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Diffusion of sorbate molecules within a crystal and on
the crystal surface can be driven by lattice vibration or by
a purely deterministic Hamiltonian mechanism invol-
ving coupling between translational degrees of freedom.
We delineate these two distinct transport mechanisms for
a wide class of sorbate–lattice pairs. When the sorbate–
lattice interaction is important, a Langevin model with
a spatially non-uniform thermal noise, corresponding
to non-homogeneous lattice – sorbate interaction,
from our earlier work can be used such that explicit
MD simulation of the lattice thermal bath can be
circumvented.

Keywords: KAM chaos; Lattice thermal bath; Condensed matter;
Non-equilibrium transport

INTRODUCTION

Unlike self-diffusion in the bulk, a sorbate molecule
in a crystal or on a crystal surface sees a highly
inhomogeneous thermal bath (the crystal lattice)
with distinct resonance frequencies. Moreover, the
sorbate-bath interaction varies from position to
position, thus violating the ergodic approximation
in the classical diffusion theory. In fact, whether such
transport can be described as diffusion, with a
transient variance that grows linearly with time, is
unclear. It is reasonable to expect that a quasi-
equilibrium theory, like the classical transition state
theory (TST), would not be able to capture the effect
of this inhomogeneous and non-white stochastic
forcing by the lattice. However, explicit molecular
dynamics (MD) simulation of the lattice dynamics

to capture the lattice thermal bath remains expen-
sive. It would be highly desirable to derive a
Langevin equation for the sorbate, with the lattice
stochastic forcing represented by a spatially inhomo-
geneous and non-white thermostating strategy.

In an earlier publication [1,2], we have exploited
the separation of timescales between the sorbate
transport time and the inverse lattice vibration
frequency to derive such a Langevin equation. In this
presentation, we use this formulation to examine
another peculiar sorbate transport mechanism in and
on condensed matters: deterministic sorbate trans-
port in a multi-dimensional potential without lattice
vibration or any other stochastic thermal noise.
As shown in our earlier exposition [3], such
deterministic transport of a lone sorbate occurs
because of KAM chaos. When the sorbate inertia is
high and the sorbate is hence never near equilibrium,
its different translational degrees of freedom can
couple to produce chaotic sorbate trajectories in the
phase space. At strong coupling, the probability of
finding the particle at any location within a potential
minimum is uniform (ergodic) and its probability of
jumping to the nearby sites resembles that of a
random walk. Yet if the sorbate is represented by a
single point mass, this seemingly random sorbate
dynamic is described by three deterministic Hamil-
tonian degrees of freedom (six ODE’s) without any
stochastic forcing.

Since inertia is important for this deterministic
chaos, the sorbate particle tends to “rattle” within
each potential minimum and can undergo
multi-site ballistic hops. Indeed, both phenomena
have been observed in recent MD simulations
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(with and without lattice vibration) and experiments.
Recent field ion microscopy studies [4–6] of W
and Pd adatoms on W(211) and Ir clusters on Ir(111),
scanning tunneling microscopy studies [7]
of Ag clusters on Ag(100), and related MD
simulations [8,9] show exactly these behaviors.
Most intriguingly, even though multi-site ballistic
flights are expected to be non-diffusive, MD
simulations show that they remain diffusive but
with a diffusive length that is several times the lattice
unit-cell length.

Multi-site hops, however, can still occur if the
transport is stochastically driven by sorbate–lattice
interaction, but with a (low-noise) weak stochastic
forcing. This noise-driven transport also has high
inertia and is distinctly non-equilibrium. It is hence
important, for a fundamental understanding of the
transport mechanisms and for MD simulation strate-
gies, to determine when stochastic noise can be truly
neglected and the transport is purely deterministic. We
expect, for example, the transport rate as a function of
temperature to be different for low-noise stochastic
transport and purely deterministic transport.

In this paper, we examine a model multi-
dimensional surface potential to determine the
classification criteria for weak and strong noise
transport due to stochastic forcing by lattice
vibration and for noise-free transport by determi-
nistic chaos. We then apply these criteria to our
earlier Langevin model [1] to examine the import-
ance of lattice vibration in a large family of lattice–
sorbate pairs. A small subset of such systems are
found to be unaffected by lattice vibration and
undergo transport by the deterministic mechanism.
Others thought earlier to be unaffected by lattice
vibration are found to be stochastically driven
though with a low-noise mechanism.

CLASSICAL ONE-DIMENSIONAL
MECHANISMS

The classical transition state theory considers escape
of a sorbate from a one-dimensional potential well.
TST assumes that the sorbate spends enough time
inside a potential well to equilibrate with thermal
bath. TST further assumes that the transport of
sorbate from one potential well to another occurs via
a fast jump so that the interaction between the
sorbate and the thermal bath during this jump can be
neglected. Under these equilibrium assumptions, the
escape rate kTST of the particle is given by the
Boltzmann-averaged flux across the potential barrier,

kTST ¼
v

2p
e2DF=kBT; ð1Þ

where DF is the height of the potential barrier, v

is the frequency of vibration of the sorbate inside

the potential well, kB is the Boltzmann constant, and
T is the temperature. Note that the TST rate
expression (1) does not account for the strength of
coupling between the sorbate and thermal bath. This
reflects the assumptions of TST that, although
thermal interactions drive the sorbate motion, the
details of the thermal bath can be neglected. TST was
significantly improved by Kramers [10] who con-
sidered one-dimensional sorbate motion and
assumed that it is described by the Langevin
equation, which allows one to explicitly account for
the details of the interaction between sorbate and
thermal bath,

M€x ¼ 27FðxÞ2 g_x þ FðtÞ; ð2Þ

where M and x are the sorbate mass and position,
respectively, and FðxÞ is the potential energy of
interaction between sorbate and rigid lattice. Effects
of lattice vibration on the sorbate motion are
captured by the friction term g_x and the random
force F(t), which are related by the fluctuation-
dissipation theorem,

kFðtÞFðsÞl ¼ 2kBTdðt 2 sÞ: ð3Þ

The Langevin equation possesses two timescales:
the thermalization timescale ttherm ¼ 1=g and the
timescale of ballistic motion of the sorbate tballist ¼

1=v: The ratio of these two timescales, n ¼ g=v; is
one of the two key parameters of the system.
The other key parameter is the normalized height of
the potential barrier, DF=kBT: Depending on the
values of these parameters, the sorbate undergoes
one of the following two qualitatively different
diffusion regimes.

If the thermal coupling is strong or the potential
well is very deep, i.e. if

n $ 1 or n @ kBT=DF; ð4Þ

then the sorbate is always at equilibrium with the
thermal bath and hence the sorbate inertia can be
neglected. In this equilibrium diffusion regime, the
transport rate has the classical Arrhenius tempera-
ture dependence and is given by the following
expression:

k ¼ kTST

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn=2Þ2 þ 1

q
2 n=2

� �
: ð5Þ

Note that the transition-state theory result (1)
holds only if

kBT=DF ! n ! 1: ð6Þ

In other words, in the TST limit the noise is weak,
thus ensuring that the thermal interactions during
the jump of the sorbate over the potential barrier are
negligible. However, since the potential barrier is
very high, the particle spends enough time inside the
potential well to equilibrate with the thermal bath.
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Note that the lattice–sorbate interaction parameter is
negligible only in the TST limit. If the condition (6)
does not hold, one has to modify the pre-exponential
factor to account for the effects of lattice vibration.

When neither of the conditions (4) hold, the other
diffusion mechanism, non-equilibrium low-noise
diffusion takes place. In this case, sorbate inertia
becomes important and significant ringing occurs
within the potential well. In the low-noise diffusion
regime, the energy of the sorbate is not at
equilibrium but is a slowly changing quantity. The
diffusion takes place in two stages. First, the sorbate
oscillates back and forth inside the potential well,
closely following constant energy orbits and slowly
moving from one orbit to another. After the sorbate
has gained enough energy to cross the separatrix, it
undergoes a convective transport along the separa-
trix until it thermalizes in another potential well.
Kramers [10] obtained the following escape rate from
a potential well in the low-noise diffusion regime:

k ¼
gS

kBT

v

2p
e2DF=kBT: ð7Þ

Here, S is the value of the action of the particle at
the separatrix. Note that the expression (7) has a
temperature-dependent pre-exponential factor and
hence the diffusion in the low noise regime does not
obey the Arrhenius law. Note also the importance of
resolving the specific sorbate–lattice interaction
parameter g for this non-equilibrium regime. In the
limit when there is negligible interaction with the
lattice ðg ¼ 0Þ; it predicts zero transport rate in a one-
dimensional potential.

The results cited above were obtained for a
potential energy with only one potential well, i.e.
it is assumed that the particle never comes back after
it crossed over the potential barrier. However,
surface and intracrystalline diffusion takes place in
a periodic potential and hence one has to modify
Kramers’ theory in order to study diffusion in such
systems. This modification is relatively straight-
forward in the high-noise regime, since the transport
process can be readily decomposed into uncorrelated
jumps (described by Kramers) from one potential
well to another. However, the situation is more
complicated in the low-noise regime. Instead of
uncorrelated jumps, the transport occurs along the
separatrix of the x 2 v phase space. In particular, the
sorbate does not have to thermalize in the nearest
potential well, but can make the long jumps referred
to earlier.

DETERMINISTIC DIFFUSION IN MULTI-
DIMENSIONS

However, these classical mechanisms are strictly
applicable only to one-dimensional potential wells.

In an earlier paper [3], we found a new transport
mechanism in realistic multi-dimensional potentials
that can occur even without noise (lattice–sorbate
interaction, g ¼ 0).

In order to gain better understanding of the
interplay between deterministic chaos and thermal
noise-driven diffusion, we performed MD simu-
lations of surface sorbate motion in three-dimen-
sional space. The thermal noise was assumed to be
white and hence the Langevin equation

M€x þ g_x ¼ 27FðxÞ þ FðtÞ;

FiðtÞFjðsÞ
� �

¼ 2kBTgdðt 2 sÞdij; i; j ¼ 1; 2; 3; ð8Þ

was simulated. The friction coefficient g was
assumed to be homogeneous and its value was
artificially varied over several orders of magnitude.

To analyze the interaction between chaotic and
thermal driving forces for diffusion, the following
model of potential energy of interaction between an
adsorbate atom and a rigid crystal lattice was chosen:

Fðx;y;zÞ ¼ E0þðE02E1 f ðx;yÞÞ

£
n

exp
�
22ða0þa1 f ðx;yÞÞðz2z0 f ðx;yÞÞ

	

22exp
�
2ða0þa1 f ðx;yÞÞðz2z0 f ðx;yÞÞ

	o
;

ð9Þ

where

f ðx;yÞ¼cos 2px=aÞþcosð2p ðy2a=2Þ=a
� �

: ð10Þ

The values of the model parameters are summar-
ized in Table I. These values, as well as the results
reported in this and the following sections, are in
terms of characteristic units which are summarized
in Table II.

This model potential was proposed by Zhang and
Metiu [8] and it mimics interaction between
hydrogen adatom and a ð100Þ surface of Cu. The
crystal surface is parallel to the Oxy plane and the z-
axis is perpendicular to the surface and points
towards the vacuum. For fixed values of x and y, the
function Fðx; y; zÞ is the Morse potential; also, the
potential is periodic in the x and y directions with
period a ¼ 1: The minima of the potential are located
at point x ¼ ð0:5; 0:0;22:818Þ and its periodic images,

TABLE I Parameters of the potential model

Model parameter Value (in terms of characteristic units)

E0 2.4707
E1 0.5
a0 2.9939
a1 0.4947
A 1.0
z0 0.1409

NON-EQUILIBRIUM TRANSPORT 161

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
3
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



and the saddle points are located at point x ¼ ð0; 0; 0Þ
and its periodic images. Note that the additive
constant in Eq. (9) has been chosen so that the
potential energy of the sorbate at the saddle point is
zero.

When the thermal noise is absent, the Langevin
equation (8) reduces to the Newton equation for
deterministic motion,

M€x ¼ 27FðxÞ: ð11Þ

The simulations of this equation were performed
using the velocity Verlet algorithm with the step size
in time Dt ¼ 1023: This choice of the algorithm and
the step size yields good conservation of the total
energy of the sorbate: in all simulations performed,
energy fluctuation due to numerical errors was less
than 0.2% of the height of the potential barrier.

Typical trajectories obtained from the constant-
energy simulations are shown in Fig. 1. As is evident,
these trajectories are rather chaotic. The sorbate
transfers its energy from one degree of freedom to
another to overcome a potential barrier. At lower
values of energy E, the sorbate spends a long time
inside each potential well, since it takes more time for
it to transfer its energy into the degrees of freedom
relevant to the transport across the potential barrier.
For larger values of energy E, on the other hand, the
sorbate is easily transported from one unit cell to
another and long jumps are the major transport mode
in this case. Such long jumps resemble those driven by
low noise diffusion in a one-dimensional potential
but will be shown to have a completely different rate.
In order to quantify the observed chaoticity of
trajectories, the velocity autocorrelation functions
for horizontal and vertical velocities,

CaaðE; tÞ ¼
kvaðtÞvað0Þl

kv2
að0Þl

; a ¼ x; y; z; ð12Þ

were computed. Here, va is theaCartesian component
of the sorbate velocity and the angular brackets denote
microcanonical ensemble averaging. To compute the
ensemble average, a large number Nsample of sample
sorbate trajectories with fixed energy E was simulated.
Initial conditions for each of these trajectories were
taken from a uniform distribution on a constant-
energy surface. The initial sorbate position x(0) was

assumed to be uniformly distributed in the rectangle
½0; 1� £ ½0; 1� £ ½20:5; 0� and the initial sorbate velocity
was uniformly distributed on the sphere with
radius

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðE 2Fðxð0ÞÞ=M

p
: The number Nsample of

simulated trajectories was chosen to be 40,000.
An estimated error of statistical averaging for this
ensemble is within 10%.

The symmetry of the model potential (9) with
respect to interchange of x- and y-directions suggests
that the autocorrelation functions in the x- and y-
direction should coincide if the motion of the sorbate
is ergodic. This is indeed true, and the computed
discrepancy between Cxx and Cyy for the same value
of E is smaller than the statistical error. The
autocorrelation functions Cxx and Czz for several
values of the sorbate energy are shown in Fig. 2. The
observed decay of autocorrelation functions indi-
cates that motion of the sorbate is uncorrelated with
its history of motion on the timescale of about 10 time
units. That is, the sorbate loses its memory and
explores the phase space. This result gives another
indication of the ergodicity of the sorbate motion.

FIGURE 1 Examples of simulated trajectories in the absence of
thermal noise: (a) a trajectory at E ¼ 0:5 (locations of the surface
atoms are indicated by solid circles); (b) a trajectory at E ¼ 2:0:
Note the difference in length scales.

TABLE II Definitions and values of characteristic units

Quantity Characteristic value Definition

Length lc ¼ a ¼ 2:62 �A Shortest distance
between two surface
atoms

Mass mc ¼ 1:6726231 £ 10227 kg Mass of hydrogen atom
Energy Ec ¼ 0:5022 eV Barrier height for

diffusion of H on Cu
Time tc ¼ 2:671 £ 10214 lc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mc=Ec

p
Diffusivity Dc ¼ 1:285 £ 1026 l2c=tc
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In order to confirm the ergodicity, the autocor-
relation functions Caa are computed using the
definition (12) with the ensemble averaging replaced
by the time averaging:

CaaðtÞ ¼

Ð1
0 vaðtþ t0ÞvaðtÞdt0Ð1

0 v2
0ðt0Þdt0

: ð13Þ

To compute the time average, one long simulation
(up to time t ¼ 104) for a fixed sorbate energy E was
performed and then the convolution integral in the
numerator of Eq. (13) was computed using the fast
Fourier transform method. The autocorrelation
functions computed using the ensemble averaging
of Eq. (12) and the time averaging of Eq. (13) are

found to be essentially identical. This proves the
ergodicity of the system, i.e. that the time average
coincides with the ensemble average.

Since the velocity autocorrelation functions vanish
at large enough time, the Green-Kubo formula
implies that the sorbate motion is diffusive, i.e. the
variance kx2ðtÞ þ y2ðtÞl of horizontal sorbate coordi-
nates scales linearly with time t. This is also
confirmed by a direct calculation of kx2ðtÞ þ y2ðtÞl
and results of this calculation are presented in Fig. 3.
The transport process from one minimum to the next
is hence a process with a well-defined diffusivity,
even though there is only one sorbate and stochastic
thermal noise is absent. The ensemble averaging
kx2ðtÞ þ y2ðtÞl was performed over the large number
of simulated trajectories with initial conditions for
each trajectory chosen from the uniform distribution
on the constant energy surface. The number of
simulated trajectories was chosen so that the relative
error in the estimated diffusion coefficient was less
then 5%. The diffusion coefficient D was obtained by
the least squares fit to the Einstein formula

x2ðtÞ þ y2ðtÞ
� �

4
¼ Dt: ð14Þ

Thus obtained deterministic diffusivity D(E) is
shown in Fig. 4a and is seen to increase mono-
tonically with energy. Moreover, it is observed that
the timescale of the sorbate transport over one unit
cell is of the same order of magnitude as the
correlation time of the sorbate velocity. Assuming
that the neglected thermalization will slowly
equilibrate the sorbate, the long-time deterministic
diffusivity D(T) for a given temperature T is obtained

FIGURE 2 (a) Horizontal and (b) vertical velocity autocorrelation
functions for simulations with sorbate energy E ¼ 0:5; E ¼ 1:0; and
E ¼ 2:0:

FIGURE 3 Variance kx 2ðtÞ þ y 2ðtÞl of sorbate position as a function of time for E ¼ 0:5; E ¼ 1:0; and E ¼ 2:0:
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by performing the Boltzmann averaging over the
constant-energy diffusivities D(E),

DðTÞ ¼

Ð
DðEÞe2E=kBT dEÐ

e2E=kBT dE
: ð15Þ

Temperature dependence of this diffusivity devi-
ates from the Arrhenius law, as is seen in Fig. 4b.

EFFECT OF THERMAL NOISE

The thermal bath effect can now be modeled by the
Langevin equation (8). With this model, relative
importance of deterministic and noise-driven diffu-
sion mechanism can be captured by the ratio of the
thermalization timescale ttherm and the transport
timescale ttransp:

The thermalization timescale ttherm is inversely
proportional to the sorbate-thermal bath coupling g:
The transport timescale ttherm is inversely pro-
portional to the transport rate k and depends on a
particular transport mechanism. For the diffusion
driven by high noise, k has been described in the
“Classical One-dimensional Mechanisms” Section.
For the low-noise and deterministic transport
mechanisms, k depends on a specific geometry.
In the previous section, the transport rate has been
obtained for an example of deterministic surface
diffusion.

The Langevin equation (8) has been simulated
using a generalization of the velocity Verlet
algorithm,

xðtnþ1Þ ¼ xðtnÞ þ b1vðtnÞ

2
Dt

2M
b17F xðtnÞð Þ þ

1

M
Rð1Þ

n ; ð16Þ

vðtnþ1Þ ¼ b0vðtnÞ2
Dt

2M
7Fðxðtnþ1ÞÞ þ 7FðxðtnÞÞb0

� 	

þ
1

M
Rð2Þ

n ;
ð17Þ

where Rð1Þ
n and Rð2Þ

n are random vectors with
Gaussian distribution, zero mean, and the following
covariance matrix:

RðiÞ
n RðjÞ

m

� �
¼ 2kBTgIdmnCij; i; j ¼ 1; 2: ð18Þ

Here, I is a 3 £ 3 unit matrix and

C11 ¼ ðDt 2 2b1 þ b2Þ=g
2; ð19Þ

C12 ¼ C21 ¼ ðb1 2 b2Þ=g; ð20Þ

C22 ¼ b2: ð21Þ

Finally,

b0 ¼ e2gDt; b1 ¼
1 2 b0

g
; b2 ¼

1 2 b2
0

2g
; tn ¼ nDt; ð22Þ

and the stepsize

Dt ¼ min
1022

g
; 1023

� �
ð23Þ

has been chosen to be inversely proportional to g

so that smaller stepsize is used to numerically resolve
Brownian motion due to stronger thermal noise.

Results of the simulations are shown in Fig. 5.
When ttherm is much larger than the average
residence time ttransp; i.e. when g! 0; the diffusivity
does not vanish like it did in the one-dimensional
case predicted by Eq. (7), but approaches the value of
the deterministic diffusivity. In fact, the deterministic
value is approached for g as large as unity. This
implies that, when it is not excessively large, the
one-dimensional theory (7) is invalid and transport is

FIGURE 4 Deterministic diffusivity of H on Cu(001) surface: (a) diffusivities for different energies; (b) Arrhenius plot of dependence of
deterministic diffusivity on temperature; D(T) is obtained by the Boltzmann averaging.
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dominated by the deterministic mechanism at g ¼ 0:
For large values of g; however, the diffusivity
deviates significantly from the deterministic value
and scales as 1=g similarly to the one-dimensional
case. Moreover, a shallow maximum occurs near
g ¼ 1 where the two regimes overlap. As a general
rule, deterministic diffusion is larger than high-noise
thermal diffusion by as much as two orders of
magnitude. Multi-site jumps are common in deter-
ministic diffusion but their rates cannot be captured
by the one-dimensional low-noise theory (7), which
also predicts long jumps.

Hence, depending on the value of coupling
between the sorbate motion and the thermal noise,
the diffusion can be driven by different mechanisms.
In particular, a new deterministic mechanism that
dominates for intermediate and weak sorbate-bath
coupling was described. These results can be
summarized in a phase diagram for multidimen-
sional diffusion shown in Fig. 6, where conditions (4)
have also been included.

The deterministic diffusion is dominant when

ttherm @ ttransp; ð24Þ

where ttherm / 1=g and, for a given temperature T,
the timescale of the sorbate transport ttranspðTÞ was
obtained from the Boltzmann averaging of the
transport timescale ttranspðEÞ at the fixed energy E,

ttranspðTÞ ¼

Ð
ttranspðEÞe

2E=kBT dEÐ
e2E=kBT dE

: ð25Þ

The value of ttranspðEÞ depends on the specific
system, and in general, should be computed
numerically.

CLASSIFICATION AND SIMULATION
STRATEGIES

It is clear from the previous two sections that non-
equilibrium deterministic transport in a multi-
dimensional potential can be Markovian with little
memory. It can also exhibit ballistic multi-site hops.
These features resemble diffusive transport driven
by weak stochastic forcing. However, as seen in Fig. 5,
the quantitative dependence on the dissipation
parameter g and hence on temperature are distinctly
different for the deterministic mechanism and the
low-noise mechanism. It is, in fact, the dominant
mechanism with low and intermediate noise.

The Langevin equation (8) assumes a spatially
homogeneous noise with a zero correlation time.
A more realistic model that accounts for the band
gaps in the lattice vibration spectra (hence finite
correlation time for noise) and spatial inhomogeneity
in the sorbate–lattice interaction is based on the
generalized Langevin equation for the sorbate motion
[1,11,12],

M€x ¼ 27FeffðxÞ2

ðt

0

hðxðtÞ; xðsÞ; t 2 sÞ_xðsÞds

þ FðxðtÞ; tÞ: ð26Þ

Here, FeffðxÞ is the effective sorbate – lattice
interaction potential energy, which accounts
for mean-field effects of lattice vibration,
hðxðtÞ; xðsÞ; t 2 sÞ is the memory friction kernel, and
F(t) is the stochastic force, which has a Gaussian
distribution with zero mean and is related to

FIGURE 5 Results of simulations of the Langevin equation (8)
with the model potential (9) at a fixed temperature. Diffusivity is
obtained for different values of the coupling parameter g and is
shown by the solid line. At small g; the diffusivity approaches the
deterministic value Ddet, which is shown by a dashed line.
The one-dimensional result for diffusivity in the low-noise regime
is also shown by a dashed line. FIGURE 6 Phase diagram with several sorbate–lattice systems

placed on it according to the values of the dimensionless friction n
and the temperature-normalized potential barrierDF=kBT (at room
temperature).
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the friction kernel h by the fluctuation-dissipation
theorem,

kFðtÞl ¼ 0; kFðtÞFðsÞl ¼ kBThðxðtÞ; xðsÞ; t 2 sÞ: ð27Þ

Despite the complicated position- and time-
dependence of the parameters of the generalized
Langevin equation (26), we have shown [1] that one
can extract representative potential barriers DF and
harmonic frequency v from the maxima and minima
of a particular sorbate/lattice pair. A representative
dissipation parameter g can be obtained from a
spatial average over the unit cell with a Boltzmann
weight. Alternatively, the value at the transition state
can be taken.

The results shown in Fig. 6 are for sorbate
diffusion in zeolites and for surface diffusion on
metal. As is evident, methane undergoes purely
deterministic transport in zeolites AlPO4-5 and
silicalite. This resolves a controversy regarding the
methane-silicalite pair that is detailed in our earlier
publication. [3] Literature simulations [13,14] of this
system that include lattice dynamics and with a rigid
lattice were found to produce the same diffusivity
that agrees with measured data over a 200 degrees K
range. The deterministic mechanism clearly dom-
inates here and the lattice vibration does not
contribute to sorbate transport. MD simulations
with a rigid lattice can produce accurate results.
However, such simulations should be done
at constant energy and without thermostating.
Boltzmann average of the transport rate as in
Eq. (25) should then be done for the ensemble of
simulations.

For extremely high-noise and near-equilibrium
transport, diffusion rates can be captured with a
multidimensional generalization of the classical one-
dimensional theory (5). Since the sorbate dynamics
inside the potential well do not affect the near-
equilibrium diffusion rate, thermal bath needs to be
resolved only at the potential barrier. For example,
near-equilibrium stretching of zeolite cages can be
important and this should be captured with a TST
type theory that allows for the stretching of lattice
bonds near the sorbate. This was done in our TST
theory presented in [2] for inert gases in sodalite.
Simple barrier height calculation, with allowance for
cage bond stretching, was found to provide accurate
estimate to the transport rate.

Hence, the anisotropy and correlated features of
stochastic lattice forcing are only important for
moderately high noise transport. Surface transport
like H and Ni on Ni fall in this category. In fact, the
surface diffusion of H on Ni, thought to be
deterministic and simulated with a rigid lattice [8],

actually suffers from considerable stochastic forcing.
MD simulation of its dynamics must include lattice
vibration. This can be done by simulating the lattice
explicitly or by using the generalized Langevin
equation which captures lattice vibration with a non-
homogeneous stochastic noise and a finite cor-
relation time. The latter strategy is obviously more
convenient if a simulation package for colored noise
is available.

A related transport problem is Knudsen transport
of gas molecules in a pore whose pore size is smaller
than the mean free path. These nanopores are bigger
than the zeolite pores considered here. Hence
lattice–sorbate interaction is only important when
ballistic gas molecules collide with the pore walls.
A companion paper [15] in this proceeding will show
that whether the collision is elastic and specular is
determined by a deterministic diffusive mechanism
on the pore wall.

References

[1] Kopelevich, D.I. and Chang, H.-C. (2001) “Does lattice
vibration drive diffusion in zeolites?”, J. Chem. Phys. 114, 3776.

[2] Kopelevich, D.I. and Chang, H.-C. (2001) “Diffusion of inert
gases in silica sodalite: importance of lattice flexibility”,
J. Chem. Phys. 115, 9519.

[3] Kopelevich, D.I. and Chang, H.-C. (1999) “Nonequilibrium-
diffusion in zeolites due to deterministic Hamiltonian
Chaos”, Phys. Rev. Lett. 83, 1590.

[4] Senft, D.C. and Ehrlich, G. (1995) “Long jumps in surface
diffusion: one-dimensional migration of isolated adatoms”,
Phys. Rev. Lett. 74, 294.

[5] Wang, S.C. and Ehrlich, G. (1997) “Diffusion of large surface
clusters: direct observations on Ir(111)”, Phys. Rev. Lett. 79,
4234.

[6] Wang, S.C., Kürpick, U. and Ehrlich, G. (1998) “Surface
diffusion of compact and other clusters: Irx on Ir(111)”,
Phys. Rev. Lett. 81, 4923.

[7] Wen, J.-M., Chang, S.-L., Burnett, J.W., Evans, J.W. and
Thiel, P.A. (1994) “Diffusion of large two-dimensional Ag
clusters on Ag(100)”, Phys. Rev. Lett. 73, 2591.

[8] Zhang, Z. and Metiu, H. (1990) “Adsorbate migration on
solid surface—the connection between hopping dynamics and
the atom-surface interaction energy”, J. Chem. Phys. 93, 2087.

[9] Luedtke, W.D. and Landman, U. (1999) “Slip diffusion and
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