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The screening of an optical electric field at a noble metal surface is evaluated within a semiclassical model

where the nonlocality of thd-electron response is taken into account via a set of interacting atomic dipoles.
The dipole moments in the first few atomic layers differ from the expected bulk value due to the symmetry
breakdown at the surface. These effects give rise to surface-induced electric charges and currents and to a
surface-induced electric field which vanishes in the bulk but can be important in the top atomic layers. This
field takes into account local-field effects, is frequency dependent and is strongly enhanced in a frequency
range characteristic of the metal surface. Results are first given for an electric field perpendicular to the metal
surface, and the enhancement of the surface response is mainly due to interband electronic transitions for the
Cu and Au surfaces, while it originates from a coupling with the bulk plasmon excitations for an Ag surface.
The anisotropy in the surface response is studied for an electric field parallel to the anisotiddio Agrface.
Finally, the calculation is generalized to describe screening effects at an interface between two different noble
metals. The simple surface model used in this paper shows that the surface-induced electric field should be
taken into account in the simulations of surface spectroscopy, where the calculated signal directly depends on
the linearly screened field at the surface.

DOI: 10.1103/PhysRevB.64.125416 PACS nuntder78.20.Bh, 78.66.Bz, 73.20.Mf

[. INTRODUCTION and perpendicular surface-induced current densities and to
the surface collective excitationsurface plasmons The
The response of a metallic system to an external electrid-parameter and equivalent formalisms have been inten-
field is greatly influenced by the presence of the surface. Theively used to study different simple models of insulafifig
surface effects manifest themselves as surface charge aadd metallié~2* surfaces. It has also been extended in order
current densities which take place in a finite but thin regionto study optical properties at a general interfate.
due to the efficiency of screening processes in metals. Typi- Surface screening is an important concept to describe the
cally, the effective surface thickness is smaller than thdield far from the surface but it also strongly modifies the
wavelength of any external optical probe and will lead tonear-surface characteristics. The knowledge of the near-
nonlocal optical effects which can be measured in experisurface electric field will be useful for analyzing surface ex-
ments and modify surface and interface spectroscopies. Forgeriments such as photoemission or second harmonic genera-
detailed review on electronic excitations at metal surfacesion spectroscopies, in which the measured signal is
see Ref. 1; for a general review of the theory of surfacedetermined by the local electric field as well as by the sur-
optical properties, see Refs. 2 and 3. face electronic structure. These experimental methods are
Experimental evidence of the surface-induced effects wawidely used to investigate surface properties and an impor-
observed a long time ago in optical measurements such aant theoretical effort has been made to analyze experimental
reflection spectroscopy, reflectance anisotropy spectroscopyatal® While the surface response functions have been inten-
and ellipsometry. These optical experiments are related to thsively investigated, for instance via first principles calcula-
field far from the surface and it has been shown that theions of the surface electronic structure, an accurate descrip-
electromagnetic wave reflected at a metal surface presention of the near-surface electric field is often neglected.
deviations from the classical Fresnel fiefdShese devia- The near-surface electric field has been extensively stud-
tions have been formulated within the so-calledied in the literature within the jellium approximatini:'°
“ d-parameter” theory or within several other equivalent The jellium model has been studied to describe the screening
formalisms® The d-parameter theory simply describes the properties of both static and dynamic electric fields. This
reflected and transmitted electromagnetic waves with twanodel is suitable for describing simple alkali metals where
simple parameters which are directly related to the parallelhe screening process mainly comes from nearly-$melec-
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trons but it becomes less realistic for the case of noble metals 3 e—¢p
where the localized electrons also play an important role. a=71N . (3]
. . 7N e+ 2€p
The screening properties of tlieelectrons have been taken
into account to study the field far from the surfdéet*but  This follows from the Lorentz-Lorenz relatidi.The dipole
few attempts have been made to describe their effects on thrmoment of atomic spheres in atomic layeis then given by
near-surface field. A simple model including partial local-
field effects has for instance been used recédtiyit this p(n)=a(w)Ej(n), ©)

model neglects the crystal periodicity in directions parallel to . _—
the surfa(?e ystalp y P whereE,.(n) is the local electric field.

Our aim in the present paper is to use a semiclassical We now explain the calculation of the electric field in the

model which takes into account théelectron screening semi-infinite metal. The sharp jellium edge iszt0, W_'th

properties and their associated local-field effects to calculati'e Metal located ar>0 and vacuum ar<0; the first

the near-surface electric field in noble metal systems. We ug&lomic layer is at a distanaif2 from the jellium edge, where

the model of Tarriba and Moch¥ which they used to cal- is the interlayer spacing, and_the origins of the axes are

culate the field far from an Ag surface. It has given resultsChoSen so that an atom in the first layer is located-ao,

for the optical reflectance anisotropy spectra of ari1Ag) y=0,z= d/_2. We first c_onS|der the field with only the Jel_l|um

surface in very good agreement with experimental &ta. present, with no polarizable atoms. The electric field is then
Our paper is organized as follows. In Sec. Il we describediVen by

the surface model and the theory used to calculate the near- ) ) .

surface electric field. We apply this theory in Sec. Il to study Eo=(Eextx:Eexty : Eoo)expliwt), )

the comparatively simple Qu10), Au(110, and AJ110  \jth E,,=E,,, on the vacuum side anBly,=E,/ep ON

surfaces and we first investigate the frequency dependence g jellium side. We now add on to this “applied” field the

the surface response when the applied electric field is pegpntribution due to the atomic dipoles immersed in the jel-

pendicular to the surface. We then describe the anisotropy qf;m. From the method of images, the microscopic electric
the surface response when the field is applied parallel to thga g at pointr in the metal is given by

surface. In Sec. IV we briefly show how the model can be

extended to describe screening at metallic interfaces. We dis- ep—1

cuss our results and draw conclusions in Sec. V. E(r)=E0+E S(r,n)-p(n)+6 1 2 S(r,—n)-p’(n).
n D n

®)

The first summation is over the layers of atoms, and the
We use the semiclassical model of a transition metal surtensorS(r,n) gives the electric field at poimtdue to all the
face described by Tarriba and Moch® The metal with a  dipoles in thenth layer. The second summation gives the
surface is described by a semi-infinite latticeNppolarizable  contribution from the image dipoles, a&{r,—n) gives the
atomic spheres per unit volume immersed in semi-infinitefield due to the image of layer located at—z,; the dipole
free-electron jellium. As the electromagnetic wavelength andtself is reflected, so that’ = (py;py;—p,). The numerical
penetration depth in the metal are large compared to the disnethods used to perform the summation over a layer of point
tance over which surface effects take place, we can work imipoles to calculat& have been described previously, éd
the long-wavelength limit and consider the charge responskas been obtained for different crystal structiffe$® The
of the system to the applied electric field. microscopic field at point in the vacuum is similarly given
The nearly free electron jellium is described by the Drudeby
dielectric function

Il. MODEL OF THE SURFACE RESPONSE

2e
) E(N=Eot 1 = S(r,m)-p(n). (®)
wDP D n
en(@)=1- ——> (1) | | -
w(w+ilT) These equations have previously been derived in Ref. 12.

The dipole moments in each layer can be found from Egs.
wherewpp and 7 are, respectively, the Drude bulk plasmon (2) and(3), evaluating from Eq(5) the local fieldEy(r,,) in
frequency and the collision time which characterize $ipe the center of the atomic spheres, but excluding the dipole
electrons. In noble metals these parameters can be fitted tmntribution from the atom under consideration. These con-
the low frequency behavior of the measured dielectric funcstitute a set of linear equations p{n) in terms of the ap-
tion e(w),*®9since in these systems there is a clear separgplied field, which can be solved by matrix inversion. To ob-
tion between a free-electron frequency regime and the onsédin a finite set of equations we assume the bulk value of the
of interband transitions, and as—0 we havee~ep. dipole moment beyond a certain layéypically 20 or 30

The polarizable atomic spheres take into account the rdayerg. A simplifying feature of the calculation, when the
sponse of thel electrons and p electrons within the spheres. point dipoles are located at high symmetry points for a cubic
Following Tarriba and Moch#? we assume that all the crystal such as Cu, Ag, or Au, is that each component of the
atomic sites are characterized by the same polarizakiljty dipole moments only depends on the corresponding compo-
which can be found from the measured belk nent of the applied fieldS being a diagonal tensor.
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Deep in the bulk we can neglect the contribution from the
image charges in Eq5), and the dipole moments can be 041
taken as identical for all the layers. The local electric field at
an atomic site away from the surfacg,, is then given by 03}

0.2} o

18 2 25 3 35 4 45
Frequency (eV)
0.1

NPbulk / EOz

Cu(110)

Eloc( Mpui) =Eo+ ( 2/ S“bulkv”)) * Poulk» (7)

where the prime on the summation indicates that the contri-
bution toS from the atomic site itself is excluded. For tke
andy componentgparallel to the surfageof electric fields
and dipole moments, it can be shown that the summation
over layers gives

(ZI S(TpuiksN)

{ NP(n)-NPbulk } / EOz

47N 15 2 25 § 35 4 45 %
=3 (8) Frequency (eV)
XX, Yy

. FIG. 1. Real partsolid lineg and imaginary partdashed lines
and for thez componentperpendicular to the surface of the differenceN[ p(n) — ppy] in units of Eq,, for the first @
=1), second f=2), and third 6=3) atomic layers of a Q110
(2 ¢ S(Mpui,N) | =— @ (9) surface in a perpendicular electric field. The results are plotted as a
3 function of the frequency of the applied field. The curves corre-
_sponding to different layers have been translated vertically and the
We have checked that our values for the layer summationgsets are indicated by horizontal arrows. The inset shows the bulk
obey these sum rules. The bulk dipole moments are thegipole momeniN py .
given by Eq.(3), with the following local field components:
expression to find the contribution to the field from the clos-

zz

E (Foutd) = Eextx(y) Eroc o M) = Eexiz/€ est atomgthose with significant charge a}, replacing their
loexMATbul! ™) —AnNa/3’ %2 P T 4nNa/3T  point dipole fields.
(10)
These are of course the local fields from Lorentz-Lorghz.  '!l- RESULTS FOR SIMPLE NOBLE METAL SURFACES

The expression for the electric field given by E§), with We have calculated the near-surface electric field for sev-
point dipoles at each atomic site, breaks down if we want theyra| (110) noble metal surfaces. These surfaces are character-
electric fieldwithin an atom. This is needed for CalCUlating ized by a re|ative|y small inter]ayer Spacimgand surface
optical matrix elements, for example. Inside the atom cengffects are for this reason expected to be more important than
tered atrn, we must remove the divergent contribution to for the Correspondinq]_o@ surfaces. Thdl]_O) System is
Eq. (5) from the local dipolep(n), and replace it by the field also interesting because the two orthogoraind y axes

from the po!arized atomic charge, setting the dipole momenbara”d to the surfacéthe[TlO] and the{001] axes, respec-

of the polarized atom equal {(n). ively) define nonequivalent crystallographic directions due
We chopse to represent the polanzeq atom by a SMayy, the anisotropic crystallographic structure of these surfaces.

uniform shift of itsd-electron charge .densny, given in Lerms e first present results for an external electric field applied

of the Roothaan-Hartree-Fock atomic wave function&' by perpendicularly to the Cu, Au, and Ag surfaces, and we sec-

ondly study the surface response anisotropy for Ag.

p(r) =2 Nor“rexp(— Byr). (11)
n A. The Cu(110 surface in a perpendicular electric field
The coefficientsN,,, «,, andg, can be obtained from the  We begin with C(110. We have calculated the dipole
tabulated wave functiorfé.We consider a translation of the momentsp(n) =p(n)e, corresponding to the external elec-
d-electron charge density by a small vectom thezdirec-  tric field Eqy=Eey,€,, and our results for the first atomic
tion. This translation gives rise to a dipole momertQu,  layers strongly depend on the frequency of the external field.
whereQ is the totald-electron charge. In a system of Carte- The dielectric response is identical for surface and bulk
sian coordinates centered on the polarized atom, the corretomic sites at low frequency, but noticeable differences can
sponding electric field takes the form be observed from about 2.0 eV near the surface. This can be
seen in Fig. 1 wherép(n) — ppui] is presented for the first
XZ z z few atomic layers. The enhancement of the dipole is most
Eatonf1) = p{ El(r)(r_zex+ r_zey+ r_zeZ) + EZ(r)GZ] , important for the top layer, and the surface effect decreases
12 On moving towards the bulk crystfihe difference between
p(n) andpy, becomes very small over the whole frequency
where the function&,(r) andE,(r) can be derived easily range from the fourth layérThe strong surface effect shown
from Eq. (11). At any pointr inside the metal, we use this in Fig. 1 originates from interband electronic transitions

2
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Cu(110) 101 Cu(110)

1 X=0 and Y=0 X=0 and Y=0
Frequency=2.2eV N Frequency (eV)
L. - % 8 25
" (] =
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di >
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N W o4t
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N ' ' i j 3 2}
w [ 1 Real part i 1.9
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o -1 0 1 P 3 4 5 Z/d

zid
FIG. 3. Real partsolid lineg and imaginary partdashed lines
FIG. 2. Real and imaginary parts of the electric fi&lgx,y,z) of the surface-induced electric fiefl,ce(X.Y.2) along a[110]
along a[110] atomic row passing through an atom of the(Cl0)  atomic row passing through an atom of the(Cl0) surface layer.
surface layer, for the frequendyw=2.2 eV. The field, plotted The field, plotted as a function af is given in units of the external
with solid lines as a function o, is given in units of the external fie|q E,,,, applied perpendicularly to the surface, for different val-
field Eeq, applied perpendicularly to the surface. The dashed linegies of the frequency. The curves corresponding to different frequen-

represent the electric field at an equivalent bulk positia™iD, or  cies have been translated vertically and the offsets are indicated by
the external electric field iz<<0. The jellium edge is located @ porizontal arrows. The jellium edge is locatedzatO.

=0.

On the metal side, the electric field is strongly disturbed
whered-band electrons are excited above the Fermi energyin the vicinity of the first atomic layers and the discrepancy
The interband transition nature of this surface effect can b@etween the calculated fielthe solid lines in Fig. Rand the
deduced from the inset in Fig. 1, which gives the frequencyequivalent bulk fieldthe dashed lines in Fig.) 2apidly dis-
dependence of the bulk dipole moment. This shows sharpppears ag increases: the spatial variation of the field be-
structure inpy, at abouthw=2.1 eV, in agreement with comes a periodic function aof after a few interlayer dis-
the threshold for the interband transition estimated fromtances. For this reason subsequent figures show the “surface-
band structure calculatiorss. induced electric field” Egyacdr). This field, which

The interband transition will occur at the surface as wellcorresponds to the difference between the solid and the
as in the bulk. The surface modifications of the electric fielddashed lines in Fig. 2, gives a direct and precise picture of
are due to the symmetry breakdown at the surface and to thae short-range dielectric modifications induced by the sur-
enhancement of the dipole moments in the surface layers. Wace. Of course, the subtraction which giveg,.c{r) is a
have calculated the electric fiel@r) in the vicinity of the  somewhat artificial operation and some aspects of the calcu-
Cu surface. The near-surface electric field is a complicatethted surface-induced field have to be interpreted carefully.
vector with components in, y, andz directions. However For example, the subtraction described above produces a dis-
thex andy components of the field have spatial parity prop-continuity in Eg,c{r) at the jellium edge. This discontinu-
erties which are described by EA.2); these imply that the ity is purely artificial (a different field is subtracted from the
field is oriented in thez direction at any point of higlxy  vacuum side and from the metal sjdeit occurs for fields
symmetry. This is, for instance, the case along &30  parallel as well as for fields perpendicular to the surface—

atomic row. and it is not related to the discrepancy between the jellium
As an example of our results, we give in Fig. 2 the and the vacuum dielectric functions.
component of the electric field calculated along[Z0 Figure 3 shows the real and imaginary part&Qfiace,(r)

atomic row passing through an atom of the first atomic layelong the samg110] atomic row passing through an atom of
(x=0,y=0) and corresponding to an external field with fre- the first atomic layer, and for different frequencies. We see
quencyfiw=2.2 eV. The general behavior of the electric that the surface-induced effects are already negligible by the
field can be summarized as follows: the field along thisthird atomic layer. The frequency dependence of the surface-
atomic row has strong spatial variations with a complicatednduced field is somewhat complicated. Close to an atom of
shape near the first, third, fifth, ., atomic layers located at the first layer, the surface-induced electric field is negligible
z=0.5d, 2.5, 4.5, ... (the line does not pass through any in the nearly static limit. The real part of this electric field
atoms in the even atomic laygrsit the jellium edge we becomes more important when the frequency increases. It
obtain continuous variations of the components of the fieldhen decreases again before changing its éigrtween 1.9
parallel to the surface while the component perpendicular tand 2.1 eV, see Fig.)3and reaches higher values in a short
the surface presents a discontinuity sifegx,y,z—07) frequency range around 2.2 eV before slightly decreasing.
=ep(w)E4(X,y,z—0"). We observe that the electric field The imaginary part of the field rapidly increases from 1.7 eV,
reaches its far-surface value quite rapidly in the vacuum: th@asses through an extremum at about 2.1 eV, then decreases
electric dipole field is indeed a short range field which van-and changes its sign before slowly increasing again.

ishes as 1 and we obtairnE(x,y,z<0)~E.,, at a small The results described in Fig. 3 clearly show that the me-
distance ¢~d) from the jellium edge. tallic surface is responsible for a non-negligible surface-
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0.4 . . . . . . . . . 0.6 . .
03} Cu(110) ] o4l Au(110)
0.2}
£ o1} g 02y
D D
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N ’g'; I S 02}
N 02| g
& 03] g 041
B 04l 2 o6
V 05|l - 3 e vl - 3
0.6} 0.8}
V525 % 35 4 45 % - 5 4 25 5 35 4 7
Frequency (eV) Frequency (eV)
FIG. 4. Real partsolid lineg and imaginary partdashed lines FIG. 5. As in Fig. 4 but for an A{L10) surface.
of the averaged surface-induced electric fifl facez(z)) Whenz
is located on the atomic sites of the three top layers of th@d Iy < Re[<EsurfaCez(Z: d/2))/E ey ,]<0.08 and —0.09

su_rface. The field, plotted asa function Qf frequency_, is given in<Im[<Esurfacez(Z:d/2)>/Eext,z]<O-16 for an atomic site in
units of the external electric fielH,, _applled perpendlcula_rly 10 the first layer, which clearly indicates that the surface-
the surface. The curves corresponding to different atomic layersnqduced field must play an important role in the simulation of
have been translated vertically and the offsets are indicated by horis,, 5 ce spectroscopy experiments. The spectral features
zontal arrows. which characterize the surface electric field are attenuated on
. L L . ._moving towards the bulk material. For the second atomic
induced electric field. This field has a complex spatial varia ayer and foriw<4.5 eV, we obtain an averaged surface-
tion near surface atomic sites with regions of positive anqnduced field which.takes' values betweer®.035E and
negative field. Due to the complexity of these spatial varia-0 021E,,,, for the real part and betvveeﬁo.04Eem and
H it i i i il i o ext,z . ext,z
tions it is not clear how th_e surface mduced field will influ 0.014,., for the imaginary part Exytced2)) is negiigible
ence surface spectroscopies. We try, for this reason, to obtaw the third laver

a better understanding of the surface effects by investigatin y yer.

a spatial average of the surface-induced field. We define o We have restricted our description of the near-surface
P 9 . P Blectric field to the low and intermediate frequency regime,
locally averaged surface-induced electric field by

and results for higher frequencies are not shown in the
z+di2 present paper. Nevertheless, we mention that we observe a
(Esurface(z»:(lN)f dz' strong modification of the dipole moments in the top atomic
z-dl2 layers for frequencies nediw=9.26 eV. This surface effect
is due to a coupling between tldeelectron interband transi-
xf f dXdYEg tacd X, Y,2"). (13 tions and thesp-electron bulk plasmon when the frequency
unit cell approachespp.
V in Eq. (13) is the volume of the parallelepiped zone where
we average the surface-induced field, involving an integra- B. The Au(110) surface in a perpendicular electric field
tion in thex andy directions over the two-dimensional crys-

tal unit cell. (Esyracd 2)) directly gives the near-surface cor- Ignoring surface reconstruction, we find that 1140

rection_s; to the Fresnel 'op_tics de§cription Of. Surfacesun‘ace presents the same kind of behavior as previously de-
screening, and for an electric field applle_d perpendlcglarly Qcribed for Cu. In particular, the spectral features observed in
the surface, the locally average electric field will be given by,e near-surface field can be attributed to resonant interband

We have also investigated the surface optical properties of

transitions. The threshold for interband transitions in Au oc-
(B(2))=Beuz (Bsurtacer(2)) (14 curs at a slightly higher frequendyhe bulk dipole moment
in the vacuum side, and by shows structure atw~2.4 eV). We also observe thaty
is of the same order of magnitude, but slightly more impor-
(ES2))= Eext,z+<E (2) (15) tant for Au than for Cu, which should lead to more intense
z e(w) surfacez near-surface field effects. In Fig. 5 we pres@Byace;) as a

function of frequency, and we observe the same kind of fre-
uency dependence as in Cu. In this CaSg,iace,(2)) can
each values as big as 30% of the external field, considerably
larger than at the Cu surface.

inside the metal. We have numerically checked that far fro
the surface, the bulk electric field has a spatial average
value given by(Epi ,(2)) = Eex ./ €(w) for any atomic site.

In Fig. 4 we present results fAEqyiace,(2)) When the
point z is located at the center of an atomic site in the suc-
cessive surface layers. These results show that the locally
averaged surface-induced field has a significant amplitude We have calculated the locally averaged surface-induced
from the interband transition threshold frequenchw( electric field(Egyqace,(2)) for the Ag110 surface. Our re-
~2.1 eV). For Zhw<45 eV, we obtain —0.15 sults, shown in Fig. 6, present a qualitatively different behav-

C. The Ag(110) surface in a perpendicular electric field

125416-5
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FIG. 6. As in Fig. 4 but for an AGL10 surface. FIG. 7. Real partsolid lineg and imaginary partdashed lines

of Np(n) in units of Eg,, for the first (1=1), second =2), and
. . third (n=3) atomic layers of an Ag.10) surface in a perpendicular
ior from those of the corresponding Cu and Au surfaces. Thelectric field. The bulk dipole momemt, is also shown in the

surface induced field is much more important for Ag, for figure.
which it can reach values as large as 240, 140, and 85 % of

the external field, for the top, second, and third surface lay- |t is probably coupling to surface plasmons which is re-
ers, respectively. This surface effect also decreases mogponsible for the low-frequency structure. These collective
slowly than for other noble metal surfaces and it only be-charge excitations occur at the frequeneyy for which
comes negligible from the 10th layer. The frequency depente(wgp) +1|<1, a condition which is satisfied at about 3.64
dence ofEsurace,(2)) is characterized by two resonant fea- eV for Ag, but not for Cu or Au. This frequency is a little
tures at about 3.43 and 3.76 eV, followed by a smooth tail ahigher than the frequency at which we observe the surface-
higher frequencies. As shown in Fig. 6, the peaked structurghduced field structure, 3.43 eV, but the difference may be
at 3.43 is clearly visible in the first atomic layer, consider-due to the discrete structure of the surface. In fact the cou-
ably reduced in the second layer, and negligible from thepling of the external field with surface plasmons is an artifact
third layer. The structure at 3.76 eV is the most importaniof the model we use—this considers the surface response to
and decreases more slowly when one goes towards the buékuniform, staticlike electric field. A more elaborate model,
layers. The high frequency tail is comparable to what hasncluding retardation effects and dispersion of the surface
been observed above the interband transition threshold fafhodes, would lead to the conclusion that a coupling between
Cu and Au. the optical field and the surface plasmon excitations is
A clear physical analysis of the surface-induced electrigmpossible?®
field is more complicated for Ag than for the other noble  The resonant feature observed in Figs. 6 and 7 at 3.76 eV
metal surfaces. In Ag, the spectral behavioK B, ace,(2))  is due to the coupling of the external field with bulk plasmon
cannot be explained by the individual interband electronicexcitations. At the bulk plasmon frequeneys, Re{e(wp)}
excitations alone. The threshold frequency for interband tran=Q: this condition is satisfied in all the noble metals, at
sitions is estimated to occur at about 4.0 eV, and we mus§ »,=3.76, 5.76, and 8.04 eV, repectively, for Ag, Au, and
consider the coupling with collective excitations for a clearcu. Thez component of the bulk dipole momep, is
understanding of the peaked structures at lower ffequenc)broportional to 1é(w) [Egs. (3) and (10)], and it will be
The behavior of the surface-induced field may be describegtrong|y enhanced in Ag at 3.76 eV because dis also
in terms of the dipole moments in the successive atomigmall at this frequency. This effect can clearly be seen in Fig.
layers. The strong modification of the dipole moments in thez - A similar coupling of the external field with bulk plasmon
top atomic layers of an Ag surface has already been observedcitations is not observed in Cu and Au because the imagi-
in Ref. 13 where the reflection amplitude has been calculateﬁary part of the dielectric function is non-negligible at the
and expressed in terms of surface conductivities. These comyy|k plasmon frequency for these two metals.
ductivities are directly related to the components of the di-
pole moments near the surface—-we have checked that our
calculations give surface conductivities in good agreement
whith those given in Ref. 13. Figure 7 shows the frequency We now briefly describe the situation where the external
dependence of the dipole moments in the surface, secondlectric field is applied parallel to the AHLO) surface Eqy
third, and bulk atomic layers when the external electric field= Eq,;x6+ Eexiy€). We obtain a surface-induced electric
is perpendicular to the Ag surface. Strong deviations fronfield which rapidly vanishes after a few interatomic layer
the bulk dipole moment are clearly visible at 3.43 eV in thedistances. The results differ strongly, however, from the pre-
top surface layer, and at about 3.8 eV in the second and thdous situation when we consider the spatial average of the
third layers. This suggests that the 3.43 eV peaked structufiields: we obtain a surface-induced contribution which van-
in the surface-induced electric field is due to the coupling ofishes on average and for the electric field the numerical spa-
the applied field with surface excitations, while the structuretial average give$E,(z))=Eeyx and(E,(z))=Eey, for all
at 3.76 eV is due to coupling with bulk excitations. atomic sites, including those of the first layers. We conclude

D. The Ag(110) surface in a parallel electric field
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2 : : - , - tions. The field at any point on the other side of the interface
is obtained from Eq(16) by simply swapping the labels “1”

CL\/\“// Imaginary part and “2."
-2 : We have applied the previous equations to study an Au/

‘ ; ‘ Ag(11)) interface. This interface has been observed in ex-
periments and widely studied.It is interesting because Ag
and Au have nearly the same lattice parameters and can be
grown epitaxially along th¢111] axis with little change in

Ag(110) ] the crystallographic characteristics of the metals. This means
oo and Y0 that the optical measurements from bulk metals can still be
quency=3.5 eV . . . ey L
used to calculate the atomic site polarizability in the vicinity
1 2 7 3 4 5 of this interface. We have calculated for this interface the
dipole moments in successive atomic layers. Our results
FIG. 8. Real and imaginary parts OFE,(X,Y,2)/Eexx show a strong frequency dependence between 2.0 and 4.5 eV.
—E,(X,y,2)/Eeyy] along a[110] atomic row passing through an The strongest deviations from the bulk dipole moments ap-
atom of the Ag110) surface layer. The results are plotted versus pear first at the interband transition threshold of(@u1 eV
and for the frequencfiw=3.5 eV. The jellium edge is located at and then around the Ag bulk plasmon frequeli8y76 e\).
z=0. For an electric field applied perpendicular to the AwWALD
interface and with the frequendyw=3.76 eV, we have ob-
that when the electric field is applied parallel to the surfacetained |p/ppud ~0.88 and|p/ppud ~1.14, respectively, for
the surface effects can only be observed in their local forman Ag and for an Au atomic site in the interface atomic
and not on average. layers. This means that interface effects will be non-
As an example of these local effects of the surface renegligible close to the interface.
sponse we show in Fig. 8 the difference between
E.(X,Y,2)/Eayix and E(X,Y,2)/Eq,y along a[110] atomic
row passinge tthrough aym atom ofettﬁye surface layer. We obtain V. DISCUSSION AND CONCLUSION
finite values for this difference, which means that the electric  The results presented in this paper have been obtained
field and the applied field will generally have different direc- sing a semiclassical model for the noble metal surface and
tions inside the metal. This is a simple consequence of thyterface. In this model, the electric charges induced in the
crystallographic anisotropy of Ag10. This anisotropy per- metal are only located in a zero thickness layer at the free
sists as we go deeper inside the metal, with small amplitudgectron jellium edge, and inside the atomic spheres which
oscillations for [Ex(X,y,2)/Eeqx—Ey(X,Y,2)/Eextyl.- The  are characterized by the position-independent polarizability
anisotropy of the metal response is strongly enhanced in thg (). More realistic results would be obtained with a much
vicinity of the metal surface and[Ex(X,y,2)/Eeax  more complicated first principles calculation within the time-
—Ey(X,y,2)/Eeyy] reaches its maximal values in the vicin- dependent local density approximatitit® This would take
ity of the first atomic layer—see Fig. 8. Note that the anisot-into account the full atomic site response as well as the spa-
ropy of the Ad110 surface has been studied recently intg| extension of the induced electric charge due to the nearly
theoretical and in experimental works, though in far-surfacgree electrons. It would include the position-dependence of

Real part

Ex(X,Y,Z)/Eext,x - Ey(X,Y,Z)/Eext,y
ro

2,13 S S L
response: the atomic site polarizability, due to the modification of the
electronic structure at the surface and to possible optical
IV. GENERALIZATION TO METALLIC INTERFACES transitions inVOlVing localized surface states. Optlcal transi-

tions between occupied and empty surface states have been
The equations discussed above which describe the neashserved recently in Gu10) (Ref. 30 and Ag110).3%32

surface electric field can be generalized without any diffi-However, these transitions should not modify the results de-

culty to the case of a metallic interface. For an interfacescribed in the present paper for an electric field applied per-
between a metal 1, described by;(w) and a@;(w), and a  pendicular to the surface, because they correspond to electric

metal 2, characterized bsy,(w) anda,(w), the local elec-  dipoles induced in directions parallel to the surfate.

tric field is given by The semiclassical model for a noble metal surface is
rather simple and does not perfectly describe the surface re-

€b1— €D2 sponse. Nevertheless, we believe that it gives important in-

E(r)=Eo+ >, S(r,ny)- p(ny)+_———— > s(r, dications about the near-surface field. This model is also very
M €017 €p2 My useful because it can be considered as complementary to the

€02~ €p1 jellium model and goes beyond it. However, this simple
—ny)-p'(ny)+| 1+ ﬁ) > S(r,ny)-p(ny), model can be improved in several ways which are described
D27 =D1/ Nz in the following. In the semiclassical model, the dielectric

(16)  response of a noble metal surface is calculated from the di-

electric function of this metal and from the Drude contribu-

for a pointr located in metal 1. Each term in E(L6) can tion of the nearly freesp electrons. These quantities are ob-
easily be understood from the discussion in the previous sed¢ained from optical measurements and for this reason the
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quality of the calculated electric field directly depends oncan be very important in some frequency range characteristic
experimental data. As an example, we point out that the colef the noble metal surface. This surface effect is confined to
lision time 7 characterizing the free electron gas stronglythe top atomic layerfapproximately the top three layers in
depends on the quality of the sample from which optical datahe case of a Cu or Al10) surface, the ten top layers for
are obtained. We should also mention that the dielectric funcag(110)] and can be observed not only in the local electric
tion and the free electron plasmon frequency which are usefleld but also in a locally averaged field when the applied
in this calculation can be obtained independently of any exexternal field is perpendicular to the surface. These results
perimental result from a first principles calculation of the show that the near-surface field should be calculated accu-
bulk metal respons¥. rately when simulating surface spectroscopies. Suitable com-
The induced electric charge inside each atomic site hagarisons between calculated and experimental surface spectra
been obtained in our model by considering a small shift ofshould in this way give a measurement of near-surface local
the d-electron charge density as described by the Roothaane|d effects. Alternatively, near-surface screening could be
Hartree-Fock wave functions. The detailed Shape of the instudied experimenta”y using near-field Scanning Optica| mi-
duced local electric field depends of course on this partiCU'aéroscopy. This method has recently been used to measure

choice. An alternative method would be to use wave funcgiant spatial fluctuations of the local electric field at a ran-
tions calculated from a self-consistent potential of the solidgom metal-dielectric filn$>

These wave functions might be more accurate if there are
large environmental effects. However, we assume that the
locally averaged electric field, which gives important infor-
mation on surface-induced effects, does not strongly depend
on this choice for the electron density. This work was partially supported by the NOMOKE TMR

Finally, we want to emphasize the consequences of th&letwork, Grant No. ERBFMRXCT96-0015 and the EPSRC
main results of our paper: the surface-induced electric fieldsrant No. GR/L33689.
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