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Abstract

Using combined scanning tunneling microscopy (STM) measurements and first-principles elec-

tronic structure calculations, we extensively studied the atomic and electronic properties of
√

7-InBi

overlayer on Si(111). We propose and demonstrate an effective experimental process to successfully

form a large well-ordered
√

7 surface by depositing Bi atoms on the In-Si(111)-4×1 substrate. The

STM images exhibit a honeycomb pattern. After performing an exhaustive computational search,

we identified the atomic structures of the surface at In and Bi coverages of 6/7 and 3/7 monolayers,

respectively. We discovered a new trimer model with a lower energy than the previously proposed

model. The simulated STM images of trimer models confirm the presence of the honeycomb pat-

tern in accord with our experimental STM images. Most importantly, we found that the surface

is robust, preserving the topologically non-trivial phase. Our edge state calculations verify that

InBi overlayer on Si(111) is indeed a two-dimensional (2D) topological insulator (TI). Moreover,

hybrid functional calculations result in band gaps up to 70 meV which is high enough for room

temperature experiments. Our findings lay the foundation for the materials realization of 2D-TIs

by growing InBi overlayer on Si(111) substrate.
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INTRODUCTION

Since their recent discovery, two-dimensional (2D) topological insulators (TIs) have be-

come a subject of intensive research. These novel materials, also known as quantum spin

Hall (QSH) insulators, surprisingly possess spin-polarized, gapless edge states with Dirac-

cone-like linear energy dispersion even though its interior is insulating [1–5]. Its versatile

electronic properties makes it a feasible material to integrate into the modern silicon indus-

try. Furthermore, they are also potential candidate materials for low energy consumption

spintronics applications because its edge states are robust against nonmagnetic impurities.

The existence of topological spin transport channels which was first demonstrated in the

experiment is limited to quantum wells and measured at very low-temperatures, despite,

the gaps could be up to 40 meV in theoretical prediction [6–8]. Thus, we are still challenged

to search for new types of 2D TIs with band gaps large enough to support room-temperature

applications.

QSH insulating phases have been discovered in numerous honeycomb materials [9–17].

Motivated by these discoveries and the experimental study of hydrogenated graphene [18],

chemical functionalization such as hydrogenation and halogenation was utilized on honey-

comb materials to explore for QSH phases [19–30]. Among them, numerous studies predicted

potentially synthesized novel 2D TIs with band gaps large enough to exist at room temper-

ature [12–16, 23–28]. However, experimental realizations generally require a substrate to

synthesize 2D TIs and also ensure the predicted topological properties are achieved. There-

fore, there is al so a need to further understand the effects of the substrate on free-standing

TIs.

Huge amount of efforts and attempts have been made to realize the substrate-supported

2D-TIs [28–33]. A recent study predicted that planar honeycomb structures consisting

of heavy metal elements, such as Bi with a large spin-orbit coupling (SOC), exist as TIs

on SiC(0001) substrate [28]. This is because the bonding with the substrate leads to the

removal of pz bands in the Bi atom from the Fermi level and cause the system to induce

a topological non-trivial phase. Later on, such hexagonal honeycomb Bi was successfully

grown on SiC(0001) [31] and confirmed the theoretical prediction [28]. Another type of

system composed of surface alloys formed through Bi or In atom adsorption to construct a

planar honeycomb on Au/Si(111) was also predicted as a 2D TI [32, 33]. Unfortunately, the
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synthesized system is not robust enough to maintain the non-trivial phase due to thermal

buckling of the honeycomb [32, 33].

Among the previously cited research on honeycomb structures, we highlight the study

on a new class of III-V honeycombs [15], such as InBi and GaBi, which exhibit topological

insulating phases. These 2D materials can hold the topological phase after hydrogenation

and with a Si(111) substrate [26]. These systems lack sufficient research attention as there

is a very limited number of reports on successful experiments [34–36] Despite the difficulty,

these type of surfaces are still deserving of in-depth exploration for its topological properties.

In this letter, we improve the growth of a stable and ordered surface alloy, InBi
√

7×
√

7

(denoted as
√

7 throughout this paper) phase on Si(111) substrate [34] and explore the

atomic, electronic, and topological properties of this system. Our experimental result showed

that the
√

7 reconstruction is a stable state and was effectively achieved by depositing

Bi on an In-Si(111)-4×1. Using the first-principles electronic structure calculations and

scanning tunneling microscopy (STM), we systematically examined the atomic structures of
√

7 phase [34]. We found our newly identified trimer model to have a lower energy than the

previously proposed one [34]. The STM measurement reveals the formation of a hexagonal

pattern, which is consistent with our theoretical structural calculations. Most significantly,

these two low energy lying trimer models (denoted as T1-T4 and T1-H3 models) are identified

as topologically non-trivial materials. HSE06 [37] calculations reveal that the band gap is as

large as 70 meV for a T1-T4 model. The orbital analysis of the electronic structure shows

that the surface bands near the Fermi-level were composed of s-orbital In atoms and px and

py orbitals of both In and Bi atoms. Finally, we theoretically demonstrated the edge state

of semi-infinite InBi-Si(111)-
√

7 ribbon to validate its topological properties.

METHODS

The STM measurements were carried out in ultra-high vacuum (UHV) chamber with a

base pressure below 2.0×10−10 Torr. The Si(111) substrate were cut from silicon wafer with

a size of 2 × 10 mm2. After 12 hours of outgassing at about 800 K, an atomically clean

Si(111) surface was obtained by direct-current heating to ∼1450 K for a few seconds. The

indium and bismuth atomic beams were generated by e-beam evaporators located about 7

cm away from the Si(111) substrate. The deposition rates are ∼0.17 ML/min, where 1.0
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monolayer (ML) is 7.84× 1014 atoms/cm2 for Si(111).

The first-principles calculations were performed within the density functional theory

framework [38] using generalized gradient approximation [39] and projector-augmented-wave

potentials [40], as implemented in the Vienna Ab-Initio Simulation Package [41]. The kinetic

energy cutoff was set at 400 eV. The system was simulated using a periodically repeating

slab which consists of four Si bilayers, a reconstructed layer, and a vacuum space of ∼20 Å.

The Si dangling bonds at the bottom of the slab were passivated using hydrogen atoms. The

lattice constant of the lowermost Si bilayer was set to the theoretical value of 5.468 Å and

the atoms situated here were not optimized. The remaining Si, In and Bi atoms were re-

laxed using conjugate gradient method until the residual force on each atom was smaller

than 0.001 eV/Å. The surface Brillouin-zones (SBZ) of the
√

7 phases were sampled using

Γ-centered 6×6×1 Monkhorst-Pack [42] grid. SOC was included for all the band structure

calculations. The topology of the band structures were identified according to the method

of Ref. [43] for calculating the Z2 invariant in terms of the so-called n-field configuration

of the system. The edge states were calculated from the Green function of semi-infinite

model [44, 45] with the Hamiltonian derived from maximally-localized Wannier functions

obtained via the WANNIER90 package [46].

RESULTS AND DISCUSSION

In our experiment, a two-step approach was employed to grow a full
√

7-InBi layer. First,

a In-Si(111)-4 × 1 surface was prepared by depositing 1.0 ML In on Si(111)-7 × 7 at room

temperature (RT), followed by annealing at 730 K for 60 s [47]. The second step was to

deposit 0.4 ML Bi on the In-Si(111)-4 × 1 surface at RT, and subsequently anneal at 730

K for 60 s. This two-step approach can produce the
√

7-InBi phase that covers nearly the

entire surface of the substrate as shown in Fig. 1(a). The theoretically proposed model

for the
√

7-(In, Bi) structure contains ∼0.86 ML of In and ∼0.43 ML of Bi [34]. Our

intensity analysis of synchrotron-radiation core-level photoemission (not shown here) for a

similarly prepared surface shows that the In coverage is ∼0.8 ML and that of Bi is ∼0.4

ML. Apparently, indium atoms were partially desorbed during the annealing process.

In order to include an internal lattice reference from the substrate to build the
√

7 struc-

ture model, we have also grown a layer that consists both the
√

7-InBi and the 4 × 1-In
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domains, as displayed in Fig. 1(b). The mixed-phase surface is obtained by co-deposition of

1.15 ML Bi and 0.86 ML In at RT and subsequent annealing at 770 K. The atomic arrange-

ment of the
√

7 structure clearly exhibits a honeycomb structure, similar to that found in a

previous report [34]. The corresponding Fourier transform image shown in Fig. 1(c) confirms

the
√

7 periodicity. The lattice constant is ∼ 1.02±0.03 nm which is in good agreement with

the
√

7 periodicity (1.016 nm). In Fig. 1(d), an obvious hexagonal shape (outlined by blue

circles and red lines) is observed. The angle between the
√

7 and [11̄0] measures as 18.3◦,

close to the ideal value of 19.1◦. In addition, the scanning tunneling spectroscopy (STS)

measurements of
√

7-structure ( Fig. 1(f)) is also consistent with the previous experimental

study [34]

The
√

7 phase of InBi overlayer on Si(111) is composed of three Bi atoms and six In atoms.

The previously proposed trimer model [34] defines a Bi trimer as a structure composed of

three Bi atoms as shown in Fig. 2(b). The Bi trimers can be labelled based on its location,

i.e. the positions of the three Bi atoms and the Bi trimer center. Hence, we identify the

previously proposed trimer model as a T1-T4 model in Fig. 2(b). The labels T1 and T4

correspond to sites above the top and second layer of the first bilayer of the underlying

Si(111) substrate, respectively. Moreover, we have also later considered the H3 site which is

above the top position of the second bilayer of Si(111). To conduct an exhaustive structural

search, we considered different possible combinations of the Bi atoms and Bi trimer center

locations. Six structural models are generated by considering any two sites of T1, T4, and

H3 sites. In addition, we also performed a random search by positioning three Bi atoms

arbitrarily at any three positions from nine atomic sites on the alloy surface of the T1-T4

model and filled the rest by In atoms. In this way, we are able to generate 84 initial structures

for relaxations. These two methods yielded a total of 90 initial structures for optimization

using conjugate gradient method. After our systematic search, two kinds of low-energy

structural models were found and summarized, namely the line model and trimer model.

As expected, we found the structures from the previously proposed T1-T4 model [34], and

also identified a new trimer model, T1-H3 (i.e. Bi atoms on T1 sites and Bi trimers on H3

sites) model, which has a lower energy of 21 meV. The top and side views of the newly

found low-energy lying T1-H3 model are shown in Fig. 2(a). In contrast with the old T1-T4

model, the Bi atoms of the new T1-H3 model are likewise placed on T1 sites but the centers

of the trimers are shifted from T4 to H3 sites. Other low-energy lying models are labelled
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as the line models (labelled as LM-1 and LM-2) presented in Supplementary Figure S1 [48].

To determine the atomic structure, simulated STM images of the aforementioned four

models are shown in Supplementary Figure S2 [48]. Only the simulated STM images of

trimer models exhibit the honeycomb pattern. Simulated STM image of T1-H3 model with

a sample bias of -1.0 eV shown in Fig. 1(e) has one brighter point in a unit cell. An obvious

hexagonal shape (blue circles and red lines) consistent with the experimental results was

observed. The adjacent indium trimers formed major and minor bright areas, indicated by

large and small blue circles, respectively. For the rest of the discussion, we will focus on the

trimer models.

After determining the atomic structures, we now proceed to the electronic properties of

the
√

7 phase. The band structures of the two trimer models, T1-H3 and T1-T4 are shown

in Figure 3 (a) and (b), respectively. The red lines denote the valence band maximun of

the system. The band structures of these two trimer models are quite similar, We observe

semi-metallic properties in both models but the band dispersions occur at different paths,

since
√

7 has a threefold symmetry. Next, we analyzed the orbital contributions of the T1-

H3 trimer model as presented in Fig. 3(c)–(e) because this model has a lower energy and

is consistent with the STM images. We found that the main contribution of surface states

near the Fermi level were from the px, py orbitals of Bi atom and s, px, py orbitals of In

atoms as well as Si-pz of the first Si bilayer. The valence band S1 were composed of In-s

and Si-pz orbitals which indicate that an s-pz bond was formed. Here, S1 represents a pair

of splitting bands with similar energy dispersion. The S2 were contributed from the In-s

and Bi-px and Bi-py. The conduction bands S3 and S4 were both composed of the px and

py orbitals of In and Bi atoms but S3 also includes In-s orbitals.

Since two trimer models (T1-H3 and T1-T4) and one line model (LM-2) are semi-metallic,

we further calculated the Z2 topological invariant. The result of Z2 calculations are shown

in Supplementary Figure S3 [48]. Interestingly, we found three models harboring topological

non-trivial phases with Z2=1, implying the robustness of topological phase.

Additional analysis using hybrid functional HSE06 calculations was used to correct the

underestimated system band gap. Since HSE06 calculations require more computational

resources, we would like to reduce the thickness of Si substrate as much as possible. There-

fore, before further calculations, we are interested in the change of electronic structure when

decreasing the number of bilayers on Si(111) substrate. Supplementary Figure S4 shows the
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band structure of T1-H3 model with the substrate constructed from one to four Si BLs [48].

We found that the features of the system remains a semi-metal with the non-trivial topolog-

ical phase (Z2 = 1), but the gap and a few bands near the Fermi level show a slight change

with the number of bilayers. For the purposes of reducing computational time and resource,

two Si BLs were employed as the substrate for the HSE06 calculations. The band structures

of two trimer models with different functionals, PBE and HSE06, are shown in Fig. 4(a) and

(b) for T1-H3 and T1-T4, respectively. The band gap of T1-T4 model increased to 70 meV

after HSE06 calculations. Due to the localization of the STS measurement, the experimental

results are mainly dominated by the contribution of the Γ point in momentum (reciprocal)

space. Therefore, we found that the gap at Γ point is 330(387) meV for T1-T4(T1-H3)

model which is close to the experimental results of ∼500 meV.

We gain further insight into the non-trivial band topologies resulting from adsorbed In-Bi

overlayer on Si(111)-
√

7 by carrying out edge state calculations. Here, we examine the T1-H4

model. A two-bilayer Si(111) substrate was used for the edge state calculation. Based on the

results of HSE06 calculation, the Green’s function of semi-infinite model was constructed to

calculate the local density of states of the edge as shown in Figure 4 (c). The brighter(white)

bands resulting from the edge connected the valence and conduction bands within the bulk

gap. In particular, for each edge, an even number of edge states are seen to cross the Fermi

level between two high symmetry points, Γ and π/a in Fig. 4(c), confirming that the system

is indeed a 2D-TI.

CONCLUSIONS

In summary, we have grown and identified novel 2D Tls based on InBi overlayer on

Si(111)-
√

7 by using STM measurements and first-principles electronic structure calcula-

tions. We demonstrated the formation of a well-ordered
√

7 reconstruction which can be

attained by the deposition of Bi on In-Si(111)-4×1 substrate.We have systematically ex-

amined the atomic structures of
√

7 phase and found the new trimer T1-H3 model which

has a lower energy of 21 meV than the previously proposed T1-T4 model. Our STM ex-

periment confirmed the presence of a honeycomb pattern in InBi overlayer on Si(111)-
√

7

which matches our theoretical structure predictions. The topological non-trivial phase has

been confirmed by calculating the Z2 invariant and a set of edge states which connected the
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valence and conduction bands. The HSE06 calculations reveal that the band gap is up to 70

meV for trimer models. Our findings show that InBi-Si(111)-
√

7 can provide a viable plat-

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

state via gating (out-of-plane electric field) [12] and/or further doping of the surface.
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FIG. 1. Filled state STM images of the Si(111) surface after (a) the deposition of 0.4 ML Bi on the

In-Si(111)-4×1 surface and (b) co-deposition of 1.2 ML Bi and 0.9 ML In at RT and subsequent

annealing at 770 K. Vs = -1.1 V; It = 0.20 nA; size: 40×20 nm2. The small thermal drift in the

images is not corrected. In (b), the surface consists mainly of
√

7 domains and some 4×1 areas.

(c) Fourier transform of (b). (d) 6×6 nm2 zoomed-in STM image of the upper left area in (b). The

white solid arrows in (c) point to first-order diffraction spots corresponding to the unit cell vectors

in (d). (e) Simulated STM image of T1-H3 trimer model. The white line denotes a
√

7 unit cell in

(d). (f) STS spectrum taken in a
√

7 area.
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(b)

Bi In 1st Si layer 2nd Si layer

𝑇1 − 𝑇4𝑇1 − 𝐻3

1bi

2bi

3bi

4bi

(a) (c)

a2

11 2

1 10

11 2

1 10a1

a2

a1

FIG. 2. Top and side views of structural models,(a) T1-H3 and (b) T1-T4, of InBi-Si(111)-
√

7.

The black and red line marks the unit cell of the
√

7 ×
√

7 and 1×1 phases, respectively. 2D

Brillouin-zone (BZ) with specific symmetry points labeled is shown in (c). The BZ of
√

7×
√

7 and

1×1 are indicated by black and red lines, respectively.

14



𝑇1 − 𝐻3 𝑇1 − 𝑇4
(a) (b)

(c) (d) (e)𝐵𝑖 𝐼𝑛 𝑆𝑖

𝑺𝟏𝑺𝟏

𝑺𝟐 𝑺𝟐

𝑺𝟑
𝑺𝟒

𝑺𝟑

𝑺𝟒

FIG. 3. Band structures of (a) T1-H3 and (b) T1-T4 trimer models. The valence band maximun

is indicated by a red line. (c), (d) and (e) are the band structures of Bi, In, and first bilayer of

the Si substrate, respectively, of the T1-H3 trimer model. The olive circles, red crosses, blue and

yellow circles , respectively, denote the s-, px-, py- ,and pz-orbital contributions.
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(a) (b) 𝑇1 − 𝑇4𝑇1 − 𝐻3 (c)

 −𝜋 𝑎  𝜋 𝑎Γ

FIG. 4. (Color online) Band structures using PBE and hybrid functional (HSE06) including SOC

calculations for (a) T1-H3 model and (b) T1-T4 model, respectively. Two Si BLs are used for the

substrate. (c) is the edge band structure of T1-T4 model.
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