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The lifetime of image states, related to the coupling of surface electronic states with the solid
substrate, has been recently determined for quantum numbsers on Cu(100) by using time-resolved
two-photon photoemission in combination with the coherent excitation of several states [U etléfgr
Science277, 1480 (1997)]. We evaluate the lifetimes of image states on copper surfaces from the self-
energy of the excited quasiparticle, which we compute withinGt# approximation. Single-particle
wave functions are obtained by solving the Schrédinger equation with a realistic one-dimensional model
potential, and the screened interaction is evaluated in the random-phase approximation. Our results are
in agreement with experimentally determined decay times. [S0031-9007(98)06231-0]

PACS numbers: 73.20.At, 71.45.Gm, 78.47.+p, 79.60.Bm

In a variety of metal surfaces, the bulk band structureand Hoferet al. [15] have used time-resolved 2PPE in
projected onto the surface presents a band gap near tkembination with the coherent excitation of several quan-
vacuum level. Thus, given an electron located outsidéum states to investigate the ultrafast electron dynamics of
such a metal surface, it may be trapped in the vacuurimage states on the (100) surface of copper, providing an
well produced by the self-interaction of the electron withaccurate experimental determination of the lifetime of the
the polarization charge it induces in the surface [1,2]first six image states on that surface.

Far from the surface, into the vacuum, this potential well A quantitative evaluation of the lifetime of image states
approaches the long-range classical image potential, andas first reported in Ref. [18], within a many-body free-
the resulting quantized electronic states form a Rydbergelectron description of the metal surface and neglecting,
like series which converges towards the vacuum energtherefore, any effects of the ion cores. Hydrogeniclike
and is, in principle, resolvable [1]. These so-calledstates with no penetration into the solid were used to
image states were first identified experimentally [3,4] bydescribe the image-state wave functions, a step model
inverse photoemission [5,6], and the first high-resolutiorpotential was introduced to calculate the bulk final-
measurements of image states were performed by the useate wave functions, simplified jellium models were
of two-photon photoemission (2PPE) [7—10]. Combinedused to approximate the screened Coulomb interaction,
with the use of ultrafast lasers, 2PPE has provided and the image-state lifetimes were evaluated, within the
powerful technique to directly probe, on a femtosecondzW approximation of many-body theory [19], from the
time scale, electron dynamics of excited electrons irknowledge of the electron self-energy. More realistic
metals [11,12] and, in particular, image states [12—15]. image-state wave functions were introduced in subsequent

Besides their well-defined physical properties, image-<alculations [20], allowing for penetration into the crystal.
potential induced states are of general interest in surface In this Letter we present the results of a calculation of
science, because of their applicability to other areashe lifetimes of the first three image states on a Cu(100)
of condensed-matter physics, providing, in particular, ssurface and the first image state on Cu(111), by going
very simple model to investigate the coupling of surfacebeyond a free-electron description of the metal surface,
electronic states with the solid substrate directly in theand including, therefore, band structure effects. First,
time domain [16]. The knowledge of this coupling we evaluate the electronic wave functions by solving the
is crucial to understand many electronically inducedtime-independent Schrédinger equation with a realistic
adsorbate reactions at metal surfaces [17], and it is thisne-dimensional model potential, we then use these wave
coupling with the underlying substrate which governs thefunctions to evaluate the screened Coulomb interaction
lifetime of the image states. within a well-defined many-body framework, the random-

By using time-resolved 2PPE the lifetime of image- phase approximation (RPA) [21], and we finally evaluate
potential states on copper surfaces has been recently diire lifetimes from the knowledge of the imaginary part of
termined [12-15]. Lifetimes of electrons in the= 1  the electron self-energy of the excited quasiparticle, which
image state on Cu(111) have been investigated [12—14}ye compute within the so-calledW approximation.
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As the image-state wave functions lie mainly in thereproduces the width and position of the energy gap at the

vacuum side of the metal surface, and the electron moves, point (k; = 0) and, also, the binding energies of both
therefore, in a region with little potential variation parallel the n = 0 crystal induced surface state Btand the first
to the surface [22], we assume translational invariance in = 1) image-potential induced state. This model po-
the plane of the surface, which is taken to be normal tdential reproduces first-principles calculations of the wave
the z axis, and evaluate the damping rate of an electrofunctions and binding energies of image states in Li(100)
in the stateg(z)e*i ™ with energyEy = (Eo). + kj/2  [24], and also the average probability density of the: 1
(we use atomic units throughout, i.e? = i = m, = image state on Cu(100) derived by Hulbeitt al. [22]
1), from the knowledge of the two-dimensional Fourier from a first-principles calculation (see Fig. 1). We note
transform of the electron self-energ¥(z, z’; k|, Eg), as  that the members of the Rydberg series on Cu(100) with
follows: quantum number = 3 have binding energies of 0.57,

- ‘ 0.18, and 0.08 eV. The = 1 probability density has

T = —2f dZ[ dz’ ¢5(2) Im2(z, 2" K|, Eo)o(z)) . a maximum at 3.8 A outside the crystal edge= 0),
which we choose to be located half a lattice spacing be-
1) yond the last atomic layer. For the fraction of the first im-

In the GW approximation, only the first term of the age state overlap probability with the bulk € 0) crystal,
expansion of the self-energy in the screened interaction ige find p = 0.05. On the Cu(100) surface the first im-
considered, and after replacing the Green funct@hlfy  age state is closer to the center of the band gap than on the

the zero order approximatio:(), one finds Cu(111) surface. As a result, on the latter the penetration
d*q . of the first image state into the crystal is larger= 0.22,
Im S(z, 2"k, Eo)) = . 2m) b7(2) and the probability density has a maximum closer from

Er=E;s SEgnd , the surface, at 2.3 A outside the crystal edge. The bind-
X Im W™z, 2", q), Eg — Ey) ing energy of this image state is 0.83 eV.
X ¢s(z), (2) First of all, we focus on the evaluation of the damping

where the sum is extended over a complete set of fina,g te of then :t 1 'Ta}[?]e state of ICut(100), anlcli IWf Stit
statese (z)e!&IT 90T with energyE, = (E;). + (k + e wave vector of the image electron parallel to the

2/2. Ep is the Fermi energy, anwind Lan E) is SL_Jrface,kn, equal to zero. Coupling of the image state
,:lh”é i/nducgd interaction: 9y (z.z"q. E) with the crystal occurs through the penetration of the

image-state wave function into the solid and, also, through
Wind(z, 2/ qp. E) = f dz; f dz, V(z, 215 q)) the evanescent tails of bulk states outside of the crystal.
Accordingly, we have calculated separately the various
X x(z1.22:qp. E)V (22,2 qp). (3)  contributions to the damping rate by confining the integral
in Eq. (1) to either bulk { < 0) or vacuum £ > 0)

/. I. -
gﬁ;;ﬁg; ’Ig(!zjri:rndtr a?r; (Szf’ozrr’n(é”’? ﬂ:gpr;;rimcxlﬁ) mbcoordinates, and we have obtained the results presented

potential and the density-response function, respectively.In Table I The decaying rates in the bulk are expected
Inthe RPA,x(z,7'; q), E) satisfies the integral equation

x5 qp.E) = X’ 2 q. E) + [dmfdzz

X X%z, zi;q, E)V (21, 22: q))

X x(z2.2"sq, E), 4)
where x°(z1,22; q), E) represents the density-response
function for noninteracting electrons. An explicit expres-
sion for x°(z1,z2;q), E) can be found in Ref. [23], in
terms of the eigenfunctiong;(z) of the one-electron ef-
fective Hamiltonian.

We compute the image-state wave functign(z), and
both the final stateg ((z) and all the one-electron eigen-
functions involved in the evaluation of the polarizabil- ° 5 *
ity x°(z1,z2;q, E), by solving the Schrodinger equation z(a.u.)
with the one-dimensional model potential recently sug- - _ )
gested in Ref. [24], which approaches, far outside th%‘G- 1. Probability density of then = 1 image state on

. . . . u(100) (solid line) and the hydrogeniclike approximation
surface, the classical image potential and describes, iffoqcrined in the text (dashed line). Stars represent the

side the Crystal, the self-consistent effective potential Obrobab”ity density ofthes = 1 image state, a\/eraged para||e|
density-functional theory. This one-dimensional potentiako the surface, as reported in Ref. [22].

Probability—density
0.05
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TABLE |I. Damping rates, in linewidth units (meV), of the which we have found to be of crucial importance, are
n =1 image state on Cu(100). (a) Our full calculation, as completely neglected within this model.
described in the text, together with the experimental damping |4 order to investigate the impact of band structure

rate of Ref. [15]. (b) The result of our calculation when effects on the damping rate of image states, we have
our real|s_t|(_: image-state wave funpuon is replaced by the ) . )  YWe
hydrogeniclike wave function described in the text. (c),(d)@lso performed a calculation in which the realistic final
The result of our calculation when our realistic final states arestatese +(z) considered above are replaced by the self-
; en : f P y
replaced by the self-consistent jellium LDA wave functions of consistenjellium local density approximation (LDA) one-
Lang and Kohn [26], (c) with and (d) without the restriction that g|ectron wave functions of Lang and Kohn [26], with and
gggdfm; ! :tritiflov&’vlter:j energyEy). lying below the projected without the restriction that only final states with energy
gap ' (Ey); lying below the projected band gap are allowed.

Bulk Vacuum Interference Total Experiment Both the image-state wave function and all the one-

(@ 24 14 —16 22 16.5 electron eigenfunctions involved in the evaluation of the
(b) .- 71 - 71 screened interaction are still obtained by introducing the
() 195 13 —11 215 one-dimensional potential of Ref. [24] into the effective
(d 21 58 —12 67 Hamiltonian. The various contributions to the damping

rate calculated in this way are presented in Table |I. For

g1 > \J2(Ey — E,) all final states with energf, < E
to be larger than in the vacuum. Also, for final-statelie below the projected band gap; thus, the bulk and
wave vectors parallel to the surfaag,, that are smaller interference contributions to the damping rate remain
than /2(Ey — E,) (E, represents the lower edge of the almost unaffected by this restriction. However, as the
projected energy gap at tHeé point) there is a reduction coupling of the image state with the crystal occurring
in the phase space because of the presence of the projectbdough the tails of bulk states outside of the crystal is
band gap, and this results in a reduced decay rate iexpected to be dominated by vertical transitioqys € 0),
the vacuum for which vertical transitiongy(~ 0) are the vacuum contribution to the damping rate becomes
expected to dominate. Thus, the coupling of imagedramatically smaller as final states lying within the
states with the crystal states occurring through the bullprojected band gap are not allowed.
penetration plays an important role in the determination As far as the screened interaction is concerned, system-
of the damping rate, though the penetration of the imageatic investigations of the role that this quantity plays in
state wave function is small. The contribution to thethe coupling of image states with the solid have been per-
damping rate coming from the interference between 0  formed [27]. We find that simplified jellium models for
and 7’ s 0 coordinates is comparable in magnitude andthe electronic response lead to unrealistic results for the
opposite in sign to both vacuum and bulk contributions lifetime, though the impact of the band structure in the
this being a consequence of the behavior of the imaginargvaluation of the screened interaction is not large.
part of the two-dimensional Fourier transform of the self- In a heuristic view, the bulk contribution to the de-
energy [25]. The experimentally determined damping rateay rate for an image state might be approximated by the
reported by Hoferet al. [15] for the first image state on value of the decay rate for a bulk state at the same energy,
Cu(100), also presented in Table I, shows a reasonabténes the fraction of the image-state overlap probability
agreement with our theoretical prediction, though oumwith the bulk crystal. We have calculated, within the

predicted linewidth is a little larger. GW-RPA, the decay rate for bulk states in a homogeneous
Also exhibited in Fig. 1 is the square of the pa- electron gas, thereby neglecting band structure effects in
rametrized hydrogeniclike wave functiong(z) = both the initial ¢(z) and final statesp/(z) and, also, in

(4a°)'/2ze2%, with the « parameter chosen so as to the polarizability. The damping rate for a bulk state at
fit the peak position of our calculated first image-statethe energy of the first image state on Cu(100), times the
probability density of Cu(100). This hydrogeniclike penetration of this image state, results in a linewidth of
wave function is found to be less localized around thel4 meV [28], well below the bulk contribution to our full
maximum outside the surface, and replacement of ou6W-RPA surface calculation presented in Table I.
calculated image-state wave function by this approxima- Finally, we consider the lifetimer, of image-potential
tion leads, therefore, to a damping rate (see Table I) thagtates on Cu(100) with quantum numbers 3, and the

is too large. First, the use of this approximated initialfirst image state on Cu(111). As before, image-state wave
wave function gives rise to a spurious contribution fromfunctions, final states, and all the eigenfunctions involved
a region just outside the surface, in which the decayingn the evaluation of the polarizability are obtained by solv-
rates are noticeably larger than around the maximum, anitcig the Schrddinger equation with the one-dimensional
we note that the damping rate is highly sensitive to thenodel potential of Ref. [24], and we s&ij = 0. The
actual shape of the image-state wave function. Secondesults of these calculations are presented in Table I, to-
both the bulk contribution and the contribution from gether with the experimentally determined decay rates re-
the interference between= 0 and z’ = 0 coordinates, ported in Refs. [13,14] and [15] for Cu(111) and Cu(100),
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