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A peculiar Rashba effect is found at a point in the Brillouin zone, where the time-reversal symmetry is

broken, though this symmetry was believed to be a necessary condition for Rashba splitting. This finding

obtained experimentally by photoemission measurements on a Bi=Sið111Þ-ð ffiffiffi

3
p � ffiffiffi

3
p Þ surface is fully

confirmed by a first-principles theoretical calculation. We found that the peculiar Rashba effect is simply

understood by the two-dimensional symmetry of the surface, and that this effect leads to an unconven-

tional nonvortical Rashba spin structure at a point with time-reversal invariance.
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The so-called Rashba-Bychkov (RB) (or simply Rashba)
effect [1] is a novel low-dimensional physical property that
produces a spin-polarized two-dimensional (2D) electron
gas even for nonmagnetic materials, and is the key concept
of many promising proposed spintronic devices [2–6]. In a
structural inversion asymmetric environment such as a
crystal surface, the spin degeneracy is lifted by the spin-
orbit interaction that leads to a pair of split bands in the

momentum ( ~k) space. The split band is a completely
polarized electronic state with the spin polarization vector

( ~P) in the surface plane, the directions of the ~P of the two
bands are opposite, and the constant energy contour shows
a vortical spin structure in an ideal 2D system [Figs. 1(a)
and 1(b)]. This spin-splitting effect has been observed on
clean noble metal surfaces [7–12] and heavy group V
elements [13–15], and has recently been reported to be
enhanced in systems in which heavy element atoms are
adsorbed on light element substrates [16–18]. The spin-
split bands observed in these studies show similar behavior
as that of the simple RB effect; i.e., they show pairs of split

bands in the ~k space around the �� point and the ~P almost
lies in the surface plane. The simple RB splitting is con-
sidered to arise at wave vectors with time-reversal symme-

try [Eð ~qþ ~k; ~PÞ ¼ Eð ~q� ~k;� ~PÞ], and thus the split has
the possibility to occur at symmetry points of the surface

Brillouin zone (SBZ) boundary in addition to ��, i.e., at ~q ¼
0 and ~G=2 where ~G is the reciprocal lattice vector.
However, as opposed to the simple RB effect, a curious
spin splitting has been reported to occur at a particular
symmetry point, the �K point with a C3 symmetry of a
Sið111Þ-ð1� 1Þ surface formed by the adsorption of one
monolayer (ML) of Tl [19]. This implies that the symmetry

of the surface, which was not considered earnestly so far,
can affect the RB spin, and therefore that a proper under-
standing of the RB effect on surfaces with different sym-
metry is indispensable [19,20].
In this Letter, we report the RB effect of the

�-Bi=Sið111Þ-ð ffiffiffi

3
p � ffiffiffi

3
p Þ surface (hereafter the �-Bi sur-

face) that belongs to the plane group p31m, a group that is
different from that of the Tl=Sið111Þ surface, p3m1. This
�-Bi surface is formed by the adsorption of 1 ML of Bi on

Si(111) that leads to a (
ffiffiffi

3
p � ffiffiffi

3
p

) structure with Bi trimers
as shown in Fig. 1(c) [21–23]. The difference in plane
group leads to a �K point with C3v symmetry on �-Bi, a
symmetry different from that on Tl=Sið111Þ. We found that
although the time-reversal symmetry was regarded as a

FIG. 1 (color online). (a) Dispersion of a spin-split surface
state band resulting from the RB effect. k0 is the offset by which

the Eð ~kxÞ parabola is shifted away from the �� point, and ER is the
Rashba energy of the split bands. (b) Constant energy contour of
the split bands. (c) Schematic illustrations of the
�-Bi=Sið111Þ-ð ffiffiffi

3
p � ffiffiffi

3
p Þ surface. The thick dashed lines indi-

cate the unit cell of this surface. (d) SBZs and LEED pattern of
the surface. ��, �M, and �K are the symmetry points of the (

ffiffiffi

3
p �

ffiffiffi

3
p

) SBZ.
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necessary condition for RB splitting and �K does not have

such symmetry ( ~q � ~G=2 and thus Eð ~qþ ~k; ~PÞ � Eð ~q�
~k;� ~PÞ at �K), a �K point with C3v symmetry shows a
peculiar RB splitting, i.e., a RB splitting without time-
reversal invariance. Further, the peculiar vortical RB split-

ting at �K and the normal vortical spin structure at �� lead to
a specific nonvortical RB splitting at the �M point, a point
with time-reversal invariance. (A nonvortical RB spin
structure is not expected in the case of a normal RB effect
with time-reversal invariance.) These novel quantum phe-
nomena, which imply that the time-reversal symmetry is
not a necessary and sufficient condition for a RB effect, are
corroborated by the combination of high-resolution angle-
resolved photoelectron spectroscopy (ARPES) and spin-
resolved (SR)-ARPES measurements, and a state-of-the-
art theoretical calculation.

The high-resolution ARPES measurements were per-
formed with a VG-SCIENTA SES-2002 analyzer by using
an unpolarized He I� radiation light (h� ¼ 21:218 eV) at
Tohoku University, and a linearly polarized synchrotron
radiation light (h� ¼ 20–25 eV) at the low energy branch
of the APE-INFM beam line [24] at Elettra, Trieste, Italy.
The SR-ARPES measurements have been performed in a
spin-resolved photoemission system of the Hiroshima
Synchrotron Radiation Center, Hiroshima University,
Japan. The energy and angular resolutions were 10–
25 meV and 0.2� in the ARPES measurements, and
200 meV and 2� in the SR-ARPES one. Bi was deposited
on a Sið111Þ-ð7� 7Þ clean surface, which was obtained by
annealing at 1520 K, from a Knudsen cell at a substrate
temperature of 570 K. The base pressure was below 5�
10�11 Torr during the measurements, and below 5�
10�10 Torr during the Bi evaporation. The theoretical cal-
culations are based on the first-principles density-
functional approach, in which one electron Kohn-Sham
equations are solved with the all-electron full-potential
linear augmented-plane-wave method including the spin-
orbit coupling as a second variation in self-consistent-field
iterations. A 12-layer slab, which one side is terminated by
1 ML of Bi atoms and the other is saturated by hydrogen
atoms, was used. In addition, a 24-layer slab was also
adopted to check the thickness effects on the surface
relaxation and electronic structure.

Figure 1(d) shows the low-energy electron diffraction
(LEED) pattern of the �-Bi surface together with the SBZs

of the sample. The LEED spots are shown by black spots.
As shown in the figure, the intensities of the (10), ð�11Þ and
ð0�1Þ spots are the same, but those of the (01), ð�10Þ and ð1�1Þ
spots are stronger. This inequivalency results from the
threefold symmetry of the system, which is obvious by
looking at the atomic structure shown in Fig. 1(c). The
threefold symmetry and the presence of mirror planes
along the ½11�2� direction and its two other equivalent

directions lead to a C3v symmetry for the �� and �K points,
and aC1h symmetry for the �M point. Of the three symmetry

points, �� and �M of the (
ffiffiffi

3
p � ffiffiffi

3
p

) surface have the same
symmetry as those of a ð1� 1Þ surface [19], while the
symmetry of �K is different on the two surfaces. The differ-
ent symmetry at �K results from the difference in symmetry

of the ��- �K direction; i.e., ��- �K is along the ½11�2� direction
that has a mirror symmetry on a (

ffiffiffi

3
p � ffiffiffi

3
p

) surface while it
is along the ½�110� direction that has no mirror symmetry on
a (1� 1) surface.
The electronic band dispersion of �-Bi measured along

the ��- �M- �� direction is displayed in Fig. 2(a). The two
bands denoted as B originate from the electronic state of
bulk Si. Besides these B states, three states are observed at
binding energies (EB’s) of 0.53 eV, 0.91 eV, and 1.35 eVat
the �M point, and three states at 1.25 eV, 1.45 eV, and

1.83 eV at the �� point of the second SBZ. All of these

three states follow a (
ffiffiffi

3
p � ffiffiffi

3
p

) periodicity, and indicate
that �-Bi has at least three surface states (or surface
resonance states). This agrees well with the number re-
ported in the literature [18,25,26], though the dispersion
behaviors reported in Refs. [25,26] are different from the
present ones, and the EB’s of the surface states in Ref. [18]
are ca. 0.6 eV higher than those shown in Fig. 2. The
difference in dispersion behaviors might result from the
higher energy and angular resolutions of the system and/or
the higher sample quality used in the present study, and the
difference in EB’s would result from the different surface
photovoltage (SPV) shifts [27]. A different SPV shift is
obtained when the sample is annealed at a different tem-
perature during the cleaning procedure, and the observed
difference in EB’s is well explained by the difference in
SPV shifts expected by the temperatures used in the two
studies.
As displayed in Fig. 2(a), all the three surface states

show RB-type splitting along the ��- �M- �� direction (S1 and
S2 show clear splits at �M, and the split of S3 is clearly

FIG. 2 (color). Band structures mea-
sured along the (a) ��- �M- �� and
(b) ��- �K- �M directions. The horizontal
dashed line at EB ¼ 0 eV indicates the
Fermi level. The red-dashed lines are the
band structures obtained by tracing the
peak and shoulder structures in the pho-
toemission spectra.
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observed at ��). By characterizing the splits using the
Rashba energy ER and the momentum offset k0 [Fig. 1(a)],

we obtain ER ¼ 120 meV and k0 ¼ 0:105 �A�1 for S1,

ER ¼ 60 meV and k0 ¼ 0:07 �A�1 for S2, and ER ¼
60 meV and k0 ¼ 0:08 �A�1 for S3. Of the three surface
state bands, the split of S2 and S3 have not been observed
so far. Regarding the S1 state, a similar split has been
observed in Refs. [18,25], but not in Ref. [26]. These
mean that the RB-type splitting of the three surface bands
are not yet understood properly.

The three surface states are observed along the ��- �K- �M
direction as well [Fig. 2(b)]. The S1 and S3 bands show

splits in the kk range from �� to �K, but no clear split was

observed for S2. Regarding the kk range from �K to �M, only

the S1 and S3 bands that do not show clear splits in this
range are observable. (S1 and S3 are assigned by their EB’s
at �M.) Here we note that the energy widths of both S1 and
S3 obtained in this kk range were ca. 1.5 times larger than

the widths of S1 and S3 obtained around the �M and ��
points of Fig. 2(a). This difference in width indicates that
the ‘‘single’’ S1 band and the ‘‘single ‘‘ S3 band observed
from �K to �M in Fig. 2(b) would consist of split bands that
are not resolved due to the limited experimental resolution.

In Figs. 3(a) and 3(b), we show the calculated band

structure along (a) the ��- �M- �� direction and (b) the
��- �K- �M direction together with the ARPES results. The
black dots and colored filled circles are the calculated

bands (the two colors indicate the opposite two ~P’s). The
size of the red and blue filled circles represents the degree

of spin polarization whose direction corresponds to the ~P
of a normal RB spin [Fig. 3(i)] with the p-orbital compo-
nents of Bi. As shown in Figs. 3(a) and 3(b), the calculation
reproduces well the three surface states along both direc-
tions [28,29]. Of the three states, the calculated split bands
of S1 (S1 and S10) show clear opposite spin polarization
around the �M and �K points, and those of S3 (S3 and S30)
show an opposite spin polarization around ��. These results
agree well with the spin polarization observed in the SR-
ARPES spectra shown in Figs. 3(c)–3(e). Taking the di-

rection of ~P into account, we conclude that the splits of the

these surface bands observed along the ��- �M- �� direction
originate from RB effects, whose Rashba parameters

(�R � 2ER=k0) are �2:3 eV �A for S1 and �1:5 eV �A for
S3. (The �R of S1 agrees well with the value reported
recently [18].)
Since there is no time-reversal symmetry around �K, this

point has not been considered to show a RB splitting so far.
In order to understand the origin of the split of S1 observed
around �K, we discuss the symmetry at this point on the
basis of group theory. The symmetry at �K is C3v, the same

symmetry as that at �� on the �-Bi surface. The 2D irre-
ducible representation of the C3v group reveals the iso-
tropic spin splitting and vortical spin structure that is given

by the RB Hamiltonian, HRB ¼ �Rðj�jÞ ~� � ð ~kk � êzÞ, re-
gardless of the existence of time-reversal symmetry [20].
This means that the split observed around �K would be a
RB-type spin splitting, but which is referred to as a peculiar
RB splitting in the sense that it cannot be given by the time-

FIG. 3 (color). Calculated band dispersions along the (a) ��- �M- �� direction and (b) ��- �K- �M direction together with the experimental
results. Black dots are the calculated bands, and the red and blue filled circles are the calculated spin-polarized electronic states. (c) and
(d) are the SR-ARPES spectra measured along the ��- �M- �� direction, and (e) shows the spectra along ��- �K- �M. The directions of ~P’s are
the same as those of normal RB spins in (c)–(e). (f)–(h) display the constant energy contours around the �� point of the second SBZ at
EB ¼ 1:7 eV, around �M at EB ¼ 0:45 eV, and along the �K- �M- �K direction at EB ¼ 0:85 eV. The dashed lines in (g) and (h) are the
SBZ boundaries. (i) A schematic illustration of the RB spin on a �-Bi surface. The arrows show the ~P of one of the split bands, as
derived from the normal RB effect.
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reversal symmetry that was believed to be a necessary
condition for RB splitting, but by the consequence of the
group symmetry.

In order to discuss the RB splitting at the three symmetry
points in more detail, we have measured the constant

energy contours of S3 around the �� point, and those of
S1 around �M and �K. Figures 3(f)–3(h) are the constant

energy contours around the �� point of the second SBZ at
EB ¼ 1:7 eV, around �M at EB ¼ 0:45 eV, and along the
�K- �M- �K direction at EB ¼ 0:85 eV. kx corresponds to the
��- �M- �� direction in (f) and (g), and to the ��- �K- �M direc-
tion in (h). The dashed lines in (g) and (h) are the SBZ
boundaries. The two round circles observed in Fig. 3(f)
indicate the presence of isotropic spin splitting and vortical

spin structure of S3 around the �� point, and therefore that
the split observed around this symmetry point results
from a simple RB effect such as the schematic illustration
in Fig. 1(b). In contrast to this ‘‘ideal’’ case, Figs. 3(g) and
3(h) show peculiar constant energy contours. That is,
the curves in Fig. 3(g) are not closed, and the curves in
Fig. 3(h) are quite distorted (the peculiar shapes of these
constant energy contours have been confirmed by the
theoretical calculation). However, despite of their distorted
shapes, the closed structure in Fig. 3(h) indicates that S1
shows a vortical spin structure around the �K point. (The
distorted shapes would originate from the crystal field that
is generally stronger at the boundary of the SBZ.) Taking
the vortical spin structure around �K and the C3v symmetry
of this point into account, we conclude that the split of S1
observed around the �K point definitely results from a
peculiar RB effect which is given without a time-reversal
symmetry.

The vortical spin structures around the �K and �� points
lead to a nonvortical spin structure at the �M point as shown
in the schematic illustration in Fig. 3(i). The arrows in

Fig. 3(i) show the ~P of one of the split bands, as derived
from the normal RB effect. This nonvortical spin structure,
which is observed as unclosed curves in the constant
energy contour shown in Fig. 3(g), indicates the presence
of a peculiar RB splitting at the �M point that has not been
observed on any other system so far, and therefore dem-
onstrates that the time-reversal symmetry is not a sufficient
condition to obtain a normal RB splitting with vortical spin
structure.

In conclusion, our study reveals that a 2D system with
threefold symmetry, in which the �K point has a C3v sym-
metry, exhibits peculiar RB splitting at both the �K and �M
points. The peculiar RB effect at �K, which shows a dis-
torted vortical spin structure, is given by not a time-
reversal symmetry that was believed to be a necessary
condition for RB splitting, but by the 2D symmetry of
this point. This distorted vortical structure affects the RB
effect at �M, which has a time-reversal invariance and thus
has been considered to show a normal RB splitting. That is,
it guides the RB splitting to a specific nonvortical spin

structure around the �M point. These results imply that the
time-reversal symmetry is not a necessary and sufficient
condition for a RB effect, and that knowledge on the 2D
symmetry of the system is indispensable for understanding
the RB effect properly.
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