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Within a semiempirical potential strategy we compar€=a0 K classical determination of the structure of
the CH, monolayer with a finite temperature quantum mechanical treatment of the orientational motions of the
tetrahedral molecules in the layer. In the classical model, the molecules adopt a tripod configuration at a
distance 2.74 A from the surface, with an adsorption energy per mol&ukequal to—228 meV. In the
quantum approach, the nearly uncorrelated orientational motions of the admolecules at a dista@5ok
from the surface look like those of a hindered rotor with large amplitude angular motions. The corresponding
value of the adsorption enerdy,=—152 meV is close to the experimental isosteric heat of adsorption
(—145+10 meV). In addition, the calculated energies of bound states for He atoms trapped near a methane-
plated MgO system indicate upon comparison with scattering experiments, that helium atoms could probe an
orientational quantum CHlayer and not a frozen equilibrium structure, even at very low temperature.
[S0163-182699)01335-1

. INTRODUCTION of CH, at various temperatures. At high temperat(#e K),
quasielastic neutron scattering experiméstsowed that the

First concentrated in the seventies on hexagonal sulmonolayer is solid, the rotation of the molecules being iso-
strates such as graphite’ the studies of adsorption of two- tropic and their center of mass being trapped at their lattice
dimensional methane films were then extended in the lasiites. The diffusion constant was measured for the liquid film
decade to square ionic lattices, namely the0) surfaces of around 90 K and shown to be lower by two orders of mag-
MgO (Ref. 4-18 and NaCl**?° Experimental determina- nitude than on graphite, indicating significant corrugation on
tions of the CH monolayer structure were done using low the MgO substrate. Rotational diffusion on the LCidono-
energy electron diffraction, neutron scatterig;'® helium  |ayer was then studi@dbetween 20 and 50 K, which evi-
atom scatterinf'* (HAS) and polarized infrared denced isotropic rotation of methane molecules above 40 K,
spectroscopy!***°whereas measurements of the adsorptiorand intermediate motions between free rotor and rotation
energy were obtained from thermodynanfend desorption  around a twofold axis perpendicular to the surface Tor
experiments! On MgQ(100), methane was shown to form <40 K. Rotational tunneling of methane on MEDO was
an orderedc(y2x \2)R45° structure at low temperatute, examined at very low temperaturd {4 K) by inelastic
and a two-dimensional liquid phase above 85 Rne heat of neutron scatteringwhich concluded to a dipod orientation
adsorption estimated from volumetric isotherms is equal taf CH,. Recent experiment$ at even lower temperature
13.1 kJ/mok® a value that agrees well with desorption (T=1.5 K) compared the high-resolution inelastic neutron
measurements. On NaC[100), CH, accomodates rather a tunneling spectrum of the GCH monolayer with the
(1x1) monolayer at 45 K whereaspg2 X 2) structure was multilayer one. They corroborated the trend for a dipod ori-
observed at lower temperature. This latter geometry evolvesntation on the basis of symmetry arguments applied to tun-
toward a (1X 1) phase after about two hours as the probableneling data at 1.5 K, while the spectrum broadened gradually
result of nuclear spin conversiéfh.The heat of adsorption until molecular rotational diffusion was evidenced at 15 K.
measured at submonolayer coverage on NEID) is the  The results of HAS measurementsTaaround 30 and 40 K
same as on MgQ.00).1° could also be interpretéon the basis of free rotation of

However several questions concerning the orientationaCH,; molecules at their adsorption sites. An Einstein-like vi-
and translational dynamics of the Glirholecules on the sur- brational mode was found at 7.5 meV in time-of-flight spec-
face remained partially answered, only. On NaCl, an analysigrum. Finally, the polarization infrared spectra of £Hd-
of the infrared spectfd tended to privilege a dipod configu- sorbed on Mg@L00) at T=40 K appreciably differed from
ration for the admoleculgs.e., two hydrogen atoms pointing those observed on Na@pO0), and were preferentially inter-
towards the surfagebut a tripod orientation with three hy- preted on the basis of free rotating molecuies.
drogens pointing towards the surface could not be excluded, The question about the preferred orientation of methane
in the case where the molecules perform free cogwheeling omolecules on thg1000 MgO surface was also addressed
the surfacé® On MgO, inelastic neutron and helium probes theoretically. Molecular-dynamics simulatidAsand 0 K
were extensively used to measure the dynamics and kinetiequilibrium calculationS using semiempirical potentials

0163-1829/99/6(11)/833310)/$15.00 PRB 60 8333 ©1999 The American Physical Society



8334 S. PICAUD, C. GIRARDET, T. DUHOO, AND D. LEMOINE PRB 60

showed that the tripod orientation for the molecules wageciprocal space of the MgO surface. In addition, the induc-
much more stable than the dipod one. For the monolayetjon interactionVy,s accounts for the polarization of the mol-
two structures characterized by different tripod orientationsecule, with polarizability® acn,=2.6 A3, by the electric

of the molecules were fouriito have nearly the same sta- fig|q of the substrate. The lateral interactiotg,, between
bility and the lack of energy barrier between these structure&H4 molecules are written in the same way as the sum of
was mterpret.ed as the signature of a possible free COgWheqlénnard-Jones\(B,F,f,,) and of electrostatic \(II\E/IM) interac-

ing CH, motion. However, the calculatgd energy per mOI'tions between the C and H atoms. Higher terms such as
ecule (23 kJ/mo) was strongly overestimated when com- g a1 mediated contributions are neglected.

pgtr_ed tol tr}et_engr;ment?; ;’ﬁlt(z.?"l dka]/ mo). Ea;her aia_ The total interaction potential between the molecules and
initio calculations” favored the dipod-down configuration .o <\ \rface is then written as

for the CH/MgO(100) system. The results of quantum

chemical approach were recently revisited on the basis of

high-levelab initio potentials, in conjunction with embedded = z V',\D/E(Ri ,Qi)+V,'\EAS(Ri 1Qi)+V:V|S(Ri Q)
cluster modet® It was shown that the dipod orientation for a i

single methane molecule is slightly more stable by 0.8 kJ/

mol than the tripod configuration. This trend was confirmed +2 [VEATA(Ri R;, vﬂj)+VII\EAM(Ri R, Qi Q)]
in the monolayer, but the surprinsingly low valg@.5 kJ/ J#i

mol) of the calculated total adsorption energy per molecule 1)
compared to the experimental one, could let some suspicions

on the accuracy of the dipod versus tripod energy differenceyhere the position®;=(x;,y;,z) and the orientation€,

In this paper, we investigate theoretically the adsorption= (¢, ,¢;,x;) of theith molecule are referred to an absolute
of CH, on MgO on the basis of a quantum description of theframe tied to the surface.

orientational motions of the admolecules. Such an approach
was recently used to characterize the adsorption of quantum
layers (H, D,) on NaCl?*and it is expected to be necessary
for the study of molecules characterized by small mass and Within the classical approach, the admolecule character-
large rotational constant when the substrate corrugation reastics (adsorption site and energy, molecular orientation,
mains small. Semiempirical potentials for the GHAgO  structure of the adlayer . .) aredetermined from the mini-
system are used to compare the adsorption characteristics finization of the potential energy with respect to the trans-
the classical and quantum approaches. These results allow lagional and orientational variables of the admolecules. The
to calculate the bound states of helium atoms impinging orminimization procedure, based on a conjugate gradient
the CH, monolayer, using a quantum description of themethod, has proved to be very accurate for many adsorbate/
He/CH, collisional process. This calculation serves as asubstrate systenfé-?’
probe of the monolayer geometry since the bound states can The single admolecule is adsorbed in a tripod configura-
be directly compared to the experimental HAS d4ta. tion above a Mg site, at a molecule-surface distazce
The organization of the paper is as follows: In Sec. I, we=2.74 A and with an adsorption eneryfy= — 204 meV. The
present the study of the adsorption characteristics on the balipod configuration above the same adsorption site is much
sis of both classical and quantum approaches. Section IlI ikess stable Y= —149 me\j and the corresponding equilib-
devoted to the determination of the bound-state energies faium distance is much largee£ 2.98 A). Note that when the
He/CH,/MgO. The discussion of the results and the com-monopod orientation is considered, the molecule is adsorbed
parison with theoretical and experimental studies are givelvetween two cations, at the distarwe 3.40 A and with an
in Sec IV. energy equal te- 98 meV. At the monolayer completion, the
lateral interactions between GHhinolecules adsorbed on ad-
jacent sites of th€100) surface(distancea=2.98 A) are
Il. DETERMINATION strongly repulsive. By contrast second nearest-neighbor Mg
OF THE ADSORPTION CHARACTERISTICS sites @y2=4.21 A) accomodate very well attractive inter-
actions between CHsince this distance between nearest-
neighbor molecules is close to the bulk methane parameter
The molecule—substrate potentig,s is written as a sum equal to 4.6 A . Thus, in accordance with neutron diffrac-
of two main contributions: the pairwise atom-atom Lennard-tion experiments, we consider monolayer structures with a
Jones interactions describing the dispersion-repulsion contrianit cell rotated by 45° with respect to the substrate unit cell,
bution Vk’,l%, and the electrostatic tern’\s,\E,IS characterizing and a density of one CHmolecule per two substrate Mg
the interaction between the multipole moments of,Gtid  sites.
the strong electric field of the MgO surface created by the The relative stability of three different monolayer struc-
chargesyyy= —do=1.2 €% Due to theTy symmetry of the tures, namely the \(2X\2)R45° (case & the (22
CH, molecule, the first non-zero electric moment is the oc-x \/2)R45° (case b, and the (2/2x2\2)R45° (case ¢
topole, which is schematized, within the distributed multi- phases containing one, two and four molecules per unit cell,
pole analysis approach, by five charges distributed on the Gespectively, has been studied from the potential minimiza-
and H atoms §c=—0.572 e andyy=+0.143).1> To en-  tion. For case a, the CHmolecule is found to be adsorbed
sure the convergence Wt ¢ for the electrostatic interaction, above the Mg site, at=2.74 A and with the tripod orienta-
the charge—charge term is expanded in the two-dimensiondibn (Fig. 1), exactly as for the single admolecule. The total

B. Classical approach

A. Interaction potential



PRB 60 QUANTUM DESCRIPTION OF THE HINDERED ROTOR ... 8335

a slightly larger contribution of the lateral interacti@iil %)
in case c¢ balanced by a slightly less stable configuration of
the molecules on the surface in case b. Therefore the transi-
tion from phase b to phase ¢ should be allowed by a free
cogwheeling motion in agreement with the results of Afvi.
We have also performed energy calculations for the same
structures containing now molecules in dipod orientation.
The most stable dipod structure is the\@x 22)R45°
phase containing four molecules per unit cell at the
molecule—surface distanae=3.03 A . The adsorption en-
ergy per molecule is equal te-177 meV, only, and it is
clearly less stable than the tripod stucture by about 50 meV.
Therefore, we conclude that, for the semiempirical potential
considered here, the most stable monolayer structetas-
sical approach are the (2/2x\2)R45° and the (22
X 2,/2)R45° phases, with two and four molecules per unit
cell, respectively, adsorbed on Mg sites with tripod orienta-
tions. The barrier to the CHrotation is large(55 me\) and
the center of mass of the molecule is strongly trapped at a
distance of 2.74 A from the surface, above the Mg site. The
harmonic frequencies connected to the perpendicular vibra-
tions and to the lateral vibrations of the ¢denter of mass
are w,= 129 andw,= w,=55 cm 1, respectively.

C. Quantum approach

Since the methane molecule is characterized by a high
symmetry, a relatively light masg=2.66<10 22 g and a
large rotational constafi=7%2/21 =5.25 cm *,% a quantum
approach should be more appropriate for the determination
of the orientational properties of the adspecies.

1. Single molecule

The total Hamiltonian for an adsorbed rigid ¢hholecule
labeledi is defined as

2 2
|

Hi=5+ 51 V(R €20, @

2u

whereP; andL; are the linear and angular momenta of £H
respectively. We solve the secular equation connectedl to
using an iterative procedure.

First, we consider the CHmolecule as a free rotor above

FIG. 1. Geometry of the stable structures for the,@hbnolayer the surface with eigenstat¢3MK), and we minimize the
adsorbed on Mg(@O00), within the classical approach :yg  average potentla(lJMKlesl_JMK> with respect toz for a
X \2)R45° phase containing one molecule per unit ¢alj (242  Sampling of &,y) positions in order to obtain the potential
X \/2)R45° phase containing two molecules per unit ¢bll and  energy mapVys(X,y). This potential energy mapPEM)
(2\/2x22)R45° phase containing four molecules per unit cell gives information on the trapping of the molecular center of
(©). mass on the surfadaite x(?),y(®),2(9) and on the possible
diffusion valleys. At this site, we then solve the secular ori-
entational equation connectedH by expanding the orien-
tational eigenstates as a linear combination of the free rotor
eigenkets, &3

energy is equal to-225 meV and the lateral energy repre-
sents 9% of the total potential, only. The two other cages

and 9 differ by the relative orientations of the H atoms in the
tripod configuration(Fig. 1) and thus by the relative orienta-
tions of adjacent molecules. In these two phases the adsorp- ; _ jmk

tion energy per molecule is the samé=¢ — 228 me\j. Note [imig JMk auik| IMK). ®
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The corresponding secular equation is written

. 4 !k!*
> > alkal MK I(BI(I+1)—EP) Sy Sum: Sk
JMKJ!M!KI

+(I'M'K'[Viyo(xO,y0,20, 9,4, x))| IMK)] =0
4)

whereBJ(J+1) is the rotational energy of GHn the gas

phase. The solutions of E¢) are the new eigenvalu&.i?qomk

and eigenketgjmk) for the admolecule. In principle, this
procedure is iterated by considering the new map
(jmk|Vygljmk) and determining the new valuesxyfy, and 05
z until convergence is reached. At each step, we can have
information on the translational dynamics of the molecule by
solving the part of the Hamiltonian, which depends on the 0.40
motionsx,y, andz of the center of mass around its equilib-

rium [Eq. (2) after replacingVys by (Vys)]. The expansion 0.35
coefficients in the free rotor basj&q. (3)] depend on the
symmetry and magnitude of the PEW),s and also on the
shape of the admolecule. The orientational dependence otz 025

0.45

0.30

Vus is consistently expressed in terms of 'Dé,q Wigner -
functions?! The first nonzera” order is of rank 3 due to the 0.20™-
T4 symmetry of CH. For a given valuel, the Wigner ex- 014
pansion of Eq.(3) implies (J+1)(4J?+8J+3)/3 basis

states including the degeneracy MhandK. The expansion 0.1q

was truncated to the upper valde=6, yet involving 455

kets of the free rotor basis. Therefore, in practice conver-

gence of the iterative method is rather time consuming. 0.
At the first step of the iteration, i.e., when the molecule '

behaves as a free rotor, the electrostatic pa¥p vanishes

and the remaining term N, comes mainly from the iso- FIG. 2. Potential energy map for a free rotating Otolecule

tropic part of the dispersion-repulsion interaction. The correabove the Mg@QL00 surface. Energy in meV, distances in reduced

sponding potential mayys=(IMK|VygJMK) drawn in unit of a;=2.98 A
Fig. 2 shows that the stable site is found above a cation

0.05

00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
x {ur)

(x@=0y®=0), for a molecule-surface distance®) lj=0m=0k=0)
=3.18 A and an adsorption energy equal td16 meV.
. . =0. +0. —0. —0.
These values are very different from the frozen configura- 0.621000 +0.151100) - 0.185200 — 0.393300)
tions discussed in Sec. 11B. The anion site is significantly +0.36930—3)—0.365303) + 0.16340- 3)
less stable since the energy increases up 8 meV and the
distance up t@=3.49 A . The corrugation along the diffu- —0.163403 + - -- ®)

sion valley between two consecutive Mg sites is significantly
lowered (8.5 me\} when compared to the frozen configura- As is expected the interaction of the molecule with the sur-
tions. face strongly mixes the free rotor states. As a result, the
Figure 3 exhibits the orientational levels obtained fromnon-rotating, free Cli contribution[i.e., @392 in Eq. (3)]
the resolution of Eq(4) after two steps, for which we con- accounts to slightly less than 40%. In addition, the ground-
sider that convergence is reached in analogy with calculastate mixing mostly involves thé= K =3 states that contrib-
tions performed in Ref. 21. When compared to the orientaute in total for slightly more than 40%. Such a symmetry of
tional level scheme of the free rotor moleculleft-hand side the ground ket indicates that the adsorption site corresponds
of Fig. 3), the new level scheme clearly exhibits the influ- to a hindered rotation of CHwith large amplitude motions
ence of the surface through the degeneracy removing of theround the tripod configuration.
|JMK) levels, leading to a splitting of the levels witkd Figure 4 shows the density of probability for finding the
#0 and K#0. The lowest eigenvalug€y, lies at —140  molecular axis orientatioitumbling & motion) for various
meV and it corresponds to the ground orientational levelalues of the internal rotation angiewhen the molecule is
above the cation site, which is written in the free rotor basisn its ground orientational state. Note that due to the internal
such as: symmetry of methane, we can limit our study yovalues
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for y values smaller than 30° ang60°. Let us mention
that the classicalfrozen configurations for the tripod and
dipod geometries would correspond ye-60°, §=72° and
¢$=0°, and to y=0°, 6=55°, and $=0°, respectively.
Thus, we can conclude that the orientation of ,Cid no
longer frozen as it is in the classical approach, and that the
quantum result favors tripod and, in a less extent, dipod ge-
ometries.

The excited orientational levels drawn in Fig. 3 stand very
close togethefmore than 20 different states within 3 meV
above the ground levelAs a consequence, at finite tempera-
ture, a bunch of levels are populated and a better description
of the final mean orientational map can be obtained after
averaging over the canonical distribution of population, that
is

o e~ AEjmk/KT
Vus= E —Z
k

m

(imk|Vyg jmk), (6)

where AE;,, characterizes the energy difference between

Mhe |jmk) level and the ground stat00), and Z is the

study above the adsorption site. The insert shows the detail of the ) . . o
first orientational levels. For comparison, the free rotor scheme i§@nonical partition function. The minimum &fys for the
given on the left hand side of the figure, as a function of the rota@dmolecule aff =25 and 70 K thus corresponds to energies

tional constanB.

equal to —144 and —145 meV, respectively, at the
molecule-surface distance of 2.95 A .

ranging between 0 and 60°. The large value of the full width

2. Monolayer

at half maximum(about 40°) of the various curves indicates
large amplitude motions around the most probable adgle
The tripod configuration is clearly favored foy values
around 60° and~ 70°, while the dipod configuration occurs

The Hamiltonian for the Cilmonolayer is written as

|¥ > (arbitrary units)

FIG. 4. Density of probability for finding the molecular ori-
entation for various values of the internal angleand for $=0°,
calculated in the ground orientational stafe=0,m=0k=0),

140

160

180

H=2i Hﬁ% Vum(Rij &, Q) @

where the first term characterizes the sum of the Hamilto-
nians H; [Eq. (2)] over all the CH admolecules and the
second term accounts for the lateral interactions in the mono-
layer. R;; is the instantaneous distance betweenitheand

jth CH, molecules. The solutions of the secular equation
connected to the Hamiltoniad [Eq. (7)] are obtained in a
way similar to the iterative process used for the single ad-
molecule. We consider first a free rotor basis for the set of
admolecules and calculate the mean lateral interaction in the
ground orientational statél;|J;=0,M;=0,K;=0) for the
(V2% \2)R45° layer structure. The value of the mean inter-
action(Vyuwm) per molecule is equal te- 20 meV. This con-
tribution represents less than 20% of the molecule-surface
binding energy. When we averadg,,, in the ground state

of the quantum basisl;|j;m;k;)=11;|0;0,0;) obtained after
two iterations the mean value slightly changes-ta3 meV.
ThereforeVy can be considered as a small perturbation
with respect toV,,5 which, within a first—order perturbation
theory, modifies the eigenenergies without changing the
eigenkets. The final bas|$;m;k;) for each admoleculé is
used, within the mean field approximation to calculate the
mean orientational energy mapis+Vum)i per molecule

of the monolayer, and E6) is applied to take into account
the finite temperaturd@ in the range 25 to 70 K. The corre-
sponding lateral interaction for a/2x \/2)R45° monolayer

above the Mg site. Due to the site and molecule symmetries, weontaining one molecule per unit cell is equal Q=
have restricted the range gfvalues from 0 to 60°.

—22 meV.
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TABLE |. Adsorption characteristics obtained in the classical and quantum approaches for the CH

monolayer

Monopod Dipod Tripod Free rotor Hindered rotor Experiment
z(A) 3.40 3.03 2.74 3.18 2.95
Ea (MeV) —119 =177 —228 —127 —152 —145+10
foy (cm ) 25 36 55 31 40
ho, (cm™t) 25 36 55 31 40
fw, (cm 1) 77 106 129 88 95 60

Within these assumptions, the total orientational energyorbed on graphite by Lares al. who showed that three
for the CH, monolayer adsorbed on Md@0) is then equal body interactions can have a measurable effect on the deter-
to —162 meV per molecule. The final value ols Mination of the bound-state energfésThe free atom model
§1as also been invoked by Jumegal. to rule out the tripod
equilibrium configuration of the CHmonolayer adsorbed on
MgO(100) and probed by helium atond8.The goal of the
present section is to repeat He bound-state calculations for
the methane-plated MgO system, on the basis of the new
éesults described in Sec. Il

+Vum)i is then used to calculate the vibrational frequencie
of the molecular centers of mass parallel]y) and perpen-
dicular (2) to the surface. This yields the values=w,
=40 andw,=95 cni !, which are much lower than the val-
ues obtained in the classical approach.

When the translational energy is taken into account, th
resulting adsorption energi, per molecule in the mono-

layer defined as the energy required to bring an admolecule A. interaction potential

into its gas phase is equal #,=—152 meV. The charac- The physisorptive interaction between an impinging He
teristics of the Clg adsorption in the monolayer phase areatom labeled and the methane-plated MgO system is writ-
given in Table | for the two approaches. ten ag%%

Vi(r)=Vim(r) +Vis(z) +Vi(r)). (8

I1l. HELIUM SELECTIVE ADSORPTION SPECTRUM . o . .
The first two contributions in Eq(8) arise from two-body

Experiments focusing onto diffraction-mediated selectiveinteractions with, respectively, the adlayer and the substrate.
adsorption are quite useful in the study of atom scattering, defines the instantaneous position of the collider with re-
from physisorbed overlayeis>! since they bring indirect spect to the target. Two additional terms, namely many-body
information on the geometry of the targéiere the CHH  corrections involving the scatterer and adsorbate pairs, and
monolayey through the dynamical behavior of the atomic accounting for the substrate-mediated interaction with the
probe. Indeed, as the collider approaches the adlayer it caidlayer are generally small. Although they appear negligible
get trapped near the surface through a resonant diffractiofor this system they have been included to allow for a com-
transition, resulting in a sudden variation of the intensity ofparison with the results of Ref. 19, represents the effect of
the specular or diffracted beams. A zeroth-order Hamiltonianhermal perpendicular vibrations of the adlayer, as deter-
representation of the scatterer motion perpendicular to theined from data of Sec. Il. From E¢g) it is clear that the
surface is used to derive the desired bound-state energies. ¢drrugation originates only from the dominant adlayer con-
the Fourier expansion of the potential between the scatterefibution V, and from its thermal correctiow, . Indeed, the
and the target the coupling due to non zero values of@he trapped He atoms remain far enough from the substrate to
reciprocal vectors is neglected and the one-dimensionajonsider that He—MgO interaction essentially amounts to a
Schralinger equation for the laterally averaged potentiallong-range van der Waals attractibh, and does not yield
Vs-0o(2) is solved vsz, wherez defines the position of the appreciable corrugation.
atomic collider with respect to the surface. In this model, the  The analytical expressions definig,, ,V,s, andV,, are
translational motion along the surface is assumed to be urgiven by Eqs(5)—(13) of Junget al° We have retained the
affected until the atom returns to the gas phase, i.e., no dilsame expressions and the same values of the relevant param-
fractive transition occurs in bound space. The atom is aleters. Yet, we consider in this paper the data obtained from
lowed to escape from the surface either by transferring it$oth classical and quantum approaches in Sec. Il. The domi-

parallel energy into diffraction or through an inelastic pro- nant termV,,, is evaluated as a sum of pairwise interactions
cess. Although this so-called “free atom” approximation is U, as

derived within a smooth surface assumption it has been ap-
plied in several studies of highly corrugated surfaces such as
physisorbed overlayers. dssonet al3° have found that the V|M(r.)=2| Uo(pi) + 23 Up(p)Tp(7i, ) |, (9)
position of isolated resonances is well predicted by the free -

atom model in the scattering of hydrogen atoms from a Xewhere the first sum is over the GHattice sitesR; and the
monolayer on graphite. Gibsat al. have demonstrated that second sum is over the successive anisotropic contributions
the selective adsorption data is extremely sensitive to the Hef the gas phase He—GHbotential (0=0 corresponds to the
interaction with overlayers of rare gases physisorbed ofsotropic part. (p,,7y,,¢,) are the spherical coordinates of
Ag(112).3* A similar conclusion was obtained for Kr ad- this potential. Like Jungt al., we have used the potential of

4
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é 10 - FIG. 6. Laterally averaged potentials for the tripod, dipod, mo-
~ 3 nopod, and free rotor configurations of the adlayer, and for the
R 5+ guantum aproach, within the He—Ghhteraction model of Buck
— 3 et al.
2 gl
properties, thereafter leading to the sequence in terms of ad-
By '3 3'5 L 4'5 P layer configurations displayed in Fig. 6. With regard to the

D (A) eigenvalues the agreement is fairly good for the ground state
whereas there are some notable discrepancies on the weakly
) ) bounded states. The relative differences amount to about
FIG. 5. Potential energy curves for He approaching,@Hthe 1o, onE, and to about 20% oE,. Furthermore, we do not
gas phase along the vertex, edge, and face orientations, and for ta?stinguish between théd10) and the(011) dipod orienta-
isotropic term. The uppeflower) panel pertains to the model of tions since they are found to produce the savke o(z)
Buck et al. (Henkelet al). curves. Overall, despite some departures the comparison pro-
vides a valuable check of our numerical procedures.
Figure 6 depicts the laterally averaged potentials obtained
or the tripod, dipod, monopodclassical approagh and
ee-rotor configurations, and for the quantum approach, with
e respective values determined in Sec. Il and within the
e—CH, interaction model of Buclet al3 Let us recall that
e adsorption height varies from 2.74 to 3.40 A as,CH
orients from tripod to monopod and it is equal to 2.95 A

Buck et al. combining self-consistent fieldSCH calcula-

tions with damped dispersion coefficietitsand, in addition,

we have considered the semiempirical potential of Henke
et al3* These two gas phase potentials are displayed in Fig.
for the vertex, edge and face molecular orientations, that i
for He approaching respectively, along a H—C bond, alon
the bisector of the angle between two H—C bonds, and alon
a C—H bond. The potentials are less repulsive as He close . : .
interacts with more H atoms, respectively one, two, and thre or the orientational basis. The free rotor case amounts to

for the vertex, edge, and face approaches. The isotropic pa§FIectmg the isotropic He—CHnteraction at a Clfsurface

of these potentials is also shown for comparison and it ap(-jIStance equal to 38LA . Even if we have found that CH

pears to be intermediate between the vertex and edge curvecé';?nnOt freely rotate .at very low-surface temperature pro bed
in the neutron experiment§ &4 K), the free rotor model is

an asymptotic situation which may have a physical meaning
at high temperatures, such as those probed by the HAS ex-

The diagonalization procedure is the same as in our preperimental range of 22—46 ¥.Note also that the free rotor
vious study on He—(X 1) CO/NaCI*® ensuring that the ei- averaging treatment can be useful to account for tunneling
genvalues are converged to better than 0.01 meV. The critexchange of one H up and one H down, analogous to £HD
cal task is then to computég_q(z) accurately. This was on NaC[100.3® The unrealistic monopod configuration is
carried out first for the conditions used by Juetal,X° thus  also presented because it closes the sequence of curves that
serving as a check that (r,) was properly evaluated. Upon can be qualitatively compared with the gas phase potentials
comparison of our test resultsot presentedwith data of  of Fig. 5. In order to facilitate the comparison the same line
Ref. 10, the agreement is very good on the well depths andtyle has been selected from the most to the least repulsive
minimum positions as far as we match the tripod results opotential curve. One could expect that the helium atom in-
Junget al. with the present monopod data. In the sphericalteracts strongly with one, two, or three H atoms on average,
harmonics expansion of the gas phase potektjathanging whenever the CHllayer is assumed in a tripod, dipod, or
the sign in front ofU; switches between the vertex and face monopod adsorption configuration, respectively. This is ac-
orientations of CH. The relevance of this point shows up in tually the correct trend as the sequence of curves is mono-
the fact that Refs. 3BEqQ. (2)] and 34[Eq. (14)] select op- pod, dipod, quantum basis, free rotor, and tripod for the lat-
posite signs in front ofJ;. However, the sequence depicted erally averaged potential, consistent with the ordering face,
in Fig. 5 is based on the SCF findings and not on numericaédge, isotropic, and vertex in gas phase. The cases of more
subtleties’® Caution has been taken here to identify the ver-than one CH molecule per surface unit cell need not be
tex and the face orientations with respect to the interactiomeported. Indeed, the resulting;—_o(z,) curves are found

B. Bound-state energies
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TABLE II. Well depth (D in meV), minimum position g, in A), and bound-state energﬁk in meV)
of the laterally-averaged potential obtained for the configurations discussed in Seabl# ) and within the
He—CH, interaction model of Ref. 33. Experimental energies of Ref. 10 are also indicated.

Monopod Dipod Tripod Free rotor Hindered rotor Experiments
D 6.51 5.83 4.56 5.23 5.34
Zim 3.19 3.36 3.67 3.44 3.44
|E{)| 4.21 3.75 2.74 3.30 3.40 3.63.18
13 1.44 1.27 0.85 1.07 1.13 1.29.10
|E'2| 0.38 0.33 0.20 0.27 0.29 0.41.08
|ES| 0.07 0.06 0.03 0.05 0.05

either identical by symmetry to the case of one molecule per Table | shows that the adsorption energy per moleEile
cell, or negligibly differing, when averaging over all sites of calculated within the quantum approach is much closer to the
the extended cell. experimental valu€ than any other data resulting from clas-
Table Il lists the well dept{D) and minimum position  sijcal frozen configurationgdipod, tripod ..) or from the
(zim) of helium atom on the surface as well as the boundfree rotor model. The quantum description of the hindered
state energies determined from each of the five configurantor motion of CH also produces the perpendicular fre-
tions and the corresponding potentials drawn in Fig. 6. Weyencyw, that is closefwith that of the free rotor modgto
see that the well depth is maximum for the monopod angpe experimental measurement. However, the agreement is
minimum for the tripod, the dipod and quantum approachy,,i yery good, indicating that the potential shape around
valges being mtermegilate. The d'Stam varies in an op- quilibrium is probably not well described by the present
posﬁi sertl)se_ang it is close for thetﬁhpgd, f:jee tr(t)tor,f ant(gxpressions of the interactions between,Cithd the MgO
uantum basis. As a consequence, the bound states for the . .
gipod, free rotor, and quantuqm basis are rather close to eacsnurfacg. This feature is also commonly observed fg{ the phy-
other while the monopod and tripod are clearly outside theSISOrptIOn of rare gas atom_s and molgcules on métals.
range. The bound-state energies for helium atoms calculated

Table 11l presents the results stemming from the potentia]crom the Buck's® and Henkel’§4 potentials are given in
of Henkelet al3* for the same configurations of the mono- Table; Il and IlI, respecuvely. They can be compared to the
layer. As can be seen in Fig. 5 this gas phase model is legxperimental dafd repor.ted. in the last column of Table II.
anisotropic than the Buck’s potential, especially in the wellWhen the Buck's potential is used we see that the monopod,
region, and it features much shallower wells. Hence, it is notiPod, and even free rotor models do not provide results
surprising to get energy levels that depend more weakly ofonsistent W_|th experiment Whlle th_e values of the energies
the molecule configuration and that are noticeably shifted ug@lculated with the dipod configuration and the quantum ap-
overall. Note more specially the consistency between th@roach are in satisfactory agreement with the experimental

level scheme deduced from the dipod configuration and fron§lata. These two latter approaches lead also to results that are
the quantum basis. closer to experimental measurements than the other models

when the Henkel's potential is considered, but the overall

agreement is clearly less good than with the first potential.
IV. DISCUSSION The fact that none of the investigated configurations can
CR_erfectly meet the criteria of the experimental interpretation
gan have several origins. First, we can question the validity

the semi-empirical He—CHdescription that does not re-

produce the SCF repulsive anisotropy. Of course, this seems
probable, but since we are not aware of any recent and ac-
curateab initio treatment of the full He—CJinteraction, this
also remains hypothetical. In fact, ab initio study of the
dispersion force$ has been published in between Refs. 33
and 34. The leading dispersion coefficient was found to be
Cs=12.34 a.u., a value that is intermediate between that of
Ref. 33,Cs=13.74, and that of Ref. 34C¢=11.20. This
Monopod Dipod Tripod Free rotor Hindered rotor SHhOWS that none of the two gas phase potentials considered is
really convincing. One could think of inserting the dispersion

Two types of data are used to test the present approa
those that are deduced from direct investigations of th
monolayer characteristics, namely the adsorption energy a
the perpendicular vibrations of the Gldenters of mass, and
those provided by the analysis of the collisional process o
the monolayer by He atoms.

TABLE lIl. Well depth (D in meV), minimum position g, in
A), and bound state energy‘:K in meV) of the laterally-averaged
potential and within the He—CHinteraction model of Ref. 34.

D) 5.27 526 474 5.05 5.16 of Ref. 38 into one or the other model. However, in both
Zim 3.35 3.39 355 3.42 3.42 cases a damping function is used to switch from the attrac-
1= 3.14 318 287 3.03 3.12 tive to the repulsive behavior and the relevant parameters are
|E} 0.89 094 0.86 0.88 0.93 closely connected to the fit of the measured differential cross
|EY) 0.19 022  0.20 0.20 0.22 sections of He scattering from GH>3*

|EL| 0.03 0.04 0.03 0.03 0.04 Another issue has to be raised as well, that is the free

atom model. Jungt al!° have calculated some matrix ele-
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tripod analysis yields the highest bound level whereas the

4
o ‘\ ' ' deepest local well occurs for He approaching the tripod;CH
oL ‘\ adlayer above the center site wilh-=14.68 meV to be
" \ compared withD=4.56 meV forVg_o. Even though the
> 4l ‘\ anisotropy is partly damped with the semiempirical descrip-
% L \ tion of Henkelet al, the site-dependent potentials vary simi-
~ 8| M larly, with tripod well depthD .= 11.34 meV to be compared
> 0 Di -7 average | with D=4.74 meV forVg_,. If the free atom model is to be
1p0d ----------- atop . . . .
.12 adsorption -+ bridge invalidated not only are the_z calculate_d (_algenvalues irrelevant
= but furthermore the experimental binding enerfflese of
-16 — } } little use as well since their derivation relies on the same
i basic assumption. By contrast, if the analysis in terms of
0 '-‘\ guantum approackfree rotor or quantum bagiss more ad-
Ly " equate, then certainly the free atom model should give reli-
S 4L i Tripod able data.
g Ly adsorption In conclusion, we have extended a prior quantum treat-
: — \ p : ment of the hindered rotor motion of ,Hadmolecule to
O T average J that of CH, adsorbates involving a much more complex basis
np N\ P ;tr‘;g e expansion. This description gives satisfactory agreement al-
- ~_.” - — — center beit not perfect either for the adsorbate characteristics or for
-16 L L ' ' ' L ' the bound-state energies of He. This could indicate that the

1 15 2 25 3 35 4 45

; (A) semiempirical potential describing the adsorbate—substrate

interactions is not elaborated enough to account for the con-
figurations obtained fromab initio potential calculation$>3°

FIG. 7. Potential energy curves based on the He;@kerac- It is somewhat surprising that this semiempirical potential
tion model of Bucket al, for He approaching the adlayer above the fails for such a simple system since it was demonstrated that
atop, bridge, and center sites, and for the laterally averaged ternmo energy transfer and thus, no chemical effects, take place
The upper(lower) panel corresponds to the dipdulipod) adsorp-  in the adsorption process of Glén MgO. One reason might
tion configuration. be that the system under study is not that simple since we

have demonstrated that a quantum approach is required and

ments of the higher-order Fourier expansion terms of(Bxy. since CH is much more complex thanj1One could think
that are useful in a perturbation treatment of the free atonof some enhanced sensitivity of the investigated properties
model to get the band structure of the bound states. Theipnduced by the quantum behavior of @HOne could also
have done it for the free rotor assumption and found that théhink that full convergence has not been reached in our quan-
coupling matrix elements were quite large, consistent wititum approach. But the numerical iterative procedure used to
the bumpiness of the potential. Indeed, the molecular specialculate the orientational motions of ¢ln the basis of
ficity of the adlayer effects in an unusually large corrugationpotentials with distributed charges and sites is too time con-
for He. The configuration deduced from the quantum ap-suming to test this full convergence. The fact that the tripod
proach has been found to lie much closer to the dipod consymmetry prevails after two iterations in agreement with
figuration than to the tripod one. Figure 7 illustrates the cor-classical minimization, lets one hope that any subsequent
rugation of the Clij monolayer probed by He, within either iteration should only serve as a refinement. Anyway, regard-
the dipod(with z,=3.03 A) or the tripod(with z,=2.74 A) ing the symmetry of the trapped system, it is most probable
assumption and the gas phase model of Betchl. The cor-  that the molecule orientation should not favor an adlayer
rugation amplitude at the rise of the repulsive wall, Me. configuration close to the dipod one on the surface and that
=0, is roughly 1.3 and 2.5 A in the dipod and tripod casesCH, should rather display large amplitude angular motions
respectively. These values reflect the difference between Heear the tripod equilibrium geometry. Let us note that, due to
approaching above either the atop or the center site. Thiie T4 symmetry of CH, correlatedy and § large amplitude
largest anisotropy can be expected to occur for the tripoéngular motions favor instantaneous configurations that
configuration since the gas-phase interaction is the most resould be identified either to quasidipod or quasitripod geom-
pulsive along the vertex approach as for He above the atogtries by the He or neutron scatterers.
site, and the most attractive in the high-symmetry face ap- Regarding the He-bound state investigation we have
proach, similar to He above the center site with four sur-found that the frozen dipod configuration and the quantum
rounding H atoms. Yet, one should not forget that the anisothindered rotor model give similar energies. The quantum
ropy is partially damped within either the free rotor model ormodel is clearly more adequate for an analysis of the, CH
the quantum description of the hindered rotor motion. Therestructure with temperature since it leads to a nearly free ro-
fore, these two approaches provide a more adequate basis fiation of the CH molecules as soon as temperature increases
the free atom model to give reliable data. If the frozen conto 20—30 K. Such a result is consistent with the data of
figurations are to be scrutinized, as indicated by the energinelastic neutron scatterifgand with the interpretation of
minimization calculationgclassical approaghthen the free polarized infrared spectrd.Furthermore, the degeneracy re-
atom model is certainly inadequate with respect to the hugenoving of the orientational states, which rules out the fun-
anisotropy both in position and in well depth. The precedingdamental orientational transition with energy equal ® 2
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=1.2 meV seems to be verified in recent results dealing with ACKNOWLEDGMENTS
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