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ABSTRACT

We report the observation of two temperature-driven polarity reversals of the anomalous Hall effect (AHE) in an ultrathin thulium iron
garnet TmsFe;O12, TmIG and platinum (Pt) heterostructure, grown by scalable on-axis sputtering. Hall-bar devices fabricated from a 6-nm-
thick, epitaxially strained TmIG film grown on (111) gadolinium gallium garnet exhibit polarity reversals of the anomalous Hall resistance
at ~81 and 124 K. A pronounced divergence of the coercive field is observed only at the lower temperature, indicating a compensation-
like transition. True magnetic compensation has not previously been reported in TmIG owing to the weak exchange coupling between the
Tm and Fe sublattices. We attribute the two polarity reversals to distinct physical mechanisms: a crossover in the dominant contribution
to the AHE within the Pt layer, and a strain-induced modification of the magnetic structure of the TmIG layer, detected via the magnetic
proximity effect. These results demonstrate strain as an effective control parameter for engineering proximity-induced magnetotransport in
heavy-metal/rare-earth iron garnet heterostructures.

© 2026 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/10.1063/5.0328123
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. INTRODUCTION

Rare-earth iron garnets (REIGs) are attracting considerable
interest in spintronics due to their insulating ferrimagnetism and
highly tunable magnetic properties through the choice of the rare-
earth element.”” Low magnetic damping, perpendicular magnetic
anisotropy (PMA), and interfacial Dzyaloshinskii-Moriya interac-
tion make REIGs highly attractive candidates for future skyrmionic,’
spintronic,’ and magnonic devices.”” A distinguishing feature of
some of these materials is the possibility of achieving a magneti-
zation compensation temperature (Tcomp), at which the opposing

magnetic sublattices produce zero net magnetization.” At or near
such a compensation point, the system exhibits antiferromagnet-like
dynamics (net magnetic moment ~0), enabling ultrafast dynam-
ics, high-speed domain wall motion,” energy-efficient switching
of magnetization,”” and ultrastrong magnon-magnon coupling.'’
Among REIGs, thulium iron garnet (TmsFesO12, TmIG) stands
out for its negatively large magnetostriction constant (A;1; ~ —5.2
x 107%), resulting in strong strain-induced effects such as PMA
and a compensation-like temperature in thin films."!! TmIG con-
sists of three coupled magnetic sublattices: Fe** ions occupy two
octahedral and three tetrahedral sites, and Tm>* ions reside on
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dodecahedral sites.'> The rare-earth Tm>* sublattice antiferromag-
netically couples with the net Fe-sublattice magnetization.!' The
weak exchange interaction between the Tm moments and the
Fe moments is described by an exchange-enhanced paramagnetic
magnetization: the RE ions are affected by an external field with
superimposed Curie-Weiss law behavior with a strong temperature
dependence.”” ' This results in a strain-sensitive orientation of the
spin and orbital moments.

The magnetization compensation temperature in TmlIG is a
low-dimensional effect that appears only in thin-film structures
with strain present.'” In bulk form, TmIG does not exhibit a mag-
netic compensation point owing to the small magnetic moment
of the Tm sublattice. Classical pendulum magnetometry measure-
ments on ultrapure single crystals did not reveal a clear zero
crossing of the spontaneous magnetization within the experimen-
tally accessible temperature range (T > 1.4 K).”'? Instead, to date,
such effects in TmIG are understood to be phenomena that emerge
only in single-crystalline epitaxial thin films. In these systems,
substrate-induced strain and finite-size effects modify the inter-
sublattice exchange coupling, thereby profoundly altering the mag-
netic anisotropy and the balance of the sublattice magnetizations.
While perpendicular magnetic anisotropy in strained TmlIG thin
films has been well established,'””’ the microscopic origin of a
compensation(-like) temperature in these low-dimensional, strain-
engineered systems remains poorly understood. Recent studies
report compensation-like behavior in REIG thin films. Soares et al."’
observed a compensation-like temperature ~50 K in a 30-nm-thick
tensile-strained TmIG film, while Shao et al.’! systematically inves-
tigated the thickness dependence of TmIG and TbIG films grown
on Nd:GGG substrates and capped with different heavy metals (lat-
tice mismatch ~1.4%), observing transitions at 75 and 45 K. Whether
similar phenomena occur on GGG substrates, which provide a lower
lattice strain but are more commonly used as commercial substrates,
has remained unexplored. Previous TmIG/GGG studies using off-
axis sputtering, pulsed-laser deposition, or liquid-phase epitaxy
growth methods reported only single compensation-like tempera-
tures or no compensation at all, raising questions about the role of
the growth method and resulting film quality.'>”**° The ability to
access compensation phenomena in ferrimagnetic thin films, such
as ultrathin Pt/TmIG heterostructures, has important implications
for spintronic device applications. Near a true magnetization com-
pensation temperature Tcomp, the net magnetic moment vanishes,
while the angular momentum compensation temperature T4, which
does not necessarily coincide with Tcomp, corresponds to a mini-
mum in the net angular momentum of the system. Operation close
to T4 enables faster magnetization dynamics and reduced switching
energy thresholds.”’

Here, we advance the field by demonstrating two distinct
anomalous Hall effect (AHE) resistance ARsug(T) polarity rever-
sals in uniform ultrathin, on-axis sputtered 6-nm TmIG films grown
on (111)-oriented GGG and capped with Pt cross-shaped Hall-
bar devices,”””*" measured in a physical property measurement
system (PPMS). The lower-temperature reversal is accompanied
by a maximum in coercive field, while the transition at higher
temperature exhibits a smooth transition. Our results reveal previ-
ously unobserved magnetic phase behavior in thin Pt/TmIG/GGG,
elucidate the conditions required to observe TmIG magnetic
compensation-like points (such as composition and film thickness),
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and highlight the intricate multisublattice dynamics in ultrathin
garnets.

Il. RESULTS

We perform AHE measurements as a function of temperature
to probe the magnetic response of Pt/TmIG/GGG heterostructures.
We deposited a 6-nm-thick TmIG layer on a (111)-oriented GGG
substrate (supplied by K&R Creation, Osaka, Japan) by industry-
compatible on-axis RF sputtering at room temperature followed by
post-annealing. With a base pressure below 5 x 10™® Pa, deposi-
tions were carried out at a working pressure of 3.0 x 10~ Pa. The
50.8-mm-diameter TmIG target was prepared in-house by sinter-
ing mixed Tm,O3 and Fe,O3 powders (99.9% purity) supplied by
Kojundo Chemical Lab. Co.

To check the uniformity of the sputtered film, we examine the
deposition rate and the structure by X-ray reflectivity (XRR), an X-
ray diffraction (XRD) 26 — w scan, and the rocking curve (XRC)
as shown in Fig. 1. A detailed structural and magnetic character-
ization of this fabrication process and further characterization are
reported elsewhere.””””* To ensure homogeneity, we mount five
square substrates (5 x 5 mm”) on a sample holder at 10-mm inter-
vals, corresponding to radial distances (R) ranging from 0 to 40 mm
from the center of the holder [Fig. 1(a)]. The thin films are deposited
while rotating the sample holder. This setup allows for the systematic
evaluation of the uniformity of the deposition rate, lattice constant,
and full width at half maximum (FWHM) of the XRC relative to the
distance from the center. The results confirm highly uniform film
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FIG. 1. Structural uniformity of TmlG. (a) Schematic image of the substrate holder
and the position of chips of GGG substrate. In total, five samples were fabri-
cated to establish TmIG homogeneity at radial distances from the center point
R=0,10,---,— 40 mm. (b) XRR patterns of TmIG/Si samples at multiple posi-
tions with best-fitting models. (c) XRD patterns of the TmIG/GGG sputtered at
multiple positions. (d) X-ray rocking curves (XRC) of the TmIG (444) peaks of the
samples deposited at multiple positions.
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growth within the 40-mm radius. The deposition rate is determined
to be 0.396 + 0.005 nm/min, calculated from the periodicity of the
XRR patterns shown in Fig. 1(b). In Fig. 1(c), XRD (26-w) scans
reveal consistent peak positions near 51.6°. From this, the d-spacing
of the TmIG(444) planes is determined to be 0.177 18 + 0.000 05
nm, which corresponds to a lattice strain of 0.42% + 0.03%. This
strain is in good agreement with previous reports on similarly grown
films**"** and is relatively low for such a small film thickness.'® The
XRC FWHM is measured at 0.037° and remains consistent within
a range of +0.001° across all samples [Fig. 1(d)]. Furthermore, as
reported in our previous work,’ the composition along the thickness
direction is uniform. These structural characterizations demonstrate
that the 6-nm ultra-thin films used in this study possess a highly
homogeneous structure and composition.

Following TmIG growth, we grow a 3-nm Pt layer ex situ by
magnetron sputtering. We pattern the resulting heterostructure into
Hall cross devices with arm widths and lengths of 8 ym using ion
milling, as shown in Figs. 2(a) and 2(b). We carry out electrical
transport measurements in the PPMS using the built-in current and
voltage sources. At each temperature, we sweep the out-of-plane
magnetic field between positive and negative values exceeding the
saturation magnetization Mj, which yields AHE hysteresis loops for
both sweep directions under a bias current of 500 A, well below the
switching current of similar samples.® Figure 2(c) shows representa-
tive raw and processed Hall resistance data at T = 100 K. Because the
Ptlayer is metallic, in addition to the AHE, the Hall signal contains a
(linear) background arising from the ordinary Hall effect (OHE). To
isolate the anomalous Hall contribution, we remove the OHE signal
by fitting a linear function to the low-field region around zero field
where anomalous Hall contributions are negligible to first order.
We then extract the coercive fields H.+ and H.— from the extrema
of the numerical derivative of the Hall resistance with respect to
field, and we define the mean coercive field |Hc| as the half-width

ARTICLE pubs.aip.org/aip/apm

of the major hysteresis loop. Finally, the AHE resistance, ARAHE
1

= 5(R+HH,H — R_p—+H), is defined as the half-difference between
the two resistance plateaus. We repeat this analysis for the entire
series of temperatures. In this manuscript, the results are representa-
tive of a typical device. In supplementary material A, we show similar
results obtained in another device on the same chip to showcase
this. Furthermore, data are shown for a device fabricated on a 23.7
nm-thick TmIG film that exhibits no compensation-physics-related
behavior.

A key result of this study is the observation of two distinct
polarity reversals in the temperature dependence of ARame. In
Fig. 2(d), we plot the transversal resistance Ry, as a function of
the applied magnetic field u,H for three representative tempera-
tures, highlighting the observed polarity reversals after subtraction
of the linear OHE background. The corresponding temperature-
dependent |Hc| is plotted in Fig. 3(a). The error bars represent the
uncertainty in determining |Hc| due to the finite magnetic field step
size used in the hysteresis measurements and are defined as twice the
field increment step.

Three distinct temperature regimes are identified in the evo-
lution of the coercivity [see fits in Fig. 3(a)]. At room temperature,
the coercive field is small (|Hc| » 5 mT) and increases exponentially
upon cooling. Fitting this regime with the exponential phenomeno-
logical form of Eq. (1) yields a characteristic temperature scale
of Ty = 70.8 +26.5 K. Such behavior is commonly associated with
thermally activated magnetization reversal processes governed by
the interplay bgtyveen domain-wall motion and pinning at material

. . 29,30
imperfections:

|Hc|=A exp(-T/To) + C. (1)

As the temperature approaches the first polarity-reversal tempera-
ture Tpr,1 ~ 124 K, the coercive field increases smoothly to ~58 mT.
At this temperature, the ARang-signal changes polarity for the first
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FIG. 2. (a) Schematic stack of the sample structure. The 3-nm thin-film Pt is sputtered on 6 nm of TmIG, grown using on-axis sputtering on GGG. (b) Microscope image of the
Hall bar used for the measurements, with channels of width 8 um. Light gray is Pt on top of TmlG; dark gray is the underlying GGG layer. (c) Representative anomalous Hall
effect (AHE) measurement at 100 K. Both the raw data (gray) and the processed data after subtraction of the ordinary Hall effect contribution, as described in the text, are
shown. The data are split into down-sweep (from maximum field to minimum field) and up-sweep. (d) AHE measurements at three different temperatures T = 2.0, 100, 250
K, offset from each other. The linear OHE component has been removed. The sweep direction from positive (negative) field to negative (positive) field is indicated as down

(up)-sweep.
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FIG. 3. (a) Mean coercive field |H| as a function of temperature extracted from the anomalous Hall hysteresis loops. Error bars reflect the uncertainty arising from the
finite magnetic field step size. A pronounced divergence of |Hg| is observed in the vicinity of Tpr2, Whereas no such divergence occurs near Tpg 1. The data are fitted in
three temperature intervals (see text) using exponential or asymmetric Lorentzian functions to guide the eye. (b) Half-difference of the anomalous Hall resistance plateaus,
AR, as a function of temperature for a Pt/TmIG/GGG heterostructure. This quantity serves as a broad proxy for the net magnetization sensed by the proximitized Pt
layer; its sign can change through a reversal of the magnetic state or through a change in the dominant Hall-conversion mechanism. Two zero crossings are observed at
Trr2 ~ 81 Kand Ter1 ~ 124 K (vertical dotted lines), where ARane changes polarity, indicating two distinct polarity reversals of the anomalous Hall signal. Inset: ARaue
data for T < Tpr2 plotted with inverted sign, together with a guide-to-the-eye fit using a double Brillouin function [cf. Eq. (B1) in supplementary material B] with fixed J; = g
and J, = 6, corresponding to the total angular momenta of the Fe and Tm sublattices, respectively. Vertical axis: ARayg; horizontal axis: temperature, with the same scale
as plots [(a) and (b)]. [(c) and (d)] Anomalous Hall effect data of a field sweep going down (green) and going up (orange), with corresponding numerical derivative data
(slightly transparent), shifted with respect to each other and scaled for visibility: (c) around Teg 1 and (d) around Tpg 2, showcasing multiple transitions.

time, as indicated by the zero crossing in Fig. 3(b), with no pro-
nounced anomaly (in a +1 K range) observed in |[H¢|. Upon further
cooling, the coercivity increases sharply and reaches a maximum
value of ~3.5 T in the temperature interval between Tpr; and the
second polarity-reversal temperature Tpr> ~ 81 K. This pronounced
enhancement reflects the large magnetic field required to reverse
the magnetization when the net ferrimagnetic moment becomes
small. To quantitatively capture the asymmetric shape of this coer-
civity peak, we fit the data in this temperature interval using a
phenomenological asymmetric Lorentzian function of Eq. (2),

A
)

T-T.
e (50)
where A denotes the peak amplitude, T, the temperature at which
|Hc| is maximal, and wy, and wg describe the widths of the low- and
high-temperature flanks, respectively. The extracted widths differ
significantly (wy =3.0+0.7 K and wf, = 0.84 + 0.08 K), indicat-
ing a much sharper decrease of |Hc| above Tpr; than below. This

asymmetry reflects the distinct thermal evolution of the rare-earth
and iron sublattice magnetizations,'' and it has been demonstrated

|He(T)| = +C, (2)

in several ferrimagnetic systems, although the relative asymmetry
can be inverted depending on the material system and heterostruc-
ture design."*"”*"" We show the full fit results and uncertainties
in supplementary material C. The fit furthermore yields T, = 82.3
+ 0.4 K in excellent agreement with Tpr>. Moreover, as illustrated
in the inset of Fig. 3(b), numerically inverting the ARang data for
T < Tpry renders the transition smooth rather than abrupt. This
behavior is consistent with a reversal of the magnetization of one of
the sublattices.'”*** Given the strong antiferromagnetic exchange
coupling between the Tm and Fe sublattices across the full tempera-
ture range, a reversal of either sublattice’s magnetization naturally
leads to the observed polarity change in ARsng, and the smooth
transition upon sign change. A two-component Brillouin-function
fit [Eq. (B1), as a guide to the eye] further illustrates the smooth char-
acter of the response. Furthermore, we compare the behavior of the
AHE curves around Tpr; and Tpr, respectively, in Figs. 3(c) and
3(d). While there is clear, uniquely defined switching around Tpg 1,
multiple transitions are present at Tpr>. This indicates the presence
of multiple sublattice configurations and thus multiple switching
events, ge@tlher due to lattice reorientation or the presence of a canted
phase.”™
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For temperatures below Tpr (the lowest-temperature range),
the coercive field initially decreases and reaches a nearly constant
baseline value of ~87 mT between 20 and 50 K. Upon further cooling
below ~20 K, the coercive field increases exponentially with decreas-
ing temperature, following Eq. (1), with a characteristic temperature
scale of To = 7.2 + 1.1 K, and reaches a maximum value of ~220 mT
at2 K.

lll. DISCUSSION

The observation of two distinct polarity-reversal temperatures
in a uniform ultra-thin Pt/TmIG/(111)GGG heterostructure has not
been previously reported or explained in the literature, particularly
in heterostructures with relatively small epitaxial strain. Table I sum-
marizes TmIG-based heterostructures, indicating the temperatures
of polarity reversal and the presence or absence of a divergence of
|Hc|. The magnetic properties of TmIG are highly strain-sensitive.
Films grown on Nd:GGG and SGGG substrates have exhibited true
magnetic compensation points, as demonstrated in Refs. 21 and
35. In contrast, no such compensation point has been observed
for TmIG on GGG substrates to date. Although high-temperature
annealing can induce a compensation-like polarity reversal without
a reversal of the Fe sublattice magnetization, a true magnetic com-
pensation temperature remains elusive for this specific material.'!
A divergence in |Hc| is often used as a proxy for identifying a
magnetic compensation point."””"” However, this criterion is not
definitive: Soares et al. and Wang et al.’s data showed that |Hc| can
diverge even when a residual net magnetization remains, indicat-
ing only a compensation-like transition, even when ARang = 0.!h?
Similarly, Ding et al.” reported that in the absence of a divergence
of |Hc|, no true magnetic compensation occurs. The temperature
evolution of |Hc| and ARxue observed in our devices more closely
resembles that reported for W(5 nm)/TbIG(6 nm)/Nd:GGG het-
erostructures’’ than that of Pt(5 nm)/TmIG(20 nm)/GGG studied
by Ding et al”> This highlights that the magnetic properties of
TmIG depend sensitively on film thickness, and the ultra-thin films
investigated experience significantly lower epitaxial strain than those
studied previously.' ">

Two physically distinct mechanisms are responsible for the
polarity reversals. The higher-temperature transition at Tpg,1, in the
absence of a divergence of |Hc|, can be understood in terms of a
crossover in the dominant interfacial contribution to the AHE." "’
In ferrimagnet/heavy-metal heterostructures, the AHE can arise
from multiple mechanisms whose relative strengths are temperature
dependent, including the combination of the spin Hall effect (SHE)
and the inverse spin Hall effect (ISHE), and the magnetic prox-
imity effect (MPE), whose presence in Pt-capped REIGs has been
independently confirmed by polarized neutron reflectometry’! and
by an intermediate Cu layer.”” The former effect allows conversion
from spin current to corresponding charge current, while the MPE
arises from the induction of magnetic moments in Pt atoms through
exchange coupling with the Fe’* (3d) or Tm>" (4f) orbitals at the
interface.

Phenomenologically, this means that the measured Hall ampli-
tude can be written as

ARy(T) = mz(T)[Csu(T) + Cvpe(T)], 3)

ARTICLE pubs.aip.org/aip/apm

where m;(T) describes the out-of-plane magnetic state of the
TmIG layer, while Csy and Cwmpe denote the spin-Hall-related
and magnetic-proximity-induced Hall coefficients of the transport,
respectively. Here, Csy originates from SHE-generated spin accu-
mulation in Pt, spin-current reflection or absorption at the Pt/TmIG
interface, and inverse-SHE conversion into a transverse voltage.
Its magnitude is, therefore, governed by the Pt spin Hall angle,
spin-diffusion length, resistivity, and spin-mixing conductance.”

The magnetic-proximity term Cypg, by contrast, scales with the
induced Pt magnetic moment and the anomalous Hall coefficient
of the proximitized Pt layer. Importantly, while the proximity-
induced Pt moment can scale linearly with the net magnetization
of the adjoining magnetic layer, it does not necessarily do so. Inyang
et al. directly compared the temperature-dependent interfacial mag-
netization of a ferromagnet with the induced Pt moment and
found that the latter vanished while a finite interfacial magnetiza-
tion remained.”’ This behavior indicates that a threshold interfacial
magnetization, or equivalently a threshold exchange field, may be
required to induce a measurable Pt moment. Therefore, Cypg may
exhibit a threshold-like and strongly non-linear temperature depen-
dence, rather than following the net ferrimagnetic magnetization
continuously.

Consequently, in a multisublattice ferrimagnet like TmIG, the
relevant interfacial exchange field does not need to follow the net
magnetization, since the latter can become small through cancel-
lation of individually finite sublattice moments. Our Hall measure-
ments do not directly determine the local Fe moment at the Pt/TmIG
interface, the induced Pt moment, or the magnitude of the effec-
tive interfacial exchange coupling. Thus, these measurements do
not establish by themselves whether the interfacial exchange field
remains above the threshold for inducing a detectable Pt moment.
However, such threshold-like behavior provides a physical basis for
Cwmpe(T) having a substantially different temperature dependence
from Csy(T).”! The spin-Hall-related contribution is governed by
the temperature dependences of the Pt resistivity, spin Hall angle,
spin-diffusion length, and interfacial spin-mixing conductance,”
whereas the MPE-related contribution depends on whether the local
exchange field is sufficient to induce a magnetic moment in Pt.
Because the spin-Hall-related and MPE-related Hall contributions
can have opposite signs, their distinct temperature dependences may
lead to a zero crossing when

CSH(T) + CMPE(T) =0. (4)

In particular, Csy (from both SHE and ISHE) can be modified as
magnetic proximity develops in Pt.*’ Whereas the MPE-induced
AHE becomes more pronounced upon cooling as the interfa-
cial exchange-induced Pt moment increases " (Cmpe typically
increases at low temperatures as thermal fluctuations are suppressed,
enhancing the exchange field perceived by the Pt electrons), Csy
typically decreases in strength at lower temperatures due to the
increased presence of MPE."!

This interpretation is supported further by the results of Ding
et al.,”> who investigated closely related TmIG/Pt heterostructures.
They observed a Hall-sign reversal near 80 K in TmIG/Pt that was
absent after inserting a Cu spacer. Their analysis attributed the
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TABLE I. Reported or extracted (visually estimated) compensation and compensation-like temperatures in TmIG thin films capped with heavy metals (HM) on differing substrates.
Measurement methods include anomalous Hall effect (AHE) and magnetization M (SQUID magnetometry '’ and vibrating sample magnetometry25). Only the present work reports
two polarity reversals within a single uniform PtTmIG film. T Estimated from unstrained lattice constant values.

Temperature of the polarity reversal (K)

Material stack (HM/REIG/sub.)

thickness (nm) With Hc div. W/o Hc div. Strain (%) Measurement method ~ References
Pt (3)/TmIG (6)/GGG 81 121 0.42 AHE This study
-+ -/TmIG/GGG 46 1.31 M 11 and 37
W (5)/TmIG (6)/Nd:GGG 75 45 1.44f AHE 21 and 38
Pt (5)/TmIG (6)/Nd:GGG 82 1.44f AHE

Pt (5)/TmIG (20)/GGG 80 0.48" AHE, M 5

Pt (5)/Cu (2)/TmlG (20)/GGG 0.48" AHE

Pt(10)/BiGa:TmIG (1410)/GGG 135 60 1.31 AHE 36

Pt (6)/TmIG (6)/2-graphene/SGGG 150 15 -2 AHE 35

Pt (6)/TmIG (6)/SGGG 50 -1.25 AHE

reversal to these two oppositely signed contributions: Csy domi-
nates at higher temperature and decreases upon cooling, while Cype
becomes more important at lower temperature.

Importantly, this crossover changes the sign of the Hall readout
but does not require a reversal or vanishing of .. This explains why
the polarity reversal at Tpr,; is not accompanied by a divergence of
Hc. The coercive field remains governed by the magnetic anisotropy,
pinning, and domain-wall reversal of the TmIG layer, which evolve
smoothly through this temperature.

Summarizing, depending on temperature, either the SHE or
MPE contribution dominates the measured interfacially driven Hall
response. This scenario is consistent with our observations and sup-
ported by the vanishing or zero-crossing of ARaHg, with a remaining
net magnetization, observed at Tpg 1. The higher-temperature polar-
ity reversal at Tpg,1 should, therefore, not be interpreted as a reversal
of the net ferrimagnetic moment. Instead, it reflects a change in the
sign of the interfacial Hall readout in Pt.

In contrast, the polarity reversal at Tpg ; likely reflects a change
in the dominant magnetic sublattice that contributes to the total
magnetization of TmlIG, rather than a change in the transport
mechanism within the Pt layer. The Fe and Tm sublattice magne-
tizations exhibit distinct temperature dependences and intersect at
Tpr,2, where their combined contributions to the total magnetization
are minimized, resulting in a negligible or lowest net magnetiza-
tion. Strain and finite-size effects in the present ultra-thin films are
expected to enhance these differences in sublattice magnetization
and thereby sharpen the compensation(-like) behavior. As shown in
the inset of Fig. 3(b), the apparent discontinuity in ARaxg becomes
nearly continuous when the signal is numerically inverted for T <
Tpr;2. This symmetry operation does not alter the physical content
of the data but highlights the continuity of the underlying magneti-
zation evolution. This behavior indicates that at Tpr2, there is a full
magnetization reversal of the entire sublattice over a range of +3 K,

which is our data resolution. Due to the antiferromagnetic exchange
between the Fe and Tm sublattices, a reversal in the magnetization of
one sublattice enforces an opposite change in the other. As the mag-
netization of the Tm sublattice grows with decreasing temperature,
we expect that the resulting Rane signal follows the magnetization of
the Tm-ions for T <« TPR,2-3 £43-45

Near Tpr;2, an intermediate regime can emerge in which mul-
tiple configurations are favored since the total magnetization is,
to first order, the linear sum of the antiferromagnetically coupled
sublattice magnetizationsfl The transition at Tpgr is accompanied
by signatures of multiple transitions, as illustrated in Fig. 3(b). In
the Pt/TmIG heterostructure, there can be regions with slightly
differing compensation(-like) temperatures because of spatial inho-
mogeneities in strain (from film roughness or substrate defects)
or composition (from O-vacancies) that produce local variations
in the sublattice exchange coupling. The effect is a (small) spa-
tial redistribution of the compensation temperature. Thus, while a
region could have compensatory behavior at Tpr, the interaction
with neighboring magnetic regions with a displaced compensation
temperature can lead to a net remaining magnetization.'” How-
ever, in other rare-earth iron garnet systems such as GdIG and
HolIG, studies have shown that these features originate instead from
the interaction between domains associated with different sublat-
tices and their distinct switching dynamics.”"** The multi-switching
behavior then arises from the coexistence of multiple sublattice con-
figurations that stabilize near the compensation-like temperature.
Furthermore, multi-domain signatures and corresponding multiple
switching events can be induced by the fabrication of the Pt/TmIG
heterostructure. Constrictions due to the edge of the Hall cross can
induce the formation of domains.”” In our samples, the TmlIG is
uniform, as shown in Fig. 1, and thus the second multi-domain
explanation is more consistent. These multiple switching events are
absent for the transition at Tpr,1, where there is a unique transition.
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At present, a comprehensive description of the magnetic con-
figuration for temperatures below and around Tpr; remains elusive.
Two competing scenarios may account for the observed behav-
ior: the occurrence of a true magnetic compensation point or the
presence of a compensation-like temperature. At a true magnetic
compensation point, the Fe sublattice magnetization is expected
to reverse and become antiparallel to the applied magnetic field,
whereas at a compensation-like temperature, the Fe magnetization
remains parallel to the field. Given that the present TmIG/GGG het-
erostructure employs the same GGG substrate as used by Soares
et al.,'' a compensation-like scenario—where the Fe magnetiza-
tion remains parallel to the field—appears plausible at first glance.
However, this interpretation fails to account for the observed polar-
ity reversal of the anomalous Hall effect in the Pt layer. Since
the Pt-AHE is widely attributed to magnetic proximity coupling
between Fe 3d and Pt 5d orbitals,” a compensation scenario would
require an additional proximity-induced contribution from the Tm
4f electrons to explain the polarity reversal."® Consequently, for
T < Tpr,2, the signal would follow the Pt-Tm coupling compared
to the Pt-Fe coupling, leading to non-monotonous behavior in the
inset of Fig. 3(b). Conversely, if one assumes that the Pt magnetic
proximity effect is dominated by interaction with Fe 3d electrons,
the observed AHE polarity change implies a reversal of the Fe sublat-
tice magnetization, consistent with the realization of a true magnetic
compensation point in the Pt/TmIG/GGG system. The lattice strain
in our films is approximately a third of that reported in earlier stud-
ies on Nd:GGG substrates’! and the TmlIG thickness investigated
here is nearly five times smaller than that in Ref. 11. The ultrathin
film structure may facilitate the emergence of a true compensation
point, in line with recent observations by Yu et al., who demon-
strated thickness-dependent shifts of the compensation temperature
in TmIG films grown on SGGG substrates.”> We, therefore, suggest
that a similar thickness-driven effect may occur even on GGG sub-
strates with modest strain. While the transition at Tpg» corresponds
to a divergence in |Hc|, it is not certain this is a true compensa-
tion temperature. Due to the similarities in materials, we determine
from the magnetometry results of Soares et al.'' via an order-
of-magnitude estimate what the remaining magnetization of our
Pt/TmIG sample at Tpr is. This is a simplified picture, and while
there is no causal relationship between the AHE and magnetization,
the existence of Tpr indicates a correlation nonetheless. Here, we
use the inverse scaling of the coercive field with magnetization near a
compensation point: H¢ ~ i Furthermore, we assume that ARAHE
relates linearly to the magnetization M.*’ Relating their results to
ours (Msoox = 2 pg/fu., M, ~ 0.5u5/fu.), we obtain a remaining

comp
magnetization at Tpg, of Mr,,,,, ® 6% 107° yg/fu., which is negligi-
bly low and indicates that Tpg is a true compensation temperature.
This estimate relies on the assumption that Hc ~ 1/M scales iden-
tically between our 6 nm strained films and the 30 nm films of
Ref. 11. Deviations from this scaling due to inhomogeneous strain
could alter this estimate by an order of magnitude, yet do not change
the general conclusion.

Based on the pronounced |H¢| divergence (reaching 3.5 T), the
sign inversion of ARang producing smooth behavior after numerical
flipping, the small remnant magnetization when comparing to liter-
ature values, and the multi-domain switching behavior [Figs. 3(c)
and 3(d)], we interpret Tpr, as a temperature where the Fe and

ARTICLE pubs.aip.org/aip/apm

Tm sublattice magnetizations cancel. In other words, Tpr exhibits
all the hallmarks of a magnetization compensation point. However,
because true compensation in TmIG has not been observed before
and confirming the sublattice magnetizations requires element-
specific probes, the exact nature of the transition remains indefinite,
and we conservatively refer to this point as “compensation-like”
to acknowledge the ambiguity in its precise magnetic nature. Ulti-
mately, a definitive distinction requires element-specific measure-
ments of the sublattice magnetizations, for instance, by X-ray
magnetic circular dichroism (XMCD). Until such measurements are
performed, the exact magnetic configuration below Tpr remains
unresolved.

IV. CONCLUSION

In conclusion, we report the temperature-dependent anoma-
lous Hall response of Pt (3 nm)/TmIG (6 nm)/GGG(111) het-
erostructures and demonstrate the presence of two distinct polarity
reversals. The higher-temperature polarity reversal at Tpr ~ 124
K is not accompanied by a divergence of the coercive field |H¢|
or other signatures of vanishing net magnetization. This behavior
suggests that Tpr,1 arises from interfacial transport effects, such as
the temperature-dependent competition between spin Hall magne-
toresistance and the magnetic proximity effect, rather than from a
competition between the magnetization of the ferrimagnetic sublat-
tices. In contrast, the lower—temperature transition at Tpr » 81 Kis
accompanied by a pronounced divergence of the coercive field and
signatures of multi-domain switching. This is consistent with estab-
lished ferrimagnetic compensation physics and highlights the strong
influence of strain and finite-size effects on the balance of sublattice
magnetizations in ultrathin TmIG films. However, because of the
lack of element-specific magnetic measurements, we cannot defini-
tively confirm whether this represents a true compensation temper-
ature or a near-cancellation of sublattice magnetizations. Our results
thus demonstrate that multiple polarity reversals observed in Hall-
based measurements do not necessarily correspond to multiple true
magnetization compensation points. Instead, they underscore the
importance of carefully disentangling bulk ferrimagnetic compensa-
tion from interface- and band-structure-driven effects, particularly
in ultrathin ferrimagnetic insulator/heavy-metal heterostructures.
They highlight the rich interplay between sublattice magnetism,
finite-size effects, epitaxial strain, and interfacial coupling in rare-
earth iron garnets. By clarifying the distinct physical origins of these
two polarity-reversal temperatures, this work provides a framework
for interpreting Hall-based measurements in Pt/TmIG heterostruc-
tures as a versatile platform for exploring compensation-driven phe-
nomena and advances the understanding of compensation physics
in nanoscale systems. These insights open avenues for spintronic
and magnonic applications leveraging antiferromagnetic coupling,
temperature-tunable magnetization and sharp coercive transitions,
and temperature-dependent transport signatures.

SUPPLEMENTARY MATERIAL

The results on related samples, the details of the non-linear
behavior of the OHE at fields larger than 1.5 T (at 130 K), and
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the temperature dependence of the OHE on a Pt/TmIG/GGG sam-
ple compared to a Pt/GGG sample are shown in the supplementary
material. Furthermore, the results of the fitting of different regions of
|H| and of the Brillouin fits performed in the main body are shown.
Finally, SQUID magnetometry data as a function of temperature is
presented.
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