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Abstract 

Atomic structures of Sn on Mo(110) are investigated using low-energy electron diffraction (LEED) 

and density functional theory (DFT) calculation. Sn atoms occupy substitutional sites at elevated 

temperatures in (3×1) structure, corresponding to a coverage of 0.33 ML. The substitutional model 

agrees with previous LEED, workfunction, and STM results after annealing to 800 K. For (1×3) 

structure at 0.67ML, Sn atoms adsorb in the nearest three-fold hollow sites. With increasing Sn 

coverage, the (1×4) structure at 0.75ML, Sn atoms start to fill four-fold hollow sites. On both overlayer 

phases, Sn structures are flat without significant buckling. Compared with a two-dimensional tin, 

stanene, which is a stacking of α-Sn(111), Sn overlayer on Mo(110) is not related to α-Sn(111) but to 

β-Sn(100), which is normal metallic. 
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1. Introduction 

The growth of Sn films has attracted interest due to the advent of two-dimensional atomic layers. 

Stanene, a two-dimensional Sn layer, is a candidate for a 2D topological insulator. The bulk band gap 

of stanene can be so large, 0.3 eV, that is enough for practical applications at room temperature [1]. 

After the first successful growth of monolayer stanene on a Bi2Te3(111) [2], stanene has been 

epitaxially grown on Sb(111), InSb(111) , Au(111), Ag(111), Cu(111), PbTe(111) and other substrates 

[3–8] .  

On the other hand, Mo is often used to study the growth of metals due to its high thermal stability 

and low reactivity against to metals, offering detailed insights into the energetic and geometric 

interactions between surfaces and adsorbates. Plenty of surface structures and growth modes have been 

investigated on Mo(110) in several works such as Sn[9–11], Pb[12–14], In[15]. However, the 

adsorption of Sn on Mo has not been sufficiently studied, and its basic properties, such as adsorption 



structure, are not fully understood. It is, therefore, necessary to clarify the detailed adsorption structure 

to understand the interaction and reaction of Sn on the Mo(110) surface.  

The deposition of Sn on Mo has been studied extensively by Tikhov et al. [11] using low-energy 

electron diffraction (LEED), Auger electron spectroscopy (AES), workfunction measurements, and 

thermal-desorption spectroscopy (TDS). The (1×3) and (1×4) LEED patterns at coverages of about 

0.67 and 0.75 ML had been reported at room temperature. (3×1) at 0.33ML and other LEED patterns 

at high temperatures or after annealing were also observed. They proposed a corresponding structure 

model for annealed low coverage (3×1) structure (they described (3×1) as (3×2)). It appears 

appropriate to incorporate all Sn in the (3×1) structure into the topmost layer to form a surface alloy. 

Even though there is no detailed structural model for (1×3) and (1×4) structure in Sn/Mo system, there 

are few suggestions available concerning similar systems Pb/Mo (110)[10], Sn/W(110)[16] and 

In/W(110)[17]. For (1×3) structure, all Pb atoms are aligned in the substrate [11̅1] directions, which 

is the most closely packed substrate direction. In the case of Sn/Mo(110), Sn atoms were assumed to 

adsorb on the most energetically favorable four-fold hollow sites, gradually filling three-fold hollow 

sites or short bridge sites for both (1×3) and (1×4) structures. For (1×4) structure in In/W(110) [17], 

Stöhr et al. reported that In adsorption in fourfold hollow sites is preferable since the adsorption energy 

is minimum and that adsorption of the In atoms in the pseudo-threefold site provides a reasonable 

compromise between optimum chemical adsorption and large stress within the In adlayer. Therefore, 

the overall bonding is strengthened. Scanning tunneling microscopy (STM) and AES reveals that the 

growth behavior of thin Sn films on the Mo (110) surface at room temperature is layer-by-layer for the 

first two layers of Sn [8]. At elevated temperatures at ~ 800 K, STM measurement observed the 

rearrangement of film, suggesting a Sn–Mo surface alloy formation. Despite these elaborated works, 

structural determination of submonolayer Sn on Mo(110) has not been attempted, and the relevance to 

allotropes of Sn remains unknown. 

In this work, we determined the submonolayer structures of Sn adsorption on Mo(110) using 

dynamical LEED analysis combined with ab initio density functional theory (DFT) calculations. The 

low coverage structure of 3×1, formed upon annealing, is surface alloy, while the high coverage 

structures, 1×3 and 1×4, show overlayer structure. The densest overlayer structure, 1×4, is similar to 

the β-Sn(white Sn), indicating that monolayer Sn on Mo(110) is metallic.  

 

2. Experimental 

Experiments were performed in an ultrahigh vacuum chamber equipped with a four-grid LEED 

system, including in-situ sample preparation and Sn evaporator. The base pressure of the chamber was 

lower than 5×10-8 Pa. Sn thin films were evaporated by thermal heating from a tantalum tube onto the 

Mo (110) substrate. Mo(110) was cleaned by repeated cycles of oxidation with the oxygen pressure of 

5×10-6 Pa at ~1500 K for 10 mins and subsequent flashing at 2100 K for 10 s until a sharp (1×1) LEED 

pattern was obtained. 



Successive LEED patterns as a function of an acceleration voltage of incident electrons were 

recorded at Ts = 120 K using a CCD camera from 80 to 500 eV with a step of 1 eV. LEED I–V curves 

were extracted from the LEED patterns and compared with a dynamical LEED calculation. The 

Barbieri/Van Hove symmetrized automated-tensor LEED package was used to calculate the theoretical 

curves [18]. Structural optimization was performed based on the Pendry reliable factor (RP) by 

comparing experimental and theoretical curves [19]. The error limits of the structural parameters were 

estimated from the variance of the RP, ΔRP = Rmin (8V0i/Et)
1/2, where Rmin, Et , and V0i are the minimum 

of RP, the total energy width, and the inner potential, respectively. The total energy widths for p(3×1), 

p(1×3), and p(1×4) surfaces were 4493, 2575, and 3107 eV, respectively. All the crystal structures 

were visualized using VESTA [20]. 

DFT calculations were performed to verify and analyze the experimental results using the Quantum 

Espresso package [21,22]. The exchange-correlation function was approximated within the 

generalized gradient approximation as parametrized by Perdew, Burke, and Ernzerhof (PBE) [23]. In 

all calculations, the chosen energy cutoff for the plane wave and for the charge density were 600 eV 

and 5100 eV, respectively, and the threshold for self-consistency was 1×10− 6 eV. The Brillouin-zone 

integration was performed using a Monkhorst-Pack k-point sampling [24], with a 12×12×1 k-point 

mesh for the 1×1 (110) surface, and for larger unit cells, the meshes were scaled accordingly.  

The symmetric surface slab was modeled with seven layers of Mo and Sn atoms on both sides. A 

region of approximately 10 Å of vacuum was inserted to prevent interactions between the slabs. The 

middle Mo layer was kept fixed during the geometry relaxation, and the positions of all the other atoms 

were optimized until two conditions were simultaneously satisfied: the forces on each atom were less 

than 0.03 eV/Å, and the energy difference of consecutive steps was less than 0.01 eV.  

 

3. Results and discussion 

3.1 DFT evaluation of adsorption energy of single Sn adsorption 

In order to analyze the interaction of Mo(110) substrate with a single Sn atom, we calculated adsorption 

energies, Eads, per Sn adatom for a (4×4) unit cell. We obtained the adsorption energy for substitutional 

as well as overlayer adsorption using the following equations: 

𝐸𝑎𝑑𝑠(overlayer) = −1/𝑛(𝐸Sn/Mo(110)  − 𝐸Mo(110) − 𝑛𝐸Sn) 

  𝐸𝑎𝑑𝑠(substitutional) = −1/𝑛(𝐸Sn/Mo(110) − 𝐸Mo(110) − 𝑛𝐸Sn + 𝑛𝐸Mo(bulk))  

, where n is the number of Sn atoms in the unit cell, ESn/Mo(110) is the energy of the superstructure, 

EMo(110) is the energy of the corresponding clean Mo(110) slab, ESn is the energy of an isolated Sn atom, 

and EMo(bulk) is the energy of the bulk Mo atom. We have calculated adsorption energy for five sites 

(four-fold hollow, three-fold hollow, short bridge, on-top and substitutional sites) as shown in Fig.1 

(a).  



Table 1 shows the adsorption energies for isolated Sn atoms. When we consider that the adsorbed 

atoms form a surface alloy with the substrate, the substitutional site shows the lowest Eads values of -

4.61 eV/atom. For an Sn overlayer on the Mo substrate, the four-fold hollow site is the most favorable 

(-4.22 eV), followed by the three-fold (-4.05 eV), short bridge (-3.84 eV), and on-top sites ( -3.46 eV). 

These results are similar to In/W(110) [17] and Pb/Mo(110) [13] systems. M. Stöhr identified that the 

lateral forces drive the In atom toward the four-fold hollow site [17]. Therefore we could expect a 

similar explanation to follow in Sn/Mo(110) case. 

3.2 Surface alloy formation at low Sn coverage 

We prepared (3×1) structure with Sn deposition at 800 K as shown in Fig. 1(c). According to 

previous reports, the Sn coverage for (3×1) corresponds to 0.33ML. The (3×1) supercell is specified 

relative to the basis vectors a1
′ in the direction of [11̅1] and a2

′ in the direction of [11̅0]. The 

reciprocal lattice vectors b1
′ and b2

′ correspond to the above basis vectors are shown in Fig.1(c), which 

is different from conventional reciprocal lattice vectors b1 and b2 for the clean Mo(110) surface.  

Using LEED I-V analysis, we have determined the (3×1) structure. We constructed an atomic model 

of the (3×1) structure as an ordered alloyed layer with one Sn atom and two Mo atoms in the unit cell, 

as shown in Fig. 2(a). With LEED I-V analysis, the substitutional model shows fair agreement with 

the experimental results as shown in Fig. 3 (a), with the lowest Rp of 0.17. The overlayer model with 

Sn in the hollow sites does not reproduce the experimental results with Rp of 0.61. The substitutional 

sites in the first layer are preferred by Sn atoms, which form a surface alloy with Mo(110) instead of 

an overlayer. It is consistent with the previous report [11]. After annealing at 700 K – 900 K, LEED 

observation shows the (3×1) pattern, which accompanied a significant decrease of workfunction and 

surface dipole compared with the ones prepared at room temperature [11]. STM measurements after 

800 K annealing also show a significant depression of overlayer Sn, suggesting alloy formation of Sn 

with Mo [8].  

In order to certify the LEED results, we performed ab initio DFT calculations to evaluate the Sn 

adsorption energy for the two models using the following equations. DFT calculations show that the 

preferred adsorption site for (3×1) is the substitutional site with the adsorption energy of -4.72 eV, 

which is lower than -4.17 eV for hollow sites.  

In Table.1, we show the experimental LEED and DFT structure parameters for (3×1) structure. The 

LEED and DFT results show a good agreement. The Sn atoms adsorb on the Mo(110) surface 

occupying substitutional sites, and the surface structure shows significant buckling and contraction. 

Sn is not coplanar with the first Mo layer but buckled above the Mo plane by 0.56 ± 0.02 Å and 0.65 

Å according to LEED and DFT calculations. A 5.4% contraction of the surface layer spacing between 

the first and second Mo layers compensates for the valence electron depletion on the surface and 

reduces the surface stress. 

When comparing the experimental and theoretical values of the distance between Sn atoms and 

nearest neighbor Mo atoms in surface alloys, the experimental distance (2.80 Å) is smaller than the 

theoretical sum of Sn and Mo radii (2.98 Å). The reduced distance is consistent with previous results 



for surface alloys (Ni-Pb, Cu-Au, Cu-Sb, and Ag-Sb) [25]. The adsorbate–substrate distance in the 

surface alloy is significantly less than that calculated based on the sum of the atomic radii in the 

elemental solids. The reduction of the atomic distance on the surface has been attributed to the 

significant difference in the bonding at the surface, indicating that these surface alloys may have 

significant covalent properties.  

The surface alloy model is consistent with the previous results based on the workfunction 

measurements [11]. Tikhov et al. suggested that the distorted MoSn3(100) forms a coincidence lattice 

with Mo(110) with the (3×1) structure. The distortion gives an excellent fit to the substrate but requires 

a substantial compression of the MoSn3 (100) plane [11].  

In the case of Indium on W(110) and Sn on W (110) [16,17], (3×1) structure was also observed at 

room temperature, which is not the case for Sn/Mo(110). In/W(110) and Sn/W(110), the hollow sites 

are assumed to be preferred by adsorbates, creating an overlayer on the substrates. The overlayer model 

for (3×1) is different from our conclusion. On the other hand, the formation of (3×1) for Sn/Mo(110) 

occurs only at high temperatures (~ 800 K). It was suggested that the alloy formation on In/W(110) 

was improbable since larger activation energy of 5 eV was necessary. At a temperature approaching 

800 K, however, the diffusion mean free path is long enough for Sn atoms to reach the step edges 

according to STM observation, and the exchange between Sn and Mo at step edges would be easier, 

resulting in the surface alloy formation.  

3.3 Overlayer structures of 1×3 and 1×4 at high Sn coverage 

With increased Sn deposition at room temperature, we observed a (1×3) pattern by LEED as shown 

in Fig. 1(d), which corresponds to Sn coverages of 0.67 ML[11]. The (1×3) supercell is specified 

relative to the base vectors a1
′′ in the direction of [001] and a2

′′ in the direction of [11̅1]. Fig. 2(b) 

shows the optimized model, which gives the best Rp (0.24) obtained from the I-V LEED analysis as 

shown in Fig. 3(b). Two Sn atoms in the unit cell occupy the nearest three-fold hollow sites, not four-

fold hollow sites. The DFT calculation also confirms that the adsorption energy of Sn under this model 

is the smallest (-4.37 eV).  

It seems surprising that Sn does not adsorb on the most stable site for single Sn adsorption, the four-

fold hollow site. The previous experiments assumed Sn adsorption at the four-fold site for 1×3 

structure [11]. Two Sn atoms cannot occupy the four-fold hollow sites simultaneously due to size 

mismatch, which results in an elastic energy gain of +0.45 eV/atom compared with the optimized 

structure as revealed by DFT. Other possible configurations of two Sn atoms such as the four-fold and 

bridge (+0.16 eV/atom), the four-fold and three-fold (+0.11 eV/atom), are slightly unstable compared 

with the three-fold and three-fold case. Sn does not adsorb on the four-fold sites for 1×3 structure.  

We summarize the structure parameter of the optimized (1×3) model in Table 2. Both I-V analysis 

and DFT give nearly identical results. Sn1 atoms locate 2.35 Å (DFT:2.44 Å) above the average Mo 

plane. Since all Sn atoms occupy three-fold sites, there is no buckling. The average distance between 

first and second Mo layer is 2.22 Å (DFT:2.23 Å), which is longer than 2.17 Å for clean Mo(110). The 

strong bonding could explain the increased Mo interlayer distance toward the Sn layer between Sn and 



Mo. The second layer Mo hardly changes their position, which means Sn adsorption hardly affects the 

inner layer atoms and only has a strong bonding with the first layer atoms. 

According to STM measurements, the first two layers of Sn grow layer by layer at room 

temperatures, and for submonolayer coverage, Sn atoms prefer to nucleate randomly [9]. Therefore, 

the model involving Sn atoms in the substitutional sites is less suitable. Although the four-fold hollow 

sites would be energetically preferable, the adsorption sites of one Sn in four-fold hollow sites and the 

other one in the three-fold, which is the model for Pb/Mo system [11], have not been applied to 

Sn/Mo(110). The lateral force between Sn atoms makes the distance of Sn rather uniform. The 

distances between next-neighbor three Sn atoms are 3.15 Å, 3.55 Å, and 3.48 Å along the direction 

[001], [11̅1] and [11̅0], respectively.  

We observed (1×4) LEED pattern as shown in Fig. 1(e), with increasing Sn coverage at room 

temperature, in agreement with the previous results [10,11]. The ideal coverage for 1×4 is 0.75 ML. 

Fig. 2(c) shows the optimized structure model for (1×4), which gives the best Rp (0.17) in LEED I-V 

analysis as shown in Fig. 3(c). In this optimized model, one Sn atom (Sn1) sits in the four-fold hollow 

sites, and the other two Sn atoms (Sn2, Sn3) occupy the nearest three-fold hollow sites. The adsorption 

position is not entirely four-fold hollow sites which is energetically the most favorable site. The 

combination of the adsorption sites is consistent with proposed models for (1×4) structures on 

In/W(110) [17] and Cl/Mo(110) [26]. In Cl/Mo(110), the atomic radius of Cl is so large (1.5 Å) that 

the Cl atoms in the cell are pushed from the four-fold hollow to the center of the unit cell. For In/W(110) 

M. Stöhr et al. suggested that adsorption of the In atoms in or close to the pseudo-threefold site 

provides a reasonable compromise between optimum chemical adsorption and considerable stress 

within the In adlayer [17]. In this work, however, Sn atoms first occupy three-fold hollow sites at the 

coverage of 0.67ML due to the lateral force from near Sn atoms, then start occupying four-fold hollow 

sites. 

As Sn coverage increases, Sn atoms move toward the nearest stable sites. In addition, The DFT 

calculation results also confirm that the adsorption energy of Sn of the model is the lowest (-4.22 eV). 

In contrast to the adsorption energy of (1×3) structure (-4.37 eV), the average adsorption energy 

slightly decreases, even though Sn starts to occupy the favorable four-fold hollow site. The decreased 

adsorption energy with increasing Sn coverage indicates that the interaction between Sn atoms on Mo 

surface is repulsive [11]. 

Table 3 shows the structure parameters of (1×4). The parameters obtained from DFT reasonably 

agree with those from I-V analysis. Sn atoms at the four-fold hollow sites locate 2.44Å (DFT:2.50 Å) 

above the average Mo plane. In contrast, Sn atoms at the three-fold hollow sites lie in the lower position, 

2.40 Å (DFT:2.44 Å) above the first Mo plane, causing slight buckling of 0.04 Å (DFT:0.06 Å). The 

average distance between the first and second Mo layer is 2.21 Å (DFT:2.20 Å), which is shorter than 

2.22Å (DFT:2.23 Å) for (1×3) structure. Due to the denser Sn overlayer in the (1×4) structure, the Mo 

interlayer distance between the first and second layer decreases and shifts toward the bulk compared 

with (1×3) structure. As (1×3) structure, the rearrangement of Sn atoms in the surface layer makes the 

distance of Sn rather uniform. The distance between the nearest Sn atoms is 3.15 Å along [001] and 



[11̅0], and 3.28 Å along [11̅1], indicating a metallic bond. As shown in Figs. 2(b) and (c), all the Sn 

atoms in (1×3) are surrounded by five Sn atoms. In (1×4), Sn at the four-fold hollow site (Sn1) is 

surrounded by six Sn, while the ones at the three-fold hollow site (Sn2, Sn3) by five Sn.  

The Sn forms dense and flat overlayers on Mo(110) at room temperatures and the (1×4) structure 

resembles β-Sn(100) closely as shown in Fig. S1 [27], which is a metal and the stable form of Sn at 

ambient conditions. The [001] direction of (1×4) is parallel to the [001] of β-Sn(100). On the other 

hand, stanene are considered as a stacking of α-Sn(111). The unit cell of β-Sn(100) is a rectangular of 

3.17 Å × 5.82 Å and the atomic density is 1.07×1019 /m2, which is close to that of 1×4 structure, 

1.08×1019 /m2. The structural analysis indicates that Sn overlayer on Mo(110) is metallic. 

 

4. Conclusion 

We have determined some ordered Sn structures on Mo(110) using LEED I-V analysis. Sn forms 

ordered surface alloy, 3×1 structure, for the coverage less than 1/3 ML upon annealing at 800 K, while 

it shows overlayer structures of (1×3) and (1×4) for the coverage more than 1/3 ML. From the DFT 

calculation, the four-fold hollow site is the most stable for a single Sn, followed by the three-fold 

hollow site. On the other hand, for the ordered structures, Sn atoms first adsorb in the three-fold hollow 

sites for (1×3) at 0.67ML. With increasing Sn coverages, Sn atoms start to fill the four-fold hollow 

sites after three-fold hollow sites and form (1×4) at 0.75ML. In the (1×4) structure, Sn atoms have a 

relatively uniform bond length between 3.15-3.28 Å, and the number of adjacent Sn atoms is five or 

six, depending on the adsorption sites. Compared with the bulk Sn structures, the 1×4 structure 

resembles β-Sn(100), indicating that the Sn overlayer on Mo(110) is of a metallic nature, not covalent.  
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Figure Captions 

Fig. 1. (a) Structure and basis vectors, 𝒂𝑖 , 𝒂𝑖
′, 𝒂𝑖

′′ (𝑖 = 1,2) of Mo(110). The (3×1) is specified 

relative to 𝒂𝑖
′, and the (1×3) and (1×4) are relative to 𝒂𝑖

′′. Note that 𝒂𝑖 defines diffraction indices for 

1×1 clean surface and all I-V curves in Fig. 3 since diffraction spots intensity for LEED analysis were 

recorded individually from sets of symmetrically equivalent beams. “1” − “5” sites denote the 

substitutional and overlayer sites of a single Sn atom, respectively. (b) – (e) LEED patterns for clean 

(1×1), Sn induced (3×1), (1×3), (1×4) surfaces with reciprocal lattice vectors, 𝒃𝑖 , 𝒃𝑖
′, 𝒃𝑖

′′(𝑖 = 1,2). All 

the LEED patterns were taken at an incident electron energy of 195 eV. 

 

Fig. 2. Top and side views of determined structure models for (a) 3×1, (b) 1×3, and (c) 1×4. S1-S4 

denote positions of Sn, while M1 – M4 of Mo. In (b) and (c), the size of Sn atom is reduced to show 

the adsorption site clearly. The red dashed circles in (b) with a radius of ~3.3 Å and (c) with a radius 

of ~3.2 Å are guides for atomic distances nearby and coordination numbers. Refer to Tables 2 - 4 for 

detailed structure parameters. 

 

Fig. 3. Comparison of experimental (black) and theoretical (red) LEED I-V curves for (a) 3×1, (b) 

1×3 and (c) 1×4. Note that the spot indices are defined by the primitive lattice vectors, 𝒂1, 𝒂2 shown 

in Fig. 1(a). 

 

  



Tables 

 

 Table.1 Calculated adsorption energies of single Sn atoms.  

 

No. Adsorption site 𝐸𝑎𝑑𝑠 (eV/atom) 

1 Substitutional -4.61 

2 Four-fold hollow -4.22 

3 Three-fold hollow -4.05 

4 Short bridge -3.84 

5 On-top -3.46 

 

  



Table.2 Atomic positions and their errors for the optimized (3×1) structure determined by LEED 

analysis. Also listed are the parameters obtained by DFT. All the units are in Å. Refer to the model in 

Fig. 2(a) for the symbols and atoms. Mo atoms in the second layer (Mo3~5) are shifted by ~
1

2
𝒂𝟏

′′ 

relative to those in the first layer. 

 

Symbol Atom    LEED      DFT  

  [001]   [11̅0]  [110]   [001] [11̅0] [110] 

S1 Sn1 0.00*   0.00*  0.56 ±0.02  0.00* 0.00* 0.65  

M1 Mo1 3.11 ±0.03  0.00*  0.00 ±0.01  3.06  0.00* 0.00  

M2 Mo2 6.32 ±0.03  0.00*  0.00 ±0.01  6.38  0.00* 0.00  

M3 Mo3 1.57 ±0.03  0.00*  -2.11 ±0.01  1.58  0.00* -2.11  

M4 Mo4 4.72*   0.00*  -2.11 ±0.02  4.72* 0.00* -2.06  

M5 Mo5 7.87 ±0.03  0.00*  -2.11 ±0.01  7.86  0.00* -2.11  

* denotes that the position is fixed due to symmetry. 

  



Table. 3 Atomic positions and their errors for the optimized (1×3) structure determined by LEED 

analysis. Also listed are the parameters obtained by DFT. All the units are in Å. Refer to the model in 

Fig. 2(b) for the symbols and atoms. Mo atoms in the second layer (Mo4~6) are shifted by ~
1

2
𝒂𝟏

′′ 

relative to those in the first layer.  

Symbol Atom   LEED       DFT  

  [001]  [11̅0]   [110]   [001] [11̅0] [110]  

S1 Sn1 3.15*  1.85 ±0.09  2.37 ±0.07  3.15 1.69 2.44 

S2 Sn1 4.72*  5.14 ±0.15  2.37 ±0.05  4.75  5.03  2.43 

M1 Mo1 0.00*  0.00 ±0.12  0.00 ±0.03  0.00 0.00 0.00 

M2 Mo2 1.57*  2.39 ±0.09  -0.15 ±0.06  1.57 2.23 0.00 

M3 Mo3 3.15*  4.70 ±0.09  -0.10 ±0.03  3.15 4.43 -0.01 

M4 Mo4 1.57*  0.00 ±0.12  -2.30 ±0.03  1.57 0.00 -2.24 

M5 Mo5 3.15*  2.11 ±0.13  -2.31 ±0.04  3.15 2.22 -2.24 

M6 Mo6 4.72*  4.41 ±0.03  -2.30 ±0.03  4.72 4.43 -2.22 

* denotes that the position is fixed due to symmetry. 

  



Table 4. Atomic positions and their errors for the optimized (1×4) structure determined by LEED 

analysis. Also listed are the parameters obtained by DFT. All the units are in Å. Refer to the model in 

Fig. 2(c) for the symbols and atoms. Mo atoms in the second layer (Mo5~8) are shifted by ~
1

2
𝒂𝟏

′′ 

relative to those in the first layer. 

Symbol Atom   LEED       DFT  

  [001]  [11̅0]   [110]   [001]  [11̅0] [110] 

S1 Sn1 1.57*  0.00*   2.44 ±0.03  1.57 0.00 2.50 

S2 Sn2 3.15*  2.91 ±0.06  2.40 ±0.02  3.15 2.88 2.44 

S3 Sn3 3.15*  5.99 ±0.06  2.40 ±0.02  3.15 6.02 2.44 

M1 Mo1 0.00*  0.00*   0.00 ±0.03  0.00 0.00 0.00 

M2 Mo2 1.57*  2.23 ±0.05  -0.01 ±0.02  1.57 2.22 0.00 

M3 Mo3 3.15*  4.45*   -0.02 ±0.03  3.15 4.45 -0.02 

M4 Mo4 4.72*  6.68 ±0.05  0.00 ±0.02  4.72 6.68 0.00 

M5 Mo5 1.57*  0.00*   -2.22 ±0.02  1.57 0.00 -2.21 

M6 Mo6 3.15*  2.23 ±0.07  -2.22 ±0.02  3.15 2.21 -2.20 

M7 Mo7 4.72*  4.45*   -2.22 ±0.02  4.72 4.45 -2.18 

M8 Mo8 6.29*  6.68 ±0.07  -2.22 ±0.02  6.29 6.70 -2.20 

* denotes that the position is fixed due to symmetry. 
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