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Surface Plasmon Dispersion of Ag
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The time-dependent density functional approach is used to calculate the wave-vector dispersion of the
surface plasmon of Ag. The Ss conduction electrons are treated as a semi-infinite homogeneous electron
gas and the influence of the 44 electrons is described in terms of a polarizable medium. It is shown that
the reduction of the s-d screening interaction in the surface region leads to a positive dispersion of the
surface plasmon in agreement with recent electron energy loss measurements.

PACS numbers: 73.20.Mf, 79.20.Kz

Considerable progress has recently been made in the
understanding of the electronic excitations at simple met-
al surfaces. The dispersion of the ordinary monopole sur-
face plasmon and of the so-called multipole surface
plasmon with parallel wave vectors has been calculated
for various metals with widely different bulk densities
(Al, Na, K, Cs) and found to be in excellent overall
agreement with the dispersion obtained from experimen-
tal electron energy loss data [1]. In all of these cases, the
monopole surface plasmon first shifts linearly to lower
frequencies at small g =|qy|. It then disperses upwards
as g increases. This initial negative slope is directly relat-
ed to the fact that, in the long wavelength limit, the cen-
troid of the induced charge associated with the surface
plasmon is located outside the nominal metal surface
[2,3]1. In contrast to these observations, the surface
plasmon of Ag exhibits a remarkably different behavior:
In a recent series of papers [4-7] reporting electron ener-
gy loss spectra on all single crystal faces of Ag it was
shown that the surface plasmon disperses towards higher
frequencies even in the limit of small q. The mechanism
that determines the dispersion is therefore fundamentally
altered due to the presence of the Ag 4d electrons.

The fully occupied 4d band of Ag can influence the
dynamical surface response in two distinct ways: First,
the s-d hybridization modifies the single-particle energies
and wave functions. As a result, the nonlocal density-
density response function exhibits band structure effects.
Second, the effective time-varying fields are modified due
to the mutual polarization of the s and d electron densi-
ties. Here we focus on the second mechanism for the fol-
lowing reason: At the parallel wave vectors of inter-
est, the frequency of the Ag surface plasmon lies below
the region of interband transitions. Thus, the relevant
single-particle transitions all occur within the s-p band
close to the Fermi energy where it displays excellent
nearly-free-electron character. Transitions involving the
filled 4d bands or higher-lying unoccupied s-p bands
enter therefore only as virtual transitions and should not
be the primary factor that governs the surface plasmon
dispersion. These virtual transitions depend on the crys-
tal face and are presumably responsible for the different
slopes observed on the three low index faces of Ag [4-7].

The common positive dispersion on all of these faces, on
the other hand, i.e., the fundamental sign reversal com-
pared to the dispersion found for the simple metals, clear-
ly seems to be caused by one common mechanism that
modifies the intraband transitions within the s-p band.

The aim of this paper is to demonstrate that the mutu-
al s-d polarization does indeed provide such a mechanism
which explains the observed positive dispersion of the Ag
surface plasmon. The essential feature of our model is
that the 5s and 4d electrons are treated as a two-
component system whose electrostatic interaction extends
only up to a certain distance from the surface. In partic-
ular, this interaction is absent in the region where the Ss
electron density spills out into the vacuum. Since the
electrons oscillate in this region with the unscreened plas-
ma frequency, this mechanism leads to a blueshift of the
surface plasmon. This effect becomes more important
with increasing g because of the shorter penetration depth
of the induced electrostatic fields. As a result, the surface
plasma frequency is found to exhibit a positive dispersion
with g in agreement with the data.

In a recent paper, Tarriba and Mochan [8] presented a
model for the dynamical response of Ag surfaces which is
based on a lattice of polarizable dipoles embedded in a
homogeneous electron gas with cavities at the sites of the
lattice. This model can be viewed as complementary to
ours in the sense that it includes the crystalline structure
while it neglects the detailed nonlocal response properties
of the s electron distribution near the surface. In an al-
ternative approach Feibelman [9] suggested that the cen-
troid of the induced surface charge at ¢g=0 might be
shifted inwards due to band structure effects in the sur-
face region. The importance of the polarizable back-
ground for the surface plasmon dispersion of Ag was em-
phasized by Lipparini and Pederiva [10] who used sum
rule arguments to estimate the linear coefficient. Several
years ago, in their work on the surface corrections to the
van der Waals reference plane of the noble metals,
Zaremba and co-workers [11] represented the centroid of
the induced density by a superposition of s and d contri-
butions which were taken from independent calculations
for the jellium model and dielectric solid, respectively.
For the optical case, Apell and Holmberg [12] modified
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this approach by taking into account the actual macro-
scopic fields in the bulk. However, in none of these mod-
els was a sufficiently detailed evaluation of the s electron
response carried out, with an electrostatic interaction that
is screened due to the presence of the 4d electrons. As
the results discussed below demonstrate, such a self-
consistent treatment is crucial for an adequate description
of the surface plasmon dispersion of Ag.

In the bulk, the mutual polarization of the Ag 5s and
4d electrons is known to cause a large renormalization of
the plasma frequency from its unscreened value, w, =9.2
eV, to the observed value which is approximately given by
wp =~ wp/~/Rees=3.76 eV. Here, e4(w) represents the
“bound” contribution to the total dielectric function
which can be decomposed as e(w) =¢;(w)+e4(w) —1
[13]. &(w) represents the Drude term appropriate for
the Ss electrons. Correspondingly, the frequency of the
surface plasmon in the long wavelength limit is given by

¥ = w,,/\/l +Reey = 3.64 eV whereas the unscreened
value is w; =6.5 eV. At finite parallel wave vectors our
calculations show that this renormalization is less
effective which amounts to an upward distortion of the
dispersion relation.

The s-d surface response calculations are based on the
time-dependent local density approximation (TDLDA)
[14]. Since we are mainly concerned with excitations
within the s-p band, we do not explicitly include transi-
tions from the 4d states or to higher-lying s-p states. In-
stead we assume that the Ss electrons can be character-
ized by the nonlocal surface response function x(z,z’,
g,w) of a semi-infinite jellium system. Here, z is the
coordinate normal to the surface and the neutralizing
positive background is located in the half space z <0.
The influence of the 4d electrons is represented via the
same local dielectric function e4(w) as in the bulk; the
position of the boundary up to which this polarizable
medium is assumed to extend is denoted by z4. This dis-
tance, which is the only free parameter in our model,
should be located somewhere between the edge of the
positive background and the first plane of nuclei. Figure
1(a) shows in a schematic way the model on which our
calculations are based. The frequency dependence of the
real and imaginary parts of €;(w) [13] and of the real
part of the measured dielectric function e(w) [15] are
shown in Fig. 1(b).

The electronic surface excitations can be calculated
from the imaginary part of the surface response function
which may be expressed as (atomic units)

g(q,w)=fdze“’6n(z,q,w), ¢))

where 8n(z,q,) is the surface charge density induced by
an external potential of the form @y (r,z) =— Qn/q)
xexp(gz +ilqi-ri—wt]). Within the time-dependent
density functional approach [14], the induced density is
given by
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FIG. 1. (a) Schematic model for dynamical response of

two-component 5s-4d electron system. Solid curve: ground
state density profile of 5s electrons; dashed curve: induced den-
sity. The positive background is located in the half space z < 0;
the polarizable medium representing the 4d states extends up to
z=<zq. (b) Frequency dependence of the real and imaginary
parts of “bound” dielectric function €;(w) (dashed and dotted
curves, respectively). Solid curve: real part of measured dielec-
tric function of bulk Ag [15].

5n(z,q,w)=fdz'x(z,z',q,w)qbscf(z',q,w) , )

With  @eer=0¢ext+80+6Vye and  @ex(z) = — Qn/q)
xexp(gz). The independent-particle response function y
is calculated within the LDA for a semi-infinite electron
gas with a volume density given by # =3/4zr] and r, =3
a.u. The Poisson equation for the induced potential reads

8¢"(z,q,0) —q%6¢(z,q,0) = —4ndn(z,q,0)/ €4 (z,0) ,
3)

where €4(z,0) =€4(0)O(z4—z). At the boundary of
the polarizable medium representing the d states, the to-
tal electrostatic potential ¢ =¢ex+ 8¢ satisfies the bound-
ary condition

€(w)e'(zi ) =9¢'(z"). 4)
Finally, the exchange-correlation term is given by
8Vxe(z,q,0) =18V (n)/0nl|, =pyy0n(z,q,0) , (5)

where V. is the local ground state exchange-correlation
potential. In a random phase approximation (RPA)
treatment of the dynamical response this term is omitted
from the self-consistent potential ¢gf.

We have solved the above set of response equations
self-consistently without any further approximations.
The details of these calculations will be published else-
where [16]. The important feature of the above scheme
is that the S5s and 4d electrons are not assumed to respond
independently to the incident field; instead they are treat-
ed as a single two-component system subject to the time-
dependent perturbation. Since we are here concerned
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only with the surface plasmon dispersion, propagating
bulk plasmon modes do not need to be taken into account.
Figure 2 shows several calculated surface excitation spec-
tra at different values of q. The boundary of the polariz-
able medium is in this case located at z; =0. The main
peak in these spectra corresponds to the surface plasmon
which is seen to shift to higher frequencies with increas-
ing q. The spectral weight above 3.8 eV corresponds to
transitions from the d band as illustrated in Fig. 1(b).
We have found no evidence for the existence of a mul-
tipole surface plasmon mode.

The dispersion of the Ag surface plasmon for z; =0 is
compared in Fig. 3(a) with the corresponding dispersion
in the absence of the s-d interaction, i.e., for a semi-
infinite electron gas with r;,=3. In the latter case, the
surface plasmon exhibits a behavior that is typical for all
simple metals [1], with a negative initial slope given by
d(w), the centroid of the screening charge in the g=0
limit [2,3]. The LDA response leads to slightly lower fre-
quencies than the RPA because the more attractive in-
duced potential in the surface region pulls the surface
charge somewhat farther into the vacuum. The s-d in-
teraction is seen to cause not only an overall lowering of
the plasma frequency by about 3 eV but also a strong up-
ward distortion of the dispersion with g: In the RPA, the
negative slope at small ¢ has disappeared so that the plas-
ma frequency now rises monotonically with g. Only in
the LDA treatment is there a remnant of an extremely
weak minimum at very small q.

The variation of the surface plasmon dispersion with
the parameter z; is shown in Fig. 3(b). For the sake of
clarity, only the RPA curves are plotted; the LDA results
lie slightly lower. In the limit of small g, these curves
converge, as they should, to the frequency e, which is
determined solely by the bulk dielectric function and
therefore must be independent of z;. At finite g, the
dispersion is seen to be positive for z; < 0. Thus, the ab-
sence of the s-d interaction in the vacuum region causes a
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FIG. 2. Frequency dependence of the logarithm of surface
loss function Img(g,w) at several wave vectors g for zg=0
(TDLDA).

blueshift of the surface plasma frequency with increasing
q. This effect becomes more pronounced as z, is shifted
deeper inside since the unscreened portion of the plasma
oscillation is enhanced. Conversely, if the boundary z, is
located outside the surface, the induced surface density is
more fully screened at all g, so that the dispersion shows
an initial negative slope just as on the simple metal sur-
faces.

Another way of interpreting these results is the follow-
ing: The large redshift from the bare plasmon frequency
ws(g) to the screened one oy (), due to the mutual po-
larization of s and d states, depends strongly on g: It is
largest in the limit of small ¢ because the induced field
decays very slowly into the solid. With increasing g, this
field decays more rapidly and the s-d interaction is gradu-
ally “switched off.” This g-dependent reduction of the
mutual s-d polarization leads to an upward skewing of
the surface plasmon dispersion.

In the jellium model, the edge of the positive back-
ground is located half a lattice spacing above the first
plane of nuclei. In the case of the Ag (111), (001), and
(110) faces, this distance do amounts to 1.18, 1.02, and
0.72 A, respectively. The theoretical results in Fig. 3(b)
show that, for z; in the range —dy =< z; <0, the surface
plasmon dispersion within our model is positive and that
the overall slope agrees qualitatively with the data. For
the Ag (001) and (111) crystal faces these are indicated
by the dotted and dashed lines, respectively [4,6]. These
curves have been rigidly shifted downwards by 0.06 eV in
order to make them coincide with wj(g=0) obtained
from the measured bulk dielectric function [15]. For the
(110) face the dispersion along the rows is similar to that
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FIG. 3. (a) Dispersion of surface plasmon of Ag for z; =0
(lower curves) and of semi-infinite electron gas with r;=3
(upper curves). Solid lines: RPA response treatment; dashed
lines: TDLDA. (b) Dispersion of surface plasmon of Ag for
2z4=0 and zz=*0.8 A calculated within RPA (solid curves).
The dotted and dashed lines denote the measured dispersions
for the (001) and (111) faces of Ag, respectively (see text)
[4,6]. The triangles indicate the measured dispersion of the
volume plasmon [17].
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on Ag(111), whereas across the rows the dispersion is
nearly the same as on Ag(001) [7]. For completeness,
the measured dispersion of the Ag bulk plasmon is also
shown [17]. Obviously, the dependency of the dispersion
on the crystal face and the anisotropy on the (110) face
are beyond the scope of the present model since it is
based on a homogeneous polarizable medium that is
abruptly terminated at a fixed distance from the surface.
Crystallinity could be approximately incorporated for ex-
ample, by treating the 4d states as polarizable shells lo-
cated at the sites of an fcc lattice. It is possible, however,
that band structure effects must also be taken into ac-
count in order to understand the more detailed aspects of
the observed dispersions.

There is a remarkable analogy between the surface
plasmon dispersion on Ag and the size dependence of the
Mie resonance of small Ag particles: With decreasing ra-
dius R, the Mie plasmon also shifts to higher frequencies
[18-22] in contrast to the redshift observed for alkali
metal particles [23]. It is plausible that the blueshift of
the Ag Mie resonance can be understood within the same
model as the one proposed above [21]: In the outer re-
gions of a silver particle where the 5s electrons spill out
into the vacuum, the s-d screening interaction is absent.
This leads to a blueshift since part of the fluctuating
charge density oscillates with the unscreened plasma fre-
quency. This effect becomes more pronounced with de-
creasing particle radius because of the larger surface to
volume ratio.

In conclusion, we have presented a model which ex-
plains the main difference between the surface plasmon
dispersion relations for Ag and the simple metals. The
model includes the nonlocal response of the Ss electrons
at the surface but neglects higher-lying interband transi-
tions. Instead, the influence of the filled 4d band is de-
scribed in terms of a polarizable medium that extends up
to some distance from the surface. The key feature of
this model is that the combined s-d dynamical response is
treated self-consistently and not approximated by a su-
perposition of separate quantities taken from independent
calculations for the s and d densities alone. The absence
of the s-d electrostatic interaction in the outer surface re-
gion leads to a blueshift of the surface plasmon frequen-
cy. This effect increases with parallel wave vectors be-
cause of the more rapid decay of the induced field to-
wards the interior. Thus, the polarization of the filled d
states causes not only a large reduction of the surface
plasmon frequency but also a significant distortion of the
dispersion relation.
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