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Hot-electron dynamics at noble metal surfaces
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The dynamics of excited electronic states at Ag surfaces is studied by evaluating the quasiparticle self-
energy within theGW approximation. The screened Coulomb interach@ns shown to be sensitive to the
spatial variation os-d screening near the surface. In the regiors@lectron spill-out electronic damping is
stronger than in the bulk due to the redused polarization, giving rise to shorter surface-state lifetimes. The
lifetime of Ag image states is expected to be strongly reduced due to decay into surface plasmons.
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I. INTRODUCTION ing the electron self-energy within th&&W approxi-
mation?®!3 Since a fully three-dimensiondBD) treatment
The lifetime of quasiparticles is a quantity of central im- of surface screening dynamics for metals involvih@lec-
portance in solid-state physics. At surfaces, the decay of extrons is computationally not yet feasible we use a simplified
cited electron states plays a crucial role in processes such a¥odel to describe qualitatively the effect ®4 polarization
atom-surface charge and energy transfer, hot-electroren the decay of excited electrons at the surface. We make use
induced molecular processes like desorption and dissociatio®f the fact that thesp bands exhibit nearly-free-electron
of adsorbates, and other chemical reactibrisThe lifetime  character up to the onset of transitions involviddgands
also determines the phase relaxation length, i.e., the distanée-4 eV). For energies below this onset, interband transi-
a quasiparticle can travel without losing its phase memorytions contribute only as virtual excitations. The additional
Using femto-second lasers and scanning tunneling microsscreening due to such transitions gives rise to a mutual po-
copy it is now possible to study the real-time decay of ex-larization between the fluctuatirsg andd-electron densities.
cited state3® and to separate electronic processes fromThis suggests using a two-componerd-electron model in
broadening due to phonons and defects. which thes electrons are treated as a semi-infinite jellium
An area that has received particular attention is the life-and the occupied bands are accounted for by the presence
time of image and surface state%In the case of noble met- of a polarizable medium which extends up to a certain dis-
als, an interesting issue concerns the role of the screenirtgnce from the electron-gas edge. This model had proven
interaction between extendexp and localizedd electrons.  quite useful to explain the origin of the anomalous dispersion
Several recent experiments indicate that the spatial charaof collective excitations on Ag surfacég?and in small Ag
teristics of thes-d polarization in the surface region influ- particles?®?*
ence the dynamics of excited electrons, for example, the As shown below, the absencestl screening in the spill-
surface-state lifetime observed in scanning tunneling spemut region ofs-electron density leads to stronger effective
troscopy on Ag, the phase relaxation length observed inCoulomb interactions than in the interior of the metal and to
guantum-mechanical interference patterns near Ag stephorter electronic lifetimes, including those of surface states.
edges® and the size dependence of electronic interactions Moreover, the lifetime depends strongly on frequency since
and of the frequency and width of the Mie plasrifoim Ag  above a certain threshold decay into surface collective modes
nanoparticles. is feasible. The opening of collective decay channels is found
The key quantity characterizing lifetime phenomena is thgo be particularly important for the lifetime of Ag image
nonlocal complex self-energy which yields the relaxationstates.
shift and broadening of an excited state due to its interaction The paper is organized as follows. In Sec. Il we describe
with the surrounding system. In view of the difficulty of the model and derive an expression for the dynamically
performing self-energy calculations, few studies for realisticscreened Coulomb interaction. In Sec. Il we present the re-
bulk metals have been performed so’fart® For metal sur-  sults and in Sec. IV we discuss their relevance in relation to
faces, the jellium modéf and a one-dimensional potentfal  other theoretical and experimental works. A summary is
focusing on the band structure perpendicular to the surfacgiven in Sec. V. Atomic units ri=|e|=%=1) are used
were used. The latter model provides valuable insight intdhroughout unless noted otherwise.
various contributions to the lifetime of surface and image
states on several systefi¥"19The effect ofs-d screening in

L . . Il. THEORY
noble metals, however, is included only approximately in
this scheme. In particular, the spatial variationsed polar- The two-component model used in the present work is
ization due to the different amounts of spill-out 8f and illustrated schematically in Fig. 1. Ttselectrons are treated
d-electron densities into the vacuum is missing. via a semi-infinite jellium while the presence of the occupied

In this work we investigate the effect sfd screening on d bands is taken into account via a polarizable medium
the damping rate of hot electrons at Ag surfaces by evaluatwhich accounts for the polarization betwesrand d elec-
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The perturbing charge generates the potentjal,,
=Kngy, Where K(z,2',q)=(2w/q)e" %771 is the bare
Coulomb kernel. Within a self-consistent-field approach the
total dynamic potentialp differs from the perturbing poten-
tial ¢, because of screening processes. The total potential
is the sum of the perturbing and induced potentials:
= eyt Ping- The induced charge densityz,q,w) is re-
lated to ey Via

n(z,q,w>=fdz'x(z,z',q,w>¢ext<z',q,w>, @

where the susceptibility is the full many-body density re-
sponse function of the-d-electron system. Within the RPA
the induced potential is given bg;,q=Kn and the total
dynamic potential can be written as

=K (Ngyt =(K+KxK)ngy. 3)
FIG. 1. Two-component model for reducesd screening at ) =K eXt_ XPex) ( xK) EXt_
noble-metal surface. Solid curve: ground-statelectron density; Equations(1) and(3) imply the integral equation

dotted curve: positive background; dashed curve: polarizable
d-electron medium. W=K+KxK. (4)

In the RPA the induced density equals that of a system of
trons. The dynamical response of the jellium is describedhoninteracting electrons with susceptibility responding to
using the nonlocal density response function derived withirthe total dynamical potentiab:
the local-density approximatiofi.DA). The polarizable me-
dium is characterized by a local dielectric functieg() , , ,
related to the total bulk dielectric-response function of the n(z,q,w):J dz'x%(2,2,q,0)$(2',9,0), ®)
metal via e(w)=es(w)+ e4(w)—1, where es(w) corre-
sponds to the long-wavelength limit of the-electron
dielectric-response functidii.

which is equivalent to stating= x°+ x°K x. Therefore the
screened Coulomb interaction is given by

An important feature incorporated in this model is the fact W=[1—Kx°]" K (6)
that the vacuum spill-out of charge density stems primarily '
from the s electrons rather than the more tlghtly boudd Within the two-component model, expressi(ﬁj can be

electrons. Thus, the background of positive charge neutralizeformulated in the following way. First, we note that the
ing the s-electron density is located in the half-space0  pare susceptibility can be separated istand d contribu-
while the polarizable medium extends only upzszy. A tions: y°= x2+ x3. This can be done since the noninteract-
z-dependent local dielectric function is defined @z,»)  ing susceptibility involves a sum over occupied states whose
= €q(w) for z<zy and e4(z,0) =1 for z>24. As indicated  nature 6 or d) can be identified as long as there is only weak
in Fig. 1, s electrons in the interior are subject to isotropic s.q hybridization. It follows that the induced density can also
d-electron screening, while near the surface this screening ise separated intm=ng+ng4, where the contributions are

only partially present. given by
In this work, theGW approximation is used to calculate

the self-energy. of a quasiparticle. Because of the transla- 0 , ,

tional invariance parallel to the surface it is convenient to ”s,d(qu,w)=f d7' xs4(2.2',9,0)$(Z",q,w).  (7)
perform a two-dimensional Fourier transform characterized ) ) )

by g To derive an expression for the dynamically screened’ heztotal dynamic potential obeys the Poisson equaditn
Coulomb interactionW(z,z',q,w) (q=|q]), it is useful to ~ —d ¢=—4mNior, Whereny, = ney+Nstngy; the primes on
relate a ficticious perturbing charge density,(z,q,0) to ¢ denote derivative with respect

the total dynamic potentiap(z,q,w) via In the following derivation the explicit dependence of
is eliminated and an expression for the total induced density

is found in terms ofng and the dielectric function of the
¢(z,q,w)=f dZW(2,2',q,0)Ne(Z',q, ). 1) semi—infinit(_a poIarizabI_e m_edium. The o%jective is to obtain
an expression foyV which involves onlyy, and e4(z, ).
With the introduction of the perturbing charge the
We start by obtaining a general expression\féwithin the  d-electron medium acquires a polarization given by
random-phase approximatiofRPA) and subsequently 4mP4(z)=[e€4(z,w)—1]V ¢(z), where the gradient operator
specify for the two-componeistd-electron system. For clar- is the vectorV=(iq;,d,). The inducedi-electron density is
ity the z, g, andw dependencies of quantities, as well as thedetermined fromnyg=V - Py. Using the Poisson equation,
integrals in response equations, are frequently omitted.  can be written as

035417-2



HOT-ELECTRON DYNAMICS AT NOBLE METAL SURFACES

—as ed(Z,w)—l 8
ng(z)=a (Zd_z)_m[ns(z)+next(z)]a 8
wherea=— Py(z4). The total density is then

Ns(Z) + Nexi(2)

(Z) +ad(zyg—2z).

©)

Not(2) =

The first term gives the external and induceelectron con-
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¢:[K,+KIXéK,]nexty (16)

from which, according to Eq.l), the dynamic screened in-
teractionW can be identified. Thus, within the present model
W is given by

W=K'+K’yK". (17

Coupling to surface plasmons is included in this formalism

tributions screened due to the presence of d electron@d is associated with the poles of.

whereas the last term accounts for thecreening charge at
the boundary of the polarizable medium.
The potentialg=Kn,,, is given by

—qlz=2'|

¢(Z)=2—7TJ dz'

q [Ns(Z') + Nexd(Z') ]

€4(Z' ,w)
2
+—ae 9z, (10

The coefficienta can be determined from the continuity con-
dition across the=z4 plane

ea(@)p'(zg)=¢'(z4), (12)
which, restoring all arguments, yields
e_q‘zd_zl‘
a(q,w)=od(w)f dz'————sgn(z4—2')[ns(z",q, )
Ed(Z ,(J))
+next(z,-(]:w)]- (12)

whereoy(w)=[eq(w) — 1]/[ eq(w) +1].
We now introduce al-screened Coulomb kernel via

277 1 ’
K'(z,2,q,0)= — ————[e” 97" Z'|  sgn(z4—2')
0 €(2',0)
Xo.d(w)e*(ﬂzfzdlefqlzr7Zd|], (13)
such that the substitution of EGL2) in (10) gives
P2.0.0)= [ 47K (2.2,0,0) 07 0,0)
+ng(z',q,m)]. (14

The first term in Eq(13) is the bare Coulomb interactidf

screened by the polarization charges induced within the po- 7 Yw)=
larizable background. The second term stems from polariza-

tion charges at the boundary of the medium.
Using Egs.(7), (13), and(14) the induceds-electron den-
sity takes the form

Ns=[1— xK'] X IK ' Nex= X 4K Ny (15

where y.=(1—x2K") "*x? defines the total screened sus-

We note here that I'W may be viewed as the absorptive
part of the screened complex potential induced by a charge
sheet located at’. Accordingly, the rate of generating elec-
tronic surface excitations by an externally reflected electron,
which can be obtained from the so-called surface loss func-
tion Img(q,w),??is given by the behavior of InW(z,z') far
from the surface. In the Ilimitzz'>0 we find
ImW(z,2',q,0)— — (27/q)e~%*Z) Img(q, »).

In the GW approximation the self-energy is obtained
using only the first-order term in a series expansion in terms
of W% The self-energy of an electron in an excited state
i(r)=yi(2)e’"1 with energy E;=¢;+3kf and parallel
momentunk; is given by*®

99 o,
2IG(Z,Z ’kH_qH ,Ei—E)
™)

2(2,2’,k,Ei):fg_5j (2

xXW(z,2',q,E).

(18

g; is the energy associated with motion normal to the sur-
face. In accordance with the RPA for the calculation of the
susceptibilities, the interacting Green functiGnis replaced

by the noninteracting, to obtain

Im3(z,2' k)= EQ Ui (2)ImW(z,2',q),0") ¢(Z'),
£.9) 19

where w=E;—Eg and ¢;(2)e'®I*% "I are single-particle
s-electron wave functions of the available final states with
energyE= e+ 3(kj+qj)? to which the electron may scat-
ter. From energy and momentum conservation it follows that
the summation over the final states is subject to the condition
0=<w'=<w, whereo'=E;—E; is the energy transfer.

The damping ratéor linewidth) of the excited stat@); is
given by

—2f dzf dz'yf (2)Im2(z,2' k|, @) i(2").
(20)

Ill. RESULTS

In this section we discuss results for Ag. The dynamical
s-electron response is derived for a semi-infinite jellium of
bulk densityng=3/4zr3 with r=2.97a, (a,=0.529 A is

ceptibility. This expression accounts for the renormalizationthe Bohr radius The ground-state properties are obtained

of the bares electron density respona@ due to boths- and

using the LDA. An average pseudopotential &=

d-electron screening. The dynamic potential can finally be—2.9 eV representing the effect of tlebands is included

cast in the form

in order to reproduce the correct work function of about 4.5
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Re K'(z,z',q,m) (a.u.)

-10
z (ay)

FIG. 2. Solid curve: Coulomb interaction kernel screened by
polarizable mediunK’(z,z',q,w) for o=1 eV and dashed curve:
unscreened interactiok(z,z',q); both are atq=0.1a," and for
zq= —1.5a,. To illustrate the interaction near the surface and in the
interior, results are shown fa' =0 (left curves and —9a, (right
curves.

eV. The final states appearing in E49) as¢;(z) are eigen-
functions of a one-dimensional Kohn-Sham Hamiltonian
with total potentiaNV(z) =Ve¢(z) + Vo0(—2). The first term
is the one-electron potential.¢{(z) =V (2) + Vyartree(2)
+V,(2), whereV, is due to the semi-infinite background
of positive charge an¥,,,ree IS the electrostatic potential
associated to the electron density. The contribudigp is
derived from the Wigner formula for the exchange-
correlation energy.

The local dielectric functioney(w) is taken from bulk
optical date?® The boundaryzy= —1.5a, used in this work
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Re W(z,z',q,») (a.u.)

FIG. 3. Real part of dynamically screened Coulomb interaction
W for w=1 eV, q:O.lagl, and zy4=—1.5a,. Upper panel:z’
=0 (“surface screening}; lower panel:z'=—9a, (“bulk screen-
ing”). Solid curves: two-componerg-d-electron model; dotted
curves: bare jellium model; dashed curves: unscreened Coulomb
kernelK.

tion W, calculated from Eq(17), and the bare interactiof.
For comparison we also shoW,,; which is the screened
interaction of a jellium system with the sara@lectron den-
sity as Ag. In contrast t&, the screened interaction kernels
W andWije; depend nonlocally on the density of the electron
gas. The asymmetric shape close to the surfsee top panel
of Fig. 3) is due to a reduction of screening in the region of
s-electron spill-out. The screened interactidapproximates
Wi in the surface region given the reduag@lectron den-

was previously found to best reproduce the surface-plasmosity whereas in the bulks-d screening is isotropic. Well

dispersion relation for Ag surfacé Results forz4=0 are
also shown for comparison.

In Fig. 2, the d-screened Coulomb interaction
K'(z,Z2',q,0) defined in Eq(13) is compared with the bare
Coulomb kerneK(z,z’,q). Throughey(w,z) the former de-

inside the metal4,z’' <0), Wj¢;(2,2',q,0) agrees with the
equivalent RPA expression for a homogeneous electron gas.
In this case, the 3D Fourier transform of the bulk screened
Coulomb interaction is given by W}’e”(p,w)
=v(p)/e.(p,»), wherev(p)=4m/p? is the bare Coulomb

pends on frequency. Below the onset of interband transitionmteraction,e, the Lindhard dielectric function, anglis the

(=3.9 eV) e4(w) is real and therefore Id’~0. In gen-
eral K’ is reduced compared tK. In a spatially uniform
system, i.e., deep in the bulk, the second term in(E@). is
small so thaK’' —K/ey(w). Due to the semi-infinite nature
of the d-electron mediunK’ exhibits a more complicated
dependence on botky(w) andzy for z or z’ near the sur-
face. Since for Agry~1/2- - - 2/3, the polarization charges at
the boundary of the medium cause a significant modificatio

magnitude of a three-dimensional wave vector. In the pres-
ence of a homogeneouselectron medium, the effective in-
teraction in the bulk become®¥(p,w)=uv(p)/[ € (p,w)

+ e4(w) —1]. Performing a one-dimensional Fourier trans-
form then yieldsWP(z,z',q,») which coincides with the
screened interactiofV(z,z',q,w) [Eq. (17)] in the limit
z,2'<0. As evident in Fig. 3, in the bulkyV decays more
rslowly than W, because of the larger effective screening

of the magnitude and spatial variation of the Coulomb interdength.

action in the surface region. Farz’>0, K’ —K. The expo-
nential decay foz#z' both in the bulk and at the surface is
determined byg. When z=z, the derivative ofK’ has a
discontinuity since the polarizable background endgzgat

The results shown in Fig. 3 are typical for low frequen-
cies. At higher frequencies collective excitations modify the
picture, makingW about an order of magnitude larger. The
Ag surface plasma frequency gt=0 is ws=w,/Veq+1

when z'>z4 the derivative increases while the opposite is~3.7 eV, wherew,=9.2 eV is thes-electron bulk plasma

true forz' <zy due to the sign function in Eq13).
Figure 3 shows the real part of tlsed-screened interac-

frequency. For the jellium the corresponding valueds
=6.5 eV.
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is strongest in the interiorz(<0) since an excited electron

zqy=-15a, i perceives a nearly isotropic polarizateelectron density’

24=0 - " An s electron forming part of the density spill-out near the
0.2 |- noscreening - ] surface, however, is less subjectsta screening because of
the confinement of thd-electron density. This effect implies
shorter lifetimes of low-lying surface states than in a model
based on uniforna-electron screening.

An attractive feature of our model is that we can tune the
range ofs-d polarization by adjusting the boundazy of the
d-electron medium. According to the results shown in Fig. 4
for z4=0, s-d screening is important even fa' near the
surface so that the self-energy differs quite strongly from the
s-electron case. Conversely, fg§<0 the region of reduced
s-d screening increases and the self-energy near the surface
begins to resemble the unscreerssglectron self-energy. As

L L ! stated above, previous wdtkindicated that the Ag surface-
-20 -10 0 10 plasmon dispersion is well described by choosing
Z (ay) —1.5a,4. This suggests that at low excitation frequencies the
electronic damping at Ag surfaces is only weakly reduced
due tos-d screening. Thus, surface damping is very much
stronger than bulk damping.
At simple metal surfaces the lifetime is, of course, also

. . . . shorter than in the bulk because of efficient creation of
Below the onset of interband transitions the imaginary

. . ) . electron-hole pairs in the region of the potential barrier. For
part of Wis determined by the imaginary part gf. Atlow 0 example shown in Fig. 4, in the absencesaf polariza-
frequencies InW is mainly due to electron-hole pair excita- o the amplitude of the surface peak of ¥iris 50% larger
tion. It exhibits a similar surface-to-bulk relation as the realinan the bulk peak. Including-d screening, however, the
part. Above the surface plasma energyWnbecomes an giterence is a factor of 4 since fa= — 1.53, the surface

order of magnitude larger and spatially extended. Eaf  oay is only weakly reduced while the bulk peak is subject to
>0 the position of the resonance within thew plane coin- ¢, s.g screening.

cides W|tf211 Zghe peak of the surface loss function  pg regyits shown in Fig. 4 are typical of taal screen-
Img(q, ) _ . ) ing effects at low frequencies far below the onset of inter-

_ To obtain the imaginary part of the self-energy of an ex-panq transitions. In agreement with standard phase-space ar-
cited state of energf;, a sum over the available phase g ments, the imaginary part of the self-energy increases
space of final unoccupied states must be done. In this Worguadratically withe, just as in the absence dfelectrons.
we have considered initial states with zero parallel mognen-l-he quadratic coefficient, however, is much smaller and the
tum; the variation withk; has been shown to be wedk'®  ouerall size of the quadratic region is redudsee below:

The sums in Eq.(19) can be transformed into a three- 1hg reason for the latter effect is the opening of new decay
dimensional integration. The integration was done in spherizhannels associated with surface collective excitations. As
cal coordinatesk, 6, ¢), where the one corresponding to the ghown in Fig. 5, the coupling to these modes causes a strik-
azimuthal angléy can be done analytically. The symmetry of j,4 enhancement of 1. Although the phase-space region
the integrand permits the polar angleto be constrained yith efficient coupling to surface plasmons is much smaller
from 0 to 7/2 and the wave-vector magnituéeérom ke 0 than the region of electron-hole pair creation, the strength of
V2E;. The integrand is maximum fok=ke which corre-  the plasmon peak at smail is so large that it dominates
sponds tow’ =E;—E¢, and zero fok= 2E; which corre- |m3 in this frequency range. In fact, fa,<0 the surface
sponds tow'=0. The integration involves the product self-energy ¢'=0) is even larger than in the absencesaf
qW(z,z',q,0") for values ofg=k sin @ from 0 to y2E;. The  screening, giving greatly reduced quasiparticle lifetimes.
behavior at smallq was extrapolated froquO.OZatg1 As can also be seen in Fig. 5, the degree of nonlocality of
which is attainable with our numerical implementation. Thethe self-energy is significantly larger in the plasmon region
contribution to the self-energy due to the surface-plasmomhan at low frequencies. In the latter case, spatial distribu-
resonance of/ can be very large even though the phasetions of dynamical quantities such as the fluctuating density,
space involved is a small fraction of the total. the screened Coulomb interaction, and the self-energy gen-
Figure 4 shows the imaginary part of the self-energy forerally are determined by a typical screening length which
Ag at 1-eV excitation energy. According to ERO), the also governs the shape of the equilibrium density at the sur-
lifetime of the statey; is inversely related to the overall face. Close to the Ag collective surface modes, however, this
magnitude of—ImZ. As a result ofs-d screening, the Ag range increases significantly because of the larger penetra-
self-energy is seen to be reduced relative to the correspontion depth of the plasmon charge density and the concommi-
ing self-energy in the absence dfelectrons. This reduction tant less efficient screening. The dynamical Friedel oscilla-

-Im %(z,2',0,0) x 10° (a.u.)

FIG. 4. Imaginary part of self-energ‘&(z,z’,k” ,w) for Ag sur-
face k=0, w=1 eV). Upper panekz’ =0 (“surface screeningy;
lower panel:z’ = —9a, (“bulk screening”).
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o[ T T T 0.5 T T T 1 /
zyg=-153, )
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—_ no screening ’
3 3 =
8 > ;
® L o3t r — .
2 £ Loey =------ /
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X0 2
3 <IC3 0.2 | E
S 3
N 3
N 0.1 [ .
W
E
"o 0
0 5
w(eV)
[l 1 1 . . . .
30 20 10 0 10 FIG. 7. Damping of excited electrons in bulk Ag as a function of

energy above the Fermi level as calculated in the RPA. Solid curve:
two-componens-d polarization model; dashed curve: ordinary jel-
lium model.

z (ap)

FIG. 5. Imaginary part of self-energy(z,z’ .k ,w) for Ag sur-
face k=0, w=4 eV). Upper curvesz'=0; lower panel:z’ =
—9a,. ~6.5 eV. Again, the details of the Ag self-energy near the

surface depend sensitively on the spatial variation ofstde
tions then become very large and form an important part opolarization. Thus, foeq=—1.5,, s-d screening in the sur-
the fluctuating charge density. face region is weaker than fay=0, giving a correspond-

The surface-plasmon-induced enhancement of the A§Qly larger self-energy.
self-energy is illustrated in more detail in Fig. 6 which shows
the frequency dependence of the maximum-dm X for z
=z'=0 and—9a,. At low excitation energies, the Ag self-
energy is smaller than for bare jellium because the effective The two-componens-d polarization model discussed in
Coulomb interactiorW is reduced due ts-d screening. For the present work reduces in the bulk limit, i.e., fge’ <0,
w>3.5 eV, however, the Ag self-energy is greatly enhancedo the RPA treatment proposed first by Quihfor the evalu-
due to excitation of surface plasmons. For bare jellium.ation of quasiparticle lifetimes in the presence of polarizable
analogous decay channels would appear abmﬁd\/i d states. As discussed above, the screening of the Coulomb
interaction via bound electrons decreases the imaginary part
of the self-energy and enhances the quasiparticle lifetime. In
- Fig. 7, this effect is illustrated for bulk Ag. Plotted is the
lifetime broadening with and without-electron screening,
I'(w) andl'j¢ (), respectively. Within 10% accuracy these
quantities are related Vili(w)~TIj¢;(w)/Veq(w). At low
frequencied’j¢ () has the well-known quadratic behavior,
where the coefficient depends only on the electron-density
parameter ¢,* %% i.e., I'je; (@) =To(rs) 0. I'(w) also var-
ies quadratically at low frequencies, but with a smaller coef-
P ficient. The change in the slope B{w) near 4 eV is due to
= the onset of interband transition, i.e., due to the finite imagi-

nary part ofeq(w). One would expect a similar effect to be
seen in experimental lifetime measurements and first-
principles calculations.

RecentGW calculations of the quasiparticle damping in
bulk noble metaf® based on the LAPW electronic structure
method yield results comparable kg, (w) for rg=2.47a,.

0 p > 3 4 This reduction is presumably associated wétlll electron
o (&V) screening below the interband onset.'On Fhe other hand, ex-
perimental measuremeftg® of the linewidth appear to

FIG. 6. Frequency dependence of imaginary part of self-energ@gree withl'j; () for rgs=3 a,, as thoughs-d screening
3.(z,2,0,w) for Ag surface. Upper curvegz=0; lower panel:z= did not play a role. It should be noted, however, that the
—9a,. analysis of measured lifetimes is nontrivial due to impurity,

IV. DISCUSSION

Zg=-153,
Zy= [0 J—
no screening -

-Im £(z,z,0,0) x 10° (a.u.)
N
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phonon, and surface contributions. Moreover, depending olomb interaction and shorter hot-electron lifetimes. This has
the type of spectroscopy used, generation of secondary elececently been observed by Voiset all! The same mecha-
trons and transport away from the excitation region can innhism also causes the blueshift and broadening of the Mie

fluence the measured lifetimes. plasmon peak with decreasing radgg?2434
The linewidth of surface states of noble metals was re-
cently calculate¥ using the GW approach for a one- V. CONCLUSIONS

dimensional potential model which simulates band-structure
effects in the direction normal to the surface plane. Screenin . : . .
P _aualltatlve picture of the effect of spatially varyingd

via d electrons was treated phenomenologically via an over X S :
lap coefficient, which accounts for the penetration of the>Creening on t_he qu_a5|part|cle dyngm|c_s at noble-meta_\l sur-
state's wave fL’JI’]CtiOI’] into the bulié® For Ag(111) the cal- faces. The main excitation mechanism included so far is the

culated hole lifetime was found to be in good agreement wit creation of electron-hole pairs and collective modes induced
experimental results. Nevertheless, improvements in th y the gradients of the time-varying fields in the surface

treatment of the electronic and phonon contributions to thd®€9'on- To calculate the lifetime of specific surface and im-

linewidth should lead to a better understanding of the re|.20€ states, it is necessary to account also for one-electron and

evant decay mechanisms. In particular, the model discusséﬂatr'x element effects arising from the band structure ig-

in the present work provides a more refined manner of innored in the jellium model. This could be achieved, for ex-

cluding the spatial variation of the-d polarization in the ample, by treating the electrons within the one-dimensional

surface region. We emphasize that the results discussed R?tentlal lrquell pc)jropt)rc:sedﬁbytcr;utlklfovbel?’i&:ch ?n exten-
Sec. lll for Im2, are a consequence of the finite extent of the>10N WoUlO Include the eriect of the band structure perpen-

d-electron states. A spatially unifordhelectron medium cor- dicular to the surface on the electronic transitions involved in

. N L ) the screened Coulomb interactio. Equivalently, s-d
responds instead te,>0 and implies equally strong-d screening could also be incorporated in the slab appréath

screening near the surface and in the bulk. The neglect of thby using the modified Coulomb kernel defined in Etg)

spatial variation ofs-d polarization therefore leads to an Work in these directions is currently under investigation and
overestimate of electronic lifetimes near the surface. Accord- . . . ty L 9
will be discussed in a future publicatidn.

ing to Fig. 4 states localized in the surface region are clearly In summary. the effect ai-d screening on the lifetime of
much less affected bg-d screening than states inside the . Y g on’ . o
excited electrons at noble-metal surfaces is studied within

metal. Also, a uniformey(w) gives a too low surface plasma o
frequencyw,/\2e4=2.7 eV and therefore leads to an in- the GW approximation fqr a two-componersrd-ellecFron
p d- & model. The spatial variation of the mutual polarization be-

Coﬁrneitofr:g%ue?i?fyi?nzpeengteaqgg g{ X]essjrl;;gzrs%ose ener tween induced- andd-electron densities is shown to lead to
9 9 9 B enhanced effective Coulomb interaction near the surface

quency of collecive.surface excitations  Js expected thaf"d 10 2 accordingly larger imaginary seff-energy. Thus, i
?heir Ii%letime should be shorter compared to resuFI)ts obtaine e region ofs-electron spill-out near the surface the quasi-
X article damping is significantly larger than in the bulk be-

in the absence of collective decay channels. In fact, an inter- . .
esting crossover should be observable from the width of th cause of weakes-d screening. A further enhancement is

X . redicted at higher frequencies due to decay into surface
_early members_of the Rydbe_rg series to that of the highe lasmons. These results are expected to have important con-
image levels since their orbital overlap with the surface-

plasmon-induced self-energy decreases rapidly. sequences for the lifetime of both low-lying surface states

The results discussed above are relevant also for the sizaend image states near the vacuum threshold.

dependence of electron-electron interactions in noble-metal
particles. With decreasing radius, the relative importance of
the spill-out region ofs-electron charge with reducestd This work was partially supported by CONACYT,
polarization increases, leading to a stronger effective CouMeéxico.

The approach discussed in the present work provides a
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