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a b s t r a c t

The thermal accommodation coefficient (TAC) and the momentum accommodation coefficient (MAC) are
the two fundamental parameters quantifying the solid–gas energy and momentum exchange efficiencies.
We use molecular dynamics (MD) simulations to study the effect of individual interfacial parameters
including, (i) solid–gas interaction strength, (ii) gas–solid atomic mass ratio, (iii) solid elastic stiffness,
and (iv) temperature, on TAC and MAC at solid surfaces in contact with monoatomic and diatomic gases.
In addition to offering a fundamental understanding on how these individual parameters affect the
nature of gas–solid collisions, we provide an extensive database for the TAC and MAC. We also study
the effect of surface functionalization with molecular monolayers on the energy and momentum transfer
at the interface. These results are useful in developing interfaces with enhanced heat transfer under
various operation conditions.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Convective heat transfer in rarefied gases is of great importance
to the thermal management of microelectronic devices [1–3],
microelectromechanical systems (MEMS) based devices [4], and
aircraft flying at high altitudes [5,6]. The degree of rarefication of
a gas can be described by the Knudsen number Kn = k/L, where k
is the mean free path of gas molecules and L is a characteristic
dimension. A gas is regarded as rarefied if Kn > 0.01 [6], which
means k is not negligible compared to L. This happens in two ways,
either because of a large k, or due to a very small L. The first case
occurs when gas pressure is very low, for example air at very high
altitudes. The second case occurs when the dimensions of objects
are very small, for example micro/nano-channels in cooling ele-
ment of microelectronic devices or MEMS based devices. In both
cases, the number of collisions between the gas molecules and
the wall is larger than the number of collisions between the mole-
cules in vicinity of the solid wall. Accordingly, the energy and
momentum transfer at solid–gas interfaces could strongly affect
the overall heat transfer efficiency.

In order to investigate the heat transfer to a body in a rarefied
gas, the well-established continuum theories must be modified
to account for the velocity slip and temperature jump at the

solid wall [4–6]. According to the gas kinetic theory [7,8], the
velocity-slip and temperature-jump boundary conditions can be
incorporated by introducing two parameters called momentum
accommodation coefficient (MAC), defined as the fraction of gas
molecules reflected diffusely from the solid surface, and thermal
accommodation coefficient (TAC), defined as the fraction of gas
molecules incident on the surface scattered in thermal equilibrium
with the surface.

Despite the fact that the subjects of the TAC and MAC have over
a century-long history of investigation, presently no quantitative
theory exists and there are only semi-quantitative or empirical for-
mulas available to fit experimental data [9]. These formulas have
limited applicability to a wide range of gas–solid interfaces and
temperatures. Moreover, the role of individual parameters is often
difficult to determine in experiments [6]. To understand and quan-
tify the role of individual interfacial parameters and to determine
how these parameters affect the nature of gas–solid collisions
and the value of the TAC and MAC, we resort to molecular dynam-
ics (MD) simulations and a suite of molecular-level thermal char-
acterization techniques.

Molecular simulations are uniquely positioned to explore the
mechanism behind the energy and momentum transport at
solid–gas interfaces. In the past decade, the MD simulation has been
utilized to study the TAC and MAC of noble gases on various solid
surfaces [1,2,10–12]. However, each of these work only
investigated one or two factors that influence TAC or MAC.
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Moreover, a systematic study of effects of various parameters on the
TAC and MAC of diatomic or polyatomic gases is not available. In this
work, we carry out a systematic study of the effects of various
parameters of importance, including the solid–gas interaction
strength, the gas–solid mass ratio, and the temperature and elastic
modulus of solid on the TAC and MAC. In addition to study the
accommodation coefficients of monoatomic gases on solid surfaces,
we also investigate the TAC and MAC of diatomic gases and the
effect of surface modification such as the functionalization of the
solid with self-assembled monolayers (SAMs) on thermal and
momentum accommodation of various gases. Through the exten-
sive MD simulations, we will generate a database for TAC and
MAC and provide a fundamental understanding of the nature of
thermal and momentum accommodation for monoatomic and dia-
tomic molecules.

2. Determination of TAC and MAC using MD simulations

2.1. Theory

In the case of monoatomic gases TAC is defined by [9]

aT ¼ ðTr � TiÞ=ðTs � TiÞ ð1Þ

where Ti and Tr are the temperatures of incident and reflected gas
atoms, respectively, and Ts is the solid surface temperature. aT = 1
means there is a complete thermal equilibration of the incident
gas stream with the solid. In the case of diatomic gases, the TAC
can be also calculated by Eq. (1), if the diatomic molecule can be
approximated as a classical rigid rotor. For diatomic gases, we can
further calculate the translational and rotational temperatures of
gas molecules, thus obtain the TACs for translational and rotational
molecular motions.

In the temperature jump regime (0.01 < Kn < 0.1), TAC relates to
the solid–gas interfacial thermal conductance GK by [8]

GK ¼ fkBNaT=ð2� aTÞ ð2Þ

where f = 4 for a monoatomic gas and f = 6 for a diatomic gas, kB is
the Boltzmann constant, and N is collision rate per unit area. The
collision rate is a function of pressure, P, temperature, T, and the
atomic mass m, and it is given by [8]

N ¼ P=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmkBT

p
ð3Þ

The interfacial thermal conductance can be readily obtained
from non-equilibrium MD (NEMD) simulations using

GK ¼ q=DT ð4Þ

where q is the heat flux across the solid–gas interface, and DT is a
temperature jump at the solid–gas interface. Hence, the relation
between GK and aT given by Eq. (2) can be used to verify the consis-
tency of the TAC calculated directly by Eq. (1) and via Eq. (2).

Similar to Eq. (1), the equation to calculate tangential-MAC is
[13]

am ¼ ðmx;r � mx;iÞ=ðmx;s � mx;iÞ ð5Þ

where vx,i and vx,r are the tangential velocities of incident and
reflected gas molecules, respectively, and vx,s is the tangential
velocity of solid surface. av = 1 means all gas molecules are diffusely
scattered by the surface. If vx,s = 0 which is the case in our MD sim-
ulation, Eq. (5) can be simplified to Eq. (6).

am ¼ 1� mx;r=mx;i ð6Þ

According to Eq. (6) vx,r is linearly proportional to vx,i if the macro-
scopic velocity of the solid is zero. This relation is utilized in our MD
simulations to calculate the tangential-MAC.

2.2. MD model

The model system consists of a solid Au slab in contact with Ar
or N2 gas, as depicted in Fig. 1(a). The Au slab is formed by a nine
layers of FCC (111) planes of solid Au with a cross section area of
5.2 nm by 5.0 nm. The length of the gas region, L, is 102 nm. Peri-
odic boundary conditions are applied in all three directions. The
embedded-atom-method (EAM) potential [14] is used for Au–Au
interactions. The Lennard-Jones (LJ) 12-6 potential, with parame-
ters r = 3.41 Å and e = 10.3 meV [15], is employed for Ar–Ar inter-
actions. The N2 molecule with a bond length of 1.10 Å [16] is
considered as a rigid rotor in the MD simulation. The LJ potential,
with parameters r = 3.31 Å and e = 3.21 meV [17], is employed
for N–N interactions between molecules.

In the case of Au surfaces functionalized with SAMs, 120 1-
octanethiolate [-S-(CH2)7-CH3] chains are covalently bonded to
Au surface and form a two-dimensional triangular lattice with a
surface density of 1/(21.6 Å2). The interatomic interactions for
SAM molecules are described by the Hautman–Klein united atom
(UA) model [18], which treats the hydrocarbon groups as single
interaction sites. LJ potentials are used for non-bonded interactions
in SAM molecules in the UA model. The Koike–Yoneya bond
stretching potential [19] is included in the UA potential to take into
account the C–C and C–S bond stretching motions. The Au–S inter-
actions are modeled by the Morse potential VðrÞ ¼ D e�2aðr�reÞ�

�
2e�aðr�reÞÞ with parameters re = 2.65 Å, a = 1.47 Å�1 and
D = 0.15 eV [1,20]. LJ potentials for interactions between Au and
other atoms in SAMs are taken from the universal force field
(UFF) [21].

The solid–gas interactions are all described by the LJ potential
with parameters calculated by the Lorentz–Berthelot mixing rule.

Fig. 1. (a) A snapshot of solid–gas system and the steady state temperature profile.
Due to the symmetry of the system, only half of the simulation box is shown. (b)
The reflected tangential velocity as a function of the incident tangential velocity.
The dashed line is a linear fit to the simulation data.
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The cutoff distance for all LJ interactions is 11 Å in the simulation.
The standard esf for Ar–CH3 interaction is 8.85 meV, which is about
twice of esf for N–CH3 interaction. In studying the effect of surface
modification, we will compare the TACs and MACs on a SAM sur-
face and on a bare Au surface with the same solid–gas interaction
strength. Hence, the standard esf for the Ar–CH3 interaction and for
the N–CH3 interaction is also used for the Ar–Au interaction and
N–Au interaction, respectively, in the reference system.

The total number of gas molecules in the model system is deter-
mined by PV/kBT according to the ideal gas law, where V is the vol-
ume of the gas region. For reference systems with the standard esf,
there are very few gas molecules adsorbed on the solid surface at
room temperature [1,2]. For systems with higher esf, however, a
considerable number of gas atoms are bonded to the surface; thus
we increase the total number of gas molecules to maintain the gas
at the desired pressure.

2.3. Simulation details

All MD simulations, except for those studying the temperature
effect, are performed at 300 K, 15 bar for monoatomic gases, and
300 K, 10 bar for diatomic gases. A relatively higher pressure is
used in the simulation so as to get a better statistics within finite
simulation time. The energy and momentum exchange coefficients
do not depend significantly on pressure when the gas adsorption is
small or well established. However, in the transitional region the
pressure will affect the adsorption coverage, thus will change the
accommodation coefficients [11]. The mean free path, k, of gas
molecules is about 5 nm [8] in both cases. Consequently, Kn = k/L
is about 0.05, which belongs to the temperature jump regime in
gas dynamics problems.

If the model system only contains Au and Ar, a velocity Verlet
scheme is used for the integration of the equations of motions
[22]. If the system contains N2, a leapfrog formulation for quater-
nions proposed by Omelyan [23] is used for the integration of
the equations of rotational motions. In all these simulations, a sin-
gle time step, of 4 fs is used. When Au surfaces are functionalized
with SAMs, a velocity Verlet scheme with multiple time steps is
used for the integration of the equations of motions [22]. A time
step size of 1 fs is used for bond stretching; 2 fs is used for bond
bending, torsion, and Au–S interactions; 4 fs is used for all other
interactions. For all systems, a constant NVT simulation is firstly
carried out for 2 ns. The Berendsen et al.’s algorithm [24], with a
time constant of 2 ps, is used to equilibrate the system to the
preset temperature.

In the subsequent production runs, the global thermostat is
eliminated, and a heat flux of 16 MW/m2 is applied to the system
via a heat source-sink method. The gas region is divided evenly
into 17 bins. The middle 3 bins in the gas phase are set as the heat
sink region, and the Au slab is set as the heat source region. Energy
is added to the heat source at a constant rate of 0.415 nW; it is
removed at the same rate in the heat sink by velocity rescaling at
each time step [25]. For the N2 gas in the heat sink, 60% of the
energy removal is from reduction in translational kinetic energy
and the rest 40% is from rotational kinetic energy since the dia-
tomic molecule has 3 degrees of freedom in translational motions
and 2 degrees of freedom in rotational motions. Each heat source-
sink simulation run is first carried out for 12 ns to allow the system
to reach a steady state, and then, for an additional 40 ns for data
collection and averaging.

To calculate the TACs and MACs using Eq. (1) and (6), we set an
imaginary plane 11 Å (cutoff distance) away from the solid surface.
The small distance between the plane and surface ensures that the
collisions between gas atoms moving from the plane to the solid
surface and back are rare by comparison with the collisions with
the solid. The incident (or reflected) gas molecules pass through

the imaginary plane indicating the start (or finish) of the energy
and momentum exchange process. The temperature of incident
(or reflected) gas molecules is obtained by dividing the average
kinetic energy of the incident (or reflected) molecules by 2kB for
monoatomic gases, and by 3kB for diatomic gases [8]. For diatomic
gases, we further divide the kinetic energy into translational and
rotational kinetic energies, and thus calculate the translational
and rotational components of the TACs.

To calculate MACs, we monitor the tangential velocity of inci-
dent molecules ranging from �400 to 400 m/s. Out of this range,
the statistics is poor within the finite simulation length. For each
incident tangential velocity vx,i, we calculate the average reflected
tangential velocity vx,r. To get good statistics, vx,i’s are divided into
bins with the width of 6 m/s. The slope of linear fit of vx,r vs. vx,i is
used to determine MAC based on Eq. (6). The uncertainties are
determined from the analysis of eight independent simulation
runs.

3. Simulation results

3.1. TAC and MAC in the reference system

3.1.1. Monoatomic gas reference system
The reference system consists of an Au slab in contact with Ar

gas at 300 K and 15 bar. The standard Ar–CH3 interaction strength
esf = 8.85 meV corresponding to 0.34kBT is used for the Ar–Au inter-
action in the simulation. The steady state temperature profile is
shown in Fig. 1(a). Using the temperature drop at the solid–gas
interface, we obtain GK = 0.79 ± 0.04 MW/m2 K which, according
to Eq. (2), corresponds to aT � 0.56 ± 0.02. From the NEMD simula-
tion, we also obtain Ti = 287.0 K, Tr = 295.5 K, and Ts = 302.4 K.
According to the definition of TAC in Eq. (1), aT = 0.55 ± 0.01. The
consistency between the aT’s from the two calculation methods
indicates the distance of the imaginary plane from the solid surface
is appropriate in our calculation. Fig. 1(b) shows the reflected tan-
gential velocity vx,r as a function of the incident tangential velocity
vx,i. It is evident that the data can be fitted by a linear function with
a slope of 0.269 very well. Using Eq. (6) we obtain av = 0.73 ± 0.01.

3.1.2. Diatomic gas reference system
A similar procedure to that described above is used to deter-

mine the TAC and MAC of N2 gas on a Au slab at 300 K and
10 bar. For the reference system with N2 gas, we set eN–Au/
kBT = 0.171, which is half of the Ar–Au interaction strength,
although it corresponds to the same molecular adsorption energy
since there are two atoms in a N2 molecule. From the temperature
profile we obtain GK � 0.52 ± 0.03 MW/m2 K, which corresponds to
aT = 0.38 ± 0.02. By directly calculating Ti, Tr, and Ts at the imagi-
nary plane, we obtain aT = 0.36 ± 0.02. The two aT’s are again in
good agreement. Furthermore, we find the TAC of translational
motion atr = 0.40 ± 0.03 and the TAC of rotational motion
arot = 0.29 ± 0.03. The result shows the rotational motion is more
difficult to thermalize with the solid surface in the reference
system. Finally, the linear fit of vx,r vs. vx,i gives av of N2 is
0.57 ± 0.01.

A similar method is employed to calculate the TACs and MACs
in the following parametric study. The TAC results in the following
figures are all calculated from Eq. (1).

3.2. The mass effect on the TAC and MAC of a monoatomic gas

The mass effect on the TAC has been studied theoretically by the
hard-sphere collision model which predicts aT = 2.4l/(1 + l)2

where l is the ratio of gas to solid atom mass [8]. According to this
model, the maximum aT is obtained when the mass of gas atom is
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the same as that of solid atom. However, this model misses a
number of important factors, such as the interaction strength
between solid atoms and solid–gas interaction strength [2].

3.2.1. Effect of mass of gas atoms
To study the mass effect, we artificially vary the mass of Ar to

the mass of He, Ne, Kr, and Xe, while keeping all other parameters
the same as those in the reference system. Accordingly, the mass
ratio mg/mAu varies from 0.02 to 0.67. When the mass ratio is less
than 1, the hard-sphere model predicts that the TAC increases
monotonically with the mass ratio. The MD simulation results of
the TAC at esf/kBT = 0.342 are shown in Fig. 2(a). Evidently, the TACs
from MD simulations are larger than those from the hard-sphere

model, though the general trend of the mass-ratio dependence is
similar.

The gas–surface collisions can be evaluated based on two dis-
tinct dynamics, direct collision dynamics and trapping–desorption
dynamics [26]. The hard-sphere collisions can only account for
direct collisions. The trapping–desorption dynamics becomes more
important as esf gets larger [1,2]. To evaluate the influence of esf on
the simulation results, similar MD simulations are performed with
esf/kBT = 0.171 and esf/kBT = 1.05. In the former case, the gas–sur-
face collisions are dominated by direct collision dynamics. In the
latter case, the trapping–desorption dynamics dominates [1,2]. It
is shown in Fig. 2(a) that even with a very small esf, the MD simu-
lation results have only moderate agreement with the theoretical

Fig. 2. The TAC and MAC as a function of the gas–solid mass ratio at 300 K. (a) The TAC on a bare Au surface. The mass of solid atom is fixed. The mass of gas atom varies from
the mass of He to the mass of Xe. The solid line represents the prediction from the hard-sphere model. (b) Same as (a) but for the MAC. (c) The TAC of Ar on a bare solid
surface. The mass of gas atom is fixed. The mass of solid atoms varies from 197 (mAu) to 24.6. The black solid line represents the prediction of the hard-sphere model. (d) Same
as (c) but for the MAC. (e) The TAC on a bare Au surface and a SAM surface. The inset shows a monoatomic gas snapshot in the vicinity of an Au surface functionalized with
SAMs. The mass of the solid atom and SAM molecules are fixed. The mass of the gas atom varies from the mass of He to mass of Xe. (f) Same as (e) but for the MAC. The solid
and dashed lines connecting simulation data are used to guide the eye (same for the following figures).
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values if the mass ratio is less than 0.4. When the trapping–
desorption dynamics dominates (esf/kBT = 1.05), the TACs are
essentially mass independent and close to the theoretical maximum
(aT = 1) if the mass ratio is greater than 0.1. A relatively small TAC
for mHe/mAu � 0.02 is mainly due to very large mass mismatch
between solid and gas atoms, which leads to a highly inefficient
energy transfer.

The mass effect on the MAC is shown in Fig. 2(b). Similar to the
TAC, we find the MAC increases with esf. However, the MAC is
essentially mass independent for a given esf. The result indicates
that the mass ratio is not a critical factor affecting the MAC.

3.2.2. Effect of mass of solid atoms
To further study the mass effect, we artificially tune the mass of

Au from 197 to 24.6 and calculate the TAC and MAC of Ar on the
surface of solids with various masses. In this case, the mass ratio
mAr/ms varies from 0.20 to 1.63. The MD simulation results of the
TAC are shown in Fig. 2(c). Similar to what we found in Fig. 2(a),
the TAC from the hard-sphere model only agrees with the MD sim-
ulation results when esf/kBT = 0.171 and mass ratio is less than 0.4.
The result indicates that the hard-sphere model can predict rea-
sonable TACs only in the case of light gas atoms striking heavy sur-
face atoms and, as discussed above, when the solid–gas
interactions are weak.

The MD simulation results in Fig. 2(c) show that for a given esf

the TAC is essentially a constant for a mass ratio between 0.3 and 1.
For a mass ratio less than 0.3, the inefficient energy transfer
between highly mass-mismatched gas and solid atoms results in
a smaller TAC. If the gas atom is heavier than the solid atom, a
decrease in the TAC is found for esf/kBT = 0.171 and esf/
kBT = 0.342. For esf/kBT = 1.05, however, the mass effect on the
TAC is weak because the gas–surface collisions are dominated by
trapping–desorption dynamics.

The mass-ratio dependence of MAC shown in Fig. 2(d) is similar
to that in Fig. 2(b). MAC increases with esf, but is essentially
independent of mass ratio.

3.2.3. The mass effect on a SAM surface
In our previous work [1], we have shown that the TAC of Ar on a

solid surface can be significantly enhanced by functionalizing the
solid surface with SAMs. In this work, we study the mass effect
on the TAC of monoatomic gases on a SAM surface. Again, we arti-
ficially vary the mass of Ar to the mass of He, Ne, Kr, and Xe while
keep all other parameters unchanged. The mass of surface atom (a
pseudo-atom in the UA model) of the SAM molecule equals the
mass of CH3. Therefore, the mass ratio mg/mCH3 varies from 0.26
to 8.7 as shown in the top x-axis of Fig. 2(e). As a comparison,
we put MD simulation results of the TAC on a SAM surface and
on a bare Au surface together in Fig. 2(e). The standard solid–gas
interaction strength esf = 8.85 meV is used in all these MD simula-
tions. It is shown in Fig. 2(e) that the TAC on a SAM surface is
always larger than that on a bare Au surface. This result is consis-
tent with findings in molecular beam experiments [26–28] where a
highly efficient solid–gas energy exchange was observed when the
solid surface is modified with SAMs. This is mainly because the
SAM surface is much softer and more corrugated than the bare
Au surface [1]. It is interesting to see that the TAC on a SAM surface
has a maximum at mass ratio of about 2.6. The gas atoms collide
directly with the surface atom of SAM molecules. However, the
surface atom is tightly bonded to its first and second nearest
pseudo-atoms in the molecular chain due to the strong stretching
and bending strength in the SAM molecule. The third nearest
pseudo-atom is subject to much weaker torsion strength. Hence,
it is more appropriate to consider the mass of the surface atom
in the SAM molecule as the sum of the mass of the three pseudo-
atoms, which are closest to the surface. In this case, the ms of the

SAM surface is about 43 and the gas–solid mass ratio is about
0.93. This indicates that the maximum TAC on the SAM surface is
due to the almost perfect mass matching between the solid and
gas atoms.

The MAC of monoatomic gases on a SAM surface and a bare Au
surface is shown in Fig. 2(f). Again, it is shown that the MAC is
independent of mass ratio. Since the same solid–gas interaction
strength is used in all these simulations, the larger MAC on the
SAM surface is not due to the higher esf. The SAM surface is much
softer and more corrugated than the bare Au surface. A softer sur-
face can increase the solid–gas interaction time [1], which leads to
a more efficient exchange of momentum upon collision. A corru-
gated surface can scatter the gas molecules more diffusely than
the smooth Au surface. Both effects result in enhancement in the
MAC.

3.3. The temperature effect on the TAC and MAC of a monoatomic gas

To study the temperature effect, we vary the temperature of the
reference system from 150 to 600 K. Accordingly, esf/kBT decreases
from 0.684 to 0.171. The mean free path of gas molecules mainly
depends on gas density [29]. Therefore, the gases are maintained
at the same density rather than the same pressure at different tem-
peratures, such that the position of the imaginary plane is always
appropriate for the TAC and MAC calculations. The time step size

Fig. 3. (a) The TAC, and (b) the MAC of Ar on a bare Au surface and a SAM surface as
a function of temperature. The open circles are the TAC and MAC for esf/kBT = 0.171
and T = 300 K.
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is reduced at high temperatures to ensure good energy
conservation.

The TACs of Ar on a bare Au surface and a SAM surface as a func-
tion of temperature are shown in Fig. 3(a). It is seen that the TAC of
Ar on a SAM surface is close to unity and essentially temperature
independent, while the TAC of Ar on a bare Au surface decreases
with temperature. This result is consistent with TAC measure-
ments in experiments [30] where TAC of Ar on a Pt surface was
found decreasing with increasing temperature. This result can be
also compared to our previous MD simulations for the same sys-
tems [1] in which we kept the temperature constant at 300 K while
varying esf to different values. We find the dependence of the TAC
on esf/kBT in our current and previous simulations are almost the
same. The result indicates that the increase of temperature is
almost equivalent to decrease of esf with the same ratio.

However, the increase of temperature can also lead to a slightly
more corrugated solid surface due to more intense thermal
motions of solid atoms. A corrugated surface is beneficial to energy
and momentum exchange between solid and gas. As shown in
Fig. 3(a), the TAC at 600 K with esf/kBT = 0.171 is larger than that
at 300 K with the same esf/kBT. Hence, the increase of temperature
has two effects on the TAC. On one hand, a higher temperature
means a higher kinetic energy of gas molecules such that gas mol-
ecules are more difficult to adsorb on the surface. This effect
reduces the TAC. On the other hand, higher temperature results

in larger thermal roughness on the solid surface, which increases
TAC.

In Fig. 3(b), we show temperature dependence of the MAC. On a
SAM surface, MACs are around 0.9 in all cases. The temperature
effect on the MAC is weak. On a bare Au surface, the increase of
temperature is roughly equivalent to the decrease of esf and results
in a decrease in the MAC. It is shown in Fig. 3(b) that the MAC at
600 K with esf/kBT = 0.171 is larger than that at 300 K with the same
esf/kBT. The difference can be also attributed to a more corrugated
surface at the high temperature.

3.4. The effect of solid elasticity on TAC and MAC of a monoatomic gas

The elastic modulus (Young’s modulus), E, of solid Au is about
78 GPa [31]. Many other materials such as Pt and W are much stif-
fer than Au. To study the effect of solid elasticity, we tune the pre-
factor in the EAM potential from 0.3 to 5. Since the elastic modulus
is proportional to the prefactor, E of the solid varies from 23.4 to
390 GPa. The time step size is reduced accordingly as E gets bigger.
All other parameters are the same as those in the reference system.

As shown in Fig. 4(a), the TAC decreases almost linearly with
increasing E. When E is small, the gas atoms collide essentially
with individual solid atoms since the solid atoms are weakly con-
nected to each other. As E gets greater, solid atoms are more tightly
bonded to each other. In this case, the gas atoms collide with
multiple atoms, i.e., effectively a heavier solid atom, which results
in larger mass mismatch and a smaller TAC. In the limit of an

Fig. 4. The TAC and MAC of Ar on a bare solid surface as a function of elastic
modulus. (a) The TAC vs. elastic modulus. The open square symbol represents the
TAC of Ar on a heavy-SAM surface. (b) The MAC vs. elastic modulus. The open
square symbol represents the MAC of Ar on a heavy-SAM surface. The inset shows
the square of the planar structure factor for several elastic moduli.

Fig. 5. (a) The TAC and (b) the MAC of N2 on a bare Au and a SAM surface as a
function of solid–gas interaction strength.
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extremely large E, the gas atoms collide with a rigid elastic med-
ium, and the TAC ? 0. Obviously, the linear relation between the
TAC and E shown in Fig. 4(a) cannot be extended to the region of
much higher E since the TAC cannot be negative.

In Fig. 4(a), we also show the TAC on a heavy-SAM surface in
which we artificially change the mass of pseudo-atom CH3 to the
mass of Au. By calculating the strain in SAM under a stress of
±0.025 GPa, we obtain the E of the SAM surface to be about
3.4 GPa. Therefore, a heavy-SAM surface mimics a bare Au surface
with an E ? 0. It is seen in Fig. 4(a) that the TAC on a heavy-SAM
surface is consistent with the linear extrapolation of TACs on a bare
Au surface at E = 0. Hence, the linear relation between the TAC and
E appears to be valid in the limit of E ? 0.

The dependence of the MAC on E is shown in Fig. 4(b). If E is
greater than 50 GPa, the MACs are all round 0.7. Although there
is almost no energy exchange between solid and gas at very high
E, the atomic-scale surface roughness could lead to at least par-
tially diffuse scattering of small gas molecules. Hence, the MAC
does not approach zero at very high E. However, the MAC exhibits
a fast increase with decreasing E if E is less than 50 GPa. Moreover,
the MAC on the heavy-SAM surface is about 0.91, which is much
higher than that on a bare Au surface. To understand the strong
dependence of the MAC on E in the small E region, we calculate
the square of planar structure factor, S(k), in each atomic layer of
the Au slab [32].
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*

� r
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iÞ
" #2

þ 1
n
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where ri is the position of atom i in the given layer of Au slab, n is
the number of atoms in the layer, and k is the reciprocal lattice vec-
tor of the (111) plane. S2(k) is unity in a perfect crystal structure
and near zero in the liquid or amorphous states.

It is shown in the inset of Fig. 4(b) that S2(k) decreases as E gets
smaller. A significant drop of S2(k) is observed when E is reduced
from 39.0 to 23.4 GPa. This behavior is related to the decreased
melting temperature Tm in solid. The Tm of Au with standard
EAM potential is 1281 K [33]. Since the Tm is proportional to the
prefactor. For E = 23.4 GPa (prefactor = 0.3) the Tm drops to 384 K
which is close to the simulation temperature 300 K. It is reasonable
to see the structure of solid becomes liquid-like especially at the
surface region when the temperature is close to Tm. The liquid-like
structure is responsible for the enhanced MAC for solids with a
small E.

3.5. The effect of solid–gas interaction strength on the TAC and MAC of
a diatomic gas

The solid–gas interaction strength esf/kBT is tuned from 0.0855
to 0.342 for N2 on a bare Au surface and N2 on a SAM surface at
300 K and 10 bar. The number of N2 molecules is increased at a
high esf to maintain the gas at 10 bar. As shown in Fig. 5(a), the
TAC on a bare Au surface increases with esf. When the Au surface
is functionalized with SAMs, the TAC is significantly enhanced
and also increases with esf. These results are similar to what we
found on the TAC of Ar on a bare Au surface and a SAM surface
[1]. The difference is the TAC of Ar on a SAM surface is essentially

Fig. 6. The TAC and MAC of a diatomic gas as a function of gas–solid mass ratio at 300 K. (a) The TAC and (b) the MAC on a bare Au surface and a SAM surface. The mass of
solid atoms is fixed. The mass of N is varied from 3.5 to 56. (c) The TAC and (d) the MAC on a bare solid surface. The mass of N is fixed at 14. The mass of Au is varied from 197
to 24.6.

Z. Liang, P. Keblinski / International Journal of Heat and Mass Transfer 78 (2014) 161–169 167



independent of esf. This difference may come from the relatively
lower arot of N2. For instance, with esf/kBT = 0.171 atr of N2 increases
from 0.40 (on the bare Au surface) to 0.83 (on the SAM surface) and
arot increases from 0.29 to 0.59. The result shows the rotational
motion of N2 is also difficult to fully thermalize with the soft
SAM surface.

Similar esf dependence of the MAC is found in Fig. 5(b). On a
SAM surface, however, the esf dependence of the MAC is much
weaker. All MACs obtained on the SAM surface are within a narrow
range of 0.86 ± 0.05.

3.6. The mass effect on the TAC and MAC of a diatomic gas

3.6.1. The effect of the mass of gas molecules
We first tune the mass of N from 3.5 to 56 and calculate the TAC

and MAC of the diatomic gas on a bare Au surface and a SAM sur-
face. Accordingly, the gas–solid mass ratio varies from 0.036 to
0.57 on a bare Au surface and from 0.46 to 7.46 on a SAM surface.
The MD simulation results are shown in Fig. 6(a) and (b). These
results are similar to those of monoatomic gases shown in
Fig. 2(e) and (f). On a bare Au surface, the TAC of a diatomic gas
increases with gas–solid mass ratio, and the MAC is essentially a
constant around 0.6.

When a bare Au surface is functionalized with SAMs, both the
TAC and MAC are greatly enhanced. TACs on a SAM surface are
around 0.8. No evident peak of the TAC on a SAM surface is
observed in Fig. 6(a). This behavior can be related to the fact that
the rotational motion of N2 is more difficult to fully thermalize
even with the SAM surface than translational motion as we
discussed above. The MAC on a SAM surface is around 0.9 and
essentially mass-ratio independent.

3.6.2. The effect of the mass of solid atoms
In this set of simulations, we fix the mass of N to 14 and tune

the mass of the solid atom from 197 to 24.6. Accordingly, the
gas–solid mass ratio varies from 0.142 to 1.14. The TAC and MAC
of N2 on a bare solid surface are shown in Fig. 6(c) and (d), respec-
tively. These results are again very similar to those of monoatomic
gases shown in Fig. 2(c) and (d). An evident decrease in the TAC
occurs when there is a significant mass mismatch between the
gas molecule and the solid atom. In Fig. 6(c), we also show the
TAC of translational and rotational motions. It is seen that atr and
aT have similar mass-ratio dependence, while arot exhibits a mono-
tonic increase with mass-ratio. The result indicates the rotational
motions of N2 are easier to thermalize on a surface with light solid
atoms.

The MACs in Fig. 6(d) are all around 0.6. This result and all the
previous results on the MAC show that a key factor that affects the
MAC is the solid surface structure. The variation of the mass of gas
molecules or solid atoms cannot change the structure or roughness
of the surface. Hence, there is almost no mass effect on the MAC.

3.7. The effect of solid elasticity on the TAC and MAC of a diatomic gas

As we did in Section 3.4, the solid elasticity is tuned by varying
the prefactor in the EAM potential from 0.3 to 5. It is seen in
Fig. 7(a) that the TAC can be fitted by a linear function. However,
the linear extrapolation of the TAC at E = 0 is not consistent with
the TAC on a heavy-SAM surface. As we discussed in Section 3.4,
the heavy-SAM surface mimics a bare Au surface with E ? 0. To
understand the discrepancy, we show atr and arot in Fig. 7(a). It is
seen both atr and arot have a good linear relationship with E if E
is greater than 39 GPa. At E = 23.4 GPa, however, there is a sudden
increase in arot. As we discussed in Section 3.4, such increase
should be related to liquid-like surface structure at E = 23.4 GPa.

The results in Fig. 7(a) indicate arot is strongly affected by the
solid surface structure. Using Eq. (7), we obtain S2(k) of a heavy-
SAM surface at 300 K is about 0.16, which indicates a disordered
surface structure. Moreover, the surface density of SAMs is
21.6 Å2 per chain, which is only 1/3 of that of Au. A more sparse
distribution of SAM molecules may also be responsible for much
high TAC on the heavy-SAM surface. Similarly, the disordered
surface structure also strongly affects the MAC of N2. It is seen in
Fig. 7(b) that the MAC exhibits a fast increase as the surface
becomes disordered. On a heavy-SAM surface, the MAC of N2 is
about 0.9.

4. Summary and conclusions

The TAC and MAC of monoatomic and diatomic gases on a bare
solid surface and a surface functionalized with SAMs are calculated
through extensive MD simulations. The effects of the gas–solid
mass ratio mg/ms, the solid–gas interaction strength esf, the tem-
perature T, and the solid elasticity E are studied. The following
results are obtained.

(i) The TAC and MAC generally increase with the dimensionless
quantity esf/kBT, which implies an increase of solid–gas
interaction strength has about the same effect as a decrease

Fig. 7. The TAC and MAC of N2 on a bare solid surface as a function of elastic
modulus. (a) The TAC vs. elastic modulus. The open square, open triangle, and open
circle symbols represent the TAC, the translational component of the TAC, and the
rotational component of the TAC of N2 on a heavy-SAM surface, respectively. (b) The
MAC vs. elastic modulus. The open square symbol represents the MAC of N2 on a
heavy-SAM surface.
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of temperature. The results are associated with the transi-
tion from collision type scattering to adsorption–desorption
types of scattering.

(ii) On a bare solid surface, the TAC is independent on the gas–
solid mass ratio if mg/ms is between 0.3 and 1.2. If mg/ms is
out of this range, a large mass mismatch between gas and
solid atoms leads to an evident decrease in the TAC.

(iii) On a SAM surface, the TAC of a monoatomic gas reaches a
maximum when the gas atom has a perfect mass matching
with the surface atom (sum of the three pseudo-atoms clos-
est to the SAM surface). Such a maximum TAC is not
observed for a diatomic gas on a SAM surface, which is due
to rotational motions being more difficult to fully thermalize
with a SAM surface.

(iv) The MAC is essentially independent of the gas–solid mass
ratio. A key factor that affects the MAC is solid surface struc-
ture. The MAC is much higher on a disordered and rough
surface than on an ordered smooth surface.

(v) As the solid modulus increases, the TAC decreases. A linear
dependence of the TAC on elastic modulus E is found for
an E of less than 390 GPa. As E gets close to 0, a nonlinear
increase of arot with a decreasing E is observed. The fast
increase in arot in the limit of E ? 0 is related to the
liquid-like surface structure at a small E.

(vi) In all cases, the TAC and MAC on a SAM surface are signifi-
cantly higher than those on a bare solid surface. A much
softer and disordered SAM surface with improved gas–solid
mass matching is responsible for the much higher TACs and
MACs.

Most of our MD simulations were carried out at room temper-
atures or higher because these are the most relevant temperatures
for the momentum and energy exchange between the solid and
gas. At such temperatures classical statistics are suitable for gold
(Debye temperature �170 K [34]), and also good or reasonable
for other metals. They are even more accurate for SAM layers char-
acterized by softer vibrations. One can expect some effects of quan-
tum mechanical statistics at much lower temperatures in case of
metals, or even at room temperature for high Debye temperature
materials, such as diamond (Debye temperature �2200 K [35]).
On the gas side classical statistics are very accurate for transla-
tional and rotational motions. Vibrations are expected to be frozen
around room temperature, and thus accordingly we use rigid bond
algorithm in our simulations to mimic this fact.

In this work, an atomistically smooth solid surface is used in the
simulation. A real solid surface could be rough and contains
defects, which leads to more diffuse scattering of gas molecules.
The TAC and MAC on such surfaces will be greater than those at
a smooth and perfect surface. Additionally, adsorbed layer could
be formed on a contaminated surface. Previous studies [1,2]
showed that gas energies are more easily to accommodate on sur-
faces with adsorbed layer. Hence, if the solid surface is not smooth
and clean, the TAC and MAC could be greater than those predicted
in this work.
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