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Surface electronic structure and its one-dimensionality above and below the Fermi level (EF) are surveyed
on the Bi/GaSb(110)-(2×1) surface hosting quasi-one-dimensional (Q1D) Bi chains, using conventional
(one-photon) and two-photon angle-resolved photoelectron spectroscopy (ARPES) and theoretical calculations.
ARPES results reveal that the Q1D electronic states are within the projected bulk band gap. Circular dichroism
of two-photon ARPES and density-functional-theory calculation indicate clear spin and orbital polarization
of the surface states consistent with the giant sizes of Rashba-type spin-orbit interaction (SOI), derived from
the strong contribution of heavy Bi atoms. The surface conduction band above EF forms a nearly straight
constant-energy contour, suggesting its suitability for application in further studies of one-dimensional electronic
systems with strong SOI. A tight-binding model calculation based on the obtained surface electronic structure
successfully reproduces the surface band dispersions and predicts possible one- to two-dimensional crossover in
the temperature range of 60–100 K.
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I. INTRODUCTION

One-dimensional (1D) and quasi-1D (Q1D) systems have
emerged as some of the most interesting candidates for study-
ing the nonconventional electronic phenomena caused by
reduced degrees of freedom, such as various quantum fluids
replacing the broken-down Fermi-liquid (FL) model [1–3].
Among these systems, spin-split ones such as the 1D edge
states of two-dimensional topological insulators (TI) [4,5]
are attracting significant attention because of their possible
applications in spintronic low-dimensional devices [6], as
well as the expected exotic electronic phenomena such as the
formation of Majorana bound states [7] and the rich phase
diagram based on Tomonaga-Luttinger liquid [1,8]. In recent
days, intermediate materials changing from 1D non-FL quan-
tum fluid to ordinary three-dimensional (3D) FL depending on
temperature have also been discovered, providing an attractive
playground to study the electronic behavior in dimensional-
crossover systems [9,10].

The Bi/GaSb(110)-(2×1) surface is one of the promising
candidates to study such 1D electronic phenomena with sig-
nificant contributions from the spin-orbit interaction (SOI),
because the Bi-(2×1) chains on the (110) surfaces of III–
V semiconductors [11] host the Q1D surface valence bands
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(VBs) with giant sizes of spin splitting derived from Rashba-
type SOI [12–14]. However, the observed band dispersions
of the Bi-(2×1) surface are limited below the Fermi level
(EF), although the conduction bands (CBs) above EF are also
important, such as for practical applications of spin-dependent
transport phenomena. Moreover, the obtained spin-split VBs
form an almost linear Fermi contour (FC), indicating a small,
but finite contribution from a two- or three-dimensional com-
ponent, which would be an inter-chain coupling between
surface Bi chains [12].

In this paper, we report the surface electronic structure not
only below but also above the EF on a Bi/GaSb(110)-(2×1)
surface using conventional (one-photon) angle-resolved pho-
toelectron spectroscopy (ARPES) with synchrotron radiation
and two-photon ARPES with a pulse laser, together with the-
oretical calculations. ARPES results show the Q1D electronic
states both below and above EF within the projected bulk
band gap. Circular dichroism (CD) of two-photon ARPES and
density-functional-theory (DFT) calculations indicate clear
spin and orbital polarization of the surface states, as expected
from the Rashba-type SOI. The surface CB above EF forms
a nearly straight constant-energy contour, suggesting it is
suitable for application in further studies of one-dimensional
electronic systems with strong SOI. We also examine possible
1D to two-dimensioanl (2D) crossover in surface electronic
states of Bi/GaSb(110)-(2×1) based on the obtained surface
electronic structure, suggesting the possible emergence of 1D
to 2D crossover in the range of 60–100 K on the surface CBs.
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II. METHODS

The GaSb(110)-(1×1) substrates (nominally undoped)
were cleaned using repeated cycles of Ar ion sputtering
(1 keV) and annealing at ∼700 K, resulting in a sharp (1×1),
low-energy electron diffraction (LEED) pattern, as shown in
Fig. 1(a). A few monolayers of Bi were then evaporated
from a homemade Knudsen cell at room temperature, and
subsequent annealing up to 550 K formed the (2×1) surface
reconstruction as shown in Fig. 1(b). The rectangular surface
unit cell with anistropic lengths of the surface unit vectors
is consistent with various surface 1D systems [15,16]. This
procedure is similar to a preparation method used in the earlier
work [13].

ARPES measurements were performed with synchrotron
radiation at the CASSIOPÉE beamline of the synchrotron
SOLEIL (hν = 30 eV, circularly polarized). Two-photon
ARPES experiments were conducted at the Saga University
beamline BL13 at the Saga Light Source. We used laser
pulses with hν = 1.5 eV for pump and 6.0 eV for probe
pulses, respectively, generated from a Ti:sapphire laser source
(100 kHz, 340 mW, 1.5 eV, 200 fs). The power of the
incident pump pulses was set to 2.0 mW monitored by a
wide-band thermopile sensor. For the probe pulses, its power
was monitored from the photoelectron total yields from the
Bi/GaSb(110) samples (10 ± 2 pA) since its intensity is
too low to be detected by the same manner as the pump

(a)

(c)

(1 0)

(0 1)
(b)

[110]
[001]

[110]

[001]

[110]

Bi chains

R
L

photons

polar angle

i

FIG. 1. LEED patterns of the (a) clean GaSb(110) and
(b) Bi/GaSb(110)-(2×1) surfaces taken at room temperature. Elec-
tron kinetic energy has been set as 75 eV for both patterns. (c) A
schematic drawing of the geometry of ARPES experimental setup
together with the surface Brillouin zone of Bi/GaSb(110)-(2×1) (see
Sec. II for a detailed explanation).

pulses (at most, it is lower than 1 μW). The pump (probe)
laser pulses were linearly (circularly) polarized. The origin
of the time delay (time-zero) was determined based on the
cross-correlation profile between the pump and probe laser
pulses by detecting photoelectrons; the overall time resolution
of the current two-photon ARPES setup is estimated to be
0.4 ps from the same data. The energy resolutions of the
conventional and two-photon ARPES in this work were ∼15
and ∼35 meV, respectively. The energy resolution and photo-
electron kinetic energies at EF were calibrated using the Fermi
edge of the photoelectron spectra from polycrystalline gold
electrically attached to the samples. In the two-photon ARPES
experiments, we applied a bias voltage of −15 V to the sample
to expand the field of view in momentum space. The distortion
in the ARPES image is corrected according to Ref. [17]. This
correction method was confirmed by comparing the known
surface bands (the cleaved Bi2Te3(0001) surface [18]) ob-
served with and without the sample bias. It was also checked
that there was no multiphoton excitation by pump pulses
and that the space-charge effect by the probe photons were
negligibly small in the two-photon ARPES measurements.

Figure 1(c) shows the experimental geometry of the one-
photon and two-photon ARPES measurements in this work.
Small circles represent the Bi chain orientation. The photon
incident plane is (1̄10) and it is normal to the photoelectron
detection plane. In the two-photon ARPES experiment, both
pump and probe photons shared the incident plane (1̄10)
for two-photon ARPES. The electric field of the linearly
polarized pump pulse lied in the photon-incident plane and the
definition of the left- and right-handed circular polarizations
are depicted as L and R in Fig. 1(c), respectively. Photon
incident angle θi was set from 40◦ to 70◦ by rotating the polar
angle of the sample. The deflector angle of the photoelectron
analyzer is also used to obtain the constant-energy contour as
Figs. 2(a) and 3(a).

DFT calculation was performed using WIEN2K code with
SOI taken into account [19]. The surface was modeled by
a symmetric slab of 20 × 2 GaSb layers, with the surface
covered with (2×1) zigzag Bi chains, and the atomic positions
of four Bi atoms and GaSb slabs down to three atomic layers
from the topmost surface were relaxed using generalized-
gradient approximations [20]. The optimized structure agreed
well with that determined previously [21]. To calculate the
surface electronic structure, we used the modified Becke-
Johnson potential together with the exchange-correlation po-
tential constructed using the local density approximation
[22–24].

III. RESULTS AND DISCUSSION

A. ARPES band dispersions

Figure 2 shows the VB dispersions of Bi/GaSb(110)-
(2×1) by ARPES with circularly polarized photons (hν =
30 eV). Along both �̄-X̄ [Fig. 2(b)] and Ȳ-M̄ [Fig. 2(c)],
paired upward-convex parabolic bands were observed. These
bands are absent on the clean GaSb(110) surface [25]; thus,
they are obtained from the Bi-(2×1) surface superstructure.
These dispersions are similar to each other and form a
nearly 1D Fermi contour, as shown in Fig. 2(a), indicat-
ing the surface’s Q1D nature. However, there are finite, but
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FIG. 2. (a)–(c) ARPES intensity plots of Bi/GaSb(110)-(2×1)
at 25 K taken with circularly polarized photons (hν = 30 eV). The
intensities from the left- and right-handed polarizations are summed
up to show all the states without any influence from circular dichro-
ism. (a) Fermi contour, (b) valence band dispersions parallel to [11̄0]
along �̄–X̄, and (c) the same as (b) but along Ȳ–M̄. (d) (2×1) SBZ
and relevant surface lattice constants. Dashed curves in (b) and (c) are
the surface band dispersions simulated in Sec. III D.

nonnegligible, dispersions perpendicular to the surface chains,
which make the top of the surface VB slightly below EF

around �̄ but above it around Ȳ. These features are con-
sistent with the earlier work reporting the surface VBs on
Bi/GaSb(110)-(2×1) [12,13].

We also performed the two-photon ARPES, revealing the
electronic structure above EF, as shown in Fig. 3. The bottoms
of the obtained CBs are located at EB ∼ 0.45 eV around both
�̄ [Fig. 3(b)] and Ȳ [Fig. 3(c)]. The observed CBs lie in
the projected bulk band gap [26]. Together with the straight
constant-energy contour shown in Fig. 3(a), it is strongly
suggested that this CB is also from the Bi-(2×1) surface,
not from the isotropic bulk electronic structure. Moreover, the
observed CB dispersions agree well with the paired parabolic
ones, as guided by the curves in Figs. 3(b) and 3(c). Such
behavior is expected for the spin-split surface states due to the
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FIG. 3. Same as Fig. 2 taken at 25 K but with two laser pulses.
A delay time between the pump and probe pulses was set to 1 ps.
The pump pulses (hν = 1.5 eV) were linearly polarized photons, the
electric field vector, which lies in the photon incident plane. The
probe ones had the same incident plane as the circular polarization
(hν = 6.0 eV). The circular dichroism is canceled out in this figure
as Fig. 2 and it is analyzed in Fig. 4. (a) Constant energy contour at
EB ∼ 0.5 eV. (b) ARPES intensity plot along �̄-X̄. The photoelectron
signals in EB > 0.1 eV are enhanced [60 and 80 times for (a) and (b),
respectively] to make the surface conduction band dispersion visible.
(c) Same as (b) but taken along Ȳ–M̄. Solid and dashed curves in
(b) and (c) guide the band dispersions. Solid curves are based on the
theoretical calculation in Sec. III D.

Rashba-type SOI, and is discussed in the following section
(Sec.III B).

B. Circular dichroism of ARPES

To obtain experimental insight into the possible contribu-
tion from Rashba-type SOI to the CBs observed above, we
analyzed the CD of the two-photon ARPES intensities as
summarized in Fig. 4, based on the same dataset as those
shown in Figs. 3(b) and 3(c). Based on the ARPES geome-
try [Fig. 1(c)], the CD signals should represent the orbital-
angular-momentum (OAM) polarization of the photoexcited
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FIG. 4. (a) Circular dichroism signals P defined in the figure, taken along �̄–X̄ at each EB, obtained from the same data as those shown
in Fig. 3(b). IR (IL) is the photoelectron intensity obtained with the right- (left-)handed probe photon polarizations, normalized by the ARPES
intensity integrated along both k[11̄0] and EB in the 2D region shown in Fig. 3(b). The dashed line overlaid on the data for EB = 0.20 eV is the
estimated linear background (see Sec. III B for details). Each P curve is shown with an offset of 0.5. (b) Same as (a) but the linear background
is subtracted. (c) Same as (b) but taken along Ȳ-M̄. (d), (e) Circular-dichroism ARPES plots, the color of which is determined by P and the
photoelectron intensities based on the color panel (f), taken along (d) �̄–X̄ and (e) Ȳ–M̄.

states perpendicular to [11̄0], which is of [001] or [110]
orientation [27]. It should be noted that the “photoexcited
state” in this case is the electronic state before receiving the
probe pulses, but after the pump ones. Assuming the in-plane
potential gradient, OAM, and spin polarizations along both
orientations, the in-plane [001] and out-of-plane [110] are
consistent with the spin-orbital splitting derived from Rashba-
type SOI [28].

Figure 4(a) shows the CD signal P = (IR − IL )/(IR + IL )
along �̄-X̄ at each EB. IR (IL) is proportional to the photo-
electron intensities obtained with right- (left-)handed probe
photon polarizations. IR and IL are obtained by dividing each
raw spectra by the integrated two-photon ARPES intensity in
the 2D region shown in Fig. 3(b) so that the total photoelectron
yield influenced by the intensity variations of probe photons
are canceled out. From the obtained polarizations in Fig. 4(a),
one can find that there is a positive peak on the left side and
that there are common, linear backgrounds proportional to
k//[11̄0], independent of EB. To remove the contribution from
these backgrounds, we derived the background shape from
the fitting of the P spectrum at EB = 0.2 eV, where there are
obviously no bands, and obtained the dashed line overlaid
in Fig. 4(a). This background is consistent in the whole of
the CB region shown in Fig. 4. Although its origin is not
clear, the surroundings of the sample (polycrystalline metal
parts, such as Mo and Au) might provide such uniformly
polarized photoelectrons. After the background subtraction,
we obtained the series of P spectra as shown in Fig. 4(b),

where small but nonzero negative signals appear on the right
sides (k//[11̄0] > 0). This trend is also visible around Ȳ, as
shown in Fig. 4(c), obtained by background subtraction in the
same manner as Fig. 4(b). Figures 4(d) and 4(e) are the CD
plots based on the same analysis as those for Figs. 4(b) and
4(c), respectively. These are based on P and photoelectron
intensities as illustrated in Fig. 4(f), where the paired parabolic
dispersion and its OAM polarizations are also shown. The
signs of the OAM polarizations invert with respect to the
center of SBZ. This characteristic agrees well with what is
expected for the Rashba-type SOI.

The size of the Rashba-type SOI is often characterized by
the Rashba parameter αR, which is the proportional constant
with k to determine the size of the spin-orbital splitting of the
surface bands. αR can be obtained from the energy and k dif-
ferences from the Kramers point. Based on the observed dis-
persion of the surface bands of Bi/GaSb(110)-(2×1) (Figs. 2
and 3), αR for the surface VBs are evaluated as 4.1 (2.6)
eVÅ around �̄ (Ȳ), which is consistent with the earlier result
[13]. In contrast to the different αR around the different high-
symmetry points in VBs, a common value of αR = 4.7 eVÅ
could reproduce the observed CB dispersions around both �̄

and Ȳ. The common αR value in SBZ suggests the smaller
size of the 2D-term contribution to the surface CBs than that
to the surface VBs, where αR is about 1.6 times different.
Although the CBs away from �̄ are no longer parabolic, as
shown by the dashed line in Fig. 3(b), it is a common case
for various electronic states that the dispersion deviates away
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from a simple parabolic one around high-symmetry points in
a Brillouin zone [29].

It is known that pump pulse sometimes cause the photo-
induced modification in the electronic structure of materials
[30]. However, although we swept the delay time between the
pump and probe laser pulses, no clear difference in the CB
dispersion was observed around either �̄ or Ȳ. We also ob-
served that the CD has no clear delay-time dependence around
�̄. These results suggest that the observed CBs and their CD
reflect the dispersion and polarization of the unoccupied state,
and that the photoexcitation and relaxation processes on the
timescale of ∼1 ps have no major effect on these electronic
states except for their electron populations.

C. Surface bands by DFT calculation

Figure 5 shows the calculated surface electronic structure
of the Bi/GaSb(110)-(2×1) surface. Paired parabolic disper-
sions with strong contributions from surface Bi atoms were
obtained, which were consistent with the ARPES experimen-
tal results shown above. Based on the qualitative agreements
of the observed and calculated band dispersions, and the clear
contribution from the surface atoms in the calculated ones, it
is confirmed that both the surface VBs and CBs observed by
ARPES are derived from the surface Bi chains. Quantitatively,
the size of the band gap between surface VBs and CBs is
slightly overestimated, as shown on the bottom of the surface
CB in Figs. 5(a) to 5(d), due to the difficulty of estimating
the band gap of semiconductors via DFT [24], but it causes
no problem in the following discussions. Although the CBs
are doubled around �̄ as shown in Figs. 5(a) and 5(c), we
found no significant difference between them in spin or OAM
polarizations, or in atomic-orbital contributions. Therefore,

this doubling in the CBs is a kind of artifact from the imperfect
symmetrization of the symmetric slab.

Figures 5(a) and 5(b) show that the surface VBs and
CBs are clearly spin polarized with the sign inverting with
respect to the center of SBZ, indicating that they are the
spin-split bands due to the Rashba-type SOI. Moreover, the
OAM polarizations shown in Figs. 5(c) and 5(d) behave very
similarly to the spin polarization; both surface CB and VB
are mostly polarized to one orientation for one sign of k//[11̄0]
and invert with respect to the center of SBZ. The polarizations
of the spin and OAM are antiparallel in most region. Such
correspondence exhibits the strong coupling between spin and
OAM due to SOI in the surface bands of Bi/GaSb(110)-
(2×1). It is known that the CD of ARPES is sensitive to
various experimental conditions, and thus one has to be care-
ful that the observed signal is not always directly related to
the spin polarization of the initial states [31]. It is true that
the sign and amplitude of the CD signal could be modified
due to the ARPES photoexcitation conditions, such as the
photoelectron detection plane and probe photon energies.
However, in spite of such sensitivity of CD-ARPES signals,
the calculated strong correspondence with the spin and OAM
polarizations, together with the experimentally obtained CD
signals and band dispersions, strongly supports the idea that
the observed splitting and OAM polarization of the surface
CBs are actually derived from the Rashba-type SOI. We do
not go into detail on the quantitative relationship between
CD-ARPES signal and the OAM polarization of the initial
state in this work because it is not necessary to confirm the
spin-orbital splitting of the surface CB due to the Rashba-type
SOI.

The dominant contribution from heavy Bi atoms on both
the CBs and VBs also justifies the large size of Rashba-type
SOI there. One may find that the signs of the polarizations
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TABLE I. Parameters for the tight-binding model calculations
[Eq. (1)] in units of eV.

ta tb μ

ARPES, VB 1.050 0.055 −2.230
ARPES, CB −3.500 −0.005 7.550
DFT, VB 1.050 0.065 −1.930
DFT, CB −3.500 −0.020 6.350

invert away from the center of SBZ in the calculated surface
CBs. These inversions are actually obtained in a recent theo-
retical calculation [32]. It was not observed experimentally in
this work (Fig. 4), possibly because it happens away from the
center of SBZ at larger EB regions that are out of the scope of
the present two-photon ARPES measurements.

D. One-dimensionality of the surface bands

To examine the size of the 2D contribution to the obtained
surface CBs and VBs, we used a simple tight-binding model

Ek = −2tacos(k//[11̄0]a) − 2tbcos(k//[001]b)

−μ ± αRk//[11̄0], (1)

where ta and tb are the effective hopping amplitudes along
and perpendicular to the surface Bi chains, respectively, and
μ is the chemical potential. This model is the same as in the
earlier work [10] except for the Rashba term αRk//[11̄0], the
sizes of which are fixed to the experimental values estimated
in Sec. III B.

Based on this model equation, we tried to reproduce the
observed surface band dispersions and succeeded for both the
surface VBs and CBs along �̄-X̄, as shown by the dashed
(solid) curves in Fig. 2 (Fig. 3). The parameter sets for the
tight-binding model (ta, tb, μ) are summarized in Table I.
Moreover, it reproduced the dispersions along �̄-Ȳ at the
same time, as shown by the solid curves in Figs. 6(a) and
6(b). We also checked the model with the calculated bands
based on DFT as shown in Fig. 6(c). The TB model could
reproduce the obtained dispersions of surface VB and CB
qualitatively, while an artificial splitting of the surface bands
(discussed in the last section) and possible Rashba splitting
along this orientation make the quantitative discussion in
surface CB difficult. Note that such splittings in surface CB
are too small to be detected experimentally and that the TB
model calculation could indicate the averaged dispersion of
the split surface bands even with such splittings. Based on the
experimental data, the ratio between ta and tb for surface VB
(CB) is ∼700 (∼20), indicating significant 1D character of
the surface bands; note that this ratio should be 1 for isotropic
2D or 3D bands. The difference of the ta/tb ratio for surface
VB and CB also shows that the 1D character of surface CB is
more significant than that of surface VB. The general trend of
ta and tb is identical for the DFT bands; tb is much smaller than
ta indicating significant 1D character of surface CB. Since
the quantitative information based on DFT for semiconductors
often lacks accuracy as discussed in Sec. III C [24], we made
the following discussion based on the parameter set for the
experimental results.
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FIG. 6. (a, b) ARPES intensity plots of Bi/GaSb(110)-(2×1)
along �̄-Ȳ (k[11̄0] ∗ a = 0) at 25 K. Solid curves are from the tight-
binding model calculation (see Sec. III D). (a) Surface CB dispersion
with two photon pulses (1.5-eV pump and 6.0-eV probe) at the delay
time of 1.0 ps. (b) Surface VB dispersion at 25 K taken with one-
photon ARPES (circularly polarized, hν = 30 eV). (c) Calculated
band structure by the DFT calculation (the same condition as Fig. 5).
The radii of the ellipses represents the contribution from surface Bi
atoms. Solid curves are the surface CB and VB from the tight-binding
model calculations.

The interchain bandwidth 4tb ≡ EC is the characteristic
energy scale at which the system transits from 1D to higher-
dimensional (2D) behavior because the excitation with ener-
gies E � EC can ignore the 2D contribution, and thus, the
whole system can be regarded as 1D [9]. The obtained model
parameters tb are 55 and 5 meV for the surface VBs and CBs,
respectively. These energies correspond to the temperatures of
640 and 60 K, respectively, above which the electronic system
would exhibit 1D, non-FL behavior. It should be noted that
the estimated energy scale tb = 5 meV for the surface CBs is
smaller than the experimental energy resolution of the current
two-photon ARPES. Although 4tb = 20 meV is the expected
bandwidth along [001] for the surface CBs, it could be as
large as 35 meV, the energy resolution of the two-photon
ARPES. Assuming 4tb to be 20–35 meV, the dimensional-
crossover temperature range is 60–100 K. Unfortunately, it is
not realistic to observe the dimensional crossover phenomena
for the surface VBs across 640 K because the Bi desorbs from
the GaSb(110) surface at temperatures above ∼600 K. For
the surface CBs, neither the current method nor two-photon
ARPES is suitable to observe the dimensional crossover be-
cause the temperature of the electron system is always hot
(typically above room temperature) and it is very difficult to
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TABLE II. Calculated fractional contributions of atomic orbitals
of surface Bi to the spin-split surface states S1 for the conduction
bands and S2 for the valence bands [indicated by the arrows in
Fig. 5(a)]. The pa, pb, and pc orbitals correspond to the p orbitals,
the lobes of which are along [11̄0], [001], and [110], respectively.
The values are normalized by the maximum 6pc for the valence
band S2.

6s 6pa 6pb 6pc

S1 0.37 0.44 0.15 0.68
S2 0.24 0.41 0.63 1

distinguish the density of states around EF of FL and non-
FL cases at such a high temperature of the electron system;
thermal broadening becomes dominant in both cases [10]. To
trace the possible dimensional crossover on Bi/GaSb(110)-
(2×1), it is desirable to fill the electrons to the surface CBs by
the other static methods such as alkali-metal evaporation [33].

At last, we examine the origin of the difference of the one
dimensionalities among the surface bands. The surface CB
has much smaller influence from the inter-Bi-chain coupling
than the surface VBs, as shown by the straight shape of the
constant energy contour [Fig. 3(a)] as well as the interchain
energy scale tb (5 meV for the CBs and 55 meV for the
VBs). To reveal the origin of this difference, we calculated
the fractional orbital contributions of the surface Bi atoms at
the surface VBs and CBs indicated by the arrows in Fig. 5(a),
as summarized in Table II. The surface CBs and VBs have
sizable contributions from both the Bi 6s and 6p orbitals.

Among these, the contribution from Bi-6pb, the p orbital
with the lobe along [001], the inter-Bi-chain orientation, is
significantly larger for the VBs. This difference would be the
origin of the higher influence of the 2D component in the
surface VBs of Bi/GaSb(110)-(2×1).

IV. SUMMARY

In this work, we report the surface electronic structure,
both above and below EF, on a Bi/GaSb(110)-(2×1) surface
using conventional and two-photon ARPES and theoretical
calculations. ARPES results show the Q1D electronic states
both below and above EF. Circular dichroism of two-photon
ARPES and DFT calculation indicate clear spin and or-
bital polarization of the surface CBs, as expected from the
Rashba-type SOI. The surface CB above EF forms a nearly
straight constant-energy contour, suggesting its suitability for
application in further studies of one-dimensional electronic
systems with strong SOI. We also examined possible 1D to 2D
crossover in surface electronic states of Bi/GaSb(110)-(2×1)
based on the obtained surface electronic structure, suggesting
that the 1D to 2D crossover may appear at temperatures of
60–100 K.
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