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Molecular-dynamics study of the dynamical excitations in commensurate monolayer
films of nitrogen molecules on graphite:
A test of the corrugation in the nitrogen-graphite potential

F.Y. Hansen
Department of Physical Chemistry, Technical University of Denmark, DTU 206, DK-2800, Lyngby, Denmark

L.W. Bruch
Department of Physics, University of Wisconsin-Madison, Madison, Wisconsin 53706
(Received 19 September 1994)

The dynamical excitations in a commensurate monolayer solid of N2 molecules adsorbed on
graphite have been studied using molecular-dynamics simulations. Velocity and rotational correla-
tion functions as well as coherent intermediate scattering functions and dynamical structure factors
have been calculated at several temperatures and wave vectors. Effects of out-of-plane motions and
the formation of pinwheel-like structural elements associated with the orientational-disorder transi-
tion are observed both in the equilibrium order parameters and in the time-correlation functions.
The calculated temperature dependence of the Brillouin-zone-center frequency gap in the acous-
tic phonon branches up to the melting point agrees well with the experimental observations and
gives strong support to a model of the substrate corrugation energy. Diffusive motion in the fluid
just above the melting point has been demonstrated from the time dependence of the mean-square
displacement of the molecules and the two-dimensional diffusion coefficient is estimated to be 2-3

x107% cm?/s at 75-80 K.

I. INTRODUCTION

Over the past 15-20 years static and dynamical phe-
nomena in physisorbed films of molecules and atoms have
been studied with a broad range of experimental and
theoretical techniques.! Molecular nitrogen adsorbed on
the basal plane surface of graphite is the most exten-
sively studied of the adsorbed molecular solids. There
has been a steady development in the ability to model
complex phases such as plastic molecular solids; quan-
titative studies now require establishing the accuracy of
the interaction models.

The interactions naturally fall into two categories,
namely, interactions between the adsorbed species and
between species and substrate. The former, with its ori-
entational dependences, is usually the better known be-
cause the major terms are known from three-dimensional
(3D) systems. In contrast, the molecule-substrate poten-
tial is specific to the system studied and it is difficult to
establish systematic trends. For physisorbed systems, the
molecule-substrate interaction conventionally is divided
into two parts, a large laterally averaged holding po-
tential and a small laterally periodic component usually
referred to as the corrugation of the holding potential.
For N, on graphite, the former is ~ 1100 K/molecule,
whereas the magnitude of the latter is ~ 20 K/molecule.
The lateral average of the holding potential is determined
from experimental energies of adsorption, but it has been
very difficult to isolate the corrugation energy experimen-
tally. Since properties of physisorbed films reflect a deli-
cate balance between intermolecular interactions and the
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lateral corrugation energy, it is important for the under-
standing of the structure and phase transitions in these
films that the lateral variations in the holding potential
are known accurately.

Most of our knowledge about the corrugation is based
on empirical models; it has only been possible to mea-
sure the corrugation experimentally in a few cases. The
occurrence of commensurate lattices, such as for krypton
on graphite, has been one test of the knowledge.?® In-
elastic neutron scattering data have, however, provided
a direct measure of the corrugation in the holding poten-
tial for commensurate films of some simple molecules and
atoms. The acoustic branches of a crystalline monolayer
on a flat surface have zero frequency modes at wave vec-
tors corresponding to the centers of Brillouin zones of the
lattice. Such modes correspond to a uniform translation
of the entire monolayer. Corrugation of the holding po-
tential gives rise to frustrated or hindered translational
motions. In the special case of a monolayer that is com-
mensurate with the substrate, the corrugation provides a
coherent restoring force for displacements parallel to the
surface and a gap develops in the acoustic branches of the
adlayer frequency spectrum. The nonzero frequency at
reciprocal lattice vectors of the monolayer solid is usually
referred to as the Brillouin-zone-center frequency gap. In
spite of the fact that the energy quanta of this gap fre-
quency are rather small, recent inelastic neutron scatter-
ing experiments have determined the gap as a function
of temperature from very low temperatures (a few de-
grees Kelvin) up to the melting point for commensurate
monolayer solids of Hz, D3, HD, 3He, N3, and CD4 on
graphite.? Results of model calculations of the gap fre-
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quency have an encouraging level of agreement with the
low temperature data, except for the Ny system, where
initially there was a discrepancy of nearly 50%.5

We have studied the structure, dynamics, and ther-
mal evolution of the commensurate monolayer solid of
N, /graphite. The most uncertain component of the in-
teraction model has been the corrugation energy and we
have used the inelastic neutron scattering data to test
corrugation models. While it has long been recognized
that the geometry of the monolayer imposes a frustra-
tion on the ordering of molecular degrees of freedom rel-
ative to that in the 3D solid, we discovered® that for
some models of the corrugation there is another signif-
icant effect of frustration: The zone-center gap may be
small because the molecule-molecule interactions cause
the monolayer solid to be positioned on the surface in
such a way that the individual molecules are not at min-
ima of the holding potential. In previous work we devel-
oped and tested a corrugation model using neutron data
for the low-temperature monolayer solid. It was left to
follow the thermal evolution of the system to test the
model. Results of the test are presented here: the con-
ditions range from the harmonic orientationally ordered
solid through a plastic crystal phase to the solid at melt-
ing.

In our first study of the inelastic neutron scattering
results® we used lattice dynamics calculations to show
that existing models, which reproduced many proper-
ties of the monolayer solid, gave gap frequencies which
were only about half of the observed value. Attempts to
force a fit to the observed gap, which worked within a
family of models used for adsorbed inert gases, were un-
successful. Then we implemented® a suggestion of Ver-
nov and Steele” that electrostatic terms make a large
contribution to the substrate corrugation for molecules
with permanent moments. However, we found an unan-
ticipated competition between electrostatic and van der
Waals contributions to the corrugation for the graphite
quadrupole terms proposed by Vernov and Steele result-
ing in a lowering of the gap frequency. When we used
the charge density determined for bulk graphite by x-ray
diffraction® and represented the electrostatic field as aris-
ing from effective quadrupole moments of ~ 1.0 x 1026
esu cm? at the position of the C atoms, the calculated
gap frequency was only ~ 25% below the experimental
value.® This quadrupole moment was of the same order
of magnitude as that proposed by Vernov and Steele, but
of opposite sign. Then instead of an offsetting effect of
the van der Waals and electrostatic contributions to the
corrugation, the two mechanisms acted together to en-
hance the corrugation. Although we could have forced
agreement with the experiments by adjusting the surface
quadrupole to ~ 1.5 x 10725 esu cm?, we refrained from
doing so because that would obscure the point that this
interaction was determined independently of the nitrogen
system being studied.

Here we complete the tests of the corrugation in the
holding potential of the N;/graphite system by treat-
ing the commensurate monolayer solid at temperatures
up to melting. This is the most thorough treatment of
the dynamics of this system of which we are aware and
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is based on extensive molecular-dynamics (MD) simu-
lations. We have previously performed a calculation of
the static structure of the film and a lattice dynamics
calculation of the intermediate scattering function and
the signature of the frequency gap in inelastic neutron
scattering. Now we use a MD calculation to determine
the frequency gap as a function of temperature up to
the melting point. There is good agreement with in-
elastic neutron scattering results all the way up to the
melting point. We use the detailed picture contained in
the time-correlation functions to confirm the evolution
of correlations and structure that has been inferred from
equilibrium properties.

Our work supplements and amplifies observations
made in other work on the dynamics of adsorbed molecu-
lar solids. There is a considerable overlap with the Monte
Carlo simulations of Etters and his co-workers.?1° They
use a more complex model of the molecule-molecule inter-
action, but there is good agreement of results from the
two approaches. There remains uncertainty about the
contributions of substrate-mediated interactions. While
such terms are clearly present for Nj/graphite,!! the
model used may be incomplete. The pioneering MD
calculation for this system was done by Cardini and
O’Sheal? before the need for drastic modification to the
corrugation model was known. Some of the dynamical
features associated with the orientational disorder tran-
sition were first noted in MD simulations of Lynden-Bell
et al.l® Another observation is that the azimuthal an-
gle disorder transition is coupled to the occurrence of
nonplanar orientations, pinwheel-like configurations, in
the thermally excited films; related observations have
been made in computer simulations of denser nitrogen
monolayer solids,’* but they were not linked to the dis-
order transition. The excitation of out-of-plane orienta-
tions softens the structure and makes room for the other
molecules to disorder in the azimuthal angle. Our anal-
ysis of the calculations for the intermediate scattering
function and the response to inelastic neutron scattering
has many parallels in the work of Shrimpton and Steele!®
for a monatomic lattice.

The organization of the paper is as follows. Section
IT describes the methods used in the calculations. It in-
cludes a solution to the problem of determining effective
two-center forces, one at each nitrogen atom position,
from the set of forces arising in the distributed point
charge model of the molecular quadrupole moment. It
also contains a description of the calculation of veloc-
ity and rotational time-correlation functions and of the
coherent intermediate scattering functions. Section III
contains a summary of the interaction model. Section
IV presents results for the equilibrium properties, with
an emphasis on the qualitative changes in molecular mo-
tions at the orientational disorder transition and at the
melting transition. Section V presents results for the var-
ious velocity and rotational correlation functions, for the
intermediate scattering functions, and for zone-center fre-
quency gap as a function of the temperature. Section VI
has some concluding remarks and a discussion of system-
atic trends for the nitrogen and adsorbed hydrocarbon
series.
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II. CALCULATIONAL METHODS

We performed isothermal molecular-dynamics simula-
tions with a constrained molecular degree of freedom,
using Gear’s fourth-order predictor corrector algorithm
to integrate the equations of motion.'® The diatomic N,
molecule is described by the six Cartesian coordinates of
the atoms and the internuclear distance is held fixed by
using a constraint dynamics algorithm in the equations
of motion.!” The time step in the integration was deter-
mined from a microcanonical (constant energy) simula-
tion; a time step of 0.0025 ps gave a satisfactory energy
conservation with only a small drift of ~ 0.009%/ps.

The initial configuration in all simulations was the
commensurate rectangular herringbone structure with
lattice vectors 7.38 A and 4.26 A which is the low tem-
perature state of the molecular solid. The unit cell in the
simulation is an almost square simulation box with eight
7.38-A lattice vectors along the z axis (59.040 A) and
fourteen 4.26-A lattice vectors along the y axis (59.652
A); it contains 224 molecules. These lengths are on the
scale of the coherence length ~ 90-150 A inferred for the
graphite substrate in neutron scattering experiments on
monolayer films of butane and hexane.!® Periodic bound-
ary conditions were imposed only along the = and y axes,
parallel to the surface. The graphite substrate is treated
as a static lattice; it provides the external (holding) po-
tential for the molecules and participates as a third body
in molecule-molecule dispersion energies.

When a molecule passed the point of no return along
z, defined as the distance (= 3.5 onc), where the holding
potential is 1% of the well depth in the nitrogen-carbon
potential [Eq. (20)], its velocity in the z direction was
inverted to bring it back to the surface. Desorption of
molecules became noticeable at temperatures of about 75
K in the present work and times of the order of several
hundred picoseconds were required for equilibration.

For the determination of structural properties and
thermodynamic functions, the system was propagated in
time blocks of 50 ps for a total time of at least 200 ps. At
the completion of each time block averages were calcu-
lated for that time block as well as accumulated averages
over the different time blocks. This enabled an estimate
of the statistical uncertainty in the averages. By moni-
toring the series of structural and thermodynamic data
in each time block it also was fairly easy to assess when
the system had equilibrated.

The system was typically propagated for 200 ps, but
near a phase transition the total time was at least 600
ps. There are signatures in the calculations for two phase
transitions: orientational disordering of the molecules
and melting of the commensurate lattice. Here the tran-
sitions are manifested by instability of single-phase sim-
ulations and may be subject to metastability problems.
However, other workers using single-phase treatments of
melting for closely related monolayer models have found
(i) agreement with the melting condition determined by
free-energy constructions!® and (ii) no hysteresis in care-
fully equilibrated simulations.® It is known2? that more
detailed constructions are needed to avoid metastabil-
ity effects in the melting of three-dimensional bulk Ns.

The monolayer orientational-disorder transition is either
a continuous transition or a weak first-order transition; to
decide that in a simulation requires much larger samples
than those used here.2!

The data for calculation of time-correlation functions
were generated by continuing the calculations for a fur-
ther time period after the equilibrium properties were
determined, typically after 200 ps. The time-correlation
functions are generally of the form

C(t —to) = (F(t)F(to)}/(F(to) F(to)) , (1)

where F(t) is some molecular or atomic property at time
t and C(7) the time-correlation function at time 7 nor-
malized to one at time 7 = 0. A sequence of positions
and velocities is collected at some specified time interval,
where the interval and time period are dictated by the
frequency spectrum. The length of the period depends
on the desired frequency resolution in Fourier spectra and
the time interval between the storage of position and ve-
locity data depends on the time scales in the correlation
function considered.

The correlation functions in Eq. (1) are calculated fol-
lowing the method described by Allen and Tildesley.?2
The initial time ¢o is any of the times in the sequence
of the stored data and the correlation with later times is
formed as an average over all molecules and over initial
times. To reduce the statistical correlation of successive
averages, an interval is maintained between choices of
initial times in the stored data. To maintain comparable
statistical accuracy at all times 7 we usually calculated
the time-correlation functions to a shorter time than the
total time interval Ty, of the stored data.

For the calculation of the correlation functions and the
intermediate scattering function, the system was propa-
gated for 40 ps with a time interval §t = 0.125 ps be-
tween storage of position and velocity data. The time
correlation functions were calculated up to 20 ps, i.e., a
frequency resolution of 0.05 THz compared to a minimum
frequency in the spectrum of the intermediate scattering
function, which is in the range of 0.25-0.4 THz. The
time interval of 0.125 ps corresponds to a maximum fre-
quency of 4 THz; lattice dynamical calculations for the
monolayer model showed the maximum frequency to be
about 2 THz.5¢

A. Effective forces

In the molecular dynamics we treat the motions of the
two atomic centers under local forces, but the electro-
static forces between the molecules are modeled using dis-
tributed point charges. Therefore the electrostatic forces
acting on the point charges must be converted to forces
acting on the two atomic centers. For a rigid molecule,
this is done by requiring that the effective forces at the
atomic sites give the same total force and torque on the
molecule as the sum of the electrostatic terms.

Assume that there are m point charges at positions s;
relative to the center of mass of the molecule and let the
unit vector in the direction from atom 1 to atom 2 be
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ni. Let the distance between the nitrogen atoms be [ and
the Coulombic force at center j be f;. Then the sum of
equivalent two-center forces F; must be

m
F1+F,=) f;=F. (2)

i=1
For the rigid molecule, we may also impose the constraint
n(F;—F,)=0, 3)

i.e., there is no differential in the force along the inter-
nuclear axis. The torque around the molecular center is
given by

l,, m
EDX(Fz—F1)=ZSJ'ijET. (4)

=1

The solution of this last pair of equations is
2,
F1—F2=—l-n><1' (5)

and combined with Eq. (2) we find

Fi=F+2axr, 6)
2 l
1 1.

Fz—EF_TnXT. (7)

Thus the total force and torque from the Coulombic in-
teractions, F and 7, are reexpressed as the equivalent
two-center forces F; and F, with Egs. (6) and (7).

B. Time-correlation functions
and frequency spectra

Three types of correlation functions have been consid-
ered. The first is the rotational and velocity autocorrela-
tion functions which contain the frequency spectra of the
dynamical excitations and the correlation times in the
various modes of motion. We evaluated correlation func-
tions for the azimuthal angle ¢ and for the polar angle
of the N-N bond and for the center of mass velocity cor-
relation functions along the z, y, and z axes, separately.
The second type is the coherent intermediate scattering
function Icon(%,t) and its time Fourier transform, the co-
herent scattering function Scon(%,w). In particular, co-
herent neutron scattering for a wave vector kK equal to a
reciprocal lattice vector of the monolayer solid leads to a
determination of the Brillouin-zone-center frequency gap.
The third type is the mean square displacement of the
molecular center of mass positions as a function of time.
This function is bounded at large times for the solid, but
diverges for the fluid.

In the fluid phase the mean square displacement in-
creases linearly with time

(| Ri(t) — Ri(to) |*) ox t, (8)
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where R;(t) is the position of molecule ¢ at time t. For
3D isotropic diffusion in a liquid with diffusion constant
D, the proportionality constant equals 6D, but here the
system is highly anisotropic with 2D diffusion parallel
to the surface and mostly bounded vibrational motion
in the z direction perpendicular to the surface. Then
the proportionality constant is 4D, where D is the self-
diffusion constant in the plane.

Below the melting point, correlation function data for
20 ps were sufficient to evaluate the mean square dis-
placement. In the fluid phase much longer times were
necessary before the linear time dependence expected for
diffusion became apparent and there were complications
from the effects of desorbing molecules and redistribu-
tion of molecules between layers. For the analysis of dif-
fusion in the fluid, the system was propagated for 1000
ps; molecular configurations for the final 400 ps were re-
tained, with a time interval of 1.25 ps between data stor-
ages.

The intermediate scattering function at reciprocal lat-
tice vectors has a dominant elastic contribution, corre-
sponding to Bragg reflections. To detect inelastic contri-
butions from the translational modes associated with the
zone-center frequency gap, first the elastic term must be
removed. The intermediate scattering function including
the elastic term is defined to be23

Icoh(n., t)

= <Z expli - r;(t + 7)] Z exp[—ik - T; (7')]> >
(9)

where the angular brackets indicate an ensemble average,
i.e., an average over initial times 7. The sums are over
atomic positions or molecular positions in the simulation
cell; we have considered both. To isolate the elastic term,
first introduce the function

f(r) = Z exp[ik - r;(7)] (10)

k2

and determine its average f over all NT entries in the
time sequence of positions and velocities generated in the
MD simulation

_ | b7
f=ﬁrz=:1f(7')- (11)

The modified intermediate scattering function is the au-
tocorrelation of f with the time-independent contribu-
tion f removed

Lon(r,t) = ([f(t+ 1) = AIf*(7) = F*), (12)

where the asterisk denotes the complex conjugate func-
tion. The modified scattering function differs from the
intermediate scattering function by an additive constant,
so that the two functions have the same power spectrum
except at zero frequency. For the numerical work, elim-
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ination of the constant term reduces spurious spectral
density at finite frequencies.

The one-phonon approximation to the scattering func-
tion has also been calculated. We begin by reformulating
f(7) in Eq. (10) in terms of the average position F; of
atom ¢ during the time sequence

f(n) = Z exp{ik - [r;(t) — F;]} exp(i - i), (13)

Fi= o D mi(r). (14)

The one-phonon theory arises from a first-order Taylor
series expansion in r;(t) — F;. Then, as in Eq. (12), the
modified one-phonon scattering function is defined to be
Ilone(n’ t)

coh

= I (K, t) — E exp(ik - T;) Z exp(—ik - F;)

4 2

= < Z Ke[r;(t + 7) — F:] exp(in - T;)

X Z K:[r;(7) — Fj]lexp(—ix - fj)>. (15)

This formulation omits the Debye-Waller factor in the
one-phonon response function defined by Maradudin and
Fein.?4

The function f(7) in Eq. (10), when evaluated as a
sum over all atoms, also enters in the calculation of the
structure factor at Bragg reflections, which is defined to
be

S(ki;) = 8(i,3) = (f(7) f* (7)) (16)
for reciprocal lattice vectors

Kij = 2n[i%/7.38 + j§/4.26]. (17)
III. INTERACTION MODEL

The empirical molecule-molecule interaction inferred
from 3D data is supplemented by estimates of adsorption-
induced interactions and by a model of the molecule-
graphite interaction. We use the X1 model of Murthy
et al.,?® fitted to 3D dense phase data. It consists of
atom-atom interactions and a distributed point charge
model for the electrostatic interactions between nitrogen
molecules. The atom-atom potentials are represented by
a Lennard-Jones (12,6) potential

st oo (32) ()] 00

with exy = 36.4 K, onn = 3.318 A, and distance R;;
between atoms ¢ and j. The atom-atom interactions are
truncated at distances larger than 10 A. The charge dis-

tribution in the molecule is represented by three point
charges.25 The charges are ¢ = —0.405|¢| at the atomic
centers and 0.810|e| at the molecular center, where e
is the charge of an electron. The effective molecular
quadrupole moment is —1.173 x 1028 esu cm?2. The dis-
tributed point charge model was constructed to include
effects of the finite extent of the molecular charge dis-
tribution, but the effective quadrupole moment was set
to be smaller than that for the isolated molecule, to in-
clude effects of penetration of charge clouds in the dense
phases.

The presence of the graphite surface, however, modi-
fies the 3D interaction. The substrate is included in our
potential model in the form of the substrate mediated
dispersion energy given by McLachlan,?8

gMeL _ __Cs1 4 (rjz+Tiz — 21ay)?
5 TRy |3 R,
(rjz —Tiz)? Cs2
23 RS’ (19)

with Cs; = 5.7898 x 10* K A% and Cs, = 2.9468 x 10* K
A8 .27 §/ is the image of atom i in a mirror plane parallel to
the surface and shifted zjay/2 outward, where 274, = 3.37
A is the distance between the basal planes in graphite.
R;; is the distance between atoms i and j in different
nitrogen molecules and r;, is the 2 coordinate of atom <.
For atoms at equal heights above the surface this term
is repulsive and reduces the intermolecular attractive en-
ergy by about 15%. For adatoms that are not at equal
height, it may enhance the attraction. There is experi-
mental evidence!! that the attractive interaction between
adsorbed nitrogen molecules is reduced by about 20%,
but there is no detailed support for this mechanism being
the only significant adsorption-induced interaction. We
distribute the McLachlan energy over atom-atom pairs;
it must be noted that there is no comnsistency, even for
the same workers, on using the atom-atom distribution
or a total acting at the molecular centers.

The molecule-substrate interaction is based on the
Lennard-Jones (12,6) atom-atom potential for nitrogen-
graphite carbon interactions with Steele’s parameters
enc = 31 K and onc = 3.36 A.28 However, we found®
that the corrugation of the molecule-substrate potential
formed?® from such an isotropic atom-atom potential
is too small to reproduce the observed zone-center fre-
quency gap. Carlos and Cole3° treated a closely related
problem for adsorbed inert gases by adding terms that re-
flect the anisotropy in the polarizability of the graphite
substrate. They generalized the atom-atom N-C interac-
tion to be

Enc(Rij)

= 4eNC{ <‘%§_’)12 [1 + g (1 - gcosz 9)]
_(gj)e[1+“ (l—gcoszﬁ>]}. (20)

Here 0 is the angle between the surface normal and the
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R;; vector. The modification changes the corrugation of
the molecule-substrate potential, but it leaves the lateral
average of the potential the same. The two coefficients
v4 and ~yg specify the modifications to the van der Waals
attraction and the overlap repulsion, respectively. The
value 74 = 0.4 is set by the dielectric properties of the
graphite while g is an adjustable parameter. Carlos and
Cole?? fitted yg = —0.54 for helium, and this value may
apply for other inert gas atoms. Joshi and Tildesley3!
fitted yg = —1.04 for nitrogen; calculations using this
anisotropy® gave a small increase in the zone-center gap
frequency, which remained only slightly more than half
of the observed value.

The separation of the nitrogen-graphite interaction
into a laterally averaged term and corrugation ampli-
tudes is based on Steele’s transformation of the atom-
atom sums.?? The translational symmetry of the graphite
substrate leads to a Fourier representation for the
nitrogen-substrate dispersion interaction as

EdisP(Z,l') _ E(c)lisp(z) + Z E;iisp(z) exp(ig-r), (21)

surf

where r is the lateral position vector of an N atom, z is
its vertical distance from the graphite surface, and g are
the (2D) reciprocal lattice vectors of the graphite basal
planes. Carlos and Cole3° presented expressions for the
functions in Eq. (21) for the N-C dispersion potential;
we include them here for completeness and for compar-
ison with the electrostatic contributions. The laterally
averaged term in the potential, ES*P(z), is given by

; 2w [2032 o?d
EP() = enopon [T 20 - ] ()

Here n is the number of atoms (equal to 2) in the 2D unit
cell of the basal plane. Ag is the area of the 2D unit cell
and z, is the vertical distance from the atom to the ath
basal plane in the graphite crystal. As noted above, the
lateral average of the potential is independent of the vy,
and yr parameters. The Fourier coefficients Egi“’(za)
are given by

5 6
; 2 1 g 1 g
disp — “ 12 | & [ 9 o 2 ( 9
Eg*P(24) = enc As 2 ({UNC |:30 (22a) (1 +vgr) Ks (92a) 50 YR% (2la) K (gza)]

2 3
—o%c [2 (i) (1 +v4) K2 (92a) +va22 (i) K3 (gza)] } Zexp [ig- (r — ‘rn)]) . (23)

K;(z) is the ith modified Bessel function and 7, the 2D
position vector of the carbon atoms in the 2D unit cell
of the basal planes of graphite. In practice, 15 layers of
basal planes of the graphite crystal are included in the
calculation of ES**P(z) and the corrugation is calculated
from the topmost graphite plane and for the first two
shells of reciprocal lattice vectors.

In subsequent work® we found a significant increase in
the calculated corrugation from a mechanism proposed
by Vernov and Steele.” They noted that bonding in the
graphite gives rise to aspherical atomic charge distribu-
tions which are the source of electrostatic fields with
rapid spatial variations external to the graphite. We
used x-ray data for the valence charge distribution of bulk
graphite® to determine an effective quadrupole moment.
The construction of the effective moment from the atomic
charge density included terms beyond the quadrupole
and is based on data for the bulk charge densities, al-
though there may be some charge relaxation relative to
the bulk for the surface atoms which give the dominant
contributions to the electric field.

The quadrupole moment tensor for atoms of the
graphite is given by

—2@,,2 = _Zeyy = ezz = €")C (24)

with all other elements equal to zero. The effective
quadrupole moment O¢ in Eq. (24) is defined in terms
of the atomic charge density p(s) by

[
0c = (2/4%) /d3sp(s) exp (95 — i€ * Spar) (25)

where the vector distance s from the carbon nucleus is
decomposed into components parallel (spa;) and perpen-
dicular (s,) to the basal plane. The moment ©¢ derived
from Eq. (25) is equal to the quadrupole moment (©.,,)
for a pure quadrupolar charge distribution aligned along
the z axis. For the more general distribution determined
in the x-ray experiments, the effective moment depends
on the reciprocal lattice vector g. Here the leading star of
six reciprocal lattice vectors of the graphite (of length g
= 2.95 A~ and with one along the y axis) is used and the
octupolar distortion of the graphite carbons, of opposite
sense for the two carbons in the graphite unit cell, is in-
cluded. This leads to the effective value ©¢ = 1.0x 1026
esu cm? (Ref. 6) used in our work.

The electrostatic energy egq between a point charge g
and a quadrupole © (Ref. 32) is

1 3R.Rs3 — R3S,
cas = 34 3 eaﬁ——"}—zs—f’ : (26)
a,B

where o, runs over all Cartesian coordinates z,y, z and
R is the distance between the charge and the quadrupole.
Then the electrostatic energy of a point charge in a ni-
trogen molecule and a quadrupole at a graphite carbon
atom position is
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(27)

1 3R? 1
€qq = §q®zz [ . ]

RS R3

The translation symmetry of the graphite substrate
also leads to a Fourier representation of the nitrogen-
substrate electrostatic interaction

Egut(z,v) = »_ Egl(z) exp(ig - 1) (28)

with the same notation as in Eq. (21). For the two-body
interaction energy of Eq. (27), the total interaction en-
ergy of a charge in the nitrogen molecule with the sub-
strate quadrupoles is given by

E:er(Z, l‘)

= f—;q@c zﬂ: ggexp (—gz)explig - (r — Ta)]-
(29)

Vernov and Steele estimated the surface quadrupole
moment from data for the aromatic hydrocarbon
molecules. They assigned a quadrupole moment at each
carbon atom in the graphite surface of —1.3 x 10726 esu
cm?; it is similar in magnitude but opposite in sign to
that derived from the x-ray data. Recently, there has
been a report of a measurement for bulk graphite leading
to carbon quadrupole moments equal to —©.32 When
this last value is used in the calculations at 10 K, it leads
to a frustrated layer of a type discussed in our previous
work.® The calculated zone-center gap is only about 0.125
THz, much smaller than the observed value of 0.4 THz
and even smaller than that with no surface quadrupoles;
thus we have not pursued this case further. The discrep-
ancy in sign of the quadrupole moment has not yet been
resolved.

The combination of Steele’s N-C atom-atom potential,
the graphite anisotropy with the Carlos-Cole parame-
ters, and the substrate electrostatic field term brought
the calculated gap frequency to within 25% of the exper-
imental value.® The anisotropy parameters of Joshi and
Tildesley3! were based on a fit to the melting temper-
ature of submonolayer films of N,. We suggested that
their change in yg may have been driven in part by the
omission of the substrate electrostatic field; that would
have a greater consequence for the quadrupolar molecule
than for the isotropic inert gas atoms. Thus the rec-
ommended potential model from our previous work had
the substrate anisotropy parameters of Carlos and Cole.
It remained to calculate the melting conditions for the
recommended potential model.

IV. EQUILIBRIUM PROPERTIES

We have made a series of simulations at temperatures
from 10 K to 80 K in order to study the equilibrium prop-
erties and phase transitions of the solid film. The temper-
atures span a range from a harmonic solid, well ordered
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in molecular orientations and centers of mass, through
a plastic solid with disordered azimuthal degrees of free-
dom, and finally to the solid near melting, which has a
significant population of thermally excited vacancies.

At low temperatures, the nitrogen molecules form a
herringbone structure with two molecules in a rectan-
gular unit cell with dimensions (7.38 A x 4.26 A). The
molecules are arranged in two sublattices with the N-N
axes parallel to the surface and the azimuthal angle of
the N-N axes at approximately +45° with respect to the
7.38-A side of the rectangular unit cell. At about 20-25
K there is a transition where the azimuthal orientations
disorder but an ordered hexagonal lattice of the molecu-
lar centers remains.

The temperature dependence in the region of the tran-
sition is shown in Fig. 1, where we have plotted the ori-
entational order parameters ol = (sin(2¢;)) and 02 =
(sin(2¢2)) for sublattices 1 and 2. The angular brack-
ets denote an ensemble average over values of the sine of
the azimuthal angles ¢; and ¢, on the two sublattices.
The order parameters vary from ol = —02 ~ 1 at low
temperatures to zero at high temperatures, where there
is nearly free azimuthal rotation. Another order param-
eter showing the transition is the intensity of the (1,2)
Bragg reflection for the herringbone superlattice, which
drops drastically in passing through the transition. The
position of the inflection point in each of the three order
parameter graphs is consistent with a transition temper-
ature of 22 K; this is somewhat lower than the experi-
mental value3® of 26 — 28 K. A possible reason for this is
discussed in Sec. VI _

In Fig. 2 the azimuthal angle distribution at several
temperatures is shown. The two distinct peaks at low
temperature reflect the herringbone sublattices. Just be-
low the transition temperature, there are two extra small
peaks at 180° from the main peaks. Since the ends of
the molecules are labeled in the simulation, this shows
the beginning of a tendency of molecules to rotate 180°

1.0 . i . ' .
0.8 ° 012 °"Ze' Purometter
: 3 e 02 order parameter 4
0.6 F \' v S (1.2) ipn(ensity ]
£ 0.4 F \ i
% 02 ]
&
g 0.0 -
5 -02¢F / ]
© -0.4 i
—0.6 F / ]
-0.8 F /-/. ]
-1.0 L ‘ . ) ,
0 10 20 30 40 50 60 70

T (K)

FIG. 1. The temperature dependence of the N-N azimuthal
angle order parameters ol and o2 for sublattices 1 and 2, re-
spectively, and the structure factor Sre1(1,2) of the herring-
bone lattice, relative to its zero temperature value of S(1,2)
=17570. There is an inflection point in both the order pa-
rameters and the structure factor around 22 K, which is the
azimuthal angle disorder transition temperature.
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FIG. 2. The N-N azimuthal angle distribution as a function of the temperature. (a) T'= 10 K (T/Tmeit = 0.137), well below
the disorder transition at 22 K. (b) T' = 20 K (T'/Tmet = 0.274), just below the transition. (c) T' = 25 K (T/Tmerr = 0.342),
just above the transition. Notice the distinct sixfold structure in the distribution function. (d) T' = 50 K (T'/Tmeit = 0.685).
The sixfold structure in the distribution function is barely visible at this temperature, so that the azimuthal motion evolves
from a hindered rotation to a free rotation in this temperature range.
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FIG. 3. The distribution of the N-N polar angle as a function of temperature. The polar angle is 90° for the N-N bond
parallel to the surface. (a) 7' = 15 K (T/Tmeit = 0.205), well below the azimuthal disorder transition temperature at 22 K. (b)
T = 25 K (T /Tmeir = 0.342), just above the transition. (¢) T = 50 K (T'/Tme1r = 0.685), well above the transition.
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in the azimuthal angle. Above the transition, there is
a sixfold pattern in the distribution function which per-
sists to 50 K; it corresponds to a hindered rotation which
reflects the sixfold symmetry of the graphite substrate.
Only above 50 K does the distribution become nearly
uniform, corresponding to a nearly free rotation. These
characterizations of the motion are consistent with the
average order parameters shown in Fig. 1 and with the
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FIG. 4. Instantaneous configurations of the nitrogen

molecules on the graphite surface at several temperatures.
The small dots forming hexagons indicate the graphite car-
bon atom positions. The nitrogen molecules are shown as
small lines which represent the projection of the N-N bond
on the zy plane parallel to the graphite surface plane. The
tilt of the nitrogen bonds with respect to the surface may
thus be inferred from the length of the lines which degenerate
into a dot for molecules with the bond perpendicular to the
surface. (a) A section of an instantaneous configuration at
T = 25 K, just above the azimuthal disorder transition at 22
K. Notice the pinwheel structure element around molecule 95,
whose bond is almost perpendicular to the surface and to a
lesser degree around molecules 154 and 183. (b) Same as in
(a), but at T'= 50 K, well above the transition temperature.
More molecules, such as 32, 117, 118, 126, 145 and 177, have
their bonds tilted away from the surface plane and more or
less “stand on end.” There are pinwheel structure elements
around these molecules.

rotational correlation functions discussed in Sec. V.

There is a qualitative change in the distribution of the
tilt 6 angle of the N-N axis on passing through the ori-
entational disordering transition. As shown in Fig. 3,
the distribution at low temperatures has the form of a
one-component Gaussian distribution centered at 90°,
which corresponds to molecular axes parallel to the sur-
face. Above the transition, the distribution develops a
second component and has a small very broad distribu-
tion superposed on the large narrow component. The
narrow component reflects, as before, the librational mo-
tion of the molecules against the surface, whereas the
broad component is a signature of molecules which are
“standing on end,” or nearly so. There are transient
“pinwheel-like” structures in the solid, as evident in the
instantaneous configurations at 25 and 50 K presented
in Fig. 4. Figure 3 also shows that the two-component
structure of the distribution becomes more pronounced
with increasing temperature.

The hexagonal center of mass lattice melts at around
70-75 K. In Fig. 5, we show the intensity S(1,1) of the
leading Bragg reflection. It drops drastically in the tem-
perature range of 70-75 K and from the position of the
inflection point we infer a melting temperature of 73 K.
This value is a little lower than experimental results of
75—83 K (Ref. 36) and a value of 84 K in a Monte Carlo
simulation.® A possible reason for this will be discussed
in section VI. The intermolecular potential energy per
molecule as a function of temperature is also shown in
Fig. 5; this energy increases sharply in the same temper-
ature range as the drop in the (1,1) reflection, with an
inflection around 73 K.

The atomic distribution function in the z direction in
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FIG. 5. Determination of the monolayer melting point.
Srei(1,1) is the relative structure factor with Miller indices
(1,1) of the herringbone lattice with respect to the structure
factor at 0 K, which was determined to be 126 862. Sre1(1,1)
shows a strong drop in a temperature range of 70-75 K; from
the inflection point, we assign the melting temperature as 73
K. This is consistent with the plot of the intermolecular po-
tential energy per molecule, Einter, also shown here. It has a
sharp variation in the same temperature region with an inflec-
tion point at 73 K and a weaker inflection near the azimuthal
disorder temperature, around 22 K. The latter transition is
barely visible in the Srei(1,1) structure factor.
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Fig. 6 shows that there is no significant layer promo-
tion of molecules until just a few degrees below the melt-
ing point. Then with further increase in temperature,
molecules are promoted to a second layer, vacancies are
created in the monolayer, and it melts. That is, the
monolayer melting is associated with the formation of
vacancies in the monolayer by promotion of molecules to
a second layer. This observation agrees with the conclu-
sions of Etters and co-workers® about the melting mech-
anism.

The correlation between the change in polar angle dis-
tribution and the onset of disorder in the azimuthal an-
gle reflects the fact that the molecule is somewhat ellip-
soidal. By tilting a few molecules away from the surface
enough space is created for the other molecules to disor-
der in the azimuthal angle. Constraining the molecules
to move in the plane of the surface would probably not
eliminate the orientational-disorder transition but shift it
to a higher temperature. The melting point was shown
in a simulation® to increase by 13 K when the molecules
are confined to the zy plane; an increase in the orienta-
tional disorder temperature would also be expected. In
monolayer films of ethylene,3* an orientational disorder
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transition has also been observed, but in films of bu-
tane and hexane no such transition exists;'® the aspect
ratio of these molecules is simply too large. We expect
that there is a crossover from films with an orientational-
disorder transition to films with none for molecules with
an aspect ratio between that for nitrogen and ethylene
and that for butane.

However, the almost spherical shape of the nitrogen
molecule also means that the reduction of the “foot-
print” of the molecule on the surface by tilting is too
small to create enough free area to initiate the melt-
ing process. Another mechanism is therefore necessary:
here the promotion of molecules to a second layer is the
energetically favorable way to create enough free sur-
face area for the other molecules to translationally dis-
order. This is in contrast to what was observed in simu-
lations for molecules with larger aspect ratios.'® For bu-
tane films, the tilting of the large-aspect-ratio molecule
created enough free area to initiate the melting pro-
cess. Hexane molecules have an even larger aspect ratio
and there is a footprint-reduction mechanism in which
molecules coil into a gauche conformation. When that
mechanism is suppressed in a simulation,'® the increase
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FIG. 6. The distribution of perpendicular distance of the N atoms from the surface; the second layer height is 6-7.5 A. (a)
At 70 K (T/Tmert = 0.959), just below the melting point at 73 K, there are scarcely any molecules in the second layer. (b) At
72 K (T /Tmert = 0.986), very close to the melting point, some molecules are now seen to have been promoted to a second layer.
(c) At 75 K (T /Tmeit = 1.027) more molecules are promoted to a second layer and some desorb as seen from the small glitches

in the distribution above 8 A.
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FIG. 6. (Continued).

in free area is accomplished by a combination of the pro-
cesses described for the nitrogen films and butane films
and the melting point is increased by 80-90 K.

Figure 7 shows the temperature dependence of the av-
erage perpendicular distance Z of the nitrogen molecules
from the surface and of the average energy per molecule
Eo; arising from the corrugation terms in the holding
potential.® Since the corrugation amplitudes in Egs. (23)
and (29) vary exponentially with height z (the leading
dependence in the modified Bessel functions is also ex-
ponential), the temperature derivative of E,, is approx-
imately

dE dz
cor ~ — E
dT g

COT 31 9 3
aT (30)

where Z is the average height of the center of mass of
the molecules. The increase in the average height arises
from the thermal average of independent molecular mo-
tions in the laterally averaged holding potential and from
relaxation as the molecule moves laterally in the corru-
gated holding potential. The former effect is estimated
with an auxiliary calculation of the Boltzmann average
of the height of one molecule in the laterally averaged
holding potential Eq. (22): the average slope with tem-
perature from 10 to 60 K is 1.7 x 1073 A /K, which is 2/3
of the slope shown for the molecular-dynamics average in
Fig. 7. When it is used for the change in height for the

0 10 20 30 40 50 60 70 80
T(K)

FIG. 7. The average corrugation energy per molecule Ecor
and the average distance z of the molecules from the surface
as a function of the temperature.

corrugation amplitude and with a value E . ~ —21 K,
Eq. (30) leads to an estimate dE o, /dT ~ 0.10, while the
slope of E,, in Fig. 7 is approximately 0.11.

The increase in Z is rather smooth in the tempera-
ture range from 10 to 70 K and then it changes dras-
tically. The change is correlated with the promotion of
molecules to a second layer near the onset of melting.
Several molecules desorb at temperatures of 75 K and
above and there is a rapid increase in second layer occu-
pation.

Even at the melting point, the average corrugation en-
ergy is about 15 K/molecule; thus the lateral motion of
the molecules has the character of a hindered translation
near the melting point. Since there is not a clear signa-
ture of the orientational disorder transition at 22 K in
Fig. 7, this transition does not involve drastic changes in
the average perpendicular distance or in the corrugation
energy.

V. DYNAMICAL PROPERTIES

We start with a discussion of the mean square displace-
ment of a molecule as a function of temperature, shown
in Fig. 8. Below the melting point, each molecule oscil-
lates about its equilibrium position above the center of a
carbon hexagon in the graphite surface. The amplitude
of the oscillation increases smoothly with temperature up
to about 50 K and then it increases sharply to 5 A2 at
70 K, just below the melting point. The distance from
the center of a carbon hexagon in the graphite surface
to a C-C bond is 1.23 A, so that mean square displace-
ments less than ~ 3 A? are consistent with molecular
motions within a hexagon. The mean square displace-
ments in Fig. 8 are consistent with such restricted mo-
tions, since the perpendicular motions are included in
the mean square displacements and begin to contribute
significantly at 70 K.

The curve in Fig. 8(a) appears to diverge as the tem-
perature approaches the melting point at 73 K. At 75 K,
just above the melting point, the mean square displace-
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FIG. 8. Mean square displacement of the molecular center
of mass (a) as a function of temperature for the solid below
the melting point, (b) as a function of time for the fluid at 75
K, just above the melting point, and (c) as a function of time
for the fluid at 80 K. For (b) and (c) the initial time of the
calculation is at 600 ps in the total run.

ment is no longer bounded. This is clear from Fig. 8(b),
where the mean square displacement after 350 ps is 340
A2 and continues to grow with time. The change in slope
at 800 ps elapsed time correlates with a small decrease
in the second layer occupancy of the film; the evolution
of the second layer occupancy of the film is not shown
here. A similar but less pronounced change is observed
in the calculation at 80 K. The two-dimensional diffusion
coefficient derived from the slope of the mean square dis-
placement at 800-960 ps is 1.8 (2.8) x 10~° cm?/sec at
75 (80) K. The diffusion constant of a monolayer fluid of
methane/graphite has a similar magnitude.3®

The mean square displacements shown in Figs. 8(b)
and 8(c) are calculated for “surface molecules.” If a
molecule once in the 400-ps time sequence leaves the sur-
face and goes into the 3D gas phase, defined as the cen-
ter of mass z coordinate > 8 A, it is completely dropped
from the mean square displacement calculation. There
are 48 (59) such molecules at 75 K (80 K). Similarly, we
identify molecules for calculation of the mean square dis-
placement of first layer molecules by dropping molecules
from the calculation if somewhere in the 400-ps time se-
quence they have had a center of mass 2 coordinate > 6
A; there is a total of 81 (98) such molecules at 75 K (80
K). The average number of molecules in the first layer
at 75 K is 214 and in the first two layers 223, where the
perfect commensurate lattice had 224; the correspond-
ing numbers at 80 K are 212 and 222 molecules. As
shown in Figs. 8(b) and 8(c), the distinction between
mean square displacements calculated for only first-layer
molecules and for molecules in both layers becomes sig-
nificant at 80 K. The diffusion constant in the second
layer is expected to be larger than in the first layer and
at 80 K there is a sufficient number of molecules in the
second layer to make the displacement curves distinct.
The curves may be modeled by assigning different diffu-
sion constants for molecules in the first and second layers.
A preliminary estimate for the 80 K data, using the av-
erage populations of the first and second layers to form
a weighted average, is that the first layer diffusion con-
stant is ~ 2.4x 10~° cm2 /s and the second layer diffusion
constant is ~ 1.1 x 107% cm?/s.

In the following we present and discuss the thermal
evolution of a series of correlation functions.

A. Rotational and velocity correlation functions

We start with the frequency spectra of the time-
correlation functions at T/Tierx = 0.14 in Fig. 9. At
this temperature the layer is a nearly harmonic solid.
The bouncing mode along z and the tilting mode in the
polar angle 6 have long correlation times of 13-15 ps and
5-7 ps, respectively, because these motions are primarily
determined by the molecule-substrate interactions. The
spectra of both motions in Fig. 9 are sharply peaked
around 1.6 THz, so they may mix strongly as was seen in
the lattice dynamics calculations for wave vectors away
from the Brillouin-zone center.?:® For single molecule mo-
tion in a perfect harmonic potential, the two spectra
would be identical, but as seen from the superposition
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in Fig. 9(c), this is not quite the case. The translations
in the z and y directions and the azimuthal rotation have
more complicated autocorrelation functions, with corre-
lation times of only 2-3 ps; they are strongly influenced
by intermolecular interactions. Although there are nor-
mal modes with long lifetimes, the superposition of many

F. Y. HANSEN AND L. W. BRUCH

s1
normal modes results in time-correlation functions with
a rapid decay. The spectra in Fig. 9 show three bands,
near 0.5 THz, 1.0 THz, and 1.5 THz. Thus there may be
a strong mixing of azimuthal motions and lateral trans-
lations and a weaker mixing with the polar motion and
perpendicular vibration. This is consistent with results
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FIG. 9. Frequency spectra at T = 10 K (T/Tmec = 0.137). (a) Translational motion of the molecules perpendicular to the
surface, i.e., the bouncing mode. (b) The polar angle motion of the N-N bond, i.e., the tilting mode. (c) Superposition of
the spectra for the tilting and bouncing modes. For single molecule motion in a perfect harmonic potential, the two spectra
would be identical. (d) The lateral motion of the molecules in the = direction. (e) The lateral motion of the molecules in the y

direction. (f) The azimuthal angle motion of the N-N bond.
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FIG. 9. (Continued).
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FIG. 10. Superposition of frequency spectra for the az-
imuthal angle motion at T' = 10 K, below the disorder tran-
sition temperature at 22 K, and at T = 25 K, just above
the transition temperature. The low temperature spectrum
is typical of a librational motion and the high temperature
spectrum is typical of a hindered rotor motion with both dif-
fusive and librational features.
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of lattice dynamics calculations.>6

Figure 10 shows that there is a prominent signature
of the orientational disorder transition in the frequency
spectrum of the azimuthal correlation function at 25 K,
which is just above the transition for our model. In addi-
tion to a broad peak near 1 THz, a finite spectral density
persists to very low frequencies. The existence of a finite
spectral density at zero frequency implies?® that there is
some diffusional character to the motion, even if it is not
totally random. The peak at 1 THz shows that the rotor
performs librational motion between diffusive steps, as
expected for a hindered rotor.

At T /Tieir = 0.685 in Fig. 11, the correlation times for
the tilt angle mode and the bouncing mode have been re-
duced to 1-2 ps and 3-4 ps, respectively. In the spectra
of the bouncing mode and the tilt angle mode, a broad
low frequency shoulder is seen. As discussed below, this
shoulder is associated with the tendency of molecules to
tilt away from the surface when the temperature is raised.
The frequency spectrum of the azimuthal angle motion
is now more like a free diffusive rotational motion. The
spectra for the z and y motions are quite similar to those
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FIG. 11. Frequency spectra at T = 50 K (T'/Tmer = 0.685). (a) Translational motion of the molecules perpendicular to the
surface, i.e., the bouncing mode. (b) The polar angle motion of the N-N bond, i.e., the tilting mode. (c) The lateral motion of
the molecules in the z direction. (d) The lateral motion of the molecules in the y direction. (e) The azimuthal angle motion of

the N-N bond.
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at low temperature, except for being broader and feature-
less.

A correlation between the orientational-disorder tran-
sition and the tendency to form pinwheel structural ele-
ments in the monolayer film is also seen in the frequency
spectrum of the tilt angle correlation function. A broad
low frequency component in the spectrum emerges above
the transition temperature and becomes more prominent
at higher temperatures, as shown in Fig. 12. The ex-
tra spectral density is attributed to molecules which are
tilted away from the surface, i.e., stand on end, and have
lower librational frequencies which are primarily deter-
mined by the neighboring molecules rather than by the
substrate interaction. Superposed on the tilt angle spec-
tra are the spectra of the perpendicular (bouncing) mo-
tion. These spectra also show a low frequency shoulder
with increasing temperature, consistent with molecules
tilted away from the surface, but the effect is less than
that for the tilt angle motion because molecule-molecule
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FIG. 12. Superposition of frequency spectra for the polar
angle motion (tilt angle mode) and the translational bouncing
mode perpendicular to the surface at (a) T = 25 K, just
above the azimuthal angle disorder transition at 22 K, and
(b) T = 50 K. The emergent shoulders at low frequencies in
both spectra are the signature of the existence of pinwheel
structure elements in the monolayer film.

interactions have a larger effect in the spectrum of the
tilt angle motions. -

B. Intermediate scattering functions
and the frequency gap

We have calculated the modified intermediate scatter-
ing functions I! ; (k,t) and dynamical structure factors
S! n(k,w), defined in Sec. IIB, at several temperatures
and wave vectors. One goal of the calculations was to
determine the temperature dependence of the frequency
gap in the spectrum of acoustic modes, which arises at
the center of the Brillouin zone of a commensurate mono-
layer solid. The scattering functions have therefore been
evaluated at two reciprocal lattice vectors 1.703 A~! %
and 2.95 A-1 §. With these wave vectors, the transla-
tional modes along  and y are probed at the Brillouin-
zone center and a test of the anisotropy of the response
can be made. Both center of mass and atomic forms
for the scattering functions were studied, but we show
only results for the scattering functions evaluated with
the molecular center of mass and the one-phonon ap-
proximations. Results for the other wave vectors show
dispersion of the peak corresponding to the zone-center
gap and have more structure. Results using atomic co-
ordinates and the full scattering function do not differ
much from those for the center of mass and one-phonon
simplifications.

The results of calculations at T = 10 K (T'/Tiers =
0.137) are shown in Fig. 13. The intermediate scattering
function I/, (k,t), in the one-phonon-approximation, is
shown at the two reciprocal lattice vectors. There is a
well-defined oscillatory pattern with little damping and
the Fourier transform has a single strong peak which
gives the gap frequency for translational motion along the
x axis, [Fig. 13(a)] and along the y axis, [Fig. 13(b)]. The
spectra of the complete scattering functions, not shown
here, are a little more noisy than the one-phonon spec-
tra. The lifetime of the mode is much longer than the
20-ps window used in the calculations, as expected for
a low temperature, nearly harmonic solid. The gaps for
motion along the = axis and along the y axis are nearly
equal, as found in lattice dynamics calculations.

In Fig. 14 we show the same pair of functions as in
Fig. 13, but now for a temperature of 70 K (T/Teir =
0.959). The intermediate scattering function still is domi-
nated by a well-defined oscillatory pattern, but the period
of the oscillation is distinctly longer than for 10 K. Al-
though the temperature is close to the melting tempera-
ture, the phonon mode associated with the gap frequency
is remarkably well defined as may be seen from the width
of the main peak in the corresponding frequency spectra.
It is only slightly broader than the corresponding low
temperature peak and the increase is smaller than the
frequency resolution of our MD calculation.

In Fig. 15 we show the gap frequencies f(T') relative to
the gap frequency at T' = 0 K as a function of the tem-
perature. For the zero temperature value, we use our lat-
tice dynamics result for this interaction model f(0)=0.30
THz; for the experimental data the value is f(0)=0.40



THz. The gap frequencies along the r and y axes are
practically identical over the whole temperature range.
The agreement with experimental data is quite good, al-
though there is some uncertainty in comparing to the
experimental data, because of uncertainty about the cov-
erage in the experiments.? The relative structure factor
Sre1(1,1) for the leading Bragg reflection of the center of
mass lattice is also shown. It follows the gap frequency
curve very well and there is no sign of a “floating solid”38
with a zero frequency gap but a strong Bragg reflection.
The decrease of the gap frequency with increasing tem-
perature is the result of a complicated interplay between
various factors. One factor is the anharmonicity of the
corrugation. As the temperature is raised, anharmonic
parts of the potential are probed by lateral motions of
the molecules, with a softening of the gap frequency. An-
other major factor is the reduction in the amplitude of
the corrugation by ~ 30% from thermal expansion of the
overlayer height, shown in Fig. 7. Both factors lead to a
reduction in the sharpness of the commensurate lattice
and are reflected in Sre1(1,1): this is probably the reason
that there is such a strong correlation between the two
functions.

In summary, the gap frequency was determined as a
function of increasing temperature until close to the melt-
ing temperature. The frequencies determined from the
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total scattering function and the one-phonon approxima-
tion are nearly equal. While the effect of multiphonon
processes increases at higher temperatures, their effect
near the melting temperature of this model remains too
small for us to give a quantitative measure of the con-
tributions. The gap frequencies determined for two re-
ciprocal lattice vectors, which probed translations along
perpendicular axes, were indistinguishable.

VI. CONCLUSIONS

We have shown that our corrugation model,® which
includes electrostatic fields from aspherical charge dis-
tributions at atomic sites in the graphite crystal, leads
to Brillouin-zone-center gap frequencies as a function of
temperature which are in rather good agreement with
experiments. For N2 /graphite a combination of van der
Waals terms and electrostatic moment energies accounts
for most of the corrugation for temperatures from 0 K to
the melting point. '

The zone-center frequency gap for the commensurate
monolayer solid of N,/graphite is found to be® 19 K.
This is twice the value inferred for the gap of commensu-
rate krypton/graphite from the analysis of specific heat
experiments, so that it is a puzzle that there is not a
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FIG. 13. One-phonon approximation to the intermediate coherent scattering function I, (k, t), for the center of mass motion
at two reciprocal lattice vectors of the herringbone lattice and temperature T' = 10 K (T'/Timert = 0.137), (a) at the wave vector
Kk = 1.703 A~ %, which probes motion along % at the Brillouin zone center and (b) at the wave vector k = 2.95 A~ §, which

probes motion along § at the Brillouin zone center.
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prominent excitation gap in the corresponding specific
heat measurements of the nitrogen monolayer.3?

It was found that anharmonic effects of motion in the
monolayer plane are only part of the mechanism for the
decrease of the gap frequency with temperature. A major
factor is the reduction in amplitude of the corrugation
caused by an outward expansion of the N, monolayer
with temperature.

The marked effect of the sign of the surface quadrupole
moment on the gap frequency has been shown again
in the MD simulations; there are fewer structural con-
straints here than in our previous potential energy min-
imzations, but the effects remain quite similar. A pos-
itive quadrupole, as deduced from x-ray measurements
of the charge density,® enhances the corrugation and im-
proves the agreement with data for the gap frequency. A
negative quadrupole moment, as determined by Vernov
and Steele” and Whitehouse and Buckingham,3? reduces
the corrugation, changes the symmetry of the low tem-
perature monolayer solid, and makes the agreement with
experiments poorer.

A disorder transition in the azimuthal angle of the N-
N bonds was found at T' = 22 K. The transition is cor-
related with a change in the distribution of tilt (polar)
angles and with changes in the Fourier spectra of the
time-correlation functions of the polar angle and of the
bouncing (z-displacement) motions. In the instantaneous
configurations, as the temperature increases, there is an
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increasing number of molecules with the N-N axis nearly
perpendicular to the surface. Since the aspect ratio of the
molecule is slightly larger than one, the tilted molecules
create space on the surface for the azimuthal orientations
of other molecules to disorder when sufficient free space
has been created.

The orientational disorder transition of the monolayer
and the melting fall into a systematic pattern when
viewed in the context of other linear or rod-shaped
molecules.'®3% The aspect ratio of N3 is close to one and
so the orientational-disorder transition occurs at a tem-
perature far below the melting temperature. Also, this
small aspect ratio accounts for the mechanism of melting,
where molecules are promoted to a second layer in order
to create enough free area in the first layer for the mono-
layer to melt. For systems of molecules with a larger
aspect ratio, such as butane, there is no orientational-
disorder transition and tilting of the molecules from the
adsorption plane creates sufficient free area for the mono-
layer to melt. The promotion of molecules to a second
layer is energetically less favorable for these systems.

The motion in the azimuthal angle of the N-N bonds
above the disorder transition may be characterized as a
hindered rotation, which evolves into a nearly free rota-
tion at temperatures above 50 K. This is seen both in the
static distribution functions and in the frequency spectra
of the mode.

We were able to treat the melting of the monolayer
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FIG. 14. One-phonon approximation to the intermediate coherent scattering function I, (x, t), for the center of mass motion
at temperature T = 70 K (T/Tmet = 0.959). The reciprocal lattice vectors for (a) and (b) are the same as in Fig. 13. The

period of the oscillation is distinctly longer than in that figure.



51 MOLECULAR-DYNAMICS STUDY OF THE DYNAMICAL ... 2535

solid in these simulations, but a few degrees above the
melting temperature a significant amount of molecules
desorbs. Even in the fluid the lateral motion may be
characterized as a hindered translation, since the thermal
average of the corrugation energy remains nonzero just
above the melting point. A treatment of the high temper-
ature fluid requires the establishment of an equilibrium
between adsorbing and desorbing molecules, which leads
to a reduced density of the first layer of the film. This
has been done at 75 and 80 K and we have determined
diffusion constants at the two temperatures. From the
80 K data, preliminary values for diffusion constants in
the first layer and the second layer have been reported.

The temperatures of both the orientational disorder
transition and the melting transition are lower than the
experimental values and the values obtained in other sim-
ulations. Our as yet unpublished simulations of sub-
monolayer films also lead to low melting temperatures.
We have evidence that the calculated transition temper-
atures are brought into closer agreement with experiment
if the McLachlan substrate-mediated interaction is sup-
pressed. While it is known!! that there are significant
adsorption-induced repulsions for N, /graphite, the spec-
ification of the adsorption-induced interactions for the
nitrogen/graphite system seems to be seriously incom-
plete.
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