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Atomically thin bismuth films (2D Bi) are becoming a promising research area due to their wide 

variety of applications as for example in spintronics, electronic and optoelectronic devices. Here we 

report on the structural and electronic properties of Bi on Au(110), explored by low-energy electron 

diffraction (LEED), scanning tunneling microscopy (STM) and density functional theory (DFT) 

calculations. Below the monolayer Bi coverage, various reconstructions are observed. We focus here 

on Bi/Au(110)-c(2x2) reconstruction (at 0.5ML) and Bi/Au(110)-(3x3) structure (at 0.66ML) and 

propose models for both structures based on STM measurements, and further confirmed by DFT 

calculations.  

 

The discovery of graphene's fascinating properties 1 has led to numerous theoretical and experimental 

studies of novel two-dimensional (2D) materials 2. In particular, there is an important focus on 

monoelemental 2D materials beyond graphene, like silicone 3-5, germanene 6, phosphorene 7,8 (Nature 

Communications, 2021, 12(1), 5160) ) and stanine 9. The reason is that 2D materials can show interesting 

properties when compared to their bulk form, e.g. higher charge carrier mobility 10, transparency and 

flexibility 11, thickness-dependent band gaps 12-13. 

In this context, 2D bismuth has been highlighted recently for its unique advantages and superior properties. 

Bulk bismuth is a semimetal characterized by an indirect band overlap of 30-40 meV 14-17. 

If the thickness is reduced down to the monolayer, a transition from semimetal to semiconductor is 

observed18,19. Moreover, the strong Bi spin-orbit coupling (SOC) allows the generation of spin-polarized 

electrons without the need of a magnetic field, enabling possible applications in future spintronic devices20. 

Owing to this strong SOC, Rashba splitting surface states have been observed in bulk and thin film B20,21. 

The high carrier mobility of bulk and Bi thin film has also opened new possible applications in ultrafast 

transistors22. On the other hand, it was predicted theoretically that 2D Bi could host 2D topological Insulator 

(TI) states23-24. Various groups have already explored 2D Bi for practical applications. For example, 

sodium-ion batteries are an emerging alternative in the energy storage systems. In these systems, 2D Bi 



(few layers of bismuth nanosheets) is seen as a possible candidate for the anode material, in general due to 

the enhanced gaps between the nanosheets, therefore, leading to the penetration of sodium ions within the 

crystal structure without facing pulverization problems25.  Yang et al. proved that free-standing single layer 

bismuth can also be used for carbon dioxide reduction reaction26. They experimentally proved that 2D Bi 

could selectively catalyze the formation of formic acid from CO2 and interpret it as an effect of higher 

surface density of active sites, higher electronic conductivity and higher structural stability of 2D Bi. Lu et 

al.27 showed that Bi single layer could be considered as a new kind of optical Kerr and saturable absorber 

material, characterized by enhanced stability. This research could open new ways for designing 2D 

bismuth-based photonics. 

An important work was done by Reis et al.28 regarding room-temperature 2D TI based on 2D bismuth. 

Moreover, high nonlinear optical properties and small band gap are some of the properties that make 2D Bi 

suitable for promising applications 29,30. However, an important difficulty remains in obtaining high-quality 

2D bismuth films. For instance, 2D Bi films growth has been achieved by various methods including, liquid 

exfoliation 31,32, hot-pressing 33, physical vapor deposited (PVD) 34, pulsed laser deposition (PLD)35, MBE28 

and wet chemical methods36. Unlike other 2D materials, for example silicene and phosphorene layers, that 

require a substrate to support them, 2D Bi is expected to be stable at room temperature and under standard 

conditions28.  

Theoretically, there exist three stable phases of 2D bismuth or bismuthene, namely α-, β-, and ζ-phases37. 

Among these phases, only α- and β-phase of bismuthene have been experimentally obtained. Figure 1a 

shows the top and side views of β-phase bismuthene, exhibiting a buckled rhombohedral structure38. 

Meanwhile, Figure 1b shows the views of α-phase bismuthene exhibiting a puckered black-phosphorous-

like structure39.  

 

Figure 1: Schematic illustration of a) top and side views of β-phase bismuthene. b) Top and side views of α-phase bismuthene40.  

 



However, these phases might be modified and new phases might arise through Bi growth on specific 

substrates, and very little studies have been performed until now. For example, structural and electronic 

properties of Bi/Au(110) system have only been studied in 2013 by Crepaldi et al.41. They showed that at 

a coverage of ~ 1 ML, a 1x4 reconstruction appears. Meanwhile, at lower coverage (~ 0.875 ML) they 

observed a 1x8 reconstruction. However, they did not investigate other surfaces. 

Bi growth on the Ag(111) surface has been studied by other groups 42-43. Different ordered structures were 

observed. At low coverage (<1 ML) 2D Bi array structures were obtained while at higher coverage (>1 

ML) the thicker Bi films grew with a lattice constant close to that of the bulk bi (110) surface 44. 

The aim of this work is the synthesis of a 2D atomically thin Bi film on Au(110) surface using molecular 

beam epitaxy method (MBE). We report on the structural evolution of the film as a function of Bi coverage, 

using LEED, STM and STS techniques. A variety of reconstructions is observed below one monolayer 

(1ML) of Bi deposition. We focus on the Bi/Au(110)-c(2x2) structure (~ 0.5ML) and on Bi/Au(110)-(3x3) 

structure (~ 0.66ML). Models are proposed for both structures, for which DFT calculated STM images 

match those observed experimentally.  

The ultrahigh vacuum apparatus, where the experiments are performed, is equipped with the standard tools 

for surface preparation and characterization. An ion gun is used for surface cleaning, Low Energy Electron 

Diffraction (LEED) for crystallographic structure, an Auger electron spectrometer (AES) for chemical 

surface analysis, and an Omicron scanning tunneling microscope (LT-STM) for atomic scale surface 

characterization at 77 K. Commercial Au(110) crystals with 99.999% purity were used. The Au(110) 

substrate was cleaned by several sputtering cycles (2 keV Ar+ ions, P = 5 × 10− 6 mbar) followed by 

annealing at 500 °C for 1h. A cell loaded with bismuth was used to grow 2D Bi on Au(110) substrate. The 

Au(110) surface was held at room temperature during the deposition meanwhile surface structure and 

thickness, and chemical structure were systematically controlled by AES and LEED. All STM experiments 

were carried out at 77 K with a base pressure during the experiments of <3.0 × 10− 10 mbar. 

 

We have utilized the Vienna Ab into Simulation Package (VASP) version 5.4.4.45-47, which uses the 

projector augmented wave (PAW) method 48,49 to study the adsorption of Bi on Au(110). To model the 

exchange-correlation interaction we have employed the optB88-vdW functional 50.  This particular 

functional includes a nonlocal implementation of the correlation energy term which incorporates self-

consistently the long-range van der Waals (vdW) interactions.  Several previous studies demonstrated the 

importance of the vdW interactions (including the use of optB88) to a large set of systems 51-55, including 

organic molecules on transition metal substrates.  To model our surfaces, we created a 5-layer slab with 



each layer containing either 4 or 9 atoms, corresponding to the 2x3 and 3x3 surface reconstructions, 

respectively. To separate the slabs, 23 Å of vacuum is placed between them.  We used a lattice constant of 

4.178 Å.  To achieve structural relaxation, the conjugate gradient method is applied, with a force criterion 

limit set to 0.02 eV/Å, the plane wave energy cutoff is at 400 eV, and the Brillouin zone is sampled using 

a 12x12x1 and 8x8x1 k-point mesh for the 2x2 and 3x3 surface reconstructions, respectively.  STM images 

were calculated using charge densities following the Tersoff and Hamann scheme55, as implemented in 

P4VASP 56. 

During bismuth deposition, the Au(110) substrate was kept at room temperature. After Bi adsorption at a 

coverage below 1 ML, the (2x1) Au structure undergoes several reconstructions. In this work we study two 

phases which we identify as: Bi/Au(110)-c(2x2) and Bi/Au(110)-(3x3). Deposition of 0.5 ML of Bi gives 

rise to the LEED pattern shown in Figure 2b. If compared to clean Au(110) substrate in Figure 2a, the 

diffraction spots corresponding to the (2x2) of Au(110) structure disappear and sharp spots corresponding 

to the (1x1) Au structure are observed. Moreover, extra spots appear indicating the formation of an ordered 

Bi structure on the surface. This LEED pattern reveals a c(2x2) superstructure with respect to Au(110) 

which remains stable even after annealing up to 350˚C. After deposition of 0.66 ML of Bi, the LEED pattern 

evolves and extra spots appear, revealing a new reconstruction. We assign it as a (3x3) superstructure with 

respect to Au(110), seen in Figure 2c. 

 

Figure 2. LEED pattern of a) clean (2x1) Au surface; b) Bi/Au(110)-c(2x2) surface (~ 0.5 ML Bi deposition) c) Bi/Au(110)-(3x3) 

surface (~ 0.66 ML Bi deposition). The black and blue dashed rectangles represent the (2x1) and (1x1) Au(110) unit cell. The red 

and green ones show the unit cell of c(2x2) and (3x3) superstructures after Bi deposition at RT. The energy value is indicated for 

each measurement.  

The STM images show the two different structural reconstructions of Bi deposited on Au(110) at room 

temperature. First, we discuss the Au(110)-Bi-c(2x2) structure obtained after deposition of ~ 0.5 ML of Bi. 

It is possible to notice significant changes when compared to clean Au(110) (Figure 3b). Centered (2x2) 

structure can be clearly seen at higher atomic resolution including 2 Bi atoms per unit cell (Figures 3a and 



d). Line scans show the distance between Bi atoms in both directions, namely in blue an interatomic distance 

of 8 Å ~ 2 x 4.08 Å, and in green, an interatomic distance of 6 Å ~ 2 x 2.88 Å in agreement with the c(2x2) 

LEED pattern (Figure 2b). The surface seems relatively flat, despite some missing atoms and random 

defects (Figure 3a). The superstructure unit cell is aligned in same direction as Au(110) shown in Figures 

3b and d. 

 

Figure 3. STM image of bismuth deposited on Au(110) for 27 minutes at room temperature; a) Large scale STM image (41x41 nm2, 

Vb=0.01 V, It=1.3 nA);b) Clean Au(110) structure (9.8x9.8 nm2, Vb=0.3 V, It=3.7 nA); c) Higher resolution image of reconstructed 

surface (10x10 nm2, Vb=0.6 V, It=1 nA); d) Higher resolution image showing c(2x2) superstructure (3x3 nm2, Vb=0.6 V, It=1 nA). 

The c(2x2) unit cell is highlighted by the white rectangle; e) Line scans for each direction in green and blue. 

After a Bi deposition of ~ 0.66 ML the c(2x2) pattern disappears and a new LEED pattern appears. The unit 

cell of this new structure corresponds to the matrix [
−1 2
−1 1

] with two domains (Figure 2c). This LEED 

pattern can also be represented by a (3x3) unit cell with systematic extinction spots given by indices (n,0) 

and (0,n) (see Figure 2c). 

In the STM images shown in Figure 4, we observe Bi dimers. In the larger scale image (Figure 4a) it first 

appears that the surface is separated in domains but at higher atomic resolution Figure 4c, and 4d we 

conclude that this is not the case. The unit cell is present in two different motifs with the same formation 

probability, arising from symmetry of the dimer motif with respect to the Au(110) substrate. On the 

atomically resolved STM image (Figure 4e) we plotted the reduced unit cell corresponding to the matrix 

[
−1 2
−1 1

] as well as the (3x3) unit cell. 

Compared to the c(2x2) superstructure, the present structure has 6 Bi atoms per unit cell. In this case, the 

line scans show 12 Å ~ 3 x 4.08 Å (in blue) and 9 Å ~ 3 x 2.88 Å (in green) in good agreement with the 

(3x3) LEED pattern. 



 

Figure 4. STM image of bismuth deposited on Au(110) for 32 minutes at room temperature. a) Large scale STM image (22x22 nm2, 

Vb=0.02 V, It=2 nA); b) Clean Au(110) structure (9.8x9.8nm2, Vb=0.3V, It=3.7nA); c) Zooming white dashed square; d) Zooming 

black dashed square; e) Higher resolution of (3x3) superstructure (5x5 nm2, Vb=0.2 V, It=0.6 nA). The (3x3) unit cell is highlighted 

by a white rectangle while the matrix unit cell is in black (reduced one); f) Line scans from each direction in green and blue. 

Let us recall that the Bi growth on Au(110) has already been investigated in aqueous conditions.  Using the 

STM technique, the images revealed that the Bi atoms form an ordered structure showing Bi dimers similar 

to our results. However, the structure is different which can be due to the growth method used. Indeed, with 

a solution-based process it is difficult to control the deposition rate of Bi since it will depend on the solvation 

of the Bi ions and the dynamics of the electro-deposition at the 0.75V potential. The corresponding coverage 

of Bi is probably different from the case of the (3x3) structure 57.To support this experimental work, we 

further propose structural models for c(2x2) and (3x3) Bi reconstructions on Au(110). We consider a slab 

model of 5 Au(110) atomic layers terminated by a c(2x2) or a (3x3) Bi monolayer. The three upper layers 

are optimized meanwhile the bottom two layers are kept fixed. Note that we use here a non-reconstructed 

Au(110) surface. We found that Bi binds very strongly to the Au substrate with a binding energy of 2.26 

eV/atom. Before adsorption of Bi on Au(110), the distance between the first and second layer was found to 

be contracted by about 13%, as compared to the distance between two adjacent layers in Au bulk. Upon Bi 

adsorption, this distance was found to revert to an expansion of about 3%, as compared to that in the bulk. 

The distance between the Bi layer and the top Au layer is found to be 1.37 Å. 

 



 

Figure 5 – Top view of proposed models of a) Bi/Au(110)-c(2x2) surface; b) Bi/Au(110)-(3x3) first motif; c) Bi/Au(110)-c(3x3) 

second motif. The c(2x2) unit cell is shown in blue, the (3x3) in green and Au (1x1) in black. Bi atoms and Au atoms are shown in 

blue/green and grey, respectively. 

 

Using the calculated charge densities, we have considered the Tersoff and Hamann technique to determine 

STM images for both the Bi/Au(110)-c(2x2) and Bi/Au(110)-(3x3) reconstructions. In Figure 6, we show 

a comparison between calculated and observed STM images for Bi/Au(110)-c(2x2). As a result, we note 

the remarkable agreement between the two images. We also note that the image is formed by a repletion of 

a centered rectangle where corners and center are occupied by Bi atoms (see figure 5). Note that Au atoms 

are not seen here. 

In Figure 7, we show a comparison between calculated and observed STM images for the Bi/Au(110)-(3x3) 

reconstruction. Again, here we note that the simulated STM image is in remarkable agreement with the 

STM image. The protrusions show the Bi dimers present in Figure 5. 

 

Figure 6: Calculated (left) and measured (right)  STM  images for Bi/Au(110)-c(2x2) 

 



 

Figure 7: Calculated and measured STM images for Bi/Au(110)-(3x3) 

Conclusion  

In conclusion, we have used molecular beam epitaxy method to synthesize 2D bismuth ultrathin film on 

Au(110) substrate. We have characterized these films using LEED and AES at room temperature and as 

well as STM at 77K. The experimental measurements reveal two main reconstructions of Bi on Au(110). 

We assigned them as Bi/Au(110)-c(2x2) and Bi/Au(110)-(3x3). Both structures have never been studied 

before. The atomic and electronic structures of these reconstructions have been determined experimentally. 

2D Bi has and will continue to attract attention due to its interesting electronic properties but also due to its 

wide variety of applications. Previous work has shown that theoretical calculations are essential for a 

complete understanding of the surface reconstructions formed during the fabrication of this 2D material. In 

order to obtain free-standing Bi layers, the growth of this Bi 2D film will need to be tested on other 

substrates. Regardless of the substrate, this material will show fascinating properties. It is safe to say that 

there will be more research opportunities regarding this 2D material and most probably such materials will 

lead to future technological advancements in electronics, sensing and energy-related devices. 
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