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Electron pair emission from surfaces: Intensity relations
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The emission of an electron pair upon single-photon absorption requires a finite electron-electron interaction.
Therefore, double photoemission is a particularly sensitive tool to study the electron correlation in matter. This is
supported by a recent theoretical work which predicts that the pair intensity is a direct reflection of the correlation
strength. In order to explore the validity of this statement, we performed a study on a variety of materials. Among
them are noble metals, transition metals, and insulators. The latter include transition metal oxides such as CoO
and NiO which are also termed highly correlated. We find an increased pair emission rate of NiO and CoO
compared to the metals which reach a factor of 10. We also discovered that an increase of the coincidence intensity
is accompanied by an increase in the singles count rate. This demonstrates that the electron pair emission is an
efficient process at surfaces contributing up to 15% to the single-electron emission in double photoemission. We
performed also electron pair emission studies upon primary electron impact and find similar intensity relations.
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I. INTRODUCTION

It is a well-known fact that a single photon can lead
to the emission of an electron. This effect forms the basis
of photoemission spectroscopy which has developed into a
versatile tool to study the electronic properties of matter. It
is also possible that a single photon leads to the emission
of an electron pair in which case we talk about double
photoemission (DPE). As a matter of fact, this pathway was
already anticipated by Einstein in his seminal paper on the
photoelectric effect [1]. A key feature of this effect is the
requirement of a finite electron correlation for a nonvanishing
DPE intensity [2,3]. This leads immediately to the suggestion
that the pair emission intensity may depend on the strength
of the electron correlation. A theoretical DPE study focused
on this aspect by investigating a model system in which the
correlation strength was determined by the term U within the
Hubbard model [4]. It was found that the DPE intensity scales
with the correlation strength.

From an experimental point of view, two difficulties arise.
First, the parameter U is a theoretical concept and it is not
straightforward to determine it solely from a measurement.
Second, the correlation strength of matter can not be easily
tuned. In order to make connection to the DPE calculation, we
study a variety of materials which possess different properties
in particular manifestations of the electron correlation.

The emergence of long-range magnetic order such as ferro-
magnetism or antiferromagnetism has its roots in the exchange
interaction which stems from the Coulomb interaction between
electrons modified by the Pauli exclusion principle. This inter-
action tends to align the magnetic moments on different atomic
sites to be either parallel or antiparallel. As to whether the for-
mation of a local magnetic moment is energetically favorable
depends on the electronic band structure. The Stoner criterion
states that a sufficiently high density of states at the Fermi level
EF causes the emergence of ferromagnetism. This explains
why Co, Fe, and Ni are ferromagnets, while Pd is a paramagnet
despite having the same number of d electrons as Ni. The
calculation of the band structure can be successfully accom-
plished by the density functional theory within the local density
approximation. However, the same concept applied to the de-
scription of transition metal oxides such as CoO and NiO fails

because the insulating properties of these materials are not cap-
tured. These have their origin in the electron correlation. The
necessary refinement of the theory requires to treat the electron
correlation to a higher degree of sophistication leading to the
LDA + U framework [5]. From this point of view, we may re-
gard NiO and CoO as highly correlated materials. Metals such
as Ag, Cu, V, and Pd do not display long-range magnetic order.
With this in mind, we performed a DPE study on the aforemen-
tioned materials and demonstrate largely varying coincidence
rates. NiO is the material with the highest rate; it is a factor of
10 larger than for the value for V which shows the lowest rate.
Additionally, we discovered that an increase of the coincidence
rate is accompanied by an increase of the “singles” rate. This is
a manifestation that the pair emission is a likely event; for NiO
we will show that 14% of the electron emission is via electron
pairs.

More insight was gained by additional (e,2e) experiments,
which we performed in parallel under the same experimental
conditions as the DPE studies. This extends our previous
(e,2e) studies to more materials [6,7]. We find very similar
results in the (e,2e) experiments for the material dependence of
the coincidence rates. We also observe that an increase of the
coincidence rate is accompanied by an increase of the singles
rate. For NiO, we find that 42% of the electron emission
proceeds via pair emission. The microscopic origin of electron
pair emission in (e,2e) is a collision between primary electron
and a target electron. This is very different from the absorption
of a photon by an electron pair. Furthermore, in the DPE
process two electrons are missing in the sample, while in a
(e,2e) process only one electron is missing. Despite these
differences, it is remarkable that both techniques lead to very
similar results in the intensity relations. This strongly suggests
that despite the microscopic differences DPE and (e,2e) a tool
is at hand which can assess the electron correlation strength in
matter.

II. EXPERIMENTAL DETAILS

The details of the coincidence spectrometer have been
described in more detail elsewhere [8–10]. Therefore, we recall
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FIG. 1. The two transfer lenses of the spectrometer are sym-
metrically aligned with respect to the surface normal. The photon
beam is aligned 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.

only the main aspects. 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. 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 Eleft and
Eright. Each transfer lens has an acceptance of ±15◦. Due
to the entrance slits, not all electrons which enter the lens
will be detected. The orientation of the slits is such that the
spectrometer will have a ±15◦ acceptance within the scattering
plane. All experiments were performed with the photon beam
being parallel to the normal. For additional (e,2e) experiments,
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 [11] and a toroidal monochromator [12]. We used the He
lines at 23.7, 40.8, and 48.4 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 improved differential
pumping. The partial pressure of He during normal operation is
2 × 10−10 mbar range, while the base pressure was 5 × 10−11

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.

While the single-electron count rate can be readily read, the
determination of the coincidence count rate is in principle more
involved. In our coincidence experiment we are interested in
those events in which a single photon leads to the emission of
an electron pair, which we term “true” coincidences. However,
it is also possible that two photons 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 contribution
scales quadratically. This allows us to reduce the latter to
an acceptable level. This comes at the expense of a low

coincidence count rate. Following standard procedures doc-
umented in the literature we are able to remove the aggregate
effect of the random coincidences [13,14]. The implementation
of these procedures within our coincidence spectrometer has
been explained in detail previously [10]. At this point, we can
state that we are able to determine the true coincidence rate
and energy spectra. Despite the operation with a low primary
flux it takes only about 1 h of data acquisition to determine the
true rate with sufficient statistics.

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
3.5 mm; this leads to an energy resolution of 0.9 eV. The
linewidth of the VUV light (a few meV) or of the primary
electron gun (0.3 eV) makes only a minor contribution. In
contrast to the usual operation of electron spectrometer in
which the kinetic energy is scanned, we fix all voltages
of the electron-optical components for a given coincidence
experiment.

Two four-pocket and two single-pocket evaporation sources
were available. They were loaded with V, Fe, Ni, Co, Cu,
and Pd high-purity charges. Via a load-lock system we could
change the substrate material. The preparation of the Ag(100)
surface followed standard procedures of Ar+ sputtering and an-
nealing. All experiments were performed at room temperature.
For sample characterization equipment for Auger spectroscopy
and low-energy electron diffraction were available. The prepa-
ration of NiO and CoO films on a Ag(100) substrate is well
documented [15–21]. We evaporated Ni and Co in an oxygen
atmosphere of 10−6 mbar. We also investigated a KCl(100)
single crystal which was cleaned by heating to 420 K.

The key aspect of this work relates to intensity relations
between different materials. This requires stable experimental
conditions. The He light source was stable during operation,
but we found daily variation of its intensity upon startup each
morning. In order to compensate for this, we executed the
experiment as follows. Each day we began with the study
of a freshly prepared Ag(100) surface and determined the
singles and the true coincidence rates. This measurement was
followed by the preparation of the various films while the VUV
source was kept running. The count rates of these samples were
recorded. In a next step, we divided these values with those
of the Ag(100) surface at the beginning of the day. This gives
normalized count rates for each material measured at a given
day. These values are independent of the primary flux. These
types of measurements have been repeated and we will report
on the average of the normalized data. In order to confirm
the stability during the daily routine, each experimental run
included also a Pd film. This allowed us to compute the average
ratio of the Pd to Ag count rates for all measurements. It
was found that the daily Pd to Ag ratio was in agreement
with the average ratio. This confirms the daily stability of the
instrument.

We adjusted the primary flux such that the ratio of true to
random events was approximately 9 for Ag for the DPE and
(e,2e) experiments. This lead to a singles rate of 1200 cps while
the true rate was 0.52 cps in the case of the DPE experiment
on Ag. In the case of (e,2e) on Ag we determined a singles and
true rate of 3950 and 4.2 cps, respectively. These low count
rates are a consequence of the low primary flux.
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III. RESULTS AND DISCUSSION

If a photon is absorbed by a surface electron emission will
occur with a certain probability which is material and photon
energy dependent [22]. A conceptional simple approach to
quantify this is the measurement of the sample current to
ground. In this way, one integrates over all possible emission
angles and energies. If the photon flux is known, one can derive
the average number of emitted electrons per incoming photon.
This value is known in the literature as total electron yield
(TEY) [23,24].

A numerical example for a Au surface at hν = 50 eV is
TEY = 0.07 [24]. We can interpret this value in two ways. If
we assume only single-electron emission, roughly 14 photons
are required for one emitted electron. On the other hand, if
only electron pairs are emitted, then 28 photons are needed
to result in the emission of one electron pair. Both scenarios
result in the same value of the TEY. In any real material, the
electron emission will have contributions from both paths and
only via coincidence spectroscopy one can disentangle them.

A photoemission spectrum can be qualitatively sketched
as seen in Fig. 2. We assume a photon energy of 40.8 eV
and a work function of 4.6 eV of some metallic surface.
For simplification, we suppose that the photon energy is not
sufficient to excite core levels and subsequent Auger electron
emission is not present. This condition is fulfilled in our
experiments. In this case, the spectrum displays two regions of
high intensity at the high- and low-energy sides. At low kinetic
energies, the emission is ascribed to secondary electrons and
the shape for most materials is such that the intensity has a peak
around 2–3 eV with a width of say 4 eV [25]. At the high-
energy side, the spectrum has a cutoff and the electrons with the
highest kinetic energy are due to single-electron emission from
the Fermi level. A typical valence bandwidth is of the order of
5–10 eV, hence, the emission near EF within a window of this
size is usually ascribed to as single-electron emission. This

In
te

ns
ity

403020100
Ekin (eV)

 valence band

secondaries

EF

FIG. 2. Schematic single-electron photoemission spectrum ob-
tained with the He IIα line at hν = 40.8 eV. The metal is supposed to
have a work function φ = 4.6 eV. Two regions of high intensity and
both ends of the spectrum are referred to as secondary or valence band
emission, respectively. The gray shaded part of the spectrum indicates
where the detected electron could have a counterpart. The dashed
vertical lines mark the energy spectrum which our spectrometer
covers during the coincidence measurements at hν = 40.8 eV.

picture forms the basis of band mapping via angle-resolved
photoemission. However, double photoemission from surfaces
is a given fact [14,26–33]. Therefore, the single-electron
spectrum will have contributions from double photoemission.
Suppose the emission consists of the ejection of an electron
with zero kinetic energy which is not detected by the
spectrometer. The counterpart is recorded by the spectrometer
and energy conservation will determine the maximum energy
of this electron. The value is hν-2φ in contrast to the single
photoemission cutoff at hν-φ. We visualized this in Fig. 2 by a
gray shaded region in which DPE events make a contribution
to the intensity. Only the narrow white part of the spectrum
is solely due to single-electron emission. If such a large part
of the spectrum is affected by pair emission, the question
arises about its intensity level. In our experiment, we use a
pair of electron spectrometers which cover an energy window
given by the pair of dashed vertical lines in Fig. 2. The
width is about 9% of the selected pass energy, which amounts
to 13 eV in this work. The chosen central energy of the
spectral range is roughly half of hν-2φ which ensures that
most of the pair intensity is covered. This can be judged by
the two-dimensional (2D) energy distributions to be presented
below. The key point is to note that the part of the spectrum
which usually ascribed to valence band photoemission is not
captured by our settings (see Fig. 2). In Fig. 3, we present
the 2D energy distributions from a Ag(100) surface and a
10-ML-thick NiO/Ag(100) film. The photon energy was set to
40.8 eV. In each of the two panels, we added a diagonal line.
This marks the maximum energy an electron pair can have,
it is given by hν-2φ. As expected from energy conservation,
there is no intensity above the diagonal lines apart from some
contributions from “random” coincidences. Both spectra are
also slightly asymmetric despite the fact that the emission
geometry is symmetric. We associate this to the difficulty to
align the transfer lenses of the spectrometer onto the same
spot on the sample. Both spectra display rather broad features
which we can tentatively understand if we recall some facts
on the Auger decay involving valence states. In such a decay,
two electrons are missing in the valence band as in our DPE
experiments. A sophisticated theory which describes the Auger
line shape has been developed by Cini and Sawatzky [34,35].
In the limit of an electron correlation parameter U which is
much smaller than the valence band width, this framework
reduces to a self-convolution of the single-electron density of
states [36]. The effect of the electron correlation parameter
causes a distortion of the self-convolution such that spectral
width is moved to lower kinetic energies of the Auger line. This
means in a first approximation we expect rather featureless
energy spectra. Investigations with improved energy resolution
are in progress to address the details of the energy distributions.

In the following, we want to discuss the intensity integrated
over the measured 2D energy spectra obtained for the various
samples. As discussed in the experimental section, we quote
the singles and true rates of each material normalized to
the values of the Ag substrate. For this reference material
we recorded a singles and true rate of 1200 and 0.52 cps,
respectively.

In Fig. 4(a), we show the material dependence of the
normalized rates for hν = 40.8 eV. The material with the
lowest singles rate is V which has a value almost a factor
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FIG. 3. 2D energy distributions of the DPE experiment with hν =
40.8 eV are presented. In (a) we show the result for the Ag(100)
surface while in (b) the data for 10 ML NiO/Ag(100) are displayed.
The solid diagonal line marks the maximum value of the energy sum
of a pair. This value is given by hν-2φ.

of 3 smaller than the corresponding value for NiO. At the
same time, the true rate of NiO reveals an enhancement of
roughly a factor of 8 compared to V. This means that the
inelastic part of the singles spectrum which we cover by our
spectrometers contains a large fraction of electron pairs. If
we ignore the data points for Fe, Co, and Ni for the moment,
one can state we observe an almost monotonic variation of
the coincidence rate as a function of the singles rate. More
importantly, the transition metal oxides NiO and CoO display
the highest true rate. We regard this as a manifestation of the
theoretical prediction that the pair emission rate scales with the
electron correlation strength [4]. An important point is also
the measurement on a KCl single-crystal surface. The work
function of the Ag(100) surface is 4.64 eV, the equivalent
value for KCl is 8.5 eV [37]. In order to have the same
kinematics, it is necessary to increase the photon energy by
7.7 eV because the additional energy has be supplied twice.
Therefore, we changed from the 40.8 eV to the 48.4 eV line,
which almost exactly amounts to the required increase. The
acquired energy spectrum revealed that a significant part was
not captured with the spectrometer settings, therefore, we
lowered the central energy of both spectrometers slightly. KCl
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FIG. 4. In (a), we plot the normalized true rate as a function of
the normalized singles rate following a procedure explained in the
text. The photon energy was 40.8 eV. The data point for the KCl(100)
surface was obtained at 48.4 eV. In (b), we show the variation of the
dimensionless term 2πP2/P1 [see Eq. (3)]. For the reference material
Ag, we find a singles and true rate of 1200 and 0.52 cps, respectively.

is an insulator like NiO or CoO, but does not possess the
intensity level of these oxides. This means the higher intensity
level of NiO and CoO is a reflection of the stronger electron
correlation in this material rather than its insulating properties.
This is of relevance because it could have been argued that the
longer mean-free path of electrons in an insulator increases the
number of layers probed by in a DPE experiment. Obviously,
this mechanism is not responsible for the enhanced intensity
levels of NiO and CoO.

Coming back to the ferromagnetic samples, we note that
they display about 65% of the Ag singles rate, but possesses
up to a factor 1.5 higher true rate. This means that the ratio of
the true rate to the singles rate is significantly higher than for
Ag. The question arises as to what meaning one can give to
this ratio.

For a further discussion, it is worthwhile to make the
following definitions. The probability for one electron to be
emitted within a solid angle interval ranging from � to � + d�

is given by P1(�)d�. For pair emission, we introduce the term
P2(�A,�B)d�Ad�B . This describes the joint probability that
one electron is emitted in a solid angle range centered at �A

while the other electron emission direction is characterized by
�B . We emphasize that in our definition the term P1(�)d�
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includes also electron pair excitation, but the second electron
never escapes the surface.

In previous publications, we have discussed the angular
distributions of electron pairs in the context of the exchange-
correlation hole [31,32,38,39]. We found in DPE and (e,2e)
experiments that the electrons tend to avoid to have the
same emission direction. The pair intensity increases once
the difference in the emission angles increases. It turns out
that the angle-averaged value of the pair intensity is roughly
obtained for emission directions captured by the current setup.
The same is true for the angular distribution of single electrons.
This means the simplification to use angular-averaged values
of the functions P1 and P2 can be justified. For the probability
s to detect one electron, we can write

s =
∫

(P1 + 2πP2)d�A = P1

(
1 + 2πP2

P1

)
�. (1)

As stated above, the single-electron detection has contributions
from single-electron emission and pair emission. The factor of
2π in front of the term P2 reflects the fact that the second
(but undetected electron) is emitted somewhere within the
half-sphere. The transfer lens accepts electrons within a cone
with an opening angle of 15◦. This amounts to a solid angle of
3.4% of 2π . The entrance slits will limit electrons entering the
hemisphere. We simulated the electron trajectories within the
transfer lens and slit assembly [40]. We find that the angular
acceptance of the spectrometer for 3.5-mm slits is 1% of
2π . Hence, we use this value for � in our evaluations. The
probability t to detect an electron pair can be formulated. We
assume an operation with two identical spectrometers:

t =
∫

P2d�Ad�B = P2�
2. (2)

Our goal is to derive a relation between the probabilities P1

and P2. This is possible from Eqs. (1) and (2); we obtain after
some simple rearrangements the following relation:

2πP2

P1
= 2π

� · s/t − 2π
≈ 2π

�

t

s
. (3)

The term 2πP2/P1 is dimensionless and gives the additional
contribution of pair emission to the detected single-electron
spectrum [see Eq. (1)]. The factor 2π emphasizes that the
second (undetected) electron is emitted somewhere in the
half-space. The ratio s/t is identical to the experimentally
determined ratio of singles and true coincidence count rate.
For the experiments on Ag(100), we find a ratio of 2400.
The solid angle of our spectrometer is about 1% of 2π as
discussed above. This means the denominator is essentially
given by the first term and it turns out that the ratio of true
to the singles rate determines the fraction of the pairs to the
singles rate. Nevertheless, we will use the exact expression in
the following.

The evaluation of the experimental data via Eq. (3) leads
to Fig. 4(b). It displays the term 2πP2/P1 as a function of
the normalized singles rate. We see that this curve resembles
Fig. 4 in the shape, but demonstrates the interesting point
that 5%–15% of the singles emission is due to pairs. This
means that DPE at surfaces is a rather efficient process. In the
presentation of Fig. 4(b), the signal levels of the ferromagnets
Fe, Co, and Ni are significantly higher than Ag. This is a

reasonable result because ferromagnetism is a manifestation
of electron correlation. This suggest that the term 2πP2/P1

may be better suited for the quantification of the correlation
strength.

In a previous study, we also discovered similar intensity
relations in the (e,2e) process from NiO, CoO, and metallic
Co and Ni films [7]. In that work, the primary energy was
Ep = 32 eV and a normal incidence primary electron beam.
In the course of the present DPE study, we also performed
(e,2e) in an interleaved mode covering a larger number of
samples than before. As indicated in the sketch of Fig. 1, the
primary electron beam was inclined by 45◦ with respect to the
scattering plane. In the energy balance of the (e,2e) experiment,
the work function of the sample enters only once in contrast to
DPE. Therefore, we selected as primary energy Ep = 36 eV,
which is 4.8 eV smaller than the photon energy used for the
experimental data presented in Fig. 4. After the completion
of a DPE measurement on a given sample, the photon beam
was blocked and a primary electron beam was focused on the
sample. This ensured that the spectral features are captured
without the need to change the spectrometer settings. The
time required to obtain the relevant intensity levels is about an
hour. This means during the DPE and (e,2e) experiments, the
sample properties are not affected.

The intensity relations for the (e,2e) measurement are
presented in Fig. 5 as a function of the normalized singles
rate in analogy to the DPE data shown in Fig. 4. We adjusted
the primary flux such that the ratio true to random obtains 9
for Ag which is the same value as for the DPE measurements
on Ag. This choice ensures the same coincidence conditions
for the two types of experiments. This leads to a (e,2e) singles
and true rate for Ag of 3950 and 4.2 cps, respectively. This
means compared to the DPE experiments the true rate is about 8
times larger in (e,2e) while the singles rate is about a factor of 3
larger. The highest coincidence rate is observed for NiO which
is about a factor 6 larger than for Ag while the singles rate is
a factor of 2 larger than for Ag. Furthermore, the variation
of the singles and true rates for all materials covers a larger
range than for the DPE measurement. In the presentation of the
data in Figs. 4 and 5, the knowledge of the constant primary
flux of electrons and photons is not required. First, the singles
and the true rates are proportional to the flux. Furthermore,
for the evaluation of the term 2πP2/P1, only the ratio of
singles to the true rate is needed [see Eq. (3)]. It is of course
highly desirable to be able to quantify the primary flux. During
the course of these studies, we were not able to do this. The
significant different rates in (e,2e) lead to larger values of the
term 2πP2/P1 as seen in Fig. 5(b). For NiO, we find that the
additional contribution of pairs to the singles rate amounts to
42% in (e,2e) while in the DPE study we found a value of
14%. In contrast to the DPE case shown in Fig. 4(b), the term
2πP2/P1 does not display a marked increase for Fe, Co, and
Ni compared to Cu or Ag. This is related on how the two
techniques probe the initial state correlation as we will discuss
below.

We recall that the number of emitted electrons per incoming
particle is largely different for photons and electrons. For
50-eV photons, the total electron yield is about 0.06 for the
metals studied by us [24,41]. For the yield due to electron
excitation, we obtain values of about 0.4 at a Ep = 36 eV for
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FIG. 5. In (a), we plot the normalized true rate as a function of
the normalized singles rate following a procedure explained in the
text. The primary electron energy was Ep = 36 eV. In (b), we show
the variation of the dimensionless term 2πP2/P1 [see Eq. (3)]. For
the reference material Ag we find a singles and true rate of 3950 and
4.2 cps, respectively.

most of the studied metals [42]. An effect contributing to this
observation is related to the larger penetration depth of photons
into the surface compared to low-energy primary electrons.
This means on average photoexcited electrons have to traverse
a larger distance before they escape the surface, compared to
electrons excited in an electron-electron collision event. The
detection of electron pairs will enhance the surface sensitivity
further. These simple arguments explain the larger variation of
the singles and coincidence rates in (e,2e). Recently, CoO and
NiO films were in the focus of electron pair emission studies
in which the 3p Ni or Co 3p photoelectron was detected in
coincidence with Auger decay electron [43–46]. These studies
employed two experimental geometries, and it was found that
the Auger line shape was different in the two measurements.
This dichroism was found to vanish at the Néel temperature
of the films. Clearly, these studies reveal a dependence on the
long-range order. We have addressed this point in a previous
(e,2e) study on NiO/Ag(100) films and found no variation in
the count rates above and below the Néel temperature [7]. We
repeated this for the DPE process and found also no variation in
the count rates. This proves that the DPE without participation
of core levels is not sensitive to the long-range order, but
probes the local correlation. We point out that an enhanced

coincidence rate for NiO compared to Ag was also observed for
positron-electron pair emission as presented recently [47,48].
Despite the fact that the process leading to the emission of the
pairs is largely different, it is remarkable that the coincidence
intensity for NiO is largest for all experiments.

In order to work out the basics of the pair emission
process at surfaces, it is useful to discuss a system which
contains only two electrons, e.g., the He atom. If there is no
Coulomb interaction between the two electrons, the Hamilto-
nian is simply the sum of two single-electron Hamiltonians
which commute. Therefore, the two-electron wave function
is a product of single-electron wave functions. Adding the
Coulomb interaction between the electrons has the conse-
quence that the single-electron Hamiltonian does not commute
with the electron interaction term. Hence, the exact two-
electron wave function cannot have the form of products of
single-electron wave functions. It must contain a term which
depends on the coordinate difference of the two electrons.

Nevertheless, it is possible to approximate the two-electron
wave function via a product of single-electron wave functions.
For example, we may use hydrogen-type wave functions in
which the charge Z = 2 of the nucleus is being replaced
by Z̃. This takes into account the screening of the nucleus
charge due to the presence of the other electron. The term
Z̃ can be treated as a parameter in a variational scheme,
and the obtained ground-state energy or double-ionization
energy is only 2% higher than the experimental value [49].
This means an effective single-electron picture can provide a
good description of electronic states in the presence of electron
correlation.

In quantum mechanics textbooks, the absorption of light is
discussed. In Ref. [2], we quote a textbook which goes a step
further [2]. It is shown that if a photon is absorbed by a many-
electron system which is described by single-electron wave
functions, only the state of one electron is changed. Coming
back to the He atom, it means that an effective single-electron
picture, despite the inclusion of electron correlation, cannot
explain the DPE process. On the other hand, there is clear
experimental evidence that a single photon can yield He2+

ions, which means two electrons have been emitted. Hence,
for a theoretical treatment, the initial state has to be described
beyond an effective single-electron picture. This means the
initial state correlation has to be properly incorporated. The
minimum requirement is a two-electron wave function which
explicitly depends on the coordinate difference [50]. The basic
ingredient in a (e,2e) process is the collision of the incoming
electron with a valence electron. The approximation of a
single-electron picture for the valence state will lead to a finite
(e,2e) intensity. We learn from this discussion that the DPE
process requires a more accurate description of the electron
correlation. In this sense, the DPE process is more sensitive to
the initial state correlation than the (e,2e) process.

An effective single-particle (or quasiparticle) description
of matter is the local density approximation of the density
functional theory [51,52]. It is a powerful tool capable to
predict material properties rather accurately. The aspect of the
interaction between the electrons is cast into the exchange-
correlation functional. This term shows up as a potential
energy term in the Kohn-Sham equation which is in a formal
sense a single-electron Schrödinger equation. Using these
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quasiparticle states will not yield a finite DPE intensity.
Consequently, the theory of DPE has to include an implicit
interaction between two electrons [3,53,54]. At the heart of
the (e,2e) process is the collision of the primary electron
with a valence band electron. Hence, the electron-electron
interaction between these two electrons is the perturbation
to the system. The response of an electronic system to
some external electric field is determined by the dielectric
function which itself depends on the electron correlation.
Therefore, the valence electron will not experience the bare
Coulomb interaction of the incoming electron, but a screened
Coulomb interaction. Current (e,2e) calculations employ a
Thomas-Fermi screening [53–60].

The reasoning used in the He atom case as to why DPE
is more sensitive to the initial state correlation than the (e,2e)
process survives in the description of pair emission of surfaces.
This explains the increased normalized DPE intensity of the
ferromagnets compared to (e,2e) [see Figs. 4(b) and 5(b)].

IV. SUMMARY

We performed DPE experiments on a variety of materials.
We found a marked increase of the intensity levels for NiO
and CoO compared to the Ag(100) surface and other metals.
This is not caused by the insulating properties of NiO and

CoO as a comparison with the data of the KCl(100) surface
reveals. Our results also demonstrate that there exists a relation
between the singles count rate and coincidence rate. In simple
terms, one can say that the higher the singles rate is, the higher
the coincidence rate becomes. An estimate shows that double
photoemission is an efficient process because 4%–14% of the
detected electrons in one spectrometer have a counterpart
emitted somewhere in the half-sphere. We also performed
(e,2e) experiments on the sample materials under identical
experimental conditions. We found an almost monotonic
relation between the singles and coincidence rates which is
very similar to the feature observed in DPE. Again, NiO is the
material with the highest coincidence rate which in the (e,2e)
case reveals a pair contribution to the singles rate of 42%.
Our presented work together with recently published data on
positron-electron pair emission [47,48] provide a firm basis
that the electron pair emission holds the power to assess the
correlation strength of matter.
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