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Nature of the charge localized between alkali adatoms and metal substrates
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Two previously unappreciated features in photoemission spectra from alkali atoms adsorbed on
W(110), namely, the sign of the alkali-induced surface-atom core-level shift of the substrate at low cover-
age and the very large alkali shallow core-hole lifetime width at all coverages, show that the alkali-
substrate interaction is not well described by a transfer of alkali charge. Instead, both features point to
the formation of a charge cloud between the alkali adatom and substrate that is derived largely from al-
kali valence states.

I. INTRODUCTION

Some years ago, we argued that the Langmuir-Gurney
model of alkali adsorption' could not account for either
substrate or adsorbate photoemission spectra obtained
from alkali-covered W(110) surfaces. The essential
features of this model are, at low coverage, the creation
of an inverted surface dipole by donation of charge from
the alkali adatoms into the substrate conduction band,
followed at high coverage by a reverse donation of charge
from the substrate atoms back to the alkali adatoms.
(Such "back donation" is needed to explain the coverage
dependence of the work function. ) One aspect of this
model, namely, that close to saturation, most of the alkali
charge is in a metallic band made up of alkali orbitals,
was confirmed by band-structure calculations for Cs on
W(100). More recently, various calculations have shown
that there is a well-localized cloud of charge situated be-
tween the adsorbate and substrate atoms at all cover-
ages. ' Significantly, however, one group arrives at this
conclusion starting with the ansatz that there is essential-
ly complete charge transfer, while another finds that the
alkali adatoms remain essentially neutral.

In large measure, the controversy regarding the alkali-
substrate interaction boils down to the question: What is
the nature of this charge cloud? If it is made up princi-
pally of substrate orbitals, the concept of charge transfer
can be justifiably invoked; if it is made up largely of ad-
sorbate orbitals, it cannot. As in most controversies,
there seems to be evidence supporting both views. For
example, an attempt has been made using first-principles
density-functional calculations to show that alkali orbit-
als are not involved, arguing that the substrate charge
screening a bare, fractional test charge appears similar to
that of a single adsorbed alkali atom. However, earlier
work demonstrates convincingly that alkali s states are
always at least partially occupied. Gurney pointed out
that the interaction of the alkali s orbital with the metal-
lic conduction band necessarily broadens the s level into a
resonance and that the position of the resonance deter-
mines the occupation of the alkali s level. Later theoreti-
cal work focused on solving the Gurney picture using
various model calculations. ' Muscat and Newns ' in-
troduced the concept of intra-atomic s-p hybridization

and polarization to account for the properties of the ad-
sorbate system, while Ishida and Terakura (IT) conclud-
ed that the adsorbate atoms are neutral at all coverages
and that the inverted dipole arises from hybridization of
the alkali s level with substrate orbitals. Finally, ScheSer
et al. have taken the position that it is simply sufficient
to know what the spatial charge distribution is, dismiss-
ing altogether the controversy over the nature of the in-
teraction as one of semantics.

In this work, we examine whether photoemission data
from adsorbate and substrate atoms can provide any con-
straints on the interpretation of this localized charge
cloud. A detailed study is presented of the properties of
Cs on W(110), focusing primarily on the line shape of the
Cs 5p core-level spectra as a function of coverage. It is
shown that both the Lorentzian lifetime width and the
singularity index do provide information about the na-
ture of the charge associated with the alkali adsorbate
atoms. In addition, a more detailed account is presented
concerning the effect of adsorbed alkali atoms on the sign
and magnitude of the substrate surface-atom core-level
binding energy, from which a well-defined and unexpect-
ed coverage dependence is revealed. The sum of these re-
sults leads to the conclusion that the charge cloud formed
between the alkali adsorbate and the substrate does
indeed have a significant amount of alkali s character,
even at low coverage. Recent arguments attempting to
retain the notion of alkali charge transfer are critically
examined.

II. RESULTS

A. Alkali-adatom core-electron binding energy

Sample preparation and data acquisition have been de-
scribed in Ref. 3. For simplicity here, we focus mainly on
the results from Cs because the spin-orbit splitting of the
outermost p level is sufficiently large to analyze the Sp3/2
spectrum without interference from the 5p & &2 corn-
ponent. Similar findings were obtained for Na 2p and K
3p core levels and are mentioned where appropriate.

Data for the Cs Sp photoemission spectrum on a
W(110) substrate, shown in Fig. 1, exhibit trends that are
similar to those reported previously for alkali metals on
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FIG. 1. Cs 5p photoemission spectra for Cs deposited on
W(110) at 78 K. The photon energy is 29.5 eV. Coverage is
normalized to first-layer saturation, defined here as 1.0 mono-
layer (ML).
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FIG. 2. K 3p photoemission spectra for Cs deposited on

W(110) at 78 K. The photon energy is 41 eV. Coverage is nor-

malized to first-layer saturation, defined here as 1.0 ML.

other metal substrates. " ' The Sp binding energy in the
first atomic layer is observed to decrease, first slowly at
low coverage while the adatoms are well separated, and
then more rapidly at higher coverage, when they begin to
interact. Both dipolar repulsion and band forma-
tion ' ' are responsible for this behavior. Atoms in the
second layer have a smaller binding energy than those in
the first layer and desorb more readily, consistent with
the Cs-Cs interaction being weaker than the Cs-substrate
interaction. There is no change in the second-layer bind-
ing energy with coverage, indicating there is no dipole
moment associated with these atoms. The other notable
feature, discussed in Sec. IIB, is that the second-layer
spectrum is much narrower than that of the first. When
a thicker layer is deposited, the spectrum exhibits the
two-peak structure similar to that observed in the study
of bulk Cs. However, the first-layer signal still remains
visible, demonstrating that such an overlayer is not uni-
form and probably consists of islands or clusters. The
surface component of this thick layer has a slightly larger
binding energy than that of the bulk, but it is still smaller
than that of the second layer. This indicates that the in-
teraction of the Cs directly in contact with the W(110)
substrate is so strong and distinctly different than that of
any other Cs-Cs interaction that its effect can still be seen
to persist in the second layer.

The above description of the behavior of Cs Sp on
W(110) applies in every detail to the data for K 3p on
W(110); see Fig. 2. The only difference is that the K 3p

spin-orbit splitting is much smaller than that of Cs 5p, so
the first-layer components are poorly resolved. The fact
that the second-layer spectrum is again much narrower
than the first-layer spectrum is apparent in the well-

resolved spin-orbit doublet obtained from that layer. The
thick-layer spectrum exhibits three peaks because the
surface-atom core-level shift is comparable to the spin-
orbit splitting. As mentioned above, all these data are
typical for alkali-adsorbate systems.

Since the behavior of the alkali adlayer in contact with
the metal substrate has been the principal subject of both
theoretical and experimental work in recent years, the
large and easily measurable change in surface-alkali-atom
core-level binding energy with coverage is the feature
that initially attracts attention when the photoemission
data are examined. Unfortunately, it does not yield
significant insight into the electronic nature of the local-
ized charge cloud, because all mechanisms —back dona-
tion, dipolar repulsion, and band formation —imply a de-
crease in binding energy with increasing coverage. For
this reason, we look to other features in the data.

B. Alkali-adatom linemidth

At least as striking as the larger binding-energy change
with coverage is the very large core-level linewidth asso-
ciated with the adsorbed alkali layer in direct contact
with the substrate. This broadening is not unique to Cs
on W(110), but can be generally seen in high-resolution
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FIG. 5. Work function of Cs-covered W(110) from Ref. 16,
Cs Sp3/2 binding energy, Gaussian width, lifetime width, singu-
larity index, and relative change in W 4f7~z surface-atom core-
level shift, all plotted as a function of coverage. Here 1.0 ML is
defined as saturation coverage. All solid lines drawn through
the data points are guides to eye.

ration coverage is approached. We first consider the
source of the enormous increase of the Cs 5p3/2 lifetime
width in the adsorbed state at low coverage relative to
that in the bulk metal. Below 0.45 ML, this width is

340+40 meV, approximately ten times larger than the
bulk-metal lifetime width of 35+8 meV. ' To our
knowledge, this represents the largest identified change in
core-level lifetime width produced by changes in the
chemical environment. Data for Na and K on W(110)
show a comparable enhancement of Lorentzian widths
for the corresponding outermost core levels. For
K/W(110), the 3p lifetime width at low coverage is -250
meV compared with 14+4 meV (Ref. 18) in the bulk met-
al, while for Na/W(110) the high-coverage 2p width is
115 meV compared with 10.5+1 meV (Ref. 19) in the
metal. An earlier explanation' of the large Sp 3/g
linewidth for Cs on Ru(111), involving partial filling of
the normally empty 5d band which facilitates a 0304 5P&

Coster-Kronig decay, cannot account for the comparably
enhanced Na 2p3/2 width because an analogous decay
channel does not exist in Na.

The key to understanding the large lifetime width of
the shallowest alkali-adatom p3/2 hole state lies in the na-
ture of the alkali-substrate electronic interaction. The
decay of this shallow core hole in the bulk metal is due al-
most exclusively to the core-valence-valence Auger pro-
cess which is forbidden in the free alkali atom contain-
ing only one valence s electron. In the metal, the second
valence electron is supplied by the predominantly s-like
conduction band in response to screening the outermost p
hole state.

With this understanding, it should now be apparent
that the large lifetime width in adsorbate atoms is fully at
odds with the simple Langmuir model of adsorption. In
this picture, the alkali valence orbitals are essentially
empty in the ground state. As a result, there is only one
electron in adsorbate valence orbitals in the photoemis-
sion final state (due to the charge-transfer process that
screens the core hole' ' '), thereby precluding conven-
tional Auger decay. Only an interatomic Auger process,
in which the second electron is supplied by the substrate,
is feasible, but this process is too slow to account for the
very large lifetime width observed here. Even the
Langmuir-Gurney model, ' in which the alkali s reso-
nance is partially occupied at all coverages, is incompati-
ble with the data because back donation would increase
the lifetime width with increasing coverage, contrary to
what is observed. It follows, therefore, that one valence
electron must already be present in the ground state of the
alkali adatom, so that the screened hole state has the re-
quisite two electrons in adsorbate valence levels to accom-
modate the Auger decay.

The above arguments establish that substantial occu-
pancy of alkali valence states is a necessary condition for
the Auger process to occur, but it is not sufficient to ac-
count for the significantly increased Auger decay rates
found in the adsorbate atoms. The additional factor is
found in the orbital character of the alkali valence
charge. Calculated charge-density contours for alkali
adatoms ' show that they are highly distorted relative to
those of an alkali atom, indicating that the polarized
valence charge contains an admixture of higher angular
momentum states. In short, the s level is hybridized. Sub-
stantial s-p, mixing is expected because of polarization
along the surface normal and because the np levels of the
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free alkali atoms are relatively close in energy to the ns
levels, e.g., 1.44 eV for Cs and 2.10 eV for Na. The re-
sulting occupied p, character has a profound effect on the
core-hole lifetime. %hile there are no calculations for Na
itself, the results for Al and Si (Ref. 23) show that the
Auger rate with a 3s3p outer shell configuration is about
an order of magnitude larger than that for a 3s outer
shell. The very small amount of p character in the occu-
pied part of an alkali-metal conduction band is thus con-
sistent with the much smaller lifetime width found there.
It is interesting to note that an enhanced 3p lifetime
width has also been observed in data for K/Si(100),
where the alkali atoms occupy well-defined adsorption
sites. Since the bonding there can be described with more
confidence in terms of alkali-adatom s-p hybridization,
the interpretation given above applies to semiconducting
substrates as well. Of course, the concept of valence s-p,
hybridization in alkali atoms (internal polarization) is not
new, having been considered both in earlier model calcu-
lations ' and in more recent theoretical work. What has
not been appreciated is its impact on the core-hole life-
tirne.

It might be argued at this point that the large Auger
rate associated with Cs adatoms indicates only that the
overlap between an outer-shell Sp hole and the charge
cloud located between the alkali atom and the substrate is

comparable to that between the 5p hole and electrons in
the 6s and 6p shells, i.e., that the observed effect on the
lifetime width does not prove that the charge cloud is
made up of alkali orbitals. To assess whether a charge
cloud comprised mainly of substrate orbitals might in-
stead be responsible for this very effective Auger process
would require a calculation of the Auger matrix elements
involving the theoretical charge distribution. This is a
formidable but not impossible task and could help to
resolve the question about the nature of this charge
cloud. However, in view of the fact that several ap-
proaches ' ' ' already show the alkali s resonance to be
partially occupied even at low coverage, and the general
agreement that an alkali s band is formed at high cover-
age, coupled with the evidence cited above arguing
against back donation, it seems more likely that the
ground-state charge does reside in adsorbate-derived or-
bitals at small coverage as well.

The decrease in the lifetime width at high coverage
emerges naturally from the depolarization associated
with the formation of the alkali s conduction band, which
results in a weakening of the s-p hybridization. The lack
of a basic change in the character of the charge cloud as
the coverage varies is consistent with the theory of IT.

analysis of the Cs Sp data yield the singularity indices
shown in Fig. 5. The essentially symmetrical lines at low
coverage indicate there is no measurable many-body
screening response from the conduction electrons of the
substrate. Instead, as calculated by Lang and Williams, '

the adsorbate core hole is screened by transfer of charge
into the outer s level. The singularity index starts to be-
come measurable at a coverage of about 0.45 ML and
reaches a value of 0.26 at saturation. It is worth noting
that the onset of intralayer metallic screening does not re-
sult in a discontinuity in the Cs Sp core-electron binding
energy. The only effect is the beginning of a small de-
crease in the binding energy as the singularity index in-
creases, consistent with a many-body screening response
from electrons within the alkali s conduction band being
more effective than a screening response coming from the
transfer of substrate electrons into an outer alkali orbital.

The saturation value of the singularity index for Cs is
substantial and is in fact somewhat larger than that asso-
ciated with surface atoms of bulk alkali metals. This is
consistent with the observation that the singularity index
increases with increasing amount of s-wave screening
charge. Thus, the surface component has a larger value
than the bulk because the narrowed surface density of
states is clearly more atomiclike, i.e., contains a greater
degree of s-like character. The alkali adlayer at higher
coverage, in turn, is even more atomiclike. This localiza-
tion of s-like screening charge in the final state more than
compensates for the admixture of alkali p character in the
initial state (the s-p hybridization is, as mentioned above,
less important at higher coverages). It is significant to
note that the large observed singularity index would be
very difficult to understand if the alkali adlayer conduc-
tion band were made up of substrate orbitals, because
contributions of screening charge with p and d character
would lead to a much smaller value. Since the only ap-
parent change with coverage seen in the charge density
maps of IT (Ref. 5) is due to a change in the degree of
overlap between identical regions of adatom screening
charge, there is no reason to assume that the charge re-
sides in anything but adatom states at all eoverages.

As an aside, we note that the singularity index for Cs
on an Al(111) substrate' is found to be 0.24 at saturation,
comparable to that for Cs on %. This further supports
the fact that the substrate metal conduction band does
not make a major contribution to the screening process at
high coverage, i.e., the strong many-body response is due
almost entirely to the adsorbate conduction band. High-
quality data at low coverage would be desirable for study-
ing the screening transition in this system as we11.

C. Alkali-adatom singularity index

The two difFerent Cs coverages on W(110) in Fig. 4 il-
lustrate another important property of adsorbed alkali
layers. The line shape is observed to change from being
symmetric at low coverage to asymmetric at high cover-
age, with a long tail toward higher binding energy. As
shown in Fig. 4, the asymmetrical lines are well fitted
with the DS line shape associated with the many-body
screening response of a metallic conduction band. ' The

D. Alkali-induced W 4f surface-atom core-level shift

In general, interpreting photoemission spectra from
metal surface atoms is more straightforward than inter-
preting spectra from adsorbates, because changes in
final-state screening with coverage are much smaller (the
substrate surface atoms are already well screened by the
bulk conduction electrons ) and because the electronic
configuration of the adsorbate is minimally perturbed by
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substrate-atom photoionization. Accordingly, such spec-
tra are better suited for monitoring the effects of initial-
state adsorption without significant distortion from the
final-state core hole.

We had reported earlier that Cs coverages of —,
' and

full saturation on W(110) lead, respectively, to shifts of
only +3+2 and —20+3 meV in the W 4f surface-atom
core-electron binding energy 5, b. Shifts of such magni-
tude are very small compared with the value of 6, b itself
for the clean surface, 321+2 meV, and with the shifts in-
duced by the adsorption of hydrogen or oxygen.
More detailed data for Cs on the W(110) surface are
shown in Fig. 6, where small but systematic changes in
the 4f7&z surface-atom core-level with coverage are ob-
served. Analogous data for Na on W(110) exhibit similar
behavior; see Fig. 7. Comparably small shifts are also
produced by the deposition of alkali metals on Ta(110).

Changes in the average 5, b for W(110), obtained by
fitting all the core-level data for adsorbed Na, K, and Cs,
are shown in Fig. 8. Note that in every case at low cover-
age, the shift is initially toward larger binding energy,
i.e., opposite to that expected for charge donation to the
substrate. The effect on those substrate atoms directly at
a site occupied by an alkali adsorbate atom is obtained by
dividing the average values of the shifts by the fractional
coverage, yielding +5, +23, and +8 meV for Na, K,
and Cs, respectively (all k2 rneV). The corresponding
shifts for a Ta(110) substrate are considerably larger,
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defined here as 1.0 ML.

+96 and +91 meV for Na and Rb, respectively. Such
positive shifts are in accord with an alkali-substrate in-
teraction of the type described by IT, whereby the dom-
inant effect is the hybridization of alkali and adsorbate
orbitals. In this context, the relatively larger positive
shifts found for Ta are likely a result of the larger density
of states of those metal.

Two other interesting aspects of the behavior shown in
Fig. 8 are the absolute magnitude of the shifts and their
turnover to decreasing and eventually negative values as
saturation coverage is approached. It is important to
keep in mind that the shifts in Fig. 8 are extremely small
compared with those normally associated with unit
changes in valence. Back donation, in which a substantial
fraction of an electronic charge is presumed to return to
the alkali atom as the coverage increases, would clearly
be expected to produce changes in 6, bthat are large and
positive at the very coverage where the observed shifts
are instead small and start to decrease. The independent
finding that the alkali-adsorbate —substrate vibrational
stretch does not change with coverage ' is still further
evidence that back donation is of little consequence.
Both that result and these data, therefore, are incompati-
ble with the basic notion of back donation contained in
the Langmuir-Gurney model.

By contrast, the small change with coverage of the ob-
served shifts is entirely compatible with the theory of IT,
in which the change in the charge state of the adsorbate
is negligible and coverage independent. The small nega-
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The photoemission data presented here serve to con-
strain the interpretation of the alkali-metal-substrate in-
teraction in several specific ways.

(1) Evidence against the concept of back donation is
obtained from both the coverage dependence of the life-
time width of the Cs Sp core hole and the coverage
dependence of the W 4f surface-atom core-level shift.
The results are, however, in good agreement with the cal-
culations of IT, which predict charge clouds associated
with the alkali adatoms that remain very similar at all
coverages.

(2) Evidence supporting the formation of an alkali-
metal s-like conduction band at high coverage is obtained
from the magnitude of the singularity index of the alkali
5p core level. This is in good agreement with the theory
of Wimmer et al. for Cs on W(100).

(3) Evidence supporting the concept that the charge
cloud associated with each alkali atom at low coverage
has strong alkali valence s and p character is obtained
from the unprecedently increased magnitude of the outer-
most p core-hole lifetime. Such s-p hybridization was
first proposed by Muscat and Newns ' and later
reevaluated by IT.

Taken together, these experimental results point to a
model in which the alkali charge resides in a cloud made
up of strongly s-p hybridized alkali character and located
between the surface of the metal and the adsorbed alkali
at all coverages. At higher coverage, the overlapping
charge clouds form an alkali conduction band (metalliza-
tion), which decreases the polarization of the adsorbate

tive trends observed in Fig. 8 may be ascribed to addi-
tional final-state screening provided by the increasingly
metallic adsorbate layer.

III. DISCUSSION

layer (depolarization). The overall charge state of the ad-
sorbate atom does not significantly change with coverage,
i.e., back donation is unimportant. The essential features
of the Langmuir-Gurney model, ' therefore, are simply
not realized.

Attempts to preserve the initially intuitively appealing
concept of charge donation do not stand up to scrutiny.

(1) Benesh and King have calculated a positive shift
of 190 meV for substrate core levels when an alkali atom
is brought up to the adsorbate position, keeping all
charge distributions frozen. They then conclude that the
much smaller measured shifts must be due to a fortuitous
cancellation with a negative charge-transfer contribution,
which arises when the frozen orbitals are allowed to re-
lax. They do not consider the alternate process, namely,
the formation of the hybridized charge cloud described
by IT, which produces comparable negative shifts and
accounts for other details of our observations.

(2) Pacchioni and Bagus carried out a calculation for
a small Cu cluster with an external positive charge to
represent a fully ionized alkali atom, obtaining a —120-
meV shift for the core levels of cluster atoms next to the
external charge. They then argue, in view of the stated
uncertainty in their results of about 100 meV due to other
mechanisms, that their model provides an explanation of
the measured shifts for the W core levels. As mentioned
above, however, these shifts are actually much smaller
and are positive. If these Cu cluster calculations are
relevant to the W data, they must also account for the re-
cent results in Ta, where the initial shifts are about +95
meV for atoms near the alkali adsorbates at low cover-
age, clearly outside the range of the theory. The in-
herently negative calculated charge-transfer shifts simply
fail to account for the positive experimental shifts at 1ow

coverage.
(3) Schefller et al. calculate charge distributions very

similar to those of IT, but they view the process as tak-
ing place in two steps, namely, charge transfer followed
by the formation of a screening cloud. The orbitals that
make up this cloud are not specifiable in their work. The
intermediate charge-transfer state is not experimentally
accessible. This two-step procedure is ad hoe and pro-
vides no insight into the nature of the state that is actual-
ly formed.

Throughout this paper, we have intentionally avoided
using the terms "ionic" and "covalent" to describe the
nature of the alkali-substrate interaction because neither
one accurately describes the true situation. The process
of charge donation in the Langmuir model has historical-
ly been referred to as an "ionic" interaction, but the re-
sulting charge distribution bears no resemblance to that
of an ionic crystal. Evidence for the absence of such
charge donation and for the accumulation of charge be-
tween the alkali adsorbate and metal substrate atoms
have both led to the use of the term "covalent, " but the
interaction between these atoms is very much weaker and
much less directional than that implied by this descrip-
tion. The actual nature of the alkali-adatom —metal-
substrate interaction is, simply put, unique, and therefore
not we11 characterized by conventional terminology. In
this sense, then, at least part of the problem in describing
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the special nature of the alkali-adatom-substrate interac-
tion has indeed been one of semantics.

In summary, we have presented new evidence for a
screening transition in alkali layers adsorbed on metal
substrates, for a positive surface-atom core-level shift of
the substrate at low adatom coverages, and for an enor-
mously increased lifetime width of outermost alkali-
adatom p states. Our findings are compatible with a wide
range of recent experimental results for alkali adsorption
on a variety of substrates, ' ' all of which point to
the interaction between the adsorbed alkalis and the sub-
strate as being one that is not well described by charge

donation. An interaction whereby the alkali adatoms re-

tain their valence charge, with that charge becoming
highly localized in the region between the adatom and
the substrate, is much more appropriate.
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