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We report extensive calculations of the imaginary part of the electron self-energy in the vicinity(@Dthe
and (111 surfaces of Cu. The quasiparticle self-energy is computed by going beyond a free-electron descrip-
tion of the metal surface, either within ti&W approximation of many-body theory or with inclusion, within
the GWI" approximation, of short-range exchange-correlation effects. Calculations of the decay rate of the first
three image states on QD0 and the first image state on (I11) are also reported, and the impact of both
band structure and many-body effects on the electron relaxation process is discussed.
[S0163-1829)03940-5

. INTRODUCTION (111) surfaces of silvéf**and coppef®~*°
Calculations of image-state lifetimes were reported in

It is well known that an electron outside a metal surfaceRefs. 20 and 21, within a many-body free-electron descrip-
experiences an effective potential with the asymptotic imagéion of the metal surface and with the use of simplified mod-
form V,,=—1/4(z—z,), z, representing the image-plane els to approximate both initial and final electronic states and,
position. If the bulk band structure projected into the surfacealso, the screened Coulomb interaction. Later on, the role
presents a band gap near the vacuum lelzgH0), an elec- that crystal-induced surface states, not present within a free-
tron with energyE<0 can be trapped in the potential well electron description of the solid, play in the decay of image
created on the vacuum side of the surface by the gap and tistates was investigaté&?® Self-consistent many-body cal-
image potential. The long-range character of the image posulations of image-state lifetimes that go beyond a free-
tential gives rise to a series of unoccupied Rydberg-likeelectron description of the metal surface have been carried
states, which converge towards the vacuum légeThese  out only very recently on copp&rand lithiun?® surfaces.
so-called image states were first detected experimeffally In this paper, we report extensive calculations of the
by the techniques of inverse photoemissiérand the first  imaginary part of the image-electron self-energy in the vicin-
high-resolution measurements of image states were made lity of the (100 and(111) surfaces of copper, which we com-
the use of two-photon photoemissiGPPg." ! pute within theGW approximation of many-body theofy.

Image-potential states are localized in the vacuum regio®ingle-particle wave functions are obtained by solving the
of the surface. Hence, they are almost decoupled from bulSchralinger equation with a realistic one-dimensional model
states and are expected to have much longer lifetimes thapotential, and the screened interaction is evaluated within the
bulk excitations. Lifetimes of image states had been deterrandom-phase approximati¢RPA).?” Then, we present the
mined from their spectral width in 2PPE spectroscopy, andesults of calculations of the lifetime of the first three image
the advent of time-resolved 2PRER-TPPH has enabled a states on C{100) and the first image state on (d1). These
direct measurement of image-state lifetimes on(ft@) and  calculations are carried out withinGW-RPA description of
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the self-energy and, also, with use of the so-cal@dI’ = dE [ dq

approximatiort>?° which includes short-range exchange- 2(2,2’;kH,E0):j Z_J' ||2W(z,z’;q“,E)
correlation (XC) effects not present in th&W-RPA. We —eT) (2)

also consider simplified models for the description of both XiG(z,2';kj—qy,Eo—E), (5)

the electronic wave functions and the screened interaction,
we discuss the impact of band structure and many-body efand after replacing the Green functi@{z,z’;k|,w) by that
fects on image-state lifetimes, and account for the potentiabf noninteracting electrons, one finds

variation parallel to the surface through the introduction of

the effective mass. We present systematic investigations of .. , dq

the role that all quantities involved in the evaluation of the Im2(z,2"k| ,E0)=§f: b7 (z )¢f(2)j (277")2

electron self-energy play in the coupling of image states with

the solid. We find that a detailed description of these quan- XImW(z,z";q,,Eo—Ef),  (6)

tities is of crucial importance in the understanding of the h

origin and magnitude of decay rates of image states. Finally\fv ere

differences between decay rates of image states ofiLOG (kj+ qu)z

and (111 surfaces of Cu are investigated, and we focus our Ei=e¢t “om (7)

attention on the role that the various available bulk and sur- f

face states play in the electron relaxation process. The sum in Eq(6) is extended over a complete set of final
Unless otherwise is stated, atomic units are used throughstates¢(z) with energye((Er<E;<E,), Ef is the Fermi

out, i.e.,e®?=h=my=1. energy, andW(z,z’;q,) is the two-dimensional Fourier

transform of the screened interaction:
Il. THEORY

Take an inhomogeneous electron system. The damping W(Z*Z,?qH""):V(Z’Z/;QHHJ dzlf dzv(z,2,50))
rate of an excited electron in the statg(r) with energyE, )
is obtained as the projection of the imaginary part of the X x(21,25;9),0)v(Z2,2";q)), (8

electron self-energys. (r,r',Eg), over the state itself: with v(z,2';q)) and x(z,2';qj,w) representing the bare

Coulomb interaction,
7’12—2f drfdr’z/;’g(r)lmE(r,r’;EO)wo(r’). (1) )
T )
v(z,2';q)=—e 9z, (9)
We consider a periodic-film model of the solid. The film q
is taken to be translationally invariant in the plane of theand the density-response function, respectively.

surface, which is assumed to be normal to thaxis, and Within RPA, x(z,2';0;,w) satisfies the integral equation
departure of motion along the surface from free-electron be-
havior is accounted for through the introduction of the effec- x(z,2";q),w)=x0(2,2',q),®)
tive mass. Hence, single-particle wave functions are taken to
be Of the fOI’m +f dzlf dZZXO(Zizllq” ,(l))
1 . . ,
‘pO(r):\/_K(ﬁO(Z)eIkH‘rH! (2) XV(Zl,Zg,CI”)X(Zz,Z ,qu,w), (10)
where xo(z,2',q;,w) represents the density-response func-
with energies tion of noninteracting electron,
2
Eg=s0+ i 3) Xo(Z,Z'1Q|\,w):2 &b ()i (Z') b (2))
2m0 1,1
The wave functiongo(z) and energye, describe motion y dk; 6(Er—E|)—60(EF—E)
normal to the surfacek; is a wave vector parallel to the (2m)2  E—E;+(w+iy)

surface,A is the normalization area, and, is the effective

mass. Introduction of Eq2) into Eq. (1) yields the follow- (13)
ing expression for the damping rate: with
-1 AR ’. ’ kf
T T=—2| dz| dZ' ¢5(2)ImZ(z,2";k|,Ep) ho(Z'), E|:8|+E (12)
4
, . . and

where X (z,z";k| ,Eo) represents the two-dimensional Fou-
rier transform of the electron self-energy. (kHJrqH)Z

In the so-calledGW approximation, one considers only Ey=gp+——F— (13

the first-order term in a series expansion of the self-energy in 2
terms of the screened interaction, and §(x) being the Heaviside step function.
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In the so-calledsWI" approximation, which includes XC
effects not present in the W-RPA, the electron self-energy L TP
is of the GW form, i.e., it is given by Eq(5), but with an

) ; ; 2008f Cu(100
effective screened interaction, ] 0.08 u(100)
[}
S 0.06
, , £
W(z,z q) Jw)=Vv(z,z §Q\|)+f dzlj dz § 0.04
[
o

X[V(21,22:0)) +Kye(21,2230), ) ] 0.02

X x(21,22;9),0)Vv(Z2,2";q)), (14 0 PN AL ‘ P
3 20 10 0 10 20 30
where z(au)
x(z,2";q),0)=x0(2,2',q),w) FIG. 1. Probability density of the=1 image state on GLOO)
(dotted ling and Cy111) (solid line), as obtained with use of the
+ 1 dz | dz 2.2, one-dimensional model potential of Ref. 35. _The crystal edge (
f 1f 2X0(2,21 qi 2 =0) has been chosen to be located half an interlayer spacing be-

) ) yond the last atomic layer. Full circles represent the atomic posi-
X [V(Z’Zl’qH) + Kxc(ZLZZ-qH )] tions. In the case of G1l), the matching at the surface occurs at

XX(Zz-Z/aQH o). (15) minimum amplitude.

Here, K4((z,2';q),w) represents the two-dimensional Fou-  For a realistic description of the metal surfacg, we solve
rier transform of the XC kerned,.(r,r';w), which accounts for ¢;(z) a single-particle time-independent Sotirger
through Eqgs(14) and(15) for the reduction in the electron- equation with the one-dimensional model potential suggested
electron interaction due to the existence of short-range Xdn Ref. 35, which approaches, far outside the surface, the
effects associated to the probe electron and to screening eledassical image potential. This one-dimensional potential has
trons, respectively. In the static limitw(—0), density- four adjustable parameters, which are chosen so as to repro-

functional theory(DFT) (Ref. 31) shows that’ duce the width and position of the energy gap atfthgoint
, (kj=0) and, also, the bindilg energies of both the 0

Kyo(r,1' 0—0) = O°Exdn] (16) crystal-induced surface statelatand the first (=1) image-

xellsl o sn(rysn(r’) no(r)’ potential induced state. Probability amplitudes of tirel

image state on (110 and C{100), as obtained with use of
whereE, [n] represents the XC energy functional angr) this model poFentia.I, havg bgen found to be in excellent
is the actual density of the electron system. In the localdreement with first principles pseudopoterifialand
density approximationLDA), the XC kernel is approxi- all-electrori® calculations, respectively.
mated by a contacé function, and one finds
Ill. RESULTS AND DISCUSSION
d’E,(n)

Kxe(2,2'50),0=0)=| — 3

o(z=2"), (17 Input of our calculation of image-state decay rates, as

no(2) given by Eg.(4), are the image-state wave functigi(z)
and the image-electron self-ener@;(z,z’;kH,Eo). We use
whereE,[n] now represents tsbe XC energy of a homoge-fiims of up to 50 layers of atoms and 80 interlayer-spacing
neous electron gas of density’ Introduction of this static  \4cyum intervals, thereby ensuring that finite-slab effects are
XC kernel into Eq.(15) represents an adiabatic extension Ofnegligible. Image-state wave functions are taken to be eigen-
the LDA to finite frequencies, and yields the so-called time-nctions of the one-dimensional model Hamiltonian de-
dependent LDATTDLDA). , , scribed abovéMP). For the evaluation of the image-electron

The single-particle wave functiong;(z) entering Eqs.  gelf.energy, we use in E6) either the MP wave functions
(4), (6), and(11) are simply eigenfunctions of a one-electron o the self-consisterjellium LDA eigenfunctions of the one-
Hamiltonian. In the particular case of the RP&;(z) are  glectron Kohn-Sham Hamiltonian witho@) and with (JG)
self-consistent eigenfunctions of the one-electron Hartrege restriction that only final states with energylying be-

Hamiltonian, and within TDLDA they are obtained by solv- |6y the projected band gap are allowed. The screened inter-
ing the Kohn-Sham equation of DFT with use of the LDA 4ction entering Eq.(6) is evaluated either within the

XC potential, specular-reflection modéSRM) of Ritchie and MarusaR’
with use of the approximate surface response function of
Vy(2)= dExlm) (189  Persson and Zaremh#®2),%® or within the self-consistent
dn 1o(2) approaches of Eqs8) and (14) with the single-particle

eigenstates entering E@L1) being MP wave functions.
Neither the Hartree self-consistent eigenfunctions nor the Probability densities|¢o(z)|?, for then=1 image state
LDA wave functions produce the correct imagelike on the(100 and(111) surfaces of Cu, as obtained with use
asymptotic potential behavior on the vacuum side of the suref the one-dimensional model potential of Ref. 35, are rep-
face. resented in Fig. 1. In the case of @00 (dotted ling, the
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FIG. 3. Maximum of the imaginary part of the=1 image-
electronGW-RPA self-energy Ir[l—E(z,z’;k”=O,Eo)], versusz’,

1

0, E }(meV/bohr)
8

&= 200 B in the vicinity of the (100 (dotted line$ and (111) (solid lineg
: ]88 B Cu(100) surfaces of Cu, obtained as in Fig. 2. Vertical dotted and solid lines
‘pg 50 | represent the atomic positions along th€0 and(111) directions,

0

respectively.

0%23 BULK VACUUM top panel,z’ is fixed at about three atomic layerg' (-
500 Cum) —5 A) within the bulk, showing that Im¢ $) has a maxi-

mum atz=z2', as in the case of a homogeneous electron gas.

Whenz' is fixed at the crystal edge(~0), as shown in the

middle panel of Fig. 2, we find that Im(X) is still maxi-

mum atz=z', but the magnitude of this maximum is now

enhanced. The bottom panel of Fig. 2 corresponds tbe-

ing fixed at about three atomic layerg’ 5 A) from the

20 10 0 10 20 surface into the vacuum. In this case, the maximum magni-

tude of Im(—%) occurs az~0 rather than foz=z', show-

ing a highly nonlocal behavior of the imaginary part of the
FIG. 2. Imaginary part of them=1 image-electrorGW-RPA  electron self-energy at the surface. This nonlocality of the

self-energy Ii—X(z,2';kj=0,E,)], versug, in the vicinity of the  cusp of Im(—3) was also shown by Deiszt al.* within a

(100 and(111) surfaces of Cu, as obtained from E6) with use of  free-electron(jellium) description of the surface.

Cu(100)

&b oooo
PNONLEDIO2O

z {a.u.)

MP wave functions both in Ed6) and Eq.(11) and with all effec- The magnitude of the maximum of Im(Z.) is plotted in
tive masses set' equal to the free-electron ma'sss fixed at—5 Fig. 3, as a function of’, showing that it is an oscillating
(top pane), 0 (middle panel, and 5 A (bottom panel function of z’ within the bulk and reaches its highest value

near the surface. The oscillatory behavior within the bulk is

n=1 probability density has a maximum at 3.8 A outsidedictated by the periodicity of final-state wave functions
the crystal edgez=0), which we choose to be located half ¢:(z) in the crystal, and the highest value near the crystal
a lattice spacing beyond the last atomic layer, and the peredge is the result of electron-hole pair creation taking place
etration into the bulkZ<<0) crystal is found to be of 5%. On mainly in the vicinity of the surface. We note that the mag-
the (100 surface of Cu, thea=1 image state is close to the nitude of Im(—2) near the surface is larger for Qi1 1) than
center of the projected band gHpwhich results in a very for Cu(100), although the band gap on (i11) extends be-
small penetration into the bulk. However, the=1 image low the Fermi level, thus the available phase space on this
state on C(L11) (solid line) is located right at the top of the surface becomes highly restricted. However, while the
gapZ® the solution in the bulk is aglike wave function with  crystal-inducech=0 surface state on CL0O0) is located out-
the matching at the surface occurring at minimum amplitudeside the projected band gap and represents, therefore, a so-
the maximum of the probability-density in the vacuum is called surface resonance, the=0 surface state on Ci11)
closer from the surface, at 2.3 A, than in the case ofis located within the band gap and provides an important
Cu(100, and the penetration into the bulk is found to be of channel for the decay of image states. As a result, the imagi-
22%. The first image state on QW0 and CY11l has bind-  nary part of the image-electron self-energy near (thil)
ing energies of 0.57 and 0.82 eV, respectively. surface of Cu is largely enhanced. This is illustrated in Fig.

Figure 2 shows fullGW-RPA calculations of the imagi- 4, where contributions to the magnitude of the maximum
nary part of the n=1 image-electron self-energy Im(—2) of the n=1 image state on Qull) have been
Im[—2(z,2";k=0Ep)] in the vicinity of the (100 and plotted separately, according to whether transitions to bulk
(111 surfaces of Cu, as obtained from H&) with use of  states(dotted ling or to then=0 surface statédashed ling
MP wave functions both in Eq6) and Eq.(11) and with all  occur.
effective masses set equal to the free-electron mass. The Now we focus on the evaluation of image-state lifetimes,
imaginary part of the electron self-energy is represented imnd we set the wave vector of the image electron parallel to
this figure as a function ofand for a fixed value at’. Inthe  the surfacek, equal to zero. Coupling of the image state
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350 TABLE Il. Decay rates, in linewidth units (meV), of the=1
= 300 & image state on Gd00), together with the experimentally deter-
S —=—Cu(111) mined decay rate of Refs. 18 and 19. All the wave functions enter-
% 250 | "T'igz%ﬁ)-n:{) ing Egs.(4), (6), and(11) have been chosen to be MP wave func-
£ 200 tions. Effective masses have been set equal to either the free-
o electron massri;=1) or to realistic values for all available final
¢ 150 states (n;#1). Five different models for the description of the
5.5 100 screened interaction have been used: the specular reflection model
N (SRM),%” the model of Persson and Zarem(®),% and three self-
g 50 consistent many-body approach&W-RPA, GW-TDLDA, and
Y S T GWI-TDLDA.
30 -25 20 15 10 -5 0 5 10
Z (au.) m; w Bulk Vacuum Inter. Total Exp.
FIG. 4. As in Fig. 4, for the separate contributions to the mag- =1 SRM 18 3 -4 7
nitude of the maxiumum of Ifin-3] of then=1 image electronon =1 PZ 55 55
Cu(111), according to whether transitions to bulk stateetted =1 GW-RPA 24 14 -16 22
line) or to then=0 surface statédashed lingoccur. =1 GW-TDLDA 265 14 —-16 245
=1 GWI'-TDLDA 235 14 —-16 215
with the crystal occurs through the penetration of the image-+1 GW-RPA 7 11.5 -1 175
state wave function into the solid and, also, through the eva-r1  GWI-TDLDA 6.5 115 -1 17 16.5

nescent tails of bulk states outside the crystal. Accordingly:
we have calculated separately the various contributions to
the damping rate by confining the integral in E4).to either ~ final states lying within the projected band gap are not al-
bulk (z<0) or vacuum £>0) coordinates: lowed, and this restriction results in a total decay rate that is
smaller by a factor of-3. However, the decay rate is nearly
(19 insensitive to the actual choice of the one-particle wave func-
tions entering Eq(6), as long as only final states lying below
where 7, 0, Tyaw, and 7,1, represent bulk, vacuum, and the projected band gap are included in jelium calcula-
interference contributions, respectively. The results of oution. We have also performed calculations with use of either
calculations for the decay rate of the=1 image state on the J or JG wave functions in E¢11), and have found that the
(100 and(111) surfaces of Cu are presented in Tables I, Il,decay rate is insensitive to the actual choice of the one-
and 1. particle wave functions entering E(L1). In the case of the
In order to investigate the impact of band structure effect4111) surface of Cu, the bottom of the projected band gap is
on the damping rate of image states, we present in Table lbcated just below the Fermi level, and both the existence of
the results of our fullGW-RPA calculations for the decay then=0 surface state, not present within a jellium model of
rate of then=1 image state on QUO0), as obtained from the surface, and the restricted available phase space play a
Eq. (4) with use of either J, JG, or MP wave functions in Eq. key role in the determination of the=1 image-state decay
(6), with use of MP wave functions in Egll), and with all ~ rate.
effective masses set equal to the free-electron massqfFor  In Tables Il and Il we present the results of our calcula-
>\2(Eo—Eq) (Eq4 represents the bottom of the projected tions for the decay rate of the=1 image state on GLOO)
band gap all final states with energ§;<E, lie below the and Cy111), respectively, as obtained from Eg) with use
gap, thereby bulk and interference contributions to the deca9f MP wave functions in both Eqg$6) and(11). First of all,
rate remain nearly unaffected by this restriction. However, agve set all effective masses equal to the free-electron mass,
the coupling of the image state with the crystal occurringand focus on the role that an accurate description of the
through the tails of bulk states outside the crystal is expected ) )
to be dominated by vertical transitionq”(\,o), the vacuum TABLE Ill. As in Table I, but for CL(]_]_:D and together with

contribution to the decay rate becomes noticeably smaller dbe decay rate experimentally determined for this surface of copper
(Ref. 17 at low temperatureT =25 K. Contributions to the line-

TABLE I. GW-RPA decay rates, in linewidth units (meV), of width from decay into bulk states lying below the bottom of the
the n=1 image state on Q0O as obtained from Eqg4), (6), projected band gap, thereby excluding the contribution from decay

(8), and (10). Effective masses have been set equal to the freei_nto then=0 intrinsic surface state, are displayed in parentheses.
electron massr;=1). All wave functions entering Eqg4) and

-1_ -1 -1 -1
T = 7'bulk—'— 7-vac—'— Tinter »

(11) have been chosen to be MP wave functions, and the final-stat&f w Bulk Vacuum Inter. Total  Exp.
wave functions entering E@6) have been taken to be either J, JG, =1 SRM 4634  12(1) —22(-5) 3630
or MP wave functiongsee the text -1 p7 572) 57(2)
?¢(2) Bulk Vacuum Inter. Total =1 GWRPA 4428 47(5 —54(-12) 3121)
=1 GW-TDLDA 43 42 —45 40
J 21 58 —-12 67 =1 GWI'-TDLDA 43.5 47 —54 36.5
JG 19.5 13 -11 21.5 #1 GW-RPA 3224) 345 —37(—12) 2917

MP 24 14 —16 22 #1 GWI'-TDLDA 30.5 35 —38 28.5 30
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screened interaction plays in the coupling of image state.42, respectivel{§®=*? and for bulk states entering E()

with the solid. Hence, we use three different models for theave have chosen to increase the effective mass from our com-
evaluation of W(z,z';q,w). First, the specular-reflection puted value ofn;=0.40 and 0.22 at the bottom of the gap in
model(SRM) of Ritchie and Marusa¥ has been considered, Cu(100) and Cy111), respectively, tan;=1 at the bottom
thereby assuming that bulk electrons are specularly reflectesf the valence band. As the effective mass of all available
at the surface with no interference between ingoing and outfinal states is smaller than the free-electron massnthd

going waves. Secondly, for the vacuum contribution to theimage-state decay rate of both @00 and Cy111) is found
decay rate £>0, z'>0) the surface response function sug-to be about 26-25% smaller than in the case of free-
gested by Persson and Za_reﬁf’oéPZ) has been used. Fi- glectron behavior along the surfacen=1). On the one
nally, the screened interaction has been evaluated from Egqng there is the effect of the decrease of the available phase
(8) by solving the RPA. integral equatidiq. (10)] for the space, which is easily found to scale ;. On the other
density-response functiorG\W-RPA). hand, as the effective mass decreases, the decay from the

We note that simplified jellium modelSRM and PZfor . .
: . . . ._..image state occurs, for a given energy transfer, through
the evaluation of the screened interaction yield unrealistic

results for the image-state lifetime. Bulk contributions to thetsr:nallerl para(ljlel n;_on?e_nt#rg transfer, dV\.’hLCh "]f‘y re?jult n s."
linewidth are approximately well described within the specu- er enlarged or diminished screened interactions, depending
on the magnitude of momentum and energy transfers. Our

lar reflection model, small differences resulting from an ap- .
proximate description, within this model, of the so-called"€Sults also indicate th&W-RPA andGWI'-TDLDA cal-
bregenzungffects. However, as within this model quantum- culations nearly coincide, as in the case of free-electron be-
mechanical details of the surface are ignored, it fails to dehavior along the surface, which is a consequence of the com-
scribe both vacuum and interference contributions to the dePetition between XC effects associated to the image-state
cay rate. These quantum-mechanical details of the surfacdectron and to screening electrons themselves.
are approximately taken into account within the PZ jellium GWI'-TDLDA calculations, as obtained with use of realistic
model, thereby resulting in a better approximation for theeffective masses for the description of final-state wave func-
vacuum contribution to the decay rate than the SRM, butions, yield decay rates of the=1 image state on GuOO
within the PZ model one neglects the coupling of the imageand Cy111) of 17 and 28.5 meV, respectively, in excellent
state with the crystal that occurs through the penetration ohgreement with the experimentally determined lifetiffies

the image-state wave function into the solid. Discrepanciegqo+ 6 %19and 22+3 fsl?

between vacuum contributions obtained within this model With the aim of investigating the role that the various

and our more realistic full RPA calculations appear as a reayailable bulk and surface states play in the decay of image-
sult of the jellium model of Ref. 38 being accurate only for yqential states, now we focus on our f@GW-RPA calcu-
‘ﬂ\/gF and w/Ep<1 (g is the Fermi momentum, i.€Er  |ation of then=1 image-state decay rate. Figure 5 exhibits
=0F/2). r{l separate contributions to ! from all final states lying

which are well-known (o teduce. slectron-eleciron interac E0% the projected band gap in Q00 (curves with
tions both between the image electron and the electron g gircles and Cy111) (curves with squargsas obtained with

and between screening electrons themselves. Hence, we s ﬁe final-state effective mass set equal to the free-electron

set all effective masses equal to the free-electron mass, ass(sollq lineg and with use of reallstlc.vaIL.Jes fan
introduce MP wave functions into Eqé6) and (11), and (dashed _Ilneb In_}he case of C111), there is _st|II a large
compare th&sW-RPA calculations described above with the contribution tor~= from the decay of the=1 image state
results that we obtain from either E@) (GW) or Eq. (14) mtq the crystal-lnducednlzo surfacg state, lying within the
(GWI') by using the density-response function of E45) projected band gap, which approximately represents 40% of
with the LDA XC kernel of Eq.(17) (TDLDA). An inspec-  the total decay rate. Figuresa, 5(b), 5(c) and (d) exhibit
tion of the results presented in Tables | and Il indicates thabulk, vacuum, interference, and total contributionsrfo'.
the existence of XC effects between screening electrons ers then= 1 image-state wave-function overlap with the bulk
hances the decay probability of image states. Neverthelests, larger in Cui111) than in the case of GL00), bulk con-
this enhancement is more than compensated for by the larggbutions to Tf_l decay rates are much larger for @Wl)
reduction of the decay rate produced by the presence of a Xthan for C100), as illustrated in Fig. &. However, the
hole around the image-state electron. Consequentlijarge bulk-state overlap in Cull) is partially counterbal-
GW-RPA calculations produce decay rates that are largeanced by the band gap extending on ¢h&1) surface of Cu
than their more realistiGWI'-TDLDA counterparts by no below the Fermi level. On the other hand, vacuum and inter-
more than~5% in both(100) and(111) surfaces of Cu. ference contributions to the decay rate in both surfaces of Cu
Finally, we account for potential variation parallel to the are comparable in magnitude and opposite in sign, yielding
surface through the introduction of a realistic effective masstotal decay rates that differ little from the bulk contribution.
The dispersiorEq(k) of image states has been determinedWe also note that the total decay rate in(0) (22 and
experimentally with the use of inverse photoemission tech17.5 meV, withm;=1 andm+ 1, respectively nearly co-
niques at off-normal emissiof,showing that the effective incides with theEfrf‘l contribution from all bulk states in
mass of image states in both @00 and Cy{111) are~1, Cu(11) (21 and 17 meV). Hence, differences between total
i.e., the free-electron mass. Measurements of the dispersiatecay rates in GQd00) and C111) appear as a consequence
of the n=0 surface resonance/state on ti€0 and (111 of the presence of the=0 surface state on Ci11), which
surfaces of Cu have yielded effective masses of 0.50 androvides a key channel for the decay mechanism.
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FIG. 5. (a) Bulk, (b) vacuum,(c) interference, an€d) total contributions to th&W-RPA damping rate"* coming from the decay into
the variousf available states lying below the projected band gap ilG® (curves with circlesand Cy111) (curves with squargsas
obtained with the final-state effective mass set equal to the free-electron(sodidslines and with use of realistic values ofi; (dashed
lines). Model potential(MP) wave functions have been used for the description of all single-particle states entering) E@s, and(11).
Vertical dotted lines represent the Fermi level.

Decay rates of image-potential states on(XD@) with been chosen to be MP wave functions, and the screened in-
guantum numben=<3 are presented in Table 1V, together teraction has been evaluated within tBaN-RPA. Decay
with the experimentally determined lifetimes reported inrates of then=2 andn=3 image states have been split as
Refs. 18 and 19. As before, the wave vector of the imagdollows:
state parallel to the surfack,,, has been set equal to zero,
all the wave functions entering Eqgl), (6), and(11) have 77122 T;l+7;:ZLl (20)

TABLE IV. Calculated decay rates, in linewidth unifseV),
and lifetimes, in femtosecond$s), of the n<3 image states on
Cu(100), together with the experimentally determined lifetimes of
Refs. 18 and 19. In the case &2 andn=3, contributions from = b+t (21
decay into the lower lying image states are also displayed. The f
screened interaction has been evaluated within @&-RPA.  respectively, Wheréfﬁl represents, as in the case of the
Model potential(MP) wave functions have been used for the de-n=1 image state, the decay rate from transitions to all avail-
scription of all single-particle states entering Eg@, (6), and(11). able states lying below the projected band gap, ﬁrﬁ]drep-
The effective mass has been set equal to either the free-electrqlésen,[S the contribution from decay into the lower lying

mass or to Fhe realistic valuc_es_descnbgd in the text. The r_esult 0|§“nage state. We observe that lower lying image states can
introducing into Eq.(6) a realistic effective mass for all available

. o . give noticeable contributions to the decay rate of excited,
final states is displayed in parentheses. : . .
i.e.,n=2 andn=3 image states. Decay of these states into
Linewidths Lifetimes Experiment the n=1 image stgte results in linewidths _that represent
~10% of the total linewidth. Decay of the=3 image state

n=1 2217.9 30(38) 40+6 into the n=2 lower lying state results in a linewidth that
n=2 53.9 132168 120+ 15 represents-3% of the total linewidth. We also observe that
n=2ton=1 0.50.4) both our calculated and the experimentally determined life-
n=3 1.91.9 367(480 300+ 20 times of image states in C100) increase withn as ~ 1/n®,
n=3 ton=2 0.050.05 in agreement with previous theoretical predictidri3iscrep-
n=3ton=1 0.170.16 ancies between our calculated inelastic lifetimes of excited

image statesn(>1) and experimental measurements may be
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attributed to scattering with phonons, which occurs on a timeschemes, depending on whether XC effects are not included
scale (-1 ps) that is comparable for these states to thd GW-RPA) or they are included through the introduction of

electron-electron relaxation time. a XC hole around screening electrons only (GW-TDLDA)
or around both the image-state electron and screening elec-
IV. SUMMARY trons (GWI'-TDLDA). We have reached the important con-

clusion thatGW-RPA calculations produce decay rates that

We have reported extensive self-consistent calculations of¢ very close t&WI'-TDLDA calculations, which are ob-
the imaginary part of the electron self-energy and the decayined with full inclusion of XC effects. With the use of

rate of image states on ti200) and(111) surfaces of Cu, by  gjther the free-electron mass or more realistic effective

going beyond a free-electron description of the metal sury,asses for all final states, decay rates of thel image

face. We have found that the imaginary part of the electroniate on c(100) are found to be smaller than those of the
self-energy out3|_de the surface |s_h|ghly nonl_ocal, an(_j have _ ¢ image state on G11). The large bulk-state overlap
found the magnitude of the maximum of this quantity 10 o5 c(111) is found to be approximately counterbalanced by

reach its highest value near the surface. We have presentgel, ang gap extending on the (@) surface below the
the results of calculations of the lifetime of the first three carmi level. and differences between decay rates on the

image states on QLOO) and the firstimage state on A1), (100 and(111) surfaces of Cu are found to be mainly due to
and have focused on the impact of band-structure and manypq large contribution, in the case of @d1), from decay

body effects on these quantities. We have found that bangpy, the crystal-induced=0 surface state located within the

structure effects on the evaluation of final-state wave f“nc'projected band gap. The results we have obtained fonthe

tions may be approximately accounted for through:1 image-state lifetime on both surfaces of Cu with use of

introduction of the restriction that only final states lying be- .. jistic effective masses. which are20% below those ob-
low the projected band gap are allowed_, and the impact 0{ ined withm;=1, are in excellent agreement with experi-
the band structure through the evaluation of the screenerc?:enta”y determin,ed decay times

interaction has been found not to be large. We have shown
that simplified jellium models for the electronic response
yield unrealistic results for the lifetime of image states,
thereby a detailed description of the screened interaction be- The authors gratefully acknowledge partial support by the
ing of crucial importance in the understanding of the originUniversity of the Basque Country, the Basque Hezkuntza,
of image-state lifetimes. We have evaluated the screened ifJnibertsitate eta Ikerketa Saila, the Spanish Ministerio de
teraction within three different self-consistent many-bodyEducacim y Cultura, and Iberdrola S. A.
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