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Temperature-Dependent Surface Anisotropy in (110)

Epitaxial Rare Earth Iron Garnet Films

Yixuan Song, Katharina Lasinger, Hao Tang, Ju Li, Geoffrey S. D. Beach,*

and Caroline A. Ross*

Ferrimagnetic oxide thin films are important material platforms for spintronic
devices. Films grown on low symmetry orientations such as (110) exhibit
complex anisotropy landscapes that can provide insight into novel
phenomena such as spin-torque auto-oscillation and spin superfluidity. Using
spin-Hall magnetoresistance measurements, the in-plane (IP) and
out-of-plane (OOP) uniaxial anisotropy energies are determined for a
thickness series (5-50 nm) of europium iron garnet (EulG) and thulium iron
garnet (TmIG) films epitaxially grown on a gadolinium gallium substrate with
(110) orientation and capped with Pt. Pt/EulG/GGG exhibits an (001) easy
plane of magnetization perpendicular to the substrate, whereas
Pt/TmIG/GGG exhibits an (001) hard plane of magnetization perpendicular to
the substrate with an IP easy axis. Both IP and OOP surface anisotropy
energies comparable in magnitude to the bulk anisotropy are observed. The
temperature dependence of the surface anisotropies is consistent with
first-order predictions of a simplified Néel surface anisotropy model. By taking
advantage of the thickness and temperature dependence demonstrated in
these ferrimagnetic oxides grown on the low symmetry (110) orientations, the
complex anisotropy landscapes can be tuned to act as a platform to explore

1. Introduction

Magnetic thin films and heterostructures
are important material platforms for a
range of technological applications in-
cluding magnetic tunnel junctions in
magnetic random-access memory, 2] spin-
torque oscillators,’] racetrack memory,*!
magnonic devices,’! and more. Recently,
oxide-based spintronics has raised inter-
est with recent developments focusing
on ferrimagnetic and antiferromagnetic
oxides and multiferroics.[**3] Tron garnets
(IGs, R;Fe;O,, where R is a lanthanide,
Y or Bi) are ferrimagnetic oxides that
show the potential benefits of ultra-fast
dynamics for fast current-driven and opti-
cal switching,® low damping for efficient
magnon propagation,['®!l and reduced
power consumption because of current
confinement within the charge-to-spin
conversion layer. Further, the spin-orbit

rich spin textures and dynamics.
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coupling (SOC) in rare earth IGs (REIGs)

also offers opportunities to explore exotic

physical phenomena including antisym-

metric exchange interaction,!'?! chiral spin
textures,?! and orbital current transport and switching.'*]
Demonstrating these promising functionalities in REIGs re-
lies on the engineering of appropriate anisotropy landscapes
which vary significantly with the choice of rare-earth (includ-
ing Y) and other elements such as Bi. Perpendicular mag-
netic anisotropy achieved through strain engineering in epi-
taxial films of europium iron garnet (Eu;Fe;O,, or EulG),
thulium iron garnet (Tm,Fe;O,, or TmlIG), terbium iron gar-
net (Tb;Fe;O,, or TbIG), and Bi-substituted yttrium iron gar-
net (Y;Fe;0,, or YIG)I allowed for the demonstration of
spin-orbit torque (SOT) switching,!'®] the study of interfacial
Dzyaloshinskii-Moriya interaction (DMI),[?] and SOT-driven do-
main wall motion.[!"]

Epitaxial thin film growth techniques allow precise control and
engineering of crystal symmetry. While films are convention-
ally grown on substrate crystal orientations with high symme-
try such as C, on (100) or C; on (111) to obtain isotropic elec-
tronic, magnetic, and optical properties within the film plane,?!
films with low crystal symmetry have raised interest. A lower
crystal symmetry, C, on (110), has been predicted and demon-
strated to be an essential criterion for a wide range of novel
spin textures and spin dynamics. For example, antiskyrmions
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rely on anisotropic DMIL2!l and spin-torque auto-oscillation
and spin superfluidity require systems with vertical easy-
plane anisotropy.??] The SOT switching of in-plane (IP)
magnetization, which provides a field-free alternative to the
SOT switching of perpendicular magnetization,[*) also re-
quires an IP symmetry breaking (C,) to stabilize distinct IP
states.

Oxide surfaces and interfaces play a critical role in controlling
the properties of epitaxial thin films since the total film thick-
ness is typically only at the nanometer scale. Atoms at surfaces
and interfaces experience a bonding environment different from
the bulk. Consequently, surfaces and interfaces exhibit distinct
structural, chemical, electronic, and magnetic properties when
compared to the bulk material.[?”?%] In the realm of magnetic ma-
terials, magnetic anisotropy is a crucial physical property that dic-
tates the magnetization orientation at equilibrium, the dynamic
response, and the critical length scales of magnetic textures. Due
to inversion symmetry breaking at surfaces and interfaces, the
surface layer of atoms can contribute to an additional magnetic
anisotropy, termed magnetic surface anisotropy.”’! While this
contribution to anisotropy has been well studied for high symme-
try orientations,?*3 oxide surfaces on the low symmetry (110)
orientation remain poorly explored.

Here, using spin-Hall magnetoresistance (SMR) measure-
ments, we compare the thickness dependence of the anisotropy
energy for EulG, TmlG, and YIG epitaxially grown on the (110)
orientation of gadolinium gallium garnet substrates (Gd;Ga;O,,
or GGG) by pulsed laser deposition (PLD) and capped with
Pt. The rare-earth ions Eu**, Tm3*, and Y** correspond to a
strong SOC with a large magnetoelastic coefficient, a strong
SOC with a small magnetoelastic coefficient, and a weak SOC
with a small magnetoelastic coefficient, respectively.**] These
three rare-earth substitutions form an informative dataset for
comparison. In both EulG and TmIG films, we observed a
strong IP surface anisotropy, comparable in magnitude to the
bulk anisotropy energies, while a negligible IP surface and
bulk anisotropy was present in YIG films. With density func-
tional theory (DFT) calculations, we determined the atomic
configurations for the lowest energy surface, which shows a
C, symmetry. This symmetry allows both an IP and an out-
of-plane (OOP) surface anisotropy contribution, denoted as
Kip, surtace aNd Koop quecer T€Spectively. A set of temperature-
dependent measurements shows that both the surface and
bulk anisotropy contributions decrease with increasing temper-
ature, consistent with the Néel surface anisotropy model. The
demonstration of complex anisotropy landscapes tunable by
film thickness and temperature provides an important stepping-
stone for spintronic device engineering and spin dynamics
investigations.

2. Surface Anisotropy Model

In Néel’s surface anisotropy model,!*’! missing bonds and there-
fore magnetic pair interaction terms at the surface naturally give
rise to a layer of atoms that contribute to a total anisotropy en-
ergy differently from those in the bulk. The magnetic pair inter-
action energy between atoms w(r, y) is expanded in Legendre
polynomials:[2%32]
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w(rny) =G(r)+L(r) (coszy/— %)

+Q (1) (cos*y — 6/7cos’y — 3/35) + --- (1)

The interaction energy depends on y, the angle between the
bond axis and the magnetization vector M, and on the distance
between the pair of atoms r. The first term is spatially isotropic,
e.g. magnetic exchange E,, = — J;;S; - S; and does not contribute
to the anisotropy. The second, dipolar term describes anisotropies
with a twofold symmetry. The third, quadrupolar term describes
anisotropies of cubic symmetry. The dipolar term typically dom-
inates over the quadrupolar term. The magnetic anisotropy of a
single crystal film can then be calculated by summing up this
interaction energy for all nearest-neighbor pairs of atoms in the
film.

Strain can be present in an epitaxial thin film because of the
lattice mismatch between the film and the substrate. We consider
a coordinate system with a, and a, describing the direction vec-
tors within the film plane and a, is the film normal. With the
strain tensor defined in Equation. (2), where a uniform strain of
€y = (Beubstrate — Hilm) /Faim Within the film is assumed, and v de-
notes the Poisson ratio, the strained bond length and bond axis
can be calculated and propagated into the interaction energy. The
coefficient for the dipolar term in Equation (1) can be approx-
imated with the first-order Taylor’s expansion of L(r) about the

unstrained bond length L (r) = L(r,) + (7, - € - ?0)%|r0.

€11 €12 €43 100
e=]e; €y en|=g |01 (2) (2)

—LV
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Symmetry arguments show that a threefold or higher rotation
axis is required to ensure isotropic properties in the plane nor-
mal to that axis.?%] Conversely, the symmetry at the surface of a
(110) film plane in a cubic structure reduces to C,,. The symmetry
breaking, illustrated with the ball and stick model in Figure 1a,b
is essential to give rise to both an IP and OOP surface anisotropy
in a system with a cubic structure. An OOP surface anisotropy
contribution arises from the inversion symmetry breaking at the
surface and an IP surface anisotropy contribution arises from the
asymmetry between [001] and [110] directions on a (110) surface.
Analysis using Néel’s surface anisotropy approach quantifies the
surface contribution to both IP and OOP anisotropy, represented
by Kip, surtace 304 Koop, surfacer Tespectively.322*! This was also con-
firmed in experiments.** The IP anisotropy Kip ¢yf.cc iS €xpected
to be large due to the presence of a zeroth order L(r,) term, which
for a centrosymmetric system is compensated in the bulk. For a
(110) film the surface anisotropy can be written as Equation (3),
with the coordinate system being defined as a, = [110], a, = [001]
and a; = [110]:

KllO, surface — < L (7’0) - eoL (r0)> COSZH

1
2
+ (%L (ro) + L (o) ) cos’psin’g 3)
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Figure 1. (110) surface schematics in simple cubic structure and garnet structure. a) Schematic of the surface layer of atoms (red sphere) and missing
atoms (white sphere), preserved bonds (solid black line), and broken bonds (dashed black line) on a (110) surface for a general picture of a thin film with
a simple cubic structure. b) Top: a cross-section view of the (110) surface of a simple cubic structure along [001]. Bottom: a top view of the (110) surface
of a simple cubic structure. Two essential symmetry breaking elements result from the broken bonds, namely, an out-of-plane inversion symmetry broken
by the surface which gives rise to Koop surface, and a 2-fold rotation symmetry on the (110) surface which gives rise to Kip ¢, face- €) A cross-section view
of the lowest energy surface in EulG/GGG (110) determined from DFT calculations, with bulk Fe (b) and surface Fe (s) identified. d) A top view of the
(110) surface. Only atoms in the boxed layers of (c) are shown. Atoms in the boxed region of (d) show a 2-fold rotation symmetry including the surface

layer of atoms.

where 0 and ¢ are angles in spherical polar coordinates in
(@,,8,,8;) space. This yields K = L(ry) + & L(rp) and
KOOP, surface — 2eOL(rO)'

P, surface

3. Results

To elucidate the surface and bulk anisotropy in REIGs, we grew
a thickness (t) series of EulG (¢ = 5, 8, 14, 21, 26, 37, 43,
45, 53 nm) epitaxially on the (110) orientation of GGG and a
thickness series of TmIG (t = 5, 12, 28 nm) on the same sub-
strate and orientation using PLD. Yttrium iron garnet (Y;Fe;O;,
or YIG) of (t = 8, 12, 32 nm) was grown for comparison.

The garnet structure is cubic, la3d, with 8 formula units
within the unit cell. The atomic configuration and surface en-
ergy of the EulG and TmIG (110) surfaces are calculated by spin-
unrestricted DFT, discussed in Note S6 (Supporting Information)
(Supplementary includes references).*’~*!l The atomic configu-
ration shown in Figure 1c,d gives the lowest surface energy den-
sity for both TmIG and EulG and is therefore thermodynamically
favorable. This lowest energy surface has a Fe termination with
no RE atoms in the top layer. Since the Fe-O bond is lower in en-
ergy compared to the RE-O bond, this surface termination has
the lowest energy. The top view of the surface atoms shown in
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Figure 1d illustrates the two-fold symmetry of the lowest energy
surface which allows for an IP anisotropy.

Film thickness and strain were determined through
high-resolution X-ray diffraction (HR-XRD) measurements
(Figure 2a,b). Both HR-XRD and reciprocal space mapping
(RSM) measurements (Note S1, Supporting Information)
showed negligible strain relaxation within the error bar, indi-
cated by the consistent OOP strain as a function of thickness
plotted in Figure 2¢,d. The effect of strain variations between
samples on the anisotropy extraction is discussed in Note S3
(Supporting Information). Using vibrating sample magnetom-
etry (VSM) measurements with a field applied along the easy
anisotropy axis ([110] for EulG and [001] for TmIG), we deter-
mined the saturation magnetization (M,) for all film thicknesses
(Figure 2e,f). The bulk saturation magnetization (M,,) and a
magnetic dead layer (t,), which does not contribute magnetically
to the film, are determined (Methods) to be 77 + 1kA/m and
2.9 + 0.4 nm for FulG and 98 + 6 kA m~! and 2.0 + 0.1 nm for
TmIG, respectively (Figure 2g,h). The bulk saturation magneti-
zation is lower than the values reported for bulk crystals (at room
temperature, 93 kA m~! for EulG and 111 kA m™! for TmIG)[*?!
which may be a result of nonideal cation stoichiometry or oxygen
content in thin films.**] The dead layer likely originates from
interdiffusion at the substrate which occurs over a distance of
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Figure 2. Sample characterization of the thickness series for EulG/GGG (110) (top) and for TmIG/GGG (110) (bottom). a,b) HR-XRD measurements
around the (440) reflection. 20 scans reveal progressively more distinct film peaks and Laue fringes as the film thickness increases. The film peak position
and Laue fringes were fitted to extract lattice spacing, film thickness, and composition. ¢,d) OOP strain calculated from OOP lattice spacing obtained
via HRXRD. Error bars on thinner films are larger due to higher uncertainty in the fits of less pronounced film peaks. The dashed line marks the average.
e,f) VSM measurements with field applied along the respective easy axes [110] ([001]) EulG (TmIG). g,h) Bulk saturation magnetization M, 4 and dead
layer thickness t; are extracted from the measured saturation magnetization M; of the individual films with thickness t through Eq. M1.

order 1 nm;[*?! the room temperature Pt sputtering after break-
ing vacuum leads to little interdiffusion.**] The evolution from
a square hysteresis loop in the thinner EulG to a sheared double
hysteresis loop in the thicker EulG is a result of the transition
in the lowest energy anisotropy axis from [110] to [110] together
with a magnetocrystalline anisotropy which creates a four-fold
symmetric energy barrier.*") With atomic force microscopy
(Figure S8, Supporting Information), we determined a surface
roughness of 0.3 nm which varies little with thickness.

SMR measurements were performed to accurately determine
the anisotropy energies along the principal axes, a, = [110], a,
= [001] and a; = [110] (Methods). With the device stack Pt (4
nm)/REIG (t nm)/GGG (110), where RE = [Eu, Tm, Y], and the
device geometry shown in Figure 3a, we measured the trans-
verse Hall voltage as a function of an applied field. A change
in the equilibrium magnetization vector in the REIG by an ex-
ternal field alters the spin reflectivity at the Pt/REIG interface
and manifests as a variation in the transverse charge accumu-
lation through the inverse spin-Hall effect.[***’] Typical SMR
curves are shown in Figure 3b for EulG and Figure 3c for
TmIG. The measured transverse Hall voltage is converted to re-
sistance (Ry;) by normalizing against the current I = 0.5 mA
and plotted against the field applied along the three principal
axes. SMR for the lowest energy axis shows a minimal varia-
tion in R, with the applied field, while higher energy anisotropy
axes show a continuous evolution with the applied field un-
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til the magnetization is saturated at the effective anisotropy
field H,.

Four different anisotropy landscapes were observed over the
thickness and temperature range investigated in this study,
shown schematically in Figure 3b,c. They are an OOP easy-plane
(OPEP) for EulG with the lowest energy axis along s[110] (top
panel in Figure 2b) or [110] (bottom panel in Figure 3b), and
an OOP hard-plane (OPHP) for TmIG with the highest energy
axis along [110] (top panel in Figure 3c) or [110] (bottom panel in
Figure 2c). These anisotropy landscapes arise from the interplay
of magnetostatic, magnetoelastic, magnetocrystalline, growth-
induced, and surface anisotropies,!***%% and lead to domain
patterns with IP anisotropy, specifically stripe domains in EulG
and the domain wall characters evolves with changing film thick-
nesses (Figure S7, Supporting Information). The magnetoelastic
contribution to the anisotropy landscape of EulG and TmIG is
a dominant factor and differs between the two material systems
due to their different strain states (tensile in the plane for TmIG,
compressive for EulG) and dissimilar magnetoelastic coefficients
A. At room temperature 4,5, =21 x 10%and 4,;; = 1.8 x 107°
for EulG and A, = 1.4 X 107® and 4;;; = — 5.2 x 107° for
TmIG.[*]

Figure 4a,b shows the plot of extracted anisotropy energies
against 1/(t — t,) for EulG and TmlIG, respectively, where
t is the film thickness determined by HR-XRD and t, is
the extracted dead layer thickness (Methods B and Note S1,

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. SMR measurement schematics and representative dataset for EulG and TmIG. a) Schematics of the device geometry (top) for SMR measure-

ments and the film stack (bottom). The current is aligned 45° from the IP anisotropy axes [001] and [110]. Film normal is along [110]. b) Example SMR
measurements for Pt/EulG (45 nm)/GGG (110) at — 30 °C (top) and 30 °C (bottom). The OPEP anisotropy landscape changes from having the easiest

axis along [110] at — 30 °C to along [110] at 30°C. c) Pt/TmIG (5 nm)/GGG (110) at — 50 °C (top) and 50 °C (bottom). The OPHP anisotropy landscape
changes from having the hardest axis along [110] at — 50 °C to [110] at 50 °C .

Supporting Information). We define the IP anisotropy energy
density as K;, = E[001] — E[110] and the OOP anisotropy energy
density as Kyp = E[110] — E[110]. A clear 1/t dependence is ob-
served in the IP anisotropy (K;;) for both EulG and TmIG over
the thickness range. The OOP anisotropy (K,op) shows a 1/t de-
pendence for TmIG. This trend is less clear for EulG because the
larger K|, values propagate larger percentage errors to the rel-
atively small K,,p, which obscures any expected trend. Similar
measurements were performed for the YIG thickness series.
We extract the surface and bulk contribution to the IP and OOP
anisotropy by fitting to Equation (4) and Equation (5):

_ Eip surface _ Kip surface P
Kip = Kippune + =5 = Kippune + =555 (4)

— Eoopsurface __ Koor surface P
Koor = Kooppur + =1 = Koorpur + =7 (5)

where Kipoop) pui is the bulk IP (OOP) anisotropy volume den-
sity and Eppoop), surface 1S the surface IP (OOP) anisotropy area
density. The extracted anisotropy energies are summarized in
Table 1. To provide a convenient comparison between bulk and
surface anisotropy values, we convert the surface anisotropy area
density to volume density using the relation, Ejpoop)surtace =
Kipoop)surface * 1, Where h is the thickness of surface atoms con-
tributing to the surface anisotropy. We approximate h by the di-
agonal length of one unit cell (twice the (110) plane spacing), i.e.,

h=a(l+ 633)\/5, where a is the lattice parameter and e;; is the
OOP strain component. Since our choice of h is likely an over-
estimation of the depth of atoms affected by the free surface,
Kip(oop) surface TEPTESENLs a lower bound for its actual value.
Having established a clear signature of surface anisotropy, we
explored the temperature dependence of both the surface and
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bulk anisotropies by performing temperature-dependent SMR
measurements for selected thicknesses of EulG and all thick-
nesses of TmIG over the temperature range of 220 to 320 K.
Figure 4c,d show examples of the temperature dependence of the
extracted anisotropy values. Monotonic dependences on temper-
ature were found for both a thin and thick film with slightly dif-
ferent gradients. (The complete data set is available in Note S4,
Supporting Information). We observed a transition in the easi-
est (hardest) anisotropy axis in EulG (TmIG) at Tepr (Typr)- In
other words, the EulG/GGG (110) maintains its hard axis of
[001] through the temperature range, but within the easy (001)
plane the lowest energy (easiest) direction changed from [110] to
[110] as the temperature increased through Tgp;. For TmIG/GGG
(110), the IP easy axis remained along [001] but the hardest
direction in the (001) hard plane changed from [110] to [110]
as the temperature increased through Tjpr. At the (thickness-
dependent) transition temperatures, an ideal OOP easy-plane
landscape is stabilized for EulG, and an ideal OOP hard-plane
is stabilized for TmIG. At these transition temperatures, the

only anisotropy in the EulG easy plane is the magnetocrystalline
Ky puic
4

is @, where K, 1, = — 3.8kJ/m* and K, 1,,,c = — 0.58 k] m~*
at 300 K,°% both of which decrease in magnitude with increasing
temperature.

Since the saturation magnetization M, also changes with tem-
perature T, we performed temperature-dependent VSM to ex-
tract M, over the temperature range of interest (Note S4, Support-
ing Information). M, versus T was fitted with a straight line and
the M, used for the anisotropy calculation was interpolated from
the fit. We extracted the temperature dependence of anisotropies
by assuming a linear dependence over the measurement

anisotropy, ,and the only anisotropy in the TmIG hard plane

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. Anisotropy energies extracted from SMR measurements for Pt/EulG/GGG (110) (top) and Pt/TmIG/GGG (110) (bottom). a,b) Room-
temperature I[P and OOP anisotropy energy Kip and Kogp for films of different thickness ¢t (EulG:t = 5, 8, 13, 21, 26, 37, 43, 45, 53 nm, t; =

2.9nm; TmIG:t = 5, 12, 28, t,= 2.0 nm). c,d) Examples of the monoton

ic temperature dependence of the extracted anisotropy values for a thin and

thick film. A transition in the easiest (hardest) anisotropy axis is observed in EulG (TmIG) at Tgpy (Typr)- At the transition temperature, an ideal OPEP

(OPHP) is stabilized with only magnetocrystalline anisotropy K; /4 in the pla

ne. e,f) Temperature dependence of the anisotropies (AK/AT) as a function

of film thickness to extract the temperature dependence of the bulk and surface anisotropies.

temperature range. From the plot of AK/AT against 1/(t — t,) in
Figure 4e,f, we obtained the temperature dependence of the bulk
and surface anisotropies for Pt/EulG/GGG and Pt/TmIG/GGG,
respectively.

Figure 5a shows a side-by-side comparison of the extracted
anisotropy energies of EulG, TmIG, and YIG (complete data for
YIG is included in Note S6, Supporting Information). The re-
sults indicate the presence of surface anisotropy which has both
IP and OOP contributions. The surface anisotropy includes con-
tributions from both the film-substrate interface and the film-
Pt interface. Both interfaces are 2-fold symmetric and the struc-
tural symmetry breaking contributes to both IP and OOP surface
anisotropy terms through the Néel surface model.

Both EulG and TmIG show a large IP surface anisotropy,
in contrast to a negligible IP surface anisotropy in YIG, while
YIG shows a larger OOP surface anisotropy compared to EulG
and TmIG. The IP surface anisotropy is more substantial in
EulG than in TmIG which could be related to a larger magne-
toelastic coefficient and lattice mismatch strain in EulG. Neg-
ligible surface and bulk IP anisotropies are measured in YIG
since both SOC and lattice mismatch strain are negligible (ay,¢
= acee = 12.376 A). Although a weak IP anisotropy could be
present, it is in the J/m? range which is orders of magnitude
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smaller compared to other termsi®!l and hence not discussed
here.

We can consider YIG as a control dataset to disentangle the ef-
fect of Rashba SOC resulting from the Pt layer. Rashba SOC has
a different symmetry compared to the Néel surface anisotropy,
specifically, it induces an OOP surface anisotropy with no com-
ponent in the film plane.’>53 In the thickness series of YIG, we
observed a large OOP surface anisotropy and negligible IP sur-
face anisotropy, which agrees with the symmetry of Rashba SOC-
induced surface anisotropy. Our Pt/YIG/GGG (110) films yielded
an OOP surface anisotropy of 0.035 m] m~2 which matches well
with the previously reported value for Rashba SOC-induced inter-
facial anisotropy in Pt/BiYIG/GSGG (111) films.53] According to
Equation (3), the OOP Néel surface anisotropy exists for a simple
cubic structure only when the lattice mismatch strain is nonzero.
We hypothesize that the Néel surface anisotropy in YIG is negli-
gible because of the negligible lattice mismatch, and Rashba SOC
from Pt dominantly contributes to the surface anisotropy in YIG.
Conversely, both Néel surface anisotropy and Rashba SOC con-
tribute to EulG and TmIG. Given Y** is not a magnetic ion and
has negligible SOC, the Néel surface anisotropy could be strongly
correlated to the SOC strength of the rare-earth element in the
garnet thin film. The Rashba SOC effects in EulG and TmIG are

6 of 10 © 2024 The Author(s). Small published by Wiley-VCH GmbH
(s) p y Wiley
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2 3 5 < A their similar origin from the Pt overlayer. Therefore, we propose
T oo~ 2 that Néel surface anisotropy contributes with a sign opposite to
Y x 9 EA .
E =8 a the Rashba SOC in both EulG and TmIG and cancels most of the
G £ e 4 Rashba SOC surface anisotropy.
3T 3 Surface anisotropy decreases with increasing temperature
s 5§ (Figure 5b), consistent with the Néel surface anisotropy model.
2 2 5 This is reflected by a change in sign between the anisotropy en-
a ’_é" § ergies at room temperature and their temperature dependence
RS Tlw o (AK/AT). Both the bulk and surface anisotropy have a nega-
) i ~ > . . . . . . .
Bl E SRR i tive temperature coefficient, consistent with the consideration of
w ® ~ ~ . . . . .
g 2o 2| ™ o Néel surface anisotropy where the interaction energies between
S 38 gl T oS . o : .
‘*g g ¢& ST pairs of atoms and the magnetization decrease in strength with
=) .
NS z weaker SOC at elevated temperatures.'?] Previous work on the
s ‘; o temperature dependence of surface anisotropy in metallic sys-
= s % tems showed the same trend.[>*!
3 _% 2 Finally, we discuss other possible origins of the observed sur-
T o2 5 % face anisotropy. If surface anisotropy is dominated by strain re-
= o . . .
52 - laxation in the surface layer of atoms, the surface anisotropy
w 8‘ > O . . . . .
-~ 2 &9 will contribute to lowering the total anisotropy energy for thin-
L 8 2 v Y ner films compared to thicker ones. However, an increase in
s < & O s g 9 . . . . . .
B & o0& RS anisotropy energy is observed in thinner films which contradicts
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this hypothesis. RSM and rocking curve measurements also did
not support a thickness dependence of the strain state. Further-
more, atom probe tomography of a TmIG film showed that the
Tm:Fe composition ratio did not vary with depth (Note S1, Sup-
porting Information). If the assumption for a constant M, for all
thicknesses is invalid, i.e., instead of a magnetic dead layer, the M,
is smaller in thinner films due to, e.g., point defects or interdiffu-
sion, the total anisotropy energies calculated using the M, from
VSM would be approximately the same for all film thicknesses.
However, this requires the single-ion anisotropy constant to be
higher for thinner films which is implausible.

We therefore propose that there is a significant Néel surface
anisotropy in our Pt/REIG/GGG. Despite the large number of
atoms within a REIG unit cell and the complex crystal structure,
there exists a lowest energy surface that dominates the nucleation
and growth during film deposition, consistent with the sub-unit
cell layer-by-layer growth of YIG observed by reflection high en-
ergy electron diffraction.>>¢ From the crystal structure, there
are four types of distinguishable surface terminations in a REIG
with (110) orientation, and our DFT calculations revealed that the
surface configuration shown in Figure 1c,d has the lowest energy.
This surface preserves RE-O bonds, and only the lower energy
Fe-O bonds are broken (Note S6, Supporting Information). With
the lowest energy surface being the dominant termination after
film deposition, we can account for the consistency of the surface
anisotropy measured across samples.

4, Discussion

We demonstrated that the inversion symmetry breaking at the
(110) surface of an epitaxial complex oxide thin film can result
in a surface contribution to the IP anisotropy, which can be ex-
plained by the phenomenological Néel surface model. Significant
IP surface anisotropy is observed in heterostructures of two dif-
ferent REIGs, Pt/EulG/GGG and Pt/TmIG/GGG, in contrast to
negligible IP surface anisotropy in Pt/YIG/GGG, where the SOC
strength and strain are negligible compared to those of EulG and
TmIG. However, the OOP surface anisotropy is complicated by
the Rashba—induced isotropic IP anisotropy introduced by the
heavy metal (Pt) overlayer which was required for SMR mea-
surement. With the dataset for YIG as the control, we infer that
the contribution from the Néel surface anisotropy is opposite to
the Rashba contribution from Pt. Future work could character-
ize the surface anisotropy with bare films using angle-dependent
ferromagnetic resonance measurements to deconvolve the
contributions.

The variety of anisotropy landscapes tunable through thick-
ness and temperature provide platforms for the exploration
of dynamics and devices unprecedented in a simple uniaxial
anisotropy system. Novel phenomena of exchange-driven auto-
oscillation in the terahertz regime and coherent magnon trans-
port through spin superfluidity have been proposed in sys-
tems with an OPEP anisotropy landscape.!??~2>571 More efficient
IP switching has been predicted in systems with an OPHP
anisotropy landscape.[?l The substantial IP surface anisotropy
gives rise to a stronger easy plane anisotropy for Pt/EulG/GGG
and hard plane anisotropy for Pt/TmIG/GGG as the film be-
comes thinner, which makes them suitable candidates for these
applications.
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5. Experimental Section

Sample Preparation and Characterization: The EulG, TmIG, and YIG
thin films were grown on GGG (110) substrates (MTI Corporation) by PLD
with a 248 nm wavelength KrF excimer laser at an energy of 350 m) and a
repetition rate of 5 Hz using a thickness-to-shot calibration of 50 nm per
10k shots. The targets were commercially available EulG, TmIG, and YIG
sintered disks with a 99.99% elemental purity. The growth atmosphere was
oxygen at 150 mTorr with a base pressure of 5 x 107 Torr and the substrate
temperature was 750 °C. HR-XRD measurements of the (440) reflection
were performed on a Bruker D8 HR-XRD and the data was fitted to deter-
mine the film thickness and the strain from the (110) plane spacing. RMS
measurements were performed on a Rigaku Smartlab X-ray diffractometer
to map the IP and OOP lattice spacing. The saturation magnetization was
determined using VSM. Assuming a dead (low magnetization) layer (t),
caused for example by the interdiffusion of Ga and Fe atoms between the
substrate and the film, the bulk saturation magnetization M, and mag-
netic dead layer t, were determined by plotting Mt against t, i.e., fitting to
Equation M1. This agrees with a previously reported dead layer of 1.4 nm
in TmIG grown on a GGG (111) substrate under similar conditions.[12]

Mst = MS,O (t - tO) (6)

SMR Measurements: 4 nm Pt was sputtered on EulG (¢ nm)/GGG
(110), TmIG (£ nm) /GGG (110), and YIG (t nm)/GGG (110) from a 1inch
Pt target using a d.c. sputter system with an Ar pressure of 3 mTorr and
base pressure of 5 x 1072 Torr. Hall crosses with a typical active area di-
mension of 100 X 100 um were patterned using standard photolithogra-
phy and ion milling. The current arm of the device was aligned to 45 de-
grees from the IP principal anisotropy axes to maximize the signal.[4547]
Ta (6)/Au (150) contacts were patterned through lift-off.

SMR measurements were performed on a custom-built transport
measurement setup at room temperature for Figure 3a,b. Temperature-
dependence measurements were performed on the same setup including
with cryogenic control and the temperature being read from a thermo-
couple mounted on the sample holder. The current was applied through
an SR830 lock-in amplifier at a frequency of 9.973 kHz and a voltage am-
plitude of 5 V. A 10 kQ resistor was connected in series with the device
(with a typical resistance <100 Q) to provide a stable current source of
0.5 mA. The transverse voltage was measured through the lock-in ampli-
fier. The transverse magnetoresistance can be expressed in Equation M2,
where ¢, = 45°.

Ri = Rsurane €0 0 + Rsypsin®dsin2 (¢ — ) + RopeHoHs 7)

The anisotropy energies were obtained by fitting the SMR data with a
macrospin model to minimize the total energy in the presence of an ap-
plied field and an anisotropy field. The detailed fitting protocols are dis-
cussed in Note S2 (Supporting Information). Discussion on the magneti-
zation reversal behavior in EulG with an OPEP anisotropy landscape can
be found in our previous work.[**]

Statistical Analysis: Statistical analysis of data was carried out us-
ing Matlab software and Python packages through least-squares fit.
Anisotropy energy values were obtained by fitting to SMR curves, which
typically contain 100 data points in each scan. For extraction of bulk and
surface anisotropy energies, all data points used for fitting were plotted,
and the error bars were obtained from the covariance of the linear fit. Fur-
ther error analysis associated with specific measurements can be found in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supplementary Note 1: Sample characterization: x-ray diffraction, atom probe tomography and

vibrating sample magnetometry
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Fig. S1. Reciprocal space map (RSM) for the (642) reflection of EulG/GGG (110) films with
thicknesses of (a) 14nm and (b) 45nm. The top panels show the reflections corresponding to the

substrate and the bottom panels show the reflections corresponding to the film. The coordinates



labeled in white correspond to the fitted peak positions. The substrate and film peaks are plotted
in different panels because of the difference in intensity. (¢) FWHM of the omega-scan (rocking
curve) measurement for the (440) reflection in the EulG films and the GGG substrates. (d) Tm
cation ratio as a function of TmIG thickness extracted from the APT measurement of a 1D-

concentration profile along the long axis of the tip.
(i) X-ray diffraction

High-resolution X-ray diffraction (HRXRD) measurements were performed on the (440)
reflection for all films to determine their thicknesses. Film thicknesses were obtained from fitting
to the Laue fringes of HRXRD and additional x-ray reflectivity (XRR) measurements were
performed for thinner samples where the Laue fringes are less clear from HRXRD, and

thicknesses were determined from fitting to the Kiessig fringes.

Using a combination of reciprocal space map (RSM) and HRXRD measurements, we
determined the strain tensor (Eq. S1) with the coordination system defined by a; = [110], a, =
[001] and az = [110]. From RSM for EulG with film thicknesses of 14 nm, 48 nm and 67 nm
in Fig S1, we observe that the dominant film peak has the same Q, value as the substrate peak,
indicating an in-plane lattice matching as the film thickness increases from 14 nm to 45 nm. No
additional peaks that correspond to strain relaxed film which causes Q, to be different between

film peak and substrate peak were observed. Therefore, we can assume uniform in-plane strain of

11 = €5y = €y = —SGGIREIG e attribute this strain coherency in thicker films to a high

AREIG

thermodynamic and kinetic energy barrier for dislocation nucleation in complex oxides.

We determined the out-of-plane spacing for (440) planes (d4o ) from the 20 values
obtained by fitting to the film peak (around 40.5° for EulG and around 41.6° for TmIG). We

calculated the out-of-plane strain as e33 = daso/ 4a (2)7REIG (e s plotted in Fig. 2(c) and (d).
REIG

e;; = 0,Vi # j since the coordinate system corresponds to principal strain axes. The Poisson

. 2 . .
ratio was calculated from e33/ey = —1—_vv, using the average value of e;3 from all thicknesses.

We obtained v = 0.29 for EulG and v = 0.38 for TmIG.



€11 €12 €13 1 0 0
e = (921 €22 923> = ey <0 1 0 ) (s1)
€31 €32 €33 0 0 e33/e

The error in e33 is estimated by considering the contributions from fitting and instrument

resolution. The fitting uncertainty in from d;, is obtained from fitting to HRXRD using Rigaku

GlobalFit software. Instrument resolution is 66 = 0.0005 = 9 X 10~®rad. From the Bragg

) ) . . . &d 8d 1 .
diffraction criterion 2d 440 Sin 0449 = A, we obtain —22 = —18 = 86 . This leads to
daso di1o tan 6440
8di10=2x10"%dy1o . Two uncorrelated errors propagate as  ddqii0 =

2 2 .. di19—a . .
\/ (8dy107it)” + (8d110,mser) - From the definition of ez3 = 11;—”“, we obtain an error in
REIG

§d119

AREIG

e33 contributed by fitting of de;3 =

In addition, we performed omega scan (rocking curve) measurements on the (440) film
and substrate peak and calculated the FWHM of the film as a function of the film thickness as
shown in Fig. SI(c). A small and constant FWHM is observed for all thicker films, suggesting
that the strain state has a similar amount of inhomogeneity across the range of film thicknesses,

i.e. there is not a strain relaxation throughout the thickness.
(ii) Atom probe tomography

We measured the cation stoichiometry using atom probe tomography (APT) of a range of
TmlIG film thicknesses (2-8 nm) shown in Fig. S1(d). No variation in Tm>" cation ratio outside
the measurement error bar is observed. The extracted cation fractions for both rare-earth
elements and iron are in good agreement with the expected values, i.e. 3/8 = 0.375 for the rare-
earth elements and 5/8 = 0.625 for iron. The X-ray and APT data indicate that changes in
stoichiometry and strain state with thickness are not significant and would therefore not explain
the thickness-dependent anisotropy.

(ii) Vibrating sample magnetometry

Angle dependent vibrating sample magnetometry (VSM) was performed to determine the
saturation magnetization and identify the in-plane easy and in-plane hard anisotropy axes (Fig. 2

(e) and (f)). To this extent, we took measurements with an in-plane magnetic field applied at



angles of £35° and +55° relative to the cut substrate edge (MTI Corporation substrates with
(111) edges). These directions correspond to [110] and [001], respectively, which are the in-
plane principal anisotropy axes for EulG and TmlIG films on GGG substates on the (110)
orientation. The square hysteresis loops shown in Fig. 2 (e) and (f) with field applied along [110]
for EulG and [001] for TmIG reveal in-plane easy axes along [110] and [001], respectively.
Additional hysteresis features observed in the thicker films are explained in our previous work as
a result of the magnetocrystalline anisotropy which creates a barrier between the local minimum
[110] and [110] states [40]. The saturation fields along the hard anisotropy axis ([001] for EulG
and [110] for TmIG) were too high to be quantified via VSM since the paramagnetic GGG
introduces a large non-linear background at high fields. We note that YIG films on GGG(110)
substrates exhibit in-plane isotropic magnetization vs. field behavior indicative of an in-plane

easy plane configuration (SI Note 6).

We extracted the saturation magnetization My, from the easy-axes measurements for
each film within a thickness series of the same composition. Subsequently, to determine the bulk
saturation magnetization and the thickness of the magnetically inactive layer t,, the product Mt

is fitted to Eq. S2. The fitted result is shown in Fig. 2 (g) and (h).
Mt = Ms,O(t — to) (52)

Typically, the VSM measurements were taken with a field range of -0.15 T to 0.15 T. For
the analysis, we select data points up to a certain cut-off field to exclude the non-linear
contribution from the substrate. We then select a number of data points in both saturation
regimes at positive and negative fields and perform a linear background subtraction. The
saturation magnetization is estimated through a linear fit to the saturated branches in both the
positive and negative field regions. The intercepts of these fits are averaged to give the estimated

saturation magnetization.

We identify two main sources of error in the VSM measurements: First, errors arise from
fitting, particularly from the linear background subtraction required to differentiate the small
ferrimagnetic response from the paramagnetic substrate contribution. This is estimated via the
root-mean-square deviation of our fit. We evaluate this for both saturation regimes at positive

and negative fields and take the maximum of the two. Second, errors arise from instrumental



noise and drift, which causes a change in the gradient between the positive and negative field
regions. This is estimated via the standard deviation of the averaging for saturation
magnetization. For TmIG and YIG films a custom-built VSM with improved sensitivity and

noise-to-signal ratio was used, resulting in smaller error bars than for the EulG data.

Supplementary Note 2: Spin Hall magnetoresistance: Fitting
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Fig. S2. Spin-Hall magnetoresistance experimental data and fitted results for EulG/GGG(110)
(top) and TmIG/GGG(110) (bottom). (a), (c) Measurements with the field applied along the in-
plane hard, in-plane easy, and out-of-plane directions. For EulG/GGG(110), the three panels in



(b) represent fitting results from steps 2 to 4 in the fitting protocol, where the fitting improved
from the top panel to the bottom panel when the manual switching is implemented. For

TmIG/GGG(110), the last step 4 is not necessary, as the fits shown in (d) are accurate.

Spin Hall magnetoresistance measurements are numerically fitted using a macrospin
model by minimizing the mean squared error between the resistance value evaluated using a
macrospin model and the value obtained from experimental measurements for all applied field
values [40]. In the macrospin model, the equilibrium magnetization direction was determined by
minimizing the total energy in Eq. S3. with respect to 6 and ¢, where E, is the total anisotropy
energy consisting of a two-fold symmetric term (magnetoelastic and magnetostatic) and a cubic
symmetric term, Eyc(6, ¢) (magnetocrystalline) with the magnitude given by the anisotropy
constant K; in Eq. S4. 8y and ¢y are the polar and azimuthal angles for the applied field
direction with respect to the coordinate system defined by a; = [110], a, = [001] and a3z =
[110].

Eror = Eo(6,9) + HOM -H
= E,(6,®) + poMgH(cos ¢ sin 0 cos ¢y sin 0 + sin ¢ sin 0 sin ¢y sin 04 + cos ¢ cos 05)(S3)
E (0,¢) = Epc(0,d) + (E; + E, cos? ¢) sin? 9,

cos*0 cos? B sin? O cos? cos* b sin* 6
Evc(6,¢) =K, ( — ¢ + ¢ + cos? Bsin? B sin? ¢ + cos? ¢ sin? ¢ sin* 9)

4 2 4

The equilibrium magnetization vector is then converted to resistance with Eq. S5, where

¢b; = 45°.
Ry = Rsmr anE €0S 6 + Rgyig sin 8 sin 2(¢d — ;) + RouehoHs (55)
Additional steps in the fitting protocol for EulG:

1. Since thermally activated switching occurs due to a non-negligible magnetocrystalline
anisotropy, fitting to the intermediate axis gives a lower K; and a slightly smaller Kyop
than the actual value. Additional steps have been added to the fitting protocol to improve

fitting accuracy.



2. Coupled fitting to extract magnetoresistance coefficients. A linear fit was made to the two
saturated regions in the field sweep along az to extract the average of gradients as Royg.
A linear fit to the two saturated regions in the field sweep along a3 was made, yielding
the difference between the intercepts of two fits as Rgyvg agp. and the average of
intercepts as the offset. Rgyr ong Was obtained from the opening of @, and a; at zero
field and the average at zero field as the offset. The Hanle effect correction with the first
order approximation of Rgyr = Rofrset + Rsmr,0(1 + (uoH/D)?) was made by fitting to
high field values of field sweep along ay. Rsyg + Roppser Was extracted from the
saturated regions of field sweep along a,. Rgyr Was determined from the average.

3. The Hall coefficients were fixes and a fit to the field sweep along the intermediate axis

was made to obtain initial values for Kypp = K, = E; — E, and K; values.

4. A fit to the hard axis with fixed Kypp yielded accurate K; and K;p = K;, — 1/4K; =
_El - 1/4K1.

5. A refit to the intermediate axis with fixed K; and K;p and manual input of switching field
was used to extract Kypp. When the switching field is reached, the solution to the
equilibrium magnetization is switched to global minimum instead of the local minimum

(which was used previously to simulate the hysteresis behaviour).

Fig. S2 shows the experimental data in (a) for EulG and (c¢) for TmIG and the fitted results in (b)
for EulG and (d) for TmIG. The three panels in (b) represent fitting results from steps 2 to 4,
where the fitting improved from the top panel to bottom panel when the manual input of the
switching field was implemented. Improved agreement between fit and data is also achieved in
the middle panel when magnetocrystalline anisotropy is introduced. Two panels in (d) represent
fitting results from steps 2 to 3 since switching does not occur. In the case of TmIG Kypp =

Ko — Ky, Kip = —Kj,.

The error of the SMR measurements is estimated by considering the contributions from fitting
and the precision of our measurement setup. The fitting error is evaluated via the root-mean-
square deviation of the SMR fit. The gradient of the resistance associated with each field step

gives an estimate of the experimental errors. The two error terms are considered cumulatively.



The initial error estimates in Ohms were converted into percentage errors then the anisotropy
energies were calculated via normalization with the Planar Hall coefficient for each individual
data point. The errors in the anisotropy energies do not include the propagating errors of the
saturation magnetization and thickness measurements. An average percentage error is calculated
to be 5.8 + 0.3% from the TmIG dataset and an upper bound of 10% is used as the percentage
error for EulG because of the uncertainties associated with fitting to additional features
associated with the magnetocrystalline anisotropy. We note that the fitting error contribution for
the YIG (SI Note 5) is significantly larger than for EulG and TmIG due to low field switching

events not captured with our fitting protocol.

Supplementary Note 3: Discussion of the effect of out-of-plane strain variation
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Fig. S3. Anisotropy energy plotted against film thickness before strain correction for (a)
EulG/GGG(110) and (b) TmIG/GGG(110) and after strain correction for (¢) EulG/GGG(110)
and (d) TmIG/GGG(110).

The bulk magnetoelastic contribution to the magnetic anisotropy can be calculated from the
measured strain state. The bulk magnetoelastic anisotropy Eyz (6, ¢) can be written in Eq. S6,
where «; is the direction cosine between the magnetization vector M(6, ¢) and the principal
crystallographic axes, i,j € [100],[010],[001], B; and B, are the magnetoelastic coefficients
and e’ is the strain tensor defined in principal crystallographic axes related to the strain tensor in

film coordinate axes e in Eq. S7.

Fus(6,6) = B, ) a?(0,9)¢’+ By ) ai (6,0)a;0, e’y (56)

i Lj
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The bulk magnetoelastic contribution to in-plane and out-of-plane anisotropy can then be

calculated as

_ 1 1
Kipme = Eyg[001] — Eyg[110] = (ep — e33) (531 - ZBZ) ($8)
_ 1
Koopme = Eyel[110] — Eyg[110] = —E(eo —e33)B, (59)

Small variations in e;3 shown in Fig 2 (c¢) and (d) linearly propagate to the magnetoelastic
contribution when making comparisons across samples. However, we show that the effect of
these variations on the extracted bulk and surface anisotropy contributions are small and only

add quantitative corrections to the results. We carry out the strain correction by performing an
. . . . 1 . .
iterative fitting algorithm. We first subtract Koop by Kgemag = > LoM?2 to obtain magnetoelastic

contributions to experimentally measured effective anisotropy.

1. Initialize B; and B, using literature values.

2. Use Eq. S8 and Eq. S9 to calculate the magnetoelastic contribution to the bulk in-plane
E

K IP‘?Bulk and out-of-plane anisotropy Kgg P.Bulk"

3. Perform strain correction by subtracting experimentally measured K;p and Kypp by a
variation dK;p g and dKppp yp caused by strain variation desz determined by Eq. S8
and Eq. S9.

4. Fit strain-corrected K;p and Kypp to obtain experimentally determined bulk in-plane

Exp . Exp . Exp
K;p puix @nd out-of-plane anisotropy Kyp g, - Calculate By and B; using K;p g, and

KgggBulk with Eq. S8 and Eq. S9 and update the values for B; and B,.

5. Repeat steps 2 — 4 until the calculated bulk anisotropies and fitted bulk anisotropies
converge (difference < 0.001kJ /m?).

10



Fig. S3 shows a comparison in the K vs 1/t plot before and after strain correction. We summarize
the anisotropy values extracted before and after strain correction in Table. S1 and small changes
are observed within the error bar. We conclude that the out-of-plane strain variation does not
have a major impact on our anisotropy determination. We also compare the extracted B, and B,
values before and after strain correction with literature values for bulk REIG in Table S2. A

general agreement is observed.

Before Strain Correction After Strain Correction
Khuk | glbulk Els;,erace Eglgl;face K Bk KDulk Els;rface E;lg;)face
Kjfm> | K/m® | yym? |y me | K mE K mE g m? | m?
EulG 15.3 1.1 80.8 -39 11.1 1.8 74.8 —6.2
TmlG | —5.4 -1.7 —-3.7 3.4 —-3.7 0.7 —6.4 6.0

Table S1. Fitted bulk and surface anisotropy energies before and after strain correction for EulG

and TmlG.

This  work,  before | This work, after strain | Literature, bulk, 1 0° Pa
strain correction correction (23]
10° Pa 10° Pa
B, B, B, B, By B,
EulG -1.88 -0.30 -1.36 -0.21 -5.07 -0.41
ImlG -0.3 1.6 -0.21 1.1 -0.338 1.19

Table S2. Extracted magnetoelastic coefficients before and after strain correction for EulG and

TmlG.

Supplementary Note 4: Temperature-dependent anisotropy and magnetization measurement
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Fig. S4. Extracted anisotropy energies as a function of temperature (a) — (e) for EulG/GGG(110)
(t=14nm, 26nm, 37nm, 43nm, 45nm), (f) — (h) for TmIG/GGG(110) (t = Snm, 12nm, 28nm). (1)
An example of the temperature stability during measurement. Data acquisition starts at the left

bound of the shaded area. (j) The temperature dependence of the saturation magnetization for
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EulG(45nm)/GGG(110) and TmIG(28nm)/GGG(110).

Temperature dependent spin Hall magnetoresistance measurements were performed on a home
built cryogenic control system, where temperature of the sample is monitored via a thermocouple
mounted on the sample holder. Typical temperature stability at different measurement
temperatures is shown in Fig. S4 (i). Temperature variation of less than 0.5° is attained before
the start of data acquisition. The in-plane and out-of-plane anisotropies are obtained from the

field sweep of spin-Hall magnetoresistance measurements at each temperature, and their
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temperature gradients AK;p /AT and AK,pp/AT are obtained from a linear fit of anisotropy
values measured from 243K to 296.5K (r.t.) for thicknesses 13nm, 26nm, 37nm, 43nm, 45nm of
EulG and 5nm, 12nm, 28nm of TmIG. A complete set of extracted anisotropy energies at
different temperatures and thicknesses is shown in Fig. S4 (a) — (e) for EulG and Fig. S4 (f) — (h)
for TmIG. The temperature dependence of surface and bulk in-plane and out-of-plane
anisotropies can be obtained from a plot of temperature gradients against 1/(t — t,). Clear easy-
plane transitions (EPT) and hard-plane transitions (HPT) can be observed in EulG and TmIG
respectively as temperature changes from 223K to 323K.

The M, values used for anisotropy energy calculation in Supplementary Note 4 is obtained
from temperature dependent vibrating sample magnetometry measurement shown in Fig. S4 (j).
An offset can be introduced during temperature dependent VSM due to constraint on sample
position imposed by heat furnace. Therefore, the gradient of the linear fit from temperature
dependent VSM and the M measured at room temperature are used for My, extrapolation at a

given temperature.

M, o(T) = Ms((296.5K) + gradient x (T — 296.5)

Supplementary Note 5: Additional thickness series data for yttrium iron garnet
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Fig. S5. Anisotropy characterization of YIG thickness series (t = 8, 12, 32 nm). (a) Example
spin-Hall magnetoresistance measurement for Pt/YIG(32nm)/GGG(110) at —10°C with field
applied along an in-plane axis (yellow) with lowest energy and the out-of-plane axis (green).
YIG shows an in-plane easy-plane configuration. We fit the out-of-plane measurement to extract
the anisotropy energy for each film Koor = E [110] - Erpep. We suspect the low field artefacts to
stem from the magnetocrystalline anisotropy. (b) The (room-temperature) out-of-plane
anisotropy 1/t dependency shows the presence of a strong out-of-plane surface anisotropy in
Pt/YIG/GGG. (c¢) Temperature dependence of the anisotropies (AK/AT). (d)-(f) Temperature
dependent anisotropy measurements used for the extraction of (b) and (c). A monotonically

decreasing trend is observed in the OOP anisotropy energies with increasing temperature.

As opposed to TmIG and EulG, YIG shows negligible in-plane surface and bulk anisotropy since
both spin-orbit coupling and lattice mismatch strain are negligible. An easy-plane anisotropy
within the film plane is observed with some switching events which is attributed to a weak in-
plane anisotropy [40]. Due to the negligible lattice mismatch strain (ay;; = agge = 12.376 A)
no out-of-plane surface anisotropy originating from Néel surface anisotropy is expected and as
discussed, the out-of-plane surface anisotropy comes solely from Rashba SOC. The YIG
thickness series (t = 8, 12, 32 nm) was hence used as a control series. The general measurement

protocols for XRD, XRR, VSM and SMR measurements remained the same as for TmIG and
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EulG. We extracted a dead layer thickness of 0.8 nm and Mg, = 108 + 1kA/m. SMR
measurements are performed with field applied along a direction within the film plane (IP) and
out-of-plane (OP). Typical SMR curves are shown in Fig S5 (a). From the in-plane SMR curve,
we observe that the in-plane anisotropies are negligible for all films and are therefore reported as
zero with an error bar corresponding to the magnetocrystalline anisotropy which is the dominant
contribution to in-plane anisotropy in YIG. At low fields, switching artefacts were observed. We
attribute these to potential contributions from the magnetocrystalline anisotropy, which was not
considered for the alignment of the patterned devices. Effect of magnetocrystalline anisotropy on
switching behavior was discussed in our previous work [40]. We extract the anisotropies by
fitting to datapoints above the switching field, which gives accurate anisotropy values. The
anisotropy energy density is plotted against 1/t (Fig. S5 (b)) from which we extract the surface
and bulk anisotropy contributions. The temperature dependence of bulk and surface anisotropies
are extracted from the AK /AT against 1/t plot (AT = 320K-220K) in Fig. S5 (c¢). The complete

data set for extracted anisotropy energy density as a function of temperature is shown in Fig. S5

(d) - (.

Supplementary Note 6: Density functional theory calculation for surface energies
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Fig. S6. (a) Surface energy density Ysurface, (D) average surface ionic displacement, and (c)
atomic structure of different possible termination of the EulG and TmIG (110) surface. The four
possible terminations of the surfaces are indexed as surface 0, 1, 2, and 3. Panel (b) indicates
evident ionic displacements during surface relaxation of all surfaces. In panel (c), the first and
second row show the surface of EulG and TmlIG, respectively, and each column shows one

surface termination.

The atomic configuration and surface energy of the EulG and TmIG [110] surfaces are
calculated by spin-unrestricted density functional theory (DFT) [53]. According to the
arrangements of Eu and Fe [110] atomic planes, four inequivalent surface terminations are
identified, as shown in Fig. S6 (b). We construct the initial atomic configurations of each surface

by terminating the REIG bulk configuration at a given RE/Fe [110] atomic plane (with strain
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determined in our experiments) and include adjacent oxygen atoms so that the charge state is
balanced. Namely, we classify a set of oxygens into each RE/Fe [110] plane so that every RE/Fe
[110] atomic plane has a chemical formula RExFeyO3x+y)2. In the calculation, the surface is
simulated as a slab of REIG with a vacuum layer of 10 A. The bottom of the slab is always set as
surface 3 in all configurations, while the top surface goes through all possible terminations. Then,
the relaxed atomic structures and total energies of the surfaces are calculated from the

constructed initial configurations.

In order to calculate the electronic energy, the projector-augmented wave (PAW) method [54] is
implemented by Vienna ab initio Simulation Package (VASP) [55] with a cut-off energy of 400
eV. Electron exchange-correlation interaction is evaluated using the generalized gradient
approximation (GGA) by the Perdew-Burke-Ernzerhof (PBE) functional [56]. The k-point mesh
is generated by the Monkhorst-Pack method [57] with a separation of 0.4 rad/A. For supercell
size larger than 12 A, the k-point is set [-only. In all calculated surfaces, the electronic iteration
energy was converged to 10° eV, and forces on all atoms due to ionic relaxation converged

below 0.05 eV/A.

The DFT calculations provide total energy E; of the slab i (i = 0,1, 2, 3), whose compositions
are denoted as RE;y Feyy, O3y, 4y,)- Here, x; and y; are one half of the number of RE and Fe in
the slab, respectively. Together with reference energies Erg,re.0,,0 EFe,0, and Eggp, of bulk

REIG and oxides, we get the surface energy density y; of surface i as follow:

(Vi +v3)A = E} — Xiligg,0, — YillFe,05 (i = 0,1,2,3) (8110)

ZERegFesolz_3ER3203_5EF6203 and
8 5

where we set g, 0, = Erg,0, + 6, Ure,0, = Ere,0, +6, 6 =
A is the area of the [110] surface in one unit cell. This setting satisfies 2Erg,pe.0,, — 3ERE,0, —
5Efe,0, = 0, which means a bulk REIG gives zero grand thermodynamic potential Eyyy —
XbulkMRE,05 — YbulkMFe,0, 1N the right-hand side of Eq. S10, so the grand thermodynamic
potential of the slab equals the summation of surface energies on both sides. Surface energy

densities yq 1, 3 are then determined by solving the four equations in Eq. S10, as shown in Fig.

S6 (a).
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The surface energy density of surface 3 is the smallest within the four surfaces for both EulG and
TmlIG. Therefore, the surface 3 with Fe-layer termination is thermodynamically favorable. This
can be explained as only surface 3 has a pure Fe termination with no RE atoms in the top layer.
As the RE-O bond has a higher bond energy than the Fe-O bond, surface 3 breaks only Fe-O
bonds without breaking RE-O bonds, so its surface energy is lower. We notice that y5 is at least
154 mJ/m?, about two times the surface energy density of water, indicating a strong
thermodynamic driving force towards surface 3 structure. This leads to a high probability to
obtain the same surface termination among different samples, which gives consistent surface

magnetic anisotropy.

Prior work confirms that rare-earth iron garnet thin films grown by pulsed laser deposition on
GGG (110) orientation adapt a layer-by-layer growth [51], where RHEED oscillations with a
period corresponding to %4 unit cell were observed. In Fig. S7 (b), the four surface types also
appear with the same period of 4 unit cell, which aligns with the RHEED oscillation period.
This is consistent with film growth occurring through the nucleation and propagation of a single
surface termination instead of mixed surfaces. In the case of a mixed surface termination, since
all four possible surface terminations show a two-fold symmetry, it will still contribute to both an
IP and OOP surface anisotropy, but with different strengths. Therefore, in the unlikely event of a
mixed surface termination, there will be quantitative corrections to the IP and OOP surface

anisotropy values, but the qualitative trend will not be affected.

Supplementary Note 7: Magnetic domain structure
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Fig. S7. Magnetic domain structures after field demagnetization for (a)
Pt(1.5nm)/EulG(26nm)/GGG(110) and (b) Pt(1.5nm)/EulG(37nm)/GGG(110).

Studying the magnetic domain structures is interesting in systems with complex anisotropy
landscapes on the low symmetry (110) substrate orientation. Using a polar magneto-optical Kerr
effect (MOKE) microscope, we obtained differential MOKE images for the magnetic domain
structures after a demagnetization field sequence shown in Fig. S7. The magnetic domains for a
26nm and a 37nm EulG on GGG(110) substrate are shown in Fig. S8 (a) and (b), respectively.
For both thicknesses, stripe domains are observed due to the presence of an in-plane anisotropy
which lifts the degeneracy between domain walls along different crystallographic orientations.
The length of the stripe domains appears aligned along the [001] high energy axis in the 37nm
film, which gives rise to a high density of Néel domain walls. However, the stripe domains are
aligned 45 degrees from the [001] and [110] directions in the 26nm film, which gives the domain
walls a mixed character, likely due to the high domain wall energies in Néel domain walls of
extended length. The average domain size is much larger in the 26nm film than in the 37nm film,
because both the IP and the OOP anisotropy are larger in the 26nm film which increases the

energy cost for domain wall formation.

Supplementary Note 8: Atomic Force Microscopy
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Fig. S8. AFM scans for (a) EulG(10 nm)/GGG(110) and (b) EulG(43 nm)/GGG(110).

Atomic force microscopy (AFM) is performed on the garnet films before Pt deposition as shown
in Fig. S8. Examples of AFM scans are shown for EulG(10 nm)/GGG(110) in Fig. S8a and
EulG(43 nm)/GGG(110) in Fig. S8b. The roughness (standard deviation) is measured to be 4 A
for the 10 nm film and 2 A for the 43 nm film, demonstrating a consistent surface quality across

the thickness range.
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