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Giant Rashba splitting in InBi/SbBi chains on InSb(110): Surface reconstruction
as a route to spin-split one-dimensional states
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Bismuth-induced (1 × 2) and (1 × 3) surface reconstructions on InSb(110) exhibit a tunable giant Rashba
splitting associated with one-dimensional atomic chain structures. Remarkably, the lower Bi-coverage
Bi/InSb(110)-(1 × 3) phase shows a larger Rashba splitting parameter than the (1 × 2) phase, revealing a
counterintuitive dependence of spin splitting on adsorbate concentration. Combining surface-science experi-
ments and density functional theory, we show that the magnitude of band splitting is governed by the interplay
between atomic-scale surface corrugation and spin-orbit coupling from Bi. Our calculations further indicate
that, while Bi is essential to induce the Rashba effect, the significant contribution arises from the InSb substrate.
The Bi/InSb(110) reconstructed surface consists of Bi chains bonded selectively to In or Sb of the substrate.
These results establish Bi/InSb(110) as a platform for engineering the strength of spin splitting and for enabling
the ordered growth of InBi nanostructures.
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I. INTRODUCTION

Low-dimensional bismuth structures are of increasing
interest due to their unique quantum properties, such as topo-
logical edge and corner states [1,2], localized trimer states [3],
and spin-polarized states [4,5]. In low-dimensional systems,
non-Fermi liquid behavor may appear as a result of re-
duced screening and enhanced fluctuations [6,7]. The Rashba
effect—a spin-polarized splitting of electronic bands as a mu-
tual effect of the large spin-orbit interaction and structural
inversion asymmetry—is an actively studied phenomenon
in one-dimensional (1D) and two-dimensional (2D) systems
[8–10]. A quantitative description of the Rashba effect in a
parabolic dispersion is given by the Rashba parameter, αR =
2×�ER/�k0, which evaluates band splitting in energy (�ER)
and momentum space (�k0). The magnitude is considered
giant when αR is more than 3 eV Å [4,8,9,11].

*Present address: NNF Quantum Computing Programme, Niels
Bohr Institute, University of Copenhagen, Denmark.

†Contact author: rohit.yadav@nbi.ku.dk
‡Contact author: qiruic@kth.se
§Contact author: rainer.timm@fysik.lu.se

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI. Funded
by Bibsam.

Rashba splitting has been explored by depositing heavy
elements such as Bi and Pt on various material surfaces,
e.g., Bi/Ag(111) [12], Bi/Ag(110) [13], Pt/Si(110) [14],
Bi/InAs(110) [4], and Bi/GaSb(110) [11,15]. While some
progress has been made in utilizing the Rashba effect for
spin manipulation in semiconductor substrates, achieving high
spin-charge conversion efficiency is still challenging [13].
Demonstrating and understanding large spin splitting is the
first step towards high spin-charge conversion efficiency in
spintronic applications [16]. So far, most of the effort is lim-
ited to 2D systems or heterostructures [17], but the Rashba
splitting in 1D systems is generally larger than in the 2D
systems due to the larger in-plane potential gradients [18].
Bi-induced 1D structures on InAs and GaSb have been in-
vestigated for large Rashba splitting [4,8,11,19], utilizing the
large spin-orbit coupling of Bi and structural inversion asym-
metry in the zinc blende crystal structure of III-V compound
semiconductors [20]. However, there is a strong requirement
for new spin-polarized electron structures and an improved
understanding of the relation between substrate, Bi-induced
1D structures, and the strength of the Rashba splitting.

Among the III-V semiconductors, InSb is particularly no-
table due to its most significant spin-orbit coupling [21],
narrow bandgap, and large electron mobility. Furthermore,
compared to the other nonpolar III-V surfaces, Bi/InSb(110)
is unique, as it has been reported to induce flexible sur-
face reconstructions with sample annealing, resulting in
(1 × 2) and (1 × 3) surface reconstructions at low and
high annealing temperatures, respectively [22,23]. Like other
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Bi/III-V(110)-(1 × 2) surfaces, Bi/InSb(110)-(1 × 2) is ex-
pected to exhibit a structure corresponding to the missing-row
model [24,25]. However, the structure of Bi/InSb(110)-(1×3)
is unique to InSb and still unclear. Thus, the Bi/InSb(110)
system is ideal for investigating variable Bi content and the
electronic effect of tunable Bi surface reconstruction.

In this work, we investigated Bi-induced 1D chains on
InSb(110) surfaces, with varying Bi amounts and surface re-
constructions, using complementary surface characterization
techniques including scanning tunneling microscopy (STM),
low-energy electron diffraction (LEED), and angle-resolved
photoelectron spectroscopy (ARPES). The Bi-induced struc-
tures include (1 × 2) and (1 × 3) reconstructions as well
as an intermediate arrangement. The atomic arrangement
of Bi/InSb(110)-surface reconstructions is observed experi-
mentally and confirmed using ab initio density functional
theory (DFT) simulations. The low Bi concentration sur-
face, i.e., (1 × 3) reconstruction, exhibits a larger Rashba
splitting value than the (1 × 2) surface, but both surface
arrangements display a value resulting in giant splitting pa-
rameter, αR > 3 eV Å. Furthermore, using surface-sensitive
x-ray photoemission spectroscopy (XPS), both Sb-Bi and sta-
ble In-Bi bonds are observed at the Bi-InSb interface. The
III-Bi compounds, such as InBi, are predicted to be topo-
logical insulators, but are considered unstable and cannot
be realized yet experimentally using conventional synthesis
approaches [26]. Thus, Bi/InSb(110) provides a platform for
efficient spintronics applications with a variable magnitude of
spin splitting and a template for epitaxial growth of advanced
quantum materials.

II. METHODS

Surface preparation: An oxide-free InSb(110) surface is
achieved by cleaving a piece of an InSb(100) wafer in ultra-
high vacuum along the natural cleave directions 〈110〉. Bi was
deposited using an effusion cell (from MBE Components),
heated at 450 °C. The Bi/InSb(110) surface was then annealed
to get different surface reconstructions.

Experimental characterization: XPS and ARPES measure-
ments were performed at the FinEstBeAMS and BLOCH
beamlines of the MAX IV Laboratory, Sweden. The In 4d ,
Sb 4d , and Bi 5d core levels were recorded at 130 eV
photon energy and 5 eV pass energy. The recorded spectra
were background fitted with the Shirley background function
and deconvoluted assuming pseudo-Voigt functions, using the
igor pro software. The parameters used in spectral fitting
are included in Table S1 of the electronic Supplemental Ma-
terial [33]. For ARPES, the band dispersion was measured
using linearly polarized light and a Scienta DA30-L spec-
trometer. The energy resolution is expected to be <10 meV.
The STM studies were performed in an Omicron VT-STM,
using electrochemically etched tungsten tips. All structural
characterization was performed at room temperature, unless
otherwise mentioned.

Density functional theory: All first-principles calculations
were performed using the Vienna Ab Initio Simulation Pack-
age (VASP) within density functional theory [27–29]. The
projector augmented-wave (PAW) method and the Perdew-
Burke-Ernzerhof (PBE) functional were adopted with a

plane-wave cutoff energy of 300 eV [30–32]. A �-centered
6 × 6 × 1 k-point mesh and a 15 Å vacuum layer were
used for the Bi/InSb heterostructure. Atomic structures were
relaxed until forces were below 10−2 eV/Å, with the bottom
three layers fixed as the substrate, and the energy convergence
threshold set to 10−7 eV. The spin-orbit coupling is included
in all the DFT electronic-structure calculations.

III. RESULTS AND DISCUSSION

The freshly cleaved InSb(110) forms an unreconstructed
surface with a rectangular unit cell, as confirmed by LEED
and STM results presented in Fig. S1 of the Supplemental
Material [33]. The ARPES band dispersion shows gapped
parabolic dispersion, and the typical features of the valence
band (VB), including heavy hole, light hole, and split-off
bands, are also highlighted in Fig. S1. The In 4d and Sb 4d
core-level XPS of the cleaved InSb sample are plotted in Fig. 4
(in comparison to other sample treatment conditions). The
spectra can be fitted with one main component and another
surface component (fitting parameters are available in Table
S1 of the Supplemental Material [33]), consistent with the
previously reported work [34].

Depending on the annealing conditions, Bi deposition on
InSb(110) is known to result in multiple surface reconstruc-
tions [22,23,35]. Here, Bi was first deposited onto the sample
at room temperature, followed by stepwise annealing to obtain
different surface reconstructions.

Upon annealing at approximately 200 °C, the surface
shows self-assembled and periodic atomic chains of Bi, fol-
lowing (1 × n) type surface reconstruction, as indicated by
the LEED image shown in Fig. 1(a). Two LEED diffraction
spots are visible between (10) and (11) diffraction spots from
the substrate, along the [001] direction. The surface diffrac-
tion spots correspond to an intermediate phase of Bi-induced
surface reconstruction between (1 × 2) and (1 × 3). The STM
image of the same surface (Fig. S2(a) of the Supplemental
Material [33]) also shows atomic chains with varying dis-
tances between them, corresponding to an intermediate phase
between (1 × 2) and (1 × 3) surface reconstructions. The
(1 × 2) surface reconstruction is reported to be unstable and
to occur in a narrow temperature range; thus, it is challenging
to have large-scale (1 × 2) periodicity [22,23]. From the STM
and LEED images, we conclude that the atomic chains extend
along the 〈110〉 or �-X direction.

The band dispersion along the Bi chains (i.e., along the
�-X symmetry direction), mapped by ARPES, can be seen in
Fig. 1(b). It shows splitting of bands along the momentum
vector, symmetrically centered around the � point, which
is consistent with the typical Rashba effect [4,11]. From
the ARPES results and their second derivative, we obtain
a momentum offset between the spin-split bands of �k0 =
0.14 Å−1 and an energy difference between the VB maximum
and the crossing point of the spin-split bands at the Gamma
point of �ER ≈ 300 meV, as indicated in Fig. 1(b). This
results in a Rashba parameter αR = 2 × �ER/�k0 of about
4.3 eV Å, which is considered a giant Rashba splitting [8,9]
and is one of the largest reported Rashba splitting magnitudes.
We attribute the observation of such a large Rashba splitting
here to the large spin-orbit coupling in Bi/InSb, supported by
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FIG. 1. Bi deposition on InSb(110) surface: (a) LEED image of the intermediate surface reconstruction from Bi/InSb(110)-(1 × 2) and
Bi/InSb(110)-(1 × 3), the yellow circles highlight the substrate unit cell; (b) corresponding ARPES image along the direction of the atomic
chains showing band splitting, second derivative of the band dispersion is stitched to the right, (c) Fermi surface map obtained at 300 meV
BE, overlaid with the rectangular InSb(110) unit cell in reciprocal space, displaying quasi-1D dispersion perpendicular to the chains, i.e.,
along �-Y direction; (d) LEED image corresponding to the Bi/InSb(110)-(1 × 3) surface reconstruction, the red dashed rectangle highlights
the (1 × 3) surface unit cell; (e) corresponding band dispersion along the atomic chains, i.e. along �-X direction imaged by ARPES, and
(f) calculated spin-polarized states in the Bi/InSb(110)-(1 × 3) surface band dispersion. All ARPES results were taken at a photon energy of
60 eV, and the dashed lines indicate (b), (e), (f) the Fermi level at 0 eV BE and (b), (e) the VB maximum.

the induced surface corrugation, as will be explained later.
A Fermi surface map, obtained at a binding energy (BE) of
300 ± 50 meV, is shown in Fig. 1(c). It confirms the Rashba
splitting along the �-X symmetry direction, and it shows
anisotropic dispersion and 1D states along the �-Y symmetric
direction, i.e., perpendicular to the Bi chains. The waving
feature and dispersion perpendicular to the chain direction
indicate electronic interaction across Bi chains and are consid-
ered as quasi-1D surface states [4,36]. The absence of Rashba
splitting perpendicular to the Bi chains, i.e., along the �-Y
symmetric direction, can also be seen directly in a correspond-
ing ARPES map shown in Fig. S2(b) of the Supplemental
Material [33].

The VB maximum of the Bi/InSb(110) surface is found in
Fig. 1(b) at about 200 meV below the Fermi level, while it
is located very close to the Fermi level for clean InSb(110)
(as shown in Fig. S1(e) [33]). Considering the small InSb
bandgap of 0.17 eV, this indicates that the Bi/InSb(110)
structure has a larger bandgap than clean InSb, and Bi
deposition induces semiconducting character. This is in

contrast to the semimetallic character reported previously
for Bi/III-V(110) surfaces [37]. Additional ARPES measure-
ments were obtained at a low sample temperature of 19 K
from a Bi/InSb(110) surface prepared under nominally iden-
tical conditions, shown in Fig. S2(c) of the Supplemental
Material [33]. They confirm the semiconducting character,
with a VB maximum observed again at about 200 meV below
the Fermi level, as well as a similar magnitude of Rashba
splitting along the Bi chains.

The sample was then annealed to a higher temperature,
250 °C, which facilitates the desorption of Bi from the InSb
surface. A large-scale (1 × 3) surface reconstruction along the
〈001〉 direction is observed, according to the LEED image
in Fig. 1(d). The transformation from (1 × 2) to (1 × 3) has
been reported due to the desorption of excess Bi upon sample
annealing [22,23,35]. The corresponding band dispersion is
shown in Fig. 1(e), and Rashba splitting along �-X can still be
observed, with almost the same Rashba parameter as obtained
before. In comparison to the band dispersion in Fig. 1(b), the
VB maximum is slightly shifted by about 50 meV towards
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FIG. 2. Bi/InSb(110)-(1 × 2): (a) Top-view and (b) side-view model of the Bi/InSb(110)-(1 × 2) surface, resulting from DFT after energy
relaxation. The black, yellow, and purple color spheres correspond to In, Sb, and Bi atoms, respectively. The (1 × 2) surface unit cell is
indicated in (a) by a red rectangle (dimensions 1.33 × 0.47 nm2). Bi atoms are bonded to either In or Sb atoms, marked in (b) as Bi1 and Bi2.
(c) STM filled-state image of the Bi/InSb(110)-(1 × 2) surface (V = -1.8 V, I = 130 pA), with an STM line profile across a surface step in the
inset. (d) Band dispersion along �-X calculated for the structure shown in (a,b), including spin-orbit coupling. The area around the �-point, as
indicated by the red rectangle, is magnified in (e), where the Rashba splitting parameters are highlighted.

the Fermi level, and the parabolic bands are more defined,
with fewer electronic states around the dominating bands.
The similar Rashba parameter and the comparison of band
dispersion in Figs. 1(b) and 1(e) confirm that the surface
resulting in Fig. 1(b) has to be understood as an intermediate
surface reconstruction between (1 × 2) and (1 × 3), where the
corresponding electronic states either overlap or contribute
to the broader background around the dominating parabolic
bands. Figure 1(f) shows the simulated spin polarization in
the band splitting using DFT (explained below) corresponding
to the Bi/InSb(110)-(1 × 3) surface, showing that the Bi-
induced band splitting is spin polarized. It should be noted
that the absolute energy positions in the experimental and
DFT electronic band structures differ due to the well-known
tendency of standard DFT calculations to underestimate the
semiconductor bandgap [38,39].

DFT has been employed to simulate the atomic structure
of the Bi/InSb(110) surfaces, in accordance with the experi-
mental STM and ARPES results. Figures 2(a) and 2(b) shows
the top-view and side-view model of the Bi/InSb(110)-(1 × 2)
surface, compared with the STM image shown in Fig. 2(c).
Pairs of Bi zigzag atomic chains are formed on top of the
InSb(110) surface with a missing InSb atomic row, called the
missing-row model, which has also been reported for other
Bi/III-V semiconductor surfaces [4,11]. The structure results
in a significant surface corrugation and in the (1 × 2) surface

reconstruction. Note that only the topmost Bi atoms contribute
to the filled-state STM image and that the image resolution is
not sufficient to resolve individual atoms within each pair of
Bi chains. Interestingly, in each pair of chains, the Bi atoms
are bonded equally to both In and Sb surface atoms, while for
each chain, the Bi atoms bond either fully to In or fully to Sb
atoms.

The corresponding calculated band dispersion along the
�-X symmetry direction with spin-orbit coupling consid-
ered is shown in Fig. 2(d), and the bands at the �-point
are highlighted in Fig. 2(e). The dispersion shows Rashba
splitting, and the calculated Rashba parameter amounts to
αR = 3.33 eV Å. It is smaller than the experimental value
obtained from the ARPES results shown in Fig. 1(b), but it
is still in the range of giant Rashba splitting. We further simu-
lated the contribution from different elements to the surface
band dispersion. Interestingly, the main contribution to the
bands at the �-point, where giant Rashba splitting is observed,
comes from In and Sb atoms rather than Bi, as shown in
Fig. S3(a)–S3(c) of the Supplemental Material [33] Accord-
ingly, the deposited Bi itself is not the only reason for
electronic band splitting, which has been expected before
[4,11]. For comparison, the electronic band corresponding to
the surface structures without Bi but with the same surface
corrugation is also calculated, shown in Fig. S3(e). Removing
Bi not only removes the Bi atomic spin-orbit contribution, but
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FIG. 3. Bi/InSb(110)-(1 × 3): DFT results for the Bi/InSb(110)-(1 × 3) surface. (a), (c), (e) refer to the two-missing-row model and (b),
(d), (f) refer to the faceting model. (a), (b) Top-view and (c), (d) side-view models of the surface, resulting from DFT after energy relaxation.
The black, yellow, and purple color spheres correspond to In, Sb, and Bi, respectively. The (1 × 3) surface unit cell is indicated in (a), (b)
by a red rectangle. (e), (f) Band dispersion along �-X calculated for the structures shown in (a)–(d), including spin-orbit coupling. The
corresponding Rashba parameters are indicated; (g) STM image of the Bi/InSb(110)-(1 × 3) surface taken at V = –1.5 V, I = 160 pA, the
distance across atomic chains indicates Bi-induced (1 × 3) surface reconstruction.

also the Bi-In and Bi-Sb bonding and the associated surface
electron-passivation effect. Consequently, the corrugated InSb
surface without Bi shows multiple surface bands across the
Fermi level, and a clean and isolated Rashba-split band cannot
be unambiguously observed. Although the contribution of Bi
to the Rashba-split bands is less significant, the presence of
Bi is important. Bi adsorption stabilizes the reconstructed 1D
chain geometry, and this reconstruction enhances the asym-
metric surface potential gradient, especially the out-of-plane
and transverse components, which are also responsible for the
spin-dependent energy splitting [18]. Thus, the giant Rashba
splitting in Bi/InSb is the interplay of spin-orbit coupling from
Bi and an induced large in-plane potential gradient from the
surface geometry along the 〈110〉 symmetry direction.

As mentioned above, the Bi-induced (1 × 3) reconstruc-
tion is unique to the InSb(110) surface, and the stable
Bi surface arrangement has not been known yet. Thus,

several structural models are plausible for Bi/InSb(110)-(1 ×
3) reconstruction. In the present work, we investigated two
representative structures by DFT, namely the two-missing-
row model and the faceting model. These models can be
regarded as analogous to the missing-row model associated
with (1 × 2) surface, and similar reconstruction motifs have
previously been reported for (1 × 3)-type reconstruction on
other heavy-metal surfaces, such as Pt(110) and Ir(110) [40].
The two simulated models are shown in Fig. 3, in both con-
figurations, again a pair of Bi atomic zigzag chains is formed
on top of the InSb(110) surface, but here resulting in a (1 × 3)
surface reconstruction. It means that the density of Bi atoms
on these surfaces is only 2/3 of that of the (1 × 2) surface,
estimated simply by considering the number of Bi atoms per
square unit area from the STM image in Figs. 2(c) and 3(g)
[22]. Still, in each pair of chains, the Bi atoms are bonded
equally to In and Sb atoms, as shown in Fig. 3. From the
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FIG. 4. Chemical characteristic of Bi/InSb(110): Comparison of Sb 4d , Bi 5d , and In 4d core level spectra after different sample treatment
steps. The spectrum labeled “clean InSb(110)” corresponds to the freshly cleaved sample in UHV, followed by Bi deposition and subsequent
sample annealing cycles. The In 4d and Sb 4d intensities are normalized to those of the spectra from the clean InSb(110). Photon energy was
130 eV for all spectra.

DFT results, we also calculated the chemical adsorption en-
ergies for the two configurations, and found that the faceting
configuration is more stable, with chemical adsorption energy
of –1.3 eV/Bi atom, compared with –1.24 eV/Bi atom for
the two-missing-row configurations. The chemical adsorption
energy was calculated by subtracting the energy of the pristine
InSb(110) slab and the energy of pristine Bi chains from
the total energy of the Bi/InSb heterostructure [41]. Giant
Rashba splitting is obtained for both the possible surface
configurations, with Rashba parameters of 3.78 eV Å and 4.09
eV Å. These values are closer to the experimentally obtained
parameter of 4.2 eV Å for Bi/InSb(110)-(1 × 3). Importantly,
the calculated Rashba parameters for the two (1 × 3) surface
structures are larger than those for the (1 × 2) surface, despite
the lower Bi density. This further confirms that the interaction
between Bi atoms and the InSb surface corrugation is more
important for giant Rashba splitting than just the amount of
Bi atoms.

We investigated the Bi-substrate interaction using
synchrotron-based core-level XPS to study the chemical
state and bonding of Bi, In, and Sb under various sample
annealing conditions. Figure 4 shows the comparison and

deconvolution of In 4d , Sb 4d , and Bi 5d core-level spectra
after different sample treatment steps. The fitting parameters
are shown in Table S1, and the obtained binding energies in
Table S2 of the Supplemental Material [33]. From the clean
InSb surface, we obtain two doublets for both the In 4d and
Sb 4d core-levels, which can be attributed to dominating
bulk peaks (i.e., In-Sb and Sb-In, respectively) and surface
components. The latter ones are found at higher BE than the
bulk peak in In 4d and at lower BE in Sb 4d, in agreement
with the literature [42]. These surface components decrease
when Bi is deposited, but the bulk peaks remain almost the
same. In the case of In 4d , one more component at low BE
is required to fit the spectrum for Bi/InSb(110) samples. We
assign this component to In-Bi bonding [43], which is further
explained later.

For the Bi 5d spectrum, two prominent doublets can be
observed. Based on reported work, the high BE component is
assigned to Bi-Sb bonding [42], while analyzing the low BE
component is not so straightforward because the Bi-Bi and Bi-
III components (for different group-III elements) have been
reported to overlap in BE [43]. To investigate the origin of the
low-BE Bi component, systematic steps of sample annealing
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were employed to desorb excessive Bi. Thus, a decrease in
the Bi-Bi component compared to Bi-Sb is expected. On the
contrary, a slight increase in the low BE component of the Bi
5d core level is observed from the second annealing cycle.
Simultaneously, an increase in low BE shoulder to the In
4d core level peak is observed, reported as In-Bi bonding
[43]. The last annealing cycle temperature was >300 °C, high
enough to initiate desorption of metallic Bi (Bi-Bi compo-
nent); thus, the increase in the lower BE component of Bi 5d
core level is associated with stable Bi-In bonding. The almost
equal amount of Bi-Sb and Bi-In peak area indicates equal
bonding of the atomic chain to the Sb and In from underneath
the substrate. The DFT calculations further confirmed the
equal Bi-Sb and Bi-In bonding with the underneath surface,
as shown in Figs. 2(a)–2(b) and 3(a)–3(d). On the other hand,
the Sb 4d peak does not show a significant change in the peak
shape, which has been reported before because of overlapping
Sb-In/Sb-Bi peaks [3,42].

Here, we highlight the high-temperature stability of In-Bi
bonds and the role of a non-polar substrate for Bi bonding to
group III elements. III-Bi has been predicted as a Dirac-Weyl
semimetal with electronic band inversion [44,45]. However,
bulk growth of III-Bi has not been realized yet, and even the
growth of III-Bi on a periodic surface using conventional tech-
niques has been challenging [26]. Bi deposition on nonpolar
substrates such as InSb(110) can thus provide a template for
periodic InBi growth.

IV. CONCLUSIONS

In conclusion, we have combined experimental techniques
and ab initio simulations to establish Bi-induced (1 × 2) and
(1 × 3) surface structures, which host a tunable giant Rashba
spin splitting along one-dimensional atomic chains. The giant
Rashba parameter along the chains, exceeding 3 eV Å, varies
with surface reconstructions. It was found that the Rashba
splitting is the interplay between Bi adsorption and the cor-
rugation of surface atoms. Density functional theory further
showed that, while spin-orbit coupling from Bi is essential, the
significant contribution of spin splitting arises from the InSb

substrate. The formation of stable Bi-In and Bi-Sb bonds also
highlights the potential of this system for controlled growth
of InBi compounds. These findings identify Bi/InSb(110) as
a versatile platform for spintronics and next-generation quan-
tum materials.

ACKNOWLEDGMENTS

This work was supported by the Swedish Research Council
(Vetenkapsrådet, VR Grant No. 2021–05627), the European
Union through the Horizon 2020 MSCA (Grant No. 945378,
GenerationNano), and the NanoLund center for nanoscience
at Lund University. We acknowledge the MAX IV Laboratory
for beamtime at the FinEstBeAMS beamline under Proposal
No. 20240885 and at the Bloch beamline under Proposal
No. 20231427. Research conducted at MAX IV, a Swedish
national user facility, is supported by Vetenskapsrådet un-
der Contract No. 2018–07152, the Swedish Governmental
Agency for Innovation Systems (Vinnova) under Contract
No. 2018–04969, and Formas under Contract No. 2019–
02496. The authors want to acknowledge the support from
the FinEstBeAMS and Bloch beamline staff. Q.C. and A.D.
acknowledge financial support from the Swedish Research
Council, VR Grants No. 2016–05980, No. 2019–05304, and
No. 2024–04986, and the Knut and Alice Wallenberg Foun-
dation (KAW) Grants No. 2018.0060, No. 2021.0246, and
No. 2022.0108. The Wallenberg Initiative Materials Science
for Sustainability (WISE), funded by the Knut and Alice
Wallenberg foundation is also acknowledged. The computa-
tions/data handling were enabled by resources provided by
the National Academic Infrastructure for Supercomputing in
Sweden (NAISS), partially funded by the Swedish Research
Council, VR Grant No. 2022-06725. Q.C. acknowledges the
financial support from the Göran Gustafsson Foundation.

The authors declare no conflict of interest.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further information
or data should be sent to the authors.

[1] R. Canyellas, C. Liu, R. Arouca, L. Eek, G. Wang, Y. Yin, D.
Guan, Y. Li, S. Wang, H. Zheng, et al., Topological edge and
corner states in bismuth fractal nanostructures, Nat. Phys. 20,
1421 (2024).

[2] I. K. Drozdov, A. Alexandradinata, S. Jeon, S. Nadj-Perge, H.
Ji, R. J. Cava, B. A. Bernevig, and A. Yazdani, One-dimensional
topological edge states of bismuth bilayers, Nat. Phys. 10, 664
(2014).

[3] R. Yadav, S. Benter, and R. Timm, Localized trimers inducing
metallic states in sub-monolayer thin Bi films on InSb(111)A,
Phys. Rev. Mater. 9, 064204 (2025).

[4] T. Nakamura, Y. Ohtsubo, Y. Yamashita, S. I. Ideta, K.
Tanaka, K. Yaji, A. Harasawa, S. Shin, F. Komori, R. Yukawa,
et al., Giant Rashba splitting of quasi-one-dimensional sur-
face states on Bi/InAs(110)- (2 × 1), Phys. Rev. B 98, 075431
(2018).

[5] A. N. Mihalyuk, L. V. Bondarenko, A. Y. Tupchaya, D.
V. Gruznev, N. Yu. Solovova, V. A. Golyashov, O. E.
Tereshchenko, T. Okuda, A. Kimura, S. V. Eremeev, et al.,
Emergence of quasi-1D spin-polarized states in ultrathin Bi
films on InAs(111)A for spintronics applications, Nanoscale 16,
1272 (2023).

[6] O. M. Auslaender, A. Yacoby, R. De Picciotto, K. W. Baldwin,
L. N. Pfeiffer, and K. W. West, Tunneling spectroscopy of the
elementary excitations in a one-dimensional wire, Science 295,
825 (2002).

[7] C. Blumenstein, J. Schäfer, S. Mietke, S. Meyer, A. Dollinger,
M. Lochner, X. Y. Cui, L. Patthey, R. Matzdorf, and R.
Claessen, Atomically controlled quantum chains hosting a
Tomonaga-Luttinger liquid, Nat. Phys. 7, 776 (2011).

[8] P. M. Sheverdyaeva, G. Bihlmayer, S. Modesti, V. Feyer, M.
Jugovac, G. Zamborlini, C. Tusche, Y-J. Chen, X. L. Tan, K.

185430-7

https://doi.org/10.1038/s41567-024-02551-8
https://doi.org/10.1038/nphys3048
https://doi.org/10.1103/mp9b-hgz1
https://doi.org/10.1103/PhysRevB.98.075431
https://doi.org/10.1039/D3NR03830K
https://doi.org/10.1126/science.1066266
https://doi.org/10.1038/nphys2051


ROHIT YADAV et al. PHYSICAL REVIEW B 114, 185430 (2026)

Hagiwara, et al., Giant Rashba-splitting of one-dimensional
metallic states in Bi dimer lines on InAs(100), Nanoscale 16,
15815 (2024).

[9] S. Benter, R. D. P. Maciel, S. Plissard, R. Yadav, M. Bianchi, P.
Hofmann, C. Polley, C. S. Ong, O. Eriksson, R. Timm, et al.,
Giant Rashba splitting in a 2D BiAs layer on InAs(111)B,
Commun. Mater. 7, 123 (2026).

[10] B. Geldiyev, M. Ünzelmann, P. Eck, T. Kißlinger, J. Schusser,
T. Figgemeier, P. Kagerer, N. Tezak, M. Krivenkov, A.
Varykhalov, et al., Strongly anisotropic spin and orbital Rashba
effect at a tellurium–noble metal interface, Phys. Rev. B 108,
L121107 (2023).

[11] T. Nakamura, Y. Ohtsubo, N. Tokumasu, P. LeFèvre, F. Bertran,
S. Ideta, K. Tanaka, K. Kuroda, K. Yaji, A. Harasawa, et al.,
Giant Rashba system on a semiconductor substrate with tun-
able Fermi level: Bi/GaSb(110)-(2 × 1), Phys. Rev. Mater. 3,
126001 (2019).

[12] C. R. Ast, J. Henk, A. Ernst, L. Moreschini, M. C. Falub, D.
Pacilé, P. Bruno, K. Kern, and M. Grioni, Giant spin splitting
through surface alloying, Phys. Rev. Lett. 98, 186807 (2007).

[13] P. M. Sheverdyaeva, D. Pacilè, D. Topwal, U. Manju, M.
Papagno, V. Feyer, M. Jugovac, G. Zamborlini, I. Cojocariu,
C. Tusche, et al., One-dimensional Rashba states with uncon-
ventional spin texture in Bi chains, Phys. Rev. B 106, 045108
(2022).

[14] J. Park, S. W. Jung, M. C. Jung, H. Yamane, N. Kosugi, and
H. W. Yeom, Self-assembled nanowires with giant Rashba split
bands, Phys. Rev. Lett. 110, 036801 (2013).

[15] Y. Ohtsubo, N. Tokumasu, H. Watanabe, T. Nakamura, P.
LeFèvre, F. Bertran, M. Imamura, I. Yamamoto, J. Azuma,
K. Takahashi, et al., One-dimensionality of the spin-polarized
surface conduction and valence bands of quasi-one-dimensional
Bi chains on GaSb(110)-(2 × 1), Phys. Rev. B 101, 235306
(2020).

[16] C. M. Acosta, E. Ogoshi, A. Fazzio, G. M. Dalpian, and A.
Zunger, The Rashba scale: Emergence of band anti-crossing as
a design principle for materials with large Rashba coefficient,
Matter 3, 145 (2020).

[17] R. Sun, S. Yang, X. Yang, E. Vetter, D. Sun, N. Li, L. Su,
Y. Li, Y. Li, Z. Gong, et al., Large tunable spin-to-charge
conversion induced by hybrid Rashba and Dirac surface states
in topological insulator heterostructures, Nano Lett. 19, 4420
(2019).

[18] T. Tanaka and Y. Gohda, First-principles prediction of one-
dimensional giant Rashba splittings in Bi-adsorbed in atomic
chains, Phys. Rev. B 98, 241409(R) (2018).

[19] D. Nafday, C. Richter, O. Heckmann, W. Wang, J-M. Mariot, U.
Djukic, I. Vobornik, P. Lefevre, A. Taleb-Ibrahimi, F. Bertran,
et al., Electronic structure of Bi nanolines on InAs(100), Appl.
Surf. Sci. 611, 155436 (2023).

[20] E. Marcellina, A. R. Hamilton, R. Winkler, and D. Culcer, Spin-
orbit interactions in inversion-asymmetric two-dimensional
hole systems: A variational analysis, Phys. Rev. B 95, 075305
(2017).

[21] M. Gmitra and J. Fabian, First-principles studies of orbital
and spin-orbit properties of GaAs, GaSb, InAs, and InSb zinc-
blende and wurtzite semiconductors, Phys. Rev. B 94, 165202
(2016).

[22] W. K. Ford, T. Guo, S. L. Lantz, K. Wan, S. -L. Chang, C. B.
Duke, and D. L. Lessor, Bismuth and antimony adsorption on

III–V(110) substrates: Growth, order, and structure, J. Vac. Sci.
Technol. B 8, 940 (1990).

[23] T. Guo, K. J. Wan, and W. K. Ford, A leed study of bismuth
overlayer formation on InSb(110), MRS Proceedings 159, 39
(1989).

[24] M. G. Betti, D. Berselli, C. Mariani, N. Jedrecy, M. Sauvage-
Simkin, Y. Garreau, and R. Pinchaux, (1 × 2) Bi chain
reconstruction on the InAs(110) surface, Phys. Rev. B 59, 15760
(1999).

[25] T. van Gemmeren, L. Lottermoser, G. Falkenberg, L. Seehofer,
R. L. Johnson, L. Gavioli, C. Mariani, R. Feidenhans’l, E.
Landemark, D. Smilgies, and M. Nielsen, Bismuth-induced
restructuring of the GaSb(110) surface, Phys. Rev. B Condens.
Matter Mater. Phys. 57, 3749 (1998).

[26] B. Keen, R. Makin, P. A. Stampe, R. J. Kennedy, S. Sallis, L. J.
Piper, B. McCombe, and S. M. Durbin, Growth parameters for
thin film InBi grown by molecular beam epitaxy, J. Electron.
Mater. 43, 914 (2014).

[27] G. Kresse and J. Hafner, Ab initio molecular dynamics for liquid
metals, Phys. Rev. B 47, 558 (1993).

[28] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[29] G. Kresse and J. Furthmüller, Efficiency of ab-initio total
energy calculations for metals and semiconductors using a
plane-wave basis set, Comput. Mater. Sci. 6, 15 (1996).

[30] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[31] Y. Wang and J. P. Perdew, Correlation hole of the spin-polarized
electron gas, with exact small-wave-vector and high-density
scaling, Phys. Rev. B 44, 13298 (1991).

[32] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[33] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/ly3w-33fy for surface characterization of the cleaved
InSb(110) surface; STM and ARPES measurements of the
Bi/InSb(110)-intermediate reconstruction; simulated band dis-
persions and surface corrugation for Bi/InSb(110)-(1 × 2);
spin-resolved band structures of Bi/InSb(110)-(1 × 3); and tab-
ulated XPS fitting parameters and binding energies.

[34] V. Y. Aristov, M. Bertolo, P. Althainz, and K. Jacobi, The Ag/n-
InSb(110) interface at 10 K: First observation of an anomalous
Fermi-level pinning, Surf. Sci. 281, 74 (1993).

[35] M. G. Betti, D. Berselli, and C. Mariani, Electronic proper-
ties of (1xn)-reconstructed Bi/InSb(110) interfaces, J. Electron
Spectros. Relat. Phenomena 76, 465 (1995).

[36] K. Miyamoto, A. Kimura, T. Okuda, K. Shimada, H. Iwasawa,
H. Hayashi, H. Namatame, M. Taniguchi, and M. Donath,
Massless or heavy due to two-fold symmetry: Surface-
state electrons at W(110), Phys. Rev. B 86, 161411(R)
(2012).

[37] D. Berselli, M. G. Betti, L. Gavioli, and C. Mariani, Bismuth-
induced electronic states at (2 × 1)-Bi III-V(110) interfaces,
Surf. Sci. 331–333, 496 (1995).

[38] L. J. Sham and M. Schlüter, Density-functional theory of the
energy gap, Phys. Rev. Lett. 51, 1888 (1983).

[39] W. Kohn and L. J. Sham, Self-consistent equations includ-
ing exchange and correlation effects, Phys. Rev. 140, A1133
(1965).

185430-8

https://doi.org/10.1039/D4NR01591F
https://doi.org/10.1038/s43246-026-01185-y
https://doi.org/10.1103/PhysRevB.108.L121107
https://doi.org/10.1103/PhysRevMaterials.3.126001
https://doi.org/10.1103/PhysRevLett.98.186807
https://doi.org/10.1103/PhysRevB.106.045108
https://doi.org/10.1103/PhysRevLett.110.036801
https://doi.org/10.1103/PhysRevB.101.235306
https://doi.org/10.1016/j.matt.2020.05.006
https://doi.org/10.1021/acs.nanolett.9b01151
https://doi.org/10.1103/PhysRevB.98.241409
https://doi.org/10.1016/j.apsusc.2022.155436
https://doi.org/10.1103/PhysRevB.95.075305
https://doi.org/10.1103/PhysRevB.94.165202
https://doi.org/10.1116/1.584947
https://doi.org/10.1557/PROC-159-39
https://doi.org/10.1103/PhysRevB.59.15760
https://doi.org/10.1103/PhysRevB.57.3749
https://doi.org/10.1007/s11664-014-3006-8
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.44.13298
https://doi.org/10.1103/PhysRevB.59.1758
http://link.aps.org/supplemental/10.1103/ly3w-33fy
https://doi.org/10.1016/0039-6028(93)90856-F
https://doi.org/10.1016/0368-2048(95)02489-1
https://doi.org/10.1103/PhysRevB.86.161411
https://doi.org/10.1016/0039-6028(95)00092-5
https://doi.org/10.1103/PhysRevLett.51.1888
https://doi.org/10.1103/PhysRev.140.A1133


GIANT RASHBA SPLITTING IN InBi/SbBi CHAINS … PHYSICAL REVIEW B 114, 185430 (2026)

[40] P. Fery, W. Moritz, and D. Wolf, Structure determination of the
(1 × 2) and (1 × 3) reconstructions of Pt(110) by low-energy
electron diffraction, Phys. Rev. B 38, 7275 (1988).

[41] Q. Cui et al., Robust and high photoluminescence in WS2

monolayer through in situ defect engineering, Adv. Funct.
Mater. 31, 2105339 (2021).

[42] R. Yadav, R. D. P. Maciel, S. Benter, C. S. Ong, O. Eriksson,
A. Mikkelsen, and R. Timm, Bi trimers and self-limiting Bi-Sb
interface formation upon Bi deposition on InSb(111)B surfaces,
Surf. Interfaces 73, 107589 (2025).

[43] K. Szamota-Leandersson, M. Leandersson, M. Göthelid, and
U. O. Karlsson, Correlated development of a (2 × 2) recon-
struction and a charge accumulation layer on the InAs(111)-Bi
surface, Surf. Sci. 605, 12 (2011).

[44] Z. Fang, H. Gao, J. W. F. Venderbos, and A. M. Rappe, Ideal
near-Dirac triple-point semimetal in III-V semiconductor al-
loys, Phys. Rev. B 101, 125202 (2020).

[45] H. Huang, J. Liu, and W. Duan, Nontrivial Z2 topology in
bismuth-based III-V compounds, Phys. Rev. B 90, 195105
(2014).

185430-9

https://doi.org/10.1103/PhysRevB.38.7275
https://doi.org/10.1002/adfm.202105339
https://doi.org/10.1016/j.surfin.2025.107589
https://doi.org/10.1016/j.susc.2010.09.015
https://doi.org/10.1103/PhysRevB.101.125202
https://doi.org/10.1103/PhysRevB.90.195105

