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Topography and energy variation in physisorbed layers

L. W. Bruch
Department of Physics, University of Wisconsin–Madison, Madison, Wisconsin 53706, USA

~Received 14 May 2003; revised manuscript received 10 September 2003; published 31 December 2003!

The combined effects on the monolayer dynamics of the lateral energy variation~corrugation! of the adatom-
substrate potential and of the variation of adatom heights above the substrate, within the monolayer solid, are
treated for three examples: Ar/graphite, Kr/graphite, and H2 /MgO(001). For inert gases, the effects are shown
to offset each other and result in nearly dispersionlessS-mode branches, for adatom vibrations perpendicular to
the substrate, similar to those observed for most physically adsorbed monolayers. For the H2 /MgO(001)
monolayer solids, a dispersive branch observed by inelastic helium atom scattering is assigned to an in-plane
vibration and an estimate of the surface corrugation amplitude is given. Three dispersionless phonon branches
observed for H2 /MgO(001) are discussed, but there is no conclusive identification of the molecular motions
giving rise to those branches.

DOI: 10.1103/PhysRevB.68.235420 PACS number~s!: 68.43.Pq, 63.22.1m, 67.70.1n
id
th
th

h
-
d
is

in
if-
r-

fa
e

th

de

u

th
g

o-

gap
r-
the
eral

y
ses

ef-
-
ion

rgy
tic

eV
ap
her-
am-

-
ss

le a
by

g
ere

r

II
t of
on
um
b-
ions
I. INTRODUCTION

Many properties of physically adsorbed monolayer sol
are modeled successfully without much knowledge of
lateral variation of the adatom-substrate potential—i.e.,
corrugation terms in the ‘‘holding potential’’Vh—and with-
out including the fact that the adatoms are at various heig
z above the substrate.1 The lateral variation is crucial in set
ting energy barriers to motion on the substrate surface an
determining Brillouin-zone-center frequency gaps in the d
persion relation for monolayer phonons.2 The z variation, or
surface topography, becomes evident in imag
experiments3,4 and is reflected in the intensities of atoms d
fracted from the layer.5 Another signature might be a dispe
sion in theS-mode frequenciesv' , of adatom vibrations
perpendicular to the substrate surface, arising from the
that the atoms of an incommensurate monolayer solid ar
many different substrate environments.6 However, there is
little dispersion inv' for most monolayer solids.7,8 Thus
there must be an interplay between the contributions to
curvature inVh and the topography inz. The purpose of this
paper is to demonstrate the interplay in calculations ofv'

for two classical examples, Ar/graphite9 and Kr/graphite,10

and to include it in a discussion of the assignment of mo
observed11 for the quantum monolayer solid H2 /MgO(001).

The discussion is in terms of the coefficients in the Fo
rier decomposition ofVh using reciprocal lattice vectorsgW of
the substrate surface:12

Vh~rW,z!5V0~z!1(
gW

VgW~z!exp~ ıgW •rW !, ~1!

where the adatom position is expressed in lateralrW and per-
pendicularz coordinates relative to a substrate atom in
surface layer.V0(z) is termed the laterally averaged holdin
potential and theVg are the corrugation amplitudes. The t
pography arises from the fact that thez which minimizesVh

is a function of the lateral positionrW. For physically ad-
sorbed layers, the energy scale ofV0 is usually at least one
order of magnitude larger than that of theVg , and there is an
0163-1829/2003/68~23!/235420~7!/$20.00 68 2354
s
e
e

ts

in
-

g

ct
in

e

s

-

e

extensive database with the overall parameters ofV0 for
many adatom-substrate combinations.14

The effect of the leading amplitudeVg0 at the potential
minimum can be isolated in the zone-center frequency
v0i of adlayer vibrations. This has been fruitful for nea
classical adsorbates, as summarized in Table I where
measured gaps and derived amplitudes are listed for sev
examples. For Xe/Cu~110!, essentially a uniaxially incom-
mensurate lattice, the gap17 gives a measure of the energ
variation transverse to the troughs. The quantum solid ca
H2 and 4He are more difficult, because they have large
fects of zero-point motion.2 The calculations for the triangu
lar monolayer lattices used information on the adsorpt
site.21

The body of empirical knowledge about the lateral ene
variation is really quite limited. Thus, the recent inelas
atom scattering experiment11 for H2 /MgO(001) showing a
dispersive phonon branch with a zone-center gap of 2.5 m
is an important step. It will be argued in Sec. III that the g
can be assigned to vibrations along the short axis of a hig
order-commensurate unit cell and hence to a corrugation
plitude uVg0u'0.47 meV forg52.12 Å21. This is on the
scale of the value inferred for H2/graphite and of a prediction
by Karimi and Vidali.22

The experiments11 for monolayer H2 /MgO(001) also
give a measure of the (z) topography of the layer, by analy
sis of diffraction intensities, and show two dispersionle
branches in the phonon spectrum at about 10 meV. Whi
perpendicular mode at about that energy was predicted
Karimi and Vidali, the presence of two modes with splittin
by about 2 meV has not been explained. It is discussed h
in the context of the dispersionlessS modes observed fo
Ar/graphite and Kr/graphite.

The organization of this paper is as follows: Section
contains a classical mechanical treatment of the effec
height variations on the lattice dynamics of monolayers
graphite. Section III contains a treatment of the quant
solid of H2 /MgO(001), discussing the assignment of o
served phonon branches and the effects of height variat
on thev' branch. Section IV contains final remarks.
©2003 The American Physical Society20-1
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TABLE I. Corrugation energy amplitudeVg0 from Brillouin-zone-center gap frequencyv0i of monolayer
lattices. The system, commensurate lattice,v0i ~in meV!, wave numberg0 ~in Å 21) of the term that acts
coherently to determinev0i , and theVg0 ~in meV! are listed. The adlayer adsorption site, needed
deriving Vg0 from v0i , is also given. For these triangular lattices, the frequency is related to the effe

corrugation amplitude, averaged over lateral zero-point vibrations, byv0i5A(23g2V̄g /m), wherem is the
adatom or admolecule mass.

System Structure v0i g0 Vg0 Site

Xe/Pt~111! A3 R30° 1.3a 2.62 22.6 Atopi

Xe/Cu~111! A3 R30° 0.460.15b 2.84 20.2 Atopi

Xe/Cu~110! (2632) 0.7c 1.74 22.6 Row-on-rowi

N2/graphite 33A3 1.6d 2.95 20.7g Hexagon centerj

H2/graphite A3 R30° 4.08e 2.95 20.6 Hexagon centerj

He/graphite A3 R30° 1.0e 2.95 20.13h Hexagon centerj

H2/MgO~001! c(432) 2.5f 2.12 20.47 k

aReference 15.
bReference 16.
cReference 17.
dReference 18.
eReference 19.
fReference 11.
gCalculated for spherical molecules and theA3R30° center-of-mass lattice.
hReference 20.
iReference 21. The adsorption geometry of Xe/Cu~110! is determined for the (1232) lattice.Vg0 is estimated
for a classical lattice using Eq.~9! with h50.

jResult for holding potentials calculated by atom-atom sums, Ref. 12; the hexagon center is atrW50.
kPerhaps row-on-Mg rows.
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II. INCOMMENSURATE MONOLAYERS ON GRAPHITE

Inelastic neutron scattering experiments9 for a triangular
incommensurate monolayer solid of Ar/graphite at 5 K w
nearest-neighbor spacingL53.86 Å give anS-mode fre-
quency of 5.660.35 meV. At thisL, the argon lattice is
rotated23 by 3.1° –3.4° from the 30° axis of the graphite. F
Kr/graphite with L.4.04 Å, the S-mode frequency deter
mined by inelastic helium atom scattering is10 4.160.2 meV
apart from the small-wave-number region where
hybridizes24 with the graphite modes. The rotation ang
relative to the 30° axis is25 1.0° –1.2°.

Both these cases appear to be incommensurate latt
For the purpose of examining the phonon spectra they m
be approximated by higher-order-commensurate~HOC!
lattices.26 This becomes a good approximation for large HO
cells, where the modulation by the corrugation is small.
the graphite surface lattice have primitive vectors

a15, x̂;a25,S 1

2
x̂1

A3

2
ŷD , ~2!

with ,52.46 Å, and consider the family of HOC lattice
generated by the primitive vectors

A15~M11!a11Ma2 , A252Ma11~2M11!a2 .
~3!

The Bravais cell containsN2 adatoms at positions generate
initially by the vectorsb15A1 /N, b25A2 /N. The average
adlayer lattice is a triangular lattice with nearest-neigh
23542
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spacingL5(1/N)A(3M213M11),. The incommensurate
Ar/graphite can be mimicked by the HOC lattice withM
54 andN55, havingL53.84 Å and rotation 3.7° relative
to the 30° axis. The Kr/graphite case can be mimicked by
HOC lattice withM59 andN510, havingL54.05 Å and
rotation angle 1.7°.

The adatom-adatom potentials are the HFD-B2 mod
used1 for the gases on Pt~111!. The holding potentialsVh are
constructed12,13 from pairwise sums of Lennard-Jones~12,6!
potentials @(e,s)5(57.9 K, 3.40 Å! for Ar/graphite and
5~75 K, 3.42 Å! for Kr/graphite# with the Cole anisotropy
parametersgA50.4, gR520.54. The substrate is taken t
be static, and the spectra are calculated with quasiharm
lattice dynamics.12 The z-projected density of states, als
termed the ‘‘spectral strength,’’ is constructed from the 3N2

eigenvaluesv j (q) and eigenvectorsej of the dynamical ma-
trix according to

rz~V!5(
q

(
j

uez
j ~q!u2d~v j~q!2V!. ~4!

For Eq. ~4!, the wave vector sum is done with a Brilloui
zone sampling method, thez index onej denotes that only
the z components of the eigenvectors are included, and
frequenciesv j are assigned to bins in a histogram. The de
sity of states is closely related to the response determine
the inelastic neutron scattering experiment9 and also provides
a summary of the information contained in the 3N2 disper-
sion curves for the unit cell withN2 atoms.
0-2
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For the Ar/graphite model, there are 25 atoms in the B
vais cell and the maximum difference in heightsz for the
configuration of the minimum potential energy is'0.085 Å.
TheS-mode spectral strength for36Ar is centered at 6.0 meV
and has a full width at half maximum~FWHM! of 0.2 meV.
This reproduces the result of the analysis9 of the inelastic
neutron scattering from a polycrystalline sample.

For the Kr/graphite model,27 there are 100 atoms in th
Bravais cell and the maximum difference in heightsz for the
configuration of minimum potential energy is'0.085 Å. The
S-mode spectral strength is centered at 4.25 meV and h
FWHM of 0.2 meV. This agrees with the inelastic atom sc
tering data.10

Both these results are consistent with calculations of
curvature]2Vh /]z2 of the holding potential at the heights o
minima at high-symmetry points of the graphite unit ce
The curvature at the centerrW50 is within 2% of the value at
a top siterW5(aW 11aW 2)/3. When the calculations forVh are
examined in more detail, it is found that there is a 35
change in the curvature ofV0 ~‘‘anharmonicity’’! which is
almost completely offset by the change in the contributio
from theVg . This is not an automatic result for such pote
tials, because the corresponding changes reinforce fo
widely used model28 of Xe/Pt~111!.

A related system is Xe/graphite. TheS mode for the
A3-commensurate lattice has been observed29 by inelastic
helium atom scattering. As expected, there is no dispersio
v' apart from effects of hybridization with the substra
modes near the Brillouin zone center. The incommensu
monolayer has been imaged by scanning tunne
microscopy,4 which gives an estimateDz'0.15 Å for the
variation in Xe heights. This value is voltage and tip depe
dent, but it is on the scale of an estimate of 0.05–0.08
from models similar to those used here for argon and kr
ton.

III. MONOLAYER H 2 ON MgO„001…

A. Geometry

Two HOC lattices of monolayer H2 /MgO(001) are
treated in this paper, thec(432) and c(632) with three
and five molecules per unit cell, respectively. In this subs
tion the geometry of the space and reciprocal lattices
specified.12 The space lattice for thec(432) case is illus-
trated in Fig. 1.

Denote the unit vectors along the@100# and@010# axes of
the MgO surface byx̂ and ŷ and those along@110# and

@11̄0# by ẑ and ĥ. The primitive vectors of the MgO~001!
surface are, ẑ and,ĥ, ,52.97 Å. The primitive vectors of
the average H2 space lattices with long space axes alo
@110# are

aW 1,25a@6sin~c/2!ẑ1cos~c/2!ĥ#, ~5!

with acos(c/2)5, and asin(c/2)5 2
3 , and 3

5 , for the c(4
32) and c(632) cases, respectively. That is, on avera
they are uniaxially incommensurate lattices with recipro
lattices spanned by the vectors
23542
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tW1,25t0@6cos~c/2!ẑ1sin~c/2!ĥ#, ~6!

with t052p/asin(c). The primitive space and reciprocal la
tice vectors for the HOCc(432) unit cell are

bW 1,25,@62ẑ1ĥ#, ~7!

gW 1,25
p

2,
@6 ẑ12ĥ#. ~8!

There may be a second domain with a long space axis a

@11̄0#; in that case the axesẑ and ĥ are interchanged in
these equations.

The leading reciprocal lattice vectors for the avera
c(432) lattice have magnitudes 1.906 Å21 and 2.116 Å21.
Both are observed in the D2 /MgO(001) neutron diffraction
experiments,30 the second coincides with an MgO diffractio
peak for helium diffraction along the@110# azimuth. The
experimental evidence cited11 for the higher-order cell in the
helium diffraction experiment is the peak atp/,51.06 Å21

along the@110# ~or @11̄0#! azimuth and broad peaks alon
@100# assigned11 as wings of diffraction peaks along@510#
and @310#. Since the @510# peak with projection at
1.87 Å21 x̂ arises also for the average lattice, it is the@310#
peak with projection at 1.12 Å21 x̂ that is distinctive of the
HOC cell.

FIG. 1. Schematic of the spatial coordinates for the HOCc(4

32) lattice of H2 /MgO(001). The primitive vectorsaW 1 andaW 2 of

the average space lattice andbW 1 andbW 2 of the HOC are shown. The

@100#, @010#, @110#, and @11̄0# azimuths of the MgO substrate ar

identified. The two sets of Cartesian axes (x̂, ŷ) and (ẑ, ĥ) are
shown. Positive and negative substrate surface ions are denot1
and2, respectively, and the adlayer molecules are denoteds. The
parallelogram gives an outline of the unit cell of the HOC lattic
Corners of the unit cell are situated at1 ions, a positioning that is
plausible but not yet proved.
0-3
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The leading reciprocal lattice vectors for the avera
c(632) lattice have magnitude 2.056 Å21 and 2.116 Å21.
Both are observed in the D2 /MgO(001) neutron diffraction
experiments.30

For both thec(432) andc(632) average lattices, a re
ciprocal lattice vector at (2p/,)ĥ coincides with a recipro-
cal lattice vector of the MgO~001! surface. That term in the
adatom-substrate corrugation series adds coherently in
adlayer and causes a zone-center frequency gap for disp
ments alongĥ. The effect alongẑ is expected to be much
smaller.

B. Assignment of the dispersive phonon branch

The results of the inelastic helium atom scattering m
surements for the@110# azimuth were presented11 as three
phonon branchesva(q), one with a zone-center gap an
significant dispersion and two with little dispersion a
rather higher energies. While this is suggestive of the th
branches expected for a Bravais lattice with one ato
molecule per cell, the analysis here leads to a firm ass
ment of only one of the observed branches to motion po
ized in thez-h plane parallel to the surface.

For thec(432) case, the dispersive branchv1(q) mea-
sured along@110# has a gap of 2.5 meV at small wave num
ber q, then increases to 6.2 meV atq50.620.8 Å21, and
decreases to 5 meV at 1.1 Å21. The observed dispersiv
branch for thec(632) case is less complete, partially b
cause of the larger inelastic backgrounds in that case,
Fig. 2 shows that the data forq50.15–0.4 Å21 nearly su-
perimpose on the dispersion curve measured for thec(4
32). This suggests that the gap in both cases arises from
coherent effect ofg52p/, in the uniaxially incommensu
rate average lattices and that the atomic displacements

FIG. 2. Dispersive branch of H2 /MgO(001) monolayer solids
The energyv1(q) ~in meV! is plotted as a function of wave numbe
q ~in Å 21) for the dispersive branch observed~Ref. 11! with inelas-
tic helium atom scattering experiments. The solid circles and
angles denote data for thec(432) and c(632) lattices, respec-
tively. The q values corresponding to theM and K points of the
average reciprocal lattice for thec(432) cell are noted on the
abscissa. The fact that the data for the two HOC lattices are
similar is support for assigning this phonon branch to in-plane m
tions polarized primarily along the short axis of the HOC cells. T
estimated crossing of this branch and the Rayleigh mode~Ref. 5! of
the MgO substrate is atq'0.07 Å21 and the associated perturb
tion ~Ref. 24! of the adlayer branch is not evident here.
23542
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in-plane motions along the short axis of the HOC cell. T
very similar small-q excitations might be transverse oscill
tions of a domain oriented along@110# or longitudinal oscil-
lations for the alternate domain oriented along@11̄0# and
observed along@110#.

The magnitudes of the frequenciesv1(q) at smallq are
consistent with estimates for a monolayer hydrogen so
Convert the 2.5 meV frequency of the zone-center gap to
estimate of the corrugation amplitudeV̄g for g52.12 Å21

using2

mv0i
2 522g2V̄g^exp~ ıgh!&'22g2V̄gexp~2g2^h2&/2!.

~9!

The uncertainty of about 10% in the measured frequencie
small q leads to an uncertainty of 20% in the inferred val
of V̄g . With ^h2&'0.15 Å2 from the three-dimensional~3D!

solid31 or monolayer H2/graphite,32the result isV̄g'20.47
meV, as listed in Table I. It is on the scale of the 1.0 m
estimate by Karimi and Vidali,22 and the experience of Frigo
et al.33 was that a similar approximation for other ionic cry
tals overestimated the corrugation. The strongest argum
for assigning the gap to arise from vibrations primarily alo
the short axis of the HOC cell is the similarity of th
branches at smallq for both thec(432) andc(632) lat-
tices. Further, if this branch forc(432) were assigned to
motions along the long (z) axis, there would be two seriou
problems:~i! To get an appreciable restoring force for th
q50 motion alongẑ would require large relative displace
ments of molecules in the HOC unit cell and there is
support for this in eikonal fits to the diffracted intensities34

~ii ! Fitting the nearly dispersionless branch observed at
meV to ĥ motions would giveV̄g'25.4 meV, which is very
large compared to the H2/graphite corrugation. It also is larg
enough that barriers 4V̄g to lateral motion of the H2 on the
MgO surface would severely reduce the lateral mobility
temperaturesT<10 K. There was no indication of this in th
experiments.

Over the rest of the Brillouin zone,v1(q) should have
large or even dominant contributions from H22H2 interac-
tions. To make this quantitative, construct a simple model
the in-plane harmonic dynamics of the averagec(432) lat-
tice using radial force constantsb1 for the four nearest
neighbors at 3.57 Å andb2 for the two next-nearest neigh
bors at 3.96 Å. With a parametrizationb j5mV j

2 , the fre-
quencies for normal modes with longitudinalL and trans-
verseT polarizations relative toqẑ are

vLz
2 ~q!5

16

13
V1

2@12cos~2q,/3!#12V2
2@12cos~4q,/3!#,

~10!

vTz
2 ~q!5v0i

2 1
36

13
V1

2@12cos~2q,/3!#, ~11!

and for those polarizations relative toqĥ are

i-

so
-
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vTh
2 ~q!5

16

13
V1

2@12cos~q, !#, ~12!

vLh
2 ~q!5v0i

2 1
36

13
V1

2@12cos~q, !#. ~13!

The coefficients 16/13 and 36/13 arise from the force ten
constructed with Eq.~5!. Fitting Eqs. ~11! and ~13! to v1
56.0 meV atq50.8 Å21 givesV153.3 meV and 2.5 meV,
respectively. With such values, the frequenciesvLz andvTh
would be much smaller than those in the gap branches an
a range where no excitations were observed in
experiments.11 It would be ambiguous from the experiment
data whether the gap branches for one or both of thec(4
32) domains had been observed.

However, V1'3 meV is quite small in the light of
values31 for the 3D isotopic hydrogen solids. The zon
boundary phonons from inelastic neutron scatter
experiments31 on ortho-D2 atLnn53.61 Å and 3.53 Å can be
fit to a radial force constant that givesV1.5.0 meV for H2
at these separations. A fit to the data31 for para-H2 at L
53.79 givesV.3.5 meV. The 3.96 Å neighbors in th
c(432) lattice are at even larger separation and theV2
value would be even smaller; therefore that term is drop
from Eq. ~10! in the following discussion.

When the parameter set ofv0i52.5 meV,V155.0 meV,
and V250 is used in Eqs.~10!–~13!, the identification of
v1(q) with the gap modevTz or vLh remains valid only at
small q. For q50.7–1.1 Å21 those branches have freque
cies in the range 8–12 meV and the gapless modes h
frequencies in the range 5–8 meV. What has been viewe
a single branchv1(q) would have to be treated as a coinc
dental combination of gap and gapless modes. The situa
remains very similar whenV154.0 meV is used. The in
plane motion with 8–12 meV frequencies would help reso
the difficulty of assigning the two dispersionless branch
discussed in the next subsection. This is not a complete r
lution becausevTz and vLh are both less than 4.0 meV a
q,0.4 Å21, a q range where both higher-frequenc
branches are observed. Most critically, there are no obse
phonons with the frequencies of 6.5–8.0 meV that are par
the calculated range forvTz andvLh . The radial force con-
stants forV55.0 and 3.0 meV differ by more than a fact
of 2. It would be a surprise if the fitting to the 3D solids ga
an effective monolayer force constant that much in error,
this is a step that could be tested with quantum solid ca
lations.

The present situation is either that the radial force c
stant in thec(432) monolayer is much smaller than e
pected or that, for some unknown reason, substantial ra
of the monolayer phonon spectra were not accessed in
experiment.11,35

C. Dispersionless branches

Two nearly dispersionless branches are observed11 for
both the HOC monolayer lattices. Forc(432), the branches
are at approximately 8.5 and 10.5 meV. Forc(632), they
are at approximately 9.0 and 11.0 meV.
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Karimi and Vidali predict22 an excitation energy of'10.5
meV for H2 /MgO in the laterally averaged potentialV0, as
in selective adsorption resonances. Scaling the kno
excitation36 for H2/graphite by the square root of the ratio
adsorption energies14 on graphite and MgO gives an estima
12–12.5 meV. Thus, one of the observed branches prob
is theS modev'(q) of H2 /MgO. The puzzle is the appea
ance of two modes in this energy range.

One possibility that arises for thec(432) HOC cell is
that there might be two heights for molecules in the cell, o
for those (a) at 0ẑ and another for those (b) at (4/3), ẑ and
(8/3), ẑ where the leading corrugation energies are equal.
eikonal analysis11,34 of the helium scattering data admi
height differencesDz5 z̄b2 z̄a of 0.15–0.23 Å. However two
calculations based on this mechanism, to be described in
next paragraphs, do not succeed in generating a 20% s
ting in v' .

First, there is a classical force relaxation to find minima
z potentials ata andb,

Va~z!5V0~z!14V̄gexp~2gz!, ~14!

Vb~z!5V0~z!1V̄gexp~2gz!, ~15!

where a common approximation for thez dependence of the
corrugation is used.37 Anharmonicity is included inV0
through the approximation

V0~z!5
1

2
Kz2@12az#, ~16!

based on a Morse potential. Fits to the energy lev
observed36 for H2/graphite and calculated22 for
H2 /Mgo~001! give a51.2–1.3 Å21. Then the curvatures a
the two minima give perpendicular frequencies that differ
less than 5% forDz in the range 0.1–0.22 Å. A calculatio
that omits the anharmonicity inV0 does give two frequencie
differing by about 20% and withv0i54 –4.5 meV. As ar-
gued in Sec. II, it is inconsistent and leads to nonphys
effects in the classical monolayer solids, to include only
change in curvature arising from the corrugation terms.

The second calculation is to solve for the ground-state
first excited-state energies of the potentialsVa andVb using
for V0 a Morse potential fit to the three levels calculated
Karimi and Vidali.22 The scale forV̄g is set by fitting to
valuesv0i52.5–4.0 meV. That such a calculation is requir
is suggested by the fact that theDz inferred from the eikonal
analysis is less than the root-mean-square spread in heig32

for H 2/graphite. However, even in the most corrugated ca
the calculated difference in heights is only 0.07 Å and t
difference in excitation energies only 7%.

Both these calculations are limited by thead hoccharac-
ter of the model potentials, but they show the difficulty
reproducing the observed dispersionless branches. With m
realistic models for the holding potentialVh(rW,z) other pos-
sibilities might be explored, such as the differences forp
2H2 ando2H2 which are known32 to be appreciable for the
vibrational spectrum of the monolayers on graphite.
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Finally, there is one further dispersionless branch
served for the H2 layers on MgO~001!. A branch with 5.5
60.5 meV is attributed11,34 to perpendicular vibrations o
molecules in the second layer of a bilayer film. This prese
a rather different but quite compelling problem: for the cla
sical inert gases Ar, Kr, and Xe on Ag~111! and Pt~111!, the
v' of the bilayer typically7,8 has a dispersion of 30%–40%
over the Brillouin zone. Calculations38 for H2 films show that
the top layer is quite easily disordered, but there has bee
demonstration that this would lead to the type of frequen
spectrum that is reported for bilayer H2 /MgO.

IV. CONCLUSIONS

The ‘‘2D approximation’’ in which monolayer solids ar
assumed to be planar has been justified mostly by after-
fact comparisons with experimental data. The conclus
here is that the successes were based partially on offse
anharmonicities in components of the adatom-substrate
tential. The monolayer does have az topography that can be
evidenced by imaging or reflected in diffracted intensiti
However, when the effect of thez variations is combined
with the offsetting anharmonicities, thev'(q) branch re-
mains nearly dispersionless. This was verified with calcu
tions for classical monolayers and is consistent with anad
hoc model for a quantum monolayer.
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One of the observed phonon modes of the quantum mo
layer solid H2 /MgO(001) can definitely be assigned, fo
small q, as the spectrum of motion along the simply com
mensurate axis of the lattice and the fitted corrugation a
plitude is plausible in the light of data for H2/graphite. The
two nondispersive branches present a puzzle because
though anv' branch was predicted for that energy range,
satisfactory mechanism for the splitting into two branch
has been given yet. The nondispersive branch assigned in
experiments to a H2 bilayer also stands as a puzzle becau
the classical bilayer systems show substantial dispers
Much of the discussion for the H2 solid given here has a
preliminary character because full quantum solid calcu
tions combining lateral and perpendicular motions32,39 have
not been performed for H2 /MgO(001). It is hoped that this
paper helps to focus the problems posed by
H2 /MgO(001) system for future efforts.
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