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Peculiar Rashba spin texture induced by C5, symmetry on the Bi(111) surface revisited
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The spin texture of the spin-split surface states on Bi(111) has been comprehensively investigated by high energy
and angular resolution spin- and angle-resolved photoelectron spectroscopy. A large out-of-plane spin component
that alternately changes its sign is clearly observed. There is no evidence for peculiar polarization oscillation of
the in-plane spin component, which was suggested to be due to breaking of the time-reversal symmetry in a
previous report [A. Takayama et al., Phys. Rev. Lett. 106, 166401 (2011)]. The observed band structure and spin
polarization are well reproduced by the kp model Hamiltonian considering the Cs, crystal symmetry, and the
in-plane polarization variation at the different k points can be understood by the photoemission final-state effect.
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I. INTRODUCTION

Bismuth has been extensively studied because of its peculiar
physical properties, such as its large bulk Fermi wavelength,
large bulk resistivity, and hole coefficient, which are related to
its semimetallicity [1,2]. Because of its large atomic number,
Bi also possesses a large spin-orbit interaction (SOI), and it
has recently attracted much attention as the major element
of topological insulators or materials showing large Rashba
spin splitting. For instance, a substantial Rashba spin splitting
is observed in the surface states of the BiAg, alloy [3],
Bi/Si(111) [4], and Bi/Ge(111) [5]. Spin-orbit coupling could
cause the bulk band inversion that results in the topological
insulator phase as actually found in Bi,Sb;_, [6,7], Bi,Ses
[8-10], and some ternary compounds [11-15] accompanying
the topologically protected spin-split surface states.

Even the simple Bi metal is known to exhibit large surface
Rashba spin splitting [16,17]. Energy dispersion of the Bi(111)
surface has been investigated by angle-resolved photoelectron
spectroscopy (ARPES) [16], and the observed characteristic
dispersion has been relatively well reproduced by the first-
principles calculations [17]. The two metallic surface states S;
and S, are ascribed to Rashba spin-split surface states forming
electron and hole pockets in the Fermi surfaces (FSs) [16].
Direct evidence for Rashba spin splitting has been obtained
by spin-resolved ARPES (SARPES) measurements [18,19].
In measurements of in-plane spin polarization perpendicular
to the electron wave vector and the potential gradient (i.e.,
surface normal), reversal of the spin polarization against the
time-reversal-invariant momentum I is clearly observed. Inter-
estingly, these surface states are similar to those of Bi, Sb;_, [6]
in terms of the band structure features and FS shapes. Recently,
there has also been a dispute about whether the topological
nature of Bi(111) is topologically trivial or nontrivial [20-22].
Thus, Bi(111) has recently attracted much attention.
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By independent SARPES observation, Takayama et al. [23]
found that the S state contains a considerable out-of-plane spin
component at the K point that deviates from the Rashba spin
splitting of the ideal two-dimensional electron gas. They found
that the sign of the out-of-plane spin polarization alternately
changes at every adjacent K point. The degree of in-plane spin
polarization also oscillates at every adjacent K point, and the
magnitude is not completely reversed at opposite momentum.
Moreover, they suggested that the magnitude of spin polariza-
tion is not affected by the experimental geometry. Thus, they
claimed that the time-reversal symmetry is broken in the initial
state of Bi(111). However, the observed SARPES spectra in
their study were averaged in large k space, resulting in a
featureless spectral shape and the degree of spin polarization
being obscured, probably because of the limited angular reso-
lution in the spin detection with the Mott-type spin polarimeter
of Ref. [23]. In addition, the intrinsic low efficiency of the
SARPES observation limits the number of measurement points
in k space, which makes data interpretation very speculative.

In this study, we revisited the Bi(111) surface and performed
the comprehensive SARPES observations with high energy
and angular resolutions using our SARPES system [24,25].
The 100 times higher efficiency of the very low energy electron
diffraction (VLEED) spin polarimeter compared with con-
ventional spin detectors allows SARPES measurements with
high energy and angular resolutions (AE ~ 20 meV, Ak ~ +

0.02 Afl), which enables the characteristic spin texture of the
surface states of Bi(111) with numerous & points to be revealed.
As a consequence, the out-of-plane spin component with a
high degree of spin polarization is clearly observed in the S,
state. In addition to the S state, in the S; state, an out-of-plane
spin-polarization component and an in-plane spin-polarization
are observed. In addition, there is the evidence that the in-
plane spin-polarization oscillation of the S, state in the initial
state as reported in Ref. [26] doesn’t occur. The observed
band and spin structures are well reproduced by an effective
Hamiltonian based on the kp perturbation theory considering
the Cs, crystal symmetry. These findings strongly suggest
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FIG. 1. (a) Experimental geometry of the SARPES measurement
and the definition of spin polarization. (b) Surface Brillouin zone of
Bi(111).

that the previously reported spin-polarization variation in the
in-plane spin component of the S, state at the different k points
is probably because of the photoemission final-state effect.

II. EXPERIMENT

The Bi(111) single-crystal film was grown at room tempera-
ture by Bi evaporation from a Knudsen cell onthe Si(111) 7 x 7
surface which was obtained by direct current heating up to
1500 K [27]. After evaporation of Bi, the sample was annealed
at 400 K for 30 min to obtain a well-ordered single-crystal
film with large terrace width [28]. The quality of the film was
confirmed by the sharp 1 x 1 diffraction spots of low-energy
electron diffraction (LEED), the clear surface states of the
ARPES spectra, and the absence of the peaks of contaminants
in the Auger electron spectrum.

The ARPES and SARPES measurements were performed
at the sample temperature of 80 K with a Hel, discharge
lamp (hv = 21.22 eV) using the high-resolution SARPES
apparatus (Efficient SPin REsolved SpectroScopy Observa-
tion: ESPRESSO) [25] installed at beamline BL-9B in the
Hiroshima Synchrotron Radiation Center (HSRC). The energy
and angular resolutions were set to AE ~ 10 meV and A6 ~
0.1° for ARPES and AE ~ 20 meV and Af ~ % 0.35° for
SARPES. As shown in Fig. 1(a), the angle between the light
incidence and the electron analyzer is fixed at 50°. The spin
components of both the x and z directions can be observed
in the spin-detector coordinate system, which correspond to
the in-plane (P, ) and out-of-plane ( P,) spin components of the
observed sample at normal emission. Note that the coordinates
of the spin detector and sample can be distinguished when the
sample is set for off-normal emission. The small tilt (|¢| <
4°) and polar (|6] < 4°) angles in the present measurement,
however, ensure that the difference between the original spin
polarization in the sample coordinate system and the projected
spin component onto the spin-detector coordinate system is
negligible (less than 0.3%).

III. RESULTS and DISCUSSION

Figures 2(a)-2(c) show the spin-integrated energy-
momentum (E-k) frames along the T'-K and ['-M lines [see
Fig. 1(b)] and the FS of the Bi(111) film, respectively. The sur-
face states S; and S, are clearly observed. The observed disper-
sion and FS features of the surface states are in good agreement

with previous reports [16,17]. Namely, the band structure of
Si and S, yields a hexagonal electron pocket at around I" and
the petal-like hole pocket along the I'-M line at the Fermi level
[top panel in Fig. 2(c)]. The petal-like hole pocket rises with in-
creasing binding energy E 5 and evolves into a wedge structure
at Eg ~ 100 meV, as shown in the bottom panel of Fig. 2(c). In
contrast, the hexagonal electron pocket shrinks with increasing
E 5 and almost disappears at E5 ~ 100 meV. The characteristic
band dispersion and evolution of the constant energy contours
(CECs) of the surface states of Bi(111) are in contrast to the
isotropic electronic structure of the free-electron-like surface
states of Au(111) [29], even though they are both Rashba
spin-split surface states. The features of the band dispersions
and CECs resemble those of Bi;_,Sb,, a three-dimensional
topological insulator, suggesting the commonality between the
two [6]. This similarity originates from the electronic structure
of the Bi crystal governed by the strong SOI with C3, crystal
symmetry. It is concluded that the spin texture of systems with
a strong SOI and Cj3, crystal symmetry, such as Bi,Te; and
the BiAg, surface alloy, shows significant out-of-plane spin
polarization at the I'-K line of the so-called warped FS of
the spin-split surface states [3,30], which has been directly
observed by SARPES measurements [31,32].

To investigate the anisotropic electronic structures and spin
structures of S; and S,, we attempted to reproduce the ob-
served electronic band dispersion using a model Hamiltonian
based on the third-order kp perturbation theory with surface
symmetry [33-36]. For C3, symmetry, the model Hamiltonian
is expressed as

S k k r 1
H—%'Fak( xOy — yax)+§(++ 2)oz, (D
where ki =k, iky; op = ar(l + ck?); and m*, ag, and A
are the electron effective mass, the so-called Rashba parameter,
and warping parameter, respectively. From the Hamiltonian,
the energy eigenvalue of Eq. (1) can be expressed as

otk? 4+ A2kbcos2(3¢). 2)

The plus and minus signs in the eigenvalue correspond to
the calculated spin components for the S; and S, states,
respectively. Here, ¢ is defined as an azimuthal angle, as shown
in Fig. 2(c).

The spin polarizations Py, P,, and P, can be calculated by

20tkky

P, = [de — Ak cos(3e)], (3)
P, = _2"‘1@]"‘ [de — Ak® cos(3e)], 4
3
P, — w[di — 2k cos(3)], (5)

where

dy = i\/a,%kz + A2Kk6 cos2(3),
N = afk* + [—ds — Ak> cos(39)]°.

First, we fitted the ARPES results along ['-M to obtain all of
the parameters except for A. The final fitting parameter A was
determined by fitting the ARPES results along I'-K. All of
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FIG. 2. Band dispersion of the surface states along the (a) I'-K and (b) I"-M directions obtained by the spin-integrated ARPES measurements.
Here, vertical dashed lines show the k, points that correspond to the measured emission angles in Fig. 3. (¢) Evolution of the constant-energy
contour (CEC) of the bands taken at the Fermi energy Er, Eg = 50 and 100 meV. The green solid curves are fitting results of the band dispersion
as well as the constant energy calculated with Eq. (1) (see text). White open circles in the top, middle, and bottom panels represent k points
corresponding to the measured emission angle of the spin-ARPES experiment in Figs. 3, 4, and 5, respectively. In the middle panel, the dashed
lines show ["-M lines. (d) Spin polarization (P, Py, P, components) of the S state in k space calculated with the fitting parameters obtained by

the fitting procedure.

the fitting parameters are summarized in Table 1. The fitting
results are shown as green solid curves in Figs. 2(a)-2(c). The
experimental band dispersion and CEC are well reproduced
with the model Hamiltonian.

The calculated spin polarizations for the P,, Py, and P,
components of the S, state are plotted as functions of the
wave vectors k, and k, in Fig. 2(d). The spin polarization is
represented by the red-white-blue color code, where red (blue)
represents the positive (negative) values. The directions of the
spin polarization of Py, Py, and P, are defined in the inset of
Fig. 2(d). The sign reversal of the calculated spin polarization
of the out-of-plane spin component P, clearly indicates the
27 /3 periodicity of the polarization sign reversal. The in-plane
spin component shows approximately 27 periodicity, which
is consistent with the ordinary Rashba spin splitting and
represents the counterclockwise helical spin texture.

TABLE I. Parameters obtained by fitting the band dispersion of
the Bi(111) surface states using the model Hamiltonian. m*, ag, A, and
c are the electron effective mass, the Rashba parameter, the warping
parameter, and the parameter indicating the contribution of the k*
term, respectively.

Parameter

Material m* (m,) ar (eVA) ¢ (eVAY) A (eVA)

Bi(111) 0.34 0.70 41 60

Figure 3 shows the in-plane spin-resolved energy distribu-
tion curves (EDCs) along the T'-M direction, which which
correspond to the ARPES result in Fig. 2(b). Here, spin-up
and spin-down states are shown with triangles pointing up
and down, respectively. The peak positions of the S; and S,
states and their upward dispersion along the T'-M direction are
well resolved. Spin-polarization reversal against the T' point
(6 = 0°) is also clearly observed in both the S and S, states,
which is in good agreement with Rashba spin splitting. Note
that the degree of spin polarization is much higher than that
of previous reports using a conventional SARPES apparatus
[18,19], which is probably because of the higher energy and
angular resolution of the present measurements. Furthermore,
the magnitude of spin polarization (| P| = 90%) in the S, state
at positive 6 is a bit larger than that (| P| = 75%) at negative 6.
This difference of the spin polarization is probably due to the
final-state effect, as indicated in the following section.

Unlike the ideal Rashba spin-split states that have only
in-plane spin polarization, the existence of the out-of-plane
spin component is suggested in the S, state [23]. According
to Ref. [23], the sign of the out-of-plane spin component
P. changes with respect to the I'-M line, as in the bottom
panel of Fig. 2(d), where the alternate sign change of the P,
spin component is shown with the red-white-blue color code.
As shown in Fig. 2(c), the petal-shaped FS of the S, states
approaches the ['-K line with increasing E and evolves into
a wedge shape at E5 = 100 meV. Thus, the out-of-plane spin
component will be observed at the cusp of the wedge structure
at Ep, if it exists. To investigate the proposed peculiar spin
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FIG. 3. (a) Spin- and angle-resolved photoelectron spectra and
(b) the corresponding spin polarization of the surface states of Bi(111)
along the ["-M direction, which corresponds to the band mapping in
Fig. 2(b). The wave numbers corresponding to the measured angles
at Fermi energy are given in parentheses. Triangles pointing up and
down in the SARPES spectra correspond to spin-up and spin-down
states, respectively. The dashed and solid lines represent the peak
positions corresponding to S; and S, states, respectively. Because
of the high energy and angular resolution, the observed degree of
spin polarization is much higher than in previous studies and the two
spin-split surface states (S; and S, ) are clearly resolved in the SARPES
spectra.

texture of the S, state [23], we measured both the in-plane
and out-of-plane spin polarization of the S, state at the cusp
positions at Eg = 100 meV. Note that only the S, state can be
detected, as shown in Figs. 2(a) and 2(b).

To investigate the k dependence of the out-of-plane spin
polarization, we observed the spin-resolved EDCs at several k
points along the line (cut 1) indicated in Fig. 2(c). The cut 1
line crosses three I'-M lines and two T'-K lines in first surface
Brillouin zone, as shown by vertical lines in Fig. 4. As shown
in Fig. 4(a), the S, state shows upward dispersion from the cusp
position ([-K line) toward the T'-M line. The observed spin
polarization at the points indicated by white circles in Fig. 4(a)
is plotted in Fig. 4(b). There is a clear sign reversal of the out-
of-plane spin polarization with respect to the ['-M line (k, =
0.0A~1). Since the sign of the out-of-plane spin polarization is
opposite for adjacent wedge structures, the spin polarization is
expected to disappear at the I'-M line, and this disappearance
of the spin polarization at the I'-M line is actually observed.
Note that this is also natural because the T'-M line is placed
in a vertical mirror plane and the P, component should be
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FIG. 4. (a) Band dispersion of the S, state along the line
(cut 1) indicated in Fig. 2(c). (b) Spin polarization of the in-plane
(Py; circles) and out-of-plane ( P,; squares) spin components obtained
at the k points indicated by the white circles in (a). The sizes of the
circles in (a) represent the angular resolution of the measurements.
The long- and short- dashed red curve (dashed blue line) indicates
the calculated out-of-plane (in-plane) spin polarization utilizing the
kp model Hamiltonian. Vertical solid lines show the wave numbers
where the line cut 1 and T'-M (['-K) line intersect each other.

zero by considering the symmetry. In addition, the observed
k dependence of P, and P, spin polarization along the line
(cut 1) in Fig. 4(b) is reproduced by the spin feature calculated
by the model Hamiltonian [red curve in Fig. 4(b)], except for
the magnitude of the spin polarization. The discrepancy of the
magnitude of the spin polarization will be discussed later.

Here, let us note the spin-resolved EDC of the cusp positions
labeled a—f in Fig. 2(c), as indicated in Fig. 5. In the experi-
mental setup, the out-of-plane and in-plane spin components
correspond to spin polarization normal (P,) and parallel (P;)
to the surface of the emission plane. As a result, significant
out-of-plane spin components are observed in Fig. 5(a). In
Fig. 5(a), the dominant spin component is up at points a, c,
and e, while it is down at points b, d, and f. That is, the sign of
the observed out-of-plane spin polarization is opposite between
adjacent cusp positions (i.e., the T'-K line).

In contrast to the peculiar spin-polarization behavior of the
out-of-plane spin component, the k dependence of the in-plane
spin component approximately follows the ordinary Rashba
spin-split state of the ideal two-dimensional electron gas [see
Fig. 6(b)]. That is, at points b and ¢, which are in the upper
half of the surface Brillouin zone (SBZ), the in-plane (P)
spin polarization is positive, while it is reversed at points
e and f, which are in the lower half of the SBZ. This sign
reversal of the in-plane spin component is consistent with the
counterclockwise tangential spin polarization observed in a
previous study [19] and the calculated spin feature in Fig. 2(d).

In order to understand the k-position dependence of the
spin polarization, the observed in-plane and out-of-plane spin-
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FIG. 5. Spin- and angle-resolved photoelectron spectra at points
a—f in Fig. 2(c). In both the (a) out-of-plane spin and (b) in-plane
spin spectra, spin-up and spin-down states are shown as upward- and
downward-pointing triangles, respectively.

polarization values are plotted as a function of the azimuth
angle ¢ from the dashed line (I'-K line), which is defined as
in Fig. 2(c), in Fig. 6(a). Note that the behavior of the in-plane
spin polarization deviates from the spin feature estimated by
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our model Hamiltonian considering the crystal symmetry, as
shown by the red solid line in Fig. 6(c). Namely, although the
magnitude of the spin polarization is equal between points
b and c or e and f in the model calculation, the observed
values at points b and f are larger than those at points ¢ and
e in the experiment. Furthermore, negative spin polarization
is observed at points a and d, where the spin polarization is
expected to be zero, as shown in the model Hamiltonian [see
Fig. 2(d)].

The results may remind us of the scenario of time-reversal
symmetry breaking in the S, states of Bi(111) proposed by
Takayama et al., which suggest that the magnitude of in-plane
spin polarization is also modulated with 27/3 periodicity
[23] [see inset of Fig. 6(a)]. However, in their study, the
scenario is simply deduced without clear evidence from the
spin-polarization difference between a pair of opposed k points
against the [ point. Because the spin polarization can be
affected by the photoemission final-state effect [26], care
should be taken when verifying the scenario from the limited
data points.

In order to investigate the scenario of time-reversal symme-
try breaking of the initial state, we rotated the Bi(111) sample
by 180° and measured the spin polarization at six equivalent k
points. If the time-reversal symmetry breaks in the initial state
of the S, state, even after rotating the sample, the larger spin
polarization should be observed at points b and f rather than
at ¢ and e. Figure 6(b) shows the observed spin polarization
at each k point after rotating the Bi(111) sample by 180°. As
shown in the inset of Fig. 6 (b), ¢ = 0° corresponds to point d,
and the order of the measurement positions is d, e, f, a, b, and
c. Because of this change of the measurement order, the sign of
the out-of-plane spin component becomes the opposite of that
before rotation, indicating that the observed sign alternation
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FIG. 6. (a) Azimuth angle ¢ dependence of the in-plane (P,) and out-of-plane (P,) spin polarization observed at points a—f in the bottom
panel of Fig. 2(c). The angle is defined in the top panel of Fig. 2(c). (b) The same as (a), but after 180° sample rotation around the surface normal.
The insets in (a) and (b) indicate each experimental geometry of the measurements. (c) and (d) In-plane and out-of-plane spin polarization
obtained by averaging the spin polarization in (a) and (b), respectively. The solid lines represent out-of-plane and in-plane spin polarization

calculated by the model Hamiltonian based on the kp theorem.
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of the out-of-plane spin component is mainly due to the spin
polarization of the initial states of the S state. For the in-plane
spin component, even after sample rotation, the spin orientation
is still counterclockwise, suggesting that the observed in-
plane spin component predominantly reflects the spin texture
of the initial state, i.e., the tangential in-plane Rashba spin
texture.

Considering the degree of spin polarization, the variation
of the in-plane spin polarization again deviates from the curve
estimated by the model Hamiltonian [Fig. 6(c)]. That is, the
degree of in-plane spin polarization is larger at points e and ¢
than at points f and b after rotation. If the observed magnitude
variation of the spin polarization is due to the breaking of
the time-reversal symmetry of the initial electronic state as
suggested by Takayama and coworkers [23], the degree of spin
polarization should be unrelated to the sample rotation; that
is, it should be invariably larger at points b and f. However,
the observed behavior of the in-plane spin polarization is the
other way around, and a high degree of spin polarization is
always observed at the k points in the half of the SBZ that
is in the light incidence direction, as schematically illustrated
in the inset of Fig. 6(b). This result strongly suggests that the
observed variation of the in-plane spin polarization at different
k points is due to the photoemission final-state effect, which
is also supported by the nonzero in-plane spin polarization at
points a and d, where no P, component is expected from the
normal helical Rashba spin texture.

Here, to suppress the influence of the final-state effect as
much as possible, the spin polarization of the photoelectrons
was averaged as shown in Figs. 6(c) and 6(d). As a result,
the values of the spin polarization become more symmetric
than those before averaging and seem to be closer to the
expected initial-state spin polarization. There are two possible
reasons for the deviation between the magnitudes of the
observed and simulated spin polarizations [Figs. 4(b), 6(c) and
6(d)]: the final-state effect as discussed with regard to Fig. 6
and imperfection of the model Hamiltonian used. Although
the magnitude of spin polarization (|P| = v P} + P} + P?)
calculated by the model Hamiltonian is completely 100%, the
spin is not always fully polarized in real systems, excluding
special cases such as C3 symmetry [37-40]. Generally, spin-
orbit coupling causes intermixing between one spin of even
symmetry and the opposite spin of odd symmetry, resulting
in reduction of the spin polarization. According to the first-
principles calculations in Refs. [41,42], the in-plane spin
polarization in the first bilayer is about 70% at k, = 0 A~! and
ky =0.12 A~!. This estimated spin polarization is comparable
to our experimental resultatk, = 0 A-! , as shown in Fig. 4(b).
A similar tendency of spin-polarization reduction should also
be observed in the out-of-plane spin component of Figs. 4(b)
and 6(d). Therefore, we multiplied both the in-plane and
out-of-plane spin polarizations by a factor of 0.7, and the results
are shown as dashed lines in Figs. 6(c) and 6(d). For the in-plane
spin component, the calculated spin polarization including the
reduction factor is in good agreement with the experimental
result. However, for the out-of-plane spin component, results
are still inconsistent; that is, the observed spin polarization is
still smaller than the calculated spin polarization.
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FIG. 7. SARPES spectrum of the out-of-plane spin component
P, taken at the k point indicated by the circles in the FS mapping
shown in the inset. Clear out-of-plane spin polarization is observed
for the S state (the inner electron pocket). Note that the sign of the
spin polarization is opposite that of the S, state (the outer petal-like
hole pocket).

The inconsistency of the out-of-plane spin polarization can
be explained by considering the possible existence of the
different domains rotated 180° with respect to the surface
normal as reported for a Bi film on the Si(111) surface by
x-ray diffraction (XRD) measurements [43]. According to
the XRD measurements, the domain population seems to be
dependent on the quality of the surface. The highest rate of
the domain population is 0.54; that is, the population of the
predominant (inferior) domain is 0.77 (0.23). We sometimes
observed extinction of the out-of-plane spin polarization at the
S, state even on the ['- K line [44]. Therefore, the extinction and
reduction of the out-of-plane spin polarization in some of the
Bi films is probably caused by cancellation of the out-of-plane
spin polarization by the two types of domains with opposite
spin polarization. By considering this effect, the calculated
band structure including spin polarization is in good agreement
with the experimental results.

Finally, there is a hexagonal FS in Fig. 2(c), which is
reminiscent of the hexagonal warping effect caused by the
C3, symmetry in topological insulators typified by Bi,Tes.
The effect of C3, symmetry is also distinct in the spin texture
of the S state. Figure 7 shows the SARPES spectrum of the
out-of-plane spin component taken at the k point indicated
by the circle in the inner FS (see the inset of Fig. 7), which
is along the I'-K line. There is out-of-plane spin polarization.
Namely, the spin-down state is dominant at the Fermi level (i.e.,
the S state). Interestingly, the spin-up state becomes dominant
at Eg ~ 80 meV, where the S, state contributes to the spectrum
weight [see Fig. 2(a)]. The opposite signs of spin polarization
for S; and S, are also in agreement with P, calculated by the
model Hamiltonian and a previous first-principles calculation
for Bi;_,Sb, [7]

IV. CONCLUSION

‘We have investigated the electron spin texture of the surface
states (S7 and S,) of a Bi(111) film caused by the Rashba spin
splitting by means of high-resolution SARPES. In addition
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to in-plane spin polarization, a considerable out-of-plane spin
component that shows periodic sign reversal of the spin
polarization with 2r/3 periodicity is observed in the S, state.
For the in-plane spin component, although the observed spin
feature resembles the spin texture, which was proposed to be
symmetry breaking of spin polarization, we have clarified that
the different spin polarizations at different k points are caused
by the photoemission final-state effect. In the S; state, an in-
plane spin component with relatively high spin polarization and
small but distinct out-of-plane spin polarization are observed.
The observed anisotropic band structure and peculiar spin
texture of the S; and S, surface states are well reproduced
by the kp model Hamiltonian considering the Cj, crystal

structure. These findings are important to correctly understand
the electronic structure of materials with C3, crystal structure
possessing a strong SOL.
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