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Image resonance in the many-body density of states at a metal surface
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The electronic properties of a semi-infinite metal surface without a bulk gap are studied by a formalism that
is able to account for the continuous spectrum of the system. The density of states at the surface is calculated
within the GW approximation of many-body perturbation theory. We demonstrate the presence of an unoccu-
pied surface resonance peaked at the position of the first image state. The resonance encompasses the whole
Rydberg series of image states and cannot be resolved into individual peaks. Its origin is the shift in spectral
weight when many-body correlation effects are taken into account.
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[. INTRODUCTION lium surface and demonstrate the presence of a broad IPI
resonance. We calculate the LDOS—in its many-body gen-
For the understanding of several fundamental propertiegralization, the spectral functibh—decomposed according

of condensed-matter surfaces, the knowledge of the eledo the surface parallel wave vectky within the surfacexy
tronic density of states and of the parallel-wave-vector-plane as
resolved density is essential. The dispersion of both occupied
and excited surface states, the influence of the changes of the d’k,
electronic structure in thin-film growth, and enhanced mag- ‘T(r""):f (2m)2
netism are just a few examples of relevant quantities. Experi-
mentally, the density of states can be probed by a variety ojyhereA is the kj-resolved LDOS or spectral weight func-
techniques such as photoemission spectroscogsgle- tion, defined by
resolved, integrated, inverse, and two-photand scanning
tunneling microscop$.To provide an adequate theoretical 1
description of the experimental observables, it is necessary to Alzk),w)==—ImG(z,zkj,0)sgw—u).  (2)
employ methods which retain the continuous character of the
spectrum. In other words, one has to take into account thaflere G is the one-particle Green’s function in the represen-

certain quantities may be defined for any energy in a givenation indicated, and Hartree atomic  units ag(
energy interval. Furthermore, the formalism must be capable-0.529 A 1 hartree 27.2 eV) are used.

A(Z,kH W), (D)

of describing excited-state properties. G is obtained from Dyson’s equation
Regarding excited states, considerable experimental inter-
est has been devoted to image-potential-inducéel) G=GP T+ GPFS\c—vyc]G, ©)

state$~®and resonances®IPI states are present in systems
where a bulk band gap provides a barrier, trapping electronghere vy is the exchange and correlation potential in
in the image tail of the surface potential. If no gap is presentlensity-functional theoryDFT) andZ yc is theGW electron
at the IPI energies, an electron is not reflected completely atelf-energy.
the bulk barrier, and hybridization with surface truncated Equation(3) is solved using a recent method developed to
bulk states becomes possible. This results in the formation gferform GW calculations in infinite, nonperiodic
resonances for some materials. A comprehensive theoreticgeometrie¥’ based on the embedding mett@drhe advan-
description of IPI states has been given by Echenique anthge of this approach is that the semi-infinite substrate, sur-
co-workerst'~**whereas the situation for IPI resonances isface, and vacuum regions are treated equally without the
much less satisfactory. In principle, IPI resonances are intrinneed for any fitting parameters or a repeated cell geometry.
sically contained in the many-body framework, already at the We recall first the main steps ofGW calculation, given
level of theGW approximatiort® but to our knowledge sur- as follows
faces have only been investigated in this context using a (i) The Kohn-Sham equatiéhis solved self-consistently
repeated slab geometf§*8Such a simplified treatment can- within local-density approximation(LDA),?? leading to
not capture the continuous spectrum of a real surface, besP'.
cause the spectral function will inevitably be composed of a (i) From GPFT the polarizationP is computed in the
limited number of sharp, discrete peaks in place of the resorandom-phase approximatigRPA).
nance. (iii ) The inverse dielectric responge'=(1-vP) ! (v

In this paper we presentb initio many-body calculations is the Coulomb potentialyields the effective interaction
of the local density of stated DOS) of a semi-infinite jel- WRP=¢ 1y,
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FIG. 1. Spectral weight function at the chemical potential and 10 b oG

zero parallel wave vector for semi-infinite jellium withg
:2.07a0.
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. . . . FIG. 2. Contour levels ofAo(z,w) for semi-infinite jellium

(iv) The 59|ffenerg3EXC:'GDFTWRPA IS Calculaj[ed using ity rs=2.07a,. The solid horizo(ntal)line indicates= 3.5&1]0 (see
a real-space, imaginary-frequency representation, and Ongy 4 The pronounced “teardrop” feature at-3.5a, is the sur-
obtains the self-energy on the real-frequency axis by meangce image resonancw, is the vacuum energy level, ats the
of analytic continuation. bottom of the free-electron band.

(v) Equation(3) can now be solved to updat

In order to deal with an infinite system, our approach

differs from previous work§***based on the supercell ge- |y Fig. 2 we plotAc=o%W—¢'PA, the difference be-
ometry. First,G’™" at stage(i) is obtained by numerical in- yween our many-body LDOS and that in the LDA.
version of the Kohn-Sham Hamiltonian in a finite regin The energy dependence Afr asz moves from the bulk

comprising the jellium edge, in which the effects of an infi- towards the vacuum is indicated by contour levels. We reca-
nitely extended substrate outsifleenter via an extra nonlo- pjtulate that, for a jellium surface, the LDA effective poten-
cal, energy-depende¢mbedding potential only defined at i3] ;, (z) approaches the constant limg and Vy, for z

the surface of). Consequenth\G°"" describes a truly con- _, o (bulk) andz— -+ (vacuum), respectively. As a con-
tinuous spectrum of fictitious noninteracting electrons. Secsequence, the bulk and vacuum limits @f°* are simply
ond, we exploit the knowledge of the asymptotic dielecmcproportional to the well-known expressiongw—Vg and
function e * both in the solid and in the vacuum to restrict Jo—Vy. In the bulk, the LDA therefore predicts no states
the inversion ofe at stagq(iii) to a finite region, whose size below\\//B. The electrbn—plasmon coupling, automatically in-
plays the role of a convergence parameter. In practice, W&y, jeq in GW, is responsible for moviné states down in
increase it until the results match well with the as;ymptoticenergy from ak')ove to belows , yielding the subband shown

onles gn thﬁ boundarlets ofdsg_ch a ret%lon. its. Section Il] .in Fig. 3 for energies around 1 hartree below the chemical
N S€c. [l we present and dIScuss the results. section I?)otential, as already demonstrated for the homogeneous elec-
devoted to the conclusions. tron gas'®
The presence of the surface is still noticeable even some
Il. RESULTS AND DISCUSSION atomic units into the substrate through Friedel oscillations,

We examine first the dependence of the spectral weight which are visible for bound energies from the contour levels
function A(z,k;,w). This quantity is proportional to the of Fig. 2 and in the LDOS at a distance from the surface

probability amplitude for a particular wave vectf and =—10a in Fig. 3.
energyo. In Fig. 1 we reporA(z,k; , ) for k| equal to zero ~
and o equal to the chemical potentigal. o

All results shown in this paper are obtained for a jellium =, olr
substrate of aluminum density (=2.07a,). The spectral £ 08t
weight outside the surface is enhanced by the improved de- § 006 |
scription of exchange-correlation effects@W, in common O
with the states of All11) studied in Ref. 23. By varying the g oumr
energyw we have verified that this feature is common to all Y
bound states. In the bulk, thH8W spectral weight is lower g 0
than that calculated by the LDA because some weight is a) 1 VIB (I)Vlv 1

transferred to lower energies through electron-plasmon cou-
pling. The larger amplitude A& in the surface layer, together
with the absence of decay into the bulk, identifies the states FIG. 3. LDOSo®Y and oP* for semi-infinite jellium withr g
in this part of the surface band structure as forming a surface 2.07a, at z=—10a, from the jellium edge. The “ripples” be-
resonance. tweenV,, and Vg indicate the presence of Friedel oscillations.

Energy w—p (hartree)
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FIG. 5. Local density of states for a semi-infinite jellium with

r<=2.07ay at z=3.535. The quantity reported in Fig. 4 is the dif-
gerence between the continuous and the dashed line.

FIG. 4. Difference in the LDOS\o for semi-infinite jellium
with rg=2.07a, at z=3.53, from the surface. The dashed vertical
line indicates the position of the first Rydberg state, 1/32 hartre
below the vacuum level.

tivity yields a large linewidth of the resonance, since hybrid-
ization with bulk states is not prevented at all. We estimate

When z approaches the surface, coupling with plasmonghe full width at half maximum(FWHM) from Ao as 0.07
considerably reduces, eventually becoming negligible a fevhartree(about 2 eV,*® and remark that in systems without a
atomic units outside the surface. As moves into the bulk band gap the hybridization with the continuous bulk
vacuum, the electron density decays to zero. Self-energy eband is the major contributor to the linewidth, as the self-
fects are no longer present and the LDA description becomegnergy alone accounts only for about one-tenth of the total
exact. We then obtaid o=0. FWHM.

Apart from the surface-truncated bulk structure, Fig. 2 Owing to its large linewidth, the resonance shown in Fig.
also highlights a completely new feature in the form of a4 encompasses the whole Rydberg series of image States,
teardrop-shaped enhancement of the LDOS, localized in thehich in the infinite bulk barrier model extends frowy,
near-surface region at energies between the chemical poten-1/32 hartree td/,,. The resonance is clearly visible in the
tial and the vacuum level. In order to examine this feature irdifference plot between the many-body LDOS and the LDOS
more detail we plot the energy dependenceAaf for z  in the LDA. In the many-body LDOS itself, on the other
=3.5a, in Fig. 4 (note that this corresponds to a cross-hand, it resolves as a shoulder feature just below the vacuum
section plot along a horizontal line through Fig. 2 energy(Fig. 5 rather than a distinct peak, because the LDA

The peak inA o, located at about 1/32 hartree below the LDOS is already a strongly increasing function of energy in
vacuum level (the position of the first Rydberg statg  this range.
clearly identifies an IPI surface resonance. The quantity reported in Fig. 4 is the difference between

The presence of IPI resonances, even in the limiting castvo theoretical quantities and is therefore not directly acces-
of a substrate without bulk reflectivitghe bulk reflectivity is ~ sible to experiment(The measured spectra will also depend
associated with scattering by the atomic c6beshas been on matrix elements and hence on the specific experimental
unclear. Simple model potentials in independent-particle aptechnique used and on a more realistic description of the
proximations produced IPl resonances for jellium substrate under investigatiorHowever, it allows us to iso-
substrateé® in some cases, but the presence of a clear resdate an important contribution to the phenomenon—the
nance depended sensitively on the precise details of the chd3any-body interaction—which could improve the descrip-
sen model. We recall that IPI states and resonances areti@n of the electronic structure of real semi-infinite surfaces
many-body phenomenon and can thus be included only in abeyond the usual single-particle approaches such as Ref. 27.
ad hocway in single-particle dynamic approximations. In ~ We will now examine the origin of the resonance emerg-
contrast to these earlier, parameter-dependent results, olg in Fig. 4. For this reason it is important to look at the
method is fullyab initio and includes many-body correla- spectral weight functiomA, whose integral ovek is the
tions. LDOS[Eg.(1)]. In Fig. 6 we present the energy dependence

We also remark that single-particle calculations, even ifof A(z,k,®) for kj=0 at the same position outside the jel-
using the “true” DFT effective potentiale.g., the one com- lium edge as Figs. 4 and € 3.5a).
puted from2 4 in Refs. 16 and 1)7cannot access properly We first consider the LDA result. For noninteracting par-
the quasiparticle spectral properties of the systemn. the ticles in a constant potenti® the zresolved spectral weight
many-body formalism adopted in this paper the quasiparticléunction is essentially onedimensional and hence propor-
spectrum and amplitudes are instead automatically includetional to (w—kﬁ/Z—V)*l’z. Thus in the vacuum a singularity
in the interacting Green’s functio®. The interaction with is present a¥/,, for kj=0. The spectral weight then dimin-
the image charge is implicitly contained in the self-energyishes with increasing energy. But near the surface weight is
since theGW approximation accounts for its physical origin, transferred to bulk states decaying out into the vacuum: the
i.e., the electron-plasmon coupliRY. spectral function has a peak very closestg(z), but singu-

In the case of semi-infinite jellium, the zero bulk reflec- larities are no longer present. We emphasize that in a slab
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~ 15fF ] ' ' ] states is nearly parabolic with effective mass equal to 1).

=S 3z When we integrate ovey; to get the LDOS, one notices that

g for energies roughly below,, the GW spectral weighA®W

EOr is greater thanA'®* for any value ofk;, leading to the

3 positive Ao shown in Fig. 4. For higher energies®%W

&= 05¢ —A'PA changes from negative to positive Rsincreases.

i Negative contributions dominate and the correspondiing

< 0p— : . is negative.

Vg 0 W
Energy w—p (hartree) I1l. CONCLUSIONS
FIG. 6. Spectral weight function for a semi-infinite jellium with 1N summary, we have evaluated the local density of states

r<=2.07a, for kj=0 andz=3.5a,. The integral overk; of this  Of a semi-infinite simple metal surface from first principles.
function gives the LDOS reported in Fig. 5. Many-body correlations are included via t@W self-

energy. The substrate is described as truly semi-infinite, thus
enabling a calculation of the continuous spectrum necessary
geometry Fig. 6 would appear as a collectionsdinctions,  to properly account for the hybridization between surface
eaché corresponding to one of the discrete eigenstates.  electronic states and bulk states. We demonstrate the pres-
When we describe the system in the interacting picturence of an IPI resonance just below the vacuum energy, en-
(GW), we still observe bulk states that spill out into the compassing the full series of image states that would be
vacuum. But we also have a new class of states, constitutingresent in a system with a surface band gap. The origin of
the IPI resonance. They have substantial weight at and outhe resonance is explained in terms of the spectral weight
side the surface. As a consequence spectral weight from thgansfer to lower energies due to the inclusion of electron-
LDA states is transferred into these quasiparticle statesslectron correlation.
Spectral weight hence moves down from higher energies to
the energies of the IPI resonance. This produces the shoulder
in A atV,, and the displacement of the peak energy to lower
energies. We are grateful to S. Modesti, L. G. Molinari, G. Onida,
If k; is increased from its zero value, the profile Af and M. I. Trioni for useful discussions. This work was sup-
shown in Fig. 6 is shifted towards higher energieskﬁm, ported by the Italian MIUR through Grant No. 2001021128.
without being distorted too muctfi.e., the dispersion of the P.R. acknowledges the support of EPSRC and the DAAD.
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effective potential which gives the correct damping for all the  28). The difference may be explained by the non-negligible

states of a jellium surfaceRef. 17. reflectivity of the atomic cores, reducing the hybridization
30Experimentally, the FWHMs of surface resonances at metal with the underlying bulk continuum of states and thus the
surfaces are usually of the order of tenths of @éfs. 8 and FWHM.
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