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Probing intrinsic magnetization dynamics of the Y;Fe;0,/Bi, Te; interface at low temperature
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Topological insulator—magnetic insulator (TI-MI) heterostructures hold significant promise in the field of
spintronics, offering the potential for manipulating magnetization through topological surface state—enabled
spin-orbit torque. However, many TI-MI interfaces are plagued by issues such as contamination within the
magnetic insulator layer and the presence of a low-density transitional region of the topological insulator. These
interfacial challenges often obscure the intrinsic behavior of the TI-MI system. In this study, we addressed
these challenges by depositing sputtered Bi,Te; on liquid phase epitaxy grown Y;FesO;,/Gd;GasO;,. The
liquid phase epitaxy grown Y3;FesO;, has been previously shown to have exceptional interface quality, without
an extended transient layer derived from interdiffusion processes of the substrate or impurity ions, thereby
eliminating rare-earth impurity-related losses in the MI at low temperatures. At the TI-MI interface, high-
resolution depth-sensitive polarized neutron reflectometry confirmed the absence of a low-density transitional
growth region of the TI. By overcoming these undesirable interfacial effects, we isolate and probe the intrinsic
low-temperature magnetization dynamics and transport properties of the TI-MI interface. Our findings revealed
strong spin pumping at low temperatures, accompanied by an additional in-plane anisotropy. The enhanced
spin pumping at low temperatures is correlated with the observed suppression of bulk conduction and the
weak antilocalization in the TI film, highlighting the interplay between the transport and spin pumping behavior

in the TI-MI system.

DOI: 10.1103/PhysRevMaterials.8.074409

I. INTRODUCTION

The unique electronic band structure of a topological insu-
lator consists of topologically protected Dirac surface states
(TSS) which enable two-dimensional metallic surface states
while the bulk is insulating [1-3]. Three-dimensional topo-
logical insulators (TIs) include Bi;_,Sb, alloys and hexagonal
X>0Q3 compounds (X = Bi, Sb, Bi;_,Sb,; O = Se, Te). While
Bi;_,Sb, alloys have complex surface states, the Bi,Se; fam-
ily compounds with tetradymite crystal structure have simple,
robust surface states with a single Dirac cone at the I" point
[4,5]. A physical signature of TIs, though a property not
limited to TI materials, is spin-momentum locking, i.e., the
carrier electron spin in the TSS is perpendicularly locked to its
momentum. Therefore, an injected charge current will become
spin polarized in a TI [6-8]. This property has been con-
firmed with angle-resolved photoemission spectroscopy [9],
polarized optical spectroscopy [10], and via direct electrical
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detection [8]. These electronic properties enable manipulation
of magnetization through the application of spin-orbit torque
(SOT) via a spin-polarized current. TI SOT efficiencies (fsor)
are much higher than heavy metals [11-15], and this high
Osor of TIs allows for a lower critical current density for
magnetization switching (~10°-10° A/cm?) compared with
heavy metals (one to two orders of magnitude smaller in the
case of TI). This makes TI-magnetic insulator (MI) interfaces
critically important for future, low-power spintronics memory
and logic devices [16].

Interfaces between TIs and MIs exhibit interesting trans-
port behaviors, including the anomalous Hall effect (AHE)
which is often attributed to a magnetic proximity effect
(MPE), also known as proximity-induced magnetization
(PIM). Complex oxides, such as yttrium iron garnet (YIG),
are of intense interest in this context due to their insu-
lating nature, low magnetic losses, and tunable magnetic
ground state. Although the AHE has been experimentally
observed in TT/oxide systems such as Bi,Ses/Y3Fes0y, [17],
BizSC3/LaCOO3 [18], (BiXSb1_X)2TC3/Y3FC5012 [19], and
(Bi,Sby_, )2Te3 /Tm3Fes0;, [20], the AHE magnitude (RAHE)

©2024 American Physical Society
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of YIG-based bilayers is two to three orders of magnitude
smaller than all telluride-based van der Waals heterostruc-
tures, respectively [19,21]. Further, it must be noted that while
YIG/heavy metal interfaces (i.e., YIG/Pt) yield a robust AHE
[22], the AHE persists even in Pt/Cu/YIG trilayers, where a
Cu layer is deliberately inserted to eliminate the MPE (known
as nonlocal AHE) [23,24]. Nevertheless, there are several
reports of significant spin pumping in TI/YIG heterostructures
[25-27], thus it is critical to directly probe depth and element-
resolved magnetization profiles to fully understand these
interfaces. To that end, polarized neutron reflectometry (PNR)
and x-ray magnetic circular dichroism, have been employed
to search for PIM. A MPE has been experimentally observed
with PNR in several MI-TI systems, including EuS/V-doped
Sb,Tes [28], EuS/Bi,Ses [29], EuS/(Bip2Sbg s), Tes [30], and
CrzGegTeﬁ/(Bi, Sb)2T63/Cr2G€2T€6 [3]]

Despite this progress and the overwhelming interest in
TI-MI heterostructures, recent literature has struggled to
access the intrinsic properties of the TSS at a magnetic in-
terface due to unique interfacial defects prevalent in most
TI-based MPE/PIM heterostructures. Specifically, there are
typically two features in TI-MI systems that confound the
intrinsic interfacial behavior: (1) chemically inhomogeneous
transient layers in the magnetic insulator at the magnetic
insulator-substrate interface and (2) a low-density, inter-
growth region of the TI at the TI-MI interface. With respect
to the well-studied magnetic insulator-substrate interface
of Y3Fes0;,/Gd3Gas0q; (YIG/GGG), extended intermixed,
nonstoichiometric interface layers in the magnetic insulator
(up to 10 nm) leads to significantly higher ferromagnetic
resonance linewidth at low temperatures due to slowly relax-
ing impurities within the YIG film [32-36]. These transient
layers can result in a magnetic dead layer or antiparallel mag-
netization at sputtered YIG/GGG interfaces, as observed by
superconducting quantum interference device magnetometry
and PNR [33,34]. The second feature common to TI-MI
heterostructures—a low-density, intergrowth region of the
TI at the TI-MI interface—has been observed with PNR
in several systems such as Bi,;Se;/MgAlysFe; 504 [37] and
Bi,Se;/Y3Fes04, [38]. In this work, we seek to understand
the intrinsic interface-driven phenomenon of the Bi,Tes/YIG
system while minimizing the effect of such extrinsic factors.
We mitigate the YIG/GGG contamination by employing lig-
uid phase epitaxy (LPE) —grown YIG on GGG. LPE-grown
YIG has been demonstrated to have nearly perfect microstruc-
ture, a chemically sharp interface, and negligible magnetic
losses at low temperatures due to suppressed YIG/GGG
interdiffusion [39-42]. Further, we employ RF magnetron
sputtering deposition to deposit Bi,Tes onto the YIG and use
PNR to show that a low-density transitional growth regime
is not present at the Bi;Tes (BT)/YIG interface. Specifically,
we grew 25-nm-thick BiyTe; at 250°C or at 25°C via RF
magnetron sputtering on 50-nm-thick liquid phase epitaxy
grown Y3FesOp; on Gd;GasOj, substrates. Representative
x-ray diffraction and atomic force microscopy can be found
in the Supplemental Material [43]. While other studies have
been conducted on the low-temperature magnetization dy-
namics of TI-MI heterostructures, i.e., Bi,Se;/YIG [26,27],

our BT/YIG system is uniquely situated to isolate and probe
the intrinsic interaction between the TSS and magnetic insula-
tor due to the absence of the aforementioned features that can
confound the true physical behavior of the TI-MI interface.
Thus, we used PNR, magnetotransport measurements, and
magnetization dynamics to elucidate the interplay between
MPE, spin pumping, and the TT TSS.

II. POLARIZED NEUTRON REFLECTOMETRY

To investigate the quality of the BT/YIG interface and
the presence of a possible magnetic proximity effect we
performed PNR using the Magnetism Reflectometer at the
Spallation Neutron Source at Oak Ridge National Laboratory
[44]. PNR is sensitive to the depth profiles of the nuclear
(real py and imaginary py ;) and magnetic (poy) scattering
length densities (furthermore referred to as the nuclear SLD
and magnetic SLD, respectively) of the heterostructure. The
nuclear SLD is determined by the density and composition
of the scattering material, while the magnetic SLD is di-
rectly related to the net in-plane magnetization. Simultaneous
depth-resolved information about the heterostructure compo-
sition, density, and magnetization can therefore be obtained
by fitting the PNR data [45,46], making it an ideal technique
for interrogating the BT/YIG interface. Measurements were
conducted in a closed cycle refrigerator equipped with an
electromagnet. For the PNR measurement, a spin-polarized
neutron beam with a wavelength band A (2.5-8.5 A) was
incident on the sample at a grazing incidence angle 6, while
a spin flipper was used to alternate the incoming neutron
spin state. The spin-dependent neutron reflectivity spectra,
R+ and R—, were measured as a function of the wavevector
transfer, O = 4 sin(0)/A, along the direction normal to the
film surface. The measurements were collected at 100 K first,
and then the sample was field-cooled down to 10 K in an
applied, in-plane magnetic field of 0.5 T, where the second
measurement was performed. For these measurements, the
samples were first measured at remanence (0.005 T) and then
a measurement was taken at saturation in a field of 0.5 T,
far exceeding the saturation field of the sample of <0.5 mT.
PNR samples were fabricated with an 8 mm x 8 mm cross-
sectional area to reduce the neutron count time required for
the high-Q measurements. The reflectivity data was fit using
the REFL1D software package as shown in Fig. 1 for measure-
ments at 100 K and Fig. 2 for measurements at 10 K. Initially,
our model included a disordered intergrowth region like that
in Riddiford et al. [37], but the model layer converged to a
zero thickness, and removing this layer from the model did
not significantly alter the goodness of fit. This sharp transition
in the nuclear SLD at the YIG/BT interface confirms the
bilayer’s high-quality interface, which contrasts with the low-
density, intergrowth region of the TT observed with PNR in the
Bi;Se;/MgAly sFe; sO4 [37] and BiySe;/Y3FesOp, systems
[38]. It is important to note that PNR and transmission elec-
tron microscopy have previously yielded consistent results
with respect to these low-density, intergrowth TI regions—
either both techniques have provided evidence of a transitional
growth regime in the TI, or they both do not [31,37,38,47].
Therefore, PNR is a reliable, nondestructive method to assess
the interface quality of TI heterostructures. The interfacial
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FIG. 1. Displayed are the model profiles for nuclear and magnetic scattering length density for measurements taken at 100 K with an
in-plane bias field (a) 100 K and 0.005 T and (b) 100 K and 0.5 T, the reflectivity normalized by the theoretical reflectivity of a pure GGG
substrate for both spin-up and spin-down neutrons along with their model fit for measurements taken at (c) 100 K and 0.005 T and (d) 100 K
and 0.5 T, and the spin asymmetry along with the model fit for measurements taken at (e) 100 K and 0.005 T and (f) 100 K and 0.5 T. Error

bars represent =1 standard deviation.

roughness between the YIG and Bi,Te; was fit at 8.18 A.
We did find that there is a region (approximately 11.3 A)
at the YIG interface with the BiTe; with no net in-plane
magnetization measured; the origin could either be canting
out of plane at the BT/YIG interface due to interactions with
the TSS, or this could be a true interfacial depletion region.
We cannot differentiate between these two possibilities as
our measurement geometry and analysis are only sensitive
to in-plane magnetic moments. With respect to any induced
magnetization in the TI, we did not find any conclusive evi-
dence of PIM in the TI layer. In fact, the fitted magnetization
values in the TI layer near the interface appear to fluctuate
about zero, with three measurement conditions yielding small
negative magnetizations while another converges to a small
positive value as provided in Table I. Therefore, we conclude
that the total moment induced in the Bi,Tes, if any, must be
below the reliable detection limit of the PNR measurement.
For more details about the fitted parameters, refer to the Sup-
plemental Material [43].

III. LOW-TEMPERATURE MAGNETOTRANSPORT
MEASUREMENTS

To characterize the Bi,Te; transport behavior, we per-
formed temperature and magnetic field—dependent transport
measurements of the BT/YIG bilayer (250 °C grown BT/YIG
bilayer) using a van der Pauw electrode geometry. Overall,
our measurement observations are consistent with what has

been previously reported as standard for Bi,Tes films. From
the ordinary Hall effect (OHE), as shown in Fig. 3(a), we
observe a clear signature of n-type transport and we were
able to extract the electron carrier concentration using n =
1/eRy, where Ry = Vyd/B I, and Vg is the Hall voltage,
d is the film thickness, B, is the magnetic flux density in
the z direction (normal to the film), /, is the current in the
x direction (in the film plane), and e is the elemental charge of
an electron. Then we calculated the electron carrier mobility
at each temperature using u = Ry /p. Additional OHE mea-
surements at additional temperatures up to room temperature
can be found in the Supplemental Material [43]. As shown
in Fig. 3(b), the electron carrier concentration decreases with
reduced temperature. This is consistent with potential defect
states near the Fermi level, so as the temperature is reduced
there are fewer thermally excited carriers arising from these
defect states. These defect states are likely due to Te vacancies
and Tep; antisite defects as these contribute to n-type carrier
conduction [48,49]. An increase in carrier mobility in Fig. 3(c)
could also be expected at low temperatures due to reduced
electron-phonon scattering. However, the observed increase in
the mobility may be a result of multiband conduction. The lon-
gitudinal sheet resistivity in Fig. 3(d) shows metallic behavior
and is consistent with the typical behavior of a highly doped
degenerate semiconductor with a large carrier concentration—
this metallic behavior has been previously reported for n-type
Bi, Te; films [50]. Additionally, the longitudinal sheet resistiv-
ity is consistent with metallic behavior except for the upturn

074409-3



A.R. WILL-COLE et al.

PHYSICAL REVIEW MATERIALS 8, 074409 (2024)

(a)

10K0.005

r?-\e_ ) — Pn
< |O S e
T 4-5 8 Pm
o -
— 3 7
X 27
8
D0 — . .
0 200 400 600 800
(c) Z (R
101 10 K 0.005
—— 11 Model
b3 11 Data
o] 4 11 Model
g 10 ‘? fo\{,\; V\f\z’f\ L4 oata
Q ! K i\gxgxf A g
=4 b YA NA
& 1014 bt —{\TH
1072 T T T
0.05 0.10 0.15
(e) QA1
1.0 10K 0.005
el
g 051 if{’*%if% []
c | A ¥ I ! F S
S, 0.0 SRV RVE: {~ l[
2 Py Y L[ }
h ¥ + B
£ -0.51 ¥yt
o
(%2}
-1.0 T T r
0.00 0.05 0.10 0.15
Q(A-1)

(b)

Spin-Asymmetry

10K05
T 6ln o
< |O S e
T 445 & ou
o Ee) =
— G} )
X 2-
9 A =
g
0 200 400 600 800
) z R
10K 0.5
101 —— 11 Model
J I 11Data
100 1\ AN A
A
’ i WA {3
10-1 fw
102 T : ;
0.00 0.05 0.10 0.15
) Q(A-1)
1.0 IOKTS
LI E L]
& s AR AT
ANV T T
Yy ,{ﬁ 3
O.EI.O O.i5
QY

FIG. 2. Displayed are the model profile for nuclear and magnetic scattering length density for measurements taken at 10 K with an in-plane
bias field (a) 10 K and 0.005 T and (b) 10 K and 0.5 T, the reflectivity normalized by the theoretical reflectivity of a pure GGG substrate for
both spin-up and spin-down neutrons along with their model fit for measurements taken at (c¢) 10 K and 0.005 T and (d) 10 K and 0.5 T, and
the spin asymmetry along with the model fit for measurements taken at (e) 10 K and 0.005 T and (f) 10 K and 0.5 T. Error bars represent +1

standard deviation.

at low temperature that may be due to the electron-electron
interaction in two dimensions [51,52]. We measured the mag-
netoresistance from 3.5 to 20 K shown in Fig. 3(e). Below
15 K we observe the emergence of the quantum interference-
associated weak-antilocalization (WAL) cusps in the low field
regime, and at 15 K and above, the WAL cusps disappear and
instead a quadraticlike dependence prevails in the low field
regime. Below 15 K the magnetoresistance curves show a
linear, nonsaturating magnetic field dependence above ~0.5
T. At low temperature, TIs exhibit WAL due to the high
conductivity and helical polarization of the TSS. It is worth
noting, however, that observation of WAL is a necessary, but
not sufficient condition to demonstrate the presence of the
TSS in a TI film. Additionally, we do not observe any WAL
suppression that normally accompanies a magnetic proximity
effect in TI-magnetic heterostructures [53]. To reiterate, all
these aforementioned transport behaviors are to be expected

for standard Bi,Te; films on substrates such as silicon, sap-
phire, etc. [48,50].

Typically, the transverse magnetoresistance signal consists
of two components: the OHE and the AHE. As for effects
other than the OHE, we do observe another Hall-like effect
signature at low temperature shown in Fig. 3(f), and the
methodology to separate this signal from the OHE signal can
be found in the Supplemental Material [43], and follows the
same methodology as found in Li et al. [54]. The onset of this
nonlinear, saturating transverse resistance is below 15 K and
the magnitude increases with decreasing temperature. This is
consistent with what is often observed for the anomalous Hall
effect since the anomalous Hall effect resistance should scale
with the perpendicular component of the YIG magnetization.
It is worth noting that the AHE response is typically ob-
served in ferromagnetic metals and found in iron garnet films
with strain-stabilized perpendicular magnetic anisotropy [55].

TABLE I. The PNR magnetic SLD results for the proximity-induced magnetization in the Bi,Te; near the YIG/Bi, Te; interface.

.. — 2
Measurement condition PM.mean X 10 6 A2

om x 1070 A2

Putpest X 1070 A2 (95% confidence interval)

10 K and 0.005 T —0.008(18)
10Kand 0.5 T 23(20)x 1073
100 K and 0.005 T —0.158(20)
100K and 0.5 T —63(18)x 1073

—0.0148 [—0.043 to 0.028]
0.0021 [—0.016 to 0.062]
—0.1532 [—0.196 to —0.118]
—0.0595 [—0.097 to —0.027]
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FIG. 3. Magnetotransport measurements for the 250 °C grown Bi,Te; on YIG/GGG. (a) Ordinary Hall effect component of the transverse
resistance with an out-of-plane magnetic field. Measurements are shown for 3.5 K up to 250 K. (b) Displayed is the extracted electron carrier
concentration as a function of temperature. (c) Displayed is the calculated carrier mobility as a function of temperature. (d) Longitudinal sheet
resistivity in the absence of applied magnetic field. Measurements are shown for 3.5 K up to 250 K. (e) Longitudinal magnetoresistance.
Measurements are shown for 3.5 K up to 20 K. (f) Transverse resistance with the ordinary Hall effect contribution removed. Measurements are

shown for 3.5 K up to 20 K.

Similar effects have been observed in TI and heavy metals
due to either magnetic proximity effects [29,54,56-58], the
imaginary part of the spin mixing conductance at the interface
(spin-Hall AHE) [59], or the spin-dependent scattering of
the itinerant electrons with the magnetic interface (nonlocal
AHE) [24]. It can be challenging to decouple the signatures
interpreted as an AHE from the conduction of multiple carrier
types as was reported in the BiySe; /MgAlg sFe; sO4 [37]. We
assume that the nonlinear Hall component that we observe is
due to the AHE as it does match the out-of-plane magnetiza-
tion in terms of the observed saturation field, as shown in the
Supplemental Material [43]. From Fig. 3(f) the AHE magni-
tude Rayg is 0.30 2 for our Biy Te; /Y3FesOq; bilayer at 3.5 K.
This value is an order of magnitude higher than what has been
previously reported for MBE—grown Bi,Tes; on pulsed laser
deposited YIG/GGG (Raue ~ 0.015 2 at 1.9 K) [19]; how-
ever, there could be minor differences between the interfacial
quality, contact quality, film thicknesses, etc., though here we
assume that the lack of the common transitional, low-density
growth regime at the BT/YIG interface is responsible for our
higher Rayg. The AHE magnitude we find here is lower than
that of (Big.16Sbg.84),Te3/YIG (Rapug ~ 1.71 Q)—the higher
Rapg in (Big 16Sbo.g4),Tes/YIG is expected due to Sb doping
that suppresses the bulk conduction in the TI [19].

IV. LOW-TEMPERATURE MAGNETIZATION DYNAMICS

The aforementioned observations demonstrate that our
BT/YIG heterostructure is an ideal platform to study the in-
trinsic TI-MI magnetization dynamics at low temperature.
The high-quality BT/YIG interface, as confirmed by our PNR
measurements, and our recent work on the liquid phase epi-

taxy grown YIG on GGG that shows high structural perfection
at the YIG/GGG interface accompanied by low magnetic
losses, finally permits the separation of the TSS effects
from those detrimental interfacial defects [42]. We therefore
performed temperature-dependent ferromagnetic resonance
(FMR) measurements at 8 GHz on the bilayer of crystalline
BT/YIG (BT Tygrown = 250°C), and also on an amorphous
BT/YIG bilayer (BT Tgrowm = 25°C). It is well established
that spin pumping occurs in TI-MI systems [60]. It has also
been shown that as the temperature is lowered and the TI bulk
conduction is suppressed, that the spin pumping can become
more pronounced (expressed experimentally as an increase
in FMR linewidth). This has already been reported for the
Bi, Ses/sputter-deposited YIG system which is influenced by
rare-earth impurities in the film or by substrate elements that
broaden the FMR linewidth at low temperatures [26,27]. In
contrast, our BT/YIG system has minimal effects from rare-
earth impurities in the film and negligible interdiffusion of the
substrate elements [42]. We observe FMR linewidth broad-
ening at low temperatures [displayed in Figs. 4(a) and 4(b)],
and we attribute this to the fact that spin pumping becomes
more dominant at low temperatures due to the TI TSS, which
is consistent with our magnetotransport results that indicate
the suppression of the bulk conduction states. There is ap-
proximately a tenfold enhancement of the FMR linewidth at
10 K in the BT/YIG compared to the YIG reference film.
At 10 K we performed frequency-dependent FMR, which
can be found in the Supplemental Material [43], and calcu-
lated the Gilbert damping parameters for YIG/GGG and BT
(BT Tyowtn = 250°C)/YIG/GGGis 2 x 10™*and 9.9 x 1072,
respectively—a significant increase of the Gilbert damping
parameter in the bilayer of crystalline BT/YIG). There was
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linewidth at 8 GHz as a function of temperature for the YIG/GGG reference film and sputtered Bi,Te; films deposited at 250 °C or room
temperature on the YIG/GGG substrate. (c¢) The uniform FMR mode resonance field at 8§ GHz as a function of temperature for the YIG/GGG
reference film and the sputtered Bi, Te; films deposited at 250 °C or room temperature on the YIG/GGG substrate. (d) The difference curve of
the uniform FMR mode resonance field at 8 GHz for the YIG film/GGG reference sample and BT/YIG /GGG substrate deposited at 250 °C.

Note that 1 Oe = 10%/(47) A/m = 0.1 mT.

also an increase in the inhomogeneous broadening between
the samples, which we believe may be due to inhomogeneities
in the through thickness anisotropy due to interfacial exchange
coupling to the TI TSS; however, this requires more in-depth
study of thickness dependence to fully elucidate. With respect
to changes in the film anisotropy, we also observe a large,
induced in-plane magnetic anisotropy for the BT/YIG com-
pared with the YIG reference film evident by the uniform
FMR mode shift to a lower resonance field, which can be seen
in Figs. 4(a), 4(c), and 4(d). A shift to a lower resonance field
can only occur if there is either a change in anisotropy or in the
magnetization of the film. As shown in the Supplemental Ma-
terial [43], the magnetization of the YIG/GGG is consistent
with that of the BT/YIG/GGG, therefore we qualitatively at-
tribute the significant resonance field shift to additional easy-
plane anisotropy using a similar rationale as by Liu et al. [27].
Overall, this finding contrasts with what has been reported
in the BiySe;/YIG system by Fangchiang et al. who dis-
cussed in-plane anisotropy with some competing out-of-plane
anisotropy at lower temperatures, while Liu et al. reported a
clear additional out-of-plane anisotropy [26,27]. However, at
room temperature Tang et al. experimentally found an addi-
tional easy-plane anisotropy for the YIG/(Bi,Sb;_y),Tes TI
films [25]. Based on the arguments of Tang et al., the direction
of spins pumped into the TSS via FMR must be locked in the
plane when the TSS are dominant in the TI layer. Since the
spins in the TI and the YIG are exchange coupled across the
YIG/TI interface, the precessing spins of the YIG are forced
to align with the spins pumped into the TSS such that they
are locked in the plane of the interface. Hence, spin pumping
into the TSS creates not only a significant damping effect on
the magnetization precession, but also an added easy-plane

or in-plane anisotropy [25]. As previously mentioned in our
PNR measurements, we observed potential evidence of sub-
tle, out-of-plane canting in the static magnetic state (with no
spin pumping present), though the influence of this potential
interaction on the FMR measurements is unclear as the FMR
is performed in a dynamic state where spin pumping across
the interface likely has a greater influence on the YIG film
anisotropy. What is most compelling about our experimental
data for this interpretation is not only the observed tempera-
ture dependence of the TSS-induced damping enhancement,
but also the change in the temperature dependence of the
resonance field shown in Fig. 4(d). The differential resonance
field curve of the YIG/Bi,Tez and the YIG film shows a clear
negative resonance field shift and with a stronger dependence
below approximately 30 K, suggesting that this is linked to the
suppression of the TI bulk conduction and the emergence of
strong TSS, which also explains the damping enhancement at
low temperature. Previous studies do not report such a strong
temperature dependence at low temperature for the resonance
field shift of the YIG/Bi,Se; compared to the YIG reference
film [26,27]. In summary we observe significant modifications
to the YIG magnetization dynamics due to the proximity to
the TI film in the absence of possible confounding interfa-
cial effects. Specifically, we observe significant spin pumping
which increases at low temperatures and is accompanied by
an additional in-plane anisotropy.

V. CONCLUSIONS

To summarize, our BT/YIG system is uniquely suited
to elucidate the intrinsic TI-MI magnetization dynamics
due to the lack of (1) an extended transient layer in the
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magnetic insulator at the magnetic insulator—substrate
interface (confirmed in our previous work) [42], and the lack
of (2) a low density, intergrowth region of the TI at the
TI-magnetic insulator interface (confirmed here with our
PNR results). Using temperature-dependent FMR, we found
a strong damping enhancement at low temperature due to
the TSS in the Bi,Tes; film—a signature of significant spin
pumping. Accompanying the damping enhancement, we
also observed a large induced in-plane/easy-plane magnetic
anisotropy for the BT/YIG heterostructure. We explain this by
spin pumping and spin-momentum locking, due to which the
precessing spins of the YIG are forced to align with the spins
pumped into the TSS and therefore remain locked in the plane
of the BT/YIG interface. The temperature dependence of
the magnetotransport which supports the suppression of bulk
conduction, and the emergence of WAL are consistent with the
low-temperature enhanced spin pumping in the BT/YIG that
we observed. Our PNR results did not provide direct evidence
of a MPE in the BT/YIG system; however, we still observed
an AHE-like signature at low temperatures, though this may
be a spin Hall AHE, generated by interfacial scattering of spin
currents, and not a MPE-induced AHE as previously reported
in Pt/CoFe;04 [61]. Further study of TI/MI heterostructures
is needed to assess their potential for unlocking a
high-temperature, quantum anomalous Hall effect (QAHE)
state [62—-65]. To date, the QAHE state has been demonstrated
via Proximity Induced Magnetization (PIM) in an all-telluride
system  of  [Zn;_,Cr,Te/(Bi,Sb;_,),Tes/Zn;_,Cr,Te],
though the proximity-based exchange coupling facilitated
by the Te-orbital overlap is significantly stronger than the
proximity effect in TI/YIG [66], and here we did not directly
measure any BT/YIG proximity effect. Additionally, TI/YIG
interfacial band bending may complicate any potential QAHE
state in TI/YIG systems [67,68].
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