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Electronic excitations in alkali-metal overlayers. 1l. Effects of substitutional adsorption
of Na/Al(00))
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The collective excitations in the(2xX2) Na overlayers on AD0J) are investigated by a dynamical linear-
response calculation within the time-dependent local-density approximation. The Na adlayer and a few outer-
most Al layers are described fully three dimensionally using norm-conserving pseudopotentials while the
interior of the metal is treated as semi-infinite jellium with an electron density of Al. The excitation spectrum
in the low-temperature phasgkollow-site adsorptionexhibits a single broad plasmon peak, which is a mixture
of the Na multipole surface plasmon and the bulklike Na overlayer plasmon. In striking contrast, the Na
plasmon peak disappears completely from the spectrum in the room-temperaturéspibasiéutional adsorp-
tion). These observations are in good agreement with recent experiments. It is predicted that the Al vacancies
in the room-temperature phase induce a large change in the excitation spectrum of the Al substrate.
[S0163-182¢08)10619-7

[. INTRODUCTION periment for the LT and RT phases of K on(B01) and
Al(111) surfaces. They found that the satellite peak due to K
In the past several years, major interest in the study otollective modes in the LT phase disappears nearly com-
alkali metal chemisorption was focused on its novel strucpletely in the RT phase. The disappearance of overlayer col-
tural properties. Experiments with higher accuracy revealedective modes in the substitutional geometry, or at least, a
that alkali metal atoms adsorb not only on hollow sites putdrastic reduction in their intensity, was confirmed by electron
also on on-top sitek:3 Moreover, on a few substrates, they €nergy-loss spectroscof§£ELS) by Kondoh and Nozdé
mix with substrate atoms and form two-dimensioiaD)  for K/AI(111), and very recently, by photoyield measure-
surface alloys. For example, Na and K atoms orf0al) ~ Ments by Barmen, Hom, and Berle”® for Na and K on

form two differentc(2X2) structures at coverag® =1/2 Al(11D). The pha!se transition from t.he'LT to RT .phase was
Iso detected using second-harmonic light emission by Ying,

} . . a
(O is measured relative to the number of atoms in one SUb\_/\/ang and Plummélf* So far theoretical studies on this sub-

4-6 ; - )
strﬁtfrla);ez AITIhe idazolmvsv St'tr?]n hrOItIO:’éSS_I'_t)e ‘T’N?“r; thti unre ject have been limited to the ground-state electronic struc-
constructe ayer at low temperatu € €Y  ture. Apart from a number of total-energy calculations fo-

remove every secc_)nd Al atom in the first Al Iayer_ a_nd slipCused on structural optimizatiof$® two semi-infinite
into the vacancy sites at room temperatuRs). A similar .50y jations, i.e., a Layer Korringa-Kohn-Rostok&KKR )
phase transition from on-top-site to substitutional adsorption;een-function calculation using muffin-tin potentidland
was observed for the\x y3)R30° overlayers of alkali 5 self-consistent Green-function calculation using nonlocal
metals on Al111) at ®=1/3"® The formation of various pseudopotentia® were performed for the AL11) sub-
super structures involving alloying of alkali metal and sub-strate. Both demonstrated that the alkali metal valesce
strate atoms was reported also on noble metal substrétes. resonance is strongly broadened in the case of substitutional
When no alloying occurs, the orbital overlap betweenadsorption. At present, the theoretical understanding of the
nearby adatoms is increased with increasing coverage, leadiference in the nature of electronic excitations between the
ing to a formation of the metallic adatom-adatom bonds withLT and RT phases is completely missing.
a concomitant weakening of the adatom-substrate bonding. In the present work, we investigate the electronic excita-
At monolayer coverages, 2D free-electron-like resonantions of the Na/A(001) surface by a linear response calcula-
bands are formed in the overlayer and the overlayer exhibitdon within the time-dependent local-density approximation
quasi 2D metallic properties. In many combinations of metal TDLDA).!® For simplicity, the interior of the substrate is
substrates and alkali-metal adsorbates, collective excitatioriseated as jellium with the electron density of Al. Yet, the
localized in the overlayer were observed at high coveragedirst few layers of the substrate Al and the Na overlayer are
On the other hand, in the case of substitutional adsorptiordescribed fully three-dimensionally using norm-conserving
the chemical interaction between the alkali metal and subpseudopotentials. Thus, both the LT and RT adsorption ge-
strate atoms should be appreciably enhanced due to highemetries can realistically be described by the present model.
coordination, which may reduce the 2D metallicity of the We calculate the linear response of the surface to a uniform
overlayer. ac electric field oriented normal to the surface as a function
Heskettet al!! performed a core-level photoemission ex- of frequencyw. The centroid of the induced surface charge,
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(a) (b) surfaces semiquantitativef). However, it can neither de-

o scribe the local bonding configuration between Al and Na

@ @ % @ . atoms nor the substrate reconstruction in the RT phase. In the

m y. ‘ Z ‘ present work, we treat not only the Na overlayer but also the

V// % /// //// p outermostNg Al layers fully three dimensionallyNs=1 to

, ‘ - 7/// ‘ @ 3). On the other hand, the inner Al layers are modeled by

@ @ @ @ . jellium with the electron density of Al. Hereafter, we use the
‘ ‘ ‘ @ ‘ notation Na/AI(Ng)/jellium to denote the system. Regarding

the structural parameters, we use those determined by the
recent low-energy electron diffraction experiment of Berndt
FIG. 1. Top view of the Na/ADOD surface at®=1/2. The et al® The nearest-neighb@dNN) Na-Al bond length is 6.18
larger and smaller circles indicate Na and Al atoms, respectively. 53 4. and 5.80 a.u. for the LT and RT phases, respectively.
Correspondingly, the vertical separation between the Na and
d, (w), one of the fundamental surface response functionsop Al layers is reduced from 4.85 a.u. to 2.08 a.u. The
introduced by Feibelmaff,is relevant to a number of surface rumpling of the third Al layer in the RT phase is incorpo-
spectroscopic experiments. Its imaginary part gives the mairated in the calculation foNs=3.
contribution to the surface excitation spectra in the long- The calculation consists of two major steps. First, the self-
wavelength limit. consistent Green-function calculation is performed in the
Previously, we studied the electronic excitation of the Naembedded surface region to determine the ground-state elec-
and K overlayers on semi-infinite jellium as a function of tronic structure. In doing so, the effects of the semi-infinite
adatom coveragé. As may be expected, the excitation spec-substrate and vacuum are expressed via the complex embed-
trum in the LT phase where Na atoms adsorb on hollow sitesling potential of Inglesfield® A plane-wave-like basis set is
of the top Al layer is similar to our previous result for utilized to expand the Green function in the embedded re-
Na/jellium at the full monolayer coverage. lth (w) exhib-  gion, and the ion cores of Na and Al are represented by
its one relatively broad peak centerediai~5 eV, which is  norm-conserving pseudopotentials in the Kleinman-Bylander
assigned to a mixture of the Na multipole surface plasmoriorm?® As for Na, the partial core correction to the
and the bulklike Na overlayer plasmon. At one monolayerexchange-correlation potential is incorporatéth the actual
the interference between these modes and their decay intalculation, the thickness of the embedded region is chosen
electron-hole pairs is very pronounced. These peaks ar@s 30 a.u. It contains the vacuum region, one Na laygAl
clearly separated only for two or more adsorbed lagefs. layers, and a jellium slab. The thickness of the jellium slab in
In striking contrast, the calculated excitation spectrum for thehe embedded region is 4 a.u. fNg=3 and 11.48 a.u. for
substitutional geometry has no noticeable peak in the energy,=1. The distance between the edge of the positive charge
range of Na excitations. Hence, the present results fully supbackground of jellium and the bottom Al layer is chosen as
port the recent experimental observations mentioned abovéalf the layer spacing between the adjaceriOBl) planes in
At the same time, the transition from the LT to RT phase isthe bulk, 1.915 a.u.
found to modify the spectral shape of bn(w) in a wide In the second step, we calculate the dynamical response of
energy range up to the bulk plasma frequency of Al. It will the surface to an external electric field with frequeney
be shown that this change is caused by the vacancies in theiented in the surface normal direction within the TDLDA.
first Al layer. In solving the response equation for the induced density, it is
The plan of the present paper is as follows. In Sec. Il, weessential to treat asymptotic behaviors of the induced field in
describe the chemisorption model of Na or(0d1) and the  the bulk metal correctly? For this purpose, the Green func-
outline of the computational procedure for calculating its dy-tion obtained in the embedded region is analytically ex-
namical response properties within the TDLDA. Section Ill tended to the whole space, and the one-electron wave func-
is the main part of the present paper and contains results anidns of the semi-infinite system are derived from the Green
discussion of the numerical calculations. A summary is giverfunction. Finally, the response equation is written in matrix
in Sec. IV. Unless otherwise stated, we use the Hartreéorm using a plane-wave-like basis set. As its solution we
atomic units throughout this paper. obtain the self-consistent induced charge densiffr,)
and the screened potential. More details of the numerical
procedure are described in Ref. 21.
The spectral functiod, (w) introduced by Feibelm&fis

We consider Na adlayers on (@01 at ®=1/2, corre- defined as the centroid of the induced charge, i.e.,
sponding roughly to saturation coverage. The adatoms form

a square lattice with a lattice constayt=7.66 a.u. As stated
dl(w):fdr znl(r,cu)/ fdr ny(r,w), ((H)]

IIl. METHOD

in the Introduction, they adsorb on hollow sites on the unre-

constructed Al layer at LT, while they remove one half of the

Al atoms in the top layer and occupy the substitutional sites

at RT (see Fig. 1 where thez axis is chosen as the surface normal pointing
In our previous work on the dynamical response of 3Dtoward the vacuum. As discussed in Ref. 21 and our preced-

alkali overlayer$! we employed the jellium model of Lang ing paper® Imd, (w) is proportional to the transition rate

and Kohrf® as a metal substrate. It is known that the jelliumfor creating electronic excitations with enertjw in the sys-

model can reproduce collective excitations of the clean Altem.
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FIG. 2. Contour maps of the valence charge density for z (bohr)

Na/Al(Ns= 3)/jellium on a vertical cut-plane containing the Na at- FIG. 3. Planar average of the valence charge density for

oms and the nearest-neighbor Al atoms in the top Al lag@rL T Na/Al(N.=3)/jellium. () LT phase andb) RT phase. The solid

phase andb) RT phase. Contour spacing is 0.005 a.u. for solid . ; A - i
contours and 0.0005 a.u. for dashed contours. Solid circles indi(:at((:aIrCIe and triangles indicate the positions of Na and Al layers, re

positions of Na atoms. Thecoordinate is measured relative to the spectively. Vertical dashed lines show the edge of semi-infinite jel-
top Al layer ' lium. The dashed curve in each panel shows the charge density of

the substrate ANs=3)/jellium.

I1l. RESULTS AND DISCUSSION -1
A. Ground state pal€,k)= 7fRdr ImG(e+ink,r,r), (2

Figure 2 shows contour maps of the calculated valence . .
charge density of Na/AN=3)/jellium for the (8) LT and  WhereG denotes the Green function corresponding to energy
(b) RT phases on a vertical cut plane containing Na atom¢ @nd 2D wave vectdk, 7 is a positive infinitesimal, and the
and their NN Al atoms in the top Al layer. The solid contours YOlume integration is performed in a sphere surrounding a
with a larger spacing %102 a.u. characterize the charge Na atom with radiuR (3 a.u). Figure 4 shows_the calculated
distribution in the substrate Al, whereas dashed contourga(€) at four equally spacel points betweerd’=(0,0) and
with a smaller spacing 810 * a.u. on the vacuum side are X=(m/a,,0) for Na/Al(Ns=3)/jellium. For the LT struc-
intended for representing charge densities in the Na oveture, a sharp Lorentzian-like Na 3esonance appears below
layer. The outermost solid contours in the RT phase arghe Fermi energyer at I'. It exhibits a quadratic upward
strongly curved toward the interior of the metal at the Al dispersion with increasing, and crosses the Fermi level at
vacancy, and the Na moves into the cavity left behind. Theypproximately halfway betweeR and X. At X, the Na 3
buildup of the Al charge between the NN Na atoms in theresonance becomes nearly degenerate with thepyaeso-

RT phase hinders the direct interaction between them vidance, which, contrary tos3 has a downward dispersion
orbital overlap. Although the charge densities in the LT and

RT phases look very different, the calculated values of the — 1 — T

work function of the two systems, 2.96 VT) and 2.94 eV @) k=00 | 1) -

(RT), are almost the same. L 1L /
In Fig. 3, we show the planar average of the charge den- L~ L

sity corresponding to Fig. 2. Also shown by dashed lines is N k=0.137 | | i
the planar average of the charge density for Al : J\/\‘_ :\_,_/\/\':
(Ng=3)/jellium, i.e., the Na overlayer is removed from each ;

substrate in théa) LT and (b) RT phases. It is seen that the

Na valence density of the LT structure roughly exhibits a
plateau characteristic of the 2D free-standing overlayer on
the vacuum side of the Na atoms, while the Na density of the N B I T

p (g) (arb. units)

:
:

RT structure is mainly piled up on the vacuum tail of the - k=0410 | |
substrate Al charge density. This aspect can also be seen L x 172 __//\/\
from Fig. 2; the spacing between dashed contours for the RT ! T
i i et 0.1 0 0.1 - -0.1 0 0.1
phase are appreciably contracted in thdirection as com- e (@)
.

pared with that for the LT phase.

The large change in the electronic structure of the Na FIG. 4. k-resolved density of states of Na atoms for NamJ(
overlayer caused by the surface restructuring can be seen aB)/jellium. (a) LT structure andb) RT structureR=3 a.u. The
best from thek-resolved adatom density of states, origin of energy is the Fermi energy.
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12 — — (LT) and substitutionalRT) structures, respectively. For the
L (@) 4 LT phase, the calculated spectrum shows a broad peak cen-
8 tered at~5 eV. Comparison with our previous resdlsug-

gests that this broad peak should be identified with a mixture
of the Na multipole surface plasmon and the bulklike Na
plasmon. A prerequisite for this plasmon peak is the forma-
tion of the 2D free-electron-like resonant bands in the over-
layer as discussed in the preceding subsection. The calcu-
lated Imd, (w) for the RT phase is surprisingly different
from that of the LT phase. It also differs considerably from
Imd, (w) of the clean Al substrate. It increases almost lin-
early in the whole energy region of Fig. 5. As will be shown
later, this behavior stems from the Al vacancies in the first

N

Im dJ_(co) (a.u.)
Po

Al layer.
Here we examine the dependence of the results on the
1 3 5 7 i i
Energy (V) number of Al layersNs. In Fig. 5b) is shown the calculated

Imd, (w) for Na/Al(Ng= 3)/jellium. By comparing the pan-
FIG. 5. Imaginary part of the spectral functiah (w) for the  €ls(a) and(b), one finds that the Na overlayer plasmon peak
Na/Al(Ng)/jellium surfaces. Solid and dashed lines correspond td?ecomes narrower fols=3. As a consequence, the struc-
the LT and RT structures, respectivel@) The number of the Al ture due to the threshold excitationsiaé~ 3 eV, which was
layers on semi-infinite jelliumNg=1 and(b) Ns=3. buried in the lower half of the broad plasmon peak &y
=1, appears as a noticeable shoulder indinjw). The nar-

along theT-X line. The density of states in Fig(a indi- rowing of the plasmon peak can be explained as follows. For

cates that 2D free-electron-like resonant bands are formed is=3. the Al atoms in the top layer can interact with the
the Na overlayer. In striking contrast, the Na Bsonant Polarizedp orbitals of Al atoms in the second Al layer,
peak disappears almost completely from the density of stateénereas foNs=1, the top-layer Al atoms interact only with
for the RT phase. The chemical interaction between the NH1€ delocalized jelium wave functions. Thus, the chemical
atom in the Al substitutional site and its four NN Al atoms is Ponding of the first Al layer to the rest of the substrate is
so strong that the delocalized Na Brbital component is  Strengthened foN=3. On the other hand, this weakens the

spread over a wide energy range of the substrate Al bandg]teractiqn between the Na and first Al Iayt_ar; and enhances
The broad peaks in Fig.(#) originate from the band struc- the quasi-2D nature of the Na overlayer._ Ij[ is interesting that
ture of the three-layer Al slab on semi-infinite jellium and €V€N the spectrum for the RT phase exhibits a broad shoulder

are not related to the Na valence states. A drastic broadenirfj #@~5 €V for the calculation witiN;=3. This is unex-
of the alkali metal valence resonance in the substitutional Pectéd because theresolved Na density of states in Fig.

structure was previously reported for the/?(x ﬁ)%oo 4(1_3) for this system shows no clear Na& 3esonance. In
alkali-metal overlayers on AL11).17*8 The present result is Principle, one should study the convergencedofw) as a
in line with those theoretical studies. function of the number of the Al layers. We expect that the

main Na plasmon peak would not change very much upon
further increasingNg, since the large difference between
Ngs=1 and 3 is not related with the long-range Coulomb
Before discussing the results of the present numerical calpotential but originates from the short-range chemical inter-
culation, it is worthwhile to summarize the coverage depenaction between the first and second Al layers in the ground
dence of the excitation spectra obtained in our previous worlstate. On the other hand, with increasiNg, the spectral
on Na overlayers on a flat semi-infinite jellium substite. function may exhibit fine structures due to the interband ex-
At submonolayer coverages, the calculateddiniw) exhib-  citations in the Al layers.
ited only a broad feature at around an energy corresponding The disappearance of the plasmon peak in the RT phase
to the work function. As the occupied part of the Na densityimplies that the quasi-2D metallic nature of the Na overlayer
of states has a broad tail-like shape, no atomiclike peak duis mostly lost. One might say that this may be expected from
to the Na 3— 3p transition appeared. In the monolayer re- the k-resolved Na density of states in Fig. 4 alone. We em-
gime, the threshold excitation was replaced by a broad plagphasize, however, that the relationship between the ground-
monlike peak, which was a mixture of the Na multipole sur-state electronic structure and the excitation spectrum is not
face plasmor ~0.8% wy(Na)] and the bulklike Na overlayer obvious and that the latter quantity can be obtained only by
plasmon. Finally, these two peaks grew into well-separategherforming a linear response calculation such as the present
sharp peaks for an adsorbed double layer. The NN distanaane.
for the present Na overlayer on (@D1), a,=7.66 a.u., cor- Figure 6 shows the real part df (w). Here the origin of
responds to the monolayer range. thez axis is taken as the first Al layer, and the crosses on the
Now we discuss how the above-mentioned characteristigertical axis indicate positions of the Na layers for the LT
features of the overlayer excitations are modified by replacand RT structures. As is expected from the Kramers-Kronig
ing jellium by more realistic 3D substrates. Figuréa)5 relation, Red, (w) for the LT structure decreases rapidly and
shows the calculated lah, (w) for Na/Al(Ng=1)/jellium.  crosses the Na plane at around a frequency corresponding to
The solid and dashed lines correspond to the hollow-sitéghe Na overlayer plasmon peak. For higher energies, the Na

B. Linear response
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FIG. 8. Imd, (w) for the Al(Ng=1)/jellium surfaces. Solid and
dashed lines correspond to the LT and RT structures, respectively.

response calculation for the surfaces obtained by removing
the Na layer from the Na/ANs=1)/jellium surfaces in the
LT and RT phases. The calculated thm(w) for these sys-
tems are shown in Fig. 8. The surface consists of semi-

FIG. 6. Real part of the spectral functios, (w) for the  infinite jellium and the X1 (LT) or c(2Xx2) (RT) Al(00))
Na/Al(Ng)/jellium surfaces. Solid and dashed lines correspond tdayer on top of it. The calculated spectrum for the LT struc-
the LT and RT structures, respectivel@) The number of the Al ture is very similar to that of the clean jellium surfaeit
layers on semi-infinite jelliumNs=1 and(b) Ng=3. exhibits a threshold enhancement near the energy corre-

sponding to the work function and a broad peak due to the

overlayer becomes transparent to the applied field, and thiecal-field enhancemen{multipole surface plasmonat
centroid of the screening charge is located on the interface- 0.8 w(Al). The former is slightly shifted to a higher en-
side of the Na layer. On the other hand, for the RT structureergy, since the work function of the Al;=1)/jellium sur-
Red, (w) varies slowly with increasing. The centroid of face, 4.5 eV, is by~0.6 eV larger than that of the clean
the screening charge remains on the vacuum side of the Nallium surface with the same electron density. For the RT
layer in the whole energy range. We plotted in Fig. 7 contourstructure, where every second Al atom is missing from the
maps of the real part of the normalized induced chargdop Al layer, the multipole surface plasmon peak is shifted to
n.(r,w)/o(w) for Na/Al(Ns=3)/jellium in the LT phase for a lower energy and its intensity is greatly enhanced, imply-
three frequencies. Since the coverage is fairly high, théng that the surface is more polarizable. Qualitatively, this is
screening charge distributes itself nearly one dimensionallpynderstandable if one assumes that the surface with vacancy
except around the Na ion-core region where the pseudop@toms has an effectively lower electron density in the surface
tential is strongly repulsive. It is seen that the buildup of theregion, since it is known for clean jellium surfaces that the
positive charge density, which gives a rough estimate of Resurface with a lower electron density is more polarizable and
d, (w), moves across the Na plane with increasing fre-has a more prominent multipole surface plasmon péak.
guency. This might appear surprising because the charge density in

Before closing this section, we discuss the influence of théhe RT phase is strongly corrugatéske Fig. 2b)]. Thus,
vacancies in the top Al layer on the excitation spectra of theonly the laterally averaged density is reduced. Because of the
Al substrate. For this purpose, we performed an additionalong-range nature of the Coulomb interaction, it is this aver-
age that primarily determines the mode frequencies. Similar
arguments apply to the excitation spectra of low-coverage
alkali-metal overlayeré!

The calculated Ind, (w) for the RT structure in Fig. 8 in
the energy range of the Na plasmoriiss<8 eV) is seen to
be very similar to that of Na/AN)/jellium surfaces in the
RT phase shown in Fig. 5. Thus, we conclude that the cal-
culated spectral distribution in Fig. 5 for the substitutional
geometry is not related to overlayer excitations. Instead, it is
characteristic of the reconstructed Al substrate with a high
density of Al vacancy atoms.

We have found that the excitation spectra of N&OAll)
in the RT phase are very different from that in the LT phase
not only in the energy range of the Na plasmons but also in

FIG. 7. Contour maps of Re(r,o)/o(w) for the energy range of the Al multipole surface plasmon. The
Na/Al(Ns=3)/jellium in the LT phase on a vertical cut-plane con- latter feature is difficult to observe with EELS because it is
taining the Na atoms and the nearest-neighbor Al atoms in the togominated by the monopole surface plasmon peak of Al. We
Al layer. Solid, dashed, and dot-dashed contours correspond tBope that photoyield measurements will be performed on
positive, negative, and zero values of the charge, respectively. CoNa/Al(001) in a wide energy range in order to observe the
tour spacing is 0.05 a.u. Thecoordinate is measured relative to the enhancement of the Al multipole surface plasmon peak for
top Al layer. the substitutional geometry. Adsorption on(&11) might

Energy (eV)
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reveal similar phenomena. However, since at most 1/3 of thbulklike Na overlayer plasmon. In striking contrast, the Na
Al surface atoms are displaced upon substitutional adsormverlayer plasmon peak vanishes nearly completely in the

tion, the effects should be weaker than or{08I1). RT phasgsubstitutional-site adsorptipnThese observations
are in good agreement with the recent core-level photoemis-
IV. SUMMARY sion, EELS, and photoyield experiments. The large differ-

) ) o ) ence between the excitation spectra in the LT and RT struc-

We have studied the collective excitationscif2x2) Na tyres traces back to the ground-state electronic structure: The
overlayers on an AD0J) substrate by a linear-response cal- 2p free-electron-like resonant bands formed in the Na over-
is modeled by jellium, the Na overlayer and the outermost Alt js found that the reconstructed first Al layer at RT also
layers are treated fully three-dimensionally using nonlocajnduces a large change in the Al-associated excitations. The
pseudopotentials. The ground-state electronic structure a§ multipole surface plasmon at RT has a much larger spec-
well as the dynamical linear response in the long-wavelengtlyy| weight than in the LT phase.
limit are determined self-consistently using a Green-function

techniq_ue based on the embgdding method. . ACKNOWLEDGMENTS
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