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Helium atom scattering experiments and molecular dynamics simulations of the structure
and lattice dynamics of 15-layer acetylene films on KCl„001…
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The surface structure and lattice dynamics of thick films of 15 to 40 layers of acetylene adsorbed on a
KCl~001! single crystal surface have been investigated at about 40 K by combining helium atom scattering
~HAS! experiments with classical molecular dynamics simulations. As rarely occurs for physisorbates on ionic
crystals layer-by-layer growth is observed by HAS up to at least 15 layers producing films with a (A2
3A2)R45° geometry. The simulations confirm the stability and structure of these layers up to about 100 K.
The time-of-flight spectra reveal along the@110# direction at least four phonon modes, which are assigned by
simulations based on the calculated power spectra of the velocity and angular autocorrelation functions.
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I. INTRODUCTION

The acetylene molecule C2H2 ~also called ethyne! is the
smallest of all stable hydrocarbons and thus is an ideal m
system.1 Thick multilayered films of the hydrocarbons are
interest in connection with~i! photolytic reactions as for ex
ample recently observed in a 150 K lattice gas phase
acetylene on NaCl~001!,2,3 ~ii ! understanding the elementa
processes involved in lubrication,4 and~iii ! the quantum Hall
effect, superconductivity and electrically pumped laser em
sion, recently observed in the surface layers of tetracene
pentacene crystals.5,6 In the past most of the structural an
phonon studies of thin films on insulators in vacuum ha
been restricted to disordered films or to monolayers. T
only experimental structural studies of thicker crystalli
films on insulators that we are aware of are the neutron
fraction experiments of Bienfait, Suzanne, and Coulomb
collaborators.7–9 In these experiments the films are grown
the ~001! face of microcrystallites of MgO powders at pre
sures of tens of millitorrs.

In the present article the results on the successful gro
of thick single crystal films of acetylene consisting of 15-
layers are described. The structure and surface vibrati
modes were studied using helium atom scattering~HAS!. As
demonstrated in several previous publications10–12 helium
atom scattering appears to be the optimal technique for
vestigating physisorbed films especially on nonconduct
insulator surfaces. Being neutral there are no space ch
problems with He atoms. Moreover, because of the low c
lision energies (<60 meV) HAS is both nondestructive an
uniquely sensitive to the top-most surface. The high inher
monochromaticity and intensity of the helium atom bea
facilitate both structural determinations via diffraction a
the measurement of surface phonon dispersion curves
0163-1829/2002/65~16!/165427~12!/$20.00 65 1654
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time-of-flight ~TOF! spectroscopy.13

In three previous publications the structures and latt
dynamics of monolayers of acetylene on NaCl~Refs. 10,11!
and on KCl ~Ref. 12! were studied with HAS. The lattice
mismatch of 8% in the case of NaCl explains the presenc
two phases, which provide two different ways to relieve t
induced stress. At a surface temperature ofTS550 K a
buckled monolayer possessing a (A237A2)R45° symmetry
with a glide plane with a periodicity of 39.5 Å is found.10 At
TS580 K the molecule density is reduced to 2/3 of a mon
layer by the formation of isolated stripes consisting of alt
nating 90° rotated molecules. The structures of both pha
and the lattice dynamics of the lower density high tempe
ture phase are in good agreement with a subsequent the
ical analysis based on potential energy optimization and
tice dynamics calculations.11 For KCl the smaller mismatch
of only 1.8% with respect to bulk acetylene explains t
simple (A23A2)R45° registry observed in the diffractio
patterns.12 In addition the TOF spectra provide evidence f
at least four different strongly dispersive modes below
meV. Molecular dynamics simulations based on semiem
ical potentials were used to determine the equilibrium str
ture. The lattice dynamics simulations, similar to those
Ref. 11, lead to the assignment to frustrated stretch vibrat
~S mode! and frustrated rotations~librons! and frustrated
translational modes~T modes! with a strong hybridization
with the substrate vibrations.

In Sec. II the experimental apparatus and the results of
helium scattering experiments will be presented. In Sec.
this is followed by a description of the theoretical metho
The theoretical results are presented in Sec. IV and are c
pared with the experiment in Sec. V. The final Sec. VI clos
with a brief summary of the results.
©2002 The American Physical Society27-1
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II. EXPERIMENT

A. Experimental setup

The apparatus is essentially identical to that used in
previous experiments10–12. A nearly monoenergetic He atom
beam @full width at half maximum ~FWHM!: Dv/v
;1%;DE/E;2%] is generated by continuous free jet e
pansion of He gas through a nozzle of 10mm in diameter
from a stagnation pressure of 50–400 bar into vacuum
the present work beam energies between 10 and 29 m
corresponding to nozzle temperatures between 50 and 13
were used. After scattering from the sample the He atoms
detected by a mass spectrometer at the end of a 1.428 m
flight tube. The angle between incident and final scatte
beams is fixed tou i1u f590.1°, whereu i and u f are the
incident and final angles measured with respect to the sur
normal. Angular distributions are measured by rotating
crystal around an axis perpendicular to the scattering p
~polar rotation! thereby varying both the incident and fin
angles. The angular distributions are converted to para
wave vector changes given byDK5kfsinuf2ki sinui , where
ki and kf are the incident and final wave vectors. Differe
crystal azimuthal directions are aligned by rotating the cr
tal surface around an axis parallel to the scattering plane.
time-of-flight measurements the helium atom beam
chopped with a variable-speed, variable-pulse-width ch
per. The time-of-flight spectra are converted to an ene
scale (DE) by combining the conservation of energy a
momentum according to the ‘‘scan curve’’13,14

DE

Ei
5

sin2~u i !

sin2~u f !
S DK

Ki
11D 2

21, ~1!

additional experimental details may be found in Ref. 14.
The KCl surfaces were prepared by cleaving off a sm

slice from a KCl single crystal with 10310 mm2 surface
area at a surface temperature of 100 Kin situ under UHV
conditions in the 10211 mbar range. After cleavage and b
tween measurements the crystal was maintained at 400
prevent possible deterioration of the surface quality by
sidual water vapor. The acetylene gas~Messer-Griesheim
GmbH, purity 99.6%, main impurity acetone! was purified in
5–6 cycles of condensation of the acetylene in a liquid-2
trap, pumping the gas line to remove volatile impurities li
hydrogen, and warming up the cold trap. During gas dos
any remaining acetone was frozen out in a cold trap fil
with a mixture of n-pentane and liquid N2 at 143 K. The
sample temperature was measured by means of a NiC
thermocouple which was embedded into the crystal by
serting it into a hole drilled into one side and plugging t
hole up with KCl powder. The sample was cooled by liqu
helium and the target temperatures were stabilized be
than to 60.1 K by a computer-regulated heater in t
sample holder, whereas the absolute accuracy of the temp
ture measurement is estimated to be around61 K.

B. Experimental Results

In order to prepare well-ordered adsorbate layers,
KCl~100! single crystal was exposed to 2.531028 mbar
16542
e

In
V,
K,
re
ng
d

ce
e
e

el

t
-
or
s
-
y

ll

to
-

e
d

Ni
-

er

ra-

e

acetylene gas at a sample temperature of 40 K. In Fig. 1
intensity of the specularly reflected He beam is shown a
function of the exposure timet. The initial steep decrease i
intensity is mostly due to incoherent scattering from the fi
adsorbed molecules which act as single isolated defect
the KCl surface with large scattering cross sections.15 Then
after about 370 s the intensity recovers slightly as the spa
between the single adsorbate molecules are filled and co
ent patches appear. The first weak maximum indicated by
arrow is attributed to the completion of the first monolayer12

The first weak maximum is followed by at least eleven reg
larly spaced maxima with varying amplitudes. This behav
indicates a layer-by-layer growth of the adsorbate in wh
each maximum corresponds to the completion of an ac
lene layer corresponding to a minimum in defect density15

Towards the end of the adsorption curve the oscillation a
plitudes become smaller and smaller due to a grow
amount of defects in the full layers and therefore a sma
difference in defect density between full and partially fille
layers.

After adsorption atTS540 K, and prior to the diffraction
and time-of-flight experiments, the multilayer adsorbate w
usually annealed for 20–30 min atTS560 K. The annealing
resulted in an increase of the diffraction intensity by a fac
of at least 2, sometimes up to 5, which is probably due t
smoothing of the topmost layers. Changes in surface co
age as well as adlayer symmetry due to the annealing c
be excluded by comparing angular distribution and time-
flight measurements of layers prepared with and without
nealing as well as routinely observing the specular inten
during the annealing process. In this way well structur
surfaces with up to 40 layers could be prepared.

In Fig. 2 the time for the appearance of the first elev
successive maxima is plotted as a function of the numbe
of the maximum. For the third and higher maxima, i.e., in t
multilayer regime, it takes about 160 s, corresponding t

FIG. 1. Specular intensity during isothermal adsorption of ace
lene on KCl~001! measured along the@100# crystal direction at a
surface temperature ofTS540 K and an acetylene pressure 2
31028 mbar with an incident wave vector ofKi55.4 Å21. The
regular oscillations in the multilayer regime indicate layer-by-lay
growth of the adsorbate.
7-2
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HELIUM ATOM SCATTERING EXPERIMENTS AND . . . PHYSICAL REVIEW B65 165427
dosage of 3 L to form the next layer. Under the reasona
assumption of one acetylene molecule per KCl surface lat
unit cell this corresponds to a sticking coefficient of abo
0.4. In contrast, the first three maxima seen prior to
multilayer regime are not regularly spaced and appear a
longer adsorption times. One possible interpretation for
irregularity implies that the time for layer completion is th
same for all layers, i.e., the sticking coefficients are const
In this case, during the adsorption of the first four laye
only two maxima would be observed, indicating either t
filling of a layer before the underlying one is complete,
the formation of bilayers. In the second possible explana
each maximum corresponds to the completion of one la
and there is a variation of the sticking coefficients. If t
third n53 maximum att5844 s corresponds to the compl
tion of the third layer, then the sticking coefficient for th
first layer is only 0.15, for the second layer 0.3 and for high
layers 0.4. An argument in favor of this second possibility
the softness of the multilayers, which increases with th
thickness. The softer the layer, the more low-frequen
phonons are available to thermalize an acetylene mole
colliding with the surface, and hence enhancing the stick
probability. Indeed, the surface Debye temperature of 15
ers C2H2 extracted from the attenuation of the elastica
scattered He signal with increasing incident energy is
620) K, which is more than 20% below the Debye tempe
ture (QD) of the monolayer and 45% less than that of t
substrate (QD5160 K), which has also been measured
this study.

From desorption temperatures of 81–82 K, measured
monitoring the increase in specular intensity while heat
the crystal, a binding energy of (250610) meV per molecule
in the multilayer regime can be estimated using the Redh
formula.16

The symmetry of the adsorbate layers~with respect to the
substrate! was determined from the He atom angular dis
butions along the@110#, @100#, @310#, and @210# azimuthal
crystal directions shown in Fig. 3. All the diffractio
patterns—with the exception of the@210# direction—are
dominated by peaks with the same periodicity as the s
strate. Along the@210# azimuth the half-order superstructu

FIG. 2. Exposure time as a function of the number of ea
maximum in specular intensity. A maximum corresponds to
completion of an acetylene layer.
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peaks indicate a (A23A2)R45° superstructure with glide
planes along the@100# and@010# directions in the multilayer
adsorbate lattice unit cell, as found previously for t
monolayer.12 The corresponding reciprocal lattice as well
the real space unit cell are shown in Fig. 4. The twofold gl
plane symmetry, which is indicated by the absence of h
order diffraction peaks along the@100# azimuthal direction,
requires a flat orientation of the molecules with respect to
surface. This structure is consistent with a face of the ort
rhombic modification of bulk acetylene, which is the stab
modification in the temperature range of the experiment.17 It
has also been found by means of infrared spectroscop
acetylene layers on KCl prepared under the sa
conditions.18 In this plane, the lattice vectors of the two hig
symmetry directions of the orthorhombic structure, whi
are rotated by 90° with respect to each other, differ by;3%

h
e

FIG. 3. Angular distributions of 15 layers acetylene on K
converted to a parallel momentum scale measured along the@110#,
@100#, @310#, and @210# azimuthal directions. The measuremen
along @110# and @100# were taken with an incident wave vector o
ki55.3 Å21 and those along@310# and @210# with ki54.9 Å21.
Only along @210# are half-ordered superstructure peaks visib
which are marked with arrows. From these diffraction scans
(A23A2)R45° symmetry of the surface unit cell can be deduce
7-3
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TOENNIES, TRAEGER, WEISS, PICAUD, AND HOANG PHYSICAL REVIEW B65 165427
from each other, and are about 0.8 and 3.6% smaller than
KCl lattice vector. Because of this relatively good fit it
likely that the adsorbate forms an orthorhombic surface c
which is very close to the cubic symmetry of the KCl su
strate. Unfortunately a unique experimental confirmation
this structure is not possible. Although the apparative res
tion is adequate to resolve at least a 3.6% misfit,
multilayer diffraction peaks are too broad to distinguish b
tween a cubic and an orthorhombic phase. The specular
width dDK between 0.024 and 0.055 Å21, which is signifi-
cantly larger than observed for the bare substrate as we
for the monolayer, is probably due to rather small domains
only Dx510–25 nm in diameter, as estimated using the
lation Dx52p/dDK.

The dynamical properties of the acetylene layers were
termined from the time-of-flight spectra of inelastically sc
tered He atoms from the surface. Most of the 108 time-
flight spectra were taken on adsorbates of 15 lay
thickness, which had been prepared under the condit
given above. In addition, measurements at 40 layers th
ness rule out a coverage dependence of the energy tran
Essentially the same structure of the TOF spectra is found
this coverage as well, with only slightly different relativ
intensities of the peaks. The frequencies of organ p
modes, which have been found for example in alkali me
layers on different metal substrates~see, e.g., Ref. 19! are

FIG. 4. Reciprocal lattice and real space unit cell of the ace
lene multilayer surface. The solid line shows the surface unit c
The dashed lines correpond to glide planes which are indicate
missing half-order diffraction peaks along the@100# azimuthal
directions.
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dependent on the thickness of the layer. Therefore the c
parison between measurements of 15 layers and 40 la
also rules out the presence of organ pipe modes.

Figure 5 shows some typical time-of-flight spectra of
layers C2H2 /KCl converted to an energy scale, which ha
been measured along@110# at incident angles betweenu i
537° and 52°. The surface temperature wasTS540 K and
the incident He beam energy was 14.9 meV. In each sp
trum the inelastic He signal was integrated over 13106 ~at
41°, 43.5°, and 47°) or 1.53106 (37° and 52°) time-of-
flight cycles corresponding the measuring times of 33 and
min, respectively. The intensities, however, cannot be co
pared directly, since the figure contains spectra from differ
series. For each of the series, a fresh layer was prepared
the absolute intensities varied between these adsorb
which is probably due to not perfectly reproducible defe
densities of these layers.

Figure 6 shows the measured phonon dispersion cu
for a 15 layer acetylene film along the@110# direction of the

-
ll.
by

FIG. 5. Examples of time-of-flight spectra of 15 layers acetyle
on KCl. The incident energy wasEi514.9 meV and the surface
temperatureTS540 K. The time-of-flight scale has been convert
to an energy scale.
7-4
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FIG. 6. Dispersion curve of the surface phonons of 15 layers of acetylene measured along the@110# direction at an incident energy o
Ei514.9 meV and a surface temperature ofTS540 K. The left panel shows the data in an unfolded zone scheme, the right panel in a
zone scheme. The inset on the left shows a time-of-flight spectrum for the incident angle ofQ i543.5°, which is displayed on an energ
scale. The energy transfers of this spectrum are assigned with the aid of the appropriate scan curve shown as a dashed line in the
dashed line in the folded zone scheme serve as guide to the eye only.
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KCl substrate crystal compiled from 41 time-of-flight spec
between incident angles of 35° and 55°. In Fig. 6~left! the
data are shown in an unfolded zone scheme together w
sample time-of-flight spectrum and its corresponding s
curve for u i543.5°. In Fig. 6~right!, the dispersion curves
have been folded back into the first Brillouin zone. The m
pronounced mode is a dispersive mode between near
meV at the zone center and 6 meV at the zone bound
Based on a comparison with the calculations of the b
acetylene crystal phonons by Gamba and Bonadeo,20 it is
assigned to the Rayleigh modeR of the acetylene surface
Their calculated values for the slope of the transverse ac
tic mode in the first part of the Brillouin zone
8.8 meV/Å21, and its energy at the zone boundary, 6
meV, agree reasonably well with the values
9.8 meV/Å21 and 5.8 meV measured here. The agreem
between the zone boundary energies may be even be
since from the experimental data it is not clear, whether
Rayleigh mode is cut by another nearly dispersionless m
aboveDK'0.55 Å21 and hence not observed at higher p
allel momentum transfers.

In addition to the Rayleigh phonon, at least three ad
tional modes are found. Starting from lowest energies, a p
non (E1) is identified around 3.0 meV in the first third of th
Brillouin zone, i.e., in the bulk band region. The fact that it
only seen close to the zone origin suggests a significant
tribution of motions perpendicular to the surface.12 At higher
energies between 5 and 7 meV two or possibly even m
weakly dispersive modes are detected (E2 und E3), which
seem to coalesce at parallel momentum transfersDK
.0.3 Å21. Very likely they hybridize with the Rayleigh
mode, as frequently observed in other systems~see, e.g., Ref.
21!. If this is the case, the modesE2 andE3 would be con-
tinued in the region where the coupling with the substrate
16542
a
n

t
0

ry.
k

s-

f
nt
ter,
e
e

-

i-
o-

n-

re

is

not allowed, while the continuation of the Rayleigh mode
not observable for these values ofDK. A fourth phonon (E4)
is detected around 8 meV close to the zone boundary,
latter being an indication for a dominantly parallel polariz
tion. However, due to the scatter in the data it is also poss
that this mode extends throughout the whole Brillouin zo

Time-of-flight spectra along the@100# direction show
similar structures. However, as has been found for the mo
layer as well, the time-of-flight spectra along this directi
are of poorer quality, which is mostly due to additional pea
from selective adsorption resonances.

III. MOLECULAR DYNAMICS SIMULATIONS

A. Interaction potential

The total interaction potential between the acetylene m
ecule and the KCl substrate is written as a sum of molec
substrateVMS and lateral molecule-moleculeVMM potential
terms. Each of these potentials consists of electrostatic
dispersion-repulsion contributions. The definition ofVMS is
based on our previous work on the monolayer of acetyl
adsorbed on KCl.12 The electrostatic contribution originate
from the interaction between the charges6e (e is the elec-
tron charge! of the substrate ions and the single point qua
rupole moment~equal to 7.2 DÅ)~Ref. 22! of the acetylene
molecule. The dispersion-repulsion interactions inVMS are
described by site-site pairwise Lennard-Jones potentials
tween the C, H, K, and Cl nuclei. The values of the cor
sponding parameterse and s are taken from Ref. 12. The
induction terms which account for the mutual polarization
the substrate and of the admolecules are less than 10–
of the other contributions.12

For the lateral interactionVMM between acetylene mol
ecules, we use the model of Leech and Grout.23 In this
7-5



o
r
u
n
t
nc
n

di
t

bi
f

as

o

te

in
tu

K

n
b
a

s
n
in

.
f a

ulk
the

te in
ol-
15

by
id
the

id-
ere
ep-
ex-
nal
h

00
en
ed
m-

cal-
ion
ant
ling

acts

ed,

ter-
igh-
by
ral
od,
me

is
s of

r of
the

is

e
giv

a

TOENNIES, TRAEGER, WEISS, PICAUD, AND HOANG PHYSICAL REVIEW B65 165427
model, the charge distribution of the acetylene molecule
described by a set of multipoles, up to the quadrupole m
ment, localized on the C and H atoms, and on the cente
mass of the molecule. These distributed multipoles acco
for the nonlocal electronic extension of the molecule, a
accurately reproduce the total point quadrupole momen
C2H2. In addition, the model also contains three exp-6 fu
tions representing the C-C, H-H, and C-H repulsio
dispersion interactions. Note that such a combination of
tributed multipole moments and exp-6 forms is required
give the structure and the dynamics of both orthorhom
and cubic phases of bulk acetylene.23,24 The parameters o
this model are summarized in Table I.

The total interaction potential between the C2H2 admol-
ecules and the KCl substrate is then written as

V5(
i

F (
l ,s,p

VMS~r i lsp ,Vi !1(
j Þ i

VMM~r i j ,Vi ,Vj !G ,
~2!

wherer i lsp is the distance vector between the center of m
of the moleculei and an atoms of the l th unit cell in a plane
p of the substrate, andr i j is the distance vector between tw
atoms belonging to thei th and j th molecules.Vi describes
the orientation of thei th acetylene molecule in an absolu
coordinate system.

B. Details of the simulation

In the molecular dynamics simulations used to determ
the structure of the acetylene adsorbate at finite tempera
the ionic substrate is represented by six rigid layers of1

and Cl2 ions arranged according to the~001! geometry,
which occupy the bottom of the simulation box. To be co
sistent with the experiments, the simulation box contains
tween 1 and 15 layers of moving acetylene molecules
sorbed on KCl, thus forming a film of up to 43.0 Å
thickness along thez axis normal to the surface (z50 lo-
cated at the KCl surface!. The (x,y) size of the simulation
box (x5y535.04 Å, parallel to the KCl surface! corre-
sponds to a repeated patch of size 8as38as ~where as
54.38 Å is the substrate unit cell parameter!. At the begin-
ning of the simulation, the innermost acetylene layer ha
flat geometry with one C2H2 molecule per substrate catio
site, and thus contains 64 acetylene molecules arranged

TABLE I. Potential parameters for the lateral interactions b
tween acetylene molecules. The electrostatic parameters are
in atomic units whereas the dispersion-repulsion parameters
given in meV and Å.

site charge dipole quadrupole
center of mass 20.1546 0.4061
C 0.0137 60.3328 20.1926
H 0.0636 60.0724 0.2826
atomic pair C6 (meV• Å 6) A ~meV! a(Å 21)
C-C 20536.1 3823924.5 3.671
H-H 477.3 367345.8 4.222
C-H 2260.1 731578.5 4.019
16542
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(A23A2)R45° geometry, according to our previous study12

The geometry of the upper layers corresponds to that o
slab of bulk acetylene, along the~010! direction.17 Due to the
very small mismatch between the KCl substrate and b
acetylene this slab is assumed to be commensurate with
substrate, leading to one acetylene molecule per cation si
each layer of the slab. The total number of acetylene m
ecules varies then from 64 for 1 monolayer to 960 for
layers.

The molecular dynamics calculations are carried out
standard methods.25 Each admolecule is treated as a rig
rotor and five external coordinates are used to describe
translation of the center of mass (x,y,z) and the orientation
@V5(u,f)# of the molecule. The substrate is also cons
ered as a fixed body. The rotational equations of motion w
solved by a leap-frog algorithm based on a quaternion r
resentation of the molecular orientations, and a leap-frog
tension to the method of Verlet was used for the translatio
equations of motion.25 After 15 000 time steps of 2.2 fs eac
~corresponding to a real time of 33 ps! the system is equili-
brated. The data were then collected for the next 15 0
steps. The initial linear and angular velocities were tak
from a Boltzmann distribution corresponding to the desir
simulation temperatures between 40 and 140 K. The te
perature was held constant during the production run by s
ing the velocities every 20 steps. Note that the equilibrat
of the system before collecting data prevents any signific
temperature drift during the production phase. The sca
procedure used here is very smooth~less than 2 K! and we
have checked that this procedure does not introduce artif
due to the periodicity of the rescaling~every 20 steps!.

For the interactionsVMM within the monolayer, which are
calculated in the real space, a radial cutoff of 14 Å is us
whereas the binding potentialVMS is calculated in the recip-
rocal space of the substrate. Calculations of the lateral in
actions within the adlayer were speeded up by using a ne
bor list.25 Preliminary tests were also performed at 40 K
using the Ewald scheme for the calculation of the late
interactions. These tests showed that the Ewald meth
which is much more time consuming, gives almost the sa
results as the summation in the real space.

C. Structural analysis and lattice dynamics of the adsorbate

The translational ordering of the acetylene molecules
studied as a function of temperature through the analysi
the distribution functionp(z), wherez defines the distance
between the KCl surface plane and the acetylene cente
mass. In order to characterize the in-plane structure of
acetylene layers, a translational order parameterST is calcu-
lated using the following formula:

ST~k!5
1

N K U(
j

eik•r jU L , ~3!

where the summation accounts for theN molecules in the
simulation box. The symbol̂•••& means that an average
performed over the duration of the simulation.r j defines the
position of the center of mass of moleculej in the absolute
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HELIUM ATOM SCATTERING EXPERIMENTS AND . . . PHYSICAL REVIEW B65 165427
frame, andk5(2p/a,0,0) or k5(0,2p/a,0) are reciprocal
lattice vectors parallel to the surface.

Similarly, the orientations of the acetylene admolecu
are characterized at each temperature by the angular d
bution functionsp(u) andp(f), and the orientational disor
der is monitored through the average cosine of the an
between the molecular axis and its equilibrium position in
bulk slab, as

SR5
^ej•ej

0&

^ej
0
•ej

0&
, ~4!

whereej defines in the absolute frame a unit vector along
molecular axis of thej th acetylene admolecule andej

0 is the
corresponding vector in the perfectly ordered equilibriu
initial configuration. The order parametersSR and ST char-
acterize the displacements of the molecules from their id
lattice positions. For the perfectly ordered structure at 0
they are equal to 1, whereas they tend to 0 for a comple
disordered structure at high temperatures.

The phonon dispersion curves for an acetylene monola
adsorbed on KCl have previously been calculated us
quasiharmonic lattice dynamics.12 For the adsorbed film the
diagonalization of the dynamical matrix would not be tra
table due to the large number of adsorbed layers. Instead
dynamical information was extracted from the Fourier tra
form of autocorrelation functions, such as the velocity au
correlation function~VACF! @^v(0)•v(t)&# or the angular
velocity autocorrelation function~AVACF! @^v(0)v(t)&#

FIG. 7. Distribution function~in arbitrary units, a.u.! of the dis-
tancez(Å) of the acetylene molecular centers of mass from the K
surface plane atT550 K for ~a! 64, ~b! 192, ~c! 320, ~d! 640, and
~e! 960 molecules in the simulation box.
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which, in the harmonic approximation, gives the one-phon
density of states for translational and orientation
modes.26,27At the Brillouin zone center, this method usual
leads to nice sharp peaks corresponding to the translati
and orientational frequencies. A limitation of this method
that along the Brillouin zone, the frequency domain can
spread out and, as a consequence, it is rather difficul
assign modes.28

l
FIG. 8. Distribution function~in arbitrary units, a.u.! of the dis-

tancez(Å) of the acetylene molecular centers of mass from the K
surface plane as a function of temperature for a coverage of
molecules in the simulation box~corresponding to 15 adlayers!.

FIG. 9. Angular distribution functions~a! p(u) and~b! p(f) in
arbitrary units~a.u.! for the acetylene molecules as a function
temperature, and for a coverage corresponding to 15 adlayers.
7-7
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IV. THEORETICAL RESULTS

A. Structure of the acetylene film

Molecular dynamics simulations were first performed
different acetylene coverages, at constant temperature.
ure 7 shows the distribution functionp(z) of the distance

FIG. 10. ~a! Translational and~b! orientational order parameter
as a function of temperature, for a coverage corresponding to
adlayers.
16542
r
ig-

between the molecular centers of mass and the surfac
T550 K with increasing acetylene coverage fromN564 to
960 molecules. ForN564 molecules, Fig. 7~a! exhibits a
single sharp peak atz53.38 Å which corresponds to th
formation of the flat monolayer. The concomitant analysis
the angular distribution functionsp(u) and p(f) indicates
that this monolayer is characterized by a (A23A2)R45° ge-
ometry, as already obtained in our previous study.12 When
the coverage increases@Fig. 7~b! to Fig. 7~e!#, the adsorbate
exhibits a layer-by-layer arrangement, as shown by the
currence of several single peaks with the same integra
intensity. The average layer spacing is 2.8460.06 Å. Each
layer contains 64 molecules, which are oriented paralle
the KCl substrate as indicated by the occurrence of a sin
peak around 90° inp(u) ~not shown!. This peak broadens
with coverage, indicating that the parallel ordering is le
and less pronounced as thez distance to the KCl surface
increases. Moreover, the two peaks observed for all co
ages in p(f) ~not shown! are characteristic of a (A2
3A2)R45° structure for each layer. For large distances
tween the admolecules and the substrate, i.e.,z.25.0 Å, the
tips of the peaks inp(z) are split by about 0.6 Å@Fig. 7~e!#.
This indicates that, at these distances, the admolec
in a given layer, do not lie in exactly the same plane. AtT
550 K, the total ~potential 1 kinetic! energy ranges be
tween224.0 kJ/mol for the monolayer and216.2 kJ/mol
for the thick film of 15 layers. The lateral interactio
accounts for 38.5% of the total potential ener
(225.0 kJ/mol) within the monolayer, whereas for the thi
film this contribution reaches 93.5% of the total ener

5

ers at

FIG. 11. Snapshots of the simulation with a coverage equal to 15 adlayers: side views at~a! 40, ~b! 120, and~c! 140 K. The acetylene

molecules form a commensurate thick film adsorbed above the KCl substrate. Note the parallel ordering of the different layT
540 K, and the effect of the phase transition on the orientational ordering of the upper layers atT5120 K. At T5140 K, desorption of
acetylene molecules is observed. Only the KCl surface atoms are represented.
7-8
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HELIUM ATOM SCATTERING EXPERIMENTS AND . . . PHYSICAL REVIEW B65 165427
(217.2 kJ/mol), indicating the vanishing influence of t
interactions with the KCl substrate as the coverage increa

In a second step, the MD simulations at constant cover
~namely 960 molecules! were used to study the structure a
dynamics of a thick acetylene film when the temperat
increases fromT540 K up to the desorption of the admo
ecules. The corresponding distribution functionp(z) is given
in Fig. 8. At T540 K, the adsorbed film corresponds to 1
parallel layers, separated by about 2.84 Å. Within these
ers, the admolecules are adsorbed parallel to the KCl surf
as indicated by the occurrence of a single peak around 90
p(u) @Fig. 9~a!#, and they are oriented perpendicular to ea
other@Fig. 9~b!# in order to form a (A23A2)R45° structure,
as already observed atT550 K. This ordering is maintained
up to 100 K since no significant modification is found in t
corresponding translational and orientational distribut
functions ~Figs. 8 and 9!, except for a broadening of th

TABLE II. Calculated phonon-libron frequencies~meV! at the
center of the Brillouin zone, for a monolayer at 50 K and for a th
film of 15 layers of acetylene at 40 K.

translation v ~monolayer! v ~film! v ~surface layer!

x,y 3.5 2.0 2.0
4.4
5.7 5.9 5.5
8.6 7.7 6.8

10.0 10.0 8.4
11.1 11.8 10.5
23.5

z 2.0
3.0 3.0

4.7
5.2 5.2
7.7

10.4 10.0
11.8

orientation

V 4.7
7.7 7.4

10.4 10.0
11.8 12.1
16.6 16.6

18.0 19.1 19.1
20.7
23.5 22.1 22.1

26.0 25.0
ez 3.5 3.0 3.0

4.4 4.7 4.7
5.7 6.8 6.8

7.7 7.4
10.0 10.5
11.1 11.8 12.1

13.6
15.1

23.5 26.0
16542
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different peaks, characteristic of large amplitude motions
the molecules pertaining to the outermost layers.

Above 100 K a phase transition occurs in the upper laye
as indicated by the appearance of pronounced doublet
p(z) for z.15 Å @Fig. 8~d!#. These doublets correspond
a bilayer arrangement of the admolecules, with a layer se
ration of about 1.3 Å. This phase transition is a conseque
of the reorientation of the admolecules in the upper laye
which are no longer parallel to the KCl substrate, as sho
by the two peaks appearing inp(u) around 60° and 120°
above 100 K@Fig. 9~a!#. The remaining third peak atu
590° corresponds to acetylene molecules in the innerm
layers which cannot reorient due to their proximity to t
substrate. No change is observed inp(f) at these tempera
tures@Fig. 9~b!#, indicating that the relative orientation of th
molecular axes is preserved in the whole film (Df590°).

Then, atT5140 K, the upper layers begin to melt a
indicated by the coalescence of the bilayer peaks abovz
;20 Å @Fig. 8~e!#. Moreover, at this temperature, the lon
tail of p(z) for z.45 Å indicates the onset of partial de
sorption of molecules of the outermost layer. Above 150
the film is completely desorbed~not shown!.

The translationalST and orientationalSR order parameters
for the thick film ~15 layers! are displayed in Fig. 10 as
functions of temperature.ST andSR remain nearly constan
up to 100 K, indicating that parallel translational and orie
tational orders are maintained within the film in this tempe
ture range. The orientational order present at low tempe
tures disappears above 100 K@Fig. 10~b!#, whereas some
parallel translational order remains up to 130 K@Fig. 10~a!#.

FIG. 12. Fourier transform~TF! of some autocorrelation func
tions for the C2H2 monolayer at 50 K~a! TF of ^vz(0)vz(t)&, ~b!
TF of ^ez(t)ez(0)&.
7-9
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TOENNIES, TRAEGER, WEISS, PICAUD, AND HOANG PHYSICAL REVIEW B65 165427
This feature confirms that the phase transition occurring
tween 100 and 130 K is mainly of orientational nature, a
does not affect the parallel ordering of the molecular cen
of mass. Above 140 K,ST andSR abruptly decrease due t
melting of the different layers and to concomitant part
desorption of the molecules.

From an energetic point of view, increasing the tempe
ture does not appreciably affect the molecule-substrate in
action since it is limited to the innermost layers. It has
larger relative effect on the molecule-molecule contributio
which increases from 216.3 kJ/mol at T540 K to
213.2 kJ/mol atT5130 K due to the structural change
within the upper layers. As a consequence, the total ene
within the thick film increases from 216.6 to
211.6 kJ/mol within the temperature range~40–130 K!, tak-
ing into account the additional effects of the temperature
the kinetic contribution. Note that above 130 K the snapsh
taken from the simulations, shown in Fig. 11, indicate t
desorption of the molecules and it is no longer possible
accurately calculate the total energy.

B. Lattice dynamics

The phonon-libron frequencies at the Brillouin zone ce
ter (Ḡ point! for the acetylene film adsorbed on KCl~001!
were determined from the Fourier transform of the VACF
and AVACF’s autocorrelation functions. The correspondi
energies are listed in Table II for both the acetylene mo
layer at T550 K and the acetylene film~15 layers! at T
540 K. Due to the symmetry of the system at these te
peratures, the translational frequencies calculated along tx
andy directions are degenerate. Unfortunately with the te
nique used it was not possible to calculate the dependenc
this mode frequencies on the wave vector. As said above
mode energies correspond to theḠ point.

For the monolayer, the phonon-libron energies range
tween 3.5 and 23.5 meV. The translational motion perp
dicular to the substrate is characterized by an energy of 1
meV, as deduced from the single peak in the Fourier tra
form of thez component of the velocity autocorrelation fun
tion @Fig. 12~a!#. The analysis of the other motions is mo
difficult @see, for example, Fig. 12~b!#, since examination of
Table II shows that the same energies are obtained from
ferent autocorrelation functions. This indicates that hybr
izations of the molecular motions occur due to the dynam
couplings in the adsorbate. For example, translational (x,y)
motions parallel to the surface and perpendicular orienta
of the molecular axes (ez) are characterized by the sam
energy values, at 3.5, 4.4, 5.7, 10.0, 11.1, and 23.5 meV@Fig.
12~b!#. This coupling indicates that parallel translation of t
center of mass is accompanied by a reorientation of the
lecular axis in the plane perpendicular to the surface, as
effect of the strong trapping above the surface cations. F
thermore, the mode obtained at 8.6 meV and the two mo
calculated at 18.0 and 20.7 meV are related to pure par
translational and pure orientational motions, respectiv
since they do not appear in the other autocorrelation fu
tions. Note that the frequencies which appear in the anal
of both translational and orientational motions~23.5 meV, for
16542
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example! are independent of the temperature rescaling p
cedure. This indicates that these frequencies are truly c
acteristic of coupled motions and do not come from artific
periodicity.

For the 15 layers film the translational and orientation
energies were calculated separately for the entire film and
the molecules in the outermost layer~see Table II!. The com-
parison between the second~entire film! and the third~sur-
face layer! columns of Table II indicates that the dynamics
the outermost layer is different from that of the innermo
layers, as indicated by the presence of different modes in
simulations. For example, three translational modes are
tained for the whole film at 7.7, 10.0, and 11.8 meV, whi
are not present for the surface layer, and thus they m
correspond to bulk modes. This conclusion is reinforced
the fact that these modes are obtained from the Fourier tr
form of each component (vx ,vy , and vz! of the VACF’s,
indicating that they correspond to isotropic motions with
bulk layers. Since these modes are also obtained in the an
sis of the orientational motions, they indicate a translatio
orientation coupling. For bulk layers, three additional pu
orientational modes are also calculated at 13.6, 15.1,
26.0 meV, corresponding to two perpendicular and one p
allel mode, respectively.

The other translational and orientational modes are ra
characteristic of the surface layer motions since they are
tained in dynamical analysis of both the whole film and t
outermost layer. Modes at 5.5 and 8.4 meV correspond
purely parallel translation, whereas the mode at 5.2 meV
due to purely perpendicular translation of the molecules p
taining to the outermost layer. The coupling between the p
allel and perpendicular translational motions gives rise to
additional mode at 2.0 meV. In the same way, pure orien
tional modes for the surface layer are obtained at 7.4, 1
16.6, 19.1, 22.1, and 25.0 meV, with the three highest ene
modes characterizing parallel motions, whereas those at
and 12.1 meV correspond to a coupling between the para
and perpendicular orientations. Modes at 3.0 and 4.7 m
are due to coupling between perpendicular translational
orientational motions, whereas the remaining modes at
and 10.5 meV correspond to coupling between parallel tra
lations and perpendicular orientational motions within t
outermost layer.

Finally, it should be noted that the coupled translation
orientational motions within the bulk adlayers are charac
ized by slightly higher energies~7.7, 10.0, and 11.8 meV!
than the corresponding motions within the outermost la
~6.8, 8.4, and 10.5 meV!, as a consequence of the reduc
coordination of the admolecules.

V. DISCUSSION AND COMPARISON
WITH THE EXPERIMENTS

Previous simulations12 have shown that acetylene mo
ecules can form a perfectly ordered monolayer on the K
substrate, characterized by a (A23A2)R45° geometry con-
taining two molecules per unit cell, related by a glide plan
The present calculations, which are based on a different
scription of the lateral interactions between C2H2 molecules
7-10
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HELIUM ATOM SCATTERING EXPERIMENTS AND . . . PHYSICAL REVIEW B65 165427
in order to have a better description of the acetyle
dynamics,23,24 confirm the stability of this monolayer geom
etry. The main difference between the two studies conce
the smaller contribution of the lateral interactions, which re
resents about 38% of the total potential energy in the pre
calculations, instead of about 50% in the previous stu
As a consequence, the total adsorption energy is equa
224 kJ/mol at T550 K, instead of 229 kJ/mol at T
540 K in the previous study. These results are in fair agr
ment with the HAS data regarding both the geometry of
acetylene monolayer and the value of the heat of adsorp
(22761 kJ/mol).

In the present paper, the structure and dynamics of
acetylene adsorbate have been investigated at higher c
ages. Simulations with increasing number of acetylene m
ecules in the MD box atT550 K show that the admolecule
are regularly organized within several parallel layers~up to
15 layers for the thicker film considered here!, maintaining
the (A23A2)R45° geometry up to the outermost layer. Su
a feature is fully consistent with the experimental obser
tion of a layer-by-layer growth for the acetylene molecu
when the coverage is increased, as well as with the HAS
showing no significant changes in the diffraction pattern w
respect to the monolayer.

For a thick film ~15 layers!, the (A23A2)R45° transla-
tional structure remains stable up to about 130 K, while
orientational transition occurs around 100 K in the outerm
layers, which is characterized by a tilt of the molecular a
out of the (x,y) surface plane (u angle!. This transition ap-
pears to be similar to the transition from the orthorhombic
the cubic phase observed for bulk acetylene around 13317

The ‘‘incomplete’’ transition observed in the present simu
tions is due to the substrate influence which strongly ma
tains the innermost layers of the film parallel to the so
surface of KCl. Finally, melting of the layers, followed b
desorption of the acetylene molecules are also obse
above 140 K. However, under the experimental conditio
desorption is observed atTS581–82 K and therefore the
transition cannot be studied directly.

At T540 K, the calculated total energy of the acetyle
film is about 217.0 kJ/mol. Since the contribution of th
molecule-substrate interaction is expected to be relativ
small, it is not surprising that this result compares very w
with the bulk acetylene energy calculated with the same
eral interaction potential@218 kJ/mol~Ref. 23!#. Unfortu-
nately the total energy is much smaller than the measu
desorption energy of 24 kJ/mol. This discrepancy indica
that improvements are certainly needed in the descriptio
the lateral interactions.

The calculated phonon-libron energies at theḠ point can-
not be compared directly with the experimental data since
one hand the dispersion curves along the entire Brillo
zone have not been determined in the calculations, and
the other hand, the experimental resolution was not alw
sufficient to resolve close lying modes. Moreover, sometim
modes are not seen at the zone center.

The modes calculated at 3.5, 4.4, and 5.7 meV result fr
coupling between parallel translation and perpendicular
16542
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entational motions and should be compared with the m
sured data at about 3.0 and the two modes at about 7.0
(E1 , E2 , E3), which also exhibit perpendicular polarizatio
Four additional modes are also calculated between 8.6
11.1 meV, corresponding either to pure parallel translatio
motion ~8.6 meV!, or to pure perpendicular translational m
tion ~10.4 meV!, or to a coupling between parallel transl
tions and perpendicular orientation~10.0 and 11.1 meV!. In
the experiments, only one mode (E4) is observed in this
energy range, but the scatter of the data for small para
momentum transfers may suggest that more than one si
mode is measured near the BZ center, between 8.0 and
meV. For example, the purely perpendicular translatio
mode calculated at 10.4 meV and the coupled mode at 1
meV should have been observed in the experiments, s
the helium probe is strongly sensitive to perpendicular m
tions. The low incident energy of the helium beam preve
the observation of the higher energy modes at 18.0, 20.7,
23.5 meV.

The present calculations are consistent with our previ
study of the dynamics of the C2H2 monolayer on KCl~001!,
based on the dynamical matrix formalism,12 and using a dif-
ferent potential for the description of the lateral interactio
In the previous work it was shown that modesE1 and E2
correspond to hybridization between parallel and perp
dicular motions at theḠ point, as obtained here. TheE3
mode at 8.8 meV which previously was attributed to pure
parallel translations could also be related to the para
translational mode calculated in the present study at 8.6 m
But, in this case, a strong coupling with the substrate mo
must be invoked in order to explain the clear appearanc
this mode in the experiments. One may then wonder whe
the 8.6 meV mode might instead be related to the perp
dicular modes calculated at 10.0 and 10.4 meV. Since
calculations are for a rigid substrate, the perpendicular po
ized modes will be overemphasized. Finally, the use o
different model for the description of the lateral interactio
~distributed multipole model in the present simulations, po
quadrupole at the center of mass in the previous study! could
explain the slight differences in the calculated energies
tween the two studies, especially regarding the parallel
entational modes.

For the thick film, the energies of the different mod
calculated in the present simulations atT540 K can help in
the interpretation of the experiments. For example, the n
dispersive mode observed around 3.0 meV in the exp
ments can be assigned to the mode calculated at the s
energy, which corresponds to a coupling between perp
dicular translational and perpendicular orientational motio
of the admolecules within the outermost layer of the film.
the same way, the other perpendicularly polarized mode
4.7 meV~translation1 orientation! and 5.2 meV~pure trans-
lation! appear to correspond to the scattered points obse
around 5.0 meV in the data. In the calculations, additio
modes are obtained at 6.8, 7.4, and 7.7 meV, correspon
to coupling between translational and orientational motio
These modes, which are characterized by a perpendic
polarization, should be visible in the experiments, and th
could be related to the mode measured between 6.5 and
7-11
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TOENNIES, TRAEGER, WEISS, PICAUD, AND HOANG PHYSICAL REVIEW B65 165427
meV in the experiments. Finally, the experimentally o
served mode at about 9.0 meV could be attributed to
calculated mode at 10.0 meV, which exhibits also a perp
dicular polarization, and corresponds to a coupled tran
tional and orientational motion. Note that it is not expect
that the other calculated modes with pure parallel polari
tion, or with higher energy can be observed in the exp
ments.

Despite the neglect of the substrate lattice dynamics in
calculations, which should have a great influence at low c
erage, the good agreement between simulations and ex
ments indicates that the potential used in the present ca
lations is rather suitable for describing the dynamics of
admolecules. However, it appears less accurate from an
ergetic point of view. This is not surprising since the mod
used in this paper for describing the lateral interactions
been optimized for the calculations of the bulk acetyle
dynamics,23 rather than for the calculation of the total energ

VI. CONCLUSIONS

Multilayers of acetylene on KCl~001! have been investi-
gated by He-atom scattering and molecular dynamics ca
,
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e
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lations. During isothermal adsorption of acetylene
KCl~001! at TS540 K layer-by-layer growth up to at leas
15 layers C2H2 is observed. From He diffraction a (A2
3A2)R45° symmetry of the surface unit cell with glid
planes along thê100& directions has been determined f
the 15 layer films. This is consistent with a face of the orth
rhombic modification of bulk acetylene. The surface phon
dispersion curves show the Rayleigh mode of the acety
surface as well as at least three further modes below 10 m

The calculations agree with the experiments very well
garding the structure of the layers and their tendency to
hibit layer-by-layer growth. The dynamical properties ha
been calculated from the Fourier transform of autocorre
tions functions and provide a plausible assignment of
experimentalE1-E4 modes to different coupled translation
and orientational motions of the surface molecules.
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