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ABSTRACT

Rare-earth iron garnets (REIGs) are the benchmark systems for magnonics, including the longitudinal spin Seebeck effect (LSSE).
While most research has focused on single-crystalline REIGs on complimentary garnet substrates, moving to more, cost-effective comple-
mentary metal-oxide semiconductor (CMOS)-compatible substrates is important to integrate REIG thin films with existing technology.
In this regard, we grow a 130 nm-thick polycrystalline gadolinium iron garnet (GdIG) film on the Si/SiO2 substrate and investigate the tem-
perature-dependent LSSE. Interestingly, the polycrystalline GdIG film exhibits perpendicular magnetic anisotropy (PMA) at room tempera-
ture which is induced by tensile in-plane (IP)-strain originating from the thermal-expansion mismatch between the GdIG film and the
substrate during rapid thermal annealing. Further, a spin-reorientation transition from the out-of-plane IP direction below TS = 180 K is
observed. Additionally, the film reveals a magnetic compensation temperature, TComp, of ≈240 K. The LSSE voltage not only demonstrates a
sign-inversion around TComp, but also shows noticeable changes around TS. As compared to a single-crystalline GdIG film, the lower LSSE
voltage for the polycrystalline GdIG is attributed to the higher effective magnetic anisotropy and enhanced magnon scattering at the grain
boundaries. Our study not only paves the way for the cost-effective growth of CMOS-compatible REIG-based systems with PMA for mag-
nonic memory and information processing applications, but also highlights the fact that the spincaloritronic and spin-insulatronic properties
of the polycrystalline REIGs follow those of their single-crystalline counterparts with reduced spin-to-charge conversion efficiency through
LSSE which can be tuned further by controlling the average gran size and interface engineering.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188568

I. INTRODUCTION

In recent years, rare-earth iron garnet (REIG) based ferrimag-
netic insulators have attracted immense attention primarily due to
their tunable magnetic properties, ultrafast magnetization dynamics,
and low-losses in the terahertz (THz) regime.1–4 Y3Fe5O12 (YIG) has
been an extensively explored REIG for generating and transmitting
pure spin currents due to its ultra-low Gilbert damping.5 Although
YIG films typically exhibit an in-plane (IP) easy axis, REIG films
with perpendicular magnetic anisotropy (PMA) are of considerable
interest in spin-based-electronics for their promising efficiency in
spin–orbit-torque driven magnetization switching, current-driven
dynamics induced by chiral magnetic textures, domain-wall based

high-density information storage, etc.6–8 PMA can be induced in
single-crystalline epitaxial REIG films by choosing a complimentary
garnet substrate whose magnetoelastic anisotropy is positive and
large enough to overcome the shape anisotropy.9–13 However, for
practical spintronic applications based on REIGs, it is necessary to
grow REIG films on complementary metal-oxide semiconductor
(CMOS)-compatible non-garnet substrates without destroying the
most significant and desirable materials characteristics, such as
PMA.14–16 Previous studies indicate that it is possible to grow poly-
crystalline REIGs with PMA on non-garnet substrates when the
thermal-expansion mismatch between the REIG films and the non-
garnet substrate promotes the desired PMA.14,17,18
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The study of the excitation, propagation, manipulation, and
detection of spin waves, known as magnonics, has gained signifi-
cant attention due to its potential for applications in the develop-
ment of high-performance, low-noise-level, and low-dissipation
magnetic-storage and information processing devices.1,19,20 Within
the vast field of magnonics, the longitudinal spin Seebeck effect
(LSSE) provides an efficient route for the thermal-generation of
incoherent THz magnonic excitations in a magnetic insulator par-
allel to the direction of an applied temperature gradient and trans-
mission of the thermally generated magnonic spin current to an
adjacent heavy metal layer that converts the spin current into
detectable charge current through the inverse spin Hall effect
(ISHE).21,22 YIG is considered as a benchmark system for the
LSSE.21,23 However, recently, an interesting member of the REIG
family, Gd3Fe5O12 (GdIG), has been reported to exhibit an exhila-
rating spincaloritronic property: the magnonic spin current
induced by LSSE can be efficiently manipulated solely by tuning
the compensation temperature which is in sharp contrast to that
observed in YIG.24–28 GdIG is a compensated ferrimagnetic insula-
tor wherein the weak antiferromagnetic exchange coupling between
the Gd3+ and Fe3+ sublattices and strong temperature sensitivity of
the Gd3+ sublattice magnetization give rise to a magnetic compen-
sation close to room temperature.24 The LSSE voltage in GdIG/Pt
bilayers shows a sign-inversion around this magnetic compensation
independent of the GdIG film thickness and substrate-choice.27

A recent study reported the existence of PMA at room temperature
in single-crystalline GdIG thin films grown on Gd3Sc2Ga3O12

(GSGG) substrates, however, the magnetic easy axis reorients from
the out-of-plane (OOP) to the IP direction at low temperatures due
to the competition between the weakly temperature-dependent
magnetoelastic anisotropy and the strongly temperature-dependent
shape anisotropy.12 Polycrystalline GdIG films29,30 were reported to
exhibit magnetic compensation, but neither PMA nor any trace of
temperature-driven spin reorientation has been realized in those
polycrystalline GdIG films. Therefore, the effects of PMA and spin
reorientation on the LSSE and its temperature evolution in the
polycrystalline GdIG films have not been investigated so far. From
another perspective, combining cost-effective CMOS-compatible
substrates with PMA will expand applications of REIG thin films in
magnonic memory and information processing. To address this, in
this report, we have explored (1) the existence of PMA as well as
the temperature-driven spin reorientation in a 130 nm-thick poly-
crystalline GdIG film grown on a Si/SiO2 substrate and (2) the
thermal-generation of pure magnonic spin currents in the polycrys-
talline GdIG film and the influences of magnetic compensation
and spin reorientation on it. For brevity, the polycrystalline
Si/SiO2/GdIG(130 nm)/Pt(5 nm) film is denoted as p-GdIG. In this
context, we recall that LSSE voltage decreases with decreasing mag-
netic film thickness.23,31,32 Since the LSSE signal for a polycrystal-
line film is usually much weaker compared to its single-crystalline
counterpart with comparable thickness,33–35 we compared the LSSE
voltage for our p-GdIG film with a thinner single-crystalline GdIG
film with similar magnetic properties, for which we chose a
31 nm-thick single-crystalline GdIG film grown epitaxially on a
(111)-oriented GSGG substrate. For brevity, the single-crystalline
GSGG/GdIG(31 nm)/Pt(5 nm) film is denoted as s-GdIG in this
manuscript.

II. EXPERIMENTAL DETAILS

The p-GdIG film was grown by pulsed laser deposition (PLD)
using a KrF excimer laser with a wavelength of 248 nm, at a fluence
of 3–4 J/cm at room temperature, with a repetition rate of 3 Hz and
an oxygen background pressure of 0.004 mbar. Re-crystallization of
the film was achieved by post-deposition rapid thermal annealing
at 800 °C for 3 min in a mixture of about 25% O2 and 75% N2,
using a heating-rate of about 150 K/s. The s-GdIG film was also
grown by PLD at a laser-repletion rate of 2 Hz, resulting in a
growth rate of 0.01–0.02 nm/s, a substrate temperature of 595 °C,
and an oxygen partial-pressure of 0.05 mbar. After the deposition,
the substrate was cooled-down to room temperature at 5 K/min,
maintaining the oxygen atmosphere. A 5 nm-thick Pt layer was
deposited on the GdIG films at room temperature ex situ by DC
magnetron-sputtering using a shadow mask. The GdIG films were
annealed at 400 °C for 1h inside the sputter-chamber prior to the
Pt deposition. The structural properties of the thin films were char-
acterized by x-ray diffraction (XRD) using a Cu K� source, and their
surface morphology was investigated by atomic force microscopy
(AFM). Different orientations of the grains in the p-GdIG film were
further characterized by scanning electron microscopy (SEM), using
an electron acceleration voltage of 20 kV, and a backscattered elec-
tron detector at a sample analysis angle of 70°, analyzing electron
backscatter diffraction patterns (EBSD). The magnetic properties of
the p-GdIG film were measured using a superconducting quantum
interference device-vibrating sample magnetometer (SQUID-VSM).
For the LSSE measurements, we employed a custom-built setup that
utilizes a universal PPMS sample-puck. The p-GdIG film was sand-
wiched between two copper plates during the measurements as
displayed in Fig. 5(a). Single layers of Kapton-tape were attached to
the bare surfaces of the top (cold) and bottom (hot) copper plates
to ensure electrical insulation between the copper plates and film
surfaces, and Apiezon N-grease was used to ensure a good thermal-
connectivity between the film-surface and the Kapton-tapes. A resis-
tive chip-heater (PT-100 RTD sensor) and a calibrated Si-diode
thermometer (DT-621-HR Si-diode sensor) were attached to each of
the copper plates using GE varnish. The heaters and thermometers
attached to the copper plates were connected to two separate temper-
ature controllers (Scientific Instruments Model No. 9700). A temper-
ature gradient along the z-direction between the hot and cold copper
plates was established by individually controlling the temperatures of
both these plates. The LSSE voltage generated along the y-direction
across the Pt layer was recorded by a Keithley 2182a nanovoltmeter
while sweeping an IP DC magnetic field produced by the supercon-
ducting magnet of the PPMS along the x-direction. The Ohmic con-
tacts for the LSSE voltage measurements were made by attaching a
pair of ultra-thin gold wires (25 �m diameter) to the Pt layer by high
quality conducting silver paint (SPI Supplies). A more detailed
description of our experimental setup can be found elsewhere.27,36

III. RESULTS

Figure 1(a) shows the AFM image of the p-GdIG film.
Micrometer-sized polycrystalline grains are visible for p-GdIG with
a low root-mean-square (RMS)-roughness of 0.4 nm for the indi-
vidual grains. The XRD � � 2� diffractogram for the p-GdIG film
[Fig. 1(b)] measured at gracing incidence with an angle of 5° shows
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garnet peaks with no evidence of a preferred crystallographic ori-
entation or any non-garnet phase. The film crystal-orientation is
reconstructed from EBSD Kikuchi patterns, and Fig. 1(c) shows
the identified garnet grain-orientation in inverse pole-figure (IPF)
coloring along the OOP direction. While all grains are identified
as garnet phase, the film shows a polycrystalline structure with
random grain-orientations. The s-GdIG film exhibits a similar
RMS-roughness of 0.4 nm.27 The AFM and XRD � � 2� diffracto-
gram revealing the (444) planes of the s-GdIG film are presented
in Fig. S1 in the supplementary material. The sharp Bragg reflec-
tion associated with the GSGG substrate is noticeable at 50.28°,
whereas the Bragg (444) peak associated with the GdIG film is
visible at a higher angle than the bulk-GdIG reflection indicating
compressive OOP-stress of the film.

Figure 2(a) displays the magnetic field-dependent magnetiza-
tion, M(H) at 300 K measured in the IP and OOP configurations
on the p-GdIG film. Clearly, the p-GdIG film exhibits OOP mag-
netic easy axis at 300 K. The effective magnetic anisotropy of a
(111)-oriented single-crystalline garnet film has contributions from
magnetic shape anisotropy (Kshape), cubic magneto-crystalline
anisotropy (Kmc), and magnetoelastic anisotropy (Kme),

9,12,37 i.e.,

Keff … Kshape þ Kmc þ Kme … �
1
2

�0M
2
S �

K1

12
�
3
2

�111
�

1 þ �

� �
F,

where Y, �, and �111 are Young’s modulus, Poisson’s ratio, and
magnetostriction coefficient along the [111]-direction, respectively,
MS is the saturation magnetization, and

F …
aGSGG � aGdIG

aGSGG

� �

is the lattice-mismatch. However, for a polycrystalline garnet film,
Kmc can be neglected and Keff can be expressed as14,17

Keff … Kshape þ Kme … �
1
2

�0M
2
S �

3
2

�avg
E

1 � �

� �
��T�T ,

where �avg is the approximate average of the magnetostriction-
coefficients �100 and �111, ��T is the difference in thermal-expansion
coefficients (�T ) between the garnet film and the substrate, �T is the
temperature difference between the annealing-temperature and room
temperature, and E is the elastic modulus. Considering �T = 770 K,
�avg … �1:9 � 106 , �GdIG … 2 � 10�5,38 �Si/SiO2 … 3 � 10�6,39

and ��T … 1:7 � 10�5, we obtain Kme ≈ 10 kJ/m3. Furthermore,
considering MS ≈ 25 kA/m at room temperature, we obtain
Kshape =−0.4 kJ/m3 and hence, Keff … Kshape þ Kme … þ9:6 kJ/m3,
clearly confirming PMA for the p-GdIG film at room tempera-
ture. Therefore, for the p-GdIG film, the tensile IP strain originat-
ing from the thermal-expansion mismatch between the GdIG film
and the substrate leads to the dominating contribution of Kme

toward Keff , and hence PMA.14,17 Notably, the theoretical value of
Keff for our p-GdIG film at room temperature is nearly six times
higher than that of a single-crystalline GdIG film of comparable
thickness with PMA grown under tensile IP strain on the GSGG

FIG. 1. (a) AFM image for the p-GdIG thin film. (b) The gracing incidence
diffraction of the p-GdIG film. (c) EBSD image for the p-GdIG film, showing IPF
coloring along the OOP direction.

FIG. 2. (a) IP and OOP M(H) at 300 K for the p-GdIG film. (b) IP M(H) at 200
and 130 K for the p-GdIG film. (c) T-dependence of MS for the p-GdIG film.
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substrate.12 Furthermore, the coercivity of our p-GdIG film is
higher than that of the single-crystalline GSGG/GdIG film of
similar thickness,12 which is expected as the magnetic anisotropy
field is typically higher for a polycrystalline film than a single-
crystal film due to greater strain-state.14,17 Additionally, the grain
boundaries in the polycrystalline film act as domain-wall pinning
centers and lead to higher coercivity.14,17

Figure 2(b) depicts the IP M(H) loops at 200 and 130 K for
the p-GdIG film. Evidently, the magnetic easy axis of this film
reorients from the high temperature OOP direction to the low tem-
perature IP direction at TS � 180 K. Similar behavior was also
observed for single-crystalline GdIG films grown under tensile IP
strain on the GSGG substrate.12 The temperature dependence of
MS obtained from the IP M(H) for the p-GdIG film is shown in
Fig. 2(c). Evidently, MS first decreases with decreasing temperature
from 300 K, vanishes at the magnetic compensation temperature
(TComp), and then increases significantly upon further decreasing
temperature. The drastic enhancement of MS at low temperature is
caused by the strong increase in the c-site Gd3+ sublattice magneti-
zation together with the a-site Fe3+ sublattice magnetization, which
overcomes the d-site Fe3+ sublattice magnetization.24,26,27 We found
TComp of ≈240 K for the p-GdIG film. The appearance of a spin-
reorientation transition in the p-GdIG film at TS can be attributed
to the dominating contribution of Kshape toward Keff at low temper-
atures due to enhanced MS at low-T which overcomes the effect of
Kme.

12 The detailed magnetic properties of the s-GdIG film are
demonstrated in Fig. S2 in the supplementary material. It is evident
from Fig. S2 in the supplementary material that the s-GdIG film
also shows PMA at room temperature and a low temperature spin-
reorientation transition at TS … 180 K. However, the magnetic
compensation in s-GdIG occurs at a somewhat reduced tempera-
ture of TComp≈ 225 K. In this context, we would like to highlight
that the s-GdIG films are saturated at sufficiently low magnetic
fields and the GSGG substrate is paramagnetic. Therefore, the high
field M(H) signal (typically for H > 500mT) was fitted by a linear
trend, which was in turn used to subtract the linear paramagnetic
substrate signal from the M(H) data.

We have also performed anomalous Hall Effect (AHE) mea-
surements on the p-GdIG film as it has an OOP magnetic easy
axis at room temperature. In REIG/heavy metal (HM) bilayer het-
erostructures, the AHE signal is dominated by the spin Hall
anomalous Hall effect (SH-AHE),40,41 which is an interfacial
spin-dependent transport phenomena driven by ISHE and SHE
induced spin-to-charge interconversion. Therefore, it is expected
that the temperature evolution of SH-AHE signal would show sig-
nificant changes around the magnetic compensation.

In Figs. 3(a) and 3(b), we show the magnetic field dependence of
the anomalous Hall resistance, RAHE

xy (H) above (190 K � T � 300 K)

and below (130 K � T � 190 K) the spin-reorientation transition
temperature, TS. Clearly, RAHE

xy (H) shows a well-defined square-shaped
hysteresis loop at room temperature, indicating good PMA of our
p-GdIG film. For a clearer visualization, we have plotted RAHE

xy (H)
hysteresis loops at temperatures T = 300 and 130 K on the left y
axis and the IP M(H) loops measured at the same temperatures on
the right y axis, in Figs. 3(c) and 3(d), respectively. It is evident
from these data that the p-GdIG film has OOP magnetic easy axis

at room temperature but switches to an IP magnetic easy axis at
T = 130 K, supporting the observations of prominent PMA at room
temperature and strong IP magnetic easy axis below the spin-
reorientation transition. The magnitude of the background-
corrected anomalous Hall resistance

jRAHE
xy j …

RAHE
xy þ�0Hsatð Þ � RAHE

xy ��0Hsatð Þ
2

decreases with lowering temperature from 300 K and becomes
negligibly small when the magnetic compensation is approached,
as shown in Fig. 3(e). The RAHE

xy signal changes its polarity and its
absolute value enhances with further decreasing the temperature
below the magnetic compensation at TComp but shows a promi-
nent decrease below the spin reorientation at TS. In other words,
the sign of the SH-AHE signal is negative above TComp and posi-
tive below the TComp, like what was observed in compensated
single-crystalline REIGs GdIG/Pt,42 Tb3Fe5O12/Pt,

10,43 etc. Note
that the interfacial exchange coupling between the REIG and Pt is
the governing factor for the spin-angular momentum transfer
between the REIG and Pt layers and hence for the RAHE

xy signal.43

Previous studies indicate that the interfacial exchange coupling
between the REIG and Pt layers is ferromagnetic for the
YIG/Pt,44,45 Tb3Fe5O12/Pt,

43 and Tm3Fe5O12/Pt
43 systems which

is primarily governed by the exchange interaction between the
Fe3+ sublattice and Pt. In the case of GdIG/Pt bilayers, the mag-
netic moment of Gd3+ ion originates from the 4f-orbital which is
more localized than the 3d-orbitals of the Fe3+ ions.42 Hence, the
spin-angular momentum transfer between the GdIG and Pt bilayers
is predominantly governed by the interfacial exchange interaction
between the d-site Fe3+ sublattice magnetization and Pt layer at room
temperature rather than the exchange interaction between the c-site
Gd3+ sublattice magnetization and Pt.42 Note that the orientations of
all the sublattice magnetizations are reversed below the TComp in the
GdIG/Pt bilayer. Furthermore, the Gd3+ sublattice magnetization
increases radically at low temperatures and overcomes the d-site Fe3+

sublattice magnetization.27 Therefore, the interfacial exchange cou-
pling between the GdIG and Pt bilayers has significant contribution
from the exchange interaction between the Gd3+ sublattice magneti-
zation and the Pt layer in addition to the predominant exchange
interaction d-site Fe3+ sublattice magnetization and the Pt layer
below the TComp. While the interfacial exchange interaction between
the d-site Fe3+ sublattice and the Pt layer remains ferromagnetic at
low temperatures,43 an antiferromagnetic exchange interaction is
expected between the Gd3+ sublattice and the Pt layer below the
TComp.

46 Since the c-site Gd3+ and d-site Fe3+ sublattice magnetiza-
tions are antiferromagnetically aligned at all temperatures,24,27 both
the aforementioned interfacial exchange interactions tend to align
the electron spins in the Pt layer along the same direction below the
TComp. Hence, the direction of polarization of the electron spins in
Pt is reversed accordingly which eventually leads to opposite polarity
of the SH-AHE signal below the TComp (see Fig. 4). It is also note-
worthy that the coercivity of the RAHE

xy (H) loop increases as the
TComp is approached and decreases with further lowering tempera-
ture below the TComp, which is consistent with what was observed in
the single-crystalline GdIG films with PMA.42,47
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Next, we demonstrate the thermo-spin transport in the
p-GdIG film. Figure 5(a) represents the schematic-illustration of
our LSSE measurement configuration. Simultaneous application of
a OOP (z-direction) temperature gradient (�T

�!
) and an IP

(x-direction) DC magnetic field across the film gives rise to diffu-
sion of thermally generated magnons and establishes a spatial-
gradient of magnon-accumulation in the GdIG layer along the

direction of �T
�!

(z-direction).48 The accumulated magnons near

the GdIG/Pt interface injects a spin current, JS
! / �SLSSE�T

�!
to the

adjacent Pt layer along the z-direction, where SLSSE is the LSSE
coefficient.48,49 The injected spin current is converted into a charge

current, JC
! … 2e

�h

� �
�Pt
SH(JS

! � �S
�!) in the Pt layer along the

y-direction via the inverse spin Hall effect (ISHE), where e, �h, �Pt
SH,

and �S
�! are the electronic-charge, the reduced Planck’s constant,

the spin Hall angle of Pt, and the spin-polarization vector, respec-
tively. The corresponding LSSE voltage is expressed as48,50,51

VLSSE … RyLyDPt
2e
�h

� �
�Pt
SHj JSj tanh

tPt
2DPt

� �
, (1)

where Ry , Ly , DPt, and tPt represent the resistance between the
contact-leads, the distance between the contact-leads (≈3 mm), the

FIG. 3. RAHE
xy (H) hysteresis loops for the p-GdIG film in the temperature ranges: (a) 190 K � T � 295 K and (b) 130K � T � 190K. RAHE

xy (H) hysteresis loops at
temperatures: (c) T = 300 and (d) 130 K on the left y axis and the IP M(H) loops measured at the same temperatures on the right y axis, respectively. (e) Temperature
dependence of the background-corrected anomalous Hall resistance, jRAHE

xy j, for the p-GdIG film.
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spin-diffusion length of Pt, and the Pt layer thickness (5 nm),
respectively.

Figure 5(c) display the H-dependence of the ISHE voltage,
VISHE(H) for the p-GdIG film for different temperature differences

between the hot (Thot) and cold (Tcold) plates, �T … (Thot � Tcold),
at a fixed average sample-temperature T … ThotþTcold

2 … 295 K. For
all �T , VISHE(H) mimics the corresponding M(H) loops.27

Evidently, VISHE(H) for the p-GdIG film increases with increasing
�T . Figure 5(d) demonstrates the �T-dependence of the
background-corrected LSSE voltage

VLSSE(�T) …
VISHE(þ�0Hsat, �T) � VISHE(��0Hsat, �T)

2

� �

for the p-GdIG film, where �0Hsat is the saturation field. Notably,
VLSSE increases linearly with �T .27 Figure 6(a) displays the
VISHE(H) hysteresis loops for the p-GdIG film in the temperature
range of 190 K � T � 295 K for �T = + 15 K. Clearly, the VISHE(H)
loop for the p-GdIG film changes its sign below the TComp.
Furthermore, the VISHE(H) signal decreases approaching TComp but
enhances again below TComp. The sign-reversal of VISHE(H) in the
GdIG film in the vicinity of TComp is caused by the reversal of the
sublattice magnetizations.24,25,27,52 To understand the nature of
thermo-spin transport around TS … 180 K, we display the
VISHE(H) hysteresis loops for the p-GdIG film in the temperature

FIG. 4. Schematic illustrations demonstrating the orientations of the sublattice
magnetizations of the GdIG film and the direction of spin polarizations of the
electron spins in the Pt layer above and below the magnetic compensation at
TComp.

FIG. 5. (a) The schematic-illustration of our LSSE measurement configuration, (b) schematic representation of the heat flow across the substrate/GdIG/Pt heterostructure,
and (c) VISHE(H) loops for the p-GdIG film for different values of �T at 295 K. (d) Linear fit to the �T -dependence of the background-corrected LSSE voltage, VLSSE(�T )
for the p-GdIG film.
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range: 130 K � T � 190 K for �T = + 15 K in Fig. 6(b). The
VISHE(H) signal strength decreases gradually with decreasing tem-
perature, especially below TS.

To obtain a clearer picture of the influences of PMA and the
spin-reorientation transition on the LSSE signal, we have plotted
the VISHE(H) hysteresis loops at temperatures T = 295 and 130 K
on the left y axis and the corresponding RAHE

xy (H) hysteresis loops
on the right y axis, in Figs. 6(c) and 6(d), respectively. Note that
the VISHE(H) hysteresis loops were obtained while sweeping an IP
magnetic field whereas RAHE

xy (H) hysteresis loops were recorded
while scanning an OOP magnetic field. Therefore, these observa-
tions clearly suggest that the VISHE(H) hysteresis loops follow the

corresponding IP M(H) hysteresis loops. In other words, the
VISHE(H) hysteresis loops are strongly influenced by the PMA at
room temperature and spin-reorientation transition at low temper-
atures. In Fig. 6(e), we display the temperature dependence of
VLSSE(T , �0Hsat) for the p-GdIG film. Clearly, VLSSE is positive for
T � TComp but becomes negative for T , TComp. Furthermore,
VLSSE(T) increases below TComp and shows a minimum around TS

which is followed by gradual decrease at low temperatures.
For an effective estimation of the temperature dependence of

the LSSE coefficient (SLSSE) of our p-GdIG film, the contributions
of the thermal resistances of the substrate (Si/SiO2) and the
N-grease layers as well as the interfacial thermal resistances need to

FIG. 6. VISHE(H) hysteresis loops for the p-GdIG film in the temperature ranges: (a) 190 K � T � 295 K and (b) 130 K � T � 190 K for �T = + 15 K. VISHE(H) hysteresis
loops at temperatures (c) T = 295 and (d) 130 K on the left y axis and corresponding RAHE

xy (H) loops measured at the same temperatures on the right y axis, respectively.
(e) Temperature dependence of the background-corrected LSSE voltage, VLSSE for the p-GdIG film.
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be considered.53 According to Jimenez-Cavero et al.,54 the total
temperature difference (�T) across the substrate/GdIG/Pt hetero-
structure can be expressed as a linear combination of temperature
drops in the Pt layer, at the Pt/GdIG interface, in the GdIG layer, at
the GdIG/substrate interface, across the Si/SiO2 substrate as well as
in the N-grease layers (thickness≈ 1 �m) on both sides of the
substrate/GdIG/Pt heterostructure, and hence can be expressed as54

�T … �TPt þ �T Pt
GdIG

þ �TGdIG þ �T GdIG
Substrate

þ �TSubstrate þ 2�TN�Grease,

as shown in Fig. 5(b). Since the thermal resistance of Pt is very small
compared to the other contributions and the bulk contributions
toward the measured ISHE voltage dominate over the interfacial con-
tributions when the thickness of the magnetic layer (p-GdIG) is high
enough,54 the total temperature difference can be approximately
written as, �T … �TGdIG þ �TSubstrate þ 2 � �TN�Grease. In the steady
state, the effective temperature difference across the GdIG film can be
written as55

�Teff … �TGdIG …
�T

1 þ
	GdIG

tGdIG

2tN�Grease

	N�Grease
þ

tSubstrate
	Substrate

� �� � : (2)

Here, tN�Grease, tGdIG, and tGdIG are the thicknesses of the
N-grease layers, the substrate, and the GdIG layer, respectively,
and 	N�Grease, 	GdIG, and 	Substrate are the thermal conductivities
of the grease layers, the GdIG layer, and the substrate, respectively.
Using the reported values of 	GdIG, 	Substrate( 	Si), and 	N�Grease

from the literature,56–59 we determined �Teff for our p-GdIG film at
different temperatures. Here, we have ignored the interfacial thermal
resistances between the N-grease and the hot/cold plates as well as
between the sample and N-grease layers.36 It is important to note
that because of the polycrystalline nature, the thermal conductivity

of our p-GdIG film (	Poly
GdIG) is lower than that of a single-crystalline

GdIG film (	Single
GdIG ). As shown by Miura et al.,60 the thermal conduc-

tivity of single-crystalline YIG is higher than that of the polycrys-
talline YIG over a broad temperature range. However, this
difference in thermal conductivity is large at low temperatures
(below 100 K), but comparatively smaller at higher temperatures.
Therefore, for our measured temperature range, we have assumed

that 	Poly
GdIG � 	Single

GdIG … 	GdIG. Figure 7(a) shows the temperature
variation of �Teff … �TGdIG for our p-GdIG film estimated using
Eq. (2). Using the temperature dependence of �Teff , we have esti-
mated the temperature dependence of the LSSE coefficient,

SLSSE …
VLSSE � Lz
�Teff � Ly

� �
,

for our p-GdIG film (Lz is the thickness of our p-GdIG film = 130 nm),
as demonstrated in Fig. 7(b). Clearly, the trend of SLSSE(T) is quite
similar to that of VLSSE(T) for our p-GdIG film.

IV. DISCUSSION

Now let us discuss about the origin of the decrease in VLSSE at
low temperatures in our p-GdIG film. It is known that VLSSE for

single-crystalline GdIG is reported to undergo a second sign-
inversion at about 80 K which originates from two competing
magnon modes: a Gd3+-moment dominated uniform-precession
mode in the GHz regime (�-mode) and a Fe3+-moment dominated
gapped, optical mode (
-mode).24,25,27,52 At low temperatures, the
contribution of the �-mode overcomes that of the 
-mode giving
rise to a sign-inversion of VLSSE below 80 K. Therefore, the gradual
decrease of jVLSSEj and hence, jSLSSEj in our p-GdIG/Pt film at low
temperatures is associated with the competition between � and

-modes. For the 
-mode, the magnon energy gap (�h�M) at k … 0
increases at low temperatures due to the enhanced Gd3+-sublattice
magnetization.24 Furthermore, Kme and hence, Keff increases drasti-
cally at low temperatures.12,61,62 Since �h�M / 2Keff ,

32,63 and jVLSSEj
of GdIG is dominated by the 
-mode within our measured temper-
ature range,24 the appearance of the minimum in VLSSE(T) and the
gradual decrease in jVLSSEj below �180 K is associated with the
magnetic anisotropy that governs �h�M of the 
-mode. Previous
studies on LSSE in single-crystalline GdIG/Pt bilayers also indicated
a sharp-increase followed by a rapid decrease in jVLSSEj below their
respective TComp.

24,25,27,52 However, in those studies, GdIG films
were grown on GGG substrates and hence, they showed an IP easy
axis throughout the measured temperature range without any spin
reorientation. For our case, the p-GdIG film shows PMA at high
temperatures and spin-reorientation transition followed by IP

FIG. 7. (a) Temperature variation of �Teff … �TGdIG for our p-GdIG film
estimated using Eq. (2). (b) Temperature dependence of the LSSE
coefficient, SLSSE … (VLSSE :Lz /�Teff :Ly ), for our p-GdIG film.
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easy axis below TS. Note that the magnon propagation length,
�h i / 1						

Keff
p .32,63 The GdIG films do not have any preferred magnetic

easy axis at TS, and hence, Keff becomes very small, which leads to
large �h i and hence, jVLSSEj and hence, jSLSSEj shows a maximum.
Therefore, the occurrences of the minimum in both VLSSE(T) and
SLSSE(T) in our p-GdIG film are associated with the change in Keff

around TS caused by the spin reorientation which influences �h�M

of the 
-modes.
Next, we compare the VLSSE signal for our p-GdIG film with

the single-crystalline GdIG film. Figures 8(a) and 8(b) compare the
VISHE(H) hysteresis loops for the p-GdIG and s-GdIG films at 295
and 190 K, respectively for �T … þ15 K, which clearly indicate
that the LSSE signal in the s-GdIG film is higher than that in the
p-GdIG film. The VISHE(H) hysteresis loops for the s-GdIG film at
different temperatures for fixed �T … þ15 K and VLSSE(T) are
shown in Fig. S3 in the supplementary material. It is evident that
jVLSSEj is higher in the s-GdIG film than in the p-GdIG film at all
temperatures. To quantify the difference in jVLSSEj between a
single-crystalline and a polycrystalline GdIG film of comparable
thicknesses, we recall an atomistic spin model that connects VLSSE

with the magnetic layer thickness (t) and �h i through a phenome-

nological expression,23,31,32 VLSSE(t) / 1 � e� t
�h i

h i
. Considering,

�h i � 45 + 8 nm for single-crystalline GdIG films at 295 K,64 and
VLSSE � 1350 + 150 nV for GSGG/GdIG(31 nm)/Pt(5 nm) at
295 K, we estimate the approximated value of VLSSE of a 130 nm
single-crystalline GdIG film as �2545 + 150 nV, which is nearly
2.5-times larger than that of the 130 nm p-GdIG film at 295 K
(VLSSE � 980 + 106 nV). Furthermore, the p-GdIG film shows
larger coercive-field and magnetic anisotropy field compared to the
s-GdIG film possibly because of the higher strain-state and

domain-wall pinning at the grain boundaries in p-GdIG.14,17

Higher magnetic anisotropy in p-GdIG enhances �h�M ,
32,63 which

leads to only high-frequency thermal magnon propagation with
shorter �h i.

In this context, we would like to highlight that although the
low-frequency sub-thermal magnons are primarily responsible for
the long-range thermo-spin transport and therefore provide the
major contribution toward the LSSE signal in thick films (with thick-
ness of several micrometers) and bulk magnetic materials,65–67 the
contribution of the high energy thermal magnons toward the LSSE
signal is significant in magnetic thin films.68 The magnitude of the
LSSE voltage decreases monotonically with reducing the thickness of
the magnetic layer. Such thickness dependence of the LSSE signal
indicates that the population of the thermally excited magnons
which contribute toward the LSSE signal is limited by the boundary
conditions. If the thickness of the magnetic layer is much higher
than �h i, the low-frequency sub-thermal magnons primarily con-
tribute toward the long-range thermo-spin transport and hence the
LSSE signal. However, if the thickness of the magnetic thin film is
smaller than �h i, the long-range low-frequency sub-thermal magnons
cannot recognize the local temperature gradient and then, mostly the
high-frequency thermal magnons contribute toward the LSSE signal.68

It is important to note that for PLD-grown YIG thin films,
�h i � 100 nm, whereas for YIG slabs and thick YIG films, �h i varies
between 1 and 5 �m.31 Considering these facts, �h i � 45 nm for the
PLD-grown single-crystalline GdIG thin films is not unreasonable.
Therefore, the high-frequency thermal magnons also play an impor-
tant role in LSSE in magnetic thin films in addition to the low energy
sub-thermal magnons with longer thermalization length. However, �h i
for our p-GdIG film is definitely shorter than that of the single-
crystalline GdIG films due to comparatively higher magnetic anisot-
ropy of the p-GdIG film. Furthermore, it is known that VLSSE is highly
susceptible to the surface morphology60,69 of the magnetic film as well
as interfacial magnetic properties.70,71 Therefore, the grain-boundary
scattering in the p-GdIG film contributes significantly toward magnon
scattering which causes spin-wave damping in p-GdIG and eventually
influences spin-angular momentum transfer from the GdIG film to
the Pt layer and thereby reduces the LSSE signal.69,70,72 This explains
lower value of VLSSE in the p-GdIG film compared to the s-GdIG film.

To have a qualitative understanding of the origin of the lower
LSSE signal in the p-GdIG film than in the s-GdIG film, we have
estimated the magnon frequency dispersion for both p-GdIG and
s-GdIG films at room temperature. Since jVLSSEj of GdIG is domi-
nated by the 
-mode within our measured temperature range,24 we
have considered a single magnon mode (
-mode) with parabolic
band at room temperature. According to the classical Heisenberg
model for spin waves in a magnetic material, the magnon fre-
quency dispersion at low energies can be written as63,66,68,73

�h�k … geff�BH þ DSW � k2a20 þ Eani(Keff ). Here, the first term is
related to the Zeeman energy gap due to the application of external
magnetic field (geff is the effective Landé g-factor and �B is
the Bohr magneton), the second term represents the spin-wave
stiffness (DSW is the spin-wave stiffness constant and a0 is the
lattice constant), and the third term is associated with the
contribution of effective magnetic anisotropy energy, Eani(Keff ).
Here, we have made an approximation that the value of DSW

for GdIG is approximately equal to that of YIG, i.e.,

FIG. 8. Comparison of the VISHE(H) hysteresis loops for the p-GdIG film and
the s-GdIG film for �T = +15 K at (a) T = 295 K and (b) T = 190 K. Comparison
the magnon frequency dispersion for the p-GdIG and s-GdIG films at room tem-
perature for �0H … 1 T for (c) theoretically and (d) experimentally estimated
value of Keff .
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DSWa20 … 4:2 � 10�29 erg � cm2 at room temperature.68 Using
the expression, Keff … Kshape þ Kmc þ Kme, we determined
Eani(Keff ) for both p-GdIG and s-GdIG films. Considering
MS≈ 20 kA/m at room temperature, �111 =−3.1 × 10−6,62

aGSGG … 12:57 Å and aGdIG … 12:48 Å, Y … 2 � 1010 N/m2 and

 … 0:2,11,12 and Kmc … 0:058 kJ/m3,74 we obtain a theoretical value
of Keff = +1.5 kJ/m

3 for the s-GdIG film. However, the IP and OOP
M(H) hysteresis measurements presented in Fig. S2 in the
supplementary material reveal Keff≈ +0.65 kJ/m3 for our s-GdIG
film. On the other hand, the theoretically estimated values of Keff

for the p-GdIG film are +9.6 kJ/m3. However, the IP and OOP
M(H) hysteresis measurements presented in Fig. 2(a) indicates an
experimental value of Keff≈ +3 kJ/m3 for our p-GdIG film. As
shown in Figs. 8(c) and 8(d), we have compared the magnon fre-
quency dispersion for the p-GdIG and s-GdIG films at room tem-
perature for �0H … 1 T for theoretically and experimentally
estimated values of Keff , respectively. It is evident that for both the-
oretical and experimental cases, the opening of the magnon energy
gap for the p-GdIG film is higher than that for the s-GdIG film as
Kp-GdIG
eff . Ks-GdIG

eff . The higher value of magnon energy gap in the
p-GdIG film compared to the s-GdIG film thus indicates the higher
possibility of freezing out of the low energy sub-thermal magnons
in the p-GdIG film, which is responsible for the lower value of the
LSSE voltage in the p-GdIG film compared to the s-GdIG film.

Furthermore, we would like to highlight that for more accurate
estimation of the temperature dependence of SLSSE, further mea-

surement of the temperature dependence of 	Poly
GdIG is required.

Ideally, polycrystallinity increases phonon scattering at the
grain boundaries which leads to reduced thermal conductivity
in polycrystalline GdIG film compared to the single-crystalline

GdIG film. In other words, since 	Poly
GdIG , 	Single

GdIG , higher value of
�Teff … �TGdIG is expected for the p-GdIG film compared to a
single-crystalline GdIG film with similar thickness, which leads to
reduction of SLSSE in the p-GdIG film compared to its single-
crystalline counterpart as SLSSE / 1/�Teff . Since SLSSE scales with
the thermal conductivity,60 the LSSE performance of the p-GdIG

films can be improved by increasing 	Poly
GdIG. Enhancement of 	Poly

GdIG
can be achieved by increasing the average grain size75 of the
p-GdIG films, which might be achieved by thermal annealing or,
by interface engineering trough tuning of the growth and annealing
protocol.

V. CONCLUSION

To summarize, we have observed PMA at room temperature in
a 130 nm-thick polycrystalline GdIG film with TComp � 240 K
grown on a Si/SiO2 substrate. The magnetic easy axis reorients from
the OOP to the IP direction below 180 K, similar to a 31 nm-thick
single-crystalline GdIG film grown epitaxially on GSGG substrate
that also showed PMA at room temperature. The LSSE voltage not
only demonstrated a sign-inversion at TComp, but also showed notice-
able changes around TS … 180 K. The temperature-dependent
SH-AHE results complement the noticeable changes observed in the
LSSE signal of the polycrystalline GdIG film around TComp and TS.
However, jVLSSEj in the p-GdIG film is lower than for the s-GdIG
film due to the grain-boundary-enhanced magnetic anisotropy and

increased magnon scattering in the polycrystalline film. Our study
will pave the way for further exploration of REIG-based highly
efficient spincaloritronic devices grown on non-garnet substrates
as well as provide a step toward the development of low-cost
CMOS-compatible REIG-based systems with unconventional PMA
for magnonic memory and information processing applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details
related to the structural and morphological characterizations,
detailed magnetometry data, and the results of the LSSE measure-
ments performed on the s-GdIG film.
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