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Molecular diffusion in monolayer and submonolayer nitrogen
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The orientational and translational motions in a monolayer fluid of physisorbed molecular nitrogen are
treated using molecular dynamics simulations. Dynamical response functions and several approximations to
the coefficient of translational diffusion are determined for adsorption on the basal plane surface of graphite
and on a fictitious uncorrugated graphite surface. The rotational diffusion constants in the plastic crystal and in
the fluid phase are calculated. The possibility of observing these phenomena with quasielastic scattering
experiments is discussed. The wave vector range is determined where the ballistic approximation to the
translational molecular self-correlation function is accurate.
DOI: 10.1103/PhysRevB.64.045413

PACS number共s兲: 68.43.Pq, 68.35.Rh, 63.22.⫹m

I. INTRODUCTION

Although most of the data for monolayers of molecular
nitrogen1–5 are for solids, the recent extensions of quasielastic neutron6–8 and helium atom9 scattering experiments raise
the prospect that data on the dynamics of the fluid phases
may become available. Here, we characterize the diffusive
motions in monolayer N2 fluids using molecular dynamics
simulations and explore how these motions are reflected in
the correlation functions for inelastic scattering. We take advantage of the detail with which fluids of this relatively
simple diatomic molecule may be modeled, but the methods
of analysis apply also to disordered monolayer phases of
more complex molecules. The dynamics of monolayer motions are complicated enough that simulation results are
likely to be useful in the analysis of data for monolayer molecular fluids.
Rotational diffusion in the plastic two-dimensional 共2D兲
N2 crystal is also treated. Although it has not been measured
for monolayer N2 , related experiments were performed for
monolayer CH4 .10 The analysis of rotational diffusion here
has application to the modeling of related phenomena arising
in experiments on more complex fluids.8
Quasielastic neutron scattering 共QNS兲 from adsorbed
films has thus far been performed on hydrogenous materials,
exploiting the large incoherent cross section of hydrogen. In
contrast, low-energy neutron scattering from 14N is dominated by the coherent cross section. Quasielastic helium
atom scattering 共QHAS兲 has concentrated on low-coverage
fluids where the self-terms dominate and simplify the analysis. The fluid N2 monolayer has orientational disorder and
strong positional correlations, and there is a problem of deconvoluting these processes both of which contribute to the
coherent scattering. There were suggestions11,12 that the orientational disorder in a fluid phase might enable the measurement of diffusion by inelastic scattering even for a coherent scatterer. However, we find for the N2 monolayer that
this occurs for such large wave vectors that the center-ofmass response function is determined by short-time ballistic
motion rather than by diffusive motion.
There are long-time tails in the velocity autocorrelation
functions of the N2 monolayer fluid, and they strongly influ0163-1829/2001/64共4兲/045413共7兲/$20.00

ence the diffusivelike motions. While the correlation functions for incoherent scattering are analyzed to give effective
diffusion constants for 3D fluids,13 we find that the corresponding analysis for the monolayer fluid is much less satisfactory. Finally, we demonstrate how the single-molecule
diffusive motion may be accessed despite the N2 monolayer
being primarily a coherent-scattering system.
The molecule-molecule interaction is the same as that in
recent work on the monolayer solids of N2 /graphite14 and
close to that for N2 /Ag(111).15 Two models of the
molecule-substrate interaction, graphite with and without
corrugation, are used to explore what may be observed for a
variety of substrates. The substrate is taken to be static. Ellis
et al.,9 in a QHAS study of low-density Xe/Pt共111兲, modeled
the damping of adatom motions with a Brownian friction
arising from the substrate and found scarcely any effect in
the linewidth for a damping coefficient of 0.25 ps⫺1 . Since
the damping coefficient for N2 /graphite is estimated16 to be
in the range 2 –4 ns⫺1 , their simulations give support to the
use of the static-substrate approximation in the present work.
The organization of this paper is as follows. The models
and the methods of calculation are summarized in Sec. II.
Results for the diffusion constants, the velocity autocorrelation function, rotational diffusion, and the incoherent scattering function are presented in Sec. III. Section IV presents an
analysis of possible quasielastic scattering measurements on
the finite-density fluid. Section V has some concluding remarks. Supplementary material has been deposited in the
EPAPS archive.17

II. METHODS

The N2 -N2 interaction, denoted X1M and defined in detail
in a recent paper,14 consists of atom-atom terms, electrostatic
interactions, and the McLachlan substrate-mediated interaction. The N2 -substrate potential is the N2 -graphite potential
used there, in the corrugated-surface case, and is the lateral
average of that in the smooth-surface case.
Initially, the submonolayer patches are in the form of
stripes, as described in Ref. 18. A complete monolayer has
224 molecules in the cell and the densities are given as frac-
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TABLE I. Tracer diffusion constants D eff , in 10⫺5 cm2 s⫺1 , derived from mean-square displacements for
the corrugated and smooth graphite models at different coverages  using Eq. 共3.1兲 and averaging over 150
ps.
D eff

 ⫽3/14

T 共K兲
30a
35a
40
45
65
80

3.3
12.8
18.2
21.3
43.7
–

Corrugated surface
 ⫽7/14
 ⫽10/14
–
3.9
7.2
9.4
18.0
–

–
1.1
3.5
4.5
8.5
–

 ⫽1.0

 ⫽3/14

–
–
–
–
–
4.3

11.4
35.5
47.2
50.3
63.8
–

Smooth surface
 ⫽7/14
 ⫽10/14
4.0
8.2
12.8
15.0
20.0
–

2.8
5.4
6.8
7.5
8.2
–

a

On the smooth surface, trajectory calculations show a self-bound liquid state at 30 K. For both the corrugated and smooth surfaces, trajectory calculations indicate fluid states with large density fluctuations at 35 K.
See Ref. 19.

tions 共e.g.,  ⫽7/14) of a commensurate monolayer density
 ⫽1 for graphite, 0.0636/Å 2 .
The isothermal constrained dynamics algorithm has been
described previously.14 The basic time series for evaluating
correlation functions is 200 ps long and averaging begins
after long equilibration runs, typically ca. 800–1000 ps.
Whether the monolayer is a solid, self-bound liquid, or homogeneous fluid is determined by reviewing the configurations in trajectory calculations.19 Most of the states treated in
this paper are homogeneous fluids.
Although the dynamical functions may depend on the orientation of the wave vectors qជ , the calculated dependence in
these fluid phases is smaller than the fluctuations in timecorrelation functions and their Fourier transforms. Therefore,
the production runs are based on 2D circular averages of qជ
共in-plane average兲. This procedure reduces the numerical
noise in the averaging and, for the smooth surface, reduces
an artificial anisotropy introduced by the shape of the simulation cell.
III. DYNAMICS
A. Translational diffusion

The long-time limit of thermal motions in a monolayer
fluid shows a striking persistence of velocity correlations.20
However, it has been possible to extract translational diffusion constants from simulation data,21 because there are
ranges of time for which the mean-square displacement increases linearly with time and ranges of wave vector for
which the single-particle dynamic structure factor is approximately a Lorentzian in frequency.
In such ranges of ‘‘long time,’’ the mean-square displaceជ j is related to the
ment of the molecular centers of mass R
22
tracer diffusion constant by
D eff⫽ lim
t→⬁

1
4tN

N

兺

j⫽1

具 关 Rជ j 共 t 兲 ⫺Rជ j 共 0 兲兴 2 典 .

共3.1兲

fitted values of D eff in the present work are usually17 the
same to within 10% when averaging over 20 ps and over 150
ps for temperatures of 35–65 K and  ⫽3/14–10/14. The
values for the corrugated and smooth cases are listed in
Table I. As expected, the diffusion constants in both cases
decrease as coverage increases. At a given coverage, the difference between diffusion constants in the two cases narrows
with increasing temperature. This is most pronounced for the
 ⫽10/14 density, as increase of density and of temperature
both reduce the relative importance of the corrugation.
We examined plots of ln Deff versus 1/T for three isochores, shown in Ref. 17, for evidence of thermally activated
processes in the data of Table I. There are approximately
straight lines for the corrugated-surface case with slopes corresponding to an activation energy in the range 92–96 K.
The potential energy barrier to N2 motion on the corrugated
graphite surface is23 30 K, so the 95 K activation energy
must include effects of the N2 -N2 interactions in transient
clusters. The ln Deff vs 1/T slopes for the smooth-surface
case are much smaller, and the activation energy, if any, is
smaller than 45 K for the temperature range 40–65 K.
Another determination of the diffusion constant is based
on evaluation of the incoherent intermediate scattering function F ic(qជ ,t) for the center-of-mass coordinate and its Fourier transform, the incoherent dynamic structure factor
S ic(qជ ,  ):
F ic共 qជ ,t 兲 ⫽

1
N

N

兺

j⫽1

S ic共 qជ ,  兲 ⫽

具 exp关 ıqជ • 兵 Rជ j 共 t 兲 ⫺Rជ j 共 0 兲 其 兴 典 ;
1
2

冕

F ic共 qជ ,t 兲 e ⫺ı  t dt.

共3.2兲

共3.3兲

To the extent that long-wavelength density fluctuations are
governed by a diffusion approximation, the corresponding
incoherent response function has a Lorentzian shape:24,25

Although this definition is difficult to implement for a dense
monolayer fluid in which layer promotion is occurring,14 the
045413-2

S ic共 qជ ,  兲 ⫽

1
D iq 2
,
  2⫹共 D iq 2 兲2

lim q→0.

共3.4兲
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FIG. 1. The HWHM of the incoherent scattering function S ic for
the  ⫽7/14 fluid at 45 K for the smooth surface, as obtained from
Lorentzian and Gaussian fits and from the diffusion constant D eff
fitted to the mean-square displacement. The latter approximation
only becomes accurate for q⬍0.25 Å ⫺1 .

Equation 共3.4兲 applies to the translational motion in the fluid.
The effective diffusion constant D i is determined by fitting
the half width at half maximum 共HWHM兲 of the incoherent
scattering function and depends on the wave vector q.
On the other hand, for very large q only the ballistic,
nearly free, motion at small times is significant. Then the line
shape of the scattering function is Gaussian and given by24
S ic共 qជ ,  兲 ⫽

1
2
冑 ⌬ theor

冉

exp ⫺

2
2
⌬ theor

冊

,

共3.5兲

where for a classical system of masses M in 2D
2
⫽2q 2
⌬ theor

k BT
.
M

共3.6兲

There is a steady evolution from the Lorentzian to the Gaussian shape for S ic as q increases. For example, for the smooth
surface with  ⫽7/14 and T⫽45 K at q⫽0.5 Å ⫺1 , the
Lorentzian shape is a much better fit than the Gaussian
shape, which has too little spectral strength in the wings. On
the other hand, at q⫽4.0 Å ⫺1 the converse is true and the
Lorentzian shape has too much spectral strength in the
wings. 共These comparisons are shown in Ref. 17.兲 The line
shape for q⬎4 Å ⫺1 is well fitted by a Gaussian function, Eq.
共3.5兲, and for q⬎5 Å ⫺1 the width is within 10% of the freeparticle value given by Eq. 共3.6兲. The transition from diffusion to the ballistic limit is shown here for the 7/14 fluid at
45 K in Fig. 1, where the HWHM calculated with D eff from
Table I is compared to the widths derived from fits to Lorentzian and Gaussian shapes. While an interpolation between
the two line shapes has been constructed13 for 3D fluids, the
corresponding generalized line shape did not fit the simulation data for the 2D fluid.
The Gaussian HWHM for several densities are shown in
Fig. 2 for both corrugated- and smooth-surface cases. The
free-particle approximation becomes accurate at smaller q

FIG. 2. The Gaussian widths 共HWHM兲, shown as the deviation
in percent from the ballistic width, determined from S ic for several
fluid densities at 45 K as a function of wave vector. Open symbols
are for the smooth surface and filled symbols for the corrugated
surface.

for the lower densities, but the corrugation also reduces the
width significantly at the smaller q; both of these are expected trends.
For Fig. 1, the Lorentzian shape fits S ic at q⫽0.5 Å ⫺1
well, but the D i ⫽8.4⫻10⫺5 cm2 /s is 40% less than the D eff
derived from the mean-square displacements. Even at q
⫽0.25 Å ⫺1 , the D i ⫽12⫻10⫺5 cm2 /s is 20% smaller than
D eff . Similarly, the Lorentzian fit at q⫽0.5 Å ⫺1 for the 
⫽10/14, T⫽45 K smooth-surface case gives D i
⫽5.2⫻10⫺5 cm2 /s, 30% smaller than the corresponding
D eff . That is, none of these cases is truly in the q→0 limit to
which D eff applies.
The approach to the ballistic limit for low-density Xe/
Pt共111兲 was studied in experiments and calculations by Ellis
et al.9 For Xe/Pt共111兲, the ballistic approximation is already
accurate at 0.5 Å ⫺1 , perhaps because that density is only 51
of the lowest density N2 case treated here.
B. Velocity correlation functions

The measures for the diffusion constant in Sec. III A are
closely related to the autocorrelation function of the centerof-mass velocity, which for component v ␣ is defined by
f ␣ 共 t 兲 ⫽ 具 v ␣ 共 t 兲v ␣ 共 0 兲 典 / 具 v ␣ 共 0 兲 2 典 .

共3.7兲

We use such f (t) for another characterization of the dynamics at several  and T. The case of  ⫽7/14 at T⫽40 K on
the corrugated surface, shown in Ref. 17, is typical and has
three stages of decay: 共a兲 at very small times, in the first 0.1
ps, f (t) decreases quadratically with time to a value of 0.9;
共b兲 at intermediate times, the next 0.5 ps, there is an approximately exponential decay to a value of about 0.1; and 共c兲
over the next few ps, there is a final slower decay.
The parabolic variation in stage 共a兲 corresponds to the
ballistic regime discussed for S ic at Eq. 共3.5兲. The parameter
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b in the variation exp(⫺bt) in stage 共b兲 is the friction coefficient in a Langevin equation25 and is used to define a diffusion constant
D velexp⫽k B T/ 共 M b 兲

共3.8兲

that is tabulated in Ref. 17 for  ⫽3/14, 7/14, and 10/14. In
each case, D velexp is smaller than the D eff derived from the
mean-square displacement. This is a direct consequence of
the persistence of the velocity correlations beyond the times
expected from the Langevin-friction approximation and is a
characteristic of 2D fluids. The b-value pairs for  ⫽3/14 and
7/14 scale with the density to about 10% in most of the
temperature and corrugation cases, in accord with the binarycollision approximation to kinetic theory.26 At a given temperature b increases as  increases, in accord with the anticipated faster decay and smaller diffusion constant at higher
density. There is a sharp drop in b for the smooth-surface
case from 30 to 35 K that is correlated with a change from a
self-bound liquid filling only part of the cell to a homogeneous fluid filling the cell.
The very slow decay in stage 共c兲 is referred to as ‘‘the
long-time tail’’ of the correlation function.20 Fitting f ␣ (t) to
a form a/t gives a measure of the strength of the ‘‘tail’’
although there is much scatter in plots of t f (t). The a value
decreases as the density increases and is insensitive to temperature except for the lowest temperatures where there are
self-bound liquid patches for the smooth surface. Corrugation of the holding potential causes a great reduction of a,
but the relative effect in the time constants b is much
smaller.
C. Rotational diffusion

Much of the monolayer phase diagram of physisorbed N2
consists of plastic solid and fluid states that are orientationally disordered. The simulations enable quantitative characterizations of the dynamics of the orientational degree of
freedom of the molecule.
The incoherent-atomic scattering function F ia for a rigid
diatomic molecule (N a ⫽2) is27
2

F ia共 qជ ,t 兲 ⫽

兺

j⫽1

具 exp关 ıqជ • 兵 rជ j 共 t 兲 ⫺rជ j 共 0 兲 其 兴 典 /N a ,

共3.9兲

where the atomic positions rជ j are expressed in terms of the
ជ , the internuclear distance l and the
center-of-mass position R
orientation of the internuclear axis n̂ by

ជ ⫾ 共 l/2兲 n̂.
rជ j ⫽R

共3.10兲

Define a correlation function F i⬔ that isolates the orientational coordinate
F i⬔ 共 qជ ,t 兲 ⫽ 具 exp关 ılqជ • 兵 n̂ 共 t 兲 ⫺n̂ 共 0 兲 其 /2兴 典 .

共3.11兲

In many cases the center-of-mass and orientational motions
are nearly decoupled,11,12
F ia共 qជ ,t 兲 ⯝F ic共 qជ ,t 兲 F i⬔ 共 qជ ,t 兲 ,

共3.12兲

TABLE II. Comparison of rotational diffusion time constants on
the corrugated surface. The time constants (k⫽1) of exponential
relaxation of the orientational self-correlation function in ps evaluated at 1 Å ⫺1 are listed.
T 共K兲
25
30
45
50
a

 ⫽7/14

 ⫽1.0

–
–
0.9a
–

9.8
3.8
–
0.9

On the smooth surface at  ⫽7/14, the time constant is 1.0 ps.

with F ic defined in Eq. 共3.2兲. Equation 共3.12兲 is satisfied to a
good approximation in the simulations of the plastic phase of
the monolayer solid and in the monolayer fluid, as tested for
q⫽0.5⫺5 Å ⫺1 and times up to 5 ps.
When n̂ remains in the monolayer plane, F i⬔ has the
form24
⬁

F i⬔ 共 t 兲 ⫽ 关 J 0 共 Q 兲兴 2 ⫹2

兺

k⫽1

关 J k 共 Q 兲兴 2 C k 共 t 兲 ,

C k 共 t 兲 ⫽ 具 cos兵 k 关  共 t 兲 ⫺  共 0 兲兴 其 典 .

共3.13兲
共3.14兲

The circular average in Eq. 共3.11兲 corresponds to random
azimuthal angles  (0) and was performed in the simulation
to enhance the stability of the averaging process. The J k are
cylindrical Bessel functions of argument Q⫽ql/2.
The monolayer fluid simulations for N2 show Eq. 共3.13兲 is
quite accurate. One test is to compare the long-time limit
‘‘t→⬁,’’ where the time-dependent terms in Eq. 共3.13兲
have decayed to zero, to 关 J 0 (Q) 兴 2 . For the  ⫽7/14 fluid on
the corrugated surface at 45 K, the simulation agrees with
this to within 10% up to q⬇2.5 Å ⫺1 and the deviations are
attributed to the increasing significance of out-of-plane fluctuations of the molecular axis as q increases. A second test is
that, for ranges of q for which the J 1 term dominates the
sum, the decay time of the averaged F i⬔ is independent of q.
This is confirmed by forming ⌬F(q,t)⫽F i⬔ (t)⫺F i⬔ (⬁)
and showing that the ratio ⌬F(q,t)/⌬F(q,0) is nearly independent of q for times up to 3 ps and wave vectors up to
2 Å ⫺1 . A third test is based on scaling the Fourier transform
of the time-dependent term in Eq. 共3.13兲 for wave vectors
q⫽0.5⫺2.5 Å ⫺1 . The frequency shapes of the curves should
be 共and are兲 identical when the k⫽1 term dominates, differing only by the scale factor 关 J 1 (Q) 兴 2 . This scaling is illustrated for the monolayer solid (  ⫽1) on graphite at 25 K
and 30 K in Ref. 17.
The fitted time constants of the exponential decay
exp(⫺t/t⬔) are listed in Table II for the  ⫽7/14 monolayer
fluid at 45 K and for the commensurate monolayer solid 
⫽1 at several temperatures. The orientational-disordering
temperature calculated14 with the present model is 22 K so
that the 25 K entry presumably reflects a solid with longlived orientational fluctuations. The simulation captures the
sequential nature of the disordering of the monolayer N2 ,
with rotational diffusion from orientational disorder in the
plastic crystal beginning before the onset of translational dif-
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fusion in the fluid. The t ⬔ data in Table II for the monolayer
solid at temperatures up to 10 K above its orientational disorder transition have a strong T dependence that might give
valuable information on this subtle transition.1
The values in Table II for the monolayer fluid are in the
range found for other dense phases of disordered molecules.
The k⫽1 orientational relaxation time for 3D liquid N2 at 66
K is12 0.7 ps and for a monolayer solid of CH4 /graphite at
55 K is10 0.8 ps.
The function C k (t) has been evaluated in previous N2
simulations at  ⫽1 and temperatures overlapping the range
treated here, although there are small differences in the interaction models. The qualitative difference in behavior below and above the orientational disordering temperature was
demonstrated28 with simulations at 16 K and 40 K. At 40 K,
fitting an exponential to the k⫽1 simulation data gives t ⬔
⯝1.5 ps. At 74 K, for what appears to be a monolayer fluid,
fitting the exponential to the k⫽1 simulation data29 gives
t ⬔ ⯝0.35 ps. However, the decay time does not scale as k 2
when the k⫽2 data29 are treated and the main features of
C k (t) at 74 K appear to be represented better by free rotation, in analogy to the ballistic approximation for translation,
Eq. 共3.5兲.
IV. QUASIELASTIC SCATTERING

The functions treated in Sec. III are those where it is
simplest to identify and quantify diffusion in the calculations. However, most of the experimental methods use scattering to measure the intermediate scattering function or the
dynamic structure factor. In this section we summarize calculations done to identify wave vector ranges where the center of mass and rotational correlation functions may be
probed for a coherent-scattering target such as N2 .
The coherent-atomic intermediate scattering function F ca
for the diatomic molecular system is defined by
F ca共 qជ ,t 兲 ⫽

1
共 N a N mol兲

兺
兺
j, ␣ j , ␣

⬘ ⬘

共4.1兲

兺j 兺j 具 exp兵 ıqជ •Rជ j 共 t 兲 其 exp兵 ⫺ıqជ •Rជ j ⬘共 0 兲 其 典 .
⬘

共4.2兲

The Fourier transforms of F ca and F cc are denoted S ca(qជ ,  )
and S cc(qជ ,  ), respectively.
The dynamic structure factor S ca(qជ ,  ) gives the coherent
response of the correlated system in inelastic scattering experiments. For neutron scattering, the total dynamic structure
factor has terms from the coherent (  c ) and incoherent (  i )

共4.3兲

Since30  i /  c ⫽0.045 for low-energy neutron scattering
from 14N, S(qជ ,  ) is dominated by the coherent-scattering
term for most of the q range. In some circumstances,31 the
relative contribution of the  i term is enhanced by experiments at small q. This does not seem to be a promising
method of probing incoherent processes in the N2 liquid,
because the liquid structure factor of the submonolayer fluid
remains quite appreciable at small q for the temperatures
treated here.
However, there are special wave vectors11,12 where F ca is
dominated by the incoherent response described with F ia ,
because the form factor of the diatomic molecule vanishes
and thus eliminates the contribution from the coherent
center-of-mass scattering. To explore what may be learned
with quasielastic scattering from the N2 monolayer fluid, we
have compared the simulation results for Eq. 共4.1兲 to an approximate form using the incoherent response functions.
If the center-of-mass and orientational degrees of freedom
are statistically independent, as assumed in Eq. 共3.12兲, and,
further, if the orientations of different molecules are not correlated, Eq. 共4.1兲 reduces to
F ca共 qជ ,t 兲 ⯝2 具 cos关 qជ • 共 l/2兲 n̂ 兴 典 2 F cc共 qជ ,t 兲 ⫹F ic共 qជ ,t 兲 ⌬F i⬔ 共 qជ ,t 兲 ,
共4.4兲
where, using circular averaging and Q⫽ql/2,
⌬F i⬔ 共 qជ ,t 兲 ⫽4

⬁

兺

k⫽1

关 J 2k 共 Q 兲兴 2 C 2k 共 t 兲

共4.5兲

and

具 cos关 qជ • 共 l/2兲 n̂ 兴 典 2 ⫽ 关 J 0 共 Q 兲兴 2 .

with j, j ⬘ sums over the number of molecules N mol⫽N and
␣ , ␣ ⬘ sums over the two atoms, N a ⫽2, of a given molecule.
ជ j are ជ j, ␣ ⫽
The positions relative to the center-of-mass R
⫾(l/2)n̂ j . The corresponding function for the center-ofmass degree of freedom is
1
N mol

S 共 qជ ,  兲 ⫽  c S ca共 qជ ,  兲 ⫹  i S ia共 qជ ,  兲 .

具 exp兵 ıqជ • 关 Rជ j ⫹ ជ j, ␣ 兴共 t 兲 其

ជ j ⫹ ជ j , ␣ 兴共 0 兲 其 典 ,
⫻exp兵 ⫺ıqជ • 关 R
⬘
⬘ ⬘

F cc共 qជ ,t 兲 ⫽

neutron cross sections and is given in terms of the Fourier
transforms of Eqs. 共4.1兲 and 共3.9兲 by

共4.6兲

We made extensive tests of the approximation for
S ca(qជ ,  ) obtained by Fourier transformation of Eq. 共4.4兲 for
many density and corrugation combinations. The q⫽5 Å ⫺1
case of the  ⫽7/14, T⫽45 K smooth-surface fluid is shown
in Fig. 3. There, as expected from the near vanishing of
J 0 (ql/2), the S ca is well fitted by the term arising from the
second term on the right-hand side of Eq. 共4.4兲. The HWHM
of 1.25 THz agrees with that obtained by convoluting the
ballistic approximation to F ic with an exponential ( 
⫽0.53 ps) fit to ⌬F i⬔ over the first 1.0 ps. 共There is a
slower nonexponential decay of ⌬F i⬔ from 2 to 4 ps.兲 In
experiments, a fit to S ca(qជ ,  ) at such q might be used to
determine the rotational relaxation time  . There are marked
changes in fitting the frequency dependence of S ca(qជ ,  ) for
q⫽4 and 6 Å ⫺1 , which bracket this q, as shown in Ref. 17.
In the small-q range, the calculated S ca is well fitted up to
q⬇2 Å ⫺1 by the first term on the right-hand side, and the
second term is very small.32 Indeed, in calculations for the
commensurate monolayer solid, nearly identical values of
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The time constants are ⬇10% smaller than those obtained
from the Lorentzian fits to S ic discussed in Sec. III A, and the
deviation is larger at the larger q. This is quite encouraging
for using the shape of the coherent response function
S ca(qជ ,  ) at small q to measure diffusion in the monolayer
fluid. Future calculations might test how the accuracy of the
Vineyard approximation changes with density.
V. CONCLUSION

FIG. 3. Comparison of simulation data for the coherent-atomic
dynamic structure factor S ca(qជ ,  ) to the transform of the product of
the incoherent center-of-mass function F ic and ⌬F(i,⬔). Results
are shown for the  ⫽7/14 smooth-surface fluid at 45 K at q
⫽5 Å ⫺1 . The planar rotor model predicts that the contribution of
S cc(qជ ,  ) should vanish at q⫽4.38 Å ⫺1 , Sec. IV. The filled dots
denote the values of S ca ; the open triangles denote the results of the
Fourier transform of the product F ic ⌬F(i,⬔); the full triangles
denote 2 具 cos关qជ •(l/2)n̂ 兴 典 2 S cc , the product of the center-of-mass coherent term and the t→⬁ baseline of the rotational function. Much
poorer correspondence between S ca(qជ ,  ) and the transform of
F ic ⌬F(i,⬔) is obtained at q⫽4 and 6 Å ⫺1 .

the Brillouin-zone-center gap were derived from the atomic
and the center-of-mass correlation functions.14
The explicit forms in Eqs. 共4.5兲 and 共4.6兲 depend on the
molecular axes remaining in the monolayer plane. As discussed for Eq. 共3.13兲, this is a good approximation, although
the corrugated surface and molecule-molecule interactions
both lead to some tipping of axes out of the plane. For 
⫽3/14 and the smooth surface, the response at q⬇4.5 Å ⫺1 is
dominated by the incoherent terms, while for the corrugated
surface the corresponding q is a bit larger. The simulation
shows that these large q values do not affect the width arising from the rotational relaxation (⌬F i⬔ ) but the F ic factor
then is dominated by the ballistic translational motion.
At small wave vectors, where S ca(qជ ,  ) follows S cc(qជ ,  )
closely, it seems feasible to obtain a fair approximation to
the q-dependent diffusion constant D i . The Vineyard
approximation33 for the time-dependent pair distribution
function leads to an approximation
F cc共 qជ ,t 兲 ⬀S 共 qជ 兲 F ic共 qជ ,t 兲

共4.7兲

where S(qជ ) is the static structure factor of the 2D fluid. This
approximation was tested for the  ⫽7/14, T⫽45 K fluid on
the smooth surface by fitting the time dependence of F ia and
of F cc on 0.5–5.0 ps to exponentials for q⫽0.5 and 1.0 Å ⫺1 .

The mean-square displacements, velocity autocorrelation
functions, and incoherent scattering functions were calculated for the monolayer N2 fluid. The diffusion constants on
the corrugated surface are smaller than those on the smooth
surface and reflect a thermally activated motion 共energy
⬇95 K) not evident in the latter. Much of the strength of the
velocity autocorrelation functions is in time ranges not well
fitted by the exponential time dependence expected for
Langevin kinetics. The several measures of the center-ofmass translation are all strongly influenced by the persistence
of correlations 共‘‘long-time tails’’兲 of 2D fluids, even though
the N2 molecules in these simulations may tip out of the
adsorption plane and may desorb to a second-layer gas phase
or to 3D gas.
At intermediate- and short-time scales, motions in the
monolayer fluid are qualitatively similar to those in 3D fluids, with the Lorentzian and Gaussian shapes for spectral
functions expected for diffusive and ballistic motions, respectively. However, for a wide range of wave vectors, the
widths of the spectral functions are not simply given by the
mean-square displacements either for diffusive motion or
free motion. In the examples treated here, the Lorentzian line
shape is reached for q⫽0.5 Å ⫺1 , but the width is 30–40%
smaller than that estimated using the mean-square displacements. The ballistic approximation to the width becomes accurate to only 5–10% for q⫽5 Å ⫺1 and becomes accurate at
smaller q for lower densities. For the present corrugations
and temperatures, the widths of the spectral functions are not
very sensitive to the corrugation. The widths derived from
quasielastic experiments on monolayer fluids probably will
not be easily interpreted in terms of the limiting approximations, and there will need to be concurrent simulations at the
experimental conditions to make full use of the experimental
data.
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