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Reversal of spin-polarization near the Fermi level of the
Rashba semiconductor BiTeCl
J. Qu1,2, X. Han1,2, S. Sakamoto 1,3, C. J. Jia 1,4, J. Liu5, H. Li5, D. Guan 6,7, Y.-J. Zeng 8, M. Schüler 1,9, P. S. Kirchmann1, B. Moritz1,
Z. Hussain10, T. P. Devereaux 1, Z.-X. Shen 1,2 and J. A. Sobota 1✉

Spin–orbit coupling forms the physical basis for quantum materials with non-trivial topology and potential spintronics applications.
The Rashba interaction is a textbook model of spin–orbit interactions, with charge carriers undergoing linear, isotropic spin-splitting
in momentum space. Recently, non-centrosymmetric semiconductors in the family BiTeX (X= Cl, Br, I) have been identified as
exemplary Rashba materials due to the strong splitting of their bulk bands, yet a detailed investigation of their spin textures, and
their relationships to local crystal symmetry, is currently lacking. We perform high-efficiency spin-resolved photoemission
spectroscopy to directly image the spin texture of surface states of BiTeCl, and we find dramatic deviations from idealized behavior,
including a reversal of the spin-polarization near the Fermi level. We show that this behavior can be described by higher-order
contributions to the canonical Rashba model with the surface states localized to individual trilayers of the crystal. Due to the
prominence of these effects near the Fermi level, they should have a strong impact on the spin-dependent transport of carriers.
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INTRODUCTION
The spin–orbit interaction features prominently in contemporary
research of quantum materials. On the one hand, it can impart a
geometrical phase to electron wavefunctions to endow materials
with non-trivial topological properties1–3. On the other, it affords a
physical mechanism for spintronics applications which seek to
control the electron’s spin degree-of-freedom without magnetic
fields4–6. Therefore, intensive investigation of spin–orbit interac-
tions is of central importance to the development of new classes
of topological materials and the implementation of practical
spintronics.
A textbook example of spin–orbit interactions is provided by the

Rashba interaction, described by the well-known Hamiltonian7:

HRðkÞ ¼ αðσ ´ kÞ � ẑ (1)

where σ and k are the electron spin and momentum, respectively,
and ẑ is a unit vector along the surface normal. Intuitively, this
describes a linear band splitting with the orientations of σ and k
locked orthogonally, with the Rashba parameter α determining the
magnitude of the splitting. Recently, non-centrosymmetric semicon-
ductors in the family BiTeX (X= Cl, Br, I) have been shown to exhibit
sizeable values of α in their bulk and surface bands, exceeding that of
traditional semiconductors by 1–2 orders of magnitude8–11. Angle-
resolved photoemission spectroscopy (ARPES) has proven to be an
invaluable tool for characterizing the electronic structure of both bulk
and surface states12–15, with spin-resolved ARPES verifying the
existence of spin-momentum locking and thereby supporting the
Rashba picture8,16–19. An open issue is whether these states are
better described as delocalized quantum well states or as surface
states localized to individual trilayers10,14,16,17, and it has been argued
that there is little practical difference from an ARPES standpoint15.

In this Article, we perform spin-resolved ARPES on BiTeCl to
study the spin-polarization of the surface charge carriers near the
Fermi level EF. The high efficiency of our measurement allows us
to densely sample the band structure in energy and momentum,
from which we can directly image dramatic deviations from the
ideal Rashba spin texture, including a reversal of the in-plane spin-
orientation. We show that this behavior follows from higher-order
corrections to the canonical Rashba Hamiltonian, and based on
arguments exploiting the crystal symmetry of BiTeCl, we conclude
that the states are localized to individual trilayers. These
deviations are prominent near EF, and thus should have a strong
impact on the transport of charge carriers. More generally, our
findings highlight the interplay between electron wavefunctions,
local crystal symmetries, and higher-order spin–orbit effects,
which is vital when assessing the suitability of materials for
topological or spintronic applications.

RESULTS
Spin-integrated electronic structure
The crystal structure of BiTeCl is shown on the left side of Fig. 1a. It is
noteworthy that BiTeCl belongs to the space group P63mc in contrast
to BiTeBr and BiTeI, which belong to P3m120. The latter two consist of
stacked trilayers, with each individual trilayer (and hence the entire
lattice) exhibiting 3m symmetry. While the individual trilayers of
BiTeCl locally exhibit 3m symmetry, the lattice itself exhibits 6mm
symmetry due to 60∘ rotation between neighboring trilayers.
The lattice of BiTeCl cleaves between Te and Cl planes, resulting

in surfaces of opposite polarity. In a single domain crystal, this
termination follows deterministically from the orientation of the
non-centrosymmetric crystal rather than from a stochastic
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cleavage process10,13,15. The band-bending potential V(z) splits off
surface sub-bands, each of which undergoes spin-splitting, as
sketched in the right side of Fig. 1a. In this paper we focus on the
Te-terminated surface, since its surface sub-band at the deepest
binding energy has been identified as a potentially ideal Rashba
system due to its predicted strong splitting, isotropic dispersion,
and energetic separation from bulk states10.
Our ARPES measurements along the Γ-K and Γ-M directions are

shown in Fig. 1b, c, respectively. Comparison of the two spectra
indicates that the band dispersions are largely isotropic, with a
notable exception for the bands from the outermost sub-band
pair, which linearly cross EF along Γ-K but merge into each other
along the Γ-M direction. These observations are consistent with
ARPES results in the literature, which have identified the
dispersions with a Rashba spin texture8,12–19.

Spin-resolved electronic structure
To investigate the associated spin structure in detail, we
performed spin-resolved ARPES in the geometry shown in
Fig. 2a. The measured in-plane spin-polarization along Γ-K and
Γ-M is represented in a 2-dimensional colorscale in (b) and (d),
respectively. In (c) and (e) we extract the spin-up I↑ and spin-down
I↓ intensities, plotted as normalized momentum distribution
curves (MDCs), with triangles inserted as guides to the eye to
denote the peak positions of the outermost sub-band pair.
The overall spin-polarization behavior indicates that each sub-

band independently undergoes spin-splitting, as suggested in Fig.
1a. However, closer examination reveals a discrepancy from the
Rashba model: the spin-polarization along Γ-K abruptly reverses
sign in the outermost sub-band near EF. This anomaly is clearly

observed at k ≈ ± 0.2 Å−1 in both the image plot as well as the
MDCs. The Γ-M data, however, simply shows the two bands
merging into a single peak above EF.
Next, we performed band structure calculations of a 20 trilayer slab

constructed with a band-bending potential. The spin-resolved band
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Fig. 1 Surface electronic structure of BiTeCl. a Crystal structure
and schematic of the bands localized near the Te-terminated surface
due to a depth-dependent potential V(z). Each sub-band shows a
Rashba-like spin splitting. b, c Spin-integrated ARPES measurements
of the Te-terminated surface along Γ-K and Γ-M, respectively,
revealing the sub-band structure.
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Fig. 2 Spin-resolved ARPES data on BiTeCl. a A schematic of the
experimental geometry. Momentum-dependence is mapped by
rotating the sample angle θ. Data in this figure is obtained with s-
polarized light. Images are plotted with a 2D colorscale shown in the
upper-right: red-blue (vertical) denotes spin-polarization and white-
black (horizontal) denotes photoemission intensity. b An in-plane
(Sy) measurement along Γ-K. An unexpected reversal of the spin-
polarization is seen in the outermost bands near EF (beige arrows).
c The corresponding momentum distribution curves (MDCs) of spin-
up I↑ and spin-down I↓ intensities. Each MDC is integrated within an
energy window of 34meV. Altogether, the MDCs span the energy
range from −329 to 41meV as denoted by the double-arrows in (b).
Each I↑↓ pair is normalized by the maximum intensity for that pair to
facilitate a comparison between MDCs at different energies. The
markers are guides to the eye denoting peak positions, with blue-
black-red coloring indicating the overall polarization of each peak.
d, e An analogous dataset along Γ-M, in which the outermost bands
merge into a single unpolarized peak near EF.
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structure of the top ten Te-terminated surface layers is plotted along
both Γ-K and Γ-M in Fig. 3. The colors in the top row (bottom row)
denote in-plane (out-of-plane) spin polarization. Though there are
some discrepancies in the details of the dispersions, these
calculations support the most noteworthy experimental observa-
tions—namely, the polarization reversal of the outermost band along
Γ-K and the merging of the two bands along Γ-M. This comparison
confirms that our observations are rooted in the material’s physics
rather than an extrinsic artifact associated with the photoemission
process. The calculations also show that an out-of-plane spin texture
develops along Γ-K but not Γ-M.

Higher-order Rashba model
To gain a deeper understanding of our experimental data, we seek
a mechanism for the peculiar behavior of the spin-texture based
on higher-order contributions to the Rashba Hamiltonian. These
have functional forms which depend on the crystal symmetry21,
and it is unclear whether the threefold symmetry of the individual
trilayers (3m) or the six-fold symmetry of the entire crystal (6mm)
should be applied. To address this question, we use our band
structure calculations to plot the spatial extent of the surface state
wavefunctions in Fig. 4a. The two lowest-energy states are largely
localized to individual trilayers, as also supported by Fig. 4b, c, in
which the colorscale encodes the projection into the first and
second trilayers, respectively. Due to the high degree of
localization, we adopt the Rashba terms with threefold symmetry

to describe the surface states21:

H3
Rðkx ; kyÞ ¼ γ1 k3x þ kxk

2
y

� �
σy � k2xky þ k3y

� �
σx

h i

þ γ2 k3x � 3kxk
2
y

� �
σz

(2)

where kx (ky) is in the Γ-K (Γ-M) direction, and γ1 and γ2 represent
the interaction strengths for in-plane and out-of-plane spin
components, respectively. Note that the first term can be written
as �γ1jkj2ðσ ´ kÞ � ẑ which has the same symmetry as the first-
order term (Eq. 1) and thus maintains an isotropic band dispersion
with a helical in-plane spin texture. In contrast, the second term
has threefold symmetry and introduces anisotropic band warping
together with an out-of-plane spin component. Note that six-fold
symmetry would require that the second term vanish (γ2= 0), and
only the isotropic terms would remain. As we shall see, this term is
essential for describing the experimental data and theoretical
calculations, which provides further evidence for the applicability
of threefold symmetry.
From Eq. 2 we can immediately make a few salient observa-

tions: (1) If α and γ1 have opposite signs, the splitting vanishes at
ky ¼ ± k� � ±

ffiffiffiffiffiffiffiffiffiffiffiffiffi�α=γ1
p

. (2) At kx= ± k*, this degeneracy is lifted
by the γ2 term, which rotates the spin out-of-plane. (3) Beyond k*,
the cubic γ1 term overtakes the linear α term, resulting in a
reversal of the in-plane spin texture. Figure 5 presents a
comprehensive comparison between a model constructed by
including the cubic terms (see Supplementary Note 7) and our
experimental data. First, the difference in the constant-energy
contours between the linear and cubic models is highlighted in
(a). Next, in Fig. 5b we examine the in-plane spin along the Γ-M
direction. The model (right) shows the splitting vanishing
at ± k* ≈ 0.2 Å−1, but with otherwise no perturbation to the in-
plane spin texture, consistent with the data (left). At the same
time, Fig. 5d shows that there is no out-of-plane component of the
spin-polarization in both the experiment and theory, in agreement
with the band structure calculations, and as required by
symmetry22.

Fig. 3 BiTeCl band structure calculations. The colors denote in-
plane (top row) and out-of-plane (bottom row) spin polarization for
Γ-K (left column) and Γ-M (right column) directions. The orange
circled regions show the reversal of out-of-plane spin texture
between states localized in adjacent trilayers.
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Fig. 4 Spatial extent of the surface states. a Plots of the calculated
surface state wavefunctions at k= 0, showing that the first and
second states are largely localized to individual trilayers. b, c Band
structure plots, with colors representing the projections onto the
first and second trilayers, respectively.
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Now we consider the Γ-K direction, as shown in Fig. 5c, e. Due to
the γ2 term, the bands are split at ±k* and both disperse linearly
near EF. Most importantly, the model shows the in-plane spin-
polarization reversing sign as the band disperses beyond k*, as in
the experiment. Finally, because the γ2 term is associated with σz,
there should be an out-of-plane spin component along the Γ-K
direction, as predicted in the band structure calculations, and
similarly observed experimentally in Fig. 5e. We also note that the
60∘ rotation between adjacent trilayers in BiTeCl should cause γ2 to
reverse sign for the states localized to those layers. This would
have no signature in the band dispersion, but would cause a
reversal in the out-of-plane spin texture. This effect cannot be
observed experimentally since the relevant states are above EF,
but it is clearly present in the lower-left panel of Fig. 3 (see orange
circled regions).
As a final layer of complexity, we note that our dataset reveals a

spin-orbital texture. This is manifested as the reversal of all spin-
polarizations between Fig. 2, which was measured with s-polarized
light, and Fig. 5, which was measured with p-polarized light. This
type of spin-orbital texture is consistent with previous work on
topological insulators23–28, Rashba-split quantum well states29,
and the related material BiTeI18, and can be readily incorporated
into the third-order Rashba model (see Supplementary Note 8).
Differences in the appearance of the reversal near EF are attributed
to polarization-dependent matrix elements, as described in
Supplementary Note 1130.
For a quantitative comparison, in Fig. 5f, g we overlay the

measured spin-polarizations (magenta dots) with predictions from
the cubic Rashba model (dashed gray lines). There is a substantial

discrepancy, especially for smaller k, which can be readily
understood as follows: the bands’ measured spectral-weight
diminishes with binding energy, possibly due to matrix element
or self-energy effects. Together with an unpolarized background
intensity, this results in a suppression of the measured spin-
polarizations near the Γ-point. To facilitate a one-to-one compar-
ison, we incorporate a similar spectral-weight suppression into the
cubic Rashba model—with a constant unpolarized background—
and plot the modified model’s results using wide magenta lines
(see Supplementary Note 9). We observe an overall agreement,
despite the simplicity of this model. Though the out-of-plane spin
of the inner band shows a discrepancy, we speculate that this may
be associated with factors beyond the model, such as atom-
dependent orbital textures31, photoemission matrix elements32, or
overlapping spectral-weight from adjacent sub-bands.

DISCUSSION
This work demonstrates that a cubic Rashba Hamiltonian with
threefold (3m) symmetry provides an excellent description for the
spin–orbit physics of the surface states of BiTeCl. The two key
observations are (1) the anisotropic band dispersion, with a spin-
degeneracy at k* along Γ-M being split along Γ-K; and (2) the
associated out-of-plane spin components along Γ-K which are
absent along Γ-M. Both of these signatures are present in
experimental spin-resolved ARPES measurements as well as band
structure calculations. In addition, the calculations show that the
out-of-plane spin texture reverses sign between consecutive sets
of surface states. This is due to the 60∘ rotation between adjacent

inner

outer

Fig. 5 Higher-order Rashba model. a Representative constant-energy contours of the linear and cubic Hamiltonians. b, c Comparison
between experiment (measured with p-polarized light) and the cubic Rashba model for the in-plane spin component along Γ-M and Γ-K,
respectively. d, e Same, but for the out-of-plane spin component. f, g Quantitative comparison between the experimentally-measured spin-
polarization and the results of the third-order Rashba model along Γ-K for in-plane and out-of-plane spins, respectively. Each spin-polarization
curve is extracted by integrating an energy window of ±45meV along the outermost sub-bands, as indicated by the guides to the eye in (c). In
addition to the plotted statistical error bars, we estimate a fractional systematic uncertainty in the measured spin-polarization of ±10%. An
energy-dependent signal-to-background ratio is incorporated into the model to permit a direct comparison with the data (see Supplementary
Note 9).
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trilayers of BiTeCl, which gives rise to the global six-fold (6mm)
symmetry of the crystal.
Taken altogether, these results provide compelling evidence

that the surface states are localized to individual trilayers as shown
in our wavefunction calculations. In Supplementary Note 10, we
explicitly show that inter-layer delocalization would lead to the
vanishing of γ2 and its associated effects on the band dispersion
and spin polarization, thus manifesting the global six-fold
symmetry. This also applies to the dispersive bulk states, which
should therefore exhibit Rashba interactions with γ2= 0. It is
important to note the critical role played by BiTeCl’s unique
symmetry in arriving at this conclusion: in BiTeI and BiTeBr, the
entire crystal has the same threefold symmetry as the individual
trilayers, so the γ2 term could be non-zero independent of the
degree of localization of the wavefunctions.
We now discuss more broadly the significance of higher-order

Rashba effects which have been recognized in various contexts for
some time21,33; for example, in many semiconductor quantum
wells the dominant term is cubic34. More recently, cubic spin–orbit
terms were invoked to describe the warping of topological and
Rashba surface states22,35,36. Both ARPES and spin-resolved ARPES
have been instrumental in revealing these interactions and
disentangling them from Dresselhaus-like effects37, anisotropic
(non-spin-dependent) band structure38, and magnetic interac-
tions39–41. Our experimental observation of the cubic Rashba
effect in BiTeCl exemplifies the importance of high-efficiency spin-
resolved ARPES measurements, since the spin-reversal occurs in a
narrow region of energy-momentum space near EF. We stress the
critical role of spin-resolution here, since the reversal occurs where
the bands are linearly dispersing, i.e., with otherwise no indication
of an anomaly in the spin-integrated data.
Our finding also points to consequences for spintronic applications.

Since the reversal occurs in the vicinity of EF, it may provide a
mechanism for tuning the polarization of carriers, such as by gating; a
similar mechanism has been invoked to explain an unexpected sign
change in the spin-polarization of charge carriers injected from
quantum point contacts of semiconductor hole gases42. Moreover,
the out-of-plane spin component could enable field-free spin–orbit
torque switching of perpendicular magnetization43,44. Furthermore, it
has been shown that cubic interactions may impact transport
properties such as the intrinsic spin-Hall effect45, anomalous Hall and
Nerst effects46, magnetotransport47, and thermoelectric transport48.
Though additional bands exist near EF in BiTeCl, their contributions
may be minimized by surface doping or interface engineering49;
crucially, the localized nature of the surface states implies that their
binding energies should be tunable by modifying the surface band-
bending. Therefore, BiTeCl offers a textbook example of higher-order
spin–orbit effects, and can serve as a useful platform for continued
exploration of the associated spin-dependent phenomena.

METHODS
ARPES measurements
Our spin-resolved ARPES setup is based on a spectrometer with
high efficiency attributed to its combination of exchange
scattering for spin discrimination and time-of-flight analysis for
resolving energy50,51. Band-mapping is performed by rotating the
crystal θ (see Fig. 2a), with Γ-K and Γ-M trajectories selected by
azimuthal rotation of the sample about its normal. The spin
detector can measure the horizontal/vertical spin components (in
the lab frame) by rotation of the magnetic scattering crystal,
corresponding to Sy/Sz when measuring along Γ-K and Sx/Sz when
measuring along Γ-M. The fifth-harmonic of a fiber laser system
generates the 6 eV photons for photoemission52. Further experi-
mental details, including our setups for the spin-resolved and
spin-integrated ARPES measurements, are described in the
Supplementary Notes 1–5.

Sample synthesis and preparation
BiTeCl single crystals were fabricated by the two-step self-flux
method. The mixture was slowly cooled from 440 °C to 200 °C in
90 h and annealed at 200 °C for 24 h. The crystals were cleaved
under ultrahigh vacuum conditions (<10−10 Torr) and measured at
a temperature of 79 K.

Theoretical calculation
Band structure calculations were performed by first considering bulk
BiTeCl without spin–orbit coupling using density functional theory
with the PBE exchange-correlation functional53, as implemented in
Quantum Espresso54. A corresponding tight-binding model is then
calculated using Wannier9055, with atomic spin–orbit couplings
explicitly added. A 20 trilayer slab is constructed with a band-
bending potential shift (see Supplementary Note 6).

DATA AVAILABILITY
The ARPES data that support the findings of this study are available at https://doi.org/
10.25740/cb936xf9075, and additional data are available upon reasonable request to
the corresponding author.
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