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ARTICLE INFO ABSTRACT

We provide a comprehensive study of the electron pair emission from a Pb surface at room temperature. We
excited the sample via a primary electron beam or laboratory light source. Besides the excitation of the 6s and 6p
valence states the weakly bound 5d core levels are accessible. This allows us to investigate the Auger-photo-
electron pairs in coincidence. The electron pair excitation spectra can be largely explained by the underlying
electronic structure. Varying the primary energy changes the relative contribution of the 6s and 6p states. The
measured double photoemission intensity is dominated by the emission of 5d photoelectrons and the resulting
Auger electron. The Auger electron line shape has mainly contributions due the 6p electrons, because the 6s
electrons can not lead to the emission of an Auger electron due to energy conservation. From the sum energy
spectra we find that the effective Coulomb interaction U, is close to zero. The double photoemission intensity
without participation of the 5d levels displays rather featureless spectra. Among the materials which display
superconductivity is Pb. The explanation of this effect requires the introduction of Cooper pairs. It was theo-
retically predicted that double photoemission of Cooper pairs is possible. We discuss the experimental feasibility
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of such measurements.

1. Introduction

The properties of matter are decisively determined by the electronic
structure. Electrons do not move independently within a solid, but exert
a mutual influence via the Coulomb interaction and the Pauli principle.
A complete microscopic description of all electrons is impossible.
However, it turn out that is possible to cast the effects of the electron-
electron interaction into a mean-field type description. This is also
known as the quasi-particle picture. Hence, the access to the underlying
electronic structure via photoelectron spectroscopy has been proven
very successful. Nevertheless it is desirable to investigate the mutual
relations between electrons. This is possible via electron pair emission
from surfaces, because the existence of this effect requires a finite
electron-electron interaction. It is customary to distinguish between
primary electron and photon absorption as (e,2e) and Double photo-
emission (DPE), respectively.

We have decided to investigate a Pb surface because of particular
features in the electronic states. The valence band of Pb has contribu-
tions from the 6s and 6p levels which are separated by a gap of 3.1 eV.
This means in contrast to transition metals there is no hybridisation
between electrons from different orbitals. The spin-orbit split 5d levels
possess a binding energy of around 20 eV. This means (e,2e) experi-
ments with typical excitation energies in the range of 30-60 eV can
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excite these core levels leading to autoionization states. This aspect is
not included in the current theory of (e,2e) and in experiments on other
materials core levels were more tightly bound and not excited.

The shallow 5d core levels can also be excited by a laboratory UV
light source leading to the emission of 5d photoelectrons and Auger
electrons. Although some results have been published using X-ray la-
boratory sources most studies are conducted using synchrotron radia-
tion[1-5]. We explore the DPE process with and without participation
of the 5d core level.

The (e,2e) energy spectra show features which can be largely un-
derstood on the basis of the bulk density of states (DOS). The relative
contributions of the 6s and 6p valence states and the energy sharing
does depend on the primary energy E,. We find evidence that the 5d
levels play a role via an autoionization pathway. We observe that the
DPE intensity is dominated by the emission of Auger-photoelectron
pairs. From the Auger lineshape we determine that the effective
Coulomb correlation Uy is close to zero. The DPE intensity directly
from the valence band is an order of magnitude smaller than those of
the Auger-photoelectron pairs. This would be consistent with a small
value of the Coulomb correlation within the valence band [6,7].

Our experiments were performed at room temperature where Pb is
not superconducting. The explanation of superconductivity requires the
concept of Cooper pairs. The possibility of Cooper pair emission via
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Fig. 1. The two transfer lenses of the spectrometer are symmetrically aligned
with respect to the surface normal. The photon beam propagates along the
surface normal. An electron gun for (e,2e) experiments was available, this
primary beam has an angle of 45° with respect to the scattering plane.

single photon absorption has has been theoretically predicted [8-10].
We use our data to assess whether this effect can be experimentally
observed if the sample is in the superconducting state. We are moti-
vated to address this issue, because of the potential new insights on the
pairing mechanism. We find the expected emission rates to be prohi-
bitive. We conclude that only more recent electron spectrometer using
the high acceleration voltage of cathode lenses promise success.

2. Experimental details

The details of the coincidence spectrometer have been described in
more detail elsewhere [11-13]. Therefore we recall only the main as-
pects. The general layout in Fig. 1 shows two hemispherical electron
energy analyzers with a mean radius of 200 mm. They are equipped
with wide angle transfer lenses and position sensitive detectors. We
label the spectrometers as ‘left’ and ‘right’ respectively. We will quote
the kinetic energy with respect to the vacuum level of the sample. The
two electron-optical axes of the transfer lenses include an angle of 90°
and define the reaction plane, in which the primary photon beam lies.
The emitted electrons are detected with energies Ejz and Egn.. Due to
the entrance slits not all electrons which enter the lens will be detected.
The orientation of the slits of each spectrometer has a # 15° accep-
tance within the scattering plane.

All experiments were performed with the photon beam being par-
allel to the normal which has an angle of 45° with respect to the optical
axis of the two transfer lenses. The sample position was maintained
during the (e,2e) experiments for which an electron gun was available.
The primary electron beam had an angle of 45° with respect to the
scattering plane, see Fig. 1. For in-house experiments the system has
been upgraded by the attachment of VUV light source which consists of
a He lamp and a toroidal monochromator [6,14,15]. We used the He II
lines at 40.8, 48.4 and 51.0 eV, respectively. Space constraints do not
allow to have the sample at the focus point of the grating. Therefore, we
fitted the exit arm of the monochromator with an additional capillary of
200 mm length and 2 mm diameter. This has the added benefit of im-
proved differential pumping. The partial pressure of He during normal
operation is 2—3 X 1071° mbar, while the base pressure was 5 x 10711
mbar. In order to reduce the primary flux on the sample we placed a set
of apertures between the He light source and the monochromator.

We are interested in those events in which a single photon (electron)
leads to the emission of an electron pair which we term ‘true’ coin-
cidences. However, it is also possible that two photons (electrons) lead
to the individual emission of single electrons which will be recorded by
the coincidence electronics. These unwanted events are usually termed
‘random’ coincidences. The ‘true’ coincidences scale linearly with the
primary flux, while the random ‘random’ contribution scales quad-
ratically. This allows us to reduce the latter to an acceptable level. This

168

Surface Science 677 (2018) 167-175

comes at the expense of a low coincidence count rate. Following stan-
dard procedures documented in the literature we are able to remove the
aggregate effect of the ‘random’ coincidences [4,16]. The im-
plementation of these procedures for our coincidence spectrometer has
been explained previously [13]. At this point we can state that we are
able to determine the ‘true’ coincidence rate and energy spectra.

We operated the spectrometer with a pass energy of 150 eV which
results in an energy window of 13 eV which can be covered with each
spectrometer. The slit size selected was 1 mm, this leads to an energy
resolution of 0.35 eV of each spectrometer. The line width of the VUV
light (a few meV) can be neglected while the primary electron energy
has a width of 0.3 eV. We keep all voltages of the electron-optical
components constant for a given coincidence experiment. The sample
was a polycrystalline Pb foil which was cleaned via Ar* sputtering and
annealing up to 150 C°. Auger spectroscopy verified the cleanliness of
the surface. The lowest temperature of the manipulator is 120 K. We
chose to perform all measurements at room temperature, because the
temperature broadening is still smaller than the selected spectrometer
resolution. For absolute energy calibration we use the recent work of
Iablonskyi et. al on polycrystalline and atomic Pb [17].

3. Results and discussion
3.1. (e,2e) experiments

In our experiments two electrons are emitted from a surface which
posses kinetic energies Ej;, and Eygp, respectively. In the following we
quote these energies with respect to the vacuum level of the sample.
This pair can also be characterized by the energy sum
Egum = Eiepi + Engne- In an (e,2e) experiment a valence electron with
binding energy Ejp is emitted after a primary electron with kinetic en-
ergy E, impinges onto the surface. Effectively this process removes one
electron from the sample, hence the work function of the surface ¢ has
to be considered. Therefore, energy conservation for an (e,2e) process
can be formulated as:

Ep + Ep = Egm + ¢ (@D)]

In the DPE process, a photon with energy hv is absorbed by the sample
and two electrons with binding energies Ez; and Ep, are emitted.
Therefore, in the energy balance the work function has to be entered
twice and we obtain:

hv + Ep) + Ep, = Eleft + Eright + 2¢ = Egm + 2¢ 2)

A useful reference energy is the maximum sum energy Ej ., which is
obtained if the emitted electrons originate from the Fermi level Ep.
From the previous definition it follows that in a (e,2e) process
Egm = E, — ¢. For a DPE process it readily follows Eg; = hv — 2¢. In
the last step we have assumed that the energy required to remove an
electron pair is equal to twice the energy to remove a single electron.
This can only be an approximation, because the electron correlation is
ignored at this point. A prominent example may illustrate this. The
energy required for single ionization of the He atom is 24.59 eV. For
double ionization an energy of 79.01 eV is needed, which is very dif-
ferent from twice the single ionization energy. Similarly, for Auger
electron emission it is known that the kinetic energy can be sig-
nificantly shifted from the position expected by using the binding en-
ergies of the involved states. This shift can be identified with an ef-
fective electron-electron interaction strength U [18]. In the case of Cu
a value of 8 eV is reported. This is the additional energy besides twice
the work function which needs to be furnished in order to remove two
3d valence electrons.

The operator leading to single photoelectron emission is the dipole
operator, the equivalent for double photoemission is the sum of two
dipole operators [19,20]. The evaluation of the transition matrix ele-
ment with single particle wave functions leads to a vanishing DPE in-
tensity [19,20]. The presence of the electron-electron interaction
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mandates a formulation of a correlated two-particle wave function. This
means the wave function must explicitly depend on the coordinate
difference of two electrons. Therefore, DPE is particularly sensitive to
the electron-electron correlation. In a recent theoretical work using a
Hubbard Hamiltonian it was shown that the DPE intensity scales
quadratically with the Hubbard parameter U [7]. An experimental
study on a variety of materials including ferromagnets and transition
metal oxides indicated intensity relations [6]. Transition metal oxides
like NiO and CoO revealed a significantly higher count rate than metals
like Cu and Ag.

In the pair emission process from crystalline surfaces also the con-
servation of the in-plane momentum (modulo a reciprocal lattice
vector) has to be fulfilled. The emission direction and kinetic energy of
the outgoing electrons constrain which valence states are involved in
the emission.

At this point it is useful to recall the basics of the (e,2e) theory from
surfaces [22-26]. The initial state is given by the incoming primary
electron while the valence electron is described by a Bloch state. The
two outgoing electrons are time-reversed LEED states. A consequence of
energy and momentum conservation is that the emission direction and
kinetic energy of these outgoing electrons define the momentum and
binding energy of the valence state involved in the (e,2e) process. The
actual (e,2e) process is described by a screened Coulomb interaction
among the outgoing electrons. Although there is no substitute for a
proper (e,2e) calculation, we have shown experimentally that for
crystalline metallic surfaces the kinematical accessible band structure
alone provides a fair description of the spectra [13,27,28]. In this
simplification we assume a constant matrix element for the transition.
This captures essential parts of the sum energy spectrum, namely the
position of the intensity maxima. The relative intensity between
maxima can only understood with a proper (e,2e) calculation. The in-
formation about the in-plane momentum is lost if a polycrystalline
sample is used. Hence the experiment will effectively integrate over the
whole Brillouin zone. Hence rather than discussing the electronic
bandstructure E(k) the density-of-states (DOS) is of relevance.

In Fig. 2 we present the theoretical occupied electronic density-of-
states DOS for bulk lead from Wiirde et al. [21] The axis is the binding
energy with the Fermi level Er at Eg=0. Additionally we have included
the DOS convoluted with 0.7 eV wide Gaussian to take into account the
energy resolution of the coincidence experiment. It is apparent that the
6s and 6p levels are separated by a 3.1 eV wide gap. Therefore hy-
bridisation between these levels can be ignored. The 6s band is located
in a region of 6.8-11.4 eV below Ef, while the occupied 6p band extends
from Eg=3.9 eV to Er. The unoccupied region of the 6p band reaches up
to 7 eV above Ep.

In Fig. 3 we present a series of 2D-Energy spectra of (e,2e) experi-
ments excited with different primary energies. In all plots we have in-
cluded a diagonal black line which marks the position of E},3*. The pair
of dashed diagonal lines indicates the energetic position of the band gap
separating the 6s and 6p levels. Therefore, we expect no intensity in this
region. However, it is apparent that the experiment detects a significant
contribution. For E,=32.8 eV the intensity near Eg; is highest if one
electron is fast while the other is slow. This is in contrast to the other
data shown in Fig. 3(b) and (c) where the intensity is more uniform
along the Ej5X line.

For a more detailed discussion it is useful to present the Ej,,, spectra
obtained by different primary energies E,, see Fig. 4. For a better
comparison we plot the intensity as a function of the two-particle
binding energy E3 = Em® — Ey,,. This choice ensures that the same
valence states show up at the same energy position as it is customary in
photoemission. In all spectra we also included the convoluted DOS
shown in Fig. 2. We adjusted the intensity levels of the DOS such that
the peak at Ez=2.5 eV matches the intensity of the experiment. The
DOS peak near Er shows up only as a shoulder, clearly a proper dis-
cussion requires a realistic (e,2e) calculation.

Although the DOS displays more fine-structure in the 6p region, the
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Fig. 2. The dashed line depicts the bulk DOS as given by Wiirde et al. [21]. The
solid line is the convolution of the DOS with a Gaussian. It has a width of 0.7 eV
which is the energy resolution of the (e,2e) coincidence experiment.

Equm spectra in this range are reasonably reproduced. We also note the
shape of 6p region is hardly affected by the value of E,. The variation of
E, mainly changes the contribution of the 6p region to the overall in-
tensity. In previous (e,2e) works on Cu(111) and Cu(100) surfaces we
observed that the contributions from the 3d and 4sp states depend
strongly on the value of E, [13,28]. This we explained via diffraction of
pairs, which could also be of relevance in the current work.

According to the DOS there are no available valence states in the
gap between interval 3.9 to 6.8 eV, see Fig. 2. Yet there is significant
(e,2e) intensity. As far as valence band photoemission via UPS and XPS
is concerned there is also intensity in this region [29-32]. In these
studies the intensity within the gap region amounts to roughly a quarter
of the 6p region. We will provide an explanation for the coincidence
intensity within the gap region. It is based on the excitation of the 5d
core levels and the subsequent electron emission. In a first step we want
to demonstrate that the emission of a 5d core electron and scattered
primary can be identified. In preparation of the discussion we show a
level diagram in Fig. 5 which uses the DOS shown in Fig. 2. We have
added the DOS of the 5d states schematically but not to scale. A primary
electron can excite a 5d core electron, therefore it will suffer an energy
loss. The smallest loss is given if the least bound 5ds,» level with
binding energy E3'? is excited to the Fermi level. This is indicated by the
left dashed arrow in Fig. 5. Consequently we can write for the energy of
the scattered primary:

E: =E, - E} 3)

The scattered primary will posses less energy if the core electron is
excited above the vacuum level. As an example we consider the 5d3,, as
sketched by the right dashed arrow in Fig. 5. Let us suppose the core
electron has a kinetic energy of Ex while the work function is ¢. In this
case the energy of the scattered electron energy can be written as:

Epn=E-E’-¢-E )

The sample is now in an autoionizing state and an electron from the
valence band will fill the vacancy and Auger emission sets in. We will
show below that this Auger electron emission exists.

As an example we plot (e,2e) data in Fig. 6(a), the 2D-Energy
spectrum was obtained with E,=69.8 eV. The contribution from the
valence states is essentially out of the spectrometer window and with it
the position of the Ej5" line. We can clearly observe a pair of diagonal
intensity features, which reside on a substantial background. In Fig. 6
(b) we present a Ej,,, spectrum derived from the data shown in Fig. 6
(a). We can see two peaks at the two-particle binding energies of 20.58
and 17.93 eV, respectively. These values agree with the known binding
energy values of the 5d core levels [17]. Therefore, we have detected
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the scattered primary electron and the excited 5d electron.

We have performed also experiments at higher E, values up to
116 eV. The Eg,, spectra all display the double peak due to the spin-
orbit split 5d levels. Increasing the primary energy will decrease the
background to some extent. For E, values below 69.8 eV the diagonal
feature can not be observed anymore. This should not be taken as a
threshold value for this process to occur.

Suppose the 5d5,, electron is to leave the surface with E;=0 eV due
to a primary electron collision. The minimum primary energy is given
by Eq. (4). The numerical value is E, = 24.58 eV. In this case two
electrons with zero kinetic energy are emitted. For larger E, values the
excess energy can be shared among the emitted core electron and
scattered primary. For example if the primary energy is increased by
32 eV to E, = 56.58 eV the energy sum of the scattered primary and 5ds,
> electron is 32 eV. From this point of view we should expect the
emergence of a diagonal intensity region similar to Fig. 6. In order to
capture the largest part of this signature both spectrometer should be
set to a central energy of 16 eV. However, doing so will also allow the
detection of an Auger electron after filling the 5d vacancy, we will
demonstrate below that the Auger electron covers an energy window
from 6.3-16.3 eV, see Fig. 8. This means the excitation of a core-elec-
tron via a primary electron scattering can lead to the emission of three
electrons. Namely, the excited core electron, the inelastically scattered
primary electron and the Auger electron. Our spectrometer detects only
two electrons in coincidence. Hence, if one of the detected electrons is
the Auger electron this pair will not contribute to the intensity within
the diagonal region. The diagonal intensity feature only shows up if the
scattered primary and 5d core electron are detected. The emergence of
the Auger electron within the spectrometer window should result in an
almost constant intensity for E,=56.7 eV. This is indeed our observa-
tion. The data shown in Fig. 6 were obtained with E,=69.8 eV and the
central energy of the spectrometer is 22 eV. This has the consequence
that the Auger electrons can only be detected in the lower left hand
corner. Hence their effect on the diagonal intensity band can be ig-
nored. We return now to the question why the (e,2e) data presented in
Fig. 3 show significant intensity with in the gap region. We suggest a
two-step scenario in which the scattered primary is detected in coin-
cidence with the Auger electron. Furthermore, we want to consider only
those excited core electron which posses a kinetic energy below the low
energy cut-off for a given spectrometer setting. For the data obtained
with E,=32.8 eV this cut-off is 6.3 eV, see Fig. 3 (a). This means that
excitation of a 5ds - electron just below this energy leads to a scattered
primary electron energy of 1.8 eV. This follows immediately from
Eq. (4). The excitation of the 5ds,, to the Fermi level leads to the
scattered primary energy of 14.8 eV, see Eq. (3). This means the scat-
tered electron can posses an energy in the interval from 1.8 to 14.8 eV.
However, since the lowest detectable energy is 6.3 eV we need to
consider only the interval 6.3 eV to 14.8 eV. As we will show below the
Auger electron due to filling the 5d vacancy covers a kinetic energy
window from 6.3 to 16.3 eV.

Now we go through all combinations of the kinetic energy of the
Auger and scattered primary. Furthermore, we ensure that the sum
energy of these combinations do not exceed E 5. For simplicity we
assume that each combination occurs with the same probability. One
can visualize the result within a 2D-Energy plot, see Fig. 7. The red area
is the region which is covered by the different combinations. The solid
diagonal line is the Ej 5 while the pair of dashed diagonal lines mark
the gap region of the DOS. This is analogous to Fig. 3 (a). It is apparent
that the area bounded by the pair of dashed lines is almost covered by
the red region. This means that the two-step process can largely explain
the intensity in this region. Equivalent results are obtained for E,=40.4
and 44.4 eV.

While the current (e,2e) theoretical framework for surfaces works
rather well, the contribution of core levels is not included. For almost
all of the theoretical and experimental (e,2e) studies this was not a
severe problem, because the primary energy was not sufficient to excite
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Fig. 3. 2D-Energy distribution for (e,2e) obtained with E,=32.8, 40.4 and
44.4 eV, respectively. The solid diagonal line indicates the position of Egq . The
pair of dashed lines show the position of the energy gap.

a core level [13,23-26,28,33-36]. This is not the case of Pb and an
autoionizing pathway needs to be considered in the light of the strong
intensity contribution which occurs in the energy region of the gap.

3.2. Auger-photoelectron pairs

We begin our discussion of the pair emission due to photon ab-
sorption with Fig. 8. There we display the 2D-Energy distributions of
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ergies. The dashed line is the bulk DOS of Pb convoluted with 0.7 eV wide
Gaussian, see Fig. 2.

the DPE experiment with a photon energy of 40.8 and 48.4 eV, re-
spectively. In panel (a) we can see prominent intensity regions which
are aligned parallel to the x- and y-axis. These stem from excitations of
the spin-orbit split 5d electrons and subsequent Auger decay. The ki-
netic energy of the 5ds,» photoelectron is 16.3 eV while the 5ds,» line
can be found at 19.0 eV. The line width is mainly limited by our energy
resolution of about 0.35 eV. The center of the Auger lines are at around
10-11 eV and their width is about 8 eV. This larger width simply re-
flects the fact that in this Auger decay two valence electrons participate.
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Fig. 5. In this schematic energy diagram of Pb we show with the left dashed
arrow that a primary electron can excite a 5ds , electron to the Fermi level. The
energy loss of the primary electron is simply the 5ds,» binding energy. It is also
possible that the core electron is excited above the vacuum level by an amount
E}, as indicated by the right dashed arrow. In this case the primary electron has
to furnish the binding energy, work function ¢ and energy Ex. Upon excitation
of the core electron the sample is in an autoionizing state and will decay via the
emission of an Auger electron, see Fig. 8.

We come back to this point later.

We notice also a broad intensity maximum centered roughly at
10 eV/10 eV. At first sight it appears that this is due to the emission of
two Auger electrons. This is of course not possible with a single photon.
The origin of this feature is a coincidence between an Auger and pho-
toelectron where the latter has suffered energy losses and has the same
kinetic energy as the Auger electron. These two electrons with the same
kinetic energy can be recorded in two different ways. First, the Auger
electron is detected by the left spectrometer and the scattered photo
electron by the right one. Second, the role of the two spectrometers is
exchanged. This leads to an apparent double counting in the 2D-Energy
distribution which disappears in a Eg,,, spectrum [37].

In order to capture the Auger-photoelectron pairs with hy =48.4 eV
it is necessary to change the settings of one spectrometer. Now the left
spectrometer measures the 5d photoelectrons while the right spectro-
meter detects the Auger electron, see Fig. 8 (b). Therefore we see only
the horizontal intensity bands in contrast to Fig. 8 (a).

The Auger transition we observe involves two valence electrons.
This so-called CVV Auger process was subject of a variety of experi-
mental studies using single electron photoemission [38-42] or coin-
cidence spectroscopy [1-3,43,44]. A solid theoretical framework was
formulated by Cini and Sawatzky [39,45]. Within this theory the in-
fluence of the electron-electron interaction U in the valence band onto
the Auger line shape can be calculated. The relevant expression leads
for U = 0 to a self-convolution of the DOS (2e-DOS). In Fig. 9 (a) we
plot this entity as a function of the two-particle binding energy. We
recognize three prominent regions which we highlighted by the dif-
ferent shading. If two electrons from the 6p band are involved we label
this region p — p, in an analogous fashion the other labels are to be
understood. From simple energetic grounds one can observe only parts



Y. Aliaev et al.

35
30
25
20
15
10

Ejere (€V)

16 18 20 22 24 26 28
Eright(eV)
Lovvv b o b b s bty bov b v v b g by
{o 5
2000 C
2 1500 -
= N
: - -
S ] [
< 1000 C
E ] i
500 -
0_|----.----|----.----|----.----|----|----|----.----|-- 3
26 24 22 20 18 16
ax
El;um'Esum (eV)

Fig. 6. In panel (a) we present the 2D-Energy distribution for an (e,2e) ex-
periment with E,=69.8 eV. Both spectrometers were set to capture events
coming from a collision of the primary electron with the 5d core level. The sum
energy spectrum is shown in (b).

of this line shape. We recall the binding energy of the 5d core levels
with 20.58 and 17.93 eV, respectively. Furthermore, the work function
has to be overcome for electron emission. This means the filling of the
5ds3,5 (5ds,») vacancy will probe only up to a two-particle binding en-
ergy of 16.58 eV (13.93 eV). These energetic positions are marked by
the pair of dashed arrows. In our experiments the lowest detectable
kinetic energy was 6.5 eV. This further limits the range which is probed
by the experiment as indicated by the pair of solid arrows.

In Fig. 9 we present the Auger line from the data shown in Fig. 8 (b).
For these curves we selected the energy window to capture either the
5ds,5 or 5ds,» photoelectron line within an energy window of =+ 1eV
of the peak position of 23.5 and 26.1 eV, respectively. Near the cut-off
energy the intensity of the 5ds,» decay is higher than from the 5ds />
decay which we associate with the filling of the 5d3,, hole by a 5ds,»
electron. In such a scenario the emitted Auger electron has a lower
kinetic energy by an amount given by the binding energy difference of
the 5d core levels. In the case of Pb this amounts to 2.65 eV. The ob-
served Auger line shapes differ significantly from the simple 2e-DOS.
The 2e-DOS displays a double peak features at 5.2 and 3 eV, respec-
tively. The experiment exhibits a broad maximum centered at 3.6 eV.

Introducing a finite value for the correlation strength U within the
Cini-Sawatzky theory distorts the 2e-DOS such that spectral weight is
moved to lower kinetic energies. This leads to even larger deviation
from the experimental curve. Strictly speaking this theory is only valid
for filled or almost filled valence bands. This does not hold for Pb,
because there are still 4 vacancies in the 6p level. Additionally the spin-
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Fig. 7. The red area covers the part of the 2D-Energy window if the scattered
primary is in a window from 6.3 to 14.8 eV, while the Auger electron has an
energy from 6.3 to 16.3 eV. The primary energy is E,=32.8 eV. The solid di-
agonal line indicates the position of Eg,, . The pair of dashed lines show the
position of the energy gap. The largest part of the gap region is covered and
explains the observed intensity in Fig. 3 (a). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

orbit interaction of the 6p levels can not be ignored. Clearly a more
sophisticated treatment is required to explain the observed Auger line
shape. Within the precision of the experiment both Auger curves show
zero intensity at Egox — Egu, =0. This means the minimum energy re-
quired to emit two electrons equals twice the work function. This we
take as a hint that the correlation energy is close to zero. Following the
notation of Antonides et al. the effective electron-electron interaction is

Uys =~ 0 [18].

3.3. DPE from the valence band

In Fig. 10(a) we present the 2D-Energy spectrum for a photon en-
ergy of 48.4 eV. For the chosen spectrometer settings the 5d photo-
electrons are almost out of the field of view. Near the E;;5 line very few
events are captured. Most of the intensity comes from the small portion
of the 5d3/» line within the spectrometer view and its inelastic tail.
From Fig. 8 we recall that the high energy tail of the Auger electron
extends up to 16 eV. The pair of red lines in both panels of Fig. 10 marks
this energy cut-off and define a L-shaped region. Clearly, most of the
intensity originates from the L-shaped region. For these events at least
one electron does not exceed the Auger kinetic energy. The existence of
an Auger electron is tied to the electron emission from a core level. This
we have proven in previous section. Therefore the intensity within the
L-shaped region is dominated by Auger-photoelectron coincidences in
which the photoelectron has suffered energy losses. This statement is
also true for the measurement with huv=51 eV, see Fig. 10(b). In this
experiment the 5d photoelectron lines are now fully out of the field of
view. In line with Fig. 10(a) the intensity is dominated by events within
the L-shaped area.

The intensity due to DPE from the valence band without partici-
pation of the core levels must come outside the L-shaped region and is
bounded by the Ej>X line. In Fig. 10(a) this region amounts to 2.4% of
the detected intensity while for Fig. 10(b) a value of 5.5% is found. The
low intensity near the Ej5° line can be better visualized by a Eg,,
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Fig. 8. 2D-Energy distribution for DPE obtained with hy=40.8 eV in (a). The
energy window of both spectrometer covers the energy of the Auger and 5d
electron. In (b) the photon energy was 48.4 eV. In order to capture the Auger-
photoelectron pairs with hv=48.4 eV both spectrometer cover different energy
intervals. The means the ‘left’ spectrometer detects the 5d electron while the
‘right’ spectrometer captures the Auger electron. The solid diagonal line in-

dicates the position of Ej2.

spectrum. This is presented in Fig. 11 for the measurement with
hy=51 eV. We also used the contraint Ej,; — Ejg,<5 €V. This selection
we have visualized by a pair of dashed lines in Fig. 10(b). Only the
intensity within the dashed lines is considered. The constraint on the
energy difference was made in order reject intensity from the L-shaped
region as much as possible while maintaining enough counts for a
meaningful plot. In Fig. 11 we have added an arrow which indicates at
which point intensity from the L-shaped region makes a contribution. If
the ERS — Eg,, is smaller than 5.2 eV the intensity has no contribution
from the 5d core levels.

It is apparent that the intensity drops monotonically towards the
high energy cut-off. The intensity vanishes, within the accuracy of the
experiment, at Ego" — Eg,, =0. In other words there is no shift which
indicates that the effective electron-electron interaction is close to zero.
A low DPE intensity is consistent with the notion that the strength of the
electron-electron interaction determines the intensity level. This in turn
is reasonable, because the band structure of Pb is well-described by an
effective single electron picture. In the absence of a theoretical DPE
spectrum one may resort to the simplest picture. This leads to the 2e-
DOS curve, added to Fig. 2, which completely ignores matrix element
effects. The 2e-DOS curve displays two peaks at about 3 and 5 eV which
are a consequence of the fine structure within the 6p band, see Fig. 2. At
a binding energy of 7 eV the 2e-DOS displays a minimum close to zero.
At this energy position the probability to eject two 6p electrons drops
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Fig. 9. In panel (a) we display the self-convolution of the DOS shown in Fig. 2.
The pair of dashed arrows indicate the highest binding energy possible if the
Auger electrons have zero kinetic energy. The pair of solid arrows mark the
position if the Auger electrons have a minimum kinetic energy of 6.5 eV. Panel
(b) shows the Auger line shape in coincidence with the 5ds,» (triangles) and
5ds,, (circles) photoelectrons. The photon energy is hv=48.4 eV. The dashed
curve is the self-convolution of the DOS shown in (a).

sharply, because one approaches the band gap, see Fig. 2. Compared to
the experiment the 2e-DOS curve displays more structure.

3.4. Estimate of the Cooper pair emission rate

Superconductivity is a macroscopic quantum effect in which certain
materials loose their resistivity upon cooling below a critical tempera-
ture. In the case of Pb this temperature is 7.2 K which is well below our
measurement temperature of 300 K. For an explanation of the dis-
sipation less current the concept of Cooper pairs was introduced. These
pairs are formed by electrons which posses opposite momenta and spin.
We want to assess whether the observation of Cooper pair emission via
single photon absorption is feasible. It is immediately obvious that such
an endeavor will be experimentally challenging, because only a small
fraction of the electrons form Cooper pairs.

A theoretical framework of this process has been developed already
which presents numerical examples for s-wave pairing [8,9]. In this
case the emitted Cooper pairs have a characteristic energy signature in
which their energy sum is close to Ej 5 within a range given by the
superconducting energy gap. This is of the order of a few meV. Ad-
ditionally the two electrons are supposed to have equal energies within
a width given by the energy gap. This means we expect intensity due to
Cooper pairs at the position marked by the red circle of Fig. 10 (b).
Furthermore, the emission directions of the two electrons lie within a
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Fig. 10. 2D-Energy distribution for DPE obtained with hy =48.4 eV in (a) and
51.0 eV in (b). The solid diagonal line indicates the position of Ey,>‘. The red
circle marks the position where Cooper pair emission is theoretically predicted
[8]. The pair of dashed diagonal lines in (b) marks the energy region used for
the calculation of the Ej,, spectrum shown in Fig. 11. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web

version of this article.)

plane perpendicular to the surface. The emission angles with respect to
the normal are identical, but the emitted electrons propagate in oppo-
site directions. This is a immediate consequence of the energy and in-
plane momentum conservation of the DPE process and the fact that the
two electrons constituting a Cooper pair have opposite momenta [8].
The maximum intensity is predicted for emission angles of *+ 45° with
respect to the normal with an angular spread of about = 5°. From this
point of view our experimental geometry is perfectly suited for Cooper
pair emission. Theory predicts an intensity contribution from Cooper
pairs which exceeds those of normal pairs by 2-3 orders of magnitude
in the small region of parameter space. The rate of normal pairs we
have determined at 300 K. For the normal pairs only a weak tem-
perature dependence is expected.

This allows us to estimate the count rates for Cooper pair emission
in the following way. First we assume an energy gap of 5 meV which is
the value for V3Si. This material was discussed in the theory [8,9]. Next
we determine the count rate of regular DPE within 2 eV of E%, while
the energy difference was within = 3eV. This result was scaled to a
window of size 5 meV X 5 meV near Ej; . Using the data displayed in
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Fig. 11. We show as solid curve the Eg,, spectrum obtained from the data
presented at Fig. 10(b). For comparison we have added the self-convolution of
the DOS as dashed curve. The arrow indicates the energy position below which
Auger photoelectron pairs make a contribution.

0

Fig. 10(a) we find a value of 1.5 x 10710 cps. This value was obtained
at 300 K and we scale it with the theoretically predicted increase in the
emission probability of about 10° in the superconducting state. Hence
we arrive at a Cooper pair emission rate of 1.5 X 1077 ¢ps. This means
the detection of 1000 Cooper pairs takes about 125 years to complete.
This is clearly a formidable obstacle for a successful experiment. As
mentioned above coincidence spectroscopy requires a low primary flux
in order to keep the random coincidences at an acceptable level.
Therefore increasing the primary flux is not an option. A tremendous
increase in the detection efficiency is possible if the solid angle is in-
creased, because the pair emission scales quadratically with the solid
angle [4,46]. Our spectrometer capture electrons within 1 % of the half
space. Recent developments by using the high acceleration voltage of a
PEEM lens have achieved the detection of the full half space [47-50].
This leads to an increase of the coincidence rate of about 10*. Such a
PEEM lens has been coupled to two hemispherical analyzers is series. In
this case the transit time differences until the detector is hit are ex-
pected to be about 1 ns [51]. This expectation is experimentally met as
DPE experiments with such an instrument demonstrate[47]. This is
significantly better than the value for our spectrometer which amounts
to about 10 ns [12,13]. Therefore one can increase the primary flux by a
factor of 10 while maintaining the same ratio of true to random coin-
cidences. A very recent evolution of the concept of a PEEM lens was
developed for high resolution spin-resolved photoemission with an ul-
timate resolution of 12 meV [48]. If we keep these established im-
provements in mind we arrive at 0.45 days to detect 1000 Cooper pairs.
This amounts to a rate of 0.03 cps and this puts Cooper pair detection
within reach. A number of 1000 Cooper pairs may suffice to proof the
existence of the effect, though much more events are needed to do
spectroscopy to unravel aspects of superconductivity. It appears ques-
tionable that DPE will become a tool to study superconductivity.

4. Summary

We provided a comprehensive study on the pair emission from a Pb
surface. From the (e,2e) experiments we have learned that the density-
of-states gives a reasonable description of the intensity distribution.
Nevertheless, intensity which energetically appears in the gap between
the 6s and 6p region clearly demonstrates that shallow core levels need
to be considered. These lead to auto-ionizing/Auger transitions not
covered by theory. We prove the existence of the low energy Auger
electrons via complementary DPE experiments. In these studies the
intensity is mainly given by Auger-photoelectron pairs, which are about
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an order of magnitude larger than the emission directly from the va-
lence band. From the Auger lineshape we determine that the effective
Coulomb correlation Uy is close to zero. The DPE intensity without
participation of core levels is about an order of magnitude smaller than
the Auger-photoelectron pairs.

Using our experimental data and theoretical predictions we make an
estimate of the Cooper pair emission rate. It is found that the in-
strumentation used in this work is not capable to detect this effect. The
availability of a new class of electron spectrometer provides an im-
provement of several orders of magnitude. In this way the detection of
the effect may be possible. The development of DPE as tool to study
superconductivity remains questionable.
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