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Synthesis of polycrystalline yttrium iron garnet 
and yttrium aluminium garnet from organic 
precursors 

C. D. VEITCH 
Department of Physical Sciences, Glasgow Polytechnic, Cowcaddens, Glasgow G40BA, UK 

Polycrystalline Y3FesO~2 (YIG) and Y3AIsO~2 (YAG) garnets have been prepared by the 
organic solution technique using a novel organic precursor. The thermal decomposition of the 
precursor and subsequent formation of the garnet phases was studied by thermal analysis, 
X-ray diffraction and Fourier transform infra red spectroscopy (FTIR) including diffuse 
reflectance FTIR (DRIFT). The precursor of YIG decomposes to give the garnet phase as the 
main component at 800 ~ YFeO 3 and Fe203 are also present, and react to give YIG at higher 
temperatures. Single-phase YAG can be obtained from its precursor at 11 O0 ~ The reaction 
proceeds via a hexagonal YAI03 intermediate which is formed at 850 ~ 

1. Introduction 
Polycrystalline Y3FesO12 and Y3AlsO12 ceramics 
have been widely used in solid-state devices because of 
their respective magnetic and refractory properties. 
Yttrium iron garnet (YIG) is a ferrimagnetic material 
which is used as a filter in microwave circuitry and 
also as an electronic resonator [1]. Yttrium alumi- 
nium garnet (YAG) is a hard material which can be 
used as a refractory coating for electronic devices and 
as the host for a series of robust rare-earth-doped 
phosphors [2]. These two mixed metal oxide phases, 
which have a body centred cubic crystal structure, 
belong to the garnet series of ceramic compounds 
which have the same crystal structure as the mineral 
grossalurite, Ca3A1 z [SiOr 3. They are prepared con- 
ventionally by the ceramic method of reacting the 
individual reactant metal oxides. This process involves 
extensive heat treatments at high temperatures and 
repeated mechanical mixing to achieve the desired 
phase purity. Stoichiometric mixtures of Y203 and 
AlzO 3 react to give YAG after heating extensively at 
1600~ [3], whereas mixtures of Y203 and Fe/O3 
react to give single-phase YIG when heated above 
1200 ~ [43. 

Other techniques used to synthesize garnets range 
from chemical wet methods using nitrate precursors 
[-5] to hydroxide coprecipitation [6, 7]. The rate of the 
reaction will be increased if the reactant cations are 
intimately mixed on the atomic scale and if an 
amorphous mixed metal oxide phase is retained until 
polycrystalline garnet is formed. The above chemical 
methods achieve an increase in reaction rate over the 
ceramic technique, leading to lower synthesis temper- 
atures as the cations are intimately mixed although 
intermediate phases produced are not amorphous. 
YIG has been synthesized by the sol-gel method using 
an amorphous citrate gel [8] and also by the hydroly- 
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sis of metal alkoxides [9]. YAG has also been syn- 
thesized using the sol-gel process by polymerizing 
metal alkoxides and acetates [10]. In each case, an 
amorphous intermediate phase is produced which 
leads to homogeneous garnet formation at low tem- 
peratures, 800 ~ for YIG and 810 ~ for YAG. 

This report describes the experimental work carried 
out in synthesizing both YIG and YAG by the organic 
solution technique, using a novel organometallic pre- 
cursor. The thermal decomposition of the precursor 
was studied by FTIR and thermal analysis, and any 
crystalline phases formed during the course of the 
subsequent reaction were identified using X-ray pow- 
der diffraction (XRD). 

2. Experimental procedure 
The organometallic precursor used in this work 
consisted of a mixture of the metal nitrates dissolved 
in a polyester matrix of glycerol and malonic acid. 
Stoichiometric mixtures of Y(NO3)3.6H20 and 
Fe (NO3)3.9H20 were dissolved in glycerol to give a 
Y:Fe ratio of 3:5. The resultant solution was then 
reacted with malonic acid to give a metal malonate 
containing polyester resin. The organic solution pro- 
duced can be diluted with methanol and be used to 
form thin films of YIG on alumina substrates. 

The precursor of YAG was formed in a similar way 
by dissolving Y(NO3)3.6H20 and A1 (NO3)3.9H20 in 
glycerol and reacting the solution formed with mal- 
onic acid to give a viscous yellow solution. 

A Nicolet 5DXC FTIR spectrometer was used to 
record all IR spectra and the spectra of all solid 
samples were obtained by diffuse reflectance. Thermal 
analysis was carried out using a Stanton Redcroft 
TG770 thermal balance and a Stanton Redcroft 
DSC1500. A Philips X-ray diffractometer was used 
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with a Co source for YIG samples and a Cu source for 
YAG samples. 

3. T h e r m a l  d e c o m p o s i t i o n  of the  G L M A  
precursor  and f o r m a t i o n  of  
po lycrys ta l l ine  YIG 

The thermal decomposition of the glycerol-malonic 
acid (GLMA) precursor of YIG was studied by FTIR 
in conjunction with thermal analysis. The thermo- 
gram of a sample which had previously been heated to 
180~ in order to remove all excess glycerol, shows 
that the organic matrix has decomposed by 425 ~ 
although the sample is not mass stable until 760 ~ 
(Fig. la). 

The FTIR spectra of the GLMA precursor of YIG 
(Fig. 2) show the changes in chemical environment of 
the sample as the temperature is increased. The spec- 
tra of the initial undiluted solution shows that a 
polyester has formed along with a metal carboxylate 
compound. This can be seen from the carbonyl stret- 
ching vibrational peak at 1735 cm -1 and the anti- 
symmetrical carboxylate stretching vibration at 
1645 cm- 1. As the temperature is increased, unreacted 
glycerol is evaporated off and the intensity of the 
carboxylate band relative to the polyester band in- 
creases, indicating further metal carboxylate forma- 
tion. By 330 ~ most of the polyester has decomposed 
and the symmetrical stretching vibration of the car- 
boxylate ligand at 1435 cm -1 is now visible. The 
intensity of both carboxylate vibrations has increased 
even further and there is still a conspicuous O-H 
stretching band, suggesting that the organic matrix 
contains basic metal malonate salts. The frequency of 

the antisymmetrical carboxylate peak has moved to a 
lower frequency, indicating a change in coordination 
from unidentate to bidentate [11]. 

By 400 ~ the carboxylate peaks have disappeared 
and have been replaced by carbonate bands. This can 
be seen in the spectrum of a sample heated to 600 ~ 
(Fig. 2) which shows the out-of-plane bending peak at 
845 cm -1 and a split antisymmetrical carbonate 
stretching band at 1530 and 1420 cm-1. The splitting 
of this band indicates that the carbonate has Czv 
symmetry and is acting as a bidentate ligand [-12]. The 
large split in frequency of the band indicates bidentate 
eomplexation with C2v symmetry and distinguishes it 
from a unidentate carbonate which would show only a 
small frequency difference between the two split peaks 
[11]. The spectrum of the 750 ~ sample shows very 
weak carbonate vibrations. At 800 ~ the carbonate 
and hydroxyl bands have disappeared and been re- 
placed by metal-oxygen vibrations at 655, 605 and 
566 cm -1 which are due to the lattice vibrational 
modes of the YIG unit cell [13]. Examination of the 
spectra obtained above this temperature show weak 
vibrations below 566 cm- 1, which are not due to YIG, 
that decrease in intensity at higher temperatures. 
Therefore the FTIR spectra indicate that YIG is form- 
ed at 800 ~ as the main oxide phase. 

Combining the information obtained from both 
these techniques, it can be assumed that the organic 
polyester matrix decomposes via a metal carboxylate 
mixture to a basic carbonate at 425 ~ As basic ferric 
carbonate decomposes by 400 ~ [14] and a GLMA 
precursor of Fe/O3 was found to be mass stable before 
400 ~ (Fig. lb), it is possible that Fe20 3 and the basic 
carbonate of yttrium (Y (OH) CO3) exist after the 
decomposition of the organic matrix. With increasing 
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Figure l(a) GLMA precursor of YIG, heating rate 20~ min-1; (b) 
GLMA precursor of Fe203, heating rate 20~ min- 1. 
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Figure 2 FTIR spectra of GLMA precursors of YIG heated to 
different temperatures. 



temperature, the intensity of the hydroxyl and carbon- 
ate vibrations in the IR spectra decrease, indicating 
basic carbonate decomposition. 

The loss of weight from 425 ~ to 760 ~ in the TG 
of YIG is very small (Fig. la) indicating that possibly 
only basic carbonate on the surface of YzO3 is decom- 
posing. This is very likely as diffuse reflectance tends 
to give information mainly about the surface of the 
particles interacting with the IR radiation beam [15] 
where the depth of penetration depends on the density 
of the material and also its particle size [-16]. 

The DSC thermogram (Fig. 3) of a sample of the 
GLMA precursor of YIG, which had been heated to 
450 ~ in order to remove any organic material pre- 
sent, shows a single exotherm with an onset temper- 
ature of 757~ Yanovskaya et al. [9] obtained a 
similar exotherm when preparing YIG from the hy- 
drolysis of alkoxides and also the coprecipitation of 
hydroxides, and attributed it to the crystallization of 
the YFeO 3 orthoferrite and YIG garnet phases. The 
XRD patterns of the GLMA precursor of YIG (Fig. 4) 
show crystalline phases appearing above 750~ 
Below this temperature no reflections were obtained, 
showing that only amorphous phases exist. The 
crystalline phases appearing at 750 ~ correspond to 
YIG, which gives the most intense reflection and is the 
main phase, with either YFeO3 or Fe/O3 or both as 
minor phases. 

Making a distinction between crystalline YFeO3, 
which has its most intense reflection at 0.2692 nm 
(JCPDS 19-1417), and Fe20 3, which has its most 
intense reflection at 0.2690nm (JCPDS 13-534), is 
very difficult. 

As the temperature increases the intensity of the 
0.269nm reflection decreases, indicating that the 
amount of YFeO3/Fe203 is reduced. Also as the 
temperature is increased the colour of the sample 
changes. At 400 ~ it is red; by 800 ~ it has changed 
to a tan colour. Increasing the temperature further 
changes the colour to yellow then yellow/olive. Both 
YFeO3 and Fe20 3 are red, whereas YIG is yellow/ 
olive in colour. This change in colour with increasing 
temperature gives an indication of the extent of the 
reaction. 
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Figure 4 XRD patterns of GLMA precursors of YIG heat treated at 
750, 850 and 1000~ for 60 min. Fe/O3/YFeO 3 reflections marked 
with arrow. 

4. D i s c u s s i o n  
The diffuse reflectance spectrum of a sample of Y203 
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Figure 5 DRIFT spectra of Y203. 
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(Fig. 5) calcined at 900 ~ shows hydroxyl and carbon- 
ate bands. It is known that water and carbon dioxide 
adsorb onto the surface of yttrium oxide to form a 
surface layer of carbonate and hydroxide [17]. There- 
fore any Y203 present in the precursor would be 
detected as YzO3 along with hydroxyl and carbonate 
bands due to the reacted surface layer. As diffuse 
reflectance is a highly surface-sensitive technique, the 
absence of hydroxyl and carbonate bands in the FTIR 
spectra of GLMA samples of YIG above 750 ~ sug- 
gests that Y203 is not present. 

The results suggest that the decomposition of the 
GLMA precursor produces crystalline YIG at 
760~176 as the major phase along with YFeO 3 
and Fe20 3. Ferric oxide is obtained at 400 ~ from the 
decomposition of the organic matrix and co-exists 
with the basic carbonate of yttrium in an amorphous 
phase until 760~ The results also suggest that a 
solid-state reaction occurs above 760~ between 
crystalline YFeO 3 and crystalline Fe20 3. The follow- 
ing reaction would explain the observed results 

F e 2 0  3 + 3 Y F e O  3 ~ Y 3 F e s O 1 2  

(red) ( r ed )  (yellow/olive) 

The change in colour at higher temperatures and the 
decrease in intensity of the 0.269 nm reflection in the 
XRD patterns both indicate further YIG formation. 
The single-phase YIG is not formed at around 800 ~ 
because of the slow solid-state reaction between the 
orthoferrite and ferric oxide phases which also 
crystallize at 760 ~ 

5. Therma l  decomposit ion of the G L M A  
precursor and formation of 
polycrystalline YAG 

Thermogravimetric analysis (TGA) of the initial yel- 
low powder obtained by evaporating off the glycerol 
in the initial solution at 180 ~ shows that the organic 
matrix has decomposed by 435 ~ although the pre- 
cursor is not mass stable until 850-900 ~ (Fig. 6). A 
slight increase in mass occurs from this temperature to 
700~ Chemical testing of the intermediate phase 
above 435~ was positive for a carbonate. This is 
confirmed by FTIR (Fig. 7) which shows that a basic 
carbonate is formed after decomposition of the or- 
ganic matrix. The sample analysed by DSC had pre- 

viously been heated to 700~ and was a black col- 
outed powder which is shown from its FTIR spectrum 
to be a carbonate. A possible formula for this sample 
could be YA10 (CO3)2. XRD of this sample showed it 
to be amorphous as no reflections were obtained on 
scanning from ! 5 to 60~ The thermogram obtained 
from the DSC (Fig. 8) shows three distinct exotherms. 
The first, which starts at 839 ~ is suspected to be due 
to the crystallization of amorphous YA103. YA10 3, 
which is white, is obtained by the decomposition of the 
carbonate. The following reaction could be attributed 
to the process occurring at this temperature 

- -  2 C 0 2  

YA10 (CO3) 2 ~YA103 ~YA10 3 

(black) (whi.te) (white) 
amorphous amorphous crystalline 

Decomposition and crystallization occur consecu- 
tively at this temperature. The onset temperature of 
this exotherm corresponds to the decomposition of 
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Figure 7 FTIR spectra of G L M A  precursors of YAG heated to 
different temperatures. 
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the carbonate with the mixed oxide crystallizing from 
an amorphous phase. XRD data of YAG precursor 
(Fig. 9) shows that only an amorphous phase exists at 
800 ~ and at lower temperatures, but that crystalline 
YA10 3 exists at 850 ~ 

The DSC of a GLMA precursor of YA10 a (Fig. 10) 
shows the same exotherm, and there are no further 
exotherms after this temperature. It appears likely that 
this exotherm is due to the crystallization of YA1Oa. 
Therefore, the first exotherm in the DSC of the 
GLMA precursor of YAG (Fig. 7) is caused by the 
crystallization of a YA10 3 intermediate from an 
amorphous mixed metal-oxide phase. The second exo- 
therm could therefore be due to the solid-state reac- 
tion between crystalline YA10 3 and amorphous 
A1203 to give Y3A15012, i.e. YAG 

3 [ Y A 1 0 3 ]  + A120 3 ,Y3AlsO12 

(crystalline) (amorphous) (crystalline) 

This is supported by the appearance of YAG reflec- 
tions in the XRD pattern of the 900 ~ sample, which 
also shows a concomitant reduction in the intensities 
of the reflections due to YA103. No crystalline A120 3 is 
seen so it can be assumed that it is amorphous and has 
not yet crystallized. The FTIR spectrum of 900~ 
sample (Fig. 7) shows that YAG has formed, as can be 
seen from the fingerprint vibrations due to the isolated 
A10 4 tetrahedra and isolated A10 6 octahedra of 
YAG's unit cell [18]. A third exotherm starting at 
1000 ~ could be due to YAG crystal growth. DSC of 
a sample heated to 450 ~ which should contain no 
organic matrix from TG data, gives an exotherm 
beginning at 470 ~ As the TG shows a slight increase 
in weight in this region this may be due to CO z 
absorption and carbonate formation. 

On studying the thermal decomposition of a 
GLMA precursor of A1 by TG and FTIR, it was 
noticed that the aluminium malonate intermediate 
decomposes to aluminium hydroxide, which suggests 
that the black colour is due to carbon which burns off 
at higher temperatures. 

The IR spectra in Fig. 6 show that the organic 
matrix decomposes to a basic carbonate which is 
converted to the carbonate at higher temperatures. At 
850 ~ the carbonate is decomposed leaving a sample 
which gives metal-oxygen vibrations below 900 cm-  1. 

The characteristic spectrum of YAG appears at 
900 ~ and this remains at higher temperatures. No 
crystalline phases are produced until the precursor 
reaches 850 ~ i.e. after decomposition of the amorph- 
ous carbonate intermediate. This 800~ sample is 
black and amorphous whereas the 850 ~ sample was 
white and crystalline. The reflection observed for the 
850 ~ sample corresponded to the hexagonal YA10 3 
compound (JCPDS 16-219). This was later confirmed 
by studying the decomposition of a GLMA precursor 
of YAIO 3 which showed the same reflections. 

By 900 ~ YAG begins to appear in the heating of 
the 3Y:5A1 material, and the intensity of the reflec- 
tions in the XRD pattern due to YAG increases with 
increasing temperature, possibly caused by crystal 
growth. At 1000 ~ YAIO 3 is barely discernible and 
by 1100 ~ YAG is the only phase present. Intense 
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Figure 10 DSC curve of a GLMA precursor of YAIO3. 

peaks are given for this last sample, indicating crystal 
growth. 

6. Conclusions 
Single-phase YAG can be obtained by the organic 
solution technique using a glycerol/malonic acid ma- 
trix. The formation of YAG is via a YA10 3 inter- 
mediate. YAG starts to form at 900 ~ and the reac- 
tion is complete by 1100 ~ The reaction is assumed 
to be between crystalline YA103 and amorphous 
Al:O3, hence the short reaction time. 
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