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Ferrimagnetic insulators capped with a heavy metal are becoming an increasingly interesting materials system
in spintronics due to their unique ability for electrical manipulation and detection of magnetic states and spin
textures via spin-orbit torques. The ability to engineer magnetic anisotropy is a powerful tool for tuning the
recently discovered phenomena in these bilayers such as electrical switching or the stabilization of topological
magnetic textures. We observe large shifts in the magnetic anisotropy in Tm3Fe5O12 and Y3Fe5O12 thin films
due to heavy-metal capping layers, which strongly depends on the orientation of the substrate and therefore the
orientation of the epitaxial films. This work suggests large Rashba spin-orbit coupling at the metal/ferrimagnetic-
insulator interface, which can be engineered in spintronic devices that utilize spin-orbit torques for electrical
control of the magnetization in magnetic insulators.
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I. INTRODUCTION

Advances in epitaxial growth of high-quality magnetic in-
sulator films approaching single nanometer thickness have
enabled the emergence of novel interface-driven phenomena
in heavy-metal/magnetic-insulator systems, such as topo-
logical spin textures and electrical controllability. These
phenomena take advantage of the spin Hall effect in an adja-
cent heavy-metal layer that generates a large spin-orbit torque
(SOT) which can be used to detect and manipulate the mag-
netization of the insulating layer [1]. Critical to these new
discoveries is the magnetic anisotropy, which is a powerful
tool for navigating the phase space for stabilizing magnetic
skyrmions as well as determining the SOT that is necessary
to alter the magnetization [2,3]. As the magnetic insulator
becomes extremely thin, interfacial interactions that generate
additional anisotropy can dictate the overall magnetic land-
scape. Interfacial interactions have been widely studied in
metallic multilayers, such as interface-induced perpendicu-
lar magnetic anisotropy [4,5] as well as magnetic skyrmions
induced by the interfacial Dzyaloshinskii-Moriya interaction
[6–9]. However, very little work has focused on understanding
the interfacial interactions in heterostructures with insulating
magnetic layers, which have advantageous properties such as
high frequency dynamics and low magnetic damping as well
as a lack of resistive heating in the magnetic insulator layers.
Recent reports of topological Hall effect [10–13], efficient
electrical switching [1,3], and fast domain wall propagation
[14,15] in heavy-metal/ferrimagnetic insulator (FMI) based
interfacial systems that take advantage of a large SOT have
made magnetic insulators a promising materials platform for
integration into spintronic devices. Therefore, fundamental
interfacial interactions in these heterostructures need to be
further investigated.

*These authors contributed equally to this work.

Recent reports have demonstrated that symmetry breaking
at the interface between a nonmagnetic material (NM) and
a FMI induces interfacial Rashba spin-orbit coupling (SOC),
leading to an interfacial magnetic anisotropy which dominates
the magnetism in very thin FMI films [16,17]. In this paper,
we report a systematic dependence of interfacial magnetic
anisotropy on the crystal orientation of epitaxial Tm3Fe5O12

(TmIG) and Y3Fe5O12 (YIG) thin films capped with Pt and
Au. The obtained interfacial anisotropy is up to 3255 G, which
is very large compared with the magnetocrystalline and shape
anisotropy of the garnet films [16], and varies by a factor of 5
depending on the orientation of the garnet films and choice of
metallic capping layer. The strong dependence of interfacial
anisotropy on the crystal orientation of the FMI suggests that
the symmetry of the crystal lattice at the interface plays a
critical role in the interfacial magnetic anisotropy.

II. EXPERIMENTAL DETAILS

We grow epitaxial TmIG and YIG films on (100)-, (110)-,
and (111)-oriented Gd3Ga5O12 (GGG) substrates by off-axis
sputtering [11,18,19]. The high quality of TmIG(111) and
YIG(111) films has been confirmed in our previous reports
using x-ray diffraction (XRD), scanning transmission electron
microscopy, and atomic force microscopy (AFM) [11,17].
Figure 1 shows the 2θ-ω XRD scans of 35-nm TmIG and YIG
films grown on three orientations of GGG substrates, where
the (100)- and (111)-oriented films exhibit pronounced Laue
oscillations that stem from the interference of two kinds of
x-ray diffractions: one by the conventional crystalline atomic
planes and the other by the whole film thickness between the
top surface and the interface with the substrate. Thus, Laue
oscillations only arise in highly uniform, single-crystalline
ordered films. The lack of Laue oscillations in the (110)-
oriented film is not fully understood at this time, which may
be due to two possible reasons: (1) the surface quality of the
GGG(110) substrate is not as good as the (111) and (100)
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FIG. 1. Characterization of crystalline quality by x-ray diffrac-
tion. 2θ -ω XRD scans of 35 nm (a)–(c) TmIG and (d)–(f) YIG films
grown on (100)-, (110)-, and (111)-oriented GGG.

substrates, and (2) the (110) plane is the least-preferred ori-
entation for epitaxial growth of the garnet films. The TmIG
and YIG films exhibit very narrow XRD rocking curves, in-
dicating high crystalline quality [11,20]. Our previous x-ray
reflectivity measurements also demonstrate sharp Pt/YIG and
Au/YIG interfaces [20,21]. Figure 2 shows the AFM scans
over a 5-μm × 5-μm region of the garnet films of all three
orientations. All six films have smooth surfaces with a root-

mean-square roughness ranging from 0.12 to 0.21 nm. A
smooth surface of these films and the sharp interfaces with
metals are critical for the investigation of strong interfacial
magnetic anisotropy in these structures.

III. RESULTS AND DISCUSSION

In order to determine the interfacial anisotropy in NM/FMI
bilayers, we first measure the magnetic anisotropy in the bare
TmIG (5 nm) and YIG (5 nm) films using angular dependent
ferromagnetic resonance (FMR) in a cavity with a microwave
frequency, f = 9.66GHz. Figures 3(a) and 3(c) show rep-
resentative FMR derivative spectra for the TmIG(111) and
YIG(100) films (two of the six films: two FMIs and three
orientations), respectively, at various polar angles θH between
the applied magnetic field (H) and the film normal. As the
sample is rotated from in-plane (IP) (θH = 90◦) to out-of-
plane (OOP) (θH = 0◦), the resonance field Hres increases,
which is determined by fitting the FMR spectra to a modified
derivative of the Lorentzian function [22],
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where a and b are fitting parameters and in the limit of a � b,
�H = √

3�Hpp (�Hpp is the peak-to-peak linewidth). The
angular dependence of Hres for bare TmIG and YIG is shown

FIG. 2. Surface roughness by atomic force microscopy. AFM images of (a)–(c) TmIG and (d)–(f) YIG films grown on (100)-, (110)-,
and (111)-oriented GGG substrates. The height profile (unit: nm) below each AFM image is a horizontal line cut at the middle of the AFM
image. The root-mean-square surface roughness of the films are (a) TmIG(100): 0.16 nm; (b) TmIG(110): 0.17 nm; (c) TmIG(111): 0.12 nm;
(d) YIG(100): 0.18 nm; (e) YIG(110): 0.21 nm; and (f) YIG(111) 0.16 nm. Scale bar: 1 μm.
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FIG. 3. Angular dependent ferromagnetic resonance. Represen-
tative FMR spectra of TmIG (5 nm)/GGG(111) films at various polar
angles (a) before and (b) after the film was capped with Pt. The same
is shown for YIG (5 nm)/GGG(100) (c) before and (d) after the film
was capped with Au. (e)–(h) Resonance fields as a function of the
polar angle θH extracted from their respective FMR spectra to their
left, which are fit to obtain 4πMeff of (e) TmIG(111): 1529 ± 20 G;
(f) Pt/TmIG(111): 2665 ± 16 G; (g) YIG/GGG(100): 1529 ± 24 G;
and (h) Au/YIG(100): 2087 ± 17 G.

in Figs. 3(e) and 3(g), which are fit to determine the effective
saturation magnetization 4πMeff and gyromagnetic ratio γ .
The OOP uniaxial anisotropy H⊥ can then be determined
using 4πMeff = 4πMs − H⊥ where 4πMs is the saturation
magnetization. In order to fit Hres vs θH, the following fit-
ting procedure is applied: First, the free energy density for a
magnetic film is given by [23–26]

F = −H · M + 1
2M(4πMeff )cos

2θ, (2)

where θ is the OOP polar angle of the equilibrium magnetiza-
tion, M. Equation (2) is numerically minimized to determine
the direction of M. Higher order contributions for the free
energy density are found to be negligible and ignored [17,23].

Equation (2) is then substituted into the FMR condition(
ω

γ

)2

= 1
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[
∂2F
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∂2F
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where ω is the angular frequency of the applied microwaves
and φ is the in-plane azimuthal angle of the magnetization.
By combining Equations (1)–(3), Hres can be calculated at
any given applied field direction, which is then fit to the
experimental data to obtain 4πMeff . The fits to the resonance
fields and the resulting 4πMeff are shown in Figs. 3(e) and
3(g), which agree well with the experimental data. Coin-
cidently, 4πMeff is the same for the TmIG/GGG(111) and
YIG/GGG(100) films; however, the values of γ /2π are 22.3
and 27.7GHzT−1, respectively, which accounts for the dif-
ference in their angular dependence of Hres. Note that in both
films the resonance field is maximized in the out-of-plane di-
rection, minimized in the in-plane direction, and 4πMeff > 0,
which indicate that these films all have an easy axis that lies
in the plane of the film. Furthermore, previous studies have
found that any uniaxial or cubic in-plane anisotropies are
negligible in thin TmIG and YIG films and can therefore be
described as having an easy-plane anisotropy [17,25].

After FMR characterization of the bare FMI films, the
TmIG and YIG films are capped with 2-nm Pt or 8-nm Au
at room temperature and then measured again using FMR to
determine the new 4πMeff . The two NM capping layers were
chosen for the following reasons: (1) our previous study found
that both Pt and Au induce a substantial change to 4πMeff

[17]; (2) there is an abundance of studies that involve Pt or
Au grown on TmIG or YIG for the purposes of studying
spin pumping or the presence of an interfacial Dzyaloshinskii-
Moriya interaction, yet essentially none of them discuss in
detail the interfacial anisotropy of the NM/FMI bilayers;
(3) both Pt and Au are highly stable in air. Figures 3(b)
and 3(d) show representative FMR derivative spectra of
Pt/TmIG(5 nm)/GGG(111) and Au/YIG(5 nm)/GGG(100),
respectively (two of the 12 bilayers: two NMs, two FMIs,
and three substrate orientations). Comparing the FMR spectra
between Figs. 3(a) and 3(b) as well as between Figs. 3(c) and
3(d) demonstrates that the NM capping layer drastically alters
the angular dependence of the resonance fields and broadens
the spectra. The broadening of the linewidth after the addi-
tion of the Pt or Au overlayer is attributed to spin pumping
from the FMI into the heavy metal, which has been shown
to broaden the spectra and enhance the Gilbert damping [21].
The extracted 4πMeff is shown in Figs. 3(f) and 3(h), which
indicates a change of the effective saturation magnetization,
�(4πMeff ) = 1136 and 558 G for Pt on TmIG(111) and Au
on YIG(100), respectively.

This same measurement is conducted on all 12 combi-
nations of bilayers and the results are shown in Fig. 4.
The angular dependencies of the resonance fields are over-
laid before and after the FMI is capped with Pt or Au to
clearly demonstrate the stark change in 4πMeff and therefore
anisotropy. For example, in Fig. 4(l) the bare YIG/GGG(110)
has resonance fields ranging from 2686 Oe (in plane) to 5473
Oe (out of plane), while by capping it with Au its Hres shifts
from 1011 to 8031 Oe. The value of �(4πMeff ) is shown in
each panel of Fig. 4. Depending on the orientation of the FMI
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FIG. 4. Angular dependent ferromagnetic resonance of the gar-
net films before and after the deposition of the Pt or Au overlayer.
Resonance fields as a function of the polar angle before (black
circles) and after being capped with Pt (various colored squares)
or Au (various colored diamonds) for three orientations of (a)–(f)
TmIG (5 nm) films capped with (a)–(c) Pt or (d)–(f) Au as well as
(g)–(l) YIG (5 nm) films capped with (g)–(i) Pt or (j)–(l) Au. The
extracted �(4πMeff ) values are (a) Pt/TmIG(100): 581 ± 53 G; (b)
Pt/TmIG(111): 1136 ± 36 G; (c) Pt/TmIG(110): 1702 ± 42 G; (d)
Au/TmIG/(100): 767 ± 58 G; (e) Au/TmIG(111): 1616 ± 33 G;
(f) Au/TmIG(110): 1666 ± 28 G; (g) Pt/YIG(100): 558 ± 50 G;
(h) Pt/YIG(111): 1805 ± 73 G; (i) Pt/YIG(110): 2038 ± 89 G; (j)
Au/YIG(100): 645 ± 41 G; (k) Au/YIG(111): 3005 ± 107 G; and (l)
Au/YIG(110): 3255 ± 397 G.

and capping layer, �(4πMeff ) ranges from 558 ± 50 G for
Pt/YIG/GGG(100) to 3255 ± 397 G for Au/YIG/GGG(110).

Note that the saturation magnetizations of TmIG and YIG,
4πMs = 1080 and 1670 G, respectively, do not change after
the deposition of Pt or Au, which results in �(4πMeff ) =
−�H⊥. Since the magnetocrystalline anisotropy remains
unchanged with the capping layer, the measured −�H⊥
solely arises from the interfacial magnetic anisotropy at the
NM/FMI interface. The extracted values of �(4πMeff ) for
all 12 combinations of bilayers are shown in Fig. 5, which
illustrates a noteworthy and general trend. In all four com-
binations of NM/FMI bilayers, Pt/TmIG, Au/TmIG, Pt/YIG,

FIG. 5. Change in effective saturation magnetization. �(4πMeff )
for (110) (red), (111) (blue), and (100) (green) oriented TmIG and
YIG films capped with either Pt or Au. In all cases �(4πMeff )
is largest for (110)-oriented FMIs and smallest for (100)-oriented
FMIs.

and Au/YIG, the (110)-oriented FMIs exhibit the largest
�(4πMeff ), followed by the (111)-oriented FMIs, and finally
the (100)-oriented FMIs with the smallest �(4πMeff ).

The six AFM images in Fig. 2 demonstrate comparably
smooth surfaces of TmIG and YIG films in all three crys-
tallographic orientations with a roughness of 0.12–0.21 nm.
In addition, our previous x-ray reflectivity measurement and
analysis showed an interfacial roughness of 0.1 and 0.2 nm
in Au/YIG and Pt/YIG bilayers, respectively [20,21]. Thus,
we can rule out that interfacial roughness is responsible for
the systematic behavior in �(4πMeff ) for the four combina-
tions of NM/FMI bilayers in three orientations. The trend in
�(4πMeff ), and thus the interfacial magnetic anisotropy, with
respect to the orientation of the FMI films appears to arise
from the surface crystal structure of various orientations and
the resulting effects that it has on the NM/FMI interfacial
interactions. The same trend occurs in two different magnetic
insulators and with two NMs, which gives some indication
that the dependence of interfacial magnetic anisotropy on
crystal orientation may be generally true for NM/FMI bilay-
ers.

This manifestation of a significant interfacial magnetic
anisotropy likely stems from the Rashba spin-orbit coupling
at the NM/FMI interface, which was recently shown to be
quite large if the NM capping layer was a d-block transition
metal [17]. This agrees with the fact that the Rashba SOC
can only increase the strength of the anisotropy in the plane
of the film [2,16], which is consistent with �(4πMeff ) >

0 in every bilayer measured in this study. Specifically, the
interfacial Rashba SOC is most likely generated from the
overlap between the localized Fe3+ d orbitals in the oxygen
terminated FMI [27] and the d orbitals in the NM [17,28,29].
Consequently, the FMI surfaces of various crystal orientations
will have different bond lengths and angles to the NM, leading
to varying degrees of orbital overlap and distortion of the
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octahedral and tetrahedral cages enclosing the Fe3+ ions at the
interface among the (100)-, (111)-, and (110)-oriented FMIs.

While this orbital overlap can qualitatively explain the
overall effect in these bilayer systems, it is challenging to
predict the strength of the effect and how its magnitude is
affected by the orientation of the garnets due to their com-
plex lattice structure. To model and understand the trend of
interfacial anisotropy on crystal orientation, many parameters
are needed about the materials as well as the interface such
as interfacial bonding symmetry, sharpness, orbital overlap,
possible charge transfer, strain, termination, band structure,
etc. This reported trend on interfacial magnetic anisotropy
likely induced by Rashba SOC and its dependence on crystal
orientation will hopefully stimulate and provide evidence for
future studies.

IV. CONCLUSIONS

In conclusion, we measure changes in effective saturation
magnetization, which arises from the interfacial magnetic
anisotropy, in high-quality TmIG and YIG films grown on
(100)-, (111)-, and (110)-oriented GGG and capped with Pt

or Au. The Pt or Au overlayer induces a significant interfacial
magnetic anisotropy of the FMI films determined by the an-
gular dependent FMR. By comparing �(4πMeff ) for all of the
(Pt or Au)/(TmIG or YIG) bilayer combinations, a consistent
trend is found that the (110)-oriented films exhibit the largest
�(4πMeff ) up to 3255 G, followed by the (111)-oriented
films, and finally the (100)-oriented films with the smallest
values of �(4πMeff ). This study points toward the Rashba
SOC as the underlying mechanism for the interfacial mag-
netic anisotropy at the NM/FMI interface as well as provides
an additional method for tuning the magnetic anisotropy in
these bilayers, which have recently proven to host exciting
new phenomena that take advantage of electrically generated
spin-orbit torques.
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