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Thin Pt films on magnetic garnet exhibit ferromagnetic-like transport properties, which may affect the functionality
of Pt in spin current detection, although direct observation of this effect has not been made. Here, we report the observation
of a magnetic proximity-induced magnetoresistance (MP-MR) in Pt/Tm3Fes0;, (TmIG) heterostructures. This electrical
signal is directly correlated with the itinerant ferromagnetism induced by the magnetic proximity effect (MPE) at the
Pt/TmlIG interface. The existence of MP-MR has been unambiguously verified through the insertion of a Cu interlayer and
supported by quantitative analysis, which also enables clear differentiation from the spin Hall magnetoresistance (SMR)
signal. The weak ferromagnetism observed in Pt follows the typical behavior of itinerant ferromagnetism, as predicted
by the Stoner criterion. By utilizing TmIG films with enhanced perpendicular magnetic anisotropy (PMA), we achieve
amplification of the MP-MR effect. Our results demonstrate that the magnitude of MP-MR increases with decreasing
temperature. Moreover, the strength of MP-MR can be substantially enhanced through improved PMA in TmIG. These
findings underscore the potential of MPE-based magnetotransport phenomena for advancing spintronic device applications.

Keywords: magnetic proximity effect, magnetic garnet, itinerant ferromagnetism, perpendicular magnetic

anisotropy
PACS: 75.47.—m
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1. Introduction

Magnetic phenomena arising at the nonmag-
netic/ferromagnetic (NM/FM) heterostructures have attracted
significant research interest over the past decades.!'"%! A va-
riety of novel physical effects have been observed in these
systems, such as the spin Seebeck effect (SSE),[?! the uni-
directional spin Hall magnetoresistance (USMR),! and the
spin-orbit torque (SOT).[®! The physical interpretations of
these phenomena are mostly based on a combination of the
spin Hall effect (SHE) and interface-related mechanisms.
Specifically, at the NM/FM heterointerfaces, the nonlocal
exchange coupling can extend from the FM layer into the
NM layer and induce an additional magnetic moment in the
interfacial region of the NM layer, leading to the so-called
magnetic-proximity effect (MPE).!”-8] The MPE can give rise
to novel transport phenomena in non-magnetic materials. For
instance, the quantum anomalous Hall effect (QAHE) has
been observed in graphene and topological insulators grown
on magnetic garnet films.°~14]

Bilayer heterostructures consisting of garnet-structured
ferrite and nonmagnetic metal Pt provide an excellent plat-
form for investigating the MPE. Pt is close to the Stoner cri-
terion and has been shown to exhibit ferromagnetic ordering

when grown on a magnetic substrate.'>! Garnet-structured
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ferrite is a typical ferrimagnetic insulator with a high Curie
temperature exceeding 500 K, and its highly insulating na-
ture enables a deterministic characterization of potential mag-
netotransport properties in the Pt layer. A growing body of
experimental evidence suggests that MPE may indeed ex-
suggested that MPE
may play a role in triggering a hybrid magnetoresistance
at the Pt/Y3FesO1, (YIG) interface.l''8 The SSE signal
could comprise contributions from both the intrinsic SSE
and the anomalous Nernst effect (ANE) if MPE is present
at the Pt/YIG interface.!'”2%) Moreover, x-ray magnetic cir-

ist in such systems. Huang et al.

cular dichroism (XMCD) is widely regarded as an effec-
tive technique for studying MPE, yet recent XMCD mea-
surements have yielded controversial results regarding the
presence of MPE in the Pt/YIG system.[?!:??] Recent stud-
ies have revealed a range of intriguing physical phenomena
in Pt/TmsFes01> (TmIG) heterostructures, including SOT-

[6,23]

induced magnetization switching, current-induced chiral

domain wall motion,?*?>! interfacial Dzyaloshinskii-Moriya
interaction (DMI),[**-2° and topological Hall effects.?’-%°]
These effects may arise from a competitive mechanism be-
tween SHE and MPE in Pt/TmIG, where the interplay be-
tween these two effects governs the sign and amplitude of
the AHE.[3%-32] Despite the abundance of physical phenomena

stimulated by MPE, its direct observation remains challenging.
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For example, MPE has not been independently observed in
studies of both SSE!'?2%1 and AHE.3%-32] Therefore, develop-
ing a reliable experimental approach for the direct observation
of MPE in NM/FM heterostructures is crucial for advancing
the exploration of spintronic phenomena and devices.

In this work, we observed an intriguing magnetoresis-
tance (MR) that is directly correlated to the MPE in Pt/TmIG
heterostructures, named the MP-induced MR (MP-MR). At
the Pt/TmIG interface, the MPE-induced itinerant ferromag-
netism in the Pt interfacial layer can cause additional spin-
dependent scattering of electrons, thus resulting in the MP-
MR. Since the MP-MR is insensitive to the spin current in-
jected into Pt, it can be easily distinguished from the spin Hall
magnetoresistance (SMR) by introducing a Cu interlayer with
variable thickness. By utilizing TmIG films with stronger per-
pendicular magnetic anisotropy (PMA), we achieved an en-
hancement of MP-MR by 40% at 100 K. Our study of MP-MR
has provided crucial evidence for the existence of MPE at the
Pt/garnet interface. Furthermore, based on the control of MP-
MR, it introduces a new approach for regulating MPE, holding
potential for practical spintronic applications.

2. Results and discussion

Structural and magnetic characterization High-quality
epitaxial TmIG films with robust PMA were deposited
on (111)-oriented gadolinium gallium garnet (Gd3;GasOj»,
GGG) substrates by pulsed laser deposition (PLD). The
growth condition optimization for high-quality TmIG films
has been previously reported. 33! We first measured the mag-
netic field-dependent magnetization (M—H) hysteresis loops

of TmIG/GGG(111) films from 300 K to 100 K (Fig. 1(a)).
The M—H curves measured with the out-of-plane magnetic
field (H ) exhibit well-defined hysteresis loops as typical fer-
romagnets or ferrimagnets, ensuring an excellent PMA within
the temperature (7') range we studied. The saturation magne-
tization (M) and coercive field (H,), extracted from the loops,
are plotted in Figs. 1(b) and 1(c) as a function of 7. The M;
initially maintains a nearly constant value of ~ 100 emu/cm?
above 200 K and decreases to 78 emu/cm’ upon cooling down
to 100 K. The decrease of M is also accompanied by a gradual
increase of H, from 0.92 Oe (at 200 K) to 60 Oe (at 100 K). In
fact, TmIG consists of three magnetic sublattices: an octahe-
dral Fe sublattice (a sites), a tetrahedral Fe sublattice (d sites),
and a dodecahedral Tm sublattice (c sites), which is shown
in the illustration of Fig. 1(b). The two Fe sublattices can
be treated as a single effective Fe magnetic sublattice due to
their strong antiferromagnetic superexchange interaction. 34
The magnetic moment of Tm> ions is more sensitive to T
than that of Fe3* ions. As T decreases, the net magnetic mo-
ment of Tm>* ions increases at a faster rate than that of Fe3*
ions, leading to the reduction of net moment in the TmIG unit
cell. This is a typical phenomenon for a ferrimagnet when T
approaches the compensation point, which is defined as the
T where the magnetic moments of the two magnetic sublat-
tices cancel out.[3>3% The non-zero M; values of these M—H
curves confirm that the TmIG/GGG(111) films do not experi-
ence any compensation point within the 7' range studied.37-38
In brief, our TmIG/GGG(111) film maintains a relatively large
M between 100 K and 300 K with no compensation point and
preserves good PMA, which makes it an excellent platform for
studying MPE.
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Fig. 1. Structural and magnetic characterization of TmzFes01,/Gd3GasO12(111) [TmIG/GGG(111)] thin films. (a) Magnetic field-dependent
magnetization (M—H) hysteresis loops measured from 300 K to 100 K. All the M—H loops are measured with H applied along the film normal
(Hp). (b) and (c) T versus magnetic parameters extracted from the M—H loops, including (b) saturated magnetization (Ms) and (c) coercive
field (H,). A schematic illustration of the three magnetic sublattices of TmIG is provided in the inset of (b). (d) X-ray diffraction (XRD) 260-w

linear scans of TmIG (18 nm)/GGG(111) films.
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Consistent with the robust ferrimagnetism and PMA, the
TmlG films also exhibit high epitaxial quality. As shown in
Fig. 1(d), the x-ray diffraction (XRD) 20—® linear scan of
an 18 nm-thick TmIG/GGG(111) epitaxial film displays well-
defined TmIG(444) diffraction peaks and sharp Laue fringes,
indicating sharp film/substrate interfaces. The film thickness
determined by Laue fringes is 18 nm. For performing the
subsequent electrical transport measurements, we further de-
posited a 5 nm-thick Pt layer on top of the TmIG thin film
using PLD. The thickness of the Pt layer was determined by
fitting the x-ray reflectivity (XRR) curve (Fig. S1).

The coexistence of SMR and MP-MR in Pt/TmIG het-
erostructures Before exploring the MP-MR, we first consider
the competing effect, the SMR. SMR has been widely used to
detect the spin transport parameters at the interface between a
magnetic insulator (MI) and a transition heavy metal (HM). 3]
In the HM/MI bilayer, a charge current (5) injected into the
HM layer generates a transverse spin current (js) towards the
HM/MI interface, thus simulating the SHE. The j can be ex-
pressed by the following equation:

Js = 6su(j x 0),

where Osy represents the spin Hall angle (SHA) of the HM,
and o represents the spin polarization. An accumulation of
spins can occur at the interface, generating a diffusion spin
current that flows opposite to the SHE-induced spin current,
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which can be converted into an additional j via the inverse
SHE to reduce the resistance. When o is parallel to M of
the MI, spin accumulation is not suppressed, resulting in the
lowest resistance. Conversely, when o is perpendicular to M
of the MI, spin accumulation is reduced due to spin-transfer
torque, leading to the highest resistance. The corresponding
resistance change in the HM is referred to as the SMR, which
is considered an interface effect, depending only on the rela-
tive orientation of the & and the M at the contact.**! To extract
the SMR signal, we rotate the H vector along three axes: 1) x
axis: the direction of the 3 vector; 2) y axis: in-plane axis per-
pendicular to the j vector (the direction of the & vector due
to SHE); 3) z axis: along the film normal. And we define the
angle between the H vector and the x, y, and z axes as «, f3,
and v, respectively. We set ugpH = 1 T to fully align M along
the H vector and then measured the resistance (R). The SMR
value is calculated by Rsmr = [R(et, B; or ) —R(a, B; or
Y =90°)]/R(cx, B; or y=90°). Figure 2(a) shows «, B, and
Y-dependent Rsyr of the Pt(5 nm)/TmIG(18 nm) sample. As
H rotates along the x and z axes, both the Rgpyr—0¢ and Rgyvr—
B curves exhibit a typical sinusoidal line shape. And the max-
imum value of Rsyr for both cases can reach 0.015%, which
is comparable to the reported values observed at the Pt/YIG
interface.[*’! By contrast, as H rotates along the y axis, the
H 1 o relationship prevails, leading to Rsyr = O for all the y

values.
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Fig. 2. The coexistence of the spin Hall magnetoresistance (SMR) and magnetic proximity effect-induced magnetoresistance (MP-MR) in
Pt/TmIG. (a) SMR measurement of the Pt/TmIG. Rsmr = [R(@, B, or ¥) —R(a, B, or Y =90°)]/R (a, B, or Y =90°). And H strength is set to
be 1 T, which is high enough to fully align M with H. (b) H-dependent longitudinal resistance (R,y) of the Pt/TmIG sample at 300 K to 100 K.
ARy, is defined as ARy = Ry (H) — Ry(H = H) for the Pt(5 nm)/TmIG(18 nm) sample. H was applied parallel to the y-axis. (c) H-dependent
transverse Hall resistance (Ryy) of Pt/TmlIG measured at various 7. H was applied parallel to the z-axis.
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After conducting the standard SMR characterizations, we
measured the H-dependent longitudinal resistance (R,,) and
transverse Hall resistance (R,y) from the Pt/TmIG samples.
Figure 2(b) presents the resistance change (AR,,) as a function
of H applied along the y-axis for the Pt/TmIG sample at 300 K
to 100 K. ARy, is defined as AR, = R (H) — R,.(H = H;) for
the Pt(5 nm)/TmIG(18 nm) sample. For 7 > 200 K, AR, de-
creases with increasing H and remains nearly constant above
Hj, which is consistent with SMR theory.[*") At T > 200 K,
AR, decreases gradually as H increases at H < Hg and reaches
the zero value at H > H, which is consistent with a typical
SMR behavior. At T < 200 K, in addition to the SMR peak at
H < Hg, ARy, decreases continuously as H exceeds H, signi-
fying an additional MR contribution. Unlike the typical SMR,
this negative MR is not sensitively correlated with the direc-
tion of M in TmIG.[*!#2] Figure 2(c) shows the Ry,—H hys-
teresis loops of Pt/TmIG heterostructures measured at various
T. Upon cooling, the saturation value of Ry, decreases first
(T > 120 K) and then increases (T < 120 K), accompanied
by a sign change of R,, from negative to positive. The unusual
evolutions of ARy, and R,y at T < 150 K suggest that they may
share similar origins.

In Pt/TmlIG heterostructures, Ry, primarily arises from the
SHE and MPE. The former mainly results from the accumu-
lation of jy at the Pt/TmIG interface, while the latter origi-
nates from the ferromagnetism of Pt induced by MPE.[31:3%]
At T > 150 K, the SHE-induced negative AHE dominates
the R,y, but its magnitude gradually decreases upon cooling.
Meanwhile, the MPE-induced positive AHE progressively in-
creases as T decreases, due to the strengthening of exchange
coupling between the Fe3* 3d orbitals and the Pt 5d orbitals.
Therefore, at low T < 150 K, the MPE-induced positive AHE
dominates the R,,. On this basis, this Ry, sign change can
be well explained by the competition between SHE and MPE
at the Pt/TmIG heterointerface.*!3] Since the emergence of
a negative MR signal is always accompanied by the sign re-
versal of Ry, we suggest that the negative MR effect likely
originates from the MPE.

The origin of MP-MR in Pt/TmIG heterostructures
To clarify the physical origin of the observed unusual MR,
we inserted thin Cu layers with variable thickness (7c,) at
the Pt/TmIG interface and measured the AR,,—H curves
(Figs. 3(a) and 3(b)). Since Cu is an effective spin conductor
with a long spin diffusion length (~ 350 nm), a few nanome-
ters thick Cu layer should not significantly suppress the spin
current. 30! Additionally, the electronic structure of Cu is far
from the Stoner instability, meaning the nonlocal exchange in-
teraction cannot extend over such a thickness and stimulate
the MPE.*%! Figure 3(a) presents the AR, —H curve measured
from a Pt/Cu/TmIG/GGG(111) sample with H applied parallel
to the y-axis. The insertion of a Cu spacer above TmIG leads

to a slight suppression of the SMR magnitude (Fig. S2). More
importantly, the negative MR behavior observed in Pt/TmIG
is significantly suppressed. In the Pt/Cu(l nm)/TmlIG film,
we find that the negative MR behavior only becomes apparent
when the T drops below 120 K. For samples with a 7¢, greater
than 1 nm, AR, exhibits typical SMR behavior as a function
of H within the T range we studied (Figs. 3(a) and S2). Based
on these findings, we have strong evidence to conclude that the
new MR effect we observed originates from the MPE, which
we define as MP-MR.

Cu (1 nm) Cu (2 nm)
(a) T T FrTm T (b) Pt (5 nm)
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Fig. 3. Transport measurements for the Pt/Cu/TmIG sample. (a) H-dependent
transport measurements for the Pt/Cu(1-2 nm)/TmIG sample at 300 K to
100 K. (b) Schematics of the Pt(5 nm)/Cu(fc, nm)/TmIG heterostructure.
(c) Cu thickness (tcy) dependence of ARypg for Pt(5 nm)/Cu(tc, nm)/TmIG
heterostructure at 150 K to 100 K. ARyvpg = —AR(H = 5 T). (d) Ry for
Pt/TmIG and Pt/Cu(tc,)/TmIG as a function of 7.

To quantitatively study MP-MR, we define AR\pg =
—AR«(loH = 5 T) and plot the tcy-dependent ARypg in
Fig. 3(c) (see Figs. S2 and S3 for details). At 120 K and
100 K, as fc, increases, ARypg is dramatically suppressed at
tcu = 1 nm, and it reaches O for 7c, > 2 nm. At 150 K, the
tcy-induced suppression of ARypg becomes even stronger. A
1 nm-thick Cu layer is enough to fully suppress MP-MR. The
Cu spacer-modulated MPE can be further verified by Ry,—T
curves summarized in Fig. 3(d). A different 7 dependence of
Raug is observed in Pt/TmIG and Pt/Cu/TmlG. The decrease
in Ragg for Pt/TmIG is faster than that for Pt/Cu/TmIG, and
the competition between the MPE and SHE leads to a sign
change near 120 K. For the samples of Pt/Cu(1-5 nm)/TmlIG,
the Cu layers isolate the Pt/TmIG layers, suppressing the
MPE. As a result, the Ragg of Pt/Cu/TmIG continues to de-
crease as T decreases, exhibiting similar behavior to the de-
pendence of My (Fig. 1(b)), and no sign change occurs. Fur-
thermore, the introduction of the Pt/Cu interface and the cur-
rent shunting effect caused by the Cu layers lead to a reduction

077512-4
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in the overall Rapg value.[323943] The above analysis further
confirms that the measured AR, in Pt/TmIG includes contri-
butions from both SMR and MP-MR.
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Fig. 4. The origin of MP-MR in Pt/TmIG heterostructures. (a) and

(b) Schematics for the mechanisms of the origin of SMR and MP-MR in
Pt/TmIG. (c) The experimental data of AR, in Pt/TmIG as a function of the
H at 150 K and the fitting curve with the quadratic functions. The fitting
results align well with the experimental data, and by subtracting the MP-MR
signal obtained from the fitting, we can isolate the pure SMR signal. (d) The
MP-MR curve of Pt/TmlG at different T. (¢) The SMR curve of Pt/TmIG at
different 7 after subtracting the MP-MR signal, all of which conform to the
typical SMR characteristics. (f) ARGy and ARy pr for Pt/TmIG as a function
of T. ARpg = —ARw(H = 5 T) and AR%yz = ARw(H = 0).

To precisely determine the magnitude of MP-MR in
Pt/TmIG, we attempt to discuss and clarify the physical origins
of both SMR and MP-MR. SMR is a nonequilibrium proxim-
ity effect, which makes the electrical transport of the metal
film strongly coupled to the magnetic properties of the adja-
cent insulating ferrimagnet (Fig. 4(a)).3°! When applying a j
along the Pt layer within the xy plane, the SHE generates a
y-axis-polarized js flowing in the z direction, thereby creating
spin accumulations at the Pt/TmIG and vacuum/Pt interfaces.
When M of the TmIG is aligned with the y axis (M || y), the in-
terface j vanishes (as it does at the vacuum interface), leading
to a low Rspmr. When M of the TmlG is aligned with the z axis
(M || z), the accumulated spins are partially absorbed at the
interface and dissipated as a spin-transfer torque to M, modu-
lating the j; distribution in Pt, resulting in high resistance for
Rsymr. ! In our study, ARsMr = Ree(M || 2) —Ree(M || y). In
Pt/TmIG, the interface exchange coupling between the elec-
tron spins in Pt and Fe plays a significant role in the MPE
within Pt (Fig. 4(b)). TmlG has strong PMA, and its orbital

hybridization with Pt is sufficient to induce a stronger ex-
change coupling compared to Pt/YIG. As a result, Pt may sat-
isfy the Stoner criterion, acquiring itinerant ferromagnetism,
as previously demonstrated in both theoretical and experimen-
tal studies.*%! In an itinerant ferromagnet, the magnetism
does not arise from localized atomic magnetic moments but
from the spin polarization of itinerant electrons themselves. In
a relatively large H range, the spin polarization (P) of itin-
erant electrons increases linearly with H. As P increases,
the probability of electron spin-flip scattering significantly de-
creases. Consequently, R continuously decreases with increas-
ing H (negative MR), without exhibiting saturation at high
fields.[*446] The R—H relationship can be well-fitted by a
power law (R o< H?), which is a typical feature of itinerant
ferromagnetism.[*’=*"1 By subtracting the MP-MR quadratic
MR contribution (Figs. 4(c), S4, and Table S1), we can isolate
the pure SMR signal. Figures 4(d) and 4(e) show the MP-
MR curve of Pt/TmIG and the SMR contribution to its AR,
at different 7', respectively. Based on these data, we obtain
ARYpp = —AR(H =5T) and ARG = AR (H =0), as pre-
sented in Fig. 4(f). As T decreases, both ARsmr and ARypg
increase. So far, we have successfully isolated the SMR and
MP-MR signals in Pt/TmIG and determined their respective T
dependencies.

PMA enhancement of MP-MR Based on the origin
of the MP-MR discussed above, our analysis suggests that
optimizing PMA to enhance the MPE may serve as a po-
tential approach for improving MP-MR. To enhance the
PMA of TmIG films, we grew Pt/TmIG films on (111)-
oriented Gdj ¢Cag4Gas 1 Mgp 2571965012 [SGGG(111)] and
Gd3ScyGaz0gp [GSGG(111)] substrates.
have larger lattice constants than TmIG and GGG, thus im-

These substrates

posing larger tensile strain on the TmIG(111) films.PY As
shown in Fig. S5, all of the curves display well-defined (444)
diffraction peaks and sharp Laue fringes, indicating sharp
film/substrate interfaces. Both the in-plane and out-of-plane
M-H hysteresis loops (Figs. 5(a)-5(c)) further confirm the
enhanced PMA in these tensile-strained TmIG films. Fig-
ures 5(d)-5(f) present the AR,—H at 150 K for the Pt/TmIG
sample grown on different substrates. Since SMR for hard
axes shows a continuous evolution with H until M is satu-
rated at the effective anisotropy field Hs, the H,—T curves of
Pt/TmIG on different substrates are extracted in Fig. 5(g).l>!]
We found that the enhancement of Hg can be achieved by
changing the substrate at a constant 7', while Hs for TmIG
on the same substrate increases as T decreases (Figs. S6 and
S7). Therefore, we suggest that the increment of MP-MR upon
cooling is partially due to the enhancement of PMA.

To better understand the relationship between PMA and
MP-MR, values of ARypp were calculated for these TmIG
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films and plotted as functions of K| and K|, = Hy-M;/2 (see
Figs. 5(h) and S7). MP-MR not only increases as T decreases,
as reported in previous studies, but can also be significantly
enhanced by increasing PMA. For Pt/TmIG on the GGG sub-
strate, ARy pg increased from 0.36 mQ to 89.9 mQ as T de-
creased. For Pt/TmlG on the GSGG substrate, ARYpp in-
creased from 5.1 mQ to 125.6 mQ as T decreased, demon-
strating the effectiveness of stronger PMA in enhancing MPE.
Our observations provide direct evidence of the correlation be-

tween PMA and MPE, which has been previously suggested
in the literature.°~'#! Notably, as shown in Fig. 5(h), even for
Pt/TmIG with comparable PMA, the MP-MR at low T is sub-
stantially larger than that at elevated 7. This indicates that the
enhancement of MP-MR cannot be fully explained by the in-
crease in PMA alone. Instead, the strengthening of exchange
coupling at low T is expected to play an important role, lead-

ing to a larger ferromagnetism in Pt.
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Fig. 5. PMA enhancement of MP-MR. (a)—(c) M—H hysteresis loops measured at 300 K from the TmIG/GGG(111), TmIG/SGGG(111),
and TmIG/GSGG(111) films measured with both H, and H, . (d)—(f) The experimental data of AR,, for Pt/TmIG on different substrates as
a function of the H at 150 K and the fitting curve with the quadratic functions. (g) The H,—T curves of Pt/TmIG on different substrates.
(h) ARypg values for Pt/TmIG on different substrates as functions of K|, where K| = H - M /2.

3. Conclusions

We successfully identified an intriguing MR phenomenon
induced by the MPE in the Pt/TmlIG interface, which we re-
fer to as MP-MR. It is an electrical signal directly correlated
with the itinerant ferromagnetism induced by the MPE at the
Pt/TmIG interface. The existence of this signal has been un-

ambiguously confirmed by introducing a Cu interlayer and

quantitative data analysis, which also allows it to be clearly
distinguished from the SMR signal. By employing TmIG films
with enhanced PMA, we have confirmed that optimizing PMA
to enhance MPE represents a viable strategy for improving
the MP-MR. Our findings provide a new strategy for modu-
lating material properties through MPE, demonstrating signif-
icant potential for advancing their applications in spintronic
devices.
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Appendix A: Experimental details

Film growth: We prepared the Tm3Fe501, (TmIG) poly-
crystalline targets by first sintering a mixture of stoichiometric
amounts of Fe;O3 and Tm»O3 at 1300 °C for 24 h and then
grinding and pressing them into pellets. Using this polycrys-
talline target, the TmIG films were grown on (111)-oriented
Gd;Gas012 [GGG(11D)], GdyeCapsGag 1Mgo 2571065012
[SGGG(111)], and Gd3Sc,Gaz0O;, [GSGG(111)] substrates
by pulsed laser deposition (PLD). In the PLD chamber, the
substrate—target distance is approximately 5.5 cm. To ensure
good thermal contact, the substrates were attached to the sam-
ple holder with conductive silver paste. During the film de-
position, we kept the substrate temperature, laser spot size,
laser fluence, and laser repetition rate at 750 °C, 1 x 3 mm?,
2.0 J/cm?, and 5 Hz, respectively. After deposition, we in situ
annealed the as-grown film at the same conditions for 10 min
and then cooled the film down to room temperature with a
cooling rate of 50 °C/min. Then, we deposited a Pt layer on
top of TmIG using PLD in situ at room temperature. Dur-
ing the film deposition, we kept high vacuum conditions and a
10 Hz laser repetition rate.

Structural characterization (XRD): The epitaxial qual-
ity of the TmIG films was analyzed using a high-resolution x-
ray diffractometer (PANalytical Empyrean x-ray diffractome-
ter, Cu Kol radiation) with both the 26—® linear scan. The
thicknesses of the TmIG films were determined by fitting the
Laue fringes.

Magnetic and electrical characterizations: The mag-
netic field-dependent magnetization (M—H) curves were mea-
sured using a vibrating sample magnetometer (VSM-SQUID,
Quantum Design). During the M—H measurements, we placed
the films in different geometries so that the H applied field
was aligned along the film normal or in-plane. The longitudi-
nal and transverse resistances were measured using a physical
properties measurement system (PPMS, Quantum Design).
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