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The interaction of rare gas atoms with graphite surfaces. I

Adatom-adatom potentials

David L. Freeman*

Battelle Memorial Institute, Columbus, Ohio 43201
(Received 9 December 1974)

The Gordon-Kim local density method is applied to the calculation of the interaction energy of pairs of neon,
argon, and krypton atoms adsorbed on the basal plane of graphite. At the adatom-surface equilibrium separation,
the adatom-adatom interaction potentials are found to be from 12% to 20% more repulsive than the gas phase
counterparts. At much smaller adatom-surface separations, the adatom-adatom effective potential well depth is
only 3% of the gas phase well depth. It is found that the nonadditive contributions to the interaction energy are
more important for the smaller rare gas adatoms than for the larger ones. This trend is observed experimentally.
It is concluded that rare gas films on graphite are too mobile to be in registry with the substrate.

I. INTRODUCTION

A variety of interesting questions concerning the prop-
erties of adsorbed gas atoms on the surfaces of solids
depends upon the interactions between the adatoms.

For example, adsorption isotherms and adsorbate struc-
ture are both strongly influenced by adatom-adatom po-
tentials, A study of the general nature of these forces
is an important problem,

One of the better studied systems in physisorption is
rare gas monolayers on graphite. Rare gas adsorption
on graphite has received this attention because the ad-
atom migration barriers are very small, and these
highly mobile films are a prototype for studying two-di-
mensional systems. Some of the more interesting phe-
nomena observed in two dimensional systems are the
possible occurrences of phase transitions. Recent ex-
periments of helium monolayers® and xenon monolayers?
on graphite at moderate densities and low temperatures
have indicated a possible phase transition to an ordered
state, There is evidence that the adatoms in this or-
dered state are in registry with the substrate. An
understanding of such an ordered state and its degree of
registry requires a knowledge of the interaction poten-
tial between the adatoms,

From experimental investigations of the so-called
third-order regions of physical adsorption isotherms,
it has become clear that adsorbed adatoms interact with
each other more repulsively than they do in the gas
phase. *!! Recent analysis of the experimental data of
rare gas adsorption on graphite surfaces has found that
the repulsive interaction due to the surface decreases
the adatom~adatom binding energies by 5%~10%.%° To
explain this additional repulsion Sinanoglu and Pitzer
calculated the nonadditive contribution to the interaction
energy between two nonpolar adatoms and a surface us-
ing third-order perturbation theory. ? Sinanoglu and
Pitzer predicted that the adatom-adatom well depth
would decrease by 20%-40%, which is a much larger ef-
fect than is actually observed, Additionally, the appli-
cation of their theory to rare gas adsorption on graphite
predicted the adatom-adatom well depth to be lowered
more for large atoms than for small ones, and this trend
is at variance with experiment,® McLachlan!® treated
the three-body, two-adatom-surface interaction by ap-
plying the method of images, Application of McLachlan’s
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theory to rare gas adsorption on graphite predicted well
depth lowerings of the right order of magnitude, but
again predicted the wrong trend with respect to adatom
size.® As MacRury and Linder'* have pointed out, one
of the basic shortcomings of both the theories of Sinano-
glu and Pitzer and of McLachlan is that they treated the
surface as a continuous, structureless medium, and
thus did not incorporate any local effects. To analyze
the importance of the local properties of the substrate,
MacRury and Linder computed the nonadditive contribu-
butions to the dispersion energy for rare gas adsorption
on xenon crystals, By comparing their results with the
continuum model of McLachlan, they found the continu-
um model to predict a somewhat smaller nonadditive
contribution. *

All three of these theoretical treatments are valid
only when there is no significant overlap between the
electronic charge distributions of the adatoms, and be-
tween the electronic charge distributions of the adatoms
and the surface, Since there is large overlap for equi-
librium geometries in physisorption, the nonoverlap ap-
proximation may be expected to introduce serious er-
rors,

In a recent paper'® (hereafter referred to as I), we ap-
plied the Gordon-Kim (GK) local density method!® to the
calculation of the interaction energy of single rare-gas
atoms and a graphite surface, The GK method has the
advantage of incorporating the effect of the local envi-
ronment of the surface, and it is valid when there is
significant overlap between the electronic charge distri-
butions, In what follows we apply the GK method to
calculate the nonadditive contribution to the adatom-ad-
atom interactions for rare gas adsorption on graphite,
As we pointed out in I, the GK method does not include
long-range dispersion effects correctly. Recently, Kim
calculated the three-body contribution to the interaction
energy for He;, Ne;, Arg, and Kry both with and without
dispersion effects. " He found that from the repulsive
region to the equilibrium configuration, the dispersion
contribution amounted to less than 15% of the total
three-body energy. Since we deal with an infinite sys-
tem in the calculations which follow, the dispersion er-
ror will be worse for our case than for the three atom
case studied by Kim. However there will also be a
dispersion error in the total energy, and we expect the

Copyright © 1975 American Institute of Physics
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relative importance of the nonadditive energy to be well
described.

In Sec, II we develop the necessary extensions of the
GK method to compute the nonadditive contributions to
rare gas adsorption on graphite, In Sec. III we present
our results, and our conclusions are given in Sec, IV,

1l. APPLICATION OF THE GORDON-KIM METHOD
TO ADATOM-ADATOM INTERACTIONS

The details of the GK method and its application to the
physisorption of rare gas atoms on graphite are given
in I, The notation and the electron density contributions
for the adatoms and for the graphite surface used in this
work are the same as in I. As Bennett'® and Kim!” have
pointed out, the Coulombic contribution to the interac-
tion energy is two~body additive, i.e., we can write

Vc(Rav Rb) = Vc(Ra) +V, (Rb) + Vc(Rab) H (1)

where V,(R,, R;) is the Coulombic contribution to the in-
teraction energy of the two-atom-surface system, R,
and R, are, respectively, the coordinates of adatoms a
and b relative to the graphite surface, R,, is the ad-
atom-adatom internuclear separation, V,(R,) is given
by Eq. (7) of I, and
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"y
LALY/E A I(:)—pr(fll d3rd®r’ . (2)

V,(Ra)= [

In Eq, (2), p,(r) and p,(r) are, respectively, the charge
distributions (including the nuclei) of adatoms a and b,
We write the total interaction energy E(R,, R,) for the
two-adatom-surface system as

E(RG?RD)=E(Ra)+E(Rﬁ)+E(R¢b)+AE(RmRD)a (3)

where E(R,) is given by Eq, (17) of I, and E(R,;) is the
GK gas phase atom-atom interaction energy. Using
Eq. (1) the nonadditive contribution AE(R,, R,) is given
by

AE(R,.Ry) =E, (R, R;) — E,(R)) - E,(Ry) ~ E,(R,;) . (4)

In Eq. (4), E,(R) is defined by Eq, (13) of I and

E,®R,,Ry)= [ @% Br(0) Eo(n (), &)
where
Pr{r) = B, (1) + Dy (r) + B, (T). (6)

In Eq. (15), Eg(p) is defined by Eq. (14) of I. As in ],
the bar over the p denotes the electronic contribution to
the charge density,  If we evaluate all terms of Eq, (4)
in the same integral, we have

AE(R,, R,) =fd3'r{51(r)Ec[ET(r)]— [ B} + () 1 Egl 2, (x) + By (x) ] = [, (x) + 5, (*) 1 E G B, (1) + 2, (7) ]

=1 0y(x) + B, (1) | B[ B, (x) + B (1) ]+ Be(x) Egl 0,(x) 1+ 705 (1) Elp, (1) 1+ B, (1)E 5, (x) 1} (D

Using the fact that p,(r) is periodic over the two-dimensional graphite lattice, we have

AE(RG,RD) =Z Ku (R'ay Rb) ’

where

(8)

Ku(R,,,Ro):f da'r{ﬁ,-(r+R“)Ec[B,.(r+R“)]—[5,,(r+Ru)+f),,(r+Ru)]EG[5,(r+R,,)+5b(r+ R.)]

= [Plr+R) + 0, (D Eg[ pAr+R,) + B, ()] = [ By r+R,) + B, (D) | E(] By(r + R,) + B, ()]
+P,(r+Ry)E [ p,(x+ R,) ]+ 0y (r + REG[ 3y (r + R, )14+ 5, (1)E B, ()]} . (9)

The c of Eq. (9) implies integration over one unit cell,
and R, is a lattice vector. As in the case of single ad-
atom energies, each K, contribution was evaluated in
Cartesian coordinates using the same quadrature
schemes that were used in I. The terms of Eq, (8) fall
off exponentially, and its convergence is rapid, We
found that by summing over all unit cells in Eq, (8) with-
in 10 a.u, of the projected position of the center of R,
onto the plane of the graphite surface, we attained con-
vergence to three significant figures,

The nonadditive contribution to the interaction energy
given in Eq, (8) is a property of the full two-atom-sur-
face system, and it is not possible to uniquely define
nonadditive contributions to the adatom-adatom interac-
tion potentials, However, it is usually assumed that
the adatom-surface interaction is unperturbed by the
presence of the second adatom, and the nonadditive con-
tribution is incorporated into an effective adatom-ad-

I
A

FIG. 1. A section of the graphite lattice is shown along with
the two paths used in this calculation.

J. Chem. Phys., Vol. 62, No 11, 1 June 1975
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FIG. 2. The total energy as a function of adatom=adatom
separation for two argon atoms at 6.6 a.u. above the graphite
surface oriented along the dashed line of Fig. 1 is shown in
the solid line. The dashed line is the total energy in the limit
of no argon~argon interaction. Distances are measured in
units of a graphite lattice carbon—carbon bond length.

atom interaction. We define this effective interaction
Vet! Rava) by
Vefl(Rm Rb) = E(Rab) + AE(RG. Rﬂb) .

In the calculations which follow we compare V., with the
gas phase atom-atom potentials to examine the changes
induced by the graphite surface,

(10)

1. RESULTS

We expect physisorbed rare gas atoms on graphite to
be found at their single adatom potential energy minima
with respect to the adatom-—surface vertical distance,

In I we found very small migration barriers with respect
to motion parallel to the plane of the graphite surface,
and any relative orientation of the two adatoms is likely.
Using Eqs. (3), (8), and (10), we computed the interac-
tion energy of two argon atoms both at 6.6 a.u. above
the graphite surface. One argon atom was kept fixed at
position A of Fig, 1, and the energy was computed as a
function of the position of the other adatom as it moved

TABLE I.

David L. Freeman: Interaction of rare gas atoms with surfaces. !l

The interaction between two argon atoms 6,6 a. u.

above the graphite surface oriented along the dashed line of

Fig, 1.%

R ERy) AE(R, Ry Vst (Rgs Ry) Vap Ry, Ry) E(R, Ry
0.3 45,6 0.000831 45,6 45,6 45.6

0.6 5,55 0,000728 5.55 5,53 5,55
0.9 1.03 0, 000596 1.03 1.03 1.03
1.0 0,654 0. 000550 0,655 0,652 0,653
1.2 0.278 0, 000459 0,278 0,276 0,277
1.5 0,0724 0, 000331 0.0727 0,0708 0,0711
1.8 0,0153 0,000222 0, 0155 0.0137 10,0139
2.0 0.00435 0.000163 0. 00451 0, 00274 0, 00290
2.1 0, 00200 0.000138 0.00214 0, 000389 0, 000527
2,2 0, 000704 0.000116 0, 000820 ~ 0, 000912 —0, 000796
2,3 0, 0000343 0. 0000967 0, 000131 —0,00159 —0,00149
2.35 -0,000152 0, 0000880 - 0, 0000640 —0,00178 — 0, 00169
2.4 —-0,000273 0.0000799 — 0, 000193 ~0,00191 —0,00183
2,45 —~ 0, 000347 0, 0000725 -0, 000275 —0,00199 ~0,00191
2.5 ~ 0, 000385 0. 00006856 -0, 000318 - 0,00203 -~ (J, 00186
2.6 —0.000394 0.0000534 -0, 000341 —0,00205 ~ 0, 00200
2,65 -0,000378 0. 0000481 - 0, 000330 —0,00204 —0,00199
2,7 —0,000354 0.0000432 -0, 000311 —0.00202 ~0,00198
2.8 -0, 000298 0, 0000348 - 0,000263 —0.00198 —0,00194
2.9 — 0, 000239 0, 0000278 - 0,000211 -0,00193 — 0, 00190
3.0 -0, 000186 0, 0000221 —0.000164 —0,00188 —0,001585
3.1 — 0, 000141 0, 0000176 —0,000123 -0, 00183 — 0, 00181
3.4 -0, 0000556 0, 00000868 -0, 0000469 —0,00171 —-0,00170
3.7 —~ 0, 0000204 0.00000413 —0.0000163 —0.00164 -0, 00164

®All numbers expressed in a. u. except R, which is given in
units of a two-dimensional graphite carbon—carbon bond length.

along the direction of the dashed line in Fig, 1.
results are given in Table I,

The
The total energy is plotted

in Fig, 2, and the effective adatom-adatom interaction
as well as the gas phase argon—-argon GK potential are
In Table I and in Figs. 1 and 2 the
adatom-adatom distance is measured in units of the
carbon-carbon bond length of the two-dimensional graph-
ite lattice (1. 42 fk), and the energies are given in atomic

plotted in Fig, 3.

units. In Table I we have also given the two-body addi-
TABLE II. The interaction between two argon atoms 6.6 a.u.
above the graphite surface oriented along the dotted line of Fig.
1.2

Ry ERg,) AE(R,,Ry) Vgt R, Ry) V,5(8,, Ry) E(R,, R,)
0. 866 1,21 0. 000545 1.21 1.21 1.21
1.04 0.551 0, 000532 0.552 0.549 0.550
1.20 0,278 0. 000459 0.278 0.276 0,277
1.21 0,264 0, 000454 0,264 0.262 0,262
1.39 0,123 0. 000378 0.123 0,121 0.121
1.56 0. 0544 0. 000309 0. 0547 0. 0527 0. 0530
1.65 0.0352 0. 000276 0. 0355 0.0335 0.0338
1.73 0.0223 0.000246 0.0225 0. 0206 0. 0208
1.82 0.0137 0. 000217 0.0139 0.0120 0.0122
1.91 0, 00815 0.000191 0, 00834 0. 00647 0. 00666
2,08 0. 00240 0.000144 0. 00254 0., 000730 0.000874
2.17 0. 00107 0. 000124 0, 00119 ~0,000584 -0, 000460
2.25 0. 000301 0. 000106 0, 000407 - 0,00134 ~0,00123
2,28 0. 000130 0. 000101 0, 000231 —0. 00151 -0, 00141
2.30 0, 0000343 0. 0000974 0. 000132 -0, 00160 —0, 00151
2.31 —0,00000677  0.0000957 0. 0000889 - 0,00164 ~0,00155
2.34 - 0.000115 0. 00003086 ~ 0. 0000244 - 0.00175 — 0. 00166
2.40 ~ 0, 000266 0.0000810  —0,000185 —0.00189 ~0.00181
2.42 —0,000315 0,0000766  —0,000238 ~0,00195 —0.00187
2.51 - 0.000390 0.0000643  —0.000326 ~0.00201 -0.00195
2,54 - 0.000398 0.0000606 -0, 000337 - 0.00202 ~0.00196
2.59 —0.000395 0.0000537  — 0, 000341 —0.00202 ~ 0. 00196
2.60 - 0.000394 0,0000535  —0.000341 -0, 00201 ~0,00196
2.66 ~0.000376 0.0000474  —0,000329

2.77 - 0,000314 0,0000368  —0, 000277 —0.00194 -0, 00191
2,94 -0.000214 0.0000247  —0.000189 ~0,00185 -0, 00183
3.00 ~0.000186 0.0000217  —0,000164 —0,00183 -0, 00181
3.12 ~0.000134 0.0000165  ~0.000118 ~0.00180 ~0.00179
3,29 ~0.0000791 0.0000110 -0, 0000681 —0.00176 -0,00175
3,38 ~0.0000598 0.00000896  — 0. 0000508 ~0,00175 ~0,00174
3,46 - 0, 0000449 0.00000728 -~ 0. 0000376 -0,00173 ~0,00172

%A1l numbers expressed in a.u. except Ry, which is given in
units of a two—dimensional graphite carbon~carbon bond length.

J. Chem. Phys., Vol. 62, No. 11, 1 June 1975
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FIG. 3. The gas phase and effective argon—argon potentials
are shown. The argon atoms are at 6.6 a.u. above the graph~
ite surface oriented along the dashed line of Fig. 1. The dis-
tances are given in units of a graphite lattice carbon—~carbon
bond length.

tive energy V,5(R,, R,) defined by

Vas(Ry, Ry) = E(R,) + E(R,) + E(R,,) . (11)

From Figs, 1 and 2 we see that the argon—argon dis-
tance at equilibrium is the same as in the gas phase.
This is a consequence of the single adatom migration
barrier being much smaller than the Ar, effective poten~
tial binding energy. In Fig. 2 the dashed line is the
sum of the single adatom energies, E,, defined by

Ey(R,, Ry =E(R,) +ER,). (12)

1t is clear that E, is the energy in the limit of no Ar, in-
teraction, and the oscillations in E,; seen in Fig. 2 re-
flect the single adatom migration barriers, From Fig,
3 we see that the equilibrium configuration predicted by
E(R,) and V,,, (R, R, are the same to within the accu-
racy of the calculation. We find that the well depth is
decreased by 13% owing to the nonadditive effects. This
compares well with the decrease of 10. 2% reported by
Everett.®

As we have indicated, the smoothness of a graphite
surface makes it necessary to consider other relative
orientations of the two adatoms, In Table Il we give the
energy as a function of the argon—argon distance for two
argon atoms at 6.6 a,u. above the surface, where one
argon atom is kept at position A of Fig, 1 and the other
is moved along the dotted line of Fig, 1. The values
computed at argon—-argon separations of 1,2, 2.3, 2.6,
and 3. 0 units of a graphite carbon-carbon bond length
were exactly the same separations as used in Table I,
By comparing the nonadditive contributions given in
Tables I and II at these four points we see that they are
essentially the same, and it is clear that the effective
potential is nearly orientation independent at the equi-
librium adatom-surface distance of 6.6 a,u, However,
the differences in the total energies at these four points
are significant, and these differences reflect the
changes owing to the argon—argon orientation with re-
spect to the graphite surface, Figure 4 is a plot of the
total energy as a function of the argon-argon distance

-0.0005 |

-000I10 |—

Energytau)

-000I5 — __‘/EO(ROva)

~—— —_

~0.0020 f— E(Rg,Rp)

oooes L Lt | 14 1 ]

02 06 10 4 18 22 26 30 34 38
Rab

FIG. 4. The total energy as a function of adatom—adatom
separation for two argon atoms at 6.6 a,u. above the graphite
surface oriented along the dotted line of Fig. 1 is shown in
the solid line. The dashed line is the total energy in the limit
of no argon—argon interaction. Distances are measured in
units of a graphite lattice carbon—carbon bond length.
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FIG. 5. The effective potential for Ar, oriented along the
dashed line of Fig. 1 as a function of adatom—adatom separa-
tion R, and adatom~—surface distance Z near the gas phase
argon-argon equilibrium separation. The adatom-—-adatom
separation is measured in units of a graphite lattice carbon—
carbon bond length and the adatom—surface distance is mea-
sured in a.u.

taken from Table II, As with Fig. 2, the potential mini-
mum occurs at the same point as in the gas phase, but
the minimum energy is about 25 cal/mole higher for the
dotted path of Fig, 1 than it is for the dashed path. This
very small difference is another measure of the smooth-
ness of the surface.

It is also of interest to examine the nonadditive con-
tributions to adatom~adatom interactions as a function
of the adatom-surface distance. In Fig. 5 we plot
V,s (R, R,) for four points near the gas phase argon-ar-
gon separation as a function of the distance between the
adatoms and the surface. The orientation of the two ar-
gon atoms was taken to be along the dashed line of Fig.
1. We note that there is little change of the equilibrium
geometry except in the repulsive region very near to the
graphite surface. To examine the behavior of two ad-
atoms interacting very close to the surface in more de-
tail, we computed a potential curve for Ar, at 3.0 a.u.
above the graphite surface. Again the adatoms were
oriented along the dashed line of Fig, 1. The results
are given in Table ITI. In the repulsive Ar, region the
nonadditive contribution is negative and it becomes
positive as the two argon atoms are separated from each
other, Kim found the same behavior for clusters of
three rare gas atoms in the strongly repulsive regions, !’
In Fig, 6 we plot the total interaction energy and the

David L. Freeman: Interaction of rare gas atoms with surfaces. ||

TABLE III. The interaction between two argon atoms 3 a.u.
above the graphite surface oriented along the dashed line of
Fig. 1.2

Ry E(Ry,) AE{R,, Ry) Vot Ry, Ry) Vog By, Ry) Ez,, Ry)
1.0 0,654 —0.0121 0,642 1,159 1,147
1.1 0.425 —0.00854 0,416 G, 928 0,919
1.2 0,274 — 0. 00559 0,272 0,777 0,771
1.5 0.0724 —{. 000128 0,0723 0,559 0,559
1.6 0, 0444 0, 000719 0, 0451 0, 532 0,533
1.8 0, 0133 0. 00145 0, 0168 0,514 tAl6G
1.9 0, 00842 0, 00150 0, 00992 0,511 0.5kt
2,0 0. 00435 0.00143 0, 00578 4,509 0,511
2.1 0, 00200 0. N0L30 0, 00330 U, 505 U, HiM
2.2 0. 00U704 400113 0. 00183 U, 49 . 499
2.3 0, 0000343 0. 600953 0, 000987 0,487 [EREE B
2.4 -0, 000273 . 0VO786 0. 000513 0,474 0,471
2.5 ~ 0, 000385 0. 000636 0, 000251 0461 0,161
2,55 —0.000399 0. 000569 €, 000170 0,453 0,453
2,6 — 0. 000394 0. 000506 0,000112 0,447 0, 448
2,65 —0.000378 0. 000449 0, 0000710 0, 440 0, 440
2.7 — 0, 000354 0. 000396 0, 0000420 0,434 0,434
2,75 —0.000327 0. 000349 0, 0000220

2,8 -0, 000298 0. 000306 0, 0000080 U, 424 o424
2,85 — 0, 000268 0. 000268 0. 000000 0,421 o, 421
2.9 ~0,000239 0. 000234 —0,000005 Do4ls (.418
2,95 —-0.000211 0. 000203 — (1, 0600008 0,417 a,417
3.0 -0, 000186 0. 000176 - 0,0000100 0,416 0,416
3.1 ~0,000141 0.000131 — 0. 0000100 0,413 0,414
3,2 — 0, 000105 0. 0000966 —~ 0, 0000084

3.3 — 0, 0000769 0, 0000704 — 0. 4000865 0,433 RSN
3.4 ~ 0, 0000356 0. 0000510 — 4, 0000046 4, 445 0. 415

#All numbers expressed in a.u. except R, which is given in
units of a two-dimensional graphite carbon—~carbon bond length.
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FIG. 6. The total energy as a function of adatom—adatom

separation for two argon atoms at 3,0 a.u. above the graphite
surface oriented along the dashed line of Fig. 1 is shown in
the solid line. The dashed line is the total energy in the limit
of no argon—argon inferaction, Distances are measured in
units of a graphite lattice carbon~carbon bond length,

J. Chem. Phys., Vol. 62, No, 11, 1 June 1975



David L. Freeman: Interaction of rare gas atoms with surfaces. (I 4305

10! —
< r\
-

el —

13—

14—

08
00 X7

Vetf (Rq, Rp)

-0.00010——

-0.000201—

Energy (a.u.)

~0.00030—

-0.00040 L l l
08 1.2 1.6 20 24 28 32 36

Rab

FIG. 7. The gas phase and effective argon~argon potentials
are shown. The argon atoms are at 3,0 a.u. above the graph-
ite surface oriented along the dashed line of Fig. 1. The dis-
tances are given in units of a carbon=—carbon bond length.

sum of the single atom energies. The migration bar-
riers are larger than the Ar, binding energy for this
case, and the minimum energy occurs when both ad-
atoms are above the center of a hexagon of the graphite
lattice. Of course, the total energy is still net repul-
sive, In Fig, 7 we plot the effective argon~argon po-
tential for this case along with the gas phase Ar, GK po-
tential, The minimum of the effective potential occurs
at 8,05 a. u,, which is the same point as the minimum

of the total energy. This minimum is clearly larger
than the gas phase minimum, The well depth of the ef-
fective potential is only 3% of the gas phase well depth,
indicating the importance of nonadditive interactions to
the effective potential. However, the nonadditive energy
is only a small fraction of the total energy near equilib-
rium,

We also examined neon-neon interactions over graph-
ite. The neon atoms were oriented along the dashed line
of Fig, 1 and kept at the equilibrium atom~surface dis-
tance of 6.0 a.u. The total energy for the neon-neon
interaction is plotted in Fig. 8, and the effective poten-
tial along with the gas phase GK potential is plotted in
Fig. 9. As was the case with argon on graphite, the
equilibrium geometry gives the same neon-neon separa-
tion as found in the gas phase, The Ne, interaction en-
ergy becomes small more quickly than the Ar, case, and
the tail of the total energy potential curve shows oscil-

100

|0-| —

1074 —

10-5
00 — T
-000010—

-000020—

-000030 P

-000040—

Energy (au.)

-000050—

-000060 L

E (Rq, Ry)

_‘\\\\/EO(Ruv Ry)
-000070— RS

-00008
%.8 1.2 1.6 20 24 2.8 32 36

FIG. 8. The total energy as a function of adatom—adatom
separation for two neon atoms 6.0 a.u. above the graphite
surface oriented along the dashed line of Fig. 1 is shown in
the solid line. The dashed line is the total energy in the limit
of no neon—neon interaction. Distances are measured in units
of a carbon-carbon bond length.
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lations owing to the migration barrier on the graphite
lattice., For neon on graphite the well depth of the ef-
fective potential is 21% lower than the gas phase poten-
tial. This is the correct trend with respect to adatom
size,®

To examine the trends more completely, we also per-
formed calculations for krypton on graphite, The effec-
tive potential and gas phase GK potential are plotted in -
Fig, 10, Again the minima of both the gas phase poten-
tial and the effective potential occur at the same kryp-
ton-krypton separation, The effective potential mini-
mum is 12% lower than the gas phase minimum.

Following Everett® we can define the ratio of the de-
crease in the well depth of the effective potential to the

gas phase potential by
A =[E(Rpg) ~ Vare (Rag, Ry )1/ [ERy,) ],

where R, is the gas phase minimum energy atom—atom

” (13)

100 -
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__ -000005|—
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w u Veﬂ(Rova)
- 0000I0}—
B E(Rob)
~00001%5 12 16 20 24 28 32 36
Rub

FIG. 9. The gas phase and effective neon—neon potentials are
shown. The neon atoms are at 6.0 a.u. above the graphite
surface oriented along the dashed line of Fig. 1. The distances
are given in units of a graphite lattice carbon—carbon bond
length,
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FIG. 10. The gas phase and effective krypton-krypton poten~
tials are shown. The krypton atoms are at 6.8 a,u. above the
graphite surface oriented along the dashed line of Fig. 1. The
distances are given in units of a graphite lattice carbon~carbon
bond 1ength.

separation, and R, 0 and R, are the positions of the ad-
atoms at equilibrium on the surface. In Table IV we
compare the values of A computed in this calculation
with the experimental values reported by Everett.® The
trend with respect to adatom size is correct, but the
calculated values of A are too large, We expect that this
discrepancy is mostly due to the approximate graphite
density function used in this calculation, InI the graph-
ite density function used was found to be deficient in the

TABLE IV. Theoretical and experimental
values of A,

Ae‘.le Am.
Ne 0.214
Ar 0.135 0.102
Kr 0.123 0, 065

fReference 8.
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asymptotic tail. We expect that the errors introduced

by the poor density function wiil have roughly the same
effect on the contributions to the adatom-surface energy
and the nonadditive energy. We therefore expect the
importance of nonadditive effects relative to the total
energy to be well described, To test this assumption,
we computed the energy for Ar,; in a right isosceles tri-
angular configuration, The minimum basis set described

in I was used to generate the electron density for the
argon atom at the 90° vertex, and the extended basis of

I was used for the other two argon atoms, The distance
between the argon atom at the 90° vertex and each of the
other two argon atoms was taken to be 7 a,u. The same
geometry was considered by Kim,'” Kim found a nonad-
ditive contribution for this case of 0,0000104 a.u, and a
total energy of — 0, 000788 a.u. We found a nonadditive
energy of 0.00000575 a,u. and a total energy of
—0.000347 a.u, In our case the nonadditive energy was
1. 6% of the total, and in his case the nonadditive energy
was 1, 3% of the total. The relative importance of non-
additive effects are roughly the same in the two calcula-
tions, and we expect that the relative importance of non-
additive contributions to the total energy to be well de-
scribed in our calculations, However, the relative im-
portance of nonadditive effects with respect to the ad-
atom-adatom interactions will probably not be accurate,
because the unperturbed atom-atom GK potentials agree
well with experiment, Thus, our computed values of &
will be somewhat in error. We do not expect important
errors in & owing to the improper treatment of the dis-
persion contributions, The dispersion error should af-
fect all terms in the energy, and it should not have a
large effect on the importance of nonadditive contribu-~
tions relative to the gas phase potential,

IV. CONCLUSIONS

It is clear from our results that rare gas films on
graphite are highly mobile, The low migration barriers
relative to adatom-adatom binding energies imply that
these films are little perturbed by the defails of the sur-
face structure, Nonadditive effects modify the magni-
tudes of the adatom-adatom interactions, but not their
relative orientations, It appears that potential energy
considerations imply that the configuration of adsorbed
atoms of neon, argon, and krypton will be out of register
with the graphite substrate. In view of the conclusions
of Ref, 2, this point requires further study.

Our GK results are valid only in the region of signifi-
cant electronic overlap. This is an improvement over
previous calculations which considered the nonadditive
contributions to the dispersion energy, Our success in
predicting the trends with respect to adatom size indi-
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cates the importance of these overlap effects.

The nonadditive contributions seem to have a moderat-
ing effect on the interaction potentials, In the strongly
repulsive region the nonadditive effects decrease the re-
pulsion, and the attraction is decreased in the attractive
region, The nonadditive terms are an important fraction
of the total energy only when the sum of the two-body en-
ergies becomes small, Since the total energy itself is
very small in these regions, there are no real physical
implications to the apparent dominance of the nonadditive
terms, i.e., nonadditive effects make only a small
change in the total energy potential surface, Of course,
the nonadditive terms are important parts of the effec-
tive potential, and these effects have been seen experi-
mentally,
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