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ABSTRACT: Understanding long-range adsorbate-adsorbate interactions on surfaces, 

such as halogens on metal surfaces, is important in the fields of electrochemistry, catalysis, 

and thin film growth. In this work, we computationally studied bromine (Br) stripe 

formations on Cu(111). These stripes are found to be surface-mediated and temperature-

modulated; they are facilitated by Br-Cu bonding guided by self-patterning of Cu(111) 

surface frontier orbitals and by strain release induced stripe migration in a thermal bath. 

The calculated surface wave-functions in frontier occupied states show stripe-like electron 

distributions and thus the favorable sites of Br adsorptions on Cu(111) are also stripe-like. 

The temperature effect is notable in that the thermal energy of 50 K easily dominates Br 

stripe gathering in (3×3)R30° structures. Corresponding electron stripes on the surface 

could be generated, widened, shrunk or removed depending on spacing changes of Br 

stripes, thus reflecting diverse and changeable formation features for dynamic patterns of 

adsorbates on Cu(111).   
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1. Introduction  

        Understanding adsorbate-adsorbate interactions on surfaces is of great importance in 

the fields of electrochemistry, surface catalysis, and thin film growth for industrial 

processes, and thus has become a basic research focus. In studies of many adsorbates [1-

6], it was observed that surface structures including island-, stripe- and bubble-like patterns 

are ubiquitous on surfaces. The common question arose why the islands do not grow but 

instead turn to isolated stripes or bubbles with increasing monolayer coverage, thus calling 

for a convincing explanation. 

For several decades, inhomogeneous adsorption of halogen atoms on metal surfaces 

has been experimentally studied to accurately determine the adsorbate structure by means 

of low energy electron diffraction (LEED), scanning tunneling microscopy (STM), X-ray 

photoelectron spectra (XPS) and other techniques [7-13]. For instance, Jones et al. [8] 

studied the dissociative chemisorption of molecular bromine on Cu(111) at 300 K and 

interestingly found that a (3×3)R30° structure was formed initially at a bromine (Br) 

monolayer coverage of 1 ML (1 ML is defined in this work as Br atoms covering the 

surface at a ratio of one Br for three substrate atoms, which corresponds to the (3×3)R30° 

ordered structure, relative to the (1×1) clean-Cu(111) lattice). This particular arrangement 

results from competing interactions between Br adsorbates through van der Waals (VdW) 

attraction and dipole-dipole repulsion, yielding the (3×3)R30° lattice at cryogenic 

temperatures. However, these interactions are basically effective over a short range of less 

than 0.5 nm [10], which should therefore not dominate longer-range adsorbate formations 

observed in experiments. 

Some studies [10, 14-17] have already suggested that long-range interactions strongly 

influence adsorbate ordering on metals, using STM techniques and theoretical derivations. 

For larger halogen separations at nanometer scales, the indirect interactions might 

dominate due to partial filling of the surface-state band, as previously predicted by Lau and 

Kohn [14] and later confirmed by Nanayakkara et al. [10] who experimentally studied the 

long-range interaction between Br islands adsorbed on Cu(111). The latter found that the 

nearest neighbor spacing between islands tends to be half-multiples of the Fermi 

wavelength of Cu(111) (λF=3.0 nm), with the local minima of the oscillating interaction 



 

 

potential energy occurring at approximately 1.2, 2.6, 4.1, and 5.6 nm. The surface-state 

electronic wave function behaves as a two-dimensional nearly free electron gas [15-17] 

and the long-range interactions are relatively insensitive to the adatoms, depending more 

on the substrate surface-state electrons [15].  

Computational techniques, such as density functional theory (DFT), are becoming 

more and more powerful to interpret experimental observations. Thus, there have been 

many related studies of adsorbate bonding with surfaces, electronic structure and phase 

diagrams, intermediate dynamic and kinetic instability, and energetics on substrates 

[11,18-26]. As a result, Pašti et al. [18] have confirmed the most favorable halogen binding 

site to be the 3-fold hollow site (fcc or hcp) of the surfaces for halogen (Cl, Br, I) adsorption 

on crystallographic (111) planes of Pd, Pt, Cu, and Au, with binding energies in the order 

fcc hollow site ≈ hcp hollow site > bridge site > top site, from most favorable to least 

favorable. The adsorption energies decrease as the size of the halogen atoms increases and 

are correlated to the position of the d-band of the surface atoms. As revealed by first-

principles calculations [19], the adsorption energy of Cl atoms on the substrate Mg (0001) 

decreases and the repulsion between Cl atoms becomes stronger with increasing adsorbate 

coverage. In a cluster-model study [20], it was found that the interaction and bonding arise 

almost entirely from the Coulomb attraction between the anionic halogen and the Cu metal, 

and from the electron polarization associated within the local interacting unit. In the DFT 

study of Doll et al. [24], the Cl-Ag bonding nature for the adsorption of Cl on Ag(111) was 

also found to be more likely ionic than covalent. As the metal surface electrons are easily 

polarized, the long-range interactions between adsorbates are commonly supposed to be 

substrate-mediated. These results provide guidance and a preliminary basis for our work, 

although few studies have focused on long-range interactions between adsorbates due to 

the challenge of time-consuming computations. 

Moreover, the surface corrugation is probably uneven in the real situation and halogen 

adsorbates may diffuse among fcc, hcp and bridge sites so as to locally rearrange on the 

substrate. This is the so-called indirect elastic interaction through substrate distortion, as 

revealed by Zheltov et al. [26] who found a structural paradox (chainlike structures with 

abnormally short distances of 0.38 nm between Cl atoms) at submonolayer coverage of Cl 



 

 

on Au(111). There may be multiple formation factors for determining the morphologies of 

adsorbates on surfaces. More evidence is needed to address this issue. 

2. Computational details  

To help clarify the mechanism of adsorbate interactions over long-range distances, we 

utilized first-principles DFT calculations and molecular dynamics (MD) simulations to 

study Br stripe dispersions on Cu(111) at low coverages as an example. We carried out 

calculations using a large model at nanometer scale. The calculations were done using the 

SIESTA code [27] which adopts the DRSLL exchange-correlation functional with the 

capability to include VdW interactions [28,29], and double zeta plus polarization orbitals 

as the basis set. The detailed parameters used in the calculations include a maximal force 

threshold of 0.02 eV/Å, a projected atomic orbital energy shift of 10 meV, and a maximal 

displacement tolerance of 10-4 Å. Note that SIESTA has been successfully applied in many 

DFT studies of adsorbates-surface interactions [30-32]. The pseudopotential (PS) of Br 

was generated by ourselves. By the transferability test, the radius cut off for s, p, d and f 

orbitals of Br were respectively set as 1.9, 2.0, 2.2 and 2.9 Bohr and the PS-AE (all 

electrons) eigenvalue differences are less than 1 mRy, guaranteeing to achieve the standard 

accuracy.  

3. Results and discussion  

To determine the possible deposition sites of Br on Cu(111), we firstly study the 

chemical reactivity of the Cu(111) using frontier orbital theory [33] by examining the 

energy levels  and spatial distributions of frontier molecular orbitals (FMOs) for Br atoms 

without a Cu(111) surface, for a Br-free Cu(111) surface, and for Cu(111) covered with 

one dimensional one-atom-wide Br stripes. The Cu(111) model is built with a 2D unit cell 

of size (203×43)R30° in order to exhibit longer-range interactions between stripes. The 

Cu(111) is composed of three layers of Cu atoms. Lattice parameters are a=8.854 nm, 

b=1.771 nm, c=5.0 nm, α=β=90°, γ=120°. To reduce the computational time, we only 

perform single-point total energy calculations based on large supercells enlarged from 

small locally-equilibrated geometries. The resulting energy levels of separated Br and 

Cu(111) as well as for combined Cu(111)-Br in Figure 1 indicate preferred interaction, due 



 

 

to close energy levels, between the SOMO  (singly occupied MO) of Br and the HOMO 

(highest occupied MO) or nearby occupied MOs of Cu(111) and Br-covered Cu(111). 

Many occupied FMOs below the Fermi level are clearly stripe-like, as illustrated in Figure 

2. Clearly, on Br-free Cu(111), other identical orbitals exist in two other symmetry-

equivalent directions or translated along the surface by any Cu-Cu lattice vector. This thus 

reflects that Br stripes can extend to larger widths on Cu(111) in the (3×3)R30° ordered 

structure or be isolated in the vicinity of the Br stripe on Cu(111). The various stripe-shaped 

FMOs also indicate the non-negligible possibilities of multi-interval Br stripes on the 

surface. We thus suppose that Br stripe intermediates are substrate-mediated by stripe-like 

MO wave-functions, which donate surface electrons to the Br atoms by forming Cu(δ+)-

Br(δ-) bonds. We also predict that one might be able to artificially control the Br stripes on 

the surface by tuning the orbitals of the surface Cu in the experiment such as by means of 

applied magnetic fields [2,3].   

 

Figure 1. Energy levels of an isolated Br atom (left) and of frontier molecular orbitals in 

the range of -5 to -4 eV for Br-free Cu(111) (middle) and Cu(111) with one infinite Br 

stripe (right) from DFT calculations. A Cu(111) model with three Cu layers seen in top 



 

 

view is illustrated with a unit cell size of (203×43)R30° (top right) and with an 

additional Br stripe (middle right); Cu and Br are colored in red and brown, respectively. 

 

(a) HOMO-7 of Cu(111) (-4.9195 eV) 

 

(b) HOMO-6 of Cu(111) (-4.9194 eV) 

 

(c) HOMO-2 of Cu(111) (-4.9053 eV) 

 

(d) HOMO of Cu(111) (-4.9019 eV) 

 

(e) HOMO-13 of Cu(111)-Br (-4.9944 eV) 



 

 

 

(f) HOMO-8 of Cu(111)-Br (-4.9460 eV) 

 

(g) HOMO-6 of Cu(111)-Br (-4.9305 eV) 

 

(h) HOMO of Cu(111)-Br (-4.9008 eV) 

Figure 2. A selection of a few among many distinctly stripe-shaped frontier OMOs below 

the Fermi levels on a (203×43)R30° unit cell of three-layer Cu(111) (panels (a)-(d)) 

and on Cu(111) with one infinite Br stripe in the center (panels (e)-(h)), from DFT 

calculations with the energy cutoff 300 Ry. The MO energy eigenvalues are shown in 

parentheses. Each orbital is shown in top view and Cu and Br atoms are colored in red 

and brown, respectively. Yellow and blue striped regions represent the MO wave-function 

with opposite phases. The isovalue is set as 0.003 a.u. to give a clearer illustration. 

The FMOs depicted in Figure 2 reflect the substrate-mediated distributions for Br 

adatom stripes. To accurately study the interaction energies between Br stripes or between 

Br stripes and Cu(111), a smaller model with unit cell (103×3)R30° Cu(111) was 

adopted with the lattice parameters a=4.427 nm, b=0.4427 nm, c=5.0 nm, and α=β=90°, 

γ=120° (cf. Figure 3a). The Cu(111) is composed of four layers with the first layer fully 

relaxed and the deeper three layers fixed in the optimizations. In this model, all Br stripes 

are one-atom-wide linear strings of Br atoms (as in Figures 1 and 2); we kept one such Br 

stripe (as well as its periodic counterparts described in the caption of Figure 3) attached at 



 

 

an fcc site (brown atom at left in Figure 3a), while putting a second identical Br stripe to 

other fcc sites (shown by arrows in Figure 3a) to sample various realistic Br-Br distances 

in the range 0.25–3.97 nm (note that beyond 2.21 nm the structures repeat by mirror 

symmetry due to the finite unit cell, but with slight numerical asymmetry). Numbers in 

Figure 3a show equilibrated distances from DFT optimizations in nm, measured from the 

drawn Br stripe at left; the intervals are not strictly equal due to the impact from local 

surface strains. Both Br stripes are also periodically repeated to the right and left with the 

lattice parameter a. Thus, when the second stripe is at position 2.21 nm, it lies midway 

between the first stripe and its periodic counterpart to the right (just outside the figure). 

(Unlike in Figure 1, here only a narrower slice of the surface with two single Br atoms is 

studied.)   

To find the most favorable spacing between two Br stripes, the relative total energies 

were calculated and compared, as shown in Figure 3b. With the energy cutoff of 300 Ry, 

two favorable stripe distances are found, 1.11 nm and 1.77 nm, as well as their symmetry-

equivalent distances, 3.32 nm and 2.65 nm. The distance 1.11 nm is slightly more favorable 

than 1.77 nm. This 1.11 nm value matches well the nearest inter-island distance of 1.2 nm 

mentioned previously for Br islands [10] and thus suggests a constant stripe separation 

despite varying Br coverage. However, the differences in total energy are minor, varying 

in the range from -40 to 20 meV (except for the Cu-bulk-like distance of 0.25 nm). This 

implies that the equilibrated geometries of Br stripes on Cu(111) at long-range distances 

may also be sensitive to other low-energy effects, such as thermal disturbance, surface 

electron polarization, substrate distortion or defects. Namely, such small energy 

differences reflect that the potential energy would not be the only factor influencing which 

long-range distances between Br stripes would dominate on the surface in real situations. 

For example, in a cryogenic STM, although the system is usually slowly cooled down in 

order not to be dramatically perturbed by kinetic energy, the temperature effect still exists 

and is non-negligible. (The high single-point total energy at 0.25 nm, ~4.6 eV above all the 

other total energies, reflects strong Br-Br repulsion at 0.25 nm, which is the bulk Cu-Cu 

lattice constant a in the surface plane, precluding the formation of a (1×1) overlayer, in 

agreement with the previous experiments [8,10]. Our following simulations were thus 



 

 

carried out starting from the ~√3a distance of 0.45 Ẳ, corresponding to the (√3×√3)R30° 

superstructure.) 

 

 

Figure 3. (a) Top view of attachment positions for two Br stripes on a (103×3)R30° unit 

cell of Cu(111) with lattice parameters a=4.427 nm, b=0.4427 nm, c=5.0 nm, and 

α=β=90°, γ=120°. One Br stripe is built by periodically repeating the single brown Br 

atom diagonally up and down the figure with the lattice parameter b, as illustrated in 

Figure 1; the other Br stripe is similarly built from a second Br atom placed at various 

positions shown by arrows. As a function of Br-Br distance, (b) shows total energies 

relative to that at 0.45 nm, and (c) adsorption energies per Br stripe on Cu(111), as defined 

(a) 



 

 

by the inset formula (cf. text) and averaged over the two stripes to reduce numerical 

uncertainties. 

The Br binding strength to the surface may affect the spatial dispersion of the Br stripes. 

We firstly estimated the Br stripe adsorption energy per (103×3)R30° unit cell (Eads) 

through Eads = (Esub+Br1+Br2 – EBr1+Br2 – Esub)/2, where Esub+Br1+Br2 is the energy of the fully 

optimized complete system, EBr1+Br2 is the total energy of two frozen Br stripes, which have 

retained their mutual positions after removal of all Cu atoms, and Esub is the total energy 

of the frozen substrate after removal of the Br stripes. The division by 2 yields the average 

adsorption energy for each Br stripe. As shown in Figure 3c, Eads for each Br binding with 

three Cu at fcc sites varies from -2.38 to -2.30 eV. The adsorption energy becomes more 

favorable beyond a Br-Br distance of about 0.8 nm, after which distance it fluctuates 

slightly by about 10 meV. We find a local minimum of Eads at 1.11 nm. The adsorption 

energy appears to flatten out beyond about 1.6 nm; this flattening is likely due to the 

growing influence of the next fixed stripe at 4.427 nm, suggesting a decaying interaction 

between more widely separated Br stripes beyond about 2 nm. This calculated behavior is 

consistent with the experimental pair correlation functions [10], which shows an exclusion 

zone below about 1 nm.  

The above electronic structures and potential energy results merely verify the long-

range spatial dispersion of Br stripes on the surface in a thermodynamic equilibrium state. 

Basically, surface structures were formed though a slowly annealing process from high to 

low temperature in experiments, implying the non-negligible temperature effect. We thus 

next study the temperature effect on the interactions between Br stripes on Cu(111) in 

cryogenic STM conditions. We accomplished a number of first-principles MD simulations 

[34-39] for ~3.5 ps using the canonical ensemble with the Nosé thermostat [40-41] in a 

regime with constant particle number, constant volume and constant temperature (NVT). 

The thermostat was set to T = 50 K with a time step of 1 fs for the integration of the 

equations of motion. We chose 50 K because it is not only a feasible temperature for STM, 

but also convenient for observing the behavior of Br stripes in the limited first-principles 

MD simulation time. The MD simulations start from eight equilibrated configurations at 

the distances of 0.45–2.0 nm. As shown in Figure 4, the seven trajectories (except for 0.45 



 

 

nm, which corresponds to the close-packed (3×3)R30° structure) move immediately to 

the next shorter distance within ~1000 fs, but mostly remain unchanged for the next 2000 

fs. This may be due to the large temperature fluctuation (cf. Figure S1) at the beginning of 

the MD simulations resulting in the velocities of Br atoms being large enough to overcome 

the barrier between two adjacent hollow sites. Importantly, the time evolution of the 

distances consistently reflects the ultimate aggregation trend of Br stripes into regions of 

(3×3)R30° surface structures as driven by such a small kinetic energy. For example, the 

trajectory starting at 0.67 nm merges into that at 0.45 nm; all the other Br stripe distances 

would be finally reduced to ~0.45 nm given a long enough simulation time, as evidenced 

by the 2.0 nm distance trajectory going down to ~1.7 nm at 4 ps.  

 

Figure 4. Time evolution of Br-Br stripe distances on Cu(111) by MD simulations starting 

from the eight equilibrated geometries from 0.45 to 2.0 nm shown in Figure 3a.  

We ascribe the Br stripe aggregation partially to the substrate mediation in a thermal 

bath. Our MD simulation indicates that the total energy almost remained constant (cf. 



 

 

Figure S2), due to complementary fluctuations between potential and kinetic energies (cf. 

Figure 5). This may result from the fact that the internal residual force by the thermostat is 

so small that only the atomic vibrations induce the exchange between potential and kinetic 

energies. Figure 6 illustrates the strain energy Estrain as calculated by the difference between 

each frozen surface energy from the above complexes (i.e. Esub from Figure 3c) and the Br-

free surface energy with full relaxation. The strain energy reflects the surface energy 

deviation from its equilibrium state and the increase of surface internal energy. The Estrain 

grows from 40 to 90 meV as the longer Br-Br distance increases, due to the formation of 

three Cu-Br bonds at each different fcc site. The vibrating surface Cu atoms may release 

thermal energy and weaken the Cu-Br bonds, thus favoring aggregation in fcc sites forming 

the compact (3×3)R30° structure. The surface strain may also play a role in facilitating 

Br stripe aggregation on Cu(111). Our MD results indicate that the thermal energy of 

merely 50 K could already significantly widen the Br stripes.      

 

Figure 5. Time evolutions of complementary fluctuations between potential and kinetic 

energies of eight complexes for two Br stripes on Cu(111) at distances of 0.25-2 nm by 

first-principles MD simulations.  



 

 

 

Figure 6. Relative total energies of the frozen substrate from the equilibrated complex with 

two Br stripe attachments with that of a bare Cu(111) fully relaxed by DFT calculations. 

The strain energy shows the surface energy deviation from its equilibrium state and its 

internal energy increase as induced by the formation of Cu-Br covalent bonds.  

In addition, the trajectories based on 1000 - ~3500 fs can be used to theoretically predict 

the pair correlation function, G(r), cf. Figure 7, in order to statistically analyze the 

favorable Br stripe distance from our MD samples. The reference point is the Br stripe at 

the left in Figure 3a. We predict the appearance probability of the other Br stripe near fcc 

sites (i.e. the pair correlation function G(r)) in intervals of 0.01 nm. The G(r) peaks are 

much larger for the 0.45 and 0.67 nm cases than the others. This shows that the Br stripes 

are favorably aggregated in a distance of 0.45 nm, corresponding to the (3×3)R30° 

structure as dominated by VdW dispersion. Although we do not see Br stripes on surface 

stabilizing at 1.11 nm during the MD simulations, the G(r) peak appearing at 1.11 nm is 

relatively higher than the adjacent ones, implying it is likely to be a favorable interval 

distance between Br stripes.  



 

 

 

Figure 7. Pair correlation function, G(r), as a function of Br-Br distance, obtained by 

analyzing eight MD distance trajectories of Br-Br stripes on Cu(111). 

        Combining the influence due to substrate and temperature, we track the evolution of 

stripe-like electron distributions on the surface with the Br-Br distance, based on the 

geometries taken from MD simulation frames at 1 ps (cf. the vertical dotted line in Figure 

4). As shown in Figure 8, the electron stripes could be generated, merged, separated or 

removed on Cu(111) with the spacing change of Br stripes. This reflects diverse and 

changeable formation features for dynamic patterns of Br on Cu(111), which can help to 

explain why the Br island, stripe and bubble patterns can be found on surfaces. 

     
(a) 0.47 nm (b) 0.69 nm 



 

 

      

        

 

Figure 8. A distinctly stripe-shaped frontier OMO variation with the Br-Br distance from 

0.47 (a) to 1.79 nm (g) based on the geometries taken from MD simulation frames at 1 ps 

at T=50K (cf. Figure S3 (b)-(h)). Noted that each orbital is shown in seven supercells along 

b direction on a (103×3)R30° unit cell of four-layer Cu(111). Cu and Br atoms are 

colored in red and brown, respectively. Yellow and blue striped regions represent the MO 

wave-function with opposite phases. The isovalue is set as 0.01 a.u. to give a clearer 

illustration.  

4. Conclusion  

In conclusion, we have shown that the surface structures of Br stripes on Cu(111) are 

diverse and changeable, mainly substrate-mediated and temperature-modulated with an 

integrated impact from molecular orbital interactions and dynamical aggregations, as 

evidenced by performing first-principles DFT calculations and MD simulations. 

Specifically, our calculated surface wave-functions in frontier occupied states show stripe-

like electron distributions and thus the favorable sites of Br adsorptions on Cu(111) are 

(c) 0.90 nm (d) 1.13 nm 

(e) 1.35 nm (f) 1.60 nm 

(g) 1.79 nm 



 

 

stripe-like. A minimum favorable spacing of ~1 nm between stripes was obtained in further 

total energy calculations in our small-scale model. The temperature effect is also notable 

in that the thermal energy of 50 K easily dominates Br stripe gathering in (3×3)R30° 

structures, as evidenced by MD simulations of models of Br stripes on Cu(111) surfaces 

with different neighboring stripe separations varying in the range of 0.45–2 nm. In general, 

the electron stripes on the surface can be generated, widened, shrunk or removed, also 

causing spacing changes of Br stripes in a thermal bath, and reflecting diverse and 

changeable formation features for dynamic patterns of Br on Cu(111). 
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