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Role of the intrinsic surface state in the decay of image states at a metal surface
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The role of the intrinsic surface state<0) in the decay of the first image state= 1) at the(111) surface
of copper is investigated. Inelastic linewidths are evaluated from the knowledge of the imaginary part of the
electron self energy, which we compute, within 1B&V approximation of the many-body theory, by going
beyond a free-electron description of the metal surface. Single-particle wave functions are obtained by solving
the Schrdinger equation with a realistic one-dimensional model potential, and departure of the motion along
the surface from free-electron behavior is considered through the introduction of the effective mass. The decay
of the first image state of Ql11) into the intrinsic surface state is found to result in a linewidth that represents
40% of the total linewidth. The dependence of linewidths on the momentum of the image state parallel to the
surface is also investigate50163-182@99)09415-1

[. INTRODUCTION smaller than that of the first image state. Furthermore, the
lifetime of higher-order image statesn¥1) has been
The presence of an electron in front of a solid surfacepredicted to scale asymptotically with®, which makes the
redistributes the charge in the solid. As a consequence, aeries to be resolvable.
attractive potential is induced, which far from the surface During the last decade the linewidth of image states has
approaches the long-range classical image potewtjg]z) been measured by inverse photoemisSidriwo-photon
=—g4/4z [z being the distance from the surfaag,=(e;  photoemissior;® and time-resolved two-photon
—1)/(es+ 1), ande the static bulk-dielectric constant; for a photoemissiot®* Recently, time-resolved two-photon
metal,gs=1]. If the bulk-band structure projected onto the photoemission has been used in combination with the coher-
surface presents an energy gap near the vacuum level, &mt excitation of several quantum states, and the lifetime of
electron located in front of the surface cannot propagate intthe first six image states on tl#00) surface of copper has
the solid. Therefore, the electron may be trapped in théeen accurately determinéd.
vacuum well, and an infinite series of Rydberg-like states Theoretical calculations of the linewidth of image states
appears, which converges, for zero parallel momentum, towere first reported in Refs. 16 and 17, within a many-body
wards the vacuum energy. These so-called image $tdtes free-electron description of the metal surface and with the
are localized in the vacuum region of the surface, the pentise of simplified models to approximate both initial and final
etration of the first (=1) image wave function into the electronic states and, also, the screened-Coulomb interaction.
solid varying typically between 4% and 22%#s a result, Later on, the decay of the first image state on (h#&1)
image states are almost decoupled from bulk-electron scasurfaces of copper and nickel metals to the O crystal-
tering, and they are much longer lived than bulk excitationsinduced surface state was calculattdn terms of Auger
the lifetime of bulk electrons with energies of 4 eV abovetransitions, with the use of a three-band model to describe
the Fermi level is approximately one order of magnitudethe surface band structure. In Ref. 18, hydrogeniclike states
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with no penetration into the solid were used to describe thés the effective mass, which accounts for the departure of the
image-state wave functions, a simplified parametrized fornmotion along the surface from free-electron behavigy,is

was used for the surface-state wave functions, and screeninlge Fermi energy, anW‘”d(z,z',q“ ,E) represents the two-
effects were neglected. Self-consistent calculations of thdimensional Fourier transform of the induced part of the
linewidths of image states on copper surfaces have been rgereened interaction.

ported recently? and good agreement with experimentally  In particular, if only transitions into the crystal-induced
determined decay times has been found. In Ref. 19, the liner=0 surface statepy(z)e'®IT9) "I with energy Eq= ¢,
widths of image states were computed, within () ap- +(k||+q||)2/(2mo) are considered, one finds

proximation of the many-body theof$,by going beyond a
free-electron description of the metal surface. Single-particle

wave functions were obtained by solving the Schinger Im3(z,2' k:E ):j dqu b%(2)

equation with a realistic one-dimensional model potertial, R (2m)2"°

and the screened interaction was evaluated in the random- id

phase approximatiofRPA).? XImW"(z,2",q;E1— Eg) ¢o(2),
In this paper we focus our attention on the role that the 3

crystal-induced surface stata£0) plays in the relaxation

of the first image state at th@11) surface of copper, which 5ng introducing this contribution to Iﬁz(z,z’,kH ‘E,) into
: 0 o .

we find to represent 40% of the total linewidth. We presentzq (1) one finds

self-consistent calculations along the lines of Ref. 19, and we

also consider simplified models for both the electronic wave )

functions and the screened-Coulomb interaction, showing F—_» d<q|

that a detailed description of these quantities is of crucial s (27)2

importance in the understanding of the origin and magnitude _

of linewidths of image states. We account for potential varia- X ImW"(z,2",q);E1—Eo) o(2) $1(Z').  (4)

tion parallel to the surface through the introduction of the

effective mass, and we ﬁ”g that the linewidth of the first  Thee gifferent models have been used for the evaluation
image state of QW11 is 20% smaller than in the case of 4t the screened interactiow. First, the specular-reflection
free-electron behavior along the surface. Finally, we investiodel(SRM) of Ritchie and Marusak has been considered.
gate the dependence of interb&htinewidths on the mo- |, this model, bulk electrons are assumed to be specularly
mentum of the image state parallel to the surfage Our  (efiected at the surface, the interference between the ingoing
results indicate that for image state total energies lying below,q outgoing waves being neglected, and the electronic
the top of the gap, the linewidth of the first image state Ofcharge density abruptly terminates at the surfaze @),

| a2zt 082

Cu(11Y) is increased wittk;#0 up to 20%. which we choose to be located half a lattice spacing beyond
the last atomic layer. Within this simplified modélalso
Il. THEORY called semiclassical infinite barrier model the screened inter-

gction is obtained in terms of the wave-vector and frequency-
dependent bulk-dielectric function, which we evaluate in the
RPA. Second, for the vacuum contribution to the linewidth

(z>0, z’>0) the surface response function suggested by

We assume translational invariance in the plane parallel t
the surface, which is taken to be normal to #eis, and we
evaluate the inelastic linewidth of the image state

ikj-r H _ 2

l(fslt(aZ)a?o%;Lvﬂ;ﬁt:r:ﬁ;gﬁgﬁo_u?ngl(zzfin:l)m(ielfl) Zzs(vtvr?e Persson and Zar_eana(PZ) has been used. Finally, the

projection of the imaginary p:atrt. 01l the elef:tron,self—energyscre.ened mteractyon has been.evaluated, as m Ref. 19, by

S(r.r':Ey), over the state itself: soIV|r_1g the. RPA integral equatlpn_for the densny—_response

oLl : function of inhomogeneous media in terms of the eigenfunc-
tions of the one-electron effective Hamiltonian. These eigen-
F=—2f dzdZ¢7(2)ImX(z,2' k|;E1)¢1(2'), (1)  functions have been computed by solving the Sdimger

equation with the realistic one-dimensional model potential

where 2(z,2' k| ;E;) represents the two-dimensional Fou- suggested in Ref. 21. This model potential uses as param-

rier transform ofE(r.,r’;El).o _ _ eters the width and position of the energy gap atltheoint
In the GW approximatiorf’ the self-energy is obtained by (kj=0) and, also, the binding energies of both the 0
just keeping the first term of the expansion in the screened -

interaction (V). Then, after replacing the Green function by crystal-induced surface statelatand the first image state.
the zero-order approximation, one finds For the evaluation oh=0 andn=1 surface states, we

have first used simplified models for the wave functions in-

d%q side and outside the solid. In the vacuum side of the surface
Im2(z,2' k;Eq) = > J “2 o7 (2") (z>0), n=1 andn=0 states have been approximated by a
Erp<Ei<Ey J (2m) parametrized &-like hydrogenic wave function and a mere

exponential, respectively, which have been matched to a de-
caying wave function in the crystal band gap<(0) ob-
(2)  tained within a nearly-free-electron two-band motlel:

XImW"(z,2' ,q;;E1—Ef) 6(2),

where the sum is extended over a complete set of final states
#¢(2)€' €I "I with energiesE = ¢+ (k+q)) %/ (2my). my dn(2<0)~e*r?cog Gz+ 5,). (5)
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FIG. 1. Wave functions of botlla) n=1 image andb) n=0
intrinsic surface states on Cil1), as obtained within two different
models: MWF(solid line) and AWF (dotted ling (see text Full
circles represent the atomic positions in ttid1) direction. The

geometrical electronic edge£0) has been chosen to be located
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TABLE I. Calculated linewidth(in meV) coming from the de-
cay of then=1 image state on GW1l) into the n=0 intrinsic
surface state, as obtained within three different models for the de-
scription of the surface response and two different models for the
description of both initial and final wave functiosee text RPA
accounts for our full RPA realistic calculation of the screened in-
teraction, SRM for the simplified specular reflection model of
Ritchie and MarusakRef. 25, and PZ for the vacuum side surface
response suggested by Persson and ZargRba 27. MWF ac-
counts for the wave functions obtained by solving the Sdimger
equation with the realistic one-dimensional model potential of Ref.
21, and AWF for the approximate model described in the text. The
effective mass of the=1 image state has been set equal to the
free-electron mass, and for the=0 surface state we have used
eithermy=1 or my=0.42. The momentum of the image electron
parallel to the surface is set equal to zero.

Surf. Res. Wave function T'yoe Tsq Tiner T
RPA(My=1) MWF 42 16 —-42 16
RPA(My# 1) MWF 29 8 -25 12
SRM(m=1) MWF 11 12 -17 6
SRM(mg=1) AWF 2 15 -9 8
PZ(my=1) MWF 55

PZ(my=1) AWF 12

half an interlayer spacing beyond the last atomic layer. Notice thdunctions (MWF)]. Both wave functions, AWF and MWF,
slike and p-like characters of the image and intrinsic-surface-statecoincide within the bulk, but the hydrogeniclike wave func-

wave functions, respectively.

Here,n=0 andn=1 correspond to the crystal-induced sur-

face state and the first image state, respectiv&lg, the limit

of the Brillouin zone in the direction normal to the surface,

and

1
Anza

1
2
—El

—
€ny

(6)

tion for then=1 image state appears to be less localized
near the surface than our model wave function. Tike0
andn=1 surface states on CLL1) have binding energies
(measured with respect to the vacuum I¢wél0.83 and 5.32
eV, respectively. Then=1 probability density has a maxi-
mum at 4.3 a.u. outside the crystal edge=0). The pen-
etration into the bulk ofn=0 andn=1 surface states is

found to be, at the™ point, of 74.5% and 22.1%, respec-
tively.

whereEgapand?n represent the energy gap and the energy of

the n surface state with respect to the midgap, respectively.

The phase shif6, is given by

1 .
— -1}, if 0sgy,<1
n

n

1
\/—2—11, if —1<#,<0,
n

()

m—tan !

with 7,=2€,/Egqp.

The image state on QL) is located right at the top of
the gap ¢,=0.9X 7/2), both the hydrogeniclike wave func-
tion in the vacuum £>0) and the decaying-like wave
function in the bulk £<0) having, therefore, nodes at the
surface g=0). Then=0 crystal-induced surface state on
Cu(11)) is located at the bottom of the gapsy=0.2
X /2); thus, it is described by elike wave function in the
bulk. These approximate wave functioWF) are exhib-

Ill. RESULTS AND DISCUSSION

The results of our calculations for the linewidfly, com-
ing from the decay of then=1 image state into the=0
intrinsic surface state on Cll1) are presented in Table I,
with the momentum of the image electron parallel to the
surfacek set equal to zero. Here, the linewidth has been
split as follows:

F's=Tvact Usort Uingers 8
where 'y, T'so, and I represent vacuum, bulk, and
interference contributions, respectively, as obtained by con-
fining the integrals in Eq(4) to either vacuum £>0,z’
>0), bulk (z<0,z'<0), or vacuum-bulk 20,2’ <0) coor-
dinates. First we show our full RPA calculations, in which
the screened interaction is obtained on the basis of one-
electron eigenfunctions computed from the realistic one-
dimensional model potential of Ref. 21. Within these calcu-
lations bothn=0 andn=1 surface-state wave functions are

ited in Fig. 1, together with the corresponding wave func-also obtained from the model potential of Ref. @AWF),

tions that we obtain by solving the Schiinger equation
with the one-dimensional potential of Ref. hodel wave

with eithermo=1 or my=0.4228-3Within the specular re-
flection modet® and the model suggested by Persson and
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TABLE II. Calculated total linewidtiin meV) coming fromthe  differences resulting from an approximate description, within
decay of then=1 image state on G@11) into any unoccupied final  this model, of the so-callelegrenzungeffects. As the ap-
state withE;<E;, as obtained within our full RPA scheme with all proximate treatment of Ritchie and Maru8&kgnores the
wave functions computed from the one-dimensional model potenguantum-mechanical details of the surface, this model fails
tial of Ref. 21. As in Table I, the effective mass and the momentumy, describe both vacuum and interference contributions to the
parallel to the surface of the=1 image state have been set equal jinewidth. These quantum-mechanical details of the surface
to the free-electron mass and equal to zero,respectively. As for finaére approximately taken into account within the jellium
(bulk and intrinsic surfadestates, we have used eitirej=1 orthe 4o of Ref. 27, thus resulting in a better approximation for
realistic effective massesn;=1) described in the text. Contribu- the vacuum contribution to the linewidth. Discrepancies be-
tions to the linewidth from decay into bulk statés-I'g are dis- tween vacuum contributions obtained Wifhin this mogRsl)

layed i th . - .
played in parentheses and our more realistic full RPA calculatiofisappear as a

Surf. Res. T, I Ty r result of the jellium model of Ref. 27 being accurate pro-
url: Res & sol © vided q;/qr and w/Er<1(qr is the Fermi momentum, i.e.,

RPA(M;=1) 475) 4428 —54(-12) 3721 Er=0q2/2).

RPA(mM;# 1) 34(5) 32(24) —-37(-12) 2917) In order to investigate the dependencd’gbn the details

of bothn=1 andn=0 wave functions, we present in Table
| calculations, within SRM and PZ models for the screened
Zaremba’ for the screened interaction, we have used thenteraction, in which our realistic wave functions are re-
MWF n=0 andn= 1 surface-state wave functions as well asplaced by the simplified mode{(&WF) described in the pre-
the simplified model$AWF) described in the previous sec- vious section. As the hydrogeniclike wave function used to
tion, with mg= 1. describe then=1 image state on the vacuum side of the
Total linewidthsI', as obtained from the decay of tme surface presents an image-state charge-gravity center local-
=1 image state on G@i11) into any final state with energy ized further away from the surface than our more realistic
E;,Er<E;<E,, [see Egs.1) and (2)], are presented in model wave function, both vacuum and interference contri-
Table Il. Here, our full RPA calculations are shown, with all butions to the linewidth are largely underestimated within
wave functions computed from the one-dimensional modethis approximation. Furthermore, we note that the linewidth
potential of Ref. 21(MWF). Realistic values of the effective is highly sensitive to the details of the image-state wave
mass of final states have been considered, according to thienctions. This is a consequence of the critical behavior of
experiment or tab initio band-structure calculations. As for the imaginary part of the nonlocal self-energy coupling
then=0 surface state, we have useg=0.42, as in Table I, points near the surface, as we will discuss below.
and for bulk states we have chosen to increase the effective Now we focus on our full RPA calculation of the total
mass from our computed vaftfé* of m;=0.22 at the bot- linewidth of then=1 image state on Gu11) (see Table ),
tom of the gap tan;=1 at the bottom of the valence band. with all effective masses set equal to the free-electron mass.
Our full RPA calculations indicate that the decaying rateWe show in Fig. 2b) separate contributions to the linewidth,
of then=1 image state into the=0 crystal-induced surface I', coming from the decay into the variodisbulk crystal
state results fomy=1 in a linewidth of 16 meV, while use states]'s, such that
of the more realistic effective mass,=0.42 leads to a line-
width of 12 meV. With the use of either the free-electron
mass or more realistic effective masses for both bulk and Fzz I'i+Ts. 9
crystal-induced surface statds, approximately represents f
40% of the total linewidth,['=37 meV (m;=1) or I' . o )
=29 meV (m#1). The more realistic result off  Figure 2a) exhibits the bulk band structure projected onto
=29 meV for the total linewidth is in good agreement with the(111) surface of copper. The arrows indicate the available
the experimentally measured lifetifleof 22+3 fs at Pphase space in the decay of the-1 image state at th€
25 K.***Within the vacuum side of the surface the=1  point (k;=0) into the unoccupied portion of the=0 sur-
image state couples dominantly to the=0 surface state face state and a genefibulk state, which are represented by
(this coupling approximately represents 90% of the tbtgl,  their characteristiaso+qf/2 and e;+qf/2 parabolic disper-
linewidth); however, the coupling of image states with all sions, respectivelyl’ ¢, I'sg, and —T'jer contributions to
bulk crystal states occurring through the bulk penetratior's are represented, together with the total contribufigras
plays an important role and cannot, therefore, be neglected & function of ;. _
one is to accurately describe the lifetime of image states. The lower edge, at th& point, of the energy gap pro-
We note that simplified jellium models for the evaluation jected onto the G111 surface lies below the Fermi level
of the screened interaction lead to unrealistic results for théEg<Eg) and, consequently, the decay from the<0)
contribution of the surface state to the linewidth of imageimage state occurs through finite-parallel momentum trans-
states’® First, we compare our full RPA calculatioisee  fer. Hence, as the coupling of the image state with the crystal
Table ) with the results we obtain, also with use of our occurring through the tails of bulk states outside the crystal
model initial and final wave functions, when our realistic is expected to be dominated by vertical transitiogg=0),
screened interaction is replaced by that obtained within th&acuum contributions to thé&'; linewidth are very small,
specular reflection model and the model of Persson and Zaspecially for those bulk states located at the bottom of the
remba. Bulk contributions to the linewidth are approximatelyvalence banddecay into these states is only allowed for
well described within the specular reflection model, smalllarge values of the momentum transfer; also, their vacuum
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02040608 0 05 1 1.5 2 25 3 35 energy. The effective mass and the momentum parallel to the sur-
face of then=1 image state have been set equal to the free-electron
mass and equal to zero, respectively. As for fiallk and intrinsic

FIG. 2. (a) Electronic-surface band structure at thd1) surface surface states, we have used the realistic effective masses
of copper. (b) Vacuum (.9, bulk (I'y,), and interference (my#1) described in the text HerRAqH_loo\/ﬁf'

(—=Tinen contributions to the linewidthI{;) coming from the de-

cay into the various bulk crystal states. The arrows determine the ] ]

available phase space in the decay from Eheoint of then=1 @S @ function of the final-state energy. If the screened
image state into the unoccupied portion of both the0 surface interaction were independent of the parallel momentum
state and the generfchulk state. Dispersion curves of these final transfer, all ratios would scale agn, which is represented
states are depicted. The energy is measured with respect to tfie Fig. 3 asRAqH=1OO\/Ff. Instead, as the parallel momen-

bottom of the valence band. All effective masses have been sgym transfer decreases the screened interaction is predomi-
equal to the free-electron mass. nantly larger, which results in the ratRy. to be larger than

penetration is small Actually, the coupling of the=1 im- RAqH, especially in the case of vacuum contributions to the
age state with all bulk states taking place at the vacuum sidgnewidth, which are expected to be dominated by vertical
results in a linewidth of only 5 meV, which approximately transitions. When the decay from the image state may occur
represents 10% of the totl, linewidth.*’ through very small parallel momentum transfigr[this is the

A realistic description of motion along the surface can becase of final states that are just below the bottom of the gap

approximated by introduction of the effective mass, as dezq a1so the case of the=0 surface stae a decrease iq|

scribed above. The effective mass of all final states witr}nay result in a diminished screened interactisee Fig. 4

energiesk; ,E;<E;<E,, is found to be smaller than the ; :
free-electron mass, thus boif, and I’ being about 20% thus Rr, being slightly smaller thalRAq” for these states.

smaller than in the case of free-electron behavior along the NOW, we analyze the behavior of the imaginary part of the
surface(see Tables | and )l This is the result of two com- image-electron self-energy, which results in vacuum and in-
peting effects: First, there is the effect of the decrease of théerference contributions to the linewidth to be comparable in
available phase space, which is easily found to scalgnas ~Magnitude and opposite in sigsee Table)l Figure 5 shows
Second, as the effective mass decreases the decay from il RPA (solid line) and SRM(dashed-dotted linecalcula-
image state occurs, for a given energy transfer, throughions of —Im2(z,z’ k;=0FE,) [see Eq.(3)] for Cu(111)
smaller parallel momentum transfer, which may result inwith all effective masses set equal to the free-electron mass,
both enlarged and diminished screened interactions, depentpgether with then=1 image-state wave function, as a func-
ing on momentum and energy transfers. This is illustrated iriion of thez’-coordinate and for=7.4 a.u.. We note that the
Fig. 3, where the impact of the introduction of the effective probability for electron-hole pair creatiofthe dominant
mass on the evaluation of the various contributiorecuum,  channel for the decay of these states is provided by this pro-
bulk, and interferengeto both T’y andT'g [see Eq.(9)] is  ces$ is underestimated within the SRM.

q, (au) linewidth (meV)

exhibited through the percentage ratio The coupling between electronic states is well known to
be maximum, within the bulk, at the position of the electron.
_ e(me#1) Nevertheless, as the electron moves into the vacuum the
Rr.=100 (10

f I'y(me=1)’ maximum of the imaginary part of the electron self-energy
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bulk and into the vacuum, respectively. Bulk response functions o )
have been evaluated in the RPA, whereas surface response func- FG: 5. Full RPA (30“9 ling) and SRM (dashed-dotted line
tions have been evaluated within the specular reflection model dfalculations of—Im (2,2’ k=0FE,), as obtained from Eq(3)
the surfacelSRM) (Ref. 26 with the RPA for the bulk dielectric and as a function of thg’ coordln_ate. The dotted line represents the
function (Ref. 22. n=1 |mage_-st_ate_ wave functlorﬁMWI_:). The va_lue of z (z_ _
=7.4 a.u.) is indicated by an open circle. The sign appearing in
regions A and B accounts for the sign of the product between the
stays(see Fig. 5 near the surfacez&0), as demonstrated, imaginary part of the self-energy and the image-state wave func-
within a jellium model of the surface, by Deisat al®  tion. Full circles represent the atomic positions in thé1) direc-
Hence, for any given value af>0, main vacuum and inter- tion. The geometrical electronic edge<0) has been chosen to be
ference contributions to the linewidth are determirisde located half an interlayer spacing beyond the last atomic layer. All
Eq. (1)] by the specific shape of the image state wave funceffective masses have been set equal to the free-electron mass.
tion in regionsA and B of Fig. 5. As the image-state on
Cu(11l) is located right at the top of the energy gap and the
corresponding wave function has, therefore, a node at thgnewidth of the first image state of Cl11) increases less
surface g=0), an inspection of Fig. 5 leads us to the con-than 4%. Second, we also account for the change of the
clusion that vacuum and interference contributions to the~-dependent initial wave function along the dispersion curve
linewidth are comparable in magnitude and opposite in signof the image state, by solving the ScHimger equation for a
On Cu100 the image state is located close to the center obne-dimensional model potential that we build following
the gap, and the corresponding wave function has a node ®&ef. 21 with various values ofkj: 0.06, 0.09, and
z=1.3 a.u. On this surface, total vacuum and interferenc®.10 a.u.. The penetration into the bulk of the1 image
contributions to the linewidth are still opposite in sign, state with these values &f is found to vary from 22.1% at
though interference contributions coming from the decaM(H:o to 22.6%, 24.1%, and 26.2% kt=0.06, 0.09, and
into states at the bottom of the valence band are now positive.10 a.u., respectively. Our results, as obtained with all ef-
due to their minor vacuum penetration. If the image stateective masses set equal to the free-electron mass, are pre-
were located at the bottom of the gap, matching at the sursented in Table Ill. Though the penetration of the image-
face would occur at maximum amplitude and the total interstate wave function increases wih, the amplitude of this
ference contribution might be positive, as the sign of thewave function on the bulk side and near the jellium edge
image-state wave function would be the same on both sidegecreases, thus the absolute value of both bulk and interfer-
just around the surface€0). ence contributions to the linewidth decreasing with Nev-
Finally, we investigate the dependence of interBdnd ertheless, the total overlap between image-state and final
linewidths on the momentum of the image electron parallelyave functions becomes more efficient ks increases,
to the surface . First, we use the MWF image-state wave which results in larger values of the total linewidth. Also, it
function evaluated at thE point and introduce, within this is interesting to notice that especially sensitive to the varia-
model, the dependence &nof the quasiparticle self-energy, tion of the momentum of the image state parallel to the sur-
as indicated in Eq(2). We find that for image-state total face is the contribution to the linewidth from damping into
energies lying below the top of the gal£0.11 a.u.), the then=0 surface state.
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TABLE Ill. Calculated total linewidth(in meV) of the firstim-  the intrinsic surface state, we have found that it approxi-
age state on GQa11), computed within our full RPA scheme with mately represents 90% of the total vacuum contribution. We
all wave functions computed from the one-dimensional model pog|so conclude that the coupling of image states with all bulk
tential of Ref. 21, as a function of the momentum of the imagecrystal states occurring through the bulk penetration plays an
electron parallel to the surfack; (see text All effective masses jmportant role in the determination of lifetimes, and that this
have been set equal to the free-electron mass. Contributions to t"ﬁ‘enetration cannot be neglected if one is to accurately de-
Iinewi_dth from _decay into the@=0 crystal-induced surface stdfg scribe the lifetime of image states.
are displayed in parentheses. We have found, within our full RPA scheme, that in the
case ofk ;=0 the decaying rate of the first image state on

Ky Tvac Tso Dinter r Cu(11)) into the intrinsic surface state results, with all effec-

0.0000 47(42) 44 (16) —54 (—42) 37(16) tive masses set equal to the free-electron mass, in a linewidth

0.0570 48(44) 40 (13) —49 (—38) 39(19) of 16 meV, while use of more realistic effective masses

0.0912 50(45) 32 (8) —38 (—29) 44(24) leads to a linewidth of 12 meV. With the use of either the

0.1026 50(44) 28 (6) —31 (—23) 47(27) free-electron mass or more realistic effective masses for both
bulk and crystal-induced surface statéy, approximately
represents 40% of the total linewidth;=37 meV (m;

IV. SUMMARY

=1) orI'=29 meV (m;#1). The more realistic result of

We have reported calculations of the inelastic broadenind =29 meV for the total linewidth is in good agreement
of the first image state at th@11) surface of copper, and we With recent experimental results reported in Ref. 13. _
have investigated, in particular, the role that the intrinsic \We have investigated the dependence of interband line-
crystal-induced surface state plays in the decay of this imag@idths on the momentum of the image electron parallel to
state. We have presented self-consistent RPA calculation§)e surface, showing that for image-state total energies lying
by going beyond a free-electron description of the metal surbelow the top of the gap the linewidth of the first image state
face. We have also considered simplified models for both thécreases wittk; up to 20%. We conclude that this increase
electron wave functions and the screened-Coulomb intera@Ppears mainly as a consequence of the change of the
tion, showing that a detailed description of these quantities ig¢-dependent initial wave function witk, and our results
of crucial importance in the understanding of the origin Ofindicate that the contribution to the linewidth from damplng
linewidths of image states. We have accounted for potentidnto then=0 surface state is responsible for the dependence
variation parallel to the surface through the introduction ofof the total linewidth with the momentum parallel to the
the effective mass. surface.

We have analyzed the origin and magnitude of the various
contributions to the linewidth. Though the dominant contri-
bution to the decay of the first image state into the crystal-
induced surface state comes from the coupling between im- The authors gratefully acknowledge A. Rubio, E. Zarate,
age and surface states within the vacuum part of the surfacapd M.A. Cazalilla for fruitful discussions in connection
it appears to be approximately canceled out by the contribuwith this research. This project has been supported by Eusko
tion from the interference between bulk and vacuum coordiJaurlaritza(Basque Countfy the Ministerio de Educacioy
nates. For the vacuum contribution to the decaying rate int€ultura(Spair), and Iberdrola S.A.
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