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ABSTRACT: The Cu−Zn surface alloy has been extensively involved in the
investigation of the true active site of Cu/ZnO/Al2O3, the industrial catalyst
for methanol synthesis which remains under controversy. The challenge lies
in capturing the interplay between the surface and reaction under operating
conditions, which can be overcome given that the explicit dynamics of the
system is known. To provide a better understanding of the dynamic of Cu−
Zn surface at the atomic level, the structure and the formation process of the
Cu−Zn surface alloy on Cu(997) were investigated by machine-learning
molecular dynamics (MD). Gaussian process regression aided with on-the-fly
learning was employed to build the force field used in the MD. The
simulation reveals atomistic details of the alloying process, that is, the
incorporation of deposited Zn adatoms to the Cu substrate. The surface alloying is found to start at upper and lower terraces near
the step edge, which emphasize the role of steps and kinks in the alloying. The incorporation of Zn at the middle terrace was found
at the later stage of the simulation. The rationalization of alloying behavior was performed based on statistics and barriers of various
elementary events that occur during the simulation. It was observed that the alloying scheme at the upper terrace is dominated by
the confinement of Zn step adatoms by other adatoms, highlighting the importance of step fluctuations in the alloying process. On
the other hand, the alloying scheme at the lower terrace is dominated by direct exchange between the Zn step adatom and the Cu
atom underneath. The alloying at the middle terrace is dominated by the wave deposition mechanism and deep confinement of Zn
adatoms. The short propagation of alloyed Zn in the middle terrace was observed to proceed by means of indirect exchange instead
of local exchange as proposed in the previous scanning tunneling microscopy (STM) observation. The comparison of migration rate
and activation energies to the result of STM observation is also made. We have found that at a certain distance from the surface, the
STM tip significantly affects the elementary events such as vacancy formation and direct exchange.
KEYWORDS: Cu−Zn, surface alloy, density functional theory, molecular dynamics, machine learning, STM-tip effect

1. INTRODUCTION
The catalysts based on metal alloys are well recognized in the
world of heterogenous catalysis considering the emerging of
unique properties upon alloying.1,2 Given the optimal
composition and environment, these catalysts can offer high
catalytic performance, which outperform their alloy constitu-
ents. There have been notorious examples on the application of
metal-alloy-based catalysts in heterogenous catalysis.3−6 In the
present study, we focus on the Cu−Zn surface alloy which has
been reported to be very active for methanol synthesis by
hydrogenation of CO2.

7,8 Experimental studies have shown that
the deposition of Zn on Cu(111) promotes the activity of
methanol production by an order of magnitude at a Zn coverage
of 0.19.7,9 In addition, the Cu−Zn alloy has been reported as a
good model of Cu/ZnO/Al2O3 (CZA),8,17 the industrial
catalyst used to synthesize methanol by hydrogenation of
CO2.

10 Thus, this alloy has been extensively involved in the
investigation of the true active site of CZA which remains under
controversy.8,11−17

In many previous computational studies, the Cu step surface
decorated with Zn atoms was assumed as the surface model and
became part of the rationalization of the experimental
results.8,11,13,18,19 The introduction of the surface defects (e.g.,
steps and kinks) in the computational model is based on
previous computational and experimental studies which found
that they play a critical role in improving the catalytic
activity.8,20,21 Meanwhile, the addition of Zn to the Cu steps
also gives improvement in the catalytic activity as suggested by
calculations;4,8,11 however, the basis of assuming attached Zn at
the rigid step edge has not been clearly justified due to the
challenge in capturing the true surface property under reaction
conditions. In fact, the STM experiments by Sano et al. indicated
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that most of the Zn atoms are eventually substituted
homogeneously into the terrace rather than localized at the
step edge under vacuum conditions.22 Further, it is well known
that the Cu step adatommigrates intensively along the step edge,
resulting in step fluctuation even at room temperature.23,24 The
assumption of a perfect step edge will also become invalid if the
presence of adsorbates induces the reconstruction of the surface,
the phenomenon that has been evidenced by various
studies.25−30 Therefore, the understanding of the realistic
catalyst’s surface is essential to provide a good assumption of
the surface model and better interpretation of experimental data.
Another motivation of the present study is to rationalize the

formation of the Cu−Zn alloy. Experimentally, it was clearly
shown that the alloying is initiated at the upper terrace near the
step edge before taking place at the middle terrace.22 The
mechanism to allow Zn propagation from the upper to middle
terrace was proposed to be the local exchange between Zn and
neighboring Cu atoms. However, the confirmation of such a
proposal (i.e., the occurrence of local exchange) has remained
elusive due to the challenge in capturing the fast and rare atomic
events during the alloying. In fact, based on density functional
theory (DFT) calculations, we found that such local exchange
should be impractical even with the condition of high
temperature as it is required to overcome a barrier of more
than 2 eV (see Section 3.3.4). Therefore, we are motivated to
revise the existing proposal and improve the current knowledge
of the alloying process.
The atomic-level observation of the surface alloying in

principle can be achieved through dynamic simulation of the
surface under relevant working conditions. Given the active
development of machine learning in material science,31 it is now
possible to construct a machine-learned force field with first-
principles accuracy in exchange of computationally demanding
ab initio molecular dynamics (AIMD). Some of the works have
been successfully applied in the dynamic simulation of Cu-based
catalysts.32−35 In this framework, it is highly desirable to obtain
the accurate force field with a minimum number of costly first-
principles calculations. Thus, strategies called active learning
and on-the-fly learning have been progressing in recent years.36

The active-learning (or self-learning) framework allows the
model itself to automatically select the datapoint to be included
in the database, while the on-the-fly learning allows the iterative
improvement of the model during simulation. These strategies
are often coupled to obtain an accurate force field based on a
compact database containing only the most representative
structures. For instance, stochastic surface walking (SSW) global
optimization, which can efficiently locate the structures in the
transition state (TS) region, is used to generate important
datapoints to be appended in the database, thereby allowing to
improve the neural network (NN) potential iteratively during
training.37−39 This framework has successfully treated the
complex potential energy surface (PES) involving high energy
barriers such as catalytic reactions and phase transitions.
Another implementation is achieved by means of the Query
by Committee framework, in which multiple NN models are
combined to seek for the disagreement that is used to give the
error estimate of the prediction.40 The structures that have the
highest disagreement are then treated as important datapoints to
be included in the database. Alternatively, the reliable
uncertainty estimation can be directly calculated within the
Gaussian process (GP) framework in the form of standard
deviation (σ). This uncertainty is an intrinsic part of the
framework and can be readily used with on-the-fly and active

learning schemes. The GP-based framework has been
successfully applied to build an efficient force field for
investigating melting points,41 phase transition of hybrid
perovskites,42 and atomistic rare events.43

Recently, it was reported that by couplingMD, active learning,
and automated event detection, Lim et al. have successfully
revealed the restructuring mechanisms of Pd deposited on
Ag.44,45 By adopting similar methodologies, we performed MD
simulation of Zn depositions on the Cu(997) surface to
explicitly capture the mechanisms that are responsible to the
Cu−Zn surface alloying. The MD simulations were imple-
mented based on a force field that was trained by means of GP.
The database, containing information of atomic forces acting on
various environments, was obtained fromDFT calculations. The
task of training was done by using the Fast Learning of Atomistic
Rare Events (FLARE) code which utilizes the uncertainty
information from GP, together with the active on-the-fly
learning scheme to build the force field efficiently.43

The rest of this paper is organized in the following manner: in
Section 2, we provide the computational details on theDFT,GP,
and MD methods that we used. In Section 3, we present and
discuss the results on the database used to build the GP force
field, the structures and the time evolution of the alloy as
obtained by MD, and the mechanistic analysis of surface
reconstruction. Finally, in Section 4, we summarize and
conclude our findings.

2. COMPUTATIONAL DETAILS
We used DFT calculations to provide forces of the central atom
on each atomic environment. All DFT calculations were
performed using the STATE code.46,47 The electron−ion
interaction was described by ultrasoft pseudopotentials.48 The
convergence threshold for energy is set to 10−9 Ha/atom. We
took into account the van der Waals (vdW) interactions by
applying the optB86b-vdW exchange−correlation functional49

as implemented in the STATE code.50 The lattice constant and
surface energy of Cu(111) are calculated to be 3.6102 Å and
1.88 J/m2, respectively. These values are in good agreement with
experimental values of Cu lattice constant (i.e., 3.6149 Å)51 and
surface energy of Cu(111) (i.e., 1.83 J/m2),52 thus confirming
the reliability of the chosen functional. Details on surface energy
calculation can be found in Section S1 of the Supporting
Information.
To construct the GP force field, we used the FLARE code with

two- and three-body multispecies kernels.43 The interaction
cutoffs for two- and three-body kernels are set to 7.0 and 4.5 Å,
respectively. The hyperparameters embedded to these kernels,
namely, two-body signal variances (σs,2), two-body length scale
(l2), three-body signal variances (σs,3), three-body length scale
(l3), and noise hyperparameter (σn), were optimized by
maximizing the log marginal likelihood using the BFGS
algorithm as implemented in SciPy53 used inside the FLARE
code. The database is constructed by employing active and on-
the-fly learning schemes that update the database based on
uncertainty information calculated by GP. In order to provide
new atomic environments to be candidates for the database, an
MD code internal to FLARE is used to evolve atomic structures
with 1 fs time step within the canonical (NVT) ensemble. The
temperature is set up at 700 K with all atoms allowed to move.
To obtain more diverse atomic environments, we manually
changed the initial structure after certain MD steps during the
on-the-fly learning when no significant improvement in the
mean absolute error (MAE) was found. The details of this

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.2c00017
ACS Phys. Chem Au 2022, 2, 430−447

431

https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00017/suppl_file/pg2c00017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.2c00017/suppl_file/pg2c00017_si_001.pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


procedure and the resulting database are reported in the next
section.When the GP database is completed, the two- and three-
body mean predictions are mapped onto cubic spline models
using the mapped gaussian process (MGP) method54 with
uniform 64 control points and a 20 × 20 × 20 grid of control
points for the two-body mean function and the three-bodymean
function, respectively. The resulting MGP potential is then used
as a pair style in a large-scale MD simulation code, Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS),55

by which we performed MD simulations within the NVT
ensemble with a time step of 5 fs.
The analysis of MD simulations to extract the non-

equilibrium information is built using a combination of a
homemade Python code,56 Ovito,57 and Atomic Simulation
Environment (ASE).56 Clamping the atoms to the particular
sites is necessary to ease the analysis process by removing the
thermal noise.44,45 Thus, in this study, we clamped all the atoms
to the nearest fcc sites based on the structure of Cu. All the MD
images shown in this work were already clamped to aid the
understanding of the alloyed structure. The images depicting Cu
and Zn atoms were generated using Ovito.

3. RESULTS AND DISCUSSION

3.1. Construction and Evaluation of the Training Database
We constructed the database using active and on-the-fly learning
schemes as implemented in the FLARE code. Each datapoint in
the database is a local atomic environment with the
corresponding atomic forces. Specifically, an atomic environ-
ment constitutes all two-body and three-body clusters found
within a certain cutoff radius from a central atom, which we
specified to be 7 and 4.5 Å for two-body and three-body cutoffs,
respectively. Within active and on-the-fly learning schemes, the
new data containing the local atomic environment and the

associated force are appended to the database whenever the
uncertainty is higher than a specified threshold. The new atomic
environments are continuously generated from the MD
simulations based on the iteratively updating GP force field. In
more detail, the procedure to construct the database is as
follows:
(i) First, we constructed four layers of the Cu(111) surface

(Figure 1a), which represents the most common
environment in the Cu(997) surface. The atomic forces
of this structure are then calculated by DFT, and some
atomic environments are randomly selected to populate
the empty database.

(ii) Next, the resulting database is used in the GP framework
to construct the temporary force field used in MD
simulation. The MD within the NVT ensemble is used to
generate new trajectories at a temperature of 700 K based
on Cu(111) as the initial structure. Such an initial
structure is what we call the parent structure since it is
used to generate additional structures as candidates for
the database.

(iii) At each MD step, all the atomic environments found in
the trajectory are examined. If the uncertainty of the
environment is higher than the noise hyperparameter
(σn), the DFT calculation is performed and such an
environment with the corresponding atomic forces is
appended to the database. Otherwise, the database is not
updated and the MD step continues. All the hyper-
parameters embedded in the kernel (i.e., σs,2, l2, σs,3, l3, and
σn) are re-optimized whenever the database is updated.
This routine is implemented in the FLARE code. More
details on the equations used to calculate force and
uncertainty, updating hyperparameters, and the descrip-
tion of the datapoints included in the database can be

Figure 1. Parent structures used in the simulation: (a) Cu(111), (b) Cu(111) with Cu adatoms, (c) Cu(111) with vacancies, (d) Cu(221), (e)
Cu(211), (f) Cu(111) with a kinked step edge of the (100)microfacet, (g) Cu(111) with a kinked step edge of the (111)microfacet, (h) Cu(111) with
substituted Zn atoms, (i) Cu(111) with Zn adatoms, (j) Cu(111) with a Zn overlayer, (k) Cu(211) with Zn adatoms attached to the step edge, (l)
Cu(221) with Zn adatoms attached to the step edge, (m) Cu(221) with diffusing Zn adatoms at the upper terrace, (n) Cu(221) with Zn step adatoms,
and (o) Cu(221) with Zn adatoms incorporated near the step edge. The green to yellow color indicates Cu atoms, while the red color indicates Zn
atoms. The black box shown in each figure depicts the unit cell of the structure.
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found in ref 43 and also in Section S2 of the Supporting
Information.

(iv) Since the MD simulation of Cu(111) is not sufficient to
capture the vast variation of the environment in the target
structure [i.e., Zn−Cu(997) surface], we gradually
increase the complexity of the parent structure with
features such as steps, kinks, and Zn atoms. All the

structures consist of four layers with at least 30 Å vacuum
region between two neighboring slabs in the z-direction.
The top view and the corresponding unit cell of the parent
structures are depicted in order in Figure 1. The training is
performed sequentially through all these parent struc-
tures. For instance, after no high-uncertainty structure is
found using the first parent structure [i.e., Cu(111)

Figure 2. (a) Top view of Zn-deposited Cu(221), (b) side view of Zn-deposited Cu(221), (c) perspective view of Zn-deposited Cu(221), and (d−f)
snapshots of MD simulation at 100, 200, and 300 ps of Zn-deposited Cu(221) within theNVT ensemble at 700 K. The green to yellow atom indicates
the Cu atoms, the red atom indicates Zn as adatoms, and the blue atom indicates substituted Zn atoms. The box shown in each figure depicts the unit
cell of the structure.

Figure 3. Activation energies obtained from DFT and GP for elementary events involving only Cu atoms (indicated by black indices) and mixed Cu-
Zn atoms (indicated by red indices). The description of the indices is presented as a text box at the bottom right of the figure.The parity plot presented
in the middle bottom shows the comparison between DFT and GP forces of the TS structures in each investigated elementary event.
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surface], the parent structure is replaced with the more
complex one [i.e., Cu(111) surface with adatoms] and
then stages (ii) and (iii) are repeated. In total, the training
data consisting of 301 environments that have passed 15
parent structures in Figure 1 are obtained.

(v) To further search for the local environment that possibly
appears during Zn alloying on Cu(997), we significantly
enlarge the size of the parent structure to four layers of the
Cu(221) surface with five step edges and 15 atoms in
every row per unit cell, as shown in Figure 2a−c. This
model is chosen since it has denser steps, thereby allowing
more step-edge-related events to happen. We then
deposited Zn on top of the surface and let the system
evolve within theNVT ensemble at 700 K for 300 ps. The
evolution of this structure is shown in Figure 2d−f. The
environments of the moving atom in the resulting
trajectories are sampled, and their uncertainties are
calculated. We then manually added 25 more environ-
ments with the highest uncertainty to the database. Each
of these new environments has 7 Å cutoff radius from the
central atom. Due to the expensive cost of DFT
calculations, we could not perform DFT calculations on
this large system. Instead, we sliced the region near the
central atom of the atomic environment to obtain smaller
unit cells (15.32 × 15.32 × 30 Å3) and performed the
DFT calculation based on this small cell.

In the end of training, our final database consists of 326 atomic
environments. The final optimized GP hyperparameters are
0.125 eV/Å for two-body signal variances (σs,2), 0.001 eV/Å for
three-body signal variances (σs,3), 0.750 Å for two-body length

scale (l2), 1.068 Å for three-body length scale (l3), and 0.037 eV/
Å for the noise hyperparameter (σn).
To evaluate the accuracy of the force field, we compared the

GP versus DFT barriers of various elementary events including
pop out and vacancy insertion, step crossing, direct exchange,
indirect exchange, events related to step fluctuations, and the
local-exchange mechanism as defined in Table S1−S6 of the
Supporting Information. The comparison between DFT andGP
barriers is shown in Figure 3. The MAEs of barriers of
elementary events involving Cu as the active atom (indicated by
black indices in Figure 3) and elementary events involving Zn as
the active atom (indicated by red indices in Figure 3) are
calculated to be 70 and 88 meV, respectively. We noted that in
the active and on-the-fly learning employed in this work, we do
not explicitly search for the TS region. The main principle of the
learning scheme employed in this work is to selectively include
the structures with high uncertainty that is calculated within the
GP framework (see eq S2 in the Supporting Information). In the
case of more complicated PESs such as in phase transition and
chemical reactions, methods such as SSW can be used to sample
the PES efficiently at the TS region and thus help to improve the
consistency of the barrier between DFT and the force field.37−39

Aside from the barrier, we also calculated the MAE of the force
in the TS structures and found the MAE to be 14 meV/Å, as
shown by the parity plot at the middle bottom of Figure 3.
In addition, we calculated the force component’s MAE of 357

environments with the highest uncertainty found in 2 μs MD
simulations of the more realistic Zn-deposited Cu(997) surface.
The Cu(997) structure has 6 layers and consists of 2352 atoms
with 2 step edges and 20 atoms in every row per unit cell. The
top and side views of such surface are shown in Figure 4a,b,

Figure 4. (a) Top view of Cu(997), (b) side view of Cu(997), and (c) parity plot showing the GP and DFT atomic forces of the center atoms in the
environments with the highest uncertainties. The validation set consists of 1071 data points which correspond to the x, y, and z force components of
each center atom in the 357 environments with the highest uncertainty found in 2 μs MD simulations of the more realistic Zn-deposited Cu(997)
surface.

Figure 5. Preparation of the Zn-deposited Cu surface. The green to yellow atom indicates Cu atoms, while the red atom indicates Zn atoms. (a) Clean
Cu(997) surface which features steps and kinks obtained after annealing. (b) Zn atoms are randomly deposited on the clean surface at 300 K. (c) Some
of the Zn atoms attach to the step edge, while some others agglomerate into small islands at the upper terrace.
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Figure 6. Snapshots ofMD simulations showing the evolution of deposited Zn atoms onCu(997) at 700 K. The green to yellow atoms indicates the Cu
atoms, the red atoms indicates Zn as adatoms, and the blue atoms indicates substituted Zn atoms. The two plots accompanying each snapshot show the

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.2c00017
ACS Phys. Chem Au 2022, 2, 430−447

435

https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00017?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.2c00017?fig=fig6&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.2c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


respectively. The three bottommost layers are fixed with the
lattice constant obtained fromDFT calculations (i.e., 3.6102 Å),
which is in good agreement with the experimental lattice
constant of Cu (i.e., 3.6149 Å).51 To provide the DFT forces, we
again sliced the original unit cell of Cu(997) near each central
atom to obtain smaller cells containing the environments with
the highest uncertainty. These smaller cells then are used in the
DFT calculations with periodic boundary conditions. We
obtained the resulting MAE to be 89 meV/Å. The parity plots
are presented in Figure 4c.
3.2. Evolution of Deposited Zn Atoms on Cu(997)

3.2.1. Preparation of the Surface. In order to observe the
formation process of the Cu−Zn surface alloy, we performed
MD simulations of the Cu(997) surface with 0.19 coverage of
deposited Zn atoms. Such Zn coverage has been observed in
experiments to give an optimum turn over frequency for
methanol synthesis.7,9 There are two terraces and two step edges
for each unit cell as indicated in Figure 5a. The Zn atoms are
then deposited randomly on top of the surface at 300 K (Figure
5b). After the equilibration for several nanoseconds, we found
that the randomly distributed Zn atoms either attach to the step
edges or form Zn islands on the upper terrace (Figure 5c). Such

a structure is in good agreement with the scanning tunneling
microscopy (STM) observation that suggested the localization
of Zn atoms around the step and the formation of small Zn
islands on the terraces after Zn deposition.22 After that, we
increased the temperature to 550 K and again equilibrated the
surface for 20 ns. The island of Zn atoms then collapses, and a
majority of the Zn atoms now attach to the step edge though
some others still can be found at the terrace in the form of
diffusing atoms (Figure 6a). This surface structure was then used
to observe the Cu−Zn surface alloying process at 700 K.
3.2.2. Surface Profile (MD Frames). To observe the

alloying process of Cu−Zn, we performed MD simulations
within the NVT ensemble at a temperature of 700 K for up to
6.25 μs. Figure 6a−f shows the evolution of deposited Zn atoms
on Cu(997) until the Cu−Zn surface alloy is formed. To clearly
observe the number of Zn atoms substituted at the terrace, we
also plotted the composition of Cu and Zn atoms as a function of
rows for every certain time step. Such plots accompany eachMD
snapshot in Figure 6a−f. The snapshots of the MD simulation
are also presented as videos in the Supporting Information.
In the beginning (Figure 6a), the Zn atoms are found to

localize at the step edge, covering the original Cu step adatoms.
The profile of the boundary between Cu and Zn is still fairly

Figure 6. continued

composition of atoms as a function of rows. In each plot, the red, blue, light-green, and dark-green bars indicate the number of Zn as adatoms, Zn as
incorporated atoms, Cu as surface atoms, and the Cu atom which is covered by an additional Cu or Zn layer (i.e., Cu sub-surface). (a) Zn adatoms are
found to localize at the step edge shortly after the deposition. (b−e) At 1.25 to 5 μs, the Zn atoms incorporate the surface at the region near the step
edge. (f) At 6.25 μs, the Zn incorporated atoms are found at the middle terrace.

Figure 7. Analysis of the structure of the Cu−Zn surface. (a) Change in percentage of Zn adatoms versus Zn incorporated over time. (b) Histogram of
the relative distance between incorporated Zn atoms and the step edge. (c) Distribution of the Zn coordination number, accounting the Zn bonding
with other Cu and Zn neighboring atoms. (d) Coordination number of Zn atoms but accounting only the Zn−Zn coordinations.
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linear. After 1.25 μs, some of the Zn atoms are incorporated at
the upper and lower terraces near the step edge (Figure 6b). At
this stage, almost no Zn atoms are incorporated at the middle
terrace. We also noticed that Zn atoms are dominantly
incorporated to the upper terrace, whereas only few
incorporated Zn atoms are found at the lower terrace. After
2.5 μs (Figure 6c), the distribution of Zn on the surface and the
number of incorporated Zn atoms are still relatively similar.
The change in the percentage of Zn adatoms versus Zn

incorporated over time is shown in Figure 7a. Shortly after the
deposition, almost all Zn atoms are in the state of adatoms as
indicated by the contrast percentage between Zn adatoms and
incorporated Zn at the early time. The Zn atoms then
incorporate the Cu surface over time, decreasing the percentage
of Zn adatoms until nearly half of the original number. The

change in percentage is shown to be saturated around 2 μs, but
the fluctuation is clearly observed in the following time. This
indicates that the interchanges between Zn adatoms and
incorporated Zn still actively occur during the simulation.
We found shallow incorporation of Zn to the subsurface layer,

for instance, at time 1.25 μs (Figure 6b) and at time 3.75 μs
(Figure 6d). However, the subsurface incorporated Zn cannot
penetrate further to the bulk, and eventually, they transform
back into adatoms or surface atoms as indicated by succeeding
snapshots. This is consistent with the experimental finding in
which no dissolution of Zn to the bulk was observed.22 At 6.25
μs, finally, we found that some of the Zn atoms are incorporated
at the middle terrace (Figure 6f). The trend observed in this
simulation thus suggests that alloying is initiated at the upper
and lower terraces near the step edge before taking place at the

Figure 8. Alloying scheme at the upper terrace. The green to yellow atoms indicate Cu atoms, the red atoms indicates Zn as adatoms, and the blue
atoms indicates substituted Zn atoms. The white atom indicate the moving Zn atom. Several atoms are marked with star-shaped symbol to ease the
tracking of their positions. (a) Temporary vacancy formed by detaching Cu step adatoms is then occupied by nearby Zn step adatoms. (b) Zn atom fills
the vacancy at the upper terrace by hopping descend. (c) Zn atom fills the vacancy at the upper terrace by exchange descend. (d) Zn atom descending
the step edge by kicking another step adatom. (e) Zn step adatom is confined by other step adatoms.
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middle terrace at a later time. At the end of simulation, 2 out of
72 Zn atoms (2.78%) are desorbed from the surface.
To see the distribution of incorporated Zn atoms more

clearly, we show in Figure 7b the distance of the incorporated Zn
atoms relative to the step edge at 6.25 μs. As shown in the figure,
most of the Zn incorporates the surface at the region near the
step edge, which indicates that the alloying dominantly occurs
near the step edge and thus, the step edge plays an important
role in the alloying. Sano et al. observed that the alloying of Cu−
Zn at or above 523 K leads to the homogeneous distribution of
Zn into the Cu(111) surface layer.22 However, since our MD
simulation requires a short time step, it is infeasible to simulate
the alloying at the timescale longer than what we have performed
(i.e., 6.25 μs). Thus, we are not able to reproduce the
homogeneous distribution of Zn into the Cu surface. The
simulation with a longer time scale can be achieved, for instance,
with kinetic Monte Carlo (KMC) simulation.58 Nevertheless,
we managed to observed the incorporation of Zn atoms and
elucidate the corresponding mechanisms. We also list DFT
barriers of various elementary events (see Section S3 of the
Supporting Information) that contribute to the alloying, which
can be used as parameters in the KMC.More detailed discussion
on the mechanistic aspect of the alloying and the role of step
edge are presented in the next section.
The distribution of the Zn coordination number at 6.25 μs,

accounting all the Zn bonding with other Cu and Zn
neighboring atoms, is shown in Figure 7c. Almost all the
incorporated Zn atoms have 9 coordination number, which
indicates that they stay at the surface. Few of the Zn atoms have
coordination numbers of 10 and 11, which means that they are
almost buried by the surface atoms. On the other hand, the
coordination number of Zn adatoms varies from 3 to 8 as they
are distributed along the wavy step edge. Figure 7d shows the
coordination number of Zn atoms at 6.25 μs but accounting only
the Zn−Zn coordinations. The histogram depicted in the figure
shows that Zn is mostly surrounded by the Cu atoms and thus,
there is no significant Zn−Zn interaction in the resulting alloy,
consistent with the analysis from STM observation.22

3.3. Alloying Mechanisms (Energetics, Classification, and
Statistics)

In this section, we discuss in detail the alloying schemes of Zn
that were observed during MD simulation. These schemes
describe how Zn in the form of adatoms turns into incorporated
atoms and is thus “alloyed” into the surface. We categorize the
schemes based on three regions where the incorporation occurs:
upper terrace, lower terrace, and middle terrace. We also show
examples of each in-operation scheme that were observed during
simulation. All the observed alloying events are reported as short
videos in the Supporting Information.
3.3.1. Alloying at the Upper Terrace. Alloying at the

upper terrace is dominant in the early stage of alloying, which is
mainly caused by two factors: the localization of Zn at the step
edge after the deposition and the fluctuation of the step adatoms.
The observation of Zn alloying at the upper terrace as the initial
alloying stage was also reported by Sano et al. by means of STM
observations.22 Based on our simulation, we found three
schemes responsible to the alloying at this region: (i) vacancy
insertion at the upper terrace, (ii) exchange descend, and (iii)
confinement by other step adatoms. The characteristics of these
schemes are described as follows.
3.3.1.1. Vacancy Insertion at the Upper Terrace. Vacancies

at the upper terrace might be formed by means of detachment of

step adatoms or the pop out of surface atoms. Such vacancy may
occasionally preserve for a certain time period and attract the
nearby Zn adatom. By using a simplified model, we calculated
the barrier of the vacancy formation by detachment of Cu and
Zn adatoms from the step edge to be 0.80 eV (event no. E17 in
Table S5) and 0.65 eV (event no. E18 in Table S5), respectively.
Meanwhile, the barriers to form the vacancy through the atom
pop out at the upper terrace are higher as we found more than 1
eV barrier for both Cu and Zn pop out (event no. A5 and A6 in
Table S1).
We observed that there are several ways for Zn atoms to

occupy the vacancy: lateral exchange, vacancy hopping descend/
simple-vacancy insertion, and vacancy exchange descend. In
lateral exchange, the step adatom diffuses away toward the lower
terrace and subsequently leaves a vacancy which is then
occupied by the nearby Zn step adatom (Figure 8a). In contrast
with lateral exchange, the vacancy hopping descend (Figure 8b)
and vacancy exchange descend (Figure 8c) require the diffusing
Zn adatom on the upper terrace. The source of this terrace
adatom can be varied, for instance, Zn hopping ascend (event
no. B2 in Table S2), Zn exchange ascend (event no. 6 in Table
S2), and detachment of Zn step adatoms from a higher step edge
(event no. E14 in Table S5). Such mechanisms have barriers of
0.72, 0.61, and 0.57 eV, respectively. The Zn terrace adatom is
very unlikely to be formed by atomic pop out from the upper
terrace (event no. A6 in Table S1) or middle terrace (event no.
A2 in Table S1) considering more than 1 eV barrier for both
cases. The barrier of the vacancy insertion by Zn is typically
small; thus, the energy cost of this scheme mainly comes from
the formation of vacancy at the upper terrace or diffusing terrace
adatoms.

3.3.1.2. Exchange Descend. In this scheme, the Zn terrace
adatom near the descending step edge pushes the step adatom
underneath toward the lower terrace and then takes its position
(Figure 8d). The Zn exchange descend has a modest barrier of
0.20 eV (event no. B10 in Table S2) in the presence of a straight
edge and slightly higher in the presence of a kinked edge as we
found barrier of 0.30 eV (event no. B12 in Table S2). Despite the
modest barrier, the exchange descend also requires the Zn
adatom to be on the upper terrace, similar to vacancy hopping
descend and vacancy exchange descend.

3.3.1.3. Confinement by Other Step Adatoms. Another
alloying scheme at the upper terrace is the confinement of Zn
step adatoms by the other Cu or Zn step adatoms (Figure 8e). It
is well known that the Cu step adatommigrates intensively along
the step edge, resulting in step fluctuation even at room
temperature.23,24 In addition, the previous STM observation
also reported the increase of density and waviness of the step
after the deposition of Zn.22 By calculating the barrier of
elementary events of step edge fluctuations (i.e., attachment and
detachment of adatoms to/from the step edge), we found that all
the elementary events involving Zn atoms (all events in Table
S5) have a lower barrier than the pure Cu system, suggesting that
Zn atoms enhance the step edge fluctuations.
We identified 75 alloying events that take place at the upper

terrace and counted the occurrence of the first and second
schemes to be 12 and 44 events, respectively. Additionally, in all
75 alloying events, we found that the Zn atoms are eventually
confined by more step adatoms for a certain period of time,
considering the high intensity of step fluctuation. Thus, we
considered the third scheme (i.e., confinement by other step
adatoms) as the dominant scheme for the alloying at the upper
terrace. The smaller percentage of the first and second schemes
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is attributed to the high barrier for the formation of vacancy and
terrace adatoms on the upper terrace. Despite the high
frequency, the third alloying scheme only results in the shallow
Zn incorporation to the upper terrace; thus, the alloyed Zn can
easily transform back into step adatoms when the confining
atoms move away.
The alloying at the upper terrace which is induced by step

fluctuation and vacancy diffusion was found in the case of Mn
alloying on Cu(100), suggested by STM images and Monte
Carlo simulation.59,60 However, in contrast to Mn/Cu(100),
alloying of Zn by the step fluctuation is not accompanied by the
frequent alloying vacancy diffusions as evidenced by the low
frequency of alloying by means of vacancy insertion at the upper
terrace. We noticed that Zn can be incorporated simply through
confinement by fluctuating adatoms as shown in Figure 8e.
3.3.2. Alloying at the Lower Terrace. The alloying of Zn

at the lower terrace was found bymeans of STM observations by
Bikaljevic et al. in the form of a roughened area, which was
interpreted as the intermixing region between Cu and Zn.61

Similarly, we also observed the formation of the alloy together
with the associated alloying scheme at this region. We found
three dominant alloying schemes for this case: (i) step-assisted
direct exchange, (ii) vacancy insertion at the lower terrace, and
(iii) indirect-exchange mechanism. The characteristics of this
scheme are described as follows.
3.3.2.1. Step-Assisted Direct Exchange. In this scheme, the

Zn step atom kicks out the surface atom at the lower terrace and
takes its position (Figure 9a). The kicked atom then might
diffuse away or attach to the step edge. By DFT calculations, we
examined three types of step-assisted direct exchange. Type 1 is

direct exchange which is initiated by the Zn step adatoms,
resulting in the formation of Cu terrace adatoms. Type 2 is direct
exchange which is initiated by Zn terrace adatoms, resulting in
the formation of Cu step adatoms. Type 3 is direct exchange
which is initiated by Zn step adatoms, resulting in Cu step
adatoms. The barriers of direct-exchange type 1, type 2, and type
3 (event no. C11, C13, and C15 in Table S3) are 1.41, 0.76, and
1.14 eV, respectively. Even though type 2 has the lowest barrier,
the requirement of Zn terrace adatoms suppresses its occurrence
since an additional barrier to form Zn terrace adatoms is
necessary. In fact, all the step-assisted direct-exchange schemes
that we found are closer to type 3, in which the kicked Cu atom
subsequently attaches to the step edge. We also observed the
positive contribution of the kink site to this scheme as we found
that the barrier reduces to 0.93 eV (event no. C17 in Table S3).
In a previous study of the Pd−Ag alloy, the step-assisted direct-
exchange scheme was found to predominantly occur in the early
stage of restructuring, in connection with a small barrier of 0.29
eV, of which the final state is more stable by around 1 eV for the
mechanism at the lower terrace near the kink site.45 In contrast,
in the case of Cu−Zn surface alloying, a similar mechanism near
the kink site has a much higher barrier of 0.93 eV with the final
state less stable by 0.22 eV. This trend is in agreement with the
cohesive energy of Cu and Ag, in which Ag has a lower cohesive
energy (2.95 eV/atom) compared to Cu (3.49 eV/atom).62

3.3.2.2. Vacancy Insertion at the Lower Terrace. This
scheme is initiated by the vacancy generated by the pop out of
surface atoms at the lower terrace. Once the vacancy is
generated, the nearby Zn adatom at the step edge then fills
the vacancy and hence alloyed into the surface (Figure 9b). In

Figure 9. Alloying scheme at the lower terrace. The green to yellow atoms indicate Cu atoms, the red atoms indicates Zn as adatoms, and the blue
atoms indicates substituted Zn atoms. The white atom indicate the moving Zn atom. Several atoms are marked with star-shaped symbol to ease the
tracking of their positions. (a) Zn atom kicks out and takes the position of the Cu adatom underneath. (b) Zn step adatom fills the vacancy at the lower
terrace. (c) Zn adatom influences the Cu adatom underneath to push the adjacent Zn-substituted atom. (d) Incorporated Zn atom at the lower terrace
is buried by other step adatoms.
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the case of the straight edge, the barriers for Cu pop out (event
no. 9 in Table S1) and Zn pop out (event no. 10 in table S1)
from the lower terrace are very high: 1.61 and 1.19 eV,
respectively. However, in the presence of the kinked edge, such
barriers are significantly reduced to 1.05 and 0.84 eV for Cu
(event no. A13 in Table S1) and Zn (event no. A14 in Table S1),
respectively. This indicates the positive contribution of kink sites
toward vacancy generations at the lower terrace, mainly by
stabilizing the final state of the popped atom. In addition, we
found that the Cu or Zn atom nearby other substituted Zn atoms
has a smaller pop out barrier to overcome. In the presence of two
neighboring Zn atoms, the Cu and Zn pop out barriers (no. A21
and event no. A22 in Table S1) are reduced to 0.93 and 0.64 eV,
respectively.
3.3.2.3. Indirect Exchange. In this scheme, the Zn adatom

influences the surface atom underneath to push the adjacent
surface atom out of the surface (Figure 9c). This scheme
involves three atoms: one “initiator” adatom and two “passive”
surface atoms. To estimate the barrier of this scheme, we
performed DFT calculations using a simplified structure as
presented in Table S4. Treating the diffusing adatom as the
initiator and one pre-substituted Zn atom at the lower terrace,

we found the activation energies to be 0.67 and 1.20 eV for
forward (event no. 7 in Table S4) and reverse (event no. D8 in
Table S4) processes, respectively.
By observing 60 alloying events at the lower terrace within 5

μs MD simulation, we found the percentages of the first, second,
and third schemes to be 74, 22, and 5%, respectively. We also
note that the scheme of step-assisted direct exchange and
vacancy insertion at the lower terrace might have high similarity
when the vacancy is formed near the active atom. Thus, we
distinguished these schemes by the lifetime of the vacancy: if the
lifetime of the vacancy is within 1 ps, we classified the scheme to
step-assisted direct exchange; otherwise, we classified the
scheme to vacancy insertion at the lower terrace. In addition,
we also found that the incorporated atom at the lower terrace is
buried by the fluctuating step adatoms and thus transformed
into a subsurface atom for a certain time period (Figure 9d).
3.3.3. Alloying at the Middle Terrace. The homogeneous

substitution of Zn into the Cu surface after annealing at 560 K
was reported by Sano et al. by means of STM observation.22 We
have performed the MD simulation for up to several μs, but
unfortunately, we could not reproduce such homogeneous
substitutions due to the slow process of the alloying. Even so, we

Figure 10. Alloying scheme at the middle terrace. The green to yellow atoms indicate Cu atoms, the red atoms indicates Zn as adatoms, and the blue
atoms indicates substituted Zn atoms. The white atom indicate the moving Zn atom. Several atoms are marked with star-shaped symbol to ease the
tracking of their positions. (a) Diffusing Zn adatom fills in the vacancy in the middle terrace. (b) Direct exchange between the Zn step adatom and Cu
surface atom occurs; then the step adatommoves back, while the substituted Zn atom stays. (c) Deep confinement of Zn atoms by other step adatoms.
(d) Indirect exchange at the middle terrace.
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still observed a few incorporations of Zn atoms at the middle
terrace and investigated the responsible scheme of the alloying.
We found that there are four schemes that contribute to the
alloying at themiddle terrace: (i) vacancy insertion at themiddle
terrace, (ii) wave deposition mechanism, (iii) confinement by
other step adatoms, and (iv) indirect exchange. The character-
istics of these schemes are described as follows.
3.3.3.1. Vacancy Insertion at the Middle Terrace. This

scheme is similar to the other schemes of vacancy insertion at the
upper and lower terraces, except that the vacancy is found at the
middle terrace (Figure 10a). The DFT calculations indicate that
the vacancy formation by atom hopping at themiddle terrace has
very high barriers: 2.02 and 1.74 eV for Cu pop out (event no. A1
in Table S1) and Zn pop out (event no. A2 in Table S1),
respectively. Therefore, the vacancy found in the middle terrace
may result from the lower and upper terraces at which the
vacancy generation is easier (event no. A5, A6, A9, A10, A13,
and A14 in Table S1).
3.3.3.2. Wave Deposition Mechanism. In this scheme, the

Zn atom was originally formed at the lower terrace through the
step-assisted direct exchange or vacancy insertion at the lower
terrace. However, at a later time, the step or kink sites which
previously assisted the mechanism disappear due to the step
fluctuation, leaving the Zn atom incorporated at the middle
terrace (Figure 10b). Thus, the step fluctuation acts like a wave
which moves back and forth, similar to the behavior of the sea
wave that deposits the material at the sea shore.
3.3.3.3. Confinement by Other Step Adatoms. This scheme

is similar to the confinement of Zn step adatoms at the upper
terrace, except that in this case, the Zn adatoms are confined
deeper to the terrace (Figure 10c).
3.3.3.4. Indirect Exchange. The last scheme is the indirect-

exchangemechanism, which is similar to the one occurring at the
lower terrace (Figure 10d). Using a simplified structure, the
DFT activation energy is calculated to be 1.07 eV (event no. D4
in Table S4). In the case of no pre-substituted Zn, the activation
energy is increased to 1.39 eV (event no. D1 in Table S4),
indicating the role of pre-substituted Zn in the process to lower
the activation energy by ∼0.3 eV.
Based on observation of 46 alloying events at the middle

terrace, the percentages for the first, second, third, and fourth

schemes are found to be 13, 39, 33, and 15%, respectively. Even
though the alloying scheme at the middle terrace is dominated
by the second and third schemes, the incorporated Zn atoms
resulting from this scheme are close to the step edge and can
easily transform back to step adatoms due to the high intensity of
the step fluctuation. On the other hand, the incorporated Zn
atoms farther from the step edge are more stable and stay
incorporated longer.
3.3.4. Complete Scenario of Cu−Zn Surface Alloying

and Comparison with STM Observation. Summarizing all
the alloying schemes that we found, we then devise the Cu−Zn
surface alloying based on our simulation. Initially, the randomly
deposited Zn atoms will localize at the step edge. At room
temperature, the Zn islands might be formed through bindings
between Zn adatoms on the terrace (Figure 5c). However, such
islands are not stable and readily collapse when the temperature
is increased to 550 K. Most of the Zn atoms then attach to the
step edge or diffuse as adatoms on the terrace (Figure 6a). At
700 K, the alloying at the upper terrace occurs, mainly due to
confinement of Zn by other step adatoms and the exchange
descend of diffusing Zn adatoms on the upper terrace. The
alloying at the lower terrace occurs slightly later than the alloying
at the upper terrace. The main mechanism of the alloying at this
region is the direct exchange between the Zn step adatom and
surface atom underneath. Finally, the alloying at the middle
terrace occurs at a later stage, in which the main mechanism is
found to be wave deposition and deep confinement by the other
step adatoms. We noted that the Zn alloyed at the middle and
lower terraces has not been included in the previous DFT
studies of the methanol synthesis by CO2 hydrogenation on
Cu−Zn surface results.8,11,13,18,19 In such catalytic reaction, it
was suggested that Zn stabilizes the adsorbates that bind
through O atoms and destabilizes the ones that bind through C
atoms. Thus, the presence of Zn atoms at the lower and middle
terraces may also affect the catalytic reactions to some extent.
The surface alloying is also accompanied by the formation of a
wavy step edge with a high kink density, much different from the
model of rigid step edge used in the previous DFT studies.
The possible mechanism for the alloy formation has also been

proposed based on previous STM observation.22 Since it was
observed that Zn incorporates the surface from the step into the

Figure 11.Transformation of Zn step adatoms into incorporated Zn atoms at themiddle terrace bymeans of the local-exchangemechanism. The white
and red circles indicate the Cu and Zn atoms, respectively.
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terrace without long-distance Znmigration, it was suggested that
the alloying mechanism occurs through the so-called local
exchange between Zn and the neighboring Cu atoms (Figure
11). This mechanism is initiated by hopping ascend of Zn step
adatoms, followed by Zn exchange descend. Once the Zn atom
is incorporated at the upper terrace, the Zn atom then performs
the sequence of pop out and exchange descend mechanisms to
propagate to the middle terrace. In the case of alloying at the
upper terrace, the local-exchangemechanisms were also found in
our simulation in the form of the sequence of hopping ascend
and exchange descend as mentioned in the previous subsection.
However, we could not find such mechanisms in operation to
form the alloy at the middle terrace or the region far from the
edge. In addition, by performing the DFT calculations using a
simplified structure, we found that the local exchange has a
barrier of more than 2 eV (events F1 and F2 in Table S6) at the
middle terrace. Therefore, we consider that such mechanisms
are unlikely to be responsible for the alloying at the middle
terrace or any part of the surface which is far from the step edge.
Interestingly, a kind of propagation of Zn atoms from upper

and lower terraces to middle terraces is found in our simulation,
which is achieved through the indirect exchange as discussed in
the previous section. Such a propagation is essentially different
from the one suggested by Sano et al. since in the case of the
indirect-exchange mechanism, the Zn at the initial and final
states is a different atom. In addition, our finding of the indirect-
exchange mechanism requires the diffusing Zn terrace adatom,
whichmainly comes from the detachment of the Zn step adatom
(Figure 12).
It was reported that the long jump of Zn atoms was not

observed in previous STM observation; thus, the migration of
Zn-incorporated atoms occurs locally in the form of short
propagation. Considering the moderate barrier of adatom
formation by detachment or the step climbing of Zn step
adatoms, we think that the Zn adatom diffusing on the terrace
should exist in the experiment. To investigate this idea, we
calculated the histogram of the adatom’s lifetime based on our
simulation as shown in Figure 13. The histogram shows that the
majority of adatoms have a very short lifetime, with 0.5 ns at the
longest. By fitting the exponential function to the histogram, we
obtained a very short time constant (τ) of 34.498 ps. Given the
low frequency of adatoms with a long lifetime, it is very
reasonable that they are invisible in the experiment. The reason
behind the apparent short propagation of Zn-incorporated
atoms observed in the experiment is that the pre-substituted Zn
atom contributes in lowering the barrier of the indirect exchange
as shown in events D3 and D4 in Table S4. Therefore, the
indirect-exchange mechanism would tend to happen nearby

another incorporated Zn atom, which in the experiment might
be considered as short or local propagation.
Before attempting to revise the possible scenario of the Cu−

Zn surface alloying, we would like to highlight an important
difference between our simulation and actual experiment.
Naturally, the Zn atom must overcome the barrier to climb
the step edge (i.e., hopping-ascend or exchange-ascend barrier).
However, due to the periodic boundary condition employed in
our simulation, the Zn atoms that were in the bottom-most
terrace can go directly to the top-most terrace just by crossing
the boundary of the unit cell. Such circumstances would result in
the constant presence of Zn atoms diffusing on the higher
terrace as long as they have not been incorporated to the surface.
This is obviously not the case in the experiment. Therefore,
given the condition where the number of diffusing Zn adatoms
on the higher terrace is limited, the source of adatoms in the
experiment would come mainly through hopping ascend or
exchange ascend of Zn step adatoms.
3.4. Migration Rates and Activation Energy
We estimated the Zn migration rate ν(s−1) at constant
temperature by using the Poisson statistics22,63
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where n(t)/n0 is the fraction of Zn atoms that had not moved
within a time interval t. The migration rate is thus obtained by
plotting the logarithm of n(t)/n0 against the time interval t and
then taking the slope. The resulting Poisson statistics of Zn
migrations at 550, 700, and 1000 K are shown in Figure 14a−c.
At each temperature, the resulting migration rate is expressed as

Figure 12.Migration of incorporated Zn at themiddle terrace bymeans of the indirect-exchangemechanism. The white and red circles indicate the Cu
and Zn atoms respectively.

Figure 13. Histogram of the lifetime of adatoms found in the
simulation.
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the average residence time τ (s), which equals to the inverse of
the migration rate. The residence times for temperatures of 550,
700, and 1000 K are calculated to be 3.87 μs, 1.26 μs, and 25 ns,
respectively. By using the Arrhenius law, we thus estimated the
activation energy of the Zn migrations to be 0.52 eV. The
Arrhenius plot is shown in Figure 14d.
Based on STM observation, Sano et al. have derived the

activation energy to be 0.25 eV,22 which is much lower than our
calculation. One possible origin of this discrepancy is the
influence of the STM tip used in the simulation. It has been
reported that the STM tip can induce motion of adatoms,
enhance the vacancy formation, and even move the embedded

atom.64−67 To give more details to this, we calculated simple
elementary events under the influence of the STM tip and
measured the change of the barriers due to the influence of the
tip. The tip is modelled as the isolated (100) surface of tungsten,
a similar element to the tip used in the previous STM
measurements.22 The details of the model and calculation can
be found in section S4 of the Supporting Information.
As discussed in the previous section, the barriers of Cu pop

out and Zn pop out without the influence of the tip are 2.02 and
1.50 eV, respectively. Interestingly, we found that these barriers
of pop out are reduced significantly under the STM tip to 0.88
eV (the tip−surface distance is 4.1 Å) and 0.67 eV (the tip−

Figure 14. Poisson statistics at (a) 550, (b) 700, and (c) 1000 K. The poisson statistic is used to estimate the Zn migration rate (i.e., the inverse of the
residence time τ). (d) The Arrhenius plot to estimate activation energy of Zn migration based on the migration rate at different temperatures.

Figure 15. (a) The mechanism of the atomic pop out assisted by STM tip (left to right). The energetics of this event for Cu pop out and Zn pop out at
the terrace are shown in (b) and (c), respectively.
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surface distance is 4.5 Å) for Cu and Zn, respectively (Figure
15). In the case of direct exchange between Zn and Cu atoms,
the barrier for Zn adatom to kick out Cu surface atom is reduced
from 1.37 to 0.96 eV and the barrier for Cu adatom to kick Zn
surface atom is reduced from 1.10 to 0.78 eV with a tip−surface
distance of 3.7 Å (Figure 16). In addition, we found a very large
reduction of around 1 eV for the barrier of hypothetical local
exchange under the STM tip. In the case of local exchange
initiated by Zn pop out (with a tip−surface distance of 4.3 Å),
the barrier is reduced from 2.18 to 1.08 eV (Figure 17).
Similarly, the barrier of local exchange initiated by Cu pop out
(with a tip distance of 4.5 Å) is also reduced from 2.44 to 1.41 eV
(Figure 18). This suggests that the STM tip may accelerate the
alloying at the middle terrace by assisting vacancy formation and
direct exchange between Zn and Cu. Under the influence of the
STM tip, the local exchange might also be possible as a rare

process given the significant reduction in the barrier. More
detailed study on the alloying mechanisms under the influence
of the STM tip will be the topic for further studies.

4. CONCLUSIONS

In the present study, we investigated the structure and formation
process of the Cu−Zn surface alloy on Cu(997) by machine-
learning MD. GP regression aided with the on-the-fly learning
scheme was employed to build the force field based on data of
first-principles calculations. The resulting force field is validated
by comparing the DFT- and GP-calculated barriers of various
elementary events, the atomic forces of the TS structures, and
the forces of the atomic environments with the highest
uncertainty found during simulation.

Figure 16. (a) Themechanism of the direct exchange assisted by STM tip. From left to right is the mechanism of Zn adatom to kick out the Cu surface
atom. From right to left is the mechanism of Cu adatom to kick out the Zn surface atom. The energetics of both event are shown in (b) and (c).

Figure 17. (a) The mechanism of hypotetical local exchange initiated by Zn pop out under influence of the STM tip. (b) The energetic of the event.

Figure 18. (a) The mechanism of hypotetical local exchange initiated by Cu pop out under influence of the STM tip. (b) The energetic of the event.
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The simulation reveals atomistic details of the alloying
process, that is, the incorporation of deposited Zn adatoms to
the Cu substrate. We found that Zn incorporates the surface not
only at the upper terrace but also at lower and middle terraces
which have not been considered in the previous DFT studies of
methanol synthesis on the Cu−Zn surface. The surface alloying
is also accompanied by the formation of a wavy step edge with a
high kink density, much different from the model of rigid step
edge used in the previous DFT studies. By calculating the barrier
of elementary events of step edge fluctuations (i.e., attachment
and detachment of adatoms to/from the step edge), we found
that all the elementary events involving Zn atoms have a lower
barrier than the pure Cu system, suggesting that Zn atoms
enhance the step edge fluctuations.
The time evolution of the surface shows that the alloying is

initiated at upper and lower terraces near the step edge, giving
emphasis to the role of steps and kinks in the surface alloying
which lower the barriers of elementary events such as vacancy
generation and direct exchange. The alloyed Zn was found at the
middle terrace at the later stage of the simulation. We found that
the alloying at the upper terrace is dominated by the
confinement of Zn step adatoms by other step adatoms which
migrate heavily along the step edge, highlighting the importance
of step fluctuation in the alloying which is also enhanced by the
presence of Zn. Meanwhile, the alloying at the lower terrace is
dominated by the direct exchange between the Zn step adatom
and the Cu surface atom underneath. In the case of alloying at
the middle terrace, the alloying is dominated by the wave
deposition and deep confinement of Zn adatoms.
The short propagation of alloyed Zn in the middle terrace was

observed to occur bymeans of the indirect-exchangemechanism
instead of local exchange as proposed in the previous STM
observation. The comparison of migration rate and activation
energies to the result of STM observation is also made. Based on
Arrhenius plots, we calculated the activation energy to be 0.52
eV, which is around 2 times higher than the experimental
activation energy measured by experiments. We explained such
discrepancy as the result of the STM tip influence on the surface.
In addition, we have found that at a certain distance from the
surface, the STM tip significantly affects the elementary events
such as vacancy formation and direct exchange.
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