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Prediction of a Ag multipole surface plasmon
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It is argued that Ag should exhibit a multipole surface plasmon ngar0.8w,~7 eV (w,~9 eV is the
s-electron bulk plasma frequencgince the density profile at the surface has predominanadiiectron char-
acter and since the multipole mode is much less affectestdgcreening than the monopole surface plasmon.
Calculations of nonlocal optical spectra based onsttepolarization model and the time-dependent density-
functional approach support this pictuf&0163-182808)01407-9

The collective surface excitations of non-nearly-free-namical property of the surface density profile and to a great
electron metals exhibit substantial deviations from the beextent is decoupled from interband transitions within the
havior observed on simple metals such as Na, K, and Mgnetal.
whose dynamical surface response properties can be well Applying this picture to the case of Ag, we recognize first
understood in terms of the semi-infinite jellium model. that the spill-out density has predominanshelectron char-
The most dramatic case is Ag, since the presence of the filledcter, since the electrons are more tightly bound. The mul-
d bands leads to a strong lowering of the surface plasmépole mode therefore arises mainly frosnstates. In addi-
frequency and to a positive dispersion with parallel wavetion, as shown below, the multipole frequency is much less
vector® Other examples are H@Ref. 6 and Li2? whose affected by thes-d screening polarization which is crucial
surface-plasmon dispersion is appreciably influenced byor the true bulk plasmon and monopole surface plasmon of
shallow core levels and strong ionic pseudopotentials, reAg. The frequencies of the latter modes are given by
spectively. Curiously, electron-energy-loss spectra of Agm;wwp/\/s—d~3.8 eV and og~w,/\J1+eq~3.7 eV,
Hg, and Li revealed no clear evidence of the multipole surwhere w,~9 eV is the bulk plasma frequency of the
face plasmon, which is by now well established on all metalss-electron density, andy~5 is thed-electron contribution
exhibiting weak lattice effects®’ Recent high-resolution to the bulk dielectric functiors(w). Thus, we suggest that
loss spectra on AdRef. § show slight variations of the the Ag multipole frequency follows the approximate rule
shape of the main loss feature near 3.72 eV as a function @b,~0.80, that is obeyed by all simple metats:*3
incident energy, but no separate loss peaks. As discussed Why is the Ag multipole mode less affected Isyd
below, it is doubtful whether this behavior can be associategcreening than the monopole mode?gjt0, the latter ex-
with a multipole surface plasmon. A crucial test would becitation is determined by the condition(w)+1=0. Be-
p-polarized photoyield data frortcesiatedl Ag, but so far ~ cause of the infinite range of the plasmon field, this mode is
there is no evidence of a multipole excitation below the in-fully exposed to thes-d polarization.wy is therefore a bulk
terband onset.The conclusion from these studies seems toProperty. At finiteq=|q|, however, the plasmon field de-
be that the multipole surface plasmon is a fragile surfac&ays exponentially likee 9%, and thes-d screening is

. 4 .
excitation that is easily suppressed by interference wittradually switched O_ff- The fluctuating plasmon charge
lattice-induced single-particle transitions. then becomes morg-like, and the frequency is shifted up-

The aim of this paper is to argue that the Ag multipolewards in the direction of the unscreened surface plasma fre-

surface plasmon should exist despite strong lattice effectdUENCY ws=w,/y2~6.5 eV. Now the electric field of the
However, in contrast to the simple metals, its frequencyMultipole mode is short ranged even in tie=0 limit, since
should beabove rather thanbelow the bulk plasma fre- its density exhibits an extra node compared t(_) th_at qf the
quency. More specifically, we expect the multipole mode tgmonopole mode. Thus the mfluence of thd polarization is
lie in the 6-8 eV range, and we would like to encouragemUCh W_eaker, and*the multipole freql_Jency _must be _S|gn|f|-
surface photoyieldor other nonlocal opticameasurements Cantly higher tharwg . A zero-order estimate is 0§ , with
at these frequencies. minor shifts due to residuatd screening. Of course, there is

A hint for the possible existence of the Ag multipole sur- N0 reason to expect a multipole surface plasmon as-83
face plasmon comes from recent photoyield measuremen&. But the physical arguments presented above also indicate
and calculations on thin Li overlayet$These spectra show that a multipole mode between; and w; , as claimed by
a pronounced multipole mode but only a weak, highlyMorescoet al.? seems implausible: Because of its dipolar
damped bulklike overlayer plasmon. The explanation of thischarge profile, the multipole mode is much less subjest to
surprising behavior is that the fluctuating multipole charge isd screening than the monopole mode.
concentrated at the Li-vacuum interface. It is therefore much To make these ideas more concrete, we performed calcu-
less exposed to the lattice potential than the bulklike modédations using thes-d polarization modet? which provides a
which corresponds to a standing wave extending across thgualitative understanding of the positive dispersion of the Ag
entire overlayer. Thus, the multipole mode is a genuine dymonopole surface plasmon. In this model, the nonlocal dy-
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FIG. 1. Schematic representationssél polarization model. The S . . . L
solid curve denotes the ground-stateslectron distribution. The frequency (eV)
shaded area indicates the polarizable medium representing the oc-
cupiedd bands. Because of theelectron spill-out, electrons near
the surface are less exposed to $he screening polarization than
electrons inside the metal.

FIG. 2. Spectral distribution of Ind, (w) above the interband
onset for several values a;. The results are based on teel
polarization model and the TDLDA. The dotted curve denotes the
spectrum for standard jelliunt {= 3) in the absence of thetbands.
The multipole frequency in this case dg,~0.8w,~7.2 eV.

namical response of thes®lectrons is represented by that of

a semi-infinite homogeneous electron gag<3) while the  polarization.(The latter definition holds also above the bulk
occupiedd bands are replaced by a dielectric medium withplasma frequencyThe evaluation of this quantity is carried
dielectric functione4(w). This function is obtained by writ- oyt using the scheme by Liebsch and Schalolho focused
ing the measured bulk dielectric functidn as  on the nonlocal optical response of Ag below the interband
e(w)=eg(w)+eq(w)—1, where ew)=1-w3/(w? onset. Without thel bands, Imd, (w) exhibits the familiar
+iyw) is the Drude function characterizing tiseelectron local field enhancement or multipole peak near
density. The only parameter in this problem is the boundarys,,~0.80,~7.2 eV!*~*3In the presence of the bandsd,

z4 of the d electron mediun{see Fig. 1 Response calcula- includes contributions from botk andd-electron screening
tions using the time-dependent local density approximatiorcharges.

(TDLDA) (Ref. 16 show that, for reasonable choiceszyf The calculations show that, fay=—1.2a,, Im d, ()
(=—1.0--- —1.59), the dispersion of the monopole surface exhibits a peak near 6.7 e¥0.74w,,, i.e., slightly below the
plasmon is indeed positive in agreement with experilﬁent.jenium value because of weakd screening. Fozy=0, the

As z4 is shifted further inside the metal, the blueshift of the screening increases strongly so that only a weak, rather broad
plasma frequency at finitg is enhanced, since the finite feature in the range from 5 to 8 eV remains. On the other
range of the plasmon field diminishes thal polarization. hand, ag is shifted to—2.4a,, thes-d polarization is rather
The surface plasmon then becomes even rsdilke. small and the fluctuating multipole charge is more puiely

The s-d polarization model outlined above is applicable like. The multipole peak then becomes sharper, and its fre-
mainly below the onset of interband transitions3.9 eV),  quency approaches the jellium value &8 The spectral
i.e., as long as these transitions contribute virtually to thewveight and shape differ from the jellium case because of the
surface collective modes arg(w) is real. Above this onset, different bulk dielectric functions.

Im g4(w)>0, so thats andd electrons presumably should  As mentioned above, the positive surface-plasmon disper-
be treated on an equal footing. We recall, however, that as sion seen in inelastic electron scattering experiments can be
result of thes-electron spill-out, the fluctuating multipole reasonably reproduced usirg~ —1.2a,. Accordingly, the
density is spatially separated from the ion cores where thepectrum shown in Fig. 2 for this value serves as the most
d-electron transitions take place. Moreover, the frequencyppropriate guideline in the long-wavelength limit. Since the
dependence of Ina(w) shows that thel-electron transitions physical origin of the excitation near 6.7 eV is the&lectron

are peaked near 4 eV. Toward higher frequencies, their specharacter of the surface density profile and the short range of
tral weight decreases. This effect further enhances ththe multipole field, we believe that such a mode should also
s-electron character of the Ag multipole mode. For the qualifollow from more complete microscopic response calcula-
tative discussion of this paper, we therefore extendstlle  tions for Ag. Qualitatively similar results are also obtained in
polarization model beyond the interband onset. A full micro-a hydrodynamical modéf if the s-electron density is re-
scopic description of the joines- and d-electron response placed by an appropriate two-step distribution anddletec-
would be computationally extremely demanding and is notrons are described by a polarizable medium as discussed
yet feasible. above.

To illustrate the Ag surface excitations, in Fig. 2 we show The q;=0 excitations shown in Fig. 2 correspond ap-
the frequency dependence of in(w) for several values of proximately to those observable in surface photoyield spec-
z4. d, (w) is the centroid of the charge density induced bytra. In principle, the latter includes the contribution t{ )
an electric field normal to the surface or, more generally, tharising from tangential surface currents. In the present
integrated weight of the normal component of the surfacemodel,d|=z4(eq4—1)/(e —1), which gives a weak and fea-
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tureless background. Alsd, involves not only the emitted 12
photocurrent but also the internal absorption. However, these
two channels differ mainly in their spectral shapes, not with Ll S ]
regard to the mode frequenci€sSince we predict the Ag
multipole frequency to lie above the bulk plasmon, the mul-
tipole mode can in principle decay by coupling to propagat- _
ing bulk modes. This effect should be rather weak since the &
modes are energetically well separated: The bulk plasmong
exists mainly in the range from 3.8 to 4.3 é¥Beyond this
interval, it becomes rather broad due to Landau damping and
interband transitions. Moreover, as we argued above, the
multipole mode has predominanttyelectron character and o2}
couples inefficiently to bulk excitations exhibiting strodg
character. ) ) , ,
In Ref. 17, we used the-d polarization model to study 4 5 ® oquency (@) 8 o
the frequency dependence @f(w) below the interband on-
set. While the real part Qﬂl(w;‘) for zg~—1.2a, is con- FIG. 3. Surface loss function Im(qg,») above the interband
sistent with the experimentally observed positive surface®nSet for several values of (z4= —1.2,). The results are based
plasmon dispersion, the imaginary part shows no evidence §n thes-d golanzatlon mo/del and thi TDLDA. Tk@:ho SpECtrumd
a multipole surface plasmon below the bulk plasmon. Thegorres.pon S o 'ma.(_ Di(et1), w ere.a(“’) Is the measure
. . % . ulk dielectric function of Ag. The maximum near 7.2 eV repre-
|nter\(al betweenw; andw IS.t.OO small compargd t_o that N sents the remnant of trelike monopole surface plasmon.
the simple metals for an additional surface excitation to exist
in this frequency range. We are also not aware of any pho- As shown in Fig. 3, the surface loss function reveals a
toyield measurements on Ag that reveal a multipole excitabroad spectral feature between 5 and 8 eV, and does not
tion below 4 eV. Thep-polarized yield spectra of cesiated allow a separation d-like monopole and multipole features.
Ag observed by [pez-Ros and Hincelii show spectral fea- At q=0, g=(e—1)/(s+1), i.e., the peak corresponds to
tures near 3.7 and 3.85 eV, that were associated with thihe s-like monopole surface plasmon of Ag. At finitg this
usual Ag surface plasmofinduced by surface roughness feature exhibits a negative dispersion just as in the case of
and with a spurious signal from the back of the samplethe simple metals. The linear coefficient is, however, much
respectively. larger. It is not clear whether this behavior is related to the
We point out that, in principle, it might also be possible to large negative dispersion of the main feature observed in loss
observe the Ag multipole surface plasmon near 7 eV usingpectra on P& We emphasize that the spectra shown in Fig.
inelastic electron scattering. Unfortunately, however, loss3 convey an approximate picture since above dhband
spectra are more difficult to analyze than photoyield spectranset,s and d electrons ought to be treated on the same
because of the remnant of tiseelectron monopole surface basis.
plasmon: The distribution Imeg—1)/(e+1) has a broad In conclusion, we have provided qualitative arguments for
maximum near 7.2 eV, i.e., near the multipole peak. Sinceghe existence of an Ag multipole surface plasmon. In contrast
Ag has a fairly high bulk density, the multipole mode is in to all simple metals, this mode should appear above rather
any case not expected to be very strong. Thus its separatidhan below the bulk plasma frequency. The physical reason
from thes-like monopole mode and the interband transitionsfor this behavior is that the multipole is an intrinsic property
in the same energy range is problematic. We have carried ouaff the s-electron density profile and is much less subject to
TDLDA calculations at finiteq) using thes-d polarization  thes-d polarization than the Ag monopole surface plasmon.
model in order to locate the multipole mode in electron-Surface photoyield measurements in the range from 4 to 9
energy-loss spectra. eV should provide an excellent test of this picture.
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