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Microscopic calculations of noble-gas adsorption on metals result in an ab initio deter-
mination of the interaction energy in agreement with available experimental data. An ade-
quate determination of the attractive interaction energy using a local-dielectric-function
formalism requires an accurate description of the dynamic polarizability of the incident
atom. The repulsive contribution to the interaction energy was evaluated via the density-
functional method. Systematics of He physisorption on various metals are reported.

The adsorption of gases on metal surfaces is
one of the most relevant and intriguing problems
in surface science, in view of the catalytic prop-
erties of some metallic surfaces and the complex~
ity of the system.! Customarily in the literature,
binding-energy magnitudes provide a distinction
between physical (10°2 eV) and chemical (several
electron volts) adsorption. Physisorption has
been suggested as a precursory stage to chemi-
sorption and hence is of interest in the evaluation
of the adsorption mechanism.! In the case of no-
ble gas atoms adsorbed on metals, physisorption
is the main form of interaction, rendering these
systems particularly attractive for the study of
physisorption processes. Physical adsorption is
usually considered to arise from the presence of
Van der Waals forces.? A number of quantum
mechanical and semiclassical attempts to calcu-
late physisorption interaction energies have been
suggested in the literature, and have been re-
viewed by several authors.?P?® Earlier attempts
to account for both the repulsive and attractive
terms of the interaction follow the scheme (or a
variation thereof) originally suggested by Pol-
lard.* In this method the Van der Waals contribu-
tion is described by classical dipole-dipole inter-
actions between the constituents of the system,
and the repulsive term is treated by employing
a Heitler-London coupling scheme which as-
sumes by construction the creation of a one-elec- ]
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tron bond between a localized surface-state or-
bital and the adsorbate valence orbitals. As was
pointed out by several investigators,® the adequa-
cy of such an approach is limited, because of in-
teractions of the adsorbate and metal electrons
which are of the same order as the bonding inter-
action and the unrealistic description of the met-
al surface states employed in the calculations.

The objective of the present work is to con-
struct a consistent microscopic quantum mechan-
ical formulation which is based on, and conforms
with, modern techniques which provide adequate
description of the isolated components, and to
examine the systematic variations of the inter-
action energy of He atoms adsorbed on metal
surfaces as a function of the parameters charac-
teristic to the atom and metal under study. The
calculation of the Van der Waals interaction ener-
gy proceeds by adoption of the formulation of
Dzyaloshinskii, Lifshitz, and Pitaevskii.® Ac-
cording to the above theory, Van der Waals forc-
es originate from the electromagnetic-field fluc-
tuations in the solid, extending beyond its bound-
aries, which induce spontaneous fluctuations in
the atom. Since the wavelengths of the field fluc-
tuations are much longer than the interparticle
spacing, the solid is considered as a uniform
continuous medium. The expression for the in-
teraction energy derived from the above theory
is given by
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where N, is the density of adsorbed atoms,?" and
d is the distance separating the atom and metal
plane. The summation in Eq. (1a) is taken over
integral values of #, the n=0 term given half
weight; and &, =2mnkT /%, where k£ is Boltzmann’s
constant, T the absolute temperature, and c the
velocity of light in vacuum. The dynamic dielec-
tric functions €, and €, are the atomic and metal-
lic dynamic functions, respectively, evaluated on
the imaginary frequency axis w=1i&,, i.e., €(i&,).
In the present calculation a dispersionless dielec-
tric function was used for the metal, i.e., €,(i£,)
=1+w,?/¢2, where w, is the plasma frequency,
characteristic of the metal, w,= (47Ne?/m)'’?, with
N the electron volume density.® For the range of
distances of interest in our problem the interac-
tion energy may be shown to be practically inde-
pendent of temperature.” In Fig. 1 attractive in-
teraction energies for values of plasma frequency
which span the range of most common metals®
are shown for three modes of atomic excitations.®
The importance of including the complete excita-
tion spectrum of the atomic species responding
to the electromagnetic fluctuating field, especial-
ly at small distances, is evident from the figure.
Approximations which treat the entire excitation
spectrum by means of averages result in upper-
and lower~bound estimates to the attractive ener-
gy.’® The systematic increase in attraction cor-
related with the increase in the plasma frequency
of the metal is also demonstrated.

Since correlation and exchange contributions to
the interaction energy are included in the term
discussed above,!! the repulsive contribution orig-
inates from the change in the electronic kinetic
energy of the many-electron atom-metal surface
system. To evaluate the change in kinetic energy
a planar “jellium” model of the surface is used
in conjunction with the extended Thomas-Fermi
version of the density-functional formalism.'?
The change in kinetic energy AT of the system in ‘
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FIG. 1. Van der Waals interaction energies of He
adsorbed on metals. Results are shown for three met-
als, characterized by Zw,=10, 20, and 30 eV (dashed,
solid, and dash-dotted curves, respectively). Three ex-
citation modes of the atom are considered: (a) twelve
discrete ground-state excitations and transitions to the
continuum, (b) twelve discrete ground-state excitations,
(c) only the first excitation is included.

interaction is given by
AT[nc]="Tqlnc] = To[na,ny] , (2)

where T; and T, are the kinetic energies of the
atom and metal electrons at a distance 4 and at
infinite separation, respectively. ng, n,, and ny
are the electron number densities of the com-
bined atom-surface system, isolated atom, and
metal, respectively. For the case of slowly vary-
ing electronic densities one may perform an ex-
pansion of T[#nc] in successive orders of the gra-
dient operator which to first order in perturba-
tion theory yields the following expression for AT

. 2 2 2, 2
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Rather than using the density functional for
the variational solution of the number density,
we use a parametrized form for #,,*?" and a
screened atomic charge density:

ny=zn {1+ (z/|z|)[1 - exp(- gl )]}, ()
na= 20N, (5)

=1
where n, is the positive jellium charge density,'®

B is a variational parameter,'?® and y;(¥) are
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hydrogenic wave functions with parametrized
screening A.'* z is the coordinate normal to the
surface.

Total-interaction-energy curves for the adsorp-
tion on free-electron metals, obtained by addi-
tion of E,, and the repulsive interaction, are
shown in Fig. 2(a). The systematic increase in
both the depth and the equilibrium distance of the
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FIG. 2. (a) Total interaction energies of He adsorbed
on metals characterized by 7w,=10, 20, 30 eV (dashed,
solid, and dash-dotted curves, respectively). Corre-
sponding values of the metal charge-density screening
parameter g, taken from Ref. 12b are 1.22, 1.27, and
1.34, respectively. Vertical arrows indicate the posi-
tion of the minimum. (b) Equilibrium position, d.q, of
physisorbed He atoms on ‘free-electron” metals. The

monotonic increase of deq as a function of the plasma

frequency is illustrated. Error bars represent the un-
certainty in the numerical distance mesh,

physisorption well, as a function of the plasma
frequency of the metal, is clearly demonstrated.
The monotonic increase in equilibrium distance
is further illustrated for adsorption on a number
of “free-electron” metals in Fig. 2(b). This
trend is in contrast with the result derived for
the adatom equilibrium position on the basis of
the sum-of-atomic-radii rule.2b°

Results of calculations for the adsorption ener-
gies on representative free-electron and transi-
tion metals are shown in Figs. 3(a) and 3(b), re-
spectively. These values agree well with the re-
sults of He scattering experiments.’® According
to the present method the total-interaction curve
is determined in an ab initio fashion, whereas in
some other methods?™° the position of equilib-
rium is preassumed (the sum of atomic radii).
The energies obtained by Mavroyannis!® are de-
rived on the basis of the Van der Waals interac-
tion alone, neglecting the repulsive term, and
thus do not predict a minimum in the interaction-
energy curve. The systematic observation that
the potential minimum does not occur at a dis-
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FIG. 3. (a) Physisorption energies for He adsorbed
on ‘free-electron” metals. The decrease of —U(d,)
for small electron densities reflects the sharp increase
in dq at these densities. The increase in —U(d,q) for
high electron densities is a result of the slow variation
of d.q. (b) Physisorption energies for representative
transition metals. The absence of a systematic depen-
dence on w, reflects the lack of a simple relationship
between w, and wy for these metals (Ref. 13). Values
of dg in atomic units are given in parenthesis. Tri-
angles in both (a) and (b) represent energies calculated
with plasma frequencies measured in electron energy-
loss experiments (Ref. 8).

tance equal to the hard-sphere radius of the met-
al-ion-gas-atom system, but rather at larger
distances [see also Fig. 2(b)], indicates the neces-
sity for a complete theory which includes both

the attractive and repulsive terms. Such a theory,
subject to the approximations and assumptions
indicated above, with the neglect of mutual inter-
adsorbate interactions has been used in this study.
Consequently, a systematic dependence of the in-
teraction energy on parameters characterizing
the metal surface and adsorbed atom were de-
rived.'® A more detailed discussion of the model
and results for the adsorption of other noble gas-
es on metal surfaces will be given in a forthcom-
ing publication.
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The temperature dependence of multiphonon absorption in NaF, NaCl, and KC1 was
studied from room temperature to near the melting point at a wavelength of 10.6 um. A
large discrepancy was noted between the experimental results and those predicted using
the usual expressions based upon temperature-dependent Bose-Einstein population fac-
tors and temperature-independent transition matrix elements.

In this Letter, experimental measurements of
the temperature dependence of the multiphonon
lattice absorption in NaF, NaCl, and KCl are
presented, which differ markedly from those ex-
pected by application of the usual simple expres-
sions based upon consideration of phonons as bos-
ons. This suggests that there are some inade-
quacies in the approach which have not been evi-

dent in previous measurements. In earlier work,*:2

the simple expressions based upon Bose-Einstein
population factors have appeared to be satisfac-
tory to explain the temperature dependence of
multiphonon absorption. However, practically

all of the previous investigations in this area have
involved lower-order processes at lower temper-
atures. The present work is primarily concerned
with higher-order processes at higher tempera-
tures in which the temperature dependence is ex-
pected to be much greater.
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The usual expressions for the temperature de-
pendence of multiphonon processes can be written
in terms of the energies of the various phonons
participating in the process. For higher-order
processes this can be quite complicated, but
Sparks and Sham?® pointed out that a T7"! law
would be expected to hold (if some average pho-
non frequency is assumed) in the high-tempera-
ture limit, where n is the number of phonons par-
ticipating in the process. Similar results were
obtained by Rosenstock,* who employed a Debye
spectrum for the crystal, and by Hardy and Agra-
wal,® using an Einstein oscillator-type model. Un-
der this latter approach,® the contribution to the
multiphonon absorption coefficient 8 at high tem-
peratures will be dominated by the contribution

(m+1)"= ()", (1)



