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Role of occupiedd bands in the dynamics of excited electrons and holes in Ag
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The role that occupiedd bands play in the inelastic lifetime of bulk and surface states in Ag is investigated
from the knowledge of the quasiparticle self-energy. In the case of bulk electrons,sp bands are taken to be
free-electron-like. For surface states, the surface band structure ofsp states is described with the use of a
realistic one-dimensional Hamiltonian. The presence of occupiedd states is considered in both cases by
introducing a polarizable background. We obtain inelastic lifetimes of bulk electrons that are in good agree-
ment with first-principles band-structure calculations. Our surface-state lifetime calculations indicate that the
agreement with measured lifetimes of both crystal-induced and image-potential-induced surface states on
Ag~100! and Ag~111! is considerably improved when the screening ofd electrons is taken into account.
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I. INTRODUCTION

Electron scattering in the bulk and at the surface of so
materials has attracted great interest, as the Coulomb i
action between excited electrons and the remaining elect
of the solid is fundamental in many physical and chemi
phenomena, such as charge transfer or electronically indu
adsorbate reactions at surfaces.1–4 A basic quantity in photo-
electron spectroscopy and quantitative surface analysis is
quasiparticle lifetime, which sets the duration of the exci
tion and combined with the velocity yields the mean fr
path of the excited state.

Recently, two-photon photoemission~2PPE! and time-
resolved 2PPE~TR-2PPE! spectroscopies have provided a
curate measurements of the lifetime of both bulk and surf
electrons with energies below the vacuum level.5–12The life-
time of bulk and surface holes below the Fermi level h
been investigated by employing high-resolution ang
resolved photoemission~ARP! techniques.13–20The scanning
tunneling microscope~STM! has also been used to determi
the lifetime of both surface-state holes and electrons in
noble metals Cu, Ag, and Au.21–26

In the noble metals there are two kinds of surface sta
intrinsic surface states ofs-pz symmetry~also called Shock-
ley states27–30! and image-potential-induced surfac
states.31–33 Shockley states are localized near the topm
atomic layer and originate in the symmetry breaking at
surface. Image states are Rydberg-like states trapped in
image-potential well outside the surface of a solid with
projected band gap near the vacuum level. Theoretical w
based on many-body calculations of the electron self-ene
predicted both Shockley and image-state lifetimes that are
the case of Cu and other metal surfaces, in good agreem
with experiment.8–10,19,22,34–39The key role that occupiedd
bands play in the dynamics of image-state electrons has
been investigated,40 showing that surface-plasmon dec
0163-1829/2003/68~4!/045103~9!/$20.00 68 0451
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yields a surprisingly long lifetime of the first image state
the ~100! surface of Ag, in agreement with experiment.

In this paper, we report calculations of the inelastic lif
time of both bulk and surface states in Ag, as obtained fr
the knowledge of the complex quasiparticle self-energy
combining the dynamics ofsp valence electrons with a sim
plified description of the occupiedd bands. In the case o
bulk electrons,sp bands are taken to be free-electron-lik
For surface states, single-particle wave functions and e
gies of sp electrons are taken to be the eigenfunctions a
eigenenergies of a realistic one-dimensional Hamiltonian
describes the main features of the surface band structure.
dynamically screened electron-electron (e-e) interaction is
evaluated within the random-phase approximation~RPA!,
and theGW approximation of many-body theory is used
compute the complex self-energy. We present the result
calculations of the lifetime of bulk excited electrons wi
energies below the vacuum level, the first three image st
on Ag~100!, and both the Shockley and first image state
Ag~111!. We find that a realistic description of the screeni
of d electrons, which reduces the screenede-e interaction
and opens~in the case of image states! a new decay channel
is of crucial importance for the understanding of the orig
and magnitude of the decay of both bulk and surface sta
Unless stated otherwise, atomic units are used through
i.e., e25\5me51.

II. THEORY

In a system of many electrons, the inverse quasipart
lifetime is dictated by the imaginary part of the comple
energy of the quasiparticle. On theenergy shell~i.e., neglect-
ing the quasiparticle-energy renormalization!, the lifetime
broadening of an excited stateF(r ) with energyE is given
by41
©2003 The American Physical Society03-1
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A. GARCÍA-LEKUE et al. PHYSICAL REVIEW B 68, 045103 ~2003!
t21522E drE dr 8F* ~r !Im S~r ,r 8;E!F~r 8!. ~1!

The complex self-energyS(r ,r 8;E) can be expanded in
perturbative series of the so-called screened interac
W(r ,r 8;E),42 which describes the scattering of the excit
electron with the remaining electrons of the system. In
GWapproximation, one considers only the first-order term
this expansion. If one further replaces the exact one-elec
Green functionG(r ,r 8,E) by its noninteracting counterpa
G0(r ,r 8,E), one finds

Im S~r ,r 8;E!5(
f

F f* ~r 8!Im W~r ,r 8;E2Ef !F f~r !.

~2!

Here, the sum is extended over all available single-part
statesF f(r ) with energyEf (EF<Ef<E), EF is the Fermi
energy, and the screened interaction is

W~r ,r 8;E!5v~r ,r 8!1E dr1E dr2v~r ,r1!

3x~r1 ,r2 ;E!v~r2 ,r 8!, ~3!

wherev(r ,r 8) represents the bare Coulomb interaction a
x(r ,r 8;E) is the density-response function of the man
electron system. In the RPA,

x~r ,r 8,E!5x0~r ,r 8,E!1E dr1E dr2x0~r ,r1 ,E!

3v~r1 ,r2!x~r2 ,r 8,E!, ~4!

wherex0(r ,r 8,E) is the density-response function of noni
teracting electrons, which is obtained from a complete se
single-particle wave functions and energies.

A. Bulk states

For a description of the electron dynamics of bulk sta
in Ag, we consider a homogeneous assembly of interac
valence (5s1) electrons immersed in a polarizable bac
ground ofd electrons characterized by a local dielectric fun
tion ed(v). Within this model, single-particle wave func
tions are simply plane waves and theG0W-RPA ~also called
G0W0) lifetime broadening is obtained from Eqs.~1!–~4! by
replacing the bare Coulomb interactionv(r ,r 8) by a modi-
fied (d-screened! Coulomb interactionv8(r ,r 8;v) of the
form

v8~r ,r 8;v!5v~r ,r 8!ed
21~v!. ~5!

By introducing Fourier transforms, the lifetime broadeni
of an excited bulk state of momentumk and energyE
5k2/2 is then found to be

tk
2152

1

2p2kE0

2k

dqqE
0

vmax
dv Im Wq8~v!, ~6!

wherevmax5min(E2EF ,kq2q2/2), and
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Wq8~v!5
vq

eq~v!1ed~v!21
. ~7!

Here,vq54p/q2, andeq(v) is the RPA dielectric function
of valence (5s1) electrons,

eq~v!512vqxq
0~v!, ~8!

xq
0(v) being the Fourier transform of the density-respon

function of noninteracting free electrons, i.e., the Lindha
function.43

In the case of bulk states with energies very close to
Fermi level (E2EF!EF) and in the limit of high electron
densities, one finds

tE
215

2~E2EF!2

pqF
E

0

`dq

q4 @qTF
2 /q21ed~v→0!#22, ~9!

where qTF is the Thomas-Fermi momentum (qTF

5A4qF /p) and qF is the Fermi momentum. The integra
entering Eq.~9! is easily carried out to yield

tE
215

~3p2/2!1/3

36
r s

5/2~E2EF!2/Aed~v→0!, ~10!

wherer s is the electron-density parameter44 of valence (5s1)
electrons.

Equation~9! shows that the screening ofd electrons re-
duces the lifetime broadening, this reduction being negligi
in the long-wavelength (q→0) limit where long-range inter-
actions dominate. Equation~10! shows that the overall im-
pact ofd-electron screening is to decrease the lifetime bro
ening by a factor ofed

1/2, as suggested by Quinn.45

B. Surface states

In the case of surface states, interacting valence (5s1)
electrons are described by the eigenfunctions and eigen
ues of a realistic one-dimensional Hamiltonian that descri
the main features of the surface band structure,46 and this
bounded assembly of valence electrons is then considere
be immersed in a polarizable background ofd electrons that
extends up to a certain planez5zd . Within this model there
is translational invariance in the plane of the surface, and
G0W0 lifetime broadening is obtained from Eqs.~1!–~4!, as
in the case of bulk states, by replacing the bare Coulo
interactionv(r ,r 8) by a modified (d-screened! Coulomb in-
teraction v8(r ,r 8;v) whose two-dimensional~2D! Fourier
transform yields~thez axis is taken to be perpendicular from
the surface!47

vqi
8 ~z,z8;v!5

2p

qied~z8,v!
@e2qiuz2z8u1sgn~zd2z8!sd~v!

3e2qiuz2zdue2qiuzd2z8u#, ~11!

where

ed~z,v!5H ed~v!, z<zd

1, z.zd
~12!
3-2
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and

sd5
ed~v!21

ed~v!11
. ~13!

The first term in Eq.~11! is simply the bare Coulomb inter
actionvqi

(z,z8)52pe2qiuz2z8u/qi screened by the polariza
tion charges induced within the polarizable background. T
second term stems from polarization charges at the boun
of the medium.

By introducing 2D Fourier transforms, one finds the fo
lowing expression for the lifetime broadening of an excit
state eiki•r if(z) of energyE5ki

2/(2m)1«:

tki ,«
21 522E dzE dz8f* ~z!Im Ski ,«~z,z8!f~z8!,

~14!

where

Im Ski ,«~z,z8!5 (
qi ,« f

f f* ~z8!Im Wqi
8 ~z,z8;E2Ef !f f~z!,

~15!

the sum being extended over all available single-part
states ei(ki2qi)•r if f(z) of energy Ef5(ki2qi)

2/(2mf)1« f
(EF<Ef<E). The screened interaction is

Wqi
8 ~z,z8;v!5vqi

8 ~z,z8;v!1E dz1E dz2vqi
8 ~z,z1 ;v!

3xqi
~z1 ,z28 ;v!vqi

8 ~z2 ,z8;v!, ~16!

where

xqi
~z,z8;v!5xqi

0 ~z,z8;v!1E dz1E dz2xqi

0 ~z,z1 ;v!

3vqi
8 ~z1 ,z2 ;v!xqi

~z2 ,z8;v! ~17!

and

xqi

0 ~z,z8;v!5
2

A (
ki ;« i ,« j

f i~z!f j* ~z!f j~z8!f i* ~z8!

3
u~EF2Ei !2u~EF2Ej !

Ei2Ej1~v1 ih!
, ~18!

with A being the normalization area,Ei5« i1ki
2/2, Ej5« j

1(ki1qi)
2/2, u(E) the Heaviside function, andh a positive

infinitesimal.
We take all the single-particle wave functions and en

gies entering Eqs.~14!–~18! to be the eigenfunctions an
eigenvalues of the one-dimensional Hamiltonian of Ref.
and we account for the potential variation parallel to t
surface through the introduction of the effective massesm
andmf entering the expressions for the total energiesE and
Ef . Finally, we note that in thezd→2` limit @or, equiva-
lently, if ed(z,v) is taken to be equal to unity for allz],
vqi
8 (z,z8;v) coincides with the 2D Fourier transform of th

bare Coulomb interaction, and our lifetime broadeningtki ,«
04510
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reduces to that of excited states in the absence ofd electrons,
as calculated in previous work.34,35

III. RESULTS AND DISCUSSION

A. Bulk states

Silver is a noble metal with 5s1 valence electrons and
entirely filled 4d-like bands. Valence electrons form an ele
tron gas withr s53.02. Assuming that the only effect ofd
electrons is to modify the electron screening of the so
these electrons are expected to form a polarizable ba
ground characterized by a local dielectric functioned(v)
that we take from bulk optical data.48 In the static limit (v
→0), ed;4; in the absence ofd electrons,ed(v) would
simply be equal to unity.

Figure 1 shows the lifetime of bulk excited electrons
Ag versus the electron energy~with respect to the Ferm
level!, as obtained from Eq.~6! both in the presence~solid
line! and in the absence~dashed line! of d electrons.d elec-
trons give rise to additional screening, thus increasing
lifetime of all electrons above the Fermi level. We also co
pare our results~solid line! with first-principles calculations
of the inelastic lifetime of bulk excited electrons in Ag~solid
circles!,49 showing remarkable agreement for all electron e
ergies under consideration. This indicates that, for exc
states within a few eV above the Fermi level, our simplifi
description of thed bands in Ag@which dominate the density
of states~DOS! with energies from;4 eV below the Fermi
level# in terms of a polarizable medium is adequate.

In order to analyze the impact ofd-electron screening as
function of the momentum transfer, we define the lifetim
broadeningtk

21(qmax) by replacing the actual maximum mo
mentum transfer 2k entering Eq.~6! by qmax ~which we vary
from zero to its actual value 2k), and consider the ratio

FIG. 1. Lifetime of bulk excited electrons in Ag versus the ele
tron energy~with respect to the Fermi level!, as obtained from Eq.
~6! both in the presence~solid line! and in the absence~dashed line!
of d electrons. Solid circles represent the result ofon-the-energy-
shell first-principles calculations reported in Ref. 49.
3-3
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r ~qmax!5

E
0

2qmax
dqqE

0

vmax
vqIm eq

21~v!

E
0

2qmax
dqqE

0

vmax
Im Wq8~v!

. ~19!

We have plotted this ratio in Fig. 2 versusqmax for bulk
states with energies very near the Fermi level, showing
in the long-wavelength (q→0) limit, d electrons do not par
ticipate in the screening ofe-e interactions@see also Eq.~9!#.
Hence, if the electron or hole decay were dominated by p
cesses in which the momentum transfer is small, as occu
the case of Shockley surface states in Ag~111!, the overall
impact of the screening ofd electrons should be expected
be small.

FIG. 2. Ratio r (qmax) between the lifetime broadening
tk

21(qmax) in the absence@numerator of Eq.~19!# and in the pres-
ence@denominator of Eq.~19!# of d bands, as a function ofqmax and
for bulk states with energies very near the Fermi level (E2EF

!1). For these energies, the ratio of Eq.~19!, which does not
depend on the electron energyE, approaches atqmax52kF the result
one would obtain from Eq.~10!, i.e., r (2k);Aed(v→0);2.
04510
at
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B. Surface states

The projected band gaps and available bulk states on
~100! and ~111! surfaces of Ag are shown in Fig. 3 at theG
point (ki50). In the case of Ag~100!, the surface electronic
structure supports the whole Rydberg series of image st
lying close to the center of the projected band gap. The fi
three image states have binding energies of 0.53, 0.17,
0.081 eV («2E53.90, 4.26, and 4.35 eV!, and their prob-
ability densities have maxima at 3.8, 14.5, and 32.6 Å o
side the crystal edge (z50), which we choose to be locate
half a lattice spacing beyond the last atomic layer. In the c
of Ag~111!, the surface electronic structure supports the fi
(n51) image state with a binding energy of 0.77 eV («
2EF53.79), the probability density being maximum at 0
Å inside the crystal edge, and a partially occupied Shock
(n50) surface state with energy lying at 0.065 eV below t
Fermi level and probability maximum at 2.2 Å outside th
crystal edge.

The effective mass of image states is known to be clos
the free-electron mass (m;1), whereas the effective mass o
the n50 surface state on Ag~111! is found to bem;0.44.
For all single-particle states below the bottom of the ba
gap we choose the effective mass to increase from our c
puted values of 0.45@Ag~100!# and 0.42@Ag~111!# at the
bottom of the gap to the free-electron mass at the bottom
the valence band. The boundary of the polarizable medium
taken to be atzd521.5a0 inside the crystal, which was pre
viously found to best reproduce the anomalous dispersio
surface plasmons in Ag.50

1. Surface-plasmon excitation

The lifetime broadening of excited states of energyE
originates in processes in which the excited electron or h
decays into an empty state above or below the Fermi le
These processes can be realized by transferring energy
momentum to an excitation of the medium, thereby creat
either an electron-hole pair or a collective excitation of e
ergy v,uE2EFu. Without d-electron screening, the Ag
he
FIG. 3. Projected band gaps and available bulk states on the~100! and ~111! surfaces of Ag forki50. The shaded area represents t
projected bulk bands.
3-4
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surface-plasmon energy (vsp56.5 eV) is larger than the ex
citation energies (uE2EFu) under consideration, and onl
electron-hole pairs can be created. However, the presenc
d electrons is known to reduce this surface-plasmon ene
from ;6.5 to ;3.7 eV,50 so that relaxation of image state
via surface-plasmon excitation becomes feasible and con
utes to the lifetime broadening of Eq.~14!.

A key ingredient in the decay mechanism of excited sta
is the imaginary part of the screened interaction
@2Wqi

8 (z,z8;v)# entering Eq. ~15!. Figure 4 shows this

quantity versus thez coordinate both in the presence~solid
lines! and in the absence~dashed lines! of d electrons, for
z85z, qi50.3qF , and two choices of the energy transfe
v50.05 and 4 eV.d electrons give rise to additional scree
ing; hence, in the interior of the solid they simply redu
Im W8, as in the case of bulk states. However, when
energy transfer approaches the reduced surface-plasmo
ergy of ;3.7 eV ~see bottom panel of Fig. 4!, this effect is
outweighed near the surface by the opening of the surfa
plasmon excitation channel that only occurs in the prese
of d electrons~solid lines!. Hence, while forv50.05 eV the
presence ofd electrons reduces Im@2W8# both inside the
solid and near the surface, forv54 eV d-electron screening
enhances Im@2W8# near the surface.

Figure 5 shows the imaginary part of the screened in
action versus thez coordinate, as in Fig. 4, but now forv
54 eV and three different values of the momentum trans
qi50.3qF , 0.6qF , and 0.8qF . For the lowest value ofqi
~see also Fig. 4! surface plasmons can be excited in the pr
ence of d electrons, which yields an enhancement of
@2W8# near the surface. Asqi increases, the impact o
d-electron screening is more pronounced in the interior of
solid, as in the case of bulk states, but there is no enha
ment of Im@2W8# near the surface, showing that surfac
plasmon excitation does not occur for large values of
parallel momentum transfer.

FIG. 4. Imaginary part of the screened interaction
@2Wqi

8 (z,z8;v)# versusz for z85z, as obtained from Eq.~16! in
the presence~solid lines! and in the absence~dashed lines! of d
electrons. The parallel momentum transfer is taken to beqi
50.3qF and two different values are considered for the ene
transfer:v50.05 eV~top panel! andv54 eV ~bottom panel!.
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2. Image states on Ag(100)

Now we consider the decay of image states on Ag~100! at

the Ḡ point. At this point, the energy of then51 image state
lies 3.9 eV above the Fermi level. Hence, the decay of t
excited state can be realized by creating excitations of ene
v<3.9 eV, which in the presence ofd electrons can be ei
ther electron-hole pairs or surface plasmons.

Calculations of the imaginary part of the Ag~100! n51
image-state self-energy Im@2Ski ,«(z,z8)# entering Eq.~14!

were reported in Ref. 40, showing that, as in the case
Im@2W8# ~see Figs. 4 and 5!, the reduction of the self-
energy inside the solid due to the additional screening od
electrons is outweighed near the surface by the openin
the surface-plasmon excitation channel.

The magnitude of the maximum of the imaginary part
the Ag~100! n51 image-state self-energy is plotted in Fig.
as a function ofz. This is an oscillating function ofz8 within
the bulk and reaches its highest value near the surface.
oscillatory behavior within the bulk is dictated by the pe
odicity of the final-state wave functionsf f(z) entering Eq.
~15!, and the highest value near the crystal edge is the re
of the fact that electron-hole pair creation is enhanced in

y

FIG. 5. Imaginary part of the screened interaction
@2Wqi

8 (z,z8;v)# versusz for z85z, as obtained from Eq.~16! in
the presence~solid lines! and in the absence~dashed lines! of d
electrons. Three different values are considered for the parallel
mentum transfer:qi50.3qF ~top panel!, qi50.6qF ~middle panel!,
and qi50.8qF ~bottom panel!. The energy transfer is taken to b
v54 eV.
3-5
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vicinity of the surface. We note that the presence ofd elec-
trons reduces the maximum of Im@2S# in the interior of the
solid but enhances this quantity near the surface, due to
opening of the surface-plasmon excitation channel. Hen
one might expect from Eq.~14! that this enhancement o
Im@2S# near the surface should yield an accordingly larg
lifetime broadening. The key point of Ref. 40 was, howev
to show that this trend is reversed, due to the character
nonlocality of the self-energy near the surface.

In order to understand this result, we define the lifetim
broadeningtki ,«

21 (zmax) by replacing the upper limit (z→`)

entering the first integral of Eq.~14! by zmax ~which we vary
from 2` to its actual valuezmax→`). We have plotted in
Fig. 7 the lifetime broadeningtki ,«

21 (zmax) of then51 image

state on Ag~100!. For zmax well inside the solid~see inset of
Fig. 7!, coupling of the image state with the crystal on
occurs through the penetration of the image-state wave fu
tion into the solid, where the presence ofd electrons reduces
the decay rate. Aszmax approaches the surface, coupling
the image state with the crystal is still dominated by t
penetration of the image-state wave function into the so
but now in the presence ofd electrons the opening of th
surface-plasmon decay channel increases the decay rat
nally, aszmax moves into the vacuum the imaginary part
the self-energy exhibits a highly nonlocal behavior~for z
outside the solid the main peak of Im@2S# lags behind and
remains localized atz;0), so that coupling mainly occur
through interference between the image-state amplitudez
.0 and the image-state amplitude itself atz8;0. Since this
amplitude has a node atz;a0 ~see Ref. 40! and is negative
at z8;0 where Im@2S# is maximum, interference contribu
tions to the lifetime broadening must be negative. As a res

FIG. 6. Maximum of the imaginary part of then51 image-state
self-energy Im@2Ski ,«(z,z8)#, versusz, in the vicinity of the~100!
surface of Ag, as obtained from Eq.~15! both in the presence~solid
lines! and in the absence~dashed lines! of d electrons. For each
value ofz, Im@2S# is evaluated at thez8 coordinate for which it is
maximum. Inside the solid this occurs atz85z, as in the case of
bulk excited states; nevertheless, forz coordinates in the vacuum
side of the solid the maximum of Im@2S# lags behind and remain
localized atz;0 rather thanz85z, showing a highly nonlocal be
havior in the presence of a metal surface.
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the lifetime broadeningtki ,«
21 (zmax) is reduced whenzmax

crosses the surface. Since the presence ofd electrons en-
hances the self-energy near the surface, negative interfer
is also enhanced and Fig. 7 shows that the net effect of de
via surface plasmons is a considerably reduced lifeti
broadening aszmax→`.

We have calculated from Eq.~14! separate contributions
to the decay of the first three image states on Ag~100! arising
from z,z8,0 ~‘‘local’’ part ! and fromz.0 or z8.0 ~‘‘non-
local’’ part!, and we have obtained the results presented
Table I. The TR-2PPE measurements reported in Ref. 6
also presented in this table. Our calculations indicate that
impact of d-electron screening on the negative interferen
near the surface outweighs the increase of the local par
the decay, which yields a reduced lifetime broadening
agreement with experiment.

FIG. 7. Lifetime broadeningtki ,E
21 (zmax) of then51 image state

at theḠ point of Ag~100!, as obtained from Eq.~14! by replacing
the upper limit (z→`) of the integral overz by zmax. Solid and
dashed lines represent the result obtained in the presence and
absence ofd electrons, respectively.

TABLE I. Calculated lifetime broadening\t21 ~in meV! of the
n51, 2, and 3 image states on Ag~100! either in the presence of a
polarizable background ofd electrons that extends up to a plan
located atzd521.5a0 or in the absence ofd electrons (zd→
2`). Local and nonlocal contributions to the lifetime broadeni
have been obtained by confining the integrals in Eq.~14! to z,z8
,0 ~local! and by confining the these integrals to eitherz.0 or
z8.0 ~nonlocal!. The experimental linewidth is taken from TR
2PPE experiments~Ref. 6!. The lifetime in fs (1 fs510215 s) is
obtained by noting that\5658 meV fs.

n zd Local Nonlocal Total Experiment

1 2` 34 216 18
21.5 59 247 12 12

2 2` 9 25 4
21.5 14 211 3 4

3 2` 5 23 2
21.5 6 25 1 1.8
3-6
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3. nÄ0 and nÄ1 surface states on Ag(111)

Figure 8 shows the dispersion of then50 Shockley state

on the~111! surface of Ag. At theḠ point this is an occupied
state; hence, a hole can be created at this point, which
decay through the coupling with bulk states~interband tran-
sitions! and through the coupling, within the surface sta
itself, with surface states of different wave vectors paralle
the surface~intraband transitions!. Previous calculations o
the lifetime broadening of this Shockley hole showed that
broadening arising from intraband transitions represe
;90% of the total decay rate.22,37As the momentum transfe
involved in these transitions~see Fig. 8! is very small, the
presence of a polarizable medium ofd electrons is not ex-
pected to play an important role.

The bottom panel of Fig. 9 exhibits the imaginary part

then50 Shockley-hole self-energy at theḠ point both in the
presence~solid lines! and in the absence~dashed lines! of d
electrons, as a function ofz for fixed values of thez8 coor-
dinate:z850 and 10a0. This figure clearly shows that th

FIG. 8. The solid line represents the dispersion of the Shock
(n50) surface state on Ag~111!. The shaded area represents t
projected bulk bands in this surface.
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impact of d-electron screening on the decay of this surfa
state is nearly negligible. In contrast, the screening ofd elec-
trons opens a surface-plasmon decay mechanism for thn
51 image state on Ag~111! ~see the top panel of Fig. 9!, as
occurs in the case of Ag~100!.

In Table II we summarize the results we have obtained
the lifetime broadening of both then50 andn51 surface

states on Ag~111! at theḠ point. We observe that the broad
ening is always reduced whend-electron screening partici
pates. The lifetime broadening of the Shockley hole (n50)
is only slightly reduced, because of the weak screening od
electrons involved in the interaction with the Fermi sea.
the case of then51 image state, however, both local (z
,0 andz8,0) and nonlocal (z.0 or z8.0) contributions
to the broadening are enhanced in the presence ofd-electron
screening, due to the opening of the surface-plasmon de
channel. Nevertheless, the role thatd electrons play enhanc
ing the nonlocal contribution to the decay, which is dom
nated by negative interference, is more pronounced than
role that these electrons play enhancing the local decay. A

y

TABLE II. Calculated lifetime broadening\t21 ~in meV! of the
Shockley (n50) and image (n51) surface states on Ag~111! either
in the presence of a polarizable background ofd electrons which
extends up to a plane located atzd521.5 a0 or in the absence ofd
electrons (zd→2`). Local and nonlocal contributions to the life
time broadening have been obtained by confining the integral
Eq. ~14! to z,z8,0 ~local! and by confining these integrals to eith
z.0 or z8.0 ~nonlocal!. The experimental linewidths of Shockle
and image states are taken from Refs. 22 and 6, respectively.
lifetime in fs (1 fs510215 s) is obtained by noting that\
5658 meV fs.

n zd Local Nonlocal Total Experiment

0 2` 1 2 3
21.5 1 1.8 2.8 6

1 2` 48 24 44
21.5 103 267 36 22
e

st
to
s

FIG. 9. Imaginary part of then50 ~bottom
panels! and n51 ~top panels! surface-state self-
energy Im@2Ski ,«(z,z8)# versusz in the vicinity
of the ~111! surface of Ag, both in the presenc
~solid lines! and in the absence~dashed lines! of
d electrons. The value of thez8 coordinate~indi-
cated by an open circle! is fixed at z850 ~left
panels! and z510 a0 ~right panels!. The geo-
metrical electronic edge (z50) is chosen to be
located half an interlayer spacing beyond the la
atomic layer. The parallel momentum is taken
be ki50. n50 andn51 surface-state energie
are «5EF13.79 eV and «5EF20.065 eV,
respectively.
3-7
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result, the net effect of decay via surface plasmons is a c
siderably reduced lifetime broadening, as occurs in the c
of image states on Ag~100!.

Also shown in Table II are low-temperature ST
measurements22 of the lifetime of an excited hole at the edg

(Ḡ point! of the partially occupiedn50 surface state and th
2PPE measurements reported by McNeillet al. for the n
51 image state,5 both on the~111! surface of Ag. At this
point, we note that electron-phonon scattering is expecte
yield a contribution to then50 surface-state linewidth of 3.9
meV,39 which would result in a total linewidth of 6.7 meV in
good agreement with the experimentally measured linew
of 6 meV. On the other hand, our calculations show that
inclusion of the surface-plasmon decay channel leads
better agreement of the calculatedn51 image-state line-
width with experiment, although our calculated linewidth f
this surface state is still too high.

IV. SUMMARY AND CONCLUSIONS

We have investigated the role that occupiedd bands play
in the lifetime of bulk and surface states in Ag, by combini
an accurate description of the dynamics ofsp valence elec-
trons with a physically motivated model in which the occ
pied d bands are accounted for by the presence of a pola
able medium. In the case of bulk excited states, we h
obtained lifetimes that are in good agreement with fir
principles band-structure calculations. Our surface-state
time calculations indicate that the agreement with measu
lifetimes of both then50 crystal-induced and the lowes
lying n51 image-potential induced surface states on sil
surfaces is considerably improved when the screeningd
electrons is taken into account.

The impact ofd-electron screening on the dynamics of t
Shockley surface hole on Ag~111! is entirely due to the re-
duction of the screened interaction between the excited
,

d

n

la

.

V.
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and the Fermi sea. Since the decay of the excited hol
dominated by intraband transitions within the Shockley s
face band itself, where the parallel momentum transfe
always very small, the screening ofd electrons is compara
tively weak and the lifetime broadening is reduced by
more than 10%.

As far as image states are concerned, the reduction~in the
presence ofd electrons! of the surface-plasmon energy from
6.5 to 3.7 eV opens a new decay channel that enhance
image-state self-energy and more than compensates th
duction of the screenede-e interaction. Nevertheless, ou
results demonstrate that the highly nonlocal character of
self-energy near the surface ultimately leads to a redu
lifetime broadening of image states on both the~100! and
~111! surfaces of Ag. In the case of then51 image state on
Ag~100!, the reduced lifetime broadening is in excelle
agreement with the experiment. The agreement with
measured lifetime of then51 image state on Ag~111! is also
improved when the screening ofd electrons is considered
although in this case the experimental linewidth is still w
above the theoretical prediction. The experimental linewid
of the n52 and n53 image states on Ag~100! are also
slightly above our best theoretical prediction, as occurs in
case of the corresponding image states on Cu~100!.35 As the
linewidth of excited image states (n.1) is only of a few
meV’s, small discrepancies with the experiment may be
tributed to a combination of scattering with phonons, man
body effects beyond theGW approximation, and the neces
sity of anab initio description of the dynamical response
both sp andd electrons in the noble metals.
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