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Quantum description of the hindered rotor motion of CH4 adsorbed on MgO„100…
and He-bound state analysis
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Within a semiempirical potential strategy we compare aT50 K classical determination of the structure of
the CH4 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 Å from the surface, with an adsorption energy per moleculeEA equal to2228 meV. In the
quantum approach, the nearly uncorrelated orientational motions of the admolecules at a distance of22.95 Å
from the surface look like those of a hindered rotor with large amplitude angular motions. The corresponding
value of the adsorption energyEA52152 meV is close to the experimental isosteric heat of adsorption
(2145610 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 CH4 layer and not a frozen equilibrium structure, even at very low temperature.
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I. INTRODUCTION

First concentrated in the seventies on hexagonal s
strates such as graphite,1–3 the studies of adsorption of two
dimensional methane films were then extended in the
decade to square ionic lattices, namely the~100! surfaces of
MgO ~Ref. 4–18! and NaCl.19,20 Experimental determina
tions of the CH4 monolayer structure were done using lo
energy electron diffraction, neutron scattering,4–9,18 helium
atom scattering10,11 ~HAS! and polarized infrared
spectroscopy,17,19,20whereas measurements of the adsorpt
energy were obtained from thermodynamics16 and desorption
experiments.11 On MgO~100!, methane was shown to form
an orderedc(A23A2)R45° structure at low temperature4

and a two-dimensional liquid phase above 85 K.5 The heat of
adsorption estimated from volumetric isotherms is equa
13.1 kJ/mol,16 a value that agrees well with desorptio
measurements.11 On NaCl~100!, CH4 accomodates rather
(131) monolayer at 45 K whereas ap(232) structure was
observed at lower temperature. This latter geometry evo
toward a (131) phase after about two hours as the proba
result of nuclear spin conversion.20 The heat of adsorption
measured at submonolayer coverage on NaCl~100! is the
same as on MgO~100!.19

However several questions concerning the orientatio
and translational dynamics of the CH4 molecules on the sur
face remained partially answered, only. On NaCl, an anal
of the infrared spectra20 tended to privilege a dipod configu
ration for the admolecules~i.e., two hydrogen atoms pointin
towards the surface! but a tripod orientation with three hy
drogens pointing towards the surface could not be exclud
in the case where the molecules perform free cogwheeling
the surface.19 On MgO, inelastic neutron and helium prob
were extensively used to measure the dynamics and kin
PRB 600163-1829/99/60~11!/8333~10!/$15.00
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of CH4 at various temperatures. At high temperature~70 K!,
quasielastic neutron scattering experiments9 showed that the
monolayer is solid, the rotation of the molecules being is
tropic and their center of mass being trapped at their lat
sites. The diffusion constant was measured for the liquid fi
around 90 K and shown to be lower by two orders of ma
nitude than on graphite, indicating significant corrugation
the MgO substrate. Rotational diffusion on the CH4 mono-
layer was then studied9 between 20 and 50 K, which evi
denced isotropic rotation of methane molecules above 40
and intermediate motions between free rotor and rota
around a twofold axis perpendicular to the surface forT
,40 K. Rotational tunneling of methane on MgO~100! was
examined at very low temperature (T;4 K! by inelastic
neutron scattering,8 which concluded to a dipod orientatio
of CH4. Recent experiments18 at even lower temperatur
(T51.5 K! compared the high-resolution inelastic neutr
tunneling spectrum of the CH4 monolayer with the
multilayer one. They corroborated the trend for a dipod o
entation on the basis of symmetry arguments applied to
neling data at 1.5 K, while the spectrum broadened gradu
until molecular rotational diffusion was evidenced at 15
The results of HAS measurements atT around 30 and 40 K
could also be interpreted10 on the basis of free rotation o
CH4 molecules at their adsorption sites. An Einstein-like
brational mode was found at 7.5 meV in time-of-flight spe
trum. Finally, the polarization infrared spectra of CH4 ad-
sorbed on MgO~100! at T540 K appreciably differed from
those observed on NaCl~100!, and were preferentially inter
preted on the basis of free rotating molecules.17

The question about the preferred orientation of meth
molecules on the~100! MgO surface was also addresse
theoretically. Molecular-dynamics simulations12 and 0 K
equilibrium calculations13 using semiempirical potential
8333 ©1999 The American Physical Society
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8334 PRB 60S. PICAUD, C. GIRARDET, T. DUHOO, AND D. LEMOINE
showed that the tripod orientation for the molecules w
much more stable than the dipod one. For the monola
two structures characterized by different tripod orientatio
of the molecules were found12 to have nearly the same sta
bility and the lack of energy barrier between these structu
was interpreted as the signature of a possible free cogwh
ing CH4 motion. However, the calculated energy per m
ecule ~23 kJ/mol! was strongly overestimated when com
pared to the experimental value~13.1 kJ/mol!. Earlier ab
initio calculations14 favored the dipod-down configuratio
for the CH4/MgO~100! system. The results of quantum
chemical approach were recently revisited on the basis
high-levelab initio potentials, in conjunction with embedde
cluster model.15 It was shown that the dipod orientation for
single methane molecule is slightly more stable by 0.8
mol than the tripod configuration. This trend was confirm
in the monolayer, but the surprinsingly low value~8.5 kJ/
mol! of the calculated total adsorption energy per molec
compared to the experimental one, could let some suspic
on the accuracy of the dipod versus tripod energy differen

In this paper, we investigate theoretically the adsorpt
of CH4 on MgO on the basis of a quantum description of t
orientational motions of the admolecules. Such an appro
was recently used to characterize the adsorption of quan
layers (H2 , D2) on NaCl,21 and it is expected to be necessa
for the study of molecules characterized by small mass
large rotational constant when the substrate corrugation
mains small. Semiempirical potentials for the CH4–MgO
system are used to compare the adsorption characteristi
the classical and quantum approaches. These results allo
to calculate the bound states of helium atoms impinging
the CH4 monolayer, using a quantum description of t
He/CH4 collisional process. This calculation serves as
probe of the monolayer geometry since the bound states
be directly compared to the experimental HAS data.10

The organization of the paper is as follows: In Sec. II,
present the study of the adsorption characteristics on the
sis of both classical and quantum approaches. Section I
devoted to the determination of the bound-state energies
He/CH4 /MgO. The discussion of the results and the co
parison with theoretical and experimental studies are gi
in Sec IV.

II. DETERMINATION
OF THE ADSORPTION CHARACTERISTICS

A. Interaction potential

The molecule–substrate potentialVMS is written as a sum
of two main contributions: the pairwise atom-atom Lenna
Jones interactions describing the dispersion-repulsion co
bution VMS

DR , and the electrostatic termsVMS
E characterizing

the interaction between the multipole moments of CH4 and
the strong electric field of the MgO surface created by
chargesqMg52qO51.2 e.22 Due to theTd symmetry of the
CH4 molecule, the first non-zero electric moment is the o
topole, which is schematized, within the distributed mu
pole analysis approach, by five charges distributed on th
and H atoms (qC520.572 e andqH510.143e).12 To en-
sure the convergence ofVMS

E for the electrostatic interaction
the charge–charge term is expanded in the two-dimensi
s
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reciprocal space of the MgO surface. In addition, the ind
tion interactionVMS

I accounts for the polarization of the mo
ecule, with polarizability23 aCH4

52.6 Å 3, by the electric

field of the substrate. The lateral interactionsVMM between
CH4 molecules are written in the same way as the sum
Lennard-Jones (VMM

DR ) and of electrostatic (VMM
E ) interac-

tions between the C and H atoms. Higher terms such
substrate mediated contributions are neglected.

The total interaction potential between the molecules a
the surface is then written as

V5(
i

H VMS
DR~Ri ,Vi !1VMS

E ~Ri ,Vi !1VMS
I ~Ri ,Vi !

1(
j Þ i

@VMM
DR ~Ri ,Rj,Vi ,Vj !1VMM

E ~Ri ,Rj,Vi ,Vj !#J ,

~1!

where the positionsRi5(xi ,yi ,zi) and the orientationsVi
5(u i ,f i ,x i) of the i th molecule are referred to an absolu
frame tied to the surface.

B. Classical approach

Within the classical approach, the admolecule charac
istics ~adsorption site and energy, molecular orientatio
structure of the adlayer. . . ) aredetermined from the mini-
mization of the potential energyV with respect to the trans
lational and orientational variables of the admolecules. T
minimization procedure, based on a conjugate grad
method, has proved to be very accurate for many adsorb
substrate systems.24–27

The single admolecule is adsorbed in a tripod configu
tion above a Mg site, at a molecule-surface distancez
52.74 Å and with an adsorption energyV52204 meV. The
dipod configuration above the same adsorption site is m
less stable (V52149 meV! and the corresponding equilib
rium distance is much larger (z52.98 Å!. Note that when the
monopod orientation is considered, the molecule is adsor
between two cations, at the distancez53.40 Å and with an
energy equal to298 meV. At the monolayer completion, th
lateral interactions between CH4 molecules adsorbed on ad
jacent sites of the~100! surface~distancea52.98 Å! are
strongly repulsive. By contrast second nearest-neighbor
sites (aA254.21 Å! accomodate very well attractive inte
actions between CH4 since this distance between neare
neighbor molecules is close to the bulk methane param
equal to 4.16 Å . Thus, in accordance with neutron diffrac
tion experiments, we consider monolayer structures wit
unit cell rotated by 45° with respect to the substrate unit c
and a density of one CH4 molecule per two substrate M
sites.

The relative stability of three different monolayer stru
tures, namely the (A23A2)R45° ~case a!, the (2A2
3A2)R45° ~case b!, and the (2A232A2)R45° ~case c!
phases containing one, two and four molecules per unit c
respectively, has been studied from the potential minimi
tion. For case a, the CH4 molecule is found to be adsorbe
above the Mg site, atz52.74 Å and with the tripod orienta
tion ~Fig. 1!, exactly as for the single admolecule. The to
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energy is equal to2225 meV and the lateral energy repr
sents 9% of the total potential, only. The two other cases~b
and c! differ by the relative orientations of the H atoms in th
tripod configuration~Fig. 1! and thus by the relative orienta
tions of adjacent molecules. In these two phases the ads
tion energy per molecule is the same (V52228 meV!. Note

FIG. 1. Geometry of the stable structures for the CH4 monolayer
adsorbed on MgO~100!, within the classical approach : (A2
3A2)R45° phase containing one molecule per unit cell~a!, (2A2
3A2)R45° phase containing two molecules per unit cell~b! and
(2A232A2)R45° phase containing four molecules per unit c
~c!.
rp-

a slightly larger contribution of the lateral interaction~11%!
in case c balanced by a slightly less stable configuration
the molecules on the surface in case b. Therefore the tra
tion from phase b to phase c should be allowed by a f
cogwheeling motion in agreement with the results of Alavi12

We have also performed energy calculations for the sa
structures containing now molecules in dipod orientatio
The most stable dipod structure is the (2A232A2)R45°
phase containing four molecules per unit cell at t
molecule–surface distancez53.03 Å . The adsorption en
ergy per molecule is equal to2177 meV, only, and it is
clearly less stable than the tripod stucture by about 50 m
Therefore, we conclude that, for the semiempirical poten
considered here, the most stable monolayer structures~clas-
sical approach! are the (2A23A2)R45° and the (2A2
32A2)R45° phases, with two and four molecules per u
cell, respectively, adsorbed on Mg sites with tripod orien
tions. The barrier to the CH4 rotation is large~55 meV! and
the center of mass of the molecule is strongly trapped a
distance of 2.74 Å from the surface, above the Mg site. T
harmonic frequencies connected to the perpendicular vi
tions and to the lateral vibrations of the CH4 center of mass
arevz5129 andvx5vy555 cm21, respectively.

C. Quantum approach

Since the methane molecule is characterized by a h
symmetry, a relatively light massm52.66310223 g and a
large rotational constantB[\2/2I 55.25 cm21,28 a quantum
approach should be more appropriate for the determina
of the orientational properties of the adspecies.

1. Single molecule

The total Hamiltonian for an adsorbed rigid CH4 molecule
labeledi is defined as

Hi5
Pi

2

2m
1

Li
2

2I
1VMS~Ri ,Vi !, ~2!

wherePi andL i are the linear and angular momenta of CH4,
respectively. We solve the secular equation connected toHi
using an iterative procedure.

First, we consider the CH4 molecule as a free rotor abov
the surface with eigenstatesuJMK&, and we minimize the
average potential̂JMKuVMSuJMK& with respect toz for a
sampling of (x,y) positions in order to obtain the potentia
energy mapV̄MS(x,y). This potential energy map~PEM!
gives information on the trapping of the molecular center
mass on the surface~site x(0),y(0),z(0)) and on the possible
diffusion valleys. At this site, we then solve the secular o
entational equation connected toHi by expanding the orien-
tational eigenstates as a linear combination of the free r
eigenkets, as21

u jmk&5 (
JMK

aJMK
jmk uJMK&. ~3!

l
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The corresponding secular equation is written

(
JMK

(
J8M8K8

aJMK
jmk aJ8M8K8

j 8m8k8!
@„BJ~J11!2E0!dJJ8dMM8dKK8

1^J8M 8K8uVMS~x(0),y(0),z(0),u,f,x!…uJMK&] 50

~4!

whereBJ(J11) is the rotational energy of CH4 in the gas
phase. The solutions of Eq.~4! are the new eigenvaluesEjmk

0

and eigenketsu jmk& for the admolecule. In principle, thi
procedure is iterated by considering the new m
^ jmkuVMSu jmk& and determining the new values ofx,y, and
z until convergence is reached. At each step, we can h
information on the translational dynamics of the molecule
solving the part of the Hamiltonian, which depends on
motionsx,y, andz of the center of mass around its equili
rium @Eq. ~2! after replacingVMS by ^VMS&]. The expansion
coefficients in the free rotor basis@Eq. ~3!# depend on the
symmetry and magnitude of the PEMVMS and also on the
shape of the admolecule. The orientational dependenc
VMS is consistently expressed in terms of theDp,q

l Wigner
functions.21 The first nonzerol order is of rank 3 due to the
Td symmetry of CH4. For a given valueJ, the Wigner ex-
pansion of Eq.~3! implies (J11)(4J218J13)/3 basis
states including the degeneracy onM andK. The expansion
was truncated to the upper valueJ56, yet involving 455
kets of the free rotor basis. Therefore, in practice conv
gence of the iterative method is rather time consuming.

At the first step of the iteration, i.e., when the molecu
behaves as a free rotor, the electrostatic part ofVMS vanishes

and the remaining term inV̄MS comes mainly from the iso
tropic part of the dispersion-repulsion interaction. The cor

sponding potential mapV̄MS5^JMKuVMSuJMK& drawn in
Fig. 2 shows that the stable site is found above a ca
(x(0)50,y(0)50), for a molecule-surface distancez(0)

53.18 Å and an adsorption energy equal to2116 meV.
These values are very different from the frozen configu
tions discussed in Sec. II B. The anion site is significan
less stable since the energy increases up to289 meV and the
distance up toz53.49 Å . The corrugation along the diffu
sion valley between two consecutive Mg sites is significan
lowered~8.5 meV! when compared to the frozen configur
tions.

Figure 3 exhibits the orientational levels obtained fro
the resolution of Eq.~4! after two steps, for which we con
sider that convergence is reached in analogy with calc
tions performed in Ref. 21. When compared to the orien
tional level scheme of the free rotor molecule~left-hand side
of Fig. 3!, the new level scheme clearly exhibits the infl
ence of the surface through the degeneracy removing of
uJMK& levels, leading to a splitting of the levels withM
Þ0 and KÞ0. The lowest eigenvalueE000 lies at 2140
meV and it corresponds to the ground orientational le
above the cation site, which is written in the free rotor ba
such as:
p
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u j 50,m50,k50&

50.621u000&10.151u100&20.185u200&20.395u300&

10.365u3023&20.365u303&10.163u4023&

20.163u403&1••• ~5!

As is expected the interaction of the molecule with the s
face strongly mixes the free rotor states. As a result,
non-rotating, free CH4 contribution@i.e., (a000

000)2 in Eq. ~3!#
accounts to slightly less than 40%. In addition, the grou
state mixing mostly involves theJ5K53 states that contrib-
ute in total for slightly more than 40%. Such a symmetry
the ground ket indicates that the adsorption site correspo
to a hindered rotation of CH4 with large amplitude motions
around the tripod configuration.

Figure 4 shows the density of probability for finding th
molecular axis orientation~tumbling u motion! for various
values of the internal rotation anglex when the molecule is
in its ground orientational state. Note that due to the inter
symmetry of methane, we can limit our study tox values

FIG. 2. Potential energy map for a free rotating CH4 molecule
above the MgO~100! surface. Energy in meV, distances in reduc
unit of as52.98 Å .
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ranging between 0 and 60°. The large value of the full wid
at half maximum~about 40°) of the various curves indicat
large amplitude motions around the most probable angleu.
The tripod configuration is clearly favored forx values
around 60° andu;70°, while the dipod configuration occur

FIG. 3. Orientational levels scheme issued from the quan
study above the adsorption site. The insert shows the detail o
first orientational levels. For comparison, the free rotor schem
given on the left hand side of the figure, as a function of the ro
tional constantB.

FIG. 4. Density of probability for finding the molecularu ori-
entation for various values of the internal anglex and forf50°,
calculated in the ground orientational stateu j 50,m50,k50&,
above the Mg site. Due to the site and molecule symmetries,
have restricted the range ofx values from 0 to 60°.
h

for x values smaller than 30° andu;60°. Let us mention
that the classical~frozen! configurations for the tripod and
dipod geometries would correspond tox560°, u572° and
f50°, and to x50°, u555°, and f50°, respectively.
Thus, we can conclude that the orientation of CH4 is no
longer frozen as it is in the classical approach, and that
quantum result favors tripod and, in a less extent, dipod
ometries.

The excited orientational levels drawn in Fig. 3 stand ve
close together~more than 20 different states within 3 me
above the ground level!. As a consequence, at finite temper
ture, a bunch of levels are populated and a better descrip
of the final mean orientational map can be obtained a
averaging over the canonical distribution of population, th
is

V̄MS5(
jmk

e2DEjmk /kT

Z
^ jmkuVMSu jmk&, ~6!

where DEjmk characterizes the energy difference betwe
the u jmk& level and the ground stateu000&, and Z is the
canonical partition function. The minimum ofV̄MS for the
admolecule atT525 and 70 K thus corresponds to energ
equal to 2144 and 2145 meV, respectively, at the
molecule-surface distance of 2.95 Å .

2. Monolayer

The Hamiltonian for the CH4 monolayer is written as

H5(
i

Hi1(
i j

VMM~Ri j ,Vi ,Vj ! ~7!

where the first term characterizes the sum of the Hami
nians Hi @Eq. ~2!# over all the CH4 admolecules and the
second term accounts for the lateral interactions in the mo
layer. Ri j is the instantaneous distance between thei th and
j th CH4 molecules. The solutions of the secular equat
connected to the HamiltonianH @Eq. ~7!# are obtained in a
way similar to the iterative process used for the single
molecule. We consider first a free rotor basis for the se
admolecules and calculate the mean lateral interaction in
ground orientational state) i uJi50,Mi50,Ki50& for the
(A23A2)R45° layer structure. The value of the mean inte
action^VMM& per molecule is equal to220 meV. This con-
tribution represents less than 20% of the molecule-surf
binding energy. When we averageVMM in the ground state
of the quantum basis) i u j imiki&5) i u0i0i0i& obtained after
two iterations the mean value slightly changes to223 meV.
ThereforeVMM can be considered as a small perturbat
with respect toVMS which, within a first–order perturbation
theory, modifies the eigenenergies without changing
eigenkets. The final basisu j imiki& for each admoleculei is
used, within the mean field approximation to calculate
mean orientational energy map (V̄MS1V̄MM) i per molecule
of the monolayer, and Eq.~6! is applied to take into accoun
the finite temperatureT in the range 25 to 70 K. The corre
sponding lateral interaction for a (A23A2)R45° monolayer
containing one molecule per unit cell is equal toV̄MM5
222 meV.
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TABLE I. Adsorption characteristics obtained in the classical and quantum approaches for the4

monolayer

Monopod Dipod Tripod Free rotor Hindered rotor Experimen

z ~Å! 3.40 3.03 2.74 3.18 2.95
EA ~meV! 2119 2177 2228 2127 2152 2145610
\vx (cm21) 25 36 55 31 40
\vy (cm21) 25 36 55 31 40
\vz (cm21) 77 106 129 88 95 60
rg

ie

l-

th
-
cu
-
re

iv
in

ic
c
ti
o
ia
th
s
er
e
n

tia

th
u
d
a
i

o-
is
a

h

re
X
t
H
o
-

eter-
l

for
ew

He
it-

ate.
re-
ody
and
the
ble
m-
f
ter-

n-

e to
o a

ram-
rom
mi-
ns

ions

f
f

Within these assumptions, the total orientational ene
for the CH4 monolayer adsorbed on MgO~100! is then equal
to 2162 meV per molecule. The final value of (V̄MS

1V̄MM) i is then used to calculate the vibrational frequenc
of the molecular centers of mass parallel (x,y) and perpen-
dicular ~z! to the surface. This yields the valuesvx5vy
540 andvz595 cm21, which are much lower than the va
ues obtained in the classical approach.

When the translational energy is taken into account,
resulting adsorption energyEA per molecule in the mono
layer defined as the energy required to bring an admole
into its gas phase is equal toEA52152 meV. The charac
teristics of the CH4 adsorption in the monolayer phase a
given in Table I for the two approaches.

III. HELIUM SELECTIVE ADSORPTION SPECTRUM

Experiments focusing onto diffraction-mediated select
adsorption are quite useful in the study of atom scatter
from physisorbed overlayers29–31 since they bring indirect
information on the geometry of the target~here the CH4
monolayer! through the dynamical behavior of the atom
probe. Indeed, as the collider approaches the adlayer it
get trapped near the surface through a resonant diffrac
transition, resulting in a sudden variation of the intensity
the specular or diffracted beams. A zeroth-order Hamilton
representation of the scatterer motion perpendicular to
surface is used to derive the desired bound-state energie
the Fourier expansion of the potential between the scatt
and the target the coupling due to non zero values of thG
reciprocal vectors is neglected and the one-dimensio
Schrödinger equation for the laterally averaged poten
VG50(z) is solved vsz, wherez defines the position of the
atomic collider with respect to the surface. In this model,
translational motion along the surface is assumed to be
affected until the atom returns to the gas phase, i.e., no
fractive transition occurs in bound space. The atom is
lowed to escape from the surface either by transferring
parallel energy into diffraction or through an inelastic pr
cess. Although this so-called ‘‘free atom’’ approximation
derived within a smooth surface assumption it has been
plied in several studies of highly corrugated surfaces suc
physisorbed overlayers. Jo´nssonet al.30 have found that the
position of isolated resonances is well predicted by the f
atom model in the scattering of hydrogen atoms from a
monolayer on graphite. Gibsonet al. have demonstrated tha
the selective adsorption data is extremely sensitive to the
interaction with overlayers of rare gases physisorbed
Ag~111!.31 A similar conclusion was obtained for Kr ad
y
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sorbed on graphite by Lareseet al. who showed that three
body interactions can have a measurable effect on the d
mination of the bound-state energies.29 The free atom mode
has also been invoked by Junget al. to rule out the tripod
equilibrium configuration of the CH4 monolayer adsorbed on
MgO~100! and probed by helium atoms.10 The goal of the
present section is to repeat He bound-state calculations
the methane-plated MgO system, on the basis of the n
results described in Sec. II.

A. interaction potential

The physisorptive interaction between an impinging
atom labeledI and the methane-plated MgO system is wr
ten as10,32

VI~r I !5VIM ~r I !1VIS~zI !1Vt~r I !. ~8!

The first two contributions in Eq.~8! arise from two-body
interactions with, respectively, the adlayer and the substr
r I defines the instantaneous position of the collider with
spect to the target. Two additional terms, namely many-b
corrections involving the scatterer and adsorbate pairs,
accounting for the substrate-mediated interaction with
adlayer are generally small. Although they appear negligi
for this system they have been included to allow for a co
parison with the results of Ref. 10.Vt represents the effect o
thermal perpendicular vibrations of the adlayer, as de
mined from data of Sec. II. From Eq.~8! it is clear that the
corrugation originates only from the dominant adlayer co
tribution VIM and from its thermal correctionVt . Indeed, the
trapped He atoms remain far enough from the substrat
consider that He–MgO interaction essentially amounts t
long-range van der Waals attractionVIS , and does not yield
appreciable corrugation.

The analytical expressions definingVIM ,VIS, andVt , are
given by Eqs.~5!–~13! of Junget al.10 We have retained the
same expressions and the same values of the relevant pa
eters. Yet, we consider in this paper the data obtained f
both classical and quantum approaches in Sec. II. The do
nant termVIM is evaluated as a sum of pairwise interactio
U, as

VIM ~r I !5(
I

FU0~r I !1 (
p53

4

Up~r I !Tp~g I ,f I !G , ~9!

where the first sum is over the CH4 lattice sitesRi and the
second sum is over the successive anisotropic contribut
of the gas phase He–CH4 potential (p50 corresponds to the
isotropic part!. (r I ,g I ,f I) are the spherical coordinates o
this potential. Like Junget al., we have used the potential o
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Buck et al. combining self-consistent field~SCF! calcula-
tions with damped dispersion coefficients33, and, in addition,
we have considered the semiempirical potential of Hen
et al.34 These two gas phase potentials are displayed in Fi
for the vertex, edge and face molecular orientations, tha
for He approaching respectively, along a H–C bond, alo
the bisector of the angle between two H–C bonds, and al
a C–H bond. The potentials are less repulsive as He clo
interacts with more H atoms, respectively one, two, and th
for the vertex, edge, and face approaches. The isotropic
of these potentials is also shown for comparison and it
pears to be intermediate between the vertex and edge cu

B. Bound-state energies

The diagonalization procedure is the same as in our
vious study on He–(131) CO/NaCl,35 ensuring that the ei-
genvalues are converged to better than 0.01 meV. The c
cal task is then to computeVG50(zI) accurately. This was
carried out first for the conditions used by Junget al.,10 thus
serving as a check thatVI(r I) was properly evaluated. Upo
comparison of our test results~not presented! with data of
Ref. 10, the agreement is very good on the well depths
minimum positions as far as we match the tripod results
Junget al. with the present monopod data. In the spheri
harmonics expansion of the gas phase potentialU, changing
the sign in front ofU3 switches between the vertex and fa
orientations of CH4. The relevance of this point shows up
the fact that Refs. 33@Eq. ~2!# and 34@Eq. ~14!# select op-
posite signs in front ofU3. However, the sequence depicte
in Fig. 5 is based on the SCF findings and not on numer
subtleties.33 Caution has been taken here to identify the v
tex and the face orientations with respect to the interac

FIG. 5. Potential energy curves for He approaching CH4 in the
gas phase along the vertex, edge, and face orientations, and fo
isotropic term. The upper~lower! panel pertains to the model o
Buck et al. ~Henkelet al.!.
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properties, thereafter leading to the sequence in terms of
layer configurations displayed in Fig. 6. With regard to t
eigenvalues the agreement is fairly good for the ground s
whereas there are some notable discrepancies on the we
bounded states. The relative differences amount to ab
10% onE1 and to about 20% onE2. Furthermore, we do no
distinguish between the~010! and the~011! dipod orienta-
tions since they are found to produce the sameVG50(zI)
curves. Overall, despite some departures the comparison
vides a valuable check of our numerical procedures.

Figure 6 depicts the laterally averaged potentials obtai
for the tripod, dipod, monopod~classical approach!, and
free-rotor configurations, and for the quantum approach, w
the respectivez values determined in Sec. II and within th
He–CH4 interaction model of Bucket al.33 Let us recall that
the adsorption height varies from 2.74 to 3.40 Å as C4
reorients from tripod to monopod and it is equal to 2.95
for the orientational basis. The free rotor case amounts
selecting the isotropic He–CH4 interaction at a CH4/surface
distance equal to 3.18 Å . Even if we have found that CH4
cannot freely rotate at very low-surface temperature pro
in the neutron experiments (T<4 K!, the free rotor model is
an asymptotic situation which may have a physical mean
at high temperatures, such as those probed by the HAS
perimental range of 22–46 K.10 Note also that the free roto
averaging treatment can be useful to account for tunne
exchange of one H up and one H down, analogous to CH3
on NaCl~100!.36 The unrealistic monopod configuration
also presented because it closes the sequence of curve
can be qualitatively compared with the gas phase poten
of Fig. 5. In order to facilitate the comparison the same l
style has been selected from the most to the least repu
potential curve. One could expect that the helium atom
teracts strongly with one, two, or three H atoms on avera
whenever the CH4 layer is assumed in a tripod, dipod, o
monopod adsorption configuration, respectively. This is
tually the correct trend as the sequence of curves is mo
pod, dipod, quantum basis, free rotor, and tripod for the
erally averaged potential, consistent with the ordering fa
edge, isotropic, and vertex in gas phase. The cases of m
than one CH4 molecule per surface unit cell need not b
reported. Indeed, the resultingVG50(zI) curves are found

the

FIG. 6. Laterally averaged potentials for the tripod, dipod, m
nopod, and free rotor configurations of the adlayer, and for
quantum aproach, within the He–CH4 interaction model of Buck
et al.
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TABLE II. Well depth (D in meV!, minimum position (zIm in Å!, and bound-state energy (En
I in meV!

of the laterally-averaged potential obtained for the configurations discussed in Sec. II~Table I! and within the
He–CH4 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
uE0

I u 4.21 3.75 2.74 3.30 3.40 3.6360.18
uE1

I u 1.44 1.27 0.85 1.07 1.13 1.2560.10
uE2

I u 0.38 0.33 0.20 0.27 0.29 0.4060.08
uE3

I u 0.07 0.06 0.03 0.05 0.05
pe
of

nd
ur
W
n
c

an
r
a

th

tia
o-
le
e
no
o
u
th
o

ac
th
a

d
o

the
s-

red
e-

nt is
nd
nt

hy-

ted

the
.
od,
lts
ies
ap-
ntal
t are
dels
rall
l.
an

ion
dity
-
ems
ac-

33
be

t of

ed is
on
th
ac-
are

oss

ree
-

r

either identical by symmetry to the case of one molecule
cell, or negligibly differing, when averaging over all sites
the extended cell.

Table II lists the well depth~D! and minimum position
(zIm) of helium atom on the surface as well as the bou
state energies determined from each of the five config
tions and the corresponding potentials drawn in Fig. 6.
see that the well depth is maximum for the monopod a
minimum for the tripod, the dipod and quantum approa
values being intermediate. The distancezIm varies in an op-
posite sense and it is close for the dipod, free rotor,
quantum basis. As a consequence, the bound states fo
dipod, free rotor, and quantum basis are rather close to e
other while the monopod and tripod are clearly outside
range.

Table III presents the results stemming from the poten
of Henkel et al.34 for the same configurations of the mon
layer. As can be seen in Fig. 5 this gas phase model is
anisotropic than the Buck’s potential, especially in the w
region, and it features much shallower wells. Hence, it is
surprising to get energy levels that depend more weakly
the molecule configuration and that are noticeably shifted
overall. Note more specially the consistency between
level scheme deduced from the dipod configuration and fr
the quantum basis.

IV. DISCUSSION

Two types of data are used to test the present appro
those that are deduced from direct investigations of
monolayer characteristics, namely the adsorption energy
the perpendicular vibrations of the CH4 centers of mass, an
those provided by the analysis of the collisional process
the monolayer by He atoms.

TABLE III. Well depth (D in meV!, minimum position (zIm in
Å!, and bound state energy (En

I in meV! of the laterally-averaged
potential and within the He–CH4 interaction model of Ref. 34.

Monopod Dipod Tripod Free rotor Hindered roto

D 5.27 5.26 4.74 5.05 5.16
zIm 3.35 3.39 3.55 3.42 3.42
uE0

I u 3.14 3.18 2.87 3.03 3.12
uE1

I u 0.89 0.94 0.86 0.88 0.93
uE2

I u 0.19 0.22 0.20 0.20 0.22
uE3

I u 0.03 0.04 0.03 0.03 0.04
r
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Table I shows that the adsorption energy per moleculeEA

calculated within the quantum approach is much closer to
experimental value16 than any other data resulting from cla
sical frozen configurations~dipod, tripod . . .! or from the
free rotor model. The quantum description of the hinde
rotor motion of CH4 also produces the perpendicular fr
quencyvz that is closer~with that of the free rotor model! to
the experimental measurement. However, the agreeme
not very good, indicating that the potential shape arou
equilibrium is probably not well described by the prese
expressions of the interactions between CH4 and the MgO
surface. This feature is also commonly observed for the p
sisorption of rare gas atoms and molecules on metals.37

The bound-state energies for helium atoms calcula
from the Buck’s33 and Henkel’s34 potentials are given in
Tables II and III, respectively. They can be compared to
experimental data10 reported in the last column of Table II
When the Buck’s potential is used we see that the monop
tripod, and even free rotor models do not provide resu
consistent with experiment while the values of the energ
calculated with the dipod configuration and the quantum
proach are in satisfactory agreement with the experime
data. These two latter approaches lead also to results tha
closer to experimental measurements than the other mo
when the Henkel’s potential is considered, but the ove
agreement is clearly less good than with the first potentia

The fact that none of the investigated configurations c
perfectly meet the criteria of the experimental interpretat
can have several origins. First, we can question the vali
of the semi-empirical He–CH4 description that does not re
produce the SCF repulsive anisotropy. Of course, this se
probable, but since we are not aware of any recent and
curateab initio treatment of the full He–CH4 interaction, this
also remains hypothetical. In fact, anab initio study of the
dispersion forces38 has been published in between Refs.
and 34. The leading dispersion coefficient was found to
C6512.34 a.u., a value that is intermediate between tha
Ref. 33, C6513.74, and that of Ref. 34,C6511.20. This
shows that none of the two gas phase potentials consider
really convincing. One could think of inserting the dispersi
of Ref. 38 into one or the other model. However, in bo
cases a damping function is used to switch from the attr
tive to the repulsive behavior and the relevant parameters
closely connected to the fit of the measured differential cr
sections of He scattering from CH4.33,34

Another issue has to be raised as well, that is the f
atom model. Junget al.10 have calculated some matrix ele
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ments of the higher-order Fourier expansion terms of Eq.~8!
that are useful in a perturbation treatment of the free a
model to get the band structure of the bound states. T
have done it for the free rotor assumption and found that
coupling matrix elements were quite large, consistent w
the bumpiness of the potential. Indeed, the molecular sp
ficity of the adlayer effects in an unusually large corrugat
for He. The configuration deduced from the quantum
proach has been found to lie much closer to the dipod c
figuration than to the tripod one. Figure 7 illustrates the c
rugation of the CH4 monolayer probed by He, within eithe
the dipod~with za53.03 Å! or the tripod~with za52.74 Å!
assumption and the gas phase model of Bucket al. The cor-
rugation amplitude at the rise of the repulsive wall, i.e.V
50, is roughly 1.3 and 2.5 Å in the dipod and tripod cas
respectively. These values reflect the difference between
approaching above either the atop or the center site.
largest anisotropy can be expected to occur for the tri
configuration since the gas-phase interaction is the mos
pulsive along the vertex approach as for He above the a
site, and the most attractive in the high-symmetry face
proach, similar to He above the center site with four s
rounding H atoms. Yet, one should not forget that the anis
ropy is partially damped within either the free rotor model
the quantum description of the hindered rotor motion. The
fore, these two approaches provide a more adequate bas
the free atom model to give reliable data. If the frozen co
figurations are to be scrutinized, as indicated by the ene
minimization calculations~classical approach!, then the free
atom model is certainly inadequate with respect to the h
anisotropy both in position and in well depth. The preced

FIG. 7. Potential energy curves based on the He–CH4 interac-
tion model of Bucket al., for He approaching the adlayer above t
atop, bridge, and center sites, and for the laterally averaged t
The upper~lower! panel corresponds to the dipod~tripod! adsorp-
tion configuration.
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tripod analysis yields the highest bound level whereas
deepest local well occurs for He approaching the tripod–C4

adlayer above the center site withDC514.68 meV to be
compared withD54.56 meV for VG50. Even though the
anisotropy is partly damped with the semiempirical descr
tion of Henkelet al., the site-dependent potentials vary sim
larly, with tripod well depthDC511.34 meV to be compared
with D54.74 meV forVG50. If the free atom model is to be
invalidated not only are the calculated eigenvalues irrelev
but furthermore the experimental binding energies10 are of
little use as well since their derivation relies on the sa
basic assumption. By contrast, if the analysis in terms
quantum approach~free rotor or quantum basis! is more ad-
equate, then certainly the free atom model should give r
able data.

In conclusion, we have extended a prior quantum tre
ment of the hindered rotor motion of H2 admolecules21 to
that of CH4 adsorbates involving a much more complex ba
expansion. This description gives satisfactory agreemen
beit not perfect either for the adsorbate characteristics or
the bound-state energies of He. This could indicate that
semiempirical potential describing the adsorbate–subst
interactions is not elaborated enough to account for the c
figurations obtained fromab initio potential calculations.15,39

It is somewhat surprising that this semiempirical poten
fails for such a simple system since it was demonstrated
no energy transfer and thus, no chemical effects, take p
in the adsorption process of CH4 on MgO. One reason migh
be that the system under study is not that simple since
have demonstrated that a quantum approach is required
since CH4 is much more complex than H2. One could think
of some enhanced sensitivity of the investigated proper
induced by the quantum behavior of CH4. One could also
think that full convergence has not been reached in our qu
tum approach. But the numerical iterative procedure use
calculate the orientational motions of CH4 on the basis of
potentials with distributed charges and sites is too time c
suming to test this full convergence. The fact that the trip
symmetry prevails after two iterations in agreement w
classical minimization, lets one hope that any subsequ
iteration should only serve as a refinement. Anyway, rega
ing the symmetry of the trapped system, it is most proba
that the molecule orientation should not favor an adla
configuration close to the dipod one on the surface and
CH4 should rather display large amplitude angular motio
near the tripod equilibrium geometry. Let us note that, due
theTd symmetry of CH4, correlatedx andu large amplitude
angular motions favor instantaneous configurations t
could be identified either to quasidipod or quasitripod geo
etries by the He or neutron scatterers.

Regarding the He-bound state investigation we ha
found that the frozen dipod configuration and the quant
hindered rotor model give similar energies. The quant
model is clearly more adequate for an analysis of the C4
structure with temperature since it leads to a nearly free
tation of the CH4 molecules as soon as temperature increa
to 20–30 K. Such a result is consistent with the data
inelastic neutron scattering8 and with the interpretation o
polarized infrared spectra.17 Furthermore, the degeneracy r
moving of the orientational states, which rules out the fu
damental orientational transition with energy equal to 2B

m.
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51.2 meV seems to be verified in recent results dealing w
very low temperature orientational tunnelling spectrosco
experiments.18 Indeed such a transition does not occur in t
spectrum, in agreement with a hindered rotation of the
molecules, but the structures appearing close to the ela
peak are assigned by Larese18 to proton tunneling for CH4
molecules frozen in a dipod orientation. At this stage,
have not calculated the signals that would come from
orientational levels of the CHmolecules in the monolayer
4
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Rösch, J. Phys. Chem. B102, 4548~1998!.


