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Abstract

This study focuses on the angular and the energy dependence of the exchange scattering between an energetic po-
larized electron and the conduction band electrons of an itinerant ferromagnet. Upon the collisions the two electrons
participating in the scattering process are excited into vacuum levels where their quantum mechanical states, i.e. their
wave vectors can be resolved at the same time. The numerical calculations illustrate that the recorded two-particle
spectra can be utilized to study the spin-split electronic structure near the Fermi level and to obtain information on the
nature of the exchange scattering in ferromagnetic materials. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The exchange interaction is a vital prerequisite
for the occurrence of the long-range magnetic or-
dering in a variety of materials. This interaction
is a result of the fermionic nature of the elec-
trons which implies that the quantum state of a
multi-electron system must be antisymmetric with
respect to an exchange of any two individual elec-
trons. In the case where the spin degrees of free-
dom are decoupled from the spatial degrees of
freedom one can write the quantum state of an
electronic system as a direct product of a spin and
a spatial part. If the spin part is antisymmetric
with respect to exchange the spatial part must be
symmetric and vice versa. Thus, in principle to
investigate the exchange interaction one should
monitor the scattering of, at least, two electrons
with well-defined spin projections and then flip the
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spin projection of one of the electrons in which
case the symmetry of the spin part of the wave
function is changed. To obtain a clear picture
on the influence of this symmetry operation one
should resolve all the relevant quantum numbers
of the two electrons before and after the collisions.
Experimentally this is a challenging task since the
coincident two-electron detection combined with
the measurement of the spin-polarization of elec-
trons results in very low-counting rates. Hence, it
is only recently that such experiments have been
conducted [1-4]. It should be remarked however,
that the information obtained by such a coincident
technique is restricted to hot electrons, i.e. excited
electrons with several eV’s above the Fermi level.
Electron—electron scattering right at the Fermi
level cannot be studied by these methods.

On the theoretical side to describe the state-
resolved scattering in an electronic system one has
to deal with the excited-state of a many-body sys-
tem, which is notoriously difficult. In the context
of the present work two kinds of correlations have
to be treated: (1) Electronic correlation in the
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single-particle ground and excited state of the sur-
face. This situation is akin to other widely used
single-particle spectroscopies, such as single photo-
emission and electron-energy loss spectroscopy. In
the calculations shown here electronic correlation
of this kind is included on the level of density-
functional theory within the local-density approx-
imation. To incorporate the particle-hole spectrum
in a more appropriate way we are currently
working on utilizing the so-called GW approach [5]
for the coincident two-electron spectroscopy. The
second kind of correlation that has to be incorpo-
rated in the theory is the interaction between the
two electrons escaping into the vacuum. This kind
of interaction has to be done at least on the two-
particle level, since two electrons are detected. The
approach of the present study to this part of the
problem is first to choose an appropriate model for
the electron—electron interaction and then to eval-
uate numerically the particle—particle propagator.
As discussed below the validity of the theoretical
model is restricted to the vicinity of the Fermi level
Eg. This is reflected by a reasonable agreement
between experiment and theory for the spin-
dependence of the two-particle spectrum around
Erx. However, this agreement turns into a dis-
agreement when the two electrons are emitted from
levels considerably lower than Eg. In this case, in
contrast to experimental data, the calculations
show a strong spin dependence of the emitted two-
particle spectrum. The reason for this observation
is that the theory does not account for multiple
scattering of the emitted electron pairs from other
electrons of the conduction band. These processes
which are irrelevant at Eg, are strongly spin de-
pendent and are the primely source of the spin
decoherence. Thus, in the experiment, only mar-
ginal spin dependence is observed away from FEr.

2. Theoretical formulation
2.1. Preliminary remarks

For a concise presentation let us restrict the
discussion to the experimental situation studied in

[2]. A polarized electron beam with a polarization
vector P; and a wave vector k, impinges onto a

clean ferromagnetic surface (a BCC Fe(110) in the
present study) with a well-defined magnetization
direction M (cf. Fig. 1). Upon the interaction of a
single electron of the incoming beam with the
electronic states in the conduction-band two elec-
trons are emitted with the energies £; and E, and
under certain emission angles 6, and 6, with re-
spect to the incoming beam direction. The ques-
tion to be addressed is the following: How does the
emission rate of the two electrons change if the
direction of P; or/and M is inverted? In other
words the quantity of interest is a spin asymmetry
o/ which is determined by measuring the electron-
pair emission rate J# when the magnetization di-
rection (hereafter denoted by M) is antiparallel or
parallel to the polarization vector (]) of the in-
coming beam. The spin asymmetry .o/ is then
evaluated as

W) - we™)
WA + w )

For the reaction sketched above the following
energy and wave vector balance apply:

Ey+e=E1 + Es, (2)

oA (1, Ky, ko) = (1)

Fig. 1. The experimental set-up as employed for the coinci-
dence measurements shown in Fig. 2. The direction of the
magnetization M, the spin polarization vector of the incoming
beam P; as well as the wave vectors of the incoming and the
two emitted electrons ky, k; and k, are indicated. The two
electrons are detected under an angle of 40° to the left and to
the right of the z axis.
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ko +q,+g =ky+ky. (3)

Here, ¢ is the energy of the valence band electron
before it is being excited into the vacuum and ¢ is
its (surface) Bloch wave vector. The surface re-
ciprocal lattice vector is denoted by g. Since we
assumed that the quantities Ey, £, E; and ko, &y,
ky) are given by the experiment one can control,
via Egs. (2) and (3), the values of € and ¢, i.e. one
can zoom into certain states in the (magnetic)
surface Brillouin zone (BZ). For example we can
excite electrons from deeper levels of the conduc-
tion band by lowering E, while keeping E, and E
fixed. Equivalently, one can vary ¢, by changing,
e.g., ko for given ky, ky and g;.

2.2. The two-electron emission probability

The incoming polarized electron beam can be
described by the density operator p* with matrix
elements p;! oy where my, is the projection of the
electron’s spm s1. As usual p*' can be expanded
linearly in terms of the Pauli matrices o as

P =1+P; 0. 4)

To characterize the electrons in the exchange-split
conduction band we employ the density matrix
Pi. m,» Where s is the spin of the electron and m;,
stands for its projection. A representation of the
density operator p* is obtained from

p* =wolky, 1, €)(1 4 P> - 0). (5)

Here wy(ky, [, €) is the spin-averaged Bloch spec-
tral function of the layer / and P, is the spin-
polarization of the energy and the wave-vector
resolved electronic states in the conduction band,
ie.,

W(k2Ha l7 €, ﬂ) - W(k2H) 17 €, i})

PZ - Wo(kzn, l, 6) ' (6)

The quantities w(qy, ., ¢, ft) and w(q, [, ¢, |}) are the
Bloch spectral functions of respectively the ma-
jority and the minority bands whereas wy is the
spin averaged Bloch spectral function. The spec-
tral functions of the sample can be obtained from
conventional surface band structure calculations

such as the full-potential linearized augmented
plane-wave method [8] or from a self-consistent
layer-resolved Korringa—Kohn—Rostoker method
[9]. These methods are based on the density func-
tional theory within the local-density approxima-
tion which works well for the ferromagnetic
ground state of iron. The spectral functions are
obtained from the trace of the imaginary part of
the single-particle Green function g. It has not yet
been possible to employ for this kind of studies an
expression for g that contains an appropriate self
energy function that accounts for the life-time
broadening and for the energetic shift the quasi-
particle states [5]. In the calculations shown below
we assume the imaginary part of the self-energy to
be merely a spin-independent constant (0.02 eV).

The cross section W for the simultaneous
emission of two electrons with wave vectors k; and
k; in response to the impact of a projectile electron
with wave vector k is given by

W(k2>klak0) :C Z / ZT‘()STT(S Ef )

m, ; m, ; Mgy s,

Here C = (2n)* /ko, p* = p* @ p* and « labels all
experimentally non-resolved quantum numbers. In
the experiment the spin projections of the final
state electrons my,, my, are not resolved. This is the
reason why we sum over these states in Eq. (7). It
should be noted however, that in absence of spin—
orbit interaction the total spin S is conserved and
there is no need to resolve the total spin state S in
the final state once it is known in the initial state.

Eq. (7) involves the matrix elements 7" of the
transition operator J~ of the system consisting of
the beam electron and the magnetic surface,

T(kbmx’l ) k27 m&’27 kOa mg, , o, msz)

= <lpk1,k24ms/l ,mxzz (17 2) |'9-|¢f,oc,,v2,m;2 (2)(pk0,51m31 (1)>
(8)

In this relation Pry 5ym, is a spinor vacuum state
which describes the incoming beam while the sin-
gle-particle ground state of the surface electron is
Prysym,, (2)- The vacuum electron pair is described
by the two- particle state vector [}, 4, mymy (1 2)).
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For the evaluation of (7) the calculation of T has
to be carried out. In this work we treat the operator
7 to a leading order in the electron—electron and
the electron—crystal interaction [7] to arrive at the
approximation 7 & Ugyur + Uee(l + G, Usur). Here
U, is the electron—electron interaction and G, is
the Green function involving the potential U,.. The
surface scattering potential is denoted by Ugys.
Spin dependent scattering, such as spin—orbit in-
teractions are neglected in this work. This model
takes into account the electron-pair diffraction
from the surface crystal potential but it does not
account for energy-loss processes of the electron
pair. According to the energy conservation law (2)
these processes are not allowed at the Fermi level,
however if electronic levels deeper in the band are
involved one has to consider these multiple-step
processes. Hence, the above sketched model is
justifiable for the electron-pair emission from the
vicinity of Ef but it is expected to break down if the
initially occupied levels are far below Ef.

In a previous work [6] a group theoretic analysis
has been performed to expose the formal structure
of the cross section. The portion of the cross sec-
tion (7) which is of interest for this work has the
following structure [6]:

WY wo(Ay, 1) X[l + .#15(E; — E), (9)
8!

where the asymmetry function .« is defined by the

relation

o
A e ) = (A L D] Xa A (Er — Ey)
- S0 wo(A 1€)X Xard (Er — E)
_ A - we

W) + M)’
In these relations we have introduced the wave
vectors

A, ZKﬁ_gu_kOHv Kﬁ=k1\|+k2u7 (11)

and A° is the “exchange scattering asymmetry”
defined as

(10)

AS
L XC Ok Ky ko gy 1) — XO (ki Ko ko, gy, 1)
T X(S:())(k],kz;ko,g”, l) + 3X(S:1)(k1,k2;k0,gu7 l) .
(12)

As detailed in [2,6], for a given layer, A* acquires a
unity value if the experiment is invariant under an
exchange of ki and kj, for in this situation the
triplet scattering is forbidden, i.e. X®=Y = 0. In
this highly symmetric case and if we consider a
free-standing monolayer or a bulk system the
asymmetry (Eq. (10)) takes on the form

o W(AHv €, U’) B W(AHv €, ﬂ)
7= "wA e ) FwAp e ) (13)

In other words, if an experimental situation is re-
alized for which an exchange of the two emitted
electrons has no influence, the spin-polarization of
the sample can be imaged by measuring the spin-
asymmetry in the two-electron emission spectrum.

3. Numerical results and comparison with experi-
ments

Now we turn to the numerical evaluation of Eq.
(10) and to the comparison with experiments. The
experiment has been conducted in the geometry
shown in Fig. 1. Here we discuss the results for two
impact energies £y = 20 and 27.6 eV. The emission
angles 0, and 0, of the two electrons are measured
and have a fixed value of 40°. In the experiment
the detectors which are positioned at 6, = 40° and
0; = 40° have however a finite resolution.

The energies of the two electrons are deter-
mined and the experiment is performed in a mode
where E; = E,. This condition (£; =E, and
0, = 0,), is of a particular interest as it corre-
sponds to the I" point as deduced from Eq. (3) (in
this case ko = 0, k| = —ky)). Therefore, different
values of E| = E, correspond to different binding
energies € = E| + E, — Ey of the conduction band
electrons (cf. Eq. (2)) at the I" point.

In this highly symmetric situation of the set up
shown in Fig. 1 (E; = E;) the complete experiment
and in particular the sample’s properties are in-
variant under a 180° rotation with respect to the
z||ky direction. On the other hand this symmetry
operation is equivalent to an exchange of k; and
k,. Therefore, the triplet scattering vanishes and
the term 4°* (Eq. (12)) takes on a unity value. This
means that the spin asymmetry .o/ (Eq. (10)) in this
case is directly related to the properties of the
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electronic band structure of the sample (cf. Egs.
(10) and (13)).

To contrast these statements with experiments it
is important to note that the theory has to account
for the finite detection solid angles. In the set-up of
Fig. 1 the electrons are emitted into a solid angle
Q, with an aperture 4y. The sampling over
implies an averaging over k, and k> within a cer-
tain range. From Eq. (3) it follows that this pro-
cedure corresponds to an integration in a certain
region in the BZ around the I" point.

In Fig. 2(a) and (b) we compare the theory with
the experiments performed in the set-up shown in
Fig. 1 where € is varied by varying E| (while keeping
the condition E, = E;). The angular resolution is
Ag = 15°. As stated above for the strict condition
0, = 0, and E, = E, the spin asymmetry ./ (Eq.
(10)) is an image of the spin-polarization P, (cf. Eq.
(6)) in the respective region in the BZ. Therefore,
the value of .o should not depend on the incident
energy E, of the beam (since P, is independent of
Ey). This statement is endorsed by the experimental
and the theoretical results for the spin asymmetry
near the Fermi level. It should be stressed that
the sign and the absolute magnitude of the spin
asymmetry is determined by the experiment. The
theory performs well near the Fermi level. This is
not surprising since the approximation made in the
theory are justifiable near Er. In fact one may
perform the experiment such that the energy e is
fixed to be near Er and then scans the asymmetry as
function of the crystal momentum ¢, as done in
Refs. [2,6]. There it has been also been demon-
strated that the theory is capable of describing the
behaviour of the spin asymmetry near Eg.

However, if the theory is applied beyond its
range of validity, i.e. away from Er considerable
deviations between experiment and theory are
observed. This is due to the fact that when the
emission occurs from deeper levels in the band the
two electrons, before escaping the surface, may
scatter from other surrounding electrons losing
some of their energies and changing their spin
projections (due to the exchange interaction). A
sequence of such inelastic energy-loss processes
may lead to a complete spin decoherence of the
electron pairs and hence to a vanishing spin asym-
metry, a behaviour which is indicated by Fig. 2.
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Fig. 2. (a, b) The spin asymmetry .o/ measured in the set-up
shown in Fig. 1. The energies of the two emitted electrons are
equal (Ey = E;). The asymmetry . is varied as function of the
energy € = E| + E; — Ey. According to Eq. (2) e corresponds to
the binding energy of the ground state electrons and hence the
Fermi energy is at e = 0. The sets (a) and (b) show the spin
asymmetry in the electron-pair spectrum for two different in-
cident energies E, of the incoming electrons (E, = 20 eV in (a)
and Ey = 27.6 eV in (b)). In the theory the angular resolution of
each of the detectors (0, = (40 & 15)°) has been taken into
account. Full squares with error bars are experimental data [10]
whereas the solid lines are the theoretical results.

This decoherence mechanism is not taken into
account by the present theory and hence the dis-
agreement seen in Fig. 2.

Thus it can be concluded, that the present
technique is well suited to study the spin polar-
ization of ferromagnets only near the Fermi levels
where the energy conservation (Eq. (2)) law for-
bids inelastic processes of the electron pairs (elec-
trons which lose energy do not escape the surface
due to energy considerations).

On the other hand the two-electron coincidence
spectroscopy has an advantage in that it is very
surface sensitive due to the short escape depth of
electrons and since that two electrons have to es-
cape the sample. To illustrate this theoretically we
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consider in Fig. 3 the spin asymmetry corre-
sponding to the calculations of Fig. 2(a) but the
contributions of each of the atomic layers are re-
solved. As clear from Fig. 3, the positive sign and
the magnitude of the spin asymmetry at Ef, as
observed in Fig. 2, are basically due to the pair
emission from the first layer. The spin asymmetries
corresponding to emission from of other layers
have negative signs near Er and their contribu-
tions are marginal since the spin asymmetries for
the pair emission from the first layer (Fig. 3) re-
sembles well the spin asymmetry in the electron-
pair spectrum for emission from the surface (Fig.
2(a)). In contrast, the spin polarization (spin
asymmetry) of the third, fourth and fifth layers
show already a behaviour very similar to that of a
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Fig. 3. For the case depicted in Fig. 2(a) we show the spin
asymmetry as calculated from the individual atomic layers in-
dexed by /. / = 0 is the first atomic layer.

bulk sample and is at variance with the experi-
ments depicted in Fig. 2(a). Here it should be
mentioned that the calculations shown in Fig. 2(a)
are performed such that the transition matrix ele-
ments are calculated for each layer and then these
layer and spin-resolved matrix elements are sum-
med coherently. From the coherent sum the cross
sections and the spin asymmetries are obtained.
That a given layer has a minor contribution means
that the transition matrix elements specific to this
layer do not deliver appreciable contribution to
the coherent sum.

4. Conclusions

This paper deals with the electron-pair emission
from magnetic surfaces following the impact of
polarized electrons. It has been shown that the
electron-pair emission technique can be utilized,
under certain conditions, to map out the spin-split
electronic band structure of the sample near the
Fermi level. Away from Eg spin-dependent in-
elastic collisions of the electron pair from other
electrons lead to a spin decoherence. In addition, a
theoretical evidence has been presented for the
surface sensitivity of the proposed method.
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