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Abstract

In this work, we propose a classical equivalent two-body (ETB) model that can capture more detailed
dynamic features arising from energy dissipation and atom oscillations, by introducing the Langevin
equation of a harmonic oscillator. The trapping probability, scattering angle and the residence time of
Ar interacting with Pt (111) and W (110) surfaces predicted by the ETB model agree well with the
measured experimental data or molecular dynamics simulations. Moreover, the ETB model is also
used to study the influence of oscillating and dissipating properties on the thermal accommodation
coefficients and rainbow scattering of gas atoms colliding with the surface. It is found that the
dependence of energy accommodation coefficients and rainbow scattering on the oscillating and
dissipating parameters shows nonlinear behaviors, and the associated mechanisms are disclosed. ETB
model further provides the possibility to explore the physics beyond the existing two-body models for
abetter description of energy transferring during atom surface interactions.

1. Introduction

The atomic dynamics on surface has been paid special attention due to the crucial role in many scientific and
engineering applications. For instance, in vacuum science and technology the pumping down speed is mostly
determined by the sticking probability and residence time of the gas atoms interacting with the inner surface of
the vacuum system [1-3]. In surface science, the diffraction patterns and the rainbow effects of the scattered
atoms has proven to be a useful method for analyzing the surface structure and interaction potential [4-8].
Moreover, the physical and chemical dynamics of the atoms on surface are also relevant with pathways for
heterogeneous catalysis, corrosion and crystal growth [9—15]. The energy and momentum accommodations of
the gas atoms after colliding could affect the nonequilibrium transport processes in space, plasma, detonation
and microchannel [16-18], which have drawn growing interest in atom-surface interactions. Despite the
interesting physics and practical applications, the microscopic mechanisms are either unpredictable by the
available theories or very difficult to be addressed by experiment due to the lack of measurement with sufficient
accuracy, and therefore tremendous efforts have been devoted to understanding the physics of atom-surface
interactions.

Simplified classical models provide an efficient way to analyze the physics of atom-surface interactions, even
though the quantum model could provide more realistic physical systems than classical model and some
features associated with quantum effects cannot be captured by the classical model based on empirical potential
functions [19-22]. Actually, in the classical limit of gas surface interactions, large incident energies and high
surface temperatures could suppress the quantum effects [23—25], and then classical models could be employed
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to investigate the gas surface interactions. Some underlying mechanisms governing the non-equilibrium
phenomena have been revealed by classical models [6, 26—-28]. Compared with the all-atom molecular dynamics
simulations, simplified classical models are much more flexible and have advantages in exploring how different
factors, such as surface corrugation, thermal vibration of the solid atoms, thermal conductivity of the solid, etc,
influence the atom-surface interactions independently. Although the simplified models may reduce accuracy,
the atomic dynamics under different surface conditions can be more quickly evaluated by simplified models
than that by all-atoms simulations, this is crucial important for some practical applications. Hence the classical
models still play an important role in investigations of atom-surface interactions [ 16, 29-32].

The complex multibody interactions have been reduced to two-body interactions between gas atom and
simplified surface model since 1960s. The first attempt to achieve this is hard cube model [33, 34] , in which solid
surface is modeled by a hard cube with flat surface. The hard cube model shed light on the effects of temperature
and the mass ratio of incident atoms to solid atoms on the scattering angle distribution and energy
accommodation coefficient. However, the sticking probability of atoms cannot be predicted by the hard cube
model. To circumvent this limitation, the hard cube model has then been extended to the soft cube model [35],
which takes the attractive interaction into consideration and then can be used to analyze the influence of
potential depth on sticking probability qualitatively. Analogous to the hard cube model, the smoothness
assumption in soft cube model ignores the contributions of real surface roughness, which may play an important
role in rainbow scattering [36—38], and affect the relative importance of tangential and normal incidence energy
for sticking probability. To this end, the washboard model has been proposed to study the corrugation effect
[39, 40]. In washboard model, the corrugated surface is constructed with many continuously distributed hard or
soft cubes, and the surface roughness could be modified by changing the cube distributions. Another way of
describing the corrugated surface is to view it as a corrugation potential of atom-surface interaction [29, 41-44].
With these approaches, the dynamics of atom-surface interaction could be more accurately extracted from
classical models.

As far as we know there have been a great deal of works using the simplified classical models investigating
how the mass ratio, incident energy, surface temperature, potential well depth and surface corrugation affect
atom-surface interactions. These parameters coupled with the energy dissipation processes make atom-surface
interaction more complicated, e.g., the energy dissipation of solid atoms may change the vibrational induced
corrugations on surface and consequently affect the atom-surface interactions [45, 46]. In fact, the energy
dissipation of the surface atoms has been considered by some classical models, such as the generalized Langevin
equation (GLE) method [47] and the generalized Langevin oscillator (GLO) model of the surface [48]. In GLE
model, solid substrate is constructed with regularly arranged atoms, the motions of the solid atoms indirectly
interacting with incident atoms are described by the GLE equation, while motions of the solid atoms directly
interacting with the incident atoms are governed by the spring equation, however, this method works like
simplified MD method, and lacks the advantages of two-body model in studying the underlying mechanism of
atom-surface interaction. The GLO model is a two-body model, the model describes the surface as a smooth
generalized Langevin oscillator, in which the corrugation effect of the surface is not taken into consideration. To
further explore how the oscillating and dissipating properties influence atom-surface interactions, we propose
an equivalent two body (ETB) model with the intention of providing a precise description of atom-surface
interaction through including the energy dissipation terms. The ETB model is constructed and introduced in
section 2, and is validated by applying it to three classical atom-surface interaction problems in section 3. After
that, we use the model to analyze the influence of dissipating and oscillating properties of the solid atom on
thermal accommodation coefficients in section 4. At the end, a brief conclusion and discussion about the
applicability and extension of the model is presented.

2. Framework of equivalent two body model

2.1.Basicideas

The reduced classical two-body models have been traditionally used as an efficient tool to describe
nonequilibrium atom-surface interactions. The energy dissipation and solid atom oscillation may have essential
influences on the atom-surface interactions. When a gas atom moves toward the solid surface, the potential
energy converts to the kinetic energy of the gas atom, and finally some of them converts to the kinetic energy of
the solid atoms after collision. The locally heated solid atoms could subsequently transfer energy to the
surrounding solid atoms and then keep thermal equilibrium with them. The energy transfer processes are
mainly achieved through the gas-solid interactions and solid-solid interactions. To capture the fundamental
physics on the surface which is coupled with energy transfer, we propose an equivalent two-body (ETB) system,
which incorporates energy dissipation terms to model the atom-surface interactions. In our ETB model, the
solid atoms which are directly colliding with gas atoms are defined as the primary solid atom, while the other
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atoms on the surface are classified as subordinate atoms. Physically, the primary solid atom can be reckoned as
the solid atom which influences the gas motion the most.

Let ry, = (xg, Yoo zg), 1, = (Xs, J;,» Z5) be the coordinates of the gas atom and the primary atom respectively,
r=(x y,z)= (x5 — X Yo = Yo Zg — z,) is the relative position between them, z direction is perpendicular
to the solid surface. The interaction potential between gas and primary atoms is represented by ¢ (x, y, z), which
is estimated from the interaction potential between gas atom and solid surface. The force exerted on the solid
atom can be described by generalized Langevin equation (GLE) [49, 50]. The simplest version of the GLE, the
Brownian equation of a harmonic oscillator is used to describe the motion of the solid atoms [51], and the
validity of the equation will be verified in the next subsection. Based on the above analysis, the motion of the two
bodies can be described by

\VA
(1) = e @.1)
Mg
B = —Lkon— ¢oh 4 A — 0 (22)
N ms

where k and ¢ are diagonal matrices, the diagonal components of k and ¢ are written as k;, (;(i = x, y, z),
which represent the spring constant and dissipation coefficient in x, y, z directions. A (¢) is gaussian fluctuation
force, its component A;(t) equals to ,/2¢;kg T/ m; 1), where 7 is a uniformly distributed random number in the
range of (0, 1). According to the fluctuation-dissipation theorem, A;(t) and (; satisfy the following relationship,

(Ai(DAi(T)) = 2GkeT/msb(t — 1), i =%, 9, 2 (2.3)

where kg is the Boltzmann constant, T is the temperature of the solid, ¢ is the Dirac function.

The square root of k; /m, determines oscillating frequency of the solid atom, and the relaxation speed of the
solid atom to the equilibrium state could be affected by (, since large (; could enhance the energy dissipation of
the primary atoms. The values of k; and ¢; involve both microscopic and macroscopic parameters, which
include the interaction strength, the separation of solid atoms and the temperature of the solid. Through
experiments or MD simulations, these parameters of specific gas-surface system can be determined for the
analysis of ETB model.

2.2. Oscillating and dissipating parameters

To obtain the oscillation and dissipation parameters, the Brownian equation of oscillator for the motion of solid
atoms is validated as follows. Taking the motion in x direction as an example, by eliminating the force exerted on
the primary atom by gas atom, equation (2.2) reduces to

(1) = ——kyxy — €y - o+ Ar(D) (2.4)

N

The corresponding velocity auto-correlation function C (1) = (x(7)%,(t + 7)) equals to [51]

C@t) = C(O)e‘Cxt/z(cos wt — ZC—" sin wt), w = \Jke/ms — (3 /4 (2.5)

w

we compare the velocity auto-correlation function obtained by equation (2.5) with the MD simulation results to
check the validity of equation (2.4) for the motion of solid atoms. The MD simulations are performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [52] developed at the Sandia National
Laboratories.

As representatives of low energy surfaces with face centered cubic (fcc) and body centered cubic (bec)
crystals, the motions of atoms on Pt (111) and W (110) surface are studied respectively. In MD simulations, the
embedded-atom (EAM) potentials are used to calculate the interaction between solid atoms [53, 54]. After the
solid reaches thermal steady state, velocity auto-correlation functions of the solid atoms in the topmost layer are
sampled and averaged. Figures 1 and 2 illustrate C(¢) for Pt (111) at 273 Kand W (110) at 373 K as a function of
time, where the symbols show the MD results and the solid lines are the fitted results based on equation (2.5). Itis
seen that the fitted results based on equation (2.5) agree well with the MD results, which indicates that the
thermal motion of solid atoms can be well described by Brownian motion of harmonic oscillator.

We then evaluate the values of k; /m, and (;(i = x, y, z) by fitting the velocity auto-correlation functions
obtained by MD simulations to equation (2.5). Table 1 lists the values of k; /mand (;(i = x, y, z) ofatoms on
W(110) and Pt(111) surfaces at different temperatures. It is shown that k; is almost invariant as the temperature
changes within the range considered in this work, this is because the interaction strength and the separation of
solid atoms do not change too much with temperature. For (j, itis found that ¢, and ( are insensitive to
temperature due to the strong confinement in directions parallel to the surface; Nevertheless, in the direction
perpendicular to the surface ¢, varies essentially with temperature, the deviation between the maximum ¢, with
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Figure 1. The velocity auto-correlation functions of motion in x, y, z (top, middle, below) directions of Pt(111) surface atoms at 273 K.
Symbol: results of MD simulation, solid line: equation (2.5) with k; and ¢; listed in table 1.
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Figure 2. The velocity auto-correlation functions of motion in x, y, z (top, middle, below) directions of W(110) surface atoms at 375 K.
Symbol: results of MD simulation, solid line: equation (2.5) with k; and ¢ listed in table 1.

respect to the minimum (, is no larger than 21% and 15% for Pt (111) and W(110) surface respectively. The less
sensitivity of the dissipating and oscillating parameters to temperature may facilitate the application of the ETB
model under different temperatures.
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Table 1. k; /m; (ps™) and ¢; (ps™ ") of Pt(111) and W(110) surface atoms at different

temperatures.

Surface T(K) Cy ky /my Cy ky /m ¢ k. /my

W (110) 375 14.9 625 12.9 640 3.39 430
575 15.1 640 12.5 630 3.52 421
775 15.1 632 12.2 614 3.90 409

Pt(111) 80 8.19 149 8.19 149 8.56 158
190 7.95 152 7.93 149 7.30 162
273 7.93 148 7.89 147 7.05 160

2.3. Interaction potential of gas atom and solid surface

The interaction between a pair of neutral atoms or molecules, i and j, can be described by the Lennard-Jones
(L)) potential function, ;i (1) = 4el(o /7 )2 — (0/7;7)°], where r; is the intermolecular distance, ¢ is the
molecular binding energy, and ¢ is the collision diameter. The L] parameters have been extensively investigated
and their values for many popular species are available in the literature [55, 56]. If the interacting atoms are of
different species, the potential parameters can be calculated by the Lorentz-Berthelot mixing rule. For the
interaction between a gas atom 7 and a surface in our proposed ETB model, the potential can be assumed to be
the sum of interactions between the atom and each constituent atoms of the surface,

N
() = 3" (1)) 2.6)
j=1

wherer,_ ; is the distance between the gas atom and the jth solid atom of the surface, Nis the total number of the
atoms on the surface. Equation (2.6) is a simple approach to obtain the atom-object interaction potentials and
the idea has also been widely used to determine the gas-particle potentials and the gas-carbon nanotube (CNT)
potentials [57-59]. For gas-surface interaction, the soft cube model [35] and the washboard model [39, 40]
assume the solid atoms are continuously and uniformly distributed on the surface, which maylead to some
artificial features. To this end, the physical discrete configuration of surface atoms is taken into account in this
work. For a given surface with cubic crystal structure, the lattice constant along three different directions are
equal and we refer to b. The surface roughness arising from lattice structures can be characterized by o /b, where
o is the interaction distance between the gas atom and the solid atom. Here, we employ equation (2.6) to
numerically calculate ¢ (x, y, z) and plot the dependences of ¢ on z at hollow and top site for different o /b in
figures 3 and 4. To consider the lattice effect, o/ b is varied to cover a wide range of surface conditions through
modifying . Itis seen from figures 3 and 4 that the difference of potential between the hollow site and the top
site is small for large o /b, because large o /b could reduce the surface roughness.

The equilibrium positions of solid atoms are periodically allocated on an idealized crystalline surface, e.g. fcc
or bee, and therefore the potential ¢ on time average follows periodic distribution according to its lattice
structure. For the convenience of applying analytical potential function in equations (2.1) and (2.2), we fit the
exact interaction potential from equation (2.6) to its analytical formulation. Different periodical analytical
formulations have been developed for the surfaces with different lattice structures, equations (2.7) and (2.8) are
proposed for fcc (111) and bee (110) surfaces respectively:

0'2 6( S — S())S 0'2 :
= Ag,_; m 1+ —| =211, om = 0.920
¢ 8 [(Z2+ S b? 22_|_ SO

So T ay) ., ~3b2 b?
S(x, y) = = cos? == + cos’ = |, by, = ;S = — 2.7
* ) 5 ( b m) 2 0T 2.7)
2 \6 2.5 2 2
Om S — SO) o
=Agg || =——| |1 + —|—=—1| | om = 0.920
¢ g [(ZZ + S) ( b2 (ZZ + SO) ]
So T AN b?
S(x, y) = —|cos* — + cos’ = |, by, = —, Sp = 0.225b? 2.8
(o) =3 ( = bm) 5 (28)
where A is a normalization coefficient making ¢ ;. = —&,_, €, is the binding energy between the gas and the

surface. The value of &, _; can be determined by ab initio calculations, or MD simulations on condition that the
interaction of gas atom and solid atom is known. In addition, it can also be measured experimentally based on
the thermal effect in desorption [60]. S(x, ) is a periodical function of surface coordinates, and the periodical
unit is a square with a by, side, corresponding toa 1/b2 area density of atoms, which equals to the virtual area
density on surface. For fcc (111) surface, the atomic number density is 4/+/3 b%, which equals to 1/b2 in
equation (2.7), while for bee (110) surface, the atomic number density is /2 /b2, which equals to 1,/b2 in
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Figure 3. The interaction potential between gas atom and fcc (111) surface. (a) 0 /b = 0.57,(b) 0/b = 0.71and(c) o/b = 0.85.

equation (2.8). o, denotes the interaction distance between the gas atom and the surface, o, is expected to be
smaller than the interaction distance between the gas atom and surface atom because the gas atom interacted
with more than one atom on the surface. The dependence of o, on ¢ and that of Sy on b, together with the
potential distribution function are obtained by fitting the gradients of the potential along the normal and
tangential direction of the surface to those of the potential obtained by MD simulations for a wide range of &
and b.
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Figure 4. The interaction potential between gas atom and bee (110) surface. (a) /b = 0.8 (b) 0/b = 1.0and (c)o/b = 1.2

For both atom-fcc (111) surface and atom-bcc (110) surface interactions, the fitted potentials compare well
with the exact potentials under different o /b, as illustrated in figures 3 and 4. The interaction potentials studied
above are obtained by assuming that all solid atoms are rigidly fixed at lattice sites. However, solid atoms may
deviate from the lattice site with small displacements due to thermal motions, and the vibration of the solid
atoms could affect the atom-surface interaction potential. To evaluate the potential deviation, we define the
following quantities,
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Table 2. Interaction potential parameters of
Arand Pt(111), W(110) surfaces.

Atom-surface o &) gg—s/ks (K)

Ar-Pt(111) 2.97 664
Ar-W(110) 4.02 378

Table 3. The deviation of interaction potential caused by thermal motions of solid atoms at
different temperatures.

Atom-surface T(K) 100 300 500 700

Ar-Pt(111) AP max 8.52E-02 1.74E-01 4.62E-01 1.86E -+ 00
(A¢') 2.27E-02 4.37E-02 6.45E-02 1.30E-01

Ar-W(110) A max 8.52E-02 8.48E-02 1.66E-01 2.40E-01
(Ag') 1.79E-02 2.89E-02 4.26E-02 5.40E-02

¢min(x’ )/’ T) - ¢min (X, y’ equi)

Ay 1= G (%, 7> equi) 290
AP max = (AP (X, , T))xy, max (2.9b)
(Ag) = (AY'X, ) Ty ave (2.9¢)
where ¢, (x, ¥, equi) is the minimum potential along y direction for specific (x, y) when the solid atoms are

rigidly located at the equilibrium lattice sites, ¢ (x, y, T)is the minimum potential when the solid atoms
vibrate at temperature T. (-)y,, max and (-)y.,ave denote the maximum and averaged value of A¢'(x, y, T)in (x,
) plane respectively.

To evaluate the fluctuation of potential caused by thermal motion, we study A¢’(x, y, T) of Ar-Pt(111) and
Ar-W(110) surfaces at different temperatures through MD method. The potential parameters of Ar and solid
atoms are listed in table 2. We use the potential parameters given in [61, 62] for Ar-W interactions and [63] for
Ar-Ptinteractions. The interaction distance of Ar-Pt is arithmetic average of that of Ar-Ar [55] and Pt-Pt [56]. In
MD simulations, A¢'(x, ¥, T), A¢' may and (A¢') are calculated at an instant after the solid reaches thermal
steady state. As shown by the results in table 3, the deviation caused by thermal motion increases with
temperature. Moreover, the deviation for Ar-W (110) is also shown to be smaller than that for Ar-Pt(111),
because the strong interaction of solid W atoms corresponds to small amplitude of thermal vibrations.

So far the methodology to obtain the parameters in ETB model has been introduced. In the next section, we
apply this ETB model to calculate sticking probability, outgoing angle and residence time in atom-surface
interactions.

3. Application to atom-surface interactions

3.1. Sticking probability of Ar colliding with Pt(111) surface
Sticking probability of Ar on Pt (111) surface has been widely studied by experiments and numerical simulations
[64-66]. To validate the ETB model, we apply it to calculate trapping probability of Ar on Pt(111) surface and
compare the results with experimental results measured by Mullins et al [66]. In [66], the molecular beams of Ar
areincident on Pt (111) surface with surface temperature of 80 K and 190 K, the distribution of time of flight of
the outgoing atoms under different incident energy and angle is measured, and the trapping probability under
different incident energy and angle is obtained by analyzing the distribution of time of flight of the scattered
atoms.

The calculations based on ETB model are performed under a range of surface temperatures from
80 K to 190 K and a range of the incidence energies E; from 0.01 eV to 0.8 eV with the incidence angle 6; varying
from 30° to 60°. Interaction potential between Ar-Pt(111) are described by equation (2.7), the potential
parameters are listed in table 2, besides, oscillating and dissipating parameters of the surface listed in table 1. In
our simulations, trapping is defined to occur when the gas atom does not leave the surface within 10 ps after its
arriving at the surface. Trapping probability for every case was obtained based on samples of 2000 trajectories,
which gives a maximum statistical standard deviation about 0.02. The results obtained by ETB model are
compared with experimental results in figure 5. The dependence of trapping probability on incidence energy
and incidence angle satisfies s ~ E; cos’ 6;, and v decreases with increasing T'. Specifically, when v = 2, s is
actually a function of normal incidence energy, a decrease in -y is associated with the increasing importance of
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Figure 5. Variation of sticking probability of Ar-Pt (111) collisions with incident energy and incident angle obtained by ETB model
and experiments under different surface temperature (a) I; = 80 K, (b) T, = 190 K.

tangential energy in reflection. In a whole, trapping probabilities obtained by ETB model agree well with
experimental results, the small discrepancies between experimental and ETB results for low incidence energy are
possibly caused by the potential deviations induced by thermal motion of solid atoms, which has not been

considered in ETB model.

3.2. Outgoing angle of Ar scattering from W(110) surface
The scattering of atomic and molecular particles has proven to be a useful method for obtaining a wide variety of
information on the structure and dynamics of surfaces [4-8]. Therefore, it is important to predict the outgoing
angle of a gas atom scattering from the solid surface [67]. In this section, ETB model is applied to calculate the
outgoing angle of Ar scattering from W(110) surfaces.
For the convenience of comparison, the simulation conditions are set to be the same with those of molecular
beam experiments reported by Weinberg [68]. In [68], the argon molecules with temperature of 295 K were
incident on W(110) surface with different surface temperatures, and the in-plane intensity of the scattered atoms

are measured.

The angle of the incident gas is 45°, and the temperature of solid is changed from 375 K to 775 K, as shown in
figure 6. In ETB simulations, the conditions of the incident atoms and surface are consistent with that of the
experiment, and the interaction potential of Ar-W(110) are described by equation (2.8), the potential parameters
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Figure 6. Relative distributions of scattering angle of Ar incident on W (110) surface, the temperature of the incident gas is 295 K, the
incidence angle is 45°, for different surface temperatures. (a) T, = 375 K, (b) T; = 575 Kand (¢) T; = 775 K. All the distribution
functions are normalized by the crest value of T = 775 K.
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Table 4. Residence time of Ar on W(110)
surface obtained by MD and ETB method
at different temperatures.

T(K) 74 (ps, MD) 7a (ps, ETB)

75 2067 1777
100 708 844
125 431 511

are listed in table 2, and the oscillating and dissipating parameters of the surface listed in table 1. The motion of a
gas atom is numerically integrated up to 100 ps after its arriving on the surface. If the atom does not leave the
surface till 100 ps, the outgoing velocity of the gas atom satisfies Maxwell distribution, corresponding to a

cos 6, /2 distribution function of the outgoing anglef,. Through recording the outgoing angle 6, of molecules
scattered in the principal plane, the distribution functions are obtained. In figures 6(a)—(c), the distribution
function for different temperatures predicted by the ETB model are compared with experiment, it is seen that
the ETB model predicts the outgoing angle well for all temperatures.

3.3. Residence time of Ar adsorbed on W(110) surface

The residence time 74 is defined as the expected time needed for an adsorbed gas atom to escape from the
surface. Residence time has been seldom studied by previous models, mostly because of the complication to
model the continuous bounces of gas atom on the solid surface. In this work, the ETB model is also employed to
calculate the residence time for Ar adsorbed on W(110), and the results are compared with MD results.

Inboth ETB and MD simulations, the gas atoms were initially adsorbed on the surface, and then desorbed at
some time triggered by thermal motion. The fraction of molecules remains adsorbed on the surface versus time
is obtained from 4000 trajectories. In MD simulations, the 4000 trajectories are calculated in one simulation, i.e.,
4000 atoms are initially adsorbed on a surface of 400 A x 400 A area, and the interactions between gas atoms
areignored. In ETB model, 4000 trajectories are independently calculated.

For rarefied gas atoms adsorbed atoms on an ideal surface, the desorption rate is mainly determined by the
binding energy, the surface temperature and coverage rate. In this work, the coverage rate is very small, while the
binding energy and the surface temperature is constant, therefore, the desorption rate is proportional to T,
Theoretically, the number of gas atoms adsorbed on the surface I satisfys the following equation

ar/dt = -I'/n (3.1)

and thus I' = Te~/™, with [} the initial value of T". By fitting the In I" /T, to a linear function of ¢, we obtain 74.
Table 4 lists 7y obtained for different temperatures, and shows that the results obtained by ETB method and MD
method compare well with each other, the relative difference is no larger than 20%, while the numerical cost for
one trajectory simulation with ETB model is much cheaper than that of MD method.

Itis shown that our model could capture more fundamental physics on the surface, including energy transfer
between the atom and the surface, energy transfer among solid atoms, and the effect of surface corrugation for
atom-surface interaction. The existing two-body models either capture only a part of these processes
[35,39, 40, 48] as discussed in the introduction or incorporate some artificial parameters [42—44]. While all the
parameters in our model, including the dissipating and oscillating parameters and the potential parameters are
well defined and can be fitted through numerical method or assigned by experimental data. Moreover, it is also
worthy to note that the proposed potential function could provide more accurate description of the interaction
potential compared with the existing two-body models, such as the hard cube model [33, 34], the soft cube
model [35], the washboard model [39, 40], the GLO model [48] and the perturbation theory for atom-surface
interaction potential [42—44]. Therefore, this model could be employed to investigate the physical properties
associated with the energy conversion and dissipation for atom-surface interaction.

4. Influence of oscillating and dissipating properties on atom-surface interaction

4.1. Thermal accommodation coefficients

The exchange of energy between gas atoms and surface is typically characterized in terms of the energy
accommodation coefficient. Extensive efforts have been focused on the influence of gas temperature, solid
temperature, potential well depth and mass ratio on thermal accommodation coefficient [16, 30, 35]. However,
the influence of oscillating and dissipating properties of solid atoms has seldom been studied. The properties of
solid surface determine the energy transfer process and could play an important role in the results of atom-
surface interaction. Therefore, it is nontrivial to understand how the dissipating and oscillating parameters
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Figure 8. Thermal accommodation coefficients as a function of oscillating coefficients under different &, _;/kg. The atom-surface
interaction potential is described by equation (2.7),0 = 2.97 Aand b = 3.95 A. m, = 40 amu, T = 300 K, m; = 195 amu,
(= 7ps L

influence the thermal accommodation coefficient & which is defined as
T, - T,

a = 4.1
= (4.1)

where T; and T; are temperatures of the solid and incident gas respectively, T, stands for the temperature of the
atoms scattered from the surface. T; equals to (E, ) /2kg, where (E,) is the average kinetic energy of the scattered
atoms.

For atom-surface interaction described by ETB model, the temperature of the scattered atoms T, depends on
the following factors: mg, Ty, g, Ty, by, k, ¢, €55, Om. For the purpose of simplicity, the oscillating and
dissipating movements is assumed to be isotropic, and the tensors k and ¢ are reduced to scalars k and ¢
respectively. For all the calculations in this section, the atom-surface interaction potential is described by
equation (2.7), whereo = 2.97 A, b = 3.95 A, my = 40 amu, T = 300 K, m, = 195 amu, ¢ and k is variable.
The gas incident on the surface with random azimuthal and incident angles, the temperature of the incident gas
equalsto T,

The accommodation coefficients c are plotted as a function of ¢ and (k/m;)** for differente, _/kg in
figures 7 and 8. It is seen that & increases monotonically with £;_, because for large ,_; atoms could bounce
more times with high thermal vibration frequency and then facilitate energy dissipation. However, the variation
of a with  is more complicated and interesting. For ¢ < 1ps™!, a increases steeply with ¢, while for
¢ > 1 ps~}, adecreases slowly with ¢. To explain this, we would like to mention that the kinetic and potential
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Figure 9. Dependence of angular distribution on dissipating and oscillating properties for an atom scattering from a solid surface. The
atom-surface interaction potential is described by equation (2.7) with g, /kg = 664 K, o = 2.97 Aand b = 3.95 A. Mass of the
incident atom is 40 amu, incident energy is 2.4 eV, the incident direction s (v/2 /2, /2 /2, —+/3). Mass of the solid atom is

195 amu, k, /ms = k, /mg = 150 ps~2, ¢, = G=38 ps~L ¢, = 0 ps~!(a), (d), 8 ps~! (b)—(e), 16 ps~! (c), (), and

k, /ms = 150 ps=2 (a)—(c), 290 ps~2 (d)—(f).

energy of incident atom transfers into the kinetic energy of solid atoms at speed of —#, - V¢ during collision,
and then the kinetic energy of the solid atom is dissipated at speed of — (7 - #;. When ( is small, energy cannot be
efficiently dissipated in time #,, the dissipation process is the bottleneck for the energy accommodation of the gas
atom. Therefore, « increases with (. However, as ( is increased further, the energy can be efficiently dissipated
when ( is sufficiently large, and the accelerated (by —#; - Vj,¢) solid atom cool down rapidly to T; with the
module of # being small, and then the energy transfer efficiency (—# - V, ¢) could be reduced, which leads toa
decrease of «, as shown by figure 7.

The variation of @ with elastic coefficient can also be divided into two stages, as shown in figure 8. In the first
stage where (k/m )" is small, the thermal accommodation coefficient « is almost independent of (k /)%,
When (k/m;)*? is large, the thermal accommodation coefficient « decreases with the increase of (k /). This
phenomenon could be explained as follows. When the elastic coefficient is small, solid atoms vibrate with alow
frequency, the interaction with the incident atom and the dissipating force dominate over the thermal motion of
the solid atoms and the energy exchange processes; when (k/m;)* islarge, the elastic force becomes important
and an extremely large elasticity coefficient can be viewed as a hard wall surface, which may suppress the energy
exchange, therefore thermal accommodation coefficient « decreases.

4.2. Rainbow scattering

Angular distribution for scattering of an atom collided with a corrugated surface could have double peaked
structure, which is known as rainbow scattering. In this section, the effect of dissipating and oscillating
properties on rainbow scattering will be investigated by ETB model, and the influence of dissipation effect on
scattering angle will be explored.

To explore the dissipation effect, we fix the other parameters in our calculations. The potential of atom-
surface interaction is described by equation (2.7), the value of &, _ satisfies £,/ kg = 664 K, the interaction
distance o is 2.97 A, the lattice constant b is 3.95 A. The mass of the incident atoms is set to be 40 amu, the
atoms incident on the surface with energy of 2.4 eV along the direction of (2 /2, N2 /2, —/3). The mass of
the solid atom is set to be 195 amu, the oscillating parameters in x and y directions are characterized by
ky/mg = k,/mg = 150 ps~?, the dissipating parameters ¢, = G =38 ps~!, the values of k, and , are variable
and their influences on scattering angle are investigated.

Figure 9 illustrates the distribution of scattering angle under the condition of {, = 0 ps~!(a), (d), 8 ps~! (b),
(), 16 ps~L(c), (f),and k, /m, = 150 ps—2 (a)—(c), 290 ps~2 (d)—(f). Itis found that the distribution of scattering
is symmetrical about the incident plane because the interaction potential is symmetrical about the same plane,
besides, rainbow scattering for simulation cases. In practice, the surface structure could be determined by
symmetrical properties of distribution of scattering angle by changing the azimuthal angles of the incident gas.
To better investigate the influence of dissipating and oscillating parameters on rainbow scattering. Figure 10
displays the probability distribution function (PDF) of the scattering angle in the incident plane. It is seen that
the influence of the dissipating and oscillating parameters on the PDF of 6, is negligible for {, > 8 ps~!. When
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Figure 10. Comparison of in-plane PDF of 6, shown in figure 9 for different dissipating and oscillating parameters.

¢, = 0 ps~!, the PDF of 6, is sharper around the two crest for bigger k, and more rigid surface, because the rigid
the surface could enhance the rainbow effect. The above analysis indicates that the rainbow scattering is
insensitive to the dissipating and oscillating properties for large, , however when (, is small, the rainbow effect
increases with k, and decreases with ¢,.

5. Conclusions and discussions

In summary, a classical ETB model incorporating energy dissipation is proposed and applied to calculate the
sticking probability, outgoing angle and residence time of Ar on Pt(111) and W(110) surfaces. The calculations
show that results of the ETB model agree well with that obtained by experiments and MD simulations, which
confirms the validity of the ETB model for atom-surface interactions. The ETB model is utilized to investigate
the influence of dissipating and oscillating parameters on thermal accommodation coefficients and rainbow
scattering. Itis found that the dependence of energy accommodation coefficients on ¢ shows nonmonotonic
behaviors, which is caused by the competition of energy dissipation and energy transfer efficiency. Moreover,
energy accommodation coefficients are almost independent of (k/m;)*> when (k/m)*> is small. As (k/m;)*>
increases, the elastic force becomes dominant, which may suppress the energy exchange and the energy
accommodation coefficients drop. For rainbow scattering, the influence of oscillating and dissipating
parameters on the distribution of scattering angles is ignorable when dissipating parameter is big. When the
dissipating parameter is small, the rainbow effect increases with increasing oscillating parameter and decreasing
dissipating parameter. In addition, due to the surface defects and impurities, most practical surfaces are not
smooth. The ETB model can be further developed to take these factors into consideration through modifying the
potential depth and other parameters variable with surface coordination. The further optimized model could
provide an efficient tool to study adsorption, desorption and diffusion problems for gas atoms interacting with
heterogeneous surfaces.
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