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Substrate-Dependent Anisotropy and Damping in Epitaxial
Bismuth Yttrium Iron Garnet Thin Films

Takian Fakhrul,* Bharat Khurana, Hans Toya Nembach, Justin M. Shaw, Yabin Fan,
Grant A. Riley, Luqiao Liu, and Caroline A. Ross*

Iron garnets that combine robust perpendicular magnetic anisotropy (PMA)
with low Gilbert damping are desirable for studies of magnetization dynamics
as well as spintronic device development. This paper reports the magnetic
properties of low-damping bismuth-substituted iron garnet thin films
(Bi0.8Y2.2Fe5O12) grown on a series of single-crystal gallium garnet substrates.
The anisotropy is dominated by magnetoelastic and growth-induced
contributions. Both stripe and triangular domains form during field cycling of
PMA films, with triangular domains evident in films with higher PMA.
Ferromagnetic resonance measurements show damping as low as 1.3 × 10−4

with linewidths of 2.7 to 5.0 mT. The lower bound for the spin-mixing
conductance of BiYIG/Pt bilayers is similar to that of other iron garnet/Pt
bilayers.

1. Introduction

Iron garnets are ferrimagnetic insulators with composition
A3Fe5O12, where the dodecahedral A-sites are occupied by a
rare earth (RE), Y, Bi, and so on. Films of many iron garnets
such as Tm3Fe5O12 can be grown with PMA as a result of mag-
netoelastic anisotropy,[1–3] which is useful in a range of spin-
tronic device applications.[4] Iron garnets also exhibit fast mag-
netization dynamics due to their low Gilbert damping (𝛼). Yt-
trium iron garnet (YIG) has the lowest damping among known
magnetic materials,[5,6] and all the RE iron garnets (REIGs) ex-
hibit larger values.[7,8] For bulk YIG, values of 𝛼 as low as 10−5
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have been reported, whereas for thin
films of YIG, 𝛼 = 6 × 10−5 in the best
case[9] and commonly 𝛼 = (1–2) × 10−4,
as summarized in ref. [10]. The ferro-
magnetic resonance (FMR) full width
at half maximum linewidth (FWHM) of
YIG films is μ0ΔH0 = (0.4–0.6) mT.[10]

A combination of PMA and low 𝛼 is
advantageous, but it is challenging to
grow YIG thin films with PMA. PMA
YIG films have been obtained by the
use of buffer layers of Sm3Ga5O12

[11] or
by growth on gadolinium scandium gal-
lium garnet substrates (Gd3Sc2Ga3O12)
to increase magnetoelastic anisotropy.[12]

The latter experiment yielded 𝛼 = (4–11)
× 10−4 and FWHM μ0ΔH0 = (1 to 4)
mT measured in an out-of-plane field.

Bismuth-substituted yttrium iron garnet (BiYIG, BixY3−xFe5O12)
combines PMA and a moderately low damping, intermediate
between that of YIG and REIGs. Soumah et al.[13] reported
Bi1Y2IGwith PMAgrown on substituted gadoliniumgalliumgar-
net (SGGG, Gd2.6Ca0.4Ga4.1Mg0.25Zr0.65O12) with damping of 𝛼 =
3 × 10−4 and FWHM μ0ΔH0 = 0.40 mT measured at an ≈27°

angle from the in-plane direction at frequencies up to 20 GHz.
The linewidth was over two orders of magnitude higher for an
in-plane measurement. Lin et al. reported PMA Bi1Y2IG grown
on SGGG with 𝛼 = 7.03 × 10−4[14] and peak-to-peak linewidth of
2 mT (i.e., FWHM = 3 mT) measured out-of-plane in the
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Figure 1. a) HRXRD 𝜔−2Θ scans around the BiYIG (444) and GSGG, NGG, GYSGG, SGGG, and YSGG (444) peaks. b) Cubic unit cell of BiYIG showing
octahedrally, tetrahedrally, and dodecahedrally-coordinated cation sites. The cation sites are surrounded by O2− (indicated by black spheres) at the
vertices of the polyhedra. c) Schematic of a strained BiYIG cubic unit cell on GSGG with the corner angle 𝛽 marked. d,e) HRXRD reciprocal-space map
of 28 nm BiYIG/GSGG (d) and 70 nm BiYIG/GSGG (e). f) AFM scan on 7 nm thick BiYIG film on GSGG.

frequency range of 6–13 GHz.
In this work, we report the structure, magnetic properties, and

FMR characterization of BiYIG films that are grown epitaxially
on a range of (111)-oriented garnet substrates with varying lat-
tice parameters. In FMR, a limited frequency range for damp-
ing measurements can lead to nonlinearities in linewidth as re-
ported in both metallic systems[15] and YIG[16] owing to a slow-
relaxing impurity mechanism and low-field losses. We therefore
carry out FMR measurements at frequencies up to 40 GHz, ob-
taining damping as low as 1.3 × 10−4 and inhomogeneous broad-
ening FWHM linewidth of 2–5 mT for an out-of-plane field. The
domain structure and reversal characteristics of the films are in-
vestigated byMOKE imaging. Finally, a lower bound for the spin-
mixing conductance is reported for BiYIG/Pt bilayers, which is
comparable with previous reports of spin-mixing conductance in
PMA REIG/Pt bilayers.

2. Results and Discussion

2.1. Structure and Magnetic Anisotropy

BiYIG films ranging from 20–70 nm in thickness were grown
by pulsed laser deposition (PLD) on (111)-oriented substi-
tuted gadolinium gallium garnets of composition Y3Sc2Ga3O5
(YSGG), SGGG, Gd3Sc2Ga3O12 (GSGG), Gd0.63Y2.37Sc2Ga3O12
(GYSGG), and neodymium gallium garnet (Nd3Ga5O12, NGG).

The bulk lattice parameters of YSGG, SGGG, NGG, GYSGG, and
GSGG were 1.2426, 1.2480, 1.2505, 1.2507, and 1.2554 nm, re-
spectively, all larger than that of Gd3Ga5O12 (GGG) of 1.2375 nm.
BiYIG films grown on these substrates therefore exhibit a
range of epitaxial strains and magnetoelastic anisotropy. The
target used for the thin film growth had a composition of
Bi0.8Y2.2Fe5O12. An analysis of the growth conditions that gave
high quality epitaxial BiYIG film is given in our previous
work,[17–19] and optimized conditions used in the present work
can be found in the Experimental Section. Bi has a larger ionic
radius than Y and it causes an expansion of 0.0083 nm per Bi
atom substituted in the formula unit.[20]

Figure 1a shows high resolution X-ray diffraction (HRXRD)
2𝜃 − 𝜔 data for BiYIG films grown on GSGG, NGG, GYSGG,
SGGG, and YSGG. The well-defined Laue fringes indicate the
high crystalline quality and uniformity of the BiYIG films. Both
the unstrained and strained unit cell of BiYIG are shown in
Figure 1b,c, where the three different lattice sites for the cations
with respect to O2− are indicated. Reciprocal-space mapping
(RSM) for the (642) reflection shows that all the BiYIG films up
to 70 nm thick on GSGG, NGG, and SGGG were lattice matched
to the substrate. RSM for 28.3 and 70 nm thick BiYIG films on
GSGG is shown in Figure 1d,e. We conclude that the films are
under in-plane tensile strain, and the unit cell of the BiYIG is dis-
torted from cubic to rhombohedral (Figure 1c). A rhombohedral-
to-hexagonal transformation was used to simplify the calculation
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of the strain tensor as detailed in our previous work.[21] The in-
plane lattice parameter aH and the c-axis lattice parameter c of the

hexagonal unit cell are given by aH =
√
12d2

112̄
and c = 12d444.

Here, d112̄ is the (112̄) plane spacing of the BiYIG cubic unit
cell which is assumed to match the substrate (112̄) plane spac-
ing and d444 is the spacing of the (444) planes. The corner an-
gle 𝛽 of the strained unit cell as shown in Figure 1c is given by
sin ( 𝛽

2
) = 3

2
√
3+( c

aH
)2
.

Atomic force microscopy (AFM) shows that the BiYIG films
have a root mean square (RMS) surface roughness of less than
0.2 nm (Figure 1f). High-resolution high-angle annular dark-field
scanning transmission electronmicroscopy (HAADF STEM) im-
ages of 7 nm thick BiYIG grown on GSGG were described in our
prior publication[22] and indicate epitaxial growth without visible
dislocations or other interfacial defects.
The magnetic hysteresis loops of the films were characterized

by vibrating sample magnetometry (VSM). Measurements with
field applied in-plane (IP) and out-of-plane (OP) are shown in
Figure 2 a–f. The films grown on GSGG and NGG demonstrate
PMA with square OP hysteresis loops whereas films grown on
SGGG have an IP easy axis. BiYIG films grown on NGG, YSGG,
and GYSGG show OP coercivity of ≈1.6 kA m−1 and films on
GSGG have higher coercivity of 8.0 kA m−1. The saturation mag-
netization of BiYIG was (135± 10) kA m−1 for thicknesses of 20–
70 nm on all the substrates. The large paramagnetic background
signal of the GSGG, NGG, and SGGG substrates prevented back-
ground subtraction for the hard axis loops of most of the BiYIG
films, and net anisotropy was measured using FMR as described
below.
The total magnetic anisotropy of the films includes contri-

butions from magnetocrystalline, shape, magnetoelastic, and
growth-induced anisotropy. The total uniaxial anisotropy Ku of
the films was given by the difference between the magnetic en-
ergy E when the magnetization was oriented IP versus OP:

Ku = EIP − EOP = Kmc + Kme + Ksh + Kg

= −
K1

12
+ 9
4
𝜆111c44

(
𝜋

2
− 𝛽

)
−

𝜇o

2
M2

s + Kg (1)

Here, Kmc is the magnetocrystalline, Ksh the shape, Kme the
magnetoelastic, and Kg the growth-induced anisotropy. K1 is the
first order cubic magnetocrystalline anisotropy constant, Ms is
the saturation magnetization, 𝜆111 is the magnetostriction coef-
ficient, c44 is the shear modulus, and 𝛽 is the corner angle of
the rhombohedrally-distorted unit cell. A positiveKu corresponds
to an out-of-plane easy axis. K1 for BiYIG is negative which fa-
vors PMA for (111) films, but this contribution is small (≈ −650
Jm−3[23]); and thus, the magnetocrystalline anisotropy will be ne-
glected. The shape anisotropy (− 𝜇o

2
M2

s ) favors in-plane magneti-
zation.
Kme is proportional to both 𝜆111 and the shear strain (

𝜋

2
− 𝛽).

The magnitude of 𝜆111 is linearly dependent on the Bi content
according to[23] 𝜆111 (BizY3 − zIG) = − 2.73 × 106 (1 + 0.23z). The
higher magnetostriction of BiYIG compared to YIG is attributed
to an increase in the spin-orbit coupling due to mixing between
the 6p Bi3+ orbitals and the 3d and 2p orbitals from Fe3+and
O2−.[23] The 𝜆111for BiYIG is negative; and therefore, favors an

easy axis along the compressively strained OP direction, promot-
ing PMA in BiYIG films grown on larger lattice parameter sub-
strates. Thus, magnetoelastic anisotropy contributes to PMA in
BiYIG films grown on substrates with larger lattice parameter
than that of the film.
Like Soumah et al.,[13] we find that magnetoelastic anisotropy

alone is insufficient to account for the PMA in our BiYIG films,
as shown in Table 1. We observe an increase in 𝛽 with in-
creasing substrate lattice parameter, as expected. However, the
net anisotropy does not increase monotonically with the strain.
In fact, the magnetoelastic contribution is a relatively small
part of the total anisotropy, leading to the conclusion that the
growth-induced anisotropy is dominant. Partially substituted gar-
net films like BiYIG exhibit 𝐾g due to the non-random distribu-
tion of Bi3+ and Y3+ in nonequivalent dodecahedral sites, driven
by the ionic size difference. Growth-induced anisotropy has been
analyzed in mixed rare earth and other mixed composition gar-
nets grown by liquid phase epitaxy (LPE),[24–28] andmore recently,
in PLD-grown (Tm,Y)IG.[29] It leads to an uniaxial magnetic
anisotropy term in (111)-oriented (and (001)-oriented) films. The
magnitude and the sign of Kg depend on the ions present and
their atomic fraction, and for Bi3+ substitution in YIG, Kg favors
PMA.[30] In LPE-grown Bi-containing (Y,Lu)3Fe5O12, the addition
of Bi can increase Kg by an order of magnitude.[31] We calculate
Kg from the total anisotropy Ku after subtracting the shape and
magnetoelastic contributions. BiYIG on GSGG and NGG have
very large growth-induced anisotropies while films on SGGG,
GYSGG, and YSGG have lower growth-induced anisotropy and
an in-plane easy axis as shown in Figure 2. Kg calculated for
the PLD-grown BiYIG in Table 1 varies with substrate and film
thickness, and in many samples, it exceeds that of LPE-grown
garnets[25–28,32] and PLD-grown (Tm,Y)IG.[29]

2.2. Domain Imaging

Magneto-optical Kerr effect (MOKE) microscopy was carried out
on PMA BiYIG films with thicknesses 25, 28, and 33 nm grown
on GSGG substrates, and 25 and 27 nm grown on NGG sub-
strates. All the filmswere a.c. demagnetized using an electromag-
net with an alternating OP magnetic field with an initial value of
μ0H = 500 mT and a reduction ratio of 0.95 between each step.
MOKE images for the resulting domain structures for these films
are shown in Figure 3. After demagnetization, the net magneti-
zation is close to zero and up and down domains occupy roughly
equal areas. The average domain size was calculated using im-
ages taken from multiple locations on each film and is displayed
in Table 1. The large standard deviations in the domain sizes are
indicative of heterogeneities in the domain structures in different
regions of the samples.
MOKE images for a.c. demagnetized films with thickness

25 nm grown on GSGG and 25 and 27 nm grown on NGG show
a labyrinthine domain structure, Figure 3a,d,e. In comparison,
28 and 33 nm BiYIG films on GSGG show triangular domains
indicating preferential formation of domain walls along certain
crystallographic directions. (Figure 3b,c). The two films in our
study that exhibited triangular domains also have higher lattice
distortion 𝛽 and higher Kme as well as higher Kg compared to
similar thickness films with stripe domains. This suggests that
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Figure 2. Hysteresis loops with field applied a) out-of-plane (OP) and b) in-plane (IP) for 25 nm BiYIG on SGGG, NGG, and GSGG. c) IP and OP loops
for 70 nm BiYIG on GSGG. d) OP loops for 38 and 28 nm BiYIG on GSGG. e,f) IP and OP loops for 22 nm BiYIG on YSGG and GYSGG.

the domain shape correlates with strain state and anisotropy and
has a different origin from the triangular domain structures re-
ported in thinmetal films.[33,34] There have beenmultiple reports
of threading and misfit dislocation defects in micron-thickness
BiYIG films due to lattice and thermal mismatch.[35–38] We spec-
ulate that localized strain relaxation accompanied by the forma-
tion of dislocations leads to crystallographically-preferred orien-
tations for domain walls due to favorable interaction with their

strain fields which can potentially result in anisotropy in the do-
main wall energy. The critical lattice mismatch causing the onset
of triangular defects has been reported to be 4.1 pm (at growth
temperatures) in REIGs and lower in Bi-substituted garnets.[35]

At room temperature, our BiYIG/GSGG has a lattice misfit of
10.4 pm which is well above this threshold.
MOKE microscopy was used to study magnetization reversal

for 28 and 70 nm thick BiYIG/GSGG and 25 nm BiYIG/NGG,
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Table 1.Magnetic properties of BiYIG films on garnet substrates.

Film thickness
[nm]

Substrate PMA 𝜷

[o]
Ku − Ksh
[kJ m −3]

Ksh
[kJ m −3]

Kme
[kJ m −3]

Ksh + Kme
[kJ m −3]

Kg
[kJ m−3]

Domain shape Domain size
[μm]

22 YSGG No 90 ≈10.7 −10.7 0 −10.7 10.7 ‒ ‒

25 SGGG No 90.1 11.1 −13.2 1.7 −11.5 9.4 ‒ ‒

25 NGG Yes 90.2 29.1 −13.1 2.2 −10.9 26.9 Stripe 30 ± 9

27 NGG Yes 90.3 25.5 −11.1 3.0 −8.1 22.5 Stripe 26 ± 8

22 GYSGG No 90.3 ≈9.8 −9.8 3.0 −6.8 6.8 ‒ ‒

25 GSGG Yes 90.6 30.2 −9.8 5.8 −4.0 24.4 Stripe 32 ± 8

28 GSGG Yes 90.7 49.2 −13.1 7.1 −6.0 42.1 Triangular 67 ± 22

32.9 GSGG Yes 90.7 44.8 −13.2 7.1 −6.1 37.7 Triangular 84 ± 35

70 GSGG Yes 90.6 17.9 −12.3 5.8 −6.5 12.1 Stripe ‒

Figure 4. MOKE images were collected while applying an OP
magnetic field of −60 mT, followed by an OP field sweep from
0 mT to a positive value to magnetize the film in the positive di-
rection. The image collected at −60 mT was subtracted from all
the subsequent images to remove the non-magnetic contrast.
Magnetization reversal for 70 nm BiYIG/GSGG and 25 nm

BiYIG/NGG shown in Figure 4a,b proceeds by formation of
labyrinthine stripe domains. A similar stripe domain structure
has been reported for TmIG[39] and (Tm,Y)IG.[29] Magnetiza-
tion reversal was almost complete at +15 mT for the 70 nm
thick BiYIG/GSGG substrate and at +4 mT for the 25 nm thick
BiYIG/NGG. However, magnetization reversal for the 28 nm
thick BiYIG/GSGG proceeded by formation of triangular do-
mains such as those observed in its a.c.-demagnetized state,
along with stripe domains within the triangular regions as shown
in Figure 4c. After applying −60 mT, the field was swept from 0

mT to+100mTwith 0.5mT steps. The film did not reach positive
saturation even at +100 mT. This agrees with the hysteresis loop
of this film shown in Figure 2d, where the film is not saturated
even at 200 mT. A supplementary video showing the images in
0.5 mT field increments from 0 to 100 mT has been included as
Supporting Information.

2.3. Ferromagnetic Resonance Characterization

To extract the damping of the BiYIG thin films, their dynamic
magnetic properties were studied with broadband perpendicular
FMR spectroscopy based on the vector network analyzer (VNA)
technique in the 10–40 GHz range.[40–43] The complex transmis-
sion parameter S21 was measured at a fixed frequency while the
external perpendicular magnetic field was swept,[40] as shown in

Figure 3. MOKE images showing equilibrium domain structure after a.c. demagnetization of a) 25 nm BiYIG/GSGG, b) 28 nm BiYIG/GSGG, c) 33 nm
BiYIG/GSGG, d) 27 nm BiYIG/NGG, and e) 25 nm BiYIG/NGG.
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Figure 4. MOKE images showing domain structure during reversal of a) 70 nm BiYIG/GSGG, b) 25 nm BiYIG/NGG, and c) 28 nm BiYIG/GSGG. The
films were saturated at +60 mT for (a) and −60 mT for (b,c). The red scale bar represents 100 μm.

Figure 5a,b. The resonance field for the films was fitted to the
Kittel equation for perpendicular geometry to extract the effec-
tive magnetization Meff and the Landé g-factor,[44] as shown in
Figure 5c for one film as an example. Here:

Hres =
2𝜋f|𝛾|𝜇o

+Meff (2)

whereHres is the resonance field, f is the excitation frequency, and
𝛾 is the gyromagnetic ratio (gμB)/h, where μB is the Bohr magne-
ton and h̄ is the reduced Planck constant. The anisotropy of the
film excluding the shape anisotropy, K = Ku − Ksh, is extracted
fromMeff using the equation:

[45,46]

Meff = Ms −
2K
𝜇oMs

(3)
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Figure 5. Representative FMR spectra taken at 10 GHz showing a) the imaginary and b) the real part of S21 for a 70 nm BiYIG/GSGG. c) Representative
fit of the resonant field, Hres, versus frequency for 70 nm BiYIG/GSGG. FMR linewidth as a function of frequency for d) 70 nm BiYIG/GSGG, e) 25 nm
BiYIG/SGGG, and f) 23 nm BiYIG/NGG.

The damping 𝛼 and the inhomogeneous broadening FWHM
linewidth ΔH0 were extracted by fitting the linewidth to the fol-
lowing expression, Figure 5d–f:

ΔH =
4𝜋𝛼f|𝛾|𝜇0 + ΔH0 (4)

where ΔH is the experimentally observed linewidth determined
from fitting the S21 data with the complex susceptibility. 25 nm
BiYIG/SGGG yielded 𝛼 = 1.3 × 10−4 and μ0ΔH0 = 2.7 mT. For
70 nm BiYIG/GSGG, 𝛼 = 5.6 × 10−4 and μ0ΔH0 = 5 mT, and for
23 nmBiYIG/NGG, 𝛼 was higher at 2.1× 10−3, with μ0ΔH0 = 3.7
mT. No systematic change was observed with varying thickness
or substrate, but the higher damping of BiYIG/NGG may corre-
late with the comparatively poorer crystalline quality of the as-
supplied NGG substrates that led to growth of BiYIG with lower
intensity Laue fringes. Our results confirm that low damping and
moderately low linewidth of a few mT are achievable for BiYIG
measured in the OP direction up to 40 GHz.

2.4. Spin-Mixing Conductance of BiYIG/Pt Interface

To characterize the efficiency of spin transport through the
Pt/BiYIG interface, we measure the spin-mixing conductance of
a bilayer of 4 nm Pt/4.3 nm BiYIG. A charge current in the Pt
yields a spin current perpendicular to the film due to the spin
Hall effect (SHE). The spin current is partially reflected at the
garnet/heavy metal (HM) interface based on the relative orien-
tation of the polarization of the spin current (𝜎) and the mag-
netization of the garnet (m). The real component of spin-mixing
conductanceGr

↑↓ is associated with a damping-like torque which
is proportional to m × (𝜎 × m), and the imaginary component

of spin-mixing conductance Gi
↑↓ is associated with a field-like

torque which is proportional to 𝜎 × m.[47,48] The reflected spin
current produces a charge current in the HM layer due to the in-
verse spin Hall effect; and thus, modulates the resistance of the
HM layer leading to a spin Hall magnetoresistance (SMR). Lon-
gitudinal and transverse components of SMR are given by the
following equations:[21,49]

R = R0 + ΔRSMRsin2𝜃 sin2𝜙 (5)

RH = RSMR
H sin2𝜃 sin 2𝜙 + RAHE, SMR

H cos 𝜃 + ROHE
H Hz (6)

where R0 is the m-independent longitudinal resistance of the
HM layer and ΔRSMR is its modulation due to SMR. RSMR

H and
RAHE, SMR
H are the transverse components of SMR and anomalous

Hall effect (AHE)-like SMR, respectively.ROHE
H is the contribution

from the ordinary Hall effect (OHE) of the HM,Hz is the out-of-
plane magnetic field, and 𝜃 and 𝜑 are the polar and azimuthal
angles of m.[2] The Pt (4 nm)/BiYIG (4.3 nm)/NGG heterostruc-
ture was patterned intoHall cross devices and a probe station was
used to perform transverse SMR measurements with an out-of-
plane magnetic field. The Hall resistance for an OP field sweep
from −15 to +15 mT is shown in Figure 6a after subtraction
of a sample-dependent offset and linear OHE signal. The loop
shows 100% remanence which agrees with the PMA observed
from the VSM measurements. Sharp switching can be observed
with a coercivity of (3 ± 0.5) mT. We obtained values of RAHE, SMR

H
= −0.86 mΩ and ROHE

H = −10.7 mΩ T−1, which gives 𝜌AHE,SMR
xy =

− 3.44 × 10−4 μΩ cm and 𝜌OHExy = −4.28 × 10−3 μΩ cm T−1. The
maximummagnitude ofmagnetic field available in the probe sta-
tion was 100 mT which was not sufficient to saturate the film IP,
precluding in-plane SMR measurements.

Adv. Mater. Interfaces 2023, 2300217 2300217 (7 of 10) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. a) Anomalous Hall effect (AHE)-like spin Hall magnetoresistance (SMR) hysteresis loops for NGG(111)|BiYIG(4.3 nm)/Pt(4 nm) heterostruc-
ture. b) Optical micrograph of Hall cross used for measurement.

The model of Chen et al. for spin mixing conductance
yields:[50]

𝜌SMR
xy

𝜌Ptxx
=

𝜃2SH 𝜆Pt

dN

2 𝜆PtGr tanh
2 dN
2 𝜆Pt

𝜎Ptxx + 2 𝜆PtGrcoth
dN
2 𝜆Pt

(7)

𝜌AHE,SMR
xy

𝜌Ptxx
=
2 𝜃2SH 𝜆2Pt

dN

𝜎Pt
xx Gi tanh

2 dN
2 𝜆Pt

(𝜎Ptxx + 2 𝜆PtGrcoth
dN
2 𝜆Pt

)
2

(8)

where 𝜌SMR
xy and 𝜌AHE,SMR

xy are Hall resistivities due to SMR and
AHE-like SMR, respectively; 𝜌Ptxx = 47.1 μΩ cm is the resistivity
(and 𝜎Ptxx is the conductivity) of Pt which we measure from the
Hall bar, 𝜃SH is the spin-Hall angle of Pt, 𝜆Pt is the spin diffusion
length in Pt, dN is the thickness of the Pt layer = 4 nm, and Gr
and Gi are the real and imaginary components of spin-mixing
conductance. Without being able to achieve IP saturation for the
film, we cannot obtain 𝜌SMR

xy ; and henceGr. However, 𝜆PtGr is gen-
erally much lower than 𝜎Ptxx.

[51,52] Thus, if we drop Gr in the de-
nominator of the second equation, we can obtain a lower bound
for Gi. This value is 3.1 × 1012 Ω−1 m−2 for 𝜃SH = 0.08,[53] 𝜆Pt
= 1.4 nm[50] or 6.1 × 1010 Ω−1 m−2 for 𝜃SH = 0.387,[53] and 𝜆Pt
= 4.2 nm.[54] Gi is comparable to previous results reported for
several REIG/Pt interfaces,[51] suggesting that the spin transport
across the interface is dominated by the Fe sublattices.

3. Conclusion

Epitaxial BiYIG films with thicknesses ranging from 20 to 70 nm
were grown by pulsed laser deposition from a target with com-
position Bi0.8Y2.2Fe5O12 onto several (111)-oriented single crys-
tal garnet substrates with different lattice parameters. The films
were coherently strained to the substrates and increasing the lat-
tice parameter of the substrates promoted perpendicular mag-
netic anisotropy. Magnetoelastic anisotropy was insufficient to
explain the net anisotropy, implying the presence of growth-

induced anisotropy of 7–42 kJ m−3, generally higher for more
highly strained films. Most of the films exhibited stripe domains,
but the films with highest anisotropy showed triangular domain
patterns. We found a lower bound for the spin mixing conduc-
tance which was similar to that of other iron garnets, a damping
of 1.3× 10−4 to 2.1× 10−3, and an inhomogeneous broadening of
μ0H0 = 2.7–5 mT for out-of-plane measurements up to 40 GHz.
The low damping, tunable anisotropy, and high magnetooptical
contrast were advantageous for a range of magnetooptical and
spintronic applications and phenomena.

4. Experimental Section
BiYIG films ranging from 20 to 70 nm in thickness were grown by pulsed
laser deposition (PLD) on (111) oriented substituted gadolinium gallium
garnets YSGG, SGGG, NGG, GYSGG, and GSGG. The target used for the
thin film growth had a composition of Bi0.8Y2.2Fe5O12. The chamber was
pumped to 5 × 10−6 Torr base pressure prior to introducing oxygen and
depositing the films. The laser repetition rate was 10 Hz, the laser flu-
ence was ≈2 J cm−2, and the target-substrate distance was 6 cm. The
substrate temperature was 560 °C and the O2 pressure was 20 Pa (150
mTorr). After growth, the samples were cooled down under 230 Torr of
O2. Pt was grown in a magnetron sputtering system at room tempera-
ture, with an Ar pressure of 0.26 Pa (2 mTorr). HRXRD measurements
were performed using a Bruker D8 Discover HRXRD. For broadband per-
pendicular FMR spectroscopy based on the vector network analyzer tech-
nique, the samples were placed face-down on a 50 Ω coplanar waveg-
uide. A static out-of-plane magnetic field up to 2.2 T was swept to satu-
rate the film in the out-of-plane direction. A variable microwave field was
applied in-plane while the microwave transmission at frequencies from
10–40 GHz was measured. Certain commercial instruments were identi-
fied to specify the experimental study adequately. This does not imply en-
dorsement by NIST or that the instruments were the best available for the
purpose.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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