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Fluctuating spin-orbital texture of Rashba-split surface states in real and reciprocal space
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Spin-orbit interaction in low-dimensional systems, namely, Rashba systems and the edge states of topological
materials, has been extensively studied in this decade as a promising source to realize various fascinating
spintronic phenomena, such as the source of the spin current and spin-mediated energy conversion. Here, we
show the odd fluctuation in the spin-orbital texture in a surface Rashba system on Bi/InAs(110)-(2 × 1) by
spin- and angle-resolved photoelectron spectroscopy and a numerical simulation based on a density-functional
theory (DFT) calculation. The surface state shows a paired parabolic dispersion with the spin degeneracy lifted
by the Rashba effect. Although its spin polarization should be fixed in a particular direction based on the Rashba
model, the observed spin polarization varies greatly and even reverses its sign depending on the wave number.
DFT calculations also reveal that the spin directions of two inequivalent Bi chains on the surface change from
nearly parallel (canted parallel) to antiparallel in real space in the corresponding wave vector region. These
results point out an oversimplification of the nature of spin in Rashba and Dirac systems and provide more
freedom than expected for spin manipulation of photoelectrons.
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I. INTRODUCTION

The symmetry breaking of a system often causes fertile
unconventional physical phenomena, such as nematic super-
conductivity appearing with rotational asymmetry [1] and
orbital-angular-momentum polarization of graphene Dirac-
cone states caused by the asymmetry between sublattices of
a honeycomb lattice (pseudospin) [2]. In particular, spin-orbit
interaction (SOI) in two-dimensional (2D) surface sys-
tems without three-dimensional (3D) translation and space-
inversion symmetry in the bulk (3D) crystal, namely, the
Rashba effect [3] and edge states of topological materials [4],
is a promising source to host, create, or convert spin-polarized
electrons without magnetic materials and fields [5,6].

A schematic of SOI-caused helical spin polarization in a
2D system is depicted in Fig. 1(a), where surface electrons
are polarized toward the orientation perpendicular to both
the wave vector and the surface normal. In this model, the
potential gradient at the surface is assumed to be parallel to
the surface normal. An electron moving in such a potential
gradient experiences an effective magnetic field �Beff ∝ �E × �k
resulting in Zeeman-like splitting and spin polarizations par-
allel and antiparallel to �Beff [3]. This can be regarded as the
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outcome of the symmetry breaking in the 2D system along the
out-of-plane orientation. In this model, one spin-split branch
of the surface band always holds one spin orientation, the
so-called spin-momentum locking, clockwise (CW) or coun-
terclockwise (CCW) in reciprocal space. This assumption is
consistent with spin- and angle-resolved photoelectron spec-
troscopy (SARPES) data reported by the early 2010s except
for few cases and is widely used in the interpretation of
surface-spin-mediated energy conversion experiments [6].

Although such a model is based on a simple and intuitive
picture, following studies revealed that the actual case is more
sophisticated than the model is. The in-plane asymmetry also
contributes to the surface spin polarization, although it is not
included in the simple Rashba model considered above. For
example, out-of-plane spin polarization in triangular surface
lattices, i.e., valley polarization, is caused by the lack of
in-plane twofold rotation symmetry [7–10]. Moreover, recent
studies, by using the combination of SARPES and theoretical
calculation, revealed the contribution of complex combina-
tions of spin and orbital terms in the wave functions to 2D
spin-polarized surface states, even in a single surface band
[11–13]. These studies suggested that the Rashba model with
only the CW and CCW spin orientations is oversimplified.
However, no one knows the degree of the oversimplification,
in other words, how freely the electron spins could orient, in
the actual surface electronic systems with SOI so far. One
difficulty of such research is that most of the surface sys-
tems known to host Rashba-type spin-split states have many
symmetry operations, such as C3v rotation and mirror planes,
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FIG. 1. Schematic of conventional Rashba-type spin-split bands
and surface atomic structure of Bi/InAs(110)-(2 × 1). (a) Ideal two-
dimensional spin-split electronic bands due to Rashba-type SOI. The
spin polarization direction is perpendicular to the wave vector �k,
exhibiting a helical spin polarization in reciprocal space. (b) Surface
atomic structure of Bi/InAs(110)-(2 × 1). Tilted atomic chains of
Bi on the InAs(110) substrate form the (2 × 1) surface superlattice,
which consists of four nonequivalent Bi atoms, Bi1, Bi2, Bi3, and
Bi4, as indicated. The thin solid rectangle is the (2 × 1) surface unit
cell, and the dashed line is the mirror plane, which is the unique
symmetry operation in this surface atomic structure.

as well as a small number of inequivalent surface atoms in the
unit cell; these behave as strict constraint conditions for spin
polarization. Therefore, to reveal the actual degree of freedom
in surface spin polarization and distinguish it from the coex-
isting restrictions from surface symmetry operations which do
not always exist in general surface systems, it is important to
observe the spin-split surface states on the surface with (i) a
small number of symmetry operations and (ii) a large number
of inequivalent surface atoms.

In this work, we study the spin and orbital texture in
the surface electronic states of Bi/InAs(110)-(2 × 1) using
SARPES and a numerical simulation based on density-
functional theory (DFT) calculations. The (2 × 1) superlattice
of Bi on InAs(110) consists of two inequivalent and tilted Bi
chains, as depicted in Fig. 1(b) [14]. This surface structure
holds a small number of surface symmetry operations, only
one mirror plane, and no rotation and thus is an ideal test
case to study the minimal feature of surface SOI in lower-
symmetry systems. Actually, the surface state exhibited an
unconventional spin fluctuation. The sign on the surface spin
polarization modulated independently in the two nonequiva-
lent surface atomic chains and even in a single band, its sign
inverted depending on the wave number. It was found that
the two inequivalent Bi chains exhibit even antiferromagnetic
spin configurations at the same binding energy and wave num-
ber. These results point out an oversimplification of the nature
of spin in surface 2D systems and suggest more freedom than
expected.

II. METHODS

The surface of InAs(110) substrates was cleaned by re-
peated cycles of Ar ion sputtering (1 keV) and annealing
(700 K). After the cleaning, a sharp (1 × 1) electron diffrac-

tion pattern was confirmed by using low-energy electron
diffraction (LEED). Next, a few monolayers of Bi were de-
posited on InAs(110)-(1 × 1) from a Knudsen cell at room
temperature. Subsequent annealing at 600 K for 20 min re-
sulted in a Bi/InAs(110) surface exhibiting a sharp (2 × 1)
surface reconstruction pattern. The LEED diffraction patterns
are shown in Fig. S1 in the Supplemental Material [15].

ARPES and SARPES measurements were performed at
the Institute for Solid State Physics, The University of
Tokyo, with a linearly polarized laser source (hν = 6.994 eV)
[16]. The photoelectrons were detected along the �̄-X̄ high-
symmetry line in the (2 × 1) surface Brillouin zone, as shown
in Fig. 2(e). In this experimental geometry, the planes of pho-
ton incidence and photoelectron detection were common. The
energy resolution and the position of EF were calibrated by the
Fermi edge of a Cu block attached to the samples. The energy
resolution for the ARPES (SARPES) measurements was set
to ∼9 meV (∼20 meV). The effective Sherman function of a
very low energy electron diffraction type spin detector was set
to 0.27. The sample temperature was kept at 45 K during the
ARPES and SARPES experiments.

The initial states and their spin polarization of the
Bi/InAs(110) surface were obtained by using a DFT calcu-
lation based on the “augmented plane wave + local orbitals”
method implemented in the WIEN2K code with SOI consid-
ered [17]. We adopted the modified Becke-Johnson potential
combined with a local density approximation to construct
the exchange and correlation potentials [18,19]. The surface
atomic structure was modeled by 20 layers of InAs with a
surface covered with (2 × 1) zigzag Bi chains. The surface
atomic structure was energetically optimized down to the third
In and As layers, and the rest of the substrate atom positions
were fixed to those in the bulk InAs single crystal. The even-
tual surface atomic structure model was almost identical to the
model obtained experimentally [14].

The spin polarization of the photoelectrons was numeri-
cally calculated considering the interference in the final-state
spinors. For this calculation, we assumed the photoexcitation
process from the inequivalent initial-state wave functions,
the two different Bi chains, obtained by the DFT calcula-
tion above. The final state was set as a spin-integrated free
electron. The spinor interference was calculated in a manner
similar to that in Refs. [11,13] (see Supplemental Material,
Note 1 [15], for details).

III. RESULTS AND DISCUSSION

A. Photoelectron spectra of spin-polarized surface
electronic states

Figures 2(a) and 2(b) show conventional (spin-integrated)
ARPES band dispersions along �̄-X̄ using s- and p-polarized
photons, respectively. The experimental geometry and defini-
tions of the incident-photon polarizations of the (S)ARPES
experiment are shown in Fig. 2(e). As shown in a pre-
vious work [20], surface bands (S and S′) were observed
below the Fermi level EF with paired parabolic dispersion
around the surface Brillouin zone center (ky//[1̄10] = 0 Å−1).
The photoelectron intensity of S with s polarization was
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FIG. 2. Spin-polarized surface band structures measured by SARPES. (a) and (b) ARPES and (c) and (d) SARPES 2D plots measured with
s-polarized (top) and p-polarized (bottom) photons along �̄-X̄ (parallel to the Bi chains). (a) and (b) Spin-integrated ARPES intensity maps.
The photon incident angle θi is 50◦. SARPES maps polarized to (c1) and (d1) Sx , (c2) and (d2) Sy, and (c3) and (d3) Sz. The spin orientations
are defined in (f). θi is 38◦. (e) Experimental geometry of the SARPES measurements and definitions of the coordinates. The (2 × 1) surface
Brillouin zone and the common plane of the photon incidence and photoelectron detection are superposed simultaneously. (f) Definitions of
the spin directions of the photoelectrons. The colors of the SARPES intensity plots are determined based on the photoelectron intensity and
spin polarization, as indicated in these 2D color maps.

diminished around ky//[1̄10] = 0 Å−1, suggesting the influ-
ence of the photoexcitation selection rule [21]. Assuming
the nearly-free-electron final state, photoelectrons from the
initial states with odd and even parities with respect to the
measurement plane [see Fig. 2(e)] should be excited by s-
and p-polarized photons, respectively. This suggests that the
inner part of the parabolic S band is mainly composed of wave
functions with even symmetry, whereas the outer part is from
multiple wave functions with both even and odd symmetries.

Figures 2(c1)–2(c3) and 2(d1)–2(d3) show polarization-
dependent SARPES maps obtained using s- and p-polarized
photons, respectively. These are two-dimensional color plots
of photoelectron intensity and magnitude of spin polar-
ization [see Figs. 2(f1)–2(f3) for their definitions]. The
corresponding spin-resolved energy distribution curves are
also shown in Fig. S2 in the Supplemental Material [15]. The
band dispersion obtained by SARPES intensities shown in
Figs. 2(c1)–2(d3) agrees well with the spin-integrated ones
in Figs. 2(a) and 2(b). Figures 2(c1) and 2(d1) show spin
polarization along the Sx direction. This orientation is in plane
and perpendicular to the wave vector, which is expected from
the simple 2D model depicted in Fig. 1(a). However, in con-
trast to the simple model, Fig. 2(d1) shows that the Sx spin
polarization direction varies in a single parabolic band (S)
with the same sign of ky//[1̄10]. Such a peculiar spin mod-
ulation is not observed in Fig. 2(c1), indicating the effect
of incident photon polarizations (s and p). Thus far, it has
been reported in some topological materials that switching
the photon polarization could change the spin polarization of
photoelectrons [11,13].

In contrast to S, another spin-polarized band, S′, shows uni-
directional polarization in the entire ky//[1̄10] range. Therefore,
we focus on the spin polarization of S in the following in order
to investigate this peculiar behavior.

In addition to Sx, spin polarizations of the other spin di-
rections, Sy and Sz, are observed in Figs. 2(c2)–2(c3) and
2(d2)–2(d3). Sz is almost zero with s-polarized photons but
has a finite value with p-polarized photons. Although the Sz

polarization normal to the surface is not expected from the
simplest model, as shown in Fig. 1(a), this polarization is al-
lowed with an in-plane potential gradient, as reported in some
2D systems without twofold rotation [7,8,10]. However, the
spin reversal of Sx in the single band [Fig. 2(d3)] is peculiar.
Moreover, in this measurement, an evident spin polarization
parallel to the wave vector (Sy) is also observed with both pho-
ton polarizations, as shown in Figs. 2(c2) and 2(d2). The spin
polarization along this orientation is not expected from the
Rashba model because the effective magnetic field originates
from the cross product �E × �k, which is always orthogonal
to �k. The Bi/InAs(110)-(2 × 1) surface does not contain any
magnetic element, and hence, the observed complex spin po-
larization cannot be explained solely from the initial states.
Thus, it is suggested that the photoexcitation process is play-
ing some role in the observed complex spin texture.

B. Spin polarizations of the ground states obtained
from theoretical calculations

To reveal the initial-state spin texture, we calculated the
surface band structures by DFT, as shown in Fig. 3. The sizes
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FIG. 3. Calculated spin-polarized band structure and spin texture in real space. (a)–(d2) Spin-polarized band dispersions obtained by DFT
calculations. The radii of the circles are proportional to the sum of the contributions from all surface Bi atoms. Spin orientations are defined
as (a), (c1), and (c2) in-plane (Sx) and (b), (d1), and (d2) out-of-plane (Sz) ones. (c1)–(d2) Surface bands with the spin orientations of each
nonequivalent surface Bi chain. (e) Color scales represent spin polarizations: The blue-red (green-purple) color palette corresponds to the
spins along the in-plane orientation Sx (out-of-plane orientation Sz). (f) Wave number dependence of the spin orientations in each Bi chain.
(g) Definition of the spin rotation angle used in (f). (h) Typical cases of the spin orientations depending on ky//[1̄10] in each Bi chain. Roman
numbers correspond to the ky//[1̄10] position shown by arrows in (f).

of the circles in Figs. 3(a) and 3(b) indicate the contribution
of surface Bi atoms. Color scales [defined in Fig. 3(e)] show
the degree of spin polarizations along Sx and Sz. The shapes of
the surface bands (S and S′) are qualitatively consistent with
the results observed with ARPES and SARPES. All the spin-
polarized structures are reversed from the sign of the wave
number, indicating that the electronic structure obeys time-
reversal symmetry. It should be noted that Sy spin polarization
was not obtained in the DFT calculation, as expected from the
time-reversal symmetry of the system confirmed above.

To obtain further insight into the surface spin texture, we
decomposed the contributions to the surface bands from two
inequivalent surface Bi chains: Bi1-2 and Bi3-4 [see Fig. 1(b)
for the definition]. The radii of the circles in Figs. 3(c1)–3(d2)
show that both Bi chains contribute to surface band S with
nearly the same size. The in-plane spin polarizations Sx for
chains Bi1-2 and Bi3-4 are shown in Figs. 3(c1) and 3(c2),
respectively. Although they point [001̄] in most of the region
of positive ky, such spin polarization decreases near �̄ and
even changes the direction (pointing [001]) for Bi3-4. In a
high-symmetry surface such as Pb/Ag(111) and Bi/Ag(111),
similar spin inversion in a surface band could be attributed
to wave function conversion of the k · p Hamiltonian [22];
φ1 (φ2) has +Sx (−Sx), and a majority of the contributing
wave function switches with the wave number, for example.
However, in the current system, Bi/InAs(110)-(2 × 1), we
found no such clear characteristics (Bi atoms 1 to 4 and each
of the px, py, and pz orbitals) to explain the spin inversion
as well as the real-space spin texture between inequivalent Bi
chains. On the contrary, the out-of-plane spin polarizations Sz

of Bi chains are opposite each other, as shown in Figs. 3(d1)
and 3(d2). This indicates that each Bi chain has independent
spin polarization, even at the same (E, �k) points. In contrast to
Sx, the Sz spin polarization is large around �̄ and decreases in

ky > 0.2 Å−1. This behavior of Sx and Sz indicates the rotation
of the spin polarization of S depending on ky.

To visualize the spin texture in real space, the spin rotation
angle depending on the wave number was calculated for the S
band. The results are shown in Fig. 3(f). The spin rotation an-
gle is defined with Sz = +1 being the origin (0◦) and Sx = +1
being 90◦. Interestingly, the spin rotation angle of the S band
varies continuously in the xz plane depending on the wave
number, and the sign of the rotation is opposite between Bi1-2
and Bi3-4 in the region from the �̄ point (ky//[1̄10] = 0.0 Å−1)
to near the top of the parabola (ky//[1̄10] ∼ 0.2 Å−1). This
indicates that the sign reversal of the Sx polarization in Bi3-4
is the outcome of such a continuous spin rotation in the xz
plane. Figure 3(h) depicts the spin orientation of each Bi
chain in real space at some specific wave numbers indicated in
Fig. 3(f). Near �̄ (area I), the spin orientation in each chain is
completely different. In area II, slightly closer to the apex of
the parabolic band, the polarization direction is antiparallel,
showing antiferromagnetic spin order. Near the apex of the
parabola (area III), the spins of the two Bi chains become
nearly parallel with a small Sz component. In this ky region,
the surface spin texture is similar to the spin structure expected
for a normal Rashba-type spin texture, namely, the “ferromag-
netic” case, compared to region II. Wave-number-dependent
spin rotation in the Rashba system has already been reported
[7], but such fertile spin orders, from the antiferromagnetic to
nearly ferromagnetic cases between two inequivalent atomic
chains, are not expected from ordinary Rashba systems.

C. Comparison between the observed photoelectron spectra
and the calculated ground states

Here, we compare the calculated spin texture of the initial
surface states with the experimentally observed spin-polarized
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photoelectron spectra. For this purpose, we decomposed the
calculated Bi orbital wave functions to odd (px) and even (py

and pz) ones with respect to the measurement plane, as shown
in Figs. 4(a1)–4(b2). The odd and even initial states should
correspond to the photoelectrons excited by s- and p-polarized
photons shown in Fig. 2, respectively, based on the selection
rule of the electric dipole photoexcitation. The radii of the
circles in Figs. 4(a1)–4(b2) are proportional to the surface
Bi wave functions with odd or even parity. Odd (even) Bi
wave functions shown in Figs. 4(a1) and 4(b1) [Figs. 4(a2)
and 4(b2)] have a large contribution around (away from) �̄

for surface band S. This trend is consistent with the small
photoelectron intensity around �̄ from s-polarized photons
[Fig. 2(a)]. As for the spin polarization, the in-plane orienta-
tion (Sx) of S could reproduce the observed results. Although
the spins of the odd wave functions [Fig. 4(a1)] are intense and
monotonic, those of the even wave functions [Fig. 4(a2)] show
the sign inversion from 0 Å−1 (�̄) to 0.2 Å−1 (near the top of
the parabolic band) in surface band S. In contrast to the in-
plane case, the situation of the out-of-plane spins [Sz, shown
in Figs. 4(d1) and 4(d2)] is complicated. Although nearly
negligible values for the odd wave functions are consistent
with the observed results [Figs. 2(c3)], the observed inversion
[Figs. 2(d3)] is not reproduced for the even wave functions.
Together with the exactly zero polarization parallel to ky (Sy)
in the calculation, it is obvious that the initial-state calculation
is insufficient for understanding the observed spin polarization
of photoelectrons.

The photoelectron interference effect in the spin-polarized
states has already been discussed for topological materials Bi
and Bi2Se3 [11–13,23]. If two or more wave functions with
different spin polarizations are photoexcited simultaneously,
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the spin polarizations in (d1) and (d2) are obtained. (d1) and (d2)
Experimentally observed spin polarizations measured with (d1) s-
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the interference between them can result in a unique spin po-
larization of final-state photoelectrons. As shown in Fig. 3(f),
Bi/InAs(110)-(2 × 1) has two inequivalent Bi chains with
different spin orientations at each ky. We adopted these two
Bi chains as the different initial states and calculated their
interference numerically during the spin-dependent photoex-
citation process in a manner similar to that used in earlier
works [13,23] (see Supplemental Material, Note 1, for de-
tails). Figures 5(a1) and 5(a2) are the spin polarizations of the
initial states of the S bands obtained from our DFT calculation
with the odd and even symmetries, respectively. Figure 5(b1)
[Fig. 5(b2)] depicts simulated photoelectron spin polariza-
tions corresponding to the initial states shown in Fig. 5(a1)
[Fig. 5(a2)]. Figures 5(d1) and 5(d2) are the corresponding
spin polarizations of the observed photoelectrons. For the odd
states [Figs. 5(a1) and 5(d1)], monotonic polarizations with
sizable Sx and small Sz in the calculation agree well with
the experimental results. A decrease in Sx in the vicinity of
�̄ that appears in the experimental result does not appear in
the calculation. The possible reason is that the experimental
value is not so reliable owing to the vanishing photoelectron
intensities. For the even states [Figs. 5(a2) and 5(d2)], the
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calculated directions of Sx and Sz are consistent with the cor-
responding experimental ones. The inversion of Sz is absent in
the initial states [Fig. 5(a2)] but is propagated from Sx by the
photoelectron interference. It should be noted that the spin po-
larization parallel to k (Sy) is also obtained in the calculation,
in contrast to its absence in the initial states. Although this
calculation is insufficient for reproducing some quantitative
values, such as the spin polarization ratio Sx/Sz for the even
states, it is sufficient for capturing the qualitative behavior of
this complicated spin texture.

IV. CONCLUSION AND OUTLOOK

In this work, we have revealed the spin polarization of
the surface states with quite a large degree of variety us-
ing a combination of spin- and angle-resolved photoelectron
spectroscopy and theoretical calculation. The consistency of
the numerical calculation and SARPES results supports the
peculiar spin orders between neighboring Bi chains, fluctu-
ating depending on the wave number, as shown in Fig. 3.
It should be noted that a new mechanism is not required to
explain such a spin texture in the surface ground states. As
already observed in Weyl semimetals [24,25], spin polariza-
tion derived from SOI can point in arbitrary orientations as
long as the surface symmetry operations permit it. The reason
why the current result seems unnatural could be because most
earlier works on the surface Rashba states were performed on
simple surfaces. Therein, the number of inequivalent atoms
was smaller, and the number of symmetry operations was
larger than in the present Bi/InAs(110)-(2 × 1) case with only

one mirror plane. The current results also exhibit that the
excited electrons could have various, almost arbitrary spin po-
larizations depending on the photoexcitation conditions. Not
only the fine tuning of the photon polarization [13] but also
the wave number selection with the electronic states derived
from many inequivalent wave functions can provide highly
spin polarized electrons with the polarization orientations on
demand.

The surface band S of Bi/InAs(110)-(2 × 1) appears to
obey the surface Rashba effect, a paired parabolic dispersion
with helical spin polarization [20]. However, the current re-
sult revealed that the actual spin and orbital constitution is
considerably more complex than the simple Rashba model, as
shown in Fig. 1. This indicates that such a model is too simple
to represent a realistic system. Actually, other typical Rashba
and topological systems, such as Bi2Se3 [12,23], Bi(111) [13],
Pb/Ag(111), and Bi/Ag(111) [22,26], have multiple spin and
orbital components. Because SOI itself is an interaction to mix
the off-diagonal orbital characters with different spins [27,28],
complex spin-orbital entanglement would be a general char-
acteristic of the low-dimensional electronic states influenced
by SOI. Some theoretical studies claim that such a mixture is
essential for Rashba-type SOI [29,30].
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