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ABSTRACT

The intrinsic magnetization compensation behaviors of rare-earth iron garnets (REIGs) make the material promising for applications in
ultrafast spin storage devices. REIG/heavy metal heterostructures such as TbIG/Pt often display two sign crossovers of anomalous Hall effect
resistance with varying temperatures. One of these crossovers is attributed to the magnetization compensation of REIG, and the other to the
competition between the magnetic proximity effect and the spin Hall effect. Here, we design trilayer REIG heterostructures based on two
rare-earth species (Tb and Eu). We modulate the layer stacking of the TbIG/EulG/TbIG sandwich with a fixed total thickness and explore the
contributions of REIG bulk and REIG/Pt interfaces on these two crossover points. As TbIG gradually moves away from Pt, the compensation
temperature shows some fluctuations. However, when TbIG is entirely out of contact with Pt, the second crossover point undergoes a change
that shows REIG/Pt interface dependency. The results highlight the dominance of REIG bulk on the compensation behavior and the interface
sensitivity of the second crossover point. This study provides a reference for designing controllable spintronics devices, such as magnon valve
applications.

© 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/10.1063/5.0215071
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. INTRODUCTION

Rare-earth iron garnets (REIGs) with magnetization compen-
sation have been widely studied recently. Magnetization compensa-
tion in REIG refers to the condition at which the net magnetization
temporarily vanishes due to the different temperature dependences
between antiparallel-aligned moments of RE and Fe ions.' * Exam-
ples of compensated REIG include Tb3FesO1, (TbIG),® DysFe;01,
(DyIG),T‘“ and GdsFes01, (GdIG).”" Researchers have extensively
investigated the compensation behavior, especially in REIG/Pt sys-
tems, through methods such as the spin Seebeck effect (SSE),“‘u
anomalous Hall effect (AHE),"”'* and spin Hall effect (SHE),'”'°
showing the tremendous potential application of ferrimagnets in
fields such as ultrafast magnetization switching.

Compensation behavior in REIG thin films exhibits tunability
under varying deposition conditions or substrates. Li et al. deposited
single layer TbIG on different substrates, causing changes in the
strain of the films and realizing compensation temperature (T comp)
adjustment from 196 K (GGG substrates) to 160 K (GSGG sub-
strates).!” Similarly, adjusting Tcomp through strain modulation was
achieved by changing the thickness of the REIG films.® T¢omp can also
be varied by adjusting the atomic ratio of RE ions in REIG.'*"” These
efforts demonstrate the diverse strategies available for regulating
magnetization compensation behavior, providing an experimental
and theoretical basis for designing more complex systems.

Recently, REIG heterojunctions were studied in combina-
tion with heavy metals (HM). In some of such systems, the
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temperature-dependent anomalous Hall effect resistance (Rapr)
exhibits two sign-flipping events. The first flipping originates from
the competition for antiparallel alignment between the RE and Fe
moments, which corresponds to the Tcomp of the material. The other
sign flipping event (sometimes referred to as the T point) differs
from Tcomp in that it has a strong correlation with the REIG/HM
interface. This crossover is typically attributed to the competition
between the spin Hall effect and the magnetic proximity effect
(MPE)"*”" and has been observed in systems such as GdIG/Pt and
TbIG/Pt.**' For example, TbIG/Pt shows the first sign reversal at
Teomp (about 220 K), which is accompanied by a divergence of
coercivity and an abrupt change in the Rapp sign. The second
sign crossover point is observed below Tcomp, and the sign change
takes place more gradually.”

The quality of the REIG/Pt interface plays a vital role in spin
Hall magnetotransport. For example, the dusting of Cu at the
TmIG/Pt interface was used to examine the relative contributions
of the spin Hall effect and magnetic proximity effect.”” Meanwhile,
the impact on T¢omp through a fixed REIG/HM interface but with
modulated composition in the REIG film bulk is seldom reported.
In addition, the influence of different REIG/HM interfaces (or addi-
tional interfaces generated by stacking multiple REIG layers) on the
sign reversal behavior may not be easily assessable. The roles of the
modulated REIG bulk as well as the REIG/Pt interface on the spin
magnetotransport in the REIG/Pt system are worth exploring.

In this work, we modulate the REIG bulk by inserting a dif-
ferent iron garnet of fixed thickness at different locations along the
film growth direction. To achieve this goal, two different garnets
(1-REIG and 2-REIG) with similar lattice constants that demon-
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strate perpendicular magnetic anisotropy (PMA) are desired, as they
facilitate epitaxial film growth and allow magnetotransport mea-
surement in the PMA state. In addition, by choosing the REIG
combinations such that only one of them exhibits magnetization
compensation, the occurrence of multiple Tcomp can be avoided.

When designing the REIG sandwich, a 2-REIG layer of fixed
thickness is gradually moved from the bottom of the stack (i.e.,
in direct contact with the substrate) to the top surface. The depo-
sition sequence, therefore, changes from substrate/2-REIG/1-REIG
through the sandwich structure of substrate/1-REIG/2-REIG/1-
REIG and finally becomes substrate/1-REIG/2-REIG; the total thick-
ness of 1-REIG in all samples is kept constant. This system allows the
exploration of the impact of 2-REIG as it progressively approaches
the top surface, which eventually will be in direct contact with Pt.
Unlike single-layer or bilayer REIG systems with varying thick-
nesses, the overall magnetization of such a sandwich structure is kept
constant, given identical 2-REIG and aggregated 1-REIG thicknesses
in the samples. This eliminates the possible complications due to the
variation in total magnetization of the REIG heterostructure.

Here, we choose TbIG (1-REIG) and EulG (2-REIG) on the
GGG (111) substrate as our system of investigation. The similar
lattice constants of TbIG (12.436 A)** and EulG (12.500 A)>° per-
mit epitaxial growth on GGG (12.376 A)*° with PMA behavior in
(111) orientation.”® Furthermore, EulG does not possess compensa-
tion behavior,”’ facilitating the observation of T comp of THIG through
Rane-H measurements across a Pt Hall bar deposited on top of the
REIG stack. Temperature dependent R4ayr measurements will probe
the impact of the location of the EulG layer in the TbIG/EulG/TbIG
stack and the presence of additional EulG/TbIG interfaces.

(a) Sample A Sample B Sample C Sample D
Pt Pt Pt Pt
THIG 20 DIG10 | | EuIG10
TbIG 30 ’ EulG 10
| EUIG10 —— ThiG 30
EulG 10 TbIG 10
GGG GGG GGG GGG
(b) —— Sample D C) Sample C ——Film
——Sample C » GGG (444) Substrate
——Sample B
—— Sample A )
¢ Film

Intensity (a. u.)

Ay,
oW W

Intensity (a. u.)
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@ (deg.)

FIG. 1. (a) Schematic illustration of sandwich structure device (samples A to D). Numbers refer to the thickness of different REIG layers in nm. (b) XRD 26 scan profiles of
the samples. (c) XRD ¢ scan of sample C, showing six-fold symmetry and epitaxial relations between the multilayer and GGG substrate.

APL Mater. 12, 081114 (2024); doi: 10.1063/5.0215071
© Author(s) 2024

12, 081114-2

0€:6¥:90 $20Z 1Snbny 1.z


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

Il. EXPERIMENTAL DETAILS

As shown in Fig. 1(a), four different stacks of GGG (111)/TbIG
(x nm)/EulG (10 nm)/TbIG (30-x nm) films are deposited using
pulsed laser deposition (PLD), which are then covered with a Pt
layer with Hall-bar geometry. Among the set of samples, the EulG
(10 nm) is gradually moved away from the substrate (sample A) and
eventually comes into direct contact with Pt (sample D). A sand-
wich structure will be formed, among which samples A-C have the
same TbIG/Pt interface while sample D has a EulG/Pt interface. The
total TbIG and EulG thicknesses are kept at 40 nm in all samples.
The deposition parameters and Hall device fabrication procedures
shown in previous work are used in this paper.””

The crystallinity of the samples was examined by high-
resolution x-ray diffractometry (XRD). Spherical aberration-
corrected transmission electron microscopy (TEM) was used to
observe the distribution of elements and microstructure along the
[112] direction with an operating voltage of 300 kV and a collec-
tion angle of 25 mrad. TEM samples were prepared by focused ion
beam microscopy (FIB). The thickness of the films was confirmed
by high-resolution transmission electron microscopy (HR-TEM).
Temperature-dependent hysteresis loops were measured by vibrat-
ing sample magnetometry (VSM) at room temperature. A phys-

(@)

(b) g
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ical property measurement system (PPMS) was used to measure
the temperature-dependent Rapyp under an out-of-plane external
field.

lll. RESULTS AND DISCUSSIONS

Due to the slight difference in lattice constants among GGG
(12.376 A), TbIG (12.436 A), and EulG (12.500 A),”** the REIG
layers are under in-plane compressive strain during their growth, as
reflected through the shift of the film peaks in the XRD 20 scans. As
shown in Fig. 1(b), the 26 peaks of films shift from 48.86° to 49.96°
as the topmost TbIG completely exchanges with EulG in the deposi-
tion sequence (samples A and D). Sample C does not seem to follow
the continuous shift. The complexity of the additional TbIG/EulG
interfaces during the trilayer film deposition process could result in
additional defects and complex stress.

The lattice mismatch # between the film material and substrate
can be calculated as 7 = |%|,28 where Agy, is the lattice con-
stant of substrates and Brgig represents that of REIG bulk value. The
calculated mismatch is #7616 = 0-48% and #g66/pug = 0-99%,
indicating the possible difference in stress states when exchang-
ing the positions of two REIGs. An out-of-plane lattice spacing

FIG. 2. (a) HAADF image of sample C, showing various interfaces (red dashed lines as guides to the eye). (b) Magnified GGG/TbIG interface extracted from the blue square
of the HAADF image. A mixed Ga, Gd, and Tb element distribution (as revealed by EDS mapping) was extracted from the red region at the GGG/TbIG interface. The EDS
mapping analysis of the TbIG/EulG interface and the EulG/TblG interface, as extracted from the yellow and green regions in (a), is shown in (c) and (d), respectively.
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dass = 1.828 is extracted for sample A, which is slightly larger than
that of sample D (ds4s = 1.823 A). Tt is likely that the TbIG layer
plays a stress buffering role.”” In addition, both REIGs show in-plane
compressive strain, allowing the PMA behavior to be maintained in
both REIGs on the GGG (111) substrate. The Laue oscillations of
the sandwich film peaks also confirm the high crystallinity of the
samples. The six-fold symmetry as shown by the ¢ scan of GGG
and TbIG/EulG/TbIG (642) peaks [Fig. 1(c)] indicates the epitaxial
growth of the films.

To further analyze the epitaxy and interfacial element distribu-
tion, Fig. 2 shows the cross-sectional high-angle annular dark-field
(HAADF) images of sample C along the [112] direction, accom-
panied by the energy-dispersive x-ray spectroscopy (EDS) images
of GGG/TDIG, TbIG/EulG, and EulG/TbIG interfaces. In Fig. 2(a),
from the substrate to the topmost TbIG film, the interfaces among
REIG layers and with the GGG substrate can be identified by the
red dashed lines in Fig. 2(a) and EDS mappings in Figs. 2(b)-2(d).
The measured thickness of each REIG layer agrees well with the esti-
mated deposition rate of our initial calibration sample. In addition,
XRR was used to estimate the overall thickness of films in the series
of samples for reference (Fig. S1 and Table S1 of the supplementary
material). The results indicate that the thickness of all samples met
expectations.

Elemental distribution analysis was conducted in regions from
the three interfaces of sample C [blue, yellow, and green boxes in
Fig. 2(a)]. For the substrate/TbIG interface [Fig. 2(b)], the minute
lattice mismatch allows high-quality epitaxy and crystalline growth
of the TbIG layer. It is noted that Gd (blue) and Tb (yellow) diffuse
into each other’s lattice positions, and the thickness of the tran-
sient layer is estimated at 1-2 nm. Such interdiffusion is common in
REIG growth.'””*" Considering the thickness of the transient layer
is much smaller than the total thickness of the thin film, the influence
of the transient layer on Tmp variations should be consistent in all
samples. The uniform arrangement of the atomic structure indicates
no obvious dislocations and vacancies, and the garnet structure is
unchanged. Similarly, both TbIG/EulG and EulG/TbIG interfaces
in Figs. 2(b) and 2(c) exhibit Tb/Eu interdiffusion and regular REIG
atomic-scale structure, indicating good crystallinity of the layers.
The results are consistent with the XRD 26 and ¢ scan analyses in
Fig. 1.

Unlike previous studies, which relied on modulating the
TbIG layer thickness to regulate Tcomp and interfacial spin mag-
netotransport,® in this work the aggregated thicknesses of EulG
(10 nm) and TbIG (30 nm) layers are fixed, with the separa-
tion between EulG and Pt gradually varied from 30 nm to direct
contact (i.e, EulG moving from the bottom to the top of the
stack). The design of such a sandwich TbIG/EulG/TbIG structure
helps to observe the impact of internal variation in REIG bulk
on the spin magnetotransport. There are two factors worth not-
ing, namely, the change of the REIG/Pt interface from TbIG/Pt to
EulG/Pt and the additional TbIG/EulG interfaces in the sandwich
structure.

Temperature-dependent anomalous Hall hysteresis loops were
measured through processed Hall bar devices. Rane-H loops of all
samples can be found in the supplementary material [Figs. S2-S5].
The coercivity (H.) as measured at zero Hall resistance and anoma-
lous Hall resistance at zero fields (RS }) were extracted from the
temperature-dependent Rapr—H curves [Figs. 3(a) and 3(b)]. Diver-

pubs.aip.org/aip/apm

gent H. can be observed in all samples in Fig. 3(a), indicating the
existence of Tmmp_z,sz,%s Because the antiparallel-aligned Tb>* and
Fe** moments in TbIG have different temperature dependences, the
overall magnetization temporarily cancels out as temperature goes
down, as reflected through the H, divergence at Tcomp.

Meanwhile, R} that is related to spin transport at the REIG/Pt
interface undergoes sign flipping near Tcomp. As shown in Figs. 3(a)
and 3(b), the RgHE reversal and divergent H. behavior occur essen-
tially at the same temperatures. Considering the antiparallel cou-
pling between Tb>* and Fe’*, Ramg sign orientation is predomi-
nantly determined by Fe moment direction.’” As the temperature
goes down and passes through Tcomp, the reoriented Fe** moment

(a) 16 —o— Sample A

©o— Sample B
—&— Sample C
12+ —v— Sample D

50 100 150 200 250 300

T (K)
(b) 3 —o— Sample A

o— Sample B
—4— Sample C
2 4 —v— Sample D

-1 T T T T T T
50 100 150 200 250 300

T (K)

(C) 2 —o— Sample A

o— Sample B
—&— Sample C
—v— Sample D

e T
s

130 140 150 160 170 180 190
T (K)

FIG. 3. Temperature-dependent H (a) and R%HE (b) in GGG/TbIG/EuIG/TbIG sam-

ples. H and R%HE are extracted from the Rane—H loops. (c) RgHE—T curve in the
region around the two crossover points.
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results in the abrupt RSy sign reversal. Both RS and H. reflect the
change of Tcomp for these samples.

It is noticed that the RS;;-T curves go through two
sign reversals, which can be observed in Fig. 3(c). The first sign of
reversal at higher temperatures takes place around T omp. Notice that
as TbIG gradually moves away from Pt, Tcomp shows a fluctuation
from 172 K (blue curve) to 165 K (black curve). In any case, the
Tcomp as measured from our TbIG/EulG/TbIG sandwich samples is
far from the bulk value of TbIG (248 K).*> There are some possi-
ble reasons. For one, Tcomp of TbIG in the thin film state has strong
strain dependence. The epitaxial growth of REIG on the substrates
results in strained growth, thereby altering the mutual coupling of
internal atoms in REIGs."”

Meanwhile, the robust coupling between EulG and TbIG is
also a possible reason for the sharp decrease in Tcomp. In TbIG,
its overall magnetization is determined by Fe** above Tcomp. With
decreasing temperatures, the Tb®* moment gradually dominates
over Fe in the TbIG layer. In EulG, although Eu’* and Fe’*
show antiparallel alignment, Eu®" does not contribute to the over-
all magnetization because of its zero angular momentum J at the
ground state.”””" There is no magnetization compensation behav-
ior in EulG, and magnetic moment orientation is entirely decided
by Fe’*. However, in the sandwich structure, the Fe’* ions in
EulG and TbIG are strongly ferromagnetically coupled, and the
Tb*>* moment (in the TbIG) needs to compete with more Fe**
moments (due to the presence of EulG). Based on our previous
work, we know that the Tomp of single-layer TbIG (30 nm) is around
220 K,*? but it is dramatically changed in the sandwich structure
(~170 K). A similar situation is observed in the in-plane YIG/GdIG
system.”

It is noted that the Tcomp between the four sandwich structural
samples in this work also shows some fluctuations. With a fixed
thickness of 40 nm among all our samples, we believe that the impact
of stacking order on Tcomp can be ignored, as Teomp is only related
to the competition between RE and Fe moments throughout whole
stack films. In other words, the nature of coupling at the TbIG/EulG
interface bears no relation to the appearance of Tcomp, at least at the
temperature ranges where our T is observed. The RS yp-T plots
in Figs. 3(b) and 3(c) show no obvious trend in the fluctuations of
Tcomp. For example, the bilayer sample D and the sandwich sample
C exhibit the same T'comp, while the Tcomp of sandwich samples B and
C is different. This indicates that the stacking order is not a decisive
factor in the fluctuations of Tcomp.

The ratio of TbIG thickness to the total film thickness
(t1b1G/tTotal) provides us with a more intuitive observation of Teomp
fluctuations (Fig. S6 of the supplementary material). The slightly
different t1p1G/trotal ratio among the four samples, due to the run-
to-run variations of deposited layer thickness, appears to justify the
random fluctuations in T'comp. It should be noted that the RE:Fe ratio
can also influence Tcomp. Indeed, Teomp should increase with exces-
sive RE and decrease due to the increase in Fe.””*° To this end, we
analyzed the EDS data of sample C and extracted the RE:Fe ratio
(Fig. S7 of the supplementary material). The measured RE:Fe ratio
of 0.545 is lower than the expected value of 0.6 in the stoichio-
metric REIG structure. We cannot rule out run-to-run variations of
the RE:Fe ratio that lead to the minute Tcomp fluctuations observed
across samples.

pubs.aip.org/aip/apm

A second sign flipping T; can also be observed in Fig. 3(c),
which occurs below Tcomp with a more gradual R%HE sign crossover.
The T; point has been attributed to the competition between the
MPE and the SHE.”” A magnetic moment is induced in the Pt layer
because of the MPE at the REIG/HM interface. This results in finite
magnetic ordering in the Pt layer, hence the observation of AHE.
Meanwhile, SHE is activated because the spin current transports
across the REIG/HM interface and generates partial AHE, which
competes with the MPE-induced AHE signal. This competition leads
to the occurrence of the second Ry, sign flip.

Interestingly, as shown in Fig. 3(c), when the REIG/HM inter-
face is TbIG/Pt, T remains the same at about 149 K (samples A-C),
but it drops to 137 K as the interface changes to EulG/Pt (sample D).
The cause of T variation is expected to be different from the Teomp
modulation: Tcomp is highly correlated with the moment competi-
tion of different sublattices, while T point is related to the quality
and magnetotransport of the REIG/HM interface. For the REIG/Pt
system, the interface exchange coupling effect is dominated by Fe
sublattices in the entire temperature range examined, since the d
orbital of Fe has stronger delocalization behavior than the f orbital
of RE.”” Although the ground state of Eu’* is J = 0, Eu’* shows
paramagnetic signals because of the second-order Zeeman effect.’
Therefore, the magnetic contribution of Eu®* cannot be ignored
when studying interface sensitivity.

For an intuitive understanding of T variation, a simple inter-
face coupling model is presented in Fig. 4. Fe/Pt exchange coupling
energy Jr.p; dominates the interface coupling throughout the entire
temperature range.”” Meanwhile, Tb*>* and Eu’* still have a small
contribution. The different lattice constants between TbIG and EulG
would result in variations of RE-Pt and Fe-Pt bond lengths (and
hence bond strengths), leading to a difference in MPE between the
TbIG/Pt and EulG/Pt interfaces.’

The difference in the contributions of total exchange coupling
energy by Tb/Pt and Eu/Pt can be reflected by the slope of R} s
throughout the entire temperature range. As shown in Fig. 3(b), the
slopes of Ry of sample A-C with the TbIG/Pt interface appear to

(@)
000000000

LL&C&&&&&&
EulG

o Pt

(6) .

I xr Tb

0LLOLOLLLl
ThIG

FIG. 4. Schematic of exchange coupling in the (a) EulG/Pt and (b) ThIG/Pt inter-
faces. The number of colored balls represents the strength of the exchange
coupling.
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be steeper than that of sample D with the EulG/Pt interface. Due to
the total exchange energy of the interface, Jpggp is in competition
with Jgepe and Jrgp;. Obviously, the difference in Jyg/p, will lead to
variations in the Jgigp;. The steeper slopes of RS imply a more
intense competition between Jryp; and Jgyp,. Thus, the exchange
coupling energy of J 1y, p, is considered stronger than that of Jip. In
addition, both MPE and SHE are strongly related to Jygigpe> but the
AHE induced by MPE and SHE are opposite in sign.' " Since the
competition between MPE-induced and SHE induced-AHE leads to
the occurrence of T}, the variations of T highlight the sensitivity of
Jrei/pe toward the RE species at the interface.

The roughness of the REIG/Pt interface is also a potential influ-
encing factor for T variation. In fact, AFM measurements (Fig. S8 of
the supplementary material) for all samples with TbIG/Pt interfaces
(samples A to C) suggest similar roughness (root-mean-squared
values of 0.305, 0.371, and 0.382 nm, respectively). However, the
roughness of sample D (0.537 nm), which possesses a EulG/Pt inter-
face, is higher than that of samples A-C with a TbIG/Pt interface.
Previous work reported that the spin current transport would be
affected by the interface roughness spin scattering,”” which suggests
its potential contribution to T, variations. Further investigations
would be needed to identify the linkage between REIG/Pt interface
quality and interfacial spin transport.

The impact of additional TbIG/EulG interfaces on the two
crossover points is also considered. The sandwich structure, as com-
pared with bilayers, has an additional interface between EulG and
TbIG. To verify that PMA is retained in the sandwich REIG films,
M-H loops were measured for all samples at room temperature
with an out-of-plane applied field. The square loops (Fig. S9 of the
supplementary material) indicate that all samples maintain PMA,
due to in-plane compressive strain and a positive magnetostriction
coefficient.”**’

The M-H loops in Fig. S9 also exhibit exchange bias behav-
ior, as evidenced by the asymmetry about the zero field. Similar
bias behavior can also be observed in the Ranr—H loops (cf. Figs.
S2 and S3 of the supplementary material). The exchange bias has
been attributed to the antiferromagnetic coupling caused by the
transient layer between the GGG substrate and the garnet films."'
Our previous studies in a similar system of TbIG/YIG also suggest
antiferromagnetic coupling at the interface of two garnets.*” The
exchange bias fields (H.x) extracted from Fig. S9 (71, 87, 80, and
79 Oe for samples A to D) do not show obvious stacking sequence
dependence, which suggests an independence of the number of
TbIG/EulG interfaces. It is, therefore, likely that the bias originates
from the substrate/REIG interface.

Finally, the two crossover points of all samples are extracted for
comparison in Fig. 5(b). All the samples show both Tcomp and T;.
It can be noticed that the Tcomp of four samples maintains ~170 K,
even with the presence of additional TbIG/EulG interfaces in the
sandwich-type samples (samples B and C). The similar lattice con-
stants of TbIG and EulG result in good epitaxy and integrity of the
atomic structure at the TbIG/EulG interface, which is confirmed by
the HAADF image in Fig. 2. This ensures minimal lattice distor-
tion and magnetic moment loss for different sublattices. Combining
the results of M and Tcomp, as they are related to the net mag-
netic moment, we believe that the additional interface does not
affect the magnetization compensation behavior under the same
total thickness.
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FIG. 5. (a) Comparison of saturation magnetization of all samples with the same
thickness. (b) Comparison of Tcomp and T for all samples.

The fluctuations in Ms and Tcomp of the TbIG/EulG/TbIG
samples can be attributed to the slight imbalance in stoichiome-
try caused by the transient layer. The formation of transient lay-
ers is a common phenomenon for the growth of multilayer thin
films,""** but the transient layer in our sandwich system retains a
garnet structure (Fig. 2). The position of RE atoms can be occu-
pied by either Tb or Eu in the transient layer, resulting in the
fluctuations of M and Tcomp. However, the thin transition layer
(about 1-2 nm) can be ignored compared to the total thick-
ness of the sandwich films (40 nm). Meanwhile, we cannot rule
out the thickness variation among layers in the sandwich struc-
ture during the PLD growth, which can result in M and Tcomp
inconsistency.

As shown in Fig. 5(b), except for sample D (GGG/TbIG/
EulG/Pt), the other three samples maintain essentially the same
T1 (~149 K), indicating that the additional TbIG/EulG interface
does not affect the expression of T,. As previously mentioned, the
T: point has strong REIG/Pt interface sensitivity and is unrelated
to the film’s interior. This REIG/Pt interface sensitivity can be con-
cluded by comparing the T1 of sample D (GGG/TbIG/EulG/Pt,
137 K) and sample A (GGG/EulG/TbIG/Pt, 149 K). The interface
exchange coupling energy between TbIG/Pt and EulG/Pt is differ-
ent, and there are also differences in the quality of the REIG/Pt
interface, which contribute to the T; discrepancies. However, the
specific TbIG/EulG interface situation needs to be further dis-
cussed through thickness-dependent magnetization detection (e.g.,

by polarized neutron reflectometry) in the future.*’
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IV. CONCLUSION

In summary, the relative contributions of modulated REIG bulk
and REIG/Pt interfaces on the spin Hall magnetotransport were
studied in the TbIG/EulG/TbIG/Pt system. We varied the layer
stacking sequences of TbIG/EulG/TbIG bulk while fixing the total
thickness of the films. Rapyr-T plots indicate two events of Ranr
sign reversal, one at Tcomp being related to the magnetization com-
pensation behavior of the TbIG/EulG/TbIG, and the other at T,
arising from the competition of MPE and SHE at the REIG/Pt inter-
face. The results indicate that Tcomp changes need to consider the
contribution of the whole REIG stack, and the stacking order hardly
affects the expression of the compensation behavior of TbIG. In
addition, the T point exhibits strong REIG/Pt interface sensitivity.
Different stacking orders can alter the interface quality, including
interface exchange coupling energy and roughness, thereby affecting
spin transport.

SUPPLEMENTARY MATERIAL

The supplementary material contains XRR, AFM, temperature-
dependent Rspp measurements, and M-H loops at room tem-
perature for all samples. It also includes the EDS analysis of
sample C.
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