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Electronic excitations in alkali-metal overlayers. I. Unreconstructed
low-temperature phase of Li/Al
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College of Humanities and Sciences, Nihon University, Sakura-josui, Tokyo 156, Japan

A. Liebsch
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~Received 4 November 1997!

The influence of interband transitions on collective excitations in adsorbed alkali-metal layers is investigated
for Li on Al in the unreconstructed low-temperature phase. The three-dimensional Li overlayer is described in
terms of nonlocal pseudopotentials while the Al substrate is treated within the jellium model. The finite-
frequency response appropriate for incident photons is calculated within the time-dependent density-functional
approach. In striking contrast to previous results for Na and K layers on Al, which reveal multipole surface and
bulklike overlayer plasmons, we find for Li overlayers only one dominant adsorbate-induced collective exci-
tation associated with the Li multipole surface plasmon. The bulklike Li overlayer plasmon is greatly sup-
pressed due to single-particle transitions induced by the Li lattice potential. The theoretical spectra compare
well with recent photoyield measurements for Li on Al~111!. @S0163-1829~98!10519-2#
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I. INTRODUCTION

Electronic excitations in thin alkali-metal overlayers c
be studied using a variety of techniques. A frequently e
ployed method is electron energy-loss spectroscopy~EELS!,1

which, in principle, allows one to map out theqi dispersion
of the adsorbate-induced modes for a wide range of co
ages (qi denotes the two-dimensional wave number!. How-
ever, as will be discussed in the subsequent section, the
terpretation of loss spectra atqi'0 is nontrivial. On the
other hand, photoyield or photoemission measurements
suited for studying the excitation spectra in the lon
wavelength limit (qi50). In the past, such studies have be
used mainly to investigate the nature of the occupied alk
metal states, in particular, the quantum-well states formed
noble metal substrates.2 Adsorbate-induced excitations hav
also been detected as satellites in core-level photoemis
spectra.3 Although these spectra reveal interesting shifts
loss features due to temperature-induced structural rearra
ments, this technique provides no information on theqi dis-
persion of overlayer collective modes. Thus, in spite
nearly three decades of research,4 the understanding o
adsorbate-induced excitations is much less developed
those on clean semi-infinite metals.5

Very recently, this situation greatly improved when su
face photoyield measurements for K on Al by Kim, Plum
mer, and Liebsch6 and for Na and K on Al by Barmanet al.7

were carried out over a wide range of photon energies. Th
data fully confirmed theoretical predictions by Liebsch8 and
Ishida and Liebsch9 based on the time-dependent loca
density approximation~TDLDA !.10 Roughly three coverage
regions exhibiting distinct excitation spectra can be ide
fied. In the submonolayer regime, the calculated spectra
veal only a broad feature associated with the so-ca
threshold excitation, i.e., when the photon energy approach
the work functionF of the system. In this coverage rang
570163-1829/98/57~19!/12550~8!/$15.00
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the spectral frequency and the average electron density o
adsorbate are not simply related viav;A4pn. It is not
meaningful to speak of a well-defined overlayer surface p
mon. Near about one monolayer, the spectral feature rap
shifts to higher frequencies. Finally, for about two or mo
monolayers, two collective modes appear: the bulklike ov
layer plasmon near the alkali-metal volume plasma f
quency vp , and the multipole surface plasmon nearvm

'0.8vp . The results of both experimental groups6,7 are in
excellent agreement with these predictions. In addition,
data show that for increasing overlayer thickness, the int
sity of the bulklike mode diminishes. This observation
consistent with previous experimental and theoretical res
for yield spectra of semi-infinite alkali metals11–13according
to which the photoemitted yield forv5vp is at a minimum.
The local-field enhancement associated with the multip
surface mode atvm then becomes the dominant electron
surface excitation.

The physical reason for the appearance of two collec
modes nearvp andvm at a coverage of about two or mor
monolayers is that the density in the overlayer is rather
and the adsorbate interfaces are well separated. A bulk
plasma oscillation within the overlayer is then feasible. T
mode is analogous to the antisymmetric collective mode o
finite slab. Moreover, the density profile at the adsorba
vacuum interface is nearly the same as on the semi-infi
alkali-metal surface, so that the multipole surface plasm
becomes a well-defined excitation. In the case of Na an
overlayers, lattice effects on the yield spectra are very we9

Thus, the overlayer excitations can be well understood
terms of the jellium model for alkali-metal adsorption.14

In sharp contrast to Na and K, Li overlayers on Al~111!
reveal excitation spectra that differ qualitatively from th
predictions of the jellium model.7 Although in the submono-
layer regime there is again evidence of the threshold exc
tion, beyond two monolayers only one clear overlayer c
12 550 © 1998 The American Physical Society
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57 12 551ELECTRONIC EXCITATIONS IN . . . . I. . . .
lective mode is observed near 5.2 eV. A second spec
feature appears as a weak shoulder on the high-frequ
side in the 6–8 eV range. Apart from the surprising relat
weights, the frequencies of these features differ greatly fr
the spectral peaks obtained in the equivalent jellium mo
Since the ionic pseudopotential of Li is much stronger th
that of Na and K, the spectral modifications suggest a
nificant coupling of the overlayer collective modes to lattic
induced single-particle transitions.

In this paper we present a detailed analysis of ba
structure effects on the electronic excitations of Li overlay
adsorbed on Al. The calculational method is fully three
mensional, and the Li ion cores are described using a no
conserving pseudopotential.15 Coverages of two and three L
monolayers are considered, where the Li atoms may be
sorbed either in the~110! or ~001! geometry. The electronic
excitations are evaluated in the long-wavelength limit app
priate for incident photons, using the TDLDA.10

The theoretical results indicate that the main Li adsorb
excitation near 5.2 eV corresponds to the multipole surf
plasmon, while the high-frequency shoulder is associa
with the bulklike overlayer plasmon. Thus, lattice effects
the multipole mode are much weaker than on the Li b
plasmon. This finding is rather unexpected since availa
photoyield and electron energy-loss spectra on clean m
surfaces suggest that the multipole surface plasmon is a
ile surface excitation readily weakened by interband tran
tions. For instance, nearly-free-electron metals such as
K, Cs, Al, and Mg show the multipole mode.5,11,12,16,17On
the other hand, metals exhibiting substantial lattice effe
such as Li,17 Ag,18 and Hg~Ref. 19! do not reveal any clea
evidence of it. Thus, large pseudopotentials, occupiedd
bands, or shallow core levels appear to annihilate this sur
excitation. The present results demonstrate instead that th
multipole mode exists in spite of strong lattice effects. S
prisingly, the overlayer bulklike plasmon is nearly su
pressed due to interference with interband transitions.
origin of this behavior is connected with the location of t
fluctuating charge densities. Since the multipole mode
confined to the overlayer-vacuum interface, it is largely d
coupled from interband transitions. In contrast, the bulkl
mode corresponds to a standing wave that extends acros
entire overlayer. It is therefore fully exposed to the latti
potential. Our results show that, even at a coverage of o
two monolayers, this mode has nearly the same freque
and width as the volume plasmon of bulk Li.20 The TDLDA
spectra for three-dimensional Li overlayers are in qualitat
agreement with the measured yield data. A one-dimensio
adsorbate potential that neglects the lattice structure par
to the surface is shown to underestimate the effect of sin
particle transitions on the Li overlayer excitations.

The outline of this paper is as follows. In Sec. II, we fir
discuss the relationship between theoretical response f
tions and measured photoyield spectra. Then, we desc
the chemisorption model for Li/Al and the computation
procedure for calculating the dynamical response prope
within the TDLDA. Section III discusses the theoretical r
sults and the comparison with the experimental spectra
summary is given in Sec. IV. Atomic units are used throug
out unless noted otherwise. A preliminary account of
present work is given in Ref. 7.
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II. THEORY

A. Surface response functions

We analyze the excitation spectra of adsorbed Li lay
on Al in the long-wavelength limit. For convenience, the
substrate is treated as jellium, since, in the range of Li ex
tations, the substrate spectrum is very weak and feature
According to Feibelman,13 the power absorption when
P-polarized light is shed on the surface is

P~v!5
v

8p
@e~v!21#F uExu2Im di~v!

1
1

e~v!
uDzu2Im d'~v!G , ~1!

wheree(v)512Vp
2/v2 is the dielectric constant of the sub

strate (Vp is the plasma frequency of Al!, andEx (Dz) de-
notes thex (z) component of the electric field~displacement
vector!. We choose thez axis as the surface normal pointin
toward the vacuum, and the electric field lies in thexz plane.
d'(v) in Eq. ~1! is defined as the centroid ofn1(r ,v), the
charge density induced by a uniform electric field perpe
dicular to the surface:

d'~v!5
1

Ss~v!
E dr z n1~r ,v!, ~2!

where s(v)5@e(v)21#/@e(v)11# is the integrated in-
duced charge per unit area andS stands for the surface area
Im d'(v) can also be expressed using the golden-rule
mula as21

Im d'~v!5
1

2s~v!@s~v!11#

3(
i , j

d~e j2e i2\v!z^c j uf1~r ,v!uc i& z2,

~3!

wherec i andc j denote one-electron wave functions of th
occupied and unoccupied states, respectively, and the in
state energye i should be in the interval@eF2\v,eF# (eF is
the Fermi energy!. This equation indicates that Imd'(v) is
proportional to the transition rate for creating electron-h
pair excitations with energy\v when a uniform electric field
perpendicular to the surface is applied. The collective mo
manifest themselves as an enhancement of the self-consi
field f1(r ,v). Electrons excited above the vacuum level a
partly emitted in the vacuum and detected in photoyield m
surements. There also exists the internal channel where
cited electrons propagate toward the interior of the me
until they are deexcited. The summation over the final st
c j in Eq. ~3! includes both the internal and external excit
tion channels. Fortunately, these channels differ mainly
their intensities but not in the peak positions.22,23 Thus, al-
though Imd'(v) cannot be used for quantitative analyses
the measured photoyield spectra, it may suffice for qual
tively understanding the observed features.

Electron-hole pair excitations are also created by the p
allel components of the electric field and the electrons t
excited contribute to photoyield intensities.di(v) in Eq. ~1!
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12 552 57H. ISHIDA AND A. LIEBSCH
is defined as the centroid of thez derivative of the current
density induced by a uniform electric field parallel to t
surface. At smallv, Im di(v) diverges as 1/v and the coef-
ficient of this divergence is related to the surface resistiv
i.e., the energy dissipation via single-particle excitatio
when the current flows parallel to the surface.9 For a flat
jellium surface, Imdi(v) vanishes identically. Imdi(v) be-
comes finite when conduction electrons incident on the s
face from the interior of the metal are scattered off specula
due to potential corrugations in the surface plane.24 For Na
and K layers with weak pseudopotentials, Imdi(v) was
found to be negligible.9 For Li, Im di(v) is expected to be
larger because of the stronger lattice effects.

In the present work we focus on the surface excitatio
accessible to incident photons, i.e., those with vanishing
allel momentum transfer (qi50). In this limit, EELS spectra
are determined by the classical loss function Ims(v), which
vanishes except at the monopole surface plasmon frequ
of Al, Vs5Vp /A2. Im d'(v) and Imdi(v) containing the
information on the overlayer modes appear as a correctio
the order ofqi to the classical EELS loss function.13 As
discussed in Refs. 6 and 8, the principal overlayer mode w
frequencyvm'0.8vp at qi50 disperses downward with in
creasingqi and approaches the monopole surface plasm
dispersion of the semi-infinite alkali metal,vs(qi), at around
qi51/(ca) (c is the number of Li layers anda is the lattice
spacing between neighboring Li layers!. Because of the finite
detector aperture, and the vanishing spectral weight of
mode atqi50, the observed EELS peak then consists o
superposition of both multipole and monopole contributio
Thus, the relation between photoyield and loss spectr
highly nontrivial. In particular, as a result of the nonanalyt
negative dispersion of the overlayer modes nearqi50, the
spectral peaks observed in EELS are redshifted by sev
tenths of an eV compared to the modes seen in yield spe
It is therefore, in principle, impossible using EELS to dete
the true frequencies of overlayer modes in theqi50 limit.

B. Calculational method

As stated above, the Al substrate is treated as semi-infi
jellium in our chemisorption model. On the other hand, t
adsorbed Li layers are described fully three dimension
using a norm-conserving pseudopotential in the Kleinm
Bylander form.15 The ground-state electronic structure of t
system is determined within the embedding scheme
Inglesfield.25 Thus, the asymptotic regions of the sem
infinite substrate and vacuum are handled via complex s
tering potentials. To examine the sensitivity of the Li ex
tations to the structure of the underlying lattice, we consi
the ~110! as well as~001! adsorption geometries. The dis
tance between Li planes is assumed to be the same as i
bulk (a11052.47 Å,a00151.75 Å!. The positiond of the first
Li plane above the substrate jellium edge is determined
minimizing the total energy. We findd11051.64 Å and
d00151.48 Å. The electronic excitations are evaluated in
long-wavelength limit (qi50) appropriate for incident pho

tons, using the TDLDA.10 We determine the linear respons
of the system to a uniform ac electric field oriented norma
well as parallel to the surface. The computational metho
described in detail in Ref. 9 as ford'(v) and in Ref. 26 as
,
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for di(v), except that we now incorporate the partial-co
correction to the exchange-correlation potential27 both in the
ground state and response calculations.

III. RESULTS AND COMPARISON WITH EXPERIMENT

Figure 1~a! shows the calculated surface excitation sp
trum Im d'(v) for two Li~110! layers on a jellium substrate
(r s52.07) corresponding to Al. Also shown is the analogo
spectrum for the equivalent jellium overlayer of Li (r s
53.25). In this model a similar double-peak spectrum
found as for Na and K on Al:8,9 a bulklike overlayer plasmon
near 8.4 eV and a multipole surface plasmon near 6.3
The comparison with the results for the three-dimensiona
overlayer indicates that the Li potential lowers the freque
cies of both modes by about 1 eV: the multipole mode n
appears atvm'5.2 eV while the bulklike excitation is cen
tered roughly atvp'7 eV. In addition, the Li potential gives
rise to new single-particle transitions which predominan
broaden the overlayer volume plasmon. In Fig. 1~b! we give
the measured photoyield spectrum forc52 Li on Al~111! in
the unreconstructed low-temperature phase.7

The comparison of the calculated Li spectra with expe
ment suggests that the lattice effects on the overlayer ex
tions are significant and that they are qualitatively describ
within the TDLDA, provided the three-dimensional nature
the electronic structure is taken into account. Evidently,
jellium model for Li overlayers is inappropriate. As illus
trated in Fig. 2, a one-dimensional overlayer model that
cludes the corrugation normal to the surface but not wit
the atomic planes is also insufficient. In this case, the
potential is replaced via a sinusoidal potential of the fo
v(z)5v0@12cos(2pz/a)#, where a is the spacing between
Li ~110! planes. The constantv052.8 eV corresponds to the
~110! component of the Li bulk potential.28,29 Since v0 is
positive, the potential reaches a maximum at the latt
planes. The surface and interface potential barriers are
rived from a jellium overlayer LDA calculation. Figure

FIG. 1. ~a! Calculated TDLDA excitation spectrum Imd'(v)
for c52 Li~110! on jellium substrate corresponding to Al. Soli
curve, three-dimensional Li layer; dotted curve, spectrum
equivalent jellium overlayer. The frequency of the Li multipo
surface plasmon isvm'5.2 eV, that of the bulk plasmonvp56.7
eV. The corresponding jellium values are 6.3 and 8.4 eV, resp
tively. ~b! Measured photoyield spectrum for Li on Al~111! for c
52.
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FIG. 2. Calculated TDLDA excitation spec
trum Im d'(v) for c52 Li~110! on jellium sub-
strate corresponding to Al. Solid curve, on
dimensional Li layer (v052.8 eV!; dashed curve,
spectrum for equivalent jellium overlayer (v0
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demonstrates that this one-dimensional model for Li gre
underestimates the lattice effects. In particular, the bulk
overlayer plasmon is too sharp. The comparison with
three-dimensional results shown in Fig. 1 suggests that
single-particle transitions associated with the lateral corru
tion of the Li potential contribute appreciably to the observ
position and width of this mode. In fact, as the data show,
c52 the frequency and width are similar to those in bulk
@vp56.7 eV,Gp52.5 eV ~Ref. 20!#.

Although the identification of the main peak observed
the Li spectra is by no means obvious, the sequence of
culated overlayer spectra reveals a clear evolution: As
proceed from the jellium model to the one-dimensional c
rugated potential and finally to the realistic thre
dimensional Li potential, it is rather easy to track the mu
pole and bulklike Li modes. Both excitations gradually sh
down, but the upper bulklike plasmon is significantly mo
broadened than the lower multipole surface plasmon. On
basis of this pattern found in the TDLDA calculations, w
are confident that our peak assignment is indeed correct

As pointed out in the Introduction, available surface ex
tation spectra indicated that the multipole plasmon is a fr
ile surface mode easily suppressed by strong potentials
particular, previous electron energy loss data on Li~Ref. 17!
provided no evidence for this surface excitation. On the ot
hand, the frequency of the usual monopole surface plas
was found to be about 25% lower than the value for
equivalent homogeneous electron gas. Also, the disper
with qi is very much flatter than predicted by the jelliu
model. It is therefore surprising that the theoretical and
perimental yield spectra shown in Fig. 1 are dominated
the Li multipole mode while the bulklike overlayer plasmo
is much weaker.

To explain this behavior we show in Fig. 3 the fluctuati
charge densities nearvm'5.2 eV andvp'6.7 eV. Evi-
dently, the bulklike mode corresponds to a standing w
that is fully exposed to the overlayer potential. In fact,
pointed out above, the single-particle transitions created
only two Li layers make both the frequency and width of th
mode surprisingly similar to those of the Li volume plasmo
The multipole charge, on the other hand, has its main we
ly
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near the adsorbate-vacuum interface. Only weak Friedel
cillations extend towards the adsorbate-substrate interf
Thus, this mode couples less well to the lattice than the bu
like plasmon, so that decay via interband excitations is
cordingly weaker. In principle, one should be able to det
this mode also in photoyield spectra on semi-infinite Li.
the electron energy-loss data,17 the multipole plasmon should
also exist, but it seems to be hidden in the tail of the inte
and rather broad monopole peak.

We note here that both overlayer modes represent sur
excitations of the adsorbate/substrate system. Moreover,
modes couple to electron-hole pairs generated near the
sorbate interfaces and via the lattice. This coupling diff
because of the different spatial distributions of the fluctu
ing densities. The multipole character of the lower mode
partly obscured by the Friedel oscillations and by the ex
nally driven nature of the response. It would be interesting
perform calculations at complex frequencies to determine
spatial characteristics of the true eigenmodes.

FIG. 3. Laterally averaged fluctuating charge densityn1(z,v)
~real part! for two Li~110! layers on Al. Upper curve, standing wav
associated with bulklike overlayer plasmon; lower curve, multip
surface plasmon. The dots denote the positions of the Li ato
planes. The overlayer is located roughly in the region 0<z<10 a.u.
The substrate occupies the half-spacez<0.
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FIG. 4. Calculated TDLDA excitation spec
trum Im d'(v) for three-dimensional Li~110! on
jellium substrate corresponding to Al. Soli
curve,c52; dashed curve,c53.
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According to the experimental results given is Ref. 7,
yield spectra for Li overlayers on Al change only gradua
with increasing coverage. Forc.2, the Li multipole mode
near 5.2 eV remains the dominant spectral feature.
shoulder in the 6–8 eV range first becomes slightly stron
and beyond about 5 ML its intensity steadily diminishe
This behavior is consistent with theoretical expectatio
since the absorption cross section of a semi-infinite meta
approximately proportional to (12v2/vp

2) Im d'(v), i.e., it
reaches a minimum atvp .13 In order to verify that the Li
excitations discussed above forc52 also hold for thicker
overlayers, we have performed TDLDA calculations f
three Li~110! layers on Al. The comparison with the resul
for c52 is shown in Fig. 4. Although there are appreciab
changes in detail, the overall picture remains the same:
multipole surface plasmon is the dominant feature and
bulklike Li mode is much broader and less intense. Foc
53 the spectral peaks are slightly sharper than forc52,
presumably, because the modes are spatially better de
pled and therefore less broadened due to mutual interfere

Figure 5 shows the induced density forc53 Li~110! on
Al. As for c52, the multipole mode has most of its weig
concentrated close to the adsorbate-vacuum interface
Friedel oscillations extending farther inside. The bulkli
plasmon, on the other hand, has pronounced standing-w
character across the entire overlayer. These results fu
support our picture that the multipole mode couples less
single-particle transitions generated by the lattice poten
than the bulklike mode.

In the experiments, the atomic structure of the che
sorbed Li layers is not well known. To estimate the effect
different adsorption geometries on the excitation spectra,
have also carried out calculations for the Li~001! geometry
~Fig. 6!. The TDLDA results for this structure reveal
slightly larger damping of the Li bulklike mode than fo
~110!. This is plausible since the interplanar spacing and d
tance from the jellium edge are shorter. Thus the~001! over-
layer is more compact, implying stronger decay of the bu
like mode at the boundaries. On the other hand, the shap
the multipole peak is similar for both geometries becaus
is less affected by the lattice potential. Since the Li overl
e
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ers in the experiment revealed no clear LEED pattern, i
likely that a mixture of~001! and~110! overlayer geometries
contributes to the measured yield spectra.

In order to ascertain the sensitivity of the calculated
spectra to the dynamical correlations included in the TDLD
treatment, we have also performed response calculat
within the random-phase approximation~RPA!. The ground-
state electronic properties are described using the LDA,
the exchange-correlation contributions to the induced co
plex potential are neglected. Figure 7 shows the compar
of the spectra forc52 Li~110! and Li~001! on Al with the
corresponding TDLDA results. Since exchange-correlat
terms tend to reduce the strength of the bare Coulomb in
action, the main effect of the RPA is a shift of spectr
weight towards higher frequencies. At the same time,
fluctuating multipole charge is pushed slightly inwards, e
hancing the overlap with the Li lattice potential. For th
~110! geometry, these effects lead to a strong mixing of
multipole and bulklike overlayer modes, so that the pe
nearvm disappears, in conflict with the data. For the~001!
geometry, the bulklike mode is weaker, so that the multip
peak remains visible. However, it is now shifted to about 5
eV, i.e., about 0.4 eV higher than observed experimenta
We conclude from this comparison that the dynamical c
relations governing the Li overlayer excitations are bet
described within the TDLDA than in the RPA.

Before closing this section, we discuss the surface exc
tion spectrum induced by a uniform electric field parallel
the surface. Figure 8 shows the calculated Imdi(v) for two
Li ~110! layers on a jellium substrate (r s52.07). Thexx and
yy components are associated with the applied field orien
in the @ 1̄10# and @001# directions, respectively. Due to th
interband transitions induced by the large Li pseudopoten
the calculated Imdi(v) is enhanced by one order of magn
tude as compared with that for the Na overlayers on the s
jellium substrate.9 Nevertheless, it is rather featureless in t
energy range of Li excitations, and still one order of mag
tude weaker than the absorption due to the many-b
screening processes associated with the normal compo
of the electric field. Thus, we can conclude that the m
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FIG. 5. Laterally averaged fluctuating charge densityn1(z,v) for three Li~110! layers on Al. Upper curves, standing wave associa
with bulklike overlayer plasmon; lower curves, multipole surface plasmon. Solid lines, real part; dashed lines, imaginary part. T
denote the positions of the Li atomic planes. The overlayer is located roughly in the region 0<z<15 a.u. The substrate occupies th
half-spacez<0.

FIG. 6. Calculated TDLDA excitation spectrum Imd'(v) for three-dimensional Li layers on jellium substrate corresponding to Ac
52. Solid curve, Li~110!; dashed curve, Li~001!.
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12 556 57H. ISHIDA AND A. LIEBSCH
peak observed in the recent photoyield experiment7 arises
from the Li multipole surface plasmon.

IV. SUMMARY

We have performed a detailed analysis of the electro
excitations in Li layers adsorbed on Al. Because of t
strong ionic potential of Li, the jellium model is inadequa
and a fully three-dimensional dynamical response calcula
must be carried out. Forc52, only one main Li collective
excitation is found, corresponding to the Li multipole surfa
plasmon. The bulklike overlayer plasmon is strongly su
pressed and broadened. This behavior is in striking cont
to Na and K overlayer spectra, which reveal clear dou
peaks nearvm andvp . The TDLDA results for realistic Li
adlayers agree qualitatively with measured photoyield d
for Li on Al ~111!, which exhibit only one dominant Li-
induced spectral feature. The Li bulklike mode appears o

FIG. 7. Calculated TDLDA excitation spectrum Imd'(v) for
three-dimensional Li layers on Al.c52. ~a! ~110! geometry,~b!
~001! geometry. Solid curves, TDLDA; dashed curves, RPA
sponse.
Sc
.

y

ic
e

n

-
st
e

ta

ly

as a weak shoulder on the high-frequency side of the mu
pole peak. We conclude therefore that, despite the stron
potential, the multipole surface plasmon is a well-defin
collective excitation. In electron energy-loss spectra17 it was
not possible to detect this mode since it is hidden in the
of the monopole surface plasmon. The multipole mo
should, however, be observable in photoyield spectra
single-crystal Li~110! and Li~001! surfaces.

In the present work we have focused on the excitation
Li adlayers adsorbed on Al at low temperatures. Thus, s
face reconstruction and substitutional adsorption is avoid
Li/Al photoyield data taken at room temperature inste
show that the Li-induced spectral weight is grea
diminished.30 Similar effects are observed in yield spect
for Na and K on Al,30 as well as in EELS data for K and C
on Al ~Ref. 1! and K on Al.3 The influence of substitutiona
adsorption on the collective modes of alkali overlayers is
topic of the second paper of this series.31
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FIG. 8. Calculated TDLDA excitation spectrum Imdi(v) for
c52 Li~110! on jellium substrate corresponding to Al. Thexx
~solid line! andyy ~dashed line! components are associated with th

applied field oriented in the@ 1̄10# and @001# directions, respec-
tively.
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