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Molecular-Dynamics Simulations of the Incommensurate Phase of Krypton
on Graphite Using More than 100 000 Atoms
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The incommensurate phase of krypton on graphite is studied by use of the molecular-
dynamics simulation technique for systems with graphite substrate dimensions compara-
bl.e to present-day laboratory capabilities. At low temperature and for all coverages,
honeycomb networks of "heavy" domain walls are observed for the first time. With in-
creasing temperature, distortion from the perfect honeycomb structure becomes more
prevalent, characterized by significant fluctuations from the symmetry directions, wall
thickening, and wall roughening.

PACS numbers: 68.20.+t

The nature of the incommensurate (IC) phase
of krypton on graphite and its transition to the
W3&&v 3 830' commensurate (C) phase are being
extensively investigated theoretical. ly, ' ' experi-

entally ""and by computer simul. ation
For Kr on graphite, the domain wal. ls may be in
three different directions because of the hexagon-
al substrate structure. If wall intersections are
energetically unfavorable, a striped phase might
be expected where walls are only in one direc-
tion. ~ However, Villain has noted that a honey-
conzb array of walls has a degeneracy in which
the hexagons of the array can expand or contract
without changing the total wall length or the num-
ber of nodes (i.e. , wal. l crossings). " Hence,
Villain argues that this additional. contribution to
the entropy stabil. izes the honeycomb phase rela-
tive to the striped phase and that the IC-C transi-
tion is first order. Expanding upon the Villain
picture, Coppersmith et a/."have predicted that
the slightly incommensurate phase is unstable to
dislocations and conel. ude that sufficientl. y close
to the IC-C transition the hexagonal overlayer
will be a fluid at all temperatures, provided that
the IC-C transition is weakly first order. The
order of the transition has not been resolved ex-
perimentally. ' ' However, Moncton et al."
have found the high temperature, we-akly incom-
mensurate phase to be disordered with correla-
tion lengths on the order of 100 A. Computer
simulation has reproduced the experimental
measurements of this high-temperature phase
and has established the microstructure of this
"domain-wal. l. liquid. "" Such a demonstration
suggests that computer experiments shoul. d be
valuable in determining the incommensurate
phase microstructure for all. temperatures and
cover ages.

In this present investigation, we report on the
structure of the incommensurate phase of krypton

on graphite as a function of temperature and cov-
erage using the molecul. ar-dynamics simulation
technique for systems of 103041 and 161604
krypton atoms. Hence, graphite substrate di-
mensions up to 1700 A are realized and are es-
sentially identical to present-day laboratory
capabilities. We observe that the incommensu-
rate phase consists of commensurate islands
separated by a interconnecting network of incom-
mensurate domain walls, the structure of this
network being a sensitive function of temperature
and coverage. At low temperature, Vi.l.lain's
honeycomb network of domain walls is observed
for al. l coverages. Following the definition of
Huse and Fisher, ' al. l. of the walls are h.cavy and
are in agreement with the prediction of Kardar
and Berker. ' A low-temperature fl.uid phase or
an incommensurate striped phase is not seen.
With increasing temperature, distortions from
the perfect honeycomb structure become more
prevalent. At high temperatures, the individual
domain wal. l.s ft.uctuate significantly from the sym-
metry directions while possessing boundary
roughness and a greater wall thickness But be-
fore we present the detail. s of our findings, we
brief l.y outline certain aspects of the simul. ation
procedure.

Our numerical simulation method for studying
rare-gas adsorption on graphite has been pre-
sented"" and will. not be described here. How-
ever, an additional feature of employing Hockney
and Eastwood's" chain-link method to set up Ver-
let tables" for all atoms was adopted, "the tabl. e
update being executed every ten time steps, each
time step being 0.025 ps. Similar to our previous
study, "we use the Lennard-Jones 12:6 pair po-
tential to represent the interaction between the
various atoms of the krypton-graphite system.
The Lennard-Jones parameters are taken to be
e/k =170 K and v = 3.6 A for the krypton-krypton
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interaction and e/k = 64.83 K and o'= 3.22 A for
the krypton-carbon interaction, respectively.
Simple pairwise additivity of the atomic interac-
tions is assumed, and the carbon atoms defining
the semi-infinite solid are fixed at their lattice
sites. In order to reduce the computer memory
requirement, we constrain the movement of the
krypton atoms to a plane parallel to the graphite
surface. Thus, in contrast to our earlier studies,
we are dealing mith a two-dimensional system in
the external field of the graphite substrate. How-
ever, a detail. ed comparison between a two-di-
mensional simulation and the previous, quasi-two-
dimensional simulation shows no physically rele-
vant differences. " The external field of the
graphite is reproduced to a very good approxima-
tion by the expression"

+Kr-G

= —Vg[cos2ws~+ cos2msm+ cos2m(s +s )], (1)
where V, =0.08~„, K, and s»s, are the basis vec-
tors of the graphite unit cell.. The planar x-y
geometry of the computational. cell is the same
as described in Ref. 16, with the exception that
our Cartesian coordinate system is now rotated
by 90' about the origin. The 161604 Kr atom
system requires approximately 13 megabytes of
memory and executes 110 time steps per central-
processing-unit hour on the EBM/370 3081 com-
puter.

We have performed two series of simulations:
one in which the coverage was fixed at 8=1,013
and the ~educed temperature was varied from
T* = kT/eK, „,=0.05 to 0, 9; the other in which
the temperature mas fixed at T*=0.05 and the
coverage was varied from 1.013 to 1.086, At the
lowest temperature, the Kr system was initial-
ized in a perfect incommensurate triangular lat-
tice, and the atoms were assigned a velocity dis-
tribution corresponding to a temperature T*
= 0.05. Equilibrium was determined by monitor-
ing the energy, the ratio of commensurate to in-
commensurate atoms, the ratio of the commen-
surate atoms in the three degenerate ground
states, and the domain microstructure as a func-
tion of time. For the higher-temperature simu-
lations, we slowly heated the system over 2000
time steps to the next higher temperature and
repeated the equilibration procedure. Equilibra-
tion times were typically less than 1000 time
steps and therefore very rapid. For a given tem-
perature and coverage, 4000 to 8000 total time
steps were performed. We have adopted the cri-

terion that a krypton atom is commensurate if its
average position is inside a circl.e with a radius
5 = 0.2 around the nearest adsorption site, in
units of the graphite lattice constant a=2.46 A.

Figure 1 shows the principal results of our sim-
ulations for the 103041 atom system. The incom-
mensurate and commensurate regions are shown
as solid black and solid mhite areas, respective-
ly; in actual fact, we plotted the incommensurate
atoms as points but the lack of graphical resolu-
tion merged the points to make a sol.id region.
We first consider the case where the tempera-
ture is fixed at the low value of 0.05 and the cov-
erage is varied. We note that for all coverages
a honeycomb network of domain walls is estab-
lished, the network consisting of straight wall. s
with smooth boundaries which are aligned to the
three symmetry directions of the graphite sub-
strate. The commensurate regions form an array
of honeycomb domains, the individual hexagons
not being identical in size or shape. This honey-
comb domain structure with breathing freedom is
direct conformation of Villain's' picture of the
incommensurate phase, and this is the first di-
rect observation of this structure. At fixed tem-
perature, the percentage Kr atoms that are com-
mensurate PoC) decreases linearly with increas-
ing coverage (90, 80, 76, 60, and 37 percent,
respectively), while the domain-wall thickness
remains essential. ly constant at 18 A. This lom-
temperature wall. thickness is in agreement with
recent calculations. ' " This decrease of the com-
mensurate percentage is associated with an in-
crease of the total length of domain wall. s, and
this gives rise to smaller and more numerous
commensurate domains. For krypton on graphite,
there exist tmo configurationally distinct types
of walls, "sometimes referred to as heavy and
light walls. ' All of the domain mall. s in the lom-
temperature honeycomb network are the heavy
type, and this is in agreement with the theoreti-
cal calcul. ation of Kardar and Berker. ' One can
visualize two extremes for the atomic microstruc-
ture of the incommensurate state: (1) the Kr
atoms are near registry except for thin domain
walls, or (2) the Kr monolayer is a lattice that
is weakly modul. ated by the substrate field. In
Fig. 2, we present the honeycomb picture for
T*=0.05, 6 =1.025 and for the three commen-
surate-radius cutoff criteria 5 =0.1, 0.2, and 0.3.
We conclude that at this low temperature the Kr
lattice is significantly modulated. However, with
increasing coverage, this modulation mil. l de-

446



VOLUME 52, NUMBER 6 PHYSICAL REVIEW LETTERS 6 FEBRUARY 1984

/
gV /

/
X J/

Constant Temperature T" = Q.Q5

11' ll ~1 ~

111 II i I' I

1(1
~ g 1 Il

II1
~

II (
)~1g

II

I ("I

II )II
1

II
~

II

", r „'~r

P

y~I~I)l)I(I
I Cga II 0 III'
I ~&" III& ~ &I~

kgkgl 1

$)1qII1)
g

II ~
3

y

0 = 1.013 0 = 1.025 0 = 1.032 0 = 1.052

Constant Coverage 0 = 1.013
0 = 1.086

j x J
V /rl
/
~ J7

T" = 0.05 T =03 0 5 T" = 0.7 T" = O.S

FIG. 1. Pictures of the domain-wall network for an equilibrium configuration of the incommensurate phase as a
function of coverage 8 at fixed temperature T *=0.05 and as a function of temperature at a fixed coverage 8=1.013.
103041 Kr atoms on graphite.

crease; i.e. , when the mall separation approaches
the thickness of an individual. mall.

In order to test the prediction of Coopersmith
etal. 56 (i.e. , the siightly incommensurate phase
is unstabl. e to dislocations sufficiently close to
the IC-C transition and the hexagonal. overlayer
will be a fluid at aH temperatures), we simul. ated
as large a system as we felt mas practical. within
the constraint of our computer resources —a
161604 Kr atom system. The temperature and
coverage are 0.05 and 1.005, respectively. In
Fig. 3, we again see the incommensurate honey-
comb structure and hence no evidence of a fluid
phase at this low temperature. Furthermore, we
do not observe the striped phase or two-phase co-
existence between the commensurate and incom-
mensurate phases, which mould be indicative of a
first-order transition when the total coverage is

held constant in the two-phase region. Of course,
the nonexistence of these features may be a con-
sequence of our system not being sufficiently
weakly incommensurate; i.e. , a coverage may
have to be much lower in order to observe these
features. This same limitation exists for l.abor-
atory experiments.

Returning to Fig. 1, me now consider the series
of simulations where the coverage was held fixed
at 1.013. With increasing temperature, the over-
al. l appearance of the incommensurate phase re-
mains that of the domain-wall network which be-
comes increasingly distorted, the walls becoming
broader and the mall boundaries roughening con-
siderably. One who feels compel. led to classify
the walls into the heavy- and l.ight-wall, catagories
will note that the wall orientations favor the three
symmetry directions, and those wal. ls which can

6 = O. l 0.2 0.3

FEG. 2. Pictures of the domain-wall network for an
equilibrium configuration of the incommensurate phase
at a coverage 0 = 1.025 and temperature T * = 0.05, for
various values of the commensurate-radius cutoff
criterion P.

FIG. 3. A picture of the domain-wall network for an
equilibrium configuration of the incommensurate phase
simulated by 161 604 Kr atoms on graphite at a coverage
9=1.005 and temperature T *=0.05. The percentage of
commensurate atoms is 96%%u.
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be unambiguously classified are essentially
heavy walls. Also, we note the marked increase
in the wall thickness with increasing temperature,
the wall thickness at 7'*=0.7 being approximately
twice the wall thickness at T*=0.05. This is
consistent with the gradual decrease of the per-
centage of commensurate atoms (90, 88, 85, and
81 percent, respectively). At the highest tem-
perature, the system is mainly incommensurate
since it is principally a liquid coexisting with
very small patches of commensurate islands
(%%uoC = 26). This liquid is the familiar fluid state
and not the fluid of Coopersmith et gl.

Direct experimental. confirmation of Vil. l.ain's
picture for the incommensurate phase of krypton
on graphite has been achieved by simulating over
100 000 krypton atoms on a graphite substrate,
thereby enabling us to study systems comparable
to present-day laboratory experiments. A more
detailed presentation including simulations of a
smaller system (20000 atoms) is forthcoming,
where the variation of important quantities such
as the wall thickness and average wall separation
with temperature and coverage is presented. "

&~~ Pres ent address: Institut fur Theoretis che Phys ik,
University Frankfurt, Frankfurt am Main, Federal
Bepublic of Germany.
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