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Abstract. This work presents the results of investigation of crystal structure of yttrium iron garnet films of different
thickness using high-resolution X-ray diffractometry data and simulation of X-ray intensity distributions in the vicinity of
the reciprocal lattice points by the Monte Carlo approach. The parameters of films column microstructure are determined
and substantiated, and the model of their defective structure as systems of two types of dislocations with different directions
of the Burgers vector is proposed.
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1 Introduction

For many years, epitaxial films with the garnet structure have been finding a wide application in
modern microwave engineering and microelectronics, in particular, in sensor devices for visualization
of magnetic field, super high-frequency bandpass filters, solid-state lasers, non-volatile magnetic
memory systems3. Recent developments are focused on the use of garnet films known as yttrium iron
garnets (YIG) in the new generation of spin nanoelectronic devices working at microwave
frequency*®. The manufacture of magneto-optical or microwave devices requires iron garnets with
predesigned technical parameters. Therefore, microstructural investigation of such epitaxial films is
of highest importance. Nowadays, many works are dedicated to the study of structural, magneto-
optical, temperature and other properties of garnet films®12, For example, the dependence of magnetic
characteristics of garnet films on their structural imperfections has been observed in work®. It has been
shown that the garnet epitaxial films are structurally perfect enough, although they contain
microstresses caused by presence of the transition layer, which appears because of the lattice mismatch
between the grown film and the substrate®. O’Dell has revealed that garnet films commonly inherit
defects, which already exist on the surface of the used substrates®®.

The investigation of the structural parameters enables to understand their impact on the formation
of the domain structure of iron garnets and, therefore, to control and possibly modify the growth
process. Recently, we have studied the influence of N* ion implantation on the microstructural and
magnetic properties of the La-doped yttrium iron garnet (YIG) films. In this paper, we report on
investigation of a set of YLaFeO epitaxial films using the combination of the high-resolution X-ray
diffraction (HRXRD) and the Monte Carlo simulation of reciprocal space maps (RSMs) to investigate
the influence of the thickness of YIG films under study and their structural perfection on magnetic
properties.
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2  Object and methods of research

In this contribution, we investigated [111]-oriented iron garnet epitaxial films commercially grown by
Scientific Research Company “Carat” at "Garnet 3" facility with five heating zones. As substrates,
gadolinium gallium garnet GdsGasO1> (GGG) with (111) surface orientation were used. The
deposition process of epitaxial YIG films of nominal composition Y 2.93Lao.07FesO12 was performed by
isothermal liquid-phase epitaxy from overcooled melt solution based on PbO-B,0s componentst®,
All technological investigations were performed on air. The growth temperature was in range 940..
960 °C (Table 1). The thicknesses of grown films were determined by weighing them taking into
account calculated film density. A set of films with thicknesses 6.4 um (S1), 55.1 um (S2), 70.7 um
(S3) and 94.4 um (S4) were selected for the study.

Table 1 Growth parameters of Y3 .93La0.07Fes012 epitaxial films. Ri=Fe,03/Y203, R3=Pb0/B,03,
Rs=garnet/(garnet+solution), Ki=Y>0s/La,O3 are the mass ratios of solution components

sanple| ik | Crovbopeed, | s, | p | g | k| K
S1 6.41 0.642 945 30.8 12 13.6 12.9
S2 55.16 0.424 953-944 31 12 13.6 12.7
S3 70.71 0.589 960 30 156 | 13.8 10
S4 94.4 0.59 950 29.5 12 13.6 | 13.3

The microstructural studies of Y1G films were carried out at a high-resolution X-ray diffractometer
X'Pert PRO MRD equipped with a triple-axis setup. In order to perform a high-resolution reciprocal
space mapping, we utilized Gobel parabolic mirror placed behind the X-ray tube producing Cu Kgi
radiation. The mirror was followed by four-crystal Bartels monochromator (4xGe220), 3-bounce
analyzer crystal (3xGe220), and point detector. The divergence of the primary beam and the angular
acceptance of the analyzing crystal used in front of the detector were estimated as Aai=4o~12 arcsec.

3 Investigation of ferromagnetic properties

Many parameters of YIG films, such as saturation magnetization, ferromagnetic resonance (FMR)
linewidth 2AH and anisotropy field depend on the distribution of cations between sublattices, the
presence of oxygen vacancies, divalent iron ions and mechanical stresses®’. Iron garnets possess cubic
symmetry and belongs to the space group O1° — la3d. The iron ions Fe** occupy octahedral and
tetrahedral sites in the ratio 2:3 and form two magnetic sublattices with oppositely directed spins,
which predefines magnetic behavior of this material. Even with the 100 % reproduction of the
technological conditions of growth, such as a growth temperature, a degree of supercooling of the melt
solution, a speed of rotation of the substrate, etc., there still will be slight change in physical properties
between films due to depletion of the melt®.

The FMR linewidth determines electromagnetic losses of a microwave device, and the smaller
2AH parameter are, the smaller losses will be®”°. The quality of YIG film is decreased by presence of
defects, impurity ions and oxygen vacancies in crystalline structure, heterogeneity of thickness and
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lateral chemical composition. All these factors lead to a broadening of the FMR linewidth and an
increase in electromagnetic losses?.

The FMR linewidth measurement was performed by a non-destructive FMR spectrometer at a
frequency of 3 GHz, based on local excitation of a magnetic wave resonance at a small area of the film

surface by a magnetic displacement field with a hole-shaped profile!® (Fig. 1).
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Fig. 1 FMR spectra at 3 GHz for YIG samples S1 (a), S2 (b), S3 (c) and S4 (d).

Conditions of the ferromagnetic resonance were provided using a hole-shaped profile of a constant
magnetic field created by a hole in one of electromagnet poles; YIG sample under study was placed
inside of the gap of magnet. A significant advantage of this method is the ability to locally measure
the FMR linewidth in full-size epitaxial structures (up to 3 inches (76.2 mm) in diameter) without
destroying them. The FMR linewidth is highly dependent on the surface morphology and is an order
of magnitude smaller for films with a smooth surface than for films whose surface has a significant
roughness**® (tens of nm). In turn, the structural perfection of the surface depends primarily on the
growth conditions and the defective structure of sample itself.

4  Theoretical relations

Different approaches of kinematic Krivoglaz theory*® and dynamic diffraction theories'’° can be used
to simulate RSMs.
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If one limits himself to the case of distortions, when atomic planes are displaced relatively to the
positions in ideal crystal without changing their scattering ability, then the polarization of the real
crystal x(r) can be decomposed into a Fourier series?2

X(P) = T Xg (F)eBT 0D = 3 3y (7)e'Baer7-0U), (1)
where g is the reciprocal lattice vector, y4(g) is the gth component of Fourier polarization, #(r) is the
field of random displacements in crystal, in particular:

u(r) = (u(r)) + 8uUr), gaer = & — V(g - (D)) )
Here gqer is a vector of averaged reciprocal lattice. In following we'll drop lower index “def".
In the presence of a high concentration of dislocations in crystals, a complete differential scattering
cross section (coherent + diffuse components) will be?
O = oIl 1T 0% [IF 0% Gy 7, 787 3

do  16m*
where V is the volume of the sample, Q is the form function and the Green Function Gg is
Gy (7, 7) = (e 8EM-T) = e~ Te("™) 2 4i(F,) = 1) = To T ClTEm. (@)
Here ¢®is the concentration of a-type dislocations, V%is the displacement field from a-type
dislocations, T is scattering operator, which in the kinematic approximation is T=V, where V is the
scattering potential.
In the kinematic approximation of the scattering theory, amplitude of coherent part of scattered

wave is proportional to

(Eyoo [[f d37(xg(7)e 804 (M) ieT, (5)
If sample is statistically homogeneous, then
(Xg()e 8% M) = x,e7P, (6)

where 0 <eP <1 is static Debye-Waller factor.
Usually, dislocations positions in real crystals are highly correlated?. In this case, the expression

for T will be
> o _ 1 2
To (P ) = Tanm = ool + T ©)
where
Tlglll)m ~ Tk PRy 5 Py = 1 — el Vmid) ; p& = /" (8)
is uncorrelated addition, and
2 1
Tlgn)m = = EZ(a,k)i(B,S)(SCI%SCE>q)101(mkq)1§ms ’ 6C1% = Cl% —c (9)
includes two-point correlation, described by correlation function
e = (5csch), (10)

where n is a dimension of dislocation array, p® is n-dimensional dislocation density, and it is also
assumed that c* << 1.

Within this theory, using the Monte Carlo method, based on relations (7)—-(10), one can calculate
the intensity of scattered radiation 1(Q,, Q,) in the case of a possible dislocation system in Y1G films?4,

5 High-resolution X-ray diffraction

The YIG films grown on (111)-oriented GGG substrate have a rhombohedral structure?®. The lattice
parameter of the substrate is aces=12,383 A, and for the film ayic=12,376 A%*. The non-zero
difference of lattices parameter of film and substrate during growth leads to a presence of deformations
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inside of the film, which repeats translation structure of the substrate in the plane of growth. This is
also accompanied by the appearance of a large number of mismatch dislocations.

The analysis of the experimental distributions of intensity In(0x,q;) around the reciprocal space
points (Figs. 2, 3) was performed using the Krivoglaz kinematic theory'®?’, which well describes the
diffuse scattering of X-waves in crystals containing high dislocation densities. As the column structure
is typical for the garnet layers?®?°, the systems of edge and screw dislocations with the dislocation
lines normal to the surface can be selected as a model of the dominant defects in the epitaxial film and
the transition layer.

The basic glide planes in garnet are {110} and {112} planes with <111>, <110>, and <113> glide
directions?®2°. For our model, {112} planes were selected as the glide planes, so the lines of edge and
screw dislocations were oriented perpendicular to the sample surface (in [111] direction). The Burgers

vectors of the mentioned dislocations were chosen as ES = a[111]/2 for the system of screw

dislocations and Ee = a[110] for the system of edge ones. In other words, we considered a model of
a stacking sequence inside the individual columns, which are surrounded by uniformly distributed
dislocations®>®!, This approach enabled using of the Monte Carlo method, which includes the surface
stresses relaxation for the RSMs calculation. To calculate the penetration depth Ag, we employed well-
known formulae and theoretical data of Fourier polarizability coefficients of a defect-free iron garnet
crystal together with atomic form factors and absorption cross-sections3233,

The reciprocal space maps calculated for all samples using the Monte Carlo model are represented
in Fig. 2 and 3 (b, d and f plots). The simulated intensity distributions are found to be in a satisfying
agreement with experimental data. The densities of uniformly distributed screw and edge dislocations
obtained as input parameters from the Monte Carlo simulation as well as the lateral column sizes from
the Williamson-Hall plot are listed in Table 2. From the simulation, it follows that the edge dislocations
predominantly provide a major contribution to the broadening of the reciprocal lattice points.

Table 2 Average lateral column sizes and densities of screw b, = a[111]/2 and edge b, = a[110] dislocations

- - - ,2
Sample Column size, pm Dislocation density, cm
Edge Screw
S1 (6.4 um) 2.25 3,26-107 3,92-10°
S2 (55.1 pm) 2.48 5.3-108 1.9-10°
S3 (70.7 pum) 3.725 3.59-10° 2.1-10°
S4 (94.4 pm) 2.6 3,26-107 3,92-10°

The use of more complicated models of defect systems within the kinematic theory of
diffraction!®2127:34 or the application of the dynamical theory of diffraction based on the solution of
the system of Takagi equations!® may provide RSMs more similar to experimental In(Qx, 0z)
distributions.

Sample S1, despite its relatively small thickness has a well-formed crystalline structure, as
evidenced by typical symmetric In(gx, g;) distribution on RSM (Fig. 2a). The additional intensity
maximum shifted along the g axis by 0.001 A from the well-pronounced Y1G peak comes from the
interface transitional film-substrate layer, since the angular distance between the peaks does not
correspond to the position of the substrate reciprocal point. In addition, the extinction depth for (444)
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reflection A%** = 2.25 um is less than the thickness of the film (t=6,41 pm). The sample has a
considerable density of dislocations and a well-defined mosaicity of the crystalline structure, as
evidenced by broadening of the intensity distribution along gx axis in RSM, and confirmed by the
simulation results (Fig. 2b, Table 1). However, FMR linewidth value is not significant, which is
probably due to the relaxation of crystal lattice of the film and its surface during the growing process.
In(gx, gz) distribution is asymmetric along gx axis, this may indicate insignificant densities of the
vacancy-type inclusions, possibly with oxygen complexes in {100} planes®.
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The RSM of sample S2 practically has no broadening around the peak along gx axis — lateral
stresses in the film are minimal. The crystal structure is well formed, and the film has homogeneous
distribution of microdefects, which is also confirmed by simulation —sample S2 has very low density
of defects. There is a distinct strike from the analyzer crystal, unlike other films, which is due to a
smooth, practically mirror, homogeneous surface of the film with low surface roughness®®* (~ 10
nm). Such surface structure provides the best magnetic properties of the material*>*4,

The RSM of sample S3 (t=70.71 pm) shown in Fig. 3a is slightly different in comparison to the
previous samples. Strong diffuse scattering at smaller g, values and asymmetrical intensity distribution
along the gx axis indicate the gradient of residual deformations in the near-surface region and high
dislocation density (Table 1). In particular, there can be significant densities of dislocation loops of

small sizes, which are a specific feature of growth conditions?.
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The presence of residual stresses at the surface layer can be estimated from the positions of maxima
in experimental 444, 888 and 880 RSMs, according to which sample S3 possesses compressive
residual strain of e=(ao-a)/ao=-3.1-10* that indicates the partial relaxation of the layer. It can be caused
either by deviation stoichiometric composition of components distribution during growth or by the
presence of microdefects, for example, complexes with oxygen?®3, which, in turn, caused the
appearance of a specific blur for (444) reflection (Figs. 3a).

In Fig. 3c and 3e for symmetrical 888 and asymmetrical 880 RSMs reflections, one can see more
uniform distribution of defects with increase of the film thickness, so the effect of the transition
film/substrate layer disappears. Since A%** is almost 6 times lower than A888, it can be argued that this
film is structurally homogeneous in the volume. However, it still has some residual stresses in the
near-surface layer of relatively small thickness. At the same time, the bend of intensity distribution
along qx axis in Fig. 5¢c confirms the presence of the packing defects, possibly oxygen complexes in
the planes of close packing®*. This is partly confirmed by the results of simulation — dislocation
densities and column sizes (Table 2). In fact, there is an intermediate state between a well-formed
structure and a film surface, with a noticeable effect of the surface and the transition layer on a bulk
crystal structure. The film possesses the lowest dislocation density according to structure simulation
data, which may be due to the presence of long boundaries between columns with larger diameter and
a higher growth temperature, which influences formation of the transition layer.

The symmetrical 444 RSM shown in Fig. 2e indicates that sample S4 has well-formed crystalline
structure. The presence of an asymmetrical distribution of diffuse scattering for positive Aqgx values,
which intensity constantly decays with the increase of Aqgy, testifies the presence of defects that cause
tensile deformations®. It results in a tensile strain along g, axis e=-8-107 (the lattice parameter increase
up to 12.379 A). In particular, this effect can occur from extended microdefects with the foreign phase
inclusions, microinclusions of the crucible material and oxides of the garnet-forming components?®.
Weak satellite peaks shifted from the main peak along Agy axis by -0.005A and 0.004A* stem
probably from the tilted blocks of the columnar La:YIG structure with an angular misorientation of
about 0.08 degrees*?. The FMR linewidth of sample S4, as for sample S3, is small, notwithstanding
the fact that S4 has an order of magnitude greater dislocation density. However, stresses between
columns, caused by dislocations, are compensated due to the film thickness. In fact, such structure is

T T
-0,004 -0,002
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well relaxed, providing homogeneous magnetic properties. But, from a technical point of view, a
significant overrun of material compared to S2 is negative for sample S4.

The studied garnet films have mosaic structure, which explains the presence of dislocations
surrounding the individual columns and is confirmed by good agreement between simulated and
experimental RSMs®. The column structure of the iron garnet films with almost constant lateral sizes
(~2 um) was revealed using HRXRD for samples S1, S2, and S4 with different thicknesses. Two times
larger lateral size of the columns obtained for sample S3 can be probably explained by the layer
deposition at higher temperature. A decrease in the dislocation density is observed with increasing
film thickness, which is an evidence of a decrease in the influence of the crystal substrate and the
transition layer and, consequently, a decrease in the stresses of the crystalline structure inherent for
YIG.

5 Conclusions

1.The crystalline structure of the set of Y293Lao.07Fes012 epitaxial films with different thicknesses and
different values of the FMR linewidth was investigated. A model of a defective YIG system with a
mosaic structure is proposed, and approximate lateral dimensions of the columns are determined. It is
established that their formation depends on the conditions of growth process, in particular on
temperature of deposition. Lateral size of the columns increase with increasing growth temperature,
and the dislocations density predominantly decreases.

2. It is shown that the films structure depends largely on the influence of the transition layer. It
becomes less noticeable with increasing film thickness, which leads to relaxation of internal stresses.
Sample S3 due to the increased growth temperature possesses significant lateral stresses, this is
especially evident from the data of (880) RSM. As a consequence, this sample has ten times bigger
value of the FMR linewidth.

3. The smallest FMR linewidth values are typical for films with low dislocation density and relaxed
structure, in particular near-surface layers. The surface of such films has a slight roughness, and for
the sample S2 it is ~ 10 nm. The condition of the surface and subsurface layers of the film has a great
influence on the formation of the magnetic structure.

4. The defect garnet structure was described as the system of two sets of edge and screw
dislocations in {112} glide planes with the dislocation lines perpendicular to the surface and the

Burgers vectors b, = a[110] and b, = a[111]/2. The simulation of the RSMs was performed within
the kinematical theory of X-ray diffraction using the Monte Carlo approach in order to determine the
density of dislocations. The simulated RSMs showed a good agreement with experimental data. The
main contribution to formation of the diffraction pattern was found to stem from the edge dislocations.
The increase of the film thickness was accompanied by a decrease of dislocation density and a
relaxation of the films, which is the evidence of a decrease in the influence of the crystal substrate and
the transition layer and, consequently, a decrease in the stresses of the crystal structure.
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Caption List

Fig. 1 FMR spectra at 3 GHz for YIG samples S1 (a), S2 (b), S3 (c) and S4 (d).

Fig. 2 In(gx, 2), S1 (a, b), S2 (c, d), S4 (d, e), (444), Cu Kq1, AF* = 2.25 um: a), ¢), &) — experiment;
b), d), ) — simulation.

Fig. 3 In(Qx 2), S3, t=70.71 um, Cu Kqi. Experiment: a) (444), A3** = 2.25 um, c) (888), A388 =
12.82 um, €) (880) A% = 13.24 um. Simulation: b) (444), d) (888), f) (880).

Table 1 Growth parameters of Y2gslLaoo7FesO12 epitaxial films. Ri=Fe>03/Y203, Rs=PbO/B20s,
Rs=garnet/(garnet+solution), Ki=Y>03/La,Oz3 are the mass ratios of solution components.

Table 2 Average lateral column sizes and densities of screw BS = a[111]/2 and edge Be = a[110]
dislocations
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