PHYSICAL REVIEW MATERIALS 10, 084403 (2026)

Magnetic anisotropy due to localized structural defects in strained yttrium iron garnet thin films
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Yttrium iron garnet (YIG, Y;FesO;,) thin films are promising material systems for quantum magnonics due
to their ultralow magnetic damping and the capability of building on-chip spin wave devices to be coupled
with superconducting microwave circuits. However, the default substrate for epitaxial YIG thin-film growth,
Gd;GasO;, (GGG), suffers from strong microwave absorption at cryogenic temperature due to the magnetic
moment induced by the rare-earth element Gd. In this work, we study strained epitaxial YIG thin films grown on
Y3Sc,GazOy; (YSGG), a rare-earth-free substrate compatible with cryogenic applications. Using cross-sectional
scanning transmission electron microscopy along with strain mapping, we show the existence of spot-shape
domain defects in the epitaxial YIG films and their connection with strain and stoichiometry, leading to
drastically different magnetic properties such as perpendicular magnetic anisotropy, magnetic hysteresis loop,
and magnetic damping. Applying high-resolution orientation mapping, we identify localized lattice rotations
as the structural origins of these domains. We hypothesize that these domains are formed by a self-composed
off-stoichiometry during the growth of the YIG thin films, as a mechanism to accommodate the relatively large
lattice mismatch between YIG and YSGG. By elucidating the structure-property relationship in YIG/YSGG thin
films, this work highlights a strain accommodation mechanism in complex oxides and provides guidance for

future works on the applications of strained YIG thin films in quantum information.

DOI: 10.1103/d31t-swsx

I. INTRODUCTION

Yttrium iron garnet is widely used in magnonics and spin-
tronics due to its ultralow magnetic damping [1-9]. Recently,
the rapid development of hybrid magnonics shows promise
for magnons in quantum information science [10-13], with
demonstration of magnon-qubit entanglement [14], magnon
quantum sensing [15,16], and magnon quantum tomography
[17]. However, to explore the potential of magnons towards
quantum information applications in terms of propagating
magnons, such as utilizing magnon nonreciprocity [18] and
implementing on-chip microwave-to-optic quantum transduc-
tion [19], one needs to integrate YIG thin-film systems with
cryogenic superconducting quantum circuits.

YIG thin films have most commonly been grown
epitaxially on Gd;GasO;; (GGG) substrates, thanks to
GGG’s near-perfect lattice matching with YIG. However,
at milli-Kelvin temperature required for practical quantum
information applications, Gd in GGG generates complex
spin state [20,21], leading to considerable enhancement
of microwave absorption and thus incompatibility with
cryogenic microwave quantum circuits. To address this
challenge, Y3Sc,Gaz;0Oi, (YSGG), which contains no

“Contact author: axelh @illinois.edu
TContact author: jianzuo @illinois.edu

2475-9953/2026/10(8)/084403(10)

084403-1

rare-earth elements, has been investigated as an alternative
substrate for YIG thin films. Previous study has demonstrated
that ultralow damping and strong on-chip magnon-photon
coupling can be achieved in YIG/YSGG thin films down to
as low as 2 K, a temperature at which YIG/GGG thin films
suffer from significant enhancement of damping [22]. These
encouraging results have led to a significant rise of research
attention on epitaxial YIG/YSGG thin films for quantum
magnonics in recent years [4,13,22-26].

An intrinsic challenge for epitaxial YIG/YSGG thin
films is that compared to GGG (a=12.377 A), YSGG
(a=12.426 A) has a significantly larger lattice mismatch with
YIG (a = 12.376 A), theoretically leading to a 0.4% tensile
strain in a stoichiometric YIG thin film. To achieve strong
magnonic coupling in hybrid devices, a sufficiently thick YIG
film (on the order of 100 nm) is often required [22]. Estab-
lished theoretical models of critical thickness of epitaxial thin
films [27,28] and experimental evidence [25,29] show that at
such thickness, YIG/YSGG thin films would be prone to strain
relaxation by misfit dislocations, detrimental to their magnetic
properties. In current literature, strain relaxation in epitaxial
YIG/YSGG thin films remain under-explored, and most ex-
isting literature reports YIG/YSGG thin films with thickness
considerably lower than 100 nm [4,13,22-26,30]. More im-
portantly, there is also a lack of thorough structural analyses
to confirm whether these films remain coherently strained
or relaxed, and to clarify how any structural imperfections
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correlate with their magnetic properties. Such insights would
be invaluable for understanding structure-property relation-
ships in YIG/YSGG systems and for guiding the develop-
ment of high-quality YIG/YSGG thin films for quantum
magnonics.

In this work, we report the structural characterization of
thick YIG/YSGG thin films under different growth condi-
tions serving as a structure control parameter, using scanning
transmission electron microscopy (STEM) and scanning elec-
tron nanodiffraction (SEND) or 4D-STEM. Although all the
films show good epitaxy to the YSGG substrates without
obvious lattice dislocations under STEM, they show a large
difference in the formation of inhomogeneous domains inside
the films, which is reflected by the dark circular areas with dif-
ferent contrast in the transmission electron microscopy (TEM)
images. Applying SEND strain and orientation mapping, we
demonstrate that these domains are formed due to local lat-
tice rotation and distortions, which suggests local variation
in elemental composition. Self-composed off-stoichiometry
has been reported as a common pathway for epitaxial ox-
ide thin films to handle large lattice mismatches [31,32].
However, on the microscopic level, such off-stoichiometry is
typically accommodated by the formation of planar defects, or
amorphous regions [33-36]. The formation of the nanoscale
domains observed in this work represents a different pathway
for epitaxial thin films to handle off-stoichiometry and large
lattice mismatch between film and substrate. The occurrence
of these domains correlates to higher magnetic damping and
anisotropy measured at cryogenic temperatures, with results
showing a strong correlation between film uniformity and
low-temperature magnetic resonance. These results provide
guidance to future works on optimizing YIG/YSGG thin films
for quantum magnonics.

II. METHODS

To study the correlation between structural defects and
magnetic properties, we prepared three epitaxial YIG thin
films deposited on YSGG substrates under different growth
conditions. For the first sample, denoted YIG/YSGG-1, the
YIG film was sputter deposited at Chungnam National Uni-
versity using a laboratory-customized YIG target with an
optimized Y:Fe ratio [37,38]. The other two samples, denoted
YIG/YSGG-2 and YIG/YSGG-3, were deposited at Argonne
National Laboratory using a commercial sintered oxide mix-
ture Y3Fes;0), target [9,39], with substrate-target distances
of 50 mm (YIG/YSGG-2) and 80 mm (YIG/YSGG-3), re-
spectively. All the three as-deposited YIG/YSGG films were
initially amorphous and were subsequently annealed in air at
850 °C for 3 h and slowly cooled down to room temperature
at a rate of 30 °C/h in order to establish the epitaxial texture
along the YSGG substrate. Because the as-deposited YIG
films are amorphous, variations in substrate-target distance
and Ar pressure primarily affect the Y:Fe stoichiometry by
modifying the sputtering plasma profiles of Y and Fe species.

To study the magnetic properties of the three samples,
we conducted ferromagnetic resonance (FMR) at both room
temperature and cryogenic temperature, in order to charac-
terize the magnetic damping and strain-induced magnetic
anisotropy. The room-temperature FMR was performed by

fixing the frequency and sweeping the magnetic field using
the field-modulation technique, while the cryogenic FMR was
performed by fixing the field and sweeping the frequency
using a vector network analyzer (VNA). We also conducted
superconducting quantum interference device (SQUID) mea-
surements for the magnetic moments and the magnetic
hysteresis loops.

To visualize the nanoscopic structures of the thin films,
electron-transparent cross-sectional samples were prepared
using an FEI Helios 600i or FEI Scios 2 focused ion beam
(FIB). The nonconductive YIG thin films were sputter coated
with a Pd/Au layer by an Emscope SC 500 sputter coater
before FIB experiments. To protect the top surfaces of YIG
thin films from ion-beam damage, layers of Pt were coated in
situ by first the electron beam, then the ion beam. The lamellar
cut out by FIB were lifted out and thinned by ion beam until
they showed transparency under electron beam at 5 keV. The
samples were then imaged using TEM, STEM, and SEND.
All data were acquired using a standard double-tilt holder,
aligning the [112] zone axis of YIG with the electron beam.
Dark-field (DF) TEM images were recorded using a JEOL
2010 TEM with a Gatan Orius SC1000 CCD detector with
a few seconds exposure time. Atomic-resolution STEM im-
ages were recorded using a ThermoFisher Themis Z S/TEM
with a high-angle annular dark-field (HAADF) detector with
collection angles from 51 to 200 mrad. The beam current was
~100 pA, with a beam convergence angle of 18 mrad. The
dwell time was 2 us and the scan area was 2048 x 2048 pixels.
SEND data were collected using a ThermoFisher Talos F200X
G2 S/TEM with a Ceta 16M detector. Diffraction patterns
were typically collected with the size of 512x512 pixels,
scanned over an area 128x 128 pixels (lum x lum), with a
dwell time of 30 ms and beam convergence angle of 0.6 mrad.
Energy-dispersive x-ray spectroscopy (EDS) was performed
using a ThermoFisher Talos F200X G2 S/TEM with a Super-
X SDD EDS detector with four segments and a fixed sample
position. Only detector segments reading strong signals were
used for data collection. The sample was tilted by ~2° to
an off-zone-axis orientation to avoid channeling effects. The
beam current was ~0.8 nA, with a beam convergence an-
gle of 10.5 mrad. The scanning area was 384 x384 pixels
(148x 148 nm?), with a dwell time of 5 us. Spectra were
collected from O to 20 keV, with a 20-eV energy resolution.
The scanning was performed continuously until the signal of
the Ko edge of Fe reached 5000-10 000 counts, typically
in 3040 min. To ensure the accuracy of quantitative EDS
measurements, we performed EDS measurements following
the same procedures on a single-crystalline YIG as a standard
calibration sample. The quantified Y/Fe ratio in this standard
sample was 0.59 &£ 0.04, closely agreeing with the expected
stoichiometry of Y3FesOy,.

We followed literature reports for the quantitative analysis
of the collected data. The details of the analysis are listed in
Supplemental Material [52].

III. RESULTS

Figure 1 compares the SQUID and FMR line shapes
of the three YIG samples. From the SQUID data, the
three samples show similar magnetizations (M), with
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FIG. 1. (a) Magnetic hysteresis loops of the three YIG/YSGG thin films measured by a superconducting quantum interference device
(SQUID). (b) Ferromagnetic resonance (FMR) signal of three YIG/YSGG thin films at 10.0 GHz. (c) Vector network analyzer (VNA)
measurements of the magnetic resonance of the three thin films at 1.4 K. YIG/YSGG-3 shows no resonance and is therefore not shown in

the figure.

YIG/YSGG-1 exhibiting a smaller value. However, the
FMR line shapes show clear difference in resonance field,
showing a large variation in the effective magnetization
M. [Fig. 1(a)]. The extracted Mg from the in-plane Kittel
equation, w = y uo~/H(H + M), are summarized together
with measured M in Table I. The main feature is that
Mg and M are comparable for YIG/YSGG-1 but show
large discrepancy for YIG/YSGG-2 and YIG/YSGG-3.
This suggests a strong perpendicular magnetic anisotropy
at the YIG/YSGG interface due to lattice mismatch, which
is typically caused by the interfacial strain due to lattice
mismatch.

Next, we focus on the FMR linewidths of the three sam-
ples. At room temperature, the three YIG films show similar
total linewidth broadening [Fig. 1(b)]. This is dominated
by the multi-peak features as a consequence of heteroge-
neous formation during the annealing process, and is quite
common in epitaxial YIG films. However, at cryogenic tem-

TABLEI. Effective magnetization (M.s) and saturation magneti-
zation (M) of the three YIG/YSGG thin films measured by FMR and
SQUID. Uncertainties were estimated as 95% confidence intervals of
the fits.

Film toMes (T) oM, (T)

YIG/YSGG-1 0.123 4+ 0.005 0.111 £0.003
YIG/YSGG-2 0.072 £+ 0.005 0.147 £ 0.004
YIG/YSGG-3 0.038 4+ 0.005 0.163 £ 0.005

perature down to 1.4 K, the YIG/YSGG-1 sample still shows
a reasonable absorption peak but the YIG/YSGG-2 shows
a much broader peak as compared with YIG/YSGG-1. The
YIG/YSGG-3 sample, which shows the lowest Mg in Ta-
ble I, does not show any cryogenic FMR signal even after
background subtraction [Fig. 1(c)]. These results suggest that
the YIG/YSGG-1 sample, which shows the best M — M,
agreement and the best cryogenic FMR linewidth, should
have the best crystallinity, and YIG/YSGG-2 and YIG/YSGG-
3 are expected to have higher lattice mismatch, and possibly
lower crystallinity.

To confirm the speculated differences in lattice mismatch
as suggested by the SQUID and FMR data, we conducted
high-resolution x-ray diffraction (XRD) for the three samples.
As shown in Fig. 2(a), all three YIG films show clear YIG
444 XRD peaks at 26 ~ 51.5°, which appear on the right
side of the YSGG peak at 26 ~ 50.8°. The presence of Laue
oscillations in the XRD of all three thin films shows that
the films are smooth. From the XRD data, we find that the
YIG/YSGG-1 sample shows a significantly smaller difference
between the YIG and YSGG diffraction peaks as compared
with YIG/YSGG-2 and YIG/YSGG-3 samples, confirming a
smaller lattice mismatch for YIG/YSGG-1 and verifying the
speculation from the SQUID and FMR measurements. X-ray
reciprocal-space mapping (RSM) further confirms that the
lattices of the film and the substrate are well matched in the
in-plane direction, suggesting that the films are fully strained
without relaxations [Figs. 2(b)-2(d)]. However, we also note
that the lattice mismatch in different thin films only varies

084403-3



XINGZHI WANG et al. PHYSICAL REVIEW MATERIALS 10, 084403 (2026)
(8) YSGG | — vIG/YSGG-1
—— YIG/YSGG-2 &
YIG/YSGG-3 vIG
l . Bl R 2 o ,faﬁl‘ff?df,';m_;-n‘-n‘_{sy:
: ml_izs!m:fch X560

-0.66%

In(Intensity)

50.0 50.5 51.0 51.5 52.0

1.410 1.415
26 0Oy 110 (A°1)

FIG. 2. (a) High-resolution XRD of the three YIG/YSGG thin films. Dotted line marks the position of diffraction peaks corresponding
to the (444) reflection of YSGG. Lattice mismatches were calculated from the distance between the two diffraction peaks, using the YSGG
peaks as references. (b)—(d) Asymmetric x-ray reciprocal-space mappings of (a) YIG/YSGG-1, (b) YIG/'YSGG-2, and (c) YIG/YSGG-3 near
the (642) Bragg diffraction peak. (e)—(g) Dark-field TEM images of the thin films formed using the 222 diffracted beam under an approximate
two-beam condition. Dashed lines mark the interface between YIG and YSGG. Dark-field images with other diffracted beams are shown in
Fig. S2 of the Supplemental Material [52]. The white arrows point to instances of spot-shaped domains inside the thin films. (h)—(j) Atomic
resolution STEM HAADF image of thin films in (b)-(d) at the YIG/YSGG interface. Images are taken on the [112] zone axis.

within a small range of ~0.4%. This observation indicates
that lattice strain might not be the only factor leading to
the large magnetic anisotropy observed in these YIG/YSGG
thin films.

To elucidate the structural origins of the observed magnetic
anisotropy in YIG/YSGG thin films studied here, detailed
characterization of the structures of these films at nanoscale
is required. To achieve this goal, we applied focused ion
beam (FIB) to obtain cross-sectional samples of the YIG
thin films. These samples are then characterized by electron
microscopy. The thickness of the films are measured from
cross-sectional TEM [Figs. 2(e)-2(g)]. YIG/'YSGG-1 has a
thickness of 80 nm, while YIG/YSGG-2 and YIG/YSGG-
3 have a thickness of 100 nm. We applied dark-field (DF)
TEM to further confirm the absence of lattice dislocations
in the YIG/YSGG thin films. No dark or bright contrasts
corresponding to lattice dislocations are observed in DF TEM
images formed with electron beams diffracted by different
lattice planes for any of the three thin films, suggesting that no
significant lattice dislocations exist in these films [Figs. 2(e)—
2(g) and S2 of the Supplemental Material [52]]. Remarkably,
even YIG/YSGG-3, with an over 1% lattice mismatch with
the substrate, remains defect-free in our observation. Atomic
resolution STEM high angle annular dark field (HAADF) at
the interfaces between YIG and YSGG in the three thin films
also confirms that the lattices are coherent across the interface,
with no sign of mismatch of defects [Figs. 2(h)-2(j)]. These
results confirm that the thin films remain fully strained without
relaxation or dislocations at their relatively high thicknesses.

Although the thin films appear fully strained, from both the
TEM and the STEM images, it can be seen that there exists
spot-shaped contrasts inside the thin films. In YIG/YSGG-1,
these contrasts are small and distribute primarily along the
interface [Fig. 2(e)], while in YIG/YSGG-2 and YIG/YSGG-
3, these contrasts are larger and distribute across the entirety
of the film [Figs. 2(f) and 2(g)] [5,40]. It should be noted that
these contrasts do not appear to be the same phenomenon
as domains of lattice defects shown in the work of Costa
et al. [40]. As shown in atomic resolution STEM-HAADF,
the lattice is clear and coherent both inside and outside of
the regions of the contrasts [Figs. 2(h)-2(j)]. In 26 — w XRD
scans of the films, no additional peak besides the 444 film
normal Bragg diffraction peak is visible, confirming that the
inhomogeneous contrasts observed by TEM are not caused
by the formation of new crystalline phases [Fig. S3(a) of
the Supplemental Material [52]]. A correlation is observed
in the full width at half maximum of the XRD rocking
curves of the YIG/YSGG films near the Bragg peak of YIG,
and the relative density of the spot-shaped contrasts in the
films, indicating that the contrasts are correlated to the crys-
tal structures of the thin films [Figs. S3(b) and S3(c) of
the Supplemental Material [52]]. Further, YIG/YSGG-1, with
the lowest magnetic anisotropy, shows the lowest density of
spot-shaped domains, while YIG/YSGG-3, with the highest
magnetic anisotropy, shows the highest density of spot-shaped
domains. As such, it is likely that these spot-shaped domains
contribute to the magnetic anisotropy of the YIG/YSGG thin
films. Hence, more detailed understanding is needed to un-
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FIG. 3. Maps of strain tensors &;j, and &1;; in the YIG film from SEND of (a) YIG/YSGG-1, (b) YIG/YSGG-2, and (c) YIG/YSGG-3.
€111 1s defined as the strain along the out-of-plane [444] direction, and ¢,j, is defined as the strain along the in-plane [110] direction. The inset
numbers represent the average strain inside the film. Strain is defined by (a — ag)/ao, where a is the lattice constant measured from SEND
data; ay is the unstrained lattice constant of YIG calculated using elastic constant reported in literature [24] (more details in Supplementary
Methods, Sec. 11, of the Supplemental Material [52]). Arrows indicate examples of regions with localized strains. (d)—(f) Virtual bright-field
images constructed from the SEND data constructed from the SEND datasets of the three thin films. (d) YIG/YSGG-1, (e) YIG/YSGG-2,
and (f) YIG/YSGG-3. Arrows represent the spotlike domains corresponding to the regions with localized strains shown in (a)—(c). Scale bars

represent 50 nm.

derstand their structural origin and their role in magnetic
anisotropy.

SEND, with high resolution in both real and recipro-
cal space, is an ideal tool for understanding the underlying
structural origins of these nanoscale domains. In SEND, a
nanometer-sized electron probe is raster scanned across a
two- dimensional field of view, with a direct electron detector
recording the diffraction patterns at each scan location [41].
An abundance of structural information can be extracted from
the resulting dataset of diffraction patterns, such as lattice
strain [41,42] and lattice orientations [41,43], as detailed later.
For the YIG/YSGG thin films, we choose to take diffraction
on the [112] zone of YIG, as a major zone axis. Example
electron-diffraction patterns of the YIG/YSGG-2 with index-
ing are shown in Fig. S4 of the Supplemental Material [52].

We calculated the strain maps of the three thin films us-
ing their SEND data (Fig. 3). Strain tensors were calculated
from the diffraction patterns following a previously reported
method based on circular Hough transform [42]. Figure 3
shows the 2D spatial maps of the strain tensors &;;; and
€1ig of the three YIG/YSGG thin films. Here, strain ¢ is
defined as (a — ag)/ag, where a is the lattice constant of YIG
measured from diffraction patterns, and ag is the unstrained
lattice constant of YIG. The value of ag is calculated for
each sample based on the linear elastic theory, by ay = agp, —
(I = p111)/(A + pan) (@sup — arnn) [24], where aiq is the
out-of-plane lattice parameter of YIG measured from SEND
data, p1; is the Poisson coefficient for (111)-oriented YIG
films reported in previous literature [24], and ag, is the av-
erage lattice parameter of YSGG measured from SEND data
(Fig. S5 of the Supplemental Material [52]). The results show
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that in the in-plane direction, YIG has almost the same lattice
constants as the YSGG substrate, while in the out-of-plane
direction YIG is almost unstrained, with a slight compression
in the lattice constants. This observation suggests that the thin
films are under typical tensile strains, in good agreement with
the x-ray RSM results [Figs. 2(b)-2(d)]. Notably, in all three
thin films, the distribution of strains is not uniform. Rather,
regions in which the strains deviate from their surroundings
can be observed in all three thin films. The distribution of
these localized strain regions roughly corresponds to the loca-
tions of the spot-shaped domains, as can be seen in the virtual
bright-field images constructed from the SEND datasets [Figs.
3(d)-3(f) and Fig. S6 of the Supplemental Material [52]].
The observation of localized strains inside the spot domains
suggests that local lattice distortions may be present inside
these domains. To reveal the nature of the lattice distortions in
the spotlike domains, we performed lattice orientation map-
ping on the SEND data of YIG/YSGG-2 based on the method
reported by Yuan et al. (Fig. 4) [43]. This method predicts the
orientations of lattices from electron-diffraction patterns using
a neural network trained on simulated diffraction patterns at
different lattice tilt angles [Fig. 4(a)]. Similar to the strain
maps, in both in-plane [Fig. 4(b)] and out-of-plane [Fig. 4(c)]
orientation maps, regions with localized lattice rotations can
be observed. Such an observation suggests that the nature
of the localized lattice distortions in the spotlike domains
originates from rotations of the local lattices. To visualize this
local lattice rotation more directly, we applied atomic resolu-
tion STEM imaging on YIG/YSGG-2 (Fig. 5). In the atomic
resolution STEM-HAADF image [Fig. 5(a)], the positions of
yttrium (Y) atoms, the heaviest atom in the YIG crystal, can
be seen clearly. Taking a line HAADF intensity profile along
one row of Y atoms in this direction shows a profile consisted
of alternating twin peaks and singles peaks, corresponding
to the positions of Y atoms in the garnet lattice [Fig. 5(b)].
Traversing from a spotlike domain to the background, the
intensity profile in Fig. 5(b) shows that the twin peaks cor-
responding to the dumbbells of Y atoms are better resolved
inside the spot-shaped domain (Left) than in the background
(Right), which can be attributed to slight differences in lattice
orientations in the two regions, as confirmed by simulated
STEM-HAADF images of YIG with lattice tilt (Fig. S7 of the
Supplemental Material [52]). Combined with the orientation
mapping results, these observations confirm that the domains
are indeed originated from localized lattice rotations.

IV. DISCUSSION

In this work, we did not attempt to identify the specific
mechanisms by which different growth conditions lead to
formation of structural defects; instead, we focus on correlat-
ing structural defects with the resulting magnetic properties
of the YIG films. From the experimental results of SEND
and atomic resolution STEM imaging, it can be concluded
that the spot-shaped contrasts originated from localized lat-
tice distortions and rotations inside the YIG thin film, thus
making them nanosized domains. From Figs. 4(b) and 4(c), it
can be seen that while the regions inside the domains show
different lattice orientations compared to their surroundings,
each of the spot-shaped domains also has a different lattice
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FIG. 4. (a) A schematic of lattice orientation mapping from
SEND data. (b), (c) Orientation maps in (b) [222] (film normal) zone
axis and (c) [110] zone axis of YIG/YSGG-2. The atomic models
provide a visualization of the in-plane and out-of-plane rotations of
a YIG lattice. O atoms are omitted from the models for visual clar-
ity. Crystallography data from the NIST Inorganic Crystal Structure
Database (ICSD) No. 33931. Scale bars represent 50 nm.

orientation. As such, the spotlike domains should not be seen
as a new distinct crystalline phase that emerged from the
YIG thin films, but should rather be more appropriately con-
sidered as intrinsically random structural inhomogeneities in
an otherwise uniform thin film. The presence of these inho-
mogeneities reduces the effective mosaic block size of the
matrix in the thin films for x-ray diffraction, as evidenced by
the peak broadening in the XRD rocking curves [Fig. S3(b)
of the Supplemental Material [52]]. This may explain the
observed positive correlations between the density of spot-
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FIG. 5. (a) Atomic resolution STEM HAADF image of the YIG film in YIG/YSGG-2. Blue dotted line indicates the boundary between
a spot-shaped region and background. Atomic model in the inset shows the expected positions of Y atoms in an YIG lattice. Crystallography
data from ICSD No. 33931. (b) Integrated HAADF intensity along the gray dotted line in (a). x axis indicates the distance from the left end of

the dotted line.

shaped domains and the magnetic anisotropy of the thin films.
Magnetocrystalline anisotropy has been commonly observed
in YIG thin films, where epitaxial strains reduce the symmetry
of YIG lattice, leading to an increase in magnetic anisotropy
[23,25,44-46]. However, in our thin films, we observed sig-
nificantly higher levels of magnetic anisotropy at the same
level of strains compared to previous literature [23,25,44—
46]. This suggests that there exist additional factors in our
YIG/YSGG thin films. In YIG, the ferrimagnetism of YIG
originates from the nonzero net magnetic moments of Fe’*
in fixed lattice sites [47] [Fig. 6(a)]. Localized domains with
different lattice orientations in the YIG thin film interrupt the
alignment of spins in neighboring lattice, hence leading to
increased magnetic anisotropy, as depicted in the schematic
Fig. 6(c). A similar effect has previously been reported by
Krysztofik et al. [48].

The question that remains to be answered is, what causes
the formation of the spot-shaped domains with localized
lattice rotations? Strain-induced lattice rotation is a well-
understood phenomenon in epitaxial oxide thin films [49].
However, observations of such lattice rotations typically re-
port rotations on the level of single unit cells with the
distortion of metal-oxygen bonds [49]. The spot-shaped do-
mains we observed far exceed the dimension of unit cells,
and therefore cannot be simply explained as a strain-induced
effect. From the in-plane strain of YIG (g79, Fig. 3), un-
strained lattice parameters of YIG (ayig) are calculated [24].
Figure 6(b) shows a histogram of the average values of ayig
in different spot-shaped domains in YIG/YSGG-2, as well as
the average ayjg in the background, measured from SEND
data [Figs. 3(b) and 3(e)]. It should be noted that these values
are considerably smaller than the bulk lattice constant of YIG
(12.376 A). Such a shift in lattice parameters indicates substi-
tutions of atoms in YIG lattices. In YIG, it has been known
that both Y and Fe can substitute atoms of the other element
by occupying the lattice sites of the substituted atoms, leading
to an elemental composition that deviates from the nominal
Y3Fes0, stoichiometry [24]. Since Fe** has a smaller radius
than Y37, substitution of Y by Fe will lead to a lattice con-
traction in YIG [24]. Elemental mapping by energy-dispersive
x-ray spectroscopy (EDS) confirms the deficiency of Y in all
three thin films, and YIG/YSGG-3, with the highest magnetic

anisotropy, also shows the lowest Y-to-Fe ratio (Fig. S8 of the
Supplemental Material [52]). In the lattice of YIG, Y atoms
locate intermittently between Fe sites [Fig. 6(a)]. Therefore,
replacing an Y3* with a smaller Fe’>* can lead to contrac-
tion of its surrounding lattice sites, introducing a tilt into
the lattice, similar to the observations made by Scarisoreanu
et al. [50]. Such an effect accounts for the localized lattice
orientation changes (Fig. 4) observed in this work. It is also
of note that the values of ay|g inside the spot-shaped domains
are larger than the average ay|g in the background, indicating
that the spot-shaped domains have higher Y content than their
surrounding regions.

As a typical ceramic material, YIG has a rigid ionic crystal
lattice, and is expected to have low tolerance for lattice strain.
We have, however, observed up to 1% strain in YIG/YSGG
thin films, without any evidence of strain relaxation by lat-
tice dislocations. Such an unusual resilience to strain may
be explained by the change in lattice constant induced by
changes in elemental compositions. Indeed, literature report
has shown that in epitaxial thin films grown by pulsed laser
deposition, the films can go through self-composed cation
off-stoichiometry to accommodate the mismatch between the
lattices of the film and the substrate, leading to significantly
enhanced critical thicknesses [31,32]. Our observations re-
veal that such a similar process is likely occurring in the
YIG/YSGG thin films. Unlike previous literature reports, in
which off-stoichiometry occurred uniformly inside the thin
film [31,32], the YIG/YSGG thin films form localized do-
mains with off-stoichiometry. Our experimental observations
indicate that the density of the spot-shaped domains inside
the thin films is positively correlated to the strain in the films
(Figs. 3 and S3 of the Supplemental Material [52]), further
supporting that these domains help to accommodate epitaxial
strains in the thin films and prevent them from going through
misfit dislocation-related relaxations. These observations po-
tentially suggest a pathway for the accommodation of strain
induced by lattice mismatch in YIG thin films.

All three thin films studied in this work are YIG on YSGG
substrates, fabricated by sputter deposition followed by an-
nealing in two different laboratories, yet these films all show
spot-shaped domains at drastically different densities. This
observation suggests that conditions of sputter deposition,
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FIG. 6. (a) Atomic model of YIG showing the positioning of Y atoms between Fe sites (light brown: octahedral sites; dark brown:
tetrahedral sites) in a unit cell. O atoms are omitted. Crystallography data from ICSD No. 33931. (b) Histogram of measured lattice constant,
corrected for tetragonal distortion, of YIG (ayjg) in different spot-shaped domains in YIG/YSGG-2. Dotted line marks the average ayig in the
background region outside of the spot-shaped domains in YIG/YSGG-2. (c) A schematic showing a possible distribution of the magnetization

directions of the spot-shaped domains and the bulk of the film.

such as the target, and the distance from the substrate to the
target, have impacts on the defect densities of the resulting
thin films, and hence their magnetic performance.

Another widely used technique for YIG thin-film growth is
pulsed laser deposition (PLD), which is particularly effective
at preserving the stoichiometry of complex oxide targets and
enabling high-quality epitaxial growth. Although epitaxial
YIG films have been successfully grown on YSGG substrates
using PLD [51], it remains unclear whether the spot-shaped
domains observed in sputter-anneal-grown films also form
in PLD-grown films as a strain-relaxation mechanism. Ad-
dressing this question would provide valuable insight into the
influence of growth kinetics on strain relaxation in YIG and
help establish whether such domain structures are a univer-
sal feature of YIG/YSGG heterostructures or are specific to
particular growth methods.

V. CONCLUSION

In this work, we examined three YIG/YSGG thin films
prepared by sputter deposition. These thin films show signifi-
cantly different magnetic anisotropy. While all three thin films
are dislocation-free, we observed spot-shaped domains in the

cross sections of all three films. The amounts and densities of
the spot-shaped domains correlate to the magnetic anisotropy
of the thin films. Strain and orientation mappings from SEND
reveal that these domains correspond to localized variations
of lattice constants and orientations. We hypothesize that
these domains are formed as a result of Fe replacing Y in
the lattice of YIG, leading to an Y-deficient film, indicating
a pathway for expitaxial oxide thin films to handle large
lattice mismatches. The localized lattice distortions and ro-
tations induced by this process may explain the high magnetic
anisotropy of these thin films. Future works on developing
YIG/YSGG thin films for quantum magnonics should focus
on achieving better controls over the elemental composition
of the YIG/YSGG thin films [52].
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