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Neutral excited configuration of rare-gas atoms adsorbed on alkali metals
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We report optical-excitation spectra of rare-gas atoms adsorbed on alkali-metal surfaces. The
data were obtained with the use of differential reflectance methods with synchrotron radiation. Op-
tical absorption appears to increase almost linearly from 0 at a well-defined excitation threshold en-
ergy that agrees quantitatively with the theoretical prediction for rare gases adsorbed on metals.
The absorption continuum above threshold, for adsorbates distributed at dilution over the surface, is
broken by the spin-orbit partner of the P3/2 threshold process and by excitation to higher atomiclike
configurations. Additional features which grow with coverage originate from adsorbate pairs. Both
the threshold profile and pair peaks bear noticeable resemblance to the properties of rare-gas atoms
alloyed into alkali metals, which have been investigated in earlier work. No theory is currently
available to describe either the linear threshold profile or the pair peaks. The data establish unam-
biguously that the neutral excited rare-gas adsorbate configuration is created by the optical excita-
tion, rather than the ionic configuration produced in photoemission work. These various properties
are systematically described by a quantitative phenomenological model.

I. INTRODUCTION

The excitation spectra exhibited by foreign atoms ad-
sorbed on metal surfaces shed light on two important
areas of current research activity. First, one can deter-
mine what excited electronic configurations the adsorbed
species adopt on the metal surface. Here the primary
spectroscopic effort has focused on the way the substrate
modifies levels of the free adsorbate, and on any new self-
consistent excited configurations the adsorbate-metal in-
teraction itself creates. Charge-transfer excitations are
important examples of transitions to configurations which
originate entirely from the adsorbate-substrate coupling.
A second area of intense research effort concerns the
response of conduction electrons to a shock which is lo-
calized at one atomic site. The change of local structure
associated with core photoabsorption, for example, causes
an abrupt alteration of local fields. One direct conse-
quence of the change is that electron-hole pairs are excited
in the conduction band. The spectrum of energies these
additional processes require broadens the range of excita-
tion energies over which transitions to a particular excited
adsorbate configuration take place. Adsorbate excitation
profiles therefore reflect both the spectrum of excited con-
figurations accessible to the adsorbate and the way these
excitations couple to the conduction-electron liquid of the
substrate metal.

This paper is mainly confined to the subject of rare-gas
atoms adsorbed on alkali-metal surfaces. In the paper
that follows (hereafter referred to as paper II) rare-gas
atoms on Al and Mg surfaces are discussed. From an ex-
perimental standpoint the alkali systems present severe
disadvantages. Ultrahigh vacuum is required to maintain
control of surface contaminants in the spectroscopy of ad-
sorbed species on clean surfaces; for this purpose the high

vapor pressures and extreme reactivity of alkali metals
make them particularly unsuitable. Also, rare-gas atoms
adsorb rather weakly on most metals, including the al-
kalis. To ensure that rare-gas atoms are adsorbed securely
on alkali surfaces it is therefore necessary to undertake the
added complication of substrates maintained at liquid-
helium temperatures. The advantage that overwhelms
these experimental difficulties is the theoretical simplicity
of the rare-gas —alkali system. Rare-gas atoms and the al-
kali metals are paradigms for closed-shell molecules and
simple metals, respectively. In addition, there is a special
chemical simplicity about the excited configuration of an
adsorbed rare-gas atom on an alkali metal, to which we
turn in what follows. Thus the choice of rare gases ad-
sorbed on alkalis is made in the hope that the properties
of these, the simplest available adsorbate complexes, will

help to clarify subtle and still unresolved problems that
remain in the theoretical descriptions both of the excited
configurations available to adsorbates and of the
electron-liquid response to the excitation process.

Much information about rare gases on metal surfaces
already exists. In a number of cases the heats of adsorp-
tion and the accompanying work-function changes have
been determined. ' Diffusion of rare-gas atoms on clean
metal surfaces has been studied.

Early investigations of photoemission from the ad-
sorbed species revealed core-level shifts arising from the
core-hole —substrate interaction. More recently Chiang
et al. have measured the coverage dependence of rare-
gas core-level shifts and the corresponding substrate
work-function changes. Kaindl et al. have explicitly
identified the distance dependence of photoemission line
shifts for an adsorbed layer. Certain structure on the
photoemission peaks has been associated with crystal-field
splitting of the P3/2 core level by the image field of the
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core hole. Other work has identified broadening with
dispersion of the core hole propagating from one adsor-
bate to the next in an ordered overlayer. Further evi-
dence that photoemission leaves behind an unneutralized
core hole on these surfaces comes from the work of Gad-
zuk et al. who observe and interpret vibrational broaden-
ing originating in the image field. Finally, a discussion of
image formation by core-hole screening in the local-
density approximation has been given by Lang.

Rare-gas adsorbates have also been examined by dif-
ferential reflectance, ' Auger electron yield, " and
electron-energy-loss spectroscopies. ' These results differ
among themselves and with the photoemission data. It
seems clear that the various spectroscopies probe different
phenomena, and this is reasonable since they correspond
to different operators. However, the nature of these ef-
fects has remained still to be fully clarified. In earlier
publications' we note that photoemission and optical-
absorption processes may reach different final states, and
that either an ionic or a neutral configuration may be the
lowest excited level, depending on the particular metal
and rare-gas atom. ' ' Signs of the crossover were first
reported from differential reflectance results for Xe, Kr,
and Ar adsorbates on several substrates. ' Since then the
situation has become still less clear. Photoemission data
and theory results have been interpreted to show that the
ionic configuration still prevails where the optical results
indicate the neutral configuration. ' There is reason,
however, to believe that neither the photoemission inter-
pretation nor the theory is reliable (see the Appendix).
Still further complexity arises from the fact that adsor-
bate transitions are coupled to the electrons in a conduc-
tion band. It is well known that photoemission spectra
develop low-energy tails owing to the response of the met-
al, and that optical spectra broaden to high energy and be-
come absorption edges. ' The main theoretical descrip-
tions have been given by Mahan and Nozieres and de
Dominicis (MND)'5'6 for the optical process and by
Doniach and Sunjic' ' for photoemission. A recent re-
view is offered by Wilkins. ' These theories appear to
have had some success in describing optical line shapes
for core levels in pure metals. ' Unfortunately they appear
unable to deal with impurity spectra, for reasons which
are not yet understood. It is a particular problem that the
theory fails badly for rare-gas atoms alloyed into the bulk
of simple metals. Therefore, while the spectral line
shapes of rare-gas adsorbates are of special theoretical in-

terest, one cannot expect that existing theories of the spec-
tra will help in the interpretation of adsorbate properties.

Our purpose in the present paper is to present a unified
view of the rare-gas adsorbate problem. There is no doubt
that photoemission from adsorbed rare-gas atoms leaves
the ionic rare-gas complex on many transition-metal sur-
faces, nor that this ionic configuration is the lowest excit-
ed configuration of the complex. In this paper we present
new data and new calculations which establish unambigu-
ously that on certain simple metal surfaces the neutral
configuration is the lowest, and that it is created by direct
optical excitations. %e also discuss higher excited states
in both regions and the relationship of these metastable
levels to various experiments.

The plan of this paper is as follows. Section II de-
scribes a chemical understanding of adsorbate structure
that can be obtained by the use of configurational models
for the metal-adsorbate complex. In Sec. III the equip-
ment employed in the research is described. Our experi-
mental results are also presented and analyzed in accor-
dance with the models described in Sec. II. Finally, in
Sec. IV, we discuss and interpret the spectroscopic results.
Data obtained for nonalkali substrates and by other spec-
troscopies are discussed and interpreted in paper II. '

II. ELECTRONIC STRUCTURE
OF RARE-GAS ADSORBATES

It has been understood for many years that rare-gas
atoms suffer only minor deformations when adsorbed in
their ground states on metal surfaces. This is particularly
true of alkali-metal substrates, for which case the metal-
adsorbate complex has a negligible dipole moment. Ob-
served correlations between the dipole moment and the
heat of adsorption lead one to estimate an equilibrium
bonding energy & 0.05 eV between the Xe atom and a typ-
ical alkali metal. ' Evidently the ground state of the
complex consists of the two relatively undeformed metal
and atom components.

It happens that the first excited state of rare-gas adsor-
bates also couples to the metal in a way which can easily
be understood. Consider the example of Xe and Cs metal.
The first excited state of Xe Sp is Sp 6s. In this configu-
ration the (Sp )+ core binds the 6s orbital in much the
same way as does the (Sp )+ core of Cs 5p 6s. ' ' This
analogy is the "Z + 1 model, "which identifies the valence
structure of the core-excited atom with that of its neigh-
bor to the right in the Periodic Table. In the case of ex-
cited np rare-gas atoms, the binding energy of the outer
(n +1)s level equals that of the neighboring np (n +1)s
alkali to within a very few percent. The chemistry of the
rare-gas excited state interacting with metals can therefore
be simulated quite accurately by analogy with the alkali
metal. For rare-gas atoms alloyed into the bulk of alkali
metals, for example, the excitation energies can be es-
timated to about +0.2 eV in about 10 eV. The argument
will be repeated here for the case in which rare-gas atoms
are adsorbed on the surface. For these purposes, the prop-
erties in Table I prove useful.

Consider once more the case of Xe on Cs. As the p
ground state of the atom is brought up to the metal from
infinity, the bonding is only some hundredths of 1 eV and
may often be neglected. Since the excited state of Xe
resembles a Cs atom, its equilibrium bonding to Cs metal
as it reaches the surface is approximately the Cs cohesive
energy. The optical-excitation threshold, as the difference
between the total energies of the two configurations, is

fico() fico, —e, ——
in which fuu, is the excitation energy of the free adsorbate
atom (here Xe) and E is the difference of the excited-state
and ground-state bonding to the metal. For the case of
Xe on Cs we can neglect the ground-state bonding, and so,
according to the Z+ 1 model, e is the cohesive energy of
the metal (here Cs). The relaxed, total energies of the
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ground and first excited configurations as functions of the
metal-adsorbate spacing z are sketched in Fig. 1.

Note that Eq. (1) can be employed more generally to
describe the excitation energy of any rare-gas atom on any
alkali, provided that e is taken as the cohesion of the pure
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FIG. 1. Energetics of three Xe configurations interacting
with the surface of Cs: the Sp ground configuration, the Sp~6s
first excited configuration Xe*, energy E*, and the (Sp')+
charge transfer configuration, each shown schematically as a
function of Xe distance z from the Cs surface. The figure
shows changes of total energy of the configurations, including
conduction-band excitations. Configurational energies are with
respect to a zero in which the (p5)+ ion, the electron, and the
metal are far apart. Conduction-band excitations Ace, I, add to
the total energy, and the band is correctly shown to represent
energy changes when an electron is removed from the metal, as
in photoemission. By accident, for Xe on Cs, A=EF, but this is
not generally the case.

TABLE I. Properties (in eV) of rare-gas atoms and the

predicted photoemission threshold Scop and optical-absorption
threshold %coo. The total energy E of the neutral excited con-

figuration is also given, with respect to the energy zero of Fig. 1,
in which the electron, the ion, and the metal are remote from
one another. I and I* are the ionization energies of the atomic

np ground state and the np'(n + 1)s excited state, respectively,

and fico, is their difference, the atomic excitation energy (Ref.
24). b, is the image energy deduced from the atomic radius and

e is the cohesion per atom of the alkali-metal neighboring the
rare-gas atom in the Periodic Table (e.g. , Cs for Xe, etc.).

Xe

alkali metal to whose atoms the excited rare-gas atom is
equivalent. This follows from the observation that the
heats of intersolution among alkali metals are small, typi-
cally &0.1 eV, so that each alkali atom coheres to any al-
kali environment much as in its own pure metal. Of
course, our treatment presupposes that optical transitions
of the adsorbed species take place at values of z appropri-
ate to bonding of the metal, whereas in practice they
occur at the spacing for the adsorbed ground state. The
error is a "Stokes shift" which displaces the mean absorp-
tion away from the threshold [Eq. (1)], but by a shift
which is generally negligible for alkalis. ' The results of
Eq. (1), given in Table I, often predict the observed
threshold energies to within -+0.1 eV (see Sec. III).

In the preceding discussion we have allowed the con-
duction electrons of the metal to remain in their lowest-
energy configuration for any z. However, a complete
description of any particular excited state of the metal-
adsorbate complex can only be obtained when the excited
configuration of the adsorbate and the excitation state of
the conduction electrons are both specified. On the left-
hand side of Fig. 1 is included a conduction band with its
quasiparticle levels, so that the energy-level difference
gives the total energy required for the electron-hole excita-
tion; an example is indicated by the arrow fico, ~. The
conduction band is positioned with EF below the vacuum
level by the work function P, so that the total energy re-
quired to remove a conduction electron to infinity is
correctly represented. The advantage of Fig. 1 is that
simple excited configurations of the metal-adsorbate com-
plex can easily be specified.

One necessary complication Fig. 1 introduces is that the
excitation energy is the sum of the adsorbate configura-
tion change (e.g., arrow ficoo in Fig. 1) and the excitation
energy of the conduction electrons (e.g. , arrow fico, i, in
Fig. 1). The basic configurations can be produced by
creating the complex adiabatically from the metal with a
given state of the atom. However, the shock of an optical
event in the coupled system may create additional excita-
tions of the conduction states, as modeled here by fico, i, .

'
It is interesting to inquire whether or not higher excited

states of the atom can remain visible in the adsorbate
spectrum. For the cases of direct interest here the answer
is that excited configurations derived from other core
holes may well be observable, but the higher orbital excita-
tions with the same core hole become parts of the metal
absorption continuum. Our example of Xe on Cs once
more makes this clear. When Xe* 5p 6s is adsorbed on
Cs its 6s state, being Cs-like, is mixed fully into the Cs
6s-derived conduction band. Just as for the Cs host
atoms, higher Xe* excited orbitals such as 7s, Ss, etc., be-
come the excited Bloch states of the metal. Thus Xe on
Cs has only one excited neutral configuration, together
with the electron-hole excitation continuum of the
conduction-electron liquid. In these simple systems it is
perhaps always the case that, when the lowest excited or-
bital mixes fully into the conduction band, the higher
atomic orbitals merge into the virtual Bloch states.

The preceding employs single-particle concepts such as
degenerate mixing and orbital energies in a discussion pre-
viously restricted to total energies and many-particle con-



NEUTRAL EXCITED CONFIGURATION OF RARE-GAS ATOMS. . .

figurations (a possible ambiguity for conduction-band ex-
citations is permissible because Koopman's theorem is
valid for delocalized band states). An unconsidered use of
these ideas can cause endless confusion. To understand
single-particle mixing it is helpful to use Wigner-Seitz
ideas in which exchange and correlation energies are ap-
proximately accommodated by keeping conduction elec-
trons in separate cells, and with rigid ion cores. The
band bottom energy (frequency) is thus lowered from that
of the atom by the ce11 boundary modification; the added
kinetic energy of the conduction electrons brings Ez back
near the atomic level. This makes the net cohesion
e= ', E~ (—see Fig. 2), which agrees well with experiment
for the alkali metals. These useful concepts make it pos-
sible to assess whether or not two electrons with similar
energies (frequencies) in neighboring systems will ex-
change. They give conduction-electron energies for the Cs
band in the range —3.9 to —5.5 eV. In contrast, Fig. 1

displays the Cs band in the range —1.9 to —3.5 eV for
electrons which have been extracted from the meta/ The.
distinction between the two cases is that surface effects
cancel from the exchange of two particles having similar
frequencies, but do modify the work required to remove
one particle. Some further discussion of related points
will be found in Appendix I.

Figure 2 compares estimated conduction-band ranges
for the alkali metals with the ionization energies I~ of
rare-gas excited states when lowered by their alkalilike
cohesion. As expected, the alkalihke adsorbate levels lie
in the same energy range as the band states of alkali met-
als, and the two therefore mix together.

A different excited configuration of the metal-adsorbate
complex warrants further comment. This is the ionic
state Xe+ obtained when the 6s orbital of Xe* is removed
from the atom and placed in the metal. The work re-
quired when z is large is exactly I* P, with I~ —the 6s
ionization energy of Xe* and P the metal work function.
In Fig. 1 the zero of energy corresponds to the state in

6s——-

Ne

which the metal, the electron, and the Xe+ ion are all re-
mote from each other, so that the Xe* configuration tends
to —I* and Xe+ to —P as z —+ co. The point of principal
interest emerges as z is reduced and the total energy of the
Xe+ configuration is changed by the interaction 6 be-
tween the ion and the metal. A fairly good approximation
is to model this interaction using only the "image" energy
e /4z. We shall write

b,=e /4r (2)

for the energy at the equilibrium spacing when the ion is
spaced from the metal by its radius r. This amounts to
1.5—2 eV for Xe, which has a radius r=2 A.

We wish to obtain an expression for the work needed to
remove an electron from the adsorbate on the metal. This
will give the photoemission threshold, fuu~, namely, the
lowest photon energy which can excite an electron into the
vacuum from the adsorbate core. In the free atom, the
work required is, by definition, the ionization energy I.
Energy b, is available as the free ion approaches the metal;
as this energy is released, less photon energy is required to
eject the electron. At the equilibrium position

As in Eq. (1), this simple expression neglects ground-state
bonding, but is very useful and surprisingly accurate. No
data are currently available for photoemission from rare-
gas atoms on alkali metals, where the ground-state bond-
ing is weakest and Eq. (3) is best justified. Even for the
3p shell of Ar on Al, discussed in Appendix I, Table I
gives Scop ——13.85 eV while the measured value is 14.1 eV.
Chiang et al. discuss deep levels and the apparent effect
on A.

It is necessary, also, to calculate the difference of total
energy between the neutral configuration and the ionic
configuration. Starting with the ion, the metal, and the
electron all remote from each other, the neutral configura-
tion is obtained by placing the electron on the atom, there-
by releasing I*, and bringing the excited atom up to the
metal, releasing e, so that the total energy of the neutral
system ls

(4)

For the ionic system, the electron is placed in the metal
releasing P, and the ion brought up to the metal, releasing
6; its energy is therefore

FIG. 2. Conduction energies of electrons in alkali metals and
1Q adsol bed rare gases in the1r neutral cxcltcd configurations
showing how the two fall in the same energy ranges. The alkali
band states are lowered from the ionization energies of free
atoms by the alkali-metal cohesive energy, and spread by EF
about this mean energy. The adsorbate states are lowered by the
alkalilike cohesion from the ionization energies of the excited
rare-gas atoms. The figure indicates that the excited orbital of
the neutral exc1ted configurat1ons of rare-gas atoms generally
mix into the conduction bands of, alkali-metal substrates.

In this way one finds the splitting

E+ E~ =I"—P+e——b.

between the total energies of the two configurations. For
Xe on Cs, @=0.80, I~ =3.70, / =1.9, and b,=1.66 eV (see
Tables I and II), so E+ E*= —0.94 eV. Evident—ly, the
Xe* complex is stable with respect to Xe+ for Xe on Cs.
This situation is reversed for certain other substrates.

As with the ground-state and first excited configura-
tion, the charge transfer configuration possesses a spec-
trum of additional conduction-electron excitations. The
conduction states are deformed differently near each con-
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TABLE II. Relative stability (in eV) of the neutral np (n+1)s excited configuration, energy E*
{eV), of adsorbed rare gases and the ionic (np') charge transferred configuration, energy E+. The
values of hE are obtained from the properties in Table I and from the values (Ref. 29) of P in column l.
It is expected that the results for AE are accurate to a few tenths of 1 eV.

Substrate (P eV)

Cs (1.9)
Rb (2.23

K (2.3)
Na (2.4)
Li (2.9)
MQ (3.7)
Al (4.2)
W (4.5)
AQ (5.1)

Ne

1.83
1.53
1.43
1.33
0.83
0.03

—0.47
—0.77
—1.37

Ar

1.26
0.96
0.86
0.76
0.26

—0.54
—1.04
—1.34
—1.94

1.12
0.82
0.72
0.62
0.12

—0.68
—1.18
—1.48
—2.08

Xe

0.94
0.64
0.54
0.44

—0.06
—0.86
—1.36
—1.66
—2.26

figuration of the adsorbate; this alters matrix elements for
excitations but leaves the density of available excited band
levels almost unchanged. In this same connection it is
worth mentioning that the configurational labels Xe*,
Xe+, etc., specify precise characteristics only for z large.
As z is reduced and interactions occur, the configurations
of the complex evolve as exact diagonalizations of the
metal-adsorbate Hamiltonian and, in general, can no
longer be assigned integral charge characteristics, etc. '

It is useful to quantify the range through which
E+ E~ varies —among different examples. Table II lists
some cases. It is smallest for Xe on Au with
E+ E*= —2.2—6 eV, and largest with a value of 1.83 eV
for Ne on Cs. These, together with cases which are
relevant to the experiments reported in this paper, are de-
tailed in Table II. It is ou~ expectation that the predic-
tions for the excitation energy to the neutral configuration
are accurate to -0.1 eV (since it is easier than for bulk al-
loys, where the typical uncertainty is +0.2 eV) and that
the predictions for the ionic configuration have signifi-
cantly larger uncertainties. These arise in part from the
systematic possible error in selecting appropriate values of
ionic radii.

We remark that although the alkali metals used in this
work are quench condensed, and therefore imperfect, this
should not affect the energetics discussed here to any con-
siderable extent. The electrical resistances of the quench-
condensed alkalis correspond to defect structures with
—1—2 % vacancy content. This should entail a
cohesion change also —1%, which therefore shifts the ex-
citation energies by only -0.01 eV. In summary, there-
fore, these arguments probably predict the neutral excita-
tion threshold to -0.1 eV. The splitting between the ion-
ic and neutral configuration is probably uncertain to a few
tenths of 1 eV in a range of E+ E~ which varies—
through -4 eV.

Setting the electronic structure problem aside we now
turn to a brief discussion of the optical-excitation charac-
teristics. The simple example of Xe on Cs again provides
a clear illustration of various possible phenomena. First,
the Xe(5p )+ core is very similar to the (Sp )+ core of
the Cs ground state. Therefore, the Cs 6s conduction
band must extend out from the Cs surface to overlap the

Xe 5p hole of the excited adsorbate, just as it would hap-
pen for a Cs adatom. It follows that the Xe Sp~6s reso-
nance transition remains strongly allowed in the coupled
adsorbate-metal system. As mentioned earlier, the higher
excited orbitals of the atom must be replaced in the com-
plex by virtual Bloch orbitals. Accordingly, the electronic
spectrum is expected to start with a well-defined threshold
(the energy of the neutral excited configuration) and to ex-
tend as a continuum to higher energies through the mech-
anism of conduction-band excitations.

One might expect to describe such strongly allowed
transitions in a metal using MND theory' (see Sec. I).
For the bulk metal it turns out that the np —+np (n +1)s
resonances of rare gases in alkali metals are predicted to
have sharply peaked absorption at excitation threshold,
followed at higher energy by an abso~tion continuum. 20

Instead, the observed spectra show suppressed thresholds
(which nevertheless occur at the expected energy), fol-
lowed at higher energy by a linearly increasing intensity of
absorption. ' There exists at present no explanation for
the serious disagreement between theory and experiment.
While it is therefore pointless to dwell on theoretical as-
sessments of the analogous adsorbate problem, the failure
of the theory for the bulk impurity does add extra interest
to the spectra that rare-gas atoms exhibit when coupled to
the surfaces of the metal. These are reported in Sec. III.

Before discussing the experiments we note that the
spectral profile of the photoemission process is of consid-
erable interest also. The response of a metal to a local
shock can involve plasmon excitations in addition to
electron-hole pair creation. This is neglected in standard
"many-body" treatments of the response' ' although
the plasmon effects have been identified and discussed
in connection with certain bulk photoemission experi-
ments. The central difficulty for a comprehensive theory
is that metallic screening involves momentum transfers
-2k+ at which plasmons and single electron-hole pairs no
longer provide independent long-lived basis states.

It is nevertheless of considerable fundamental interest
to understand the structure of the screening response for
each particular experiment. In the case of photoemission
from adsorbates we point out elsewhere' that the optical
matrix elements at threshold naturally connect to the ionic



29 NEUTRAL EXCITED CONFIGURATION OF RARE-GAS ATOMS. . . 5297

excited configuration of the adsorbate. Therefore, the
response necessarily involves relaxation in the field of the
freshly created ion. While a precise theory remains re-
mote, the phenomenology of this response is straightfor-
ward. This behavior is discussed further in Sec. IVB. It
appears possible to conclude from the experiments that
the image response to the creation of rare-gas ions in
photoemission mainly involves surface-plasmon creation,
rather than quasiparticle pairs. This is in accordance with
phenomenological models which have previously been em-

ployed to discuss adsorbate properties.

III. TECHNIQUES AND RESULTS

A. Experimenal techniques

The data presented below were obtained by means of
differential reflectance spectroscopy in the energy range
5—20 eV using synchrotron radiation. The main experi-
mental techniques employed here have been described else-
where' and are summarized briefly in what follows.

Differential reflectance measurements compare the
light intensity reflected from a clean film with that re-
flected from an identical film supporting a known adsor-
bate coverage. In practice, adsorbates were deposited
through a cold-shuttered nozzle onto one-half of an alkali
film freshly evaporated from an outgassed stainless-steel
boat. This film was prepared on top of a Mg reflecting
layer which was itself freshly deposited on a sapphire sub-
strate anchored near liquid-He temperature in an
ultrahigh vacuum (see Fig. 3). Typical alkali-film
thicknesses ranged from 50 to 200 A; typical base pres-
sures during evaporation were in the high 10 Torr
range. Except during brief sample preparation periods,
the alkali surfaces were enclosed successively by liquid-He
and liquid-nitrogen temperature cans penetrated only by
small light ports. The pressure at the sample surface was
estimated to be well below 10 ' Torr during optical
scans. No signs of sample contamination could be detect-
ed in the data over protracted measurement periods.

Light from the University of Wisconsin Tantalus
storage ring passed through a monochromator and was
chopped into two parallel beams, one incident, on each of
the two substrate halves. The reflected beams were
detected using a single photomultiplier tube and the re-
sulting signal measured by means of a lock-in amplifier.
The normalized difference between the two channels was
calculated and stored by means of a Texas Instruments
960 computer. Both source and photomultiplier drift are
eliminated from the signal by these methods.

A useful advantage of this arrangement for the materi-
als studied here is that the differential reflectance is pro-
portional to the adsorbate optical absorption with very
good accuracy. The alkalis are nearly transparent in the
energy range 7—15 eV. Calculations of the differential re-
flectance using the classical formula of McIntyre and
Aspnes bear out this proportionality to better than
5%.' The most convincing confirmation of these ideas,
however, is the fact that the measured spectra of alkali
and rare-gas adsorbates at high coverage reproduce in a
satisfactory way the spectra of the bulk solids. In what
follows the spectra are therefore discussed without further
comment as absorption data for the metal-adsorbate com-
plexes.
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FIG. 3. Schematic diagram showing the sapphire substrate
and successive Mg and alkali-metal films, freshly prepared in
situ, together with the rare-gas adsorbate coverage that inter-
sects the optical test channel but not the reference channel. The
entire assembly is maintained near liquid-He temperature in a
cryoshield held at liquid-He temperature.

FIG. 4. Differential reAectance spectra of Xe on Cs at vari-

ous coverages (in cm ). The spectra measure absolute absorp-
tion introduced by the Xe surface species, normalized to unit ad-

sorbate coverage of 10' cm . Main features are the Xe
03 02, ( Sp ~5p '6sP3/2 P]/2 ) processes and the 03 edge of sur-
face Cs atoms. The latter appear negatiue as the edge for sur-

face Cs atoms coupled to the adsorbate is shifted away in ener-

gy. A vertical dashed line indicates the theoretical threshold en-

ergy (see text).
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B. Results

Figure 4 shows the absorption by Xe adsorbed on Cs as
a function of incident photon energy and of adsorbate
coverage given in atoms cm . The data have been scaled
to display the absorption per atom. For this purpose the
signal was divided by the coverage in units of 10' cm

In the profile for 8=8.4&&10' cm, the peaks cen-
tered at 8.35 and 9.6 eV are associated with the spin-orbit
split 5p —+Sp 6s (J=1) excitations which occur at 8.43
and 9.57 eV in the free Xe atom. ' The P3/2 structure has
an asymmetric form with a significant portion of the ris-
ing shoulder relatively linear at higher coverage. The
threshold energy of 7.6+0.1 eV agrees perfectly with that
predicted in Table I for the neutral excited configuration.
Above 9.6 eV are higher excitations, continuing to an
abrupt edge at 11.8 eV, which is associated with the Cs
Oq3 core threshold for Sp 6s~Sp 6s excitations. The
line shape of the P~/2 excitation at 9.0 eV and of the
d —+p excitations, centered near 10.5 eV, are obscured by
absorption features peaked at lower energy.

At coverages greater than e-1.4)& 10' cm a sharp,
excitonlike absorption peak emerges near 8.45 eV, above
the linear profile. As the coverage is increased the peak
accumulates oscillator strength approximately as 8 so
that it depends approximately linearly on e in the nor-
malized spectra. Figure 5 shows the peak height as a
function of coverage. At the same time, the peak center
red shifts slightly with increased coverage to 8.35 eV,
which is the energy of the P3/2 exciton line of solid Xe.

The integrated oscillator strength of the normalized pro-
file remains satisfactorily constant over the entire range of
coverages.

The data show that the asymmetric linear profile at low
coverage is characteristic of the isolated neutral adsorbate.
The peak excitonlike structure must originate from in-
teracting Xe pairs. Xe pair excitations have previously
been observed in the spectra of rare-gas —alkali bulk al-
loys and for Xe on the surfaces of Mg, Al, and Au. '

Note that the spectrum of the isolated adsorbate persists,
though weakened, underneath the pair peaks as an in-
dependent excitation channel even at coverages approach-
ing 1&10' cm

The same linear, asymmetric line shape observed on Cs
recurs when Xe is isolated on the surface of K, as shown
in Fig. 6. The threshold at 7.6+0.2 eV for 8= 1.5 & 10'
cm, and the positions of the P3/2 P J/2 line structures at
8.45 and at 9.55 eV, are nearly identical to those for
6=1.7&(10' cm Xe on Cs. These pair peaks appear
in spectra for 8) 1.4X 10' cm; the d —+p derived peak
centered near 10.S eV for Cs is also repeated in the K
data. Only the abrupt change at 11.8 eV, associated with
the Cs 5p core edge, is absent on K. The strong absorp-
tion above 12 eV may be associated with the Xe ionization
limit which occurs at 12.1 eV in the atom.

Spectra for Kr on K are shown in Fig. 7. The atomic
4p «4p Ss (J=1) excitations at 10.03 and 10.64 eV ap-
pear almost unshifted from the pair peaks centered at
10.05 and 10.7 eV in the data. Excitonic processes seem
to occur at lower coverages for Kr than for Xe, with
solidlike Kr peaks already apparent at 8.1&10' cm
The dashed line indicates the estimated profile of the iso-
lated adsorbate. Its shape resembles that of Xe on K and
Cs to a remarkable degree, including the threshold red
shift of about 1 eV to 9.1+0.1 eV. The prediction in
Table I is 9.2 eV. In the spectra of Kr on K, the d —+p-
like excitations occur as a broad, sloping shoulder which
begins near 12 eV.
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FIG. 5. Amplitude of the Xe I'3/2 pair peak as a function of
coverage for Cs and K. The peak height is shown normalized,
scaled by the coverage 8 (in units of 10" cm ) as in Figs. 4
and 6. The linear dependence on coverage that remains indi-
cates that the peaks vary as 8 and thus arise from Xe pairs
containing two Xe adsorbates at neighboring sites on the metal
surfaces.
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FIG. 6. Differential reflectance spectra for Xe on K at vari-
ous coverages (in cm ) showing the Xe 03,0q(Sp
~5p'6sI'3/2 I']/g) processes. The spectra measure the absolute
absorption introduced by the adsorbate species normalized to
unit adsorbate coverage of 10' cm . A vertical dashed line in-
dicates the theoretical threshold energy (see text).
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FIG. 7. Dlffclcntlal reflectance spectra of Kr on K Rt VRrl-
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~4@ 5sI'3~2, P~~2) processes. The spectra measure the absolute

absorption introduced by the Kr surface species, normalized to
unit adsorbate coverage of 10' cm . A vertical dashed line in-

dicates the theoretical threshold energy {see text).
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FIG. 9. Differential reflectance spectra for Ar on Cs at vari-
ous coverages (iu cm i) showing the Ar 3f3 2(3p 6

—+3@ 4sr'3~2 l~2) process. The spectra measure the absolute ab-
sorption introduced by the Ar surface species, normalized to
unit adsorbate coverage of 10"cm 2. A vertical dashed line in-
dicates the theoretical threshold energy {see text).

Spectra for Ar on K and Cs are shown in Figs. 8 and 9.
In the K results of Fig. 8, the Ar spectra appear to have
an initially linear profile starting from a threshold near
10.9 eV, although the data for the lowest coverage are, un-
fortunately, too noisy to flx the behavior at dilution
unambiguously. The observed threshold agrees quite well
with the value 10.7 eV predicted in Table I for the neutral
configuration. The broad trend of oscillator strength
(dashed lines) indicated by the data of Fig. 9 for Ar on Cs
is quite similar to that in Fig. 8. The Cs data were taken
about a year later than the K runs and with improved
resolution and signal-to-noise ratio. It is noticeable, how-
ever, that the actual data points trace a sharply structured
curve (solid line) rather than the average trend of the

Ar on K
( p-pol )

dashed line. This structure may possibly originate spuri-
ously in multiple reflection interferences of some type.
We are inclined to believe, to the contrary, that the effect
is adsorbate induced since it is not present in the absence
of the adsorbate and its magnitude increases with cover-
age.

The sharp negative spike in Fig. 9, which begins near
12 eV and is largest near 12.2 eV, is very probably the 023
edge of Cs atoms coupled to the Ar adsorbates, precisely
as in Fig. 3 for Xe on Cs. It is certainly blue shifted from
the expected location near 11.8 eV. Other peaks also
occur in the spectra. One possibility is that the adsorbate
and surface-metal atom excitations interact and mix to
produce this structure. Certainly, the atomic Ar excita-
tion at 11.62 and 11.8 eV fall very close to the Oz3 edge of
Cs metal, near 11.8 eV. An alternative explanation which
appears equally plausible is that the rapid change of
dielectric function casued by the Cs 023 edge modifies the
Ar-induced changes of reflectivity and produces the extra
oscillations spuriously.

IV. DISCUSSION

~~s ~
~oct~

& ~

11
(eV)

FIG. 8. Differential reflectance spectra for Ar on K at vari-
ous coverages {in cm ) showing the Ar M3 /{3'
~3@'4sP3q2, ~2) process. The spectra measure the absolute ab-
sorption lntroduccd by the Ar surface spcclcs, normalized to
unit adsorbate coverage of 10' cm . A vertical dashed line in-
dicates the theoretical threshold energy {sce text).

The Hartree-Pock ideas discussed in Sec. II suggest that
two regimes of behavior exist for rare-gas atoms adsorbed
on metal surfaces. ' ' In one, the lowest excited config-
uratio is ionic with the excited electron transferred to the
substrate; in the other, the lowest excited configuration is
neutral. Doubt has been expressed about the second re-
giIQe in the recent literature. ' For this reason, the prin-
cipal purpose of the present paper is to establish in a de-
finitive way, first, whether or not a neutral configuration
exists and, second, if it does exist, whether it constitutes
the lowest excited configuration over the predicted range
of parameters. In what follows we therefore examine the
experimental evidence (Sec. III) in the light of the theoret-
ical ideas (Sec. II) in order to assess the results. Following
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this main issue, the discussion turns briefly to a number
of secondary points. These include the possible existence
of alternative excited configurations, the results of photo-
emission spectroscopy, and the question of optical line
shapes.

A. Neutral excited configuration

The results of Sec. II indicate that all the systems ex-
amined in the experimental work reported here belong to
the regime in which the first excited state is neutral. This
is the case when I*+E,& P+b, . The weakest bound or-
bital is Xe~6s, for which I~+e=4.6 eV. With b,=1.6 eV
the Xe* configuration is evidently stable for P(3.0 eV.
This holds for all alkali substrates. Li, with /=2. 9+0.1
eV, lies close to the instability.

Note, nevertheless, that a surprisingly wide range of
one-electron structures occurs in the predicted regime of
neutral stability. Figure 2 suggests that the 3s level, near
—6.06 eV, of Ne~ adsorbed on Cs, lies below the Cs band
bottom ( —5.5 eV) as a fully bound state. Xe~ on Li is the
opposite extreme for which the 6s orbital at approximate-
ly —4.6 eV lies well above the Fermi level of Li, near
—5.3 eV. Presumably the 6s energy and occupancy are
both fractionally lowered as the orbital spreads partly into
the metal.

In contrast to these extremes, the cases of Xe, Kr, and
Ar on metallic K, and Xe and Ar on Cs, reported in Sec.
III, fall in the range where the neutral state is predicted to
be stable and the excited orbital is degenerate with the
conduction-band orbitals. The alloy analogy is therefore
fully justified, and it is satisfactory that the excitation en-
ergies reported in Sec. III agree so well with the theoreti-
cal predictions. For the five cases examined here the ener-

gy at which the onset of P3/2 absorption occurs agrees
with that predicted with a maximum error of 0.2 eV. The
position of the Pizz spin-orbit split replica is equally con-
sistent with the model predictions. Also, the absolute os-
cillator strengths reproduce systematically.

The accurate predictability of the observed optical
thresholds strongly affirms that the neutral excited con-
figuration does occur in these systems. This result is fur-
ther strengthened by the fact that the predicted ionic con-
figuration lies at higher energy up to 1.3 eV. Moreover,
the spectra provide detailed evidence that the samples are
correctly prepared. Thus the coupling of the excitation to
the conduction electrons is apparent both in the continu-
um absorption exhibited by each adsorbate above its exci-
tation threshold and in the visibly perturbed spectra of the
surface host metal atoms which are bound to the adsor-
bates (Figs. 4 and 9). The coupling is also to be inferred
from the similar linearlike profiles evident immediately
above threshold in the rare-gas spectra. Evidence that the
adsorbates are randomly arranged and not grouped in
two- or three-dimensional clusters comes from the linear
variation with coverage of the "pair peak" intensities.
The combined weight of the evidence therefore leads us to
state that the experimental and theoretical facts fully es
tablish the existence of the neutral excited configuration in
these systems.

It warrants special emphasis that the configurations

behave in such a simple way. Neither the optical thresh-
old nor the photoemission threshold depend very sensi-
tively on the particular substrate metal [see Eqs. (1) and
(3)]. As a consequence, the crossover of total energies for
the Xe* and Xe+ complexes, described in Sec. II, tracks
entirely with the change of P from one substrate to the
next. As P is normally not in doubt, the predicted
behavior of the total-energy difference appears securely
founded. The recent literature contains commentaries in
which one electron and total energies are confused togeth-
er in a discussion of rare-gas adsorbate excitations. ' The
errors involved are explained in the Appendix.

B. Photoemission and the ionic excited configuration

It is not surprising that the data of Sec. III show no
signs of transitions to the ionic excited configurations 0.5
to 1.3 eV above the neutral thresholds. The fact that the
electron is transferred to the substrate means that little or
no overlap of the valence electron with the rare-gas core
persists in the ionic state. Therefore, as we point out else-
where, ' the optical matrix element is very weak. The
lowest strong optical matrix elements to the charge
transferred state connect to electron orbitals having posi-
tive energy with respect to the continuums, which do
overlap the atomic core. These are photoemission pro-
cesses which eject a propagating electron into the metal or
the vacuum. '

One may inquire whether the ionic configuration still
remains well defined when the neutral configuration is
lowest. If so, its energy should be revealed by photoemis-
sion measurements on alkali —rare-gas complexes. The
converse case, namely, possible persistence of the atomic
configuration when the total energy of the ionic state is
lowest, can already be established, for example, by the
case of Ar on Al mentioned in the Appendix and dis-
cussed further in paper II. ' A model of metastable state
formation is discussed by Shinjo et al.

It appears possible that the ionic configuration may
persist above the neutral lowest excitation provided that
no large single-particle matrix elements couple the two
configurations. To see how this can occur, suppose that
the complex is in the ionic state, so that the empty valence
orbital is raised in energy by the image potential 2h. An
electron can tunnel into the empty level from the conduc-
tion band only if the level still lies below EF. In the ab-
sence of the image field it must thus lie 2h or more below
EF. Figure 2 reveals not a single case in which the orbital
is bound so deeply. Therefore, it seems likely that the ion-
ic configuration, once created, can persist for an extended
lifetime. These possibilities may be explored by future
photoemission experiments on alkali —rare-gas complexes.

The structure of the photoelectron spectrum is also of
considerable interest. In an ideal experiment, the core
electron is ejected so rapidly that the remaining system
can be regarded as frozen. This creates an unscreened
charge near the metal. The subsequent response of the
metal lowers the energy by the image energy 5, as
described in Sec. II. This energy, however, is stored in the
form of excitations of the metal. Since the photoemission
peaks do seem to shift by about b, (Sec. II), it appears that
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this energy-absorbing response is not, in fact, fully reflect-
ed in the shift of the observed photoemission peak.
Quasiparticle pair creation processes' ' and phonon
sidebands ' are essentially continuums which could not
avoid detection in the response, and so cannot explain the
persistence of the spectral shift b, .

We conjecture that the response which forms the image
should be regarded as a many-body process in the form of
a surface-plasmon displacement. Other researchers have
also modeled the coupling in terms of surface plasmons.
The effect on the photoelectron spectrum is to create
plasmon sidebands at integral displacements of the
surface-plasmon energy fico&. A theory of this process is
closely analogous to that (see Ref. 25) for phonon creation
in optical excitations. One finds a surface-plasmon side-
band spectrum

S~I (E)=g e 5(E —p fico~ ), —
pt

in which S =b, iiricoz. No significant temperature depen-
dence is expected, since Acuz &~kT. In experiments with
transition metals, where Acoz —10 eV, the plasmon satel-
lites would be weak and far removed from the main line
(here set at E =0). For Ar on Cs one has S=l, so that
the structure may be readily observable.

29% Xe alloyed into Cs, including the pair-peak ampli-
tude and width. Similar phenomena have been discussed
by Demuth et al. ' on the basis of electron-energy-loss
spectra.
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APPENDIX: MANY-ELECTRON RELAXATION
EFFECTS IN RARE-GAS SPECTRA

C. Optical line shapes

The optical line shapes reported in Sec. III warrant fur-
ther brief comment. Phenomena of particular interest are
the threshold profile and the pair peaks. Neither of these
effects can be explained in any detailed way at present.

In some of the spectra the absorption immediately
above threshold appears to increase quite linearly with
photon energy, while in other cases small upward or
downward curvatures are visible on a basically linear in-
crease. This continuum absorption certainly has its origin
in the conduction-electron response. Similar linear
threshold profiles have been reported for rare-gas atoms
in the bulk of metals, and also in the response of alkali
atoms in certain simple metallic environments. The ab-
sence of the threshold singularities predicted, e.g., by
MND theory, ' remains unexplained, but the consistency
between the present surface adsorbate results and earlier
bulk alloy observations confirms the challenge these ef-
fects present to existing theories of the conduction-
electron response.

No explanation from first-principles theory has been
given for the rare-gas pair peaks. It appears certain that
these sharp peaks occur when two rare-gas atoms occupy
neighboring sites which are coupled to a conduction-
electron liquid. The lack of broadening exhibited by the
lines indicates that the transitions cause little or no shake-
off excitation in the conduction-electron system. This
may account in part for the prominence of the lines since
they apparently offer a channel free from conduction-
electron overlap effects. It warrants emphasis that the
surface processes are remarkably similar to those reported
a number of years ago for bulk alkali —rare-gas alloys.
For example, the spectrum of 4.6&& 10' cm Xe on Cs in
Fig. 4 has exactly the same principal features as that for

It has been emphasized throughout this paper that seri-
ous errors of interpretation can occur if a careful account
is not taken of many-particle relaxation energies (e.g., the
image energy) when discussing the one-electron orbital en-
ergies of adsorbed systems. An unfortunate example con-
cerns Ar on Al, for which both photoemission' and opti-
cal excitation' ' ' from the 3p shell have been reported.
As demonstrated in Sec. II, the main information con-
tained in the photoemission and optical threshold ener-
gies, other than well-known atomic properties, is the im-
age energy in photoemission [see Eq. (3)], and, in optical
absorption, the excited-state bonding to the metal [see Eq.
(1)]. The observed thresholds have nevertheless been em-

ployed erroneously as the basis for comparisons of single-
particle properties of metal-adsorbate complexes. '

In the particular example of Ar on Al, the measured
work function was 4.3 eV and the photoelectron threshold
occurred at 9.8 eV below EF. In other work, ' ' ' the
3p3/2 +4s transition was observed to peak near 11.6 eV.
Figure 10(a) was constructed by Lang et al. ' to show
that the Ar 3p3/2 level lies at —14.1 eV and that the Ar
4s level lies above the Al Fermi level. The correct way to
draw the figure is given in Fig. 10(b), which leads to an
entirely contrary conclusion.

One of the main problems with the analysis leading to
Fig. 10(a) is that the excited state bonding (ima-ge energy)
is erroneously included in the determination of the 3p or-
bital energy of the ground configuration. When 5=1.9
eV is included in Fig. 10(b), as in Fig. 1, the Ar 3p3/2 ol-
bital is located instead at —14.1 —1.9= —16.0 eV. This
improved interpretation is in good agreement with the
known value —15.8 eV of the 3p3/3 binding for the atom,
and with the fact that the Ar atom and Al metal hardly
interact at all in the ground configuration, so that large
core-energy shifts are not reasonable.
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FIG. 10. Total energy of Ar on Al in various configurations.
(a), as constructed by Lang et al. (Ref. 14) adds the 3p Ar
photoelectron threshold at 9.8 eV below EF to the 4.3-eV work
function to find the 3p level at —14.1 eV. Then the 11.6-eV op-
tical 3@~4s peak is interpreted to indicate that the 4s line "lies
above EF." The corrected diagram (Ref. 13) is shown in {b). It
relates to the charge transfer energy E+—E*, rather than to a
comparison of E4, with E~. From other considerations E4, can
be shown to lie well below EF.

A second difficulty is that the one-electron energy of
the 4s orbital has been calculated with two errors. The
broadly peaked optical profile can only be due to excita-
tions of the conduction electrons (and perhaps phonons).
Rather than the peak near 11.6 eV, it is the excitation
threshold near 10.6 eV which locates the 4s level with the
system otherwise unexcited. In addition, this energy must
be measured relative to the 16.0-eV 3p3/2 level, rather
than relative to the incorrect value of 14.1 eV. Our im-
proved calculation thus correctly places the 4s level near
E4, ——16.0—10.6=5.4 eV below the vacuum level. This
is in good agreement with the atomic binding energy of
the 4s orbital, namely I*=4.21 eV, when augmented by
K-like bonding, with eK ——0.93 eV of Ar* to the Al sur-
face. The estimate is therefore Ez ——4.21+0.93=5.14
eV below vacuum. The agreement with the deduced 5.4-
eV value would be almost exact if the atomic 3p3/z level

at —15.76 eV were taken instead of the value —16.0 eV
deduced from the photoemission result. Note that
throughout we neglect core polarization, and ascribe the
entire valence energy for one-electron atoms to the single
valence electron.

A final confusion brought about by Fig. 10(a) is that
the Fermi energy is not correctly placed because the
many-particle work function / =4.3 eV is used in place of
the single-particle energy. What a comparison of
E4, 5.1 e——V with /=4. 3 eV actually signifies is that
5. 1—4.3=0.8 eV would be needed to transfer an electron
from the 4s level to E~, provided that the conduction elec-
trons were held frozen. An actual transfer would involve
the ion and screening, and thus entail the gain of an image
energy of about 1.9 eV, so that the ionic configuration ac-
tually lies below the neutral configuration in total energy
by 1.9—0.8=1.1 eV. This is roughly the result indicated
in Table II for Ar on Al. The question of the single-
particle conduction-state energies at Ez and whether or
not they mix with the 4s Ar adsorbate level is more diffi-
cult to assess. It will be discussed in paper II. '

(Other researchers have thought, '" in addition, that
direct calculations of the 4s orbital energy, using density-
functional methods confirm the assignment of an energy
above E~ to the excited orbital of the Ar adsorbate. The
density functional method is known to work very well for
the ground state. In the case of Ar on Al, the electron
and hole localize together on one site. In the reported cal-
culations, however, the excited electron is scattered off the
ground state, together with the core hole and its image po-
tential; the spurious image effect then throws the scatter-
ing resonance much too high in energy, and leads to
deductions about its relationship to E~ which are not reli-
able. These calculations place the orbital about 2.5 eV
below the energy zero, ' whereas it actually lies about 5.1

eV below zero, as demonstrated above. The error of
5. 1 —2.5=2.6 eV is not too different from the interaction
of the Ar electron with the image potential 26=3.8 eV,
which the method of calculation introduces erroneously
into the vicinity of the Ar cell.
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