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Molecular-Dynamics Computer Simulation of the Weakly Incommensurate Phase
of Monolayer Krypton on Graphite
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The weakly incommensurate phase of monolayer krypton adsorbed on graphite has
been investigated by employing the molecular-dynamics simulation technique for a
22 212-krypton-atom system. The coverages and temperatures chosen correspond to
the region of the phase diagram experimentally studied by Moncton et al. The simula-
tion results are in very good agreement with the laboratory measurements. The atom-
ic nature of the weakly incommensurate disordered phase may be described as a "do-
main-wall liquid. "
PACS numbers: 64.70.Kb, 68.20.+t,

From a very-high-resolution synchrotron-x-ray
study, Moncton et a/. ' have found that the experi-
mental (10) diffraction profiles through the in-
commensurate-commensurate (C -IC) transition
of monolayer krypton graphite behave in an en-
tirely unexpected manner and conclude that, in
contrast to expectation, the weakly incommen-
surate phase arising from this transition is dis-
ordered (IC-D). However, Moncton et al. point
out that this disordered phase is unusually well
correlated for a liquid, but it is clearly not a two-
dimensional (2D) solid (IC-S). In their Fig. 2

diffraction profiles are presented at various tem-
peratures for a closed-cell experiment where
the measured phase transitions from liquid to
commensurate solid (I -C-S) and from commen-
surate solid to incommensurate disordered phase
(C-S —IC-D) occur at 112.9 and 97.24 K, respec-
tively. At 96.37 K, there is a "reemergence" of
a prominent peak, indicating that at large incom-
mensurability the system is apparently near a
transition to an incommensurate 2D solid; i.e.,
the completion of the IC-D -IC-S transition oc-
curs in this temperature neighborhood. Motivated
by this experiment, Coppersmith et al. ' studied
the stability of weakly incommensurate two-di-
mensional solid phases described by periodic ar-
rays of discommensurations and found that they
are unstable with respect to the spontaneous crea-
tion of dislocations. They concluded that such
phases are consequently "liquids, " suggesting an
explanation for the disordered phase in the ex-
periment of Moncton et al. but warning that the
details of the theoretical calculation probably do
not apply in the region of the phase diagram stud-
ied thus far with high-resolution synchrotron
r adiation.

Stimulated by these experimental and theoret-
ical developments, we have investigated the com-

mensurate-incommensurate transition of mono-
layer krypton adsorbed on graphite by employing
the molecular -dynamics simulation technique.
The coverages and temperatures chosen corre-
spond to the region of the phase diagram experi-
mentally studied by Moncton et a/. ' We find that
the simulation experiments are in very good
agreement with the laboratory measurements,
and this allows us to ascertain the atomic na-
ture of the weakly incommensurate disordered
phase. But before we discuss the details of our
findings, we give a terse summary of the simula-
tion pr ocedure.

We have adopted the well-known I ennard-Jones
12:6 pair potential to represent the van der Waals
interaction between the various atoms of the
krypton-graphite system. The inter atomic pa-
rameters e and 0 are determined empirically;
the krypton-krypton parameters are taken to be
e/0=170 K and @=3.6 A, and the krypton-carbon
parameters are taken to be e/k = 66.6 K and o
=3.35 A. Simple pairwise additivity of the inter-
atomic interactions is assumed, and the carbon
atoms defining the semi-infinite graphite solid
are fixed at the lattice sites. In order to reduce
computational time in the evaluation of the forces,
certain approximations and procedures are im-
plemented. The krypton-krypton interaction is
truncated at 3o. Furthermore, the "chain/link"
method is employed so that the tests for locating
atoms within 30 of any particular atom need only
be performed over a small subset of the total
number of the krypton atoms. ' This is very im-
portant for our simulations using 22 212 atoms.
The krypton-graphite substrate interaction is
evaluated with a fast and efficient algorithm re-
cently proposed by Dion, Barker, and Merrill. '
The atomic carbon positions of the graphite sur-
face define the basal plane of the computational
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box, this base being a parallelogram compatible
with the triangular lattice of a close-packed, two-
dimensional crystal. Periodic boundary condi-
tions are imposed at the four faces of the com-
putational cell which pass through the sides of
the basal parallelogram at normal incidence to
the surface. The basal plane of the computation-
al box must be compatible with the graphite
structure, as otherwise periodic replication
creates unphysical size dependences. A reflect-
ing wall is placed at the top of the computational
box at an 8-A height, but no krypton atoms
reached this normal distance for the simulations
performed. Conventional molecular dynamics is
employed and consists of numerically integrating
Newton's equations of motion to obtain trajector-
ies of the atoms. The time step for the simula-
tions of this study is equal to 0.05 ps. The atom-
ic velocities are renormalized at every numer-
ical time step so that the mean kinetic energy
corresponds to the specified temperature. For
equilibrium states, time averaging of the state
variables over a sufficiently large configuration
and/or a sufficiently long interval of the temporal
evolution of the system will yield proper equilib-
rium properties.

A series of isothermal simulations has been per-
formed for various coverages, the temperature
being set equal to 97.5 K. In this Letter, we will
report on only those simulations where we have
established the effects of system size (i.e., com-
putational cell dimension) on the measured physi-
cal properties, in particular the pair correlation
function and its Fourier transform (the structure
factor). As usual, careful attention is given to
determining that the system is in "local equilib-
rium" (stable or metastable) when taking statis-
tics for the quantities of interest. In order to
obtain the equilibrium properties, it was typical
to perform 20000 to 40000 time steps for a given
coverage. Finally, the structural information is
in terms of the atom configurations projected
onto a plane parallel to the graphite surface.

In Fig. 1(a), we demonstrate the inverse square-
root dependence of the structure factor's peak
width on the system size for a finite commensu-
rate crystal (coverage equal to unity). A similar
behavior exists for a finite floating-incommensu-
rate solid. A theoretical analysis of this behavior
due to size truncation is given by Dutta and Sinha'
and Imry. ' For a quasi two-dimensional "dis-
ordered" phase where the structure of the pair
distribution function dies out long before the di-
mension of the system is reached, there is no
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FIG. 1. (a) The half-width at half maximum (HWHM)
of the atomic structure factor as a function of the num-
ber of atoms in simulations for two different coverages.
(b) The experimental results of Moncton et al. {ref. 1)
for the HWHM (solid circles) vs peak position in com-
parison with the computer simulation results (open
squares). Note that the numerical IDVHM for the com-
mensurate monolayer (k~,„=1.702 A ~) and for the
incommensurate monolsyer (k~» ——1.76 A ') are scaled
to the experimental graphite-particle size of 2300 A
(see text).

system size dependence for the peak width of the
structure factor. The classic example of this
feature is an atomic liquid. While this limit is
not achievable for a coverage of unity (the com-
mensurate solid phase), we note in Fig. 1(a) that
for a coverage of 1.05 the width of the structure
factor has become size independent for a krypton
system greater than approximately 5000 atoms.
We make special note that a system of 22212
atoms was followed for 20000 time steps in order
to establish the convergence of the structure-
factor width with increasing system size. This
was no small computational feat.' In order to be
compared with the experimental findings of Monc-
ton eg al. , our measured structure-factor widths
with the inverse-square-root dependence on sys-
tem size have to be scaled to the particle size of
their Z~X exfoliated graphite, which is 2300 A.
Hence, the widths for the commensurate solid
(coverage =1.00) and the incommensurate solid
(coverage = 1.09) are scaled by the factor of (620
A)/(2300 A) =0.27. This is in contrast to our
"disordered" phase at a coverage of 1.05 where
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no scaling is performed. In Fig. 1(b), compari-
son between the molecular -dynamics simulation
results and laboratory measurements' demon-
strates excellent agreement.

In Fig. 2(a) a "snapshot picture" of the incom-
mensurate atoms for the 22212-atom "disor-
dered phase" (coverage of 1.05) is presented after
20000 time steps into the simulation. We arbi-
trarily define a krypton atom as being incommen-
surate if its position is displaced from a graphite
adsorption site by an amount that is greater than
two-tenths of a graphite lattice constant. With
this definition, approximately 56% of the krypton
atoms are commensurate at this coverage. The
substrate sublattices of the commensurate kryp-
ton atoms are denoted by A, B, and C, respec-
tively. We note a rather extensive network of
intertwining domain walls defined by the incom-
mensurate atoms. The domain walls are well de-

(a) 22212 Krypton
Atoms sIIQ lr o A$- QI.

,gc

g~c la:x F A

(b) 5-- 15"

C

12

cD 3

2--
3

hhhlitrta. ii....
yyyuvvy»~"«

1.55 1.75 1.95
k(A ")

Js

0
I

10
I h I I I

20 30 40 50 60
r/o

FIG. 2. (a) A snapshot picture of the incommensurate
krypton atoms (44'fp) for a 22 212-Kr-atom system on
graphite at a coverage of 1.05, a temperature of 97.5
K, and a graphite linear dimension of 620 g. The atom-
ic configuration is for 20000 time steps into the mole-
cular-dynamics simulation. The occupied substrate
sublattices of the commensurate krypton atoms are
denoted by A, B, and C, respectively. (b) The radial
distribution function g(~) and the structure factor S(k)
of the 22212-atom system depicted by the snapshot
picture.

fined and have an approximate thickness of 30 A.
The "typical" dimension of a commensurate is-
land is on the order of 100 A. The presence of
free dislocations, signaled by the misorientation
of domain walls relative to each other, charac-
terizes the "disordered" nature of this weakly
incommensurate phase. By examining the tem-
poral evolution of the individual atoms during the
simulation process (i.e. , a trajectory analysis),
we have determined that there is no fluid mobility
of the individual commensurate or incommensu-
rate atoms. However, a series of snapshot pic-
tures of the incommensurate atoms shows a slow
temporal meandering of the domain walls. One
may describe this phase as a "domain-mall liquid. "
In Fig. 2(b), the radial distribution function and
its corresponding structure factor are presented
and again show the loss of atomic correlation
beyond a separation of 300 or 100 A for this very
large system (620 A).

In summary, the weakly incommensurate phase
is characterized by large variations of separa-
tion and orientation between domain walls, a
broad distribution of commensurate islands in
both size and relative location to one another,
and the lack of any long-range atomic correlation.
A consequence of this atomic feature is that the
structure factor of this pseudorandomly mixed
commensurate -incommensurate system appears
"liquidlike" (but unusually well correlated for the
ordinary atomic liquid phase). Also, domain-wall
mobility is prevalent. This "domain-wall liquid"
appears to be consistent with the general meaning
of "liquid phase" in the study by Coppersmith
et al. '

Future simulation studies may address the order
of the commensurate-incommensurate transition
in various regions of the coverage sex,:.us tempera-
ture phase diagram, ' the possibility of a chiral
transition, ' and the temperature dependence of
the commensurability close to the commensurate-
incommensurate transition. However, any one of
these problems would demand excessive compu-
tational resources in terms of present-day stan-
dards.

One of the authors (F.F.A. ) wishes to thank
Paul Horn (IBM Yorktown Research Center),
Daniel Fisher (Bell Laboratories), a.nd Michael
Plischke (Simon Fraser University) for helpful
conversations.
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It is shown that phase modulations (phasons) of the order parameters of incommen-
surate lattices are always diffusive at sufficiently large wavelengths A.. In general there
is a crossover from diffusive behavior for A. » A to propagating behavior for A, «A
where A is a mean free path due to nonlinear interactions. The present results explain
why light- and neutron-scattering experiments probe different dynamical behavior of
phasons.

PACS numbers: 63.10.+a, 05.40.+j, 63.70.+h

In an incommensurably modulated crystal the
equilibrium positions of the atoms are modulated
with a wavelength which is, at least in one direc-
tion, incommensurate with the underlying basic
structure. ' Examples include quasi one- and two-
dimensional metals (for instance NbSe, ) as well
as insulating materials [for instance BaMnF,
(Ref. 2) and biphenyl'].

An interesting property of incommensurate
crystals is the invariance of the free energy with
respect to changes in the relative position of
modulation and basic structure. These changes
are generated by space-independent shifts of the
phase of the order parameter which describes
the modulation. ' This invariance is expected to
hold true as long as the modulation can be de-
scribed by analytic functions. ' The existence of
an. associated collective mode, the phason, with
zero excitation energy follows immediately.

It has generally been argued that the phase in-

!
dependence of the free energy implies the exis-

tence of a gapless branch of propagating phase
modulations (phasons) with a linear dispersion
in the long-wavelength limit. ' This prediction
seems to agree with inelastic neutron-scattering
experiments in biphenyl' which showed the exis-
tence of propagating phase fluctuations. However,
light-scattering experiments in BaMnF, (Ref. 2)
found evidence that phase fluctuations are purely
diffusive, giving rise to a central peak in the
spectrum of scattered light with width Dq'. The
latter result was interpreted in terms of a time-
dependent Ginzburg-Landau theory which has
been developed for charge-density-wave sys-
tems. '6

It is the purpose of this Letter to demonstrate
that both the propagating and the diffusive re-
gimes of phase fluctuations follow quite naturally
and for general reasons from the nature of the
incommensurate state once the nonlinearities in
the Hamiltonian are properly taken into account.

We start from the general form of the Hamil-
tonian for an anharmonic lattice,

C~'~(-k„j„.. . ; -k„j,)A(k„j,) .. &(k„j,) .

A(k, j) denotes the normal coordinates, j is a branch index, and k is a wave vector within the first
Brillouin zone of the basic structure. Ag, j) denotes the time derivative of &$,j) and 4' ' are the ex-
pansion coefficients of the adiabatic potential.
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