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Electronic excitations on silver surfaces

S. R. Barmart,C. Biswas! and K. Horrf
nter University Consortium for Department of Atomic Energy Facilities, Khandwa Road, Indore, 452017 Madhya Pradesh, India
2Fritz-Haber-Institut der Max Planck Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
(Received 11 June 2003; revised manuscript received 9 October 2003; published 27 January 2004

The surface electronic structure and optical response of Ag has been studied using angle- and energy-
resolved photoyieldAERPY) and angle-resolved photoemission spectrosc@®RPES using low energy
photons(2.7—-18 eV. ARPES data for AGLO0) exhibit an unexpected dispersing feature which cannot be
assigned to a direct transition peak in fh¥ direction of the bulk Brillouin zone. The origin of this feature is
found in the surface mediated indirect transitions related to the direct transition IfL_td@ection. From the
AERPY experiments, the adlayer standing-wave-like bulk plasmon mode is clearly observed @9Aand
Ag(11)) thin films. The silver multipole plasmon is observed both on Ag adlayers and bulk single crystal
surfaces at 3.7 eV. No signature of the multipole plasmon is observed around 6.7 eV, in disagreement with the
prediction of thes-d polarization model.
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[. INTRODUCTION between time-dependent local-density approximation
(TDLDA) based theoretical calculatidfisand energy-loss-

A determination of electronic excitations on metal sur-spectroscopy low-energy electron diffracti¢BLS-LEED)
faces and collective modes, in particular, is important for acmeasurement about the existence of the multipole plas-
understanding of the surface optical response. Theoreticahon w,, mode on Ag. In theg=0 limit of the ELS-LEED
work on the surface response of metals has been performegpectra, a peak at 3.74 eV was obtained by subtracting the
extensively, and there is reasonable agreement between thata for two different impact energies. It was argued by the
theory and experiment for free-electron-like mefaiSHow-  authors that this peak cannot be due to the bulk plasmon, an
ever, in metals such as Ag, the optical properties of whichinterband transition, or an elastic reflectivity structure.
have also been studied extensively, this agreement has neience, by default, the feature was interpreted to be the Ag
been reached; here the influence of occupieddnds on the multipole plasmort! The s-d model based TDLDA calcula-
surface collective excitations results in a remarkably differ-tions, on the other hand, predicted the existence of the mul-
ent behavior compared to the free-electron-like metals. Fotipole plasmon above the interband offset at 6.7°%Xn
example, the energies of the Ag bulk plasmenand mono-  early study for polycrystalline Ag films using total pho-
pole surface plasmomg are drastically reduced due to the toyield spectroscopy shows features near 3.7 eV and 3.85 eV
presence of the filled Agd bands. Considering theelec- that were assigned to monopole plasmon induced by surface
tron density from the free-electron model, is expected to  roughness and a spurious signal, respectitfelyonlocal ef-
be about 9 eV, but because of the interaction betweearsl  fects were observed in the reflectivity spectra of Ag overlay-
4d electrons, it is reduced to 3.8 &\gimilarly, ws is reduced ers on Al and with increasing coverage the bulk plasmon
from 6.5 eV to about 3.63 eV. The dispersionaf with q;  peak was found to shift towards lower energies and to grow
(i.e., momentum parallel to the surfada Ag differs quali- in intensity!® Ag total photoyield has been measured by use
tatively from simple metals. In simple metals it has an initial of the photoemission into electrolyte technique and peaks at
negative slope, whereas in Ag it has a positive slope even i8.8 and 3.6 eV were observed in theto s-polarized yield
the limit of smallq; . Besides, the magnitude of this positive ratio
slope differs for different crystal faces of Ag and is aniso- A theoretical treatment of the Ag surface excitations is
tropic for the(110) face. computationally demanding because thel hybridization

The monopole surface plasman, is an oscillating sheet modifies the single-particle wave function, leading to band-
of charge on the metal surface, whose charge distribution istructure effects, and the time varying fields are modified due
the direction perpendicular to the surfacedirection is a  to the mutual polarization of andd electron densitie Fei-
simple peak, i.e., it has a monopolar charatfeHowever, belman discussed the surface excitation spectra of Ag by
there exists higher order oscillation modes on the surfacealculating thes-d matrix elements using surface perturba-
whose charge distribution in thedirection can have a node, tion to the Lang-Kohn potential. This model predicted a less
i.e., they are of dipolar or multipolar form. This is theul-  negative slope ofws in the q;=0 limit, and explained its
tipole plasmonmode w,,, which has been theoretically pre- dependence on different crystal faéésiebsch argued that,
dicted, and identified on many metal surfaéés”1°-'5par-  since the energy of the Ag surface plasman(3.63 eV} lies
allel to the surface, bots and w,, propagate such as plane below the onset of interband transitions frahstates(3.86
waves with alternate positive and negative regions. ThusgV), in the calculation of Ag surface excitation spectra it is
along the surface both the modes are dipolar in nature.  justified to neglect band structure effects and consider only

The collective excitation modes on Ag have been a topidhe s-d polarization? The main feature of the-d polariza-
of controversy in recent years because of the disagreemetibon model is that the & and 4d electrons are a two-
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component system, whose electrostatic interaction extendepeated cycles of sputtering and annealing. A sharp (1
up to a certain distance from the surface, and for tise 5 x1) low-energy electron-diffractioLEED) pattern was ob-
electrons which spill out in the vacuum this interaction isserved for all the surfaces. The overlayers were prepared by
absent. The @ states are replaced by a polarizable mediumdepositing silver on both the Al substrates simultaneously at
with local dielectric functioney(w). The positive dispersion room temperature, using a Knudsen-type evaporation cell
of ws has been successfully explained by $hé polarization  operating at about 800 °C. The pressure during deposition
model?*? Liebsch predicted on the basis of thed polar-  was about X 10~ ° mbar. The coverage was calibrated us-
ization model that the multipole plasmon mode should beng a quartz-crystal-thickness monitor. Ag and Al being lat-
observable in Ag around 6.7 é¥He argued that the electric tice matched systenfiattice mismatch<1%), thegrowth is
field of the multipole plasmon is short ranged even in thegpitaxial and was monitored by LEED. The growth rate of
q;=0 limit since its charge density exhibits an extra node.Ag was kept at 4 A/min.
Thus, the influence of the-d polarization on multipole plas- The AERPY measurements were performed by recording
mon w,, is supposed to be weak. the intensity at and just belo(®@.1-0.4 eV the Fermi energy
The effect of collective excitations on the photoemissionE as a function of photon energy in the constant initial state
spectra is a topic of renewed interé&t?® 1t has been shown (CIS) mode®®’ The advantage of AERPY over total yield
that surface screening effects can alter the line shape of dimeasurement is that it does not have contributions from in-
rect transition peaks from the band in Ad111) and elastically scattered secondary electrons, which are difficult
Ag(100.%*~% The observed asymmetric line shape for theto analyze and may also depend on surface quality and
direct transition in angle-resolved photoemission was obsample preparation histofyThe data were recorded in the
served in Ag and this was attributed to the variation of thenormal emission geometry usipgpolarized light incident at
electric field at the surface due to tMeA term in the pho-  45° to the surface normal. The angular resolution of the ana-
toemission matrix element, where is the vector potential. |yzer was 3°. The energy resolution for photoemission mea-
This term is generally neglected in photoemission matrix el-surements was 100-200 meV, as measured by the width of
ement calculations. A strong modification of the photoemisthe Fermi level, and has contributions from both the analyzer
sion line shape has been found in Li near its bulk plasmorand photon energy resolution. For the photoyield experi-
frequency’’ Quantum confinement effects in the absence ofments, photoemission intensities just below the Fermi level
a confining barrier have been recently reported for Na adlaywere measured and there are no sharp structures in the pho-
ers on AI?® These quantum resonances are observed becauggemission spectra in this energy range. Hence, the resolution
the screened incident photon field is dynamically enhance¢br photoyield measurements would mainly depend on the
and confined to the overlayer. photon energy resolution, and the stability of the monochro-
Here we study the surface electronic structure and opticahator and measurement electronics. The stated photon en-
response of Ag using low-energy photo(&s7-18 eV by  ergy resolution of the 1-m Seya Namioka monochromator for
angle- and energy-resolved photoyi€¢AERPY) and angle-  the 600 lines/mm grating at 20 eV is 50B/AE),*° which at
resolved photoemission spectrosc@®RPES since the col- 3 eV photon energy would imply AE of 6 meV. The data
lective excitations in Ag are expected in this photon energywere recorded with a minimum step size of 10 meV and the
range. Both epitaxial AQ.00 and(111) adlayers as well as a closest lying featureffeaturesC andA with about 100 meV
Ag(100 single crystal were studied to understand the surfaceeparation, discussed laterould be separately identified.
electronic structure, and to search for the multipole surfacahe monochromator was always driven in the same direction
plasmon, in particular. In fact, AERPY is the most suitableto avoid backlash error and the energy positions of the dif-
technique for identifying the multipole plasmon since theferent features in the photoyield spectra, considering the sta-
dominant monopole surface plasmon cannot be excited bijstical scatter, were reproducible withitt 10 meV. Thus
light on a smooth crystalline surface. AERPY investigatessmall shift in peak positions could be measured. The features
theq)=0 limit which is not possible without extrapolation in in the photoyield spectra were fitted with Voigt functions and
EELS experiments. Although a large body of literature existsa smooth background using a least-square minimization
on ARPES on A¢L00), to the best of our knowledge, pho- routine! Such fitting procedure enhances the reliability of
toemission spectra with low photon energi@5-8 eV, i.e.,  determination of the peak positions, particularly for features
in the region where the collective excitations occur, are nofvhich appear as shoulders to a main peak.
reported in literature. In order to excite lower energy electrons, the work func-
tion ¢ of Ag was reduced by a submonolayer deposition of
Na. Energy distribution curves in normal emission were re-
corded with a 10 volt bias applied to the sample. The data
The measurements were performed at Berliner- Elekwere normalized by measuring the photon flux using a gold
trononen - Speicherring - Gesellschaft - fuer - Synchrotronimesh and a GaAsP diode. The contribution of Agjlévels
strahlung(BESSY) using a commercial angle-resolved elec- from the second-order light from the monochromator is esti-
tron spectrometefADES400 from VG, U.K) at a base pres- mated to be about 8% of the total intensity in the enhance-
sure of 6< 10~ ! mbar at the 1-m Seya Namioka monochro- ment region. However, data were also collected with a MgF
mator equipped with two spherical gratings. (1),  window (with cutoff above 11.8 eYand a borosilicate glass
Al(100, and AdJ100 crystals were electropolished and window (with cutoff around 4.5 eVYin the incident light path
mounted on the same sample holder and were cleaned hg ensure that the features observed in the CIS spectra are not

II. EXPERIMENT
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FIG. 1. Ag100 normal emission ARPES spectra as a function  FIG. 2. Normal emission ARPES spectra for(AQ0 with de-
of photon energy6—-18 e\j. The inset shows the direct transition creased work functiofby submonolayer Na depositipas a func-
peakD which disperses towards: with decreasing photon energy tion of photon energy(3.5-6 eV. Inset shows a comparison of

and is not observed below 9 eV. The spectra are shifted along thigature | in Ag(1000 and Na deposited A¢00 spectra forhv
vertical axis for clarity. =6 eV.

related to the higher order light from the monochromator.this feature is clearly observed. In order to understand the
Moreover, the contribution to the intensity from the second-origin of I, we have recorded the ARPES spectra using pho-
order light was corrected by subtracting a CIS spectrum meaon energies as low as 3.5 eV by decreasing the work func-

sured just above the Fermi level. tion (A= 1.75 eV) of Ag with submonolayer Na deposition
(Fig. 2). We find that featuré disperses up t&y with de-
Ill. RESULTS AND DISCUSSION creasing photon energyig. 2).

The band structure of silver has been studied by ARPES
on Ag(100) by many group€>2°-3Wu and co-workers stud-

In order to perform meaningful AERPY experiments, it isied the I'’X band by normal emission photoemission on
important to ascertain that the yield in the region of interestAg(100 and showed that below 30 eV photon energy the
is not strongly affected by photoemission lines that changepectra could be successfully explained by direct transitions
their binding energy with photon energy, e.g., directbetween the initial and final state bands on the basis of the
k-conserving band-to-band transitions. These could easilgalculated band structufé-3 The dispersing peakinset,
mimic yield structures, since in the AERPY technique theFig. 1) is assigned to direct transition from thg,X,, s-p
yield is recorded at a particular binding energy belBw, band to the unoccupiel;sX; band along thd X direction
such that the features passing through this energy couldnd has been observed by many grotips:>*The calculated
cause features in the AERPY spectrum which might be erroband structure of Ag in thEX andI'L direction is shown in
neously assigned to collective excitations. Hence we begifrig. 3 from Fusteret al3’ The appearance of featuteis
with a careful analysis of features in the photoelectron specsurprising, because no direct transition peak is expected from
trum of Ag(100) and(111) at very low photon energies. The the I'X direction of Ag100 band structure in the normal
ARPES spectra recorded in normal emission fof1§) are  emission ARPES for the low photon energies used in the
shown in Fig. 1. The energy scale is referred to the Fermpresent experimenfFigs. 1 and 2 In fact, if we were to
level Er. The spectra exhibit the Fermi cut-dfit 0 eV) as  construct a final state band, assuming the initial state giving
well as the secondary edgfr example at 3 eV for thav rise tol to be thel'1,X, band, it would be parallel to the
=7 eV spectrum The inset in Fig. 1 shows a direct transi- unoccupied’;5X; band, but shifted towards lower energy by
tion peakD which disperses towardEgr with decreasing about 5.7 eV. Such an unoccupied Ag band has not been
photon energy and is not observable below 9 eV photon ernreported by any band structure calculation. It is not possible
ergy. The sharply rising intensity around 4 eV binding energythat the transition is from a different initial state band to the
is related to the Ag d band states. The spectra recorded withunoccupied;5X; band, since that would mean that the ini-
hy<9 eV exhibit a weak featurémarked ad) which dis- tial state is abov& . We find that the mysterious featurés
perses with photon energkig. 1). This featurd is observed obviously not a surface state or surface resonance since it
in experiments on both a A§00) crystal as well as epitaxial disperses with photon energy.

Ag(100 thin films on Al100. Although, compared to the We show in Fig. 4 normal emission ARPES spectpen
direct transition peak, featurkis hardly visible (see, for circleg with low photon energieshy<8 eV) for a 22 ML
example, the spectrum withv=11 eV in inset of Fig. 1, thick Ag(11)) film on Al(111) (where ML stands for mono-
once the dominating direct transition disperses throkgh layen, where the work function has been reduced through Na

A. Photoemission
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FIG. 3. Calculated band structure of Ag alohX andI'L di-
rections(from Fusteret al. in Ref. 37. The energy scale refers to
the Fermi level.

energy (eV; Ep =0)

deposition. The direct transition ped&k corresponding to a

transmo_n from ther25’|-2_' ba_nd t_o the unoccupiell ysl FIG. 4. Normal emission ARPES spectra for(Ag) adlayer of
band (Fig. 3) in the I'L direction is clearly observed. The 2, ML thickness(open circles compared with spectra for bulk
Shockley surface state just beloii:, observed for clean ag(100 single crystalfilled circles as a function of photon energy
Ag(111), is suppressed because of Na deposition. For coms_—g e\). The direct transition feature in Ajl1) is marked byD,
parison, spectra recorded with the same photon energigghile the indirect transition feature in A§00) is marked byl. Inset
from a Ag100 surface(filled circleg are shown below the shows the experimentgbpen circlé and calculatedsolid line)
Ag(111) spectra(Fig. 4). Although it is slightly shifted to- ARPES spectra for Ag11) bulk single crystal surface fohv
wards lower binding energy, the shape and dispersion of fea=8 eV from Miller et al.in Ref. 24 In the inset, difference between
ture | is very similar to the direct transition peak in thé experiment and theorfthick solid ling is compared with AgLO0)
direction from Ag111) surface. The similarity between fea- spectrum(filled circles recorded withhy=8 eV.
turel and the Agl111) direct transition peal® indicates that
it is related to it. Surface umklapp processes which move g@erpendicular component & across the surface has been
transition fromI'X to 'L direction might explain this fea- obtained in theoretical calculations for jellium surfacd@he
ture. However, since featurk is observed for the clean variation of the screened field, i.&v,.A, provides momen-
Ag(100 surface where there is no surface reconstruction, itum perpendicular to the surface since its Fourier transform
cannot be explained by surface umklapp processes. Indirebias nonzero amplitude at all frequencies. This can cause a
transitions due to electron-phonon interaction results in acoupling with the lateral momentum parallel to the surface
enhancement of the smooth background in the ARPES spedue to a variation of the electric field along the surface or
tra, but are unlikely to be the cause of featiwre surface umklapp processes. Thus, the screened field could
An interesting phenomenon of indirect transitions inducedproduce momentum required for the indirect transitions and
by the surface screening has been recently observed mnansitions related to th€L direction to appear as indirect
Ag.2*~%This causes the direct transition peak from Ag to betransitions alondX.
asymmetric with the lower binding energy side of the peak In order to compare the line shape of featleth that of
having higher intensitysee, for example, the direct transi- the surface-induced indirect transition, we have subtracted in
tion peak shape of Ad11) in Fig. 4]. While the bulk direct the inset of Fig. 4, the theoretical direct transition line shape
transition is symmetric, the indirect surface channel is broadalculated by Milleret al?* without the surface contribution
and highly asymmetric. The indirect transition has been exfrom the experimental spectrum recorded by them with 8 eV
plained to be due to the generally negleckedh term in the  photon energysee Fig. 3 of Ref. 24 The subtracted spec-
photoemission matrix elemefft.Classically, there is a dis- trum (thick solid line shows the shape of the indirect tran-
continuity in the transverse component of the field whensition; it is compared with the AG00 spectrum (filled
e(w) # 1. Microscopically, due to the screening of the inci- circles, inset of Fig. #recorded by us witthv=8 eV. The
dent field by the conduction electrons, the resultant field magood agreement between these t(bwmth in terms of the
be very different and longitudinal fields may exist in the peak position and line shap&dicates that featuré is in-
surface region. Although the field across the surface region ideed related to the indirect transition part of the photoemis-
continuous in a microscopic theory, a rapid variation of thesion signal from thd’L direction. In principle, indirect tran-
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sitions related to other interband transitions could appear in

o

the Ag100 spectra, but at these low photon energies the 2 (@) Ag (100) © cov':‘rggg;-(lt\x)
only interband transition that is allowed is between the oc- 340_ crystal | 40 180 |
cupiedI’5X, band and the unoccupidd;sX; band in the B e —
I'L direction (Fig. 3. E coverage (ML)

It is interesting to note that the intensity lois remarkably B 5 30
enhanced by Na depositioinset, Fig. 2. This is evident 8 [ 05
when we compare the ARPES spectra between clean % T ——
Ag(100) and Na deposited Ad@00), recorded with same pho- g N e - - . 1 oL ——
ton energy. The position of featuteor its width, however, 2 4 6 8 10 2 4 6 8 10
remains unchanged. To understand the reason for the inten- photon energy (eV) photon energy (eV)

sity enhancement, we point out that the increase in the pho-
toemission intensity of free-electron-like metals around
0.8w,, is related to the microscopic variation of the electric
field at the surface, i.e., th€.A term!>'The calculated
photoyield for different free-electron-like metdlal, Na, K,

C9 showed that the intensity enhancement is more pro
nounced with decreasing electron densit¥his happens be-

cause the electron density profile becomes_ more diffusgyifferent thicknesses as well as a(Ago single crystal sur-
which also enhances tHe.A term? Na deposition on Ag  face(Fig. 5). In many experiments, Na adlayers were used to
provides an extra electron which makes the electron chargedecrease the work functios in order to get access to the
density' profile in thez (perpendicular to surfa¢@|irec_tion region below 4.5 eV. However, this raises the question
more diffuse. Hence we propose that in analogy with othefyhether Na induces unwanted effects. In order to eliminate
free-electron metals, this enhances WeA term. Since the any possible effect of submonolayer Na deposition, experi-
intensity of featurel is related to the strength of tfé.A  ments were performed on Ag surfaces without depositing Na
term as discussed earlier, it is enhanced with deposition O(fnot shown in figure but again no enhancement was ob-
Na. It should be noted that for photoemission experiments 0Beryed in the 6—8 eV region. Thus, our present experimental
Na deposited AQLOO (Fig. 2), we did not observe any sur- results rule out the existence of a multipole plasmon with an
face reconstruction. This implies that the Na coverage is lesgnergy around 6.7 eV, in disagreement with the theoretical
than 0.2 ML, since above that coverage different surface reprediction based on the-d polarization modet®
constructions are reported in literatdfedowever, the origin The AERPY spectra below 6 eV exhibit a fairly large
of featurel is not related to a surface umklapp process sinc&nphancement and several substruct(fés. 5); however, the
even in clean AGLOO) (with no Na this feature is observed enhancement is much smaller than that observed in the alkali
(Fig. 1. A dispersing feature very similar to featurevas  metals, aluminum, and magnesium. A pronounced variation
observed on Cs deposited A40 surface where a (1)  in intensity as a function of adlayer thickness is observed. In
reconstruction is observed and the feature was explained {§der to more closely analyze this low photon energy region,
be due to the PL direct transition observed through surfacg is shown in an expanded scale in Fig. 6 for(2g0). For 1
umklapp process related to the reconstructed surface Brilyl coverage of Ag, a slowly increasing intensity towards
louin zone™® The similarity of the line shape and dispersion the work function cutoff is observed. The intensity towards
of the feature in case of cesiated (Ag0 (see for example, the work function cutoff may be due to the so called thresh-
Fig. 1 and 2 of Ref. 40and featurel in Na deposited o|d excitatiorf> and has been experimentally observed in al-
Ag(100 suggests that both the features have the same origiRg|i metal overlayeré® Between 1 ML and 2.5 ML spectra,
i.e., surface induced indirect transition related tokhe L, pesides the increase in the overall intensity, a slight enhance-
band in thel'L direction. ment is observed between 4.5 and 5.5 eV, although distinct
features are not observed. For higher coverage spectra, 3 ML
and beyond, there is a large enhancement of the photocur-
rent, and three different features can be clearly observed in
We examine here the collective excitations, and the optithe AERPY spectra. In order to analyze their intensities as a
cal response in Ag using AERPY spectroscopy which givesunction of layer thickness, these features have been fitted
the photocurrent intensity as a function of photon energywith three Voigt functions and a smooth background, as dis-
The AERPY spectra for AQ.00 and(111) adlayers and bulk cussed earlier. At 30 ML coverage, an intense peak at 3.84
single crystals are shown in Fig. 5. The edgelike shape at theV (featureA), a second peak at 4.05 €f¢atureB), and a
lower photon energy side in all the spectra around 2.8 eV isveak shoulder at the lower energy side of the main peak at
due to the work function cutoff, i.e., the lowest photon en-3.72 eV(featureC) are identifiedFig. 6). At 60 ML, peakA
ergy sufficient to liberate a photoelectron from the solid.shifts to slightly higher energy3.85 e\j) whereas featur€
While intensity enhancement is observed below 6 eV, in theshifts to lower energy3.66 eV} and a dip appears between
6-8 eV photon energy region, where the multipole plasmorfeaturesA andC at 3.76 eV. Clearly, the intensity of feature
has been predicted by thedRno enhancement is observed. A decreases drastically with respect to that of feat@resd
This is true for Ag adlayers dfL00) and(111) orientation of ~ C and at 90 ML a weak featur@’ appears at 3.88 eV. The

FIG. 5. Angle- and energy-resolved photoyi¢RERPY) spec-

tra for (a) Ag(100 and (b) Ag(11)) for different adlayer thickness

(in monolayersand single crystal surface. The work function of the
surface has been reduced by submonolayer Na deposition. The
spectra are shifted with respect to each other and the zero of each
spectrum is shown on the left vertical axis.

B. Photoyield
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FIG. 7. AERPY spectra for the bulk A§00 single crystal sur-
face as a function of binding enerdBE) at which the spectra are
recorded in the constant initial state mode. The spectra have been
O_]:Vf shifted along the vertical axis for clarity. The shift in the position of
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FIG. 6. Angle- and energy-resolved photoyield spectra forand surface plasmons exist at the surface of an adlayer, the
Ag(100) adlayers and single crystal surface in the low photon enbulk-like plasmon mode in an adlayer is the analog of the
ergy range. The spectra have been shifted along the vertical axis f@ntiSymmetric collective excitation of a finite slab, spatially
the clarity of presentation. The componeffisatureA—thin solid ~ confined to the adlayeifor example, see Fig. 4 in Ref).5
line, featureB—dashed line, featur€—thick solid ling of the  With increasing adlayer thickness, the electrostatic coupling
fitted spectra are shown below each spectrum, while the total fit ibetween the two interfaces becomes weaker resulting in a
superposed on the experimental spectrum. The minimum at the bultecrease of the bulk-like plasmon intensity. The decrease in
plasmon energy between featur@$ and C is shown by a bold the intensity of featureA with coverage is thus consistent
arrow. with our interpretation of its origin. Such behavior of the

adlayer bulk plasmon has also been observed in alkali metal

adlayers. The full width at half maximumFWHM) of the
spectrum for 90 ML is very similar to that of a bulk DO adlayer bulk plasmon, determined from the fitting, turns out
crystal, which also has a weak feature at the same energy be about 0.15 eV. The small hundg that is observed in
There is a minimum in the bulk single crystal spectrum bethe Ag100) single crystal surface at 3.88 eV represents the
tweenA’ andC at about 3.83 eV, which appears at the po-gq>0 longitudinal bulk plasmon mode. Sug»0 modes of
sition of featureA for the adlayergshown by bold arrow in  the bulk plasmon have also been observed in afil)
Fig. 6). crystal® and in thick K layers on AfL11) just above they

In order to understand the origin of the minimum at 3.83=0 minimum?® For the 30 ML adlayer of A(L00), the spec-
eV, we note that for semi-infinite surfaces, it has been theotrum is dominated by the high intensity of the standing-
retically shown that the surface photoabsorption is give]n bywave-like bulk plasmon mode, and hence the low intensity

g>0 mode is not separately observed.

Y=(1- wﬁ/wz) Im d, (w), (1) FeatureB remains at about the same enefgy05 e\j in

the adlayers of different thickness as well as for the single
where the prefactor is related to the Fresnel field(w) is  crystal (Fig. 6). In order to ascertain whether this feature is
the centroid of the charge density induced by an electric fielgtelated to photoemission from an initial state band, we have
normal to the surface. The signature of vanishing surfaceecorded a set of CIS spectra for bulk(Ag0 as a function
photoyield atw, is the minimum observed at 3.83 eV in of initial state binding energyFig. 7). We find that featur®
Ag(100) crystal surface. Such a minimum in the photoyield shifts from 4.09 to 4.53 eV for measurements with binding
data has also been observed for K and Al crystal surfaces.energy from 0 to 0.4 eV. In contrast, featurandC do not

The reduction of the intensity of featufewith coverage, shift with photon energy. This shows that feat@&és related
ultimately resulting in the minimum at 3.83 eV, indicates thatto a transition from an initial state that disperses towards the
for the thin adlayers this feature is due to the adlayer-relategtermi energy as a function of decreasing photon energy.
standing-wave-like bulk plasmoa, . This collective mode Considering the energy position of featiBgit is clear that it
arises due to the coupling of the transverse electromagnetis due to the indirect transition featuteobserved in the
wave and the longitudinal fields in the adlayer-substrateohotoemission spectra of A0 (Fig. 2). This demon-
region®® The standing waves are setup in the adlayer due tgtrates how important a detailed analysis of photoemission
the reflection of the plasmon wave at the substrate-adsorbagpectra isgiven here in Sec. 11l A aboyefor the interpreta-
and the adsorbate-vacuum interfaces. While the multipoléion of photoyield data. It should be noted that the onset of
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v i, AGET) served also in previous total photoyield measurements on
different crystal faces of Ag, and is probably related to the
difference in the screening of tiseelectrons by thel band®®
Finally, we turn to the discussion of the origin of feature
C which occurs around 3.7 eV. This feature occurs just below
the minimum at 3.83 eV, which corresponds to the bulk plas-
mon energy(Fig. 6). SinceC occurs at 3.7 eV, which is very
close tows (3.63—3.69 eV aty=0 from literaturé®*) it is
important to examine whether it could be related to the
monopole surface plasmon. This mode is not excited by or-
dinary reflection of light from a metal surface because of the
avoided crossing of the light line with the surface plasrhon.
However, for rough surfacesys may be excited by light,
although this has not been observed in AERPY measure-
ments on other polished crystal surfaces and epitaxial
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layers®? ¢ was also not observed in the optical absorption

L ST spectrum of polycrystalline Ag filnf which are probably
30 35 40 45 50 55 rougher than the single crystalline Ag surface. Hence, al-
photon energy (eV) thoughws is not expected in the Ag photoyield spectra, we

have deliberately sputtered the sample to increase surface
energy range. The componertfeatureA—thin solid line, feature ;ougk?ness. We ;md t]t]at th_e (ljr_lten_sny rc:f fe_amledecrelases
B—dashed line, featuré—thick solid line of the fitted spectra are or the sputtered surface, Indicating that it is not related to

shown below each spectrum, while the total fit is superposed on theUrface roughness induced . - _
experimental spectrum. Although there is no definitive experimental test to ascer-

tain whether a photoyield peak is related to the multipole

plasmon, there are indicators, based on which conclusion can
the interband transition from the: states occurs at 3.86 eV be drawn. Since featur@ is not related tawg, we examine
and is observed as a sharp absorption edge in the opticttie possibility of it being interband transition related. Feature
spectrd* This, however, does not influence our photoyield C remains unchanged in energy if the initial state binding
spectra since the electrons undergoing the interband transténergy for recording the CIS spectra is varigdg. 7) and
tion are excited just aboviér and hence are unable to over- there is no feature in the photoemission spectra correspond-
come the work function; in this sense the photoyield data aréng to it, unlike featureB. Thus, we conclude that it is not
easier to interpret. interband transition related. For free-electron-metal surfaces

The AERPY spectra for Ad11) adlayers are shown in wy occurs at about 0.8-0.85 of,, i.e., betweenw, and

Fig. 8 as a function of coverage. An enhancement similar tass.2 In the case of Ag, the position of featu@is between
that of Ag(100) is observed with a featurk appearing at 3.8 w, andws (at 0.9%,). Due to the presence of the multipole
eV for a 25 ML film, with a higher energy asymmetric tail plasmon peak, there is a sharp upturn in the AERPY spectra
(B). At higher thickness£50 ML), featureA shifts to 3.85  just below thew, minimum for a bulk single crystal surface.
eV and a new feature appears at 3.7 (@AatureC). Gener- This has been observed for both(Al1) and (100) crystals
ally speaking, our observations for fd.1) are very similar  and a thick K film on AI®’ The line shape of featur@ also
to those of Ag100). FeatureA corresponds to the standing- exhibits this sharp increase just below tihg minimum, as
wave-like bulk plasmon mode in the overlayer and decreasedearly seen in Fig. 9. These facts would indicate that feature
in intensity with increasing thickness. The different compo-C is probably related to the multipole plasmon. Moreover,
nents of the photoyield spectra are fitted with Voigt functionsunlike the bulk plasmon, the multipole plasmon should be
and the decreasing intensity of the bulk-like plasnife@ature  observable for both adlayers as well as the crystal surface.
A, solid ling is clear from the fitting(Fig. 8. C andB are  This is indeed so, as shown in Fig. 6. For adlayers, with
clearly observed at higher coverages as separate featuriegreasing coverage the intensity ratio of the bulk to multi-
when the intensity of the dominant bulk plasmon is reducedpole plasmon should decrease and for sufficiently thick films
FeatureB is related to the direct transitioisee Fig. 4from  (or the single crystal surfag¢his ratio should be zerbThis
the A band in thel'L direction normal to the A@L11) sur- trend is also observed in Fig. 6. Finally, the multipole plas-
face. The minimum at 3.78 eV in the 100 ML spectrum ismon should be observable on all different crystal faces of the
related to the vanishing surface photoabsorption at the bulksame material at about the same energy. In the present case,
plasmon energy, while the feature above it is tjre0 bulk  featureC is clearly observed on botti00) and (111 faces.
plasmon of the overlayer, as observed in the case ¢I@@.  Another interesting aspect is the variation of the width of
At intermediate coverages, featutehas contributions from featureC andA (bulk plasmon with coverage. With increas-
both the standing-wave-like bulk plasmon as well asdhe ing coverage, the FWHM of featui@ increases, while that
>0 bulk plasmon. A notable difference between t1€0 of feature A decreases. For example, for @41 adlayers,
and (111) surfaces is that the photoyield intensity is morefeatureC (A) FWHM varies from about 0.090.26) eV at 25
enhanced in thé111l) surface(Fig. 5. This has been ob- ML to 0.22 (0.08 at 100 ML. A similar behavior has been

FIG. 8. AERPY spectra for Ad.11) adlayers in the low photon
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T A o Aa{100) crvatal absorptior{see Eq(1)], has been calculated for Ag using the
s-d polarization model by TDLDA®?3|m d, () is found

C

§ o © A coverage (ML) to be negative betweengs and w,,, but no evidence for the

s M multipole plasmon is se€fi.Im d, (») has been calculated

3 at energies higher than the interband onset usingstde

g /N polarization model. For negative valueszmf(= —1.2a,, z4

8 11 0.45 is the boundary of the electron medium, see Fig. 1 in Ref.
£ 16), a multipole plasmon peak has been predicted at 6} eV.
é 23 | zq4, which is the only parameter in the calculation, has been

o] taken to be—1.2a, because for this value @ the positive
b e b e L surface plasmon dispersion in EELS experiments is reason-
R o ably reproduced by the-d polarization model. Foey=0,
however, the multipole plasmon peak is not observed in the
FIG. 9. AERPY spectra for bulk AQ00 crystal surface as a calculation. Our present experimental results do not support
function of Na deposition€1 ML) on the surface. An increase in the above theoretical result, since no yield enhancement is
featureC intensity is clearly observed. observed in the predicted energy regi@nound 6.7 eV for
the multipole plasmon. In the case of Li, in spite of the
reported for the Na and K multipole presence of a strong lattice potential which damped the ad-
and bulk plasmon FWHM as a function of adlayer layer bulk plasmon, the multipole plasmon was observed.
thicknesg. TDLDA calculations showed that both the Li bulk plasmon
Interestingly, we find that the intensity of featugzin-  @nd the multipole plasmon were red-shifted in energy from
creases if extra amounts of Na are deposited on th@ggy their free-electron values due to the lattice potential. In the
surface(Fig. 9). Deposition of Na on Ag not only provides case of Ag we also find that both the bulk plasmon as well as
extras electrons to the surface but also makes the electrorthe multipole plasmon are red-shifted in energy due to the
density profile at the surface more diffuse. This effect, agresence of the @ bands.
discussed earlier, is known to enhance the intensity of the
multipole plasmorf. Hence, the increase in intensity of fea-
ture C with increasing Na deposition is another indication IV. CONCLUSIONS
that it is related to the multipole plasmdRig. 9). Even for
coverages as low as 0.3 ML, the multipole plasmon feature is  ppotoyield studies on Ag adlayers exhibit the standing-
clearly observed. Below 0.3 ML, the work function cutoff is \yaye-like bulk plasmon excitation, which diminishes in in-
at higher energy and it interferes with feat@egnot shown
in Fig. 9). For higher coverages above 1 ML, features relatecin

photon energy {eV)

nsity as layer thickness increases. The Ag multipole plas-

This is expected because as the Na adlayer becomes thick'é?“on model. This indicates a possible shortcoming of the

it can support Na related modes, as observed in our earliésr'd polarization model in describing the Ag multipole plas-

work on alkali metal adlayers on Af’ mon. We relate a feature observed at 3.7 eV to the multipole

It should be noted that photoyield measurements in thi®lasmon excitation mode. This feature increases in intensity
photon energy range cannot be performed on Ag withoufith Na deposition €1 ML) on Ag. Our work should mo-
decreasing its work functiot4.3 eV) by alkali metal depo- tivate further theqret!cal work on Ag surface response _be-
sition. However, no interband transitions related to Na are/Ond thes-d polarization model. Angle-resolved photoemis-
expected at this photon energy and there are no features §ion With low photon energies on Af0 reveal a
the photoyield spectrum of Na at 3.7 8(Thus, it seems dispersing feature which is related to surface mediated indi-
plausible that featur€ is due to an intrinsic multipole plas- "eCt transitions. The signature of this feature is observed also
mon mode on the Ag surface, which is enhanced by Nd" the photoyield spectra demonstrating that the understand-
deposition. In ELS-LEED measurements, where work funcinNd of photoyield spectra is intimately related to photoemis-
tion reduction is not required, a feature at 3.74 eV forSIOn-

Ag(110 and Ag111) surfaces has been observed and iden-

tified to be the multipole surface plasmbhThe reason for

the difference in the multipole plasmon position between our ACKNOWLEDGMENTS

measuremen(i3.7 eV) and with ELS-LEED(3.74 e\) is be-
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