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is respectively attributed to the spin Hall 
effect (SHE) and the Rashba–Edelstein 
effect (REE),[1,2] or vice versa. Emergent 
topological quantum materials, including 
topological insulators (TIs),[3–6] Dirac sem-
imetals,[7] and Weyl metals[8–11]—as the 
key core of quantum material families—
have been compelling due to their order 
of magnitudes larger charge-to-spin con-
version efficiencies compared to those in 
heavy metals.[12,13]

While the spin-to-charge (SCC) effi-
ciencies of most 3D TIs with a single 
surface state remain moderate,[14,15] the 
convergence of multiple nontrivial topo-
logical phases in one material, such as 
dual topological insulators, may sug-
gest a new route for designing TI-based 
quantum materials.[16] Protected by both 
mirror symmetry and time reversal invar-
iant symmetry, dual TIs would exhibit 

a high SCC efficiency benefiting from synergistic contribu-
tions of the coexisting TI phases. One prototypical example is 
(Bi2-Bi2Se3)N topological superlattices (N is the repeating unit 
number), categorized as one of an infinitely adaptive TI family 
series consisting of alternating one bismuth bilayer (Bi BL) 
and one quintuple bismuth selenide layer (Bi2Se3 QL).[17] In 

Emergent topological insulators (TIs) and their design are in high demand 
for manipulating and transmitting spin information toward ultralow-power-
consumption spintronic applications. Here, distinct topological states with 
tailored spin properties can be achieved in a single reduced-dimensional 
TI-superlattice, (Bi2/Bi2Se3)-(Bi2/Bi2Se3)N or (□/Bi2Se3)-(Bi2/Bi2Se3)N (N is 
the repeating unit, □ represents an empty layer) by controlling the termina-
tion via molecular beam epitaxy. The Bi2-terminated superlattice exhibits 
a single Dirac cone with a spin momentum splitting ≈0.5 Å−1, producing a 
pronounced inverse Edelstein effect with a coherence length up to 1.26 nm. 
In contrast, the Bi2Se3-terminated superlattice is identified as a dual TI 
protected by coexisting time reversal and mirror symmetries, showing an 
unexpectedly long spin lifetime up to 1 ns. The work elucidates the key role of 
dimensionality and dual topological phases in selecting desired spin proper-
ties, suggesting a promise route for engineering topological superlattices for 
high-performance TI-spintronic devices.

Present spintronics seeks efficient spin current to charge 
current transducers in a strong spin–orbit coupling (SOC) 
material with a large electric conductivity for ultralow-power-
consumption spintronic applications. Such strong SOC mate-
rials usually are divided into two categories, heavy metals and 
quantum materials, for which the spin–charge interconversion 
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the presence of strong covalent bond couplings between the 
Bi2Se3 and Bi2 block, their coexisting nontrivial TI band struc-
tures can be tailored by varying the stacking order, termination, 
and thickness of the superlattices, and so forth. The electronic 
structure tunability in this material class may also result in rich 
and tunable spin properties: While the bulk Bi2Se3 block is a 
prototypical 3D TI, an isolated Bi2 bilayer is theoretically pre-
dicted to be an elemental 2D TI,[18] and thus combining these 
two 2D/3D-TI building blocks at a low-dimensional limit will 
offer a unique opportunity for studying the role of dimension-
ality and dual topological phases in the pursuit of large SCC 
efficiencies.

Here, we report tailored spin phenomena in reduced-dimen-
sional (□/Bi2Se3)-(Bi2/Bi2Se3)N or (Bi2/Bi2Se3)-(Bi2/Bi2Se3)N  
(N = 1, 3, 5, or 7 is the repeating unit, □ represents an empty 
layer) TI-superlattice (referred to as Bi2Se3-TSL or Bi2-TSL if 
not illustrated) ultrathin films by controlling the surface ter-
mination and stacking thickness via molecular beam epitaxy 
(MBE). Electronic structures of the prepared superlattices are 
characterized by angle-resolved photoemission spectroscopy 
(ARPES) and ab initio density functional theory (DFT) calcu-
lation, showing coexisting dual TI and topological crystalline 
insulator (TCI) phases for Bi2Se3-TSL(Bi2Se3-termination) and 
a pronounced Rashba-like Dirac surface state accompanied by 
a giant spin momentum splitting for the Bi2-TSL(Bi2-termina-
tion). By performing spin-pumping measurements, we find a 
maximum SCC efficiency, λIEE up to 1.26  nm for the Bi2-TSL 
and 0.19 nm for Bi2Se3-TSL, which is roughly several times to 
one order of magnitude larger than that for the pristine 3D TIs 
(λIEE  ≈ 0.035–0.075  nm).[14,15] The SCC efficiency of Bi2-TSL 
sharply decays with increasing stacking thickness by relaxing 
the reduced dimensionality of the superlattice. Bi2Se3-TSL, on 
the other hand, exhibits a remarkably long spin lifetime up to 
τs  ≈1  ns as determined by oblique Hanle precession measure-
ments. By assessing both momentum relaxation time (τp) and 
spin lifetime (τs) for two terminations independently, such 
distinct spin properties could be attributed to the termination 
dependent Dyakonov–Perel scattering mechanism and the same 
SOC field is derived stemming from the same bulk elements. 
Our results not only demonstrate the essential role of superlat-
tice band engineering in realizing multi-functional topological 
phase transitions but also provide a direct experimental proof 
of the compatibility of the low-dimensional topological superla-
ttices for alternative, efficient spin-to-charge interconverts and 
long-range spin transport via stacking sequence engineering.
Figure 1a shows a schematic view of the crystal structure of 

Bi2Se3-TSL and Bi2-TSL samples, respectively. The infinitely 
adaptive series of (Bi2/Bi2Se3)N (N → ∞) has a hexagonal layered 
structure with space group mR3 .[19] Along the c axis, the (Bi2/
Bi2Se3)N compound is a 1:1 natural superlattice of alternating 
Bi2 and Bi2Se3 blocks, in which one Bi bilayer is intercalated 
between two van der Waals Bi2Se3 quintuple layers. A small lat-
tice mismatch between these two blocks (<5%) allows the free-
standing Bi2 bilayer to reside on the surface of the Bi2Se3 QL 
layer, forming a naturally ordered stacking sequence having 
alternating Bi2- or Bi2Se3-surface termination. It has been 
reported that it is challenging to mechanically cleave the inter-
face between the Bi2 and Bi2Se3 blocks in the bulk material to 
produce a well-defined termination without interdiffusions.[20] 

Here the reduced-dimensional TSLs, with alternative Bi2 or 
Bi2Se3 termination, is realized by the MBE method (see Experi-
mental Section). The composition and the vertical stacking 
order of the superlattice is validated by the cross-sectional scan-
ning transmission electron microscopy (STEM) as shown in 
Figure 1b (left). The STEM image shows that the prepared Bi2-
TSLN=7 has a crystalline structure grown along the [0001] direc-
tion where the atomic layers of Bi and Se are continuous and 
well-aligned at the atomic level in the absence of displacement 
of Bi and Se atoms. The alternative epitaxially grown Bi2Se3 
and Bi2 blocks are outlined by the light-blue dashed arrow, sug-
gesting a high-quality superlattice structure. The high-quality 
single crystallinity of prepared films was further confirmed 
with X-ray diffraction (XRD) as shown in Figure  1b (right), 
sharing similar featured peaks with those found in bulk Bi2Se3 
materials.

We have performed ARPES measurements to study the 
electronic structure of TSL for both terminations. Figure  1c,d 
present the measured ARPES spectra for the Bi2Se3-TSLN=1 
(left) and Bi2-TSLN=1 (right) around the Fermi level, showing 
the major differences between the two terminations. For the 
Bi2Se3-terminated structure, the ARPES results reveal the pres-
ence of electron-like bands above −0.8 eV, together with a clear 
hexagonal-warped Fermi surface shown at the center of the 
surface Brillouin zone, which is quite similar to 3D-TI Bi2Se3. 
The energy dispersion maps along K M−Γ−  in Figure  1d (left) 
shows that there are quite linear, Dirac-like surface sub-bands 
touching each other at the Γ point around −0.75 eV,  which is 
termed as a topological surface state (TSS) from TI protected 
by time reversal symmetry.[17,21] Remarkably, there is another 
hole-like band developed crossing the Dirac-like band at 
EB = −0.2  eV, which indicates the coexistence of the DTCI and 
DTSS surface state, described as one of dual TIs.[22] The Fermi 
velocity vF of “V”-type upturn bands is estimated to be about 
5 × 105 m s−1, (see Figure S2d, Supporting Information) which 
is comparable to the value in the pristine Bi2Se3 from our pre-
vious report.[23] In contrast to the warped hexagon in the Bi2Se3-
terminated superlattice, the Fermi surface in the Bi2-terminated 
sample manifests as a hexagonal snowflake with six-fold sym-
metry, which also demonstrates the perfect hetero-epitaxy 
between the alternating Bi2Se3 and Bi2 layers. The energy dis-
persion along the K M−Γ−  direction shown in the right panel 
of Figure 1d presents hole-like maximal momentum splitting at 
the Fermi level with ΔkF ≈ 0.5 Å−1 (see Figure S5a, Supporting 
Information). To the best of our knowledge, this is by far the 
largest spin momentum splitting ever reported.[24]

The obtained ARPES results are further corroborated 
by DFT calculations. Figure  1e (left) shows the considered 
bulk and (0001)-projected surface BZs of the primitive unit 
cell. Consistent with the ARPES results, the top stacking 
sequence can totally reshape the non-trivial surface states as  
demonstrated by the calculated electronic structure shown in 
Figure  1f,g, respectively. Whereas the TSS (DTSS in Figure  1g) 
persists in the presence of the Bi bilayer,[20] the Bi2Se3 termina-
tion (Figure  1f) exhibits an electron-like band at the Γ point,  
and an odd crossing number of the electron states along sur-
face projections MΓ− , which was classified as a non-trivial 
Z2 topological invariant together with its band inversion at 
the Γ  point. The calculated Dirac point was located at about 
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−0.7  eV which is consistent with obtained value from ARPES 
results. The TCI phase is derived from the existence of 
three Γ−Z−M mirror planes guaranteeing the avoided band 
crossing points along the MΓ−  projection lines. The pre-
dicted crossing points were at ≈ 0.25 Å−1—a non-TRIM (time-
reversal invariant momenta) along the MΓ−  direction agreeing 
with ARPES observation well. It is noteworthy that in spite 
of the predicted hybridization gap along KΓ−  lines in the 

calculation, there is no clear gap along same direction possibly 
due to the energy resolution limits (also see Figures S2a  
and S4a, Supporting Information).

Given that an isolated Bi2 bilayer is predicted to be a 2D 
TI and bulk Bi2Se3 naturally possesses 3D topological proper-
ties, combining these two building blocks into the reduced-
dimensional superlattice may offer a unique route for studying 
the effects of interlayer interactions and their effects on spin 

Figure 1. Structure characterizations of the topological superlattices, (□/Bi2Se3)-(Bi2/Bi2Se3)N or (Bi2/Bi2Se3)-(Bi2/Bi2Se3)N and the termination-
dependent TSSs. a) Schematic crystal structures of the (Bi2/Bi2Se3)N superlattice known as the infinitely adaptive Bi2-Bi2Se3 natural superlattice phase 
series. The side view of TI-superlattice (□/Bi2Se3)-(Bi2/Bi2Se3)N or (Bi2/Bi2Se3)-(Bi2/Bi2Se3)N illustrates the alternating quintuple layer-bilayer structure 
(stacking period, N) with different termination: Bi2Se3 termination (left); Bi2 termination (right). b) Obtained high-resolution annular bright-field STEM 
image and the XRD pattern of the reduced-dimensional TSL thin film grown on Si(111) substrate and Al2O3(0001) using MBE method, respectively. The 
inset on the STEM image shows in situ low-energy electron diffraction (LEED) patterns. The XRD pattern is compared to the values for the bulk Bi2Se3 
film. c,d) Raw 3D ARPES spectra map and 2D E−k dispersion along K M−Γ−  for the Bi2Se3 termination (left) and the Bi2 termination (right), respectively. 
The measured electron structure energy dispersion E(kx,ky) is from −0.8 to 0 eV. e) Bulk Brillouin zone and its 2D projection to (0001) surface (left) 
and DFT calculations of the whole band structure of the Bi2Se3-Bi2-Bi2Se3-Bi2 slab (right). The surface energy dispersion is along the high-symmetry 
line K M−Γ− . The termination dependent surface states extracted from the DFT calculations are shown in (f) and (g), respectively. The crossing points 
denotes the coexisting DTCI and DTSS states along the MΓ−  (DTCI point by intersected green dash lines and indicated by the green arrow in (d)) and at 
the Γ  point for the Bi2Se3 termination, whereas only the DTSS state is observed for the Bi2 termination. The dotted green square approximately outlines 
the measured energy scale shown in (f) and (g) for the two terminations.
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properties. Particularly, an efficient spin-to-charge conversion 
would be expected due to the presence of coexisting lowly dis-
persive surface bands in which the perpendicular locking of an 
electron’s spin with its momentum will be strongly influenced 
by the reduced dimensionality and quantum confinement of 
the superlattice.[25] Below we characterized the SCC efficiency 
in NiFe/TSL heterostructures by using ferromagnetic reso-
nance (FMR) and spin-pumping methods.

The heterostructures are prepared via in-situ MBE growth to 
avoid surface states contamination (see Experimental Section). 
The representative schematic structure of the spin-pumping 
experiment setup is depicted in Figure 2a. Figure 2b shows the 
magnetic field (H) dependence of the spin-pumping-induced 
voltage VSP obtained from the NiFe/Bi2-TSLN=1 sample taken at 
microwave frequencies of 6, 9, and 14  GHz, respectively. The 
inset of Figure  2b shows the obtained FMR resonance field 
μ0Hres at different frequencies ranging from 2 to 16 GHz. Mag-
netic field dependence of VSP(H) in the NiFe/Bi2-TSLN=3 sample 
at different microwave powers are presented in Figure 2c. The 
inset shows that the derived VIEE value is proportional to the 
applied microwave power, consistent with the expected spin-
pumping mode.

Figure  2d compared the measured VSP(H) spectra in the 
NiFe/TSL heterostructures at four different stacking periods. 
Remarkably, the Bi2-terminated samples exhibit a much larger 
VSP compared to that from the Bi2Se3-terminated samples. 
The VSP of the Bi2-terminated samples shows a decrease while 
increasing the stacking period from N = 1 to 7 in contrast to the 
slightly increased response in the Bi2Se3-terminated samples. 
The extracted non-monotonic damping factor αeff is plotted 
in Figure 2e revealing the topological origin of spin pumping. 
The derived spin-to-charge conversion efficiency defined as IEE 
length j jC S/IEE

2D 3Dλ =  (see Supporting Information) as a func-
tion of stacking period is summarized in Figure 2f. A large λIEE 
up to 1.26  nm is observed in the Bi2-terminated sample with 
stacking period N  = 1, whereas the IEE lengths of the Bi2Se3-
terminated sample fluctuates between with a minimal value of 
0.19 nm (N = 1) to 0.24 nm (N = 5). It is noteworthy that all of 
the obtained values are still 5–7 times larger than that of pris-
tine 3D-TI Bi2Se3 (≈0.035 nm),[14] indicating the synergistic SCC 
efficiency from dual TSSs. Compared with the best reported Bi-
based quantum materials as summarized in Figure 2g: λIEE = 
0.05 nm in the isolated Bi layer,[26] 0.28 nm in Bi/Bi2Se3,[23] and 
0.3 nm in the sputtered Bi2Se3 materials,[27] the obtained large 
spin-to-charge conversion in the TSLs indicates the key role of 
the reduced dimensionality and coexisting TSSs, as revealed 
in the ARPES results, in determining the spin-to-charge 
conversion.

In a simple approximation, the IEE length, λIEE can be 
expressed as λIEE  = vF·τp,[5,28] where τp is the momentum 
relaxation time on the TI surface state. Using the IEE lengths 
derived from the spin-pumping measurements and the vF esti-
mated from the ARPES results (see Figures S1 and S2, Sup-
porting Information), we find the momentum relaxation time, 
τp is ≈ 2.95 fs for the Bi2-terminated and ≈0.39 fs for the Bi2Se3-
terminated sample (N = 1), respectively. Theoretically, the TSS is 
characterized by quite long momentum relaxation in the pico-
second range as a result of forbidden backscattering events.[29] 
The estimated τp is probably modified by the transmission time 

across the interface or a faster spin-flip relaxation mechanism, 
resulting in a shorter τp than the original momentum scattering 
time in the TI.[5,30] For the spin transport phenomena in a 
Dirac material where spin and momentum are perpendicularly 
locked to each other, τp and spin lifetime τs are strongly tied to 
each other, for instance, τs,EY is proportional to τp,EY under the 
Elliot–Yafet (E–Y) scattering mechanism while τs, DP is inversely 
proportional to the τp,DP if the Dyakonov–Perel (D–P) scattering 
mechanism dominates.[31,32] In order to identify the dominant 
spin scattering mechanism for the two terminations, the char-
acterization of τs in the TSL is essential.

The oblique Hanle precession measurement is taken to 
characterize the τs for two terminations, which has been suc-
cessfully employed in inorganic semiconductors,[33] conju-
gated polymers,[34] hybrid organic-inorganic perovskites,[35] and 
2DEGs,[36] and so forth. As shown in Figure 3a, it illustrates the 
precession of the spin polarization S of the injected spin cur-
rent under the oblique magnetic field H with a Larmor preces-
sion frequency, ωL = ℏ/gLμB(μ0H) and the angular dependence 
(θ between axis x and magnetic field) of the IEE voltage signal 
is investigated when tilting the applied magnetic field out-of-
plane from 0 to π in the (xz) plane. This Hanle spin preces-
sion modulates the spin accumulation when τs is comparable 
to the Larmor precession time 1/ωL, resulting in θ-dependent 
IEE voltage from which τs can be extrapolated.[33] Based on the 
Landau–Lifshitz–Gilbert (LLG) equation (see Supporting Infor-
mation), the resonance field Hres(θ) is fitted (Figure 3b), from 
which the magnetization angle φM is calculated as shown in 
Figure 3c.

Figure  3d displays the angular dependence of VIEE(θ)/ 
VIEE(θ = 0) in NiFe/Bi2Se3 (3QL), NiFe/Bi2Se3 (10QL), NiFe/Bi2-
TSLN=1 and NiFe/Bi2Se3-TSLN=1, respectively. The calculated θ 
dependence of VIEE with three different τs are also presented in 
each panel. Whereas a sharp decrease of VIEE(θ) in the pristine 
Bi2Se3 (3QL) at the high titled field angle indicates a very short 
spin lifetime ≈20  ps, the relatively longer τs in Bi2Se3 (10 QL) 
is found to be ≈150 ps. This is probably due to the formation 
of TSS when the top and bottom surface are decoupled above  
6 QL thickness. For the TSL with two terminations, we find that 
the Bi2Se3-terminated sample exhibits a longer spin lifetime up 
to 1  ns compared to that of the Bi2-terminated one (≈400  ps). 
The obtained nanosecond spin lifetime here is orders of mag-
nitude longer than that in traditional heavy metals such as Pt 
(≈13 ps) and comparable to that of widely investigated graphene 
7.8 ns with a much weaker SOC.[37,38] While the Bi2-terminated 
superlattice functions as an ideal spin-to-charge converter pos-
sessing a large IEE length, the Bi2Se3-terminated superlattice 
may be more favorable for long-range spin transport. These 
results reinforce the key role of the reduced dimensionality and 
termination-dependent coexisting TSSs in tailoring the spin 
properties of Bi-based TI materials.

Our results demonstrate that tailored spin properties have 
been achieved by altering the stacking sequence of TI super-
lattices for different resurface terminations: The Bi2-terminated 
superlattice possesses a large momentum splitting with a 
highly efficient SCC; we find a record high of λIEE = 1.26 nm, 
accompanied by τp = 2.95 fs and τs ≈ 400 ps. As for the Bi2Se3-
terminated superlattice, whereas it exhibits a relatively lower 
SCC λIEE  = 0.19 nm and τp  ≈ 0.385 fs, a much longer spin 
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Figure 2. High SCC in the TI superlattices characterized via the spin-pumping approach. a) A sketch of the experimental setup for the spin-pumping 
experiment in the NiFe/TSL heterostructures. Microwave radiation pumps pure spin currents from the ferromagnetic layer into the adjacent TI super-
lattice. The injected 3D spin current ( JS

3D) gets converted into 2D charge currents ( JC
2D) and concomitant charge voltages (VSP) via inverse Edelstein 

effect due to the surface states in the TI superlattice. b) Field (H) dependence of the spin-pumping-induced voltage VSP(H) in the NiFe/Bi2-TSLN=1 
heterostructure at different microwave frequencies. The solid lines fits to symmetric and antisymmetric Lorentzian functions with weights of Vsym and 
Vasy. The inset shows a plot of frequency versus FMR resonant field (Hres) fitted using the Kittel formula, by which the effective magnetization Meff can 
be derived (see Figure S8b, Supporting Information). c) VSP(H) plot of the NiFe/Bi2-TSLN=3 sample under different microwave excitation powers. The 
inset shows the microwave power dependence of obtained VIEE. The solid line shows the linear fit to the data. d) VSP(H) plot with different stacking 
periods (N) for the Bi2 termination (top) and Bi2Se3 termination (bottom, respectively). The microwave power is 50 mW and the frequency is fixed at 
9 GHz. e,f) Obtained damping factor α and SCC efficiency (λIEE) as a function of stacking periods N for the TSLs with two terminations. g) A summary 
of the λIEE of the Bi-related TIs from the best previous reports and this work(*). All the measurements were taken at 300 K.
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lifetime up to τs  ≈ 1 ns is observed. It is noteworthy that the 
TSS-proximity SOC usually reduces τs from ns to a few ps 
in the case of the graphene/TI with high mobility carriers in 
which the E–Y mechanism and D–P mechanism determines 
the spin lifetime synergistically.[39,40] According to the obtained 
inverse relation of τp and τs between two terminations, the 
D–P like mechanism would dominate the spin scattering in 
the presence of coexisting topological nontrivial surface states. 
From the D–P mechanism,[41] the estimated effective overall 
SOC strength is about 0.5 meV (BSO ≈ 4.3 T) for Bi2-TSLN=1 and 
0.3 meV (BSO ≈ 2.6 T) for Bi2Se3-TSLN=1, respectively, which are 
roughly the same for both of the two terminations. The similar 
SOC strength for the two terminations of the TI-superlattice is 
not surprising as they both arise from the same bulk state of 
the TI elements as validated by the almost identical band struc-
tures at the deeper binding energies below −1.0 eV as measured 
by ARPES (see Figure S7, Supporting Information).

The change of λIEE as a function of stacking sequence (N) 
could be attributed to the evolution of a helical spin-dependent 
band structure as the stacking period increases, which is the 
hallmark of the emergent nontrivial TSSs tuned by the quantum 
confinement effect.[25] Figure 4 shows the constant energy con-
tour of density at indicated binding energies for the Bi2Se3 
termination (Figure  4a,b) and Bi2 termination (Figure  4d,e) 
states measured by ARPES, respectively. The calculated spin-
resolved surface Fermi contour for the two terminations further 
validates the evolution of band structure modified by stacking 
sequence as shown in Figure 4c,f, respectively.

For the Bi2-terminated sample, the calculation in Figure 1g 
shows a Rashba-like Dirac surface state with nearly linear E–k 

dispersion extended to higher binding energy.[17,20] The spin 
vector S(k) along the inner and outer circles have opposite 
spin helicities, revealing the typical signature of the Rashba-
like splitting effect. The obtained maximal Fermi vector kF and 
Rashba spin momentum splitting ΔkF are 0.9 Å−1 with 0.5 Å−1 
for N = 1 and reduces to 0.8 Å−1 with 0.46 Å−1 at N = 5, con-
sistent with the N-dependence of the SCC efficiency. In con-
trast to the two non-intersecting surface bands extending to 
the Fermi level in Figure  1d (right), we extracted the S(k) at 
EB = − 0.4 eV as the Fermi contour shown solely determined by 
the Rashba-like Dirac surface state. An approximately 100% in-
plane polarization Sx,y of the innermost contour was observed 
while the outmost Fermi contour possesses an opposite spin 
helicity and relatively large out-of-plane polarization Sz around 
33%. However, the overall shape of the Fermi contour is not 
in good agreement with the Fermi surface topology of TSS 
enclosed by six pockets shown in Figure  4d,e. It seems that 
there is a p-type doping about 0.4  eV on the Bi2-termination 
due to additional charge transfer from the Bi2 layer to Bi2Se3 
layer. The observed anisotropic Fermi surface would arise 
from complicated high-order terms induced by the emerging 
U(1) rotational symmetry of the isotropic Dirac cone Hamilton 
breaking.[42] Also, this may not be easily resolved by the spin-
pumping measurement.

For the Bi2Se3-terminated TSL with dual TSSs, the outer 
warped Fermi contour of TSS possesses the same clockwise 
spin helicity with the TSS of Bi2Se3 for their same parity at 
each TRIM.[43] Meanwhile, the inner warped Fermi contour at 
the TCI state shows an opposite spin helicity which is inevi-
tably required by two irreducible representations under mirror 

Figure 3. Long spin lifetime (τs) in TI superlattices measured by oblique Hanle measurements. a) Schematic geometry of oblique Hanle measurements 
in the NiFe/TSL heterostructures when the external magnetic field H is applied oblique to the film plane. θ and φM denotes the magnetic field angle 
and magnetization angle, respectively. The right panel illustrates the suppressed spin accumulation on the surface state of TSL by the oblique magnetic 
field that results in a decrease of VIEE response as a function of out-of-plane magnetic field angle θ. b,c) FMR resonant field, μ0Hres and magnetization 
angle φM as a function of out-of-plane field angle, θ. d) θ dependence IEE response of NiFe/Bi2Se3 (3QL), NiFe/Bi2Se3 (10QL), NiFe/Bi2-TSLN=1 and 
NiFe/Bi2Se3-TSLN=1, respectively. The dashed curves are the theoretical curve with different spin lifetime τs. The solid line shows the best simulated 
curves. e) A summary of the τs of the Bi2Se3-related spin phenomenon from the previous reports and this work(*).
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symmetry operation.[22] Nevertheless, the spin momentum 
locking of coexisting TSSs dually suppress 180° backscattering 
from non-magnetic impurities, topologically guaranteeing a 
longer spin lifetime in the dual TI surface. Particularly, the long 
lifetime of Bi2Se3-terminated TSL yields a long spin diffusion 
length s s sDλ τ= ⋅  whose low boundary ranges up to 430  nm 
assuming that D D vs c F

2
pτ= = ⋅ ∗  ( p pτ τ=∗ , pτ ∗ represents the 

original momentum relaxation time inside the TSS).[44]

In conclusion, we found highly efficient spin-to-charge con-
version in a topological superlattice, λIEE up to 1.26  nm with 
Δα just about 1 × 10−3, together with a comparatively large car-
rier concentration ≈1.27 × 1015 cm−2 according to n k /4s F

2 π= .  
The dual TSS interface phase yields a substantially long spin 
lifetime of ≈1  ns (the estimated spin diffusion length with 
lower limit up to 430 nm). Our work heralds the possibility of 
long-distance interfacial spin transport originating from dual 
topological symmetry protection. The combination of these 
novel properties in such a system not only provides new insight 
into achieving high spin–charge interconversion in topolo-
gical superlattices but also enables the realization of the family 
of dual topological superlattices for ultralow energy spin–
orbit magnetization switching like future spin–orbit torque 
devices.[45] The developed dual topological superlattices here 
may also stimulate future opto-spintronic applications where 
TIs have been recently explored, such as spin-optoelectronics,[46] 
spin-galvanic effect,[47] and ultrafast terahertz emission.[48]

Experimental Section
Sample Preparation: The low-dimensional (□/Bi2Se3)-(Bi2/Bi2Se3)N or 

(Bi2/Bi2Se3)-(Bi2/Bi2Se3)N (N = 1, 3, 5, or 7) ultrathin films were grown on  
Si(111) substrate using MBE growth with the base pressure of 5 ×  
10−10 mbar for ARPES measurements, or on Al2O3(0001) substrate followed 
by deposition of the NiFe top layer (15  nm thick, the composition of 
NiFe rod is Ni80Fe20) via electron beam evaporation without breaking 
the vacuum for FMR and SP-FMR. The seeding layer 1-QL Bi2Se3 was 
deposited at a lower temperature of 450 K with flux ratio Bi:Se of about 
1:15, and then slowly warmed up to 550 K. To form the inserted Bi bilayer, 
(1 + 2x) BLs Bi were deposited first while Bi and Se were co-deposited 
upon the formed Bi-bilayer with flux ratio Bi:Se of about 2(1 − x):3 to 
form Bi2Se3 layer. To avoid the fast reaction of Bi bilayer with excess 
Se to form additional Bi2Se3 layers at high temperature, the growth 
temperature and time were precisely controlled. After several repeated 
growths of Bi and Bi2Se3 layers, the substrate was annealed at 550 K for 
half an hour and then cooled to room temperature. No significant XRD 
pattern differences between MBE-grown films and cleaved bulk crystals 
were observed.

For the microstructure characterization, the reduced-dimensional 
topological insulator superlattice on Si(111) was prepared by conventional 
methods, that is, cutting, grinding, dimpling, polishing, and Ar-ion milling 
with a liquid-nitrogen cooling stage. The annular bright-field scanning 
transmission electron microscopy (ABF STEM) image in Figure S1a,  
Supporting Information, shows that TSL on substrate Si(111) has a 
highly ordered layered structure along the [0001] direction as designed 
by MBE method (Si(111)//Bi2Se3-Bi2-Bi2Se3-Bi2- … - …), with a very sharp 
interface between the superlattice and Si substrate. The ABF-STEM was 
fast Fourier transform filtered to the instrumental resolution of about 

Figure 4. Termination-dependent spin textures in the TI superlattices. a,b) The constant energy contour of density of states measured by ARPES at 
indicated binding energies for the Bi2Se3 termination with N = 1 (a) and N = 5 (b), respectively, and their corresponding theoretical spin-resolved Fermi 
contour extracted from the DFT calculations in (c). d,e) The constant energy contour of density of states measured by ARPES at indicated binding 
energies for the Bi2 termination with N = 1 (d) and N = 5 (e, Symmetrized ARPES), respectively, and their corresponding theoretical spin-resolved 
Fermi contour extracted from the DFT calculations in (f). The yellow arrows indicate the in-plane component of spin vector S(k) while the red and 
green colors depict its out-of-plane component.
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1 Å. Additionally, the TEM image in Figure S1b, Supporting Information, 
shows geometry cross-section structure of NiFe/RD-TSL//Al2O3 which 
was prepared by focused ion beam (FIB) milling. The (scanning) 
transmission electron microscopy (STEM and TEM) studies were 
conducted using a JEOL ARM-200F atomic resolution analytical electron 
microscope.

ARPES Measurements: After the growth of (□/Bi2Se3)-(Bi2/Bi2Se3)N=1,5 
on Si(111), a 5-nm Se capping layer was deposited on Bi2Se3 termination 
to protect TSS from surface contamination before samples were 
transferred to another MBE. To probe Bi2Se3-terminated band structure, 
the samples were heated up to 550 K and kept for 1 h to remove Se 
capper and then transferred to ARPES chamber. After finishing ARPES 
measurement, the Bi2Se3-terminated sample was transferred back to 
MBE, and 1 BL Bi was deposited at room temperature and annealed at 
420 K for 1 h for the ARPES measurement of Bi2-terminated sample. The 
ARPES measurements were performed at 10 K with a He discharge lamp 
with a photon energy of 21.2 eV as the photon source and Scienta DA30 
as the electron energy analyzer. The energy and angular resolution were 
better than 20 meV and 0.5°, respectively.

Spin-Pumping Measurements: FMR was performed at room 
temperature from 2 to 16 GHz using a commercial NanOsc PhaseFMR 
spectrometer with a coplanar waveguide, while a GMW electromagnet 
was used for applying an external magnetic field. For the spin-pumping 
measurements, microwaves were generated by a Keysight X-Series 
Microwave Analog Signal Generator at an excitation frequency of 
2–16 GHz and microwave power of 50 mW. A transverse dc voltage was 
electrically detected between two silver paste contacts at opposite ends 
of the single crystals, recorded by a Stanford Lock-In Amplifier. Oblique 
Hanle effect measurements were performed by rotating the sample and 
coplanar waveguide with respect to the applied magnetic field using a 
precision goniometer, by which both the transverse dc voltage and FMR 
signal could be recorded simultaneously. All the measurements were 
taken at room temperature.

DFT Calculation: The electronic structure calculations were performed 
using density functional theory (Quantum Espresso package) with a 
plane-wave basis set and ultrasoft pseudopotentials for a Bi2-Bi2Se3-
Bi2-Bi2Se3 slab.[49] The Perdew–Burke–Ernzerhof formulation was used 
for the exchange-correlation functional within GGA.[50] The Brillouin 
zone was sampled with 20 × 20 × 1 equally-spaced momentum points. 
The ground state energies were converged with respect to the number 
of k-points, and the wave-function energy cutoff which was set to 40 
Rydberg. Spin–orbit coupling was included to account for the spin texture 
of the surface states. For the slab geometry, Bi2Se3-Bi2-Bi2Se3-Bi2 layers 
consisting of one repeating period with Bi2-Bi2Se3 stacking sequence as 
shown in Figure  1a with 15 Å of vacuum between adjacent slabs were 
constructed. For the cell parameters, the experimentally determined 
lattice parameters and atomic positions were used to construct the slab. 
The spin projections and the contribution of the atoms from a layer to 
the overall surface electronic structure were determined by calculating 
the partial contribution of each atomic basis set in the layer to the wave 
functions at all k-points.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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