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Comparison of potential calculations with helium diffraction and thermal desorption data
of CF4 and CF3Cl adsorbed on Cu„110…
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Helium atom scattering and thermal desorption spectroscopy are used to determine the adsorption properties
of the tetrahedral and pyramidal molecules CF4 and CF3Cl, respectively, on the Cu~110! surface. High-order
commensurate structures with large unit cells are obtained for CF4 and CF3Cl. The thermal desorption spectra
reveal a zero-order desorption process for both species. A ‘‘leading edge’’ analysis yields monolayer adsorp-
tion energies of 16166 meV for CF4 and 26066 meV for CF3Cl. Semiempirical potential calculations cor-
roborate these values and show that the shape of the potential energy maps for the two molecules is not very
different, leading to tripod-down equilibrium configurations. The calculations also indicate some trends for an
orientationally ordered structure for CF3Cl along the Cu troughs which could be at the origin of a ferroelectric
phase.@S0163-1829~98!05235-7#
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I. INTRODUCTION

In contrast to the large body of work devoted to the a
sorption of small spherical and linear molecules on vario
substrates, the studies of tetrahedral and pyramidal sh
molecules are essentially restricted to methane and amm
adsorbed on metals and dielectrics.1 Heavier tetrahedral mol
ecules have been studied in a more sporadic way. One
ample is CF4 adsorbed on graphite~0001!, which has been
studied both in theory2,3 and experiment.4 As a result of the
theoretical investigation of the phase diagram based eithe
equilibrium calculations of geometries,2 or on molecular-
dynamics simulations,3 the CF4 adlayer adopts rather com
plex structures as a function of coverage and surface t
perature. The equilibrium site for the single admolecule w
found to be on top of the carbon atom with a tripod-dow
configuration~with the three fluorine atoms pointing toward
the surface!. Another case is the adsorption of pyramid
CF3Cl molecules on graphite, which has been studied ma
by x-ray diffraction.5 The coverage-temperature phase d
gram revealed three crystalline phases in the submonol
regime: incommensurate, commensurate, and high-o
commensurate structures, the latter corresponding to a fe
electric arrangement of CF3Cl chains. A single molecule ad
sorbed on graphite was shown6 to be preferentially adsorbe
on a site that is slightly shifted away from the a top site,
chlorine atom being in general closest to the graphite s
strate.

Recently, a series of experiments7 has been conducted t
investigate the structure and the thermodynamics of CF4 ad-
sorbed on the Cu~110! surface. The occurrence of high-ord
commensurate phases~n318;n.13, and n52!, corrobo-
rated the fact that this type of molecule generally forms co
plex two-dimensional structures on corrugated substra
Semiempirical potential calculations8 showed that it is quite
PRB 580163-1829/98/58~11!/7420~8!/$15.00
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difficult to interpret these structures on the basis of numer
energy minimization procedures. Indeed, the stable geom
is probably the result of a subtle energy balance betw
positional and orientational ordering of the molecules on
surface. This ordering arises from a competition between
surface corrugation of the Cu~110! substrate, which tends to

favor sites inside the potential throughs along the@11̄0# di-
rection and the lateral interactions, which impose spec
distances and orientations between the tetrahedral molec
The resulting adlayer geometry is a crooked configuration
the molecules on the corrugated substrate.8 A logical exten-
sion of this study is to consider chlorine-substituted meth
species. In this way, the weakly octupolar tetrahedral C4

molecule is transformed, in the present case, into a stron
dipolar pyramidal CF3Cl molecule.

Thermal helium atom diffraction has been used to de
mine the geometry of the unit cell of the CF3Cl monolayer
within the same temperature and coverage range as for4.
In addition, thermal desorption spectroscopy~TDS! is em-
ployed to measure and compare the desorption energie
the two molecular species CF4 and CF3Cl in the monolayer
and multilayer regime. Simultaneously, we have perform
potential calculations to interpret these results.

In Sec. II, we present the experimental data on the str
ture and the desorption kinetics of CF4 and CF3Cl adlayers
on Cu~110!. In Sec. III we use semiempirical potentials
study the adsorption of CF3Cl on the Cu~110! surface as we
did for CF4, Xe, and N2 in previous papers.8–10 We first
discuss the potential parameters and determine the pote
energy maps for single CF4 and CF3Cl molecules adsorbed
on Cu~110!. Next, we calculate the stable geometries o
hypothetical two-dimensional CF3Cl layer without support
and, finally, the molecular arrangement for selected sup
structures including the contribution of the Cu~110! sub-
strate. In Sec. IV, we compare the adsorption energies for
7420 © 1998 The American Physical Society
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FIG. 1. ~a! CF3Cl unit cells~dark rectangles! for the two equivalent domains in reciprocal space and~b! the (3
13

3
27) superstructure unit

cell in real space.
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two molecular species with the TDS data and discuss
adlayer geometries by comparing with available numer
and experimental data for CF4 and CF3Cl adsorbed on graph
ite.

II. EXPERIMENTAL DATA

A. Structure of monolayer CF3Cl on Cu„110…

The structure of monolayer CF3Cl adsorbed on the singl
crystal Cu~110! surface has been studied using thermal
ergy helium atom diffraction. The experimental setup is d
scribed in detail in Ref. 11. CF3Cl was adsorbed by exposin
the Cu~110! surface at 60 K to a partial pressure of CF3Cl
gas. The coverage was controlled by monitoring the spe
larly reflected helium intensity. The adlayer was then coo
down slowly to 20 K where the diffraction data were r
corded.

The adlayer structure was characterized by so-called ‘‘
lar diffraction scans,’’ in which the diffracted He intensity
recorded as a function of the parallel wave vector transfe
fixed azimuthal orientation of the sample. Figure 1~a! shows
all the diffraction features that were extracted from the po
diffraction scans for a large number of azimuthal angles. T
open circles indicate the peak positions with respect to
Cu~110! unit cell. The size of the circles is chosen accordi
to the peak intensities after background subtraction. The
fraction spectra were always reproducible in several exp
ments, but the existence of metastable structures as obse
for Xe/Cu~110! ~Ref. 12! cannot be completely ruled out. A
systematic study to map out the complete phase diagram
the CF3Cl monolayer and to determine the stability of th
adlayer structure was not performed.

The diffraction spectra reveal a large number of peaks,
majority of which can be assigned to the two grids drawn
Fig. 1~a!. Obviously, the corresponding unit cells@shaded
areas in Fig. 1~a!# characterize the two~symmetrically
equivalent! domains of the superstructure of the CF3Cl
monolayer. The unit vectorsb1

1,2 andb2
1,2 of the two almost
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rectangular reciprocal unit cells can be expressed in term
the Cu~110! reciprocal unit vectorsb1

Cu andb2
Cu as

b1
1,25

1

20
b1

Cu7
1

20
b2

Cu, ~1!

b2
1,25

7

60
b1

Cu6
13

60
b2

Cu. ~2!

Equation~2! follows from the fact that the diagonals of th
unit cells are

b1
1,21b2

1,25
1

6
b1

Cu6
1

6
b2

Cu.

By back transformation of the reciprocal unit cell into re
space the CF3Cl monolayer is found to have an oblique
high-order commensurate~HOC! (3

13
3
27) structure on

Cu~110!. The lengths of the unit vectors are 41.7 and 13.3
respectively, and the enclosed angle is about 91.2°. The
responding unit cell is exactly 60 times the size of t
Cu~110! unit cell @Fig. 1~b!#. Since the scattering of He at
oms cannot be described by simple kinematic theory
straightforward interpretation of the peak intensities in ter
of the arrangement and orientation of the CF3Cl molecules
inside the unit cell is not possible. On the other hand, a
more sophisticated scattering calculation is not practica
for such complicated structures.

The structure of CF4 on Cu~110! has been studied as wel
The experimental results are described in Ref. 7 and c
pared to potential energy calculations in Ref. 8. In the s
monolayer range a HOC (13318) phase is observed, whic
converts into a (2318) structure for coverages above o
monolayer.

B. Thermal desorption spectroscopy„TDS…

The thermodynamics and the desorption kinetics
weakly bound adlayers can be investigated in detail and w
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7422 PRB 58A. MARMIER et al.
high precision using TDS. After exposure of the crystal to
given coverage the crystal is heated with a constant hea
rate. Simultaneously, the partial pressure of the desorb
species is measured in front of the surface by means
quadrupole mass analyzer~QMA!. For a sufficiently large
pumping speed this partial pressure is proportional to
desorption rate13 and the integrated QMA signal is a dire
measure of the initial coverage. Scaling the QMA intens
to the integrated signal corresponding to one monola
yields the desorption rate in units of monolayers per sec
~ML/s! as used in Figs. 2 and 3.

The temperature dependence of the desorption raten can
be described by the Polanyi-Wigner equation14,15

n52
dn

dt
5nmk0expS 2

EA

kBT D , ~3!

wheret denotes the time,T the substrate temperature,n the
number of adsorbed particles on the surface,m the order of
desorption,EA the adsorption or activation energy,k0 the
preexponential factor or attempt frequency, andkB the Bolt-
zmann constant.

Figures 2 and 3 show TDS spectra for different init
coverages from submonolayer to multilayer amounts
CF3Cl and CF4, respectively, using a heating rate of 1 K/
For CF3Cl, one can distinguish three different desorpti

FIG. 2. Thermal desorption spectra of CF3Cl from Cu~110!
~heating rate: 1K/s! for seven different coverages ranging from 0.
to 3.0 ML. Three peaks are observed, which can be assigne
desorption: the monolayer (26066 meV), bilayer (23766 meV),
and multilayer (20466 meV).

FIG. 3. Thermal desorption spectra of CF4 from Cu~110! ~heat-
ing rate: 1K/s! for nine different coverages ranging from 0.26
1.64 ML. A monolayer (16166 meV) and a bilayer (151
66 meV) desorption peak can be distinguished.~a! Linear scale,
~b! Arrhenius plot.
a
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peaks with increasing coverage, according to desorption
the monolayer, bilayer, and multilayer. The low temperatu
rises ~leading edges! of the monolayer and the bilayer de
sorption peaks are the same for different CF3Cl initial cov-
erages. Hence, the number of particles participating in
desorption process at a given temperature is independe
their total number. According to Eq.~3!, this corresponds to
zero-order desorption (m50). In this case the adsorptio
energyEA can be determined from the slope of an Arrhen
plot, in which the QMA signal is plotted logarithmically as
function of the reciprocal surface temperature@as shown in
Fig. 3~b! for the case of CF4#:

13

EA52
1

kB

] ln n

]~1/T!
. ~4!

We have determined the adsorption energies for CF3Cl to
be 26066 meV for the monolayer, 23766 meV for the bi-
layer, and 20466 meV for the multilayer.

Whereas for CF3Cl there is still a sizable difference be
tween the adsorption energies of the bilayer and
multilayer, only two desorption peaks were observed for C4
~Fig. 3!, indicating that the difference of the adsorption e
ergies for the second and higher layers is quite small. T
monolayer and multilayer peaks are both characteristic
zero-order desorption. The adsorption energies deduced
a leading edge analysis@Fig. 3~b!# are 16166 meV for
monolayer and 15166 meV for multilayer CF4, respectively.
The monolayer energy is in good agreement with the va
of the isosteric heat of adsorptionq515966 meV per CF4
molecule for coverages close to monolayer completion
determined in Ref. 7 from specular He-reflection expe
ments. Note that the adsorption energies are only 6
~monolayer! and 64%~bilayer! of the corresponding value
for CF3Cl. This is most likely a consequence of the strong
electrostatic interaction of the CF3Cl molecules due to their
permanent electric dipole moment. Comparison of the te
peratures where the monolayer desorption peaks reach
maxima~CF4, 59.7 K, CF3Cl, 94.9 K! yields nearly the same
ratio ~63%!.

III. POTENTIAL CALCULATIONS

A. Interaction potential

For the two systems CF4/Cu~110! and CF3Cl/Cu~110! the
interactions are separated into adsorbate-adsorbate
adsorbate-substrate terms

V~R,V!5VAA1VAS. ~5!

It is assumed that the substrate and the adsorbate are
deformable.R(x,y) defines the position of the center o
mass andV(u,w,x) the orientation of the adsorbed mo
ecule~Fig. 4!. Note that the local coordinate system is ch
sen in such a way that thez-molecular axis is along a C-F
axis for CF4, while for CF3Cl it coincides with the
C3-symmetry axis C-Cl. The origin of this frame is locate
at the center of mass of the molecule.

The dominant contribution toVAA is the dispersion-
repulsion interaction, which is modeled by pairwise ato
atom Lennard-Jones potentials

to
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VAA
Q 5(

i , j
4e i j F S s i j

r i j
D 12

2S s i j

r i j
D 6G . ~6!

The sets of parameters~e,s! are taken from the literature6,16

and are listed in Table I. To this quantum interaction o
must add the multipolar electrostatic potential, which can
represented by interactions between distributed multip
moments to take into account the finite extension of the e
tron clouds. The electrostatic interaction in CF3Cl is modeled
by assuming a distribution of charges located at the ato
nuclei.6 The values are given in Table II. For CF4, the mo-
lecular octupole moment is small and its effect is includ
through by choosing appropriate ‘‘effective’’ values for th
Lennnard-Jones parameters, as discussed by Nose´ and
Klein.16

Previously, we have shown that it is possible to descr
to a relatively good accuracy, the interactions between a
lecular adsorbate and the~110! face of copper on the basis o
simple pairwise potentials. By using combination rules
described in Ref. 10, we have derived Lennard-Jones pa
eter values for the atomic pairsX-Cu ~X5C, F, Cl!.

TABLE I. Lennard-Jones parameters for the various pairs
atoms.

Atomic pairs « ~meV! s ~Å!

Cu-Ca 3.36 3.77
Cu-Cl 6.31 3.79
Cu-Fa 3.29 3.57
C-Cb 3.32 3.35
C-Clc 8.99 3.30
C-Fb 3.25 3.15
Cl-Clc 11.70 3.40
Cl-Fc 5.66 3.17
F-Fb 3.19 2.95

aFrom Ref. 8.
bFrom Ref. 16.
cFrom Ref. 6.

FIG. 4. Adsorption geometry of the pyramidal CF3Cl molecule
on Cu~110!. R defines the position of the center of mass and~u,w,x!
are the Euler angles referred to a frame having its origin at
center of mass of the molecule. For CF4 the Cl atom is replaced by
a F atom and the molecular center of mass coincides with th
nucleus.
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The potential-energy minimization is performed on t
basis of the above potentials, which are known17,18 to pro-
vide the main contribution to the total interaction. Thus, w
have disregarded, as a first approximation, the substrate
diated and the polarization interactions, since these te
usually contribute by less than 10% to the adsorption ene
and should not change the equilibrium configuration. Ho
ever, for an accurate evaluation of the adsorption ener
and for a comparison with the experimental data, their infl
ence will be taken into account.

B. Potential-energy surfaces for a single admolecule on the
substrate

The potential-energy mapV(x,y) is obtained by minimiz-
ing VAS with respect toz and V. Examination of this map
allows us to evaluate the holding potential and the corru
tion experienced by a single CF4 or CF3Cl molecule, respec-
tively.

1. CF4

There are two symmetrically equivalent stable sites
CF4 on Cu~110! @Figs. 5~a! and 5~b!#. These sites are locate
between two Cu atoms along the@001# direction, at 1.3 Å
from the nearest Cu atom. The potential energy at these
is 2163 meV and the molecule adopts a tilted tripod-do
orientation, i.e., three F atoms stick to the surface, while
top F atom is tilted by about 20° from the surface normal a
points away from the nearest Cu atom along@001#.

The corrugation energy, i.e., the amplitude of the late
variation of the binding energy, is 4 meV along the@11̄0#
direction and 17 meV along the@001# direction. Thus, the
molecule preferentially resides inside the potential trou
along @11̄0#, with the center of mass~the C atom! being
located at 3.70 Å above the surface plane.

2. CF3Cl

For this adsorbate, there are four symmetrically equi
lent sites with an energy of2201 meV@Figs. 5~c! and 5~d!#.
At these sites, the molecule lies 3.75 Å above the surfac
a tilted tripod-down configuration, the tripod being forme
by two F atoms and the Cl atom, with the Cl atom bei
closest to the surface and pointing towards the center of
rectangular Cu~110! unit cell. This behavior is characteristi
for the entire map: the Cl atom, which provides an importa
contribution to the quantum interaction, is always found in
position where its distances with respect to the neighbor
copper atoms are optimized, i.e., close to the center of
substrate unit cell. The corrugation is 5 meV along the@11̄0#
direction and 12 meV along the@001# direction.

f

TABLE II. Charges in electron units located at the correspon
ing nuclei centers~from Ref. 6!.

Charge (e)

C 0.9486
Cl 20.1626
F 20.2620

e

C
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FIG. 5. Potential energy maps for CF4 @~a! and~b!# and for CF3Cl @~c! and~d!#. The Cu atoms are located at the corners of the rectan
describing the Cu~110! unit cell.
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Except for an overall increase of the binding energy
about 40 meV, the shape of the two maps~CF4 and CF3Cl!
are very similar, although the equilibrium valleys are le
apparent for CF3Cl and the surface appears smoother. This
a direct consequence of the larger size of the CF3Cl molecule
compared to CF4.

C. Two-dimensional layers without support

In order to obtain information on the density of the mon
layer and on the positions and orientations of the adm
ecules when lateral interactions are effective, we first p
form minimization calculations on the two-dimensional~2D!
layers without support. In the lack of information on th
orientational ordering in bulk CF3Cl, we tried an arrange
ment equivalent to the one we found for the 2D CF4 layer
without support.8 Then, by relaxing the size of this cell w
obtain a rectangular cell with two CF3Cl molecules, leading
to an average area of 17.45 Å2 per molecule and a mea
energy of2170 meV. In this cell, the molecular dipoles a
oriented in a 2-out herringbone-type pattern. This structur
not very different from the one obtained for CF4, which is
also characterized by a rectangular unit cell, in this case w
a mean area of 17 Å2 per molecule and a mean bindin
energy of2100 meV per molecule.

We recall that the area of the pure copper cell is 9.2 Å2;
therefore, the calculated adsorbate density is rather clos
one CF3Cl molecule per two copper unit cells, as is the ca
for CF4 ~cf. Fig. 5 of Ref. 8!.
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D. Adsorbed monolayers

Considering the huge size of the experimentally det
mined (3

17
27
3 ) superstructure unit cell for CF3Cl/Cu~110!

and the problems related to the potential-energy minimi
tion of monolayers formed by nonlinear molecules,8 we have
limited our discussion to the study of low-commensura
structures.

First of all, we consider the two structures (1
2

1
0) and

(21
2

1
1) @cf. Figs. 6~a! and 6~b!#, each containing only one

CF3Cl molecule per unit cell, which are compatible with th
structure of the 2D layer without support. The results a
given in Table III and, surprisingly, lead to the conclusio
that the most stable structure is the (21

2
1
1) phase, which cor-

responds to a density of one molecule per three Cu at
~i.e., an area of 27.6 Å2 per molecule! and a total energy of
2290.9 meV per molecule. This indicates a relatively lo
packing of admolecules, which is clearly in contradictio
with the CF4 case, where the most stable structure is obtai
for the (1

2
1
0) phase with cell area equal to 18.4 Å2 containing

one molecule of energy2232.5 meV@Fig. 6~a!#.
However, it is possible to achieve more stable structu

when we consider cells containing two molecules. We all
the two molecules to move and orient independently ab
the surface. The (22

2
2
1) phase with two molecules is exactl

twice the size of the primitive (21
2

1
1) unit cell described

above. The arrangement of the molecules turns out to
identical to the one in the primitive cell. The two molecul
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are thus equivalent with an energy per molecule equa
2290.9 meV. A truly new and more stable structure is o
tained for the (232) phase with a (0

2
2
0) unit cell, with an

area per molecule equal to 18.4 Å2 and a mean energy o
2297.6 meV per molecule. This phase displays interes
new features. Most noticeable of all is its bilayer structu
since it contains two nonequivalent molecules at differ
heights above the surface. The binding energy of the up
molecule is 2267.8 meV, whereas for the lower it i
2321.4 meV. It can be noted that the two most sta
phases, though very different with respect to their dens
lead to very similar binding energies. Moreover, Figs. 6~b!
and 6~c! show that in the first case, the molecular axes are
oriented in the same direction parallel to the Cu troug
resulting in ‘‘ferroelectric’’ dipolar ordering, whereas in th
(232) phase the dipoles are arranged almost antipara

FIG. 6. Geometries of stable low-order commensurate struct
considered in Table III;~a! (1

2
1
0) phase for CF4, ~b! (21

2
1
1) phase

for CF3Cl, ~c! (0
2

2
0) or (232) for CF3Cl. The corresponding uni

cells are indicated by the dark areas.
to
-

g
e
t
er

e
,

ll
,

l.

The molecular density appears clearly too low in order
optimize the lateral interactions in Fig. 6~b!, whereas it is too
large in Fig. 6~c! to allow complete molecular reorientation

It is likely that the absolute energy minimum has not be
reached for the (232) phase and that unit cells containin
more than two molecules could lead to even more sta
structures. The experimentally observed (3

13
3
27) superstruc-

ture, however, clearly contains such a large number of m
ecules per unit cell, which does not allow us to perform
accurate numerical minimization for this structure in reas
able computing time.

The fact that the surface is smoother for CF3Cl than for
CF4 may explain the instability of the (1

2
1
0) low-order com-

mensurate phase for CF3Cl. Such a behavior is consisten
with the He-diffraction experiments, which reveal com
pletely different structures for the two systems. Anyway, t
calculated binding energies provide a good estimate of
adsorption energy per molecule for the CF3Cl monolayer on
Cu~110!. Indeed, it has been shown for CF4 ~and also been
verified for CF3Cl! that a refined search for the most stab
structure by including larger and larger unit cells, genera
leads to orientational and positional changes of the adm
ecules but does not dramatically decrease the binding en
per molecule. Since we are more interested here in an
mate of the adsorption energy we will rather focus on
precise evaluation of the adsorption energy for the m
stable low-order commensurate structure and its compar
with the experiment.

E. Thermodynamics

A direct comparison with the adsorption energy measu
in a thermal desorption experiment requires us to accoun
energy corrections to the potential values calculated in S
III D. First of all, we add to the minimum potential valueV
the substrate mediated interaction and the surface indu
dipole-dipole interaction. The origin and approximate size
these two terms which describe the molecule polarization
the substrate have been discussed for CF4 in Ref. 8. They
contribute with about 3 meV and about 12 meV, resp
tively, to the total binding energy per molecule. We m
assume that similar numbers also hold for CF3Cl. Note that
these corrections are repulsive and tend to reduce the po

es
TABLE III. Equilibrium configurations~in Å, deg.! and potential-energy values~in meV! of the mol-
ecules in various adlayer configurations.

Na Cella Ab x y z u w x VAA VAS V̄

1c (1
2

1
0) 18.39 1.71 1.02 4.72 149 118 62 2130.0 2140.1 2270.1

1c (21
2

1
1) 27.59 0.48 2.12 3.82 106 187 144 299.0 2191.9 2290.9

2c (0
2

2
0) 18.39

0.47 1.71 3.90 113 180 60 2136.6 2190.8
2297.6

2.91 5.32 4.87 160 0 0 2136.6 2131.2

2c (22
2

2
1) 27.59

0.48 2.12 3.82 106 187 144 299.0 2191.9
2290.9

22.07 5.92 3.82 106 187 144 299.0 2191.9
1d (1

2
1
1) 18.39 0.00 1.81 3.70 0 0 90 282.5 2150.1 2232.5

aN denotes the number of molecules in the cell defined by the indicated square matrix.
bMean area per molecule in the adlayer, in Å2.
cCF3Cl monolayer.
dCF4 monolayer.
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tial depth at equilibrium by about 15 meV per molecule f
the CF4 and CF3Cl monolayers.

A second correction arises from the finite temperat
contribution. Indeed, the adsorption/desorption energy
molecule can be written as19

EA52V115meV1kBT (
a51

6 S 1

2
2

\va

2kBT
coth

\va

2kBTD ,

~7!

where the dynamical contribution originates from the os
latory motion for the various translational (a5x,y,z) and
rotational (a5u,w,x) degrees of freedom of the admolecu
in the monolayer. We have assumed that all these mot
can be approximated by harmonic oscillators with frequ
cies va . These frequencies, listed in Table IV, have be
calculated for the most stable structures of CF4 and CF3Cl
given in Table III by determining the harmonic force co
stantska and the corresponding mass (a5x,y,z) or moment
of inertia (a5u,w,x) for the different motions, which are
assumed to be decoupled.

The frequencies all lie below 6 meV (.50 cm21) for the
various motions of the two inequivalent molecules, lead
to a temperature dependent correction in Eq.~7! equal to 17
meV at around 60 K. The resulting values of the adsorpt
energy EA are thus 200 meV for CF4 and 266 meV for
CF3Cl.

IV. COMPARISON WITH EXPERIMENTS AND
DISCUSSION

In contrast to the CF4 monolayer for which the energ
optimization procedure was applied to relatively large u
cells ~2318 structure! containing 18 molecules, we hav
limited this procedure to low-order commensurate phases
CF3Cl. Indeed, given the size of the (3

13
3
27) unit cell de-

duced from the diffraction pattern, the number of molecu
per unit cell should range between 25 and 30. The la
number of degrees of freedom prevented any serious ana
of the adlayer geometry from energy minimization calcu
tions. However, the results obtained for the simple unit c
show trends, which can be discussed and compared to
behavior of CF4. In the CF4 monolayer, one molecule occu
pies a mean area of 18.4 Å2 with a lateral energy represen
ing only 35% of the total binding energy. The same unit c
used for CF3Cl would lead to a structure for which the later
energy takes nearly the same value as the holding contr
tion. This is not surprising regarding the polar nature of

TABLE IV. Harmonic frequenciesva (meV) for the molecules
in the most stable adlayers.

a CF4 CF3Cl

x 3.70 3.15
y 2.49 3.49
z 2.73 2.90
u 2.10 3.05
w 3.20 6.55
x 3.90 5.50
e
er
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pyramidal molecule. The dipolar lateral contribution is r
sponsible for the large reorientation of the two molecu
when we consider a unit cell with twice the previous are
On one hand, we see from Table III that the lateral inter
tions tend to be optimized whereas the holding interacti
are very different for the two molecules. This indicates th
the molecules would prefer to adopt a configuration wh
their dipoles are antiparallel, thus giving rise to an arran
ment of dipolar chains along the Cu troughs with antifer
electric ordering between adjacent chains. On the other h
the values of the holding energies of the two inequival
molecules are quite different. This suggests that the two m
ecules might prefer to increase their mutual distance al
the Cu trough to reduce the compression on the surface.
result, the unit cell would significantly increase to recov
registry with the substrate, in agreement with the large u
cell obtained in diffraction experiments. This feature is co
roborated by examination of the dipolar arrangements
Figs. 6~b! and 6~c!. The actual density is probably interme
diate between the two drawn structures, leading to high-or
commensurate phases. The tendency to form antipar
ferroelectric chains for CF3Cl on Cu~110! is consistent with
the observation of a high-order commensurate phase wi
similar stacking sequence of ferroelectric chains on
~0001! plane of exfoliated graphite.5

When we compare the calculated values ofEA with the
monolayer adsorption energies determined from the T
spectra ~Sec. II B!, we find a very good agreement fo
CF3Cl: the theoretical value is overestimated by less th
5%, whereas the calculation yields a value for CF4 which is
20% too large. There can be several reasons for such a
ference in accuracy. For CF4, the adsorption energy has bee
calculated for the structure, which seems to be reason
close to the minimum energy configuration. The numeri
efforts devoted previously8 to determine the correct structur
for CF4 adsorbed on Cu~110! seem to justify that, in this
case, the calculated adsorption energy is quite close to
minimum value. In contrast, for CF3Cl, only reasonably
small sizes for the unit cell have been considered in the m
mization calculation, and we are not sure that we ha
reached the absolute minimum for CF3Cl on Cu~110!. As a
consequence, the theoretical adsorption energy for CF3Cl
could be larger than the present value of 297.6 meV. Ho
ever, as already mentioned, the minimum energy is not
sensitive to a small reorientation and relocation of the m
ecules required for a correct description of the adlayer str
ture, and we trust that our present value ofEA is rather close
to the value, which would be reached at the absolute m
mum.

Another cause could be the overestimation of the para
eters connected to the holding potential. Indeed, the com
nation rules used to estimate the Lennard-Jones param
for the pairs Cu-X ~X5C, F, Cl! are known to be only ap-
proximate and their extrapolation from the Xe-Cu a
N2-Cu pairs to other species may be questionable. For
stance, decreasing theeCu-X parameter by 10% would reduc
the holding potentialVAS for CF4 and CF3Cl by the same
factor leading to values forVAS equal to2135 meV for CF4
and2145 meV for CF3Cl. The lateral interaction would no
be affected and, as a result, the binding energy would
reduced by about 17 meV leading to finalEA values of 183
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meV for CF4 and 250 meV for CF3Cl, in reasonable agree
ment with the experimental data.

To go beyond, we use our potential to determine the
teraction energy per molecule in the CF4 and CF3Cl bulk
crystals. The calculated values at 0 K are 2200 meV for
CF4, in obvious agreement with the result of Nose´ and
Klein16 since we adopted the same potential parameters
2280 meV for CF3Cl. If we estimate that the kinetic energ
increases these values by about 30 meV at 70 K, the c
lated heats of adsorption are equal to 170 meV for CF4 and
250 meV for CF3Cl. These values are in reasonable agr
ment with the present TDS measurements, yield
multilayer desorption energies of 150 meV and 204 m
respectively. They can furthermore be compared to the v
of the measured heat of condensation for the CF4 monolayer
adsorbed on graphite at 70–100 K~Ref. 20!, which ranges
between 196 and 215 meV and to the heat of multilayer4
sublimation equal to 174 meV at 70 K.21.

In conclusion, semiempirical potential calculations
plied to CF4 and CF3Cl monolayers adsorbed on the Cu~110!
surface give a good account of the adsorption energy
molecule when compared to thermal desorption experime
It seems a rather general feature that simple empirical po
tials applied to molecular adsorbates~Ar, Xe, N2, CO, CH4!
on metals can yield accurate adsorption energies, layer s
ture, and phase transition, and even, in some specific s
-

e

s

V
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nd

u-
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,
e

-

er
ts.
n-

c-
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tions @for instance, Xe on Cu~110!#, consistent phonon dis
persion relations. For simple monatomic or diatomic spec
the layer structures are either low-order commensu
phases implying a small number of degrees of freedom
incommensurate phases if the lateral interactions are m
stronger than the substrate corrugation. Under these circ
stances, the numerical search of the layer geometry app
to be quite accurate. In contrast, when the corrugation is
negligible or/and the unit cell contains a large number
molecules, the numerical procedures are not accurate en
to unambiguously determine the structure of these mono
ers and only trends can be established in conjunction w
diffraction data. In the present case, we may expect tha
the light of the experimental data and the calculations,
strong dipolar nature of the pyramidal CF3Cl molecule could
give rise to the formation of antiparallel~ferroelectrically!
ordered chains on Cu~110!, as already discussed for CF3Cl
on graphite.
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