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Energy and momentum distributions of correlated electron pairs excited by very low energy (9–30 eV) spinpolarized electrons from a thin Co ﬁlm on a single crystal of W(110) were detected and analysed. Polarization of
the incident electrons was perpendicular to the scattering plane. Spin eﬀects are presented in form of asymmetry
A = (I+ − I−)/(I+ + I−), where I+ and I− are two-electron spectra recorded with incident electrons polarization parallel or anti-parallel to the magnetization of the sample, respectively. Performing measurements at
two opposite magnetizations of the sample and assuming negligible interference between spin orbit coupling and
exchange eﬀect in scattering, two component of asymmetry can be extracted, namely a spin-orbit asymmetry ASO
and an exchange asymmetry Aex. The spin-orbit component of the scattering asymmetry was analysed as a
function of the primary energy. Contrary to normal expectations the value of spin-orbit asymmetry decreases
with increase of the primary energy in the energy range from 9 to 30 eV.

1. Introduction
Low-energy two-electron spectroscopy with spin-polarized incident
electrons [1,2] has developed into a powerful tool for studying spindependent electron scattering dynamics [3,4], spin-dependent electronic structure of surfaces [5], electron correlation and exchange [6,7]
in solids as well as spin entanglement in electron scattering from a
surface [8,9]. The essence of the low-energy two-electron spectroscopy
is the detection of two correlated electrons generated by a single incident electron [10] and it is referred to as (e,2e) spectroscopy. The fact
that two detected electrons result from one incident electron impinging
on the solid surface can be easily established just using fast coincidence
circuit with a coincidence window smaller that the time distance between two successive incident electrons. The important features of such
(e,2e) reaction is that the two time-correlated electrons can also be
“energy and momentum correlated” which means that they are generated in a single scattering event and energy and momentum conservations are applicable to the scattered electrons. Since the momentum
component perpendicular to the surface is not conserved, the momentum conservation in the (e,2e) reaction means actually conservation of the parallel-to-the-surface component of the total electron momentum (as in the case of a crystal surface). It follows that the detected
electron pair with momenta of the individual electrons k1 and k2 carries
information of the bound electron with momentum q where
⁎

k0|| + q|| + g|| = k1|| + k2|| with g|| = 0 (ﬁrst Brillion Zone, BZ),
where k0|| is momentum of the incident electron and g|| is reciprocal
surface lattice vector. The binding energy ε of the valence (bound)
electron is determined accordingly by ε = E1 + E2 – E0, where E0 is the
incident electron energy and E1 and E2 are energies of the two detected
electrons.
Theoretical analysis of the correlated pair emission from a ferromagnetic surface under spin-polarized electron impact was reported in
[1,11]. The spin eﬀect in spin-polarized electron scattering is presented
in the form of an asymmetry A = (I+ − I−)/(I+ + I−), where I+ and
I− are two-electron spectra recorded with incident electrons polarization parallel or anti-parallel to the magnetization of the sample, respectively. Berakdar has evaluated the expression for the asymmetry A
as follows [1]:

A (k1, k2; k 0) = Pe

∑l, g Al(m) Al(,sg)||Bl, g||
||

∑l′, g′ Bl′, g||′
||

.
(1)

Here l is the index of the atomic layer parallel-to-the-surface and A(m)
describes the magnetic asymmetry of the sample. The exchange scattering
asymmetry A(s) contains the dynamical aspects of the spin dependent
collisions and B is the spin-averaged intensity. This interpretation follows from the deﬁnitions of A(m), A(s), and B where
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Al(,sg)|| =

w (q||, l, ε , ⇓) − w (q||, l, ε , ⇑w )
w0 (q||, l, ε )

,

X (S = 1) (k1, k2; k 0, g||, l) − X (S = 0) (k1, k2; k 0, g||, l)
3X (S = 1) (k1, k2; k 0, g||, l) + X (S = 0) (k1, k2; k 0, g||, l)

3
1
Bl, g|| = w0 (q||, l, ε ) ⎡ X (S = 1) + X (S = 0) ⎤,
4
⎣4
⎦

new insight into the mechanism of a spin-polarized (e,2e) reaction on a
ferromagnetic surface.

(2)

2. Experiment

,

(3)

For detection of two time-correlated electrons excited by a spinpolarized incident electron we used the two-electron coincidence
technique that is described in detail initially elsewhere [16]. This
technique was combined with time-of-ﬂight electron energy measurements [17]. This combination together with large area microchannelplate based electron detectors makes an extremely eﬃcient detector of
correlated electron pairs. The geometry of the set-up is shown in Fig. 1.
Spin-polarized electrons impinge on the surface of Co ﬁlm at normal
incidence and two outgoing electrons are detected in coincidence by
detectors D1 and D2. The polarization vector of the electron beam P is
perpendicular to the scattering plane R2, which is perpendicular to the
sample surface. Plane R1 is the mirror symmetry plane which is perpendicular to the scattering plane R2 and to the sample surface. Detectors are mirror symmetric with respect to the plane R1 and their axes
comprise angles ± 50° relative to the normal to the sample surface.
The experiment was carried out in a 10−11 Torr vacuum chamber
required to keep the sample surface clean and to separate the limit of
observed accuracy and precision from the magnitude and sign of an
underlying cause or eﬀect. The Earth magnetic ﬁeld components were
compensated down to 20 mG using three pairs of Helmholtz coils.
The (110) face of a tungsten single crystal was used as a substrate
for the Co ﬁlm deposition. The crystal was oriented in such a way that
[111] direction along the sample surface was perpendicular to the
scattering plane. Before the ﬁlm deposition the substrate was cleaned
using well established procedure [18]. Since magnetic anisotropy drives
the magnetization of the Co ﬁlm on W(110) along the [111] direction of
the substrate surface, the magnetic moment of the ﬁlm is perpendicular
to the scattering plane, i.e. parallel or anti-parallel to the polarization
vector of the incident electron beam. The direction of the magnetic
moment of the ﬁlm “up” or “down” (Fig. 1 shows magnetization
“down”), was determined by the direction of magnetic ﬁeld (∼400 mG)
about the sample area created by an additional magnetic coil around
the vacuum chamber during the ﬁlm deposition. Commercial EFM-3
type (OMICRON) evaporators were used for the Co ﬁlm deposition.
The polarized electron beam was created using photoemission from
activated strained GaAs crystal [19]. The sign of the polarization was
altered every 5 s using a computer controlled liquid crystal retarder,
which changed the helicity of the circularly polarized laser light from
“right” to “left”. The data measured at each polarization of the incident
beam were stored in two ﬁles: “spin-up” and “spin-down”.
Position-sensitive electron detectors based on 75 mm diameter microchannel plates were used for the electron pair detection. To have a
reference point on the time scale for the time-of-ﬂight energy analysis
the incident electron beam was pulsed with the pulse width of about
1 ns and the repetition rate of 4 × 106 Hz. Thus, the measured spinpolarized (e,2e) spectrum consists of two (one for each polarization of
the incident beam) three-dimensional arrays: (x1,y1,t1) and (x2,y2,t2)
and the processing program allowed the construction of various distributions of correlated electron pairs.

(4)

where w0(q||,l,ε,⇓) and w0(q||,l,ε,⇑) are the Bloch spectral functions of
the majority and the minority bands, respectively. Here the arrows ⇓
and ⇑ indicate the directions of the magnetic moment of the ferromagnetic sample, which is opposite to the direction of the majority
spins electron where w0 is the spin-averaged Bloch spectral function.
The calculation scheme for A(m), A(s), and B is demonstrated in [1].
For example, A(m), characterising the material, can be derived from
spin-dependent band structure calculations. A(s) and B are calculated
from the layer dependent transition matrix elements. In particular, the
averaging over the present angular resolution involves integration over
q|| that extends basically over the entire surface Brillouin zone. The q||
integration of the Bloch spectral functions for spin-up and spin-down
states yields the surface spin split densities of states ρ(ε,⇓) and ρ(ε,⇑).
In a symmetric experimental arrangement, when the energies of
detected electrons and detection angles are equal and planes R1 and R2
(see Fig. 1) are the mirror symmetry planes of the set-up, then the triplet cross section vanishes X(S=1) = 0 and A(s) = -1 [12,13]. In this
case the dynamics of scattering are disentangled from the spin-dependent properties of the sample. This makes much easier the qualitative
comparison between the measured asymmetry and the calculated spindependent electronic structure of the solid surface.
Interesting but less studied are the dynamical aspects of spin-polarized (e,2e) scattering from surfaces. It was demonstrated that in the
case of nonmagnetic large-Z metals, such as W and Au, spin-orbit
asymmetry of the (e,2e) spectrum changes when the incident electron
energy changes, and even the sign of asymmetry may change [14]. In
case of a ferromagnetic sample there are possible two contributions to
the measured asymmetry of an (e,2e) spectrum: exchange asymmetry
and spin-orbit asymmetry. For example, the (e,2e) spectra of thin cobalt
ﬁlms on W(110) surface excited by 22 eV spin-polarized electrons show
contributions of both exchange and spin-orbit asymmetries [15],
whereas a Fe ﬁlm on W(110) does not show any spin-orbit contribution
in the asymmetry of (e,2e) spectra. Our aim was to investigate the
primary electron energy dependence of the spin-orbit contribution to
the measured asymmetry of (e,2e) spectra of thin cobalt ﬁlm to seek

3. Experimental results and discussion
Total energy spectra (that is the number of pairs as a function of
their sum (total) energy (E1+E2)) recorded with 12 eV spin-up I+ and
spin-down I− incident electrons for two
opposite magnetizations M1 and M2 of the sample are shown in
Fig. 2 a) and b). The diﬀerence spectra (I+ − I−) (open circles) have
opposite signs for M1 and M2 indicating magnetic origin of the spin
dependence.
The maximum diﬀerence between spin-up and spin-down spectra
occurs just below the Fermi level EF (EF = 7.8 eV on the total energy

Fig. 1. Geometry for spin-polarized (e,2e) studies. Full details in text. Electron
beam with spin vector P in plane R1 is incident on magnetized M1 Cobalt ﬁlm
and ejects electrons detected with time-of ﬂight mode by multichannel plates
D1 and D2 in plane R2.
2
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maximum is observed at about 5.5 eV and zero value at 4.25 eV. At the
total energy below 4.25 eV the asymmetry has a tendency to change the
sign. This complicated structure of the asymmetry spectrum reﬂects the
energy dependent spin asymmetry of the spectral density function of
the Co ﬁlm.
We analyse now how likely the valence states inside the ﬁrst
Brillouin zone (BZ) with various q|| are excited via an (e,2e) reaction.
One can ﬁx the total energy of pairs (E1 + E2) by
taking events within a band of the binding energies. For example,
one can take a slice of binding energy from 0 to – 0.5 eV (relative to the
Fermi level) and using relation k0|| + q|| + g|| = k1|| + k2|| to calculate the number of pairs excited from the valence state with the
parallel to the surface crystal momentum q|| within a given binding
energy band. In the simplest case (one dimensional), analysis can be
made via qx instead of q||. Then for each magnetization M1 and M2 the
asymmetry can be constructed according to the deﬁnition:
AM1 = (IupM1 − IdownM1)/(IupM1 + IdownM1),
AM2 = (IupM2 − IdownM2)/(IupM2 + IdownM2).
Fig. 3 shows the asymmetries of qx – distributions of correlated
electron pairs excited by 9 eV polarized electrons with polarizations
“spin-up” and “spin-down” from a ferromagnetic Co ﬁlm with magnetization M1 and M2. The distributions are not symmetric with respect to
the zero point qx = 0 and they are not mirror symmetric relative to the
line y = 0.
Hence the spin-orbit contribution to the measured asymmetry is not
negligible. To the leading terms (neglecting interference between exchange and spin-orbit scattering amplitudes), the exchange and spinorbit contributions to the measured asymmetry are [20,21]:
Aex = ½ (AM1 – AM2) and ASO = ½ (AM1 + AM2).
Fig. 4 (a) shows that the spin-orbit contribution ASO to the asymmetry of qx – distribution for 9 eV primary electron energy. The distribution spans only in the range of qx from qx = −0.3 Å−1 to
qx = 0.3 Å-1 and changes sign from positive (for qx < 0) to negative (for
qx > 0) as expected for the spin-orbit eﬀect.
We note, as mentioned above, our aim was to investigate how the
spin-orbit contribution to the asymmetry of the cobalt (e,2e) spectrum
changes with primary electron energy which we study from 9 to 30 eV.
Fig. 4 represents spin-orbit contributions to the asymmetry spectra of qx
– distributions measured on 3 ML Co ﬁlm on W(110) at primary electron energies of 9 eV, 12 eV, 22 eV, and 30 eV. Qualitatively, all these
spectra are similar: they change sign from positive (for qx < 0) to negative (for qx > 0) as expected for spin-orbit eﬀect. However, the span
Fig. 2. Spin-dependent total energy distributions of electron pairs ((a) and (b))
and asymmetries of these distributions ((c)))) from a Cobalt ﬁlm and 12 eV
incident electron energy. Asymmetry in these distributions ((c)) indicate the
magnetic origin of spin dependence.

scale) in the range of total energy between 6.5 and 7.5 eV. This difference is determined by the spin-dependent valence density of states
(i.e. energy distribution of the majority and minority electron states) as
well as by spin-dependence in the cross section of the correlated electron pair emission under spin-polarized electron impact. The asymmetry spectra A(Etot) deﬁned as A = (I+ − I−)/(I+ + I−) measured
for two opposite magnetizations M1 and M2 are shown on Fig. 2c). The
spectra are quite symmetric with respect to the line y = 0. This indicates again that the spin eﬀect is determined by the mutual orientation of the polarization vector of the incident beam and the magnetic
moment of the sample, i.e. has magnetic origin. In other words it is
mostly due to the electron exchange. On both spectra, for M1 and M2, a
clear structure can be recognized: the absolute value of asymmetry
reaches maximum at about 7 eV total energy, the second local

Fig. 3. Electron exchange spin eﬀect. Electrons incident on cobalt. Asymmetries
of surface crystal qx–distributions for M1 and M2 magnetizations. Full description in text.
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of qx, i.e. accessible range of the valence electron wave vector that can
be probed by the (e,2e) spectroscopy, varies from |qx| < 0.3 Å−1 for
Ep = 9 eV, to |qx| < 1.5 Å−1 for Ep = 30 eV. The magnitude of the
asymmetry unexpectedly decreases with the increase of primary electron energy from about 5% for Ep = 9 eV, to about 2% for Ep = 30 eV. It
probably means that the simple picture of the origin of SO asymmetry,
where the spin-orbit interaction in the valence electron state is involved
in the (e,2e) scattering, determines the overall SO asymmetry of the
(e,2e) spectrum. First, the incident spin-polarized electron supplies
some orbital angular momentum to the excited electron pair that can be
considered as a quasi-particle. This new entity is characterized by a
total angular momentum L and a total spin S. Their mutual interaction
as well as interaction with spin-dependent surface potential barrier may
lead to a spin-dependent probability of the electron pair detection. To
understand the origin of spin-orbit asymmetry in the (e,2e) scattering of
spin-polarized electrons from a ferromagnetic relatively low-Z metal it
is necessary to carry out a thorough theoretical analysis including
possible “geometric phase eﬀect” during exchange scattering leading to
an eﬀective spin-orbit coupling [22].
4. Conclusions
The strength of the (e,2e) method with low energy incident spinpolarised electrons continues to add to the vast knowledge of the pervasiveness of the spin-orbit interaction. Here, the observations of various electron scattering asymmetries are combined with theory for insightful interpretations, particularly leading to eﬀective inﬂuence on
the spin of the thin ﬁlm. Signiﬁcant experimental care is required to
separate the limit of observed accuracy and precision from the magnitude and sign of an underlying cause or eﬀect. Speciﬁcally, the present experiment indicates more work is required, for example of thin
magnetic ﬁlms on W(110), to separate the eﬀects of k- and q- dependent interactions which perturb pseudo-orbitals and subsequent electronic paths.
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