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We evaluate the energy dependence of the imaginary part of the electron self-enErgy time vicinity of
a metal surface modeled with jellium via numerical calculations based o6& Wepproximation. When the
electron is inside the surface, conventional quadratic scaling=E — E)? for E—Eg, holds for electron
positions all the way to the jellium edge and for energies at least up to the vacuunElegt=4 eV.
However, when the electron is in the vacuum outside the surface, large departures from quadratic scaling are
obtained for most energies for which it holds in the bulk. These departures grow as the electron-surface
separation increases. This effect is traced to the suppression of one-electron decay channels near the Fermi
level. [S0163-18297)03915-5

The dynamical properties of electrons in the vicinity of asurement of image state linewidths by photoemission and
metal surface are essential to a complete description of onéaverse photoemission spectroscdpy. These linewidths
and two-photon photoemission spectroscopy, scanning turprobe the many-particle correlations in the vicinity of a metal
neling microscopy, and electron-scattering experiments. Aurface’®to which electrons in these states are bound. While
numerical scheme that treats the electrons as moving in amparameter-free calculation of the electronic correlations for
effective static one-body potential, such as that which apmetal surfaces undoubtedly requires an accurate treatment of
pears in density-functional theory, often accounts for bothboth the surface band structure and surface dynamics on a
occupied- and empty-state electron energy levels to &ase-by-case basis, it is worthwhile to consider generic prop-
“good” degree of accuracy, i.e., errors are small on the elecerties of electronic correlations that emerge as a result of the
tron volt scale that is typical of electronic bands. However,extremely anisotropic surface environment.
such a scheme does not reproduce an essential aspect of theln this paper we report numerical results for the energy
corresponding quasiparticle excitations in a real, dynamicallgependence of the imaginary part of {B&V approximation
correlated system: a finite level width. These linewidths orfor the electron self-energy in the vicinity of a metal surface
quasiparticle damping rates must be accounted for via amodeled by jellium. We find that the energy dependence of
explicit treatment of dynamical electronic correlations, usu-Im® is dominated by conventionals? scaling for
ally through approximate evaluation of the imaginary part 0f0.02: <& <0.2sf (sF:th,Z:/Zme) for electron positions
the nonlocal, energy-dependent electron self-energgoing from the jellium edge into the bulk. However, nonqua-
Im2(Xq,X5|e), where e=E—Eg. Such calculations can dratic contributions to I'# become increasingly important,
then, perhaps, help characterize the essential many-body cand eventually dominate, when the electron moves from the
relations that determine experimentally measurable linejellium edge into the vacuum—at least down to the lower
widths. end of the above range, for which accurate numerical results

A physical situation of relevance in this paper is the meafor Im3 become increasingly difficult to obtain on account
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of finite-size effects. We interpret this enhancement of nonsiparticle with energyx decays to an empty state of lower
quadratic contributions as a signature of a dual surfaceenergye,, with the excess energy— e, transferred to either
induced processgi) states neaEr are frozen out as possible a plasmon or a particle-hole excitation. The dispersion rela-
final states on the vacuum side of the interface &ind tions of these excitations and their coupling to quasiparticles
higher-energy states have their probability amplitudes enare given by IMWV. Whene is below the vacuum level, the
hanced relative to their bulk counterparts. decay into an empty state does not release enough energy

We begin this discussion by noting the connection be{e,,.— ¢ <4 eV) to create a plasmon, except in low-density
tween the experimentally observable quasipartiae>0)  alkali metals where the plasma frequency is small. Thus, for

linewidth I, and In; this is given by the electron densities we have considered,(Buassigns the
energy loss of a bound electron in vacuum to a particle-hole
qu:ZJ dxy X %) IMS (X, Xl 8t 10™) g Xo) gslnr(aegg:ltanon that is created within a screening length of the
@) To isolate the features of [B(x;,X,|&) that are indepen-

Here we use the retarded self-energy, which is obtained bgent of band-structure effects, we use the jellium model to
setting the frequency to just above the real axis in evaluatingepresent the ions in a finite-width metal slab by a constant
the Fourier transform of the time-order&d this imaginary  charge density>053/4rrr§a§ between two parallel “jellium
frequency offset will henceforth be understood. For semiconedges” beyond which the effective ionic charge is zero.
ductor Bloch states, numerical work has shown that the quaElectron wave functions and energies were obtained with an
siparticle wave function in Eq1), #q,(X), is accurately ob- implementation of density-functional theory that self-
tained from density-functional theory calculations, even inconsistently produces a 1/4z surface potential barri€r*’

the local-density approximatioft DA).>” A similar conclu-  (We expect that the general features of the following results

sion has been reached for image stétés;that case the do not depend on the precigedependence of the surface
density-functional calculations must introduce long-rangeparrier)

Coulomb correlations that are absent in the LBRThus, at Numerical implementation of Eq(3) for the jellium

least for these cases, the dynamical correlations representﬁﬁbde| requires the introduction of a set of Systematic param-
by I'y, are mainly contained in I&. In what follows, we  eters. The jellium slab width turns out to have a strong im-
fOCUS our attention on the eVaIUation OfIﬁfOI’ C00rdinates pact on |n£ for Sma” e indeed, it proved necessary to
near a metal surface., thel vicinity to whigh being i;olated bYconsider slab widths of up to approximatelyA26to ensure
the image state quasiparticle wave functions enterindBd.  that the “finite slab” effects are numerically insignificant
A frequently employed approximation for the self-energy ypile trying to approach the —0 limit. On this basis we
of weakly correlated metals and semiconductors isGW  pgjieve our results are numerically accurate representations
or screened Hartree-Fock approximatfon? given by of a semi-infinite slab fore values as small as 0.82.
i Im% is evaluated in a mixed representation
3(Xq,X0|€) = Z_J dwG(Xy,Xo|e — @) W(Xy X5 @), ImE(zl,zz|kH ,&), wherek; is the momentum of the quasi-
™ particle in the spatially homogeneowsy plane. Since we
2) find that thek; dependence of I& is extremely weakk is
whereW(x; ,X,| ) is the dynamically screened Coulomb in- set equal to zero and does not play a role in the following
teraction, with the screening evaluated in the random-phaseesults. After a Fourier transformation is applied to E3),
approximation(RPA). Equation(2) and Dyson’s equation an integral over final-state momenta parallel to the surface is
provide a coupled set of equations that, in principle, shouldequired; this is approximated by a sum of up to 160
be satisfied self-consistently. However, it is common practicgpoints. Thez dependence of the screened interactiins
to perform a single iteration so thét= G in Eq.(2), where  obtained by converting the RPA integral equation dp, )
Gy is the electron Green’s function obtained with electron-space into a matrix equation whose rows and columns are
electron and electron-ion interactions represented by thibeled by discrete points. Az spacing of 0.08 is used to
static effective potentialv ¢=viont Vparrest Uxe»  WhiCh  generate the results presented below; this produces conver-
arises in density-functional theofDFT). For the jellium  gence to within 1% at the absolute maximum and the abso-
surface calculations considered here, the approximatiofte minimum of In® and to within 3% at other relative
G=Gy is supported by the near equivalence of the quasipaimaxima and minima. The infinitesimally small parameter
ticle and DFT wave functions and energy levels for imageg_,0+, which regu|ates the p0|es of Wiin Eq (3), is var-
states’ ied from 0.0%f to 0.000% to broaden slightlys functions
After some algebra, the expression for the imaginary parfhat are not amenable to numerical calculations; this proce-
of the retardedGW self-energy (for £>0 and with  gure represents the—~0* limit of Im3 to well within 1%.

G=G) simplifies to The top panel of Fig. 1 displays.i(z) near the jellium
edge ¢=0) forrgs=1.5, the electron-density parameter upon
Im3(Xq,%,| )= > P (X1) (%) which we henceforth focus. For energiesl below the_vacuum
le{l|0<e<e} level (note that the vacuum level is approximately

0.2e=4 eV when the Fermi level is taken to be the zero of
energy but above Egp, ve(z) will equal ¢ for some
where ¢(x) ande| are DFT electronic wave functions and z.,>0. This position corresponds to the classical turning
eigenvalues. Equatiof3) has a simple interpretation. A qua- point for a particle withk;=0. Quantum mechanics allows

X IMW(Xq,X,|e — &), ()
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FIG. 1. Top: effective single-particle potential(z) for a jel- )
lium model (.=1.5) of the surface, evaluated in the presence of FIG. 2. Imaginary part of the self-energy ¥z, ,z,/k =0,s)
long-range image effecfslerived from theGW approximation Ref.  divided _by82 for z, fixed one Fermi wavelength into the buliop)
9]. Bottom: spatial dependence of typical final-state wave functionéd 1 fixed at the jellium edgébottom, respectively. Although
corresponding to quasiparticle decay in the image-state regime. THE‘E.(ZLZZWH.:O*S) is sensitive to the presence of the surface,
amplitude of the state near the vacuum level<(0.16:¢ , where  Scaling dominates for 0.82<s<0.16e¢ .
g is given with respect to the Fermi leya$ strongly enhanced on
the vacuum side of the interface>0) with respect to the state

lying much closer to the Fermi levek(=0.0%¢). the bottom panel of Fig. 2, we find that Be? is enhanced

by about a factor of 2 relative to the bulk. There are no

. oscillations asz, goes into the vacuum as there are when
states to tunnel into the vacuum beyang , but the wave- z, is in the bulk. Despite these changes, scaling still
function amplitude begins to decrease exponentially withdominates over the entire energy range we have explored.
distance frome. . We illustrate this in the bottom panel of Thys the extreme anisotropy of the surface itself does not
Fig. 1 with two wave functions, one corresponding to anjead to strong corrections to quadratic energy scaling for en-
to an energy just below the vacuum leved €0.16¢). Figure 3 displays Ih/&? for z; fixed in the vacuum. The
From this observation it follows that, as illustrated by thetop panel corresponds m=0.5\r ; in this case the magni-
results presgnted b_eloyv, the _magmtude onIrbegms. 0 tude of InS is roughly equivalent to that for the jellium
decrease quickly with increasing distance from the Je"'umedge, as seen in Fig. 2. However, it is evident that scaling

edge_ as a re_sult of the_ freezing out” of final-state Wave | ms, by 1/s2 does not produce the overlap between the vari-

functions. It is less obvious thahe energy (and spatial) f - hich b d

dependence ofm3, should becomequalitatively different ~ Oo> CHrVes 1or 0.0%=e=0.16, which was observe
when the electron was either in the bulk or at the jellium

from that for the bulk. dae. Thi it sianal d i h t of
The behavior of Irﬁl(zl,zz|k”=0,s)/s2 for electron co- ? ge.t IS rzsut_ S|gn?s a ramf? ICt ?E fncemen ot correc-
ordinates going from the bulk to the jellium edge is dis- lons 10 quadralic scaling, an etlec a8 lappears concomi-
tantly with the extreme nonlocality of IBh®" (By extreme

played in Fig. 2. In the top panef, is fixed one Fermi . _ . .
wavelength kr=2.5A) inside the surface. As, is scanned nonlocality we mean the following: the maximum magnitude

the curves for different energies essentially lie on top of eaclf M occurs az;=0 rather thansz’ZZZZl-) o
other, except fore=0.16¢ where a small deviation be- ~ The overall magnitude of I&/e* decreases ag is in-
comes apparent neap=0. This result corresponds to the creased to\g, as seen in the bottom panel of Fig. 3. At the
&2 scaling of quasiparticle damping in a bulk metal, a resultSame time, there is a large increase in the relative size of
that is expected to hold in the—0 limit on the basis of corrections to quadratic scaling. Clearly, the nonquadratic
phase-space argumehitand has been borne out by specific contributions dominate the result fer=0.16e¢. Nonethe-
application of theGW approximation to the bulk jellium less, our results suggest that the scaled curves far ap-
model!! Note that our explicit numerical evaluation of proaches a unique, nonzero limit as-0, i.e., curves com-
Im shows that the domain of validity of quadratic scaling isputed strictly in this limit will overlap. This suggests that
much wider than analytic argumehtsvould suggest. quadratic scaling will eventually hold at a sufficiently low
Whenz, is fixed at the jellium edge;=0, as shown in energy™®
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FIG. 3. Scaled imaginary part

(A comparison of the results far;=0.5\g and z;=\¢
suggests that the energy range where quadratic scaling do
nates becomes progressively smalleizagioes further into
the vacuum. Unfortunately, the small magnitude of th
vacuum self-energy as well as the slowly converging finite
slab effects for smak prevent us from making a more quan-

titative study of thes —0 regime)

To discuss these features of Inmn vacuum, we return to

e

1//|(Z)2exr{—Jz V2mlve(z) — e~ h2kfI2m]/h2dz |,
Ze,l

>z, (4

which must supplement the traditional phase-space argu-
ments that yield quadratic scaling when the final-state wave
functions are plane waves.

The extreme nonlocality of I& may also be understood
from the tunneling form of the final-state wave functions in
vacuum. For x; fixed in the vacuum, O,(X1,X5)
=| ¢ (X1) (X,)| grows asx, moves away fronx, and to-
wards the surface. The maximum value@®fx; ,x,) occurs
nearz,=z.,, after whichQ(x,,x,) oscillates as, enters
the bulk. However, ag, enters the bulk, the screening de-
scribed by InW begins to reduce the magnitude of the
#n(X)’s contribution to In% in Eq. (3).

In conclusion, we have demonstrated a unique aspect of
many-body correlations for a strongly inhomogeneous elec-
tronic system: a metal surface modeled by jellium. For a
quasiparticle in the vacuum outside the surface, large correc-
tions to quadratic energy scaling have been obtained on the
basis of a numerical implementation of taN approxima-

0 self-energy tion that includes a self-consistent treatment of surface inho-
ImX(z;,2,|kj=0,8)/e* for z; one-half (top) and one (bottom

Fermi wavelength into the vacuum. Large corrections to quadrati
energy scaling are observed; they become increasingly dominant
z, moves from the surface into the vacuum.

mogeneity. These corrections are due to final-state wave

functions changing from propagating states in the bulk to
?ﬁnneling states in the vacuum. Of course, one may wonder

if the physics discussed in this paper may lead to observable
effects. This issue will be addressed in a future Wdrig
which we plan to determine the relative importance of the

nsggcuum self-energy, and the associated departure from qua-

ratic energy scaling, in a quantitative evaluation of the line-
width for a specific physical system, namely the image states
of Pd111).
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