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Topography and energy variation in physisorbed layers
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The combined effects on the monolayer dynamics of the lateral energy varietiongation 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, apd\igO(001). For inert gases, the effects are shown
to offset each other and result in nearly dispersionfes®de branches, for adatom vibrations perpendicular to
the substrate, similar to those observed for most physically adsorbed monolayers. For/gC001)
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 H/MgO(001) are discussed, but there is no conclusive identification of the molecular motions
giving rise to those branches.
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I. INTRODUCTION extensive database with the overall parameters/gffor
many adatom-substrate combinatidfis.

Many properties of physically adsorbed monolayer solids The effect of the leading amplitudé,, at the potential
are modeled successfully without much knowledge of theninimum can be isolated in the zone-center frequency gap
lateral variation of the adatom-substrate potential—i.e., thQ,)OH of adlayer vibrations. This has been fruitful for near-
corrugation terms in the “holding potentia¥,—and with-  classical adsorbates, as summarized in Table | where the
out including the fact that the adatoms are at various heightg,easured gaps and derived amplitudes are listed for several
z above the substrateThe lateral variation is crucial in set- examples. For Xe/Qa10), essentially a uniaxially incom-
ting energy barriers to motion on the substrate surface and ig,ensurate lattice, the gHpgives a measure of the energy
determining Brillouin-zone-center frequency gaps in the disy gjation transverse to the troughs. The quantum solid cases
persion relation for monolayer phonoh3he z variation, or H, and *He are more difficult, because they have large ef-

surfaqe ‘é’?"graphy’ beco.mes . ewde_nt N IMagiNGects of zero-point motioA.The calculations for the triangu-
experiments” and is reflected in the intensities of atoms dif- lar monolayer lattices used information on the adsorption

fracted from the layetAnother signature might be a disper- <, 5;
sion in the Smode frequencies», , of adatom vibrations site: .
perpendicular to the substrate surface, arising from the fact Th? bo_dy of empm_cal I_<n(_)wledge about the 'ate“'?" energy
that the atoms of an incommensurate monolayer solid are i§aration is really quite limited. Thus, the recent inelastic
many different substrate environmefitslowever, there js &tom scattering experlméﬁtfor H,/MgO(001) showing a
little dispersion inw, for most monolayer solids® Thus ~ dispersive phonon branch with a zone-center gap of 2.5 meV
there must be an interplay between the contributions to thé an important step. It will be argued in Sec. Il that the gap
curvature inV,, and the topography in The purpose of this can be assigned to vibrations along the short axis of a higher-
paper is to demonstrate the interplay in calculationsspf ~ Order-commensurate unit cell and hence to a corrugation am-
for two classical examples, Ar/graphitand Kr/graphité®  plitude [Vgo|~0.47 meV forg=2.12 A~*. This is on the
and to include it in a discussion of the assignment of modescale of the value inferred forjfgraphite and of a prediction
observed for the quantum monolayer solid,iMgO(001). by Karimi and Vidali*®
The discussion is in terms of the coefficients in the Fou- The experiments for monolayer H/MgO(001) also
rier decomposition o¥/}, using reciprocal lattice vectoggof ~ give a measure of thez] topography of the layer, by analy-
the substrate surfacé: sis of diffraction intensities, and show two dispersionless
branches in the phonon spectrum at about 10 meV. While a
. o perpendicular mode at about that energy was predicted by
Vh(r,2)=Vy(2)+ 2 Vg(2)expig-r), (1) Karimi and Vidali, the presence of two modes with splitting
9 by about 2 meV has not been explained. It is discussed here

o . . in the context of the dispersionle§&modes observed for
where the adatom position is expressed in laterahd per-  Ar/graphite and Kr/graphite.

pendicularz coordinates relative to a substrate atom in the The organization of this paper is as follows: Section Il
surface layerVy(z) is termed the laterally averaged holding contains a classical mechanical treatment of the effect of
potential and thé/, are the corrugation amplitudes. The to- height variations on the lattice dynamics of monolayers on
pography arises from the fact that taevhich minimizesVi,  graphite. Section Il contains a treatment of the quantum
is a function of the lateral position. For physically ad- solid of H,/MgO(001), discussing the assignment of ob-
sorbed layers, the energy scale\4f is usually at least one served phonon branches and the effects of height variations
order of magnitude larger than that of tig, and there is an on thew, branch. Section IV contains final remarks.
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TABLE I. Corrugation energy amplitudé,, from Brillouin-zone-center gap frequenay of monolayer
lattices. The system, commensurate lattiog, (in meV), wave numbeg, (in A1) of the term that acts
coherently to determinesg, and theVy, (in meV) are listed. The adlayer adsorption site, needed for
deriving Vo from o, is also given. For these triangular lattices, the frequency is related to the effective
corrugation amplitude, averaged over lateral zero-point vibrationggpsy J(— 392Vg/m), wherem s the
adatom or admolecule mass.

System Structure Wy Jo Vgo Site
Xe/P(111) J3 R30° 1.32 2.62 -2.6 Atop
Xe/Cu(111) J3 R30° 0.4+0.1% 2.84 -0.2 Atop
Xe/Cu110 (26x2) 0.7° 1.74 -2.6 Row-on-rov
N ,/graphite 3x43 1.6° 2.95 —-0.79 Hexagon centér
H,/graphite J3 R30° 4.08° 2.95 -0.6 Hexagon centér
He/graphite V3 R30° 1.0° 2.95 -0.13" Hexagon centér
H ,/MgO(001) c(4%2) 2.5 2.12 -0.47 k

“Reference 15.

PReference 16.

‘Reference 17.

YReference 18.

‘Reference 19.

'Reference 11.

9Calculated for spherical molecules and tf/@R30° center-of-mass lattice.

"Reference 20.

iReference 21. The adsorption geometry of XéA10) is determined for the (122) lattice.Vy is estimated
for a classical lattice using Eq9) with »=0.

IResult for holding potentials calculated by atom-atom sums, Ref. 12; the hexagon cente+i8.at
kPerhaps row-on-Mg rows.

II. INCOMMENSURATE MONOLAYERS ON GRAPHITE spacingL = (1/N) \/(3|\/|2+ 3M+1)¢. The incommensurate
Ar/graphite can be mimicked by the HOC lattice wikh

=4 andN=5, havingL=3.84 A and rotation 3.7° relative

to the 30° axis. The Kr/graphite case can be mimicked by the
HOC lattice withM =9 andN=10, havingL=4.05 A and
rotation angle 1.7°.

The adatom-adatom potentials are the HFD-B2 models
used for the gases on Pt11). The holding potential¥/,, are
constructe?3from pairwise sums of Lennard-Jongi,6)
potentials[(e,0)=(57.9 K, 3.40 A for Ar/graphite and

Inelastic neutron scattering experiméntsr a triangular
incommensurate monolayer solid of Ar/graphite at 5 K with
nearest-neighbor spacing=3.86 A give anSmode fre-
quency of 5.6:0.35 meV. At thisL, the argon lattice is
rotated® by 3.1°—3.4° from the 30° axis of the graphite. For
Kr/graphite with L=4.04 A, the Smode frequency deter-
mined by inelastic helium atom scattering’i¢.1+0.2 meV
apart from the small-wave-number region where it

hybridize$* with the graphite modes. The rotation angle:(75 K, 3.42 A for Krigraphitd with the Cole anisotropy

relative to the 30° axis f§ 1.0°—1.2°. )
Both these cases appear to be incommensurate |attic$arameter3yA—0.4, ¥r=—0.54. The substrate is taken to

For the purpose of examining the phonon spectra they m € static, and the spectra are calculated with quasiharmonic

. . 2 . .
be approximated by higher-order-commensurt¢OC) attice dynamics? The z-projected density of states, also

lattices®® This becomes a good approximation for large Hoctgrmed :he “spectraldstr_ength," is ;onft:]uc:jed ffOT“ tIH\é23
cells, where the modulation by the corrugation is small. Leftlgenva ues;(q) and eigenvectore of the dynamical ma-

the graphite surface lattice have primitive vectors trix according to

=X a,="{

%§+ \/7§y) 7) pz(fz):; 2 &(a)|28(w;(q)— Q). (4)

with €=2.46 A, and consider the family of HOC lattices oy Eq. (4), the wave vector sum is done with a Brillouin
generated by the primitive vectors zone sampling method, theindex one denotes that only

the z components of the eigenvectors are included, and the
3) frequenciesw; are assigned to bins in a histogram. The den-

sity of states is closely related to the response determined in
The Bravais cell containii? adatoms at positions generated the inelastic neutron scattering experintand also provides
initially by the vectorsb;=A;/N, b,=A,/N. The average a summary of the information contained in th&l®3disper-
adlayer lattice is a triangular lattice with nearest-neighborsion curves for the unit cell witiN?> atoms.

A1=(M+1)a1+Ma2, A2:_Mal+(2M+1)a2.
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For the Ar/graphite model, there are 25 atoms in the Bra-
vais cell and the maximum difference in heiglztgor the
configuration of the minimum potential energy~<0.085 A.
The Smode spectral strength fGPAr is centered at 6.0 meV
and has a full width at half maximuit=WHM) of 0.2 meV.
This reproduces the result of the analysié the inelastic
neutron scattering from a polycrystalline sample.

For the Kr/graphite modél, there are 100 atoms in the
Bravais cell and the maximum difference in heightsr the
configuration of minimum potential energy+s0.085 A. The
Smode spectral strength is centered at 4.25 meV and has
FWHM of 0.2 meV. This agrees with the inelastic atom scat-
tering data'®

Both these results are consistent with calculations of the
curvatured?V,,/9z? of the holding potential at the heights of
minima at high-symmetry points of the graphite unit cell.

The curvature at the centee=0 is within 2% of the value at

a top sitef=(§l+ 52)/3. When the calculations fov}, are
examined in more detail, it is found that there is a 35%
change in the curvature &f, (“anharmonicity”) which is
almost completely offset by the change in the contributions ) , )
from theV,. This is not an automatic result for such poten- FIG. 1 Schematic of the spatial ,CO.(),rd'nates for the HE@
tials, because the corresponding changes reinforce for %2) lattice of H/MgO(001). The primitive vectora, anda, of
widely used modéf of Xe/P(111). the average space lattice amdandb, of the HOC are shown. The
A related system is Xe/graphite. TH8 mode for the [100], [010], [110], and[110] azimuths of the MgO substrate are
J3-commensurate lattice has been obseféy inelastic identified. The two sets of Cartesian axes §) and ¢, 7) are
helium atom scattering. As expected, there is no dispersion ighown. Positive and negative substrate surface ions are deftoted
w, apart from effects of hybridization with the substrate and—, respectively, and the adlayer molecules are denGte@he
modes near the Brillouin zone center. The incommensuratgarallelogram gives an outline of the unit cell of the HOC lattice.
monolayer has been imaged by scanning tunnelin&om?rs of the unit cell are situated -ations, a positioning that is
microscopy! which gives an estimatdz~0.15 A for the  Plausible but not yet proved.
variation in Xe heights. This value is voltage and tip depen-

dent, but it is on the scale of an estimate of 0.05-0.08 A 71.0= 7ol = €O YI2) ¢+ sin(412) 7], (6)
from models similar to those used here for argon and kryp- ) o )
ton. with 7= 2/asin(y). The primitive space and reciprocal lat-

tice vectors for the HO@(4X 2) unit cell are
Ill. MONOLAYER H , ON MgO(00))

by o= €[ =20+ 7], (7

A. Geometry
Two HOC lattices of monolayer HMgO(001) are - T +54+25 8
treated in this paper, the(4x2) andc(6x2) with three 912 2€[_§ 7] ®

and five molecules per unit cell, respectively. In this subsec- h b dd i with a | is al
tion the geometry of the space and reciprocal lattices i here may be a second domain with a long space axis along

specified™? The space lattice for the(4x2) case is illus- [110]; in that case the axes and 7 are interchanged in
trated in Fig. 1. these equations.

Denote the unit vectors along th&00] and[010] axes of The Ieao_ling reciprocal_ lattice vectors for the a_vlerage
the MgO surface byx andy and those along110] and c(4x2) lattice have magnitudes 1.906 Aand 2.116 AL,

— - ~ S Both are observed in the ,dMgO(001) neutron diffraction
[110] by ¢ and 5. The primitive vectors of the Mg@®01) experiments? the second coincides with an MgO diffraction

surface are¢ and (7, ¢=2.97 A. The primitive vectors of peak for helium diffraction along thg110] azimuth. The
the average H space lattices with long space axes alongexperimental evidence cit€dfor the higher-order cell in the
[110] are helium diffraction experiment is the peak atf =1.06 A~*

- , - - along the[110Q] (or [110]) azimuth and broad peaks along

ay ,=a[ = sin(y/2) L+ cos ¥2) 7], (3  [100] assignedt as wings of diffraction peaks alori10]
with acos@/2)=¢ andasin(y/2)=3¢ and ¢¢ for thec(4 ~ and [310. Since the [S10] peak with projection at
x2) andc(6x2) cases, respectively. That is, on average1.87 A" x arises also for the average lattice, it is {8a0]
they are uniaxially incommensurate lattices with reciprocalpeak with projection at 1.12 Al x that is distinctive of the
lattices spanned by the vectors HOC cell.
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70 in-plane motions along the short axis of the HOC cell. The
o 60 o o very similar smallg excitations might be transverse oscilla-
% 50 . e o0 tions of a domain oriented alorjd10] or longitudinal oscil-

0. it s o2) lations for the alternate domain oriented algriglO] and

e . 4 C(6x2) observed along110].

' b o -M=1.058 The magnitudes of the frequencieg(q) at smallq are

201 M -K=1.146 consistent with estimates for a monolayer hydrogen solid.

10 l T Convert the 2.5 meV frequency of the zone-center gap to an

00 v ' v ' ' v v estimate of the corrugation amplitudg, for g=2.12 A™*

0.0 0.2 0.4 0.6 0.8 1.0 12 gqa1 usin92

FIG. 2. Dispersive branch of HMgO(001) monolayer solids. ) o o _
The energyw,(q) (in meV) is plotted as a function of wave number Mg = —2g°Vg(exp(1gn))~ —2g°Vyexp —g«(7)/2).
q (in A1) for the dispersive branch observéRkef. 11 with inelas- 9)
tic helium atom scattering experiments. The solid circles and tri-
angles denote data for tre4x2) andc(6x2) lattices, respec- The uncertainty of about 10% in the measured frequencies at

tively. The q values corresponding to thé and K points of the smgllq leads to an uncertainty of 20% in the inferred value
average reciprocal lattice for the(4X2) cell are noted on the of Vg . With (7%)~0.15 A? from the three-dimension&BD)

abscissa. The fact that the data for the two HOC lattices are SQolid! or monolayer I—i/graphitee‘zthe result isv ~—047
similar is support for assigning this phonon branch to in-plane mo- ' g )

tions polarized primarily along the short axis of the HOC cells Themev’ as listed in Table 1. It is on the scale of the 1.0 meVv
. . .. 2 . .
estimated crossing of this branch and the Rayleigh niBéé. 5 of estimate by Karimi and Vidal; and the experience of Frigo

the MgO substrate is ai~0.07 A-1 and the associated perturba- et al”>” was t_hat a similar approximation for other ionic crys-
tion (Ref. 24 of the adlayer.branch is not evident here. tals overestimated the corrugation. The strongest argument

for assigning the gap to arise from vibrations primarily along
the short axis of the HOC cell is the similarity of the
®ranches at smalj for both thec(4x2) andc(6x2) lat-
tices. Further, if this branch fot(4xX2) were assigned to
motions along the long{) axis, there would be two serious
problems:(i) To get an appreciable restoring force for the
ciproca}l lattice vector at (2/¢) n coincides with a repipro- ?ner?tsmcc)): |cr>r:10|aelglrj1lge§s VIV: l:Lde ra%geulgirtggerliaI:g\éetgés;glai\genO
cal lattice vector of the MgO02) surface. That term in the support for this in eikonal fits to the diffracted intensitfés.

adatom-substrate corrugation series adds coherently_ in th(ﬁ) Fitting the nearly dispersionless branch observed at 8.5
adlayer and causes a zone-center frequency gap for displace- N

lonam. The eff lond i dtob h meV to » motions would give\79~—5.4 meV, which is very
;nrﬁgﬁsera ongr. The effect along is expected to be muc large compared to thefgraphite corrugation. It also is large

enough that barriers ¥ to lateral motion of the klon the
MgO surface would severely reduce the lateral mobility at
B. Assignment of the dispersive phonon branch temperature3 <10 K. There was no indication of this in the

The results of the inelastic helium atom scattering meagxperlmeﬂts. £ th lloui hould h
surements for th¢110] azimuth were present&das three Over the rest of the Brillouin zoney,(q) should have

phonon branches,(q), one with a zone-center gap and Iarge or even do_minant gon_tributions fromzﬂHz interac-

significant dispersion and two with little dispersion andt|on§. To make this q.uant|tat|v.e, construct a simple model for

rather higher energies. While this is suggestive of the threl€ in-plane harmonic dynamics of the avera¢éx2) lat-

branches expected for a Bravais lattice with one atomfiC® Using radial force constanig, for the four nearest

molecule per cell, the analysis here leads to a firm assigr?€i9hPors at 3.57 A ang, for the two next-nezarest neigh-

ment of only one of the observed branches to motion polarPors at 3.96 A. With a parametrizatigsy=mQ7, the fre-

ized in thel- 7 plane parallel to the surface. quencies for normal modes W|:[h longitudinialand trans-
For thec(4X 2) case, the dispersive branahj(q) mea- verseT polarizations relative tg are

sured alond110] has a gap of 2.5 meV at small wave num-

ber g, then increases to 6.2 meV gt=0.6—0.8 A1, and ) 16 )

decreases to 5 meV at 1.1°A. The observed dispersive ~ @i,(0)= 73921[1—c0s2q€/3)]+203[1—cos4qt/3)],

branch for thec(6X2) case is less complete, partially be- (10)

cause of the larger inelastic backgrounds in that case, but

Fig. 2 shows that the data for=0.15-0.4 A"* nearly su-

perimpoge on the dispersion curve measured .foroth@ w%g(q)=w§\|+ 3_695[1_0032(46/3)]7 (11)

X 2). This suggests that the gap in both cases arises from the 13

coherent effect ofy=27/¢ in the uniaxially incommensu- .

rate average lattices and that the atomic displacements aamd for those polarizations relative ¢p; are

The leading reciprocal lattice vectors for the averag
c(6x2) lattice have magnitude 2.056 & and 2.116 AL,
Both are observed in the, ldMgO(001) neutron diffraction
experiments?

For both thec(4x2) andc(6X2) average lattices, a re-
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. 16 Karimi and Vidali predict? an excitation energy of10.5
wT,(0)= 7321[1-cogqf)], (120 meV for H,/MgO in the laterally averaged potentid}, as
in selective adsorption resonances. Scaling the known
36 excitatic')r?6 for Hz/graphite by. the square ropt of the ra_tio of
w? ()= wd+ E))Qi[l—cos(qe)], (13)  adsorption energiedon graphite and MgO gives an estimate
12-12.5 meV. Thus, one of the observed branches probably
The coefficients 16/13 and 36/13 arise from the force tensdf theSmodew, () of H,/MgO. The puzzle is the appear-
constructed with Eq(5). Fitting Egs.(11) and (13) to »,  ance of two modes in this energy range. _
=6.0 meV atq=0.8 A~* gives,;=3.3 meV and 2.5 meV, One poss_,lblhty that arises for the(4X2) H.OC cell is
respectively. With such values, the frequenaigs and wr, that there might Pe two heights for molecules in theA cell, one
would be much smaller than those in the gap branches and fier those @) at 0 and another for thoseb] at (4/3)¢{ and
a range where no excitations were observed in thgg/3)¢{ where the leading corrugation energies are equal. An
experiments? It would be ambiguous from the experimental eikonal analysis-3* of the helium scattering data admits
data whether the gap branches for one or both ofdf®  eignt differenced z=z,— z, of 0.15-0.23 A. However two
X 2) domains had been observed. _ _ calculations based on this mechanism, to be described in the
However, 1,~3 meV is quite small in the light of pext paragraphs, do not succeed in generating a 20% split-
values! for the 3D isotopic hydrogen solids. The zone- ting in , .
boundary phonons ~ from inelastic - neutron _scattering  Fist, there is a classical force relaxation to find minima of
experiment$" on ortho-D, atL,,=3.61 Aand 3.53 A canbe ; potentials ag andb,
fit to a radial force constant that giv§§125.0 meV for H,
at these separations. A fit to the datdor para-H, at L _ V2 _
=3.79 givesQ=3.5 meV. The 3.96 A neighbors in the Va(2)=Vo(2) + 4Vgexp —g2), 4
c(4X2) lattice are at even larger separation and —
V;Iue vaould be even smaller; th?areforepthat term is jrfpped Vi(2) =Vo(2) +VgeXH —92), (15

from Eq. (10) in the following discussion. where a common approximation for taelependence of the
When the parameter set af=2.5 meV,,=5.0 meV,  corrygation is used’ Anharmonicity is included inV,
and Q,=0 is used in Eqs(10)—(13), the identification of through the approximation

w1(q) with the gap modev+, or o, remains valid only at

smallq. Forq=0.7-1.1 A"! those branches have frequen- 1

cies in the range 8—12 meV and the gapless modes have Vo(Z)=§KZZ[1—aZ]. (16)
frequencies in the range 5—8 meV. What has been viewed as

a single branchw,(q) would have to be treated as a coinci- pased on a Morse potential. Fits to the energy levels
dental combination of gap and gapless modes. The situatiopbserved® for H,/graphite and calculatéd for
remains very similar whei};=4.0 meV is used. The in- H,/Mgo(001) give a=1.2—1.3 A", Then the curvatures at
plane motion with 8—12 meV frequencies would help resolvethe two minima give perpendicular frequencies that differ by
the difficulty of assigning the two dispersionless branchesess than 5% for\z in the range 0.1-0.22 A. A calculation
discussed in the next subsection. This is not a complete resgnat omits the anharmonicity M, does give two frequencies
lution becausevt; and w, ,, are both less than 4.0 meV at differing by about 20% and Withog=4—-4.5 meV. As ar-
q<0.4 A~%, a q range where both higher-frequency gued in Sec. II, it is inconsistent and leads to nonphysical
branches are observed. Most critically, there are no observegifects in the classical monolayer solids, to include only the
phonons with the frequencies of 6.5-8.0 meV that are part ofhange in curvature arising from the corrugation terms.

the calculated range fabr; andw, ,,. The radial force con-  The second calculation is to solve for the ground-state and
stants for(2=5.0 and 3.0 meV differ by more than a factor fjrst excited-state energies of the potentidjsandV,, using

of 2. It would be a surprise if the fitting to the 3D solids gave for v/, a Morse potential fit to the three levels calculated by
an effective monolayer force constant that much in error, bukarimi and Vidali22 The scale forV. is set by fitting to
this is a step that could be tested with quantum solid Calcu\'/alueSwOH=2.5—4.O meV. That such % calculation is required

lations. . . .
L . is suggested by the fact that the inferred from the eikonal
The present situation is either that the radial force con-anaIySiS is less than the root-mean-square spread in h&ghts

stant in thec(4x2) monolayer is much smaller than ex- for H,/graphite. However, even in the most corrugated case,

pected or that, for some unknown reason, substantial raN9%Re calculated difference in heights is only 0.07 A and the
of the monolayer phonon spectra were not accessed in thtﬁfference in excitation energies only 7%

: 1
experiment*® Both these calculations are limited by thd hoccharac-
ter of the model potentials, but they show the difficulty in
C. Dispersionless branches reproducing the observed dispersionless branches. With more

Two nearly dispersionless branches are obsélvémt  realistic models for the holding potentde(F,z) other pos-
both the HOC monolayer lattices. Fof4 X 2), the branches sibilities might be explored, such as the differences for
are at approximately 8.5 and 10.5 meV. Rg6x 2), they  —H, ando— H, which are knowr¥ to be appreciable for the
are at approximately 9.0 and 11.0 meV. vibrational spectrum of the monolayers on graphite.
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Finally, there is one further dispersionless branch ob-
served for the H layers on Mg@001). A branch with 5.5

PHYSICAL REVIEW B 68, 235420 (2003

One of the observed phonon modes of the quantum mono-
layer solid H/MgO(001) can definitely be assigned, for

+0.5 meV is attributett** to perpendicular vibrations of small g, as the spectrum of motion along the simply com-
molecules in the second layer of a bilayer film. This presentsnensurate axis of the lattice and the fitted corrugation am-
a rather different but quite compelling problem: for the clas-plitude is plausible in the light of data for #yraphite. The

sical inert gases Ar, Kr, and Xe on Afll) and P¢111), the

two nondispersive branches present a puzzle because, al-

w, of the bilayer typically® has a dispersion of 30%—40% though anw, branch was predicted for that energy range, no

over the Brillouin zone. Calculatioffsfor H, films show that

satisfactory mechanism for the splitting into two branches

the top layer is quite easily disordered, but there has been Ny peen given yet. The nondispersive branch assigned in the
demonstration that this would lead to the type of freq”encyexperiments to a Kbilayer also stands as a puzzle because

spectrum that is reported for bilayer, AMgO.

the classical bilayer systems show substantial dispersion.

Much of the discussion for the Hsolid given here has a

IV. CONCLUSIONS

preliminary character because full quantum solid calcula-

The “2D approximation” in which monolayer solids are tions combining lateral and perpendicular motins have
assumed to be planar has been justified mostly by after-théot been performed for HMgO(001). It is hoped that this

fact comparisons with experimental data. The conclusiorpaper

helps to focus the problems posed by the

here is that the successes were based partially on offsettirtd, /MgO(001) system for future efforts.

anharmonicities in components of the adatom-substrate po-

tential. The monolayer does have topography that can be
evidenced by imaging or reflected in diffracted intensities.
However, when the effect of the variations is combined
with the offsetting anharmonicities, the, (q) branch re-
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