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Abstract

We report the observation of ferromagnetic resonance-driven spin pumping signals at room tem-
perature in three-dimensional topological insulator thin films — BigSes and (Bi,Sb)sTes — deposited
by molecular beam epitaxy on YsFe;012 thin films. By systematically varying the BisSes film
thickness, we show that the spin-charge conversion efficiency, characterized by the inverse Rashba-
Edelstein effect length (Argg), increases dramatically as the film thickness is increased from 2
quintuple layers, saturating above 6 quintuple layers. This suggests a dominant role of surface
states in spin and charge interconversion in topological insulator/ferromagnet heterostructures.
Our conclusion is further corroborated by studying a series of Y3Fe;012/(Bi,Sb)2Tes heterostruc-
tures. Finally, we use the ferromagnetic resonance linewidth broadening and the inverse Rashba-

Edelstein signals to determine the effective interfacial spin mixing conductance and A\Rgg.



The development of next-generation spintronic devices has driven extensive studies of
spin-to-charge conversion through measurements of the inverse spin Hall effect (ISHE)
and/or the inverse Rashba-Edelstein effect (IREE) in both three-dimensional (3D) [1-6]
and two-dimensional (2D) material systems [7-15]. Topological insulators (TIs) such as the
Bi-chalcogenides are naturally relevant in this context due to the large spin-orbit coupling
(SOC) strength and the inherent spin-momentum “locking” in their surface states [9, 16, 17|
which promise very efficient spin-charge conversion efficiency. Previous studies of spin trans-
fer in TI-based heterostructures have involved ferromagnetic metals that provide a shunting
current path, therefore introducing potential artifacts which complicate the picture and anal-
ysis [8, 9, 11, 12]. To circumvent these problems, we have grown and characterized bilayers
of TIs on ferrimagnetic insulator Y3Fe;015 (YIG) thin films with an exceptionally low damp-
ing constant [19]. Here, we report the ferromagnetic resonance (FMR)-driven spin pumping
observed in YIG/BiySes bilayers, showing robust spin pumping signals at room temperature.
Systematic variation of the BiySes thickness allows us to unambiguously demonstrate that
the spin-charge conversion efficiency, characterized by the inverse Rashba-Edelstein effect
(IREE) length A\jgrgg in a 2D material system[7], dramatically increases from (1.1 + 0.13)
pm to 35+ 4 pm as the BiySes thickness varies from 2 to 6 quintuple layers (QL). When the
top and bottom surface states with opposite spin polarizations decouple from each other,
AReg Saturates and is constant, providing clear evidence for the dominant role of surface

states in inducing spin-charge conversion in 3D TTs.

We first discuss the structural and interfacial characterization of the YIG/BisSes het-
erostructure using high-resolution scanning transmission electron microscopy (HR-STEM).
Figure 1(a) shows an atomically ordered 6 QL BiySes layer grown on an epitaxial 30-nm YIG
thin film. We note that an amorphous layer of about 1 nm in thickness is observed at the
YIG/BiySes interface, most likely due to the nucleation of the template layer in the two-step
growth process (see Supplementary Material at [link to be added] for more details about the
growth method). The atomic force microscopy (AFM) image in Fig. 1(b) shows a smooth
surface with a roughness of about 0.71 nm. A representative 6 — 20 x-ray diffraction (XRD)
scan of a 40 QL BiySes film shown in Fig. 1(c) indicates a phase-pure BisSes layer. Figure
1(d) shows a representative FMR derivative absorption spectrum for a 30-nm YIG film used
in this study taken at a radio-frequency (rf) f =3 GHz with a magnetic field H applied in
the film plane. The peak-to-peak line width (AHpp) obtained from the spectrum is 9.2 Oe,
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and an effective saturation induction of 1.76 kOe is extracted from fitting the frequency de-
pendence of the resonance field [19]. The spin pumping measurements are performed using
a microwave transmission line on the YIG/TI bilayers at room temperature (approximate
sample dimensions of 1 mm x 5 mm). During the measurements, a DC magnetic field H is
applied in the x-z-plane and the spin pumping voltage Vsp is measured across the ~ 5 mm
long TT layer along the y-axis, as illustrated in Fig. 2(a). At the resonance condition, the
YIG magnetization M precesses around the equilibrium position and transfers angular mo-
mentum to the conduction electrons in the TI films through interfacial exchange coupling
[4]. The resulting pure spin current is injected along the z-axis with spin polarization o
parallel to M, and then converted to a charge current leading to the spin pumping signals.

Figure 2(b) shows the temperature dependence of the resistivity of 6 QL BisSes and
(Bi,Sb)yTes thin films grown on YIG. The metallic behavior (decrease in resistivity at low
temperature) is the typical behavior of BisSes due to Se vacancies [20]. For (Bi,Sb),Tes, the
resistivity increases by ~ 50% from room temperature to 2 K, consistent with surface state
dominated transport in this thin film [21]. The carrier concentrations obtained from Hall
effect measurements at room temperature are 4 x 103 ecm=2 and 9.8 x 10*2 ecm~2 for 6 QL
BisSe; and (Bi,Sb)yTes, respectively.

Figure 2(c) shows the observed Vsp vs. H spectra of the YIG/BisSes (6QL) bilayers at
f =2, 3, and 4 GHz using 100 mW microwave power. The observed spin pumping signals
change sign when the magnetic field H is reversed from 0y = 90° to 270°, as expected
from either IREE or ISHE. At 2 and 3 GHz, the observed signal is about 40 x4V, and for 4
GHz, the signal decreases to about 20 'V, which results from the variation of the microwave
transmission line performance at different frequencies. Figure 2(d) shows the spin pumping
spectra of a YIG/BisSes (6 QL) sample at microwave powers of 18, 32, 56, and 100 mW
and an excitation frequency of 3 GHz. The upper inset shows the rf-power dependence of
Vsp at 6y = 90°, indicating that the observed spin pumping signals are in the linear regime.

To probe the spin to charge conversion mechanism in TT layers, we systematically vary
the BisSes thickness from 2 to 60 QL. Figure 3(a) shows the spin pumping spectra when
Oy = 90° for 4, 6, 24, and 40 QL thicknesses of BisSes grown on YIG, respectively. The
significant enhancement of the spin pumping signal in the low BisSes thickness regime mainly
results from the increased resistivity. For a 2D material system, such as the T1I surface states,

the spin to charge conversion is dominated by IREE [22, 23] and the injected spin current is
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converted into a 2D charge current, J. = A\jgrggJs. The spin current density J; is in units of A
m~2, and the 2D charge current density .J. is in units of A m™!; the parameter \iggr has the
dimension of length and is introduced to characterize the spin to charge conversion efficiency
in 2D material systems [7, 23]. The observed spin pumping voltages Vsp dominated by IREE

depend on several material parameters [7]:
Vsp = —wRAregJs, (1)

where w and R are the sample width and resistance, respectively. J; is the spin current

density at the YIG/TI interface which can be expressed as [3, 5, 6]:

o, Iihne” e? {V‘WMs + \/ (v4mM,)* + 4w2]

k= h QW(Apr>2 [(747TM3)2 + 4w2} 7 (2>

where gp, is the effective interfacial spin mixing conductance [24], AH,, is the FMR peak-
to-peak linewidth, A, is the radio frequency field, w is the FMR angular frequency, and
M is the saturation induction of the YIG thin films. We can determine the effective spin
mixing conductance g4, from the FMR linewidth broadening of the YIG thin film [2, 3, 24]:

21/ 3Mytyig (

AHyig/m — AHyig) (3)
guBw

g1l =

where 7 is the absolute gyromagnetic ratio, ty;g denotes the thickness of the YIG thin films,
g is the Landé factor, and up is the Bohr magnetron.

If the spin pumping signal is dominated by the ISHE, spin diffusion should be taken into

i1
A

5 SD) Js , and the spin pumping signal will follow

account according to J. = fsgAsp tanh (

2, 3, 6]

t
Vap = —wROsgsp tanh | —— ) J., (4)
2Asp

where Agp is the spin diffusion length, ¢y is the thickness of the T1 thin film and sy is the
spin Hall angle. The distinct difference between Eqs. (1) and (4) is whether the observed
spin pumping signal is dominated by the spin momentum “locking” in the surface states
[25-27] or by the SOC interaction.

To answer this question, Fig. 3(b) shows the BisSes thickness dependence of Vsp (blue
points) and Argg (or J./Js ) (red points), where we define J. = %. Above 6 QL, J./Js
almost follows a constant value of about 35 pm. Below 6 QL, J./Js; dramatically decays by
a factor of 30 from 35+ 4 pm to 1.1 +0.13 pm when at 2 QL thickness. Earlier studies have
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reported that the thickness of the BiySes surface states is approximately 2-3 nm [28, 29].
Above 6 QL, the top and bottom BisSes surface states decouple from each other; below 6
QL, the interaction of the two surface states with opposite spin polarizations can decrease
the interfacial spin momentum “locking” efficiency. This is consistent with angle-resolved
photoemission spectroscopy (ARPES) studies that show the opening of a gap in the Dirac
cone when the BisSes thickness is below 6 QL, accompanied by a decrease in the spin
polarization of the surface states [28, 29]. Qualitatively, our data shown in Fig. 3(b) follow
this trend and strongly indicate the key role played by the surfaces states in spin-charge
conversion in BiySes. If we try to interpret the data in Fig. 3(b) with the spin diffusion
model (Eq. 4), the fit yields a value of Agp ~ 1.6 nm and also requires the presence of a
“dead” layer at the interface (see Supplementary Material at [link to be added] for detailed
analysis using the spin diffusion model). This short vertical spin diffusion length suggests
that the spin polarized electron current is restricted to the bottom surface of the TI. Thus,
while we cannot definitively rule out the spin diffusion model, a more physically meaningful
picture at this stage is that the surface states probably play a dominant role in the spin-
charge conversion. We note that the value we obtain for (J./J;) (or Airgg) is approximately
two orders of magnitude smaller than the spin Hall angle reported using a spin torque FMR
study at room temperature [9]. One possible reason for this discrepancy is the amorphous
layer at the interface shown in the HR-STEM figure, which potentially decreases the spin
injection efficiency. Another reason may be the difference in the fundamental measurement
mechanism between these two probing techniques. In a spin torque FMR experiment, as
the charge current flows through the TI layers, the electrons can potentially have multiple
scattering processes to transfer the spins to the ferromagnetic layers. However, in an FMR

spin pumping measurement, this multiple scattering process may not be valid.

To further verify that the spin-charge conversion efficiency is dominated by the sur-
face states of TIs, we grew five different TI heterostructures on YIG as control sam-
ples and measured their spin pumping signals. The five control samples are sample A:
YIG/(Bi,Sb),Tes (6 QL); sample B: YIG/BisSes (1 QL)/(Bi,Sb)oTes (6 QL); sample C:
YIG/BisSe;s (6 QL) /(Bi,Sb)yTes (6 QL); sample D: YIG /BisSes (1 QL) /Crg.2(Big5Sbgs)1.8Tes (6
QL); and sample E: YIG/BisSes (6 QL)/Cr2(Bips5Sbos)1.sTes (6 QL). Figure 3(c) shows the
spin pumping spectra of control samples B, C, D and E at 3 GHz radio-frequency and 100

mW power. The enhancement of the spin pumping signal of samples D and E mainly results
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from the larger resistivity of Crgo(Big5Sbgs)1.8Tes compared to (Bi,Sb)yTes. Normalizing
by the resistance and sample width, we obtained the spin charge conversion ratio of the five
control samples and compared them with the values for YIG/BisSes in Fig. 3(d). First, the
values of A\jggg obtained for sample C and sample E are 3744 pm and 34+4 pm, respectively.
Both the values are quite close to 35 £+ 4 pm measured for YIG/BisSe; (6QL), indicating
that as long as the BisSes thickness is above 6 QL, the spin-charge conversion efficiency is
roughly constant and does not depend on the bulk properties: Cr doping and different band
structures do not change the values. Second, for sample A, (Bi,Sb);Tes directly grown on
YIG, AMrge= 17 £ 2 pm, about half of the value of BiySes. This is in sharp contrast with
earlier results which reported a much larger spin Hall angle of the (Bi,Sb)sTes compared
with BiySes using a spin-polarized tunneling study [23]. This most likely results from the
different interfacial quality and conditions that determine the spin momentum “locking”
efficiency. We expect that the bottom surface state condition at the YIG/(Bi,Sb),Tes in-
terface [28] is not as good as the CoFeB/MgO/(Bi,Sb),Te; interface [23] for which TT was
grown on the commercial InP substrates with minimal lattice mismatch and the highest
sample quality. In the end, we compare the values in samples B and D that both have
1 QL BisSes seed layers. For sample D, we intentionally dope the (Bi,Sb)sTes with Cr,
which can induce ferromagnetism at low temperature [30]. At room temperature, the Cr
doping mainly changes the transport properties and the SOC strength of the bulk states.
The values for samples B and D are A\jggg= 20 &+ 2 pm and 22 + 3 pm, respectively. Their
similar spin-charge conversion efficiencies demonstrate that the properties of the TI bulk
state do not play a significant role here, confirming the interface-dominated spin pumping
phenomena. It is also important to note that values of Ajgrgg for samples B and D are
lower than the value for YIG/BisSes (6QL). As in other studies of spin pumping into TTs,
the interfacial condition presents a critical challenge for controlling the spin conversion
efficiency [8, 11, 12]; in sample B, both YIG/BisSes and BisSes /(Bi,Sb)yTes interfaces will
contribute to the formation of the surface states. Thus, structural defects and/or strain
induced dislocations in the trilayer heterostructures can potentially result in the observed
lower values. A thorough understanding about the correlation of the interfacial conditions

of TI surfaces states and the spin-charge conversion efficiency requires further investigation.

Finally, we compare the spin transfer efficiency at YIG/BiySes to that at YIG/Pt. Note

that Pt is an ideal spin sink and a well-studied non-magnetic material with large SOC [3, 6].
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Figure 4(a) shows the inverse spin Hall spectrum of a YIG(30nm)/Pt(5nm) bilayer sample
under 3 GHz and 100 mW microwave power when the H field is in plane. The observed
sign change of the spin pumping signal with field reversal is expected for the ISHE in a 3D
material system [2, 3]. From the FMR linewidth broadening, the obtained YIG/Pt effective
spin mixing conductance is (5.19 & 0.6) x 10"®®m™2, which lies in the range of the values
reported by other groups using spin pumping [5, 6]. We compare this value with the obtained
spin mixing conductance at various BisSes thicknesses in Fig. 4(b). When BiySes is 6 QL
thick, the spin mixing conductance at the YIG/BiySe; interface is (4.13 £ 0.5) x 10"®m 2.
Although there are some variations, the reported values are in the range of 3 — 7 x 108m 2
when the BisSes thickness varies from 2 to 60 QL, which is essentially comparable to the
determined value at the YIG /Pt interface, demonstrating an efficient spin transfer in YIG/TI
heterostructures. It is important to note that in the large BisSes thickness regime, we do
not observe an enhancement of gy, which is typically observed in the YIG /transition metal
bilayers due to the decrease in backflow spin current caused by the spin diffusion in the
bulk [24, 32]. This also confirms the TI surface states dominated spin-charge conversion

mechanism.

In conclusion, we report robust spin pumping at room temperature in YIG/BisSes bilay-
ers and other YIG/TT heterostructures. By measuring IREE voltages and interfacial spin
current density, we determine the value of A\jrgg and reveal its systematic behavior with
BisSes thickness, demonstrating the dominant role of surface states in spin-charge conver-
sion. The inferred IREE length indicates the important role of interface conditions in spin
Hall physics in topological insulators. Further investigation is required for a thorough un-
derstanding of the correlation between the formation of the surface states and the variation

of spin-charge conversion efficiency at the interfaces.
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FIG. 1. (Color online) (a) Cross-sectional high-angle annular dark-field scanning TEM image of
the YIG/BisSes interface. (b) Atomic force microscopy image of the YIG/BisSes (6QL) sample
with a surface roughness of 0.71 nm. (c) Semi-log § — 26 XRD scan of a YIG/BiySes (40QL)
sample which exhibits clear x-ray scattering peaks from the (003) to (0021) planes of BigSes. (d) A
representative room-temperature FMR, derivative spectrum of a 30-nm YIG film with an in-plane

field, which gives a peak-to-peak line width of 9.2 Oe at f = 3GHz.
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FIG. 2. (Color online) (a) Schematic of the experimental setup for FMR spin pumping measure-
ments. (b) Resistivity of 6 QL BiaSes and (Bi,Sb)2Tes thin films grown on YIG as a function of
temperature. (c) Vgp vs. H spectra of YIG/BiySes (6QL) at f = 2, 3, and 4 GHz using 100
mW microwave power. (d) Vgp vs. H spectra of the YIG/BisSes (6QL) sample for the microwave
power of 18, 32, 56, and 100 mW at f = 3GHz. Inset: rf-power dependence of the corresponding

Vsp at Oy = 90°.

11



150

a 0.04
- o .o
" maa 3 (Q) |-'o. ®euie
60 WM 6QL . L j
S m 24QL 1 £ L (b) s
2= 457 mo40QL A £ ] o
o o e % » 0.02F) =
FHEW ] =) <
S 30+ 2\ =5 . k2
= H N \ = o 50
15} j e
: L SO
0 e e ) o 0_00|g A I . il a1 0
-100 -50 0 50 0 10 20 30 40 50 60
(H-Hg) (OCe) Bi,Sej; thickness (nm)
0.060
® SampleB g (C) -@-Bi,Se;(t)
60f O SampleC 2% O Bi,Se(t)/(Bi,Sb),Tes(6)
- W SampleD . % 0.045F o Bi,Ses(t)/(Bi,Cr, Sb),Tes(6
< B SampleE « § £
2 40t . £ 8-
o :=ﬂ=. = 0.030f ’.'
> HAT o .
20 A 0.015 o, (d)
Opr paome . i 0.000H——1- PSR R 1
4100  -50 0 50 0 1.2 3 4 56
Bi,Se; thickness t (nm)

(H-Hg) (Ce)

FIG. 3. (Color online) (a) Vsp vs. H spectra of YIG/BisSes (4QL), YIG/BisSes (6QL),
YIG/BiaSes (24QL), and YIG/BisSes (40QL) at f = 3 GHz using 100 mW microwave power.
The z-axis is shifted by the resonance field (Hpg) for clarity. (b) Dependence of Vgp (blue
points) and the spin-to-charge conversion efficiency J./.Js determined by Argg (red points) on the
BisSes thickness. (c¢) Vgp vs. H spectra of control sample B: YIG/BiaSes(1QL)/(Bi,Sb)2Te3(6QL)
(blue curve); sample C: YIG/BisSes(6QL)/(Bi,Sb)oTe3(6QL) (green curve); sample D:
YIG/BisSe3(1QL)/Crg.2(Big.5Sbo5)1.8Tes(6QL) (red curve), and sample E: YIG/BisSes(6
QL)/Crp2(Bip.5Sbo5)1.8Tes(6QL) (black curve) at 3 GHz and 100 mW. (d) Comparison of J./Js

for the control samples with the corresponding values for YIG/BisSes.
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FIG. 4. (Color online) (a) Visug vs. H spectra of YIG/Pt (5nm) bilayer at radio-frequency of 3

GHz and 100 mW microwave power. (b) Dependence of the YIG/BisSes interfacial spin mixing

conductance gy, on BigSes thickness. The blue dashed line indicates the value of g4 at the YIG/Pt

interface.
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