition
process. All the DSC curves demonstrated a diffused exothermic



Fig. 3. EDS mapping images of yttrium and iron element distribution in precursor powders.

Fig. 4. TG-DSC curves of the precursor powders with different S/A values.
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peak at a similar temperature of about 775 �C. This peak charac-
terized by low weight loss should be attributed to the formation of
orderly complex oxides by solid-state reaction of the decomposi-
tion product of the precursors. However, at a different S/A value,
another exothermic peak at a higher temperature appeared to be
very different. The peak position was about 907 �C as S/A was 1:1,
whichwas about 100 �C, higher than thosewhen S/Awas 1:2 or 1:4.
Obviously, there must be different phase evolution processes with
different S/A values. This agreed with the results from the XRD
patterns. Moreover, the precursor powders could transform to the
single-phase YIG powders more easily when S/A was 1:2 or 1:4
than when it was 1:1 owing to the homogenous elemental distri-
bution in the precursor powders.

Based on the analysis from XRD, EDS mapping, and TG-DSC
results, there are two routes for the formation of YIG from amor-
phous precipitates as follows:

Route-1: Fe-precipitate þ Y-precipitate / 5Fe2O3þ3Y2O3/

2Fe2O3þ6YFeO3/ 2Y3Fe5O12(c)



Fig. 6. Calculated crystalline sizes of the synthesized YIG nano powders with various
S/A ratios.
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Route-2: Fe-precipitate þ Y-precipitate / 5Fe2O3þ3Y2O3/

2Y3Fe5O12(t)/ 2Y3Fe5O12(c)

These are also proposed in the reports [13,18e21]. While YFeO3
is the intermediate phase in Route-1, tetragonal Y3Fe5O12 becomes
the intermediate phase in Route-2. Tetragonal and cubic Y3Fe5O12
have similar crystal structures resulting in easy transformation of
the tetragonal to the cubic phase by atomic re-arrangement with a
small activation energy. Therefore, the target cubic YIG phase could
be formed at a lower temperature. If YFeO3 exists as the interme-
diate phase, it could transform to the cubic YIG phasewith diffusion
and reaction. This process must be of higher activation energy
requiring higher temperature to form the target YIG phase. From
this point of view, it is extremely important to clarify what makes
the process take Route-1 or Route-2. As illustrated in Fig. 5, the
homogeneity of the Y or Fe elemental distribution in the precursor
powders is the factor that determines this. If Y or Fe is mixed
homogenously even in the very small domain, Route-2 could be the
phase evolution process of the YIG. In our work, the scale of the
small domain should be below 50 nm.

After clarifying the phase formation mechanism of YIG using
this rapid chemical co-precipitation and secondary heating treat-
ment, we characterized the micro-structural behavior and other
characteristics of the synthesized YIG powders. Based on the full
width at half maximum (FWHM) of the highest (420) plane
reflection, the grain size of the synthesized YIG powders was
calculated using the Scherrer formula:

D ¼ kl=bcosq (1)

where k, l, b, q are Scherrer parameter, X-ray wavelength, FWHM
and Bragg angle in degree, respectively. The calculated crystal size
is presented in Fig. 6. The crystal size increased linearly as a func-
tion of the secondary heating temperature, but there were different
slopes for the different S/A values. Generally, the energy for sec-
ondary heating treatment could be divided into two parts: for the
diffusion and solid-state reaction to form the targeted phase; and
for the particle growth. Since it was relatively difficult to form the
single phase YIG when S/A was 1:1, the corresponding crystal size
gradually increased at a lower temperature and dramatically
Fig. 5. Illustration of the phase formation mechanism for rapid c
increased after forming the targeted phase. Typically, the obtained
single-phase YIG powders increased from 26 to 52 nm when the
secondary heating temperature was increased from 750 �C to
900 �C when the S/A was 1:2.

Fig. 7 gives the TEM images for the as-synthesized YIG nano-
powders with S/A of 1:2 at various heating temperatures. All the
powders demonstrated severe agglomeration between small par-
ticles due to the high specific surface tension and sintering adhe-
sion. The particles were irregular. Nevertheless, it was easy to find
that the particle size increased as the heating temperature went
from 750 �C to 900 �C. The average particle size of the synthesized
powders at 750 �C was about 60 nm compared to 150 nm at 900 �C.
The particle size was much larger than the crystal size calculated
from XRD patterns, which revealed that single particles should
actually be the result of the agglomeration of several nanocrystals.
The selective area diffraction image of the sample synthesized at
800 �C for 2 h with S/A of 1:2 was shown in Fig. 8. From the images,
hemical co-precipitation plus secondary heating treatment.



Fig. 7. Typical TEM images of the YIG nano powders synthesized with the S/A of 1:2.

Fig. 8. TEM image and selective area electronic diffraction pattern of the YIG powders
synthesized at 800 �C for 2 h with S/A of 1:2.
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electronic diffraction pattern demonstrated an inconsecutive ring
with lots of diffraction spots, indicating that the particle consists of
nano crystals.

The magnetic hysteresis loops of the nanopowders synthesized
with various S/A ratios were measured at room temperature as
shown in Fig. 9, which demonstrated the easy magnetization
behavior of YIG with a small coercive field (Hc). The variation in the
saturation magnetization (Ms) was related to the phase composi-
tions and microstructures of the synthesized powders. The corre-
sponding saturation magnetizations and coercive fields are
illustrated in Fig. 10. There was a remarkable increase in saturation
magnetization with increasing heating temperature due to the
initial formation of YIG magnetic powders from the amorphous
hydroxide precipitates [13,18,20]. As the temperature increased
further from 800 �C to 900 �C, the transformation from partial-
disorder of the magnetic moments in the materials to complete-
order contributed to the gradual increase in the saturation
magnetization. It was noted that the saturation magnetization of all
the synthesized single phase YIG nanopowders with different S/A
values approached a similar value of ~25 eum/g, which agreed with
the report of YIG nanopowders [13,18,20]. The highest value of
saturation magnetization was ~26 emu/g when S/A was 1:2 at
900 �C, indicating high purity and good evolution of every grain.
The coercive fields for YIG nanopowders linearly increased from
about 10 Oe to 45 Oe as the temperature increased from 750 �C to
900 �C. The critical size of YIG single domain particles is about



Fig. 9. Magnetic hysteresis loops of the synthesized nano powders with various S/A
ratios.

Fig. 10. Magnetic parameters of the synthesized nano powders with various S/A ratios.
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190 nm [24,25] and the particle sizes of the synthesized powders
were below 100 nm, a tendency ascribed to a typical particle-size
dependence of the coercive field for ferrimagnetic single domain
particles [24e26].
4. Conclusions

Single phase YIG nanopowders with particle size below 100 nm
were synthesized by the rapid chemical co-precipitation method
with secondary heating treatment. The obtained YIG nanopowders
show excellent magnetic properties with a saturation magnetiza-
tion of 26 emu/g and a coercive field of 45 Oe. The homogeneity of Y
and Fe in the precursor powders causes formation of the inter-
mediate tetragonal YIG phase instead of YFeO3, which leads to a
decrease in the temperature for synthesizing the single phase YIG.
This clear formation mechanism of YIG nanopowders is suitable for
optimizing the processing conditions for the chemical precipitation
synthesis of YIG at large scale.
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