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bstract

We study theoretically the one-photon two-electron emission from the Cu(1 1 1) surface. Tuning the energy to either the surface state or to the d-
and energy regions this sample provides a paradigm example of the two-particle emission from a (quasi) two-dimensional and a three-dimensional

ystem, respectively. The independent electron–gas behavior of the surface-state electrons results in a characteristic angular pattern. We inspect
he dependence of this angular shape on the strength of the electron–electron interaction. Furthermore, it is shown that the two-particle energy
orrelation behaves differently for bulk and surface states.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Over the past few years impressive experimental advances
ave been accomplished in the momentum-resolved detection
f a correlated electron pair emitted from solid surfaces upon
single photon absorption [1,2]. A prime goal of these double
hotoemission (DPE) experiments is to uncover and to eluci-
ate the influence of electron interactions in solids, for a DPE
escription must go beyond independent-particle models [3].

For an inhomogeneous many-body system such as a surface
he retarded electron–electron interaction is not known in closed
orm and hence one has to resort to certain limiting cases for
hich expression are available. Such a case is the long wave-

ength limit for a homogeneous electron gas where the Coulomb
nteraction is exponentially screened by an amount that depends
n the density of states (per energy) N(EF) at the Fermi energy
F, specifically the screening length is λTF = 1/

√
4πN(EF)

4,5]. Adopting this form of the electron–electron interaction
e developed [6–8] a computational scheme based on the layer
orringa–Kohn–Rostoker (LKKR) method that treats the single-
article states on the level of local density approximation within
he density-functional theory. The purpose of this work is to

pply this method to the case of Cu(1 1 1) surface. This situation
s particularly interesting as Cu(1 1 1) supports a surface state
t roughly 0.5 eV below EF, meaning that by tuning the energy
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ne can study the case of a two-dimensional (the surface state)
nd three-dimensional (the d-band) system.

To disentangle the emission from the surface state from that
rom the bulk states, the photon energy should not exceed twice
he surface state energy plus the kinetic energy of the two elec-
rons. Without this restriction, as soon as the photon energy is
arge enough to excite the bulk states, both bulk and surface
tates are contributing to the DPE.

. Outline of the model

Within our model the single-particle properties are captured
n the level of up-to-date calculations of single-photoemission
SPE) (see ref. [9]), meaning that surface and bulk states as
ell as photoelectron diffraction are incorporated. Upon the

bsorption of a photon with the energy ω two electrons are
xcited from the initial state |1, 2〉 to the final two-electron
tate |3, 4〉 which represents two electrons leaving the surface
nd eventually being detected. The initial two-electron state is
ritten as |1, 2〉 = |1〉 ⊗ |2〉, with the one-electron states |1〉

nd |2〉 being the solutions of the semi-infinite crystal Hamil-
onian. The latter consists of the sum of periodically arranged
on-core potentials Wj(ri), where j enumerates lattice sites and
= 1, 2 enumerates electrons. Due to the periodicity of the

roblem, each one-electron wave function is classifiable by
igenenergy, the spin value and the parallel component of the
ave vector: |i〉 = |Ei, k‖

i ; σi〉, i = 1, 2. The final state is writ-
en as |3, 4〉 = |3̃〉 ⊗ |4̃〉 where the tilde indicates the addition

mailto:jber@mpi-halle.de
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Fig. 2. Angle-resolved SPE intensity I(kx, ky)
E=EF

from the Cu(1 1 1) surface
state at h̄ω = 21.2 eV. The light is unpolarized.

Fig. 3. (a) DPE intensity for h̄ω = 42.4 eV, E1 = E2 = 16.25 eV. One of the
electrons is emitted along the surface normal direction ((θ, φ) = (0, 0)). The
second electron spans the hemi-sphere above the surface. The resulting angular
d
T
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f the wave-vector dependent term U(ri, λ; k1, k2) to the lattice
otential. For further details we refer to ref. [7]; here we under-
ine that the total potential is parametrically dependent on the
nal-state wave vectors of the outgoing electrons as to mimic
quantitatively) the directional behavior of the electron–electron
nteraction. In particular, when two electrons are emitted with
1 being close to k2 the DPE signal is suppressed. In the oppo-
ite case, when electrons have very different wave vectors the
erm U becomes negligible and the final-state total potential
emains the same as that for the initial state. This immedi-
tely reduces the DPE matrix element to the separable case:
3, 4|�|1, 2〉 = 〈3|�|1〉 · 〈4|2〉 (� stands for the two-electron
ipole operator), giving zero value because of the last integral
nvolving orthonormal states. Between these two limits of very
lose and very different asymptotic final-state wave vectors k1
nd k2, the DPE events are realized.

. Angular patterns

It is instructive to inspect at first the single-particle features
f the Cu(1 1 1) surface. Fig. 1 shows the layer-resolved density
f electronic states. The surface state located ∼0.5 eV below EF
at k‖ = 0) diminishes quickly away from the surface and it con-
titutes an example for a two-dimensional electron gas. With the
ncrease of k‖, the surface state position moves towards higher
nergies, and at some tilt angle it crosses the Fermi level. The
hotoemission from the Fermi level indeed shows the in-plane
ircle k2

x + k2
y = constant, which has been observed in angle-

esolved photoemission experiments (see ref. [10]), as well as
n our calculations (see Fig. 2). Here we use the same photon
nergy (ωHeI = 21.2 eV) as in the experiment. The electrons
eside initially at the Fermi level. Fig. 2 represents the so-called
ermi-surface map at the Cu(1 1 1) surface state. It has an almost
ircular shape, however, weak reflexes of the three-fold symme-

ry of the (1 1 1)-face are visible.

Now we ask what happens to this circle if the second electron
s involved. Consider DPE in the geometry where one electron
s emitted in the entire hemisphere and another one is fixed in

ig. 1. Cu(1 1 1) layer-resolved density of states at k‖ = 0. Arrow marks the
osition of the surface state, which decays with the layer depth. The label S
arks the number of the layer enumerated from the outmost layer S = 0.
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istribution is averaged over the angle φ and is plotted as a function of θ. (b)
he SPE intensity from Fig. 2, averaged over the azimuthal angle. A variation
f θ corresponds to a variation in k‖.

he direction normal to the surface. Both electrons have the same
inetic energy which is set equal to the photoelectron energy in
ig. 2. The resulting almost isotropic distribution is averaged
ver the azimuthal angle and the DPE intensity is plotted as
function of the electron polar emission angle (with respect to

he surface normal), which is equivalent to changing the electron
arallel momentum Fig. 3. Three different values of the screen-
ng length are considered: λ = 1.04a0 is the Thomas–Fermi
alue [4], another two describe less effective screening (e.g. for
= 3a0 two electrons are allowed to interact appreciably at a

istance of the order of the lattice constant). Qualitatively, the
resence of the repulsive center (fixed electron) will expand the
riginal circle. This effect depends on λ (the less the interaction
s screened, the more noticeable is the shift of the circle position
owards larger angle). A corresponding measurement yields thus
n estimate of the value of the screening length.
. Energy-sharing mode

The energy correlation within the electron pair emitted in a
PE process is conventionally studied by means of the energy-
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Fig. 4. DPE energy sharing distributions from the surface state and the d-band
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f Cu(1 1 1) for λ = 1.04a0: (a) h̄ω = 15.7 eV, Etot = 5 eV, θ1 = −θ2 = 20 ;
b) h̄ω = 19 eV, Etot = 5 eV, θ1 = −θ2 = 20◦; (c) h̄ω = 21 eV, Etot = 10 eV,

1 = −θ2 = 30◦; (d) h̄ω = 21 eV, Etot = 7 eV, θ1 = −θ2 = 30◦.

haring distributions (ESD) (cf. Fig. 4). The emission directions
f the two electrons are fixed and the final-state energies are
hosen such that their sum Etot = E1 + E2 is always constant.
he ESD provides information on which combinations of kinetic
nergies lead to a strong DPE signal. At the edges, where one
f the electrons has zero energy, the DPE cross-section drops
o zero due to kinematical reasons [6]. In general, the shape is
etermined by the density of single-particle electronic states and
y electronic correlation effects as well as by interference effects
f the waves that are coherently scattered from the ionic sites.
n general, it is not possible to disentangle these effects.

By appropriately choosing the photon energy, it is possible to
reate electron pairs originating (i) only from the surface state or
ii) both from the surface state and the d-band. Fig. 4 contrasts
hese two cases: electrons are emitted symmetrically (a and b) at

20◦ to the surface normal; (c and d) at ±30◦ to the surface nor-
al, the photon is polarized parallel to the surface in the plane

f the detectors. Comparing the emission from the surface state
nd from the bulk in Fig. 4 a and b, respectively, one notes a
trong difference in the region comparable kinetic energies. The
urface state results in a lower emission cross-section at equal
lectron energies, in contrast to the emission characteristic from
he bulk state. The total electron pair energy Etot = 5 eV is con-

tant for both cases, which suggests that final-state effects (which
epends in the first place on the vacuum electron energies) are
ot very important, and the difference may arise from the com-
ination of the following aspects: (i) strong localization of the [
opy and Related Phenomena 161 (2007) 125–127 127

-component of the surface-state wave function, (ii) different
creening properties in two and three dimensions and (iii) partic-
lar features in the momentum-resolved densities of the surface
tate and the d-band. Similar trend is present in another pair of
SDs, see Fig. 4 c and d. Here it is the photon energy which is
onstant (ω = 21 eV), therefore Etot = 10 eV and Etot = 7 eV
or (c) and (d), respectively. In general, the DPE intensity is
lways higher for the bulk emission because of the higher den-
ity of states. It is also higher for smaller tilt angle (20◦ versus
0◦), if we compare (a) to (c), and (b) to (d). In general we can say
hat the ESD from the surface states follows a behavior similar to
hat expected from the independent electron model [3] while for
PE from the d-band the predictions of the free-electron model

3] are inappropriate.

. Conclusions

We have applied the DPE model calculations to the Cu(1 1 1)
urface, for which the surface state and the d-band energy regions
rovide two different systems, as far as the dimensionality and
he strength of the electron–electron interaction are concerned.

e showed that the angular isotropy of the emission from the
urface state, related to its almost free-electron behavior along
he surface, manifests itself also in the DPE angular distribu-
ions. Since the latter are shown to be sensitive to the value of
, the angle-resolved DPE measurements give access to infor-
ation on the screening properties. As for the behavior of the

nergy correlation, prominent differences are found between the
ulk and the surface-state DPE, mainly in the region where the
hotoelectrons have comparable kinetic energies.
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10] F. Reinert, S. Hüfner, N. J. Phys. 7 (2005) 97.


	Bulk- and surface-state two-electron photoemission from Cu(111)
	Introduction
	Outline of the model
	Angular patterns
	Energy-sharing mode
	Conclusions
	References


