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Abstract

Two-dimensional (2D) topological insulators (TIs), which can be integrated into the modern sili-

con industry, are highly desirable for spintronics applications. Here, using first-principles electronic

structure calculations, we show that the Au/Si(111)-
√

3 substrate can provide a new platform for

hosting 2D-TIs obtained through the formation of surface alloys with a honeycomb pattern of ad-

sorbed atoms. We systematically examined elements from groups III to VI of the periodic table at

2/3 monolayer coverage on Au/Si(111)-
√

3, and found that In, Tl, Ge, and Sn adsorbates result in

topologically nontrivial phases with band gaps varying from 0 to 72 meV. Our scanning tunneling

microscopy and low-energy electron diffraction experiments confirm the presence of the honeycomb

pattern when Bi atoms are deposited on Au/Si(111)-
√

3 in accord with our theoretical predictions.

Our findings pave the way for using surface alloys as a potential new route for obtaining viable

2D-TI platforms.
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I. INTRODUCTION

Two-dimensional (2D) topological insulators (TIs), also known as quantum spin Hall

(QSH) insulators, are recently discovered novel materials in which even though the bulk

material is insulating, the system still supports spin-polarized, gapless edge states with

Dirac-cone-like linear energy dispersion.1 The robustness of these edge states against non-

magnetic impurities makes them especially well-suited for spintronics applications. Exper-

imental demonstration of the existence of topological spin transport channels, however, is

currently limited to quantum wells2–6 with band gaps too small for room-temperature ap-

plications. The search for new classes of 2D TI materials with large band gaps has thus

become a challenge of urgent importance.

Recent theoretical studies predict that thin films of elements of groups IV, V and III-V

alloys, including carbon7, silicon8, germanium9, tin10, bismuth11, InBi, GaBi, and TlBi12,

can harbor 2D-TI phases in their equilibrium honeycomb structures. This is also the case

for strained arsenic13, antimony14, BBi, and AlBi12 honeycombs. Following the successful

prediction15 and synthesis16 of hydrogenated graphene (or graphane), chemical adsorption

on honeycombs has been considered for growing suitable nanoscale materials. Accordingly,

effects of hydrogen and halogen adsorption on the electronic and topological properties of a

variety of films have been explored.17–26

Many newly identified 2D TIs10–12,14,21–28 have band gaps that exceed thermal energy at

room temperature. However, for practical applications, a freestanding 2D TI must be placed

or grown on a substrate which, in general, would result in charge transfer between the film

and the substrate and modify atomic structure and alter band topologies.22,28,29 Substantial

substrate induced effects in experimental attempts to grow bismuth films11,30–37 have, for

example, been encountered. Another theoretical approach that has been taken is to consider

placing heavy metal elements such as Bi with large spin-orbit coupling (SOC) on Si(111)-
√

3×
√

3-X (X= H, Cl, Br, I)38,39 and SiC(0001)22, where nontrivial substrate induced TI

phases are predicted as the pz bands are removed from the Fermi level. However, the well-

known Bi trimer will likely form on Si(111) due to strong Bi-Bi interaction.29,40–42 On the

other hand, Au on Si(111) is an existing metallic system with large spin-splitting due to

Au. But the possibility of tailoring nontrivial topological phases on this substrate, to our

knowledge, has not been explored in the literature, although the formation of a well-ordered
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surface alloy when In atoms are deposited on Au/Si(111)-
√

343–47 has been reported.

In this study, using first-principles electronic structure calculations, we systematically

examine effects of 2/3 monolayer (ML) coverage on Au/Si(111)-
√

3 substrate using groups

III to VI elements. In, Tl, Ge, and Sn adsorbates are found to yield 2D-TI phases with

band gaps varying from 0 to 72 meV. For Bi adsorption, two different structural models are

investigated in detail: a planar and a buckled Bi honeycomb layer. A large-gap TI phase

is predicted for the planar structure, but in the buckled structure, the Z2 trivial phase is

found to have a slightly lower total energy. We have also carried out scanning tunneling

microscopy and low-energy electron diffraction experiments in films obtained by 2/3 ML

deposition of Bi on Au/Si(111)-
√

3. These measurements reveal the formation of a buckled

honeycomb pattern, which is consistent with our structural predictions.

II. METHODS

The first-principles calculations were carried out within the generalized gradient approx-

imation (GGA)48 to the density functional theory49 using projector-augmented-wave poten-

tials50, as implemented in the Vienna Ab-Initio Simulation Package.51 The kinetic energy

cut-off was set at 500 eV. We employed a periodically repeating slab consisting of four Si

bilayers, a reconstructed layer, and a vacuum space of ∼ 20 Å. Hydrogen atoms were used

to passivate the Si dangling bonds at the bottom of the slab. Silicon atoms of the bottom

bilayer were kept fixed at the bulk crystalline positions corresponding to the theoretical Si

lattice constant of 5.468 Å. The remaining Si, Au, and adsorbed atoms were relaxed un-

til the residual force on each atom was smaller than 0.01 eV/Å. The Γ-centered 10×10×1

Monkhorst-Pack52 grid was used to sample the surface Brillouin-zones (SBZ) for the
√

3

phases. Spin-orbit coupling was included in band structure calculations. In order to identify

the topology of the band structures, we followed the method of Ref. 53 for calculating the

Z2 invariant in terms of the so-called n-field configuration of the system.

Concerning experimental details, the Bi structure on Au/Si(111)-
√

3 (Si(111)-α-
√

3×
√

3-

Au) was grown in an ultra-high vacuum system (1×10−10 torr base pressure) equipped for

low-energy electron diffraction (LEED) and scanning tunneling microscopy/spectroscopy

(STM/STS) measurements. A clean Si(111) substrate was obtained by flashing the sample

at ∼ 1200 ◦C. The Au/Si(111)-
√

3 surface was prepared by depositing Au on clean Si(111)
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with temperature held at ∼500 ◦C, which was then slowly cooled back to room temperature

after Au deposition. The amount of Au was determined by continuously depositing Au

until a clear LEED and STM pattern for Au/Si(111)-
√

3 was observed. A 0.6 ML Bi was

then deposited on the surface at room temperature, followed by annealing to ∼280 ◦C. The

deposition rate of Bi (0.26 ML/min) was calibrated earlier by observing the 1×8 and 1×4

Bi/Au(110) surface54 LEED and STM were performed in-situ to characterize the surface

structure. The operation of STM was at 78 K with a tungsten tip.

III. RESULTS AND DISCUSSION

We start by noting that we have previously examined numerous possible configurations46

for metals adsorbed on Au/Si(111) and identified two low-energy models, which are shown

in Fig. 1. [Other combinations of adsorbed sites yield structures with higher energies.]

Fig. 1 shows the top and side views of the crystal structure of group III to VI non-magnetic

(metallic) elements in planar and buckled honeycombs on Au/Si(111)-
√

3 substrate. In

Fig. 1(a), the two adsorbed atoms in the unit cell reside at positions higher than the Au

atoms and lie right on top of the T4 site with respect to the underlying Si(111) substrate,

and for this reason we refer to this structure as the T4-T4 (or 2T4) model. The surface

alloy shows a planar honeycomb pattern with lattice constant of 6.70 Å on Au/Si(111)-
√

3, and remains planar when the two adsorbed atoms are at T4 sites. This model is the

lowest energy model for group III, IV, and VI adsorbates. However, we find that a buckled

honeycomb with a vertical distance d=0.5 Å has a slightly lower energy compared to the

planar honeycomb for adsorbates of group V, see Fig. 1(b). Here also the two adsorbates

occupy T4 sites as in Fig. 1(a), but the trimer distances are altered.

The key features of the band structures and band topologies resulting from the adsorption

of various atoms are summarized in Table I. The system band gap here is defined as the

energy difference between the bottom of the conduction band and the top of the valence

band, ∆Egap = Econduction − Evalence. [Note that in general this gap is not a direct gap.] A

positive value of ∆Egap implies that the system is an insulator or a semiconductor, while a

negative value indicates a semi-metal or metallic state. A few representative band structures

(including SOC) for adsorbates from groups III-VI elements are shown in Fig. 2; the blue and

red circles denote bands for spin orientation projected along −ky and +ky axis, respectively.
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Under group III, four elements (Al, Ga, In, and Tl) yield the lowest energy crystal structure

shown in Fig. 1(a) with Al and Ga leading to semi-metals, while In and Tl result in insulators

with nontrivial band topologies. The band structure of Tl-adsorbed on Au/Si(111)-
√

3

exhibits a band gap of 72 meV, see Fig. 2(a). Band structure for In adsorbates is similar

although with a smaller band gap of 41 meV. Group IV elements also adopt the planar

honeycomb structure of Fig. 1(a) with Pb yielding a metallic state and Ge and Sn giving a

nontrivial semi-metal phase. The band structure for the case of Sn is shown in Fig. 2(b).

Turning to group V elements, two low energy models (planar and buckled) were examined.

For the planar case [Fig. 1(a)], we obtain a trivial semi-metal for As and a nontrivial semi-

metal for Sb. Bi with a stronger SOC strength, however, yields a nontrivial insulator with

a band gap of 185 meV, see Fig. 2(c). Notably, for all three elements (As, Sb and Bi) the

model with a buckled pattern has a slightly lower energy [e.g. 60 meV per
√

3-supercell for

Bi] with a trivial band topology. Finally, among the group VI elements, Se and Te both

result in trivial insulators; band structure for the Te case is shown in Fig. 2(d).

We have assessed the robustness of our results by carrying out test computations based

on the hybrid functional HSE0655. For this purpose, we considered two models for Bi on

Au/Si(111) [Fig. 1(a) and Fig. 1(b)], and found the resulting HSE06 based Z2 values to be

consistent with the corresponding GGA based results given in Table I.

In order to gain further insight into the nontrivial band topologies resulting from adsorbed

atoms on Au/Si(111)-
√

3, we have carried-out edge state calculations. Here, we took Bi

adsorbates as the exemplar system since Bi yields the largest band gap for the planar model

of Fig. 1(a) among all the systems we considered. For this purpose, we constructed a

36.87 Å (4
√

3×a) Bi-adsorbed ribbon with zigzag edges, see Fig. 3(a). In the region without

Bi, the top surface is a clean Si(111) surface, which is passivated with H atoms, creating

an interface between trivial and nontrivial states. In the band structure shown in Fig. 3(b),

the bands resulting from the edge on the right (left) hand side is marked with red crosses

(blue circles) with symbol sizes being proportional to the contributions of the Bi atoms on

the edges. Our calculations show that for each type of edge, an odd number of edge states

is seen to cross the Fermi level between Γ and π/a in Fig. 3(b), confirming that the system

is a 2D-TI; the small gap at π/a is due to the interaction between the two edges.

In order to obtain experimental support for our structural model and its stability, we

have investigated a film with 0.6 ML Bi deposited on Au/Si(111)-
√

3 at room temperature,
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followed by post annealing at ∼ 280◦C, adapting the technique detailed in Ref. 47. Upon Bi

deposition, an additional sharp
√

3×
√

3 LEED pattern was observed as shown in Fig. 4(a),

indicating the appearance of an ordered structure on the surface. The corresponding to-

pographic image obtained via STM, Fig. 4(b), shows the presence of irregularly shaped

flat islands with 0.316 ± 0.005 nm height, which are occasionally decorated with clusters.

These clusters are likely the excess Bi which disappear at the higher annealing temperature

(∼ 280◦C), which is not high enough to desorb Au.56 The STM image of the flat islands

exhibits a clear honeycomb structure in good accord with our predicted theoretical model

in Fig. 4(c). Notably, the STM image shows that the honeycomb pattern is not completely

planar, which is consistent with our theoretical finding that the buckled honeycomb pattern

is slightly more stable than the planar case for group V adsorbates, although the system

becomes trivial with buckling.

IV. CONCLUSIONS

By using first-principles computations, we have systematically examined the possibility of

realizing nontrivial 2D topological phases via adsorption of metallic (non-magnetic) elements

from groups III to VI on the Au/Si(111)-
√

3 substrate. Formation of surface alloys with

In, Tl, Ge, and Sn adsorbates are found to yield nontrivial phases with band gaps varying

from zero to 72 meV. Our LEED and STM experiments for Bi adsorbed on Au/Si(111)-
√

3

confirm the presence of a honeycomb pattern in accord with our theoretical predictions.

We hope that our study which shows that Au/Si(111)-
√

3 could provide a viable platform

for hosting 2D topological phases, including the possibility of tuning the topological state

via gating (out-of-plane electric field)14,29 and/or further doping of the surface,37 will spur

further experimental and theoretical work on this system.
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(a) (b)
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𝐴𝑆 𝐴𝑇𝑇4

FIG. 1. (Color online) Side and top views of two structural models used for metal adsorbates on

Au/Si(111)-
√

3 substrate: (a) planar and (b) buckled honeycomb. The orange colored atoms are

placed slightly higher than the purple colored atoms. The red dashed line marks the unit cell of

the
√

3 structure.
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TABLE I. The band gap and Z2 invariant for different adsorbed atoms for the chained honeycomb

trimer (CHCT) model. The adsorbed atoms in the structural model of Fig. 1(a) are in planar (PL)

locations, while in the model of Fig. 1(b) they are in buckled (BK) positions. d denotes the vertical

distance of the buckled metal layer in Å. ∆Egap is the system wide gap defined as the difference

between the bottom of the conduction band and the top of the valence band. Positive values of

∆Egap imply a semiconducting/insulating state, while a negative value leads to a semi-metal/metal

state.

Group element model [Fig.] State
∆Egap

(eV)
Z2 d

III Al PL [1(a)] Semi-Metal -0.017 0

III Ga PL [1(a)] Semi-Metal -0.092 0

III In PL [1(a)] Insulator 0.041 1

III Tl PL [1(a)] Insulator 0.072 1

IV Ge PL [1(a)] Semi-Metal -0.120 1

IV Sn PL [1(a)] Semi-Metal -0.031 1

IV Pb PL [1(a)] Metal Metal Metal

V As PL [1(a)] Semi-Metal -0.109 0

V As BK [1(b)] Insulator 0.047 0 0.343

V Sb PL [1(a)] Semi-Metal -0.022 1

V Sb BK [1(b)] Insulator 0.323 0 0.474

V Bi PL [1(a)] Insulator 0.185 1

V Bi BK [1(b)] Semi-Metal -0.070 0 0.507

VI Se PL [1(a)] Insulator 1.254 0

VI Te PL [1(a)] Insulator 0.783 0
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(a)

Tl

(b)

Sn

(c)

Bi

(d)

Te

FIG. 2. (Color online) Representative band structures for adsorbates from groups III-VI on

Au/Si(111)-
√

3 substrate, assuming the planar honeycomb structure of Fig. 1(a): (a) Tl (group

III), (b) Sn (group IV), (c) Bi (group V), and (d) Te (group VI). Red and blue circles identify metal-

derived states with opposite spins. 2D Brillouin-zone of Au/Si(111)-
√

3 with specific symmetry

points labeled is shown in (d).
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(a)

(b)

Γ 𝜋 𝑎  𝜋 𝑎

FIG. 3. (Color online) (a) The structural model and (b) the band structure of a nano-ribbon of 2/3

ML Bi on Au/Si(111)-
√

3 with zigzag edge. Contribution from the edge on the right (left) hand

side is marked with red crosses (blue circles); symbol sizes are proportional to the contribution the

Bi atoms on the from edges. Yellow region denotes the projected bulk bands.
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FIG. 4. (Color online) Honeycomb pattern formed by depositing Bi at 2/3 ML on Au/Si(111)-
√

3.

(a) LEED pattern taken at 48 eV with 1×1 and
√

3 ×
√

3 lattice spots marked by red and green

arrows, respectively. (b) 40 × 20 nm2 STM image of 0.6 ML Bi on Au/Si(111)-
√

3 followed by

annealing at 600◦C. (c) Atom-resolved STM image of the area marked by the red square in (b).

The image was acquired with sample bias of 1.5 V at 0.1 nA. The honeycomb pattern and the
√

3×
√

3 lattice are shown.
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