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Bismuth substituted gadolinium iron garnet thin films (BixGd3-xFe5O12) were prepared with x = 1, 2, and 2.5 on 

glass substrates by enhanced metal organic decomposition (EMOD) method. We mixed the solution containing Fe2O3, 

Bi2O3 and Gd2O3 carboxylates so that we could obtain desired Bi content x. X-ray diffraction (XRD), optical 

transmittance / reflectivity, and Faraday rotation (FR) were measured for characterizations in order to examine their 

dependence on annealing temperatures and different amount of Bismuth substitution (x). When BixGd3-xFe5O12 thin 

films were directly prepared on glass substrates, Bi2O3 phase were observed by XRD measurements and with 

increasing Bi content x from 1 to 2, the FR increased from 1.2 to 5.8 deg./μm at the wavelength of 530 nm. FR of 

Bi2.5Gd0.5Fe5O12 thin films prepared directly on glass substrates were smaller (0.35 deg./μm) than those with x = 2. 

When Bi2.5Gd0.5Fe5O12 thin films were prepared with annealing temperature of 620oC with Gd3Fe5O12 buffer layer on 

glass substrates, the films showed garnet crystal structure and FR, which is comparable with that of Bi2.5Gd0.5Fe5O12 

thin films prepared on (111) (GdCa)3(GaMgZr)5O12 (SGGG) single crystal substrates.  These results demonstrate 

that BixGd3-xFe5O12 thin films can be prepared on glass substrates with controlled Bi content and that FR as high as 

that prepared on the SGGG substrate can be obtained by the EMOD method. 

 

Key words: magnetic garnet, enhanced metal organic decomposition method, Faraday effect. 
 

1. Introduction 
 

Bismuth substituted rare-earth iron garnets have a 

considerable interest owing to their large magneto optic 

effect. Large FR with high transparency in the visible to 

near infrared range1) are key properties which made the 

magnetic garnet materials suitable for various 

applications for magneto-optical device elements such as 

in magnetoplasmonic structure2), optical isolators3), 

circulators4,5), and magnet photonic crystals (MPCs) 

used in magneto-optic spatial light modulators 

(MOSLM)6-9).  

Bismuth substituted gadolinium iron garnet 

(Bi:GdIG) is a ferrimagnetic material and shows 

perpendicular magnetic anisotropy, which is one of the 

most desirable materials for magneto optical devices 

owing to its high optical transmittance and extremely 

high magneto optical activity in the visible and near 

infrared regions 10,11) , which enable this material to have 

high frequency application. FR can be controlled by Bi 

substitution of Gd. Therefore, it is very important to 

control the amount of Bi substitution in order to control 

and increase the FR. There are several methods to 

prepare the bismuth substituted rare-earth iron garnet 

thin films such as a laser ablation12), a liquid phase 

epitaxy13), RF magnetron sputtering14), etc. Among them, 

metal organic decomposition (MOD) method is a 

promising one to prepare magnetic garnet film, because 

it is a simple fabrication method which is composed of 

spin coating of the MOD solution and annealing, and 

guarantees high uniformity in chemical composition and 

purity combined with chemical stability. It was reported 

that BixGd3-xFe5O12, BixY3-xFe5O12, and BixY3-x(FeGa)5O12 

thin films were prepared on gadolinium gallium garnet 

(GGG) 12-17) and glass substrates 18). We have prepared 

Bi:GdIG thin films on GGG substrates by annealing 

with and without O2 gas and investigated the crystal 

growth process and magnetic anisotropy19). The 

fabrication of magnetic garnet such as Bi2.5Y0.5Fe5O12 

films was reported by using Nd2Bi1Fe4Ga1O12 buffer 

layers on glass substrate which was fabricated by the 

MOD method, and FR of 13.8 deg./μm at = 520 nm was 

reported for the Bi2.5Y0.5Fe5O12 films18). It is important to 

obtain BixGd3-xFe5O12 thin films having higher Bi 

content x and FR.  However, it is reported that 

preparation of BixGd3-xFe5O12 with high Bi content on 

glass substrates is difficult12-17). Therefore, fabrication of 

BixGd3-xFe5O12 thin films with various Bi content x and 

characterization of FR are important. In order to 

investigate the effect of changing the Bi content x on FR 

of BixGd3-xFe5O12 thin films by increasing the Bi content 

x systematically, we fabricated the BixGd3-xFe5O12 thin 



films on glass substrates by the EMOD method. 

Furthermore, we used the Gd3Fe5O12 buffer layer in 

order to fabricate the BixGd3-xFe5O12 thin films with 

higher x of 2.5 showing larger FR by the EMOD method. 
 

2. Experiments 
 

We fabricated BixGd3-xFe5O12 thin films with x = 1, 2 

and 2.5 at different annealing temperatures of 620°C, 

650°C and 700°C on 15 mm x 15 mm glass substrate, 

and BixGd3-xFe5O12 thin film with x = 2.5 on 12 mm x 12 

mm SGGG (111) single crystal substrate and Gd3Fe5O12 

buffer layer / glass substrate by the EMOD method. The 

EMOD liquids used in this experiment are SYM-FE05 

containing Fe2O3 carboxylates, SYM-BI05 containing 

Bi2O3 carboxylates, and SYM-GD01 containing Gd2O3 

carboxylates by Kojundo Chemical Laboratory so that 

we could obtain BixGd3-xFe5O12 thin films with desired 

Bi content x. Kojundo Chemical Laboratory Ltd provides 

their own MOD solutions, as well as EMOD solutions 

developed by Symetrix corporation of the United States 

and Kojundo Chemical Laboratory Ltd20). The MOD 

solution contains 2 – 3 kinds of metal oxides 

carboxylates such as Bi2O3, Gd2O3, and Fe2O3 

carboxylates in acetic ester to prepare BixGd3-xFe5O12 

thin films. In case of preparation of BixGd3-xFe5O12 thin 

films by the MOD method, Bi content x is fixed. On the 

other hand, the EMOD solution contains one metal oxide 

carboxylate in xylene and can be mixed with other 

EMOD solutions containing other metal oxide. Therefore 

it is possible to prepare the BixGd3-xFe5O12 thin films in 

any proportion of Bi content x, which enables greater 

degree of freedom and more precise control of 

composition in order to prepare BixGd3-xFe5O12 thin films. 

When we prepare the BixGd3-xFe5O12 thin films with 

different Bi content x by the EMOD method, the EMOD 

solutions of Fe2O3 carboxylate (product name 

SYM-FE05), Bi2O3 carboxylate (product name 

SYM-BI05), and Gd2O3 carboxylate (product name 

SYM-GD05), are mixed and combined for different Bi 

content x, which is advantage compared with the MOD 

method. The selected components were mixed in the 

desired stoichiometric ratio of BixGd3-xFe5O12 with 

different value of x = 1, 2 and 2.5 and stirred well. The 

solution was then filtered by advantec filter paper. The 

solution was spin-coated in 2 steps process of 500 rpm 

for 10 s and 2000 rpm for 20 s, followed by drying on a 

hot plate at 120°C for 10 min and the solvent are 

evaporated. In order to decompose the organic materials 

and obtain the amorphous metal oxide films, the 

samples were pre-annealed at 550°C for 10 min. The 

thickness by single spin coating step is typically 20 - 30 

nm. The conditions for spin coating, drying, and 

pre-annealing were fixed. We changed the mixing ratio 

of the SYM-BI05 and SYM-GD01 solutions in order to 

change the Bi substitution x in BixGd3-xFe5O12 thin films, 

and changed the final-annealing temperature. The 

thickness of the samples slightly changes with the spin 

coating speed, time and viscosity of the solutions. Spin 

coating, drying and pre-annealing were repeated for 11 

times to obtain an appropriate thickness. Spin coating, 

drying and pre-annealing, were repeated 6 times for the 

BixGd3-xFe5O12 films on the Gd3Fe5O12 buffer layer / glass 

substrate.  Also, we prepared a BixGd3-xFe5O12 film on 

SGGG (111) single crystal substrate for a reference 

sample to compare the FR. The amorphous 

BixGd3-xFe5O12 films prepared by pre-annealing process 

were then annealed at 620, 650 and 700 °C for 2 hours 

for crystallization (final annealing). The pressure during 

the annealing was atmospheric pressure. Bi:GdIG thin 

films prepared in this study were characterized by x-ray 

diffraction (XRD), optical transmittance, optical 

reflectivity, and FR spectra. All the measurement was 

done at room temperature. We measured the XRD from 

the central part of the samples. The diameter d of the 

x-ray beam is about 0.4 mm. Therefore, the 

measurement results of the XRD show average 

crystallinity of the samples over d = 0.4 mm. We 

estimated the thickness of the samples from the optical 

reflectivity spectra, and discussed the relationship 

between XRD and FR spectra.  
 

3. Results and Discussion 
 

Figure 1 shows the optical reflectivity spectra 

(wavelength  = 250 - 2600 nm) of the BixGd3-xFe5O12 

samples annealed at 620, 650 and 700 °C, with the Bi 

content x = 0, 1, 2 and 2.5 on glass substrates. The 

incident direction of the light was normal to the sample.  

In order to estimate the thickness of the BixGd3-xFe5O12 

films, we fitted the measured optical reflectivity spectra 

to reproduce the experimental results by the calculated 

reflectivity spectra. We calculated the reflectivity 

spectra by considering the multiple reflection inside the 

BixGd3-xFe5O12 films by interfaces between air / film (af) 

and film / glass substrate (fs). We assumed that the film 

thickness is uniform and the glass substrate is 

non-absorbing and incoherent material. The reflectivity 

R is calculated by the following formula (1) 21,22)
. 



(2)

(3)

(4)

Fig. 1 Optical reflectivity spectra (solid lines) of the 

BixGd3-xFe5O12 samples annealed at 620, 650 and 

700 °C, with bismuth content x = 0, 1, 2 and 2.5 on 

glass substrates. The fitted spectra are shown by 

dashed lines. 

 

 

 

where Rafs, is the reflectivity within the interface 

between air (a), film (f), and the interface between film 

(f) and substrate (s), Rsfa is the reflectivity within the 

interface between substrate (s), film (f), and the 

interface between film (f) and air (a), and Tafs is the 

transmission within the interface between air (a), film (f), 

and the interface between film (f) and substrate (s). Rafs, 

Rsfa and Tafs include the effect of multiple reflections 

inside the film and can be expressed by the following 

formulas (2), (3) and (4). They are related to the film 

thickness d, wavelength , and refractive index n - ik of 

the film. Since the refractive index has wavelength 

dependence, we divided the optical reflectivity spectra to 

two regions ( < 1000 nm and  > 1000 nm), and changed 

the refractive index and thickness to reproduce the 

experimentally obtained optical transmission spectra23). 

In the final stage of the fitting, the films thickness d is 

obtained. 

 

 

 

 

 

 

The simulated reflectivity spectra showed by the 

dotted lines in figure 1. The thicknesses were estimated 

to 170 - 210 nm for the samples with x = 1, 200 - 260 nm 

for the samples with x = 2, and 330 - 360 nm for the 

samples with x = 2.5. The viscosity of the solution was 

increased with increasing the Bi content x.  Therefore 

the film thickness increased with increasing the Bi 

content x. 

Figure 2 shows the XRD spectra of the fabricated 

samples on glass substrates.  The XRD spectra of 

samples shows some peaks associated with (420) plane 

of BixGd3-xFe5O12, (104) plane of Fe2O3, (112) plane of 

Gd2O3, (008) plane of -Bi2O3, (200) plane of BiO3, (222) 

plane of -Fe2O3, and (130) plane of -Fe2O3 phases.  

 R (1) 



Fig. 2 X-ray diffraction spectra of the BixGd3-xFe5O12 thin films on glass substrates at annealing temperature of 

620, 650 and 700 °C with Bismuth doped x = 0, 1, 2 and 2.5 on glass substrates and Bi2.5:GdIG on GdIG buffer 

layer/glass substrate. 
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Fig. 3 X-ray diffraction spectra of the Bi2.5Gd0.5Fe5O12 thin film on SGGG (111) single crystal substrate at the 

annealing temperature of 620°C.  Please note that the vertical axis is in logarithmic scale. 
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Fig. 4 Optical transmittance spectra of the Bi:GdIG 

samples annealed at 620, 650 and 700 °C, with the 

bismuth content of a) x = 2.5 on glass, GdIG buffer 

layer / glass and SGGG (111) single crystal 

substrates, b) x = 1 and 2 on glass substrates. 

 

When the Bi2O3, Gd2O3 and Fe2O3 carboxylates are 

mixed with a ratio of 1 : 2 : 5, and the annealing 

temperature of 620 – 700 oC directly prepared on the 

glass substrates, the diffraction signal from Fe2O3 is 

larger than that from BixGd3-xFe5O12. When the Bi2O3, 

Gd2O3 and Fe2O3 carboxylates are mixed with a ratio of 

2 : 1 : 5 and the annealing temperature of 620 – 650 oC 

directly prepared on the glass substrates, the diffraction 

signal from Gd2O3 is larger than that from BixGd3-

xFe5O12. When the annealing temperature is 700 oC, the 

diffraction signal from Bi2O3 is increased. When the 

Bi2O3, Gd2O3 and Fe2O3 carboxylates are mixed with a 

ratio of 2.5 : 0.5 : 5 and the annealing temperature of 

620 – 700 oC directly prepared on glass substrates, the 

diffraction signals from Bi2O3 and -Bi2O3 are much 

more dominant than that from BixGd3-xFe5O12. The 

diffraction peak associated with BixGd3-xFe5O12 were the 

weakest with x = 2.5 among all the samples without the 

Gd3Fe5O12 buffer layer. With increasing the final 

annealing temperature, the diffraction peak associated 

with ε-Bi2O3 increased.  From the XRD spectra of the 

samples, it is difficult to fabricate Bi:GdIG thin films 

with high Bi content x = 2.5 directly on glass substrate. 

In order to solve this problem, we fabricated a 

gadolinium iron garnet (GdIG) thin film with 

composition of (Gd2O3:Fe2O3 = 3:5) as a buffer layer for 

preparation of BixGd3-xFe5O12 thin films with higher Bi 

content x of 2.5, with the thickness of 150 nm on the 

glass substrate at final annealing temperature of 650°C 

by the EMOD method.  When the Gd2O3 and Fe2O3 

carboxylates are mixed with a ratio of 3 : 5, the 

diffraction signals from Gd3Fe5O12, and -Fe2O3  are 

dominant. 



Fig. 5 Faraday rotation spectra of the BixGd3-xFe5O12 

samples with different annealing temperatures and 

bismuth content(a) x = 1, (b) x = 2 and (c) x = 2.5. 

Fig. 6 Faraday rotation spectra of the Bi2.5Gd0.5Fe5O12 

samples annealed at 620°C with the bismuth content 

x = 2.5 on gadolinium iron garnet buffer layer / glass 

sub and SGGG (111) single crystal substrates. 

 

Then we tried to fabricate a Bi2.5Gd0.5Fe5O12 thin film 

on the GdIG buffer layer / glass substrate. The final 

annealing temperature for Bi2.5Gd0.5Fe5O12 thin film 

was set at 620°C instead of the annealing temperature 

of 650°C shown in figure 2.  This is because when the 

final annealing temperature of the Bi2.5Gd0.5Fe5O12 film 

is the same or higher than the final annealing 

temperature for the GdIG buffer layer/glass sub., the 

part of crystal structure of the GdIG buffer layer can be 

destroyed25).  Therefore, we set the final annealing 

temperature at 620°C for the Bi2.5Gd0.5Fe5O12 film on 

the GdIG buffer layer/glass sub. 

When the Bi2O3, Gd2O3 and Fe2O3 carboxylates are 

mixed with a ratio of 2.5 : 0.5 : 5 and the annealing 

temperature of 620 oC with the Gd3Fe5O12 buffer layer 

on glass substrate, the diffraction signal from BixGd3-

xFe5O12 is the most dominant and the formation of other 

phases such as ε-Bi2O3, BiO3 and Gd2O3 are suppressed.  

The diffraction peak associated with β-Fe2O3 at the 

right side of the Bi:GdIG diffraction peak is associated 

with the Gd3Fe5O12 buffer layer. From figure 2, it was 

confirmed that the Bi2.5Gd0.5-Fe5O12 thin film having 

garnet crystal structure was prepared with the buffer 

layer on glass substrate by the EMOD method. 

Figure 3 shows the XRD spectra of Bi2.5Gd0.5Fe5O12 

prepared by the EMOD method on (111) SGGG single 

crystal substrate.  444 and 888 diffraction peaks are 

clearly observed and other peaks associated with 

polycrystalline or impurity phases were not observed.  

The lattice constant a was calculated to 1.2587 nm. It 

was reported that the lattice constant of Bi2.5Gd0.5Fe5O12 

samples prepared by liquid phase epitaxy (LPE) was 

1.259 nm24), and comparable to that of our 

Bi2.5Gd0.5Fe5O12 thins films on (111) SGGG substrate.  

By comparing the lattice constant of two materials and 

the results of figure 3, we estimated the composition of 

our single crystal film to Bi2.5Gd0.5Fe5O12 by the EMOD 

method.  Also the diffraction peaks associated with 

Bi2O3, Gd2O3, Fe2O3, GdIG and BiGdIG of the 

polycrystalline samples on the glass substrates were 

confirmed by comparing the lattice spacing d measured 

by the XRD to the powder diffraction files of 

international center for diffraction data (ICDD).  

Therefore, we estimated the fabricated crystal structure 

by the EMOD method to the garnet structure.  

Figure 4 shows the optical transmittance spectra of 

the BixGd3-xFe5O12 thin films on the glass substrates 

with / without Gd3Fe5O12 buffer layer and on (111) 



SGGG single crystal substrate. The Bi2.5Gd0.5Fe5O12 on 

the Gd3Fe5O12 buffer / glass sub has high transparency 

in visible and near infrared region, higher than the 

Bi2.5Gd0.5Fe5O12 film on (111) SGGG substrate. 

Figure 5 shows the FR spectra of the fabricated 

BixGd3-xFe5O12 thin films crystallized at 620, 650, and 

700 °C with x = 1, 2 and 2.5 on glass substrates. The 

magnetic field of 1 T was applied perpendicular to the 

samples in order to fully magnetize the samples. 

The samples with the annealing temperature of 

650°C show larger FR (negative) than the other samples 

with x = 1, 2, and 2.5 annealed at 620 and 700 °C. 

Therefore the annealing temperature of 650°C is the 

optimum condition for crystallization of the BiGdIG thin 

films on the glass substrate by the EMOD method. The 

FR of Bi:GdIG increased with increasing x to 2, and 

decreased in the sample with high Bi content of x = 2.5. 

Figure 6 shows the FR spectra of the Bi2.5Gd0.5Fe5O12 

thin films on the GdIG buffer layer / glass substrate and 

SGGG (111) single crystal substrate. Bi2.5Gd0.5Fe5O12 

thin film on the GdIG buffer layer / glass substrate 

showed 27.5 deg./μm at the wavelength of 533 nm, which 

is 8 times larger than that without the GdIG buffer layer.  

This is because the sample with the GdIG buffer layer 

showed the largest diffraction signal from the 

BixGd3-xFe5O12 and garnet structure, and the samples 

without garnet structure including other phases such as 

Bi2O3 and Gd2O3 showing little FR,as shown in figure 2. 

Maximum FR (negative) angle of the Bi2.5Gd0.5Fe5O12 

thin films on SGGG substrate is 32.5 deg./μm at the 

wavelength of 533 nm. The maximum FR of the 

Bi2.5Gd0.5Fe5O12 thin films on the GdIG buffer layer / 

glass substrate is comparable with that on (111) SGGG 

single crystal substrate. The FR of Bi2.5Gd0.5Fe5O12 thin 

films on the Gd3Fe5O12 buffer layer / on glass substrate 

(27.5 deg./m at  = 533 nm) is 3 time larger than that of 

the reported Bi1.4Gd1.6Fe5O12  sample (9.3 deg./m at 

= 520 nm.), which was fabricated by sintering, hot 

press and annealing method26). Also it was reported that 

Bi2.5Gd0.5Fe5O12 films on Nd2Bi1Fe4Ga1O12 buffer layers 

on a glass substrate which was fabricated by the MOD 

method had FR of 13.8 deg./m at  = 520 nm, which is 

half of the FR of our Bi2.5Gd0.5Fe5O12 thin films on the 

Gd3Fe5O12 buffer layer / on glass substrate 18). Therefore, 

our samples fabricated by the EMOD method showed 2 - 

3 times larger FR compared with that of previously 

reported BixGd3-xFe5O12 samples. 

 
 

4. Conclusion 

We have prepared BixGd3-xFe5O12 thin films on glass 

substrates, with and without Gd3Fe5O12 buffer layer 

prepared on glass substrates and (111) SGGG single 

crystal substrate by the EMOD method.  We 

characterized the XRD, FR and optical transmittance 

spectra of the samples.  The FR shows that the 

annealing temperature of 650 °C is the optimum 

condition for crystallization of BixGd3-xFe5O12 on the 

glass substrate.  From the XRD spectra, the 

Bi2.5Gd0.5Fe5O12 samples on the Gd3Fe5O12 buffer layer 

shows that the Bi:GdIG thin films were successfully 

fabricated on the glass substrates without forming Bi2O3 

and Gd2O3 phases, which are observed in samples 

without Gd3Fe5O12 buffer layer.  Furthermore, larger 

Faraday rotation (27.9 deg./μm at  = 533 nm) was 

obtained on the sample with the Gd3Fe5O12 buffer layer 

than that without Gd3Fe5O12 buffer layer, and the 

Faraday rotation is comparable with that prepared on 

SGGG (111) single crystal substrate.  It is important to 

suppress the formation of the Bi2O3 and Gd2O3 phases by 

the Gd3Fe5O12 buffer layer in order to prepare 

BixGd3-xFe5O12 thin films having higher Bi content x and 

FR, from the XRD spectra and measurement of the 

Faraday rotation.  These findings are important to 

realize BixGd3-xFe5O12 thin films having large Faraday 

rotation for future applications to MOSLMs and optical 

isolators on the glass substrates. 
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