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Abstract: This report is on the nature of strain in thin films of yttrium iron garnet (YIG) on yttrium
aluminum garnet (YAG) substrates due to film-substrate lattice mismatch and the resulting induced
magnetic anisotropy. Films with thickness 55 nm to 380 nm were deposited on (100), (110), and (111)
YAG substrates using pulsed laser deposition (PLD) techniques and characterized by structural and
magnetic characterization techniques. The in-plane strain determined to be compressive using X-ray
diffraction (XRD). It varied from —0.12% to —0.98% and increased in magnitude with increasing film
thickness and was relatively large in films on (100) YAG. The out-of-plane strain was tensile and also
increased with increasing film thickness. The estimated strain-induced magnetic anisotropy field,
found from XRD data, was out of plane; its value increased with film thickness and ranged from
0.47 kOe to 3.96 kOe. Ferromagnetic resonance (FMR) measurements at 5 to 21 GHz also revealed the
presence of a perpendicular magnetic anisotropy that decreased with increasing film thickness and
its values were smaller than values obtained from XRD data. The PLD YIG films on YAG substrates
exhibiting a perpendicular anisotropy field have the potential for use in self-biased sensors and
high-frequency devices.

Keywords: yttrium iron garnet; yttrium aluminum garnet; ferrimagnets; thin films; strain anisotropy
field; growth-induced magnetic anisotropy

1. Introduction

Yttrium iron garnet (YIG) and rare-earth iron garnets (RIGs) are ferrimagnetic oxides
with a Curie temperature well above room temperature [1-3]. Bismuth-substituted YIG and
several RIGs show high Faraday rotation and are useful for applications such as magnetic
field sensors [4-6]. YIG is one of the materials with the lowest losses at high frequencies
and is used in microwave devices including resonators, filters, and RF sensors [7-11].
Spin waves in nano-structures of YIG, referred to as YIG magnonics, are of interest for
information storage and processing technologies [7]. Related recent developments in the
application aspects of ferrimagnetic garnets are the demonstration of YIG-ferroelectric
composites for magnetic field sensors and voltage tunable high-frequency devices [12-15].
YIG is also of interest for use in devices based on spin torque transfer phenomena [16,17]. In
most of these applications, the need for a bias magnetic field renders their miniaturization
hard to realize. For example, in the case of devices utilizing hexagonal ferrites with a large
uniaxial or planar magnetocrystalline anisotropy field, it might be possible to eliminate the
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need for a bias magnetic field, but YIG has a low magnetocrystalline anisotropy field on
the order of 50 Oe [18].

There were several attempts in the past to enhance the anisotropy field H, in ferro-
magnetic thin films and nanocrystalline crystalline materials [19,20]. In the case of thin
ferrimagnetic films, it is possible to achieve a significant enhancement in H, by substitutions,
controlling the oxygen stoichiometry, or by film-substrate lattice mismatch [21-27]. For
example, in ultrathin pure and Zn-substituted nickel ferrite films on magnesium aluminate
and some gallate substrates H, to the order 10 to 15 kOe were previously reported [26,27].
Thin films of YIG on yttrium aluminum garnet (YAG) has attracted considerable interest
for achieving a large perpendicular magnetic anisotropy [28-34]. The lattice constants of
YIG and YAG are 12.376 A and 12.009 A, respectively, and the —3% mismatch is expected
to result in a compressive in-plane strain and a tensile strain perpendicular to the film
plane [35]. A recent report predicted a strain-induced uniaxial H, on the order of 2.6 kOe
for YIG films on YAG substrates [35].

Past efforts on deposition of YIG films utilized a variety of deposition techniques
including chemical vapor deposition (CVD), RF sputtering, and pulsed laser deposition
(PLD) [28-34,36]. In techniques such as RF sputtering and CVD, film stoichiometry is
critically dependent on parameters such as chamber pressure and substrate temperatures.
PLD, however, has several advantages including preservation of target stoichiometry in the
film [37]. In addjition, films could be deposited under a wide range of chamber pressure
and substrate temperatures since the laser source is external to the deposition chamber [37].

Early works on deposition of YIG films on YAG involved CVD techniques and reported
an in-plane tensile strain primarily due to the thermal expansion mismatch between the
film and the substrate [29]. Rapid deposition of YIG on YAG by the metallo-organic CVD
technique was found to result in YIG films with a high magnetization due to the presence
of divalent Fe [30]. A recent report on PLD deposition of amorphous YIG on (100) YAG
and subsequent recrystallization also resulted in an in-plane tensile strain [32]. Wang et al.
reported an out-of-plane uniaxial H, that decreased from 1252 Oe in 9.8 nm-thick YIG
films on (100) YAG to 49 Oe in 72.7 nm-thick films prepared by sputtering techniques [34].
One, however, prefers YIG films with a thickness of at least 0.5 to 1 um for applications for
sensors and microwave devices.

We report here the deposition by PLD techniques on YIG films of thickness 55 nm
to 380 nm on (100), (110), and (111) YAG substrates, and the results of a systematic study
on the structural and magnetic properties. The films deposited at 650 °C and annealed
at 1000 °C showed an increase in the out-of-plane lattice constant c and a decrease in the
in-plane lattice constant a4 with increasing film thickness. The estimated strain anisotropy
H; from X-ray diffraction data was uniaxial and perpendicular to the film plane, and
increased with increasing film thickness. The room temperature magnetization, 47tM;, is in
the range 1700-2000 G, which was in general agreement with values for bulk single crystal
YIG. Ferromagnetic resonance (FMR) measurements at 5-21 GHz indicated a uniaxial
anisotropy of 20 Oe to 450 Oe that generally decreases with increasing film thickness with
the maximum values for films on (111) YAG. The FMR line-width AH ranged from 19.5 Oe
to 92 Oe for the films on (100). YAG showed the lowest AH. Details on our study are
presented in the sections that follow.

2. Experimental Section

The target of yttrium iron garnet for the deposition of films was synthesized using
traditional ceramic processing techniques from yttrium oxide (Y,0O3) and iron oxide (Fe;O3).
First, the oxides (11.475 g Y,0O3 and 13.525 g Fe,O3) were mixed with 12.5 mL methanol
in the ratio of 2:1 in a ball mill for 12 h and dried for 12 h at room temperature. Then, the
powder was pre-sintered at 950 °C for 6 h with a heating rate of 2 °C/min. The sintered
powders were ground to fine particles and ball-milled for 24 h. Finally, the mixture was
dried at room temperature and pressed into a disk with diameter of 6 cm and thickness
of 3 cm, then sintered at 1525 °C for 15 h with the heating rate of 2 °C/min. The disk of
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YIG was used as a target in the PLD system. Films of YIG were deposited for a duration
of 30-120 min on (100), (110), and (111) and oriented on 0.5 mm-thick YAG substrates.
The growth temperature for all the films was 650 °C at an oxygen pressure of 1.0 Pa. The
distance between target and substrates was 5 cm and the laser pulse energy was 300 mJ
(krypton fluoride, KrF) at a frequency of 5 Hz. Following the deposition, the samples were
cooled at a rate of 2 °C/min. All samples were post annealed at 1000 °C in an oxygen
atmosphere for 2 h with a heating and cooling rate of 2 °C/min.

Film thickness was measured using cross-section scanning electron microscopy (SEM)
images, while film composition was determined using energy dispersive X-ray spectroscopy.
There have been several reports that describe measurements of strain anisotropy in mag-
netic materials. Techniques employed include 626 patterns in X-ray diffraction (XRD),
XRD pole figures, XRD phi-scan, XRD reciprocal space mapping, transmission electron
microscopy, ferromagnetic resonance, and magnetization vs. static field [19,20,25-27].
In this work, XRD and FMR data were utilized for the calculations of strain as well as
strain-induced magnetic anisotropy field. XRD patterns for the YIG target and films were
obtained at room temperature using a powder diffraction system Bruker XRD, D8 Advance,
CuKgy, A =1.5406 A, (Bruker Instruments, Billerica, MA, USA). Imaging of the magnetic
domains for YIG films was carried out using a magnetic force microscope (MFM) with a
Basic Atomic Force Microscope (B-AFM) (AFM Workshop, Hilton Head, SC, USA). The
magnetization measurement was conducted at room temperature using a Faraday balance.
Ferromagnetic resonance (FMR) measurements were performed with the films placed in
a coplanar waveguide that was excited with microwave power using a Vector Network
Analyzer (VNA) (Agilent Technologies, Denver, CO, USA). The DC bias magnetic field
was applied parallel to the sample plane. Profiles of FMR were recorded by measuring
the amplitude of the scattering matrix parameter Sy, vs. frequency f as a function of bias
magnetic field H values and also by recoding the derivative of the power absorbed dP/dH
as a function of f for a series of frequencies from 5 to 21 GHz.

3. Results

YIG films were deposited for durations of 30, 60, 90, and 120 min. Figure 1 shows
cross sectional SEM images for films deposited on (100) YAG. The deposition rate varied
from 1.83 nm/min to 3.17 nm/min for film thicknesses of 55-380 nm. Figures S1-5S8 in the
supplement show similar SEM images used for thickness measurements for films on (110)
and (111) YAG. Table 1 shows the YIG film thickness as a function of deposition time for all
orientations of YAG substrate. Surface topography of the films were probed with an AFM.

Figure 1. SEM cross-sectional images showing the thickness of YIG films deposited for (a) 30, (b) 60,
(c) 90, and (d) 120 min on (100) YAG.
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Table 1. Thickness of YIG films on (100), (110), and (111) YAG as a function of deposition time.
Estimated out-of-plane lattice constant ¢, in-plane lattice constant 4, the out of plane strain ¢,,, and
in-plane strain ey, for YIG films on YAG (100), (110), and (111) substrates.

Deposition Thickness

Film Time (45%) c(A) a (A) Ezz Exx
30 min 55 nm 12.440 12.344 0.52% —0.26%
YIG/YAG 60 min 120 nm 12.492 12.318 0.94% —0.47%
(100) 90 min 170 nm 12.544 12.293 1.36% —0.67%
120 min 380 nm 12.624 12.254 2.00% —0.98%
30 min 91 nm 12.405 12.361 0.23% —0.12%
YIG/YAG 60 min 145 nm 12.462 12.333 0.69% —0.35%
(110) 90 min 171 nm 12.484 12.322 0.87% —0.44%
120 min 205 nm 12.524 12.303 1.19% —0.59%
30 min 127 nm 12.429 12.355 0.43% —0.17%
YIG/YAG 60 min 171 nm 12.464 12.338 0.71% —0.31%
(111) 90 min 274 nm 12.491 12.325 0.93% —0.41%
120 min 357 nm 12.533 12.304 1.27% —0.58%

Figure 2 shows representative AFM images for films on (100) YAG. The images
show smooth surface with a roughness of around 2 nm. Chemical composition for the
films was determined using energy dispersive X-ray spectroscopy and was found to be
Y310.02 Fes10.05 O12, which was close to the stoichiometric composition (Figure S9 in the
supplementary file shows representative composition data).
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Figure 2. AFM topography images for YIG films of thickness (a) 55 nm, (b) 120 nm, (c) 170 nm, and
(d) 380 nm on (100) YAG.

The film crystal structure was studied via X-ray diffraction. Figure 3 shows the XRD
626 plots for the YIG films on YAG substrates for (100), (110), and (111) orientations. All
the YIG films were grown on YAG substrates showing the (400), (440), or (444) diffraction
peaks. The (400) diffraction peaks in Figure 3a shift to the right toward the YAG peaks
when the thickness of the films is decreased. A similar shift closer to the YAG peaks with
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decreasing film thickness is also observed for (440) and (444) peaks for the films on (110)
and (111) YAG substrates, respectively. The out-of-plane lattice constants ¢ for the YIG
films obtained from the XRD scans using the Bragg formulation are listed in Table 1, which
shows an increase when the film thickness increased. The lattice constant for bulk YIG
a, was found to be 12.376 A [34,38,39]. The in-plane lattice constant a for the films can be
estimated from the unit cell volume for bulk YIG and c-values in Table 1, and is given by
a=(12.376)3/2/c A. Values of a as a function of the film thickness are also listed in Table 1.
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Figure 3. (a) XRD patterns for the YIG film on (a) (100), (b) (110), and (c) (111) YAG substrates.
The positions of the dotted lines in the figure represent the diffraction peaks of the corresponding
orientation of bulk YIG.

The out-of-plane strain ¢, for the YIG films was calculated using the expression

¢ - % where ay, is the lattice constant for bulk YIG. The in-plane strain ey, can be
estimated from ey, = (2 — a3)/a,. Values of the estimated in-plane and out-of-plane strains
are listed in Table 1 and, as expected, the strains were compressive and tensile, respectively.
First, we will consider the lattice constants and strain values in Table 1 for the films on
(111) YAG. The a-value for the 127 nm-thick film was close to that of bulk YIG values,
which decreased when film thickness increased. This was accompanied by an increase
in the magnitude of compressive ey, from 0.17% for the 127 nm-thick film to 0.58% for
the 357 nm film. Values of ¢ and the tensile strain ¢,, both increased when film thickness
increased. These observations are contrary to the expectations that the a value for the
thinnest film should be close to the YAG substrate, and that both strains should relax and
decrease in their magnitudes when film thickness increases. The films on (110) and (111)
also showed a similar dependence of lattice constants and strains on YIG film thickness.
Further, the films on (100) YAG substrate showed the maximum values for both in-plane
and out-of-plane strains.

The variations in the lattice constants and strains with the film thickness in our
system was similar to the findings reported in [32] for films of YIG on (100) YAG. In
that study, amorphous films of YIG were deposited on unheated YAG substrates and
then annealed at 800 °C to obtain crystalline films. As in the present study, a similar
decrease in the in-plane lattice constant @ and an increase in the c-value were reported
as the film thickness increased from 9.6 nm to 56 nm [32]. The authors attributed these
observations to two causes: (i) tilting (rotation) of unit cell of YIG relative to YAG during
the film growth and dislocations at the film-substrate interface; and (ii) the difference in
the linear thermal expansion coefficient « for the film and the substrate that results in a
tensile strain at the interface. YIG (x = 10 x 10-4/°C) is a factor 4 greater than that of YAG
(c=2.7 x 1076/°C) [40,41]. In another study, the measured in-plane tensile strain in a
4 um-thick YIG film on 1 mm-thick YAG substrate grown via CVD techniques at 1250 °C
was accounted for by the mismatch in « [32]. In the present study (films grown at 650 °C
and annealed at 1000 °C), instead of the anticipated eyy~—23%, the observed exy = —0.26 %

€2z =
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for the 55 nm film on (100) YAG and subsequent increase in its magnitude to —0.98% for
the thickest film could be due to a combination of YIG-YAG compressive strain, which
was caused by a lattice mismatch and a tensile strain due to difference in a-values. Films
on other orientations of YAG substrates also showed a similar variation in the strains with
film thickness. Estimates of the strain-induced anisotropy field H are provided in the
Discussion section.

The magnetic domain patterns for the thickest YIG films on (100), (110), and (111)
YAG substrates were imaged by magnetic force microscope (MFM), as shown in Figure 4.
A stripe domain pattern was observed for the YIG films. Our MFM measurement was
performed by scanning a ferromagnetic probe over the film, which detected a perpendicular
magnetic field gradient from the sample. The stripe domain-like structure of YIG films
could be due to the pre-magnetization of the samples and the external magnetic field-
induced alignment of the domain structure [42—46]. It is very likely that this out-of-plane
magnetization is associated with the boundary between two neighboring domains with
in-plane magnetization. The images, therefore, indicate that an out-of-plane component of
the magnetization was present in the films.

15
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156.10mV 0 151.53 mV 0

166.50 151.40
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165.00 16120 148.50

154.50
151.00

15400 10 148.00

153.50 150.80

15300 15 150.60 147.50

152.01 150.35 146.92

Figure 4. (a—c) MFM phase images showing the stripe domains in the thickest YIG films on (100),
(110), and (111) YAG substrates.

The magnetization measurements at room temperature for the YIG films were per-
formed with a Faraday balance. Figure 5 displays M vs. H hysteresis loops for the thickest
YIG films for in-plane and out-of-plane H. The in-plane coercive field was less than 25 Oe
and was the highest for the (110) YIG film and the lowest for the (100) YIG film. The satura-
tion field H; for in-plane loops was on the order of 200 Oe, whereas the out-of-plane Hs was
in the range 1700-1800 Oe. The saturation induction 47tM; for the films are listed in Table 2
and were found to be in the range 1700-1980 G, which was close to the value of 1750 G for
bulk YIG [47]. Additional hysteresis loops for H in-plane and perpendicular to the film
plane are shown in the supplement (Figures 510-514). The magnetization values were used
for the determination of the growth-induced anisotropy field from FMR measurements
that are discussed next.

Ferromagnetic resonance measurements were carried out to determine the magnetic
parameters for the films. For ferromagnetic resonance (FMR) measurements, we used a
vector network analyzer [48-50]. Two types of measurements were done. (i) The VNA
was used as a source of microwave power, and the sample placed in an S-shaped coplanar
waveguide and subjected to a modulation field at 1 kHz were generated by a pair of
Helmbholtz coils and a static field H was generated by an electromagnet. Profiles derivative
of the power dP/dH was recorded as a function of H with the use of lock-in detection [48].
This procedure was mainly used for determining FMR line width. (ii) Profiles of the
amplitude of scattering matrix parameter Sy; was recorded as a function of frequency
f =5-21 GHz with H applied either parallel or perpendicular to the sample plane. The
FMR resonance frequency f, was measured from the position of maximum absorption
by the sample. The VNA was calibrated with the use of electronic calibration for these
measurements. FMR measurements were done on all 12 YIG films. Figure 6 shows
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representative profiles of dP/dH vs. H for the 357 nm-thick YIG/(111) YAG for in-plane H
and f = 5-21 GHz. The resonance frequency f, and the field H, for in-plane applied fields
are related by the Kittel equation:

fr2 = ')’2 (Hr + He) (Hy + He + 47tM,f) @

where 7 is the gyromagnetic ratio, H, is the magnetocrystalline anisotropy field, and the
effective magnetization 47TMgﬁc is defined as 47TM€ﬁ = 4nM; + H,. Here, H, is the strain
induced magnetic anisotropy field, and it is assumed to be positive for in-plane field and
negative for out-of-plane field. Our FMR measurements as a function of orientation of
in-plane H did not show any measurable change in the resonance frequency or field and is
indicative of a rather small magnetocrystalline anisotropy field H. A recent study on YIG
films on YAG reported H, on the order of 10-60 Oe [32]. We, therefore, did not take into
consideration H, in Equation (1). Data on the resonance frequency and field were fitted
to Equation (1), as shown in Figure 6, to obtain the parameters v = 2.79 GHz/kOe and
47tMep = 1.579 kG.

-0.54YIG/YAG (1

-50

(a) YIG/YAG (100)

{ YIG/YAG (110)

1o vievac 11)
0.5
- YIG/YAG (110)
§0.0-
In plane 0.5, Out of plane H
-1.0 YIG/YAG (100)
) ) ; 2 v T T
0 50  -3000 -2000 -1000 0 1000 2000 3000
H (Oe) H (Oe)

Figure 5. Normalized in plane (a) and out-of-plane (b) M-H hysteresis loops for the thickest YIG
films grown on (100), (110), and (111) YAG substrates.

Table 2. The saturation induction 47tM;, gyromagtic ratio, and the effective saturation induction
47tMp for YIG films on YAG substrates.

Film Thickness 47M, (kG) + (GHz/kOe) 47tM 5 (kG)

(nm)

55 1.80 2.80 1.35

120 1.70 2.79 1.55

YIG/YAG (100) 70 1.80 277 1.64

380 1.67 2.76 1.70

91 1.70 2.77 144

145 1.74 2.79 1.49

YIG/YAG (110) 171 1.80 2.78 1.60

205 1.67 2.77 1.77

127 1.71 2.79 1.36

171 1.77 2.79 151

YIG/YAG (111) i 198 278 153

357 1.86 2.70 1.58
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Figure 6. (a) Profiles of dP/dH vs. H showing FMR in 357 nm-thick YIG/(111) YAG for H applied
parallel to film plane. (b) Theoretical fit to data on resonance frequency f, and field H, for estimation
of magnetic parameters for the film.

FMR profiles of Sy; vs. H for excitation frequencies from 14 to 21 GHz are shown
in Figure 7 for 55 nm YIG film on (100) YAG. The in-plane field H was applied parallel
to (001) of the film. The resonance appears as a sharp decrease in Sy; and the figure also
shows the fit to the data on resonance field and frequency. Estimated values of the magnetic
parameters are y = 2.8 GHz/kOe and 47tM, = 1.35 kG. The values of -y determined from
the FMR data in Figures 6 and 7 agree with the value of 2.8 GHz/kOe for single crystal
YIG [47]. Similar FMR measurements were also done on YIG/(110) YAG films with H
applied parallel to (001). The parameters 7y and 47tM, for all of the films obtained from
data as in Figures 6 and 7 are listed in Table 2. Additional Sy vs. f profiles as in Figure 7
for FMR are shown in the Supplement (Figures 515-519).

70
YIG/YAG (100)
0.06 & ool -
g /
<
%) s 60
5 0.04 = //
e’
v = &
~ X SSr /
72} e
S
0.02 sol y
0.00 | 6.5 kIOe 45 I I I I |
. 45 50 55 60 65 7.0 75
14 16 18 20

H_ (kOe)
f(GHz)

Figure 7. (a) Profiles of amplitude scattering matrix Sy; vs. H showing FMR in 55 nm thick YIG/(100)
YAG for in-plane H along (001) direction of YAG. (b) Theoretical fit to data on resonance frequency
and field for estimation of magnetic parameters for the film.

The FMR line-width AH for the films was determined from profiles, such as in Figure 6.
Figure 8 shows the measured peak-to-peak AH values for the thickest YIG films on YAG
substrates for excitation frequencies from 5 to 10 GHz. The line width increased when
frequencies increased for films of all three orientations on YAG. Films on (100) YAG showed
the smallest AH value, which increased from 19.2 Oe at 5 GHz to 22 Oe at 10 GHz. Films
on (111) YAG have AH = 50 Oe to 60 Oe for the same frequency range. Films on (110) YAG
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showed the highest values for line-width, with AH increasing from 70 Oe at 5 GHz to 90 Oe
at 10 GHz. The line-widths in Figure 8 for the films generally agree with AH reported for
films on YIG on (100) YAG [32,34]. The linewidth of 205 nm YIG film on (110) YAG was
higher than that of the films on (100) and (111) YAG, and the relatively large DH for the
film compared to values in the literature for bulk single crystal YIG [47] could be due to
the poor crystallinity of the sample. According to the XRD data in Figure 3, the Bragg
peak of 205 nm YIG film was broadened and split into two peaks, showing a twinning-like
behavior, and may be the cause of a large FMR linewidth. The determination of the growth
induced magnetic anisotropy field for the films is considered in the following section.

100
(110) &
g 80 6 /
Z 60-
= | a—A—a—4—4—4
= y (111)
S 40+
O
- 201 ® L u —n N
— (100)
0 T T T T T T T T T T T
5 7 8 9 10

6
Frequency (GHz)

Figure 8. Dependence of FMR line-width AH on film thickness for 380 nm thick YIG film grown on
(100) YAG, 205 nm film on (110) YAG, and 357 nm film on (111) YAG substrates. The +3 Oe error
bars of FMR line-width are presented in the figure.

4. Discussion

In this section, we will discuss the results of this comprehensive study on the structural
and magnetic properties of YIG films on the three different orientations of YAG substrates.
Films with thicknesses of 55-380 nm were deposited by PLD techniques and, following
the growth, annealed at 1000 °C in oxygen atmosphere. X-ray diffraction data confirmed
the absence of any impurity phases and epitaxial nature of the films. Significant findings
from the XRD measurements are as follows. (i) For all three substrate orientations, the
thinnest films had in-plane lattice constants a close to that of YIG rather than the anticipated
a value for YAG. (ii) With increasing film thickness, a-value decreased and the out-of-
plane lattice constant ¢ increased. (iii) The in-plane strain was compressive, the out-of-
plane strain tensile, and the magnitude of both strains increased when film thickness
increased. (iv) Although the —3% lattice match for YIG films on YAG was expected to
be the determining factor in the growth of ultrathin films [30], the thermal expansion
between YIG and YAG seemed to be the key factor that determined the structure and
growth-induced strains for films annealed at high temperatures, as was the case for our
films. This observation agrees with similar findings in previous reports on YIG films on
YAG [29,32].

Next, we estimated the strain induced anisotropy field H, from the lattice constants,
as shown in Table 1. The field H, is given by [26]

Hy,=3A0/Ms, ()
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where A is the magnetostriction and ¢ is the effective strain given by
oc=(@@—c)2E/[ay (1+v)] 3)

In Equation (3), 4, ¢, and aj, are the in-plane and out-of-plane lattice constants for the
YIG film and the lattice constant for bulk YIG, respectively, E is the Young’s modulus and
v is the poison’s ratio. Using Equations (2) and (3), as well as values 4 and c in Table 1,
a, =1.2376 nm, E =2 x 1012 dynes/cm2, A =—=2ppm, v =0295, and M; = 140 emu/cc, cal-
culated H, values are listed in Table 3. Positive values of H, indicate easy plane anisotropy
field, whereas negative values of H, are for uniaxial anisotropy field perpendicular to film
plane. The anisotropy fields H, in Table 3 are uniaxial and showed to increase with increas-
ing film thickness for all YAG substrate orientations. Films on (100) YAG were shown to
have the highest H; value; its magnitude increased from 1 kOe for 55 nm film to 4 kOe for
the thickest film. Films on (110) and (111) YAG substrates had H, of approximately the
same value. The thickest films on (100), (110), and (111) YAG had H,= 2.4-4.0 kOe, which
was in agreement with recent theoretical predictions [35].

Table 3. The strain anisotropy field H estimated from XRD data and growth induced anisotropy
field H, determined from FMR data.

Thickness

Film (om) Hy (kOe) H; (kOe)
55 -1.02 —045
YIG/YAG (100) 58 :;:28 :8212
380 —3.96 —0.03
91 —0.47 —0.26
YIG/YAG (110) b T Zo20
205 —2.36 0
127 —0.79 —0.35
YIG/YAG (111) o) i}j?? :8:?12
357 —245 —028

The MFM images in Figure 4 for the domain structure in the magnetized YIG films
show stripe domains due to an out-of-plane component for the magnetization. The sat-
uration magnetization 471M; measured at room temperature varied from a minimum of
1.67 kG to a maximum of 2 kG. Past studies reported 477M; as high as 2.56 kG in YIG
films [30,51] and were attributed to distribution and/or ionic states of Fe.

The FMR data on the effective magnetization 47tM,¢ and the saturation magnetization
values in Table 2 can be used to estimate the growth-induced anisotropy field H,. The
effective magnetization 47tM,y = 47M;s + (Hc + H,.), where H, is the magnetocrystalline
anisotropy field. As mentioned earlier, H, is rather small in YIG and is shown to vary from
42 Oe for 9.8 nm YIG film on (100) YAG to 25.6 Oe for 72.7 nm thick film [34] and H, can
be ignored in comparison to the magnitude of H,. Thus, H, = 47tMy — 47tM;. Values
of H, determined from the FMR and magnetization data are listed in Table 3. The field
H,; was negative and was perpendicular to the film plane. Our FMR data on resonance
fields for in-plane fields did not show any significant dependence on the direction of H and
was indicative of negligible uniaxial in-plane growth induced anisotropy. Values of H, in
Table 3 are shown to range from a maximum of 450 Oe for 55 nm-thick film on (100) YAG to
a minimum of zero for the 205 nm-thick film on (110) YAG. Further, Table 3 shows a general
decrease when film thickness increased. Values of H, showed a significant departure from
both the magnitudes and thickness dependence of strain anisotropy field H, estimated
from XRD data. H,; showed the expected decrease when film thickness increased. The
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strain anisotropy H, showed an increase when film thickness increased. Values of H, were
a factor of 2-to-10 smaller than the H, values. It is likely that the cause of very high values
of Hy determined from XRD data that are much higher than H, could be a significant
contribution to the strain from the thermal expansion mismatch between the film and
substrate. The cause of the difference in both the values and thickness dependence of H,
and H; need further investigation. This may involve studies directed at XRD in films as
a function of post-annealing temperatures for the films. One expects the data on M vs.
H to confirm the presence of PMA in the films. Data on the dependence of 47tM on H in
Figure 5 and in the supplement showed saturation of M for Hs ~ 100-200 Oe for in-plane
H and H;~1.5-2.0 kOe for out-of-plane H. For in-plane H, one expects Hs > H, and for the
out-of-plane field, Hs > (4tM;s — H,). Thus, relatively small H; for in-plane H and Hs on
the order of 47tM; for out-of-plane H are indicative of values of H;, close to that of FMR
values and much smaller than H;,

Next, we compared H, values for our films with past reports for YIG and spinel ferrite
films. FMR measurements on films of YIG on (100) YAG with thicknesses of 9.8 nm to
72.7 nm were reported to have H, that decreased from 1252 Oe to 49 Oe [34]. A recent study
on recrystallized PLD films of YIG on (100) YAG reported that H, decreased from 72 Oe for
a 9.6 nm film to 30 on a 56 nm-thick film [32]. Thus, our 55 nm to 380 nm-thick YIG films
showed modestly high H, values compared to previous reports. Films of spinel ferrites
such as nickel ferrite (NFO) showed a much higher H, than YIG films due to an order of
magnitude higher magnetostriction. NFO films that were 445 nm thick and deposited by
PLD on magnesium gallate substrate had H,; = 11.9 kOe [26]. Zinc- and Al-substituted NFO
were 15-53 nm thick on the MgAl,Oy substrate and showed H,; ~ 10 kOe [27]. Although
the YIG films in this study showed H, to be much smaller than that of spinel ferrite films,
our YIG films on (111) YAG showed one of the highest perpendicular anisotropy filed
for YIG. Thus, these findings are potentially of interest for applications in sensors and
high-frequency devices.

5. Conclusions

This work focuses on the deposition of thin films of YIG on (100), (110), and (111)
YAG substrates using PLD techniques and characterization via structural and magnetic
measurement techniques. Films with thicknesses between 58-460 nm were annealed at
high temperatures. As the film thickness increased, XRD data revealed a decrease in the
in-plane lattice constant and an increase in the out-of-plane lattice constant. A growth
induced in-plane compressive strain and an out-of-plane tensile strain were inferred from
the XRD data. A stripe domain structure for the films was evident from the MFM phase
images. Room temperature saturation magnetization values were found to be in general
agreement with magnetization for bulk single crystal values. The strain anisotropy field
H, determined from the XRD data was uniaxial and perpendicular to the film plane and
its magnitude increased when film thickness increased. Films on (100) YAG showed the
highest values for H,. Ferromagnetic resonance studies at 5 to 21 GHz were performed
to determine the growth induced anisotropy field H, for the films. A decrease in H, with
increasing film thickness was evident for the films on all three orientations of the YAG
substrates. Estimated values of H, ranged from a maximum of 450 Oe for the 55 nm films
to a minimum of 30 Oe for 380 nm-thick films.
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