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One-dimensional spin-polarized electron channel in the two-dimensional PbBi compound on silicon

A. N. Mihalyuk ,1,2,* L. V. Bondarenko ,1 A. Y. Tupchaya,1 T. V. Utas,1 Y. E. Vekovshinin ,1,2 D. V. Gruznev ,1

S. V. Eremeev ,3 A. V. Zotov ,1 and A. A. Saranin 1

1Institute of Automation and Control Processes FEB RAS, 690041 Vladivostok, Russia
2School of Natural Sciences, Far Eastern Federal University, 690950 Vladivostok, Russia

3Institute of Strength Physics and Materials Science SB RAS, Tomsk 634055, Russia

(Received 13 May 2021; revised 21 July 2021; accepted 24 August 2021; published 7 September 2021)

Quantum phenomena at the ultimate atomic-scale two-dimensional limit attract increasing interest due to
the emergence of exotic physics and potential applications in prospective electronic devices. In this work, we
carried out a theoretical and experimental study of the atomic, electronic, and spin structures of the single-
atomic-layer PbBi compounds grown on silicon surface. We found that adsorption of half-monolayer of Bi and
half-monolayer of Pb onto Si(111) surface leads to the formation of an atomic layer consisting of rhombuslike
motifs. The rhombuslike motifs are arranged into the 2

√
3 × 2

√
3 and 2 × 2 periodical structures. In the 2

√
3 ×

2
√

3-PbBi phase, the motifs are oriented according to the C3 symmetry and this phase is characterized as a trivial
insulating spin-split system. In the 2 × 2-PbBi phase, the motifs are oriented along a single direction giving
rise to a one-dimensional metallic spin-polarized electron channel, which is of great relevance for spintronic-
based applications. We traced the origin of the one-dimensional electronic states in the two-dimensional PbBi
compound and discussed the interplay of these one-dimensional states with the geometry of the phase.

DOI: 10.1103/PhysRevB.104.125413

I. INTRODUCTION

Low-dimensional materials with advanced electronic prop-
erties comprise an object of significant interest due to the
wide range of prospective applications in the nanoelectron-
ics and spintronics. Such systems provide a fruitful field for
exploration of the interesting physical phenomena related, for
example, to the various exotic spin-polarized electronic states,
such as topological insulators and semimetals [1–3], hinge
states in the coupled Rashba layers [4], charge density waves
in the atomic chains [5], the Su-Schrieffer-Heeger topological
states [6], the Shiba states realized in nanowires [7], and many
others. However, despite the great fundamental interests, ex-
perimental realization of the one-dimensional (1D) systems in
the real materials is quite difficult. For example, the growth
of metal wires on semiconductor surfaces, such as Pb chains
on Si(100) [8], Bi/In wires on Si(111) [9], Au nanoribbons
on Ge(111) [10], requires ultra-high-vacuum environment and
accurate control of various growth parameters.

Spin-orbit coupling (SOC) plays an important role in many
electronic effects observed in quantum materials. In this re-
gard, lead and bismuth, having the largest atomic SOC values,
are believed to be very promising candidates for realizing
exotic quantum properties. In particular, lead is known to
form 1D atomic chains [8,11] providing prospects for the 1D
spin-polarized electron transport. In the two-dimensional (2D)
systems, lead is mostly known as plumbene [12,13] with a
giant topologically nontrivial gap in the Dirac spectrum host-
ing gapless spin-momentum-locked topological edge states.

*mih-alexey@yandex.ru

Recently, occurrence of the exotic hourglass surface states was
predicted in a stacked hydrogenated plumbene [14]. The ultra-
thin Pb films on silicon and germanium surfaces were found
to be superconductors [15] with indication on an increasing
superconducting transition temperature with Bi alloying [16].
Moreover, the lead-based materials are also known as topolog-
ical superconductors, such as Pb/Co/Si(111) compound with
1D dispersive in-gap edge states surrounding a 2D topological
superconducting domain of lead [17]. In the ultrathin Bi films
of a few bilayers, the 1D topological spin-polarized edge
states were predicted [18–20] and observed [21,22], whereas
the bulk Bi is known as a high-order topological insulator,
possessing 1D hinge states [23]. A single-layer or bilayer
phase of bismuth atoms, arranged into a honeycomb [24] or
asymmetric washboard lattices [25], named as a bismuthene,
yield the vivid example of a high-temperature quantum spin
Hall material [26]. There are several Bi and Pb containing
compounds in the bulk and on the surface, which were pre-
dicted and observed to be topological superconductors and
topological semimetals [27,28]. In particular, it was predicted
that the Pb3Bi/Ge(111) material hosts the topological super-
conductivity, arising from the interplay of the geometric phase
and electron correlation [27,29]. However, the formation and
properties of the Pb-Bi 2D alloys on the other semiconductor
surfaces have not been so far investigated.

Motivated by the earlier observations that bismuth and
lead have demonstrated a number of advanced properties
in a variety of perspective materials, we merged them to-
gether on a silicon surface and investigated atomic, electronic,
and spin structures of the grown compound. We discuss
the interplay between the PbBi compound geometry and
the peculiar electronic states emerging in the system. In the
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(Pb, Bi)/Si(111)-2 × 2 phase, we predict the existence of the
quasi-1D spin-polarized electron channel induced by a special
atomic arrangement of the constituent elements.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Experiments were performed in the ultrahigh-vacuum
Omicron MULTIPROBE system (base pressure �2.0 ×
10-10 Torr) by means of scanning tunneling microscopy
(STM) and low-energy electron diffraction (LEED) methods.
Atomically clean Si(111)7 × 7 surfaces were prepared in situ
by flashing to 1280 ◦C after the samples were first outgassed
at 600 ◦C for several hours. Pb and Bi were deposited from
heated tantalum tubes and deposition rates was calibrated
using STM observation of corresponding Pb and Bi recon-
structions of Si(111) surface. During the Pb deposition onto
the Si surface the sample temperature was held in the range
from 100 ◦C to 200 ◦C by indirect heating. In this temperature
range, the temperature was measured by a K-type thermocou-
ple installed into the sample stage. STM images were acquired
using Omicron variable-temperature STM-XA operating in a
constant-current mode. Mechanically cut PtIr tips were used
as STM probes after annealing in vacuum.

Density functional theory (DFT) calculations were per-
formed using Vienna ab initio simulation package (VASP)
[30,31], with core electrons represented by projector aug-
mented wave (PAW) potentials [32]. The generalized gradient
approximation of Perdew, Burke, and Ernzerhof (GGA-PBE)
[33] to the exchange-correlation functional was employed for
structure relaxation. To simulate the PbBi structure on Si(111)
surface we used a slab consisting of 5 bilayers (BL) of the
substrate with the PBE-optimized bulk Si lattice constant. Hy-
drogen atoms were used to passivate the Si dangling bonds at
the bottom of the slab. The atomic positions of PbBi atoms and
atoms of Si layers within the two topmost BLs of the slab were
optimized. The geometry optimization was performed until
the residual forces on atoms became smaller than 10 meV/Å.
The 7 × 7 × 1 and 5 × 5 × 1k-point mesh was used to sample
the (Pb,Bi)/Si(111)-2 × 2 and (Pb,Bi)/Si(111)2

√
3 × 2

√
3

surface Brillouin zones, respectively. For getting an accurate
Si band gap we applied the DFT- 1

2 self-energy correction
method [34,35]. The scalar relativistic effects and the spin-
orbit coupling (SOC) were taken into account for calculating
the band structure of Si-based system. In order to find the most
stable PbBi structures on Si(111) surface we used the ab initio
random structure searching (AIRSS) approach [36].

III. RESULTS AND DISCUSSION

A. Samples preparation

STM and LEED experiments have revealed that adsorp-
tion of about 0.5 ML (monolayer, 7.8 × 1014 cm−2) of Bi
and about 0.5 ML of Pb onto the Si(111) surface results
in simultaneous formation of the two new reconstructions
at the surface, the (Pb, Bi)/Si(111)-2 × 2 (hereinafter re-
ferred to as 2 × 2) and the (Pb, Bi)/Si(111)-2

√
3 × 2

√
3

(hereinafter referred to as 2
√

3 × 2
√

3). These reconstructions
form in the (150–350) ◦C temperature range and can be built
either by room-temperature (RT) deposition of both adsor-
bates followed by annealing or using successive depositions

(c)

2√3×2√3

2×22×2

(b)

(a)

FIG. 1. 2 × 2 and 2
√

3 × 2
√

3 reconstructions in (Pb,
Bi)/Si(111) system with equilibrium Bi : Pb coverage ratio
(0.5 ML of Bi and 0.5 ML of Pb). (a) 50 × 28 nm2 (−1.5 V, 0.6 nA)
STM image; (b) 10 × 10 nm2 (−1.5 V, 0.1 nA) STM image;
(c) 54 eV LEED pattern, recorded at 78 K.

with intermediate annealing after the first adsorbate (Pb or
Bi) has been deposited. Usually, these procedures result in
the formation of the surface containing a mixture of small
domains(1–3 nm in size) of both 2 × 2 and 2

√
3 × 2

√
3

phases. Typical large-scale STM image of such surface is
shown in Fig. 1(a). One can see that surface is composed of
the triangular shapes and meandering one-dimensional chains.
Closer look [see the high-resolution STM image in Fig. 1(b)]
reveals that the triangular shapes form the 2

√
3 × 2

√
3 peri-

odicity and the meandering chains the 2 × 2 periodicity with
fluent transitions between them.

LEED observations [Fig. 1(c)] confirm the simultaneous
presence of both reconstructions. One can notice that the
2 × 2 spots are quite sharp, while the 2

√
3 × 2

√
3 spots are

blurred because of a small size of the domains. From simple
geometric considerations, one can conclude that the 2

√
3 ×

2
√

3 periodicity cannot create an anti-phase boundary inside
the 2 × 2 domain, but vice versa the 2 × 2 periodicity can
create an antiphase boundary inside the 2

√
3 × 2

√
3 domain.

Small size of the domains results in a frequent 2aSi [aSi is
the Si(111)-1 × 1 surface lattice constant, 3.84 Å) phase shifts
for the 2

√
3 × 2

√
3 periodicity, whereas the 2 × 2 periodicity

always remains in phase. Hence, the 2
√

3 × 2
√

3 LEED spots
are blurred and the 2 × 2 spots are sharp.

Sizes of the reconstruction domains and relative fractions
of surface occupied by each of the reconstructions, 2 × 2 or
2
√

3 × 2
√

3, were always about the same, irrespective of the
annealing temperature. Typically, the 2 × 2 and 2

√
3 × 2

√
3

areas relate to each other approximately as three to one.
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(b)(a)

FIG. 2. Defective 2 × 2 reconstruction in (Pb,Bi)/Si(111) sys-
tem obtained by increasing partial Bi coverage (surface with 0.33
Pb and 0.67 ML Bi). (a) 54 eV LEED pattern, recorded at 78 K;
(b) 10 × 10 nm2 (−1.5 V, 0.5 nA) STM image recorded at room
temperature.

Areal fraction of the 2 × 2 can be increased by increasing
Bi coverage keeping the total metal coverage close to 1 ML.
The resultant surface can be completely covered by the 2 × 2
reconstruction. The undesirable side effect of this procedure
is a noticeable loss in the reconstruction ordering. The LEED
pattern from such surface [Fig. 2(a)] displays diffusive 2 × 2
spots. In the STM image from the surface [Fig. 2(b)], one
can see that the 2 × 2 chains are fractured or even appear as
separate protrusions.

Figures 3(a) and 3(b) present the high-resolution STM
images of the same place on a mixed PbBi/Si(111) surface
(2 × 2 and 2

√
3 × 2

√
3) recorded in the filled and empty

states, respectively. One can clearly see that STM appearance
of the surface at the opposite bias polarities is quite different.
In the filled-state STM image, the pattern is formed by more or
less separate protrusions which are lined up either in the 2 × 2
chains or in the 2

√
3 × 2

√
3 triangles. Empty-state STM im-

age demonstrates essentially a honeycomb appearance with
approximately 2 × 2 periodicity and some distortions re-
lated to the different domains of the 2 × 2 and 2

√
3 × 2

√
3

elements.

B. Atomic structure

In order to find the ground-state structural models for both
2 × 2 and 2

√
3 × 2

√
3 phases, we performed comprehen-

2√3×2√3
2×2

2√3×2√3
2×2

(b)(a)

FIG. 3. High-resolution STM images of 2 × 2 and 2
√

3 × 2
√

3
reconstructions in (Pb,Bi)/Si(111) system recorded at the same place
of the surface in (a) filled (−1.0 V) and (b) empty (+1.0 V) states.

sive DFT total-energy calculations applying ab initio random
structure searching (AIRSS) method for models with both Pb
and Bi coverages to be 0.5 ML as follows from the experi-
ment. Figures 4(a) and 4(b) illustrate an atomic arrangement
of the found ground-state models shown in the top and side
views. The 2 × 2 structural model appears to be more stable
than the 2

√
3 × 2

√
3 one, by 5 meV per 1 × 1 Si surface cell.

Such a small energy difference between two phases explains
the simultaneous appearance of these reconstructions in the
STM with a minor preference for the 2 × 2 phase. Remark-
ably, their arrangement is based on the same rhombuslike
motif [hatched in yellow in Figs. 4(a) and 4(b)]. This motif
is composed of two Bi and two Pb atoms located almost in
the on-top (T1) sites on the bulk-truncated Si(111) surface.
Within the motif, Bi dimer forms a short rhombus diagonal
(yielding 3.1 Å), while the two separated Pb atoms bonded
to Bi atoms form a long rhombus diagonal (yielding 5.8 Å).
The 2 × 2 phase is composed of rhombi with a single orien-
tation [outlined in Fig. 4(a) by red oval]. The unit cell of the
2
√

3 × 2
√

3 phase contains three rhombi rotated from each
other by 60◦ [as shown in Fig. 4(b) by red, blue, and green
ovals], thus, arranged in the sixfold starlike structure.

Figures 4(c) and 4(d) present a comparison of the DFT
simulated and experimental STM images for the 2 × 2 and
2
√

3 × 2
√

3 reconstructions, respectively. As one can see, the
coincidence is fairly good supporting validity of the AIRSS-
derived structural models. Detailed consideration of STM
images reveals that at the negative bias (or filled states) the
main pattern is formed by bright protrusions associated with
Pb atoms, while at the positive bias (or empty states) the main
pattern has bright networklike form associated with silicon
atoms.

C. Electronic properties

Before starting the examination of the electronic band
structure of the two systems, it is worth noting that in spite
of the C3v symmetry of the underlying Si(111) substrate, the
PbBi compound in the 2 × 2 phase has a C1h symmetry aris-
ing from a particular arrangement of the constituent rhombus
motifs, while in the 2

√
3 × 2

√
3 phase the C3v total symmetry

is preserved.
The results of the electronic band-structure calculations for

the (Pb,Bi)/Si(111)-2 × 2 system are summarized in Fig. 5.
In the nonrelativistic spectrum [Figs. 5(a) and 5(b)], the two
highly dispersing S1 and S2 bands propagate within the sili-
con bulk gap. According to Figs. 5(a) and 5(b), the S1 band
is formed mainly by Bi py states, while the S2 band is formed
by Pb px states. The hybridization of S1 and S2 bands results
in appearance of 70-meV gap just below the Fermi level in the
middle of the M̄-K̄ direction.

Including the SOC in the band-structure calculations leads
to a lift up of the spin degeneracy [Fig. 5(c)] that in turn results
a closure of the hybridization gap and gives rise to electron
and holelike spin-split bands at the M̄ point. Notice that the
spin splitting in the M̄-�̄ direction is insignificant, while along
the M̄-K̄ the spin splitting is huge for the electron band, and it
is even much larger for the holelike band. However, the sym-
metry of the 2 × 2 hexagonal surface Brillouin zone (SBZ)
does not reflect the C1h symmetry of the PbBi compound.
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FIG. 4. Atomic models (a), (b) and comparison of DFT simulated and experimental STM images (c), (d) for 2 × 2 and 2
√

3 × 2
√

3
reconstructions in (Pb,Bi)/Si(111) system. In (a) and (b) four-atomic PbBi rhombus patterns are highlighted by yellow color to simplify
comparison with STM images. In (c) and (d) top rows represent comparison of DFT simulated and experimental STM images for filled states
(−1 V) and bottom rows the same for empty states (+1 V).

The calculated electronic spectrum of the 2 × 2
√

3 rectangu-
lar cell, which represents the unidimensional arrangement of
PbBi rhombi in the 2 × 2 phase, is shown in Fig. 5(d). Due to
the Brillouin zone folding [see inset in Fig. 5(d)] the spin-split
bands, presented along the M̄-K̄ direction of 2 × 2 hexagonal
SBZ, appear in the �̄-X̄ direction of the rectangular SBZ.

It is worth noting that in-plane spin component has a signif-
icant value only for the Bi-derived states, while the Pb-derived
states have negligible values [Fig. 5(d)], but the out-of-plane
spin component is significant for both electron and holelike
bands in the vicinity of the �̄ point, and decreases towards the
X̄(X̄′) points of the rectangular SBZ [Fig. 5(f)]. Figure 5(g)
shows the volumetric view of the surface bands and highlights
their complicated spin texture.

Figure 5(e) shows the constant energy contours at different
energies. In particular, it is seen that the unoccupied part
of the spectrum (above the degeneracy point of the electron
spin-split band) is characterized by the highly anisotropic
constant energy contours elongated along the X̄-�̄-X̄ direction
and which are almost degenerate along the �̄-Ȳ direction. At
the Fermi level, there is a pair of anisotropic spin-polarized
hole pockets in the middle of the �̄-X̄ directions. Meanwhile,
the highly anisotropic shape of the hole pockets and character
of their spin polarization are retained until −75 meV (top of
the silicon valence band). So, within the [−75; 0] meV energy
range a quasi-1D electron channel persists in the spectrum
[hatched in yellow stripe in Figs. 5(c) and 5(f)], wherein
the spin orientations of the two hole pockets have opposite
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FIG. 5. Electronic properties of 2 × 2-PbBi phase. (a), (b) Orbital- and elements-projected nonrelativistic spectra, respectively, calculated
along high-symmetry directions of the 2 × 2 SBZ shown in the inset at (a). (c) Spin-polarized relativistic spectrum with in-plane spin com-
ponent, where quasi-1D electron channel is marked by yellow stripe. (d) Spin-polarized relativistic spectrum calculated along high-symmetry
directions of the 2 × 2

√
3 rectangular surface BZ (see inset). (e) Evolution of the Fermi-surface geometry with respect to different energies

(the size of arrows defines the size of in-plane component, and the color defines the sign of out-of-plane spin component). (f) Electronic
spectrum along X̄′-�̄-X̄ with out-of-plane spin projection, where the symbol size corresponds to the magnitude of the respective Sz components.
(g) Volumetric visualization of 2 × 2-PbBi bands and associated spin texture.

directions, and hence the electron backscattering is forbidden.
The nonrelativistic spectrum of the (Pb,Bi)/Si(111)-2

√
3 ×

2
√

3 phase [Fig. 6(a)] has an insulating character with elec-
tronic dispersion characterized by a gap between a bunch
of the weakly dispersive PbBi bands propagating at 0.6 eV
above EF and the top of the silicon bulk valence band (VB).
The unoccupied bands of the PbBi layer are formed by the
mixture of Bi and Pb px,y orbitals, while the occupied states,
lying within Si VB, are characterized by the mixture of px,y

and pz orbitals.
The insulating character of the band structure is retained in

the presence of SOC effect [Fig. 6(b)], which leads to the band
splitting over the entire k space of spectrum. Importantly that
in contrast to the 2 × 2-PbBi phase the dispersions now have
a clear isotropic character with the spin components following
the behavior typical for the Rashba helicity. For instance, the
occupied Rashba-split band at the M̄ point displays a common

2D character. The insulating character of the 2
√

3 × 2
√

3-
PbBi phase may be traced from the structural considerations.
In particular, in its atomic model all Pb atoms (accumulating
the charges) are arranged in the form of isolated triangular
clusters [as shown in Fig. 4(d)] and are separated from each
other by the nonmetallic bismuth atoms; consequently, such
an atomic configuration gives rise to the insulating character
of the system. It is in contrast to the 2 × 2-PbBi phase where
motifs are arranged in the single direction that leads to the
formation of the Pb charge chains [Fig. 4(c)] providing an
existence of the 1D metallic states.

IV. CONCLUSIONS

In conclusion, we carried out an experimental and theo-
retical study of structural and electronic properties of PbBi
single atomic layer arranged on Si(111) surface. There are two
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FIG. 6. Electronic properties of 2
√

3 × 2
√

3-PbBi phase.
(a) Elements-projected nonrelativistic spectrum. The elemental
characters of the bands are shown by orange and gray colors
for Bi and Pb atoms, respectively, (b) spin-polarized relativistic
spectrum with in-plane spin component, where red and blue balls
correspond to respective in-plane spin components. In both figures
symbols are very close to each other resulting in bands instead of
individual balls.

coexisting phases with 2 × 2 and 2
√

3 × 2
√

3 periodicities,
as revealed by STM and LEED observations. We established
the ground-state atomic models by ab initio random structure
searching method for both phases, which geometries are de-
termined by the orientation and number of constituent PbBi
rhombuslike motifs. Simulated STM images of the found
structural models are in a good agreement with the STM
observations.

Electronic band-structure calculations revealed the intri-
cate details of the interplay between the atomic structure
and electronic properties of two PbBi phases. The ar-
rangement of the rhombuslike motifs, either with C1h or
C3v symmetry, determines the anisotropy of the electronic
states and the metallic/insulator character of the system.
The (Pb, Bi)/Si(111)-2 × 2 phase is characterized by the
sizable anisotropy of the band structure demonstrating a
spin-polarized quasi-1D electron channel within 75 meV en-
ergy range in the vicinity of the Fermi level. The second
coexisting (Pb, Bi)/Si(111)-2

√
3 × 2

√
3 phase has an insu-

lating character with a large gap, and its electronic states
are not overlapping with the 1D electron channel of the (Pb,
Bi)/Si(111)-2 × 2 phase. So, the electronic structure of the
sample even with the two coexisting phases still will be
characterized by the 1D spin-polarized electronic states. The
present findings on the peculiar electronic properties produced
by PbBi compound formation on the semiconductor surfaces
might open opportunities for creating new advanced elec-
tronic phases and a realization of anisotropic charge and spin
transport.
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