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Imaging Momentum-Space Two-Particle Correlations at

Surfaces

Frank O. Schumann,* Jiirgen Kirschner, and Jamal Berakdar

Photoelectron and electron energy loss spectroscopies have been highly
instrumental in revealing the various facets of electronic properties of materials.
For a direct insight into two-particle correlations, a technique is needed that
resolves two emitted electrons in coincidence. Herein, an overview on the
experimental realization of correlation spectroscopy and the interpretation of the
recorded spectra from theory is provided. The relation of the measured spectra to
the details of the spin-, energy- and wavevector-resolved electron—electron
interactions is focused upon. To disentangle the contributions of exchange from
the charge-density correlation, positrons instead of electrons are used as pro-
jectiles. The short intrinsic time of the Auger decay and the neutralization of He?*
ions near a surface are used to estimate the characteristic timescale for the
correlated electron dynamics in metals to be 40400 attoseconds. The potential of
conducting double photoemission studies with pulsed laser-based light sources

is addressed.

1. General Features of Two-Particle Emission

The most detailed information on matter such as their electronic
structure and the effects of coupling between various degrees
of freedom is gained via photoelectron and electron-scattering
spectroscopies.!) In the widely used photoelectron emission spec-
troscopy for instance, an electron is released from the sample
upon absorption of a single photon. From the known photon
and photoelectron energies we can deduce the energetic position
of the initial state whereas the energetic spread of the photoelec-
tron peak delivers information on the coupling of the photoelec-
tron or the hole state to the surrounding medium. For photon
energy below keVs the linear photon momentum plays usually
no role, meaning the photon transfers only energy to the sample.
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The electron momentum change required
for the emission process is brought about
by scattering processes from the potentials
that bind the sample, for example, by recoil-
ing off the ionic cores. If these ions are
ordered in a crystal, only specific values of
momenta, called crystal momenta, can be
acquired by the photoelectron; a fact that
can be used to map the electronic structure
by simply accounting for the energy conser-
vation law and recording the photoelectron
angular distribution. For nonordered sam-
ples, such as amorphous systems or molec-
ular aggregates, further measured quantities
that relate to the momenta are needed, in
addition to the energy balance to map out
the spectral function of the sample. This
can be done using electrons impinging onto
the sample with a known energy and
momentum and detecting two electrons that
are released upon this scattering. If all vacuum electrons are fast,
so as to minimize the final-state electron—electron interaction, and
one tunes the detection system so as to focus on a single knock-out
event of the initially bound electron, one can indeed measure the
materials spectral function, as demonstrated by numerous experi-
ments.””! In principle, this technique is very general but very thin
films are needed as the experiment is performed in a transmis-
sion mode. Also, very good energy and momentum resolution are
desirable to resolve pertinent features in the spectral function,
which might be a challenge when operating with very high impact
electron energies. These complications can be remedied by
conducting the experiments at somewhat lower energies and
in the reflection mode.®"? In this case, further processes set
in, however, that can be exploited to gain qualitatively new
information. At low energies the two released electrons cannot
be considered independent anymore due to charge- and
current-density interactions as well as due to exchange, meaning
that the scattering process cannot not be captured by an effective
single-particle problem.

1.1. Two-Electron Emission via Single-Photon Absorption

The two-electron spectra embody two-particle information that in
general cannot be trivially related or deduced from single-particle
spectra, unless one chooses the electron energies and emission
angles such that the electron—electron interaction is marginal
and one focuses on a single process during which the incoming
electron knocks out one further electron and the two electrons
leave the sample without further scattering. Two electrons can
also be released by a single photon (this process is called double
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photoelectron emission, DPE).'"**) Again, the photon imparts
only energy to the system but virtually no momentum.
Intrinsic scattering processes in the sample lead eventually to
the release of two time-correlated electrons."®'”) An important
caveat is that light-matter interaction in the regime of interest
is a single-particle operator. Meaning, the photon can only be
absorbed by one particle.'”) How the second particle is ejected
then? Starting from the nonequilibrium Green’s function theory,
one can set up a formal theory to answer this question®* in full
generality. In essence, for weakly and moderately correlated
materials one can identify the following mechanisms for DPE:

1.1.1. DPET

One electron in the state ek absorbs the photon with the fre-
quency w and propagates with, respectively, higher energy.
Upon scattering from the crystal, the initial wavevector k; is
changed to ki, by a multiple of the crystal momentum (we assume
atomic units). Already at this stage the propagation may be dif-
fusive due to electron—electron or electron-phonon scattering.
These processes are widely discussed in single photoemission
(SPE) spectroscopy which detects the photoelectron yield at
the momentum kj. In DPE however, the (intermediate) electron
with kj, excites another electronic state via the dynamic, nonlocal
electron—electron interaction W, leading to two vacuum-state
electrons with momenta k; and k,. Thus, in this scenario, the
photon acts effectively as an internal electron gun that generates
electrons with an angular distribution which is roughly similar to
the one known from SPE. How can we distill and what can we
learn from this DPE mechanism? Imagine we calculate or mea-
sure the SPE angular distribution at the energy w so that we know
the distribution as a function of kj, of the electronic state excited
after photoabsorption. In DPE, we tune our detectors so as to
register one electron with almost k; ~ kj. The other electron
has then a much lower momentum k,. In this case the two
electrons can be considered distinguishable, meaning that the
direct scattering between the two electrons is dominant.
The momentum transfer during this scattering is q ~ kj — k;
which is small (as chosen by the experimental setup). In this case
one can study the electron—electron interaction W in momentum
space as a function of q at the energy » — ek Such a study is
particularly interesting if @ — ek happens to be near a plasmon
resonance."**!! An experlmental study confirming this picture
and providing more mathematical foundations to it has been
conducted recently.!**!

1.1.2. DPE2

The same process as (DPE1) but the fast intermediate electron,
before or after scattering from the second electron, undergoes
diffraction, which can be observed in this photoelectron distribu-
tion.”? The diffraction pattern is as that known from SPE.

1.1.3. DPE3

With increasing q and hence k, exchange scattering becomes
more dominant, as the emitted electrons become indistinguish-
able. In addition, in contrast to processes (DPE1) and (DPE2)
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the interaction between the two electrons becomes stronger as
they approach each other in momentum space. Thus, in this
case, one accesses higher-order electron—electron scattering
events that contribute to W, resulting in the formation (in
momentum space) of the exchange and correlation hole in the
recorded two-electron spectrum.'*1>?*51 Ag for exchange
effects, we note that the light-matter interaction is not only a
single-particle operator but also is symmetric with respect to
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particle exchange. This means, a symmetric (antisymmetric)
state is mapped onto the symmetric (antisymmetric) state via this
interaction. In the absence of spin-orbit coupling the spin and
orbital part of the wave function can be decoupled and the
symmetry properties can be analyzed by just exchanging the
momenta of the electrons (when operating in momentum space).
These statements are strictly valid when the two electrons are
emitted directly from the Fermi level but are less accurate when
other secondary electrons are involved, for instance, when the
two electrons suffer energy losses before being detected.

1.1.4. DPE4

This is the same as in (DPE3) but accompanied with diffraction
from the crystal. Regardless of which of the electrons undergoes
diffraction, because of nonnegligible exchange scattering, one
can only observe a pair diffraction, meaning a change of the
two-electron sum momentum by a multiple of the reciprocal
lattice vector.!*”)

1.1.5. DPE5

Interestingly, we can study the above mechanisms while allowing
for a specific amount of energy and momentum dissipations to
the sample, tuning so such loss mechanisms. This can be done
utilizing the energy and momentum balances. To do that we
detect the two electrons at energies and momenta that violate
these laws. This implies that the missing energy and momenta
have been absorbed by the surrounding medium via multiple
inleastic scattering events that gradually randomize the phase
relation between the electrons and degrade the strength of the
two-electron flux density. An example for the consequences of
such dephasing and decoherence is the “filling” of the exchange
and correlation hole while allowing more and more for dissipa-
tion channels.”! In the event that the exchange and correlation
hole is filled a formulation of DPE in terms of the electron—
electron interaction W is less meaningful.

1.1.6. DPEG

There is also a possibility that two mutually interacting electrons
(such as a Cooper pair) absorb a photon and emerge with a zero
total momentum, i.e., with back-to-back equal momenta®® if
both are launched from the I' point.

1.2. Two-Electron Emission Following the Charged-Particle
Impact

As stated above the electron—electron coincidence detection after
a fast electron impact allows under certain conditions to access
the spectral function A(w,k), similar as for SPE but with the
advantage that nonvertical transitions are allowed.® Hence,
in some situations the electron impact and SPE should be
related, a case known under the name the “optical limit” (mean-
ing that the charged particle impact acts in this limit as a virtual
photon). Note that the optical limit refers to SPE, not to DPE.
The charged particle impact that is related in the optical limit
to DPE is the one where three particles are detected in the final
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channel. For example, one very fast incoming electron leaves the
sample after losing part of its momentum that is large enough to
eject two further low kinetic energy electrons (a process called
(e,3¢)).”! This process is indeed related to DPE in the optical
limit. In fact the type of the charged particle is not relevant; it
can be a positron or a proton. (The cross section in this case
is quadratic in the charge of the projectile. The projectile mass
and kinetic energy enter the cross sections as scaling factors.)
From this perspective there is a clear difference between DPE
and two-electron emission via particle impact (for electron
impact, the process is usually referred to as (e,2e)), even though
in both DPE and (e,2e) two electrons are released at the same
time from the sample into vacuum. A series of studies have been
conducted to unveil the various mechanisms involved in (e,2e)
and the physics underlying them (for instance®'#?#721), We dis-
cuss below prominant examples in the reflection mode (i.e.,
when all electrons are detected on one side of the film or surface).

1.2.1. e2Ze;

The incoming electron is released from the electron gun with a
momentum k, and energy E, and is elastically (specularly)
reflected back from the ionic background, acquiring the momen-
tum state kj. Upon an electron—electron scattering via W
(the same W as in DPE), two vacuum electrons with momenta
k; and k, emerge into the vacuum with energies E; and E,. If a
single scattering event via W is involved and if W is local then
k; L k, (except for some corrections due to refraction at the
solid/vacuum interface). The detection in this geometry delivers
thus information on the nature of W and in particular its direc-
tional dependence. Note that in this mechanism k; L k, applies
independent of the particular directions or energies of k; and k,.
These quantities can be scanned by simply varying the direction
of the incoming electron momentum and/or E; and E,. If this
scattering process is dominant one may use the energy and
momentum conservation laws (@ is the work function) E, — ¢; —
® = E; + E, and kj, — k; = k; + k, to map the electronic struc-
ture of the sample ¢;(k;). Clearly this type of extracting e;(k;)
relies on more assumptions than its high-energy transmission-
mode counterpart’’! but it has two main advantages. First, there
is no need to fabricate very thin free-standing films (needed
in the transmission mode) and one can use the detection tech-
niques that are established in the field of low-energy electrons.
Second, a more fundamental advantage is the extreme surface
sensitivity at appropriate electrons’ energy for two reasons: as
two electrons have to leave the sample the escape depth is
reduced significantly with respect to one single electron and sec-
ond, the incoming or the outgoing electrons can be tuned to graz-
ing angles, enhancing the scattering from the surface region.

1.2.2. eZe,

A process absent in DPE is that the incoming electron may be
affected already on its way to the surface by polarization and loss
effects. A prominent example is the distortion of the incoming
wave due to the image charge potential or plasmonic fields. The
origin of these effects is mainly electronic and depends strongly
on the detail of the electronic self-energy of the sample.
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After scattering from the polarized surface charge the incoming
electron may undergo further scattering events, resulting
eventually in the emission of two electrons. Experimentally, this
process can be distinguished®? via the selected energy and
momenta of the electrons, because the electronic response of
the sample depends decisively on the transferred energy wq
and momenta q. For instance, if we are interested in the
plasmonic excitation by the incoming electron before the two
final-state electrons are launched, we should tune appropriately
q=ky -k —k, and/or wq = Ey — ¢; — ® — E; — E,. An inter-
esting caveat is that one may use spin-polarized electrons and
explore spin-dependent collective electronic response.

1.2.3. e2e3

The e2e, in its intial step is the same as in electron-energy
loss spectroscopy (EELS),**! for instance, in both cases the
incoming electron may excite a (multipolar) plasmon mode.
At high momentum transfer q this mode merges with the
particle-hole continuum. In EELS this decay leads usually to a
particle-hole creation which is neutral excitation. In (e,2e) (and
this mechanism we call e2e;), the non-neutral (ionizing) regime
is entered and the ejected electron is detected in coincidence with
the escaping projectile (EELS) electron.

1.2.4. eZey

One or all of the electrons may undergo diffraction. Single-
electron diffraction may be distinguished from electron-pair
diffraction by tuning the electron energies. For example, if we
are in the diffraction regime for one of the escaping electrons
and k; ~ k, one cannot tell which electron is diffracted and
indeed in the experiment one observes a diffraction with respect
to the total momentum k; + k.

1.2.5. eZes

Exchange effects play in (e,2e) a markedly different role than in
DPE.[#3%31 This is evident if we consider a spin-polarized
incoming electron from a magnetic or a spin-active sample.
For an exchange-coupled magnetic surface with a weak spin-orbit
coupling one finds under certain conditions that the measured
two-electron signal is proportional to the product of the spin
polarization vector of the incoming electron and the spin polari-
zation of the sample at the energy (¢;) and the wavevector depen-
dent (k;). Combined with the surface sensitivity of the (e,2e)
technique this observation allows to map the depth-dependent
spin structure of ultrathin magnetic films.

1.2.6. eZe;

Violation of the mechanism e2es is a signature of spin-orbit
coupling which might have different strengths at the various
stages of the scattering process.”**% Even in the absence of
spin-orbit coupling, exchange scattering is still operational, pro-
ducing in general a statistical mixture of singlet and triplet cross
sections. Exchange scattering is in fact an exchange of energies
and wavevectors of the two electrons which appear as an
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exchange of spin. From this observation it follows that exchange
scattering is generically large when |k, | and |k,| are comparable.
In the case where the whole experiment (including the sample
with its intrinsic symmetry) is invariant under the exchange of k,
and k,, the triplet-scattering amplitude vanishes.?* In this situa-
tion the (e,2e) experiment produces singlet electrons only. For
fixed k; and k, the orbital part of this state is also fixed. What
can be done then is to measure the variation of the singlet cross
section on the spin projections of each of the electrons and
exploit the results to quantify the quantum entanglement. In this
regard we note that the spin part of the singlet state can be viewed
as a maximally entangled Bell state. The dependence of this
entanglement on the orbital part can also be accessed by simply
varying the impact energy and keeping the experimental setup
such that the triplet scattering is zero.*"] Tuning the experiment
where triplet scattering vanishes, both the exchange and the
direct scattering amplitudes contribute. To “switch off” experi-
mentally exchange effects one can use a positron instead of
an electron as a projectile, as illustrated later. We recall in this
context that only in the first Born or plane-wave approximations
the scattering cross section does not depend on the sign of the
projectile charge, so using the positron or electron as a projectile,
one finds the same cross section in these approximations.

One can tune the energy of the incoming and the detected
electrons such that ¢; corresponds to a core level in which case
one enters the realm of resonant processes involving Auger
decays. Some of the mechanisms outlined earlier are still
operational. An example is given later.

2. Selected Results

Having listed the dominant mechanisms for the simultaneous
ejections of two electrons upon photon or charged particle
impact, we discuss below some important experimental details
and prototypical results.

2.1. Experimental Section

Experimentally, identifying uniquely the two electrons that were
emitted at the same time from the sample after one single-
photon absorption or after the impact of one single charged
particle is challenging and requires coincidence electronics.
The fundamental obstacle is the very low cross section compared
with single-electron emission. For DPE, when recording electron
pairs due to single-photon absorption, one has to ensure that
emission is not due to the absorption of two uncorrelated pho-
tons. It is customary to refer to these events as “random” coin-
cidences whereas the events of interest are termed “true”
coincidences. Regardless as to whether a continuous or pulsed
source is used, the probability that two photons are within the
coincidence window is determined by Poisson statistics. The
primary flux determines the probability of finding two photons
within the coincidence window. This probability scales quadrati-
cally with the flux, whereas the “true” coincidences scale linearly.
Therefore one is forced to operate with a strongly reduced flux.
Roughly speaking we need to throttle the incoming flux of a
standard vacuum ultraviolet (VUV) source by more than three
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orders of magnitude, making pair emission spectroscopy a time-
consuming endeavor.

The main experimental work was carried out using a coinci-
dence spectrometer described in detail in previous studies,
see Figure 1.>*! The key components are a pair of hemispheri-
cal analyzers with 200 mm mean radius which we call “left” and
“right,” respectively. They are equipped with multichannel plate
(MCP) detectors in which the impact position is determined
by resisitive anodes. For this instrument we have established
a procedure which removes the “random” contribution from
the measured spectrum. This yields the contribution of the “true”
events, which we want to call “pair” intensity in the following
paragraphs. As excitation sources an electron gun and a labora-
tory VUV source with a monochromator were available. To
perform experiments with primary positrons we developed a
low-energy positron beam which is based on the Na22 iso-
tope.’”*¥1 A modified sputter ion gun allowed the excitation
of the surface with low-energy He™ and He?* ions.***! Studies
on Auger decay were conducted at the synchrotron light source
BESSY II of the Helmholtz-Zentrum Berlin (HZB). We com-
ment briefly on a new DPE setup which uses a light source based
on high harmonics generation in combination with a pair of
time-of-flight spectrometers.**~*4l

2.2. Material-Dependent Intensity Relations

As outlined in the DPE processes (DPE1-DPE4) the intensity
depends strongly on electron—electron interaction strength.
A more quantitative statement can be made when using the
Hubbard model with the electron—electron strength U. A previous
study!*® identifies the experimental conditions under which the
DPE intensity indeed scales with U. Generally, the Hubbard
model and the U parameter for the electron—electron interaction
is a mere theoretical model that needs to be adjusted to material-
specific predictions. On the other hand, studies over the years
identified the class of materials which can be called strongly
correlated. Thus, one may attempt to compare the two-electron
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Figure 2. 2D energy distribution from a Ag(100) surface. The black
diagonal line depicts the position of the maximum sum energy ENZX.
The photon energy is 40.8eV. Reproduced with permission.®!
Copyright 2016, American Physical Society.

yield from such correlated materials with those which are less
correlated. In Figure 2 we present a typical 2D energy spectrum
from a Ag(100) surface whereas the photon energy was set to
40.8 eV. The diagonal black line marks the energetic position of
the largest energy sum of a pair. We will label this entity
with Ef. Since in a DPE experiment two electrons are emitted
the value of Ef% is determined by the photon energy minus twice
the work function. Due to energy conservation there is no intensity
above the E1% line other than some “random” intensity. Although
we explored a symmetric emission geometry, see Figure 1, the
2D energy plot is slightly asymmetric despite the fact that the
emission geometry is symmetric. This is caused by some

Detector

Figure 1. A schematic view of the coincidence spectrometer. Key components are two hemispherical electron spectrometers. The photon beam
can be replaced by a low-energy ion source or positron source. The spectrometer axes include an angle of 90°. More details can be found in the
literature.®>~#) Reproduced with permission.®! Copyright 2016, American Physical Society.
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misallignment of the transfer lenses of the spectrometer. The 2D
energy spectrum does not exhibit any sharp features which to
some extent is a consequence of the selected energy resolution.
We will show later that the Ag(100) surface does display sharp fea-
tures.*! In this section the integrated intensity within the 2D
energy window is of interest. Therefore, trading in intensity on
the expense of energy resolution was warranted. For each material
only a measurement time of 1h was required to determine the
count rates with sufficient accuracy. The data were obtained in sev-
eral experimental runs. Upon start-up of the instrument we
noticed daily variations of the rates from the Ag(100) surface.
These variations were on the scale of 10%. We therefore normal-
ized the rates of the various materials with the rates of the Ag sur-
face each day. These normalized rates were scaled with the average
rates of Ag from the different measurement days.

In Figure 3a we show the result for the DPE intensity as a
function of the singles rate. The lowest singles rate was observed
for V which is roughly a factor of 3 smaller that for NiO. At the
same time we note that the coincidence rate for NiO is a factor of
8 larger than the value for V. Without the data points of the fer-
romagnets an almost monotonic variation of the coincidence rate

(a) Lo b Lo by by

NiO

2.0

1.5

1.0

pair rate (cps)

0.5

0.0
() 1

0.1

2TCP,/P,
1

Ag -

KCl1

| TTTTTTT | TT T T T TT | T T T TTT | TTT T T TT | T
0 400 800 1200 1600
singles rate (cps)

Figure 3. Panel a) shows the DPE intensity as a function of the singles rate
for a variety of materials obtained with hy=40.8eV. The data
point for KCl was measured with hy=48.4eV. Panel b) displays the
variation of the entity 2z P, /P;, as explained in the text. Reproduced with
permission.[*¢! Copyright 2016, American Physical Society.
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as a function of the “singles” rate can be seen. The transition
metal oxides NiO and CoO display the highest “pair” rate, this
supports the theoretical prediction that the pair emission rate
scales with the electron correlation strength.**) We also investi-
gated a KCl single-crystal surface. We ensured the same kinemat-
ics by increasing the photon energy to 48.4 eV. This takes into
account the different work functions for Ag and KCl. In addition
we changed slightly the spectrometer settings to include essential
parts of the energy spectrum. KCl is an insulator like NiO or CoO
but does not possess the intensity level of these oxides. Obviously
the reasoning of an increased mean free path in insulators which
in turn increases the number of layers probed in a DPE experi-
ment does not hold. The higher intensity level of NiO and CoO
is a reflection of the stronger electron correlation rather than its
insulating properties.

A closer look at the ferromagnetic samples reveals that one
measures about 65% of the Ag “singles” rate but up to a factor
1.5 higher “pair” rate. This means that the ratio of the “pair” rate
to the “singles” rate is significantly higher than that for Ag. We
make the following definitions. The probability for one electron
to be emitted within a solid angle interval ranging from Q to Q +
dQ is given by P;(Q)dQ. The equivalent for pair emission is the
term P,(Q,4,Qp)dQ,dQp. This describes the joint probability
that one electron is emitted in a solid angle range centered at
Q, whereas the other electron emission direction is character-
ized by Qp. In our definition the term P;(Q)dQ includes also
electron pair excitation, but the second electron is not emitted.
In our previous measurements we have identified a distinct
angular dependence of the coincidence intensity. Therefore
the terms P; and P, are angle dependent. The angular range
covered by the instrument used here allows to use an angular
averaged value.**! In the following P; and P, are constants.

For the probability s to detect one electron we can write

5= /(P1 4 22P,)dQ, = P, (1 + Z’IZPZ)Q )
1

The factor of 2z in front of the term P, takes into account that
the second (but undetected electron) is emitted somewhere
within the half sphere. The probability ¢ to detect an electron
pair with two identical spectrometers is

p= / PZdQAdQB = PZQZ (2)

Simple arithmetic yields the relation

2nP, 2n 2z p
— o~k ®)
Py Q-s/t—2r Qs

The term 2zP,/P; is a measure of the contribution of
pair emission to the detected single-electron spectrum, see
Equation (1). The factor 2z takes into account that the second
(undetected) electron is emitted somewhere in the half space.
The ratio s/p is identical to the experimental count rates for
“singles” and “pair” events. For a Ag(100) surface this ratio is
2400, whereas the solid angle of our spectrometer is about 1%
of 2z. Therefore the denominator can be approximated by the
first term. This means the ratio of “pair” to the “singles” rate
determines the fraction of the pairs to the “singles” spectrum.
In the evaluation we have used the correct term as shown in
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Figure 3b. Clearly the curve resembles Figure 3a 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
Figure 3b 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 correla-
tion. This suggests that the term 2zP,/P; may be better suited
for the quantification of the correlation strength.

We have conducted the equivalent study via (e,2e) together
with the DPE measurement in an interleaved mode."*®! Again
the material with the highest coincidence count rate is NiO
which is about a factor of 15 larger than for Cu which has the
lowest coincidence rate. At the same time the singles rate for
NiO is a factor of 3.5 larger than for Cu. Similar to the DPE data
we notice an almost monotonic relation between the coincidence
and singles rate. Evaluating the term 2z P,/P; for NiO reveals a
value of 40%. Also in (e,2e) the emitted pairs make a substantial
contribution to the singles rate. The measurements were carried
out at room temperature. The ordering temperature of the
ferromagnetic and antiferromagnetic samples was well above
the measurement temperature except for CoO films. From
our previous studies we have determined that measurements
above and below the Neel temperature of NiO and CoO films
display the same singles and pair count rate.*®*’”) This means
that our type of spectroscopy is not sensitive to long-range order
but is determined by the local correlation.

2.3. Positron—Electron Pair Emission

The exchange-correlation hole, discussed above, has indeed
been experimentally observed.”>*¥! Using spin resolved (e,2e)
from the ferromagnetic sample it is possible to study exchange
effects.[*>*” As eluded to in the beginning one can switch off
completely exchange effects during scattering using positron
impact.®"% This pair emission due to the impact of a primary
positron beam is termed (p,ep).

We established the existence of a finite (p,ep) intensity using
a positron beamline at the research reactor FRM-2.%! This war-
ranted the development of a laboratory positron beam as
described in previous studies.*”**) This facility has an intensity
of about 40 000 e* /s which is roughly two orders of magnitude
below the value before “random” coincidences become domi-
nant. Therefore we operated the spectrometer with the
largest entrance slits to obtain reasonable count rates. The con-
sequence was an energy resolution of 5.1 eV per spectrometer.”]

In Figure 4 we highlight the geometry of the experiment.
The primary positron beam and the electron-optical axes of
the spectrometer define a scattering plane. The surface normal
is within this plane and points toward the positron beam.
The spectrometers are symmetrically arranged with respect to
the surface normal. In the following we want to call one of them
“left” whereas the other is labeled “right.” Reversing the polarity
of the voltages applied to the electron-optical components of
one spectrometer allows the detection of positrons with this
spectrometer, whereas the other will record electrons.

Let us assume that we want to record electron pairs due to
primary electron excitation using the symmetric arrangement
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Figure 4. Geometry of the (p,ep) experiment. A primary positron beam is
parallel to the surface normal. The transfer lenses are symmetrically
oriented to the left and right of the incoming beam. Reproduced with
permission.?”) Copyright 2014, American Physical Society.

of Figure 4. We further assume that the energies of the outgoing
electrons E; and E, are different. The chances of the electron
with energy E; to be detected by the “left” spectrometer are equal
to the detection at “right”. This is an immediate consequence
of the nondistinguishability of electrons. The detection of a
positron—electron pair will break the symmetry and therefore
we expect an asymmetry in the energy distributions. The ques-
tion which arises is then how much is the asymmetry and how it
is affected by the actual material. We start with the example of a
Ag(100) surface which was excited by a primary beam with 42 eV.
The resulting 2D energy spectra are plotted in Figure 5. The
insets highlight the chosen polarity of the spectrometer. The
x-axis in both cases is the energy scale mapped by the “right”
spectrometer, whereas the y-axis is the energy of the particles
detected with the “left” spectrometer.

The solid diagonal line in both plots marks the position of
the maximum sum energy Em which is given by the primary
positron energy minus the (electron) work function. There is
some tailing of intensity above this line which is due to the
degraded energy resolution. Most of the intensity is found
within a triangular-shaped region near the lower left-hand cor-
ner. This is caused by further collisions of the positron—electron
pairs. The energy loss incurred in these processes can be suffi-
cient to cause the emission of a second electron. We are unable to
detect the emission of two electrons and a positron, but we
observed electron pairs due to positron impact.**! This strongly
suggests the existence of triple emission. This effect is not part
of the theory of (p,ep). If we want to invoke the symmetry of the
detection geometry one has to exclude the contribution of these
events. This can be facilitated via an appropriate selection of the
sum energy. The pair of dashed lines indicates the range consid-
ered for the computation of the energy-sharing curves, see later.
Even without the sharing curves an asymmetry is immediately
noticable in Figure 5a if we focus on the region marked by
the dashed lines. Within this region the intensity is higher in
the upper left-hand region compared with the lower right-hand
part. We changed the polarities of the spectrometers and observe
in Figure 5b that the region of higher intensity is now in the
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Figure 5. 2D energy distribution of positron—electron pairs from the
Ag(100) surface. The primary energy was 42 eV. The insets indicate which
of the particles is detected by the respective spectrometer. The x-axis in
both plots refers to the energy measured by the “right” spectrometer.
In panel (a) the “left” spectrometer was tuned to positron detection
whereas in (b) it is the “right” spectrometer. Reproduced with permis-
sion.?”] Copyright 2014, American Physical Society.

lower right-hand corner. This rules out an instrumental asymme-
try as the major cause. A control experiment with an electron gun
in a symmetric geoemtry shows that the resulting (e,2e) sharing
curve is essentially symmetric.?”) The dashed lines in Figure 5
define a region of the sum energy in the range E,,, = 30 = 2 eV.
The events selected by this choice can be shown as an intensity
curve as a function of the energy difference Eje — Eyigne, See
Figure 6. If one reverses the polarity of the spectrometers the
intensity maximum moves from right to left. In Figure 6a most
of the intensity is found for positive x values. This means that on
average the positron has a higher fraction of the available energy.
The intensity maxima of the two (p,ep) sharing curves are

Phys. Status Solidi B 2020, 257, 1900636 1900636 (8 of 14)

www.pss-b.com

(a) pn b b b fevrs b by b aa e

1000 L
] |~® As L

4 |—@®— Co -

800 1 | —o— NiO C
£ 600 - -

5 _ L

§ 4 -

.‘é‘ 400—_ e+.Left B
200 @ —P u

0_' ¢” @Right C
||||||||||||||||||||||| |||||||||||||||||||||||
-20 -10 0 10 20

+ -
Eleft'Eright (eV)

(b) oo bt bt et b b ey
1000 o
800 -

£ 600 - -

= _ L

\8/ 4 -

E‘ 400 o @Left N
200 | ¢'O@—> e Ag -

] —o— Co i

. e*@Right —&—NiO C

0_||||||||||||||||||||||| |||||||||||||||||||||||_
-20 -10 0 10 20

+ -
Eiett-Erignt (€V)

Figure 6. Energy-sharing curves obtained by fixing the sum energy to
30+ 2eV. The Ag, Co, and NiO samples were excited by 42 eV positrons.
The insets indicate which of the particles is detected by the respective
spectrometer. Reproduced with permission.”) Copyright 2014, American
Physical Society.

observed if the positron has 10 eV more energy than the electron.
The intensity has the lowest value if the electron has a 20eV
higher energy than the positron. The intensity ratio between
these two levels is roughly 4. We tested the generality of these
observations and prepared single-crystalline NiO, Pd, and Fe
films. In addition, we prepared polycrystalline Co, Ni, and Fe
films. We have included the data of Co and NiO in Figure 6.
For the purpose of comparison we scaled the intensity of the
Co and NiO data such that they line up for equal energy sharing
with the Ag data. An effective single-particle picture works well
to describe the material properties of Ag. Co and NiO both
display long-range order, this is a manifestation of electron
correlation via the exchange interaction. NiO is an insulator, a
property decisively determined by electron correlation. Despite
these differences in the material properties and crystalline order
the amount of the asymmetry in the sharing curves varies only
slightly between the materials. Common to these samples is that
on average the positron carries more energy than the electron.
Although the sharing curves closely resemble each other the
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actual coincidence count rates differ strongly between these
materials as shown in (e,2¢) and DPE experiments.**>* Our
observations were not a priori expected. Theoretical (p,ep) calcu-
lations suggest that depending on the valence state involved
either the electron or the positron is the more energetic parti-
cle.P"% Details of the valence band structure determine the
outcome, but no simple argument can be put forward.

For a qualitative understanding we developed a simplified
scattering model. We reduced the problem to a two-particle
model.?”! The interaction between positron and electron is medi-
ated by a screened Coulomb interaction as it is in the current
(e,2e) and (p,ep) theory. As screening length we adopted a value
of 2 A consistent with what is being used in actual calculations.
The primary energy was set to 30eV and we determined the
scattering amplitude f(d) within the first Born approximation.
We obtained a sharing curve shown in Figure 7. Despite its
simplicity it captures the essential feature that on average the
positron has a higher kinetic energy compared with the electron.

During the coincidence measurements three different rates
are measured by the electronics. These are the singles rate of
the “left” and “right” spectrometer. In addition there is the “pair”
rate. With the additional knowledge of the primary positron flux
we normalize the actual rates. With this analysis we present the
material dependent intensities in Figure 8. All measurements
were carried out with a primary energy of 42 eV. The data are
the average of two measurements in which either the left or right
spectrometer was tuned for positron detection. In this figure we
plot the coincidence rate versus the electron count rate (red data
points) and the positron count rate (blue data points). It is clear
that the coincidence rate for NiO is by a factor 2-3 larger than
that from the metal samples. We also note an almost monotonic
relation between the coincidence and singles rate. This resem-
bles the result for DPE shown in Figure 3a.

While the singles rate varies by a factor of 1.9 the coincidence
rate scales by a factor of 1.5. For a given material the electron
singles rate is a factor of 2-3 larger than the corresponding posi-
tron rate. One can understand this in a simple picture. A primary
positron can create secondary electrons as primary electrons, the

- 1500
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< —
~ o
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5 :
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Figure 7. The solid curve is the sharing distribution E* — E~ obtained
within our simplified scattering model. The data points stem from the
Ag data shown in Figure 6a. Reproduced with permission.?”! Copyright
2014, American Physical Society.
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Figure 8. Coincidence rate as a function of the single-particle rate.
Both rates are normalized to the incoming flux. The solid curves are guides
for the eye. Reproduced with permission.8 Copyright 2015, American
Physical Society.

actual secondary yields are comparable. However, secondary
positrons cannot be emitted, because the chance for two or more
positrons to be present in the sample is essentially zero.

2.4. Ultrafast Auger Decay

The absorption of a photon can lead to the emission of an
electron pair. We have termed this process DPE. It is worthwhile
to discuss the simplest case which is the He atom. To create
a He?*t ion the photon energy has to be larger than 79.01eV.
The energy above this value defines the energy sum of the pair
which is shared continuously between those electrons. This leads
to the schematic 2D energy distribution labelled one step in
Figure 9b.

If a photon is absorbed by a core-level electron it may be emit-
ted, which provides an important tool for the chemical analysis of
surfaces via X-ray photoemission spectroscopy (XPS), because
the kinetic energy is element specific. The rearrangement of

(@) ()
o
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/ \ A
EAugcr ,,,,,,,,,,,,,,,,,,,, L
f | i |
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Figure 9. A schematic of 2D energy distribution for a two-step and one-
step absorption process. Reproduced with permission.”> Copyright 2014,
American Physical Society.
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charges leading to the filling of the core hole causes the emission
of Auger electrons whose kinetic energy is also element specific.
These two steps are usually considered to occur sequentially.
Therefore we expect an energy distribution with intensity regions
parallel the x- and y-axis, as shown in Figure 9a.

Let us consider the Auger decay of a Ag(100) surface.
We will focus on the excitation of two different core levels.
The subsequent Auger electron emission is due to the rearrange-
ment of valence electrons. We used the instrument introduced in
Figure 1 and utilized synchcrotron radiation. More experimental
details can be found in previous studies.’*>®

In Figure 10 we show the 2D energy spectra if either the
3d or 4p level is excited. The photon energy of the 3d experiment
was 739 eV which ensured the both the 3d photoelectron and
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Figure 10. 2D energy spectrum from Ag(100) surface. In (a) the 3d level is
excited whereas in (b) the 4p level is excited. The photon energies are 739
and 118 eV. The dashed diagonal lines mark the position of the maximum
sum energy. Reproduced with permission.*® Copyright 2014, American
Physical Society.
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Auger electron are within the energy window of each spectrome-
ter. The photon energy for the 4p experiment was set to 118 eV.
For both experiments the sample has a final state characterized
by two vacancies in the valence band. In both plots we have added
dashed diagonal lines which mark the position of EX . The value
is determined by the photon energy minus twice the work func-
tion. In addition we have divided the 2 E energy window into
three regimes termed I, II, and III. The boundaries, given
by the solid diagonal lines, have the same energetic distance
to the Ef2* line in both panels. In panel a) we observe that
the photo electrons lines are separated by the spin-orbit interac-
tion, the energetic position is at 366.6 and 360.9 eV, respectively.
Due to the spin-orbit splitting there exist two Auger lines at
347.3 and 353 eV, respectively. While the photoelectrons are
relatively narrow the Auger lines are considerably broader.
Since the filling of the core vacancy involves two electrons in
the valence band the self-convolution of the density of states
(SCDOS) explains the line width of the Auger lines. The largest
fraction of the intensity lies in region II. The arrangement into
intensity bands either parallel to the x- or y-axis is in line with the
sketch of Figure 9a.

A very different behavior shows up in Figure 10b. The key
feature is a strong intensity residing within region II but is along
a diagonal direction. This is the outcome shown in Figure 9b.
This means the 4p decay does not proceed within a two-step
process but is of a one-step type.

Let us recall known facts on the 4p line width of elements
in the neighborhood of Ag in the periodic table. For those
elements the 4p line width is extraordinarily large.?’%
Autoionization is the electron emission of an excited sample
which changes the charge state. The Auger effect is such a process.
The explanation of the 4p line width rests on the use of two-
electron configurations within a single-particle description. One
configuration is continuous in energy, the other is discrete. In
the presence of a finite electron—electron interaction the single-
electron description is only approximate. A first correction is the
introduction of the configuration interaction as introduced by
Fano.®” Tt turns out that the characteristic time for the autoioni-
zation process is inversely proportional to the interaction strength.
When applied to the case of the Ag 4p decay a 4p~! and 4d~24f
configuration play the important role. The first is a discrete config-
uration and the latter the continuous one. The ionization of the
4p level requires an energy of 60eV. The creation of a double
vacancy in the 4d band while populating a 4f level, an energy
within a window of 53 & 13 eV is needed.”>*” Consequently
the two configurations overlap in energy. This is the origin of a
rapid fluctuation 4p~! = 4d~24f, leading to a broad 4p line width.

The process of electron-pair emission upon absorption of a
single photon has to obey energy conservation. This means
the energy sum has to be conserved which in a 2D energy plot
that defines a diagonal region. This relation can only be observed
in coincidence spectroscopy. It is clearly manifested in
Figure 10b that the main intensity is confined within a diagonal
band with a width of 35 eV. Measurements with different photon
energies showed a width of the diagonal feature of 11-38eV.
If we were to take the smallest width and use the energy-time
uncertainty relation we end up with a timescale of 60 as.
This characterizes the timescale of the correlated electron
emission.
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2.5. Pair Emission Due to He?t Neutralization

Suppose two photons impinge onto a sample within a short time
interval, does the system respond as if two independent quanta
are absorbed or will it consider the two quanta as one unit.
This conceptional simple question was addressed in a calculation
dealing with the two-photon double ionization of the He
atom.*>®*! The photon energy was fixed to 70eV; therefore,
the creation of a He?* ion requires two photons, because the
double ionization energy is 79.01 V. If the temporal width of
the photon beam is larger than 4.5 fs the two emitted electrons
possess well-defined energies. This is indicative of two-step
ionization. However, if the temporal width is 300as then the
available energy is shared by the electron pair. In other words
the system reacts as if a single energy quantum with 140 eV
has been donated. This opens the potential to derive the charac-
teristic time 7 for correlated electron dynamics.

Although the theoretical example concerns an atomic target it
is equally interesting to investigate condensed matter specimens,
e.g., surfaces and thin films. Invariably an intense photon beam
is at odds with the requirements of coincidence spectroscopy
as outlined earlier. Nevertheless it is possible to conduct an
equivalent experiment. Our approach is based on the well-
known phenomenon of neutralization of an ion near a metal
surface.[*"*% If an ion approaches the surface neutralization takes
place at around 2-6 A in front of the metal =% It is essentially an
Auger-type process, as shown in Figure 11. A singly charged ion is
close to a surface and the atomic energy levels experience a shift
(2 eV) due to the action of the image charge. A valence electron can
make a transition into the projectile level. This is followed by a
radiationless transition of energy which causes the emission of
a metal electron. This process is called Auger capture, there exist
additional possibilities for neutralization. A doubly charged He?*
will become a neutral atom after two successive steps in which two
energy quanta become available./”¢®

From the literature one derives the average time between
these steps of 2-20 fs.7%%! The key point is the possibility to
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Figure 11. Neutralization step via Auger capture of a singly charged ion
in the vicinity of a metal surface. A metal electron makes a transition into
the lower-lying level of the ion. The energy gain leads to electron emission
from the metal. Reproduced with permission.*"! Copyright 2017,
American Physical Society.
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obtain two energy quanta within the range of interest covering
300 as—4.5fs. Additional encouraging facts are the high effi-
ciency of neutralization. Almost all ions are converted into atoms
after interaction with the surface. Furthermore, the electron yield
for He?* is 0.8 electrons per ion. This suggests a high chance to
actually detect the emission of electron pairs.

If the kinetic energy of the He?" ion is below 100 eV it can be
ignored in the energy considerations.”” The key entity is then
the double ionization energy of 79.01 eV. This can be facilitated
by a single photon. On the other hand, one can ionize the atom to
He™ after supplying an energy of 24.59 eV, which is followed by a
second ionization step requiring 54.42 eV. With these values we
discuss the energetics of neutralization. The first neutralization
step from He?* — He™ which includes electron emission can be
written as

M+ He*™ — M** + He" +e” (4)

As we can see the metal M donates two electrons, one changes
the charge state of the ion whereas the other is emitted.
Consequently the maximum energy of the emitted electron is
determined by the ionization energy minus twice the work func-
tion of the metal. For a Ir(100) surface the numerical result is
42.9 eV. For the neutralization He" — He® we obtain

M+ Het — M?>* + He® + e~ (5)

Also in this case the metal donates two electrons, one of which
is emitted. We have to correct again twice the work function to
determine the maximum energy of the second emitted electron.
For a Ir(100) surface we obtain a value of 13.07 eV. After the
completion of the two steps the maximum energy of the emitted
pair is 55.97 eV for the Ir(100) surface.

It turns out that He?* neutralization is accompanied by the
electron-pair emission which is by no means a trivial point.*"
In Figure 12 we show the 2D energy distribution obtained from
a Ir(100) surface with an incoming He?* beam of 10 eV kinetic
energy. An L-shaped region is defined by the red boundaries. In
one energy direction the kinetic energy cannot exceed 42.9 eV
whereas in the other direction it is limited to 13.07 eV. These
are the energy values we just introduced in the discussion of
a sequential neutralization. The dashed diagonal lines in both
panels indicate the position of Efax=55.97 eV of pairs. For
the data shown in Figure 12a both spectrometers were set to
a central energy of E,=19eV. We notice the largest intensity
if both electrons are below 10 eV. The largest part of the intensity
can be found within the L-shaped region. This means the two
neutralization steps leading to the He atom proceed mainly inde-
pendently. Nevertheless we observe some intensity outside the
L-shaped region. From this we can conclude immediately that
there is another mechanism leading to pair emission. If we
set E;=30eV the coincidence spectrometer can only detect
events which are outside the L-shaped region, see Figure 12b.
These events are at odds with sequential emission. The intensity
is highest if both electrons have an energy at the lower part of the
detection window. The intensity gradually decreases if one moves
closer to the dashed diagonal line. However, a cutoff value where
the intensity drops sharply cannot be identified.""

A closer look at the intensity levels of Figure 12a reveals that
outside the L-shaped region only 2% of the total intensity is
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Figure 12. 2D energy spectra for a central energy of E, =30eV from a
Ir(100) surface. The kinetic energy of the He?* ions is 10 eV. Emitted pairs
which are due the sequetial emission mostly reside within the L-shaped
region. The dashed black diagonal lines mark EZ}2. The pair of black solid
lines in the region |E gy — Eier] < 8eV used for the Eg,y, spectrum.
Reproduced with permission.*! Copyright 2017, American Physical
Society.

found. With this information we propose a simple picture to
estimate the time scale 7 for the correlated electron emission.
The two neutralization steps occur on average within a time
tag and we assume that they proceed independently. The small
intensity contribution outside the L-shaped region indicates that
tavg > 7. The probability for the two neutralization steps to occur
within a time interval 7 is then given by the Poison distribution
P(7/tyg) ~ T/tyg. If the intensity contribution outside the
L-shaped area is a measure of t,,,/7, we obtain 7 = 0.02 - t,,.
We adopt for t,, values in the range 2-20fs on the basis of
the neutralization rate!®”~®% This finally yields to 7 = 40-400 as.
Hence, two formally independent neutralization steps occurring
within an interval shorter than 7 are recognized as a single exci-
tation for electron-pair emission.

We propose a simple picture which explains the one-step pro-
cess. If a core vacancy is filled by an electron, the available energy
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Figure 13. In (a) a core hole is filled by an electron and pair emission
called double Auger decay takes place.”"! In the three-electron Auger
(b) a double vacancy is filled by an electron pair, the gained energy is trans-
ferred to a third electron.’>”*! In (c) an electron pair of the metal fills the
double vacancy and an electron pair from the metal is emitted. Reproduced
with permission.*'! Copyright 2017, American Physical Society.

can be transferred to not one but two electrons, see Figure 13a.
This double Auger decay has been observed in coincidence
spectroscopy from Ar.”Y! A three-electron process takes place
if a double core hole is filled by an electron. The available energy
is then transferred to a third electron which is emitted, see
Figure 13b. This leads to a kinetic energy which is roughly
twice the regular Auger energy. This process was observed in
C- and N-ion collisions with Ni surfaces and carbon foils.">”?!

Let us combine these pathways, as shown in Figure 13c. Upon
approaching the surface the double vacancy of the He?" ion is
filled by two electrons reminiscent to the three-electron Auger.
The key difference is that these electrons do not originate from
the higher lying orbitals of the atom but come from the surface.
The energy gain is transferred to an electron pair of the surface
which is emitted. This view is further corroborated by a recent
work in which the electron capture for He?* ions into excited
states proceeds in a single step.l*”! Extending this picture of a cor-
related double-electron capture, we observe here a single step of an
electron pair from the metal into the ground state of the He atom.

2.6. Band-Resolved Double Photoemission

Double photoemission experiments without synchrotron radiation
are possible with standard laboratory sources. Unfortunately
these limit the available photon energies to a few lines. An alter-
native path uses the high harmonic generation of noble gases.
We have developed such a light source with the required high
repetition rate in the MHz range.[*l This provides lines covering
20-40 eV photon energy, and this source has been adapted to a
setup incorporating two time-of-flight spectrometers.*’] The
overall geometry is identical to the instrument shown in Figure 1.
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Figure 14. Sum energy spectra from a Ag(100) surface with a photon
energy of 32.3 (25.1) eV for the empty (solid) symbols. The black dashed
curve is the SCDOS. Reproduced with permission.** Copyright 2017,
American Physical Society.

The improved energy resolution compared with the studies
discussed earlier is manifested in a sum energy spectrum which
displays a fine structure, see Figure 14.1**) In this experiment the
photon energies were 32.3 and 25.1 eV, respectively.

The dashed black curve is the SCDOS. Since two electrons are
removed from the valence band it is appropriate to compare the
spectrum with the SCDOS curve. A thorough theoretical analysis
and full numerical simulation for the case when two-electron
emissions originate from sp-sp-, sp—d-, or d—d-type states have
been presented in a previous study”*. The experimental results
which are in line with a previous study” exhibit a
significantly higher intensity in the sp—d region compared with
the SCDOS. This reveals band-resolved configurations of
electron pairs and the need to use a band-dependent formulation
of electron correlation. The new experimental facility with
improved energy resolution will also provide an additional
approach to study the correlated electron emission dynamics.
We have shown that the intrinsically fast Auger-type transitions
allow to make statements about the timescale of the correlated
electron dynamics, in particular the pair emission due to the
neutralization of a He?* ion. The two neutralization steps could
be compared with a pump-probe experiment. The time delay was
statistical in nature and cannot be adjusted experimentally. The
use of a HHG source offers the control of the delay between say
an infrared pump pulse and the VUV light. In this way the time-
scale of correlated electron dynamics can be studied.

3. Conclusion

Starting from a general overview on the dominant mechanisms
that lead to two time-correlated vacuum electrons upon the
impact of a single photon or a single charged particle impact,
we provided several typical examples on the measured spectra
and how one can access the strength of the electron—electron
interaction and separate the role of exchange. We also discussed
Auger processes and how to possibly access the timescale of the
emission process. In this regard not much has been done yet
both experimentally and theoretically. So far the time resolution
of our experiments has been way below the femto-to-attosecond
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timescale of the involved electronic processes. Theoretically, all
theories so far in this area were formulated in the standing flux
scheme, leading to stationary theory. In recent years however
there has been remarkable advance in producing femtosecond
electron bunches but the coincidence electronic and the repeti-
tion rate of the bunches are still challenges. From a conceptional
point of view one may state that the two-particle correlation is not
simply a constant (such as U) but it has an internal structure, as
shown by the two-particle energy and momentum spectra. While
these observations are made at higher energies and are relevant
to the particle-particle and hole-hole channel, it is conceivable
that this general behavior is maintained at lower energies down
to the particle-hole regime, where indeed it has been shown that
in numerous cases higher orders in the electron—electron multi-
ple scattering are needed, for example, to account for excitonic
effects.
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