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ABSTRACT: Topological insulators (TIs) have emerged as
some of the most efficient spin-to-charge convertors because
of their correlated spin-momentum locking at helical Dirac
surface states. While endeavors have been made to pursue
large “charge-to-spin” conversions in novel TI materials using
spin-torque-transfer geometries, the reciprocal process “spin-
to-charge” conversion, characterized by the inverse Edelstein
effect length (Agg) in the prototypical TI material (Bi,Se;),
remains moderate. Here, we demonstrate that, by incorporat-
ing a “second” spin-splitting band, namely, a Rashba interface
formed by inserting a bismuth interlayer between the
ferromagnet and the Bi,Se; (i.e., ferromagnet/Bi/Bi,Se;
heterostructure), Az shows a pronounced increase (up to
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280 pm) compared with that in pure TIs. We found that A alters as a function of bismuth interlayer thickness, suggesting a
new degree of freedom to manipulate Ay by engineering the interplay of Rashba and Dirac surface states. Our finding launches
a new route for designing TI- and Rashba-type quantum materials for next-generation spintronic applications.
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spin—charge conversion

key goal of spintronics is to achieve high spin—charge

interconversions at room temperature for future spin
logic and computing applications. The topological insulator
(TI)—a nontrivial quantum matter—intriguingly exhibits both
bulk-insulating and surface-conducting states that are topolog-
ically protected by time-reversal symmetry”” as well as
possesses efficient spin—charge interconversion.” In the
presence of a strong spin—orbit interaction, the TI surface
state (TISS) forms two spin-split bands and results in a strong
correlated “spin-momentum locking” Dirac surface state with
clockwise (counterclockwise) spin helicity Fermi contours
above (below) the Dirac point (Figure 1a). When a nonzero
three-dimensional (3D) spin current j2° (spin polarization
along y-direction) is injected into the Dirac surface state from
an adjacent ferromagnetic (FM) layer, a transverse 2D charge
current (j2°) will be generated along the x-direction via the
inverse Edelstein effect (IEE) or vice versa (Figure 1a).” The
efficiency of this spin-to-charge conversion, represented by the
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IEE length (Ags(TI) = j2°/i3°, in the unmit of length), is
expressed as A;pp(TI) = vz, where vg is the Fermi velocity of
Dirac fermions, and 7, is the effective spin-momentum
scattering time at the Fermi contour.”® It is found that the
IEE length at the TISS can be orders of magnitude larger than
that in conventional heavy metals via the inverse spin Hall
effect,”” making TI materials promising candidates for efficient
spin-to-charge convertors at room temperature.8

In addition to the IEE conversion via TISS, Rashba spin-
splitting bands formed at the two-dimensional electron gas
(2DEG) also exhibit an efficient spin-to-charge interconver-
sion.”” At the Rashba interface, the spin and momentum are
tightly correlated and form two degenerate spin contours with
opposite helicity because of broken inversion symmetry
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Figure 1. Illustration of the concept of spin-to-charge conversion via
inverse Edelstein effect (IEE) at a topological surface, two-
dimensional electron gas state, and their hybrid state. Top panels:
schematic illustration of the energy dispersion of (a) the topological
surface state (TISS) of a topological insulator (TT), (b) Rashba spin-
splitting bands at a two-dimensional electron gas (2DEG) interface
with two contours with helical spin configuration of opposite helicity,
and (c) TISS and Rashba hybrid bands due to the formation of a
2DEG interface at the surface of TI. Middle panels: schematic view of
the in-plane component of the spin texture at the Fermi surface of
three systems. The red and black—green arrows represent the spin
angular momenta with opposite helicity. Bottom panels: IEE in the
three systems. The injection of a 3D spin current (J°P) with spin
polarization density along the +y-direction leads to an imbalance of
population on one side of the Fermi contour (here along the x-
direction), generating a 2D horizontal charge current density, J2°. The
directions of charge current density are drawn in such a way that all
three systems possess the same sign of spin-to-charge conversion
efficiency while the Rashba coefficient (ap) and Fermi velocity (vg)
have the same polarity. Notably, in a Rashba state or hybrid states,
there is partial compensation of the opposite contributions of the two
contours that may decrease the spin-to-charge conversion efficiency.

(Figure 1b).” The spin-to-charge conversion efficiency at this
2DEG interface can be written as Ajpp(Rashba) = j2P/jP =
agt,/h, where ay is the Rashba coefficient.” Interestingly,
the TISS inherently generates a 2DEG state with pronounced
Rashba-split bands'"'> when attached to strong spin—orbit
coupling materials such as bismuth,"* graphene,'* and WSe,."
In addition, when one bilayer of bismuth (predicted as a 2D-
type TI material °) is deposited on top of a 3D-type T1I Bi,Ses,
the strong potential gradient at the Bi/Bi,Se; interface gives
rise to a new type of helical Dirac surface state (DSS) via the
topological proximity effect.'” This emergent Rashba coef-
ficient oy would reach up to 4 eV-A,"® which is larger than that
in the prototypical 2DEG Ag/Bi system (3 eV-A)."” Thus, we
envision that if the spin current j2° is injected into such a
hybrid interface containing both TISS and Rashba states, the
combined spin-to-charge conversion efficiency would be
enhanced due to their synergistic contributions (Figure 1c).
In contrast to the energy-independent Fermi velocity (vg) and
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net spin polarization at the TISS, the Rashba-induced net spin
polarization is energy-dependent,” indicating that the
Ap(Rashba) may be altered by shifting the position of the
Fermi level with charge transfer induced from the bismuth
layer to bismuth selenide layer, or from the %radient of charge
potential induced from the metal top-layers.”"

Here, we report the observation of large tunable spin-to-
charge conversion in the Fe/Bi(n)/Bi,Se; heterostructure due
to the combined TISS and Rashba states (# is the number of Bi
bilayers deposited on top of the 3D-TI Bi,Se; thin film). The
obtained IEE length (~280 pm) in the Fe/Bi(SBL)/
Bi,Se;(9QL) heterostructure is about S times greater than
that in the prototypical FM/Bi,Se, system (reported Ay varies
between 35 pm"' to 70 pm®’). In situ angle-resolved
photoemission spectroscopy (ARPES) validates the formation
of TISS—Rashba hybrid bands at the Bi/Bi,Se; interface and
the shift of Fermi level by changing the thickness of the Bi
bilayer via surface electron doping induced by the charge
transfer effect. By performing ferromagnetic resonance (FMR)
and spin pumping measurements, we found that the shift of
Fermi level leads to a systematic change of the IEE length in
the Fe/Bi(n)/Bi,Se; heterostructures. This is usually inacces-
sible by applying an external gate voltage that merely acts on
the bottom TISS state of the TIs.”>** Our study opens a new
avenue to design novel 2DEG/TI-based quantum spintronic
devices.

Angle-Resolved Photoemission Spectroscopy Char-
acterization. Figure 2b shows the obtained energy dispersion
of the as-grown Bi,Se; thin film (see the Supporting
Information), exhibiting a perfect linearly dispersing TISS
with well-defined Dirac cone (D) at 293 meV below the
Fermi level. The visible bulk valence bands at higher binding
energy are due to the usual degenerate electron doping.”
From the measured energy dispersion, the Fermi velocity vg ~
5.14 X 10° m/s can be determined, consistent with previous
experimental reports.”®

By adding one bilayer of Bi on top of the Bi,Se; thin film,
the position of Dy shifts toward higher binding energy (down
to —310 meV). This suggests a charge transfer from the Bi
bilayer to the top-QL Bi,Se; associated with increased surface
electron doping,”” resulting in the formation of a two-
dimensional electron gas (2DEG) at the interface between Bi
and the top-QL Bi,Se;.'® This added 2DEG electronic state
produces a new Rashba-like Dirac cone due to the large spin—
orbit coupling and broken inversion symmetry at the 2DEG.
This Dirac cone (DC) Dy; (indicated by sub-band “4” in
Figure 2c) was located around 20 meV below the Fermi level,
which is consistent with previous reports.'®*"*® In addition,
two distinguishable bands appear outside the TISS states (sub-
bands “1” and “2”), indicating a Rashba-type spin splitting due
to a lack of inversion symmetry at the two-dimensional
limit.'®*"*® According to previous theoretical calculations in
ref 18, this Rashba spin-splitting coefficient (ag) could be as
large as ~4 eV-A."® Notably, the TISS from the Bi,Se; surface
state is clearly visible, while the Fermi velocity is reduced to
3.81 X 10° m/s. Figure 2e,f shows the Fermi contour of the
Bi(1BL)/Bi,Se; multilayer using in situ ARPES spectroscopy,
from which four sub-bands are observed. The generation of the
hybrid dual DSS (Dp; and Dg;) and Rashba states is mainly
attributed to the hybridization between the Bi layer and the
bulk states of Bi,Se;.'® Inferred by previous theoretical
calculations,'®*® the predicated spin texture of Fermi contour
has also been schematically illustrated in Figure 2f. The
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Figure 2. (a) Illustration of the hybrid states formed between bismuth
and bismuth selenide. (b, c) Energy dispersion at the surface of as-
grown Bi,Se;(9QL) and Bi(1BL)/Bi,Se;(9QL) thin film, respectively.
The cyan arrow indicates the TISS (labeled as band “3”), and the
different Rashba-induced sub-bands can be distinguished (labeled as
sub-band “1”, “2”, and “4”). k; is along the I'-K direction. (d)
Zoomed in areas in part c. The “A” dashed lines are a guide for the
eyes, depicting the position of the Dirac cone from bismuth (Dy,). (e)
Energy contour around the Fermi Level in the Bi(1BL)/Bi,Se;(9QL)
thin film. The light blue arrow points the existence of Dirac cone from
bismuth. (f) Corresponding spin texture around the Fermi surface in
Bi(1BL)/Bi,Se;(9QL) thin film. The red (blue) arrows indicate the

calculated counterclockwise (clockwise) spin texture at each band.

outmost hexagonal Fermi contour (band “1”) with right-
handed spin helicity and the inner circle Fermi contour (band
“2”) with left-handed spin helicity are attributed to the Rashba-
split sub-bands. The second DC from the Bloch state in the Bi
bilayer (band “4”) located at the center of the Fermi contour
shows the same spin helicity'®*° as the original DC (band “3”)
from the TISS in the top-QL Bi,Se;. As mentioned above, the
mechanism that the surface electron doping comes about by
the charge transfer from the bismuth to the Bi,Se; layer was
confirmed by both theoretical calculations and ARPES
measurements.'****” With more surface electron doping by
adding Bi bilayers, the Fermi level will be lifted up so that Dr;
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will show a further downward shift.'® The coexistence of dual
DSSs and Rashba states can still be preserved when the
interface of the Bi/Bi,Se; is buried below thick Bi bilayers,
although the contrast of the intensity for each band is weak.

Ferromagnetic Resonance Characterization. A sche-
matic view of the device structure used for ferromagnetic
resonance (FMR) and spin pumping measurements is shown
in Figure 3a. Figure 3b shows typical magnetic field
dependence of FMR derivative spectra in Fe/MgO, Fe/
Bi,Se;(9QL) and Fe/Bi(1BL)/Bi,Se;(9QL) samples. Figure
3c shows the microwave frequency (f) dependence of the full
width half-maximum, p,AH, that was extracted by fitting the
FMR spectra in Fe/MgO, Fe/Bi(1BL)/Al,0;, Fe/
Bi,Se;(9QL)/SrTiO;, and Fe/Bi(1BL)/Bi,Se;(9QL)/SrTiO,
samples. The slope of uoAH(f) for Fe/Bi(1BL)/Bi,Se;(9QL),
which is proportional to the damping factor, ag/y, is
significantly larger than that for the Fe/MgO sample. The
increase of the damping factor provides direct evidence of spin
injection from the Fe layer into a hybrid TI and Rashba system
via spin pumping.

By inserting only one bilayer of Bi between Fe and Bi,Se;,
the value of the damping factor for the Fe/Bi(1BL)/
Bi,Se;(9QL) sample is 0.060 + 0.007, which is about 2
times larger than that of the Fe/Bi,Se; and Fe/Bi(1BL)/Al, O,
(~0.030 + 0.001). This increase can be attributed to the
enhanced spin mixing conductance (gl}) between Fe and the
multilayer structure via the formation of hybrid dual DSSs and
Rashba states at the interface between Bi and Bi,Se;, as
characterized by ARPES measurements. We note that where Bi
is a 5d metal that is supposed to possess a strong spin—orbit
coupling, the spin diffusion length of Bi measured by previous
reports is quite long, exceeding more than 50 nm.”* Thus, the
increase in additional damping arising from the bulk
contribution of Bi can be ruled out.

Spin Pumping and Inverse Edelstein Effect. Figure 3d
shows the obtained transverse voltage signal as a function of
magnetic field in Fe/MgO, Fe/Bi/Al,O;, Fe/Bi,Se;/SrTiO;,
Fe/Bi(1BL)/Bi,Se;/SrTiO, Fe/Bi(3BL)/Bi,Se;/SrTiO;, and
Fe/Bi(7BL)/Bi,Se;/ SrTiO; samples, respectively. The sign of
the measured voltage response reverses when the direction of
the magnetic field is reversed from 6 = 0° to 180° (see the spin
pumping setup in Figure 3a), as expected from IEE in the
Rashba and TI systems.”'® In addition to the IEE voltage
arising from the injected spin current via spin pumping, the
measured Vg, may contain contributions from possible
anisotropic magnetoresistance (AMR), anomalous Hall effect
(AHE), and/or planar Hall effect (PHE) responses from the
FM layer,” which can be separated (see the Supporting
Information). The actual IEE-induced voltage signal (Vi) is
calculated from Vig; = [V (+H) — Vg (—H)]/2 by eliminating
possible Seebeck-related voltage signals.

We found the following: (i) A null voltage response in the
Fe/MgO sample (without Bi or Bi,Se;) excludes the spin
rectification effects from the Fe layer. (ii) The measured
voltage response in the Fe/Bi/Al,0; sample is negligible,
indicating that the bulk ISHE contribution from the Bi layer
can be ruled out.'” (iii) All the devices with Bi,Se,
multilayered structures show sizable Vi responses at room
temperature. The positive sign of the voltage response at
positive magnetic field indicates that a positive polarity of the
IEE conversion arises from the clockwise spin texture with left-
handed helicity.”*° Remarkably, the obtained Vig value does
not follow a simple monotonic change (increase or decrease)
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Figure 3. (a) Schematic of the experimental setup for spin pumping measurements on the Fe/Bi(d)/Bi,Se; sample at room temperature, where d is
the thickness of the Bi bilayer. (b, c) Comparison of the FMR absorption derivative vs magnetic field H measured at 11 GHz and half-maximum
line width of the FMR spectrum as a function of microwave frequency, respectively. The solid lines show the linear fitting, from which the damping
factor (a) of each sample is derived. (d) Magnetic field (H) dependence of IEE responses for Fe/MgO, Fe/Al,O;, Fe/Bi(1BL)/Bi,Se;, Fe/
Bi(3BL)/Bi,Se;, and Fe/Bi(7BL)/Bi,Se; at 300 K. The obtained voltage signal reverses its polarity when the direction of the magnetic field is
reversed (the red and black curves correspond to the measurement under the positive and negative magnetic field, respectively). The microwave
power was SO mW, and the frequency was fixed at 14 GHz. (e) Vp(H) plot of the Fe/Bi(1BL)/Bi,Se; sample under the microwave power of 6, 25,
50, and 100 mW (black, red, green, and blue curves, respectively). The Vgp(H) plots at different power are shifted for clarification. The inset shows
the obtained IEE voltage signal (after subtracting the AHE component using equation S3, see the Supporting Information) as a function of

microwave power.

as a function of Bi thickness; namely, a larger Vigg response is
observed in the Fe/Bi(5,7BL)/Bi,Se;(9QL) sample whereas a
much smaller value is observed in the Fe/Bi(2,3BL)/
Bi,Se;(9QL) sample. Earlier studies showed that the top and
bottom surface state of the Bi,Se; thin film with opposite spin
polarization would be decoupled when the thickness of Bi,Se;
is above 6 QL, resulting in a constant value of IEE coefhicient
via TISS at higher QLs.* Thus, the variation of Vg response
(characterized by the IEE length, see discussion below) as a
function of Bi thickness suggests that there would be another
mechanism that plays a key role in determining the interfacial
spin-momentum locking efficiency at the Bi/Bi,Se; interface.
Figure 3e shows the measured Vgp(H) response of Fe/
Bi(1BL)/Bi,Se;(9QL) as a function of microwave powers at
the excitation frequency of 14 GHz. The inset of Figure 3e
shows a linear plot of the microwave power dependence of
Vigps as expected from the mechanism of spin pumping.
Thickness Dependence of IEE Length. To obtain the
IEE length from the experimental data, we used a standard
analysis of the spin pumping model to obtain the injected
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vertical spin current density (J2°) (see the Supporting
Information) generated by magnetization precession in the
ferromagnetic (FM) layer and the resulted 2D transverse
charge current density (J2°). The charge density J2° in our
samples (sample width w = 2.5 mm, length [ = S mm, and
waveguide stripe line width L = 0.2 mm) is calculated by
]2D — Vier (0pedre + Opisepise + Onidlni
¢ (dpe + dy; + dpis. )L
and dy; represent the electron conductivity and the thickness of
bulk Fe, Bi,Se;, and Bi, respectively.

Figure 4ab shows the obtained damping factor and IEE
length as a function of Bi thickness in the multilayer structures.
The damping factor increases from ~0.03 (dg; = OBL) to 0.14
(dg; = SBL) when the Bi thickness is increased. The spin
mixing conductance (gl}) (inset of Figure 4a) in the Fe/
Bi(SBL)/Bi,Se; sample related to the enhancement of the
damping factor is found to be ~16.57 X 10*® m™2, which is 8
times higher than that in the Fe/Bi,Se; sample without the Bi
interlayer. Interestingly, A;pp(dy;) does not follow the similar
trend. After the initial increase of Apy (~155.0 pm) at the first

)
, where Op, Opiger Opiy drer dpises
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corresponding to dual Dirac states and Rashba states.

Bi bilayer, the value of Az drops dramatically at dy; = 2BL (~2
pm), which is 2 orders of magnitude smaller than that in the
Fe/Bi,Se; sample (~124.8 pm). The obtained value of A;g; in
the prepared Fe/Bi,Se; sample is larger than a previously
reported value of about 35 pm* and 70 pm in Py/
(Bi,Sb),Te;.”” It is noted that, in previously reported FM/TI
systems (YIG/Bi,Se; (0.4 X 10" m™)* and Py/(Bi,Sb),Te,
(1.0 x 10" m™2)*?), the obtained values of the spin mixing
conductance are orders of magnitude smaller than in our
results. The enhanced spin mixing conductance in the Fe/Bi
(SBL)/Bi,Se; sample suggests that much spin dissipation
occurred at the interface due to the coexistence of Rashba
surface states and TISS. A significant enhancement of Ay up
to ~281.4 pm was achieved with the continued further
increasing of the Bi thickness, with a maximum at SBL.

The observed Bi thickness-dependent Az cannot be
attributed to a simple TISS state from the top-QL Bi,Se;, in
which the spin-to-charge conversion would remain unchanged
when Bi,Se, is above 6QL.* The bulk ISHE contribution from
the Bi interlayer can also be excluded since no pronounced
signal is observed in the Fe/Bi/Al,O; sample. Moreover, there
is no observed Rashba-split band in the bulk conduction band
of the Bi,Se; induced by the top Bi layer, in contrast to the case
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of nonmagnetic metal Ag on Bi,Se;.”’ We note that spin
accumulation is an indispensable part of bridging the
interconversion of spin current and charge current, and the
magnitude of the effective spin accumulation determines the
efficiency of spin—charge conversion but depends on the value
of the spin polarization potential. The spin polarization

. 2\ _ X,&8)pos, -
potential was defined as 5<S> = =3 005 where §(S) and

DOS; are the spin polarization potential and density of states
average for a given channel index.”” A recent numerical
calculation shows that, under a multichannel scattering
condition where Rashba states exist, the spin polarization
potential induced by charge current can be energy-depend-
ent.”” That means that the ;g can be tuned by changing the
Fermi level, which provides us with an effective model to
explain our results, shown in Figure 4c. Therefore, the change
of the spin-to-charge conversion coeflicient would be
attributed to a synergistic effect induced by hybrid TISS and
Rashba spin-splitting states occurring at the 2D Bi/Bi,Se;
interface.

From the energy dispersions characterized by ARPES, there
are four distinct near-circular Fermi contours with opposite
spin helicity: the interfacial Rashba-split bands (“1” and “2”),
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the first DSS with topological protection band (“3”) from the
top-QL Bi,Se;, and the second DSS band (“4”) from the Bi
surface state. While the DSSs from the top-QL Bi,Se; or Bi/
Bi,Se; interface produce an energy-independent positive spin
polarization, the Rashba-split bands will yield an opposite sign
of spin polarization which is energy-dependent;*’ namely, its
spin polarization is maximum near the crossing point of the
Rashba-split bands and decreases as the energy level increases.
Combined with these three types of spin textures, the overall
net spin polarization strongly depends on the location of the
Fermi level, as shown in Figure 4c. In principle, each contour
can convert the injected 3D spin current into a 2D charge
current via IEE individually (the direct coupling between
Fermi contours is ignored to simplify the analysis), resulting in
a change of spin-to-charge conversion (i.e., Ajgp) as a function
of Fermi level, elevated by the charge transfer effect from the
added Bi bilayers. The net IEE response in the multilayered
structures could be expressed as a sum of three IEE terms:>

Anet = Abi,se,(T1ss) T Bi(Dss) + ABi(Rashba)

oy (Eg) R
h S

Dgiyses Dy, g Dy, Dy
= vg 1325631.5 BigSe3 Vg B:TS B 4

(1)

where v5* (+4.4 X 10° m/s) and vp*>* (+3.81 X 10° m/s) are
the Fermi velocity of the TISS in Bi and Bi,Ses, respectively. As
mentioned above, for a simple approximation, as long as the
Rashba strength and spin-momentum scattering time are given,
the IEE length should be fixed, but in fact the spin polarization
potential can be tuned according to the Fermi level location
due to the Fermi velocity changes in each splitting band. The
red dots in Figure 4c show the variations of spin polarization in
Rashba states with the shifting of the Fermi level, while in the
Dirac states it stays constant (black line in Figure 4c). It is at
its minimum when the Fermi level intersects the cross points
of the Rashba-split bands, corresponding to the minimum Ajgg
at 2—3BLs. As electrons transfer into the Bi,Se; layer, the
Fermi level shifts down relative to the Rashba bands and up
relative to the Drgs. Thus, the compensated spin polarization
from Rashba states decays sharply while the IEE length
increases rapidly at 4—10BLs, and consequently there is a
recovery of the IEE length in thinner bismuth layers. With
thicker Bi bilayers, a portion of the spin current is dissipated in
the Bi layer, resulting in a decay of the IEE length. These
processes are illustrated in Figure 4, bottom panel.

In summary, we observed a tunable IEE response by varying
the thickness of a Bi bilayer on top of a Bi,Se; layer. The
ARPES experiments confirmed the formation of a 2DEG and
the developed second Dirac cone and Rashba-split bands,
which is attributed to topological proximity in the Bi/Bi,Se;
hybrid together with nontrivial intrinsic spin—orbit interac-
tions. By performing spin pumping measurements, we unravel
a relationship between the spin-to-charge conversion and the
interfacial electronic structure at the Bi/Bi,Se; interface by
tuning the Fermi level, suggesting that the synergistic
contributions of the dual Dirac surface states and emergent
Rashba-split states dominate the spin-to-charge conversion in
the multilayer Bi/Bi,Se; system. Our work provides compelling
opportunities for the next generation of Bi/van der Waals and
TI-based spintronics, paving a promising pathway to achieve a
high spin-to-charge conversion coefficient by tailoring the
strong spin—orbit coupling interface.
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