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Abstract

Objectives: The production of thin films of rare earth iron garnets with a narrower ferrimagnetic resonance (FMR) linewidth
is extremely important in the development of spintronic materials. Among rare earth iron garnets, the compound Lu,Fe O, ,,
which has the highest saturation magnetization, is promising. The aim of this work is to study the dependence of the FMR
linewidth of Lu,Fe O, iron garnet films on the lattice mismatch between the film and the substrate, as well as on the film
thickness during their production by metalorganic chemical vapor deposition (MOCVD).

Experimental: Thin films of Lu,Fe O, garnet were obtained by MOCVD technique on isostructural single-crystal substrates
of Nd,Ga,0,,(111), Gd.Ga,0,,(111), Gd.Ga,0,,(210), Gd,(AlGa,)O,,(111) and Y.ALO,,(111). The films were studied by XRD,
EDX, and FMR methods. The dependences of the FMR linewidth on the mismatch of the unit cell (UC) parameters of the
garnet at the film—substrate interface, substrate orientation, and film thickness were studied.

Conclusions: It has been established that the minimum FMR linewidth (AH) of Lu,Fe O, films is achieved on substrates
with minimal mismatch at the interface. The dependence of AH on film thickness is shown to be extreme, with the minimum
corresponding to a film thickness at which significant relaxation of epitaxial stresses has occurred, but the concentration
of defects characteristic of the polycrystalline state is still low. Taking these factors into account will make it possible to
obtain iron garnet films with a narrower ferromagnetic resonance linewidth, which can subsequently be used in various
areas of spintronics as sensitive elements in microwave detectors.
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1. Introduction

The ever-increasing pace of daily data
production in a wide variety of human
activities, the rapid expansion of accumulated
knowledge, and the development of artificial
intelligence highlight the fundamental problem
of efficient recording and reliable storage of
information. This creates significant incentives
for the development of new areas of electronics
— spintronics and magnonics [1-3]. Spintronic
devices are characterized by high write and
read speed, information recording density,
energy independence, and a number of other
advantages over traditional semiconductor
electronic analogues [4-6], therefore they
have undergone great development over the
past two decades. These devices operate using
materials in which the primary role is played
not by the charge current, which causes Joule
heating, but by the spin current, which is free
of this drawback. One of the key requirements
for such materials is a narrow ferromagnetic
resonance (FMR) linewidth [7]. Ferrimagnetic
resonance manifests itself in the selective
absorption of electromagnetic field energy by a
ferrimagnet at frequencies that coincide with the
natural precession frequencies of the magnetic
moments of the ferrimagnet’s electron system
in an internal effective field. Intensive research
is underway to replace traditional magnetic
metals or semiconductors used in spintronic
devices with magnetic insulators, specifically
ferrimagnetic iron garnets.

The structural type of garnet belongs to the
space group Ia3d. The cubic body-centered unit
cell of rare earth (RE) iron garnets consists of 8
identical octants corresponding to the formula
composition {R},[Fe],(Fe),0,,, where the curly
brackets { } denote the dodecahedral positions
of the RE* ions, and the brackets [ |- and ( )-
correspond to the octahedral and tetrahedral
positions occupied by Fe® ions. The three-
sublattice structure and wide possibilities of
varying the elemental composition of garnets
lead to an almost unlimited variety of their
magnetic properties [8].

The narrow ferromagnetic resonance
linewidth in iron garnets minimizes losses
during electromagnetic wave propagation. A
narrower ferromagnetic resonance linewidth in

the magnetic layer allows for the propagation
of a spin wave or spin current over a greater
distance [9], as well as the switching of magnetic
moments at a higher speed and with a lower
required current density [9, 10]. These arguments
indicate that the FMR linewidth is the most
important parameter to consider when creating
amagnetic layer in spintronic devices. Therefore,
producing magnetic iron garnets with a much
narrower FMR linewidth than other ferrites
and other magnetic insulators has recently
become extremely important. For some iron
garnet compositions, the width of FMR line is
as small as few Oe (e.g., for epitaxial films of
Y.Fe.O,, on Ga,Ga,0,,) [11, 12], while for other
compositions the line broadens. At the same time,
among RE-iron garnets, there are compositions
with high saturation magnetization (e.g., for
Lu,Fe O, ,, M = 1815 Oe), which is also favorable
for the operation of spin devices. The possibility
of obtaining thin Lu.,Fe O , films with a narrow
FMR line would be a significant achievement in
expanding the arsenal of spintronic materials,
but this requires a detailed understanding of the
nature of the FMR line broadening, which is still
not fully understood.

The authors of [13] obtained Lu,Fe O,
films with a thickness of less than 10 nm on
GGG(111) substrates using the molecular beam
epitaxy method, in which they showed that
Lu,Fe O, films have very low values of the
Gilbert damping constant: 11-10~* for films with
a thickness of 5.3 nm and 32-10~*for films of
2.8 nm, which is comparable with the best values
of the damping constant for very thin Y.Fe O,
films. It is also worth mentioning the discovery
of magnetodielectric properties (change in
permittivity under the influence of an external
magnetic field) in ceramic [14] and thin-film [15]
samples of Lu,Fe O .. The latter work showed that
in epitaxial films of Lu.,Fe.O,, /Y,AL.O ,(111) the
magnetodielectric effect at room temperature
reaches 0.9 % at a relatively low magnetic field
of 1000 Oe and 12.5 % at 9000 Oe. These results
indicate the possibility of tuning the magnetic
properties of Lu,Fe O, films using an electric
field and the real prospects for the subsequent
development of microwave modulators, filters,
and switches based on them. Recently, Japanese
scientists [16] observed the splitting of spin waves
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reflected from the edge of the sample into two
modes with different wavelengths using doped
lutetium iron garnet Lu,BiFe, Ga O, films,
which exhibited a much stronger Faraday rotation
than Y ,Fe O , films. This result demonstrates the
potential for controlling spin wave propagation in
magnetic films using the modal degree of freedom
of elastic waves.

The diverse potential spintronic applications
of garnets, and in particular Lu,Fe O ,, are only
just beginning to be realized in operational high-
frequency devices [17-19], and for successful
development in this area, epitaxial films
with a narrow FMR line are primarily needed.
Microwave (MW) technology, which has long
used garnet films in devices operating on surface
magnetostatic waves [20], meets its needs with
films obtained by liquid-phase epitaxy, based
on growth from supersaturated solution-melts
[21, 22]. For applications in spintronics, however,
other technological approaches are required
to produce thinner epitaxial films (in the
submicron thickness range) that are minimally
subject to chemical interaction with the melt
and the substrate. In light of these requirements,
vacuum methods for the epitaxy of RE-iron
garnet films are being developed: magnetron
deposition [15, 23], pulsed laser deposition
[24-26], molecular beam epitaxy [13, 27], and
MOCVD [28, 29].

Any film production method involves
operational parameters that significantly
influence the actual structure and resonance
properties of thin films. These parameters
influence the simultaneous influence of more
general factors that are essential for any film
production method and reflect, on the one hand,
the principles of epitaxial growth and, on the
other, the physics of film magnetism. Given the
exceptional sensitivity of resonance properties,
developing methods for producing spintronic
materials necessitates a detailed study of the
role of all factors and the establishment of
optimal values for all parameters affecting
the resonance of garnet films of specific
compositions.

The aim of this study is to investigate the
dependence of the FMR linewidth of lutetium iron
garnet Lu.,Fe O, films on the lattice mismatch
between the film and substrate, as well as on the
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film thickness during metal-organic chemical
vapor deposition. Such studies have not been
described in the literature and, therefore,
represent a significant innovation.

2. Experimental

Lu.,Fe O, thin films were deposited by
MOCVD on single-crystal Nd,Ga, 0 , (NdGG),
Ga,Ga,0,, (GGG), Ga,(AlGa,)0,, (GAGG), and
Y.ALO,, (YAG) substrates with a (111) deposition
surface orientation. In some experiments, GGG
substrates with a (210) orientation were also used.
Lu(thd), and Fe(thd), dipivaloylmethanates (thd
is the 2,2,6,6-tetramethylheptane-3,5-dionate
anion) were used as volatile precursors.

The MOCVD setup is shown in Fig. 1. The
precursor source is a microcontainer filled
with a homogenized mixture of precursor
powders. A thin hole is drilled in the bottom of
the microcontainer, through which precursor
particles can only spill out when the container
is vigorously shaken. Shaking is accomplished
by periodically oscillating a small magnet placed
inside the container in an alternating magnetic
field. As a result, microportions of the precursor
mixture are periodically fed into the heated
evaporator, almost instantly transforming into
the vapor phase. The precursor vapors are then
transported by a carrier gas (argon) through
a hot line into the reactor, where oxidative
thermolysis occurs on the surface of the heated
substrate, forming the final metal oxide film. The
feed rate was 6.8 pmol/min, and the film growth
time was 5-90 min. This setup utilizes a “hot-
wall reactor,” heated by an external furnace,
which reduces temperature gradients in the film
deposition zone. To prevent the substrates from

1Ar {Pump
_] E iR _Furnace
Source : Substrate
Il
O

Transport lines

Fig. 1. Schematic diagram of a MOCVD setup with a
powder feeder and a hot-wall reactor
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being exposed to dusty oxide particles, partially
formed when the decomposition of precursors
during homogeneous nucleation occurs, an
inverted substrate holder was used, to which the
substrates were attached from below. In terms
of mass transfer, this reactor is a reactor with
“stagnant zone”, formed under the substrate
as a normally directed, rarefied gas flow passes
over it. Precursors penetrate from the vapor to
the deposition surface via molecular diffusion
through a near-surface barrier gas layer, the
thickness of which depends on the reactor
pressure, the substrate temperature, and the
velocity of the incoming gas flow. The hot line and
reactor temperatures during deposition were 240
and 970 °C, the total pressure p(total) = 6 mbar,
and the partial oxygen pressure pO, = 3 mbar.
After deposition, the setup was filled with oxygen,
and the films were oxidatively annealed at 970°C
for 20 minutes. The Fe/Lu ratio in the resulting
films was determined using EDX on a Zeiss EVO
50 SEM scanning electron microscope with an e2v
Sirius SD IXRF EDMA analyzer. Film thickness was
determined from cleavage on a Leo Supra 50 VP
scanning electron microscope using a secondary
electron detector (SE2).

The phase composition of the resulting films
was determined from X-ray 6-26 scanning data
on a Rigaku SmartLab diffractometer (CuKao,
secondary graphite radiation monochromator).
0-260 scanning was performed in the angular
range of 5-80° with a step of 0.02°, with a
signal accumulation time of 1 s. The ICDD PDF
database was used for phase identification.
X-ray @-scanning was used to determine the film
orientation in the substrate plane and confirm
epitaxial growth. The thickness of the films was
determined as follows: two films were analyzed
by scanning electron microscopy of a cross-
section, their thickness was determined with an
accuracy of +/- 5 nm, for the remaining films
the thickness was calculated on the assumption
that the thickness is directly proportional to
the deposition time with constant parameters
determining the deposition rate.

To study the ferromagnetic resonance
absorption spectra, a setup (Fig. 2) assembled
on the basis of a vector network analyzer (VNA),
the operating principle of which is described
in [17], was used. During the experiments, the

real part of the parameter S, was measured for
the studied thin-film Lu,Fe O,, sample located
on a coplanar waveguide. The parameter S,
characterizes the ratio of the power transmitted
through the coplanar waveguide to the power
acting at its input. When the ferromagnetic
resonance frequency and the microwave signal
frequency applied to the coplanar waveguide
input coincide, the microwave signal power
is absorbed, which is clearly reflected by
this parameter. All obtained dependences of
parameter S, were described by a Lorentz
function, defining the FMR linewidth.

Substrate

Fig. 2. Schematic diagram of the setup for measuring
FMR spectra (VNA - vector network analyzer)

3. Results and discussion

To study the dependence of the FMR linewidth
on the substrate type, we selected four substrates
with garnet structures: NdGG(111), GGG(111),
GAGG(111), and Y,AlL.O ,(111) and deposited
Lu,Fe O , films of the same thickness (270 nm)
on them. All selected substrates are isostructural
with each other and with the grown Lu,Fe O , film;
however, they have different unit cell parameters
(Fig. 3), resulting in different mismatches at the
film/substrate interface. The parameter mismatch
values (¢) for each substrate/film pair, calculated
using the formula:

it — Asubstrate 100 %,

Aim
are 2.3 %,-0.3 %,-0.8 %, and - 1.8 % for YAG(111),
GAGG(111), GGG(111), and NdGG(111) films,
respectively. As can be seen from the calculated
values, for YAG, the substrate compresses the film
in the contact plane, while for GAGG, GGG, and
NdGG, the substrate stretches the film. Thus,
during the growth of Lu,Fe O, films on all of
these substrates, significant elastic stresses in the
film should be expected, which typically lead to

€=
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changes in many physical properties, particularly
magnetic ones.

As can be seen from the X-ray 6-26 scanning
results (Fig. 4), the films on all four substrates
exhibit oriented (444) growth of the Lu,Fe. O,,
phase, mirroring the orientation of the substrates.
Considering the X-ray ¢-scan results (Fig. 5),
which indicate that the film orientation in
the lateral plane also follows the substrate
orientation, it can be concluded that garnet films
on all substrates grow as a single epitaxial “cube-
on-cube” pattern. However, alongside reflections
from the main garnet phase, the X-ray diffraction
patterns also contain peaks from iron(III) oxide
and lutetium orthoferrite LuFeO,, the amounts of
which do not exceed fractions of a percent relative
to the main phase. It is significant that these
impurities form only on NdGG(111) and YAG(111)
substrates, whose unit cell parameters deviate
most from the unit cell parameter of Lu,Fe O ,.

This observation indicates the emergence of
obvious difficulties in layer-by-layer epitaxial
growth and the facilitation of nucleation of
structurally incoherent phases with increasing
mismatch of cell parameters at the interface.

By comparing the film peak shifts relative
to its position in the X-ray powder diffraction
spectrum (i.e., in the free-running, unstressed
state), one can assess the presence or absence of
an elastic-stressed state, as well as the magnitude
of the elastic stress. For example, on GAGG,
GGG, and NdGG substrates, a slight shift of the
Lu.Fe. O , film reflection toward larger angles is
observed. This indicates a decrease in the unit cell
parameter perpendicular to the substrate due to
film stretching by the substrate in the interface
plane, while the film’s unit cell volume remains
unchanged (Table 1). Judging by the insignificant
deviation of the film peak from the tabulated
value for Lu,Fe O , (444), one can conclude that

Y,ALLO,, Gd,AlGa,0,, Gd,Ga,0,, Nd,Ga,0,,
12.00 A 12.32A 12.38A 12.51 A
1 1 1 1 1 1 Cell parameters,
1 1 1 | | | o
12.0 12.1 12.2 12.3 12.4 125 A
LusFe;0,,
12.28 A

Fig. 3. Schematic illustration of the difference in the unit cell parameters of YAG(111), GAGG(111), GGG(111),

and NdGG(111) garnet substrates and Lu,Fe O , film

—— NdGG(111)
—— GGG(111)
—— GAGG(111)
—— YAG(111)

* _ substrate

*kk

Lg(Intensity), a. u

:;ﬁ’gr:.ﬁ .
_— I33F 3
o o T
© (D<EO" <
T z 004, >
3 &
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-
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T — ]
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Fig. 4. X-ray diffraction patterns of Lu,Fe O, films deposited on NdGG(111), GGG(111), GAGG(111), and
YAG(111) substrates. The dashed line indicates the (444) peak position of bulk Lu,Fe O,
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Fig. 5. X-ray ¢-scans results for Lu,Fe O,, films on a GAGG(111) substrate

the films obtained on GAGG, GGG, and NdGG
are in a partially relaxed state. On the YAG
substrate, which has a smaller unit cell parameter
than the film, a shift of the film peak toward
larger angles (i.e., a decrease in the parameter
along the normal) is also observed. However,
judging by the ratio of the unit cell parameters,
elastic stress should cause a deformation of the
opposite sign: with the unit cell film volume
unchanged, compression along the film/substrate
interface leads to an increase in the parameter
along the normal to the growth surface and a
shift of the film peak toward smaller diffraction
angles. The distinct behavior of the Lu.Fe O,
film on the YAG substrate suggests that the
distortion of the parameters is not due to elastic
stresses, but has a different origin. The most
likely (but not yet proven) cause is the chemical
interaction between the film and the substrate,

which involves Fe3'«>Al*" exchange, during
which Fe?* ions in octahedral and/or tetrahedral
positions are partially replaced by smaller Al>*
ions. The possibility of such a substitution was
demonstrated in [30] in a study of Y,Fe O, films
obtained on Y,AL.O,, substrates using secondary
ion mass spectroscopy. Analysis of the values of
the full width at half maximum (FWHM) of X-ray
reflections (444) of films on different substrates
(Table 1) allows us to state that the most perfect
and least stressed epitaxial crystallites of
Lu.Fe O , are formed on GAGG substrates.

As shown by the FMR spectral results (Fig. 6a),
films on the NdGG substrate exhibit a broader
FMR peak compared to films on GGG and GAGG,
which is clearly related to the higher stress state
of the film on NdGG. It should be noted that at
a frequency of 9 GHz, the FMR spectrum of the
film on the YAG substrate has a diffuse, weakly

Table 1. Values of unit cell parameters in the direction perpendicular to the substrate (out-of-plane) of

Lu.Fe O

5712

films (for comparison, the unit cell parameter for a Lu,Fe O,, single crystal = 12.284 A) and the

full width at half maximum (FWHM) of X-ray reflections (444) of films on different substrates

Monocrystal substrate Out-of-plane unit cell parameter FWHM of (444)Lu,Fe O ,
Lu,Fe.O,, films, A reflection, deg.
YAG(111) 12.29(1) 0.22(1)
GAGG(111) 12.26(1) 0.17(1)
GGG(111) 12.26(1) 0.22(1)
NdGG(111) 12.26(1) 0.20(1)
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defined character, which can also be interpreted
as a consequence of high elastic compressive
stresses (and, possibly, chemical interactions at
the interface) while maintaining the epitaxial
inheritance of the substrate structure by the
film. Plotting the dependence of the FMR line
width (AH) (Fig. 6b) on the mismatch value
at the interface reveals a clear minimum for
the Lu,Fe O, film obtained on the GAGG(111)
substrate: the least deformed film on this
substrate exhibits the narrowest FMR line
AH=171(+/-8) Oe. Thus, among the substrates we
have considered, Gd,(AlGa,)O,, is more suitable
than others for obtaining high-quality epitaxial
Lu.Fe O, films with a minimum FMR line width
due to the smallest mismatch of parameters
between the film and the substrate.

In the next stage of the study, Lu,Fe O , films
with thicknesses ranging from 45 to 800 nm were
deposited on the surface of single-crystal GGG-
substrates with (111) and (210) orientations,
with growth on substrates of both orientations
being performed in a single cycle. Deposition
of all films was carried out under identical
conditions (T geposition’ Protar pO,, Vrowtn)> with only
the deposition time varied to obtain films of
different thicknesses. The results of X-ray phase
analysis of the films on the GGG(111) substrate
are shown in Fig. 7a. As can be seen from these
data, the resulting films remain epitaxial at all
thicknesses. However, a decrease in intensity and
an increase in reflection width with increasing

0.0004
-0.001 -
S -0.002-
g
@
% -0.003
[%5)
—— NdGG(111) AH =171 Oe
-0.0044 — GGG(111)
—— GGG(210)
-0.005] — GAGG(111)
——YAG(111)
1000 1500 2000 2500 3000 3500 4000

Magnetic field, Oe

film thickness indicate a gradual accumulation
of epitaxial layer defects. A noticeable shift
in the reflection of the Lu,Fe O , garnet film
toward the value indicated by the “powder card”
indicates that elastic stresses in the film, arising
at the interface with the substrate, decrease as
the epitaxial layer thickness increases, which
is also demonstrated by the dependence of
the unit cell parameters of the Lu,Fe O, film
on thickness (Fig. 7b). This pattern is entirely
consistent with the classical behavior of thin-
film heteroepitaxial structures. It should also
be noted that reflections from secondary phases
of a-Fe,0, and o-LuFeO, appear in the X-ray
diffraction patterns of 800 nm-thick films. Their
origin is similar: with increasing film thickness,
the orienting force of epitaxy weakens, and on
the surface of the thickest films, phase formation
during film deposition resembles a solid-phase
reaction proceeding via a diffusion mechanism,
with diffusion having a two-dimensional surface
character. The completeness of the formation of
the Lu,Fe.O,, phase by the reaction of a-Fe,0,
with o-LuFeO, depends on the rate of surface
diffusion, which decreases sharply as the film
thickness increases with increasing surface
roughness.

In the thinnest film (45 nm) on GGG(111), a
weak reflection of the hexagonal phase h-LuFeO,
is noticeable. This phase is thermodynamically
unstable in the autonomous state, but is easily
stabilized by minimizing the interface energy on

(b)
1000{ o g
o
= = O =
800 = - 3 =
o ] a a - a
8 £ o F 8
£ 0 = =
g 6004 0]
z o
£ 0]
o
= 400- z
/‘ -
200 -
3 2 A 0 1 2

Lattice mismatch ¢, %

Fig. 6. (a) Comparison of FMR spectra (S,, - the absorption coefficient) of Lu,Fe O ,(111) films on different
substrates. Microwave frequency is 9 GHz. (b) Dependence of ferromagnetic resonance linewidth on the lattice

mismatch of film/substrate

132



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

2026;28(1): 126-136

A.A.Hafizov et al. MOCVD and ferromagnetic resonance of epitaxial Lu,Fe,O,, films for high-frequency applications

(a)

——800 nm I 7
= 3

——400 nm H X T 7

——310 nm 0] o .

] %m g <,

. ——150 nm w, o S

o > N (]

o ——45 nm — N |8

_ & P - A

> Q 4

© o E] Fi\
= <
% =
c ‘@
g g
£ £
e =
S 3

—
50 51
r T T T T 1 25’ deQ
20 30 40 50 60
20, deg.

Fig. 7. (a) 6-20 X-ray diffraction patterns of Lu,Fe.O

substrate
surfaces with a hexagonal oxygen ion packing

motif, which includes the (111) plane of garnet [31,
32]. The FMR measurement results presented in
Fig.8a and Fig. 8b demonstrate that ferromagnetic
resonance is observed in all of the obtained films,
with the exception of the 45 nm-thick films.
Fig. 9 shows the obtained dependences of the
FMR linewidth (AH) on the film thickness. These
dependences, for films of both orientations,
clearly show two distinct branches, characterizing
two alternating stages of epitaxial growth. The
descending branch (to the left of the minimum) at
small thicknesses reflects the influence of epitaxial
elastic stresses in the films arising from the
difference in the UC- parameter at the boundary

(a)

0.000 s
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Fig. 8. FMR spectra of Lu,Fe,O

5712
substrates. Microwave frequency is 9 GHz
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films of different thicknesses on a Gd,Ga,O ,(111) sub-
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etc.), i.e., a gradual transition to the growth of
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requires a more detailed study of the influence
of temperature and film deposition rate, taking
into account the results of this paper.

4. Conclusions

Lu.Fe O , films of varying thickness were
synthesized for the first time using the MOCVD
method on Nd,Ga,0,,(111), Gd,Ga,O ,(111),
Gd,Ga,0,,(210), Gd,(AlGa,)O,,(111), and
Y.Al,O ,(111) substrates. X-ray diffraction
(6-26 and ¢-scanning) demonstrated the
epitaxial nature of the films, and their magnetic
properties were studied using ferrimagnetic
resonance spectroscopy. A systematic study of the
dependence of the FMR linewidth of Lu.Fe O , on
the mismatch between the unit cell parameters
of the film and the substrate was performed for
the first time. It was found that the minimum
AH(FMR) of Lu,Fe O, films is achieved on
Gd,(AlGa,)O , substrates, which have a minimal
mismatch between the unit cell parameters and
the film. It has been shown that the dependence
of AH(FMR) on film thickness is extreme, with the
minimum corresponding to a film thickness at
which significant relaxation of epitaxial stresses
has occurred, but the concentration of defects
characteristic of the polycrystalline state is still
low. Taking these factors into account will enable
the production of Lu-iron garnet films with a
narrower ferromagnetic resonance linewidth,
which could be used in various areas of spintronics
as sensitive elements in microwave detectors.
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