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The photon-excited multipole plasmon and the bulklike plasmon modes have been studied A Nasxld
K/AI(111). These collective modes appear for a coverage=af monolayers. Both the multipole and the
bulklike plasmon modes exhibit interesting variations in frequency, line shape, and relative intensity with
adlayer coverage. The reasons for such behavior are discussed on the basis of existing theoretical results. The
substrate Al multipole plasmon is found to be attenuated by smooth adlayer growth. Deposition of K on two
monolayer Na/Al111) results in the growth of K related collective excitation at the expense of the Na modes.
For complicated surface structures like Al(111)3(x y3)R30°:K or the A(111)-(2x2):Na surface alloy,
electron charge-density profiles at the surface are calculated basdédmitio density-functional theory—local-
density approximation method to explain the photoyield data. The importance of the shape of the charge-
density profile in determining the collective excitations is demonstrated. For Al(1J3)(/3)R30°:K, a
strong increase in intensity in the energy region of the K plasmons is observed in the on-top structure which is
attributed to a “mixed plasmon” mode. These results show that while the experimental observations for
smooth alkali-metal adlayers are in good agreement with existing theory, more theoretical work, especially for
the complicated surface structures, is desirable.
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I. INTRODUCTION for the existence of the surface plasmon turns out to be
e=—1. Assuming the Drude dielectric response

The investigation of electron collective excitations at
metal surfaces is important for an understanding of the re-
sponse of metals to an incident electromagnetic fiél8tud-
ies of the collective excitations are important for an interpre-
tation of all surface spectroscopies that use electromagnetife frequency of the surface plasmoag] is given by wg
fields or charged particles. It has been recently shown, foF @p/+2. The surface plasmon is an oscillating sheet of
example, how surface screening effects can alter the lingharge on the metal surface. But in the direction perpendicu-
shape of the direct transition from the @g1) s band* This Ia}r to the surf_acez_( direction the charge distribution is a
shows that surface screening effects can influence the spetimple peak, i.e., it has a monopolar charattéron the
tral line shape in angle-resolved photoemission. A strong?ontrary, there can _be hlgh_er osc!llatK_)n modes on the surface
modification of the photoemission line shape has been founl’i’hose c.harge dlstnbgnon n thsdwegtpn can hgve a node,
in Li near its bulk plasmon frequenéyHowever, direct ex- Lec.)’n?;gtljpemar c))rvw:fg]pzl)f}gggrg; Hgfazsstgﬁ]:;télggﬁf"%?ﬁ_
perimental evidence for the photon excited collective mode L m . : :
on metal surfaces are (6K an with ol a few excep- ' " 1S PASTons fr sl et parieesne o
}Logniizgvis?silayrv'rlwt:tgllef?lrrhzugﬁgez’ciﬁt?)\r/:]rﬁlglljctzégeslrtltr?;?:z resnel theory. The deviation from the Fresnel field is given

. : by thed parameters.d, (o) represents the centroid of the
13 L

structures. Monin and Boutty and Wallde™ studied the screening density induced by a uniform field oriented normal

photoyield in alkali-metal films, but only a few have dealt \; ihe surface and is given by

with a detailed investigation of the emergence of the bulklike

wp
e(a))=1——2
w

and multipole plasmons. Kirat al!* studied K layers using

electron-energy-loss spectroscopfELS) and total pho- f dzzn(z,w)
toyield and observed a peak at ®8which was attributed to d(0)=——"",
the multipole plasmon. Barmaet al'® identified the multi- f dz m(z, )

pole plasmon in Li adlayers, where the bulklike excitation is
strongly dampened by the lattice potential. The collectivewhere n,(z,w) is the induced charge density amds the
excitations on the Al(100%(2X% 2):Nasurface alloy phase distance normal to the surface. A normal mode occurs at the
was studied recently by Barmaat al® pole of the surface response function which is related to
The discovery of surface plasmons by Ritche in 1957d, (w). d, (w) exhibits a pole around Ou8, with Red, (w)
(Ref. 17 marked the beginning of the exciting field of plas- rapidly going through zero and Ith (w) exhibiting a sharp
mon excitations on surfacé$Using the Maxwell boundary spike?’ While different physical quantities depend d(w),
conditions at a sharp metal-vacuum interface, the conditionvhat is most important for the present purpose is that the
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total surface photoyield is proportional to bin(w). Parallel  layer. For one-monolayer coverage the plasmon modes are
to the surface, both the surface and the multipole plasmonigroadened and cannot be separately observed, while for sub-
propagate like plane waves with alternate positive and neganonolayer coverage a different threshold excitation mode
tive regions. Thus along the surface both the modes are divas postulated®
polar in nature. The surface plasmon has a negative disper- Smooth adlayers provide a means of investigating the
sion at smallg while the multipole plasmon has a positive evolution of collective excitations with film thickness. Since
dispersior. Also, while the multipole and the surface plas- the thin films exhibit the multipole surface plasmon and also
mon exist at the surface of an adlayer, the bulklike plasmorarry the bulklike plasmon excitation because of the reflec-
mode in an adlayer is the analog of the antisymmetric coltion barrier both at the vacuum and the thin-film—substrate
lective excitation of a finite slab and it is spatially confined tointerface, one can examine the relative strength of these ex-
the adlayef® citations and the influence of the film and the substrate on
The response of a metal surface to the electromagnetihese modes. Nearly free-electron metals like Na, K, and Al
field is characterized by a rapid variation of the electric fieldare ideal for such studies, since the collective electronic ex-
at the metal surface when the incident frequency is betweeditations are not affected by the lattice potentfaThe films
the surface @s) and the bulk ;) plasmon frequency®®As  of Na and K are particularly useful since they represent
a result, theV - A term in the photoemission matrix element quasi-two-dimensional electron gases whose thickness can
be varied over a wide range. Moreover, the alkali metals
Mir=(d:A-V+V-Al ;) deposited on AlL11) at room temperature form complicated
surface structures, including the recently identified1Al)-
can actually dominate the photocurrent, and lead to a larg2x2):Na surface alloy phasg:°~*? Potassium forms a
enhancement of the photoyield. In a combined theoreticahl(111)-(y/3% +/3)R30°:K structure where the K atoms, de-
and experimental study, Levinsat al® observed a strong pending on the deposition condition, can occupy either on-
enhancement of the photoyield at aboutd),&nd attributed  top or substitutional site¥:****These substitutional and sur-
it to the V- A term on the basis of self-consistent field calcu-face alloy structures modify the shapes of the substrate Al
lations within the random-phase approximation. Only muchcharge-density profile and are expected to affect the substrate
later, after Tsueét al.” had identified an additional collective Al(111) multipole plasmon.
excitation with an energy betweens and w, which they In this paper we study the photon-excited collective
attributed to a multipolar mode,,,, did it become clear that modes in Na and K films deposited on(AL1 using the
this multipole surface plasmon is responsible for the photomethod of angle- and energy-resolved photoyi@d&RPY)
emission yield enhancement for frequencies betwegand  spectroscopy. Some results for Li(All) are also discussed
wp - for comparison. The nature of the collective excitations
The existence of a higher-order plasmon mode on metalmultipole and bulklike plasmonsn the adlayer thin films
surfaces, and its dependence on the charge-density profige discussed. The substrate(JAll) multipole excitation
was originally proposed by Benrf8tbased on a hydrody- around 13 eV and its dependence on adlayer growth is stud-
namic model calculation. In this model, the bulk charge denied. Although there are a few studies on alkali-metal thin
sity was assumed to decrease linearly at the surface overféms, their effect on the substrate collective excitations to the
distanced. Bennet found that for sufficiently largé multi-  best of our knowledge does not exist in the literature. We
pole plasmon modes appear between the surface and the buikestigate the changes in frequency, full width at half maxi-
plasmon. Eguiluzt al?! showed that the net charge of the mum (FWHM), and intensity of the alkali-metal collective
multipole plasmon perpendicular to the surface integrates texcitations as a function of smooth adlayer coverage. The
zero at all points of the surface. Inglesfeld and Wiki3érg suppressiorigrowth) of the Na(K) plasmons by the growth
found a multipole excitation induced in a jelliumlike surface of K layers on Na/A{111) is discussed to demonstrate how
charge-density profile. Forstmann and Stenschke showed, dhe susbtrate collective excitations are damped by the ad-
the basis of hydrodynamic calculations, that the considertayer. In addition to the relatively simple situation of smooth
ation of longitudinal plasma waves at the metal boundaryadlayer growth, we study the complicated surface structures
indeed leads to the increase in photoyi@dn recent years that are formed on alkali-metal deposition on(l1). The
theory, based on the random-phase approxima®R®A) or  motivation is to study how the collective excitatiofwd both
the time-dependent local-density approximatid@LDA), adlayer and substratere modified due to changes in the
has made considerable progress in the understanding of tiseirface charge-density profiles of these surface structures.
collective excitations and in its predictive capability for For example, in the case of K/AID two kinds of
simple metal surfaces and adlayéfé31%¢The frequency Al(111)-(y/3% /3)R30°:K phases are formed, where the K
dependence of the optical response in alkali-metal thin film@toms occupy the substitutional or the on-top sites, though
has been studied by Liebsch using jellium-based TDLDAthe symmetry remains the same. The recently identified
calculations’? In these calculations, the relevant quantity Al(111)-(2x2):Na surface alloy phase, where the top three
that has been compared to experiment is the imaginary palayers form a Na-Al-Na sandwich, has also been studied.
of d, (w), which is proportional to the total photoyield, as It should be noted that in electron-energy-loss spectros-
discussed earlier. The existence of the clearly defined adlayeopy (EELS) experiments, due to the presence of dominant
plasmons was related to the formation of a well-definedsurface plasmon excitation, the multipole plasmon signal is
charge-density plateau corresponding to the alkali-metal adsften difficult to observe. For example, the Al multipole plas-
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mon could not be seen by EELS, while it is clearly detectedemperature. For the room-temperature deposition of Na, the
by photoyield measuremerft§.Moreover, due to the non- Al(111)-(y/3x \3)R30°:Na structure is initially formed at
analytic dispersion of the plasmon modes ngatO, EELS  ®=0.33, and on futher deposition the(Al1)-(2x2):Na sur-
is not an appropriate technique to study the plasmon modeface alloy phase is formed é&=0.5. Interestingly, even after
in the long-wavelength limit* Since the photon carries al- reaching thg2x2) phase further deposition of Na was pos-
most zero momentum, photoyield based techniques are besible which resulted in very fai2x2) spots, beyond which
suited in this regime. The additional advantage is that, unlikeno further Na could be deposited.
EELS, the dominant surface plasmon is not excited by the We have performed the experiments using the angle- and
photons and the weaker surface modes like the multipolenergy resolved photoyieldERPY) techniqué?® by record-
plasmon can be clearly observed. ing intensity at binding energies nelag as a function ohv

The outline of the paper is as follows. In Sec. Il the ex-in the constant initial statéCIS) mode in the normal emis-
perimental procedure is described. The results and discussigion geometry. The energy resolution was 0.1-0.2 eV in the
section(Sec. Il)) is divided into three subsections which de- studied energy range and the angular resolution was 3°. The
scribe (i) the collective excitations in smooth alkali-metal advantage of AERPYwhere the photoyield from the Fermi
adlayers(ii) the influence of smooth adlayer growth on sub-level is measured at normal emissiaver total yield mea-
strate collective excitations, artii ) the influence of adatom surement is that it does not have a contribution from inelas-
induced surface structures on the adlayer and substrate caleally scattered secondary electrons, which is difficult to

lective excitations. The conclusion is given in Sec.IV. analyze and may also depend on surface quality and sample
preparation history. Th@-polarized photons from the syn-
Il. EXPERIMENT chrotron ring were incident on the sample at 45° to the sur-

face normal. Energy distribution curvéEDC’s) in normal
The measurements were performed at the Berlineremission as a function of photon energy were also recorded,
Elektrononen- Speicherring- Gesellschafte-fBynchrotron-  and the intensity aEx was plotted as a function of photon
strahlung(BESSY-)) with the 1-m Seya Namioka monochro- energy to give the AERPY spectra. However, since this
mator equipped with two spherical gratings. The experimentgnethod is more time consuming and the alkali-metal layers
were performed using a commercial angle-resolved electroare highly prone to contamination, the former approach of
spectrometefADES400 from VG, U.K) at a base pressure recording AERPY spectra in the CIS mode have been fol-
of 6x10 * mbar. An electropolished Al1l) crystal was lowed. The AERPY data were collected at binding energies
cleaned by repeated cycles of sputtering using 0.5-1-Ke\.1 eV (K) and 0.3 eV(Na) below Ef.
Ne atoms and subsequent annealing to regenerate surfaceThe spectra have been normalized with respect to the in-
order. The surface order was monitored using low-energyident photon flux which shows characteristic variation for
electron diffractionLEED) and a sharglx1) LEED pattern  the two different gratings. The photon flux was monitored
was observed for the clean surface. simultaneously with the CIS spectrum by recording the pho-
The adlayers were prepared by depositing the alkali mettocurrent induced in a Au mesh with 95% transmittance in
als over the clean AL11) substrate at 100 Kfor smooth  the path of the photon beam. However, since the gold yield
adlayer growth and at room temperaturgor surface alloy goes to zero below its work function, the photon flux was
related phasgs Well-degassed alkali-metal dispensersalso recorded using a GaAsP diode which is sensitive down
(SAES getterswere ohmically heated and the pressure in-to about 2 eV. The AERPY spectra were corrected for the
side the chamber remained below<30 '® mbar during variation of the analyzer transmission function with electron
deposition. Coverage was calibrated on the basis of existinginetic energy as well as for higher-order light. Even though
data on the variation of the work functiéfcore level line  the spectra are not normalized in absolute terms, they can be
shape in K layers and for thicker layers by deposition time. Acompared to each other on the same intensity scale.
layer by layer growth was established and the surface rough-
ness was negligible since the surface plasmon was not ob- IIl. RESULTS AND DISCUSSION
served. We define one monolay@iL) in terms of a fully
occupied(110) plane of the alkali-metal bulk crystal. Then, A. Collective excitations in smooth alkali-metal adlayers

in terms of the number of atoms in the(Al1) plane(©=1) Na related collective excitations are clearly observed on
the corresponding coverages for one full layer &e:0.45  he Al(111) substrate and they show an interesting depen-
for K and ®=0.53 for Na. For deposition a.t.loo-K substrate jence on the adlayer thickne@sg. 1). The substrate AL11)
temperature[low-temperature (LT) depositio, the Na/  gpectrum is essentially flat, with a weakly rising intensity
Al(111) system initially exhibits a LEED pattern with @< tqwards the work-function cutoff at 4.8 eV, With deposition
2 symmetry. At higher coverages the growth is epitaxial Withof 0 5-ML Na at low temperatur€l00 K), there is an initial

a low background hexagonalll pattern. For K/Al111), a  {ecrease in the work functiofd¢=1.5 eV) resulting in a
(V3x\3)R30° structure is initially formed with the K at- shift of the cutoff to 3.3 eV. This shift is consistent with the
oms occupying the on top sites, which turns to a nonepitaxialeduction of the work function induced by the adsorption of
growth for high coverages. Theon-top Al(111)-(v3  Na on Al*2 which reaches a minimum at0.5 ML. The

X /3)R30°:K structure was obtained by deposition of K at difference between the clean and 0.5-ML spectra is a gradual
100 K, and thesubstitutional Al(111)-(y3X y3)R30°:K increase of intensity in the latter as the photon energy de-
structure was formed by subsequently heating up to roonereases from 6 to 3.3 eV. At 1.0-ML coverage, a weak feature
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FIG. 1. Angle- and energy resolved photoyi¢SERPY) spec- )
tra for Na/Al(111) as function of adlayer coverage. The spectra are FIG. 2. AERPY spectra for K/ALLLY) as function of adlayer

shifted with respect to each other and the zero of each spectrum fpverage. The spectra are shifted with respect to (_each o.ther and the
indicated on the left vertical axiso, and w, are the Na adlayer zero of each spectrum is indicated on the left vertical axjg.and

related multipole surface plasmon and bulklike plasmon excitations®p 3'€ the K adlayer related multipole surface plasmon and bulklike

respectively. plasmon excitations, respectively.

around 5.3 eV is observed. As the second layer starts to builtlé eV in Fig. 6 and has been attributed to excitation of
up, this feature shows a dramatic increase in intensity antbngitudinal bulk plasmons«¢= w) with q=0.2
develops into a well defined peak at 5.3 eV while another We compare in Fig. 3 the Na/Al AERPY data for 0.5-, 1-,
peak appears at 4.5 eV. We attribute the peak at 4.5 eV to bend 2-ML coverages with the results of TDLDA
due to the multipole plasmon excitations at the adlayercalculations’:3 The calculations have been performed both
vacuum interface, while the 5.3-eV peak is due to a bulklikefor jellium adlayers and realistic alkali-metal overlayers on
plasmon mode in the adlay&With increasing coverage, the semi-infinite jellium representing the Al substrate. In the re-
ratio of the bulk to multipole plasmon intensity decreasesalistic calculation, the alkali-metal cores are represented by
and this trend continues up to the highest coverage that weorm-conserving pseudopotentials and the ground state is
have studied. calculated within the local-density approximation of the
The growth of the K collective excitations as function of density-functional theoryDFT). The dynamical response to
layer thickness is shown in Fig. 2. For one-monolayer covthe incident electric field is calculated within TDLDA. The
erage, since the ground-state charge density is not diffusetal photoyield is calculated by evaluating thm(w) and
enough the adlayer bulk and multipole plasmon modes arthis is compared with the experimental AERPY data. For an
heavily broadened, and a mixed plasmon peak appeaedsorbate double layer, the observation of the bulk and mul-
around 3 eV, as shown by previous TDLDA calculatiGfhs. tipole plasmon modes provides an experimental verification
Beyond 1 ML a shoulder occurs at 3.5 eV, which at 2 ML's of the theory. In order to compare the line shape, the theo-
develops into two well defined peaks at 3.2 and 3.6 eV, corretical spectra for 2-ML coverage are shifted to lower energy
responding to the multipole and the bulklike plasmon modesbhy 0.5 eV to match the experimental bulk-plasmon peak at
respectively® The work-function cutoff for K layers is 5.3 eV. The line shape as well as the relative intensity are in
smaller than the lowest energy that can be reached by thgood agreement with theory. However, the experimental
monochromator and hence not seen in the spectra. With irFfWHM of 0.5 and 1.2 eV for multipole and bulk plasmons,
creasing coverage the bulk plasmon mode clearly decreasesspectively, for 2-ML coverage are slightly underestimated
in intensity, and for the highest coveragé0 ML's) it is by TDLDA (0.4 and 0.8 eV, respectively” This is probably
almost fully suppressed and a weak feature ahoyat 4 eV due to mechanisms such as electron scattering due to defects
is observed. A feature around a similar relative frequencyand steps on a real surface, or damping due to interband
(1.050,) has been observed for @lL1) (the weak feature at transitions which are not considered in the theory. The over-
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FIG. 3. Comparison of the Na/Al experimental AERPY spectra
with theoretical total photoabsorption calculatidisse text based
on TDLDA from Ref. 33 for three coveragé®.5, 1, and 2 ML3.

In order to find whether the relative intensity, position,
and width of the adlayer plasmons exhibit a systematic varia-
tion with coverage, we have simulated the experimental
spectra in Fig. 1 with two Voigt function&orresponding to
estimation of the plasmon frequency by 0.5 eV is probablyine pulk and multipole plasmopand a flat background, us-
due to the polarization of the core electrons which tend tqng a least-square minimization routine. The choice of the
screen the plasmon oscillatiofs!® For 1-ML coverage, \voigt function line shape gave better fits than either a purely
there is no well defined charge-density plateau correspondingorenzian or a Gaussian function. Both the Lorenzian as
to the adlayer and the substrate-adsorbate and the adsorbafgell as the Gaussian component of the Voigt function line-
vacuum interfaces are not clearly defined. Hence the bulkidth were varied during the fitting. The least-square mini-
and the multipole plasmon modes become heavily broadenedization is done over a restricted energy rarige 6.5 eV}
due to the coupling with electron-hole pairs, giving rise to awhere the plasmon intensities mostly contribute. For ex-
broad peak in the threshold regidtiThe experiment exhibits ample, below 4 e\Mwhich is roughly the inflection pointhe
a rising intensity towards the work-function cutoff corre- threshold excitation can alter the line shape. No theoretical
sponding to this mixed plasmon mode. The weak feature atesults exist on the line shape variation of the photon excited
5.3 eV is related to the onset of the bulk-plasmon peak, posadlayer plasmons.
sibly due to double layer formation in some parts of the Representative fits for three different coverages, 5,
surface. In the submonolayer regi@for example 0.5 ML in  and 52 ML'9 with the bulk- and multipole plasmon compo-
Fig. 3), an increasing intensity towards the work-function nents are shown in Fig.(d. The bulklike plasmon is domi-
cutoff is observed in the experiment. thn(w) also shows a nant at the onsetl.5 ML's), but its width and intensity de-
similar behavior. This enhancement has been assigned lgyease at higher coverages. The width of the multipole
Ishida and Liebsch to a different type of collective excitationplasmon, on the other hand, increases with coverage. The
called the threshold excitatiol.These authors showed that variation of the bulk- and multipole plasmon energy, the ratio
the threshold excitation is a consequence of the screening of the bulk to multipole plasmon peak area, and the full
the total effective potentialds.r) on the substrate side of width at half maximum(FWHM) as a function of coverage
the adlayer and a higher cross section of electron-hole excare shown in Fig. ). The bulk-plasmon energy exhibits a
tations at arounthv=®. In fact, it is interesting to note that blue shift from 5.3 to 5.7 eV up to a coverage of about 5
if ®4.¢is replaced by the unscreened external potential in théiL's, beyond which a gradual redshift t65.5 eV is ob-
expression for Ind, (w), the excitation spectra at all the served. It should be noted that this value is close tofor
coverages for which calculations have been done are smootiulk Na from previous optical studiesee, for example,
curves without any features. Thus the bulk and the multipoléTable V of Ref. 12. This shift is larger than the error bar
plasmon as well as the threshold excitation mode ahiseto  (+0.1 eV) which has been estimated from the scatter in the
the dynamical screening of the external electric figldhe  peak position for the same coverage in different measure-
adlayer. ments. The multipole plasmon also exhibits a blue shift
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4.0 the K plasmon frequencies is quite similar to that of the Na
© layers. Both K bulk and multipole plasmons exhibit a blue
359 shift up to about 5 ML's beyond which a gradual redshift is
O 2 observed. The bulk plasmon shifts from 3.55 to 3.8 eV for
8.0 : the coverage range of 1.2—4 ML's and finally to 3.6 eV for
37 ! the thickest coveragelO ML's). The multipole plasmon fol-
lows the bulk plasmon with an initial blue shift from 3.1 to
3.4 eV and then a redshift back to 3.1 eV for the thick layers.
For a thick K layer, the frequency of the multipole plasmon
from EELS measurements is 3.2 eV qaﬂt=0.03.7 The K
multipole and bulk-plasmon frequenci€3.15 and 3.65 eV,
respectively at 2-ML coverage are in agreement with recent
total photoyield measurements at the same covefage.
HEEREION The ratio of the K bulk to multipole plasmon intensity
photon energy (eV) coverage (ML) [middle panel in Fig. &)] decreases steeply up to about 5-6
ML's and shows a subsequent gradual decrease up to the
FIG. 5. (a) A least-squares fit to the experimental K/Al AERPY hjghest coverage where it is nearly zero because of the al-
spectra(open circleg for 1.5-, 3-, and 16-ML coverage. The thick most complete attenuation of the bulk plasmon. The FWHM
line corresponds to the total fitted spectrum, while the dot-dashegy e multipole plasmoflower panel in Fig. 89)] shows an
and the dashed lines show the multipole and the bulk-plasmon COMpitial increase from about 0.35 to 0.65 eV, whereafter at
ponents, respectivelyb) The variation of the plasmon frequencies higher coverages it does not further change. The bulk-
(upper pane the bulk to multipole plasmon area ratigiddle o< FWHM, on the other hand, decreases from 0.7 to
panel’ open S.quar)eand the FWHM(lo.WGr p.ane] of the K mul- 0.3 eV over the studied coverage range. The relative changes
tipole (open circlg¢ and bulk plasmortfilled circle) are shown as in the intensity and width of the plasmons can be seen in Fig
function of coverage. Solid lines serve as a guide to the eye. 5(a). For example, between the 1.5- and 3-ML spectra thé

(from 4.4 to 5 eV for lower coverages and a subsequentmumpOIe plasmon clee_lrly incrgases Iin width. Although the
redshift to 4.7 eV for thicker coverage. A close look at thePUlk-plasmon peak height is higher in the 3-ML spectrum,

experimental data in Fig. 1 also shows this characteristié’® multipole plasmon has a larger weight due to an in-
shift of the plasmon energies with coverage. creased FWHM. For the 40-ML spectrum, the bulklike plas-

The ratio of the total areas under the bulk and multipole™on i almost fully suppressed; however, the multipole plas-

plasmon peaks and the variation of their FWHM are showrON has an asymmetric higher energy tail which is probably
in the middle and lower panel of Fig(l), respectively. Al- due to the remnant adlayer bulklike plasmon appearing at 3.6

though the bulk plasmon is most intense at the ofs&—2 €V, @s shown from the fitting.
ML’s), its width (i.e., FWHM) and intensity(i.e., area under The co!leptlve excitations for both.Na'and K gdlaygrs thus
the peak decrease with coverage, whereas the multipolé)ehav_e S|m_|lgr_ly. In both_ cases, with increasing thickness
plasmon width and intensity increase. Thus a steep decread}re is an ’|n|t|a| blue shift of the plasmon frequency up to
of the intensity ratio is observed up to about 5 MLs, beyond@20ut 5 ML's beyond which a redshift is observed. The ori-
which the decrease is gradual. For the highest coverage, tff! of the rgdshn‘t can be related to the dispersion of t_he bulk
multipole plasmon is more than four times as intense thaR'a@smon with wave vectay. The bulk plasmon mode is the
the bulk plasmon. There is an initial increase in the multipole®"2/09 of the antisymmetric collective excitation of a finite
plasmon width from 0.5 to 1.4 eV, while the bulk-plasmon slab?® A recent calculatiotr® of the induced charge density
width decreases from about 1.2 to 0.5 eV in the range ofo" tWo and three layers of Li on Al dtv=w, shows that it
1.5-5-ML coverage. A comparison of the spectra and th@scillates with a wavelength somewhat larger than the inter-
component bulk- and multipole plasmon line shapeg. layer distance. Sirqilar results have been obtained for two
4(a)] between 1.5 and 5 ML's shows that the higher energy@ers of K on AL™ These results show that the bulk-
tail of the bulk plasmon in the former extends to almostPlasmon mode corresponds to a standing wave extending
about 8 eV in contrast to the latter. This indicates that thé?¢'0SS the entire layer. For suspended thin films, bulk-
bulk plasmon is indeed narrower in the 5-ML spectrum, ag!asmon resonances have been predictedafera, with
shown by the results of the fitting exercise. Beyond about 8- =28/n, whereh, is the wavelength of the plasmon per-
ML’s, the multipole and bulk-plasmon FWHM'’s do not vary Pendicular to the surface,is an odd positive number, ared
significantly, their values being 1.4 and 0.5 eV, respectively!S the thickness of the lay&f.Such higher-order modes were
The fit to the AERPY spectra in K/AL1Y) for 1.5-, 3-, experimentally detected as weak features in K films grown
and 16-ML coverage are shown in Figiah As in the Na " quagtz by differentiating the total yield with photon
layers, the spectra are fitted with two Voigt functions, corre-€N€rgy:” These resonances follow a quadratic dispersion
sponding to the multipole and the bulk plasmon, using &Ven by
least-square fitting procedure over the energy range of 2.8— wp(0) = wp+ aq?,
4.3 eV. The variation of the plasmon frequencies, the bulk to
multipole plasmon intensity ratio and the plasmon FWHM'swhere a=0.6e¢ /o, .1 The bulk-plasmon resonance that we
as a function of coverage are shown in Figp)5The shift of ~ observe atv, should also exhibit a similar dispersion wigh
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i.e., asq decreases the frequency should decrease. Thus, witt 12 Na/AI(111) @ A1) o

increasing thickness of the adlayer, the wavelength of theg 4

plasmon mode increases, resulting in the redshift of the bqu—% 109 goverage . e

plasmon frequency. Moreover, in agreement with the presentg , | =2 N,

experimental data, a hydrodynamic calculation for the met- ‘§ 15 e e

alllic adlayer/substrate system showed a redshift in the fre- ¢ -W

guency of the longitudinal plasmon modes in the adlayer B

with increasing thicknes®.1t should be noted that we do not é 105 / \

observe the higher-order modes abayg nor are they pre- = B /\‘-‘

dicted by the TDLDA calculatiori$ for the alkali metal/Al € A /G

system probably because of the larger damping of the plas-E 0 0 [ —

mon modes at the alkali-metal-Al interface. R S — T
The reason for the observed blue shift in the lower cov- 8 12 16 20 g8 12 16 20

photon energy (eV) photon energy (eV)

erage region is probably related to the smooth density pro-
files at the adsorbate-vacuum and the adsorbate-substrate in-g|g g AERPY spectra showing the substratélAl) multipole

terfaces  which  would lower the true bulk-plasmon pjasmon attenuation as function @ Na and(b) K coverage. The

frequency: This effect wil be more pronounced at lower spectra are shifted with respect to each other, and the zero levels are
coverages and decreases with the increasing thickness of thflicated on the left vertical axis.

adlayer. In fact, the experimentally observed negative disper-
sion of the surface plasmon at smql(<0.15 A) has been channels are reduced, resulting in its narrowing. The multi-
shown to be related to the smooth surface density prfile. pole plasmon, being located at the surface, will decay via
The blue shift of the bulklike plasmon observed here is dueexcitations at the adlayer-vacuum interface which are evi-
to its lower frequency at onset covera@ML's) and a sub-  dently enhanced since its width increases with coverage.
sequent increase in frequency as the layer thickness increasesThe physical origin of the adlayer bulklike plasmon is the
and the adsorbate interface effect becomes negligible. coupling of the transverse electromagnetic field and the lon-
Although the multipole plasmon exists only at the surface gitudinal fields at the adlayer substrate region, and should
it exhibits a similar dispersion with layer thickness as theoccur quite generally at interfaces between médi@he
bulk plasmon, and this shows that these two modes in thulk-plasmon standing waves in the adlayer are set up due to
adlayer are coupled. In fact, from a large body of availablereflection of the plasmon wave at the substrate-adsorbate and
literature, in the retarded~0 limit, the multipole plasmon the adsorbate-vacuum interface. With increasing adlayer
has been found to occur @w, independent of the charge thickness, the electrostatic coupling between these two inter-
density, with 8 roughly around 0.8. The physical reason for faces decreases, leading to reduction of the bulklike plasmon
the dependence ab,, on w,, which is independent of the intensity. We indeed find from Figs.(# and 3b) that the
electron density, is not fully understoddowever, the value ratio of the bulk to multipole plasmon intensity decreases
of Bis of importance from a theoretical point of view since with coverage for both Na and K adlayers. For semi-infinite
calculations based on the random-phase approximatiogurfaces, it has been theoretically shown that the surface pho-
(RPA) give a higher value oB compared to TDLDA. For K, toabsorption is given By
for example, TDLDA predict® to be 0.82, while RPA gives
a value of 0.8%’ We find for the K layers 0.863<0.89, Y=(1-ww?)Imd, (v),
and for the highest coverag®=0.87 which is closer to the
value predicted by RPA. For Na layers, we find
0.8<B=0.89, the value at the highest coverage being 0.8
In the case of clean Al, the multipole plasmon occurs aroun
13 eV, which corresponds to@value of 0.85. Thus, for the
nearly free-electron metals, our results indicate that on a
average the multipole plasmon occurs around & 8&hich
is somewhat higher than the generally accepted value
0.8w,. In real metalsw, is probably reduced by the core
polarization effect, which causes an overall lowering of the
bulklike plasmon frequencyThe multipole plasmon, on the
other hand, being located at the surface, is less affected b
the core polarization effect and its frequency is not lowered
with respect tow,, leading to an increase if. We now turn to the question of what happens to the sub-
The FWHM of the adlayer bulklike plasmon decreasesstrate collective excitation as a function of adlayer thickness.
with increasing coveragéFigs. 4b) and 8b)]. While no  The AERPY spectrum for a clean @lL1) substrate exhibits a
guantitative calculations exist, a plausible reason for this bepeak at 13 eV(Fig. 6), which is related to the multipole
havior could be that the bulk plasmon couples less with theplasmon excitation at the surface. At the bulk-plasmon fre-
excitations at the adlayer-substrate and the adlayer-vacuuguency(~15 eV), a minimum occurs because of the vanish-
interface as the thickness increases. Thus the possible deciag surface photoabsorption, as discussed earlier. The weak

where the prefactor is related to the Fresnel field. Since the
surface photoyield vanishes at,, the decrease in the ad-
layer bulklike plasmon intensity with coverage is consistent

ith the theoretical expectation. In the case of K, at 40 ML's
the adlayer bulk plasmofat 3.6 eV} is almost fully sup-
IBressed, and a weak minimum at 3.9 eV is obse(ged Fig.

). This dip can be regarded as the signature of the vanishing

hotoyield at the bulk-plasmon frequency for the semi-
infinite solid as also seen for clean Aee Fig. 6.

)I;S. Influence of smooth adlayer growth on substrate collective
excitations
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Suppression of Al multipole plasmon intensity

FIG. 7. Area under the A111)
multipole plasmon peak, plotted
as a function ofa) Na, (b) K, and
(c) Li adlayer coverage. The solid
line is an exponential fit to the
data, while the dashed line shows
the photoelectron inelastic scatter-
ing related attenuation curve, as-
suming a mean free path of 15 A.

xelectron/photon)

normalized intensity (const.

0 10 20 30 10, 20 30 10 20 30
adlayer thickness ( &)

feature abovev, at 16 eV is related to the excitation of the ~ For adlayer coverages2 MLs, the substrate Al multi-
longitudinal plasmon witlg=0 as discussed elsewhére. pole plasmon is almost fully suppressed due to the formation
We show in Fig 6 a series of AERPY spectra fdg) of the well defined charge-density plateau corresponding to
Na/Al(111) and (b) K/Al(111) for the photon energy range the adlayer, which can sustain the fully grown adlayer-
corresponding to the Al multipole plasmon. For both sys-related collective excitations. In Fig. 7 the area under the Al
tems, we find that the Al multipole plasmon is suppressed ignultipole plasmon peak as function of alkali metal coverage
intensity with increasing alkali-metal coverage, and by 4-5{" (@ Na, (b) K, and (c) Li adlayers is plotted. We have
MLs is almost fully attenuated. Although the Al multipole fitted the Al multipole plasmon intensity) using the follow-
intensity decreases with adlayer growth, its position remaindd €xponential function
unchanged and there is hardly any change in the line shape.
The feature around 18.5 eV in Figl® arises from the K B
relatedM, - VV Auger transition moving througkg as the ~ wherez is the thickness of the layer in Angstroms akygl
photon energy is changed. No other collective excitationgk,, andk, are adjustable parameters. The thickness of the K,
corresponding to charge densities betweenr&H2.0) and  Na, and Li adlayers are taken to be 3.7, 2.99, and 2.47 A,
Na (r,=3.93) or K (r=4.86) appear in the spectra. The ris- respectively, corresponding to the closed packed growth.
ing intensity in Fig. 6a) around 6 eV is due to the Na plas- Larger value ok, would imply a stronger damping of the Al
mons. multipole plasmon. From the fitting, we obtain the values of
For a coverage of up to two adlayers, the substrate Ak, to be 0.35, 0.23, and 0.14 for K, Na, and Li, respectively.
multipole plasmon, although attenuated, still exhibits sub-This implies that for the same adlayer thickness, the rate of
stantial intensity. This is surprising because it is generallysuppression of the Al multipole plasmon systematically in-
acceptetithat the multipole plasmon excitation occurs at thecreases from Li to K. The explanation of this effect is prob-
substrate-vacuum interface, which in this case no longer exably related to the mechanism of the substrate multipole
ists due to alkali-metal adlayers. To understand this effectplasmon damping by the adlayer and further theoretical stud-
we note that in the photon energy region where the Al muldes are required to explain this.
tipole plasmon is excited, the N&) layers are fully trans- The damping of the signal from the substrate is partly
parent. Thus, even in the presence of the alkali metal layecaused by the inelastic scattering of the photoemitted elec-
the Al charge density tries to screen the incident electromagfons from the substrate by the adlayer. This is related to the
netic field as in the clean metal, and in this process sets uggchnique of measurement and can attenuate the Al multipole
the multipole plasmon oscillation. The existence of the Alplasmon intensity. The intensity of the electrons emitted
multipole plasmon up to about 2 ML's of alkali-metal growth from near the Fermi level is measured in the experiment,
is significant because it shows that thaultipole plasmon which if inelastically scattered would occur as the secondary
can also exist as an interface plasmon, although diminishedbackground at higher binding energies. However, the cross
in intensity The present observation is supported by asection of the inelastic scattering is small in these low photon
jellium-based calculation by Liebsthfor monolayers of Na, energies(13 eV) which is manifested by a large mean free
K, and Cs on Al which showed the simultaneous existence opath (\,) of about 15 A*2Since the inelastic scattering
both the alkali metal as well as the Al related collective ex-also leads to an exponential decay, its effect is shown
citations. Compared to Al, one monolayer of alkali metals on(dashed curves in Fig.) by takingk,=1/\;,=.067 in the
Al was shown to attenuate the Al multipole plasmon withoutabove expression used for fitting, keeping the other param-
any shift in its frequency: eters the same. As is evident from Fig. 7, the attenuation rate

| = k0+ k1>< eXp_(kZXZ),
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o oK) K/Na/Al ation by alkali-metal adlayers. It should be noted that the Na
|
l

80 @n bulk plasmon is attenuated in a similar way as the Na mul-

Fal K tipole plasmon, showing that these modes are not decoupled.
coverage
= 2

C. Influence of adatom induced surface structures on

L N 1.2 collective excitations
401 0.8

Creating intermediate surface charge-density profiles

intensity {const. x electron/photon)

| ~onNe) 04 through the formation of complicated surface structures may
| pNa) ' be used to study the dependence of collective excitations on
/\PL the charge profile. The Al(111)yBx 3)R30°:K surface
ol 0 structure is unique in this sense because a significant change
3 4 5 6 7 8 in the surface structure and hence the electron charge-density
photon energy (eV) profile at the surface is expected by just changing the sub-

strate temperaturé:*® Since the surface collective excita-
tions depend critically on charge-density profile, interesting
modifications in the AERPY spectra may be expected in this
system. At low coverage@®<0.15), the adlayer atoms oc-
cupy the threefold hollow sites and are uniformly distributed
due to adsorbate-adsorbate repulsion. For increasing cover-

. . o . age, island formation occurs and the Al(111)3(
of the Al multipole intensity is more gradual if only the x \3)R30°:K structure forms a®=0.3314344\When the

inelastic scattering is considered, and the enhanced attenugspstrate is held at a temperature below 220 K, nonactivated
tion is caused by the damping of the AI_muIt|poIe plasmonadsorption takes place and the K atoms occu’py the on-top
by presence of the adlayer charge density. _ ites. These on-top sites become energetically favorable be-
In qrder to understand the adlayer charge densﬂy—mduce; ause of the accompanying relaxation of the Al atoms in the
damping on another adlayer, we have studied the SUPPTESSIGst substrate layer. The Al atom beneath the on-top K atom

of Na collective excitations as a function thickness of K ad- :
. : moves down while the atoms between the on-top K atoms
layers deposited on a 2-ML-thick Na adlayer org24l1). The move upward, relative to the unrelaxed surfaig. 9).%3

Na double layer sustains both the bulklike and the multipole,., . .
plasmon in contrast to the bulk Al substrate. Thus, in thiserhIS structure is_henceforth referred to as tetop |3

o structure. At room temperature, activated adsorption occurs
case, the effect of adlayéK) growth on both excitations can and the K atoms occupy the substitutional sites, although the
be studied. Figure 8 shows a set of AERPY spectra with Py ' g

successive K deposition on a 2-ML Na layer grown onsurface symmetry remains the sam@]ﬁ. In this substitu-
Al(11). The Na layer exhibits well defined Na-related mul- iona! structure, each K adatom replaces one Al atom from
tipole and bulk-plasmon excitations. For 0.4-ML K coverage,the sqbstrate first laydsee Fig. 9: H_owever, because the K
although no extra features develop, both the Na bulk an tpm is larger than the Al atom, it S'FS more towards vacuum
multipole plasmons are suppressed in intensity by abou igherz) than the substrate atom d!d. ThIS surface structure
30%. The Na plasmons do not shift in frequency with K 'S henceforth referred tp as theibstitutional /3 structure. _
adlayer growth, as in the case of the Al multipole plasmon on N€ 0n-topy3 structure is metastable and once the adatom is
alkali-metal deposition. By 0.8-ML K deposition, the m_the supsntuuonal site, even if the temperature is lowered it
AERPY line shape is drastically changed with further sup-Will remain there. -

pression of Na plasmons, and a broad intensity below 4 eV In the case of Na, deposition at room temperature leads to
appears, corresponding to the K mixed plasmon response. Age formation of a Al(111)-(3x {3)R30°:Na phase at a
1.2 ML's, the trend of Na plasmon attenuation and enhancecoverage o=0.33. Surface extended x-ray-absorption fine
ment of K related signal continues. At 2 MLs, the Na plas- Structure(EXAFS) as well as DFT-LDA calculations show
mons are almost fully suppressed, while the K multipole andhat the Na atoms in this structure occupy sixfold coordi-
bulk-plasmon modes are clearly observed at 3.2 and 3.8 eVtatedsubstitutionalsites®® An on-top /3 structure for Na/
respectively. The observation that only two monolayers of KAI(111) is not reported in the literature. However, the inter-
almost completely suppress the Na plasmons cannot be e®sting aspect of this system is that aroune-0.5, a(2x2)
plained only by the inelastic scattering of photoelectronsstructure is formed’“%**This is referred to as aurface
which at this K coverage would account for only 13% inten-alloy phase consisting of four laye(sla-Al-Na-Al), where
sity attenuation. This is because the mean free path increast top three layers form a Na-Al-Na sandwich on the recon-
sharply as the electron kinetic energy decreases below 10 estructed Al fourth layelsee Fig. 1 of Ref. 40

and can be as large as 15 Ml(shich is about 55 A for the For Al(111)-(y3% \/3)R30°:K, an interesting difference

K adlaye) in the photon energy range of the Na collective between the AERPY spectra for the substitutional and the
excitations(~6 eV).>! Hence, if the inelastic scattering chan- on-top /3 structures is the strong increase in intensity in the
nel alone was responsible for the plasmon intensity decagnergy region of the K plasmons for the latter struciifig.
with adlayer growth, the Na plasmon attenuation rate due t®). The spectrum smoothly increases in intensity from 4 eV
K adlayers would be much less than the Al plasmon attenuuntil the work-function cutoff, but no distinct peaks corre-

FIG. 8. Evolution of the AERPY spectra with deposition of K on
1.5-ML Na adlayer on AlL11). The Na related multipole and bulk
plasmon peak$wn(Na) and w,(Na)] are almost fully suppressed
by 2-ML K, and the K related collective excitatiofig,(K) and
wp(K)] are clearly observed.
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Al(111)-V3 x\3 R30°-K

]

substitutional ! on-top

FIG. 9. (Color) Comparison of the photoyield
spectra between the substitutional and the on-top
V3 structures in Al(111)-(3% y3)R30°:K, ex-
hibiting a strong increase in intensity in the on-
top structure in the K plasmon region. A perspec-
tive view of both the structures are shown as
inset. In the on-top structure, the Al atortyel-
low) below the K(red) atoms are displaced to-
wards the bulk and the Alblue) atoms between
the K atoms are displaced towards vacuum. In the
substitutional structure, the Kred) atoms kick
out the Al atoms beneath them and occupy their
positions. The second Al layer is shown in green
to distinguish from the first Al layer.

% electron/photon)
(s3] o
| |

'
|

norm. intensity (const.
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sponding to the K multipole or the bulklike plasmon arein the on-topy/3 structure. The reason for this difference is
observed. A comparison between tii@ structures and clean related to the structural difference between the two as shown
Al(111) shows that the Al multipole plasmon is substantially in Fig. 9. In fact, this difference of the charge-density profile
reduced in intensity in the/3 structures, though its fre- explains the enhanced intensity in the AERPY spectrum in
guency remains unchanged. Between the substitutional aritie K plasmon region for the on-top structure compared to
the on-topy3 structures, the Al multipole plasmon is attenu- the substitutional structure. Th& structure with®=0.33 is
ated in intensity by about 23% in the latter. similar in coverage to 1-ML K/A[111) (©=0.45 and hence

Since the origin of the multipole plasmon mode is inti- the 1-ML spectrum in Fig. 2 is similar to the on-top spectrum
mately related to the nature of the ground-state charge-
density profile at the surface, we have calculated the laterally 80 3,
averaged charge-density profiles for clearflAll) and the
V3 structures(Fig. 10. These theoretical calculations are
based on the self-consisteat initio total-energy DFT-LDA
method, the details of the calculation are described
elsewherd!

The clean Al surfacédotted curve shows a charge spill-
age at the surface which is generally observed for clean met-
als. In fact, the origin of the Al multipole plasmon is related
to this smoothly varying density profile at the surfad@om-
pared to the clean surface, the substitut& structure ex-
hibits a clear steggabout 67% of the total charge dengibt
the position of the first substrate layer. The origin of this step
is not difficult to understand since, as discussed earlier, in
this structure one-third of the Al atoms of the first substrate 0
layer are replaced by K atoms. The electron density of K, T
which is less than Al by about a factor of 13, hardly contrib- -10 0 10
utes in this region. Instead, the K-related charge enhances the z (bohr)

diffuse tail of the substrate char.g(.e densigig. 1@' The FIG. 10. Calculated electron charge-density profile for the on-
On-tqp\/§ structure does not exhibit the step as 'n_the SUbiop (thick line) and the substitutedthin line) 3 structure in
stitutional s_tructure becaus.e the K atoms do not 'd|srupt thﬁl(lll)-(\/ﬁx J3)R30°:K. The profiles(solid line) are compared
substrate first layer. The interesting difference in chargetq yhat of clean Al111) (dashed curvefor both the structures. The
density profile between the tw@3 structures is that the on- positions of the K(filled circle) and the Al(empty circle atoms are

top geometry has a stronger and more diffuse charge-densighown. The inset shows the vacuum-adlayer region in an expanded
tail related to the K adlayefsee the inset of Fig. 20The  scale. The dot-dashed curve in the inset corresponds to the excess
difference between the two density profilédot-dashed charge in the on-top structure in the diffuse tail of the charge-
curve in the inset of Fig. Jlearly shows the excess charge density profile.
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FIG. 11. AERPY spectra for
different surface structures on
Na/Al(11)) including the A[(111)-
(2x2):Na surface alloy phase. The
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20 30 4 50 60 70 inset shows the laterally averaged
10 - distance (bohr) | FED charge-density profile for the
very faint2 x2 = Al(11D) (left side and the(2Xx2)
) surface alloy(right side, calcu-
faint2 x2 lated usingab initio DFT-LDA
2x2 N method.
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in Fig. 9. The intensity enhancement around 1 ML is due tdntensity enhancement of the Al multipole plasmon for dif-
the broadened adlayer related bulklike and the multipolderent surface structures. The most plausible reason for the
plasmon modes which are mixed together and redshiftechbsence of a redshift of the Al multipole plasmon comes
These modes are not separately observed because the adlayem the DFT-LDA calculations of the ground-state elec-
charge-density plateau is not wide enough. However, for lesgonic structure. These calculations show that the Na-derived
than 2-ML coverage, with increasing diffusivity and strengthpands in thg2x2) surface alloy phase are empty while the
of the K-related charge-density profile, an increase in intenAl-derived bands are filled and more stabilized by surface
sity of the mixed plasmon mode is observed. This is thealloy formation?®>® Thus the simplified jellium picture of
reason for the enhancement of the intensity in the K plasmogharge dilution by surface alloy formation does not hold and
region in the on-top structure compared to substitutiof®l  the excess electron due to Na deposition essentially fills up
structure. The attenuation of the Al multipole plasmon inten-the Al band. The Al multipole plasmon for the clean surface
sity in the \/3 structures can be related to the adlayer-inducedhus remains essentially unaffected by surface alloying.
damping, as discussed in the previous section. The laterally averaged ground-state charge-density pro-
A significant modification of the surface charge density isfiles for the clean and th€@x2)-Na structure based on self-
expected for thg2x?2) surface alloy phase in Na/@l11).  consistentab initio total-energy DFT-LDA calculations are
Hence the AERPY spectra for the different surface structureshown in the inset of Fig. 11. Details of the calculations can
of Na/Al(111) have been studied and the results are shown ibe found in Ref. 40. Th€2x2)-Na (right side profile in the
Fig. 11. An important observation is the absence of a shift ifninset of Fig. 11 exhibits a kink(A) and a narrow ste(B) at
frequency of the Al multipole plasmon upon surface alloyabout 70 and 30 % of the total charge density, respectively.
formation. A similar result was obtained for the substitutionalClean Al111), on the other hand, exhibits a smoothly
Al(100)-c(2x 2):Na surface alloy, where every second Al decreasing charge densityfeft side profile in the inset
atom in the top layer is displaced by a Na athiNo such  of Fig. 9).
shift was observed for the3 structures of K, Na, and Li No feature corresponding to the charge-density §kég.
either. Thus, for different alkali-metal adlayer-induced sur-10) in substitutional\/§ structure of K/A(111) is observed
face structures, the Al multipole plasmon frequency is un{Fig. 9. Similarly, for the step feature6A and B) in the
changed. This finding is surprising because the alkali-metal2x2)-Na structure no new feature is observed in the
electron density is much less than that of Al and a uniformAERPY spectrum(Fig. 11). Theoretical>*3and present ex-
dilution of the Al electron density by the alkali metals is perimental data on smooth alkali-metal adlayers show that a
expected to reduce the plasmon frequencies. In a recestifficiently wide charge-density plate&iMLs, i.e., 5-6 A
TDLDA calculation on a rumpled ALOO surface(with no s required to set up the collective modes corresponding to
Na atoms presentwhich is intended to represent the the charge density of the plate®t?*®This ensures that the
Al(100)-(2x2)-Na surface alloy, a redshift of about 2 eV as substrate-adlayer and the adlayer-vacuum interfaces are
well as a substantial intensity enhancement of the Al multiclearly separated. The steps observed in the above surface
pole plasmon was obtainéfl.On the contrary, the present structures are not diffuse or wide enough to sustain a sepa-
experimental data show neither any frequency shift nor anyate multipole plasmon mode at lower frequency.
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The intensity of the Al multipole plasmon remains mostly  (6) With increasing alkali-metal coverage, the bulk plas-
unchanged up to th€2x2) coverage in Na/All1l) (third  mon is suppressed in intensity due to decrease in coupling
spectrum from the bottom in Fig. L1The increase in inten- between the adlayer-vacuum and the substrate-adlayer inter-
sity below 6 eV in the(2X2) structure can be related to Na faces.
mixed plasmon modes, as in case of K. However, on further
Na deposition, the2x2) spots get fainter which indicates The substrate Al multipole plasmon intensity is exponen-
that the next layer of Na on the surface alloy phase does ndially attenuated by adlayer growth, and this shown to be due
grow in an ordered way. Only when this extra layer of Nato the damping of the substrate mode by the adlayer charge
starts growing on thg2x2) structure, one can observe the density. Damping of Na adlayer bulk and multipole plasmon
supression of the Al multipole plasmon intensity and theby K adlayer growth reconfirms this effect. For2-ML ad-
growth of the Na related multipole and the bulk plasmonlayer coverage, the substrate multipole plasmon, though di-
clearly, as in the case of smooth adlayer growth at low temminished in intensity, is observed. This is probably because
perature. This trend continues until the coverage where verin the photon energy region where the Al multipole plasmon
faint (2x2) spots were observed, beyond which the AERPYis excited, the N&K) adlayers are transparent. The existence
spectra remained unchanged indicating that no further Na ief the Al multipole plasmon even for 2 MLs of adlayer
sticking to the surface at room temperature. For the K/Alcoverage indicates that timaultipole plasmon can also exist
system, deposition of K on the on-top Al(111)  at the substrate-adlayer interface
X \/3)R30°:K structure also results in clearly separated mul- In the case of the complicated adlayer induced surface
tipole and bulklike plasmon modes as shown in Fig. 2 wherétructures, a relation between the diffusivity of the adlayer-

the 1-ML coverage spectrum has the on-t structure. related charge-density profile and the intensity of the collec-
tive excitation modes is established. The Al multipole plas-

mon does not shift in frequency indicating the inadequacy of
the simple concept of charge dilution in the surface alloys.
The charge-density profile, calculated by i initio DFT-
SDpA method, exhibits stepslike features at lower electron
edensity which, however, are unable to sustain distinct collec-
tive excitations probably because they are not diffuse
enough. For Al(111)-(3% y3)R30°:K, a strong increase

(1) Both the multipole and the standing-wave-like bulk in intensity in the energy region of the K plasmons is ob-
plasmon modes are sustained by the Na and K adlayers, Berved in the on-top structuk&ig. 9. This enhancement is
good agreement with realistic as well as jellium basedattributed to a mixed plasmon mode. Growth of an extra
TDLDA calculations®*% Detailed comparison with theory alkali-metal layer on the surface structur@x2 and \3)
(Fig. 3 shows, however, thati) the FWHM is underesti- results in the appearance of alkali-metal-related collective
mated by TDLDA23 which is probably because of electron excitations and the attenuation of the Al multipole.
scattering by defects and steps on a real surface, or damping The existing TDLDA based theory in the frequency re-
due to interband transitions which are not considered in thgion of alkali-metal plasmons is in good agreement with the
theory. (i) The plasmon frequency is over-estimated by 0.5experimental results for smooth adlayers. However, although
eV by the theory and this can be attributed to polarization othere are some experimental studies on the clean Al surface,
core electrons which tend to screen the plasmon oscillationdardly any theoretical results are available for the higher fre-

(2) We find that the adlayer related plasmon modes apguency Al multipole region addressing the mechanism of the
pear not before the buildup of the second alkali-metal adsubstrate collective excitation damping as a function of the
layer. adlayer growth. For the adlayer induced surface structures on

(3) Both bulk and multipole plasmon frequencies exhibit Al(111), there is no theoretical work which quantitatively
a blue shift up to about 5 ML's, and for thicker coverages apredicts the nature of collective excitations. It is hoped that
redshift is observed. While the redshift can be explained byhe present experimental results will simulate further theoret-
the dispersion of the bulklike plasmon with wave veadtpr ical studies in these directions.
the blue shift is attributed to the smooth density profiles at
the interfaces.

(4) The frequency of the multipole plasmon is related to ACKNOWLEDGMENTS
the bulk-plasmon frequency. For the different free-electron We thank A. Liebsch for his valuable comments on the
metals(Na, K, and A) studied here, our results show that the manuscript. This work was supported by European Commu-
multipole plasmon occurs around 0%, independent of nity grant no. CI1*-CT93-0059(DG 12 HSMU, the
the electron density. Bundesministerium fuBildung und Forschun¢grant 05 622

(5) The width of the adlayer bulk plasmon decreasesDLA3), and the Indian(DST)-German(DLR) collaboration
while the multipole plasmon width increases with coverage project(INI-038-99).

IV. CONCLUSION

Our comprehensive study of the photon-excited collectiv
modes in alkali-metal adlayers as well as the effect of th
adlayers on the substrate (Al1) collective excitations
shows that:
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