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Abstract 
In this study, for the search and development of new spintronic materials, thin films of Tm3Fe5O12 iron garnet were obtained 
by the metalorganic chemical vapor deposition (MOCVD) on single-crystal Gd3Ga5O12(111) – GGG and Y3Al5O12(111) – YAG 
substrates. The Tm3Fe5O12 films were investigated using X-ray diffraction, Energy dispersive X-Ray microanalysis, Raman 
spectroscopy and terahertz (THz) pulsed spectroscopy.
The epitaxial nature of films deposited on substrates of both types demonstrated. It was found that the growth of garnet 
film under the high-temperature vacuum conditions of MOCVD on a GGG substrate is complicated by the evaporation of 
gallium oxide, which causes the introduction of iron oxide into the surface layer of the substrate, enrichment of the adjacent 
layer of the film with thulium oxide and the formation of non-stoichiometric garnet with antisite defects.
It was concluded that YAG substrates are more promising, since the heteroepitaxy of iron garnets on them does not have 
such complications. 
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1. Introduction
The successes achieved in the last decade in 

the development of new areas of electronics – 
spintronics and magnonics are based on the 
development and application of new materials, 
including those combining several functional 
properties [1]. One of the main trends in 
modern engineering is the miniaturization of 
electronic devices, so research and development 
of multifunctional materials in the form of thin 
films is of particular interest. This direction of 
development is especially relevant for spintronics 
and magnonics, which use ferrimagnets with a 
garnet structure in the form of ultra-thin (from 
units to tens of nanometers) epitaxial films 
as the main materials [1]. To obtain such thin 
films, the liquid-phase epitaxy method, which 
has long been the most popular method for 
synthesizing garnets (the thickness of the films 
obtained in this case is a few micrometers [2, 3]), 
cannot be used; therefore, new technological 
approaches to obtaining thin films of iron 
garnets are required. One of the promising 
synthesis methods is the metalorganic chemical 
vapor deposition (MOCVD) using , which has 
become the main method in the synthesis of 
epitaxial heterostructures of semiconductors [4]. 
Using b-diketonates and alcoholates as volatile 
substances, MOCVD can also be quite successfully 
applied to the epitaxy of functional materials 
based on simple and complex oxides [5].

The structural class of garnets belongs to 
the space group Ia3d. The cubic body-centered 
unit cell of garnet contains 8 identical octants 
corresponding to the formula composition 
{RE}3[Fe]2(Fe)3O12, where the curly brackets { } 
denote the dodecahedral positions of the rare 
earth element (RE), and the brackets [ ]- and ( )‑ 
correspond to the octahedral and tetrahedral 
positions occupied by Fe3+ ions. Thus, the features 
of iron-based garnets are: a multi-sublattice 
magnetic structure, have wide possibilities 
for varying the elemental composition and, 
as a consequence, a variety of their magnetic 
properties [6].

Iron garnets of rare earth elements (REE) 
have high resistance and, accordingly, high 
transparency in the visible and near IR ranges, 
which gives them an advantage over metallic 
ferromagnets (Fe, Ni, etc.), since it allows the use 

of the pump-probe technique in the study of ultra-
fast magnetization dynamics [1,7]. Spin pumping 
is also a way to excite magnons in magnetic 
systems. Recently, spin wave propagation in a 
lutetium iron garnet/heavy metal (Lu3Fe5O12/Pt) 
is demonstrated in [8]. The results of such studies, 
along with great fundamental interest, open up 
prospects for the creation of ultra-high-speed 
devices for recording and processing information 
using thin ferrimagnetic films [9]. 

Spin-flip transitions of some rare earth iron 
garnets occur in the frequency range from 0.1 
THz to 10 THz. Therefore, terahertz radiation can 
potentially affect the spin state of such systems 
and can be used to obtain important results in the 
study of magnetic dynamics under the influence 
of laser radiation [10], however, research in this 
direction is in the initial phase of its development. 
Systematic studies of the spectral properties 
of iron garnet films in the THz range and their 
changes in a number of rare earth elements are 
of great interest. 

Thus, the aim of this study was the MOCVD 
synthesis of thin films of Tm3Fe5O12 iron garnet, 
comparative analysis of the results of epitaxy 
on isomorphic Gd3Ga5O12 and Y3Al5O12 (111) 
substrates, investigation of the structure of 
the obtained films by X-ray diffraction, Raman 
spectroscopy, and also study of their spectral 
characteristics by time-resolved pulsed THz 
spectroscopy.

2. Experimental 
Thin Tm3Fe5O12 films were synthesized on 

single-crystal Ga3Ga5O12 (GGG)  and Y3Al5O12 
(YAG) substrates with the (111) orientation 
by metal-organic chemical vapor deposition 
(MOCVD). Dipivaloylmethanates Tm(thd)3 and 
Fe(thd)3 (thd – 2,2,6,6-tetramethylheptane-3,5-
dionate anion) were used as volatile compounds 
(precursors). In our previous study, we discussed 
in detail a new principle of dosing precursor 
vapor into the reactor, which ensures smooth, 
well-controlled and reproducible “feeding” of the 
growing film [11]. The scheme of the modernized 
setup using this principle and applied in this study 
is shown in Fig. 1. The system operates by passing 
a cotton thread impregnated with an metalorganic 
precursor solution through two separate vacuum 
zones – a low-temperature solvent evaporation 
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zone and a higher-temperature zone where 
precursors sublimate. The solvent vapors (toluene 
was used) are condensed in a nitrogen trap, and 
the precursor vapors are transferred by a carrier 
gas flow (Ar) into a vertical hot-wall reactor, 
where their oxidative thermolysis occurs with the 
formation of an oxide film on a heated substrate. 
The substrate holder with the substrate fixed 
to it rotates around a vertical axis in order to 
increase the lateral homogeneity of the films by 
thickness. The vacuum in the system is created 
by a fore vacuum pump equipped with a valve 
for regulating the overall pressure in the film 
deposition zone. The temperature of the hot lines 
through which the precursor vapors are supplied 
and the temperature of the substrate holder were 
190 and 910 °С respectively; the total pressure 
was 10 mbar, the partial pressure of oxygen was 
1 mbar, the film growth rate was 3 nm/min. After 
film deposition, the setup was filled with oxygen 
to atmospheric pressure and oxidative annealing 
was carried out at the spraying temperature for 
20 min, after which the setup was cooled. The 
thickness of the films was 900 nm.

The Fe/Tm ratio in the obtained films 
was determined by Energy dispersive X-Ray 

microanalysis (EDX) data using a Zeiss EVO 50 
SEM scanning electron microscope with an e2v 
Sirius SD EDX analyzer. The phase composition 
and orientation of the obtained films were 
determined based on X-ray θ-2θ scanning data 
using a Rigaku SmartLab diffractometer (CuKα, 
graphite monochromator). Measurement in the 
θ-2θ scanning mode was carried out in the angle 
range of 5–80° with a step of 0.02°, the signal 
accumulation time was 1 s. Phase analysis was 
performed using the ICDD PDF database. For 
the determination of the in-plane orientation 
of the films and confirm epitaxial growth, X-ray 
φ-scanning was performed.

Raman spectra at wavelengths of 532 and 
785 nm were obtained using a HORIBA Scientific 
Raman spectrometer and microscope. The 
measurement range was from 80 to 2000 cm–1. 
Raman spectroscopy was performed with a 100x 
objective at an incident radiation intensity of 
140 W/cm2 for l = 532 nm and 3.6·103 W/cm2 for 
l = 785 nm. Three independent measurements 
were performed, each of which was averaged 
over 30 scans with an accumulation time of 0.5 s 
at each point. The background component of 
the spectrum was subtracted using the Voight 

Fig. 1. Schematic diagram of MOCVD setup with thread-solution feeder. I – Thread feeding and solvent evap-
oration unit: 1 – cotton thread, 2 – feeding reel, 3 – reservoir for precursor solution, 4 – dies. II – Precursor 
evaporation unit: 5 – precursor evaporator, 6 – receiving reel, 7 – vacuum cover of the receiving reel. III – Film 
deposition unit: 8 – quartz reactor, 9 – reactor furnace, 10 – rotating substrate holder. Heated lines are marked 
in red
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function approximation of the obtained Raman 
spectra.

Terahertz spectroscopy in both transmission 
and reflection geometry was performed using a 
commercial TeraSmart THz spectrometer (Menlo 
Systems GmbH, Germany). Linear p-polarized 
THz pulses are generated in a fiber-coupled 
photoconductive antenna (Fe:InGaAs/INASAS) 
and measured by two photoconductive detectors 
(LT InGaAs/InAlAs), which simultaneously 
measure the transmitted and reflected THz 
beams. The spectrometer has a dynamic range 
of 95 dB, a spectral range of 0.2–3.6 THz and a 
scan window of 110 ps, providing a frequency 
resolution of 7.3 GHz. The spectral range for 
measurements is limited in the low-frequency 
region by the sample aperture (4 mm), and in 
the high-frequency region (above 3.6 THz) by the 
detectors’ absorption lines. The THz radiation 
was focused onto the sample by two parabolic 
mirrors, and the THz beam size on the sample 
was about 500 μm at the 1/e2 level. In this study, 
the incidence angle was 35°. To reduce the effect 
of water vapor absorption, the experiments 
were conducted using a dry air system that 
maintained a relative humidity of 20% in the 
chamber. In addition, to reduce systematic error, 
3 independent measurements of 1000 pulses each 
were performed for each sample, the results of 
which were averaged.

The method for obtaining the absorption 
coefficient and refractive index for the 
transmission configuration is described in 
[12,13]. Determination of the dependence of 
the amplitude of the transmitted field on the 
frequency (w) is possible using the Fourier 
transforms (FFT) of the time profile of the THz 
pulse E(t):

E FFT E tsample .w( ) = ( )( ) 		  (1)

The transmittance coefficient Tw (w)  of the 
sample is calculated as the ratio of the amplitude 
of the field passed through the sample to the 
amplitude of the field without the sample (air):

T
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w

w
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From here the absorption index of the sample 
is calculated as:
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 – reflec-

tion coefficient, n t
c
daver = + ◊1 D  – average refrac-

tive index, Dt – pulse delay when passing through 
the sample, с – the speed of light.

3. Results and discussion
For deposition of Tm3Fe5O12 films two 

substrates with a garnet structure were selected – 
GGG(111) and YAG(111) with very different unit 
cell  parameters (Fig. 2), which leads to different 
values of the unit cell parameter mismatch (e) at 
the film/substrate interface. Values e, calculated 
using the formula: 

e =
-

◊
a a

a
substrate film

substrate

100  %, 	 (5)

were 0.4% and -2.8% for films on GGG(111) and 
YAG(111), respectively. As can be seen from the 
calculated values, during epitaxy on YAG, the 
substrate compresses the film in-plane, and in 
the case of GGG, on the contrary, the substrate 
stretches the film in-plane. Thus, during the 
growth of Tm3Fe5O12 films on these substrates, 
significant elastic stresses can be expected in the 
films, which usually lead to changes in many 
physical properties, in particular magnetic ones.

The q/2q diffraction patterns of Tm3Fe5O12 
films, obtained by simultaneous deposition on 
GGG(111) and YAG(111) substrates are shown 

Fig. 2. Schematic illustration of the difference in the 
unit cell parameters of Gd3Ga5O12(111) and Y3A-
l5O12(111) garnet substrates and Tm3Fe5O12 film
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in Fig. 3a. It is evident that in both diffraction 
patterns, in addition to the substrate peaks, 
there were peaks from the Tm3Fe5O12 film (444), 
however, on the GGG(111) substrate there 
were also additional peaks, designated 2 and 3 
(Fig.  3a,  b). This result is identical to recently 
observed in our study of the structure of lutetium 
iron garnet Lu3Fe5O12 films on GGG substrates 
[14]. Under MOCVD synthesis conditions (Tdeposition 
= 890-950 °C and low partial pressure of oxygen 
~1 mbar) surface chemical instability of the 
Gd3Ga5O12 substrate was observed due to the 
volatility of gallium oxide Ga2O. This leads to the 
formation of a surface layer of Gd3(FeхGa5-х)O12 in 
the substrate, which occurred as a result of filling 
vacancies formed during partial loss of gallium 
with Fe3+ ions. It is obvious that vacancies VGa

¢¢¢, 
occupied by iron ions, were formed primarily in 
octahedral positions. The diffraction peak 2 in 
Fig. 3 indicates the formation of the epitaxial 
layer of Gd3(FexGa5-x)O12. The calculated unit cell 
parameter for the Gd3(FeхGa5-х)O12 layer was 12.46 
Å, which was close to the unit cell parameter for 
Gd3Fe5O12 = 12.50 Å. 

Diffraction peak 3 (Fig. 3a, b) we interpret as 
belonging to the intermediate Tm-excessive layer 
of garnet of composition Tm3(TmxFe5-x)O12, similar 
to Lu3(LuxFe5-x)O12, observed in [14] and formed 
as a result of partial occupation of octahedral 
positions of garnet by Lu+3 ions and a decrease 

in their occupation by Fe+3 ions. Since the ionic 
radius of Tm+3 (coordination number = 6) is higher 
than that of Fe+3 (0.88 Å and 0.65 Å, respectively 
[15]), then such a substitution leads to a strong 
increase in the unit cell parameter of the Tm+3 
compositions as the x value increases, which is 
manifested in a shift in the X-ray reflection of 
garnet (444) to the region of smaller angles. The 
possibility of the location of REE ions not only 
in dodecahedral but also in octahedral positions 
was pointed out by Geller in his classic study in 
1967 on the crystallography of garnets [6]. Also 
the theoretical study[16], which examined these 
possibilities in detail and proposes an algorithm 
for calculating the degree of occupation of oxygen 
octahedra in garnet single crystals by REE ions, 
as well as the study [17], in which the formation 
of such antisite defects in a number of garnets, 
studied by the EXAFS method, was considered as 
the cause of a decrease in the cubic symmetry of 
garnets should be mentioned. At the same time, 
systematic and convincing experimental evidence 
of such a redistribution of REE ions by positions, 
as well as reliably established information about 
the region of non-stoichiometry of garnets in 
the systems “REE oxide – A2O3 (A = Al, Ga, Fe)” 
could not be found in the literature. In addition, it 
should be noted that the possibility of formation 
of antisite defects [REFe]

3+ in heteroepitaxial films 
and autonomous phases (powders, single crystals) 

Fig. 3. (a) X-ray diffractograms of Tm3Fe5O12 films deposited on GGG(111) and YAG(111) substrates. The dashed 
line indicates the (444) peak position of bulk Tm3Fe5O12. (b) Magnified fragment of the diffractogram of Tm3Fe5O12 
film deposited on GGG(111) with description of the pseudo-Voit function of the film peaks (peaks 1–3) and the 
substrate peak
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of the same composition, can differ significantly, 
since the films in the immediate vicinity of the 
interface with the substrate are always strained 
(in-plane tensile or compressive strain), which 
can, depending on the sign of the deformation, 
promote or counteract the formation of films 
enriched in REE, with an increased parameter 
in the plane of the interface. During the growth 
of Tm3Fe5O12 on GGG a positive ε value, which 
means the in-plane tensile of the film, can lead 
to the growth of the film with an increased unit 
cell parameter, i.e. contribute to the formation 
of antisite defects [RЕFe]

3+ and the formation of a 
layer of Tm-enriched garnet.

Based on the established sequence of growth 
of the interface layers, it is possible to assume 
a common cause and diffusion mechanism for 
their occurrence: the removal of gallium from 
the surface layer of the substrate causes a counter 
diffusion flow of iron ions into the substrate 
from the adjacent thin layer of stoichiometric 
Tm3Fe5O12 garnet which leads to enrichment 
of the latter with a rare earth component. It 
should be noted that both interface layers have 
a garnet structure and therefore do not impair 
the epitaxial character and orientation of the 
deposited layer, considered at full thickness. 
Epitaxial nature of Tm3Fe5O12 films on GGG(111) 
and YAG(111) substrates was confirmed by X-ray 
j-scanning (Fig. 4a, b): since the position of the 

reflections (800) of the film and substrate on the 
j-scans coincided, it can be concluded that during 
Tm3Fe5O12/GGG(111) and Tm3Fe5O12/YAG(111) 
film growth, cube-on-cube heteroepitaxy occurs.

Garnet of the “correct stoichiometry” 3:5 on the 
diffraction pattern of the Tm3Fe5O12/GGG sample 
corresponds to the peak number 1 (Fig. 3a, b). It 
corresponds to the reflection from the (444) plane, 
and its position corresponds to that expected based 
on the powder diffraction pattern (the position of 
the Tm3Fe5O12(444) peak for the powder is indicated 
by a dashed line) taking into account the above-
described nature of epitaxial deformations: in-
plane tensile strain )and the resulting reduction in 
interplanar distances in the direction perpendicular 
to the substrate (out-of-plane). The fact that the 
deviation of the (444) reflex from the line for 
the powder is relatively small indicates a small 
amount of film deformation during heteroepitaxy 
on a substrate with a very different unit cell 
parameter. In accordance with theoretical concepts 
of heteroepitaxy [18], partial elimination of elastic 
stresses arising due to the parametric difference 
between the film and the substrate occurs in this 
case due to the emergence of misfit dislocations 
(MD) in the film. It is natural to assume that in this 
case the MD are formed at the boundary of the Tm-
excess layer of Tm3(TmхFe5-х)O12 and stoichiometric 
layer Tm3Fe5O12, which differ most significantly by 
the unit cell parameter.

Fig. 4. X-ray j-scans results for Tm3Fe5O12 films on GGG(111) (a) and YAG(111) (b) substrates
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As the result of the deposition of Tm3Fe5O12 
films on a YAG(111) substrate, which has a lower 
unit cell parameter than the film and a larger 
parametric mismatch, was the formation of highly 
strained film, as indicated by the large deviation 
of the (444) reflex from its position for the powder 
sample (Fig. 3a). In this case, the stress is of 
compressive nature along the substrate, which, 
in accordance with the elastic nature of the 
deformation, led to stretching of the film along 
the normal to the substrate (as was indicated by 
the shift of the film peak towards smaller angles 
relative to the peak for the powder). Strong 
elastic strains in the film were manifested not 
only as a large shift of the (444) reflex, but also 
as its significant broadening: the width at half 
maximum (FWHM) was 0.31°. The magnitude 
of elastic strains s is of interest. The value of s 
was calculated based on the relative change of 
unit cell parameter of the film’s e compared to a 
Tm3Fe5O12 single crystal using the ratios:

e =
-

� film Tm Fe O

Tm Fe O

3 5 12

3 5 12

a a

a
, 		  (6)

s
n

e=
-

� ,
E

1
		  (7)

where afilm = 12.391 Å (the unit cell parameter 
determined based on XRD data for the Tm3Fe5O12 
film) and aTm Fe O �3 5 12

 = 12.327 Å (the unit cell pa-
rameter for the Tm3Fe5O12 single crystal), E – 
Young’s modulus, n – Poisson’s ratio. Since the 
elastic constants for Tm3Fe5O12 are not available 
in the literature, we used E = 187 GPa and ν = 0.29 
for yttrium iron garnet Y3Fe5O12 for the calcula-
tion [19]. The compressive stresses determined 
in this way was 1.4 GPa. It is obvious that, despite 
its large value, the compressive stresses charac-
terizes only the stress remaining after part of it 
has been eliminated by the appearance of MD at 
the film/substrate interface. The value of the 
theoretically possible elastic stress arising in the 
absence of the dislocation relaxation mechanism 
was estimated according to the formula: 

s
n

=
-

◊
-

� Tm Fe O YAG

YAG

3 5 12E a a

a1
	 (8)

and composed ~7 GPA (aYAG = 12.010 Å). Thus it 
becomes clear that the elastic stresses at the 
interface Tm3Fe5O12 with YAG substrate by» 80% 

are eliminated by mismatch dislocations.
In conclusion of the discussion of the X-ray 

diffraction results, it is necessary to state the 
degradation of Gd3Ga5O12-based substrates during 
gas-phase deposition, which led to the formation 
of additional phases in the composition of the 
Tm3Fe5O12 film and to the impossibility of using 
GGG(111) substrates to obtain iron garnet films 
for applied research, including for studying their 
behavior in the terahertz region. In this regard, 
YAG substrates, which are quite stable under high-
temperature conditions of film deposition using 
vacuum methods, despite the greater parametric 
mismatch, show a significant advantage. 

The Raman scattering studies of synthesized 
Tm3Fe5O12/YAG(111) film and YAG substrates were 
conducted at wavelengths l = 532 nm (Fig. 5a) and 
l = 785 nm (Fig. 5b). The iron garnets belong to 
the space group Ia3d and according to [20] have 
the following set of vibrational modes:

Г = 3A1g + 6Eg + 9T2g + 9T1u.	 (1)

The YAG belongs to the same space group, and 
as studies of the YAG structure have shown [21], 
yttrium ions have 24 c-bonds with dodecahedral 
coordination, and aluminum ions have 16 
a-bonds with octahedral coordination and 24 
d-bonds with tetrahedral oxygen coordination. 
These 160 atoms (metals and oxygen) per unit 
cell create 18 phonon branches (17 optical and 1 
acoustic T1u). It should be noted that 18 Raman-
active modes A1g, Eg and T2g, and 9 IR-active 
oscillations T1u are possible for the space group 
Ia3d [22].

Our Raman study showed that the best 
resolution of vibrational modes of the Tm3Fe5O12 
film against the background of a single-crystal 
YAG substrate was observed at l = 532 nm 
(Fig.  5a): the spectrum allows modes at 117 
(T2g), 182, 469, 650, 1114, 1284, 1817, 1910 and 
1960 cm–1. With less energy irradiation with a 
longer wavelength l = 785 nm, weak differences 
were observed between the spectrum of the YAG 
substrate and the spectrum of the film (Fig. 5b): 
only 2 vibrational modes were allowed at 116 (T2g) 
and 251 cm 1 (E2g). This is due to the fact that with 
a decrease in wavelength, starting from 800 nm, 
the absorption of rare earth iron garnets increases 
significantly. This, in turn, was associated with 
intense interband transitions and charge transfer 
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transitions from O2- to Fe3+ or to the rare earth 
element ion RЕ3+ [23]. The obtained Raman shifts 
116 and 251 cm-1 were consistent with the data 
for Tm3Fe5O12 films with the thickness of 20–
300  nm on a substituted gallium-gadolinium 
garnet (Gd2.6Ca0.4Ga4.1Mg0.25Zr0.65O12) substrate 
with orientation (111), in the Raman spectra of 
which 2 modes were observed – 130 and 250 cm–1 
when shooting up to 300 cm–1 was performed [24].

The study [22] demonstrated that Raman 
spectra have a relatively low signal-to-noise 
ratio at frequencies below a few terahertz 
(150 cm-1). In this regard, as another method 
of vibrational spectroscopy, we performed 
THz‑pulse spectroscopy, which allows restoring 
the dielectric characteristics of various materials 
in the frequency range from 0.1 to 10 Thz. In this 
study, the dielectric characteristics of GGG and 
YAG substrates (with thicknesses of 513 μm and 
502 μm, respectively) were investigated based 
on measurements of THz radiation transmission 
(Fig. 6). These measurements also indicate that 
the YAG(111) substrate is more promising than 
the GGG(111) substrate, since its characteristic 
spectrum does not show significant absorption 
in a wider frequency range from 0.25 to 3.0 THz, 
while GGG substrates have an absorption line 
at a frequency of 2.5 THz, which reduces the 
spectral range for film analysis to 0.2–2.2 THz. 
Thus, despite the stressed nature of the Tm3Fe5O12 
films, obtained on a YAG(111) substrate, such 
films appear more promising for further terahertz 

research. A resonant absorption mode was 
detected for the YAG(111) substrate at a frequency 
of 3.25 THz (108 cm–1). The observed resonant 
absorption mode can be explained by a two-
phonon difference process, as a result of which 
an acoustic phonon is transferred to the optical 
branch [22].

Due to the low film thickness compared to the 
wavelength of THz radiation, we simultaneously 
measure THz fields reflected and transmitted 
through the Tm3Fe5O12 film on the YAG substrate. 
This approach improves the accuracy of the 
reconstruction of THz characteristics of thin films 
[25, 26]. The transmittance/reflectance spectra 
of the YAG(111) substrate and Tm3Fe5O12 film on 

Fig. 5. Raman spectra of Tm3Fe5O12 film on YAG(111) substrate at wavelengths of 532 nm (a) and 785 nm (b). 
 – vibrational modes related to the Tm3Fe5O12 film

Fig. 6. Absorption coefficient and refractive index 
spectra of GGG(111) and YAG(111) substrates in the 
frequency range from 0.2 to 3.6 THz
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this substrate are shown in Fig. 7a. As a result 
of the reconstruction of the THz characteristics 
[26], the spectra of the absorption coefficient 
and refractive index of the thulium iron garnet 
film on the YAG substrate were obtained (see Fig. 
7b). The absorption coefficient tends to increase 
slowly in the high frequency region. The refractive 
index of the film has a large dispersion. At a fixed 
frequency of 2 THz, the absorption coefficient 
of the film was 13 cm–1, and the refractive index 
was 2.8, which is typical for materials with low 
conductivity.

4. Conclusions 
Thin Tm3Fe5O12 iron garnet films were obtained 

on single-crystal GGG(111) and YAG(111) 
substrates using the MOCVD method. It was 
found that due to the volatility of gallium(I) 
oxide under deposition conditions (910 °C and 
PО2 = 1 mbar) the introduction of iron oxide into 
the surface layer of the substrate and enrichment 
of the adjacent layer of the film with thulium 
oxide occurs, which leads to the formation of 
non-stoichiometric garnet Tm3(TmxFe5-x)O12 
with antisite defects [TmFe

3+]. Thus, the epitaxial 
film of stoichiometric garnet Tm3Fe5O12 grows 
on a GGG substrate with two interface layers. 
On the YAG substrate, the thulium iron garnet 
film is deposited without chemical interaction 
at the interface, but experiences strong in-
plane compressive stress from the substrate. 
Films on a YAG substrate, transparent up to a 

frequency of 3.5 THz, have an advantage over 
films on GGG from the point of view of potential 
application in THz-range technology. As a result 
of the reconstruction of the THz characteristics, 
the frequency dependences of the absorption 
coefficient and the refractive index of the 
Tm3Fe5O12 film on a YAG substrate were obtained.
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