
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Large bilinear magnetoresistance from Rashba spin-
splitting on the surface of a topological insulator

Yang Wang, Binbin Liu, Yue-Xin Huang, Sivakumar V. Mambakkam, Yong Wang,
Shengyuan A. Yang, Xian-Lei Sheng, Stephanie A. Law, and John Q. Xiao

Phys. Rev. B 106, L241401 — Published  7 December 2022
DOI: 10.1103/PhysRevB.106.L241401

https://dx.doi.org/10.1103/PhysRevB.106.L241401


Large Bilinear Magnetoresistance from Rashba Spin-Splitting on the Surface of a
Topological Insulator

Yang Wang,1, ∗ Binbin Liu,2, ∗ Yue-Xin Huang,3, ∗ Sivakumar V. Mambakkam,4 Yong

Wang,4 Shengyuan A. Yang,3 Xian-Lei Sheng,2 Stephanie A. Law,1, 4 and John Q. Xiao1, †

1Department of Physics and Astronomy, University of Delaware, Newark, Delaware, 19716, USA
2School of Physics, Beihang University, Beijing 100191, China

3Research Laboratory for Quantum Materials, Singapore University of Technology and Design, Singapore 487372, Singapore
4Department of Materials Science and Engineering,

University of Delaware, Newark, Delaware, 19716, USA
(Dated: November 14, 2022)

In addition to the topologically protected linear dispersion, a band-bending-confined two-
dimensional electron gas with tunable Rashba spin-splitting (RSS) was found to coexist with the
topological surface states on the surface of topological insulators (TIs). Here, we report the obser-
vation of large bilinear magnetoresistance (BMR) in Bi2Se3 films decorated with transition metal
atoms. The magnitude of the BMR sensitively depends on the type and amount of atoms deposited,
with a maximum achieved value close to those of strong Rashba semiconductors. Our first-principles
calculations reproduce the quantum well states and reveal sizable RSS in all Bi2Se3 heterostructures
with broken inversion symmetry. Our results show that charge-spin interconversion through RSS
states in TIs can be fine-tuned through surface atom deposition and easily detected via BMR for
potential spintronic applications.

Bilinear or unidirectional magnetoresistance in non-
magnetic systems without inversion symmetry [1–7] de-
scribes the difference in resistance when the electric cur-
rent or magnetic field direction is switched. It can be
phenomenologically expressed as [1, 2, 8]

R(I,B) = R0[1 + βB2 + γI · (P ×B)] (1)

where R0 is the resistance at zero magnetic field, I is the
electric current, B is the magnetic field, and P repre-
sents the polar direction of the conductor. The second
term describes the normal magnetoresistance. The mag-
nitude of the BMR is measured by the coefficient γ. Such
rectification effect typically exists in chiral conductors
[9, 10] or systems where the spin-degeneracy is lifted by
inversion symmetry breaking in combination with spin-
orbit coupling (SOC) [2–5]. For the latter case, topolog-
ical insulator surfaces [11, 12] and Rashba spin-splitting
[13, 14] states with spin-momentum locked spin-textures
are canonical examples.

As illustrated in Figs. 1(a) and 1(b), taking the TI sur-
face dispersion or the inner half of a Rashba-type band
as an example, when driven by an x-direction electric
field, a second-order spin current is generated through
spin-momentum locking [15]. It can be intuitively under-
stood as equal amounts of electrons with opposite spin
polarizations moving in opposite directions, so there is a
nonlinear spin but no charge current. When a magnetic
field is applied, the upright Dirac cone is sheared due
to the existence of nonlinear-in-momentum terms aris-
ing from e.g., particle-hole asymmetry (k2) or hexagonal
warping (k3). This causes imbalance between the left-
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and right-moving electrons, and the nonlinear spin cur-
rent is partially converted into a nonlinear charge cur-
rent, giving rise to the BMR [3, 16–18]. As to the full
Rashba band [Fig. 1(c)], when the Fermi level is above
the charge neutral point (CNP) (region III), due to the
cancellation of the two Fermi contours with opposite spin
helicities, the BMR is small. When the Fermi level lies
in region II, a large BMR arises from the addition of the
two Fermi contours [2, 18]. There is also a narrow region
I induced by Zeeman splitting which also exhibits large
BMR. However, for the small magnetic fields ( 0.2 T)
used in this study, this region of width ∼0.1 meV can be
neglected.

Experimentally, a BMR with a magnitude of γ ∼0.01
A−1B−1 was reported in Bi2Se3 grown on Al2O3 sub-
strates [3]. It was attributed to the hexagonal warp-
ing effect in the topological surface states (TSS). Much
larger BMR was achieved through the RSS mechanism
[Fig. 1(c)], with γ reaching ∼1 A−1T−1 in the polar
semiconductor BiTeBr [2] and ∼10-100 A−1T−1 in the
two-dimensional electron gases (2DEGs) formed at oxide
interfaces [5, 19] Actually, as sketched in Fig. 1(d), early
angle-resolved photoelectron spectroscopy (ARPES) and
computational studies revealed that on the surface of
Bi2Se3 a 2DEG is confined in the top most several QLs
due to band-bending (BB)[20, 21]. Further introduction
of an electrostatic potential gradient either by electric
gating[22] or surface atoms evaporation[23] will cause
tunable and robust RSS in these QW states. It is natural
to ask, can these spin-split states on the surface of TIs
generate large BMR?

In this study, we observed large tunable BMR in
thick Bi2Se3 films decorated with transition metal
(TM) atoms. The maximum nonreciprocal coefficient γ
achieved is comparable to these of strong Rashba ma-
terials. Our density-functional theory (DFT) calcula-
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FIG. 1. Illustration of the BMR and band-bending mechanisms. (a) Driven by an x-direction electric field, there is a second-
order spin current generated in the states of an inner Rashba band or the surface TI dispersion with particle-hole asymmetry, due
to spin-momentum locking. (b) When a magnetic field is applied in the y-direction, it distorts the Fermi contour asymmetrically
and causes an imbalance between the right- and left-moving electrons with opposite spin polarizations, resulting in a net second-
order charge current. (c) The cross-section of a complete Rashba band under an in-plane mangetic field. Regions II and III
have large and small BMR responses, respectively. Region I is narrow and can be neglected. (d) From the TI bulk to surface,
the band bends downward and a ladder of QW states are formed in the surface 2DEG. When there is also substantial electric
potential gradient, these QW states are spin-split by Rashba SOC. ECBM, ED, and EVBM denote the energy of conduction
band minimum, Dirac point, and valence band maximum, respectively.

tions reproduce the ladder of QW states with sizable
RSS in all inversion asymmetric Bi2Se3 heterostructures.
Through analysis of the temperature dependence, we de-
duce the large BMR is mainly from the states in region
II of the Rashba band, accessed during the band-bending
process. As a complement to previous ARPES measure-
ments, our work further validates TIs from nonreciprocal
transport aspects as a highly tunable Rashba material to
explore charge-spin interconversion phenomena through
nontopological bands.

The 60 quintuple-layer (QL) Bi2Se3 (BS) films used in
this study were grown on GaAs substrates by the molec-
ular beam epitaxy (MBE) method and decorated with
0.5-1.5 nm thick Cu or Au atoms (See Supplemental Ma-
terial [24] for growth and characterization details). The
Hall bar devices were patterned by the standard pho-
tolithography method. Because of the small amount of
metal deposited, in transport measurements the current
essentially only goes through the 60 QL BS layer. As de-
picted in Fig. 2(a), both the substrate and deposited TM
atoms can break the inversion symmetry of Bi2Se3, intro-
duce an electric potential gradient, and cause substantial
RSS. Additionally, the Cu and Au atoms migrate into the
van der Waals layered Bi2Se3 structure [25, 26] and p- or
n-dope it. The doping effects can be seen in the linear
transport regime. As displayed in Fig. 2(b), compared
with bare BS film grown on GaAs, Cu or Au raises or low-
ers the resistance of BS, suggesting that they are work-
ing as electron acceptors or donors, respectively. Inter-
estingly, although the BS/Au sample maintains metallic
behavior, the resistance of BS/Cu devices first increases
and then decreases when temperature is lowered from
290 K to 5 K, with a peak around 200 K. Such nonmono-

tonic behavior was also observed in Cu-doped Bi2Te3 and
was attributed to the change in carrier density [27, 28].
Moreover, the smaller resistance in BS/Cu(0.5) and the
similar resistances in BS/Cu(1 and 1.5) samples suggest
that saturation of the doping effect occurs between depo-
sition of 0.5 to 1 nm Cu. From Hall measurements, the
sheet carrier density ns for the GaAs/BS, BS/Cu(0.5, 1,
and 1.5), and BS/Au(1) samples are 5.2, 3.9, 4.1, 5.1,
and 5.6×1013 cm−2, respectively. These results suggest
that Cu doping can suppress the bulk conduction for the
as-grown n-doped Bi2Se3 films.

The effect from electrostatic potential on Bi2Se3 is re-
vealed by nonreciprocal transport responses, which sen-
sitively depends on the symmetry and band structure of
the material [1]. As indicated by the name, the bilin-
ear magnetoresistance depends linearly on both external
magnetic and electric fields. As sketched in Fig. 2(c)
top inset, we sent a low frequency a.c. current in the
x-direction, swept the magnetic field in the y-direction,
and measured the longitudinal second-harmonic resis-
tance (SHR) R2ω

xx ≡ V 2ω
x /I by the standard lock-in tech-

nique. R2ω
xx in all samples exhibits linear dependence on

B, as expected. GaAs-n denotes another Bi2Se3 (60 QL)
sample also grown on GaAs substrate, but it has a much
higher carrier density of 2.7×1014 cm−2, so the current is
shunt through the bulk. The SHR of it is negligibly small,
showing that the inversion-symmetric BS bulk does not
contribute to the BMR. BMR is detected in other sam-
ples where substantial current is carried by the surface
states. As shown in Fig. 2(c) bottom inset, the BMR
in GaAs/BS and BS/Au(1) have opposite signs, corre-
sponding to the bottom and top surface contributions, re-
spectively. The BMR magnitude γ in the GaAs/BS sam-
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FIG. 2. (a) Crystalline structure of the GaAs/Bi2Se3/TM heterostructure. The blue arrows represent electric field potential
induced by the GaAs substrate or deposited TM. (b) Longitudinal resistance versus temperature for various Bi2Se3 heterostruc-
tures. The inset depicts a device image with scale bar 20 µm. (c) Longitudinal second-harmonic resistance as a function of
y-direction magnetic field in various devices. The top inset illustrates the measurement setup. The bottom inset is a zoomed-in
plot of the GaAs/n-BS, GaAs/BS, and BS/Au(1) samples. (d) The slope R2ω

xx/B exhibits a linear dependence on current. (e)
R2ω

xx/B of the BS/Cu(1) sample at different temperatures. (f) Summary of the temperature dependence of the BMR in different
devices. Inset is normalized BMR magnitude.

ple already reaches 0.08 A−1T−1, which is about an order
of magnitude larger than that in Al2O3/BS samples with
similar carrier densities [3]. This suggests spin-split QW
states instead of hexagonally warped TSS as the origin of
the observed BMR. The reason why RSS-induced BMR
was not dominant in Al2O3/BS is possibly because the
downward band-bending effect is weak in the thin BS(20
QL) film grown on the high-k dielectric Al2O3 substrate
[29]. The BMR can be further enhanced by the deposi-
tion of TM atoms. In the BS/Cu(1) sample, γ reaches
2.0 A−1T−1, surpassing that of the strong Rashba semi-
conductor BiTeBr (γ ∼ 1) [2]. We noticed that compared
with Ref. [2, 3], the SHR in our samples is large and of
low noise. This is rare in 3D polar conductors, suggesting
the robustness of the electrostatic-potential-induced RSS
on TI surfaces. Fig. 2(d) shows that the slope R2ω

xx/B
also scales linearly with current, together with Fig. 2(c)
demonstrating the bilinear nature of the measured resis-
tance. The slight deviation from linear dependence under
large currents is due to Joule heating.

We confirmed that that under an x-direction field,
the longitudinal SHR becomes much smaller, consistent

with the selection rule in Eq. (1). We also observed
the transverse counterpart of BMR, the nonlinear pla-
nar Hall effect [17] in our samples. (See Supplemental
Note 4 for details.) As represented by the BS/Cu(1)
sample [Fig. 2(e)], the magnitude of the BMR decreases
monotonically from being maximum at 4.5 K to being
negligible at 70 K. This trend is observed in all the
samples [Fig. 2(f)]. Moreover, as shown in the inset of
Fig. 2(f), except the BS/Cu(0.5) sample, the normalized
BMR magnitude R2ω

xx(T )/R2ω
xx(4.5 K) exhibits very sim-

ilar temperature dependence in different samples. For
the BS/Cu(0.5) sample, we suspect that the electrostatic
perturbation is relatively weak due to the tiny amount
(0.5 nm) of Cu deposited. This may cause the BMR
from Bi2Se3 top surface to have a faster decay trend as
temperature increases compared to that of the bottom
surface. As a result of the competition between the top
and bottom surfaces, a sign reversal of R2ω

xx/B around 25
K is observed.

To support our claim that the observed BMR is from
RSS, we carried out density-functional theory (DFT) cal-
culations for Bi2Se3 heterostructures made with 6 QL
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FIG. 3. Calculated band structures of (a) Bi2Se3(6QL), (b) Bi2Se3(6QL)/Cu(4ML), and (c) GaAs(1L)/Bi2Se3(6QL). Dirac
and QW denote the topological surface and nontopological quantum well states, respectively. The inset in (b) is a zoom-in
image of the QW1 states, with the momentum offset k0 and energy splitting ER marked in the figure.

Bi2Se3 and 1-4 monolayer (ML) Cu, 2 ML Au or 1 layer
(L) GaAs. Because the 2DEG on Bi2Se3 is confined in
the top few (∼10) QLs due to band bending [21], which
gives its unique quantum well (QW) states other than the
continuous bulk bands, we believe the calculations on 6
QL Bi2Se3 can capture the essential features of the real
2DEG states formed on the surface of our Bi2Se3 samples.
The calculated band structures are shown in Fig. 3. In
the standalone Bi2Se3 film with preserved inversion sym-
metry, besides the topologically protected gapless sur-
face Dirac dispersion, the bulk states are quantized into
a ladder of QW states [Fig. 3(a)]. All the states are spin-
degenerate in momentum space, and BMR is correspond-
ingly forbidden. As shown in Fig. 3(b) and 3(c), when
Bi2Se3 is proximately coupled to either Cu or GaAs, in-
version symmetry breaking together with SOC lifts the
spin degeneracy and causes Rashba-type spin-splitting in
all the QW states. The size of RSS is described by the
Rashba coefficient αR = 2ER/k0 , where ER and k0 are
the energy splitting and momentum offset, respectively,
as defined in the inset of Fig. 3(b). The BS/Cu slab
has well-separated topological surface and nontopologi-
cal QW states with sizable RSS. While in GaAs/BS, the
GaAs bands hybridize with BS bands and unexpectedly
large RSS (with maximum 2.3 eVÅ) is observed at low
QW states possibly due to the band anti-crossing features
[30]. However, in real samples, the bottom and top BS
surfaces have different interfacial qualities, so it is rea-
sonable to only compare the RSS at the top BS/Cu or
Au interfaces.

As summarized in Fig. 4(a), QW1 has the largest
αR in each material, reaching 1 and 1.6 eVÅ in the
BS/Cu(4ML) and BS/Au(4ML) slabs, respectively. Im-
portantly, the higher QW states (QW2, 3, . . . ) also ex-
hibit sizable RSS, at the order of 0.5 eVÅ. These fea-
tures are consistent with previous ARPES [23] and DFT
[31] results, and are crucial for the observation of the

BMR on the surface of TIs, as discussed below. Fig. 4(a)
also displays the BMR magnitude γ of the Bi2Se3 het-
erostructures made in this study together with those of
Al2O3/Bi2Se3 [3] and BiTeBr [2]. Besides exhibiting
large values, we find that γ does not follow the same
trend as that of αR in QW1 or QW2. This means that
RSS is a necessary but not sufficient condition for the
observation of large BMR. There are other factors that
control the magnitude of BMR. Different from the perfect
lattice structure used in the calculation, the MBE-grown
GaAs/BS has an imperfect interface with reduced SOC
strength, and correspondingly, the real RSS should be
smaller than predicted. Besides, defects formation also
makes the bottom surface more resistive, so less amount
of current goes through it as compared to the top sur-
face. This can explain the small BMR observed in the
GaAs/BS sample. Similarly, in the BS/Au sample, ma-
jority of the current is shunted through the heavily n-
doped bulk, so despite having a larger RSS, its BMR
magnitude is smaller than that of BS/Cu samples.

These above considerations cannot explain the sig-
nificant drop of γ from 2 A−1T−1 in BS/Cu(1) to
0.4 A−1T−1 in BS/Cu(1.5), given that these two sam-
ples have very similar resistivities [Fig. 2(b)] and αR

[Fig. 4(a)]. Here we propose a band-bending picture to
explain this discrepancy. The model Hamiltonian of a
Rashba band under a y-direction magnetic field can be
written as

H = ~2k2/2m∗ + αR(kxσy − kyσx) +Byσy, (2)

where ~ is the reduced Planck constant, m∗ is the effec-
tive mass of the electrons, σ represent Pauli spin matri-
ces, and By is the magnetic field measured in energy unit.
Using semiclassical Boltzmann approach, we numerically
calculated the chemical potential and temperature de-
pendence of the BMR (See Supplemental Note 5 for de-
tails). As plotted in Fig. 4(b), consistent with the quali-
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FIG. 4. (a) Experimentally measured BMR magnitude γ and calculated Rashba coefficient αR for various Bi2Se3 heterostruc-
tures. The triangle and star denote the γ values for Al2O3/Bi2Se3 ([3]) and BiTeBr ([2]), respectively. (b) and (c) Calculated
chemical potential (b) and temperature (c) dependence of the BMR magnitude. (d) Illustration of the band-bending process.
BCB and BVB denote bulk conduction and valence bands, respectively. CBM/VBM is the conduction/valence band mini-
mum/maximum. Going from bulk to surface, the quantum well states gradually form, and the Fermi level crosses region III
and II during the BB process. It is the states in region II that contribute to the large BMR.

tative argument in the introduction [Fig. 1(c)], at T = 0
the BMR is zero when chemical potential µ lies in region
III and only becomes finite when temperature increases
or µ goes into region II. Fig. 4(c) shows that in region
II γ decreases when temperature is increased, which is
consistent with our experimental results [Fig. 2(f)]. This
together with the opposite temperature dependence of
the BMR and its small magnitude in region III suggest
that the observed BMR is dominantly from region II.
Based on the measured carrier density ns (3.9−5.6×1013

cm−2), the bulk Fermi level relative to the unbent sur-
face Dirac point is ∼0.3 eV, which is much higher than
the level of the bulk conduction band minimum (CBM)
for Bi2Se3 (∼0.2 eV) [20, 23]. Given the energy split-
ting ER ∼ 10 meV, region II of QW1 cannot be accessed
during the downward BB process. This leads us to draw
the schematic picture as shown in Fig. 4(d). Different
from the topological surface states, the QW states of the
2DEG on the TI surface spread over a depth of ∼10 QL
[21]. Going from bulk to surface, during the BB pro-
cess, the position of the Fermi level relative to the QW1
minimum shifts up gradually, and the region II of higher
QW levels (e.g., QW2) is accessed. It is these states that
make dominant contributions to the observed large BMR
which weakens as temperature increases. As sketched at
the bottom of Fig. 4(d), due to the exponential carrier
density profile of the 2DEG [20, 22], the number of elec-
trons in region II takes a maximum if the local Fermi level
at the surface happens to be in region II. This requires
a delicate balance between the bulk Fermi level and the
BB strength. This can explain the significantly different

γ in the BS/Cu(1) and BS/Cu(1.5) devices.
In conclusion, we observed large BMR in Bi2Se3 het-

erostructures surpassing that of strong bulk Rashba semi-
conductors. On the one hand, we find Cu is a preferential
material to engineer Bi2Se3 into a Rashba material, be-
cause it not only imposes electrostatic potential to gen-
erate sizable RSS, but also suppresses the bulk conduc-
tion through diffusive doping. On the other hand, anal-
ysis on the temperature dependence suggests that the
observed BMR is dominantly from the states below the
band-crossing point of higher-level QW states, accessed
during the gradual band-bending process. This ensures
the easy electrical detection of the RSS through BMR
and suggests that BMR should have robust tunability
through chemical potential or band-bending engineering.
Our work demonstrates BMR as an electrical transport
signature to assist the search for inversion asymmetric TI
heterostructures with large RSS.
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