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Influence of d electrons on the dispersion relation of Ag surface plasmons
for different single-crystal faces
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The surface plasmon dispersion relation of Ag is calculated for different single-crystal orientations. To
describe the dynamical response properties of both delocalizedl€gtrons and more tightly boundd4
electrons, the jellium model is combined with the so-called dipolium model, in which the occupiddaads
are represented in terms of polarizable spheres located at the sites of a semi-infinite fcc lattice. The nonlocal
susceptibility characterizing th&eelectron response in the surface region is derived using density functional
theory. The screening of the Coulomb interaction between conduction electrons via the lattice of dipoles, and
of the dipole interaction via the surrounding sea of conduction electrons, is treated self-consistently. Electron
energy loss spectra are calculated for all three low-index faces. The surface plasmon energy is found to
increase with parallel wave vector for all cases. The magnitude of the positive slope depends on the crystal
orientation and, for AgL10), on the propagation direction. These results are in qualitative agreement with
electron energy loss measurements.
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[. INTRODUCTION carried out only recently for the optical properties of Ag
bulk®® and thin films'* A dynamical treatment of the surface
The spectroscopic characterization of surfaces is of interscreening response including the full Ag band structure is
est both from a basic theoretical and practical point of view.computationally not yet feasible. For this reason, various
On the one hand, electronic excitations at surfaces reflect th@mplified models have been developed in the past with the
microscopic electronic and structural properties in the suraim of describing some of the observed features of Ag sur-
face region and the response to external electromagnetface plasmon$®~°In one of these approachés®the em-
fields1 =3 On the other hand, the sensitivity of surface collec-phasis is on the microscopic description of the nonlocal re-
tive excitations to surface conditions, e.g., at metal-sponse of thes electrons in the surface region, while the
electrolyte interfaces, has recently been utilized with greainfluence of thed bands is qualitatively included via a semi-
success in methods such as surface plasmon spectroscopyfjnite polarizable medium. In this scheme, the Ag surface
for the purpose of developing efficient and robust chemicaplasma frequency in the long wavelength linito} =3.7
and biological sensofsNoble metals are among the most eV, and the overall positive slope at finigg can be under-
thoroughly investigated systems in basic surface scienc&tood in simple physical terms. Lattice effects, however,
They are also particularly interesting for practical applica-such as the dependence of the dispersion on crystal orienta-
tions. tion, are absent in this model. A complementary
A central quantity to study is the variation of the surfaceapproact®!® focuses on the dynamical responsedoglec-
plasmon and plasmon-polariton excitation energy withtrons, representing them via a semi-infinite fcc lattice of po-
parallel wave vectoq . In the case of Ag, electron energy larizable point dipoles. A local Drude model was used to
loss measurements showed that the dispersion relation of describe the influence of the surroundisgelectron gas.
surface plasmons differs in several important ways from thaihile crystallinity effects are included naturally in this “di-
observed on simple metdls™ In the nonretarded small polium” scheme, the profile of the conduction electron den-
q; limit, the frequency strongly disagrees with the relatfon sity near the surface is approximated and its nonlocal re-
ws=wp/\/§, wherew, is the bulk plasma frequency. At fi- sponse properties are neglected.
nite g, the Ag surface plasma frequency increases, whereas The aim of the present work is to combine the attractive
on simple metals the frequency first diminishes and onlyfeatures of these two approaches in order to arrive at a more
beyondq;~0.15 A~ increases. Finally, the positive slope realistic description of the Ag surface plasmon dispersion
of the dispersion differs appreciably for the three low-indexwith parallel wave vector. Specifically, the local density ap-
crystal faces of Ag while lattice effects are negligible onproximation for the semi-infinite jellium model is used to
simple metals. Evidently, the presence of the shallow occuebtain the nonlocal response functions for fiedectron den-
pied d bands has a profound influence on the overall fre-sity. Dynamical screening is treated within a self-consistent
guency and momentum dispersion of the Ag surface collecfield approach. Previous experience has shown that this
tive excitations. method yields a nearly quantitative representation of the sur-
Theoretical studies including and d bands have been face plasmon dispersion of simple metalEhe influence of
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the d electrons is included by representing them in terms ofifferent crystal orientations. Because of the limited penetra-
an fcc lattice of point dipoles. The effective atomic polariz-tion depth of the dynamical potential at finitg, screening
ability of the d shells is chosen to reproduce the measuredia these dipoles leads to a dependence of the surface plasma
bulk dielectric function of A¢° The key feature of our com- frequency on crystal orientation.

bined “jellium-dipolium” approach is that the mutual polar- ~ The outline of this paper is as follows. In Sec. Il, a gen-
ization of s and d electron densities is treated self- eral discussion of the two-componesd electron model for
consistently without further approximations. We may viewAd is presented. Section Ill addresses some details concern-
this scheme using two equivalent physical pictut@sThe N9 the choice of the local electron polarlzab_lhty. In S_ec.

Ag surface is represented in terms of a semi-infinite, nonlo!V the results are discussed and compared with experimental
cal homogeneous electron gas whose effective Coulomb irsPECtra. A summary is given in Sec. V. Atomic units are
teraction is modified as a result of the dipole lattiGs, The ~ USed unless noted otherwisé Hartree =27.2 eV, 1ag

Ag surface is represented in terms of a semi-infinite lattice of” 0.529 A.

polarizabled shells whose dipole interaction is screened via

the surrounding nonlocal gas sfelectrons. An analogous [l. TWO COMPONENT ELECTRON MODEL
two-component description was used earlier to evaluate the

effect of core polarization on the bulk plasma frequency of Let us consider a metal subject to a weak perturbating
- ot : otential r,w). Within a self-consistent field approach,
several metals in the long wavelength lifitThe optical b Pexr, ) pp

the induced density(r,w) and the total dynamical potential
response of noble metal clusters has recently also bee(,[g(r»,w) are related via the linear response equations
treated within a similar modéf

The macroscopic bulk dielectric function of Ag can be
conveniently expressed s e(w)=ey(w)+ey(w)—1 n(F,w)=J d3r’ XO(r,r ", w) ¢(r',w), (1)
whereeg(w)=1— wﬁ/w(w+ i y) is the Drude function char-
acterizing thes electrons and4(w) the bound part due td
eIectrqns.wp=9.2 eV is the bqlk plasma freql_Jency corre- ¢(Flw):¢ext(F!w)+f PrK(FF )T o), (2
sponding to thes electron density ang a damping param-
eter. Below the onset of interband transitions at about 3.9 eV, o= = ] ) ]
eq(w) is real, with magnitude~5.5. Thus, taking into ac- where x°(r,r ',w) is the nonlocal independent particle sus-
count the screening vid bands, the effective bulk and sur- ceptibility. In the following, we assume that electronic inter-

face plasma frequencies of Ag ate =w [Jeq~3.8 eV actions can be treated within the random phase approxima-
andw? = o, | Jegt 1~3.7 eV P tion (RPA), i.e., the kernelK(r,r ') is the bare Coulomb
s =wp . .

The anomalous blueshift of the Ag surface plasma fre_interaction Yr—rl. I'n the time dependent extension of t.he
quency with increasing; can be understood in terms of the I(E(E)rﬁ}ibutlif)nﬂalso includes  an  exchange-correlation
spatial variation of thesd interaction in the surface In a two-.com onent valence electron svstem such as the
region!’%Since the spill out of the electronic density in the poI Y >
vacuum stems primarily from the electrons, the Coulomb sd electron densitites of the noble metals, one can distin-

interaction due to the outer part of the fluctuating surfac h“;g ;V;'g ;yrk))erﬁjizl;lt?;irae%‘tcle%?f:)\/v%?cr?n%rgiief;/eltiztrgrnbiltea\lle;,n-
plasmon charge is not subject $a screening. Moreover, at y

I R e rgies and wave functionsij) in the dynamical response to
finite g, sd screening inside the metal diminishes because o : L .

. . ._the external field, there are mutual polarizations which affect
the reduced penetration depth of the dynamical potentia

Boi mechanams g e to 8 bueshit o te surface ' STECT1e PO 0 e Hecency Sependence o o
plasma frequency. The calculations show that this effect is P ' q 9

large enough to offset the usual redshift obtained for simpl eoidneas rzrr? 2%?:’/"\/;22 dor?ssrt'ig)igz:\rt]it)er:b\ell\?s ttkrg:];‘i)tlroeni'etrlleegt
metals, i.e., the overall dispersion is positive in agreemen 9 y : 9

with experimental observations. An analogous physical; € single-particle cpupllng and focus msteadsmrpolanza-”
mechanism is believed to be responsible for the anomalou on effects. Accordingly, we separate the full suscepiibility

blue shift of the Mie resonance of Ag particles with inverseInto independent andd contributions:

radius®224 o - o - - o - -

Here we focus on the influence of the crystalline geom- x (11 e)=xs(rr ' o)+ xg(r,r',w). ()
etry on the dispersion of the Ag surface plasmons. As men- . ) )
tioned above, this effect manifests itself in the different!ne induced density therefore may be written r&s ns
slopes of the dispersion detected for different crystal orien-t Na» Where
tations and, on thé€110) face, for orthogonal parallel wave
vectors. The latter effect is intimately related to the optical - , .-, -,
reflectance anisotropy observed o)r/1 (Ay0).2>2% In thF()a nsvd(r'“’):f dr xsal 17", 0) $(7, ). (4)
present approach, lattice effects are associated with the
dipole-dipole interactions within atomic planes parallel to theFor this charge separation the total dynamical potential takes
surface and between planes. The geometry and density tie form¢= ¢+ P+ P4, Where the potentials induced by
dipoles within planes, and the interplanar spacings vary fos,d electrons are given by
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. o) N Let us now place the origin of the coordinate system at
(bs,d(f,w):J d°r’” K(r,r ") ng4(r ', o). (5  sitei. The induced electron density at this site is given by
To solve this system of response equations, we now elimi- >N J' 3.1 00 2 >
. . X ni(r,w)=1 dr’ xy(r,r’, r',w). 8
nate the induced electron densityng and potentialp and (1) Xi( ) ¢(1",0) ®

derive modified external and electron potentials which ac-

count for's electron screening. Combining Eqd),(5), we  The total potentialp(r, ) acting on thed electron shell can
find be represented in terms of four contributions: the external

potential, the potential due ®electrons, the potential due to
d electrons at other lattice sites, and the potential induced by
nS(F,w)=J A3 xs(FoF @) exd(T @)+ g(F )], thed shell at site itself. The first three contributions will be
6) referred to as local potentiap,,. and the last one ag;.
Thus, ¢= ¢+ ¢;. Since thed shells are assumed to be
where s is the renormalized electron susceptibility. Omit- localized, the local potential varies slowly across the site and
ting momentarily the integration symbols we can exprgss can be expanded as
in terms of y2 schematically viays=x2/(1—Kx2). Thus,
$s=Kns=Kxs(dext ¢a) and ¢=(1+Kxs) (Pexit ¢a)- Droc( T )=~ Piod F—éi ,@)—T- Eloc( F—éi yW) -, (9)
This reformulation of the response equations shows that the
total dynamical potential now consists only of external andyhereE,. is the local electric field at site To lowest order,

induced d electron contributions which are, however, the induced electron density is therefore determined by the
screened due to the presence of the nonlsaectron gas.  sjngle-site response equation

We point out that thiss electron screening involves the
renormalized susceptibility rather than the bargg. This
ensures that the screening of the external duetectron po- ni(F,w)=f A3’ x2(F,F o) i(F,0)—F - Epd R ,@)]
tentials takes place via a fully interactirgy electron gas
rather than a gas of independentlectrons. =c(r,w)F- Eloc( R,o). (10)

For completeness we note that eliminationngfand ¢4
rather thanng and ¢ from the initial response equations The last identity follows from the assumed spherical symme-
leads to an equivalent expression for the total dynamical potry of the d shell andc(r, ) specifies the radial dependence
tential: ¢=(1+Kxg) (ext Ps), Wherexq is the renormal-  of the polarization function. The dipole moment of is
izedd electron susceptibilityq=x%/(1—Kx3). In this case, B.(0) = a(®) E( R @), where the local polarizability is
t_he ¢ co.nsists of external and induceckelectron c_ontribu-. defined asa(w)=1[d% r2c(r,w). For simplicity we as-
tions which are screened due to the presence of interagtingsme this polarizability to be the same on all lattice sites. In
electrons. a more refined treatment, this restriction can easily be re-

So far, the reorganization of the response equations igyed. Within the dipole approximation the potential gener-
purely formal and depends only on the distinctiors@ndd 5104 by thed electrons is

contributions to the full susceptibility® as indicated in Eq.
(3). To proceed we now assume that lattice effects on the
ground states electron density are weak so thed can be by(F0)=—2, V— 16
approximated in terms of the nonlocal response function of a i [r—Ri|
semi-infinite homogeneous electron gas. The local density

approximation(LDA) is used for this jellium systeffito  This expression shows that the problem of calculatingdthe
evaluate the wave functions and Green’s functions needeélectron contribution to the total potential is reduced to find-
for the construction 0% . We assume furthermore that the  ing the dipole momentp;(). For point like dipoles the
electrons are well localized and that overlap between neighbove expression fog, is valid throughout space and the
boring sites can be neglected. For simplicity we represeninduced d electron density is given byny(r,o)=—-73;
these occupied shells by dipoles located at the sites of ap,(w)-V 8(f —R)).

pi(w). (11

semi-infinite fcc lattice. The noninteractird) electron sus- The local field at site can be written asfor brevity we
ceptibility Xg can then be approximated as a lattice sum ofomit frequency arguments of electric fields and dipole mo-
single-site contributions ments
XYF T o) =2 X(F-R,F'—Ri,0), 7) Enc(R) == V[o(r,0) = ¢i(T,0)]i-g
I

- ) ) = =s _). —+ (_)S . o] .
whereR; denotes a lattice vector. From E¢) it follows that Eed(Ri) EJ: Ui P (12

the induced electron densityy is also given by a sum over
lattice sites,ng=2;n;, wheren; is the d electron density The first term represents the external field at sisereened
induced at sita. via thes electrons
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The dipole moments within planes parallel to the surface
differ only by a phase factor. Let us define a layer inaex

and express an arbitrary lattice vector Rs=(P+d,,z,),
B (1+Kxs) ot (13 pr pirary lattic A= (P+dy 20)
whereP is a two-dimensional intraplanar lattice vector and

Note that the screened external poten#d), corresponds to  (d,,z,) specifies the origin of theth plane. Thus, the dipole
the self-consistent local potential of a semi-infinite electronmoment at sité can be represented a@s=p, €% P Within
gas in the absence af electrons. The second term in Eq. this representation, E¢16) for the site-dependent dipole
(12) accounts for the screened dipole-dipole interactitfp momentsp; can be reformulated in terms of an equivalent

=U;;+Uj,. The bare interaction is given by equation for the planar dipole momerfs,

ESW(R)=—[Voi (Tl )]

=R;

\AY

Gij:

oy (14 b= ()

1 =s s =
|I7_ ﬁj | ) Eext( Zn) + % Tnm' pm} ) (18)
We use the conventioﬁf”zo since the field due to the
dipole at sitel is subtracted in Eq12). The screening via
electrons is described by the tengmtegration symbols are
again suppressgd

with TS =T, .+ T/,,. The tensor describing the unscreened
dipole interaction between planes is

. (19

Tom= - =
(15 “”‘( F [ (dntP.zy)l

- 1
U/ =| VK V_)—_, .
ij ( Xs |I’—Rj|> e

From the definition o5, we now obtain the following self- Where the prime implies that the ter=0 must be ex-
consistent equations for the dipole moments cluded from the sum in the diagonal element,. The
evaluation of these tensor elements using the Ewald summa-
tion techniqué® was discussed previoust{.

The tensofT |, describing the screening of the dipole in-
teraction between planes via the surroundsrejectron den-
Except for the screening of the external field and dipolesity can be derived by a Fourier transformation of ELF).
dipole interaction, these equations are analogous to those Fhus, the two-dimensional transform of the Coulomb kernel
a pure dipole lattice. _ is given byK(z,z',G+g)=2m e~ 14 dl2-2'l/|§+ |, and

The derivation discussed so far is rather general and ap-
plies to arbitrary three-dimensional systems. We now con-
sider explicitly a semi-infinite metal exposed to an external 7 1 D ei@@'(&n*&m)f 47 Cyz,.2')
potential whose spatial variation is given kf,(r,»)= nmoA dzn,

—(2/q) €'l e9%, whereq is a two-dimensional wave vec-
tor parallel to the surface arg=|q|. The surface lies in the ' P Ry
Xy plane and the axis points towards the vacuum. Because XJ 7' xs(2',2",.9+ g,0) Lz, Zn). - (20)
of the translational symmetry parallel to the surface it is con-
venient to perform a two-dimensional Fourier transform OfHere, A is the area of the surface unit cell amza(z,zf)
quantities associated with treeelectron component of the — 2ali(G+G).d ]e*|a+Q|z*Z'|/|ci+§|
. N A )
system. Since the ground statelectron density is assumed Equation(18) may readily be solved via matrix inversion.

to be homogeneous in they plane, the susceptibility Because of the limited penetration depth of the screened ex-

0cp 7 i -
t)ﬁ'(rl’:r ’C.')) (tjepe?ds only OE the 'glffe;agnce“’eiu). T_Ir_];]’ls ternal and total dynamical field at finitg only a finite num-
e Fourier transform may be written a3(z,2’,q,). The ber of lattice planes needs to be taken into account. The

srg:re(e:necli; elgc'tron sugcepélblllty(s also Qas tE's form SINCE  humber of planes depends on the magnitudg ahd on the
the O;’ om ;nteraqtlon Oeﬁ not modify the ?ymmetry "Minterplanar distance for a given crystal orientation. To deter-
the surface plane, i.e., we hawe(z,z’.q,). Of course,  ine the frequency dependence of the surface excitation

normal to the surface translational symmetry is broker)g&o spectrum we evaluate first the Fourier components ofdthe
and xs are nonlocal functions of,z'. The dipole lattice in-  glectron potential Eq(11)

troduces periodic modulations in the induceelectron den-
sity which are characterized by two-dimensional reciprocal

pi=a(w) : (16)

szt(ﬁi)JF; Gﬁ' P

9

vectorsg. The overall spatial dependencenfis therefore - - 1 i@ g-d, 2
of the form patial dependencery Po(zd+G0) =5 2 e WO Npy Lz zy). (2D
ng(r,w)= > el (@ a-q ny(z,q+0,m). (17)  The components of the inducexdelectron density are then

9 given by
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3.0 T T T T T T T

23+ G0 [ 07 (22,640

X[¢ext(zlvq>+§1w)+ d’d(zrvq)—i_g)vw)]'
(22)

Re Z(w)

The surface response functigfqg,w) can be obtained from
the asymptotic behavior of thg=0 component of the in-
duceds and d electron potentials far in the vacude,
+ ¢pg—(27/q) e 9?g(q,w) for z=0. Thus,

Ng x 10

0(G.0)= [ dz & n(zd0)
FIG. 1. ReX(w) as a function of the numbe of bulk recip-
1 - .. rocal vectors. The Lindhard dielectric function is evaluated for an
A ; e '4detnp . [ig,—q] electron gas withsf 2.97 a, at w=3.6 eV. The numbers denote
the closed shells o corresponding to somN .
Egs(a!w)—’_gd(d!w)- (23) . . i
wheren is the atomic densitye;(w) the s electron Drude
The imaginary part of this quantity provides the surface losglielectric function, and the coefficient
function which can be compared with energy loss spectra
obtained in inelastic electron scattering measurements. The _ 2 _ 2
position of the maxima of Ing(q, w) plotted as a function of (o) C;E#) H(G.0)[1- Ve (G,w)] @3

o for a givenq will be used to determine the resonance . . :
frequency wy(q) of the collective surface excitation for a accounts fors electron density fluctuations induced by the

given crystal orientation. short-wavelength local fields due to tUesheIIs.e,_(é,w) is
We close this section by pointing out that the Computa_the Lindhard dielectric function at the bulk reciprocal lattice

tional effort to evaluate the surface excitation spectra withinvectorG. In the case of point dipole$(G,w)=1 for all G
the “jellium-dipolium” model is not significantly greater while, for dipoles of finite size, the magnitude bdimin-
than for the individual models. The matrix equation for theijghes rapidly with growingé.Zl Neglecting the local fields
induced dipole moments, has about the same dimension asinduced in thes electron density, i.e3.(w) =0, one recovers
in the pure dipolium case and the incorporatiors@lectron  the ysual CM expression for the polarizability.
screening requires evaluation gf and inversion of (1 The derivation of the surface loss function discussed in
—Kx2). The main new task is that(z,z',G+g,w) mustbe  the previous section is based on the assumption of point
calculated for alllg+g| rather than onlyg=0 as for bare dipoles. The quantity affected by this assumption is the
jellium. screening part of the dipole-dipole interaction defined in Eqgs.
(15 and(20). Since for computational reasons only a finite
number of surface reciprocal lattice vectgrsan be consid-
ered in the expansion of, truncation errors are unavoid-
The key quantity determining the influence of tthelec-  able. To estimate the influence of such a truncation in the
trons on the surface loss function derived above is the locadase of the bulk, it is instructive to study the convergence of

polarizability a(w). In princi_ple, this functio_n could be cal- 1q coefficientS, (w) with the numbem¢ of vectorsG in-
culated self-consistently using the single-site response equay,qed in the sum in Eq(25). This is illustrated in Fig. 1

tion (10). The solution of Eq(16) for a three-dimensional which shows R& () as a function oNg for a frequency in
bulk system then yields a relationship between the total POfe range of interest for Ag surface plasmons.

te”“?' o(1,0) and_ the applied exte_r_nal pOtentwal(r’“’)' The slow convergence i (w) is a consequence of the
Fourier transforming these quantities and taking the |0n91ighly localized screening charge induced by the singular

}/vavglengt]chhlimit q-0 ghi_ves the macroscopic dielgac:érif point dipole potential. As mentioned above, taking into ac-
unction of the system. This procedure was used previously ot the finite size of the dipoles leads to a significantly

to determine the effect of core polarization on the dielectric . L=
P ore rapid convergence as a function®f* On the other

response of simple metals. Since our main interest here is n bind, truncating the sum in E(5) after a few shells leads
h Ik h f i h - ’ .
the bulk but the surface, we instead choed@) 0 repro to a reduction of R& (w) of the order of 20 to 30 %. Thus,

duce the measured bulk dielectric functietw).® In the . . :
bulk a(w) is given by the modified Clausius-Mossat@M) in order to reproduce the measured dielectric function, the
relatiortt local polarizability must be adjusted. Figure 2 shows the fre-
quency dependence af(w) near the interband onset for
several values of RE. (Since the frequency variation &f
4m (e—e) (24) in the range of interest is negligible compared to the trunca-

?na= 3+(e—€y)(1+2)’ tion effects, we omit it in the following.The reduction of

lll. LOCAL POLARIZABILITY
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FIG. 2. Atomicd electron polarizabilitya(w) per unit volume
for different values of R& (n=0.058 A~3). Solid curves: real
part (left scalg, dashed curves: imaginary pdright scale.

FIG. 4. Comparison of real part of screened external potential
¢e(2.9,0) in the absence al electrons with bare external poten-
tial ¢ex(z.9,w) for =3.6 eV. Solid curvesg=0.05 A%, dashed

. oy -1
Re3 due to truncation of the sum ové is seen to give an CUrves:d=0.15 AL

enhancement of Re(w) of the order of 10%. Since a larger o _ _ _

d shell polarizability implies strongesd screening, the fre- Which is also consistent with the CM formula. A comparison

quency of the surface plasma oscillation is lowered. In thddetween the polarizability obtained for a local screening
case of the Ag low-index crystal faces, the different intrapla-model and the present nonlocal Lindhard screening is not
nar geometries and interplanar spacings give rise to slightiyneaningful since an important physical difference exists be-
different frequency shifts if a finite number of surface recip-tween the definitions of the screened fields in these two mod-
rocal lattice vectors is retained in the calculation of surfaceels.

loss spectra. One must therefore be careful when comparing

excitation frequencies for different crystal faces. This prob-

lem will be addressed in more detail in the next section. IV. RESULTS AND DISCUSSION

We briefly point out here that the present definition of A schematic representation of the two-componeut
a(w) cannot be used if the screening of dipole interactions ig|ectron model is given in Fig. 3. The ground state density
treated using a loca electron gas. In this case the interac- yrqfile is obtained using the LDA for a semi-infinite electron
tion of a dipole with the charge induced by its own field ;o¢ of densitynb=3/(41-rr§) with r,=2.97 a, yielding the
diverges. To exclude this screened self-interaction a differenig Drude plasma frequency 9.2 eV. The dipoles occupy the
definition of the polarizability in terms of the remaining gjes of a semi-infinite fcc lattice with room temperature lat-
screened field must be found. The relation betwe€m)  ice constana=4.09 A . The symbols indicate the positions
and the macroscopic dielectric function is in this case giveryt the atomic planes for the three low-index faces. The first

by plane is half a lattice spacing away from the jellium edge and
ppu e.(e—e) the interplanar distances are @.,5a//3, anda/(242) for
?na= m (26)  the(100), (111), and(110) faces, respectively. The response
T T T 12 | T T T T T T T ]
5 10 & 7 Ag (100)
2
a
% 05 . .111 . . . . .
8 100
110
. P e e
-30 -20 -10 0 10 2 4 6 8 10 12 14 16 18
z (ao) m
FIG. 3. Schematic representation of Ag two comporszhélec- . FIG. 5. Real part oxx component of screening contribution
tron model. The ground stateelectron densitynormalized ton,;  Tnm(G,®) to dipole interaction tensor as a function of layer index

solid curve is calculated within the LDA for a semi-infinite jellium for fixed n=10. The tensor elements are multiplied by the atomic
iti ' ' _ volume of Ag[w=23.7 eV,q=0.15 A~1, (100 face]. Solid curve:

system. The positive backgrouridashed ling occupies the half g q )

spacez<0. The symbols mark the positions of the lattice planes forNg=21; dashed curveNg=5, whereN, represents the number of

the three low-index faces of the fcc crystal. The dhells at the  surface reciprocal vectors included in the screening calculation.

lattice sites are represented via point dipoles. Dotted curvexx component of unscreened tenfq;m(ﬁ).
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calculations are carried out at complex frequencies, with the T T T
imaginary component accounting for the Drude damping de-
rived from the measured bulk dielectric function.

According to Eq.(18), the effective electric field driving
the dipoles is determined by the screened external potential
de(z,9,0) which corresponds to the self-consistent poten-
tial in the absence ofl electrons. Figure 4 illustrates this
potential for typical wave vector§. The comparison with
the bare external potentid.,~ e9* shows that although the
screened potential has a much smaller amplitude within the L L L
metal, its tail also decays ase% towards the interior. This -60 -40 -20
penetration depth determines the number of dipole planes for z (ag)

a given crystal face that need to be talfen into account to FIG. 6. Real part of§=0 component of induces electron
achieve convergence. In the limit of smagllthis depth be- densityn(z.d.) for Ag(100, w—3.67 eV. Solid curver— 0.1

comes very large, indicating that polarization of the entireA “1 dashed curveq=0.2 A L. The dots indicate the positions of
half-space contributes to the dielectric response of the suf e Iattlce planes. ' '

face.
The key quantity specifying the variation of surface exci-
tation spectra with crystal structure in the present model is

the screened dipole interaction tendGe(q, ). Of particu- ~ SUM overg converges more slowly than for=m (see Fig.
lar interest is the competition between the bare or direct in5). Evidently, the contributions td},, due to largeg are

diated via thes electron densitysee Egs(19) and (20)]. ir?fo_rmation about ne?ghboring _sites Within_the same plane. A
Figure 5 shows thexx components Oanm and ﬂm as a similar effect was discussed in the previous section when

function of m for a fixedn. The magnitude of both elements 2ddressing the local polarizability in the bulk case.

decays to zero ds—m| increases, implying a limited range For computational reasons it is necessary to limit the cal-
of interaction between neighboring planes. This is the genculation of T/ to a finite set of reciprocal vecto. As
eral behavior of all tensor components at finite values.of pointed out above, this amounts to an approximation of the

The Screer"ng e|emeﬁ't?lm depends Ohw. However in the self-field of each d|p0|e In order to keep the surface re-

narrow frequency range of interest for Ag surface p|asmon§p0nse calculation consistent with the bulk model used for

this variation is very slight. the definition ofa(w), it is therefore important to exclude in
The direct and indirect interplanar contributionsfﬁm the bulk case the corresponding terms associated with the

are seen be of similar magnitude with opposite signs. Thlécreemng contribution due to the dipolar self-field. Thus, in
tendency is quite general, indicating a significant overallEd. (25) the largeG terms should be omitted. However,
change of interactions betweehshells as a result of the terms arising in the three- dlmen5|or(alrepresentat|on can-
surrounding gas o6 electrons. The intraplanar tensor ele- not be directly compared with the two-dimensional surface
ments cannot be compared directly since the self-interactioanalog. It is possible to expre&sdefined by Eq(25) using

is excluded from the bare interaction while it is present in thea two-dimensional representation of the dipole interaction
indirect screening element. For this reasbf, can be much

larger thanfnn.

The interaction tensors have a complicated dependence on
wave vector. In general increasiggeads to a shorter inter-
action range and to decaying tensor elements for planas
which are far apart. On the other hand, the interaction be-
tween closely spaced planes can be enhanced for increasing
g since it depends also on the relative lateral position of the
dipoles. Moreover, these effects vary with crystal orientation
because of the different intraplanar and interplanar geom-
etries.

For n#m the screened tens(ﬁm involves indirect inter-
actions between dipoles and the charges induced in other
planes. As shown Fig. 5, the sum over reciprocal veaidrs
Eq. (20) converges after a few terms because of the rapidly G, 7. Contributions to induced electron density shown in
decaying Coulomb field. On the other hand, foem the F|g 6 for q:Ol A’l_ Solid curve: Reno(z'q'w) induced by
tensor element includes the interaction of a dipole with thesxternal field: dashed, dotted, dash-dotted curvesnie,d,»)
charge induced at the same site. The Fourier representatiamiuced by dipole planes=1, 5, 10, respectively. The dots indi-
of this localized charge requires magy Accordingly, the  cate the positions of the dipole planes.

1.0 F Ag (100)

05

Re ny(z,0,0) (a.u.)

05 |

(z,9,0) (a.u.)

0.0

n
S

Ren
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18 T T T T

3.9eV 24 ' ' ' '
15 —*M"W\’W\/\/\/\/— 20 39V S ]
g 12 —§§5—~W/\N\/\/\/\A/\/— 3 16 AM,V\,\ANW\N\/\/\/L FIG. 8. Induceds electron
= 5 —J@MAAA/\/\/\/\/— g —&“MAN\MA/V\/L densityng(z,g,w) for Ag(111), g
2 375 g 12 =0.1 A~ (a Real part; (b)
o 6 "M’\AA’\’V\’V\’\’\/\/L N 8 —m—“«/MN\/W\/\N imaginary part. The frequency
& “»
e 3 LM\A/\M/\/\/\/\/L e 4 _&;MN\,\,\W\AM varies betweenw=3.65 and 3.9
o ﬂwwmw\/\/L T o lLses A~ eV. The curves are vertically dis-
@ . . . I(b) . . . placed for clarity.
R -40 20 0 H— 40 20 0
z (ap)
3 - term in Eq.(22) is finite only forg=0. This induced density
S(w)= 2, Im lim 2 [T G 0) Ix (27) s therefore the same as for pure jellium in the absena of

n—eq-0 M electrons. We denote this contribution ag(z,q,»). Be-

cause of the form of the electron potential defined in Eq.
. (21), the second term in Eq22) induced by the dipoles can
Unfortunately, the definition of [, given in Eq.(20) cannot  be expressed as a sum over lattice planes. Thus, we may
be used in the limij—0 because of the diverging range of write theg=0 contribution amng=ny+=,n%. This induced
the Coulomb interaction. Qualitatively, however, it is clear gensity is shown in Fig. 6 for two values gf With increas-
that truncation of the sum ovqin this definition is related  jng g the density decays more rapidly because of the shorter
to a truncation of the sum ové in the definition of>, Eq.  penetration depth of the perturbating potential. Superim-
(25). As illustrated in Figs. 1 and 2, this implies a reductionposed on the oscillations due the dipole planes are Friedel
of the magnitude oft and an enhancement af(w). In  oscillations caused by the Fermi cut off in the sum over
principle, the truncation could affect the parallel and perpenyccupied states in the susceptibilipy(z,z',G+ G, ).
dicular tensor components in a different manner, resulting in - Tq analyze the density oscillations induced by thelec-
different enhancements af(w); and a(w), . In the calcu-  trons, we show in Fig. 7 the contribution ng(z,§,w) due to
lations discussed below, we ignore such anisotropy effectghe external potential and due to several dipole planes. Apart
However, to estimate the overall influence of the truncationfrom weak Friedel oscillationsiy(z,q, w) is localized in the
of theg sum in Eq.(20), we present results for typical values region close to the surface. Although the contribution from a
of 2. Fortunately, the uncertainty implied by this truncation given dipole plane is localized near that plamete, how-
is reduced appreciably by the requirement that indhe0  ever, the Friedel oscillations due to the fifth plane extending
limit all three low-index faces must yield the same surfacey|| the way to the surfageeven rather deep planes produce
plasma frequency. _ significant induced densities so that the overall penetration
The induceds electron densityn(r,w) defined in EQ.  depth of the totahy(z,, ) is very much larger than that of
(17) exhibits spatial fluctuations due to various wave vectom (z g, o) for the bare jellium surface.
contributions. The most relevant component isgke0 term Figure 8 shows the induceslelectron densityy(z,q, w)
which is used to calculate the surface response functions, Egor Ag(111) at several frequencies. The resonance frequency
(23). Because of the form of the external potential the first3 75 ev is characterized by the sign change ofiRand the

1.2 T T T - T - - . - T T T . T

Ag(110) [011] —— 8.0 P iy
;:\ 0.8 . i gs//// \\\\'
s 3 40 4

3 = 7 i 9
S 04 ) T
% g o0 % .
g S R ;
4.0 | _________ e -

1 1
3.7 3.8 3.9
z (ap) o (eV)
FIG. 9. Real part of induced electron densityng(z,q,») for FIG. 10. Surface excitation spectrum for A§0. Solid curve:

Ag(110[001] (dashed curveand Ag110[011] (solid curvé. q full spectrum Img(d,»); dashed and dotted curvesandd elec-
=0.1 A7, w=3.67 eV. The dots indicate the positions of the tron contributions Imgs 4(d,@); dash-dotted curve: bare jellium
dipole planes. loss function Imgg(q,»). G=0.1 A~1, 3=2.35,
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40— binedsd electron system. In fact, the bare jellium contribu-
tion go(d,®) corresponding tmy(z,q, ) is very small and
nearly independent ab. (It's maximum occurs at about 6.5
eV.) Thus, thes electron contribution induced by the dipole
field ¢4 is governed by the frequency dependence of the
induced dipole,(q,w). The same cancellation sfandd
contributions to the net surface polarization was found pre-
viously in the polarizable background mod&I.
Figure 11 shows the surface loss function for(Al) for
e several wave vectors. With increasigghe resonance asso-
3.7 3.8 3.9 4.0 ciated with the surface plasmon is seen to shift to higher
o (V) frequency. The width of the resonance also increases, in par-
ticular, on the high-energy side due to the onset of interband
FIG. 11. Surface loss spectra id, w) for Ag(111 for several transitions near 3.9 eV. Part of the W|ch is due to bulk
parallel wave vectorss = 2.35. damping obtained from the Drude contribution of the mea-
sured dielectric function. The value &f is chosen such that
the surface plasma frequency extrapolates in the long wave-
) ) ) ) R length limit to the value measured optically. The response
increase in magnitude of Ims. Again, only theg=0 Fou-  equations in the present model can be solvedder0.05
rier component is plotted. As discussed above, the spatigl ~1 At smaller values, convergence becomes difficult be-
oscillations originate from the dipoles located a_t the atom'(‘cause of the rapidly increasing penetration depth of the in-
planes and from the frequency dependent Friedel oscillaguced potential. Although there is some uncertainty with re-
tions. Note also that the frequency range shown is just belowpect to the precise form of the dispersion curve at sq#l
the range of propagating bulk plasmons sinceqhe value  the resonance maxima in Fig. 11 extrapolate in gre0
of the screened volume plasma frequency of Ag is about 3.8mit to about 3.7 eV in agreement with experiment.
eV. This explains the large penetration depth of the induced To illustrate the sensitivity of the Ag excitation spectra to
charge density at higher frequencies. the d electron polarizabilitya(w) we show in Fig. 12 the
The local field at a given site is sensitive to variations indispersion of the surface plasma frequency of Wd) and
both magnitude and direction of the wave vector. OnAg(100 for several values oE. As discussed in the previ-
Ag(110 this leads to an anisotropy of the dipole momentsous section, for computational reasons the surface response
and the induced electron density for orthogoné[ Figure 9 calculation requires aatruncation of the sum over lateral re-
illustrates this effect for the density,. Although the effect ~ciprocal lattice vectorg. Since this amounts to an approxi-
of orthogonald on thesd screening interaction are difficult Mate treatment of the induced dipolar self-field, a consistent
to trace in detail, it appears that the lower atomic density iPUlk description of this field requires an analogous truncation
the[001] direction implies a weaker dipole polarization. This of the sum over bulk reciprocal lattice vectdssinvolved in
mechanism reduces thed screening and gives rise to a the locald shell polarizability defined in Eqg24),(25). As
higher surface plasma frequency than for l@&1] direction.  can be seen, a reduction 2f, i.e., a larger value ofr(w)
This trend is found also for other values aqf implies a lowering of the excitation frequency due to effec-
The surface loss function Imy(g,») can be separated tively largersd screening. In addition, the dispersion wih
into s and d electron contributions as indicated in Eg3). becomes slightly steeper since the reduced penetration depth
The local electric field polarizing theé shells yields an over- of the dynamical potential at larger amounts to a more
all d electron polarization with opposite sign. Accordingly, rapid reduction ofsd screening and a stronger blue shift of
as illustrated in Fig. 10, there is a significant cancellation ofthe plasma frequency.
s andd contributions to the loss function. Nevertheless, the The comparison of the surface plasmon dispersions for
frequency variation is nearly the same for both terms sincéAg(100) and Ag111) indicates a slightly larger positive
the surface plasmon is a collective excitation of the com-slope for the(100) face than for Agl1l) in agreement with

Im g(q,0) (a.u.)

1-0..I.. | U T S I ST S T

39 T T T 39 T T T T
FIG. 12. Surface plasmon dis-
as | i as | i persion wg(q) for (a) Ag(11l)
}; : }; : 2.40 and(b) Ag(100) for several values
= 2.40 = 2.35 ] of 2. A reducedX implies a
R 2.35 12 ., 23 | larger d electron polarizability
' 2.30 ‘ and strongesd screening, giving
(a) Ag(111) | L 225 (b) Ag(100) 1 rise to lower surface plasmon fre-
225 guencies and a steeper dispersion
36 1 1 1 1 36 1 (] 1 1 Wlth d
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
a(1/A) a (1/A)
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40 T T T T 40
(100) ——
(111) ===
39 (110)[001] -+----- 3.9 .
%: (110)[011] = z FIG. 13. Surface plasmon dis-
E g persionwg(q) for low-index faces
2 8T 1% 381 7 of Ag. (a) Experimental data
(Refs. 5—7; (b) Calculated disper-
3.7 (@) | - : | sions for¥=2.3.
| | 1 1 T 1 1 |
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
a (17A) q (1/A)

experimental observatiorisee below. The frequency differ- the g—0 limit, the dispersions for both crystal faces are
ences are, however, rather small and comparable to theonsistent if they yield the samg=0 surface plasma fre-
changes introduced by the adjustmentadfw) due to the quency. Thus slopea for identical values ob should be
truncation of the reciprocal lattice sums. To ensure that termsompared. Although the absolute frequencies for the two
of similar size are included for all low-index faces we havefaces then become more similar than the ones shown in Fig.
truncated the sums ovgrat similar absolute valugg|. The 13, the results plotted in Fig. 14 demonstrate that regardless
number ofg terms therefore depends on the crystal faceof the choice ofs, the slope on AGLOO) is about 20% larger
Specifically, we have used 21, 19, and 31 surface reciprocahan on Ad111). This suggests that despite the truncation
vectors on th€100), (111), and(110 faces, respectively. To errors introduced in the solution of the response equations,
compensate for the omitted part of self-field the polarizabil-we can be sure that the present model is able to make reliable
ity a(w) is renormalized by reducing the parameleras  predictions concerning the face dependence of the Ag sur-
discussed above. face plasmon dispersion. We note, however, that the assump-
In Fig. 13 the calculated surface plasmon dispersions fotion of a linear extrapolation of the dispersions to the long
the Ag low-index faces are compared to the experimentalvavelength limit might not be accurat®In fact, because of
results>™’ We chooseX =2.3 for all faces in order to ap- quadratic terms, the trug=0 frequency is most likely
proximately reproduce the range of observed frequencies. Asomewhat higher than the intercépghown in Fig. 14. Thus,
can be seen, the trend obtained for the different crystal orithe linear fit exaggerates the difference between the long
entations is consistent with the dat@ the dispersion for wavelength limits for the two faces.
Ag(100 lies above that of th¢l11) face and(ii) the slope The response calculations discussed above were carried
for Ag(110[001] is larger than for A¢L10[110]. On  out within the RPA. In the case of simple metals, exchange-
Ag(110 the long wavelength limit of the surface plasma correlation contributions to the dynamical potential weaken
frequency is the same for both propagation directions regardhe bare Coulomb interaction between conduction electrons,
less of the value oE. The dispersions for the two propaga- giving rise to a slight lowering of the surface plasma fre-
tion directions illustrate the effect of the intraplanar geom-quency at finiteg.® A similar redshift was found in the two-
etry on the effective local fields. Except, of course, for thecomponentsd electron model where thé bands were rep-
lattice effects, the dispersions obtained within the presentesented in terms of a semi-infinite polarizable meditiim

jellium-dipolium model agree well with those of the isotro- the present jellium-dipolium system, this frequency lowering
pic model employing a semi-infinite polarizable meditim.
The main difference with respect to the data is that the

I o X ; . 2.0 . . .
overall variation of the positive slope with crystal orientation ' ' '
is smaller than found experimentally. Taking into account I -
the finite size of the dipoles representing thelectrons pre- Tue e
. 16 F -
sumably leads to even weaker lattice effects because of the _ o)
; . ; ; < "o Ag(100)
smoother spatial variation of the induceéelectron potential. > Ag(111) . A
Thus, part of the observed dependence of the Ag surface % “ou\ '
plasmon dispersion on crystal structure appears to be associ- 12 | ol o.—
ated with the trues and d electron band structure not cap- Ry
tured in the present jellium-dipolium approach. | To..
In view of the small differences between the calculated 0.8 . ! . I . !
dispersions we have investigated in more detail the influence 3.4 35 3.6 3.7

of the value of%. For the purpose of comparing the disper-
sions for Ag100) and Ag111) let us approximate the results
shown in Fig. 12 by linear fits of the form(q)=aq+b, FIG. 14. Parameters andb obtained from a linear approxima-
where the constants depend BnFigure 14 shows the rela- tion of the surface plasmon dispersian(q) =aq-+ b for different
tionship between the slopeand intercepb for various val-  values of3. Filled dots: Ad100); empty dots: Agl11). For each
ues of2,. Assuming the linear dispersion to be valid down toface, the symbols correspond (foom top) 2 =2.15,2.20. . .,2.4.

b (eV)
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could, in principle, depend on the crystal face. In view of theentation and propagation direction. These observations are in
overall smallness of this effect, however, we expect the seagreement with experiment. The main difference is that the
guence of positive slopes of the dispersions for the Ag lowoverall variation of the theoretical dispersions with crystal
index faces to be unaffected by exchange-correlation contrierientation is smaller than observed in the data. Since the Ag
butions. surface collective modes lie just below the onset of interband

transitions, this discrepancy might be related to genuine band

V. CONCLUSION structure effects ignored in the present approach. The ques-

_ tion concerning the large optical anisotropy spectra that has

A model for the dynamical surface response of the Agheen obtained experimentally for the @40 face also

5s,4d valence electrons has been developed in which th@rises. It would be interesting to see if the present model

mutual polarization of these densities is treated selfyie|ds a large enough anisotropy for the surface plasmon-
consistently. Since the consideration of the full band strucnolariton propagation in thegy=0 limit for the different

ture is not yet feasible, the delocalizealectron density is  propagation directions on this face.

treated within the semi-infinite jellium model using the local " | future work it would be desirable to allow for the finite
density approximation and the more localizeelectrons areé  extent of thed electron densities induced at the lattice sites.
represented by a semi-infinite fcc lattice of point dipoles.Thjs improvement of the point dipole model would eliminate
This combined *“jellium-dipolium” improves previous jnaccuracies in the present scheme originating from the ap-
schemes which focus on eitheor d electron component but proximate treatment of the rapidly varying induced dipolar
treat the other component more approximately. In particularselt-field. In addition, it would be interesting to consided a
both the nonlocal dynamical surface response ofsteéec-  shel| polarizability in the surface region that differs from the
trons and the crystalline geometry associated withdte®c- |k value. Also, a more realistic description of taelec-
trons are taken into account. In addition, the response t@on response could be achieved by incorporating a one-

finite lateral wave vectors is treated in a nonperturbativeyimensional pseudopotential in the direction normal to the
manner. Thus, the full range of momenta studied in electror,face.

energy loss measurements in accessible.

We have applied our scheme to evaluate energy loss spec-
tra for the low-index faces of Ag with the aim of_under_stand- ACKNOWLEDGMENTS
ing the dependence of the surface plasmon dispersion rela-
tion on crystal orientation. The dispersion with wave vector C.L.B. and W.L.M. acknowledge partial support from
is positive on all three low-index faces, and the magnitude oDGAPA-UNAM through Grant No. IN-107796 and from the
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