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The role that occupied 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 elecsphbsinds are taken to be
free-electron-like. For surface states, the surface band structusp sthtes is described with the use of a
realistic one-dimensional Hamiltonian. The presence of occugietiates 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 Ag11)) is considerably improved when the screeninglalectrons is taken into account.
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[. INTRODUCTION yields a surprisingly long lifetime of the first image state on
the (100 surface of Ag, in agreement with experiment.

Electron scattering in the bulk and at the surface of solid In this paper, we report calculations of the inelastic life-
materials has attracted great interest, as the Coulomb intetime of both bulk and surface states in Ag, as obtained from
action between excited electrons and the remaining electrortee knowledge of the complex quasiparticle self-energy by
of the solid is fundamental in many physical and chemicalcombining the dynamics «fp valence electrons with a sim-
phenomena, such as charge transfer or electronically induceglified description of the occupied bands. In the case of
adsorbate reactions at surface$A basic quantity in photo-  bulk electrons;sp bands are taken to be free-electron-like.
electron spectroscopy and quantitative surface analysis is theor surface states, single-particle wave functions and ener-
quasiparticle lifetime, which sets the duration of the excita-gies of sp electrons are taken to be the eigenfunctions and
tion and combined with the velocity yields the mean freeeigenenergies of a realistic one-dimensional Hamiltonian that
path of the excited state. describes the main features of the surface band structure. The

Recently, two-photon photoemissid2PPE and time-  dynamically screened electron-electrogrd) interaction is
resolved 2PPETR-2PPH spectroscopies have provided ac- evaluated within the random-phase approximati®PA),
curate measurements of the lifetime of both bulk and surfacgnd theGw approximation of many-body theory is used to
electrons with energies below the vacuum I€Véf The life-  compute the complex self-energy. We present the results of
time of bulk and surface holes below the Fermi level hascalculations of the lifetime of bulk excited electrons with
been investigated by employing high-resolution angle-energies below the vacuum level, the first three image states
resolved photoemissiaiRP) techniques®~*°The scanning  on Ag(100), and both the Shockley and first image state on
tunneling microscop€éSTM) has also been used to determine Ag(111). We find that a realistic description of the screening
the lifetime of both surface-state holes and electrons in th@f d electrons, which reduces the screered interaction
noble metals Cu, Ag, and Att2° and opengin the case of image stajes new decay channel,

In the noble metals there are two kinds of surface statess of crucial importance for the understanding of the origin
intrinsic surface states @fp, symmetry(also called Shock- and magnitude of the decay of both bulk and surface states.

ley state§*) and image-potential-induced surface Unless stated otherwise, atomic units are used throughout,
states’' "> Shockley states are localized near the topmoste  e?=f=m,=1.

atomic layer and originate in the symmetry breaking at the

surface. Image states are Rydberg-like states trapped in the

image-potential well outside the surface of a solid with a Il THEORY

projected band gap near the vacuum level. Theoretical work

based on many-body calculations of the electron self-energy In a system of many electrons, the inverse quasiparticle
predicted both Shockley and image-state lifetimes that are, ilifetime is dictated by the imaginary part of the complex
the case of Cu and other metal surfaces, in good agreemeanergy of the quasiparticle. On teaergy shelli.e., neglect-
with experimenf~10192234-3%ha key role that occupied  ing the quasiparticle-energy renormalizatiothe lifetime
bands play in the dynamics of image-state electrons has aldwoadening of an excited stade(r) with energyE is given
been investigate®f, showing that surface-plasmon decay by*!
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T‘1=—2J drfdr’d)*(r)lmE(r,r’;E)fI)(r’). )

The complex self-energ¥.(r,r’;E) can be expanded in a
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Vg
€q(w)+€5(w)—1"

W)(w)= %)

Here,vq=47-r/q2, and,4(w) is the RPA dielectric function

perturbative series of the so-called screened interactioof valence (5%) electrons,

W(r,r";E),** which describes the scattering of the excited

electron with the remaining electrons of the system. In the
GW approximation, one considers only the first-order term in_o

this expansion. If one further replaces the exact one-electr
Green functionG(r,r’,E) by its noninteracting counterpart
Go(r,r’,E), one finds

|mz(r,r';E)=Zf OF (r")ImW(r,r';E—E)d¢(r).
()

Here, the sum is extended over all available single-particle

states®(r) with energyE; (Er<E;<E), Eg is the Fermi
energy, and the screened interaction is

W(r,r’;E)=v(r,r’)+Jdrlf drov(r,rq)

3

Xx(ry,ra;E)o(ry,r'),

®

¢(@) being the Fourier transform of the density-response
unction of noninteracting free electrons, i.e., the Lindhard
function®®
In the case of bulk states with energies very close to the
Fermi level E—Eg<Eg) and in the limit of high electron
densities, one finds

€q(@)=1-vgxq(®),

_, 2(E—Ep)* [>dq

1_ 2 2 —.0)]"2

Te = v J'o q4[qTF/q +e(0—0)]7% (9
where gt is the Thomas-Fermi momentum g

=+4qg/m) and gg is the Fermi momentum. The integral
entering Eq.(9) is easily carried out to yield

rSAE—Ep)?Veg(0—0),

B (3 7T2/2) 1/3

36

-1
TE

(10

whereu(r,r') represents the bare Coulomb interaction andwherer s is the electron-density parameteof valence (5"

x(r,r";E) is the density-response function of the many-
electron system. In the RPA,

x(r,r’,E)=x°(r,r’,E)+fdrlf drox°(r,rq,E)

(4)

wherex°(r,r’,E) is the density-response function of nonin-

Xv(ry,r)x(ra,r',E),

teracting electrons, which is obtained from a complete set of

single-particle wave functions and energies.

A. Bulk states

For a description of the electron dynamics of bulk state
in Ag, we consider a homogeneous assembly of interactin
valence (5%) electrons immersed in a polarizable back-
ground ofd electrons characterized by a local dielectric func-
tion e4(w). Within this model, single-particle wave func-
tions are simply plane waves and tB8W-RPA (also called
G°WDO) lifetime broadening is obtained from Ed4)—(4) by
replacing the bare Coulomb interactiofr,r’) by a modi-
fied (d-screenefl Coulomb interactionv’(r,r’;w) of the
form

v/ () =v(r,r')eg ).

5

By introducing Fourier transforms, the lifetime broadening
of an excited bulk state of momentukn and energyE
=k?/2 is then found to be

1 2k ®max
1_ !
T __ML dqqfo do ImW(w),  (6)

where = min(E—Eg ,kq—qg?/2), and

electrons.

Equation(9) shows that the screening dfelectrons re-
duces the lifetime broadening, this reduction being negligible
in the long-wavelengthd—0) limit where long-range inter-
actions dominate. Equatiof10) shows that the overall im-
pact ofd-electron screening is to decrease the lifetime broad-

ening by a factor ok%?, as suggested by Quirfn.

B. Surface states

In the case of surface states, interacting valence')(5
electrons are described by the eigenfunctions and eigenval-
ues of a realistic one-dimensional Hamiltonian that describes
the main features of the surface band structfirand this

$ounded assembly of valence electrons is then considered to
Be immersed in a polarizable backgrounddadlectrons that

extends up to a certain plaze= z4. Within this model there

is translational invariance in the plane of the surface, and the
G°WV lifetime broadening is obtained from Eqd)—(4), as

in the case of bulk states, by replacing the bare Coulomb
interactionuv (r,r’) by a modified (I-screenegd Coulomb in-
teractionv’(r,r’;w) whose two-dimensional2D) Fourier
transform yieldgthe z axis is taken to be perpendicular from
the surfacg’

vé(z,z’;w)= - [e‘q|\‘2‘2/|+sgr(zd—z’)od(m)
” gjeq(z’, @)
X e~ allz-zdlg=aylza=2'l], (11)
where
€g(w), zsz4
ed(Z,w)— 1, Z>Zd (12)
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and

_6d(a))_1

Ud—m. (13)

The first term in Eq(11) is simply the bare Coulomb inter-

—_

action vq”(z,z’)=27-re*qH‘Z*Z'|/q” screened by the polariza- 2
tion charges induced within the polarizable background. The+"
second term stems from polarization charges at the boundar
of the medium.

By introducing 2D Fourier transforms, one finds the fol-
lowing expression for the lifetime broadening of an excited

state &I¢(z) of energyE=Kkf/(2m) +e:

T = —2f dzf dz'¢* (2)Im3y .(2.2))p(2'),
(14
where

M3y (22')= X ¢7(2)Im

Wq (2,2 E=E) bi(2),
a .=t

(19

the sum being extended over all available single-particl

states §4979)"I(2) of energy Ey=(kj—q))%(2my) +e;
(Ef<E{<E). The screened interaction is

WéH(Z,z';w)=véH(Z,z';w)+J leJ’ dzzvéu(z,zl;w)
X Xq (21,225 0)vg(22,2"; @), (16)

where

XqH(Z,zf;w):Xgu(z,z';w)nLf dzlf dszgH(z,zl;w)

XvéH(Zl,Zz;w))(q”(Zz,Z';w) 17
and
0 ’ ? * ’ * (51
Xg (2.2 i0)= % ‘2 $i(2) ¢ (2)i(2)bF ()
| #i %]
6(Er—E) — 6(Er—E)) 8

Ei—Ej+(w+i77) '

with A being the normalization areEi=gi+kf/2, Ej=¢;
+ (kH+qH)2/2, 0(E) the Heaviside function, ang a positive
infinitesimal.

FIG. 1. Lifetime of bulk excited electrons in Ag versus the elec-
tron energy(with respect to the Fermi levelas obtained from Eq.
(6) both in the presendeolid line) and in the absendgashed ling
of d electrons. Solid circles represent the resultofthe-energy-
shellfirst-principles calculations reported in Ref. 49.

reduces to that of excited states in the absenackedéctrons,
&s calculated in previous work=®

I1l. RESULTS AND DISCUSSION
A. Bulk states

Silver is a noble metal with & valence electrons and
entirely filled 4d-like bands. Valence electrons form an elec-
tron gas withr,=3.02. Assuming that the only effect of
electrons is to modify the electron screening of the solid,
these electrons are expected to form a polarizable back-
ground characterized by a local dielectric functiegf(w)
that we take from bulk optical dafd.In the static limit @
—0), €4~4; in the absence ofl electrons,ey(w) would
simply be equal to unity.

Figure 1 shows the lifetime of bulk excited electrons in
Ag versus the electron enerdyith respect to the Fermi
level), as obtained from Eq6) both in the presencésolid
line) and in the absenc@ashed lingof d electronsd elec-
trons give rise to additional screening, thus increasing the
lifetime of all electrons above the Fermi level. We also com-
pare our resultgsolid line) with first-principles calculations
of the inelastic lifetime of bulk excited electrons in Agplid
circles,*® showing remarkable agreement for all electron en-

We take all the single-particle wave functions and enerergies under consideration. This indicates that, for excited

gies entering Eqgs(14)—(18) to be the eigenfunctions and

states within a few eV above the Fermi level, our simplified

eigenvalues of the one-dimensional Hamiltonian of Ref. 47description of thel bands in Ajwhich dominate the density
and we account for the potential variation parallel to thepf stategDOS) with energies from~4 eV below the Fermi

surface through the introduction of the effective masses
andm; entering the expressions for the total enerdtesnd
E;. Finally, we note that in they;— —c limit [or, equiva-
lently, if e4(z,w) is taken to be equal to unity for ai],

level] in terms of a polarizable medium is adequate.

In order to analyze the impact dfelectron screening as a
function of the momentum transfer, we define the lifetime
broadeningr;l(qmax) by replacing the actual maximum mo-

v(’]H(z,z’;w) coincides with the 2D Fourier transform of the mentum transfer R entering Eq(6) by g (Which we vary

bare Coulomb interaction, and our lifetime broadem'm‘g,S

from zero to its actual valuekd, and consider the ratio
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T T T T T B. Surface states

The projected band gaps and available bulk states on the
(100 and(111) surfaces of Ag are shown in Fig. 3 at the
point (k;=0). In the case of A@00), the surface electronic
structure supports the whole Rydberg series of image states
lying close to the center of the projected band gap. The first
three image states have binding energies of 0.53, 0.17, and
0.081 eV £—E=3.90, 4.26, and 4.35 eYand their prob-
ability densities have maxima at 3.8, 14.5, and 32.6 A out-
side the crystal edgez&0), which we choose to be located
half a lattice spacing beyond the last atomic layer. In the case
L | of Ag(112), the surface electronic structure supports the first
= | , | , | , (n=1) image state with a binding energy of 0.77 e¥ (

05 ! 15 2 —Eg=3.79), the probability density being maximum at 0.1
kg A inside the crystal edge, and a partially occupied Shockley
(n=0) surface state with energy lying at 0.065 eV below the
Fermi level and probability maximum at 2.2 A outside the
crystal edge.

The effective mass of image states is known to be close to
the free-electron massn~1), whereas the effective mass of
the n=0 surface state on Agll) is found to bem~0.44.

For all single-particle states below the bottom of the band
gap we choose the effective mass to increase from our com-
puted values of 0.45Ag(100] and 0.42[Ag(111)] at the

qITNlX

FIG. 2. Ratio r(qmn.) between the lifetime broadenings
7 "(Oma) IN the absencénumerator of Eq(19)] and in the pres-
ence[denominator of Eq(19)] of d bands, as a function @f,,,and
for bulk states with energies very near the Fermi leveEg
<1). For these energies, the ratio of E49), which does not
depend on the electron energyapproaches at,.,= 2kg the result

one would obtain from Eq10), i.e., r(2k) ~eq(w—0)~2.

J'zq”‘axdqu“’maxv Im e Y(w) bottom of the gap to the free-electron mass at the bottom of
q q the valence band. The boundary of the polarizable medium is

M(Ama) = 75— o - (19 taken to be azy= — 1.5, inside the crystal, which was pre-
fo dqqfO Im W(’](w) viously found to best reproduce the anomalous dispersion of

surface plasmons in AY.

We have plotted this ratio in Fig. 2 versug,, for bulk
states with energies very near the Fermi level, showing that
in the long-wavelengthd—0) limit, d electrons do not par- The lifetime broadening of excited states of eneigy
ticipate in the screening @&-e interactiong see also Eq9)]. originates in processes in which the excited electron or hole
Hence, if the electron or hole decay were dominated by prodecays into an empty state above or below the Fermi level.
cesses in which the momentum transfer is small, as occurs ifhese processes can be realized by transferring energy and
the case of Shockley surface states in(d), the overall momentum to an excitation of the medium, thereby creating
impact of the screening af electrons should be expected to either an electron-hole pair or a collective excitation of en-

1. Surface-plasmon excitation

be small. ergy o<|E—Eg|. Without d-electron screening, the Ag
EV
E, 0.77 eV
E, 456ev| |~~~ T TTTTTTTTT
____________ l_El_ o IO.S3eV 3.9¢
Ep

e T —_ 4 0065¢eV
443V B E,

1.6e\1 EF

FIG. 3. Projected band gaps and available bulk states ofil®® and(111) surfaces of Ag fokkj=0. The shaded area represents the
projected bulk bands.
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FIG. 4. Imaginary part of the screened interaction Im E

[_WAH(LZ';&’)] versusz for z' =z, as obtained from Eq16) in =
the presencésolid lineg and in the absenc&ashed linesof d
electrons. The parallel momentum transfer is taken to dpe L5
=0.39¢ and two different values are considered for the energy

transfer:w=0.05 eV(top panel and w=4 eV (bottom panel

0

surface-plasmon energy(,=6.5 eV) is larger than the ex-
citation energies |E—Eg|) under consideration, and only
electron-hole pairs can be created. However, the presence ¢
d electrons is known to reduce this surface-plasmon energy 0

30 -20 -10 0 10
from ~6.5 to ~3.7 eV’ so that relaxation of image states z(au)
via surface-plasmon excitation becomes feasible and contrib-
utes to the lifetime broadening of E(L4). FIG. 5. Imaginary part of the screened interaction Im

Akey ingredient in the decay mechanism of excited state~We,(2:2";@)] versusz for z'=z, as obtained from E¢(16) in

is the imaginary part of the screened interaction Imthe presencésolid lines and in the absencélashed linesof d
[-W! (z,2';w)] entering Eq.(15). Figure 4 shows this electrons. Three different values are considered for the parallel mo-

9 mentum transferg;=0.3q¢ (to =0 idd|

! , . , |=0.39¢ (top pane), q;=0.6q¢ (middle panel,
quannty versus the coordinate bth in the presenc¢solid and q;=0.8q; (bottom panel The energy transfer is taken to be
lines) and in the absencedashed linesof d electrons, for  _ "o

z'=2z, qj=0.30¢, and two choices of the energy transfer:

»=0.05 and 4 eVd electrons give rise to additional screen- 2. Image states on Ag(100)
ing; hence, in the interior of the solid they simply reduce : .
ImW’, as in the case of bulk states. However, when the Now we consider the decay of image states o(1Ag) at
energy transfer approaches the reduced surface-plasmon dhel” point. At this point, the energy of the=1 image state
ergy of ~3.7 eV (see bottom panel of Fig.)4this effect is  lies 3.9 eV above the Fermi level. Hence, the decay of this
outweighed near the surface by the opening of the surfaceexcited state can be realized by creating excitations of energy
plasmon excitation channel that only occurs in the presence<3.9 eV, which in the presence dfelectrons can be ei-

of d electrong(solid lines. Hence, while foro=0.05 eV the ther electron-hole pairs or surface plasmons.

presence ofl electrons reduces IW'] both inside the ~ Calculations of the imaginary part of the A§0 n=1
solid and near the surface, far=4 eV d-electron screening image-state self-energy [m 3, .(z,z')] entering Eq(14)
enhances Iin-W'] near the surface. were reported in Ref. 40, showing that, as in the case of

Figure 5 shows the imaginary part of the screened intertm[ —W'] (see Figs. 4 and)5the reduction of the self-
action versus the coordinate, as in Fig. 4, but now fes energy inside the solid due to the additional screening of
=4 eV and three different values of the momentum transferelectrons is outweighed near the surface by the opening of
q;=0.39F, 0.6, and 0.8. For the lowest value of the surface-plasmon excitation channel.

(see also Fig. ¥surface plasmons can be excited in the pres- The magnitude of the maximum of the imaginary part of
ence ofd electrons, which yields an enhancement of Imthe Ag(100) n=1 image-state self-energy is plotted in Fig. 6
[-W'] near the surface. Ag| increases, the impact of as a function ok This is an oscillating function af’ within
d-electron screening is more pronounced in the interior of thehe bulk and reaches its highest value near the surface. The
solid, as in the case of bulk states, but there is no enhancescillatory behavior within the bulk is dictated by the peri-
ment of Inf —W'’] near the surface, showing that surface-odicity of the final-state wave functiong;(z) entering Eq.
plasmon excitation does not occur for large values of th€15), and the highest value near the crystal edge is the result
parallel momentum transfer. of the fact that electron-hole pair creation is enhanced in the
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FIG. 6. Maximum of the imaginary part of thre=1 image-state
self-energy Irﬁ—Ek” «(2,2")], versusz, in the vicinity of the(100 — ; )
surface of Ag, as obtained from E@.5) both in the presencesolid at thel pomt ,Of Ag(100, as o.btalned from Eq14) by replacmg
lines and in the absencé&lashed linegsof d electrons. For each the upper limit ¢— ) of the integral overz bY Zmax. Solid and .
value ofz, Im[ —3 ] is evaluated at the’ coordinate for which it is dashed lines represent the res_ult obtained in the presence and in the
maximum. Inside the solid this occurs #t=z, as in the case of absence ofl electrons, respectively.
bulk excited states; nevertheless, focoordinates in the vacuum

side of the solid the maximum of 2.7 lags behind and remains the lifetime broadeningr’l (Za) is reduced where
localized atz~0 rather thare’ =z, showing a highly nonlocal be- K etom max

havior in the presence of a metal surface. crosses the surface. Since the presence efectrons en-
hances the self-energy near the surface, negative interference

_ is also enhanced and Fig. 7 shows that the net effect of decay
vicinity of the surface. We note that the presencel@ec-  \ig gyrface plasmons is a considerably reduced lifetime

trons reduces the maximum of [m X ] in the interior of the broadening ag, ., .

solid but enhances this quantity near the surface, due to the e have calculated from Eq14) separate contributions

Opening Of the Surface-p|asm0n EXCitatiOI’l Channel. HenCQO the decay of the first three image states Om@@) arising

one might expect from Eq(14) that this enhancement of from z,z’ <0 (“local” part) and fromz>0 orz’>0 (“non-

Im[ —2 ] near the surface should yield an accordingly largenocal” part), and we have obtained the results presented in

lifetime broadening. The key point of Ref. 40 was, however,Taple |. The TR-2PPE measurements reported in Ref. 6 are

to show that this trend is reversed, due to the characteristigiso presented in this table. Our calculations indicate that the

nonlocality of the self-energy near the surface. impact of d-electron screening on the negative interference
In order to understand this result, we define the lifetimenear the surface outweighs the increase of the local part of

broadeningr@‘fs(zmag by replacing the upper limitz—=)  the decay, which yields a reduced lifetime broadening in

entering the first integral of Eq14) by z,,., (Which we vary ~ agreement with experiment.

from —< to its actual valuez,,,,—>). We have plotted in

Fig. 7 the lifetime broadening,;‘%s(zma)a of then=1 image TABLE I. Calculated lifetime broadenint=~* (in meV) of the
state on AgL00). For z,,., Well inside the solidsee inset of n=1, 2, and 3 image states on A§0) either in the presence of a
Fig. 7), coupling of the image state with the crystal only polarizable background af electrons that extends up to a plane
occurs through the penetration of the image-state wave fundocated atzq=—1.5a, or in the absence ofl electrons ¢;—
tion into the solid, where the presencecbélectrons reduces — ). Local and_ nonlocal co_nt_ributionsf to the Iif_etime broadening
the decay rate. Ag,,, approaches the surface, coupling of have been obtained by_ gonflnmg the |r_1tegrals in Elql.) to z,z’'
the image state with the crystal is still dominated by the=9 (locab and by confining the these integrals to eitizer0 or
penetration of the image-state wave function into the solidZ >0 (nonloca). The experimental linewidth is taken from TR-
but now in the presence af electrons the opening of the 277 E experimenteRef. 6. The lifetime in fs (1 fs=10"*s) is
surface-plasmon decay channel increases the decay rate. EP—ta'ned by noting that =658 meV'fs.

nally, asz,,x moves into the vacuum the imaginary part of

FIG. 7. Lifetime broadening@llyE(zma,a of then=1 image state

the self-energy exhibits a highly nonlocal behavitor z % Local  Nonlocal Total  Experiment
outside the solid the main peak of [m%] lags behind and 1 —o0 34 —-16 18

remains localized at~0), so that coupling mainly occurs -15 59 —47 12 12
through interference between the image-state amplitude at 2 — o 9 -5 4

>0 and the image-state amplitude itselzat-0. Since this -15 14 —-11 3 4
amplitude has a node at-a, (see Ref. 4Dand is negative 3 —» 5 -3 2

atz’~0 where Inf —3] is maximum, interference contribu- ~15 6 -5 1 1.8

tions to the lifetime broadening must be negative. As a result
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' T T T T ] TABLE II. Calculated lifetime broadeningg=~* (in meV) of the
Ag(111) Shockley f=0) and imagef=1) surface states on Al either
in the presence of a polarizable backgrounddaélectrons which
extends up to a plane locatedzgt= — 1.5a, or in the absence af
electrons g4— — ). Local and nonlocal contributions to the life-

= time broadening have been obtained by confining the integrals in
o Eq. (14) to z,z' <0 (local) and by confining these integrals to either
i z>0 orz'>0 (nonloca). The experimental linewidths of Shockley
m and image states are taken from Refs. 22 and 6, respectively. The
lifetime in fs (1 fs==10 %°s) is obtained by noting thati
=658 meV fs.
n Z4 Local Nonlocal  Total Experiment
' 0 — oo 1 2 3
k, (a.u) -15 1 1.8 2.8 6
1 —® 48 -4 44
FIG. 8. The solid line represents the dispersion of the Shockley _15 103 —_67 36 22
(n=0) surface state on Af1l). The shaded area represents the
projected bulk bands in this surface.
3.n=0 and n=1 surface states on Ag(111) impact of d-electron screening on the decay of this surface

' _ _ state is nearly negligible. In contrast, the screeningd efec-

Figure 8 shows the dispersion of the=0 Shockley state trons opens a surface-plasmon decay mechanism fon the
on the(111) surface of Ag. At thd” point this is an occupied =1 image state on Ad1l) (see the top panel of Fig)9as
state; hence, a hole can be created at this point, which wilbccurs in the case of Ag00.
decay through the coupling with bulk statésterband tran- In Table Il we summarize the results we have obtained for
sitions and through the coupling, within the surface statethe lifetime broadening of both the=0 andn=1 surface
itself, with surface states of different wave vectors parallel tosiates on AgL11) at thel” point. We observe that the broad-
the surface(intraband transitions Previous calculations of gping is always reduced whehelectron screening partici-
the lifetime broadening of this Shockley hole showed that thepates. The lifetime broadening of the Shockley haie-Q)
broadening arising from intg?band transitions  represents on|ly slightly reduced, because of the weak screening of
~90% of the total decay rafé:*As the momentum transfer glectrons involved in the interaction with the Fermi sea. In
involved in these transitiontsee Fig. 8 is very small, the e case of then=1 image state, however, both locat (
presence of a polarizable medium @felectrons is not ex- g andz’ <0) and nonlocal £>0 or z'>0) contributions
pected to play an important role. o to the broadening are enhanced in the presenckebéctron

The bottom panel of Fig. 9 exhibits the imaginary part of screening, due to the opening of the surface-plasmon decay
then=0 Shockley-hole self-energy at thepoint both in the  channel. Nevertheless, the role tldatlectrons play enhanc-
presenceésolid lineg and in the absenc@ashed linesof d ing the nonlocal contribution to the decay, which is domi-
electrons, as a function affor fixed values of the’ coor-  nated by negative interference, is more pronounced than the
dinate:z'=0 and 1@,. This figure clearly shows that the role that these electrons play enhancing the local decay. As a

0,03 .
FIG. 9. Imaginary part of thee=0 (bottom

panels andn=1 (top panel$ surface-state self-
energy Inli—Ek‘I «(2,2")] versuszin the vicinity

of the (111) surface of Ag, both in the presence
(solid lineg and in the absenc@ashed linesof

d electrons. The value of the coordinate(indi-
cated by an open circlas fixed atz'=0 (left
panels and z=10 a, (right panel$. The geo-
metrical electronic edgezE&0) is chosen to be
located half an interlayer spacing beyond the last
atomic layer. The parallel momentum is taken to
be kj=0. n=0 andn=1 surface-state energies
are e=E+3.79eV and e=E—0.065 eV,
respectively.

-0,03

[(z,2)] x 103 (a.u.)

Taxi0™

¢

Im [-Zk

|
20 30 20 10 0
z (a.u.)
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result, the net effect of decay via surface plasmons is a corand the Fermi sea. Since the decay of the excited hole is

siderably reduced lifetime broadening, as occurs in the casdgominated by intraband transitions within the Shockley sur-

of image states on A@00). face band itself, where the parallel momentum transfer is
Also shown in Table Il are low-temperature STM always very small, the screening dfelectrons is compara-

measurement$ of the lifetime of an excited hole at the edge tively t\lr:eaklg‘;d the lifetime broadening is reduced by no

(I" point) of the partially occupieth=0 surface state and the more than LU%. »

2PPE measurements reported by McNeillal. for the n As far as image states are concerned, the reduiticthe

T . presence ofl electrong of the surface-plasmon energy from
=1 image staté,both on the(11) surface of Ag. At this 571 3.7 ev opens a new decay channel that enhances the

point, we note that electron-phonon scattering is expected {nae-state self-energy and more than compensates the re-
yield a contribution to th@ =0 surface-state linewidth of 3.9 §,;ction of the screened-e interaction. Nevertheless. our

meV,”™ which would result in a total linewidth of 6.7 meV in o5 its demonstrate that the highly nonlocal character of the
good agreement with the experimentally measured “”eW'd“%elf-energy near the surface ultimately leads to a reduced
of 6 meV. On the other hand, our calculations show that thgatime broadening of image states on both 160 and
inclusion of the surface-plasmon decay channel leads to 111) surfaces of Ag. In the case of tie=1 image state on
better agreement of the calculated-1 image-state line-  aq(100), the reduced lifetime broadening is in excellent
width with experiment, although our calculated linewidth for agreement with the experiment. The agreement with the

this surface state is still too high. measured lifetime of the= 1 image state on Ad11) is also
improved when the screening df electrons is considered,
IV. SUMMARY AND CONCLUSIONS although in this case the experimental linewidth is still well

above the theoretical prediction. The experimental linewidths

We have investigated the role that occupétands pla .
ve Investid upte pay of the n=2 andn=3 image states on A§00 are also

in the lifetime of bulk and surface states in Ag, by combining ™. . . :
an accurate description of the dynamicssefvalence elec- slightly above our best theoretical prediction, as occurs in the

. . 35
trons with a physically motivated model in which the occu- ¢35¢ of the corresponding image states ofl00.™ As the

pied d bands are accounted for by the presence of a polariﬂinewidth of excited image states1-1) is only of a few

able medium. In the case of bulk excited states, we hav8'€V'S: small discrepancies with the experiment may be at-
obtained lifetimes that are in good agreement with first-riPuted to a combination of scattering with phonons, many-

principles band-structure calculations. Our surface-state life20dY €ffects beyond th&W approximation, and the neces-
ty of anab initio description of the dynamical response of

time calculations indicate that the agreement with measured .
lifetimes of both then=0 crystal-induced and the lowest- °0th spandd electrons in the noble metals.
lying n=1 image-potential induced surface states on silver
surfaces is considerably improved when the screenind of
electrons is taken into account. We acknowledge partial support by the University of the

The impact ofd-electron screening on the dynamics of the Basque Country, the Basque Unibertsitate eta Ikerketa Saila,
Shockley surface hole on Afill) is entirely due to the re- the Spanish Ministerio de Ciencia y Tecnolagand the Max
duction of the screened interaction between the excited holPlanck Research Funds.
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