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Electronic correlations are manifested in many-body effects like superconductivity and magnetism. Estab-
lished theoretical concepts show that the Coulomb and exchange interaction result in a tendency of two
electrons to avoid each other, leading to an exchange-correlation �xc� hole. We will report on double photo-
emission �DPE� experiments using a time-of-flight setup consisting of a small central collector surrounded by
a resistive anode. The first allows detection only within a narrow solid angle, therefore fixing the momentum.
The resistive anode covers a solid angle of �1 sr, the determination of the impact position results in momen-
tum resolution. As a pulsed light source we used synchrotron radiation and we studied a NaCl�100� surface
upon excitation with 34 eV photons. The very existence of coincidences is already a manifestation of the
correlation. The onset of pair emission occurs when energy conservation allows the ejection of two electrons
from the highest occupied level. We have made two key observations. If E1 and E2 are fixed such that a pair
emission from the top of the valence band is possible, a zone of reduced intensity with a diameter of �1.1 Å−1

is visible. Recent calculations on DPE from a Cu�100� surface display exactly such a feature due to the xc hole.
Hence we prove experimentally the very existence of the xc hole in double photoemission. The zone of
reduced intensity disappears whenever emission below the top of the valence band becomes possible, indicat-
ing the sensitivity of the xc hole to inelastic scattering.

DOI: 10.1103/PhysRevB.73.041404 PACS number�s�: 79.60.Bm

I. INTRODUCTION

Electrons in solids constitute a strongly interacting system
and the description via independent particles ought to fail.
However, Landau introduced the concept of quasiparticles.1

It is in essence a transformation of the strongly interacting
electron system to weakly interacting particles �quasiparti-
cles� that still carry the spin and charge of an electron, albeit
a renormalized mass. This concept may be understood in the
context of screening. Intuitively it is clear that two electrons
tend to avoid each other. First, the Coulomb interaction
makes it energetically unfavorable for electrons to be close
to each other. Second, the Pauli principle demands that elec-
trons with parallel spin cannot be at the same location. Av-
eraging over both spin directions still gives a reduced prob-
ability of finding two electrons at the same location. A more
elaborate theoretical treatment for solids confirms this pic-
ture, and a pair correlation g�r ,r�� function can be
introduced.2 This function describes the probability to find an
electron at coordinates r when a second is located at r�. The
key result is that g is essentially constant �usually normalized
to 1� except for small distances �r−r��� a few Å where g
adopts smaller values. The spatial extent of this region is
called the exchange-correlation �xc� hole and describes the
length scale over which the correlation between electrons is
relevant. This result can be rephrased by saying that each
selected electron is surrounded by a positive charge exactly
compensating for the electrons’ charge. This feature is
reminiscent of the screening of the Coulomb potential in
solids. Hence, if the average distance between electrons is
larger than the diameter of the xc hole they can be regarded
as noninteracting particles and the description using
independent-particle theories is appropriate.

Despite the fundamental importance of the concept of the
xc hole, not much is known experimentally about the size

and material dependence of the xc hole. A technique capable
of studying the correlation between electron pairs is electron
coincidence spectroscopy, where the excitation is due to
electrons or photons �either termed �e ,2e� or �� ,2e��.3–7 In
fact, a recent publication theorized that k mapping of the
double photoelectron emission �DPE� intensity opens an av-
enue of imaging the xc hole.8 We will discuss our results
obtained by DPE on a NaCl�100� surface that prove the ex-
istence of the xc hole and provide experimental determina-
tion of its spatial extent.

II. EXPERIMENT

Our experiments were conducted under UHV conditions
featuring a time-of-flight spectrometer depicted in Fig. 1.
The sample was a NaCl�100� surface that was kept at a tem-
perature of �100 °C. This temperature is sufficient to pre-
vent charging up of the sample as evidenced by single elec-
tron spectra. The incident light hits the sample with an angle
�80° with respect to the surface normal. As a pulsed light
source the BESSY II storage ring operating in the single
bunch mode was employed, and the photon energy was fixed
to 34 eV. In order to detect an electron pair, two detectors are
required. A central collector accepts electrons only within a
solid angle of �0.02 sr, the detected electron we may term
as the “fixed electron.” A resistive anode9 serves as the sec-
ond detector which allows for a spatial resolution of the im-
pact position.10 Electrons within a solid angle of �1 sr are
registered, and we term them “free electrons”. It is exactly
this feature that constitutes the major experimental advance.
The time differences between a photonbunch marker signal
from the synchrotron and the fast-timing signals from the
detectors were determined via time-to-amplitude converters
in a coincidence circuit. With knowledge of the flight times
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of an electron pair the energies E1 ,E2 can be calculated. The
total time resolution achieved in both channels was about 1
ns, while the energy resolution of the detected electrons de-
pends on the particular energy value. For the electron ener-
gies discussed here the energy resolution amounts to
�0.5 eV. The impact position on the resistive anode deter-
mines the direction of k1 within a solid angle of �1 sr ex-
cept for the center, which is occupied by the central collector.
The small collector in turn fixes the direction of k1. In this
way we map out the energy and momentum dependence of
the electron pair correlation. The experimental momentum
resolution is 0.1 Å−1. For all experiments the sample normal
was pointing towards the central collector. This means that
electrons reaching the central collector have an in-plane mo-
mentum of �k���0.1 Å−1. The low coincidence count rate
required a data acquisition time of 10 days.

FIG. 1. �Color� Electron pair detection technique. Two electrons
with momenta k1 ,k2 and energies E1 and E2 are detected in coin-
cidence by a resistive anode and central collector.

FIG. 2. �Color� The 2D energy distribution of coincidence elec-
tron pairs from a NaCl�100� surface is plotted. The photon energy
was 34 eV. The energy E1 �E2� refers to the fixed electron �free
electron�. The dashed diagonal line marks the onset of pair emis-
sion, which occurs for a sum energy of �14.6 eV. The square
boxes labeled �a� and �b� indicate the events used to generate the
2-D momentum plots displayed in Fig. 3.

FIG. 3. �Color� The 2D in-plane momentum distribution for two
different energy pairs from a NaCl�100� surface. In panel �a� we
have selected E1=5.5 eV and E2=9.5 eV, whereas in panel �b� we
have chosen E1=5.5 eV and E2=7.5 eV, respectively.

FIG. 4. �Color� The 2D in-plane momentum distribution as in
Fig. 3 but for a LiF�100� surface excited with 30.7 eV electrons.
The energies are E1=7.5 eV and E2=9.5 eV, respectively.

SCHUMANN et al. PHYSICAL REVIEW B 73, 041404�R� �2006�

RAPID COMMUNICATIONS

041404-2



III. RESULTS

In Fig. 2 we plotted the 2D energy distribution of coinci-
dence of electron pairs upon excitation with 34 eV photons.
The energy of the fixed electron is labeled E1 whereas that of
the free electron is labeled E2. We observe the onset of DPE
when the sum energy E1+E2 equals �14.6 eV. This is indi-
cated by the dashed diagonal line in Fig. 2. This can be easily
understood when considering the known binding energies of
NaCl as determined by photoemission.11 Wertheim et al.
found that the highest occupied level �Cl 3p band� has a
binding energy of EB=9.66 eV with respect to the vacuum
level.11 Since for DPE two electrons leave the solid, this
energy needs to be accounted for twice and subtracting this
value from the photon energy yields the maximum kinetic
sum energy

E1 + E2 = h� − 2EB. �1�

The numerical result is 14.68 eV and is in agreement with
our observation. The very existence of a DPE intensity
already implies the existence of correlation within the elec-
tron pair. This is a key result of a recent calculation by
Berakdar.12 The two-dimensional �2D� energy distribution
shows a preferred emission of the fixed electron with ener-
gies of 6–8 eV, which is not present for the free electron.

More insight can be obtained if we take advantage of the
lateral resolution of the setup. As a first step we select only
those coincidences for which the energies E1 and E2 are
fixed. In other words, we pick a point in the 2D energy
distribution shown in Fig. 2. In order to obtain sufficient
statistics we actually select an energy window of ±0.8 eV
around the respective energies. This has been indicated by
the square boxes in Fig. 2 labeled �a� and �b�. We can now
proceed and plot the coincidence intensity as a function of
the in-plane momentum k� of the free electron. We have se-
lected two different regimes within the 2D energy distribu-
tion highlighted in Fig. 2 by the black squares. In case �a� we
are right at the onset of pair emission. Case �b� describes the
situation if emission below the highest occupied level is pos-
sible. In Fig. 3 we display the resulting momentum distribu-
tions. We would like to point out that all momentum plots
display a zero intensity at a position where the central col-
lector is positioned. The position and size of this blind spot
depend on the momentum of the free electron. For the plots
shown in Fig. 3 this blind spot is centered at k� =0 and has a
radius of �0.1 Å−1. In Fig. 3�a� the energies are E1
=5.5 eV and E2=9.5 eV �region �a� in Fig. 2�. We clearly
observe that the region k� =0 �outside the blind spot� is sur-
rounded by a region of diminished intensity. The intensity
increases for larger k� values and reaches a maximum for
k� �0.55 Å−1 and then falls off rapidly towards the edge of
the channelplate. A dramatically different situation is de-
picted in Fig. 3�b� where we select E1=5.5 eV and E1
=7.5 eV. Now the ring of enhanced intensity is essentially
gone. Energetically the sum energy E1+E2 has been reduced
from 15 eV to 13 eV. This energy difference allows for emis-
sion of a deeper-laying valence band electron or inelastic
scattering losses if the electrons originate from the top of the
valence band. Our results demonstrate the importance of in-

elastic scattering, which is very effective in destroying the
hole shown in Fig. 3�a�.

We may summarize our observations as follows: �i� If we
select the energies E1 and E2 such that the sum energy E1
+E2 has the largest possible value for pair emissions the 2D
momentum plots display a region of reduced intensity that is
centered around the fixed electron. �ii� If the sum energy is
below the maximum value, a more or less uniform momen-
tum distribution is the result.

IV. DISCUSSION

As we stated in the introduction, we expect each electron
to be surrounded by an xc hole. It can be easily shown within
the dipole approximation that a product of a single particle
wave function yields a zero DPE intensity. However, due to
the correlation/interaction such a product of wave functions
is not correct and a nonzero DPE intensity results when go-
ing beyond the single-particle picture.12 Therefore we can
explain the momentum distribution in Fig. 3�a� as a conse-
quence of the xc hole.

Such a notion is corroborated by the more thorough cal-
culation by Fominykh et al. on the double photoemission of
Cu�100�.8 They computed the in-plane momentum distribu-
tion �of the free electron� similarly to the plots shown in Fig.
3 for a photon energy of 42 eV and found that it exhibits a
reduced intensity until k� adopts a value of �1.4 Å−1. At this
point the intensity rises sharply by roughly an order of mag-
nitude. Shortly thereafter the intensity quickly returns to a
small value. The ring of enhanced intensity has a diameter of
2.8 Å−1 and a width of �0.2 Å−1. The important outcome of
the theoretical work is that the reduced intensity is a mani-
festation of the xc hole. Further, it was found that the DPE
intensity also displayed the crystallographic symmetry of the
surface. For NaCl we find the diameter of the reduced inten-
sity region to be �1.1 Å−1 if the energy of the free electron
is 9.5 eV, and this diameter is significantly smaller than the
theoretical value for Cu. Whether this difference is due to a
comparison between different materials �noble metal versus
insulator� is not clear. In that case we may take this as a hint
of a material dependence. We emphasize that the size of the
xc hole has been determined from the diameter of the
maximum-intensity ring, which is near the edge of the detec-
tor, hence it is possible that the ring is even larger. This view
is supported by the observation that the diameter increases
with the increasing energy E2 of the free electron �from 0.9
to 1.3 Å−1 for 7.5 to 13 eV� because the covered momentum
space of the detector becomes larger. According to theory the
xc hole shrinks if E2 is increased.8 Nevertheless, our key
observation of a region of reduced intensity due to the xc
hole remains valid and we quote the value for E2=9.5 eV. In
this context we would like to point out that we have per-
formed a similar series of experiments on a LiF�100� surface,
albeit excited by a primary electron gun.13 As an example of
the resulting momentum distributions we display in Fig. 4
the situation for a primary energy of 30.7 eV. The energies
E1 and E2 are 7.5 eV and 9.5 eV, respectively. With this
selection the sum energy has the highest possible value and
only pair emission without any inelastic scattering of the pair
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is possible. Further, we have chosen the same value of E2 as
that used in Fig. 3�a� in order to facilitate direct comparison.
We immediately notice that there is no qualitative difference
between Figs. 3�a� and 4. The study on LiF also showed that
inelastic scattering destroys the region of reduced intensity
similar to the plot in Fig. 3�b�. Although two different mate-
rials have been studied �NaCl versus LiF� their electronic
properties are very similar. Hence, we conclude that DPE �or
�� ,2e�� and �e ,2e� experiments give qualitatively similar re-
sults despite the fact that the underlying mechanisms bear
some significant differences. This point deserves further
comment. The calculation of Fominykh et al.8 did include
only those contributions to the intensity where two electrons
are ejected simultaneously upon absorption of a single pho-
ton. Energetically single photoemission is also possible
whereby the excited electron may be regarded as a primary
electron of an internal �e,2e� process. Experimentally we
cannot discriminate between these two channels. The ques-
tion arises what fraction these individual contributions make
to the total DPE intensity. A hint is given by another theo-
retical study of Fominykh et al.14 There they calculated the
DPE intensity for Cu�100� and Ni�100� surfaces as a function
of E1-E2 while keeping the sum energy E1+E2 constant at
the highest value possible �pair emission from EF�. They
showed that for Cu�100� the internal �e ,2e� process is much
less efficient compared to that for the Ni�100� surface, due to
the higher density of states �DOS� at EF for Ni.8 From this
study we learn that the contribution of the internal �e ,2e�
process does depend on the system. As far as NaCl and LiF

are concerned, we are not aware of a theoretical study deal-
ing with this aspect and hence we cannot comment on the
significance of this contribution to the total DPE intensity.
Nevertheless we conclude from our work that we have
mapped the xc hole via DPE. In contrast to theory we were
not able to resolve the crystallographic symmetry, which
may be due to insufficient statistics. An aspect not treated
theoretically so far is the sensitivity of the xc hole on inelas-
tic scattering, which is very effective in suppressing the
emergence of the xc hole as this study shows.

V. SUMMARY

We have shown that with momentum mapping of the DPE
intensity imaging of the xc hole is possible. We have deter-
mined the diameter of the xc hole to be �1.1 Å−1 �for E2
=9.5 eV� for a NaCl�100� surface. Qualitatively similar re-
sults can be achieved if a pulsed electron gun is used. A
larger angular acceptance would ultimately allow us to study
the material dependence of the xc hole. In order to disen-
tangle the exchange from the Coulomb part, experiments on
ferromagnetic surfaces with photons of different helicities
appear to be promising.
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