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Abstract

The interaction between accumulated spins on the surface of a heavy metal and the magnetization
of an adjacent magnetic material leads to various spin phenomena, such as spin orbit torque (SOT),
spin pumping, and spin Hall magnetoresistance (SHMR). However, the exploration of device
applications based on these spin phenomena is often limited by the low charge-to-spin conversion
efficiency of the heavy metal. Recent studies have suggested that topological insulators are
promising candidates for device applications due to their potentially higher charge-to-spin
conversion efficiency. Here, we report a multi-faceted study of a bilayer structure consisting of
Bi>Ses and YsFesO1 (YIG) and demonstrate a new approach based on angle dependent
magnetoresistance (ADMR) measurements to determine the effective charge-to-spin conversion
efficiency in topological insulators. Our ferromagnetic resonance measurements demonstrate
efficient spin pumping from YIG to Bi>Ses, which is further confirmed by detection of an
electromotive force generated in Bi>Ses via spin-to-charge conversion. Our ADMR measurements
show that the interfacial spin diffusion can significantly affect the charge transport in a way similar
to the SHMR effect, and provide an estimate of the charge-to-spin conversion efficiency in Bi2Ses
of ~ 0.1 — 0.4. Neglecting to account for the large out-of-plane magnetoresistance of the BiSes

results in a five-fold overestimate of the charge-to-spin conversion efficiency.



Introduction

Joule heating, parasitic conduction and magnetic fringe fields severely constrain the
operation and scaling of spintronic devices [1]. To reduce these undesirable issues, a great deal of
attention has focused on the generation, detection and use of pure spin current to alter the
magnetization of layers within the device structure. However, a pure spin current can be generated
only by a few methods, including spin pumping [2,3], spin Hall effect (SHE) [4], and spin Seebeck
effect (SSE) [5].

The SHE exploits the strong spin-orbit coupling (SOC) of heavy metals (HMs): when a
charge current passes through a HM, the SHE causes electrons with opposite spins to scatter in
opposite directions, and thus generates a transverse spin current/accumulation with a density
proportional to the spin Hall angle, 65, . In a case where the HM is in close proximity to a
ferromagnet (FM), the interaction between the accumulated spins and the magnetization of the FM
at the interface results in SOT in the ferromagnet, and thus provides an effective way to manipulate
the magnetization of the FM at the nanoscale [6]. Specifically, using this current-induced SOT for
memory applications in a SOT magnetoresistive random-access memory (MRAM) can
significantly reduce the energy consumption as compared to using a spin-polarized charge current
for magnetization switching in a conventional spin-transfer torque MRAM [7].

In addition, reflection of the transverse spin current back into the HM from the interface
induces an extra conduction term via the inverse spin Hall effect (ISHE) and thus reduces the
electrical resistance of the bilayer structure. However, this reflection process can be suppressed
when the accumulated spins at the surface of the HM are not collinear with the magnetization of
the FM, as a part of transverse spin current is absorbed by the magnetization of the FM through

the interfacial SOT effect [8]. Therefore, the longitudinal resistance of the HM-FM structure varies



as the direction of the magnetization changes, which is known as the spin Hall magnetoresistance
(SHMR) and characterized by RY < R? = R, where R' is the resistance measured when the
magnetization is saturated along i = x (current direction), y (in-plane and perpendicular to the
current), and z (normal to the interface) [9]. Moreover, since the SHMR arises directly from the
charge-spin interconversion in the bilayer structure, the SHMR ratio is expected to qualitatively
reflect the magnitude of the spin Hall angle [10].

The charge-to-spin conversion efficiency in HM-FM structures has been limited by the
relatively small spin Hall angle of conventional HMs (e.g., Pt, W, and Ta) and/or high damping at
the interface. Recently, it was suggested that topological insulators (TIs) could exhibit a much
higher charge-to-spin conversion efficiency, which is often represented by a large effective spin
Hall angle (@errsH) [11-13]. Specifically, in a Tl, a charge current flowing through the surface
induces spontaneous spin accumulation due to spin-momentum locking (SML) of the surface states.
This current-induced surface spin accumulation is often considered as a quantum limit of the SHE
[12,14], and the charge-to-spin conversion efficiency is expected to be large. Experimentally, the
effective spin Hall angle of TIs reported in previous studies[11,12,15-23] ranges from
approximately 0.01 to over 400 [Table 1], demonstrating a large discrepancy in the measured
charge-to-spin conversion efficiency of the Tls.

On the other hand, recent angular-dependent magnetoresistance (ADMR) measurements
performed on several TI-FM structures reported a magnetoresistance (MR) ratio of ~ 0.3%-1.0%
[24-27], which is much larger than the SHMR ratio of HM-FM structures and consistent with the
expected large charge-to-spin conversion efficiency. However, it is interesting to note that the
resistance measured on these TI-FM structures does not show the characteristic relationship

expected for the SHMR of HM-FM structures, i.e., RY < R* = RX, or for the anisotropic



magnetoresistance (AMR) of a FM, i.e., RY = R* < R* [28]. Therefore, in order to fully understand
the transport mechanism in TI-ferromagnet structures, further investigation is required as reported
here.

Another important aspect of the interplay of spin current and magnetization in a TI-FM
structure is spin pumping, where a spin current/accumulation generated in the ferromagnet by
ferromagnetic resonance (FMR) diffuses into the TI [29]. The spin pumping and accompanying
spin backflow leads to broadened FMR linewidths and enhanced Gilbert damping constant for
magnetization precession [30]. Further, analogous to the spin-to-charge conversion in HMs via the
ISHE, the pure spin current generated by spin pumping induces a charge electromotive force (emf)
in the T via the inverse Rashba-Edelstein effect (IREE), providing a way to electrically detect the
spin pumping effect and the spin-to-charge conversion. To date, in most electrical measurements
of the emf induced in TIs, the spin current was generated by spin pumping from a FM metal
[18,19,31,32]. The small effective spin Hall angle of Tls reported in these studies has been
attributed to electron diffusion at the interface, which leads to degradation of the helical Dirac
states [33], and to current shunting through the FM metal, which reduces the emf signal.

In this work, we provide a comprehensive study of the interplay of spin current and
magnetization in a bilayer structure consisting of Bi>Sesz and YsFesO12 (YIG). The insulating
nature of the ferrimagnetic insulator YIG eliminates current shunting and the dissipation caused
by the conduction electrons in the FM, and thus provides a more accurate measurement of the
charge-to-spin interconversion efficiency in Bi:Ses [34,35]. Our FMR measurements exhibit
broadening of the FMR linewidth as a result of spin pumping from YIG to Bi>Ses, with an extracted
effective spin-mixing conductance (Ges) of 5.0 x 10! Q'm=2. At the FMR frequency, a static

voltage is observed in Bi>Ses in a direction perpendicular to the applied magnetic field, providing



evidence for the conversion of spin current into emf in the TI. We further carried out the first
ADMR measurements of the Bi>Ses-YIG bilayer structure, and observed a moderate variation
when the external magnetic field rotates within the sample plane, but a pronounced enhancement
when the field rotates away from the sample plane. By comparing the ADMR result with that of a
reference Bi,Ses thin film, we found that the intrinsic ADMR of the T1 must be taken into account,
and the magnetoresistance ratio associated with the interfacial interaction between YIG and Bi.Ses
is about 0.04% at 20 K. Based on the effective spin-mixing conductance and the magnetoresistance
ratio obtained in our measurements, we further demonstrated a new approach to determine the
spin-to-charge conversion efficiency in the T1 and estimated that the effective spin Hall angle of

Bi>Ses isin arange of ~0.1 - 0.4.

Sample Preparation and Measurements

The samples studied in this work include two Bi>Se3(20 nm)-Y1G(10 nm) bilayer samples,
a Y1G (10 nm) reference sample, and a Bi>Ses (20 nm) reference sample. The high quality ultrathin
YIG films were epitaxially grown on 10x10 mm? single-crystal GdsGasO12 (111) substrates (MTI
Corp) in a custom made high-vacuum pulse laser deposition (PLD) system. Cleaned substrates
were introduced into the growth chamber via load lock (base pressure <10 Torr) and heated to
825 °C. Deposition was carried out by ablating a ceramic YIG target with a KrF excimer laser
(Lambda Physik LPX 305i, A = 248 nm) under an oxygen pressure of 100 mTorr followed by
cooling down to room temperature without annealing. PLD growth parameters were optimized to
obtain the desired thickness (10 nm) while maintaining low microwave losses of the YIG layers
(confirmed by X-ray reflectivity and FMR measurements respectively) [36]. Bi>Ses films were

subsequently grown on air-exposed YIG films by molecular beam epitaxy (MBE) using a two-step
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method [37]. The Bi>Ses reference sample was grown on a sapphire substrate using the same
method.

A commercial CryoFMR from NanoOsc combined with a Montana magneto-optic cryostat
was used for all FMR measurements. This system uses a co-planar waveguide and a small AC
modulation magnetic field to detect the rectified transmitted RF signal by lock-in techniques. The
RF range is 2 - 18 GHz, while the temperature range is 4 - 350 K.

For magnetoresistance measurements, the Bi.Ses-YIG and Bi.Ses reference samples are
patterned into Hall bars with a channel width of 500 um and a channel length of 2 mm.
Magnetoresistance results are obtained in a Janis CCS-350 cryostat equipped with a rotatable

magnet capable of supplying a 1 Tesla field.

Results and Discussions

Bi>Ses, the prototypical 3D TI, is a layered material, where five atomic planes of Se-Bi-
Se-Bi-Se form a quintuple layer unit. Its anisotropic strong covalent intra-layer bonding and weak
van der Waals (vdWs) inter-layer bonding facilitate its growth on a variety of substrates via van
der Waals epitaxy [37-40]. Figure 1a is an atomic force microscopy (AFM) image of a 10 nm YIG
film grown on a GdsGasO12 (111) substrate. The remarkably low root mean square (RMS)
roughness of the Y1G film (< 0.2 nm), and a much lower growth temperature for Bi>Ses than for
YIG suggests that a sharp interface can be formed in YIG-TI bilayer structures. Figure 1b is an
AFM image showing the surface morphology of a 20 nm Bi»Ses film grown on 10 nm YIG. The
appearance of triangular islands is characteristic of its hexagonal crystalline symmetry, and the

low RMS roughness (~ 0.5 nm) indicates high quality of the MBE grown Bi»Ses. Figure 1c shows



a typical Raman spectrum of Bi>Ses-YIG, which exhibits characteristic peaks at 73, 136, and 176
cm, attributed to the Aig?, E¢2, and A1g? vibrational modes expected for the Bi-Ses.

YIG is a magnetic insulator that has been widely used as a source for resonantly exciting
spin current. The absence of dissipation caused by conduction electron scattering leads to a small
Gilbert damping constant o [41-43]. Figure 2a shows representative FMR spectra of a YIG
reference sample and a Bi>Ses-YIG bilayer sample at 5 K. Plotted here is the derivative of the
transmitted RF power of the coplanar waveguide (with sample facing down) as a function of
applied in-plane field. A shift in the resonance field and a broadened linewidth are clearly seen for
the Bi»Ses-YIG bilayer samples, indicating that the presence of the TI layer alters the dynamic
magnetic properties of the YIG layer.

For more quantitative analysis, each spectrum is fitted with the derivative of a single
Lorentzian function, yielding two characteristic parameters of the FMR resonance: the resonance
field Hres and the full width at half maximum (FWHM) AH. Figure 2b illustrates the frequency
dependence on the resonance field Hres of the YIG reference and the Bi,Ses-YIG bilayer samples
measured at 5 K, also known as the Kittel plot. We calculate the effective anisotropy field Me¢s for

different temperatures by fitting the data with the Kittel equation (1):

f= %MO\/HTGS(HTQS + Meff) (1)

where h is the Plank’s constant, g the Landé factor, [o the permeability of free space, ug the Bohr
magneton, and poMet = poMs — poHan, which includes the saturation-magnetization
(demagnetizing) field poMs and the out-of-plane uniaxial magnetoelastic anisotropy field poHan.
As shown in Figure 2c, the effective anisotropy field poMefr as a function of temperature increases
from 0.25 T at 300 K to 0.3 T at 5 K for Bi>Ses-YIG, and is larger than the bulk saturation-
magnetization field (LoMs = 0.18 T) of YIG over the entire temperature range. This substantial
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enhancement is indicative of the significant contribution of the topological surface states (TSS) to
the interfacial coupling between the T1 and the FM [44]. The result also indicates a negative sign
for the out-of-plane uniaxial magnetoelastic anisotropy field poHan, which is consistent with the
in-plane magnetic anisotropy of the YIG film. The third free parameter in the Kittel fit is the

gyromagnetic ratio y = gug/h , which is consistently ~ 1.8 + 0.2 x 10 /Ts for all fits.

The linewidth broadening of the absorption peak provides a quantitative measure of the
additional damping caused by spin pumping from YIG into Bi.>Ses in the bilayer structure [45]. As
seen in Figure 2a, the FMR linewidth is significantly widened by the addition of the Bi>Ses layer.
The spin damping effect in FMR s typically described by the Gilbert damping constant o, which

can be calculated from the frequency dependence of the linewidth following the linear relation:
21
AH = AH, + = af (2)

where AHo is the extrapolated zero-frequency linewidth (examples of linear fits to experimental
data are shown in Figure S1 [46]). Figure 2d shows the temperature dependence of a for the Bi2Ses-
YIG bilayer and the YI1G reference samples. The value of a is nearly constant at 0.0015 for the
entire temperature range for the YIG, while it increases from 0.0023 at 300 K to 0.0034 at 5 K for
the Bi>Ses-YIG bilayer sample. The latter suggests an enhancement of the spin pumping strength,

which is parameterized by an effective spin-mixing conductance Gest:

—a,+ ¢ 3
a=ay+ 2o bty Ceff (3)

where o and ao are the Gilbert damping constants of the Bi>Ses-YIG bilayer and the YIG reference
sample, respectively, and trm is the thickness of the YIG layer [47,48]. Calculation based on the
equation yields Gess ~ 5.0 x 10" Q*m for the Bi2Ses-YIG interface at 5 K, consistent with earlier

results for TI-YIG [14,20] and HM-YIG [49-51] structures.



The effective spin-mixing conductance Gett of an HM-FM interface can be further
deconvoluted into two components: the interfacial spin-mixing conductance Gy, and the bulk spin
conductance (inverse of the second term in Eq. (4)) determined by the resistivity p, spin diffusion

length As, and thickness tum of the HM layer [21,52,53]:

1

-1 tim
=200 coth ( * ) 4)

However, taking the reported spin diffusion length of 6.2 nm [18] or 1.6 nm [20] for Bi>Sej3, the
thickness and resistivity of the Bi>Ses, and Gess calculated above, we obtain a negative G;; value,
which is certainly unphysical. In fact, such a negative value is typically obtained when directly
applying Eq. (4) to a variety of Bi>Ses-FM structures [21]. An immediate inspection of the
calculation process raises the question about the value used for the relevant resistivity of Bi>Ses.
By definition, a TI consists of an “insulating” (gapped) bulk and metallic surface states, and thus
does not exhibit a uniform/homogeneous electronic structure as compared to a conventional HM
[54]. Because the interfacial coupling in a TI-FM structure is mainly associated with the TSS on
the TI side, the relevant resistivity should be that of the bottom surface states. From conventional
transport measurements, the measured resistivity p would be a convolution of the resistivities from
the bulk and the top and bottom surfaces, and hence is higher than the effective resistivity of each
surface. Since the surface layer of Bi>Ses hosting the topological states has a thickness of about 1
nm [55], which accounts for 5% of the entire thickness of the T1 layer in our samples, the resistivity
p measured from bulk transport should be significantly larger than the effective resistivity of the
surface states. Taking this into account, a positive value of 1.4 x 10'* Q'm is obtained when As
= 1.6 nm [20]. However, the overestimated p alone is still not able to fully explain the unexpected
negative sign of G4; when using As = 6.2 nm [18] to calculate the value. Although a theoretical

explanation of this discrepancy has not been established, it was suggested that the spin relaxation
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effect (e.g., spin memory loss) at the interface should also be taken into account in order to avoid
an overestimated second term on the right side of Eq. (4) [21].

The resonantly excited spin current in Bi»Ses via spin pumping generates an emf across the
surface of the Tl due to SML of the TSS. As shown in Figure 2e, we electrically detect this voltage
response at resonance in a direction perpendicular to the applied external field. Here we
simultaneously measure the FMR and emf response caused using a small AC field on top of a DC
bias field to enable lock-in detection for both. A representative plot of the emf voltage as a function
of field at f = 3 GHz is shown in Figure 2f (blue curve). This signal bears many common features
as the measured ISHE in HM-FM bilayer structures [53,56], namely, the appearance of a peak at
the resonance field of the bilayer sample demonstrates the transfer of spin angular momentum
across the interface between YIG and Bi>Ses.

The transfer of spin angular momentum across the interface can also affect the magneto-
electronic transport properties of the bilayer structure. In particular, the scattering of the spin-
polarized electrons generated on the Bi.Ses surface would strongly depend on their relative
orientation with the magnetization M of YIG, leading to an ADMR effect, which is analogous to
the SHMR effect in HM-FM bilayer structures. Because HMs such as Pt, Pd, and Au show
negligible angular dependence of MR, the measured ADMR in a HM-FM bilayer structure is a
combination of SHMR and AMR, with the latter induced by the magnetic proximity effect [34]
when the FM is an insulator such as Y1G.

The measurement geometry is shown in Figures 3a-c, where we define the direction of the
current to be along x, the in-plane perpendicular direction as y, and the direction normal to the
sample plane as z. As such, the AMR is a function of the component of M along the x direction

and SHMR is a function of the component of M along the y direction [9,53]:
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p = po + Apayrmi (5)

p = Po + Apsumr™; (6)
where m,, = (M- x/|M[), m, = (M- y/|M|), p the longitudinal resistivity, and po the zero-field
longitudinal resistivity. Hence, by rotating the magnetization in the x-z plane (i.e., my = 0, Figure
3a), AMR can be determined, and similarly, by rotating the magnetization in the y-z plane (i.e., mx
=0, Figure 3b), SHMR can be determined [9]. However, since Bi>Sez is a layered material showing
strong out-of-plane anisotropy in magnetoresistance [57,58], its intrinsic anisotropic
magnetoresistance must also be taken into account in ADMR measurements.

The Bi2Ses reference and Bi>Ses film grown on Y1G used in this work are both degenerately
doped, as evident from the metallic behavior of the temperature dependence of their longitudinal
resistances, with similar resistance-change ratios (Figure S2 [46]). In addition, the Hall resistance
Ryy of Bi>Ses-YI1G-2 shows the expected sinusoidal dependence with field rotating in the x-z or y-
z plane (Figure S3a [46]), and is linear with an out-of-plane magnetic field (Figure S3b [46]),
confirming that anomalous Hall effect (AHE) is not present.

The ADMR of two Bi>Ses-YIG bilayer samples (Bi2Ses-Y1G-1,2) and a Bi»Ses reference
sample (Bi>Ses-1) when the magnetic fields are rotated in the x-z plane (y rotation), y-z plane (¢
rotation), and x-y plane (o rotation) are shown in Figures 3d-f. Note that the applied fields (0.5
and 0.8 T) are well above the effective anisotropy field poMefr (= 0.30 T as shown in Figure 2c) or
the saturation-magnetization field poMs (= 0.18 T) of the YIG layer, hence the magnetization
direction of YIG should orient along the field direction. As such, according to Egs. (5) and (6), the
ADMR is expected to follow cos? y and cos? ¢ for y and ¢ rotation, respectively [9]. However,
as shown in Figures 3d and 3e, the measured out-of-plane ADMR clearly deviates from this

dependence (dashed curves), suggesting that neither SHMR nor AMR alone can explain these
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observations. Moreover, in an earlier study [59], Chiba et al. predicted that the interfacial coupling
between a TI and a ferromagnetic insulator can simultaneously lead to anisotropic
magnetoresistance and non-sine-dependent transverse resistance/conductivity for out-of-plane
rotations. However, as shown in Figure S3a [46], we found that the transverse resistance measured
for an out-of-plane rotation of a Bi>Ses-YIG sample in a magnetic field of 0.8 T can be well
described by a sine function, indicating that the theory [59] proposed by Chiba et al. cannot explain
the observed out-of-plane ADMR in the bilayer sample.

On the other hand, we note that the ADMR of all three samples share a few similarities.
Specifically, the resistances of the samples all show a maximum value when the magnetic field is
along z direction (90° and 270° for x-z and y-z rotations in Figures 3d-3f), and decrease
significantly when the field rotates away, resulting in strongly V-shaped dependence near the in-
plane directions. Such V-shaped angular dependence is a signature of the out-of-plane AMR of
layered materials [60,61], suggesting that the measured ADMR of the Bi>Ses-YIG bilayer structure
includes a substantial contribution from the intrinsic MR of Bi>Ses.

When the magnetic field rotates in the sample plane (o rotation), the resistance of Bi>Ses-
1 is nearly angular independent (Figure 3f) while the resistance of Bi.Ses-YIG-2 follows cosine-
squared dependence (Figure 3e), which is consistent with in-plane anisotropy of SHMR or AMR.
An in-plane magnetoresistance ratio, defined by (R*-RY)/RY, of ~ 0.04% can be extracted from
these results obtained on the two Bi>Ses-YIG samples. The emergence of this additional
variation/angle-dependence in the in-plane MR in the presence of the YIG layer clearly indicates
influence from the interfacial coupling between the two layers. As mentioned earlier, exceptionally
large out-of-plane transport anisotropy has been observed in several TI-FM transport studies [24-

27], but how to extract the portion of the ADMR that is associated with the interfacial interaction
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and further determine the spin-to-charge conversion efficiency in the Tl has not been addressed
previously. Our work indicates that subtraction of the intrinsic ADMR of the layered T1 material
is an essential step to quantitatively determine the spin-to-charge conversion efficiency based on
ADMR measurements.

The temperature dependence of the ADMR of a Bi>Ses-YIG bilayer sample witha 0.8 T
field rotated in the x-z and y-z plane are shown in Figures S4a and S4b [46], respectively. As
temperature increases, the MR decreases for both rotations at temperatures below 100 K, and then
becomes nearly temperature independent. In contrast, the MR of the Bi.Ses reference sample
decreases steadily over the entire temperature range for both rotations (Figures S4c and S4d [46]).
These observations are summarized in Figure 4a, where the resistance difference AR is defined as
AR = R* — R* for y rotations, and AR*Y = R* — RY for ¢ rotations. For the Bi>Ses-YIG bilayer
sample, AR*Y and AR** show a clear difference at temperatures below 100 K, and are nearly the
same above 100 K. In other words, the in-plane variation in the longitudinal resistance of Bi,Ses-
Y1G-2 emerges when temperature is reduced to about 100 K, i.e., a temperature consistent with
the characteristic temperature found for the TSS becoming dominant in earlier spin detection
measurements [37]. In contrast, for the Bi>Ses reference sample, AR*Y and AR** nearly coincide
with each other over the entire temperature range, indicating a lack of in-plane anisotropy.
Therefore, the temperature dependence of the ADMR suggests that the nontrivial topological
nature of Bi,Ses is the origin of the observed in-plane ADMR in the Bi;Ses-YIG bilayer structure.

The magnetic field dependence of the MR ratio for ¢ rotations (i.e., AR*Y/RY) of all three
samples at 20 K are shown in Figure 4b (the ADMR curves at different magnetic fields are shown
in Figure S5 [46]). Interestingly, while the MR ratio increases linearly with field for the Bi>Ses

sample, there is a clear increase in slope between 0.2 to 0.3 T for the two Bi>Sez-Y1G samples. As
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discussed above, our FMR measurements indicate that the effective anisotropy field poMesr also
lies within this range, suggesting that this enhancement in MR ratio is related to when the
magnetization of YIG begins to strictly follow the direction of the applied field. These results
suggest that interfacial coupling between YIG and the Bi;Ses indeed contributes to the
magnetoresistance ratio of the heterostructure.

The ADMR of the Bi>Ses-YIG bilayer structure observed in ® rotation may include
contributions from the following three possible mechanisms: first, 2D spin-to-charge conversion
associated with the SML of the TSS of Bi,Ses; second, 3D spin-to-charge conversion associated
with the strong SOC of bulk Bi;Ses (i.e., conventional SHMR); and third, anisotropic spin
scattering associated with proximity-induced ferromagnetism in Bi.Ses (i.e., AMR) [34]. Here, the
first mechanism can be regarded as a quantum limit of the second mechanism, and the
corresponding ADMR also follows Eq. (6). For simplicity, in the following, we refer to the MR
due to the first two mechanisms as spin-to-charge conversion magnetoresistance (SCCMR).

Similar to the SHMR and AMR in HM-FM structures, the SCCMR and the AMR in the
Bi>Ses-YIG bilayer structure only differ when the applied field rotates away from the sample plane.
However, the pronounced intrinsic out-of-plane magnetoresistance of Bi>Sesz in the measured
ADMR of the bilayer structure makes it challenging to independently determine the SCCMR and
the AMR. In an earlier work, a low-field anomaly in two-point transport measurements of a Bi>Ses
flake exfoliated onto a YIG substrate had been interpreted as a signature of proximity-induced
magnetism [62]. However, this anomaly is only present below ~ 4 K, and there is no angular
dependence of the MR at high fields [62]. Hence, even though proximity-induced magnetism can
occur in BiySes-YIG bilayers at low temperatures, it does not explain our ADMR results,

particularly at much higher temperatures. Moreover, since magnetic proximity induced AMR
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should always accompany AHE [34,63,64], the absence of AHE in our Hall resistance
measurements would also rule out the contribution of AMR in the longitudinal resistance
measurements.

To further determine the contributions to the SCCMR from 2D spin-to-charge conversion
and conventional SHMR, the temperature dependence of the ADMR discussed above (Figure 4a)
provides important information. Specifically, the fact that the in-plane anisotropy of the
magnetoresistance emerging at a temperature where the TSS is likely to dominate transport [37]
would suggest that the topological nature of Bi.Ses plays a significant role in the in-plane
anisotropic magnetoresistance. In addition, because the conventional SHMR is predominately
determined by the spin Hall angle which typically shows weak temperature dependence, the
SHMR ratio is not expected to vary significantly as a function of temperature [64-66]. Hence, the
enhanced in-plane anisotropy below 100 K (Figure 4a) and the in-plane MR ratio of ~ 0.04% at 20
K can be attributed to the 2D spin-to-charge conversion associated with the SML of the TSS.

It is known that for an HM-FM bilayer structure, the spin Hall angle of the HM can be

calculated from the ADMR (i.e., SHMR) ratio based on the following equation [53]:

2
2 24sp 2(tHM
651_] tHM GTl tanh ZAS
M

AR| _

- t

142Agp G coth(—H )
SP Gl A‘S

Ro

(7)

where 85y is the spin Hall angle, As the vertical spin diffusion length, and tym and p the thickness
and bulk resistivity, respectively, of the heavy metal. It should be noted that Eq. (7) was derived
based on a 3D charge-to-spin interconversion picture and its application to 2D charge-to-spin
interconversion can be problematic. In several earlier FMR driven spin pumping studies [20,23,67-
70], a parameter Aee with the dimension of length has been used to describe the spin-to-charge

conversion efficiency in Tls, and hiee = jc?P/js®® = ve-1, where jc?P is the surface charge current
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density, jsP the vertical spin current density, ve the Fermi velocity of the TSS, and t the spin
scattering time associated with the 2D spin-to-charge conversion. On the other hand, the term
“effective spin Hall angle” (or “spin-orbit-torque efficiency”) has been widely adopted to describe
the conversion efficiency in Tls. Though not a perfect analogy and not specifically developed for
a 2D system, it does provide a quantitative measure for direct comparison to charge-to-spin
conversion efficiencies in HMs. Specifically, since the 2D spin-to-charge interconversion takes
place within a certain depth at the interface, the parameter Mg can be divided by this finite
thickness to yield a dimensionless value for direct comparison with spin Hall angle of HMs
[21,23,71].

Here, we similarly take the effective thickness of TSS into account by considering the TI
as a three layer system: a bottom TSS layer interfaced with YIG; a bulk layer, and a top TSS layer.
Based on Eq. (7) and using the resistivity (2.0 x 10® Q-m) and the thickness (I nm) of the TSS
layer, Gt = Gef = 5.0 x 1012 Q*m, and the vertical spin diffusion length 1.6 nm [20] and 6.2 nm
[18] reported in literature, we determine a value of 0.1 - 0.4 for the effective spin Hall angle of
Bi>Ses. It should be noted that the assumption of a completely insulating bulk may be simplistic,
especially when the Bi>Ses film is degenerately doped. However, because the spin diffusion length
is short and the interfacial coupling is mainly established between the bottom TSS layer and YIG,
bulk conduction in the Bi>Ses film is expected to only result in a small correction term to the
estimate. On the other hand, if the MR ratio in the y-z plane (e.g., 0.18% according to Figure 3d)
is mistakenly considered as fully associated with the 2D spin-to-charge interconversion in the
bilayer structure, it will result in an overestimate of the effective spin Hall angle by a factor of ~5.
For comparison, we further list our experimental method and estimated effective spin Hall angle

in Table 1. It is clear that in contrast to the methods used in previous studies, our approach to
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extract the spin-to-charge efficiency in the Tl is based on a combined study of FMR, IREE, and
ADMR measurements.

Finally, we discuss possible contributions from spin Seebeck effect (SSE) [72-74] to the
observed ADMR. In the Bi>Sesz-YIG bilayer structure, passing a charge current through the Bi>Ses
layer can generate a substantial temperature gradient in the direction perpendicular to the sample
plane due to Joule heating. This temperature gradient can further induce a vertical spin current in
Bi>Ses via the SSE [73,74], and through spin-to-charge conversion, the spin current can in turn
affect the longitudinal transport, leading to ADMR [9]. According to Joule’s law, the spin current
should be proportional to the square of the charge current, and thus the MR ratio should linearly
depend on the charge current. In our measurements, the MR ratio is found to be insensitive to the
magnitude of the current (Figure S6 [46]), thus ruling out contribution from SSE to the measured

ADMR.

Conclusion

In this work, we systematically investigate the spin-to-charge interconversion in a Bi>Ses-
YIG bilayer structure. FMR measurements reveal an enhanced damping in the YIG due to spin
pumping into the Bi,Ses, and yield a spin mixing conductance Gest ~ 5.0 x 10'% Q*m2. The robust
interfacial coupling is also confirmed by the detection of an emf generated in Bi.Ses at
ferromagnetic resonance of the bilayer structure. Systematic ADMR measurements in all three
planes of the Bi>Ses-YIG bilayer structure and a Bi>Ses reference film indicate that, in direct
contrast to the negligible intrinsic ADMR of HMs, the intrinsic ADMR of Bi»Ses itself must be
taken into account in order to extract the MR associated with the charge-to-spin interconversion.

Moreover, ruling out contribution from proximity-induced magnetism in the Bi>Ses due to absence
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of AHE, we determine that the MR ratio associated with the interfacial interaction between the
YIG and the Bi»Ses is about 0.04% at 20 K. Based on these results, we further estimate an effective

spin Hall angle of ~ 0.1 - 0.4 for Bi,Ses.
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Figure Captions

Figure 1. a) an AFM image of a 10 nm YIG film grown on a GdsGasO12 (111) substrate; b) an
AFM image of a 20 nm Bi2Ses film grown on 10 nm of YIG; and ¢) a Raman spectrum of a Bi>Ses-

YIG structure.

Figure 2. a) FMR response for a YIG film and a YIG-Bi;Ses bilayer at 11 GHz and 5 K. b)
Resonance frequency as a function of magnetic field (Kittel curve) for Y1G and Y1G-Bi.Ses bilayer.
c) Calculated effective anisotropy field poMest as a function of temperature. d) Temperature
dependence of the Gilbert damping constant (o). €) Schematic of the IREE measurement set up, a
pair of small bias coils are used to apply a modulated magnetic field. The rectified RF output of
the transmission line and the emf across the Y1G-Bi>Ses sample are measured simultaneously at
the modulation frequency. f) FMR curve (red) and emf (blue) as a function of magnetic field at 3

GHz and 5 K.

Figure 3. a)-c) schematics for y rotation, ¢ rotation, and ® rotation, respectively; d)-f) ADMR of
Bi>Ses-Y1G-1, BixSes-YIG-2, and Bi>Ses-1 in a magnetic field of 0.5 T, 0.8 T, and 0.8 T,
respectively. In d) and e), each dashed curve is a fit for the corresponding out-of-plane ADMR
data (y rotation or ¢ rotation) based on Egs. (5) and (6), and in ) the in-plane ADMR (o rotation)

follows cosine-squared dependence indicated by an orange curve.

Figure 4 a) measured resistance difference AR as a function of temperature for Bi>Ses-Y1G-2 and
Bi>Ses-1; b) Field dependence of AR*Y/RY for Bi,Ses-Y1G-1, BioSes-YIG-2, and Bi>Ses-1. Note:
data for Bi>Ses-Y1G-1 and Bi>Ses-YIG-2 are shifted vertically by 0.05% and -0.05%, respectively

for clarity.
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Table

Table 1 Estimated values of the effective spin Hall angle for various topological insulators

Effective spin

Tgpological Sample structure Temperature Experimental Hall angle | Reference
insulator Method (Oetsr)

BizSes Bi,Ses/Py 300 K ST-FMR 20-35 11
BizSes Bi,Ses/Fe 20K ST-FMR 0.8-4.9 21
BizSes Bi,Ses/Fe 300K ST-FMR 0.2-0.7 21
Bi,Ses Bi,Ses/CoFeB 3K ST-FMR 162-21 22
(Bi1xShy)2Tes (Bi1-yShy)2Tes/Cu/Py 10K ST-FMR 0.45-0.57 23
Bi,Ses Bi,Ses/Py 300 K ST-FMR & IREE 0.0093 18
Bi,Ses Bi,Ses/CoFeB 300 K ST-FMR & IREE | 0.021 -0.43 19
Bi,Ses Bi,Ses/YIG 300 K ST-FMR & IREE 0.022 20
Bi,Ses Bi,Ses/MgO/CoFeB 4 K IREE 0.8 12
Bi,Ses Bi,Ses/Py 300 K IREE 0.4 17
(BiosShos)2Tes| (BiosShos)2Tes/(Cro.osBiosaSho.ss)2Tes 19K 2" Harmonic AHE | 140 —425 15
(BiyShy),Tes | (BiiyShy),Tes/Cry(BiiyShy)axTes 2K 2" Harmonic AHE 160 16

Bi,Ses Bi»Ses/Y1G 20K ST'F'\A"S;V'IEEE & 01-04  thiswork
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