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Flexoelectric nanodomains in rare-earth iron garnet
thin films under strain gradient
Hiroyasu Yamahara 1✉, Bin Feng 2, Munetoshi Seki1, Masaki Adachi1, Md Shamim Sarker1, Takahito Takeda1,

Masaki Kobayashi1, Ryo Ishikawa 2, Yuichi Ikuhara 2, Yasuo Cho3 & Hitoshi Tabata1

Flexoelectricity is a universal property associated with dielectric materials, wherein they

exhibit remanent polarization induced by strain gradient. Rare-earth iron garnets, R3Fe5O12,

are ferrimagnetic insulators with useful magnetic properties. However, they are unlikely to

show remanent dielectric polarization because of their centrosymmetric structure. Here, to

induce flexoelectricity, we investigate various rare-earth iron-garnet thin films deposited on

lattice-mismatched substrates. Atomic-resolution scanning transmission electron microscopy

demonstrates the presence of 15 nm-thick strain gradients in Sm3Fe5O12 films between

epitaxially strained tetragonal and relaxed cubic structures. Furthermore, negatively polarized

nanodomains are imaged by scanning nonlinear dielectric microscopy. It suggests a gen-

eration of flexoelectricity, where the polarization points down toward the substrate in the out-

of-plane direction. X-ray magnetic circular dichroism demonstrates hysteresis with a large

coercive field originating from the strain-gradient layer. We believe that our study will pave

the way for achieving dielectric polarization even in nonpolar centrosymmetric materials by

strain-gradient engineering.
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Garnet, a fascinating material commonly used in jewelry,
has recently attracted research attraction owing to its rich
spin physics and potential use in spintronics applications.

Rare-earth iron garnets (RIGs) are ferrimagnetic insulators with
the chemical formula R3Fe5O12 (where R is rare-earth elements)1.
They are magnetically stable at room temperature because of their
high Néel temperature (TN > 550 K) and large magnetization
(~5 μB/f.u.). They are commercially applied as optical isolators
because of their large magneto-optical effect and intensively
studied as spin-wave-transport media because of their excep-
tionally low damping2–4. If remanent dielectric polarization
could be introduced in RIGs at the nanoscale, simultaneous
ordering of electric dipoles and spins could facilitate their
application in multifunctional memory devices. However, RIGs
are unlikely to show remanent dielectric polarization because
they have centrosymmetric Ia3d cubic crystal structures and
accommodate various cations by adjusting oxygen positions for
compensation5.

To induce and/or enhance ferroelectricity, strain engineering is
a possible approach6,7. The lattice structure can be modified in
single-crystalline thin films by epitaxial strain originating from
lattice mismatch between a film and substrate8,9. The RIG lattice
constants and strain in the films could be modulated by selecting
R-site ions. However, tetragonal and cubic garnet phases do not
exhibit remanent polarization because they still have cen-
trosymmetric I41/acd (tetragonal) and Ia3d (cubic) structures5.
Among the 32 crystallographic point groups, only 10 could show
remanent polarization; thus, homogeneous strain cannot break
the centrosymmetry in RIGs. Therefore, we focused on
flexoelectricity-induced remanent polarization10,11.

Flexoelectricity is a universal property of dielectric materials, thus
they can exhibit a strain-gradient-induced remanent polarization.
The flexoelectric polarization is expressed as PFlexoelectricity= μ∂u/∂x,
where μ and ∂u/∂x represent the flexoelectric coefficient and strain
gradient, respectively. Macroscopic strain gradients can be induced
by bending12 or applying asymmetric compression13. Contrarily,
nanoscale flexoelectricity has attracted increasing attention because
the strain-gradient scale is inverse to the material dimensions.
Nanoscale flexoelectricity has been reported in thin films14,15 and
nanowires16. We hypothesized that the strain gradient between
coherently strained and relaxed cubic phases could show flexo-
electric polarization10,11,14 if the strain and film thicknesses were
adjusted appropriately.

Here, we investigated various RIG thin films deposited on
lattice-mismatched garnet substrates (see “Methods” for sample
preparation) and confirmed that RIG films thinner than the cri-
tical thickness value exhibit a coherently strained-tetragonal
phase, whereas thick RIG films show a relaxed-cubic phase (see
Supplementary Note 1, Supplementary Table 1 and Supplemen-
tary Figure 1). Anomalous magnetic properties such as large
coercive fields have been observed around 1% f, as shown in
Supplementary Note 2, Supplementary Figures 2, 3, and Sup-
plementary Table 2. Among various combinations of garnet films
and substrates, Sm3Fe5O12 (SmIG) films deposited on Gd3Ga5O12

(GGG) substrates were investigated in detail. Their lattice mis-
match f and critical thickness for dislocation formation, tc, were
estimated from the bulk lattice constants as 1.17% and 60 nm,
respectively (Supplementary Table 1). We fabricated numerous
SmIG/GGG films with various thicknesses and investigated the
structural, dielectric, and magnetic properties. The structural
analysis reveals the presence of strain gradients in SmIG films
between epitaxially strained tetragonal and relaxed cubic struc-
tures. In the strain gradients, simultaneous remanent dielectric
polarization and magnetization are demonstrated at room
temperature.

Results
Structural analysis. Figure 1(a) shows representative 2θ–ω X-ray
diffraction (XRD) scans of the SmIG films with thicknesses t of
20, 40, 60, and 180 nm. We observed (00 l) peaks from the films
and substrates but no impurity phases (Supplementary Fig-
ure 1(l)). For films with t < tc (t= 20 and 40 nm), distinct Laue
oscillations indicated smooth surfaces. Contrarily, much thicker
films (t ≥ tc; t= 60 and 180 nm) did not exhibit Laue oscillations,
and peak separations toward strain relaxation were observed. To
characterize the in-plane and out-of-plane lattice parameters,
reciprocal space mapping (RSM) was performed for the asym-
metric (408) plane (Fig. 1(b–e)). When t < tc (Fig. 1(b, c)), the
SmIG films exhibited coherent epitaxy and tetragonal elongation
perpendicular to the film surface due to epitaxial strain. As t
increased to 60 nm, the strain started to relax (Fig. 1(d)) and the
diffraction peak changed from tetragonal to a fully relaxed cubic
phase (Fig. 1(e)).

The thickness-dependent tetragonal distortion represented by
c/a and full-width-at-half-maximum (FWHM) of omega
(ΔωFWHM) are summarized in Fig. 1(f) and (g). The c/a values
for the tetragonal and cubic phases were 1.029 ± 0.004 and
1.002 ± 0.002 (mean ± s.d.), respectively. The average lattice
constant of the relaxed cubic SmIG was 12.56 Å, which is larger
than the value of bulk (12.53 Å). The lattice expansion is
attributed to the oxygen vacancies typically observed in films
grown under low oxygen pressure (see Supplementary Note 1 and
Supplementary Figure 1(m)). Therefore, the effective lattice
mismatch at the SmIG/GGG interface was 1.37%, which is larger
than the estimated value (1.17%). We re-calculated tc as 45 nm
using the effective lattice mismatch, which agrees well with the
structural, dielectric, and magnetic property measurements
discussed later. The ΔωFWHM for t < tc in the tetragonal phase
(0.018 ± 0.010°, mean ± s.d.) was lower than that for the
tetragonal and cubic phases with t ≥ tc (0.066 ± 0.039° and
0.299 ± 0.067°, respectively), indicating the thinner films had
higher crystallinity. Notably, tetragonal and cubic phases co-
existed in almost all SmIG/GGG films with t > tc, which was not
observed in large-mismatched (f= 2.22%) LuIG/YAG films
(Supplementary Figure 1). The broad continuous diffraction
signals between the tetragonal and cubic phases (Fig. 1(d, e))
suggest that the optimum lattice mismatch may form a strain
gradient between coherently strained tetragonal and relaxed cubic
phases.

For further structural characterization and to confirm the
presence of the strain gradient, we performed atomic-resolution
scanning transmission electron microscopy (STEM) observation
for the sufficiently thick SmIG film (t= 180 nm). Low-angle
annular dark-field (LAADF) imaging (Fig. 2(a)) highlighted the
strain contrast in the specimen and shows micrometer-scale lateral
crystalline uniformity in the thickness range of 50 nm or less.
There is a bright band along with the interface between film and
substrate where strain field exists, but no dislocations are observed
at the interface. Abrupt contrast change occurs at ~50 nm,
indicating the existence of strain that might originate from
dislocations. Figure 2(b) and (c) shows high-magnification high-
angle annular dark-field (HAADF)-STEM images around the
interface and inside the film (50 nm from the interface),
respectively. Figure 2(b) indicates fully coherent growth at the
SmIG/GGG interface. The interface was characterized by energy-
dispersive X-ray spectroscopy mapping (Supplementary Figure 4).

The unit structure of SmIG (depicted in Fig. 2(d)) is consistent
with the atomic model of garnet. For quantitative discussion, the
lateral and vertical lengths of the half-unit cell were defined as Δx
and Δy, respectively, and calculated from HAADF-STEM images
at different vertical positions. Near the interface (Fig. 2(b) and
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(e)), Δx and Δy are within the error range for the cubic GGG
substrate, while Δy is elongated in the SmIG film, indicating
tetragonal distortion, as expected from XRD. This structural
distortion is uniform over the measured range (~15 × 15 nm). At
50 nm from the interface, dislocations could be clearly observed
in the HAADF-STEM image (Fig. 2(c)). While Δy is homo-
geneous over the image (Fig. 2(f)), Δx gradually increases with
increasing film thickness around the dislocations. This inhomo-
geneity is consistent with the increased ΔωFWHM for t ≥ tc in the
RSM images.

The tetragonal lattice distortion, defined as c/a (= Δy/Δx;
Fig. 2(g)), indicates gradual strain relaxation while receding from
the substrate. A simple linear prediction reveals that the
relaxation thickness is ~15 nm, demonstrating the presence of a
strain gradient of ∂u/∂x= 9 × 105 m−1. The value is much larger
than that previously reported for the bulk (~0.1 m−1)17, but
comparable with nanoscale strain gradients14,18,19. Notably,
typical strain gradients are reported to be within a few unit
cells;19 however, the strain-gradient region in our study is
unexpectedly observed for a large thickness of 15 nm, which is
possibly related to the comparably large lattice constant and
structural flexibility of RIGs20. Furthermore, dislocations were
observed inside the film and not at the interface or surfaces.
According to previous studies21, such dislocations are known as
stand-off dislocations, which depend on the shear moduli of
SmIG and GGG.

As an order-of-magnitude approximation14,22, an internal field
ES generated by the strain gradient can be expressed as ES= (e/
4πε0a)(∂u/∂x), where e, ε0, and a ( ≈ 12 × 10−10 m) are the
electronic charge, permittivity of free space, and lattice constant
of the material, respectively. Therefore, ES and PFlexoelectricity
(= εε0ES, where ε ( ≈ 20) is the dielectric constant of RIGs) are
calculated to be 1.1 MVm−1 and 0.02 μC cm−2, respectively. This
polarization value is comparable with those of many multiferroics

(as discussed later) and flexoelectrics10, but almost three orders of
magnitude smaller than the spontaneous polarization Ps in typical
displacement-type ferroelectrics like BaTiO3, PbTiO3, LiTaO3,
and LiNbO3 (Ps= 26, 50, 50, and 71 μC cm−2, respectively)23–26.
However, nanoscale flexoelectric remanent polarization could
notably exist in essentially centrosymmetric garnet ferrites. This
indicates that simultaneous ordering of spins and dipoles could
exist in the garnet system.

Dielectric properties. To confirm the presence of remanent
polarization owing to flexoelectricity and the distribution of the
domain structure, we performed scanning nonlinear dielectric
microscopy (SNDM), which is sensitive to the third rank
dielectric tensor ε333 and spontaneous polarization27–29.
Figure 3(a–e) shows SNDM images for 10-, 40-, 60-, 80-, and 120-
nm-thick SmIG films in a 500 × 500 nm area. Bright spots indi-
cating negative SNDM frequency shift and negatively polarised
domains were observed only for t= 60 and 80 nm (Fig. 3(c) and
(d), respectively). The maximum negative values of the SNDM
signals for t= 60 and 80 nm were −1.2 and −0.5 Hz V−1,
respectively. The histograms in Fig. 3(f) indicate that negative-
polar domains, where the polarization points down towards
substrate in the out-of-plane direction, were generated in the
60–80 nm thickness range. Background signals centered at
~0.2 Hz V−1 were observed for all samples. SNDM is surface-
sensitive because the detection depth of SNDM signals is <10 nm,
which is determined by the probe diameter (~25 nm) and
dielectric constant of the specimen (ε ≈ 20)30. Therefore, the
polarised domains exist only in films with thicknesses of around
60–80 nm, as the detection depth corresponds to the thickness
region where the strain gradient is observed. The negative-polar
direction is consistent with the sign of the strain gradient, as
expected from STEM.

Fig. 1 Structural properties of SmIG films. a 2θ–ω XRD scans of SmIG films with different film thicknesses on GGG (001) substrates. b-e RSM around
(408) substrate peaks for (b) 20 nm, (c) 40 nm, (d) 60 nm, and (e) 180 nm-thick SmIG films. Qx and Qy indicate reciprocal lattice vector along (100) and
(001), respectively. The rlu indicates reciprocal lattice unit. The black and red arrows denote the peaks from GGG substrates and SmIG films, respectively.
f, g Film thickness dependence of (f) tetragonal distortion c/a and (g) FWHM of omega scans for tetragonal and cubic phases. Closed squares and open
circles represent the values for strained tetragonal and relaxed-cubic phases, respectively.
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Fig. 2 STEM analysis of 180 nm-thick SmIG film. a Micrometer-scale LAADF-STEM image. Dislocations are denoted by arrows. b Nanometer-scale
HAADF-STEM image around the SmIG/GGG interface. c Nanometer-scale HAADF-STEM image around dislocations. d STEM image near the interface of
SmIG film overlaid with atomic model of garnet crystal structure. The lateral and vertical lengths of the half-unit cell are defined as Δx and Δy. e Variations
in Δx and Δy (mean ± s.d.) at different vertical positions quantified from Fig. 2(b). The dotted line represents the SmIG/GGG interface. f Variations in Δx
and Δy (mean ± s.d.) at different vertical positions quantified from Fig. 2(c). The region surrounded by red lines in Fig. 2(c) was excluded from
quantification. g Variation in tetragonal distortion c/a for vertical positions quantified from Fig. 2(c). The dotted line indicates linear fitting.

Fig. 3 SNDM analysis of SmIG films with various film thicknesses. a–e SNDM images for 10-, 40-, 60-, 80-, and 120-nm-thick SmIG films in
500 × 500 nm area. Representative dielectric domains are circled by broken white lines in (c) and (d). f Histograms of SNDM signals with different film
thicknesses. g–k Topographic images for 10-, 40-, 60-, 80-, and 120-nm-thick films measured in the same areas as (a–e). Solid red and broken white
circles in (i) and (j) indicate the same positions as those in (c) and (d), respectively.
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The maximum ε333 in the 60 nm-thick SmIG film was
0.004 aF V−1 in an order-of-magnitude estimation using an SNDM
signal of ferroelectric LiTaO3 (200HzV−1, ε333= 0.73 aF V−1) as a
reference31. Although it is difficult to estimate the polarization
from the nonlinear dielectric constant ε333, the extent of
polarization is consistent with the estimation from direct
observations of strain gradients by STEM. From the SNDM image
in Fig. 3(c), the average diameter of polar domains and the distance
between them are 27 ± 6 nm and 58 ± 21 nm (mean ± s.d.),
respectively. The distance between dislocations in Fig. 2(a), is
54 ± 17 nm which matches with the distance between polar
domains. Figure 3(g–k) show topographical images for 10-, 40-,
60-, 80-, and 120 nm-thick SmIG films measured in the same area
as Fig. 3(a–e). The polarised domains tend to be located at convex
peaks, as shown by the circles in Fig. 3(i) and (j). However,
polarised domains were not observed in the 120 nm-thick film,
despite its roughness being larger than that of the 60 and 80 nm-
thick films. Therefore, the SNDM signals are unambiguously
separate from topographical factors.

Magnetic properties. Finally, we discuss how strain-induced lattice
modification and dislocations influence the magnetic properties of
SmIG films. Figure 4(a) and (b) shows representative magnetic
hysteresis loops measured by magnetic circular dichroism (MCD)
with a photon energy of 3.26–3.40 eV (corresponding to the charge
transfer from oxygen to iron excitation) for SmIG films with var-
ious thicknesses. The coercive field (Hc) values are summarised in
Fig. 4(c). At t < 40 nm, rectangular hysteresis loops with Hc < 0.05 T
are observed, indicating that the easy axis of magnetization is
perpendicular to the film surface due to strain-induced magnetic
anisotropy. However, the coercivity drastically increases at a film
thickness of ~40 nm (denoted as t*) due to partial relaxation. The
partially relaxed 45 nm-thick film (Fig. 4(a) inset, for the SNDM,
see Supplementary Figure 5) shows the largest Hc value of 0.15 T,

while that of the strained 40 nm-thick film is only 0.06 T. The large
Hc in the former is attributed to crystalline defects, which act as
pinning sites for magnetic domains32,33. It is difficult to accurately
control the film thickness at which lattice relaxation occurs, but it
seems to occur between 40 nm (t*) and 60 nm (tc) (Fig. 4(c)), which
is consistent with the XRD and STEM results. As the film thickness
increases further (Fig. 4(b)), the squareness of the hysteresis loops
continues to decrease, indicating an increased contribution from
shape anisotropy with the magnetic easy axis in the in-plane
direction.

We elucidated the Fe ion electronic structure and depth profile
of the magnetic properties by X-ray absorption spectroscopy (XAS)
and X-ray magnetic circular dichroism (XMCD), respectively (see
Supplementary Figure 6(a–d)). Surface-sensitive total-electron-yield
(TEY) measurements for the strained t= 40 nm, partially relaxed
t= 45 nm, and relaxed t= 110 nm films revealed the electronic and
magnetic structures in the tetragonal, strain gradient, and cubic
phases, respectively. Bulk-sensitive partial-fluorescence-yield (PFY)
measurements for the 20 nm-thick film reflected the information
for the tetragonal phase. Figure 4(d) shows Fe L3-XAS spectra of
the SmIG films. The intensity of the shoulder structure at ~708 eV
(indicated by the black arrow) depends on the film thickness. The
shoulder intensity is larger for the relaxed 45 nm-thick film than
that for the other films due to the different local symmetries around
Fe3+ 34,35. Figure 4(e) shows the Fe L2,3-XMCD spectra. The
shapes of the spectral lines are similar among the films, indicating
the electronic structure contributing to the ferrimagnetic moment
is approximately identical, irrespective of the thickness. Since the
XMCD line shapes hardly change among the films, the Fe3+

component predominantly contributes to the magnetization. Thus,
differences in the intensities reflect the net magnetization (Mtot)
and different crystal fields.

Table 1 shows the spin (Mspin), orbital (Morb), and total (Mtot)
magnetic moments estimated by XMCD sum rules (Supplementary

Fig. 4 Magnetic properties of SmIG films measured by MCD and XMCD. a, b Magnetic hysteresis loops of MCD with the field applied perpendicular to
the film surface for (a) 10-, 40-, and 45 nm-thick and (b) 60-, 80-, and 120-nm-thick films. Partial relaxation is observed for the 45 nm-thick film as shown
by RSM in the inset of (a). c Thickness dependence of coercive field Hc. tc (~60 nm) and t* (~40 nm) represent the critical thickness estimated from the
bulk lattice constant and the thickness where relaxation starts as estimated from structural analysis. d Fe L3-XAS spectra. The intensities are normalized to
the peak heights. The black arrow denotes the shoulder structure. e Fe L2,3-XMCD spectra. The XAS and XMCD spectra were obtained in TEY mode,
except for the 20 nm-thick film, which was obtained in PFY mode. f Magnetic-field dependence of the XMCD intensity for 20-, 45-, and 110 nm-thick films
at room temperature.
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Figure 6(e))36–38. TheMtot values for the 40- and 45 nm-thick films
are 0.88- and 0.98 μB/Fe, respectively, which are consistent with the
theoretical magnetization (5 μB/f.u.) of SmIG. The slightly lower
Mtot for the 110 nm-thick film might be attributed to the presence
of defects in the cubic phase, as this film has an inferior crystalline
quality to its thinner counterparts. The non-zero values ofMorb for
the 40 and 45 nm-thick films indicate that the quenching of orbital
moments is resolved by the reduction of the crystal symmetry from
cubic to tetragonal and strain gradient. The |Morb/Mspin| values of
the tetragonal and strain-gradient layers are 0.11 and 0.09,
respectively, which correspond to L= 0.55 and 0.45, assuming
S= 5/239. These values are unexpectedly large for the half-filled d5

Fe3+ ions.
The magnetic-field dependence of the XMCD intensity in TEY

mode (Fig. 4(f)) exhibits clear hysteresis. The XMCD hysteresis of
the partially relaxed 45 nm-thick film is at Hc= 0.11 T, while that
of the 20 and 110 nm-thick films is at Hc= 0.02 T. Hence, Hc is
much larger in the strain-gradient layer than in the tetragonal and
cubic layers. Note that the Hc of the 110 nm-thick film measured
by MCD is larger than that observed here (Fig. 4(c)); this larger
coercive field arises from the inner strain-gradient layer, not the
cubic and tetragonal layers. These findings further confirm that
the strain-gradient layer functions as a pinning layer for magnetic
domains. Through magnetic property measurements, we can
confirm the presence of magnetisation in the tetragonal, strain
gradient, and cubic SmIG films. Thus, we conclude that remanent
magnetization and dielectric polarization coexist in strain-
gradient SmIG films.

Discussion
Some existing materials such as multiferroics show both rema-
nent magnetization and dielectric polarization40. BiFeO3 is the
most widely studied materials with a large ferroelectric polar-
ization (90 μC cm−2); its magnetic ordering persists well above
room temperature41. Although the mechanism of its strong
magnetism is still not understood, the intrinsic magnetism is
weak ferromagnetism by canted spins (0.05 μB/u.c.)42. BiFeO3 is
one of the very few room-temperature multiferroics; however,
ferromagnetic and/or ferroelectric transitions occur at cryogenic
temperatures in most multiferroics. For example, strained EuTiO3

becomes ferroelectric (10 μC cm−2) below 250 K and shows a
magnetic order of 4 μB/u.c. at 4.2 K43. TbMnO3 with cycloidal
spin spirals shows polarization (0.08 μC cm−2) and magnetization
(0.05 μB/u.c.) below 27 K44. Another possible approach is using
composite multiferroics such as ferroelectric BaTiO3/ferrimag-
netic CoFe2O4

45 or polar LuFeO3/ferrimagnetic LuFe2O4
46. In

comparison with the above-mentioned materials, strain-gradient
SmIG films could show sufficiently large magnetization (~5 μB/
f.u.) and polarization (~0.02 μC cm−2) even at room temperature
in a single phase. The weak polarization is restricted because the
dielectric constant of RIGs is more than an order of magnitude
smaller than those of quantum paraelectric SrTiO3 and ferro-
electrics. However, this design for novel multiferroics, inducing a
strain gradient in magnetic materials, can be applied not only to

garnet ferrites but also to other magnetic materials like spinel and
perovskite, because flexoelectricity is a universal feature in
dielectrics15. Furthermore, we successfully imaged self-assembled
polar domains with a size of tens of nanometers that were con-
structed by a simple film-growth technique, which has been
reported in ferroelectric nanostructures, including nanodots,
nanotubes, and nanocrystals47–49.

Conclusion
In summary, we systematically studied strain-induced lattice
distortion in epitaxially grown ferrimagnetic RIG films, where
tetragonal distortion (cubic relaxation) is observed below (above)
a critical thickness. Among the various RIGs, SmIG films grown
on GGG substrates, where the lattice mismatch between the film
and substrate was 1.17%, were investigated in detail. The SmIG
films exhibited a strain-gradient structure between coherently
epitaxial tetragonal and relaxed cubic phases, revealed by asym-
metric XRD RSM and atomic-resolution STEM. STEM revealed
an almost 15 nm-thick strain gradient around dislocations; thus, a
flexoelectric polarization of 0.02 μC cm−2 is expected with an
order-of-magnitude approximation. Nanoscale spatial distribu-
tion of the dielectric domains was observed by SNDM, indicating
that negatively polarized dielectric nanodomains with 30 nm
diameters exist in the strain-gradient layer. The magneto-optical
characteristics were defined by MCD and XMCD. Ferrimagnet-
ism and increased magnetic coercivity due to magnetic domain
pinning by dislocations were observed in the strain-gradient layer.
These results demonstrate that strain-gradient SmIG possesses
both remanent dielectric polarization and magnetization at room
temperature. Our study not only suggests the possible application
of multifunctional materials with remanent magnetization and
dielectric polarization but also paves the way to produce nano-
domains even in centrosymmetric crystals by controlling singu-
larity structures including dislocations.

Methods
1. Materials. Rare-earth iron-garnet (RIG) films were deposited on garnet

substrates of Gd3Ga5O12 (GGG) and Y3Al5O12 (YAG) (001) through pulsed-
laser deposition (PLD) using an ArF excimer laser with a wavelength of
193 nm. The PLD targets were prepared through conventional solid-state
reaction. R2O3 and Fe2O3 powders were mixed stoichiometrically and
sintered at 1200 °C for 12 h. During the PLD process, the substrate
temperature and ambient oxygen pressure were maintained at 750 °C and
0.1 Pa, respectively. The ArF excimer laser was projected onto the prepared
targets at a repetition rate of 5 Hz.

2. XRD. The crystalline structures of the films were analyzed using an X-ray
diffraction (XRD) system with a four-cycle diffractometer (Empyrean,
PANalytical). X-ray reciprocal space mapping (RSM) around the (408)
plane was performed to confirm the epitaxial relationship between the thin
films and substrates.

3. STEM. Atomic-resolution scanning transmission electron microscopy
(STEM) was performed to characterize the nanometer-scale local lattice
distortion in the film. The lateral and vertical lengths of the half-unit cells
defined as Δx and Δy are calculated from HAADF-STEM images using
ImageJ software. The coordinates of central bright-atom columns inside the
half unit cells are first extracted from HAADF-STEM images, and then the
spacing along lateral (Δx) and vertical (Δy) directions are calculated from
these atom coordinates. The means and standard deviations (mean ± s.d.) of
Δx and Δy are calculated along with the lateral datasets, then the vertical
position dependence of Δx and Δy variation is plotted.

4. SNDM. Scanning nonlinear dielectric microscopy (SNDM) was used to
confirm the presence of remanent polarization due to flexoelectricity and to
image the nanoscale spatial distribution of the domains. The SNDM
measurements were performed at room temperature.

5. MCD and XMCD. The magnetic properties were measured by magnetic
circular dichroism (MCD) with the magnetic field applied perpendicular to
the film surface. X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) measurements were conducted at BL-16A at
KEK-PF. Absorption spectra for circularly polarized X-rays were obtained
by reversing the photon helicity at each photon energy and were recorded in
the total-electron yield (TEY) and partial fluorescence-yield (PFY) modes.
The probing depths of the TEY and PFY modes are several tens and several

Table 1 Magnetic moments estimated by XMCD sum rules.

Mspin (μB/Fe) Morb (μB/Fe) Mtot (μB/Fe)

40 nm (strained) 0.99 –0.11 0.88
45 nm (relaxed) 1.08 –0.09 0.98
110 nm 0.77 0.003 0.77

Summary of spin (Mspin), orbital (Morb), and total (Mtot) magnetic moments estimated by
XMCD sum rules. In the sum rules, a hole number of 5 and correction factor of 0.6838 are
assumed. Error ranges for Mspin, Morb, and Mtot are ±0.12, ±0.06, and ±0.12, respectively.
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hundreds of nanometres, respectively. The measurements were performed
under magnetic fields of 0–1.2 T applied perpendicular to the film surface.
The MCD and XMCD measurements were performed at room temperature.

Data availability
The experimental data that support the finding of this study are available from the
corresponding author upon reasonable request.
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