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Abstract 

In the present work we have studied the electrochemical nonpseudomorphic formation of Pb 

bidimensional structures on Au(111) surfaces. Based on the two-phase thermodynamic method, we have 

analyzed, from a computational perspective, entropic and energetic contributions to underpotential 

deposition. The occurrence of incommensurate nanophase formation, rotation of the adsorbate with 

respect to the substrate, and the effect of expansion and compression of the Pb monolayer were also 

analyzed. Our results show that the entropic contribution to monolayer underpotential deposition of Pb on 

Au(111) at room temperature is approximately 20% of the total free energy excess. For very small 

clusters, this contribution increases up to 45%. Simulations show that in the early stages of formation, Pb 

nanophases grow without rotation. When the size of the Pb islands is close 100 atoms, a rotation process 

takes places. At relatively high coverage, a strong lateral compression of Pb monolayer sets on, evidenced 

by a sharp decrease in the distance between nearest neighbors. 

 

1. Introduction 

When a metal working electrode is polarized cathodically, ions of a less noble second metal may 

be deposited onto the substrate forming a monolayer or eventually submonolayer at potentials more 

positive than the Nernst potential of the metal being deposited. This process is called underpotential 

deposition (upd) of adatoms on metal electrode surfaces [1,2]. upd has been the subject of extensive 

experimental and theoretical research, especially since the nineties, using planar surfaces [3]. More 

recently, upd has been employed to modify surfaces exhibiting a significant curvature, as it is the case of 

the tip of a scanning tunneling microscope, nanocavities and nanoparticles [4,5,6,7,8,9]. Following the 

experimental evolution in the field, the thermodynamic formulation used to explain this phenomenon in 

macroscopic systems [3,10,11] has been extended to describe it at the nanoscale [12,13,14,15]. 



A statistical mechanical treatment and a proper description of interactions between the atoms of 

the system are necessary for an adequate theoretical representation of the electrochemical systems. It is in 

this direction that Oviedo et al [16], by means of quasi-harmonic lattice dynamics calculations with 

embedded atom method potentials at 300 K, showed that the vibrational entropic contribution is not a 

relevant part of the magnitude of the underpotential shifts (of the order of 5%) observed for full 

monolayers. While this modeling appears to be a reasonable approach for pseudomorphic monolayers 

formed which negligible crystallographic misfit, it may become inaccurate in the case of 

nonpseudomorphic systems. These are characterized by a high difference of lattice parameters yielding a 

large crystallographic misfit, where the anharmonic behavior of the frequency modes may become 

relevant. In this respect, Conway and Chacha [17] have studied experimentally the entropic contributions 

to Pb upd on polycrystalline Au, on the basis of the analysis of the change of the upd shift with 

temperature. These authors claimed that the entropies for the formation of the various Pb adatom states 

are quite large and positive, and thus they could only arise from the 2-d mobility of the adatoms. From 

their experimental measurements, they estimated entropic contributions to upd shift ranging between 

0.373 1eV atom−  and 0.615 1eV atom−  in aqueous solutions at room temperature. To translate these 

values into the electrochemical scale, it is worth noting that they correspond to upd shifts of 185 mV and 

307 mV respectively. In the case of dimethylformamide as a solvent this contribution was found to be as 

large as 370 mV. Taking into account that the upd shift estimated by Stafford and Bertocci [23] for Pb 

upd on Au(111) is of the order of 215 mV in 4ClO− , the values of Conway and Chacha indicate that 

entropy plays an essential role in determining Pb upd on Au(111). This large entropic contribution to upd 

for a nonpseudomorphic system was the main motivation to undertake the present study. With the 

purpose of performing atomistic simulations, we have chosen the system Pb/Au(111). This system is also 

of interest as a platform for galvanic replacement [18,19,20] and is one of the most widely studied upd 

systems in the literature, so that a large amount of information related to it is available, concerning its 

structure and electrochemical properties [1,2,17, 21 , 22 , 23 , 24 , 25 , 26 , 27 ]. Some other related 

nonpseudomorphic systems, like Pb/Ag(111), Tl/Ag(111) [26, 28 , 29 , 30 ], Pb/Cu(111), Pb/Cu(100), 

Bi/Cu(111) y Bi/Cu(100) [31,32] present similar structures, monolayer rotation and/or electrochemical 

properties, so that the approach presented below may also be employed for these systems, as long as their 

interatomic potentials are available. 

 It has been reported that the Pb/Au(111) surface forms hexagonal close-packed (hcp) islands at 

low coverage and an incommensurate hcp adlayer near to full coverage [1,2,26,27]. The related 

voltametric peak tends to become a double peak at fast sweep rates and a single peak at slow sweep rates, 

as the peak at more positive potentials disappears [30]. It has been reported in the literature that 

occurrence of these peaks, during the formation of the upd Pb adlayer, is an evidence of a surface alloy. 

On the other hand, an electrocompression of the Pb adlayer has been observed as the potential approaches 

the equilibrium potential of bulk deposition [27]. Shin et al [30] suggested that rotation of the adlayer 

takes place before this electrocompression process. Using X-ray scattering, Toney et al [26] have shown 

that the Pb adlayer rotates 2.8 degrees with respect to the Au(111) substrate and that interatomic spacing 

decreases with increase of coverage. Adlayer rotations have also been found by Mariscal and Schmickler 

[33] using molecular dynamic simulations. Although Au and Pb do not form a stable bulk alloy, they 



could form a surface alloy. In this respect, experimental results obtained by different groups are 

contradictory. While Toney et al. [26] did not observe surface alloying, other authors [27,30,32,34] 

presented strong evidence for surface alloy formation. 

The present work is organized as follows. Section II describes the computational and theoretical 

models and some basic definitions. Section III describes predictions of the thermodynamic behavior 

according to computer simulations. Finally, in Section IV the conclusions are given. 

 

2. Models 

2.1. Computational Methods 

The substrate employed in the present work was a Au(111) surface on which different quantities 

of Pb atoms were deposited. The substrate was represented by a slab made of 6 layers of atoms (4 mobile 

plus 2 fixed), each containing 2016 atoms, with the application of periodic boundary conditions in the [-

1,2,-1] and [-1,0,1], x and y directions, respectively (see Figure 4). This made a simulated area slightly 

larger than 140 nm2. Since the Pb overlayer is known to yield a incommensurate overlayer, we have 

checked convergence of all properties evaluated using different sizes of the simulation cell. 

The LAMMPS (June 3, 2013 release) package was used for Canonical Atomistic Dynamic 

(CAD) simulations, using a velocity Verlet integrator [35]. We employed a time step of 20 fs to solve the 

equations of motion [36]. For all simulations, the EAM [37] parametrization of Sheng et al. [38] was 

used. The Langevin thermostat [39] was used to fix the temperature at 300 K with a damping factor of 2 

ps. The rotational and translational degrees of freedom of the system as a whole were excluded at all 

stages of the simulation. The computational protocol was similar to that described in detail in reference 

[36]. 

The maximum Pb coverage attainable was obtained by the systematic insertion of Pb atoms 

using the following iterative procedure. The simulation box was set to 50 Å  in the [111] direction (z-

axis) to prevent any interaction between the upper and lower surfaces. Under these conditions, an island 

made of 1000 Pb atoms was located on the Au(111) surface ( 0.49θ ≈ ), and a constrained NVT 

simulation was started at 300 K, where a soft potential wall, parallel to the (111) surface was set above 

the Pb atoms, to keep them confined. With these boundary conditions, the Pb atoms may only move 

freely (relax) in the direction parallel to the surface (x-y plane). After 10 ps of simulation time, the 

potential wall was slowly moved away from the surface, allowing a smooth evolution of the system along 

the z-axis. After another 50 ps, the potential wall was completely removed. If the Pb layer remained 

confined in the neighborhood of a plane parallel to the surface, that is, if no Pb atoms were expelled from 

it, another Pb atom was added at random into the layer and the constrained NVT simulation proceeded 

again. If it was the case that one of more Pb atoms were expelled from the surface upon removal of the 

external potential wall, the atom insertion procedure was repeated, now attempting adatom insertion at a 



different place. The simulation was culminated after 20 unsuccessful insertion attempts, and this was 

considered the maximum coverage attainable. We denote this coverage with 
1
max

layerθ −
. 

For the estimation of radial and angular distribution functions, designed with RDF and ADF 

respectively, we have proceeded to the computation of the respective histograms accumulating data 

during a period of 0.2 ns. The bins used for RDF and ADF were 0.01 nm and 0.1 degrees, respectively. In 

order to obtain converged averages, we used data from 20 simulations with different initial conditions. 

Both functions were calculated for the Pb monolayer and for the first Au surface layer. 

The entropy-related thermodynamic quantities were calculated using the two-phase 

thermodynamic (2PT) method [40]. It is known that the 2PT method presents a high computational 

efficiency because it is possible to obtain through it, which reasonable accuracy, different thermodynamic 

functions using only 20 ps of CAD trajectory [41]. In the canonical ensemble, all thermodynamic 

functions can be calculated from the partition function Q . For example: 
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where S , U  and A  correspond to the entropy, internal energy and Helmholtz free energy respectively. 

bk  is the Boltzmann constant and T  is the temperature. In the harmonic approximation, the partition 

function Q can be expressed by: 

( ) ( )
0

ln Q DOS W dν ν ν
∞

= ∫   (2) 

where ν  is the frequency of normal modes and ( )W ν  corresponds to a weighting function. The densities 

of state (DOS) may be calculated from the Fourier transform of the velocity autocorrelation function [42]. 

Within the 2PT model, the thermodynamic properties are determined from the sum of static, 

translational, and vibrational contributions: 

static tras vibraU U U U= + +   (3a) 

tras vibraS S S= +   (3b) 



The thermodynamic properties of pure metals are in many cases calculated on the basis of a 

harmonic oscillator model using statistical mechanics [43]. In fact, this may be a reasonable approach for 

bimetallic systems with negligible mobility and misfit [16]. However, in bimetallic systems like Pb/Au, 

characterized by a high adatom diffusivity and misfit, this approach may no longer be valid because of the 

significant anharmonic nature of the frequency modes. Furthermore, in very small bidimensional clusters 

the translational contribution may become important. In the 2PT model, anharmonic effects are treated by 

dividing the DOS distribution into solid-like and gas-like components, i.e.: 

( ) ( ) ( )solid gasDOS DOS DOSν ν ν= +   (4) 

The gas component is determined based on the DOS at zero frequency and ensures that all of the 

diffusive modes are included in this component. Once the gas-like component is determined, the solid-

like component can be obtained from the difference between the total DOS and the gas-like DOS. So, the 

2PT method allows the computation of this anharmonic effects explicitly. 

 

2.2. Theoretical Model 

Kolb et al [44] defined the upd shift, E∆ , as the difference between the potential of the stripping 

peak of an adlayer of a metal M adsorbed on a foreign substrate S and the potential of the peak 

corresponding to the dissolution of pure M. In the thermodynamic description of upd, E∆  is found to be 

related to the difference of Gibbs binding free energies [3,10.11]: 

/ ( )
0

1
M S hkl ME G G

ze
 ∆ = − −   (5) 

where / ( )M S hklG  is the Gibbs free energy due to the formation of the M on S(hkl) and MG  is the bulk 

binding free energy of M. The relationship between E∆  and the difference of binding free energies given 

in eq. (5) allows theoretical modeling of the upd phenomenon. 

In the case of monolayer deposition in electrochemical systems, the contribution p V∆  is of the 

order of the eVµ  and can be neglected [16]. Then, G A∆ ≈ ∆  and eq. (5) may be rewritten as: 

/ ( )
0

1
M S hkl ME A A

ze
 ∆ = − −    (6) 

where / ( )M S hklA  and MA  are Helmholtz free energy contributions. Eq. (6) involves: 

• the binding free energies between metallic adatoms at the surface and the binding free energy 

between adatoms and the substrate, 



• the energetic influence of local surface defects of the substrate (if any), 

• the binding free energies of adatoms with solvent dipoles, and 

• the binding free energies of solvated anions with S(hkl) and M surfaces. 

The first two items are relatively simple to calculate in terms of models taking into account the 

metallic nature of adsorbate and substrate, the third and the fourth involve interactions of a different type 

(i.e. Van der Waals and ionic) that require approximations of considerable complexity. We will 

concentrate in the present work on the first two contributions. 

For a monolayer of M on the surface of S(hkl), iA  (with / ( )i M S hkl=  or M ) eq. (6) contains 

only static and vibrational contributions, but for small coverage of M, translational contributions (i.e. self-

diffusion) must also be considered. In this way, using eqs. (3a) and (3b) in the most general case, the free 

energy may be written as: 

static vib tras
i i i iA U A A= + +   (7) 

where static
iU , vib

iA , and tras
iA  correspond to static internal energy, vibrational, and translational free 

energy, respectively. static
iU corresponds to the potential energy (at T=0K) calculated at the average 

positions of the atoms constituting the system. Its value depends on the interaction potentials employed. 

j
iA (with static, vib, and trasj = ) contain two terms: a potential energy (jiU ) and an entropic ( j

iS ) 

contributions, as given by eq. (3). Equation (7) implies that 0staticS = . 

Upon substitution of eq. (7) into eq. (6), after rearrangement we obtain: 

[ ]
0

1
E U T S

ze
∆ = − ∆ − ∆   (8) 

where static vib trasU U U U∆ = ∆ + ∆ + ∆  and tras vibS S S∆ = ∆ + ∆ . The novel aspect of this work consists in 

calculating all these contribution using the 2PT method for the system under consideration. 

 

3. Results and Discussions 

For the sake of discussion, we have divided the behavior observed at different coverage degrees, 

θ , into three regimes. Regime I, observed at large coverage degrees (0.49 full monolayerθ< < ), regime 

II, observed for small clusters (7 169PbN≤ ≤ ) and regime III, which corresponds to the case of very 

small clusters ( 7PbN ≤ ). 



 

3.1. Regime I, large coverage degrees 

Figure 1a shows the U∆  and T S∆  contributions evaluated using the 2PT method, as a function 

of θ . At difference with pseudomorphic systems [16], Pb/Au(111) presents a relatively more complex 

behavior, where two regions may be clearly distinguished: 

• Region I: 0.49 0.635θ< < , and 

• Region II: 
1
max0.635 layerθ θ −< < . 

The procedure described in Section 2.1 yielded 
1
max 0.7098layerθ − ≈ . Region I is characterized 

by an approximately linear relationship between U∆  and θ  (see Figure 1a) and something similar can 

be stated for the T S∆  vs. θ  behavior. On the other hand, U∆  presents in region II a rather parabola-

like shape and T S∆  keeps behaving linear but with a very small slope. While U∆  remains negative in 

whole region I, T S− ∆  is positive at low θ s, becoming negative at 0.55θ ≈ . A minimum in U∆  is 

observed for 0.6716θ ≈ , while T S− ∆  reach its lowest value at 
1
max

layerθ −
. The latter situation, which 

corresponds to the maximum coverage attainable for a Pb monolayer involves, in the present modeling, a 

charge of 2302 C cmµ − or an equivalent mass change of 2324 ng cm− . These values are in excellent 

agreement with the experimental values reported by Stafford, 2318 C cmµ − and 2344 ng cm− , where we 

normalized the values taking into account the roughness factor reported in this article [27]. 

Figure 1b shows the free energy as a function of the coverage degree of Pb/Au(111). The two 

regions discussed in Figure 1a, are less noticeable here, but at 0.6716θ ≈  a minimum is observed, 

which corresponds to the same θ  at which the minimum of U∆  was observed (which will be called 

from now on 
1
min

layerθ −
). 

 

Figure 1: (Color online) a) Energetic (black, left scale) and entropic (red, right scale) components of the 

Helmholtz free energy. b) Helmholtz free energy. All the thermodynamics quantities are expressed as a 

function of the coverage degree for the deposition of Pb on Au(111) at 300 K and are reported in eV. 



 

Figure 2a shows the RDF for Pb atoms and for the Au atoms in the first layer, calculated at 

1
min

layerθ −
. The nearest neighbor distance between Pb atoms is 0 3.45 ÅPbd = , which is approximately 20% 

larger than the corresponding distance between Au atoms at the surface (0 2.87 ÅAud = ). Thus, the 

relationship ( )0 0/Pb Aud d  for surface atoms is almost identical to the relation calculated from the 

experimental bulk lattice parameters ( )4.95 Å / 4.08 Å , which indicates that the Pb-Pb bond in the 

surface monolayer is not compressed with respect to the bulk Pb state. 

 In Figure 2b we present the ADF at the coverage 
1
min

layerθ −
. The inset in this Figure shows that 

both, Pb and Au, presents the six equally-spaced peaks typical for the hexagonal structure. The difference 

between maxima for Au and Pb allows to estimate a rotation angle of 8 degrees for the Pb monolayer with 

respect to the Au(111) surface (see also Figure 4c). Experimental measurements made by Toney et al [26] 

have reported an angle of 2.5 degrees, while Mariscal and Schmickler [38] found a rotation of 2.8 degrees 

from molecular dynamics simulations. 

 

 

Figure 2: (Color online) Radial (a, left) and angular (b, right) distribution functions obtained from the 

simulations made at the coverage of minimum free energy for a monolayer of Pb on Au(111) (
1
min

layerθ −
). 

The distributions for Pb are in red, while results for Au are in black. The inset in b) spans all the angular 

space and shows the six peaks which are typical for a hexagonal structure. 

 

When analyzed as a function of the coverage degree, the RDF and ADF of the surface Au atoms 

remain constant, with a maximum probability at 0 2.87 ÅAud =  and 30 degrees for the first neighbor 

distance and for the rotation angle, respectively. The nearest neighbor distance and the rotation angle for 

the Pb atoms as a function of θ  are shown in Figure 3a. The Pb first-neighbor distance is almost constant 



up a to coverage of about 0.64θ ≈ , where an almost lineal compression of the Pb-Pb bond starts. This 

compression process can be associated with the sudden change in the entropy slope observed in Figure 1a. 

At maximum coverage, 
1
max

layerθ −
, the nearest neighbor distance is 3.37 Å  (See Figure SI.1 in 

Supplementary Information), in good agreement whit the value of 3.397 Å reported by Toney et al [26]. 

The rotation angle (α ) as a function of θ  (Figure 3b) shows a more complex behavior, and the 

presence of multiple maxima is evident in the coverage range 0.62 0.67θ< < . Monolayer 

compression drives a mismatch in the rotation angle which forces the Pb monolayer to get into registry 

with the Au(111) surface. It is possible that this process is responsible for the free energy increase 

observed for 0.67θ ≥  in Figure 1b. All in all, monolayer formation is a complex process, where a 

strong compression and a small mismatch in the angle come into play. 

 

 

Figure 3: (Color online) a) Position of the maximum of the first peak of the radial distribution function, 

RDF. b) Rotation angle distribution function, α , for the monolayer of Pb atoms, as a function of the 

coverage degree at 300 K. Blue lines correspond to a window average and are only drawn to highlight 

general tendencies. 

 

Change in the surface stress-coverage curves presented by Stafford et al. [32] shows a break in 

the tendencies at relatively high coverage 0.86Staffordθ ≈ . Specifically, in the range 0.56 0.86Staffordθ< <

the stress change is constant, while above this value, 0.86Staffordθ > , the change in the surface stress 

becomes more negative. This is a clear experimental evidence for the compression of the Pb monolayer. It 

must be noted that the scale used to represent the degree of coverage used by Stafford, is different from 

the one adopted in the present work. In reference [32] the authors use 1Staffordθ =  for the full monolayer of 



Pb, while in this work we adopt, 1max 0.71layerθ − ≈  for the same situation. Correcting the results for this 

difference in the convention adopted, the break reported by Stafford corresponds to 0.61θ ≈  in our scale, 

which is in reasonable agreement with the slope change observed at 0.64θ ≈  in Figure 3a. 

Figure 4a shows representative images taken from the simulations performed for the system at 

1
min

layerθ −
. In Figure 4b, a line has been drawn as a guide to show the rotation of the monolayer of Pb with 

respect to the Au(111) surface. In Figure 4c, a zoom is made into a region where the characteristic 

hexagonal hpc structure is apparent. Images of the system at 
1
max

layerθ −
 are shown in Figure SI.2 of the 

Supplementary Information. Comparing the configurations obtained at 
1
min

layerθ −
 with those obtained at 

1
max

layerθ −
, the presence of small holes in the first situation becomes clear. These holes in the Pb monolayer 

have a high diffusion rate on the Au(111) surface, and produce discontinuities in the rows of Pb atoms, as 

marked by the red circle in Figure 4a 

 

 

Figure 4: (Color online) a) and b) Representative configurations obtained for the simulation at 
1
min

layerθ −
. 

The yellow spheres represent Au atoms, while the grey spheres correspond to Pb atoms. In a) the red 

circle encloses a zone with a discontinuity in the Pb atom rows, evidencing a “hole”. In b) a dotted line is 

drawn as a guide to emphasize the rotation of the Pb monolayer. c) Presents a zoom-in of Figure 4b to 

show the rotation of the hexagonal structure. In this last image the size of the atoms was reduced. 

 

We have also analyzed the further formation of a second monolayer, 
2
max 1.4180layerθ − ≈ , and 

noticed that 
1
max

layerθ −
 is not the half of the value of 

2
max

layerθ −
, indicating a small but clear change in the 

packing of the Pb atoms by surface unit in the second monolayer. This second monolayer thus presents a 

lower degree of compaction, which is the behavior expected for a multilayer that slowly tends to the bulk 

state. Table 1 shows the free energy and its components for 
1
min

layerθ −
, 

1
max

layerθ −
 and 

2
max

layerθ −
. 

 



 
Au(111) 1

min
layerθ −

 
1
max

layerθ −
 

2
max

layerθ −
 

Potential energy (eV) -45602,00 -48514.05 -48665,13 -51411,65 

Entropy factor at 300 K (eV) 1863,91 2187,12 2174,58 2473,70 

Free energy (eV) -47465,91 -50701.17 -50839,71 -53885,35 

U contribution to A (%)  96 96 95 

TS contribution to A (%)  4 4 5 

U contribution to upd (mV)  85 80 28 

TS contribution to upd (mV)  23 16 14 

Theoretical upd shift (mV)  108 96 43 

U contribution to upd shift (%)  79 83 66 

TS contribution to upd shift (%)  21 17 34 

Table 1: Potential energy, entropy, and Helmholtz free energy as estimated from the CAD simulations at 

300 K based on 2PT model, together with the relative contributions to the upd shift according to eq. (8) 

for different coverages. 

 

The average potential energy of Pb-bulk was estimated according to the present modeling to be 

1.98 0.02− ±  eV atom-1, and the absolute entropic contribution at 300 K was 0.185 0.001±  eV atom-1, 

hence the chemical potential for Pb bulk was estimated to be 2,17 0.02Pbµ = − ±  eV atom-1. From 

molecular dynamics simulations, Mariscal has estimated an average energy of 2.09−  eV atom-1 [38], 

while Conway [17] reported an entropic factor of 0.20  eV atom-1. Taking into account that the 

electrosorption valency of Pb-monolayer on Au is 2 [27], and using eq. (6), the theoretical E∆  calculated 

based on the values in Table 1 are: 108 mV, 96 mV, and 43 mV for 
1
min

layerθ −
, 

1
max

layerθ −
 and 

2
max

layerθ −
, 

respectively. In this way, the deposition of two monolayers of Pb on Au(111) may possibly be observed 

in underpotential regions. 

The entropic contributions to upd are 21%, 17%, and 34%, for 
1
min

layerθ −
, 

1
max

layerθ −
 and 

2
max

layerθ −
, 

respectively. In previous work, we have estimated the vibrational contributions to the upd shift, using 

quasi-harmonic considerations [16] for several pseudomorphic systems. We have found that the entropy 

contribution can be of 5% at 300 K. In the present case, of Pb on Au(111) this percentage is four times 

larger (up to 21%). In this way, the inclusion of entropic contributions is important for high coverage and 

must be taken into account for the correct estimation of the upd shift. 

Figure 5a shows the DOS as obtained from the Fourier transform of the velocity autocorrelation 

function for 
1
min

layerθ −
. In the inset in Figure 5a it can be seen that the correlation of the velocity is lost 

after 3 ps. The total DOS (black curve in Figure 5a) shows the typical behavior of a metallic system [26]. 



The 
0

limDOS 0
υ→

≈  let notice that the contributions of the translational degrees of freedom are negligible 

at high coverages. The DOS shows the presence of three peaks at 40 cm-1, 72 cm-1, and 115 cm-1. From 

the detailed analysis of each contribution (see red curve for Pb and green for Au in Figure 5a) it is clear 

that the maximum at 40 cm-1 comes from the contribution of the Pb monolayer, while the maximum at 

115 cm-1 is due almost exclusively to the Au(111) surface. 

Figure 5b shows the DOS for a pure Au(111) surface (blue line), for 
1
min

layerθ −
 (black line) and for

2
max

layerθ −
 (red line). It can be seen that important modifications occur for frequencies smaller than 

1120cmυ −< . Frequencies larger than the last value are due to the vibration of the Au atoms on the 

surface. In fact, the DOS for Au-bulk (see Figure SI.3 in Supplementary Information) shows a range of 

frequencies that span only up to 110 cm-1. However, the presence of the Pb monolayer modifies the 

vibrational modes of the surface Au atoms and this is the reason for the frequency shift from 115 cm-1 to 

110 cm-1. 

 

Figure 5: (Color online) a) DOS for the whole Pb/Au(111) system (black line), and its components Au 

(green) and Pb (red), for 
1
min

layerθ −
. The inset in a) shows the velocity autocorrelation function for the 

whole system. b) DOS for 0θ =  (blue), 
1
min

layerθ −
 (black) and 

2
max

layerθ −
 (red). 

 

3.2. Regime II, small 2d-clusters  

Although those states with 1
min

layerθ θ −<  are thermodynamically unstable at 0E∆ =  [13,45], their 

study may shed light on the processes ruling metal growth in nonpseudomorphic systems, and show how 

kinetic aspects may have influence on the final morphology of the monolayer. In fact, the relative stability 

of these small clusters determines the critical cluster size. Furthermore, the study of the way in which the 

clusters matches the structure of the surface yields information of the transition between unrotated and 

rotated structures. For this reason, we have performed simulations with small Pb clusters, in the range 

7 169PbN≤ ≤ , located on Au(111) at 300 K. 



Figure 6a shows the RDF for different Pb cluster sizes in comparison with the RDF of surface 

atoms of Au(111) at 300 K. The Pb-Pb nearest neighbor distance in the clusters changes from 3.40 Å to

3.50 Å for sizes between 7PbN =  to 37PbN = . This represents a relative expansion of almost 3% of 

the Pb clusters. For larger clusters, with 37PbN > , the nearest neighbor distance remains practically 

unchanged, and it appears reasonable to assume that this situation will continue this way up to 0.49θ ≈ , 

which corresponds to the lowest coverage analyzed in Figure 3. The changes in surface stress-coverage 

curves presented by Stafford et al [32] show a sudden increase at low coverage ( 0.05Staffordθ < ). These 

authors attribute this behavior to 4ClO−  desorption from the terraces, as Pb becomes adsorbed at the 

border of steps. The change in surface stress curve is followed by another linear region, (in the range 

0.05 0.2Staffordθ< < ), with a smaller slope than the previous one but still positive. Figure 6a shows that 

this latter region, corresponding to positive stress change, may be related to the initial expansion of the Pb 

clusters. 

Figure 6b shows the ADF for clusters of 91 and 127 Pb atoms. Clusters smaller than 91PbN < , 

show a broad ADF centered on 30 degrees, indicating that these clusters are not rotated with respect to the 

Au(111) surface. Clusters of this size are characterized by a high mobility, which produces a continuing 

change of the shape of the 2-d islands. This is the main reason for the broadening for the RDF and ADF. 

On the other hand, for 127PbN = , two phenomena can be detected: a broadening of the ADF and a shift 

of its maximum to 35 degrees. These data show that the rotation of the Pb clusters occur at relatively low 

coverage degrees, following island expansion, in agreement with the finding of Shin et al [30]. 

As mentioned in the Introduction, there is some controversy in the literature concerning the 

nature of the process responsible for the hump that appears in the change of surface stress-potential curve 

at potentials close to the to the bulk potential deposition [26-32]. It has been alternatively suggested that 

this hump may be due to the coalescence of growing 2-d islands or to the rotation of the Pb monolayer. 

The results shown in Figure 6b provide evidence favoring the hypothesis of island coalesce as responsible 

for the hump [26-32] rather than monolayer rotation. 

Figure 6: (Color online) Radial (left) and angular (right) distribution functions for small Pb clusters 

adsorbed on Au(111). For a proper visualization, all curves have been normalized.  



 

3.3. Regime III, very small 2d-clusters 

As discussed in Section 2, translational contributions may turn out to be important for Pb clusters 

with 7PbN ≤ , and they should be included in the calculation of T S∆ , along with static and vibrational 

contributions. Table 2 compiles entropic and energetic contributions. 

 

Cluster (2d) tras
PbTS  vib

PbTS  T S− ∆  U∆  A∆  

2-Pb 0.0203  0.089 0.076 0.084 0.160 

3-Pb 0.0154 0.123 0.047 0.037 0.084 

4-Pb 0.0145 0.139 0.032 -0.016 0.016 

5-Pb 0.0151 0.149 0.021 -0.031 -0.010 

6-Pb 0.0203 0.152 0.013 -0.013  0.00 

7-Pb 0.0111  0.162  0.012 -0.055 -0.043 

Table 2: Entropic and energetic contributions to the underpotential shift for bidimensional Pb clusters of 

different sizes. The entropic contributions are divided into translational ( tras
PbTS ) and vibrational ( vib

PbTS ) 

ones. T S∆ and U∆ correspond to entropy and potential energy differences referred to the Pb atoms in the 

bulk state. All values are in eV atom-1. 

 

Table 2 shows that the translational contributions amounts to 19%, 11%, 9%, 9%, 20%, and 6% 

of the total entropy value for Pb clusters containing 2, 3, 4, 5, 6, and 7 Pb atoms, respectively. These 

values show the relative importance of tras
PbS  for very small clusters. For the vibrational entropies a clear 

increase with cluster size is observed. Figure SI.4 of the Supplementary Information shows the DOS of 

Pb atoms, where it becomes evident that ( )
0

lim 0DOS
ν

ν
→

≠ . The positive values of the term T S− ∆  

indicate that Pb atoms on Au(111) are entropically less favored than bulk Pb atoms. This unfavorable 

entropy trend continues until 0.55θ ≈ , as observed in Figure 1a and discussed in detail in Section 3.1. 

 

4. Conclusions 

We have presented here a new computational application of the so-called 2PT model, in this case 

used to calculate the thermodynamic functions of a metal sub/monolayer. In the present work, we have 

focused our interest on the entropic contributions (translational and vibrational) to underpotential 

deposition of Pb on Au(111), an incommensurate system. This system has been proposed in the literature 



as being driven mainly by entropic effects. We found it not to be the case. For relatively large coverage 

degrees, the entropic contribution to underpotential shift approximately accounts for 20% of the total free 

energy. This value is smaller than the previously one reported for nonpseudomorphic systems, but 

considerably larger than the finding made previously for pseudomorphic upd layers. For small Pb 

clusters, the translational entropy is relatively more important than in the case of high coverage. In the 

case of very small clusters, the entropic contribution may be as large as 48 %. 

The simulations show that in the early stages of Pb submonolayer growth on Au(111), when the 

number of cluster is of the order of tens of atoms, a progressively expansion is observed as the islands 

grow. When the bi-dimensional Pb cluster reaches a size of the order of 100 atoms, a rotation of the 

adsorbate island becomes evident on the terrace of the Au(111) surface. Such a situation holds until 

monolayer completion. These results may be interpreted as new evidence in favor of island coalescence 

as responsible for the hump observed in the change of surface stress-potential curves. At large coverage, 

the monolayer presents an almost linear compression with coverage, and this process is concomitant with 

a turnover in the entropic contribution. 
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7. Supplementary information; 

 

Figure SI.1: (Color online) Radial (left) and angular (right) distribution functions obtained through 

computer simulations at the maximum Pb coverage degree attainable on Au(111), 
1
max

layerθ −
, obtained as 

described in the text. Black curves correspond to Au atoms and red to Pb atoms. 

 

 

Figure SI.2: (Color online) Representative views of a surface with the maximum coverage degree of Pb 

on Au(111), 
1
max

layerθ −
, obtained as described in the text. Yellow spheres represent Au atoms, grey spheres 

Pb atoms. A dotted line has been draw to denote the rotation of the Pb monolayer with respect to the 

Au(111) surface. No imperfection is evidence in the Pb-monolayer. 

 



                                                                                                                                                                                   

 

Figure SI.3: (Color online) Density of states of bulk Au (black) and Pb (red) at 300 K calculate based on 

2PT model. 

 

 

Figure SI.4: (Color online) Density of states corresponding to Pb clusters of different sizes on Au(111) at 

300 K as is indicated in the legend. For the sake of comparison of the relative translational contributions, 

the curves have been normalized by dividing by the number of Pb atoms. 


