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Abstract

Enhancing spin-to-charge (S ¥ C) conversion e [ciehcy remains a key challenge in spintronic
materials research. In this work we investigate the e [edt of substrate-induced strains onto
the S ¥ C e Lciehcy. On one hand, we analyze strains-induced magnetic anisotropies in
yttrium iron garnet (Y3FesO12, YIG) by comparing the magnetic and structural properties
of YIG films grown on Gd3Gas0;, (GGG) and (CaGd)3(MgZrGa)s0;1, (SGGG)
substrates. Dilerences in lattice mismatch - YIG//GGG ( = 0:06%) and YIG//SGGG
( = 0:83%) - lead to out-of-plane tensile strains in the first case and unexpected
compressive strain in the latter. On the other hand, we study the spin injection e [ciehcy
on Pt/YIG bilayers evaluated by the Inverse Spin Hall E [edt (ISHE). We find that the
resulting perpendicular magnetic anisotropy in Y1G//SGGG, while not dominant over
shape anisotropy, correlates with enhanced ISHE signals as observed in Spin Pumping
Ferromagnetic Resonance (SP-FMR) and Spin Seebeck e [edt (SSE) experiments. Strain
engineering proves e [edtive in enhancing spin-to-charge conversion, providing insight into
the design of e Lcieht spintronic devices.

1 Introduction

The study of spin currents in bilayers composed of magnetic materials (MM) and heavy metals
(HM) has attracted considerable interest in the spintronics community due to their potential use in
energy-e [cieht spintronic devices. In spintronic systems, information is encoded in electron spins,
which distinguishes it from conventional electronics where information is carried by electric
charges. The unique capability of manipulating spins without electric current allows spintronics to
overcome the fundamental limitation of conventional electronics related to energy dissipation due
to Joule heating.

Spin currents can be generated in magnetic films through resonant microwave absorption
(known as spin pumping) [1] or by applying temperature gradients [2]. The spin current then
propagates di [udively within the HM layer deposited on top of the magnetic material and is
converted into a charge current via the Inverse Spin Hall E [edt (ISHE) [3]. This conversion arises
from the strong spin-orbit coupling in the HM, which deflects electrons with opposite spins and
propagation directions, generating a measurable ISHE voltage. In HM/MM bilayers, the HM
deflects electron trajectories perpendicularly to the spin polarization direction, inducing an electric
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field E sqe [3], as expressed by Eq. 1. The voltage V sye measured in spin pumping experiments
originates from this electric field.

Jc= Eishe/ sH Js S @

Here, and sy represent the electrical conductivity and spin Hall angle of the metal, respectively,
and s denotes the spin polarization direction. Relevant parameters of the magnetic component that
influence the ISHE include the Gilbert damping constant ( ) and the magnetic anisotropy fields.
Additionally, the spin Hall angle ( sn) and spin di[udion length ( sg) in the HM layer, as well as
the spin mixing conductance (g#) at the HM/MM interface, play critical roles in determining the
e [ciehcy of spin-to-charge conversion.

A well-studied platform for investigating spin transport phenomena consists of bilayers formed
by the ferrimagnetic insulator yttrium iron garnet (Y3FesO;2, YIG) and the heavy metal platinum
(Pt). Research interest in YIG thin films continues to grow due to their distinctively low magnetic
damping, which results in magnon lifetimes of several hundred nanoseconds and long-distance spin
wave propagation, extending up to a few centimeters [4,5]. YIG is a ferrimagnetic insulator
(FMI) [6] with a bulk saturation magnetization of (Ms=175mT [7], low magnetostriction [8], and
small magnetocrystalline anisotropy [9], making it an ideal material for applications in magnonics
and spin caloritronics.

Typically, the magnetization in YIG thin films lies in the film plane due to dominant shape
anisotropy. Several works have reported that epitaxial strain can modify the lattice and
magnetoelastic energy, giving rise to perpendicular magnetic anisotropy (PMA) in YIG [10-12].
Other studies have further shown strain-driven or interface-driven PMA in epitaxial YIG
films [13,14]. In addition, perpendicular magnetic anisotropy has also been observed in ultrathin
epitaxial magnetic insulators, where it enables field-free switching [15].

Novelty of our work lies in demonstrating that epitaxial strain, controlled via substrate
selection, directly enhances spin-to-charge conversion e [Ciehcy in Pt/YIG bilayers. We show
through experimental results that substrate-induced strains, magnetic anisotropy, and spin mixing
conductance are correlated. Previous studies have examined strain or ISHE independently, but our
work links them quantitatively and systematically through ferromagnetic resonance (FMR), spin
Seebeck e [edt (SSE) and ISHE, revealing a strain-induced mechanism for tuning spin-pumping
e [ciehcy. While previous studies have separately explored the e [edts of strain or ISHE responses,
a systematic correlation of both phenomena using complementary FMR and SSE techniques has
not been previously described.

In this work, we investigate the influence of substrate-induced strain on spin-to-charge current
conversion in Pt/YI1G structures. Using FMR and SSE measurements, we characterize ISHE in
Pt/YIG bilayers grown on two di Lerknt substrates to elucidate the role of strain in this
phenomenon. This approach enables us to understand how anisotropies a[edt spin current
generation and enhance spin-to-charge conversion e LCciehcy. Finally, we show a guantitative
correlation between substrate-induced strains, magnetic anisotropy and spin-to-charge conversion
e [ciehcy in Pt/YIG heterostructures, put in evidence through experimental results.

2 Materials and Methods

Our research was conducted on two sets of Pt/YIG bilayers grown on di [erent single-crystalline
gadolinium gallium garnet substrates. Epitaxial YIG thin films of varying thicknesses (ty,c from
10 nm to 110 nm) were grown by pulsed laser deposition onto Gd;Gas01, (GGG) [111] and
(CaGd)3(MgzZrGa)s012 (SGGG) [111] substrates, under an oxygen atmosphere of 0.2 mbar. The
substrate temperature was maintained at 670 C during deposition.

Subsequently, all 8-nm-thick Pt capping layers were deposited simultaneously and ex situ by
DC magnetron sputtering at room temperature. Prior to Pt deposition, the YIG surfaces were
cleaned in an ultrasonic bath with acetone and isopropanol for 10 minutes each to remove organic
contaminants. This step ensured that the Pt layer was deposited on a clean surface, minimizing
unwanted interfacial e [edts. Transmission electron microscopy (TEM) analysis confirmed a
well-defined Pt/YIG interface, which supports good spin transport properties (Fig. 2e).

X-ray di[raction (XRD) and reflectivity (XRR) measurements were performed using a Bruker
D8 Advance high-resolution di [ractometer. XRD was used to determine the film stacking and
out-of-plane lattice parameters, while the thicknesses of the magnetic films were measured by XRR
and confirmed by TEM, with an associated uncertainty of —0.5 nm. Energy-dispersive X-ray
spectroscopy (EDS) was employed to verify the nominal stoichiometry of YIG. Crystalline
structure and interface quality were analyzed using high-resolution scanning transmission electron
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microscopy with a high-angle annular dark-field detector (STEM-HAADF), performed on an FEI
Titan G2 80-300 keV microscope with probe correction.

Static and dynamic magnetic properties were characterized using magnetometry and
ferromagnetic resonance (FMR) measurements. In-plane and out-of-plane magnetization loops of
the YIG films were measured using the magneto-optical Kerr e [edt (MOKE) in polar geometry. A
wide-field MOKE microscope equipped with a 520 nm laser source was used to acquire the polar
MOKE loops.

To determine the damping parameters, broadband FMR spectra were measured using a NanOsc
Phase FMR spectrometer combined with a 200 m-wide coplanar waveguide (CPW). A DC
magnetic field H was generated by an electromagnet and modulated by a time-varying field hac(t),
applied parallel to H, using a Helmholtz coil operating at 490 Hz with a corresponding flux density

ohac of 100 T [16]. The YIG sample was placed face-down on the CPW, while an RF microwave
signal f was injected from the spectrometer, generating an RF magnetic field h.+ perpendicular to
the modulated field H + hac(t).

Measurements were performed at room temperature over a frequency range from 4 GHz to
17 GHz, sweeping the magnetic field through the resonance condition at each fixed frequency. For
angular dependence studies ( 1), FMR spectra were also measured using an ESP300 Bruker
spectrometer at fixed microwave frequencies: 1.2 GHz (L band), 9.76 GHz (X band), 24 GHz (K
band), and 34 GHz (Q band). The samples were rotated out of plane from =0 to =180 .

The voltage V sye Was measured between electrodes placed on top of the Pt layer using an
analog electronic device [17], simultaneously with the FMR experiment. The spin-to-charge
conversion current per unit width (I;spe=w) was calculated using the measured resistance of the
platinum layer between the electrodes and the width of the sample. All ISHE measurements were
performed in the X band by applying the microwave magnetic field in the plane of the sample, with
a microwave power of 30 mwW, as illustrated in Fig. la.

The Spin Seebeck e[edt (SSE) was measured in a longitudinal configuration, where the spin
current is parallel to the applied temperature gradient [18]. Measurements were performed by
sweeping an external magnetic field while maintaining a fixed temperature gradient (r'T) between
the top and bottom surfaces of the sample, as illustrated in Fig. 1b. A resistive heater with a
resistance of 2k (shown in black) was used to generate the temperature gradient across the
sample. The temperature dilerence ( T) was measured using thermocouples placed on the top
and bottom surfaces, allowing estimation of ¥ T. The SSE voltage drop was measured between two
electrodes on the Pt surface.

@ (b)

Figure 1: (a) Sketch of the setup used for the Inverse Spin Hall E[edt and (b) the Spin Seebeck
E[edt. The black prism indicates the heater placed on top of aluminum nitride that homogenizes
the heat transfer.

3 Results

3.1 Crystalline structure and strain analysis

The structural characterization is presented in Fig. 2, highlighting the interface quality,
atomic-resolution imaging of the YIG crystal structure, and the stacking of Pt/YIG on the
substrate. XRD patterns of YIG films grown on GGG (111) and SGGG (111) substrates are shown
in Fig. 2b. The spectra display only (444) peaks, indicating that the films grow with a preferred
T111g orientation. The high quality and homogeneity of the films are confirmed by the presence of
Laue oscillations.
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The out-of-plane [111] lattice mismatch for YIG//GGG and YIG//SGGG thin films is
ceg =-0.06% and scgc =-0.83%, respectively, calculated from the lattice parameters as
= M where agyp refers to the lattice constant of either GGG or SGGG. The larger
mlsmatch in the SGGG case would be expected to lead to more pronounced lattice distortions in
YIG//SGGG films compared to YIG//GGG.
Out-of-plane strain » was extracted from the XRD data using:

., = d dbulk — Sin bu!k Sin ; (2)

dbulk sin

where d is the (111) interplanar spacing and is the position of the (444) di[raction peak. The
calculated strain values are listed in Table 1.

If volume were conserved, the expected strain values based on lattice mismatch would be

2e¢c = 011% and -, = 1:66%, both corresponding to out-of-plane compressive strain.

Accordingly, the di[raction peaks would be expected at the positions marked in Fig. 2b. However,
the observed trend is reversed: tensile strain is found in YIG//GGG, while YIG//SGGG shows
compressive strain of smaller magnitude. This deviation suggests a breakdown of volume
conservation, even when accounting for Poisson’s ratio ( = 0:29). Such non-conservation has been
previously reported in YIG thin films [19, 20], and attributed to the presence of Y antisite defects.
For reference, a polyhedral model of the bulk YIG unit cell is shown in Fig. 2a, illustrating its
complex garnet structure, with Fe3* ions occupying both octahedral and tetrahedral sites, and Y3+
ions in dodecahedral coordination. To further explore this phenomenon, microscopy techniques
were employed.

The excellent crystalline quality of the films is evident in the high-resolution STEM-HAADF
images shown in Fig. 2c and Fig. 2d. The electron di [raction pattern in the inset of Fig. 2c
confirms that the films are oriented along the [112] axis, with the [111] direction perpendicular to
the plane. Fig. 2d provides an atomic-scale view of the YIG structure, with labeled Fe and Y
atomic positions that align well with the expected garnet configuration. These observations confirm
the epitaxial growth and high crystallinity of the YIG films on both GGG and SGGG substrates.

The sharp and well-defined Pt/YIG interface, shown in Fig. 2e, further supports the structural
integrity of the bilayer system—an essential requirement for e Lcieht spin injection and the
reduction of interfacial scattering.

To analyze local deformations, quantitative strain maps across the film/substrate interfaces
were obtained using Geometric Phase Analysis (GPA) [22] applied to the STEM-HAADF images.
The strain was calculated as the relative deformation of the film structure with respect to the
substrate lattice ( =), using the following expression:

_ d dsub_

f=s —

dsub (3)
The GPA strain profiles shown in Figs. 3b and 3e represent the out-of-plane strain averaged along
horizontal lines in the corresponding strain maps (Figs. 3a and 3d, respectively). The data indicate
that YIG//GGG exhibits tensile strain, with an average value of -, 2%, while YIG//SGGG
shows a slight compressive strain, peaking at ¢-sup 1% near the interface and relaxing beyond
approximately 10 nm. These findings are consistent with the XRD results and suggest that YIG
films grown on SGGG experience weaker overall strain than those grown on GGG, despite the
larger lattice mismatch.

Energy-dispersive X-ray spectroscopy (EDS) experiments were performed to verify the
stoichiometry of the samples. In YIG//SGGG films, the Y/Fe ratio is approximately 0.6, as
expected. However, in YIG//GGG samples, a slight excess of yttrium is observed, with a Y/Fe
ratio of approximately 0.8 (Figs. 3c and 3f). This deviation is consistent with the observed volume
expansion and has not been previously reported—despite the fact that many studies have shown
similar XRD patterns [7,23-25].

3.2 Magnetic anisotropies and spin relaxation

Fig. 4a shows an FMR spectrum of a 30.5nm YIG//GGG film, measured at 9.76 GHz with the
magnetic field applied in the plane of the film ( 4 =0 , see inset). The first derivative of an
asymmetric Lorentzian function was applied to each resonance curve to extract the resonance field
( oHres) and the full width at half maximum linewidth ( ¢ Hgewrm). The peak-to-peak linewidth
( o Hpp) of the resonance shown in Fig. 4a is as low as 0.24mT, which is consistent with values
reported for high-quality YIG films in the literature [7,23, 26, 27].
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Figure 2: Structural characterization of YIG films grown on GGG and SGGG substrates. (a)
3D schematic of the YIG unit cell illustrating the garnet structure: FeOg octahedra (blue), FeOg4
tetrahedra (green), YOg dodecahedra (gray), and O atoms (white) [21]. (b) X-ray di[raction (XRD)
patterns showing that both films grow epitaxially along the (111) direction, with Laue oscillations
indicating high crystalline quality. (¢) STEM-HAADF image of a 44 nm YIG film on SGGG,; the
inset confirms crystallographic orientation along [112] via electron di [raction. (d) Atomic-resolution
TEM image highlighting the ordered atomic arrangement of Fe and Y along [112], consistent with
garnet structure; [444] interplanar spacing is labeled. (¢) STEM-HAADF image of the Pt/YIG
interface showing sharp boundaries, confirming epitaxial growth and high interface quality.

The angular dependence of the resonance fields for the 66-nm-Y1G//GGG and
44-nm-Y1G//SGGG films, measured as the magnetic field is rotated from =0 to { =180, is
shown in Fig. 4b. The curves indicate that easy-plane anisotropy dominates in both cases;
however, the anisotropy is noticeably stronger in films grown on GGG substrates compared to
those deposited on SGGG. The free energy density, F, used to analyze these data, is given by:

F= oMHsin ncos( n K )sin? sin® \: 4)

Here, , m and g correspond to the angles of the magnetization M and the external magnetic
field H, as illustrated in the inset of Fig. 4a. K, is the anisotropy constant of the system,
accounting for the e [edts of substrate-induced strain. The Smit-Beljers equations [28] were used to
numerically determine the magnetic field dependence of the resonant frequency. For the free energy
given in Eq. 4 and under the geometrical configuration described in the Experimental Methods
section, the resonance condition takes the following form:

2 T

= oHcos(m W) oHe Sin® m [ oHcos(m  w)+ oHe cos2 w)l:  (5)

where H is the e [edtive anisotropy field defined as He = Mg 2;“ These parameters, H, and
the gyromagnetic ratio , were derived from the fit of the angular dependence of the resonance field
using Eqgs. 4 and 5 (see F|g 4b, dotted lines). The calculated factor g = — = 2:01 was found to be
similar to previously reported values and independent of the thickness of the films and the
substrate [29]. Due to the strong paramagnetic signal of the Gd ions in the substrates, which
accounts for approximately 99.96 % of the signal measured in conventional VSM measurements, the
bulk saturation magnetization Mg was used for calculations. The strain-induced anisotropy field
was determined as Hx = ZK” , along with the anisotropy constant K, . The e [edtive field and the
anisotropy constant for the samples are summarized in Table 1.
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Figure 3: STEM-HAADF images, GPA strain maps and EDS measurements of (a-c) YIG//GGG
and (d-f) YIG//SGGG films at the YI1G//substrate interfaces.

@) (b)

Figure 4: (a) FMR spectrum of a 30.5-nm YI1G//GGG film, measured at f= 9.76 GHz and in-plane
magnetic field. (b) Out-of-plane angular dependence of the resonance field, oHyes, for YIG films
grown on GGG and SGGG substrates.

A negative K, was obtained for films grown on GGG, indicating easy-plane anisotropy, while a
positive K, was found for films deposited on SGGG, suggesting the presence of perpendicular
magnetic anisotropy. These results correlate with the change in the sign of the lattice mismatch
between the films grown on GGG and SGGG substrates.

The anisotropy observed in K5 is attributed to a strain-induced magnetoelastic anisotropy term
(Kme), which can be estimated as [30]:

Kme = g 1112E 25 (6)
where 111 = 2:4 108 is the magnetoelastic coe [Cieht, and E=2 10! Pa and
Young’s modulus and Poisson’s ratio, respectively [14, 31].

Since strain and stress are not uniform across the film, as evidenced by the GPA images, this
calculation provides an upper limit for the magnetoelastic anisotropy: Kme = 1:1  10° 3 for
GGG and Kype =13 108 % for SGGG. This upper limit is consistent with the experimentally
obtained values and o [erk a reasonable estimate of the strain-induced contribution to the
out-of-plane anisotropy observed in the SGGG-based films.

Fig. 5 shows the out-of-plane (OOP) and in-plane (IP) magnetization loops of YIG films grown
on GGG and SGGG substrates measured by MOKE. Both sets of films exhibit an e [edtive

= 0:29 are the




IOP Publishing ~ Journal vv (yyyy) aaaaaa Author et al

Table 1: Structural and magnetic properties of YIG films grown on GGG and SGGG substrates.

h i
Substrate  tyic [nm] 5 [%] oHe [MT] Ko (10 3) 2%

GGG 16 0.87 2271 -3.60.1
GGG 30.5 2.03 2401 -450.1
GGG 66 1.59 2391 -4.50.1
SGGG 44 -0.07 102 7 5.1 0.5
SGGG 106.5 -0.34 96 5 550.3

easy-plane anisotropy, as indicated by the comparison of OOP and IP curves. However, in
agreement with the FMR results, a notable decrease in the saturating field observed in the OOP
loops for samples grown on SGGG substrates suggests the presence of a significant perpendicular
magnetic anisotropy term in these samples. In the sample grown on the SGGG substrate, the OOP
saturating field is reduced to 70 mT, while for films grown on the GGG substrate it is 190mT.
These values are consistent with the e [edtive magnetic field ( ¢H. ) extracted from the FMR
measurements and align well with previously reported data [32].

Figure 5 OOP and IP magnetization loops for YIG//GGG films (top) and YIG//SGGG films
(bottom)

We also investigated the e [edt of the substrate on the resonance absorption linewidth. The
impact of Pt capping on the FMR linewidth of the 106.5nm-YIG//SGGG film is shown in Fig. 6.
A linear dependence of Hgwnm on frequency (F) was observed in measurements performed on
YIG films both with and without Pt capping. However, slight deviations from linearity,
particularly in the YIG films grown on SGGG substrates, suggest additional extrinsic contributions
such as two-magnon scattering. In such cases, the total linewidth can be expressed as:

2
Hewnm = —TF + Ho+  Homag(T): O]

Here is the Gilbert damping constant, Hy represents the inhomogeneous broadening of the
linewidth and  Homag(T) accounts for frequency-dependent magnon—-magnon interactions [33].
The Gilbert damping constants extracted from the measurements are listed in Table 2. These
values are consistent with those previously reported for YIG thin films [7].

Figure 6: Frequency dependence of the ferromagnetic resonance linewidth for 66 nm-Y1G//GGG and
8nNm-Pt/44 nm-YI1G//SGGG samples.
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It is well known that platinum deposition on YIG introduces an additional relaxation
mechanism [34], whereby angular momentum is transferred from the magnetic film into the
adjacent non-magnetic (NM) layer. This spin pumping e [edt enhances the damping constant by an
amount , Which is given by [35]:

~ g#

Ms tyig’
In this expression, ~ is the reduced Planck constant, g is the spin-mixing conductance and ty,g is
the thickness of the ferrimagnetic layer. The enhancement of the Gilbert damping constant, ,
was determined by comparing YIG films with and without the Pt capping layer. Using Eq. 8, g*#
was calculated (Table 2). The obtained values are consistent with those reported in the literature.
To contextualize our results we discuss the e [edtive spin-mixing conductance g*# derived from
damping enhancement with previously reported data. Our g*# span from 1.4 10 m? to
5.6 10'®m? . i. e. Qiu et al. found 1.3 10 m? for a well-controlled interface [36], Lustikova et
al. reported 2 10 m?2 for sputtered, post-annealed YIG films [37] and Jungfleisch et al. obtained
values on the order of 3.43 10 m? depending on the assumed Pt spin-di [dion length and
analysis approach [38], while Haertinger et al. reported g*# in the 10'®® m? range with
thickness-dependent variations [39]. These values are within the typical range found in Pt/YIG
systems (10*8-10° m?2 ). Comparing our results to these benchmarks, the thin YIG//GGG films
(16 and 30.5nm) show g*# within the lower-to-mid range of reported values, consistent with Qiu
and Lustikova for ex-situ or non-perfect interfaces [36, 37]. Intermediate-thickness samples (66 nm
on GGG and 44nm on SGGG) exhibit substantially larger g#, near the upper limit of reported
data found in carefully prepared Pt/YIG interfaces [39,40]. The thickest sample (106.5nm on
SGGG) reaches the highest g# measured. Several factors contribute to this spread: (i) interface
quality, including atomic sharpness and chemical contamination, which can change g# by orders of
magnitude [38]; (ii) substrate and strain state, which modify magnon dispersion and
magnon-phonon coupling and thus a[edt the reference damping used to extract g*# [41-44] and
(iii) non-spin-pumping linewidth contributions, such as two-magnon scattering or inhomogeneity,
which can bias [34,45]. To further investigate the influence of strain on spin-charge conversion
e [ciehcy, ISHE and SSE measurements were performed on these samples, as discussed in the
following sections.

©)

3.3 Inverse Spin Hall and Spin Seebeck E [ecks

The substrate-induced strains discussed above correlate with notable changes in both the e [edtive
anisotropy fields and damping mechanisms observed in FMR measurements, which in turn
influence spin-charge conversion phenomena such as the ISHE [3] and SSE [46, 47].

Fig. 7 shows a representative ISHE voltage signal for a Pt/YIG bilayer, with the peak fitted
using a symmetric Lorentzian function to extract the ISHE contribution. The peak amplitude,
denoted V,spe, corresponds to the resonant magnetic field oHres. The measured | ;s values,
normalized by the sample width to account for geometric di [erknces, are summarized in Table 2 for
in-plane field orientation ( y = 0 ). The deviation from a single Lorentzian shape and the presence
of multiple resonance features in the thicker YIG//SGGG samples are primarily attributed to
magnetic inhomogeneities and two-magnon scattering processes. These inhomogeneities, along with
enhanced two-magnon scattering, broaden and distort the resonance line shape, resulting in the
observed multiple-peak ISHE signals [32, 39, 48].

@ (b)

Figure 7: ISHE voltage normalized by resistance and width vs external magnetic field measured on a
Pt/YIG sample on (2) GGG and (b) SGGG substrates. The FMR resonance frequency is 9.76 GHz.
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Table 2:  Vsye and the Ssse coe [ciehts measured for Pt/YIG films grown on GGG and SGGG
substrates at room temperature

Substrate tvic Pt g"# (10 19) lisHe/W Ssse
[nm] (10 4) (10 4) [m2 ] [Am1] [nv.K1]
GGG 16 1.50.9 13.30.9 0.180.03 25.70.3 0
GGG 30.5 101 14.80.8 0.140.06 115.70.3 1.70.1
GGG 66 3.50.6 20.40.7 1.050.08 428 1.30.1
SGGG 44 3.704 302 1101 750 60 9.60.4
SGGG 106.5 2704 572 5.60.2 820 50 7.320.05

YIG films grown on GGG substrates, subjected to tensile out-of-plane strains, exhibited ISHE
voltages nearly an order of magnitude lower than those on SGGG substrates, which are subject to
slight compressive strain. Similarly, SSE measurements reveal a transverse voltage in the Pt layer,
arising from the conversion of thermally generated spin currents via the ISHE. Fig. 8a shows a
representative voltage signal for a Pt/106.5nm-YI1G//SGGG sample, with the curve exhibiting odd
symmetry with respect to the magnetic field and a linear dependence on the applied temperature
gradient (Fig. 8b).

To quantify the coupling between spin and heat transport, the SSE coe [cieht is defined as:

Vsse tpt+viG+sub
S = ; 9
sse = = ©)
where Vsse is the maximum transverse voltage, T is the temperature di[erknce across the
sample, and ty c+sub iS the total thickness of the YIG film and substrate. The sample length and
width are L=7mm and w =4 mm, respectively. The calculated Sssg coe [ciehts for all samples are
summarized in Table 2.

@ (b)

Figure 8: (a) Spin Seebeck E[edt voltage normalized by length vs magnetic field and temperature
gradient perpendicular to the surface measured on the Pt/YIG samples on dilerknt substrates at
room temperature. (b) Voltage generated by SSE, normalized by the substrate plus film thickness
and sample length as a function of the applied temperature gradient.

YIG films grown on SGGG substrates consistently show the highest VISHE and SSSE values,
along with a noticeable perpendicular anisotropy component induced by substrate strain. This
demonstrates the crucial role of strain in enhancing spin-charge conversion e [Ciehcy. A
quantitative analysis of the damping and spin-to-charge conversion signals reveals that damping
alone cannot explain the observed dilerences in ISHE and SSE signals between samples grown on
GGG and SGGG substrates. Despite similar Gilbert damping values, samples on SGGG exhibit
ISHE and SSE voltages up to an order of magnitude higher. The enhanced g*# values in these
samples indicate improved spin transparency at the Pt/YIG interface, likely arising from a
combination of strain-induced anisotropy and high-quality interfacial structure. STEM-HAADF
analysis confirms well-defined Pt/YI1G interfaces in both systems, suggesting that strain may
facilitate more favorable interfacial bonding or reduce spin scattering. These findings are consistent
with prior reports [49] and highlight the importance of interface engineering and strain control in
optimizing spin-charge conversion e Lciehcy for spin-orbitronic applications.

4 Conclusions
In this work, we presented a comprehensive study of spin pumping in Pt/YIG bilayers, with a focus
on the influence of substrate-induced strain. By comparing Y1G films grown on GGG and SGGG
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substrates, we investigated the e [edts of tensile and unexpected compressive out-of-plane strains on
spin transport and spin-to-charge conversion. This highlights the complex interplay between
structural distortion and magnetic properties in epitaxial YIG films.

Structural and compositional analyses indicated deviations from volume conservation in
YIG//GGG films, characterized by tensile out-of-plane strain and slight Y enrichment, despite
minimal lattice mismatch. These results suggests that local defects, such as Y antisite
substitutions, contribute to strain. These microstructural features correlate with the observed
variations in magnetic damping and anisotropy.

Magnetic measurements showed that substrate-induced strain modifies anisotropy fields,
promoting in-plane anisotropy in GGG-grown films and inducing a perpendicular anisotropy
component in SGGG-based samples. Spin pumping experiments, using both microwave and
thermally generated spin currents, demonstrated a substantial enhancement in spin-to-charge
conversion e [ciehcy for SGGG-grown YIG. This improvement is attributed to strain-mediated
increases in the spin mixing conductance g# and enhanced spin transparency at the Pt/YIG
interface.

Overall, these results put in evidence that controlled substrate-induced strain alongside
high-quality interface engineering provide an e [edtive route for tuning spin transport and
optimizing spin-charge conversion e Lciehcy in Y1G-based spintronic devices. This approach o [erk
a promising framework for designing strain-engineered magnetic insulators with tailored spin—orbit
coupling performance.
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