
Damping and Interfacial Dzyaloshinskii−Moriya Interaction in
Thulium Iron Garnet/Bismuth-Substituted Yttrium Iron Garnet
Bilayers
Takian Fakhrul,∥ Bharat Khurana,∥ Byung Hun Lee, Siying Huang, Hans T. Nembach,
Geoffrey S. D. Beach, and Caroline A. Ross*

Cite This: https://doi.org/10.1021/acsami.3c14706 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Thin films of ferrimagnetic iron garnets can exhibit useful magnetic
properties, including perpendicular magnetic anisotropy (PMA) and high domain wall
velocities. In particular, bismuth-substituted yttrium iron garnet (BiYIG) films grown on
garnet substrates have a low Gilbert damping but zero Dzyaloshinskii−Moriya interaction
(DMI), whereas thulium iron garnet (TmIG) films have higher damping but a nonzero
DMI. We report the damping and DMI of thulium-substituted BiYIG (BiYTmIG) and
TmIG|BiYIG bilayer thin films deposited on (111) substituted gadolinium gallium garnet
and neodymium gallium garnet (NGG) substrates. The films are epitaxial and exhibit PMA.
BiYIG|TmIG bilayers have a damping value that is an order of magnitude lower than that of
TmIG, and BiYIG|TmIG|NGG have DMI of 0.0145 ± 0.0011 mJ/m2, similar to that of
TmIG|NGG. The bilayer therefore provides a combination of DMI and moderate damping,
useful for the development of high-speed spin orbit torque-driven devices.
KEYWORDS: spintronics, magnetism, damping, garnets, interfaces, thin films

■ INTRODUCTION
Magnetically ordered oxide materials, such as spinels,
ferrites,1,2 and rare earth iron garnets3−5 (REIGs) have been
studied intensely for spintronic and photonic devices. In
REIGs, the choice of rare earth (or other) ion allows tuning of
a variety of properties, including saturation magnetization,
compensation temperature,6,7 magnetocrystalline anisotropy,8

magnetostriction,9 and Gilbert damping.10,11 Magnetoelastic
anisotropy can be introduced via lattice mismatch strain in
epitaxial films or thermal mismatch strain for films grown on
silicon or other nongarnet substrates,12,13 and growth-induced
anisotropy can be present in REIGs with mixed RE ions.14,15

Thin films of a number of REIGs have been grown with
perpendicular magnetic anisotropy (PMA),16−18 which is
advantageous for the study of spin orbit torque (SOT) and
other magnetic phenomena. REIGs are good insulators,
enabling lower ohmic losses than metallic ferromagnets as
they avoid parasitic current shunting from a metal overlayer.19

PMA in epitaxial REIGs can be present even for thick films, as
it originates from bulk anisotropy terms unlike the interfacial
anisotropy dominating metallic ferromagnet films.14,19 Thu-
lium iron garnet (Tm3Fe5O12 (TmIG))/heavy metal (HM)
stacks grown epitaxially on gallium garnet substrates are the
most extensively studied PMA REIG films in terms of their
spintronic properties.20−24 TmIG|Pt heterostructures exhibit
considerable spin transparency at the interface, comparable to

that of the Co|Pt interface,16,25 and current induced switching
of TmIG has been demonstrated using the damping-like SOT
from a Pt overlayer.22,26−28

The Dzyaloshinskii−Moriya interaction (DMI) plays an
important role in the stabilization and current-driven
manipulation of chiral magnetic textures including Neél
domain walls and skyrmions, which have been proposed to
represent bits in data storage devices.29,30 Key ingredients to
obtain interfacial DMI are a broken inversion symmetry at the
interface27 and spin−orbit coupling.31 While the HM overlayer
contributes some spin−orbit coupling,32 it appears that the
RE3+ ions provide a critical contribution to DMI,26 evident
from the observation of DMI-stabilized skyrmions in TmIG
grown on Gd3Ga5O12 (GGG) in the absence of any HM
overlayer24 and the absence of DMI in bismuth-substituted
yttrium iron garnet (BiYIG) (an iron garnet that does not have
strong spin−orbit coupling due to the absence of RE3+ ions)
with a HM overlayer.26 The DMI in TmIG|Pt heterostructures
stabilizes chiral Neél domain walls, which can be translated by
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SOT produced by a charge current in the Pt overlayer without
application of any in-plane field.26 The strength of DMI for
TmIG films varies with the substrate composition and has a
nonmonotonic dependence on lattice mismatch strain, reach-
ing 0.029 mJ m−2.33,34

Gilbert damping governs the magnetization dynamics,
including the critical current required for magnetization
reversal in spin-transfer-torque devices35,36 and the domain
wall velocity for racetrack memory devices.37 Yttrium iron
garnet (Y3Fe5O12, YIG) has the lowest known Gilbert
damping, as low as 10−5 in bulk.10,38,39 However, the growth
of high-quality YIG films with PMA has been challenging,
despite several demonstrations of epitaxial40−42 and poly-
crystalline43 PMA YIG films. Instead, epitaxial BiYIG can be
grown with PMA on garnet substrates with higher lattice
parameters than GGG by exploiting a combination of
magnetoelastic and growth-induced anisotropies.44,45 The
Gilbert damping of BiYIG films is 1.3 × 10−4−5.6 × 10−4,
an order of magnitude higher than that of YIG but much lower
than that of REIGs with strong spin−orbit coupling.10−12,14,44

For example, the damping of TmIG films is around 0.02.20,23,46

While the low damping of BiYIG films enables fast domain wall
dynamics, BiYIG films exhibit no DMI and SOT-driven
domain wall motion can be achieved only in the presence of an
in-plane magnetic field.26,47

Garnet thin films with DMI, low damping, and PMA would
combine the advantages of fast dynamics and field-free SOT
switching and bring substantial benefits to spintronics device
development. In this article, we introduce a bilayer BiYIG|
TmIG, which exhibits both DMI and moderate damping. Velez
et al. described an exchange-coupled YIG|TmIG|Pt hetero-
structure,48 demonstrating DMI-stabilized skyrmions, but the
PMA was present only in the TmIG layer and the damping was
not reported. There have also been various studies on
multilayers of iron garnets for photonic and magneto-optic
applications49,50 but DMI and damping are not reported. Here,
we report the growth and the structural, magnetic, and
spintronic properties of BiYIG|TmIG heterostructures depos-

ited on substituted gadolinium gallium garnet (GSGG) and
neodymium gallium garnet (NGG) substrates. The films have
PMA, and bubble domains in BiYIG|TmIG|GSGG were
formed by applying simultaneous in-plane and out-of-plane
fields. The key result of this work is showing that BiYIG|TmIG|
NGG exhibits both a substantial DMI and damping an order of
magnitude lower than that of TmIG.

■ STRUCTURAL AND MAGNETIC
CHARACTERIZATION

The Bi0.8Y2.2Fe5O12 target was prepared by solid-state sintering,
and the TmIG target was purchased from Furuuchi Chemical
Corporation. Thin films of BiYIG, codeposited films of
(Tm,Bi,Y)3Fe5O12 (BiYTmIG) and bilayered films of TmIG|
BiYIG were deposited on GSGG (Gd3Sc2Ga3O12, lattice
parameter a = 1.2554 nm) and NGG (Nd3Ga5O12, a =
1.2505 nm) substrates with (111) orientation using pulsed
laser deposition (PLD) with a 248 nm wavelength laser. The
BiYTmIG films were codeposited by alternately ablating the
targets using 25 laser shots on the BiYIG target and 2 or 5 laser
shots on the TmIG target. Based on the calibration of the
growth rates from BiYIG and TmIG targets, the two
codeposited BiYTmIG films have nominal compositions of
Tm0.15Bi0.75Y2.1Fe5O12 and Tm0.3Bi0.7Y2Fe5O12, respectively.
The bilayered films consisted of a TmIG layer in contact
with the substrate and an overlaid BiYIG layer. Several studies
show DMI originating from the TmIG|substrate interface,33,34

thus stacks of BiYIG|TmIG|substrate were examined instead of
TmIG|BiYIG|substrate. The optimized growth conditions for
epitaxial high-quality BiYIG films are described in our previous
work.51 The growth conditions used in the present work can
be found in the Methods section.

REIGs, YIG, and BiYIG belong to the cubic Ia3̅d space
group52 with a lattice parameter of about 1.2 nm, well matched
to that of gallium garnets. Figure 1 shows symmetric high-
resolution X-ray diffraction (HRXRD) scans around the (444)
substrate peak for BiYIG, codeposited BiYTmIG, and bilayered
TmIG|BiYIG films. All the films grow with an in-plane tensile

Figure 1. (a−c) High-resolution X-ray diffraction (HRXRD) scans of BiYIG, BiYTmIG, and BiYIG|TmIG thin films deposited on GSGG and
NGG substrates. (d−f) X-ray reflectivity (XRR) scans of BiYIG, BiYTmIG, and BiYIG|TmIG thin films deposited on the GSGG substrate. A
BiYIG/TmIG shot ratio of 25:5 was used for making the 2.5 nm thick BiYTmIG film and 25:2 was used for the 6.7 and 8.4 nm thick BiYTmIG
films. Inset of (f) shows topographic image from an atomic force microscopy (AFM) scan on BiYIG (3.5 nm)/TmIG (3.1 nm)/GSGG film.
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strain due to lattice mismatch with the substrates. Due to the
few-nanometer film thickness, the intensity of the film peaks
and Laue fringes is low, and the film peaks are very broad and
overlap the substrate peaks. However, thicker epitaxial iron
garnet films grown under similar conditions exhibit well-
defined film peaks and Laue fringes, indicating high crystalline
quality and thickness uniformity in epitaxial REIG films.5,14,45

High-resolution X-ray reflectivity (HRXRR) measurements
were performed to determine the film thickness, as shown in
Figure 1. Fits to the Kiessig fringes in HRXRR scans for BiYIG
and BiYTmIG films deposited on a GSGG substrate indicate
uniform thicknesses of 5.5 and 8.4 nm, respectively. The
observation of two distinct periodicities in the HRXRR scan
for the bilayered film validates that the BiYIG layer and TmIG
layer are not intermixed. Fits to the Kiessig fringes for the
bilayered film indicate that the thicknesses of the BiYIG layer
and TmIG layer are 4 and 3.5 nm, respectively. Prior work has
shown, based on reciprocal space map measurements
performed on BiYIG,45 TmIG,21 and terbium iron garnet
(TbIG)11 epitaxial films deposited on garnet substrates, that
such garnet films are fully strained in-plane to match the
substrate lattice parameter for the thickness of 70, 20, and 90
nm, respectively. Since all the BiYIG films, bilayered films, and
codeposited films used in this study have thicknesses lower
than 21 nm, we expect that they are all coherently lattice-
matched to the substrate. Atomic force microscopy (AFM)
measurements were performed on a BiYIG (3.5 nm)/TmIG
(3.1 nm)/GSGG film and its rms surface roughness was 0.2
nm as shown in the inset of Figure 1f.

The uniaxial magnetic anisotropy Ku is defined as the
magnetic energy difference between orienting the magnet-
ization direction in-plane (EIP) vs out-of-plane (EOOP). Positive
(negative) Ku implies an out-of-plane (in-plane) easy axis. For
an epitaxial iron garnet film lattice-matched to a garnet
substrate with (111) orientation, Ku is given by12

i
k
jjj y
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= + +

K E E
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M c K
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1 0
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44 111 G (1)

Here, K1 is the first-order cubic magnetocrystalline anisotropy
constant, which is negative favoring PMA but is negligible
compared to the other terms.53 The second term is shape
anisotropy with Ms the saturation magnetization, which favors
an in-plane magnetization direction. The third term is the
magnetoelastic anisotropy, which is proportional to magneto-
striction λ111 and shear strain (π/2 − β), with β being the
corner angle of the rhombohedrally distorted unit cell. c44 is
the shear modulus of the film and its value lies between 74 and
90 GPa for REIGs.53 KG, the fourth term, represents a uniaxial
growth-induced anisotropy that originates from preferential
occupancy of cations or vacancies in nonequivalent
sites.14,15,54,55 Surface and interface anisotropies56 may also
contribute to Ku.

All of the films in this study exhibited PMA. Vibrating
sample magnetometry (VSM) hysteresis loops for representa-
tive bilayered films and codeposited films deposited on GSGG
and NGG substrates are shown in Figure 2. The measurement
with an out-of-plane field shows square hysteresis loops and a
low coercivity of less than 400 A/m. The large paramagnetic
nonlinear signal of the GSGG and NGG substrates prevented
background subtraction for the in-plane hysteresis loops of the
films. The saturation magnetization of these films is in the

range of 80−105 kA/m at room temperature, comparable to
TmIG (90−120 kA/m)21,57 and BiYIG films (125−145 kA/
m).45 Both BiYIG58 and TmIG21 have negative λ111 and an in-
plane tensile strain so that the magnetoelastic anisotropy favors
PMA. Additionally, the growth-induced anisotropy due to
preferential occupancy of cations in nonequivalent dodecahe-
dral sites favors PMA in BiYIG,44,45 and likely also contributes
to the anisotropy of the BiYTmIG codeposited film.

■ MEASUREMENTS OF DAMPING
The damping was measured using broadband perpendicular
ferromagnetic resonance (FMR) spectroscopy with a vector
network analyzer (VNA) in the frequency range of 10−40
GHz.59−62 The complex transmission parameter S21 was
measured at a particular frequency as the magnetic field was
swept.59 Damping α of the films was obtained by fitting full
width at half maximum (fwhm) linewidth ΔH to the following
equation:

=
| |

+H
f

H
4

0
0

(2)

ΔH is obtained by fitting the S21 data to the complex
susceptibility as shown in Figure 3a. f is the excitation
frequency, ΔH0 is the inhomogeneous linewidth broadening,
and γ is the gyromagnetic ratio given by (gμB)/ℏ, where μB is
the Bohr magneton, ℏ is the reduced Planck’s constant, and g is
the Lande ́ g-factor.

The linear fits obtained from ΔH( f) and the corresponding
damping values for various bilayer and codeposited films are
shown in Figure 3. The data for a 70 nm thick BiYIG film
deposited on a GSGG substrate from our previous work has
been included for comparison.45 Damping and ΔH0 values for
bilayered and codeposited films from this study are displayed
in Table I. The data obtained from the codeposited film show a
less clear linear fit than that of the other films, but we
nevertheless include its damping value in Table I. The
damping of the bilayer films is between 5.2 × 10−3 and 7.6
× 10−3 with μ0ΔH0 of 4−9 mT. While these damping values
are 1 order of magnitude higher than that of BiYIG,44,45 they
are still an order of magnitude lower than what has been
reported for TmIG.20,23,46 ΔH0 values for TmIG/BiYIG
bilayer films are also intermediate between those of BiYIG
and TmIG. The codeposited BiYTmIG film, which contains a
low fraction of Tm (with nominal composition of

Figure 2. Room-temperature out-of-plane vibrating sample magneto-
metry hysteresis loops of (a) BiYIG (4 nm)|TmIG (3.5 nm) and (b)
BiYTmIG (6.7 nm) thin films deposited on GSGG and NGG
substrates. A BiYIG/TmIG shot ratio of 25:2 was used for BiYTmIG
films.
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Tm0.15Bi0.75Y2.1Fe5O12) has damping between that of the
bilayers and that of BiYIG, but its μ0ΔH0 is higher.

The resonance field was fitted to the Kittel equation for
perpendicular geometry59:

=
| |

+H M2 f
res

0
eff

(3)

Here, Hres is the resonance field and Meff is the effective
magnetization. Meff obtained from the fit was used to calculate
the net anisotropy of these films Ku using the following
equation:

=K
M M

2u
0 s eff

(4)

Calculated Ku values for various films are displayed in Table I.
All the films have positive Ku values, indicating PMA in these
films. This is consistent with the high remanence out-of-plane
VSM hysteresis loops displayed in Figure 2.

■ MEASUREMENTS OF DMI
Brillouin light scattering (BLS) measurements63−65 were
performed at room temperature in the Damon−Eshbach

geometry66,67 with an in-plane field of 5 kOe perpendicular to
the spin wave propagation direction. For the DE mode, DMI
provokes nonreciprocity in the counter-propagating DE mode
frequencies, with frequencies given by65

± = ± = ±f k f f f
Dk
M

( )DE 0 DMI 0
s (5)

where f 0 is the DE mode frequency in the absence of DMI, k is
the wavevector of the spin wave, and D is the strength of the
DMI. Then, the frequency difference between Stokes and anti-
Stokes peaks, Δf = f(k) − f(−k) is measured as a function of
wavevector, k. The D values for various films from this study
were obtained by least-squares fitting to =f Dk

M
2

s
and are

displayed in Table I.
Figure 4a,b indicates a lack of peak splitting and hence

negligible DMI in BiYIG (4.3 nm)|GSGG and in BiYIG (4.3
nm)|NGG without a Pt overlayer and with a Pt overlayer of
thickness 1 and 2 nm (their D values along with error bars
displayed in Table I include the possibility that DMI is zero).
These observations are consistent with prior results for
BiYIG.26 The paramagnetic substrates GSGG and NGG

Figure 3. (a) Representative FMR spectrum taken at 16.5 GHz showing the real part of S21 for BiYIG (15.5 nm)/TmIG (5.6 nm)/NGG. Fits of
linewidth, ΔH, as a function of frequency for (b) BiYIG (70 nm)/GSGG, (c) BiYIG (15.5 nm)/TmIG (5.6 nm)/NGG, (d) BiYIG (18 nm)/TmIG
(2 nm)/GSGG, (e) BiYIG (18 nm)/TmIG (2 nm)/NGG, and (f) BiYTmIG (8.4 nm)/NGG with BiYIG/TmIG shot ratio of 25:2.

Table I. Gilbert Damping and D Values for Various Films

stack Ku (kJ/m3) Gilbert damping
inhomogeneous linewidth broadening

μ0ΔH0 (mT) D (mJ m−2)

BiYIG (70 nm)/GSGG 8.8 ± 0.7 5.6 ± 0.7 × 10−4 5 ± 0.1 n/a
BiYIG (4.3 nm)/GSGG n/a n/a n/a 0.001 ± 0.002
BiYIG(4.3 nm)/NGG n/a n/a n/a 0.003 ± 0.002
Pt(1 nm)/BiYIG(4.3 nm)/NGG n/a n/a n/a 0.003 ± 0.018
Pt(2 nm)/BiYIG(4.3 nm)/NGG n/a n/a n/a 0.001 ± 0.001
BiYTmIG (8.4 nm)/NGG (BiYIG/TmIG shot ratio of 25:2) 8.6 ± 1.2 2.25 ± 0.2 × 10−3 17 ± 0.5 n/a
BiYIG (15.5 nm)/TmIG (5.6 nm)/NGG 11.6 ± 1.6 7.6 ± 0.27 × 10−3 9.2 ± 0.5 n/a
BiYIG (18 nm)/TmIG (2 nm)/GSGG 8.4 ± 1.1 5.2 ± 0.32 × 10−3 6.6 ± 0.5 n/a
BiYIG (18 nm)/TmIG (2 nm)/NGG 5.7 ± 0.8 6.7 ± 0.21 × 10−3 3.7 ± 0.4 n/a
BiYIG (4 nm)/TmIG (3.3 nm)/GSGG n/a n/a n/a 0.001 ± 0.003
BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG 4.6 ± 0.6 n/a n/a 0.014 ± 0.002
Pt(1 nm)/BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG n/a n/a n/a 0.011 ± 0.003
Pt(2 nm)/BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG n/a n/a n/a 0.011 ± 0.001
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contain rare earths Gd3+ (4f7, L = 0) and Nd3+ (4f3, L = 6),
respectively, but neither BiYIG sample yields DMI. The
importance of orbital angular momentum for obtaining DMI in
REIG films has been noted,26 but here the Gd3+ has no orbital
moment and the Nd3+ in the NGG substrate may be ineffective
in promoting DMI due to the paramagnetic host.

The BiYIG|TmIG|GSGG bilayer film has no DMI, Figure 4c,
but BiYIG (4.4 nm)|TmIG (1.9 nm)|NGG without a Pt
overlayer and with Pt of thickness 1 and 2 nm do exhibit DMI,
Figure 4d, of D = 0.0145 ± 0.0011 mJ/m2. The critical D for
stabilization of Neél domain walls is given by (2t·ln(2)/
π2)μ0Ms

2 = 0.010 ± 0.003 mJ/m2, where t is the thickness of
the magnetic layer and Ms is its saturation magnetization.27 For
BiYIG|TmIG|NGG this indicates that DMI is sufficient to
stabilize the Neél domain walls.

Considering the inverse dependence of interfacial DMI on
thickness, the measured DMI is comparable to that of TbIG|Pt
deposited on GGG and TmIG|Pt deposited on Gd3Ga5O12
( G G G ) , N G G , a n d S G G G ( c o m p o s i t i o n
Gd2.6Ca0.4Ga4.1Mg0.25Zr0.65O12)

25,27,28,66 but an order of
magnitude lower than that of metallic ferrimagnetic68 and
metallic ferromagnetic thin films.69,70

Introducing 1.9 nm TmIG at the interface results in a DMI
of BiYIG|TmIG bilayers consistent with that of single layers of
TmIG based on domain wall depinning measurements, where
6.6 nm TmIG|NGG had D = 0.007 ± 0.0015 mJ m−2 but
TmIG|GSGG had D = 0.0015 ± 0.002 mJ m−2.34 Xu et al. also
demonstrated a dependence of DMI strength on substrate
composition in TmIG|Pt heterostructures.33 The codeposited
BiYTmIG films did not show a measurable DMI, likely due to
their low Tm content.

The domain structure of bilayer films was examined using
MOKE. An in-plane field was able to generate bubble domains
at room temperature in Pt (4 nm)|BiYIG (4 nm)|TmIG (3.5
nm)|GSGG. Combinations of in-plane and out-of-plane fields
were able to tune the bubble domain size over a wide range, as
shown in Figure 5. The domains changed their sizes within
small IP and OP field ranges indicating high domain wall

mobility. Due to the low DMI for this sample, these bubble
domains are unlikely to be DMI-stabilized skyrmions. We were
unable to observe bubble domains in bilayered films deposited
on NGG.

■ CONCLUSIONS
The Gilbert damping and DMI strength of epitaxial BiYIG,
codeposited BiYTmIG, and bilayered BiYIG|TmIG films
deposited on (111) GSGG and NGG substrates were
investigated with the aim of identifying a path to develop
films with low damping, high DMI and PMA. The films exhibit
PMA with high remanence, attributed to magnetoelastic and
growth-induced anisotropy, and show bubble domains with
field-tunable size.

BiYIG|TmIG bilayers have a damping value 10× higher than
that of BiYIG but 10× lower than that of single-layer TmIG.
Additionally, their inhomogeneous linewidth broadening was
lower than that reported for TmIG. BiYIG|TmIG|NGG has D
= 0.0145 ± 0.0011 mJ/m2, but BiYIG|TmIG|GSGG had no
DMI. This indicates a dependence of DMI strength on
substrate composition, as seen for single-layer TmIG films
where TmIG|NGG had higher DMI than TmIG|GSGG.34

BiYIG|GSGG and BiYIG|NGG films had no DMI, which is
consistent with other measurements. BiYIG|TmIG|NGG
therefore provides a compromise, exhibiting PMA, DMI, and
a damping that is an order of magnitude lower than that of
TmIG. This work suggests that bilayers or multilayers of
garnets provide opportunities to engineer combinations of
magnetic properties that are not available from single-layer
garnet films.

■ METHODS
Target fabrication, thin film deposition, and characterization:
Precursor powders with the stoichiometric element ratios of the
final target composition (Bi0.8Y2.2Fe5O12) were mixed and ball milled
with yttrium stabilized zirconia grinding media for 24 h in ethanol.
The mixture was then dried and calcined in a tube furnace in air to
form the desired phase. Then, the calcinated powders were uniaxial
and cold isostatic pressed at 40,000 psi for 2 min into a 1.1 in.
diameter pellet. Finally, the pellet was transferred to a tube furnace
and sintered to form the BiYIG target.

BiYIG, BiYTmIG, and TmIG|BiYIG films were grown by PLD on
(111) oriented garnet substrates of the composition Gd3Sc2Ga3O12
(GSGG) and Nd3Ga5O12 (NGG). The targets used for deposition
had compositions of Bi0.8Y2.2Fe5O12 and Tm3Fe5O12. Prior to

Figure 4. BLS frequency change Δf versus wavenumber k for (a)
BiYIG (4.3 nm)/GSGG, (b) BiYIG (4.3 nm)/NGG, Pt (1 nm)/
BiYIG (4.3 nm)/NGG, Pt (2 nm)/ BiYIG (4.3 nm)/NGG, (c) BiYIG
(4 nm)/TmIG (3.3 nm)/GSGG, and (d) BiYIG (4.4 nm)/TmIG
(1.9 nm)/NGG, Pt (1 nm)/BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG,
Pt (2 nm)/BiYIG (4.4 nm)/TmIG (1.9 nm)/NGG.

Figure 5. Domain structure of Pt (4 nm)/BiYIG (4 nm)/TmIG (3.5
nm)/GSGG for various values of in-plane field and out-of-plane field
for a 100 μm × 100 μm area observed using MOKE microscope.
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introducing oxygen and deposition of films, the chamber was pumped
down to a 5 × 10−6 Torr base pressure. A laser repetition rate of 10
Hz, laser fluence of 2 J/cm2, and target-substrate distance of 6 cm
were used. For the TmIG|BiYIG bilayer growth, the O2 pressure was
150 mTorr and the substrate temperature was 560 and 720 °C during
the deposition of BiYIG and TmIG layers, respectively. For the
codeposited BiYTmIG films, the O2 pressure was 150 mTorr and the
substrate temperature was 560 °C. An O2 pressure of 230 Torr was
maintained in the chamber as the samples cooled after growth.

An ultrahigh vacuum magnetron sputtering system with an Ar
pressure of 2 mTorr was used for Pt deposition at room temperature.
A Bruker D8 Discover HRXRD instrument was used to perform
HRXRD measurements. An ADE 1660 VSM instrument was used to
perform magnetic measurements. A custom-built, wide-field Kerr
microscope with independent out-of-plane and in-plane magnetic field
control was used to perform polar MOKE measurements to observe
domains. Kohler illumination was adopted with an ×10 objective and
a 456.6 nm wavelength LED light source.

FMR: The VNA technique was used to perform broadband
perpendicular FMR spectroscopy. The samples were placed face-
down on a 50 Ω coplanar waveguide. The films were saturated in the
out-of-plane direction by sweeping an out-of-plane magnetic field up
to μ0H = 2.2 T. Microwave transmission over a frequency from 10 to
40 GHz was measured with a variable microwave field applied in-
plane.

BLS: Due to the interfacial nature of DMI and its inverse
dependence on film thickness, films with thicknesses lower than 10
nm were used for the BLS measurements, whereas thicker films were
used for damping measurements by FMR. The BLS measurements
were performed in backscattering geometry using a (3 + 3) tandem
Fabry−Peŕot interferometer and a 532 nm continuous-wave laser of
532 nm wavelength. The thermally generated Damon−Eshbach mode
is measured with an in-plane applied field of 0.5 T. The wavevector of
the DE mode is then determined by the angle θ between the film
normal and incident laser, given by =k sin4 . Each Stokes and anti-
Stokes frequency is obtained from the Voigt fitting of the BLS spectra.
Voigt fit and Lorentzian fit for the experimental data yield similar
values for frequency, but the Voigt fit resulted in a lower error bar.

Certain commercial instruments are identified to adequately specify
the experimental study. This does not imply endorsement by NIST or
that the instruments are the best available for the purpose.
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