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Comparison of potential calculations with helium diffraction and thermal desorption data
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Helium atom scattering and thermal desorption spectroscopy are used to determine the adsorption properties
of the tetrahedral and pyramidal molecules,@Rd CRKCI, respectively, on the Gu10 surface. High-order
commensurate structures with large unit cells are obtained fera@# CRCI. The thermal desorption spectra
reveal a zero-order desorption process for both species. A “leading edge” analysis yields monolayer adsorp-
tion energies of 1616 meV for CF, and 26G-6 meV for CRCIl. 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 gH along the Cu troughs which could be at the origin of a ferroelectric
phase[S0163-1828)05235-7

[. INTRODUCTION difficult to interpret these structures on the basis of numerical
energy minimization procedures. Indeed, the stable geometry
In contrast to the large body of work devoted to the ad-is probably the result of a subtle energy balance between
sorption of small spherical and linear molecules on variougositional and orientational ordering of the molecules on the
substrates, the studies of tetrahedral and pyramidal shaperface. This ordering arises from a competition between the
molecules are essentially restricted to methane and ammongarface corrugation of the CL10) substrate, which tends to
adsorbed on metals and dielectriddeavier tetrahedral mol- fayor sites inside the potential throughs along [(a&0] di-

ecules have been studied in a more sporadic way. One e¥ection and the lateral interactions, which impose specific
ample is Clz adsorbed on graphité001), which has been distances and orientations between the tetrahedral molecules.
studied both in theofy’ and experiment.As a result of the  The resulting adlayer geometry is a crooked configuration of
theoretical investigation of the phase diagram based either Ofhe molecules on the Corrugated Subst?a@e[ogiceu exten-
equilibrium calculations of geometriéspr on molecular-  sjon of this study is to consider chlorine-substituted methane
dynamics simulation the CF, adlayer adopts rather com- species. In this way, the weakly octupolar tetrahedral CF
plex structures as a function of coverage and surface temnolecule is transformed, in the present case, into a strongly
perature. The equilibrium site for the single admolecule wasjipolar pyramidal CECI molecule.
found to be on top of the carbon atom with a tripod-down  Thermal helium atom diffraction has been used to deter-
configuration(with the three fluorine atoms pointing towards mine the geometry of the unit cell of the g& monolayer
the surfack Another case is the adsorption of pyramidal within the same temperature and coverage range as far CF
CFR:Cl molecules on graphite, which has been studied mainlyn addition, thermal desorption spectrosca@DS) is em-
by x-ray diffraction® The coverage-temperature phase dia-ployed to measure and compare the desorption energies for
gram revealed three crystalline phases in the submonolayéne two molecular species ¢land CRCI in the monolayer
regime: incommensurate, commensurate, and high-ordeé&nd multilayer regime. Simultaneously, we have performed
commensurate structures, the latter corresponding to a ferrgotential calculations to interpret these results.
electric arrangement of GEIl chains. A single molecule ad- In Sec. Il, we present the experimental data on the struc-
sorbed on graphite was shofvio be preferentially adsorbed ture and the desorption kinetics of C&nd CRCI adlayers
on a site that is slightly shifted away from the a top site, theon Cu110. In Sec. Ill we use semiempirical potentials to
chlorine atom being in general closest to the graphite substudy the adsorption of GEI on the C110 surface as we
strate. did for CF,, Xe, and N in previous paper$:*® We first
Recently, a series of experimehtsas been conducted to discuss the potential parameters and determine the potential
investigate the structure and the thermodynamics of &&F  energy maps for single GFand CRCI molecules adsorbed
sorbed on the QU110 surface. The occurrence of high-order on Cu110. Next, we calculate the stable geometries of a
commensurate phasésx18;n=13, andn=2), corrobo- hypothetical two-dimensional GEIl layer without support
rated the fact that this type of molecule generally forms comand, finally, the molecular arrangement for selected super-
plex two-dimensional structures on corrugated substratestructures including the contribution of the @a0 sub-
Semiempirical potential calculatichshowed that it is quite  strate. In Sec. IV, we compare the adsorption energies for the
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FIG. 1. (@) CFCl unit cells(dark rectanglesfor the two equivalent domains in reciprocal space éndhe ¢ ;) superstructure unit

cell in real space.

two molecular species with the TDS data and discuss theectangular reciprocal unit cells can be expressed in terms of
adlayer geometries by comparing with available numericathe Cu110) reciprocal unit vectord$" andbS" as
and experimental data for &nd CRCI adsorbed on graph-

ite. 2.t el ¢
by*= 5507 "F 5505 " D
Il. EXPERIMENTAL DATA
7 1
A. Structure of monolayer CF,Cl on Cu(110) b§’2=a)b(f”i a)b(z:“. 2

The structure of monolayer GEIl adsorbed on the single , )
crystal C110) surface has been studied using thermal enjjr?il:iz(l)lg(?refonows from the fact that the diagonals of the

ergy helium atom diffraction. The experimental setup is de-
scribed in detail in Ref. 11. GEI was adsorbed by exposing 1 1
the CY110 surface at 60 K to a partial pressure of LLF bf2+ b%vZZ_bfui_bgu_
gas. The coverage was controlled by monitoring the specu- 6 6
larly reflected helium intensity. The adlayer was then cooledgy hack transformation of the reciprocal unit cell into real
corded. , .__high-order commensurat¢HOC) (3° ;') structure on
The adlayer structure was characterized by so-called “pogy11(). The lengths of the unit vectors are 41.7 and 13.3 A,
lar diffraction scans,” in which the diffracted He intensity is respectively, and the enclosed angle is about 91.2°. The cor-
recorded as a function of the parallel wave vector transfer %sponding 'unit cell is exactly 60 times the size of the
fixed azimuthal orientation of the sample. Figuf@)lshows Cu(110 unit cell [Fig. 1(b)]. Since the scattering of He at-
all the diffraction features that were extracted from the polary s cannot be described by simple kinematic theory a
diffraction scans for a large number of azimuthal angles. Theaightforward interpretation of the peak intensities in terms

open circles indicate the peak positions with respect 10 gy (he arrangement and orientation of thesCFmolecules
Cu(110 unit cell. The size of the circles is chosen accordmginside the unit cell is not possible. On the other hand, any

to the peak intensities after background subtraction. The d'ffnore sophisticated scattering calculation is not practicable

fraction spectra were always reproducible in several experic,. ¢ ,ch complicated structures.

ments, but the existence of metastable structures as observed-l-he structure of CFon CU110) has been studied as well,
for Xe/Cu110) (Ref. 12 cannot be completely ruled out. A o oyherimental results are described in Ref. 7 and com-
systematic study to map out the complete phase_@agram f?fared to potential energy calculations in Ref. 8. In the sub-
the CRCI monolayer and to determine the stability of the monolayer range a HOC (1318) phase is observed, which

adlayer structure was not performed. converts into a (X18) structure for coverages above one
The diffraction spectra reveal a large number of peaks, th?nonolayer

majority of which can be assigned to the two grids drawn in
Fig. 1(a). Obviously, the corresponding unit cellshaded
areas in Fig. (@] characterize the twdsymmetrically
equivalent domains of the superstructure of the {CF The thermodynamics and the desorption kinetics of
monolayer. The unit vectorls}2 and b%*z of the two almost  weakly bound adlayers can be investigated in detail and with

B. Thermal desorption spectroscopy(TDS)
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1 peaks with increasing coverage, according to desorption of
oalb CF.Cl/Cu(110) _ the monolayer, bilayer, and multilayer. The low temperature
rises (leading edgesof the monolayer and the bilayer de-
sorption peaks are the same for different;CFinitial cov-
erages. Hence, the number of particles participating in the
desorption process at a given temperature is independent of

desorption rate (ML/s)

02r ’ their total number. According to E@3), this corresponds to
zero-order desorptionn{=0). In this case the adsorption
energyE, can be determined from the slope of an Arrhenius
0.0 /L plot, in which the QMA signal is plotted logarithmically as a
&0 70 80 90 100 function of the reciprocal sulraface temperat(ias shown in
temperature (K) Fig. 3(b) for the case of CH:
FIG. 2. Thermal desorption spectra of LF from Cu110 E.—_ i dInv 4)
(heating rate: 1K/sfor seven different coverages ranging from 0.12 AT kg 9(1/T)"
to 3.0 ML. Three peaks are observed, which can be assigned to
desorption: the monolayer (2606 meV), bilayer (23%6 meV), We have determined the adsorption energies fojGTFo
and multilayer (2046 meV). be 260+ 6 meV for the monolayer, 2376 meV for the bi-

layer, and 204 6 meV for the multilayer.
high precision using TDS. After exposure of the crystal to @ “\whereas for CECI there is still a sizable difference be-
given coverage the crystal is heated with a constant heatingyeen the adsorption energies of the bilayer and the
rate..SimuItaneoust, _the partial pressure of the desorbin&unnwer, only two desorption peaks were observed foy CF
species is measured in front of the surface by means of g 3) indicating that the difference of the adsorption en-
quadrupole mass analyzéQMA). For a sufficiently large grgies for the second and higher layers is quite small. The
pumping speed this partial pressure is proportional to thenonolayer and multilayer peaks are both characteristic of
desorption raté and the integrated QMA signal is a direct zero-order desorption. The adsorption energies deduced from
measure of the initial coverage. Scaling the QMA intensityy leading edge analysiFig. 3(b)] are 1616 meV for
to the integrated signal corresponding to one m°”°|ayefnonolayer and 15t 6 meV for multilayer CE, respectively.
yields the desorption rate in units of monolayers per secongpe monolayer energy is in good agreement with the value
(ML/s) as used in Figs. 2 and 3. _ of the isosteric heat of adsorptiayp=159+6 meV per Ckg
The temperature dependence of the desorptionwa@n  yjecule for coverages close to monolayer completion as
be described by the Polanyi-Wigner equatfof? determined in Ref. 7 from specular He-reflection experi-
dn E ments. Note that the _ adsorption energies are only 62%
p=— — = nmkoexr< A 3y  (monolayey and 64%(bilayen of the corresponding values
dt kgT for CR;Cl. This is most likely a consequence of the stronger
electrostatic interaction of the QEl molecules due to their
permanent electric dipole moment. Comparison of the tem-
peratures where the monolayer desorption peaks reach their
maxima(CF,, 59.7 K, CRCI, 94.9 K) yields nearly the same
ratio (63%).

wheret denotes the timel the substrate temperature the
number of adsorbed particles on the surfanethe order of
desorption,E, the adsorption or activation energlg the
preexponential factor or attempt frequency, &gadhe Bolt-
zmann constant.

Figures 2 and 3 show TDS spectra for different initial
coverages from submonolayer to multilayer amounts of lll. POTENTIAL CALCULATIONS
CR:CI and CHR, respectively, using a heating rate of 1 K/s.

- - . : A. Interaction potential
For CRCI, one can distinguish three different desorption

For the two systems GFCu(110 and CRCI/Cu(110) the
CF, / Cu(110) interactions are separated into adsorbate-adsorbate and
adsorbate-substrate terms

0.4 T T T T T T T T

G (@) b (b)

= o V(R,Q)=Vapat+Vas. )

g 02 ] It is assumed that the substrate and the adsorbate are un-

s deformable.R(x,y) defines the position of the center of

2 0-01F mass andQ(#8,¢,x) the orientation of the adsorbed mol-

© o0 . . : . . . ecule(Fig. 4). Note that the local coordinate system is cho-
50 55 €0 50 5 60 sen in such a way that tremolecular axis is along a C-F
temperature (K) temperature (K}

axis for CF, while for CRCI it coincides with the
FIG. 3. Thermal desorption spectra of (fFom Cu110) (heat-  Cs-symmetry axis C-Cl. The origin of this frame is located

ing rate: 1K/3 for nine different coverages ranging from 0.26 to at the center of mass of the molecule.

1.64 ML. A monolayer (166 meV) and a bilayer (151 The dominant contribution tov,, is the dispersion-

+6 meV) desorption peak can be distinguishél.Linear scale, repulsion interaction, which is modeled by pairwise atom-

(b) Arrhenius plot. atom Lennard-Jones potentials
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FIG. 4. Adsorption geometry of the pyramidal £F molecule
on CUY110. R defines the position of the center of mass &g, )
are the Euler angles referred to a frame having its origin at th
center of mass of the molecule. For (Re Cl atom is replaced by
a F atom and the molecular center of mass coincides with the

nucleus.
) 12 ( ) 6

The sets of parametets,o) are taken from the literatute®
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TABLE Il. Charges in electron units located at the correspond-
ing nuclei centergfrom Ref. 6.

Charge €)

C 0.9486
Cl —0.1626
F —0.2620

The potential-energy minimization is performed on the
basis of the above potentials, which are kno(f to pro-
vide the main contribution to the total interaction. Thus, we
have disregarded, as a first approximation, the substrate me-
diated and the polarization interactions, since these terms
usually contribute by less than 10% to the adsorption energy
and should not change the equilibrium configuration. How-
ever, for an accurate evaluation of the adsorption energies
@nd for a comparison with the experimental data, their influ-
ence will be taken into account.

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

The potential-energy mag(x,y) is obtained by minimiz-
ing Vs with respect toz and 2. Examination of this map

and are listed in Table I. To this quantum interaction oneallows us to evaluate the holding potential and the corruga-

must add the multipolar electrostatic potential, which can b

dion experienced by a single ¢br CRCl molecule, respec-

represented by interactions between distributed multipolatively.
moments to take into account the finite extension of the elec-

tron clouds. The electrostatic interaction in{Cis modeled
by assuming a distribution of charges located at the atom
nuclei® The values are given in Table Il. For gRthe mo-

lecular octupole moment is small and its effect is included

through by choosing appropriate “effective” values for the
Lennnard-Jones parameters, as discussed by Nwosk
Klein.®

Previously, we have shown that it is possible to describe

to a relatively good accuracy, the interactions between a m

lecular adsorbate and tlj&10) face of copper on the basis o

simple pairwise potentials. By using combination rules as
described in Ref. 10, we have derived Lennard-Jones paran{&"'

eter values for the atomic pai6Cu (X=C, F, C).

foﬁoints away from the nearest Cu atom alg0g1].

1. CFR,

There are two symmetrically equivalent stable sites for
CF, on CU110) [Figs. 5a) and gb)]. These sites are located
between two Cu atoms along ti@01] direction, at 1.3 A
from the nearest Cu atom. The potential energy at these sites
is —163 meV and the molecule adopts a tilted tripod-down
orientation, i.e., three F atoms stick to the surface, while the
top F atom is tilted by about 20° from the surface normal and

ic

The corrugation energy, i.e., the amplitude of the lateral

iation of the binding energy, is 4 meV along thi10]
direction and 17 meV along th@®01] direction. Thus, the
molecule preferentially resides inside the potential trough

TABLE I. Lennard-Jones parameters for the various pairs of2l0Ng[110], with the center of masgthe C atom being

atoms.

Atomic pairs e (MmeV) o (A)
Cu-C? 3.36 3.77
Cu-Cl 6.31 3.79
Cu-F* 3.29 3.57
c-c° 3.32 3.35
C-CI 8.99 3.30
C-P 3.25 3.15
Cl-CI¢ 11.70 3.40
CI-F¢ 5.66 3.17
F-F° 3.19 2.95
3 rom Ref. 8.

bFrom Ref. 16.

°From Ref. 6.

located at 3.70 A above the surface plane.

2. CF,Cl

For this adsorbate, there are four symmetrically equiva-
lent sites with an energy of 201 meV[Figs. 5c) and gd)].
At these sites, the molecule lies 3.75 A above the surface in
a tilted tripod-down configuration, the tripod being formed
by two F atoms and the Cl atom, with the Cl atom being
closest to the surface and pointing towards the center of the
rectangular C(L10) unit cell. This behavior is characteristic
for the entire map: the Cl atom, which provides an important
contribution to the quantum interaction, is always found in a
position where its distances with respect to the neighboring
copper atoms are optimized, i.e., close to the center of the

substrate unit cell. The corrugation is 5 meV along[th&0]
direction and 12 meV along thH®01] direction.
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FIG. 5. Potential energy maps for £Fa) and(b)] and for CRCI [(c) and(d)]. The Cu atoms are located at the corners of the rectangle
describing the C{@.10) unit cell.

Except for an overall increase of the binding energy by D. Adsorbed monolayers

about 40 meV, the shape of the two mafe, and CRCI) Considering the huge size of the experimentally deter-

are very similar, although the equilibrium valleys are less 17 3 :
apparent for CECI and the surface appears smoother. This ig" ned " -7) superstructure unit cell for GEI/Cu(110

a direct consequence of the larger size of the@olecule ~ and the problems related to the potential-energy minimiza-
compared to CF tion of monolayers formed by nonlinear molecufase have

limited our discussion to the study of low-commensurate
C. Two-dimensional layers without support structures.

In order to obtain information on the density of the mono- , /ISt of all, we consider the two struc.tu.reﬁ D and
layer and on the positions and orientations of the admol{-1 1) [cf. Figs. @a) and @b)], each containing only one
ecules when lateral interactions are effective, we first perCFsCl molecule per unit cell, which are compatible with the
form minimization calculations on the two-dimensioap) ~ Structure of the 2D layer without support. The results are
layers without support. In the lack of information on the given in Table Ill and, surprisingly, lead to the conclusion
orientational ordering in bulk GEI, we tried an arrange- that the most stable structure is ttfe, (1) phase, which cor-
ment equivalent to the one we found for the 2D,G&yer responds to a density of one molecule per three Cu atoms
without supporf Then, by relaxing the size of this cell we (i-€., an area of 27.6 Aper molecul¢ and a total energy of
obtain a rectangular cell with two GEI molecules, leading —290.9 meV per molecule. This indicates a relatively low
to an average area of 17.4% fer molecule and a mean Packing of admolecules, which is clearly in contradiction
energy of— 170 meV. In this cell, the molecular dipoles are with the CF, case, where the most stable structure is obtained
oriented in a 2-out herringbone-type pattern. This structure i§0r the ¢ 9) phase with cell area equal to 18.4 Aontaining
not very different from the one obtained for gRvhich is  one molecule of energy 232.5 meV[Fig. 6a@)].
also characterized by a rectangular unit cell, in this case with However, it is possible to achieve more stable structures
a mean area of 17 Aper molecule and a mean binding When we consider cells containing two molecules. We allow
energy of—100 meV per molecule. the two molecules to move and orient independently above

We recall that the area of the pure copper cell is 922 A the surface. The’(, 3) phase with two molecules is exactly
therefore, the calculated adsorbate density is rather close twice the size of the primitive 2(1 i) unit cell described
one CRCI molecule per two copper unit cells, as is the caseabove. The arrangement of the molecules turns out to be
for CF, (cf. Fig. 5 of Ref. 8. identical to the one in the primitive cell. The two molecules
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The molecular density appears clearly too low in order to
optimize the lateral interactions in Fig(t, whereas it is too
large in Fig. §c) to allow complete molecular reorientation.

It is likely that the absolute energy minimum has not been
reached for the (X2) phase and that unit cells containing
more than two molecules could lead to even more stable
structures. The experimentally observed {’) superstruc-
ture, however, clearly contains such a large number of mol-
ecules per unit cell, which does not allow us to perform an
accurate numerical minimization for this structure in reason-
able computing time.

The fact that the surface is smoother forCFthan for
CF, may explain the instability of the3(9) low-order com-
mensurate phase for @El. Such a behavior is consistent
with the He-diffraction experiments, which reveal com-
pletely different structures for the two systems. Anyway, the
calculated binding energies provide a good estimate of the
adsorption energy per molecule for the LLFmonolayer on
Cu(110. Indeed, it has been shown for £fand also been
verified for CRCI) that a refined search for the most stable
structure by including larger and larger unit cells, generally
leads to orientational and positional changes of the admol-

FIG. 6. Geometries of stable low-order commensurate structure§Cules but does not dramatically decrease the binding energy
considered in Table Ilia) (2 9) phase for CE (b) (2, 1) phase  Per molecule. Since we are more interested here in an esti-
for CR,CI, (c) (2 9) or (2x2) for CR,CI. The corresponding unit mate of the adsorption energy we will rather focus on the
cells are indicated by the dark areas. precise evaluation of the adsorption energy for the most
stable low-order commensurate structure and its comparison

are thus equivalent with an energy per molecule equal tavith the experiment.
—290.9 meV. A truly new and more stable structure is ob-
tained for the (% 2) phase with a 9) unit cell, with an
area per molecule equal to 18.4 &nd a mean energy of
—297.6 meV per molecule. This phase displays interesting A direct comparison with the adsorption energy measured
new features. Most noticeable of all is its bilayer structurein a thermal desorption experiment requires us to account for
since it contains two nonequivalent molecules at differenienergy corrections to the potential values calculated in Sec.
heights above the surface. The binding energy of the uppdtl D. First of all, we add to the minimum potential valie
molecule is —267.8 meV, whereas for the lower it is the substrate mediated interaction and the surface induced
—321.4 meV. It can be noted that the two most stabledipole-dipole interaction. The origin and approximate size of
phases, though very different with respect to their densitythese two terms which describe the molecule polarization by
lead to very similar binding energies. Moreover, Fig)6 the substrate have been discussed foy {DFRef. 8. They

and Gc) show that in the first case, the molecular axes are altontribute with about 3 meV and about 12 meV, respec-
oriented in the same direction parallel to the Cu troughstively, to the total binding energy per molecule. We may
resulting in “ferroelectric” dipolar ordering, whereas in the assume that similar numbers also hold for;CE Note that
(2x2) phase the dipoles are arranged almost antiparallethese corrections are repulsive and tend to reduce the poten-

(c)

E. Thermodynamics

TABLE Ill. Equilibrium configurations(in A, deg) and potential-energy valug&, meV) of the mol-
ecules in various adlayer configurations.

N2 CelP AP X y z 0 ¢ X Van Vas \

1° 29  18.39 171 1.02 472 149 118 62-130.0 —140.1 -—270.1

1° 2, Y 2759 048 212 382 106 187 144 —99.0 —191.9 —290.9

047 171 390 113 180 60 -1366 —1908 ..

291 532 487 160 0 0 —136.6 —131.2

o 2, Y 2759 048 212 382 106 187 144 —99.0 —191.9
- —-207 592 382 106 187 144 —99.0 —191.9

1¢ ¢ 1 18.39 0.00 181 3.70 0 0 90 —-825 -150.1 —2325

2° (39 1839

—290.9

3N denotes the number of molecules in the cell defined by the indicated square matrix.
bMean area per molecule in the adlayer, iR. A

°CF;Cl monolayer.

dCF, monolayer.
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TABLE IV. Harmonic frequencies, (meV) for the molecules  pyramidal molecule. The dipolar lateral contribution is re-
in the most stable adlayers. sponsible for the large reorientation of the two molecules
when we consider a unit cell with twice the previous area.

@ CF, CRCI On one hand, we see from Table Ill that the lateral interac-
X 3.70 315 tions tend to be optimized whereas the holding interactions
y 249 3.49 are very different for the two molecules. This indicates that
7 273 2.90 the_ m(_)lecules woulo_l prefer to adop_t_a co_nfiguration where
their dipoles are antiparallel, thus giving rise to an arrange-
0 2.10 3.05 . . . .
ment of dipolar chains along the Cu troughs with antiferro-
@ 3.20 6.55 \ , . .
X 3.90 550 electric ordering between adjacent chains. On the other hand,

the values of the holding energies of the two inequivalent
molecules are quite different. This suggests that the two mol-
tial depth at equilibrium by about 15 meV per molecule forecules might prefer to increase their _mutual distance along
the CF, and CRCI monolayers. the Cu trough.to reduce the compression on the surface. As a
A second correction arises from the finite temperaturéesylt' thg unit cell would §|gn|f|cantly Increase to recover
contribution. Indeed, the adsorption/desorption energy perreglstry W'th t_he §ubstr_ate, In agreement W'th the Iar_ge unit
molecule can be written 5 cell obtained in diffraction experiments. This feature is cor-
roborated by examination of the dipolar arrangements in
6 Figs. @b) and &c). The actual density is probably interme-
Ep=—V+15meV+kgT 2, ——2 coth—2|, diate between the two drawn structures, leading to high-order
=112 2kgT 2kgT commensurate phases. The tendency to form antiparallel
(7)  ferroelectric chains for CfEl on Cu110) is consistent with
the observation of a high-order commensurate phase with a
similar stacking sequence of ferroelectric chains on the
(0001 plane of exfoliated graphite.

1 fow, ho,

where the dynamical contribution originates from the oscil-
latory motion for the various translationak & x,y,z) and
rotational (@= 6, ¢, x) degrees of freedom of the admolecule

in the monolayer. We have assumed that all these motion When we compare the calculated valueskgf with the
Yer. . : : %onolayer adsorption energies determined from the TDS
can be approximated by harmonic oscillators with frequen-

cies w,. These frequencies, listed in Table IV, have beenspectra(Sec. 1, we find a very good agreement for

calculated for the most stable structures of,@GRd CRKCI CFCl: the theoretical va!ue 1S overestimated by _Iess_ than
. . L ; 5%, whereas the calculation yields a value for,@#ich is

given in Table Il by determining the harmonic force con- 500 | h b | f h a dif
stantsk, and the corresponding mass= x,y,z) or moment 0% too large. There can be several reasons for such a dif-
of inertcila (=10 ) for the different m(,)ti1ons which are ference in accuracy. For GFthe adsorption energy has been
assumed tg be ,(;Pe,():(ou led ' calculated for the structure, which seems to be reasonably

The frequencies aIIFI)ie Below 6 meV(50 cmY) for the close to the minimum energy configuration. The numerical

. qu . : . efforts devoted previoushito determine the correct structure
various motions of the two inequivalent molecules, leadin

to a temperature dependent correction in &g.equal to 17 Jor CF, adsorbed on 110 seem to justify that, in this

meV at around 60 K. The resulting values of the adsorptioncase’ the calculated adsorption energy is quite close to the

minimum value. In contrast, for GEI, only reasonably
Er::egyEA are thus 200 meV for GFand 266 meV for small sizes for the unit cell have been considered in the mini-
3 .

mization calculation, and we are not sure that we have
reached the absolute minimum for &K on CU110). As a
IV. COMPARISON WITH EXPERIMENTS AND consequence, the theoretical adsorption energy foyCCF
DISCUSSION could be larger than the present value of 297.6 meV. How-
ever, as already mentioned, the minimum energy is not so
In contrast to the CFmonolayer for which the energy sensitive to a small reorientation and relocation of the mol-
optimization procedure was applied to relatively large unitecules required for a correct description of the adlayer struc-
cells (218 structurg¢ containing 18 molecules, we have ture, and we trust that our present valueggfis rather close
limited this procedure to low-order commensurate phases faio the value, which would be reached at the absolute mini-
CF:Cl. Indeed, given the size of thd¥(5 ") unit cell de- mum.
duced from the diffraction pattern, the number of molecules Another cause could be the overestimation of the param-
per unit cell should range between 25 and 30. The largeters connected to the holding potential. Indeed, the combi-
number of degrees of freedom prevented any serious analygigtion rules used to estimate the Lennard-Jones parameters
of the adlayer geometry from energy minimization calcula-for the pairs CuX (X=C, F, C) are known to be only ap-
tions. However, the results obtained for the simple unit cellproximate and their extrapolation from the Xe-Cu and
show trends, which can be discussed and compared to tié,-Cu pairs to other species may be questionable. For in-
behavior of CR. In the CF, monolayer, one molecule occu- Stance, decreasing tleg, x parameter by 10% would reduce
pies a mean area of 18.4°Avith a lateral energy represent- the holding potentiaV,g for CF, and CRCI by the same
ing only 35% of the total binding energy. The same unit cellfactor leading to values fov 55 equal to— 135 meV for Ch
used for CECl would lead to a structure for which the lateral and — 145 meV for CRCI. The lateral interaction would not
energy takes nearly the same value as the holding contribde affected and, as a result, the binding energy would be
tion. This is not surprising regarding the polar nature of thereduced by about 17 meV leading to firigl values of 183



PRB 58 COMPARISON OF POTENTIAL CALCULATIONS WIH.. .. 7427

meV for CF, and 250 meV for CECI, in reasonable agree- tions[for instance, Xe on Qd10)], consistent phonon dis-
ment with the experimental data. persion relations. For simple monatomic or diatomic species,
To go beyond, we use our potential to determine the inthe layer structures are either low-order commensurate
teraction energy per molecule in the £&nd CRCI bulk  phases implying a small number of degrees of freedom, or
crystals. The calculated values @ K are —200 meV for incommensurate phases if the lateral interactions are much
CF,, in obvious agreement with the result of Nosed Stronger than the substrate corrugation. Under these circum-
Klein® since we adopted the same potential parameters, arfdances, the numerical search of the layer geometry appears
— 280 meV for CRCL. If we estimate that the kinetic energy t0 be quite accurate. In contrast, when the corrugation is not
increases these values by about 30 meV at 70 K, the calcuregligible or/and the unit cell contains a large number of
lated heats of adsorption are equal to 170 meV fo; @fd  Molecules, the numerical procedures are not accurate enough
250 meV for CRCI. These values are in reasonable agreel0 unambiguously determine the structure of these monolay-
ment with the present TDS measurements, yielding®'S anc_j only trends can be established in conjunction W|t.h
multilayer desorption energies of 150 meV and 204 meV diffraction data. In the present case, we may expect that in
respectively. They can furthermore be compared to the valuk'e light of the experimental data and the calculations, the
of the measured heat of condensation for thg @Bnolayer ~ Strong dipolar nature of the pyramidal &H molecule could
adsorbed on graphite at 70—100(Ref. 20, which ranges Jive rise to the formation of antiparall¢ferroelectrically
between 196 and 215 meV and to the heat of multilayey CFordered chains on Qu10), as already discussed for GH
sublimation equal to 174 meV at 70%. on graphite.
In conclusion, semiempirical potential calculations ap-
plied to CF, and CKCI monolayers adsorbed on the @0
surface give a good account of the adsorption energy per
molecule when compared to thermal desorption experiments. We thank H. Zeng-Martel for help in setting up the ther-
It seems a rather general feature that simple empirical potenmal desorption spectrometer. We also gratefully acknowl-
tials applied to molecular adsorbatgs, Xe, N,, CO, CH,) edge the support of this work by a grant from the Deutscher
on metals can yield accurate adsorption energies, layer struékademischer AustauschdiendbAAD) and the Ministee
ture, and phase transition, and even, in some specific situges Affaires Etranges (MAE) via the PROCOPE program.
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