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By means of spin-polarized electron coincidence spectroscopy we explore the fundamental issue of

spin-resolved contributions to the exchange-correlation hole in many-electron systems. We present a joint

experimental and theoretical study of correlated electron pair emission from a ferromagnetic Fe(001)

surface induced by spin-polarized low-energy electrons. We demonstrate that the contribution to the

exchange-correlation hole due to exchange is more extended than the contribution due to the screened

Coulomb interaction.
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In seminal papers Wigner & Seitz [1] and Slater [2]
introduced the concept of the exchange-correlation (xc)
hole in many-electron systems. This is defined in real space
and is closely related to the pair correlation function. The
essential point is that around each electron the electronic
charge density is reduced such that the charge deficit
amounts to exactly one elementary charge. This result is
a combination of two effects, namely, the Pauli principle
and the repulsive Coulomb interaction. The Pauli principle
demands that two electrons with parallel spins can not be at
the same location, while the Coulomb correlation will
force electrons to stay apart independent of the spin ori-
entation. The extension of the exchange part and correla-
tion part of the xc hole do not have to be necessarily the
same. Slater discussed these differences in the pair corre-
lation function [2]. For parallel spins both exchange and
Coulomb interaction play a role, while antiparallel spin
electrons experience only the Coulomb interaction. The
region of reduced charge density is larger for parallel spins
than for antiparallel spins. The concept of the xc hole is of
pivotal importance in modern solid state theory, because it
determines the exchange-correlation energy term which is
a central part within density functional theory. There are
currently intense efforts underway to improve the accuracy
of the exchange-correlation term. The importance of this
term becomes clear if we recall that it contains essential
many-body effects, e.g., magnetism.

It would be interesting to perform experiments aimed to
separate the relative size and magnitude of the exchange
and correlation contribution to the xc hole. An experimen-
tal approach, which is sensitive to the electron-electron
interaction, is the electron pair emission from surfaces
excited by a sufficiently energetic primary electron. It
has been demonstrated that the concept of the xc hole
can be studied by the electron pair emission from surfaces.
The xc hole manifests itself through a reduction of the pair
emission intensity around the fixed emission direction of
one electron, which we may call the depletion zone [3–8].

We learn from this that the minimum of the momentum
distribution correlates with the minimum of the pair corre-
lation function. One may speculate whether a
spin dependence can be observed in the momentum distri-
bution. For this one needs to be able to adjust the relative
spin orientation of the incoming electron and the target
electron. In this way it is possible to ‘‘switch off’’ the
contribution due to exchange. The generation of a spin-
polarized primary beam is an established technique [9–11].
Spin-polarized target electrons are available in ferromag-
nets, where the overall population of one spin direction
(called majority) is larger than for the opposite spin direc-
tion (called minority). The orientation of the majority
direction can be controlled via an external magnetic field.
To maximize the spin dependence of the observable mo-
mentum distribution, one needs energy and momentum
conditions, for which target electrons with one spin ori-
entation strongly predominate. We find such conditions by
means of an ab initio electronic structure calculation. By
experiment and corresponding pair emission theory we
provide the first demonstration that it is possible to disen-
tangle exchange and correlation. We observe that the de-
pletion zone for exchange is larger than for correlation.
We built a time-of-flight (TOF) coincidence apparatus

using a spin-polarized primary beam and a ferromagnetic
sample; see Fig. 1. A spin-polarized electron beam is
created via photoemission with circular polarized light
from a GaAs surface [9–11]. Switching the light helicity
reverses the polarization direction. This spin-polarized
primary beam hits the sample along the surface normal.
In our coordinate system the x and y axis are in the surface
plane. Two channelplate detectors (labeled ‘‘left’’ and
‘‘right’’) with delay line anodes allow the determination
of the impact positions of the electrons. A coincidence
circuit ensures that only one electron pair per incident
electron pulse is detected. From the flight time and the
impact position we determine the kinetic energy and the in-
plane components of the momentum for each electron. The
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kinetic energy is defined with respect to the vacuum level.
We grow an approximately 20 ML thick Fe film on a
W(001) surface. It is magnetized in-plane with the easy
axis along the [010] direction which is parallel to the y
axis; see Fig. 1. We can apply a pulsed magnetic field along
the y axis for reversing the magnetization. The spin polar-
ization of the incoming beam is also along the y axis. The
primary spin polarization and majority spin direction can
be individually controlled. Therefore, the observed spectra
can be grouped into two subsets: (i) for subset Iþ primary
spin and majority spin directions are parallel (ii) events
with antiparallel alignment of primary electron and major-
ity spin are contained in subset I�. The reversal of the
relative spin orientation occurred every few minutes. The
data acquisition times for both spin alignments are equal
allowing direct comparison of the intensity levels. The to-
tal acquisition time was a few months due to the require-
ment to operate at low primary flux. This is mandatory in
order to reduce the detection from two electrons in coinci-
dence which come from different primary electrons. Our
target is a single crystalline surface therefore the in-plane
component of the momentummust be conserved (modulo a
reciprocal surface lattice vector). This can be written as

k v
k þ kp

k ¼ kl
k þ kr

k ¼ ksum
k : (1)

On the left side of the equation we have the contribution of
the valence electron kv

k and the primary electron kp
k , while

on the right side the contribution of the detected electrons
kl
k (‘‘left’’) and kr

k (‘‘right’’) can be found. The sum of

these two terms is called sum momentum ksum
k . Since we

operate with a normal incidence primary beam we have
kp
k ¼ 0. We note that ksum

k determines the value of the

valence electron kv
k. Since energy conservation has to hold

the energy of the emitted electrons specify the binding
energy of the valence electron. Therefore the position of
the valence electron within the band structure is uniquely
defined.

In order to disentangle exchange and correlation contri-
butions, it is important, as will be described later in detail,
to find a position with a high density of valence electron
states of mainly one spin type. To this end we have calcu-
lated the electronic structure of the ground state of a thick
Fe(001) film by means of an ab initio full-potential linear
augmented-plane-wave (FLAPW) method [12]. The result-
ing spin- and layer-resolved densities of states reveal a
strong predominance of majority spin for kv

k ¼ 0 and E ¼
�0:8 eV.
Further, we calculated (e, 2e) spectra with the aims of a

quantitative comparison with our experimental spectra and
of resolving them with respect to the valence electron
spins. For these calculations we used a formalism, which
has previously been presented in detail [7,8]. We therefore
briefly recall only the concepts and expressions which are
most essential for the present purpose. The central ingre-
dients are matrix elements of the form

f�� ¼ hl�r�jUjp�ijv�i; (2)

where jp�i and jv�i are the (spin-dependent) spatial parts
of the primary and the valence electron states with spin
orientations � ¼ � and � ¼ � relative to the majority
spin axis of the target. U denotes the screened Coulomb
interaction. The two detected electrons are described by an
antisymmetric two-electron state, the direct spatial part of
which is

jl�r�i ¼ jl�ijr�iFcorrðk; rÞ; (3)

where jl�i and jr�i are the spatial parts of time-reversed
LEED states. These are coupled by the Coulomb correla-
tion factor Fcorrðk; rÞ, which is a function of the relative
momentum k and the relative coordinate r obtained as the
numerical solution of a relative-particle Schrödinger equa-
tion involving U [8]. Because of the antisymmetry of the
two-electron states we have, in addition to the direct matrix
element f�� [cf. Eq. (2)], an exchange matrix element g��

which is analogous to f��, with l� and r� interchanged.
For the cases spin � of the primary electron parallel and

antiparallel to the spin � of the valence electron, i.e., � ¼ �
and � ¼ �� ¼ ��, we then have the fully spin-resolved (e,
2e) reaction cross sections

I�� / jf�� � g��j2� and I� �� / ðjf� ��j2 þ jg� ��j2Þ�;
(4)

where � symbolizes the conservation of energy and
surface-parallel momentum. From these partial intensities,
summation over the valence electron spins yields the ex-
perimentally observable intensities

Iþ ¼ Iþþ þ Iþ�for primary electron spin-up; (5a)

I� ¼ I�þ þ I��for primary electron spin-down: (5b)

For the application of the above (e, 2e) formalism to
Fe(001) we constructed from our ground state spin den-
sities spin-dependent effective quasiparticle potentials.

FIG. 1 (color). A transversely spin-polarized electron hits a
ferromagnetic sample. The relative orientation of the majority
and polarization direction can be independently reversed.
Momentum distributions are obtained via position sensitive
detectors and time-of-flight analysis.
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These contain, in particular, spin-dependent imaginary
self-energy parts V�

im, with � ¼ þ for spin-up and

� ¼ � for spin-down electrons. For the valence electron,
V�
im was taken from a many-body calculation [13]. For the

primary electron and the two detected electrons, which are
represented by LEED states, we used the form V�

im ¼
a�ðEþ b�Þc� , where aþ ¼ �0:22, bþ ¼ 2:67, cþ ¼
0:69, a� ¼ �0:33, b� ¼ 4:67, c� ¼ 0:62, and E is the
kinetic energy. This choice is in quantitative accordance
with experimental mean-free path data, which show that
spin-down electrons are more strongly damped than spin-
up electrons [14–16]. Using the above V�

im in a spin-

dependent LEED calculation from Fe(001), we obtained
the best agreement with experimental data [17]. In our
present (e, 2e) calculations, this V�

im yields significantly

better agreement with our experimental data than a spin-
independent Vim.

For the electron-electron interaction U in Eq. (2) we
used a screened Coulomb potential in the Thomas-Fermi
approximation U / expð�r=�Þ=r with the screening

length as a parameter determined as � ¼ 2:65 �A by com-
paring, for several primary energies, calculated (e, 2e)
spectra with their experimental counterparts.

Our aim is to disentangle exchange and correlation
which requires a valence state of high spin polarization.
From theory we know that the choice of ksum

k ¼ 0 and a

binding energy 0.8 eV below the Fermi level EF fulfills

this. Experimentally, we allow jksum
k j � 0:16 �A�1 in order

to have sufficient statistics. Further, the symmetry of the
experiment suggests to select those coincidence events,
where the kinetic energy of both emitted electrons is equal.
A primary energy of 25 eV demands both emitted electrons
have a mean energy of 9.7 eV in order to access the selected
valence state. For statistics reasons the energy sum of these
two electrons has a window of 1 eV. For 2D momentum
distributions of the data we note that for each coincident
event the in-plane components of electron left and right are
known. According to our coordinate system klx is always
negative while krx is positive. Therefore, a coincidence
event has an entry on the left and right half of the plot.
In contrast to theory which covers the full momentum
space the experiment has a limited range. Only momenta
which fall inside the area, which has the solid lines as
boundary, can be recorded; see Figs. 2(a) and 2(b). Let us
discuss the experimental intensities Iþ and I� shown in

panels (a) and (b). Starting at jkl;rx j ¼ 0 we note that the
coincidence intensity is zero which is purely instrumental
since there is a gap between the detectors. Outside this

‘‘blind’’ region, starting at about jkl;rx j ¼ 0:2 �A�1, we ob-
serve an increase of the coincidence intensity for increas-

ing k values. A maximum is reached at jkl;rx j0:7 �A�1. This

reduced intensity for small jkl;rx j values is a manifestation
of the xc hole as shown previously in experiment and
theory [4–6,8]. Apart from this similarity important differ-
ences between Iþ and I� can be noticed. First, the inte-
grated intensity for Iþ is higher than for I�. Second, the

intensity distribution for Iþ is very different from I�.
Intensities of I� close to the maximum value are confined

to jkl;rx j values near 0:7 �A�1. For Iþ the intensity levels are

close to the maximum value up to jkl;rx j of 1:1 �A�1, before a
drop can be observed. This is a consequence of the finite
angular acceptance of the instrument.
Experimental and theoretical data are best compared via

line scans through the 2D-momentum distributions for Iþ
and I�, respectively, Figs. 2(e) and 2(f). The integration

range along jkl;ry j is indicated by the dashed horizontal lines
in Fig. 2. Both experiment and theory clearly show that the
maximum intensity for Iþ is larger than the corresponding
maximum for I�. Further agreement consists in the larger
extension of the depletion zone for Iþ. The pair distribu-
tions in Fig. 2 contain, for each primary electron spin
direction, collision events with both a majority- and a
minority-spin valence electron according to Eq. (5).
Further insight is obtained by considering these two events
separately. To this end we show in Fig. 3 the calculated four

FIG. 2 (color). Results for excitation with a primary energy of
25 eV and emission of 9.7 eV electrons. In panels (a) and (c) the
spin polarization of the primary beam and spin direction of the
majority electrons are parallel (Iþ), while they are antiparallel
(I�) in panels (b) and (d). Only momenta which fall inside the
area which has the solid lines as boundary can be measured.
Panels (e) and (f) are line scans through the distributions Iþ and
I�) with an integration width determined by the dashed lines in
the upper panels.
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fully spin-resolved intensities I�� and I� �� [cf. Eq. (4)]. In
Fig. 3(a) we show the decomposition of Iþ according to
Eq. (5). We note that the main intensity to Iþ comes from
the term Iþþ (primary spin-up and valence electron spin-
up), whereas the term Iþ� (primary spin-up and valence
electron spin-down) is almost negligible. In other words:
the intensity Iþ contains essentially only those collision
events, where the spins of the primary and collision partner
are parallel. Therefore exchange and correlation play a
role. In a similar way the intensity I� is mainly given by
the contribution I�þ (primary spin-down and valence elec-
tron spin-up); see Fig. 3(b). Again, one can rephrase this by
saying that the spin of the collision partner is antiparallel to
the spin of the primary and only correlation is important.
The origin of this spin selection is that the chosen valence
state is essentially of majority type. This intrinsic spin
resolution has an important consequence, namely, the pos-
sibility to separate exchange and correlation effects be-
tween the two outgoing electrons. For the parallel spin case
Iþþ � Iþ both exchange and Coulomb correlation deter-

mine the size of the depletion zone, whereas for the anti-
parallel spin case I�þ � I� only the correlation plays a
role. The size of the depletion zone for Iþ is larger than for
I�. Therefore, one can say that the size of the exchange
depletion zone has to exceed the size of the correlation
depletion zone.
In summary, we have demonstrated by experimental and

theoretical analysis that it is possible to identify the differ-
ent contributions of exchange and Coulomb interaction to
the size of the depletion zone observed in spin-dependent
electron pair emission. Since this zone is closely related to
the spin-dependent pair correlation function, our results
also apply to the latter and thereby to the spin-dependent
parts of the exchange-correlation hole.
We acknowledge the expert assistance of H. Engelhard

and D. Hartung in designing and building the experimental
apparatus.
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FIG. 3 (color). Spin-dependent intensities as calculated for the
surface-parallel momentum along the [100] direction [Fig. 2(f)]
cf. Eq. (5). (a) The solid red line shows the intensity of Iþþ
(primary spin-up and valence electron spin-up). The dotted blue
line relates to the intensity Iþ� (primary spin-up and valence
electron spin-down). The solid black line represents the sum of
Iþþ þ Iþ� ¼ Iþ. (b) The solid blue line shows the intensity of
I�þ (primary spin-down and valence electron spin-up). The
dotted red line relates to the intensity I�� (primary spin-down
and valence electron spin-down). The solid black line represents
the sum of I�þ þ I�� ¼ I�.
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