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Dynamic Image Potential at an Al(111) Surface
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We evaluate the electronic self-energyE) at an Al(111) surface using th@W space-time method.
This self-energy automatically includes the image potentig] not present in any local-density
approximation for exchange and correlation. We solve the energy-dependent quasiparticle equations and
calculate the effective local potential experienced by electrons in the near-surface region. The relative
contribution of exchange proves to be very different for states above the Fermi level. The image-plane
position for interacting electrons is closer to the surface than for the purely electrostatic effects felt
by test charges, and, like its classical counterpart, is drawn inwards by the effects of atomic structure.
[S0031-9007(98)05999-7]

PACS numbers: 73.20.At, 71.15.—m

Electrons outside a metal surface experience a suspace-time method, outlined in a recent Letter [12], to a
face barrier which has the asymptotic form of an im-system with a large supercell. In general, surface states
age potentialV;, = —1/4(z — z¢) [1], where zy is the  are poorly described in the LDA (and image states and
effective edge of the metal. For interacting electronsyesonances are entirely absent), and we therefore solve
this is an exchange-correlation (XC) effect, the quantumthe quasiparticle (QP) equations self-consistently for one-
mechanical analog of the charge density redistributiorelectron-like excitation energies, without recourse to first-
which gives the classical image force. The form of theorder perturbation theory. The effect Rfis interpreted
surface barrier is important for interpretation of low- in terms of the effective local potentid¥,,. felt by
energy electron diffraction [2] and scanning tunneling mi-QP states in a given energy rang&,,. automatically
croscopy [3] experiments. In addition, surface and imageontains the image potential and the form of the crossover
states bound by;, can be directly observed by mod- from image to bulk behavior which is crucial for states
ern inverse photoemission and two-photon photoemissiolocalized near the surface. We find (for quantum-
experiments [4]. mechanical electrons) at Al(111) to be significantly closer

The physics of the electron-surface interaction, ando the surface than, (for external test charges). For
its transition from quantum-mechanical behavior to theAl(111), z, is shifted inwards relative to jellium by the
classical limit, has been the subject of a wealth ofatomic nature of the surface (as is seen fpy. The
theoretical studies. It is well known that the effective separate contributions of exchange and correlation to the
potential of density-functional theory (DFT) within the exact XC image potential of DFT have been the source of
local-density approximation (LDA) (or gradient-corrected considerable controversy [9,13,14], and, while previous
versions) fails to reproduce the image tail shape [5]results on this subject can now be reconciled, we show
which is the result of long-range many-body effects. Thethat the relative contributions of exchange and correlation
classical response of metal surfaces to an electric field do Vi, felt by statesabovethe Fermi level are significantly
distinguishable test charges has been investigated usimifferent.

DFT [6-8], but the resulting image-plane positignmay In many-body theory, exchange and correlation are
differ from that experienced by electrons. The guantumdescribed by the self-ener@(r, r’, E), which is nonlocal
mechanical XC potential of DFT has been investigatedand therefore, in principle, state dependent, varies with
by Eguiluzet al. for a jellium surface [9], while for real energy, and is complex, containing information about the
materials it has been shown that atomic structure beyonlifetimes of QP excitations. The nonlocal effects which
the jellium model plays an important role in determining give the image potential are present implicitly in the exact
both z. and the binding energy of image states [10]exchange-correlation potentidl,. of Kohn-Sham (KS)
(whose existence requires the presence of a surface babdFT (as opposed t&/:P2), but the surface barrier felt
gap not exhibited by jellium). by excited states and the lifetimes of surface states are

In this Letter, we present the results of a calculationtwo features which cannot formally be addressed within
of the nonlocal electronic self-energy(r,r’, E) for an DFT. TheGW approximation for the self-energy, written
Al(111) surface, including its full variation with energy, in real space and time, is
evaluated within theGW (G, Green’s function; W, / . / /
screened potential) approximation [11], which allows 2,1 1) = iG(r,r, OW(r.x' 1), ()
treatment of long-range correlation effects from firstwhere G is the one-particle Green's function, aril
principles. This work is the first application of t@W  is the dynamically screened Coulomb interaction. This
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first-order diagram for%, has been shown to work well QP equation for real materials is potentially important for
in a wide variety of studies of real materials, successfullyhighly inhomogeneous systems such as heterostructures or
predicting, for example, the band gaps of semiconductordefects where the LDA may give qualitatively incorrect
and insulators [15] and the valence bandwidths of simpletates.
metals [16]. We follow the usual procedure of performing In the case of the metal surface, the QP eigenfunctions
an LDA-DFT calculation to calculate a noninteractingwill include surface and image states, bound Wy,
approximation forG, and obtainW within the random- which will differ significantly from the LDA states. We
phase approximation (RPA). We note th#itcalculated therefore obtained QP eigenfunctions by diagonalizing
at this level already contains imagelike interactions, ashe QP Hamiltonian in the LDA eigenfunction basis
RPA screening corresponds to time-dependent Hartreg a trial energy, and then iterating the energy of the
theory. given QP state to self-consistency. The full energy
In the space-time method, is constructed in real space dependence of the self-energy matrix in the basis of LDA
and (imaginary) time, which is advantageous because th&ates is therefore required, making use of the space-
GW self-energy is then a product rather than a convotime approach especially important, as a functional form
lution in reciprocal space and energy. Inimaginary timefor the energy dependence &f is found. Even for the
the structure of the many-body response functions is muchery inhomogeneous surface-slab system, two poles give
smoother and thus well suited to numerical work. Fash stable fit of extremely high quality (rms error 0.2%)
Fourier transforms (FFTs) are used extensively to movéor the diagonal matrix elements. Most off-diagonal
between real and reciprocal space, and between imaginamyatrix elements are zero by symmetry, with the (sparse)
time and energy. Our calculation begins with the forma+remainder similarly well described by the two-pole form.
tion of the Green’s functioi (r, r’, i7) in real space and In Fig. 1, we show an unoccupied surface state 1.66 eV
imaginary time. We then proceed via the noninteractingpelow the vacuum level al’, obtained directly from
density response function and dielectric matrix to calcusolution of the QP equation. The weight in the near-
late W without the use of any plasmon-pole approxima-surface region is significantly enhanced relative to the
tion for frequency dependenc&(r,r’, i7) is then formed LDA state by the improved description of XC effects.
and matrix elements in the LDA eigenfunction basis are Although % is nonlocal, it can be viewed as a state-
computed, Fourier transformed to imaginary energy, andependent local potential. In particular, in the asymptotic

fitted to the multiple-pole form limit far from the surface, we expect the effect Bf to
L - be that of an image potential, independent of QP energy
. 0 Ann'k i . ’
Wk |2 () [hn) = @y + Zl o — b (2)  [17]. Comparing the Hamiltonian for a local and nonlocal

This f facilitat vt tinuation to th Ipotential, it is clear that the state-dependent effective local
is form facilitates analytic continuation to the real y ~ potentialVy,. for a QP state is defined by

energy axis, and represents a highly controlled approxi-

mation since the accuracy of the fitting of the calculated _ [ / / /

self-energy can be directly monitored. Vioe (r)Wp (1) dr' 2(r.r', Eqp)Wor(r),  (4)
The system we study is an Al(111) surface. We employss used by Deiset al. [18] in their study of a jellium

a slab geometry with five layers of aluminum (sufficientgyrface. In the space-time methob, is obtained on
to give, for example, a well-converged surface energy and

z.) and eight layers of vacuum. The LDA calculation for 4.00
the slab was undertaken withdax 4 X 1 k-point mesh '
and a high energy cutoff. In order to converge our surface

barrier, the required parameters for t6@V calculation o0k i W\ - LDA ]
were found to be a plane-wave energy cutoff of 9 Ry — GW
(corresponding to & X 5 X 60 real space grid in the unit

cell), and 243 imaginary time points witkr = 7 /10 a.u. % 2.00 ]

Three hundred bands (those up to an energy of 74 eV 2
aboveEy in the LDA calculation) were included i6.

QP energies for bulk materials are usually evaluated 1.00
within first-order perturbation theory, employing the as-
sumption that the wave functions given by the solution of

the QP equation 0.00 .
-5.0 0.0 5.0 10.0 15.0

1 o
<_ 5 VZ+ Veu(r) + Vi (r)>\lj”k(r) + Distance outside surface (a.u.)

, , , FIG. 1. Surface state QP wave function (full line) &t
fdr (e, En) Wk (r’) = ExcWak(r) (3)  1.66 eV below the vacuum level, obtained by the iterative

. L . solution of the energy-dependent QP equation, has weight
are sufficiently similar to their DFT KS counterparts, transferred into the vacuum relative to the corresponding KS-
whereZs is replaced by,.. The ability to solve the full LDA eigenfunction (dashed line).
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the real energy axis in the form of matrix elementsarises through canceling effects from the spatial character
in the LDA eigenfunction basis. We therefore use theof different states and the energy dependencg.of
completeness relation to write The “classical” image-plane position. has been cal-
culated for jellium, and more recently for real materials,
Viee(r) = Z(r | ) (n| Z(Eqp)|[War)/(r | Yop), (5)  using a variety of techniques, generally based on the re-
n sponse of the ground-state charge density to external fields
where the sum is over all KS statgss at a givenk point.  [6,7,19] and test charges [8]. The image-plane position
As the potential is not defined by Eq. (5) at the nodes ohas also been found through the self-consistent response
the QP state, we take a weighted average of the resultingf a modified effective potential [20]. These results, to-
Viee(r), according to|Wqp(r)|?, over a few states in a gether with theVS" value for dynamic electrons at a jel-
small energy range. lium surface obtained by Eguiluzt al. [9], are compared
The resulting surface barrier is shown in Fig. 2. Thisin Table | with z, for electrons at an Al(111) surface as
potential was calculated using four states at kh@oint  calculated in this work, where the geometric edge is half
within 1.5 eV of the vacuum energy, and was wella layer spacing outside the outermost crystal plane.
converged with the inclusion of 200 bands in the sum OQur value forz, is closer to the surface than for
over off-diagonal matrix elements. As expected, the bulka|(111) (as found for the jelliumz, and z.), and is
value of Vi, is similar to VP4, as the QP energy shift closer than, for jellium [as for the Al(111) and jellium
for states neaEr in bulk Al is rather small. Moving out z.]. The first trend can be thought of as resulting from
through the surface, wherg/;°* falls exponentially (as the difference between the XC hole and the screening
the density does)/;,. crosses smoothly to the asymptotic charge density caused by a point charge, and has been
image potential (shown with the best-fif). This image discussed for jellium by Equiluz and Hanke [21] in
potential has been modified to take account of the repeatadrms of “electron overlap effects.” The shift inwards
slab geometry, which gives rise to two infinite seriesfor Al is, however, somewhat less than for jellium. The
of image charges, but the resulting form becomes vergecond trend is caused by the effects of atomic structure.
similar to an isolated image potential within 10 a.u. of thewhereas the jellium model predicts thgtandz. should
surface. The form of the crossover is often treated in ame a fixed distance from the geometric edgeis seen to
ad hocmanner which is somewhat arbitrary for Al(111) be more closely tied to the position of the outermost layer,
as the classicali, and V;"* do not meet. However, with the screening charge density centered just above
it is interesting to note that the dynamic image potentiathe atoms. The value of, for Al(111) suggests that
limit which we have calculated in this work comes muchthe XC hole is similarly modified from the cylindrically
closer to meeting/,:PA. symmetric case of jellium [22] (although the size of this
Surface corrugation of the XC potential, which is well shift is also somewhat smaller than that foy and thatz,
described by the LDA near the surface, quickly decayswill thus also tend to follow the position of the outermost
outside the surface. Our results are consistent with grystal plane.
surface-position-independent image plane, as argued andThe issue of the physical origin df;,, has provoked
demonstrated for test charges by Fingisal. [8]. The po-  considerable controversy [9,13,14]. Previous studies have
tential also proves to be almost entirely state independengddressed this problem through the exagtof DFT, i.e.,
in the case of the image tail, this energy independencghe potential felt byoccupiedstates. This confusion arose
from the fact that, while correlation gives the asymptotic
0.00 , , , image limit for slab geometries [9] (with the exchange
= part of the potential showing &/z> dependence), ex-
change provides the limit in the case of a semi-infinite

-0.10 metal [14]. In Fig. 3, we show the exchange and corre-
3 / lation contributions to the effective local potential calcu-
S 7 lated in this work. It can be seen that, in the case of states
? -0.20 ¢ [ — LDA T above the Fermi level, the exchange part actually displays
i P T Gw y .
| -~—- Image TABLE I. Image-plane positions for Al(111) surface in a.u.,

-0.30 | ! relative to the geometric edge, and for jellium with= 2.07.

] Results for dynamic electrons [jellium calculations of Ref. [9],

{ Al(111) this work] are compared with calculations based on
-0.40 ! response of the ground-state density by Lang and Kohn [6],

-100 5.0 0.0 5.0 10.0 15.0 Lam and Needs [19], Finnis [8], and Serena, Soler, and Garcia
Distance outside surface (a.u.) [20,23] (see text).

FIG. 2. Surface averaged effective local potential at Al(111) Dynamic LK LN Finnis  SSG
compared withVPA. The XC potential calculated frox,  jelium  0.72 + 0.1 1.60 1.49
crosses over to the classical image form in the vacuum (th%(lll) 04 + 02 0.95 081 1.1
best-fit Vi, shown).
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0.00 , . = - functional theory, play qualitatively different individual
roles for states above the Fermi level.
; The authors acknowledge EPSRC support.
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