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The  emission  of  correlated  electron  pairs  excited  from  surfaces  of  Au(111)  and  Cu(111)  by  low-energy
electrons  is measured  and  analyzed.  Energy  and  momentum  conservation  allows  identification  of  electron
pairs  involving  excitation  of electrons  from  Shockley  surface  states  and  from  valence  d-states.  The  relative
contributions  of  surface  and  d-states  to  the  measured  spectra  of  correlated  electron  pairs  is  shown  to
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depend  on  the  primary  electron  energy  and  is  larger  from  surface  states  at relatively  small  primary
energies.  The  use  of  a spin-polarized  incident  electron  beam  highlights  the  spin  effects  in producing  an
electron  pair. Measurements  show  that  spin  effects  are  larger  for the  pair  excitation  from  the  valence
d-states  than  for  pairs  excited  from  the  surface  states.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Surface states on (111) surfaces of noble metals present an
xample of two-dimensional free electron-like electron systems.
n a heavy-Z metal surface a spin-degeneracy of these states

s lifted and a parabolic dispersion of surface states become
pin-resolved, i.e. two dispersion curves separated in energy –
omentum space appear. The dispersion of these states and their

pin character for a Au(111) surface were studied using angle- and
pin-resolved photoelectron spectroscopy [1–3]. Any new informa-
ion on surface states, such as momentum distribution, for example,
s desirable for deeper insight into their properties and for the pos-
ibility of influencing these properties. Surface states determine,
o a large extent, the physical and chemical properties of surfaces

nd interfaces, such as adsorption, catalysis, conductivity, reflec-
ivity and chemical reactions at surfaces. The spectra of electronic
xcitations, as well as the parameters of electron–electron and
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ax: +61 412176814.
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ttp://dx.doi.org/10.1016/j.elspec.2014.11.007
368-2048/© 2014 Elsevier B.V. All rights reserved.
electron–phonon interactions, are important characteristics of such
systems, but they are still largely unknown.

For experimental reasons, the confinement to the surface
and the resulting two-dimensionality, make surface states ideally
suitable for investigation by means of low-energy two-electron
spectroscopy in reflection geometry [4–8], the essence of which
is the detection of two time-correlated electrons generated from
the surface by the impact of a single incident electron. Indeed, this
technique possesses extremely high surface sensitivity because it
involves three low-energy electrons: one incident and two out-
going. Hence, if the mean free path of each of the electrons
is estimated by �, then the probing depth of the technique is
given by �/3. In addition, conservation of the momentum par-
allel to the surface in the (e,2e) reaction, allows probing the
momentum distribution of the surface states in a wide momentum
range.

Low-energy two-electron spectroscopy (e,2e) in reflection
geometry was  applied previously to study the mechanism of
correlated electron pairs excitation from the Shockley surface

state of Cu(111) [6]. That study demonstrated the existence
of an exchange-correlation hole in such a system, as well as
diffraction of correlated electron pairs excited from a surface
state.

dx.doi.org/10.1016/j.elspec.2014.11.007
http://www.sciencedirect.com/science/journal/03682048
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Fig. 1. Geometric arrangement of the experiment.

In the present paper we compare the correlated pairs emission
rom the Shockley surface states and valence d-states of Cu(111)
nd Au(111) under low-energy spin-polarized electron impact.

. Experimental details

All scattering experiments were performed in a vacuum with
ase pressure in the 10−11 Torr range. A few atomic layers of gold on

 W(110) substrate form a good epitaxial layer with the (111) face
arallel to the sample surface. The substrate was  cleaned in vac-
um prior to the gold deposition using a standard procedure [9,10]

ncluding oxygen treatment at 10−7 Torr oxygen pressure and
400 K sample temperature followed by a few high-temperature
ashes up to 2300 K. The cleanliness of the surface was monitored
y Auger electron spectroscopy and Low energy electron diffrac-
ion as well as by two-electron coincidence spectroscopy, which
s very sensitive to the presence of oxygen [11,12]. The gold film

as deposited onto the W(110) substrate at room temperature by
vaporation from a small piece of gold wire melted on a V-shaped
ungsten filament heated resistively. The quality of the film was
emonstrated by observing quantum well states in such a layer
f gold using photoelectron spectroscopy [13] and layer-by-layer
rowth was confirmed by MEED oscillations [14]. We  estimated the
hickness of the gold layer via Auger peak intensity as a function of
eposition time as well as by comparison of LEED patterns with a
revious LEED study of the epitaxial layer of gold on (110) tungsten
15]. We  found the gold coverage to be of 3–4 monolayers (ML).

The Cu(111) surface of a single crystal of Cu was cleaned in
he vacuum prior to measurements using repetitive sputtering by

 keV Ar ions and annealing at 500–700 K. The cleanliness and
rystallinity of the surface were monitored using LEED and Auger
lectron spectroscopy.

We  used two experimental set-ups, described elsewhere
16,17], for measuring the momentum distribution of correlated
lectron pairs. Our setup uses a spin-polarized incident beam and
econd has an extremely large acceptance angle that allows obser-
ation of the pair diffraction at a low primary electron energy [6].

n both experiments the time-of-flight (TOF) electron energy mea-
urement was used [18]. A schematic of the experiment is shown
n Fig. 1 to indicate a polarized/unpolarized incident electron beam
mpinges onto a sample surface at normal incidence and two
Fig. 2. Binding energy spectra of Au(111) film on W(110) for various primary ener-
gies. Zero point on x-scale corresponds to a position of the Fermi level.

outgoing electrons are detected in a backwards directions at ±50◦

with respect to the surface normal within the 29◦ acceptance angle
of each of the detectors. The energy resolution of the TOF electron
energy analysis depends on the measured energy [19], and in the
energy range of (5–15 eV) is characteristically 0.5 eV.

3. Results and discussion

It was  demonstrated [19] that a substantial number of
time-correlated electron pairs is generated in a single-step
electron–electron collision. This implies that, in a single-particle
band approximation, energy and momentum conservation allow a
valence electron involved in the collision to be located in the energy
and momentum space of the valence band:

Eb = E1 + E2 − Ep (1)

Kb|| = K1|| + K2|| − Kp||, (2)

where E and K denote electron energy and electron wave vector
and b, 1, 2, p correspond to bound electron, first and second emit-
ted electrons and primary electron, respectively. The subscript ||
denotes a parallel-to-the-surface component of the wave vectors.
Hence we can construct a distribution of the number of correlated
electron pairs involving a valence electron with a particular bind-
ing energy as a function of the binding energy. As shown below
the probability of the (e,2e) reaction depends on the primary elec-
tron energy. On the other hand, excitation of electrons is possible
only from the states with nonzero density. Therefore, the (e,2e)
spectrum can be used for probing whether states are occupied or
empty; in other words what is the extension of valence states in
the energy-momentum space of a sample.

3.1. Excitation of electron pairs from Au surface

Using the above approach the binding energy spectra of Au(111)
and Cu(111) were constructed for various primary energies. The
zero on the energy scale denotes the position of the Fermi level.
The set of curves for Au(111) is shown in Fig. 2. A sharp maximum
just below the Fermi level, which is very prominent for low primary
energy, corresponds to the surface state. The arguments in favor of
this suggestion are the following. First, in the bulk density of states
of gold there is a flat and low density of states in the energy range
just below the Fermi level down to about 1.5 eV below the Fermi

level. Hence, the maximum just below the Fermi level cannot be
formed by the electron excitation from the bulk states. Second, its
energy position (about 0.5 eV below the Fermi level) corresponds
to the calculated and measured (by photo-electron spectroscopy)
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Fig. 4. Binding energy spectra of Cu(111) (solid circles) and Cu(001) (open circles)
ig. 3. Energy dependence of the relative contribution of surface and bulk states to
he binding energy spectrum of Au(111) film on W(110).

osition of Shockley surface states. The second maximum in the
inding energy spectrum at about (2–3) eV below the Fermi level
orresponds to the emission of pairs from the valence d-derived
tates.

Fig. 2 shows explicitly that the shape of the binding energy
pectrum is changing with the primary electron energy. In partic-
lar, the relative intensity of the peak just below the Fermi energy
ecreases while the primary energy increases. It shows that the rel-
tive probability of excitation of surface and bulk states depends
n the primary electron energy. The (e,2e) spectra of Au(111) were
easured with increments of 1 eV in the incident electron energy.

he relative contribution of surface states into the (e,2e) binding
nergy spectrum was analyzed by plotting the ratio of the surface

 to d-derived bulk valence states intensity as a function of primary
nergy as shown in Fig. 3.

An exponential fit to this data gives the following relationship:

ISS

Id
= 0.25 + 34.32 · exp

−Ep

5.14
. (3)

It is seen that the relative contribution of surface states in the
inding energy spectrum decreases with the increase of the pri-
ary electron energy and the ratio span an order of magnitude

hange in the primary energy range from 14 to 30 eV. The increase
f the contribution of correlated pairs from surface states relative
o the bulk contribution at low primary energies might be due to

 few reasons. First, suppression of the contributions of d-states to
he measured (e,2e) spectrum is expected when the primary elec-
ron energy drops below 15 eV because those d-states are located
bout 3.5 eV below the Fermi level and an electron from these
tates must gain energy of at least 8.5 eV (binding energy + the
ork function) to be excited above the vacuum level. If two  elec-

rons are excited by 15 eV primary energy and escape the surface,
hey will share an excess energy of 15–8.5 = 6.5 eV. If they share
nergy equally they can be detected, in principle, if both of them
re within the acceptance angles of the detectors. If either of them
s refracted out of the acceptance angle of a detector, the pair can-
ot be detected. If the pair of electrons shares energy unequally
nd one of them has energy below 2.5 eV it will not be detected
ecause our time-of-flight analyzer is set to detect electrons only
ith energy greater than 2.5 eV. In summary, d-states with binding

nergy about −3.5 eV give small contributions to the (e,2e) spec-

rum at low primary electron energies. The second reason arises
rom the diffraction of correlated electron pares. Indeed, in our
eometry and energy range we observe the 00 diffraction pattern
f electron pairs [6]. Electrons of pairs excited from the surface
surfaces.

state have almost equal energies and their total momentum points
along the normal to the surface. The intensity of this 00 pattern
is energy dependent. One can assume that, in the studied energy
range, the contribution (intensity) of the 00 patterns corresponding
to the excitation of pairs from surface states and d-states changes
in different ways with the change of primary energy. It will result
in a substantial change of the relative intensity of the peaks in the
binding energy spectrum.

The increase of the contribution of electron pairs in the binding
energy spectrum at energies below −8 eV with increase of pri-
mary energy is most likely due to the contribution of multi-step
electron scattering that generates “true secondary” electrons. It
means that the incident electron undergoes an inelastic scattering
with a valence electron of the target and before these two elec-
trons escape from the surface they can participate in other one or
few electron-electron collisions generating low-energy “true sec-
ondary” electrons.

3.2. Excitation of electron pairs from a Cu surface

Surface states on a Cu(111) surface were studied by the
(e,2e) technique using different experimental set-ups [16,17]. We
observed a pronounced maximum in the binding energy spectrum
about 0.5 eV below the Fermi level (see Fig. 4) that was  identified as
a contribution from the surface state. In the binding energy spec-
trum of Cu(111) three maxima are visible: at −0.5 eV, at −2.7 eV,
and at about −7 eV. Similar three maxima were observed in [6,7].

The relative intensity of the maximum that corresponds to the
excitation of electron pairs from the surface states (Eb = −0.5 eV)
depends on the primary electron energy and this dependence is
similar to the case of Au(111) where its relative intensity decreases
with increase of the primary electron energy.

Comparison of the binding energy spectra measured on Cu(111)
and Cu(100) links the origin of maximum at the binding energy
−0.5 eV to a surface state. Indeed, there is surface state on Cu(111),
whereas there is no surface state on Cu(100). Fig. 4 shows a com-
parison of the binding energy spectra for two  faces Cu(111) and
Cu(001) of Cu. It is obvious from this comparison that on the (001)
surface there is no surface state and in the energy range from the
Fermi level down to −2 eV the contribution from low density sp-
states is much lower than from the d-states located below −2 eV.
In contrast, the Cu(111) surface demonstrates a substantial contri-

bution of a surface state just below the Fermi level in the binding
energy spectrum.
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.3. Energy sharing and momentum distribution of correlated
lectron pairs from Au and Cu

Correlated electron pairs emitted from surface states and from
alence d-states have different energy sharing distributions. In
ther words, electrons share energy differently depending on the
tate where the bound electron is excited from and so reflect the
ynamics of the scattering and momentum distribution of the
ound electron. Fig. 5 shows the distributions of correlated elec-
ron pairs as a function of the Kx component of the bound electron
ave vector at a fixed binding energy. Although these distributions
o not represent the momentum distribution of the bound elec-
rons, they do characterize the momentum location of the bound

lectrons, i.e. electrons can be excited only from occupied states.

These curves show a distinct difference between distributions of
 pair from surface states and from valence d-states. The distribu-
ions corresponding to the generation of pairs from surface states

ig. 5. Kx-distributions of correlated electron pairs excited from Cu(111) (a) and (b) an
urface states whereas distributions (b) and (d) correspond to the excitation from valence

Fig. 6. Asymmetry of Kx-distributions of pairs excite
 and Related Phenomena 198 (2015) 26–30 29

are about two  times narrower than the distributions of pairs gen-
erated from flat d-bands. This indicates that the surface states are
confined in a narrower momentum space than d-states. The same
conclusion was  made for Cu(111) in [6].

3.4. Spin effects in the electron pair emission: surface states and
valence d-states

Using spin-polarized incident electrons we  were able to study
the spin effects in the generation of electron pairs [20–22]. The spin
effects were demonstrated by constructing the asymmetry of (e,2e)
spectra defined as:

+ −

A = I − I

I+ + I−
,

where I+ and I− denote spectra recorded with spin polarization
vector of the incident beam pointing “up” or “down”, respectively.

d Au(111) (c) and (d). Distributions (a) and (c) correspond to the excitation from
 d-states. Kx is the x-component of the valence electron wave vector (see Fig. 1).

d from surface states (a) and from d-states (b).
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he Kx – distributions presented in Fig. 5 were recorded for spin-
p and spin-down polarization of the incident beam. Hence one
an construct asymmetry spectra of Kx – distributions, which are
resented in Fig. 6.

In Fig. 6 only asymmetries of the (e,2e) spectra from Au(111)
re presented. Similar analyses of spectra measured from Cu(111)
hows much smaller asymmetries which falls within the measured
tatistical uncertainties.

It is evident from Fig. 6 that for both the surface states and for
he valence d-states, the origin of the asymmetry is a spin-orbit
nteraction. Indeed, the asymmetry spectra show “left–right” sym-

etry, i.e. if we exchange left and right detectors, the sign of the
symmetry changes. This is consistent with the symmetry prop-
rty of the experiment, i.e. the geometrical arrangement including
he crystal structure of the sample, which is mirror symmetric with
espect to the plane normal to the sample surface and to the scat-
ering plane. It means the mirror reflection in the symmetry plane
oes not change anything but the spin of the incident electron,
hich is an axial vector, which therefore changes sign during mirror

eflection. By consequence, if there is some asymmetry (for a mirror
ymmetric non-magnetic sample) it will possess such “left–right”
ymmetry.

Regarding the magnitude, the asymmetry corresponding to d-
tates is about twice the asymmetry corresponding to the surface
tates. It is most likely due to the orbital properties of these states:
he surface Shockley states are of the sp character, whereas d-states
riginate from an atomic d-state with larger orbital momentum. In
ach of the asymmetry spectra the maximum value of the asym-
etry is reached far from the center of the Brillouin zone.

. Conclusions

We  have compared the excitation of correlated electron pairs
rom surface states and from valence d-states of Au(111) and
u(111). It is possible to identify surface states and d-states in the
e,2e) spectrum due to the energy and momentum conservation in
he (e,2e) reaction and to the fact that a substantial number of cor-
elated electron pairs is excited in a single-step scattering event.
he distribution of pairs excited from surface states is much nar-
ower on the Kx scale than the distribution of pairs excited from
-states, i.e. a narrower momentum distribution. Spectra measured
rom Au(111) demonstrate spin asymmetry in both contributions,

rom the surface states and from d-states, whereas in the spectra of
u(111) a spin effect is negligible. It is obviously related to the large

 of gold. The size of the spin effect on surface states is smaller than
n d-states and is related to the orbital symmetry of the states.

[
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