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ABSTRACT: Three-dimensional (3D) topological insulators are known
for their strong spin—orbit coupling (SOC) and the existence of spin-
textured surface states that might be potentially exploited for “topological
spintronics.” Here, we use spin pumping and the inverse spin Hall effect to
demonstrate successful spin injection at room temperature from a metallic
ferromagnet (CoFeB) into the prototypical 3D topological insulator Bi,Se;.
The spin pumping process, driven by the magnetization dynamics of the
metallic ferromagnet, introduces a spin current into the topological
insulator layer, resulting in a broadening of the ferromagnetic resonance
(FMR) line width. Theoretical modeling of spin pumping through the
surface of Bi,Ses, as well as of the measured angular dependence of spin-
charge conversion signal, suggests that pumped spin current is first greatly
enhanced by the surface SOC and then converted into a dc-voltage signal primarily by the inverse spin Hall effect due to SOC of
the bulk of Bi,Se;. We find that the FMR line width broadens significantly (more than a factor of S) and we deduce a spin Hall
angle as large as 0.43 in the Bi,Se; layer.

KEYWORDS: Topological—insulator/ferromagnet heterostructures, spin pumping, spin Hall effect, interfacial spin—orbit coupling,
interface intermixing, TEM, ferromagnetic resonance, spintronics

ver the past three decades, the field of spintronics has are narrow band gap semiconductors with a very strong SOC

witnessed remarkable progress on both fundamental and that yields helical spin-textured Dirac surface states. This spin-
technological fronts. Giant magnetoresistancel’2 and tunneling texture, which has been directly measured using both
magnetoresistance”" already provide the basis for a mature photoemission'* and electrical transport,'”'® naturally lends
magnetic storage technology. Emerging device concepts now itself to potential exploitation for “topological spintronics.” For
combine these phenomena with spin torque and domain wall example, several theoretical proposals have considered the
control for applications in memory,”® logic,”* and sensing,”"’ possibility of manipulating the magnetization in a ferromagnetic
Among the many challenges that impede further progress layer via these spin-textured surface states.'’”>” Recent
toward applications, two issues dominate. First, the efficiency of experiments studying spin torque ferromagnetic resonance
conventional spin torque in ferromagnetic multilayers is not (ST-FMR), spin-dependent tunneling and dc current-driven
large enough for widespread applications, which has recently switching have indeed demonstrated that TIs are characterized
turned attention to torques generated induced by spin—orbit by charge-to-spin conversion efficiency which is an order of
coupling (SOC) in heavy-metals. Second, all the successful magnitude larger than t}zliatz Agenerated by heavy-metals at room
spintronic device applications so far have been based on temperature (in Bi,Se;)”"" and up to 2 orders of mzezgnitude
metallic conduction channels: the promise of semiconductor larger at liquid helium temperature (in (Bi,Sb),Te;).” In t};g
spintronics'' that seamlessly integrates ferromagnetism with absence of bulk charge carriers, one of the key mechanisms
semiconductor devices remains at a developing stage. Thus, it is behind spin torque is current-driven nonequilibrium spin

density due to spin-momentum locking on the surface of TI,

crucial to carry out fundamental studies of spintronic device oSy
which is a substantially enhanced™”’ variant of the so-called

configurations that have potential to generate large spin torque

that might be readily integrated with semiconductors.
Three-dimensional topological insulators (3D TIs)'*" such Received: August 15, 2015

as Bi,Se; play a natural and important role in this context: they Published: September 14, 2015
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Bi,Se,/CoFeB

Figure 1. (a) Schematic of the device utilized for the spin pumping experiment. A thin magnetic layer is placed on the top of TL An external rf-
magnetic field, excites the magnetization dynamics. Precessional magnetization dynamics injects a net spin current (J;) into the adjacent TI layer.
Because of the strong SOC of the TTI layer, this spin current is translated into a charge current that can be characterized as the output spin pumping
voltage. (b) An optical micrograph of the actual fabricated device. The magnetization dynamics is excited using an asymmetric coplanar waveguide in

the GS form and a microwave source.

Edelstein™ effect originally predicted for two-dimensional
electron gases with the Rashba SOC.

Other experiments””~>" have used spin pumping to probe
spin injection into TIs and the subsequent spin transport with
one study attributing the observed dc-voltage signals to the
inverse Edelstein effect (IEE)**™** on the surface of TIs.”” In
spin pumping experiments, spin current is injected from a
ferromagnetic layer into a TI due to the precessional
magnetization dynamics.”>~>” We note that the spin pumping
process is not limited by impedance-mismatch between the
magnetic and nonmagnetic layers.”®*” The spin pumping
process provides a means of probing and quantifying several
important properties of the magnetic and nonmagnetic layers,
such as the interfacial spin-mixing conductance and the spin
Hall angle.*

However, there are fundamentally important questions
unanswered by these experiments: do the large spin torques
and spin-charge conversion signals measured in the top-
ological—insulator/ferromagnet heterostructures actually arise
from the spin-textured surface states or could they simply be
generated by the bulk states that also have a large SOC?
Moreover, the effect of strong SOC*"** present directly at the
ferromagnet/nonmagnet interface, which is introduced by the
surface of T1, has been absent from the standard analysis of spin
pumping experiments.””~*" These questions are particularly
germane in room-temperature experiments that involve TI
films where the chemical potential lies in the bulk bands.

In this paper, we seek to address these questions through a
careful spin pumping study. We find that in a spin pumping
geometry it is very difficult to distinguish the dc-voltage signal
generated by IEE on the TI surface states from the dc-voltage
signal generated by the inverse spin Hall effect (ISHE) in the
bulk of TI, unless the dependence on the precession cone angle
is properly characterized. We also examine the sensitivity of the
spin injection efficiency to interface disorder using high-
resolution transmission electron microscopy (HRTEM) and
compositional mapping, showing how this can be affected by
heat treatment. With proper sample preparation, we show that
a spin Hall angle as large as 0.43 can be achieved in the bulk of
Bi,Se;.

Our experiments are carried out on Bi,Se;/CoFeB bilayers.
Electrical and optical measurements report that the bulk of
Bi,Se; is a semiconductor with a moderately large band gap of
about 0.35 eV.”””*° Depending on the Bi,Se; sample
preparation conditions, the charge transport properties can
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vary significantly with a tendency toward an n-type extrinsic
semiconductor behavior due to the presence of vacancies or
dislocations and also because of excessive selenium.”*’ Bi,Se,
thin films are synthesized on semi-insulating InP(111)A
substrates by molecular beam epitaxy (MBE) in ultrahigh-
vacuum (UHV) systems (low 107'° Torr). After desorbing
native oxide on the InP(111)A substrate under As flux, the
substrate is transferred to another UHV chamber without
breaking vacuum for Bi,Se; growth. At a substrate thermo-
couple temperature of 315—350 °C, single crystalline Bi,Se;
films are grown using thermal evaporation of high-purity
(99.999%) elemental Bi and Se via conventional Knudsen cells
with a Se/Bi beam equivalent pressure ratio of ~15:1 and a
growth rate ranging from ~0.36 nm/min to ~0.83 nm/min.
The morphology of the surface is monitored by reflection high-
energy electron diffraction (RHEED) during the film growth
[see Supporting Information Figure S1]. Next, the substrate is
cooled down to ambient temperature under the Se flux for
minimizing defects such as Se vacancies. Moreover, Se serves as
the capping layer for transferring the sample from MBE into
the sputtering system. For comparison, samples without Se
capping layer are also prepared which are protected from
oxidation by photoresist (PR).

The surface of the Bi,Se; thin film typically shows 1 nm steps
of quintuple layers (QLs) where each QL consists of five
atomic layers of Se—Bi—Se—Bi—Se [see Supporting Informa-
tion Figures Sland S2]. The temperature dependence of the
resistivity of the Bi,Se; samples shows metallic behavior,
characteristic of a degenerately doped semiconductor with
significant bulk conduction at room temperature. Hall
measurements of the patterned Bi,Se; films [Supporting
Information Figure S3] reveal a 2D carrier density of a 10
QL film of about 2.5 X 10" cm™ indicating that the chemical
potential is above the bottom of the bulk conduction band.

We investigate the spin dynamics at the Bi,Se;/CoFeB
interface using spin pumping. The sample geometry is shown in
Figure la. An ultrahigh vacaum (UHV) six-target Shamrock
sputtering system with an in situ ion-milling source has been
used for the ferromagnetic layer deposition. On the samples
with Se capping layer, Se capping is removed in an AJA
sputtering system with a built-in heater. Samples are heated up
to 270 = 20 °C for an hour and then cooled down. Samples are
heated up for long enough time to confirm complete removal
of the capping layer. On the sample with PR protection layer,
the PR is simply removed utilizing Acetone solution. Samples
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are then immediately transferred to our Shamrock system for
the magnetic layer deposition. The TI surface is slightly etched
using an ion-miller before CoFeB deposition. Co,yFegBy (S
nm) has been deposited for the magnetic layer and the film is
capped with MgO (2 nm) to prevent the magnetic layer
oxidation. For the spin pumping devices, photolithography was
used to define TI/ferromagnet regions. After coating the
substrate with a negative-tone photoresist, the resist is
patterned into rectangles with a size of 1500 ym X 620 pm.
The patterns are transferred to the TI/ferromagnet layer using
argon ion etching and subsequent resist removal. In order to
isolate the ferromagnetic structure from the coplanar wave-
guide, MgO (50 nm) is sputtered. After patterning the coplanar
waveguides and contacts, Cr (S nm)/Cu (100 nm) is deposited
by Ebeam evaporator followed by lift-off of the resist. For ST-
FMR devices, after patterning of the stack structure into
rectangular with a length of 30 ym and width of 3—30 pm,
symmetric GSG waveguide is patterned and placed on top of
the structure [see Supporting Information Figure S8]. Samples
BS1 (10 QL), BS2 (10 QL), BS3 (10 QL), and BS4 (5 QL) are
from four different batch of samples that are initially capped
with Se. Sample BSS (10 QL) is protected with PR. To
characterize large precession cone angle, a spin pumping device
BS6 (10 QL) is fabricated with a coplanar waveguide width of
12 pm for the signal line.

The magnetization dynamics are excited in the magnetic
layer using a GHz-rf field. Because of the spin pumping effect, a
net spin current (J;) is injected into the Bi,Se;. The large SOC
of TI converts this spin current into a charge current J. = 7(2e/
#)J; that can be read out as Vg, where 7 is the efficiency of spin
to charge conversion. In the case of the inverse spin Hall effect,
n is the same as gy, the spin Hall angle. The actual fabricated
device with the measurement setup is shown in Figure 1b. The
magnetization dynamics are excited using an asymmetric
coplanar waveguide in the GS form utilizing a microwave
sinusoidal source. The width of the signal (S) and ground (G)
lines are 60 and 180 pm respectively and spacing between them
is 60 pm. The coplanar waveguide is isolated from the magnetic
and TI layers by a 50 nm thick MgO layer. For the magnetic
layer, CoFeB (5 nm) is sputtered deposited on the Bi,Se; film
using a Shamrock sputtering system. The surface of the Bi,Se;
layer is slightly etched using an in situ argon ion miller to
provide a fresh interface for the magnetic layer. Using
subsequent optical lithography process, the Bi,Se; layer is
patterned into a rectangular shape of 1.5 mm X 0.62 mm. In
this report, we present experimental results for five samples BS1
(10 QL), BS2 (10 QL), BS3 (10 QL), BS4 (5 QL), and BS5
(10 QL).

Figure 2a shows the output dc-voltage for an excitation
frequency of 4 GHz and an excitation amplitude of 2.5 V in
sample BS1(10 QL). The output signal polarity alters as the
direction of the magnetic field reverses while the absolute value
of the resonance field remains the same value of 10 mT, which
is consistent with typical spin pumping spectra 5 In addition,
by increasing the input excitation frequency to 6 and 8 GHz
(Figure 2b,c), the resonance field shifts to 21.2 and 36.7 mT,
respectively [see Supporting Information Figure S4 for contour
plot]. These results are consistent with an FMR spectrum
governed by the Kittel formula f = (y/(27))(H(H + M,))"*
where M, is the saturation field of the CoFeB and y is the
gyromagnetic ratio.”® The spin pumping signal has the form of
a symmetric Lorentzian function. Usually there are contribu-
tions from the anisotropic magnetoresistance (AMR) and/or
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Figure 2. Spin pumping measured for the sample BS1. The output dc-
voltage measured at excitation frequencies of (a) 4, (b) 6, and (c) 8
GHz for various bias fields. The experiment data (black) is overlaid
with the symmetric Lorentzian (red) and antisymmetric Lorentzian
(blue) curve fitting. Right column shows the spin pumping signal for
the sample BS2 measured at the excitation frequency of (d) 4, (e) 6,
and (f) 8 GHz. The experiment data (black) is overlaid with the
symmetric Lorentzian (red) and antisymmetric Lorentzian (blue)
curve fitting.

the anomalous Hall effect (AHE) of the magnetic layer
(CoFeB) in the output voltage. Both AMR and AHE have the
form of asymmetric Lorentzian functions and can be isolated
from the output signal. By fitting the experimental spectra to
the form V = Vo ((AH?)/(AH? + (H — H,)*)) + Vaym((AH(H
— H,))/(AH* + (H — H,)*)), the symmetric and asymmetric
components are extracted [see Figure 2a—c]. Here, H, is the
resonant field and AH is the line width of the spin pumping
signal.

In Figure 2d—f, the spin pumping spectra are given for the
sample BS2 (10 QL) [see Supporting Information Figure SS for
the contour plot]. The results show that the line width of the
spin pumping signal more than doubles compared to the
sample BSI. The line width of the sample BS1 are 5.4, 6.2, and
7.7 mT, while the ones for the sample BS2 are 15.3, 17.3, 18.2
mT for the excitation frequencies of 4, 6, and 8 GHz,
respectively. Further, the amplitude of the output voltage drops
by more than an order of magnitude in sample BS2. The
asymmetric component of the output signal is dissociated from
the output signal as presented in Figure 2d—f. Because the spin
pumping line width is associated with the nature of the
damping of magnetization at the Bi,Se;/CoFeB interface, we
conclude that the interfaces behave differently in samples BS1
and BS2.

In Figure 3ab, the spin pumping spectra are given for
excitation amplitudes of 1.0, 1.5, 2.0, and 2.5 V for sample BS1
and BS2, respectively. The amplitude of the spin pumping
increases with excitation amplitude for both positive and
negative fields. Further, the broadening of the output signal for
BS2 is larger than BS1 for all excitation amplitudes. In Figure
3¢,d, the amplitude of the output signal peak position is shown
for different microwave excitation amplitudes. In both samples
BS1 and BS2, the output amplitude increases quadratically
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Figure 3. Spin pumping output signal for the excitation amplitude of
2.5, 2.0, 1.5, and 1.0 V for the sample BS1 at the excitation frequency
of 6 GHz (a) and for the sample BS2 at the excitation frequency of 6
GHz (b). The peak amplitude of the spin pumping signal at different
excitation amplitude for the sample BS1 at the excitation frequency of
6 GHz (c) and for the sample BS2 at the excitation frequency of 6
GHz (d).

relative to the input amplitude, again consistent with the spin
pumping properties.%’50

In Figure 4a, the spin-pumping spectra are shown for
samples BSI—BSS at a constant excitation frequency of 6 GHz
and for an excitation amplitude of 2.5 V. The data clearly show
a wide variation of the output signal amplitude among these five
samples. The amplitudes are 122, 13.2, 68, 1.5, and 71 uV for
BS1—-BSS, respectively. The change of the resonance field is
due to slight variations of the saturation magnetization of the
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Figure 4. (a) The spin pumping spectra for the sample BS1 (10 QL),
BS2 (10 QL), BS3 (10 QL), BS4 (5 QL), and BSS (10 QL). The
microwave excitation frequency is 6 GHz and the input excitation
amplitude is 2.5 V for all the measurements. In the inset the
normalized spin pumping signals for the samples BS1, BS2, BS3, BS4,
and BSS are given together with the FMR spectra. (b) The line width
of the FMR and of the spin pumping signals of the samples BS1, BS2,
BS3, BS4, and BSS. (c) The resonance fields for different excitation
frequencies for the FMR and for the samples BS1, BS2, BS3, BS4, and
BSS. (d) Spin Hall angles are extracted for BS1—BS4 at different
excitation frequencies.
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five samples. In the inset of Figure 4a, the normalized spin
pumping signals are plotted versus the FMR signal. The FMR
signal itself is extracted from an independent measurement of a
reference CoFeB sample deposited on Si/Si,O;. The line width
of the spin pumping signal is always larger than the FMR signal
in all five samples. Moreover, BS2 has the largest value of 17.3
mT and BSS has the smallest value of 4.1 mT while the FMR
line width is 2.3 mT. Figure 4b shows the line width of samples
BS1-BSS overlaid with the FMR signal line width under
different excitation frequencies. As expected, all the BS1-BSS
devices have a line width that is much larger than the FMR
signal. Moreover, there is a wide variation of the line width
among these five samples.

The pumped spin current flows mostly”™” into the surface of
TI when its bulk is highly resistive, where it is converted into a
charge current, or a dc-voltage in an open circuit, by SOC on
the surface of TI via IEE. If the bulk of the TI layer has
sufficiently low resistivity, pumped spin current is injected into
the bulk and converted to a dc-voltage via the ISHE of the bulk.
Both dc-voltage signals appear in the same direction as J; X &
and they are picked up by the same dc-probe configuration
placed on the top of Bi,Se;/CoFeB heterostructure in Figure
la.

To understand the origin of the dc-voltage signal, we
extracted the magnetization precession cone angle for different
excitation amplitude at a fixed frequency of 6 GHz [see
Supporting Information Figure S13]. In all samples, we find
that the spin pumping output signal is proportional to sin® 6.
Using a charge conserving Floquet-nonequilibrium Green
function (Floquet-NEGF) formalism,*' we calculate the angular
dependence of Vﬁ}fnp’M as well as of spin current Ils,{lmp injected
by pumping into the bulk of the Bi,Se; [see Supporting
Information for more information]. The angular dependence of
V;SUI;% is proportional to I% and is thus identical to that of I%,
while its magnitude depends on bulk material specific
parameters.’’ The distinction between the two dependences
is conspicuous even at small cone angles @ < 30°. Interestingly,
the V;Suﬁ, versus 6 dependence is identical to the one generated
in conventional F/N (N-normal metal) bilayers without
interfacial SOC,** which is also consistent with other very
recent theoretical studies.*” Because our experimental data has
the same sin® @ dependence, this confirms that we have injected
pure spin current into the bulk of the TI layer at room
temperature.

Having established that the ISHE is likely dominant over the
IEE, we estimated Oy using the formula derived for a
conventional ferromagnetic metal/normal metal bilayer. The
broadening of the spin pumping line width is closely related to
the spin mixing conductance at the interface of Bi,Se;/CoFeB.
The spin mixing conductance is evaluated from the relation g'*
= ((2\/3”Ms7dCFB)/ (gusw))(AHgp — AHpyg), where dcgp is
the thickness of the CoFeB, w (= 2xf) the excitation frequency,
Uy is the Bohr magneton, and g is the Landau g-factor. In Figure
4c, the resonant field is given for different excitation frequencies
of spin pumping in samples BS1—BS5 and for FMR. All the
samples show the same behavior with a slight difference in the
resonance field. By fitting the data to the Kittel formula, the
saturation magnetization is extracted independently [see
Supporting Information Figure S6]. The spin mixing
conductance is found to be 6.5 X 10'°, 26 x 10%°, 2.9 x 10",
14 X 10", and 1.2 X 10" m™ for BS1—BSS, respectively, at the
excitation frequency of 6 GHz. The wide variation of spin
pumping line width and spin mixing conductance could also be
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understood based on the Rashba SOC of the surface state.
From our simulation results, we find that pumped spin current
into the bulk of TI can be enhanced by the interfacial SOC [see
Supporting Information Figure S14b and its discussion].
Therefore, depending on the strength of SOC of the surface
state, the injected spin current into the bulk of Bi,Se; could be
amplified, resulting in the broadening of the FMR line width
and a larger spin mixing conductance.

Knowing the spin mixing conductance, the spin current
density injected from the ferromagnet into the Bi,Se; layer can
be calculated from j; = ((¢"'/*hZh[My + ((Myy)* + 40*)'?)/
(87a?[(My)* + 4w*]))>" where hy is the excitation rf-field and
a is the Gilbert damping coefficient. The damping coeflicient
can be calculated from a = ((\/ 3yAH)/20).>** In order to
evaluate the spin current density, we need to estimate the rf-
field carefully. We use a vector network analyzer to characterize
the input impedance at different excitation frequencies and
calculate the h,, accordingly [see Supporting Information
Figure S7]. The spin current density given by (2¢/%)j is about
1x107,3.3 X 10% 1.0 X 107, 2.6 X 10° and 2.8 X 10° A/m” for
samples BS1—BSS at the excitation frequency of 6 GHz.

The output voltage can be related to the spin current and the
spin Hall angle according to the formula Vigyp = ((whsupiy
tanh(dy/2Ay))/(dyon + dior))(2e/h)j,>" where dy is the
thickness of the Bi,Se; and Ay is the spin coherence length of
the TI channel. In Figure 4d, we calculate fgy for different
resonance frequencies in sample BS1—BSS [see Supporting
Information Figure S8 for details]. At the excitation frequency
of 6 GHz, 6y = 0.33, 0.026, 0.08, 0.015, and 0.34 for samples
BS1—BSS, respectively. It is clear that the value of fgy can vary
by more than an order of magnitude from sample to sample.
Our calculated value of 8y, for sample BSS is about 2 orders of
magnitude larger than of the recent report on the spin pumping
into TL** Moreover, the extracted gy of sample BSI is
consistent with the large spin torque angle*® and spin Hall
angle”® measured recently in Bi,Se;. Because the current
density involved during our measurement is very small, our
results are free from spurious effects like Joule heating. From
Figure 4d, we see a weak dependence of Oy on the excitation
microwave frequency. Over an excitation frequency range of 3
to 9 GHz, 0y has maximum value of 0.41, 0.028, 0.083, 0.021,
0.43 in samples BS1—BSS5, respectively.

The wide fluctuation of spin pumping signals from sample to
sample could be explained based on the nonuniform
composition of Bi,Se; at its interface with the magnetic layer.
Recently, it has been shown that surfaces of TIs are very
nonuniform in terms of chemical potential and position of
Dirac point.>® Because the Bi,Se;/CoFeB interface plays the
major role in the spin injection, the large variations of the spin
pumping characteristics could be associated with nonuniform
Bi,Se; surface. Moreover, the decapping process could also be
responsible for modification of the TI surface considering
Bi,Se; has strong thermoelectric properties.”* Comparing the
samples BS1—4 with BSS, BSS is not involved in any high-
temperature decapping process and we obtain the maximum
spin Hall angle in this sample. This suggests that heat treatment
of TI samples could modify the surface state of TI due to
change of the material composition at the surface. In addition,
surface roughness can modify the spin pumping efficiency.”> As
discussed before, the surface of Bi,Se; is not very smooth and
potentially it can alter the spin pumping signal.

To better understand the interface between the Bi,Se; and
CoFeB, we performed annular dark-field scanning transmission

7130

electron microscopy (ADF-STEM) imaging and energy
dispersive X-ray spectroscopy (EDX) elemental mapping
using an aberration-corrected FEI Titan G2 60-300 STEM
equipped with a Super-X EDX spectrometer on cross-sectional
Bi,Se;/CoFeB thin film samples. Electron-transparent STEM
specimens were prepared using a focused ion beam (FIB) lift-
out (FEI Quanta 200 3D). FIB specimen preparation was
conducted using a 30 keV Ga-ion beam followed by a 5 keV
Ga-ion beam to minimize Ga-ion-damaged layers. An
aberration-corrected FEI Titan G2 60-300 STEM equipped
with a CEOS DCOR probe corrector and Super-X EDX
spectrometer is used in this study. ADF-STEM imaging and
EDX mapping are done on the microscope operated at 300 keV
with the collection angle for ADF detector 50—300 mrad and
the convergent semiangle of the incident STEM probe 24.5
mrad. Beam currents of ~50 and ~150 pA are used for ADF-
STEM imaging and EDX mapping. It is confirmed that no
detectable beam damage has occurred under these conditions.

The resulting ADF-STEM image is shown in Figure Sa.
Starting from the InP substrate with (111) surface, Bi,Se; layer
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Figure 5. (a) Cross-sectional high-resolution ADF-STEM image of a
TI/CoFeB/MgO sample. (b) EDX elemental maps of Mg K, Co K, Bi
L, Se K, and In L signals form the sample. All EDX maps and ADF-
STEM image in (b) are acquired simultaneously. The composite map
is produced by combining Mg, Co, Bi, and In X-ray signals. The ADF-
STEM image and the EDX maps reveal that the films have surface
roughness over lateral distance. The scale bars are S nm.
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forms a crystalline structure with quite a rough surface. In the
Bi,Se; layer, two bright atomic layers separated by dark strips
corresponds to each QL. CoFeB is amorphous and is partially
diffused into the Bi,Se; layer at some locations. The diffusion of
atoms from CoFeB into the Bi,Se; is no surprise because this is
a very soft material and the sputtering process is very energetic
(see Supporting Information for STEM images). The EDX
elemental maps are presented in Figure 5b for Mg, Co, Bi, Se,
and In elements [see Supporting Information for full elemental
analysis]. The EDX results suggest that the lateral distribution
of Se is wider compared to Bi, an effect that could be a result of
Bi,Se; heat treatment during the decapping process.

As a comparison to the recent ST-FMR characterization of
Oy, we also perform ST-FMR measurements and compare the
results with the spin pumping [see Supporting Information
Figures S9 and $10]. Our ST-FMR measurements yield &g as
high as 1.7 at low frequency, consistent with the recent report.
Further, at high frequency the values of fgy; from ST-FMR and
from spin pumping match well with each other.

In summary, we have carried out spin pumping experiments
at Bi,Se;/CoFeB interfaces. Our results clearly demonstrate the
successful pumping of a spin current into the TI layer at room
temperature and a large spin Hall angle. In highly bulk-
conductive Bi,Se; TIs, the inverse Hall effect of the bulk seems
to dominate over the inverse Edelstein effect of the surface
state, at least in spin pumping experiments. Moreover, we find
that the spin pumping characteristics vary from sample to
sample, likely due to a nonuniform CoFeB/Bi,Se; interface and
heat treatment of samples. Our experimental results confirm
that 3D TIs such as Bi,Se; do indeed show large value of the
spin Hall angle in both ST-FMR and spin pumping
experiments, but these large effects could also arise from the
“trivial” bulk states. A clear understanding of the differentiation
between contributions of these bulk states from those of the
topological surface states will be important for the development
of topological spintronics.
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