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Abstract
The existence of highly spin polarized photoelectrons emitted from non-magnetic
solids as well as from unpolarized atoms and molecules has been found to be very common in many
studies over the past 40 years. This so-called Fano effect is based upon the influence of the spin–orbit
interaction in the photoionization or the photoemission process. In a non-angle-resolved photoemission
experiment, circularly polarized radiation has to be used to create spin polarized photoelectrons,
while in angle-resolved photoemission even unpolarized or linearly polarized radiation is sufficient to get
a high spin polarization. In past years the Rashba effect has become very important in the angle-resolved
photoemission of solid surfaces, also with an observed high photoelectron spin polarization.
It is the purpose of the present topical review to cross-compare the spin polarization experimentally found
in angle-resolved photoelectron emission spectroscopy of condensed matter with that of free atoms, to
compare it with the Rashba effect and topological insulators to describe the influence and the importance
of the spin–orbit interaction and to show and disentangle the matrix element and phase shift effects therein.

The relationship between the energy dispersion of these phase shifts and the emission delay of
photoelectron emission in attosecond-resolved photoemission is also discussed. Furthermore the influence
of chiral structures of the photo-effect target on the spin polarization, the interferences of different spin
components in coherent superpositions in photoemission and a cross-comparison of spin polarization in
photoemission from non-magnetic solids with XMCD on magnetic materials are presented; these are all
based upon the influence of the spin–orbit interaction in angle-resolved photoemission.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Until the publication of the famous paper by Ugo
Fano [1] on the theoretical prediction of spin polarized
photoelectrons ejected from cesium atoms by means of
circularly polarized light, it was believed that the spin
polarization of photoelectrons is a relativistic effect, which is
only important at high photon energies or high photoelectron
velocities (v/c ∼ 1) or when the charge of the nucleus is
large (Z ∼ 100). Meanwhile we know from many experiments
and theoretical calculations that nearly all photoelectrons are
highly spin polarized, regardless of whether they are produced
by circularly polarized light at free atoms, free molecules,
non-magnetic solid and adsorbates or by linearly polarized
or even by unpolarized radiation in an angle-resolved
photoemission experiment [2]. Spin polarized photoemission
on non-magnetic systems, known for decades as the ‘Fano
effect’ [3], has experienced a renaissance over recent years,
whilst strong interest has also grown in an aspect of surface
physics known as the ‘Rashba effect’ [4], a complete spin
splitting of momentum-resolved surface states. These effects
are all based jointly on the influence of the spin–orbit
interaction.

In 1970 Ugo Fano [5] named the reason for the existence
of spin polarized photoelectrons as ‘spin–orbit coupling: a
weak force with conspicuous effects’. Although the spin–orbit
interaction is weak and its fine structure splitting is small,
the spin polarization of photoelectrons is often complete,
i.e. 100%.

It is the goal of the present paper to cross-compare
selected experimental results of spin-resolved photoelectron
spectroscopy in the gas phase of free atoms with spin- and
angle-resolved photoemission of condensed matter and to
explain the joint basic influence of the spin–orbit interaction.
There are some topical reviews in the literature [2, 3, 6–12]
which cover partial aspects of spin polarized photoemission
due to spin–orbit interaction.

The only precondition for getting spin polarized pho-
toelectrons from non-magnetic systems is that the influence
of the spin–orbit interaction is resolved somewhere in the
experiment, spectroscopically, by use of monochromatic

Figure 1. Emission angle integrated spin polarization of
photoelectrons ejected by circularly polarized uv light from cesium
atoms and extracted by means of an electric field. Experimental
error bars [13, 14] and theoretical prediction (curve [1]) (the Fano
effect). Positive spin polarization means parallel to the light helicity;
at the photon wavelength of 290 nm all photoelectrons produced
regardless of their direction of emission have a complete spin
polarization parallel to the photon spin. From [13].

radiation to resolve the fine structure splitting of the initial
or the final state, or by use of an electron spectrometer to
resolve the fine structure splitting of the final state (ionic
state or hole state), or by studying emission angle-resolved.
The first experimental verification of the Fano effect was
performed as predicted with free cesium atoms: figure 1 shows
the experimental results [13, 14] in cross-comparison with
Ugo Fano’s prediction [1]. A pronounced spin polarization
of photoelectrons angle integrated extracted by an electric
field was measured along the direction of the helicity
of the radiation to be between +100% and −50%, the
positive and negative sign indicating parallel and antiparallel
spin polarization direction relative to the light helicity,
respectively.

Since the photoelectrons are ejected from the 6s1/2
ground state no spin–orbit interaction is present in this
initial state. The spin–orbit interaction shows its effect here
in the difference of matrix elements for transitions into
the p continuum states. R1/2 and R3/2, the radial dipole
matrix elements for transitions into the non-equal continua
p1/2 and p3/2, are different due to the influence of the
spin–orbit interaction as shown in figure 2: the two radial
matrix elements vanish at different photon energies creating a
spin–orbit splitting of the position of the deep minimum of the
photoionization cross section (so-called Cooper minimum)
given by the square of the corresponding dipole matrix
element [1]. When R3/2 = −2R1/2 [14] the spin polarization
of all photoelectrons, regardless of their direction of emission,
is 100% parallel to the photon spin. This effect is a
complete spin polarization transfer from the photons onto the
photoelectrons due to a matrix element effect for transitions
where spin and orbit are parallel (p3/2) or antiparallel
(p1/2). Further on, similar matrix element effects also occur
in spin-resolved photoemission in condensed matter: the
experimental photoemission results of alkali layers [15, 16]
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Figure 2. The radial matrix elements R1/2 and R3/2 for optical
transitions from the s1/2 ground state to the spin–orbit-induced
different continua p1/2 and p3/2, respectively, have different zero
crossings as a function of the photon energy. These zero crossings
define a Cooper minimum of the cross section [1].

Figure 3. Comparison of the emission angle integrated
photoelectron spin polarization ejected by circularly polarized light
from different solid alkali films. The curves denote the averaged
experimental results. Their statistical uncertainties are described by
the size of the single error bar shown outside the curves [15, 16].
Adapted from [15, 16].

and of a GaAs crystal [17] are given in figures 3 and 4,
respectively. In GaAs the transition is reversed to the
above-discussed case of cesium atoms: the initial states are the
spin–orbit interaction fine structure split p1/2 and p3/2 states
and the final band is s1/2: however, also here the different
matrix elements define the spin polarization values of the
photoelectrons (see figure 5).

Figure 6 shows the set-up of a typical UHV apparatus for
the measurement of an angle- and spin-resolved photoemis-
sion experiment [18]. Elliptically polarized radiation with a
large amount of circular polarization (more than 90%) either
from a helical undulator [19] or emitted out-of-plane (above
or below) of a synchrotron [20] or from a discharge lamp and
use of a linear polarizer and a quarter-wave plate [21] or from
a laser [22] (to resolve the rotational states of a molecule) hits
the target, mostly in normal incidence.

The photoelectrons emitted normally (as shown in
figure 6) or at any emission angle are analyzed with respect to
their spin polarization by means of Mott scattering at energies
after acceleration between 30 and 100 keV [3, 23, 24].
The spin polarization is given by the left/right or up/down
scattering asymmetry. Solid crystal surfaces are prepared and
analyzed by means of typical surface physics techniques as
shown in figure 6.

Figure 4. Spin polarization of photoelectrons parallel to the light
helicity emitted from cesiated GaAs(110) single crystal by means of
circularly polarized light. Reproduced with permission from [17].
Copyright 1976 American Physical Society.

Figure 5. On the left: energy bands of GaAs near the �-point with
the spin–orbit fine structure splitting of the valence bands. On the
right: the degenerate states at k = 0 are labeled by their mj quantum
numbers. The allowed transitions for σ+(�mj = +1) and
σ−(�mj = −1) circularly polarized light are shown as solid and
dashed arrows, respectively. The circled numbers represent the
relative transition probabilities. Reproduced with permission
from [17]. Copyright 1976 American Physical Society.

In the following section 2, the spin polarization transfer
due to matrix elements effects in experiments using circularly
polarized radiation is further discussed in photoionization
and photoemission. In sections 3 and 4 the focus moves
to the influence and importance of phase shift effects on
photoelectron spin polarization when even unpolarized or
linearly polarized radiation is used. Here the photoelectron
emission from atoms as well as from solids has to be
studied emission angle-resolved. In section 5 the relationship
of the energy dispersion of these phase shifts obtained
in spin-resolved photoelectron spectroscopy with the time
delay of photoelectrons emitted as recently measured in
attosecond-resolved photoemission is discussed.

In section 6 influences of chiral target structures in
addition to the spin–orbit interaction on the photoelectron
spin polarization are presented. In section 7 recent results
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Figure 6. Experimental set-up of the apparatus for angle and spin
polarization resolved photoemission spectroscopy at solid surfaces
used at the electron storage ring BESSY in Berlin [18] and in
further experiments. Low energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) is used to characterize the order
and cleanness of the crystal surface in the preparation chamber,
respectively. Adapted from [18].

of the Rashba effect and topological insulators are presented
and discussed. In section 8 the spin–orbit-induced coherent
superposition of spins is reviewed and in section 9 the cross-
comparison of spin polarized photoemission from magnetic
materials measured in the paramagnetic phase (above the
Curie temperature) with XMCD of the same material (below
the Curie temperature) is presented in order to show up
how spin–orbit interaction is present and should be taken
into account, even for magnetic materials where exchange
interaction is dominant and additionally influences the spin
orientation of the photoelectrons. In conclusion section 10
summarizes the influence of the spin–orbit interaction in spin-
and angle-resolved photoemission experiments. It should be
noted that this paper does not review the important theoretical
work performed in spin-resolved photoemission which would
be, of course, a second review article of similar length.
Important aspects are discussed in [7, 25–27].

2. The spin polarization transfer from spin
(circularly) polarized radiation onto the
photoelectrons: the matrix element effect in
photoelectron spin polarization

Already in figure 1 an example is presented for uv light
of 290 nm, where all photoelectrons ejected from cesium
atoms by means of circularly polarized light are completely
spin polarized regardless of their direction of emission. This
measured case exists where the radial matrix elements for
the s → p3/2 and s → p1/2 optical transitions relate to
each other by a factor of −2. Here the photoelectron spin
polarization always coincides in its direction with the photon
spin for left or for right circular light polarization. Thus this
effect can be seen as a complete spin polarization transfer
from the photons to the photoelectrons. In the presence of
spin–orbit interaction orbital angular momentum quantum

Figure 7. A rotating spin polarization vector of complete
polarization at all emission angles θ in the reaction plane defined by
the photon and the photoelectron momenta. σ+ circularly polarized
light is incident from the left. There are the two spin polarization
components (projections of the spin polarization vector shown) of
the photoelectrons ejected from thallium atoms at a radiation
wavelength of 83 nm [28]. The spin polarization component
perpendicular to the plane shown is zero for all θ . From [28].

numbers ml are no longer ‘good’ quantum numbers. Thus
the optical transitions no longer follow the selection rules
�ml = ±1 (an increase of the orbital angular momentum
for the use of circularly polarized light). The transitions
follow the selection rules �mj = ±1 with the consequence
that a spin polarization may arise in the final state, in
some cases as discussed above even a complete one. A
similar effect of a complete spin polarization transfer to the
photoelectrons has been measured with free thallium atoms,
where again all photoelectrons produced are completely
spin polarized; however, the polarization vector rotates in
the photoemission plane when the photoelectron emission
is studied angle-resolved. Figure 7 shows the experimental
result [28] of the spin polarization vector (amount to be 1,
i.e. a 100% spin polarization) in the plane defined by the
photon momentum and the photoelectron momentum. The
arrows show the directions of the spin polarization vector;
they all reverse their direction by 180◦ if the light helicity is
switched from right-handed to left-handed.

This special case happens with thallium atoms at a photon
wavelength of 83 nm. The measured values [28] of the spin
polarization component P(θ) parallel to the photon spin as a
function of the emission angle is presented in figure 8 together
with a fit according to the equation

P(θ) = A − αP2(cos θ)

1 − β/2P2(cos θ)
(1)

where P2(cos θ) = 3/2 cos2θ − 1/2 is the second Legendre
polynomial and A, α and β are the dynamical parameters
describing the intensity and spin polarization distributions in
angle-resolved photoelectron emission spectroscopy. A is also
the angle integrated spin polarization, when all photoelectrons
are studied regardless of their direction of emission by use
of an electric field as discussed in section 1 and shown in
figures 1 and 3, since the angle integration of the second
Legendre polynomial is zero in equation (1).
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Figure 8. Angular dependence of the spin polarization component
P(θ) parallel to the radiation helicity (see figure 7) at 83 nm
photoionization wavelength for thallium atoms. The solid line
drawn through the data points represents a least-squares fit yielding
the dynamical parameters given in the figure. The dashed curve is
the deconvoluted curve for a zero angular acceptance cone of the
electron spectrometer used [28]. From [28].

β is the asymmetry parameter of the differential pho-
toemission cross section describing the angular dependence
of the photoelectron intensities and α describes the angular
dependence of the spin polarization component along the
direction of the light helicity. It is worth noting that, for the
special case shown in figures 7 and 8, the three dynamical
parameters as well as the total photoionization cross section
only depend upon two real radial dipole matrix elements R3/2
and R1/2 describing the optical transitions from p to d3/2 and
s1/2 continuum states. It should further be mentioned that
at 83 nm within an autoionizing resonance (or in ‘resonant
photoemission’ in the language of condensed matter) this
special case appears with the relation of both radial matrix
elements being R3/2 = 2R1/2 [28], very similar to the case
of the Fano effect with free cesium atoms (see section 1)
and also yielding a complete spin polarization vector of all
photoelectrons in the photoemission plane. Again the spin
polarization of photoelectrons only depends upon two matrix
elements in a special ratio to each other to create a complete
spin polarization transfer in photoemission with circularly
polarized radiation.

There are two possible cases to obtain a complete spin
polarization of electrons in final states after a photoabsorption
process. Either the final state is a quantum mechanical pure
state, i.e. it consists only of one magnetic substate, for
example fulfilled in p1/2 → s1/2 transitions with σ+ light
as shown in figure 5 right part. It is worth noting in this
section that in this case, for a reason discussed later, no

transition to a d final state may occur. In the other case, the
complete spin polarization occurs if all final states of different
spin polarization are coherently superposed and interfere with
each other in photoemission and the ‘wrong’ spin part is
destructively suppressed in interference.

This second case is fulfilled in the two examples
discussed so far, the photoionization in cesium and thallium
atoms with the relationship of R3/2 = ±2R1/2 for the two
radial dipole matrix elements defining the amplitudes of
two interfering wavefunctions describing the photoelectron
final states. It is worth noting that a quantum mechanical
interference can only occur in the final states if they have the
same energy and if they are reached in optical transitions from
the same single initial state according to (different) selection
rules.

The first case, where only one final magnetic substate is
occupied, is the common one in condensed matter physics,
where the photoemission process is angle-resolved studied in
certain emission geometries of high crystal symmetry. For
example, if the photoemission of a (100) surface of a cubic
crystal is studied in normal incidence and at an electron
emission angle normal to the surface the spherical harmonic
Ylml

describing the angular distributions of photoelectron
intensity as well as of spin polarization vanishes at the
emission angle θ = 0 for ml �= 0. Thus for θ = 0 all existing
final states have mj = ms = ±1/2 (ml = 0) [26] with a spin
polarization completely parallel or antiparallel to the light
helicity. This is demonstrated in figure 9 for normal incidence
and normal photoemission of a krypton monolayer adsorbed
on a Pt(111) surface [29]. In the right part of figure 9 the
allowed transitions are shown starting from p bands. Since
the energy degeneracy is lifted for p3/2 mj = 3

2 and 1
2 bands

(due to the crystal field splitting) all final states occupied
are—quite unlike the free-atom case also shown—pure spin
states − 1

2 for transition 1 and + 1
2 for transitions 2 and 3 if

σ+ circularly polarized radiation is used (�mj = +1). In the
left part of figure 9 upper part the experimental results [29,
9] of the photoelectron spin polarization show that there
are three peaks in the photoelectron spectrum of complete
spin polarization +1 or −1 describing the symmetry (i.e. the
quantum numbers) of the initial states the electrons come
from. Note that in the middle part of the left figure in figure 9
the polarization actually measured was not always 100% since
all photoemission peaks have certain widths and partially
overlap in energy and show inelastic scattering wings which
can be deconvoluted by combination of the spin polarization
(middle part) and the total intensity (lower part) values.

Spin polarization measurements with circularly polarized
radiation in a photoemission direction normal to the crystal
surface can be used for a symmetry resolved band mapping
according to the positive or negative (complete) spin
polarization values measured. This is shown in figures 10
and 11 for photoemission with Ir(111) [30] with four peaks
in the photoemission spectrum of the conduction band some
electronvolts below the Fermi energy EF: A, B, C and D with
positive, negative, negative and positive spin polarization,
respectively. They correspond to the transitions drawn in the
band structure [31, 32] in figure 11 mapping the �4++5+ and
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Figure 9. Right part: schematic diagram of the transitions in rare gas adsorbates by use of σ+ circularly polarized radiation taking into
account the selection rule (�mj = 1). Contrary to the case of free atoms the p3/2 hole magnetic substates are no longer energy degenerate
due to crystal field splitting, with the consequence that all peaks in the photoelectron spectrum correspond to final pure spin states with
ms = −1/2 or 1/2. This is valid for normal photoemission. Left part: spin polarized photoemission of a krypton monolayer on Pt(111) at a
photon energy of 12.6 eV in normal photoelectron emission and normal photon incidence. Experimental results [29] of the total
(spin-independent) intensity (lower part), electron spin polarization (middle part), and partial intensities for spin parallel (full) and spin
antiparallel (open) to the radiation helicity (upper part) (figure adapted from [9]).

�6+ bands which in turn correspond to negative and positive
spin polarization, respectively.

For the cases discussed in this section the spin
polarization measured parallel or antiparallel to the helicity
of the radiation used in photoemission is always proportional
to the degree of the circular polarization (third Stokes
parameter I3) [21, 33]. In the case I3 = 0, i.e. the radiation is
linearly polarized or even unpolarized, photoelectrons emitted
normally to the surface should not be polarized. In some
cases, however, where anisotropies exist in the phototarget,
the angle θ = 0 in the spherical harmonics may differ
from the direction of the normal to the surface, with the
consequence that interferences of wavefunctions in the final
states create spin polarization components which also exist
when linearly polarized or even unpolarized radiation is used
in angle-resolved photoemission. This will be discussed in the
following sections.

3. Phase shift effects in angle- and spin-resolved
photoemission: a cross-comparison between atoms
and solid adsorbates

When circularly polarized radiation is used and the
photoelectron emission process is studied angle-resolved, the

photoelectrons are highly spin polarized with a polarization
vector consisting of three components with respect to the
reaction plane as shown in figure 12. This demonstrates
for the dipole approximation, valid in general up to photon
energies of 1 keV [26], that it makes no difference whether
the left-handed (σ+) light comes from the left side or
right-handed (σ−) light comes from the right side. This
dipole approximation is based upon the fact that the photon
momentum is negligibly small compared to the photoelectron
momentum and thus no forward/backward asymmetry of the
photoelectron intensity takes place. This effect is theoretically
accompanied by vanishing quadrupole and higher multipole
matrix elements. There are a few exceptions of deviation
from this dipole approximation even at small photon energies
experimentally observed in spin-resolved photoemission at
energies where all dipole matrix elements show zero line
crossing values [34]. The two spin polarization components
in the reaction plane, defined by the momenta of photon and
photoelectron as shown in figure 12, switch their sign (and
thus their direction by 180◦) if the helicity of the radiation is
reversed, since these two components are proportional to the
degree of circular polarization [21], as already discussed in
section 2.

6
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Figure 10. Total intensity I (upper panel), electron spin polarization
P (middle panel), and partial intensities I+ and I− (lower part) for
spin parallel and antiparallel to the helicity of circularly polarized
radiation of 16 eV energy, respectively, in normal incidence and
normal photoemission at Ir(111) [30]. From [30].

This proportionality of the spin polarization with respect
to the photon circular polarization is, however, not valid
for the third component perpendicular to the reaction plane.
For left-handed or right-handed circularly polarized light this
component is the same, a helicity reversal does not influence
it. Thus an incoherent superposition of right- and left-handed
circularly polarized light giving unpolarized radiation or
a coherent one giving linearly polarized light should not
influence this spin polarization component perpendicular to
the reaction plane as shown in figure 13.

This has been experimentally verified in spin- and
angle-resolved atomic [35, 36, 2] and molecular [37–39] pho-
toionization in measurements of spin polarized photoelectrons

Figure 11. Symmetry-resolved band mapping of Ir(111) by means
of spin-resolved photoemission (figure 10). The solid and dotted
lines represent a band structure calculation [31]. The signs inserted
in the arrows indicate the sign of the spin polarization of
photoelectrons measured along normal emission for σ+ radiation.
They follow from relativistic dipole selection rules [32]. The
number at the bands characterize their symmetry �4++5+ , �6+ .
Adapted from [30]. The broken lines give the position of the final
bands occupied in the photoemission experiment which are shifted
to higher energies by �E = 0.8 ± 0.3 eV with respect to the
theoretical bands obtained in ground state calculations.

Figure 12. Photoionization reaction plane using circularly
polarized radiation with the three components of the spin
polarization vector.

ejected by unpolarized radiation. The spin polarization of
photoelectrons perpendicular to the reaction plane by use of
unpolarized radiation P⊥(θ) is described by [26, 6] by

7
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Figure 13. Photoionization reaction plane using unpolarized
radiation with a spin polarization of photoelectrons P⊥
perpendicular to the plane.

P⊥(θ) = 2ξ sin θ cos θ

1 − β/2P2(cos θ)
(2)

with θ being the emission angle, β and P2(cos θ) being
the intensity asymmetry parameter and the second Legendre
polynomial as in equation (1), respectively, and ξ being the
dynamical parameter describing the order of magnitude of
the spin polarization of photoelectrons ejected by unpolarized
light. ξ is a parameter not depending upon the angle θ and is
a function of the photoelectron energy and is different from
atom to atom and from state to state. A similar relationship
as in equation (2) is valid for the angular distribution of
photoelectron spin polarization if linearly polarized radiation
is used [2]:

P⊥(θ) = −4ξ sin θ cos θ

1 + βP2(cos θ)
(3)

whereas, however, here the reaction plane is defined by
the E vector of the linearly polarized light and the
photoelectron momentum. Figure 14 shows for argon
atoms the experimental verification of this angular spin
polarization as well as intensity dependence (denominator
in equation (3)) demonstrating the sin θ cos θ dependence as
being slightly modified by the second Legendre polynomial
in the denominator of equation (3) [2, 40].

The existence of the dynamical spin parameter ξ and
thus of a non-vanishing spin polarization of photoelectrons
perpendicular to the reaction plane P⊥, even if unpolarized
radiation is used, is based upon a quantum mechanical
interference of two outgoing partial waves describing the
photoelectron emission [2]. For example, for photoionization
of a rare gas atom with respect to the p shell, leaving behind
the ion in a 2P1/2 state, ξ reflects this interference by [41]

ξ = 3
√

2
4

DsDd sin(δs − δd)

D2
s + D

2
d

(4)

with Ds and Dd being the dipole matrix elements for transition
from the p1/2 orbital to the s1/2 and d3/2 continuum state,
respectively, and δs − δd being the phase shift between the
two partial waves reached by means of the selection rules
�j = 1, 0. There is only a non-vanishing spin polarization if
two final channels of different phases exist. Figure 15 shows
the values of ξ measured in cross-comparison with theoretical
results [36, 41–44, 20] for photoionization of Ar, Kr and Xe
atoms in cross-comparison [6]. It is worth noting that the spin
polarizations measured and their wavelength dependences
given in figure 15 are very similar when comparing Ar, Kr and

Figure 14. Angular distribution of photoelectron spin polarization
(upper curve) and intensity (lower curve) for the photoionization of
argon atoms with linearly polarized radiation of 21.22 eV photon
energy. The curves are least-squares fits according to equation (3)
and its denominator [40, 2]. From [2].

Xe atoms, apart from the different ionization thresholds. This
seems to be surprising on first view, since Ar has a very weak
spin–orbit interaction compared to Kr and Xe, as indicated in
the fine structure splitting of the ionization thresholds given
as vertical dashed lines in figure 15. This demonstrates that
the value of the spin–orbit interaction-induced photoelectron
spin polarization is not a measure of the strength of the
spin–orbit interaction but of the full Coulomb potential with
the spin–orbit interaction being only a very small part. On the
other hand, without an influence of the spin–orbit interaction
no photoelectron spin polarization by use of unpolarized light
can be measured, since the ξ values of opposite sign for
the fine structure components 2P1/2 and 2P3/2 as ionic states
cancel each other out, as already shown in figure 9: since the
photoelectrons from the 4p1/2 orbital are positively polarized
in the continuum state and those from the 4p3/2 are negatively
spin polarized, both peaks in the photoelectron spectrum have
to be separated by means of an electron spectrometer in order
to measure a photoelectron spin polarization. Also indeed this
separation is experimentally more difficult for Ar than for Kr
or Xe due to the smaller fine structure splitting. Figure 15
demonstrates that the influence of the spin–orbit interaction
has to be resolved somewhere in the experiment by means
of an electron spectrometer and by use of monochromatic
radiation to separate fine-structure-split (spin–orbit) initial
or final states in order to get spin polarized photoelectrons.
However, if this is achieved, the spin polarization measured
is almost independent of the strength of the spin–orbit
interaction [6].

The ξ values measured directly give access to the phase
shifts according to equation (4) if the ratio of Dd and Ds
is known from the spin polarization results by means of
circularly polarized light. Figure 16 gives the measured phase
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Figure 15. Experimental results (error bars) of the spin parameter ξ
for photoelectrons corresponding to the ionic state 2P1/2 of Ar
(upper panel), Kr (middle panel) and Xe (lower panel) [36, 6] in
comparison with theoretical curves: (full) [43], (dashed) [42] and
(chain) [44, 41]. The vertical dashed lines represent the spin–orbit
split ionization thresholds (the second one of Xe is outside the
figure at 103 nm).

shift results together with the corresponding values of Dd and
Ds as a function of the photon energy for the photoionization
of xenon atoms [20, 41, 45]. The phase shift is the sum of the
Coulomb phase shift increasing with the photon energy (the
phase shift for photoemission of a hydrogen atom) and of a
nearly constant phase shift of about π/4 which is due to the
many-electron effects in xenon which relate to the quantum
defects in the discrete photoabsorption spectrum [41].

Figure 17 shows in cross-comparison the angular
dependence of the spin polarization component P(θ) parallel
to the light helicity within the reaction plane for atomic
photoionization of xenon and the corresponding experimental
results for the photoemission from a commensurate xenon
monolayer adsorbed on Pd(111) as a function of the emission
angle for different photon energies including fitted curves
according to equation (1) [46]. It is surprising how accurate
the photoemission results in the condensed matter follow

Figure 16. The experimentally obtained dipole matrix elements Dd
and Ds with error bars for transitions of p1/2 electrons to d3/2 and
s1/2 continua, respectively (lower part), and their corresponding
phase shift (upper part) for photoionization of xenon atoms [20, 41,
45]. The solid lines are to guide the eye in comparison with the
Coulomb phase shift given as a dashed curve.

the atomic model and the data for gaseous atomic xenon.
This is quantitatively supported by the cross-comparison
of the spin polarization component perpendicular to the
reaction plane P⊥ which is valid also for photoemission with
unpolarized radiation for a certain photoelectron emission
angle 30◦ (figure 18) for the xenon adsorbate system and free
xenon atoms [46] and shows excellent agreement. Figures 17
and 18 demonstrate that the spin polarization defined as

P = N
+ − N

−

N+ + N− = N
+/N

− − 1
N+/N− + 1

(5)

only depends upon the intensity ratio for the cases spin
parallel and spin antiparallel with respect to a preferential
direction. Since the spin–orbit interaction is a local one in
the condensed matter and it creates the spin polarization or,
in other words, the ratio N

+/N
− different from 1, it is not

surprising that the spin-resolved photoemission fulfills the
atomic model. Non-spin-dependent intensity effects of a solid
given by long range order effects cancel each other out in the
ratio N

+/N
−.

Figure 19 additionally shows the angular dependences
of the photoelectron as well as the Auger electron spin
polarization of a thick rubidium layer condensed on a
platinum single crystal. The data can be fitted within the
atomic model not only for the primary photoemission process
but also for the subsequent Auger decay process emitting spin
polarized Auger electrons due to the decay of a spin polarized
photohole state [47]. Photoelectron emission of inner core
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Figure 17. Spin polarization component P(θ) parallel to the light helicity as a function of the emission angle θ : uppermost left,
photoionization of Xe atoms with final ionic state Xe+ 2P1/2; other, photoemission from adsorbed Xe(p1/2) [(

√
3 ×

√
3) R30◦ Pd(111)] at

different photon energies [46]. Adapted from [46].

Figure 18. Spin polarization component perpendicular to the
reaction plane for photoemission of Xe(p1/2) as a function of the
photon energy at a polar emission angle of θ = 30◦. Closed squares:
adsorbate system as in figure 17; open squares: free Xe atoms [46].
From [46].

shells and valence bands create holes which are generally
spin-oriented as the emitted photoelectrons. Singlet Auger
decays fill up these holes and emit in general Auger electrons

with a spin polarization of opposite direction compared to the
photoelectron one as shown in figure 19.

4. Phase-shift-determined spin polarization in the
angle-resolved photoemission of metal single crystals

The results of measured spin polarization of photoelectrons
emitted from free atoms and rare gas adsorbates by
unpolarized radiation as discussed in section 3 gave impetus
to new efforts to study the photoemission of single crystals in
the same way. And indeed we found that the photoelectrons
emitted from Pt and Au single crystals by unpolarized
radiation are also spin-polarized with a spin polarization
vector P⊥ perpendicular to the reaction plane, which is for this
case defined by the momenta of the photons absorbed and the
photoelectrons detected. Figure 20 shows the corresponding
experimental set-up: unpolarized photons of a discharge lamp
hit the surface of the crystal at an angle of incidence of
62◦and the photoelectrons normal to the surface emitted are
energy analyzed by means of an electron spectrometer and are
accelerated to the Mott detector for the measurement of their
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Figure 19. Measured angular dependences of the spin polarization
component in the direction of the radiation helicity for
photoelectrons as well as for Auger electrons emitted by circularly
polarized radiation of 23 eV energy from a thick rubidium layer
adsorbed on a platinum single crystal [47]. Upper part:
photoelectrons leaving a p3/2 or p1/2 hole state of opposite spin
polarization with a fit using the atomic model (curves). Lower part:
Auger electrons. The rectangles describe the experimental
uncertainties. The two curves describe the upper and lower limits in
application of the atomic model predicted using the data of the
photoelectron spin polarization of the upper part under the
assumption of a singlet coupling of the Auger decay. From [47].

Figure 20. Experimental set-up [48–50]. AES and LEED as in
figure 6. From [48].

spin polarization. Two components of the spin polarization
vector were simultaneously measured, the horizontal one
perpendicular to the crystal surface Pz and the vertical one in

Figure 21. Top: photoemission spectrum obtained with unpolarized
HeI radiation for normal emission from a 1 × 1 surface of
Pt(100) [48], see figure 20. I denotes the total intensity, and I+ and
I− the partial ones with spin up and down, respectively. The arrow
at −2.2 eV indicates the energy for which the φ dependence of
Py = P⊥ was determined (lower part). φ is the azimuthal angle of
the crystal rotation about the surface normal. From [48].

the crystal surface plane Py perpendicular to the reaction plane
(photon momentum, electron momentum). In all cases studied
so far at Pt(100) [48] Pt(110) [49], Pt(111) and Au(111) [50]
the spin polarization component Pz has been measured to
be zero for all photon energies, photoelectron energies and
azimuthal angles φ.

The spin polarization component Py = P⊥, however, has
been measured to be about −10% to −20% for Pt(100),
Pt(111) and Au(111) for photoelectrons arising from the
first band below the Fermi energy for all azimuthal angles
φ as given in figure 21. The measurement with Pt(110),
however, showed an additional effect: an oscillation of the
spin polarization component around the average value of
−10% with azimuthal rotation of the crystal about the crystal
normal: the spin polarization oscillates from zero up to −20%
as given in figure 22, reaching an average value of −10%
at φ = 45◦ and 135◦[49]. This indicates an answer to the
question as to where this additional spin polarization effect
might have its origin: Pt[110] has aligned rows of platinum
atoms in its surface which bring an additional quantization
axis into the description of a reaction plane in photoemission.
As discussed in section 3, in atomic photoionization the
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Figure 22. Dependence of the spin polarization Py = P⊥ on the
rotation φ of the Pt(110) crystal about the surface normal (φ = 0◦:
missing rows perpendicular to the reaction plane) [49]. Adapted
from [49].

reaction plane refers to the photoelectron momentum as well
as to the photon momentum and the electric vector of the
radiation for unpolarized and linearly polarized radiation,
respectively. This gives rise to the question as to whether
one of these quantization axes has to be replaced by a target
alignment direction with respect to the so-called dynamical
spin polarization of photoelectrons P⊥ ejected by unpolarized
or linearly polarized radiation.

In order to study this in more detail, linearly polarized
radiation was used: figure 23 shows the experimental set-up of
the Kisker group [51]: s- or p-linearly polarized radiation hits
the (110) surface of a tungsten crystal off-normally; the spin
polarization component P⊥ parallel to the [001] direction was
measured to be zero for s-polarized light but different from
zero for p-polarized light as shown in figure 24. This result
can be easily understood. For s-linearly polarized radiation
there is no spin polarization component parallel to the E

vector according to equation (3). For p-polarized light the
spin polarization component measured stood perpendicular
to a plane with all three directions: light polarization,
photoelectron momentum and alignment of the crystal surface
in the [11̄0] direction. It is worth noting that in figure 25 the
spin polarizations show opposite signs in the 4f5/2 and 4f7/2
peaks of tungsten, demonstrating the spin–orbit interaction
being responsible for the spin polarization effect measured:
again, had no electron spectrometer been used to resolve the
two fine structure split f-peaks in the photoelectron spectrum,
the spin polarization effect would have disappeared because
the spin polarizations of both peaks would have canceled each
other out. Furthermore the authors [51] compared the energy
dependences of the measured spin polarizations with values
expected within the atomic picture, as shown in figure 25, and
found a good agreement.

An angle- and spin-resolved photoemission experiment
with Pt(110) was performed under the high symmetry of
normal incidence and normal emission [52] as given in
figure 26 in order to study whether the crystal alignment, the
linear photon polarization or the photoelectron momentum
are the corresponding directions to define a reaction plane,
where the spin polarization vector stands perpendicular
in photoemission with linearly polarized radiation. The
spin polarization Pz measurement took place perpendicular

Figure 23. Experimental set-up of [51]. The light impinges onto
the tungsten surface under a grazing angle of 17◦. The electrons are
collected in normal emission. The spin polarization P⊥ is measured
parallel to the [001] direction. Reproduced with permission
from [51]. Copyright 1996 American Physical Society.

Figure 24. Spin-resolved W 4f photoelectron spectra for 70 eV
photon energy according to figure 23. The open triangles mark the
spin-down channel (antiparallel [001]) and the filled triangles the
spin-up channel (parallel [001]). While the use of p-linearly
polarized light (upper panel) yields spin polarized photoelectron
peaks, with s-polarized light no polarization occurs [51].
Reproduced with permission from [51]. Copyright 1996 American
Physical Society.

with respect to the crystal surface. This polarization is
perpendicular to the plane defined by the surface alignment
[11̄0] and the electric vector of the radiation and has its
maximum in a crystal rotation diagram measured by varying
the azimuthal angle φ about the crystal normal at φ = 45◦ and
135◦ according to equation (3), see figure 27 (left part). This
clearly demonstrates the importance of the target alignment
together with the E vector of the radiation used to define the
reaction plane.
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Figure 25. Upper panel: photoelectron spin polarization P⊥ of the
spin–orbit split tungsten 4f sublevels of W(110) in cross-
comparison with the case of free atoms (inset). The lower panel
shows the ratios of j = 7/2 and 5/2 for polarization Rp and intensity
RI in cross-comparison with free atoms (dashed lines) [51].
Reproduced with permission from [51]. Copyright 1996 American
Physical Society.

Using equation (4) the reason for the existence of such a
spin polarization component is identified: a phase shift of two
complex matrix elements defining two outgoing partial waves
leaving the crystal in two different hole states with identical
energy as shown in figure 27 (right part). The two complex

transition dipole matrix elements have been identified to
describe the transition from initial �4

5 and �3
5 bands at the

X-point of the band structure calculated by Noffke [53, 54]
in the hybridization region as given in figure 28. It is worth
noting that the quantum mechanical interference of two
outgoing partial waves describing the photoelectrons which
result in a spin polarization perpendicular to the reaction plane
is, of course, a final state effect, although the corresponding
bands which show hybridization are initial bands in figure 28.
However, this band structure describes initial and hole states
in a one-electron picture like the orbitals in molecules.
Initial states are calculated in a ground state calculation
but the hole states—identical with the initial states only in
the one-electron picture—only exist after the photoemission
process. Hole states are thus always final states for the whole
many-electron system like the p-holes in the photoionization
of rare gas atoms are final ionic states 2P1/2 or 2P3/2, as
discussed in section 2. The hybridization of the hole states
creates complex matrix elements and thus phase shifts and a
quantum mechanical interference in the final states with the
consequence of the photoelectron spin polarization P⊥.

5. The relationship between photoemission phase
shifts and time delays in attosecond-resolved
photoemission

The phase shifts measured in spin-resolved photoemission as
explicitly shown in figures 16 and 27 may be interpreted as
different delays of partial photoelectron wavefunctions with
respect to the time the photoelectron leaves the atom or
solid from where it comes. In 2007 the first real attosecond
time-resolved photoemission experiment in condensed matter
with ultrashort XUV laser pulse radiation was performed
on W(110) [55], after a corresponding attosecond-resolved

Figure 26. Scheme of the angle-resolved photoemission experiment in normal incidence and normal emission at the reconstructed Pt(110)
(1 × 2) surface, the so-called ‘missing-row model’ of reconstruction and definition of the azimuthal angle φ. For φ = 0 the electric vector E

of linearly polarized radiation is perpendicular to the close-packed rows in the [11̄0] direction, while for φ = 90◦ it is parallel to the [11̄0]
direction [52]. From [52].
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Figure 27. Left part: spin polarization Pz = P⊥ of photoelectrons emitted by linearly polarized radiation (11.8 eV) from Pt(110) in normal
incidence and in normal emission (electron binding energy 0.5 eV) as given in figure 26 as a function of the azimuthal angle φ, the crystal is
rotated about its normal. Right part: experimental values of the phase difference δ between the complex transition dipole matrix elements
M

3 and M
4 versus binding energy for a photon energy of 11.8 eV according to the transition shown in figure 28 as an arrow. The phase shift

has been obtained from the measured spin polarization [52]. From [52].

Figure 28. Band structure calculation of Pt(110) by Noffke [53, 54]
concerning the transition (given as an arrow) discussed in figure 27.
From

photoionization spectroscopy measurement by use of the
streaking technique using an ultrashort near-IR light pulse
with a stabilized carrier envelope phase as a clock took
place successfully with free atoms [56]. Since the duration
of the photoelectron pulse (300 as) was short compared
with the oscillating period of the IR pulse (2.3 fs), the
photoemitted electrons were accelerated or decelerated like
ballistic particles by the phase-stabilized, non-jittering electric
field of the IR pulse. Figure 29(a) shows the experimental

raw streaking spectrum of normal photoemission of W(110),
where the 300 as 91 eV XUV pulse and the collinearly
propagating linearly polarized IR pulse hit the surface under
the Brewster angle such that the IR E vector is nearly
parallel to the surface normal. The kinetic energies of the
photoelectrons emitted from the 4f core level at about 55 eV
and from the d conduction band at about 87 eV strongly
oscillate over about 10 eV with the electric field of the IR
beam, if the delay between the XUV and the IR pulses
is varied. These raw data as well as the smoothed and
interpolated streaking spectrum in figure 29(b) using the
center of masses of 4f and conduction band peaks and the
corresponding fit given in figure 29(c) exhibit a delay between
the escape times of photoelectrons through the surface for the
different photoelectrons from the 4f and the conduction band
to be 110 ±70 as [55].

This delay observed experimentally for the first time
may have different reasons since the electrons have different
kinetic energies and they may originate from locations at
different distances with respect to the surface. Five different
theoretical approaches to describe the dynamics of the
photoemission process at W(110) exist so far, all yielding
delays between 42 and 110 as for the core and the conduction
band electrons photoemitted. The first theoretical approach by
Echenique used a static band structure calculation as given in
figure 30 [55] and explained the different delayed emission
by different group velocities of the final states given as slopes
dE/dp with p = kh/2π as the electron momentum, in good
agreement with the experiment. The critical point of this
approach was, of course, the use of a static band structure
which might not be valid for an ultrashort photoemission
process.

By taking the delocalization of the 4f and 5d states of
tungsten into account differently, using a quantum mechanical
approach and assuming that the IR laser radiation does not
penetrate into the crystal, Kazansky and Echenique [57] found
that the concept of group velocities could be ruled out for
small time intervals. The main effect of the delay is attributed
to the localized nature of the core electrons in contrast to the
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Figure 29. (a) Raw streaking spectrum of W(110): the dependence
of photoelectron kinetic energy as a function of the delay between
the IR and the 91 eV XUV pulse. The photoelectrons from the 4f
core states and from the d conduction band close to the Fermi energy
follow with their energies the oscillation of the electric field of the
IR pulse [55]. The photoelectrons ejected by the as-XUV pulse
leave the crystal in normal photoemission parallel to the E vector of
the fs-IR pulse. (b) Smoothed streaking spectrum of W(110) after
cubic spline interpolation of the oscillation of the kinetic energies as
given in (a) as a function of the delay between IR and XUV pulse
[55]. (c) Fit through the streaking oscillations in (b) at the center of
mass of the 4f state peak and of the conduction band peak. They are
shifted in delay by 110+/−70 as [55]. The photoelectrons leave the
crystal surface at different times. Adapted from [55].

conduction band electrons which are completely delocalized.
In contrast to this approach Baggesen and Madsen [58] found
in a quantum mechanical approach by use of Volkov waves as
final states that the delay originates from the travel through
the surface. Zhang and Thumm [59] assumed a localized
core state and delocalized electrons in the conduction band
in a jellium approximation under the circumstances that
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Figure 30. Static band structure calculation of bcc tungsten along
�N momentum direction [110]. Zero on the energy axis is the Fermi
energy. Electrons from the 4f states are photoexcited by the
88–94 eV XUV peak into the upper conduction band that is shaded
and centered at about 58 eV. Similarly, electrons from the
conduction band reach bands with energy around 85 eV. The slope
of the upper conduction bands estimates the group velocities of the
electrons inside the crystal [55].

the streaking laser field inside the solid is included. The
photoemission by XUV was dealt with by the first-order
perturbation theory, whereas the streaking itself was not
dealt with by perturbation; they took into account interfering
contributions from different lattice layers to the dipole matrix
elements of the optical transition under the circumstance that
the core electrons were delocalized within the jellium model.
They calculated a delay of 110 as, in agreement with the
experiment. Lemell et al [60] used a classical transport theory,
neglected a penetration of the IR laser field into the crystal
but used different group velocities for electrons from 4f, 6s
and 5d states. They found a delay of 110 as, in agreement
with the experiment with group velocities as given in [55]
or alternatively 42 as with a free-particle dispersion relation.
Summarizing, with the given theoretical approaches so far the
real nature of the delay is not yet quantitatively understood.
There is, however, no doubt that it exists: electrons of different
states excited by an ultrashort attosecond pulse leave the
crystal surface at different times.

The fact that electrons from different bands with different
symmetries, i.e. orbital angular momenta (s, p, d, f) may
have different group velocities, even if they have the same
kinetic energies [60], gives rise to the general question as
to which parts of the full Hamilton operator influence the
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time delays of emitted photoelectrons measured by means of
streaking experiments. Very recently Zhang and Thumm [61]
discussed theoretically the relationship of streaking and
Wigner time delays. Based upon the essence of the time
delay introduced by Wigner and Smith [62, 63] they discussed
theoretically how phase shifts of individually traveling plane
wave components lead to spectral delays: τ = dϕ/dε with
τ being the Wigner time delay, ϕ the phase shift and ε
the photoelectron kinetic energy. The Wigner relationship is
based upon the definition of the group velocity mentioned
above, υ = dE/dp. This means in practice that a delay
of photoelectron wavepackets t is given by the derivative
of the phase shift ϕ to the electron energy as being t =
658 as · dϕ/dE with E in units of electronvolts. Phase shifts
ϕ between different partial waves thus automatically create
a delay of the electron wavepackets t1t2 if they show
a different dispersion t1 − t2 = 658 as d(ϕ1 − ϕ2)/dE.
This result stimulates the question how phase-shift-resolved
photoemission experiments can be performed in reality.

Indeed, phase-shift-resolved photoelectron emission
experiments have been successfully performed with free
atoms and molecules, adsorbates and solids in past decades
as described in detail in sections 3 and 4. The results for
the xenon atom are shown in figure 16. The slope of the
measured phase shift difference curves as a function of the
energy d(δd − δs)/dE directly gives the time delays of the
photoelectrons emitted in the individual continuum channels

Figure 31. Analytically calculated energy dependence of the
energy slope of the Coulomb phase shift σd − σs − π given as
Wigner time delay (see text).

d and s to be 45 as for the Coulomb phase shift alone and
76 as = 45 + 31 as in total at the kinetic energy of 7 eV
(20.5 eV photon energy) in figure 16. Figure 31 shows that
the time delay due to this Coulomb phase shift strongly
decreases with increasing kinetic energy and is negligible
(<8 as) for kinetic energies higher than 30 eV. With respect
to the time-resolved photoemission of f core level bands
and of the conduction band of W(110) discussed above

Figure 32. Matrix elements D and phase shift differences µ = (δ − σ)/π in units of π , without Coulomb phases σ , for f and p
photoelectrons, leaving the mercury atom back in the 5d 2D5/2 (left part) and 5d 2D3/2 (right part) final ionic state, experiment (error bars)
and theory [64], as a function of the photoelectron kinetic energy. The numbers denote the corresponding Wigner time delays given by the
slopes of the phase shift curves. Adapted from [64].
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figure 32 (both lowest parts) shows the measured phase shift
differences of f7/2 and f5/2 continuum waves with respect to a
p3/2 continuum wave obtained in spin-resolved photoelectron
emission of mercury atoms together with the corresponding
matrix elements [64]. Note that the phase shifts given describe
only the non-hydrogenic part, after the Coulomb phase shifts
have been subtracted; they are given as differences of quantum
defects �µ in units of π [41]. In the energy range presented
in figure 32 the non-Coulombic phase shift differences have
a slope which defines a time delay between f and p waves
to be 77 as and 59 as for the Hg atoms d3/2 and d5/2 initial
states, respectively. It is worth being noted that the phase shift
differences f7/2 − f5/2 as well as p3/2 − p1/2 in figure 32
do not show any dispersion, with the consequence that the
spin–orbit interaction in the final state alone as a part of the
total potential, in which the photoelectron leaves, does not
create any time delay. Obviously the main part of the time
delay with respect to f and p waves are due to the different
centrifugal term l(l + 1)/r

2 in the Schrödinger equation.
In the photoemission of metal surfaces there is the

prominent showcase example of a pronounced dynamical spin
polarization P⊥ and thus of a large phase difference and time
delay: in the photoemission of Pt(110) in normal electron
emission and in normal incidence of linearly polarized
radiation as given in the right part of figure 27 [52]. Its
slope versus energy gives the high value of 4.7 fs for the
Wigner time delay of electrons from the two bands �3

5 and
�4

5 [52–54]. This value of a time delay for photoelectrons
from different bands is so high because the kinetic energy of
the photoelectrons is low and the two bands show a strong
hybridization.

Phase-shift-resolved photoemission by means of spin
polarization measurements of photoelectrons may give access
to time delays seen in an as-time-resolved photoemission
experiment. The derivative of the phase shift to the
photoelectron kinetic energy is directly related to the time
delay as given by the Wigner relationship mentioned.

6. Photoelectron spin polarization with chiral
targets

Normal incidence of linearly polarized light at centrosym-
metric cubic crystals and normal photoelectron emission was
assumed to yield spin polarization only if the target is aligned
like a (110) surface with atomic chains in-plane as discussed
already in section 4 [7, 25]. Tamura et al [65] refuted
this belief and predicted normal emission photoelectron spin
polarization by linearly polarized light for (111) surfaces of
fcc crystals. Their predictions were based upon a one-step
photoemission theory using a relativistic multiple scattering
formalism and they identified the spin–orbit interaction as its
main cause: photoelectrons can only be polarized perpendic-
ular to a mirror plane. Schmiedeskamp et al [66] performed a
corresponding spin-resolved photoemission experiment with
Pt(111) in normal incidence of linearly polarized radiation
and normal photoelectron emission. Figure 33 shows the
experimental results [66] in cross-comparison with the
theoretical prediction [65], both in excellent agreement.

Figure 33. Photoelectron spectrum obtained from normal incidence
of linearly polarized light and normal photoelectron emission. The
partial intensities I+ and I− correspond to spin directions parallel
and antiparallel to a trace of non-mirror plane in the Pt(111) surface,
experimental results [66] (a) and calculation [65, 66] (b). The
corresponding experimental set-up is given in figure 34. From [66].

Figure 34 demonstrates that, according to the measurements,
the spin polarization vector rotates in the plane parallel to
the surface three times faster than the rotation of the crystal
about its normal. When the crystal is rotated about 15◦ the
spin polarization rotates 45◦; the data show a periodicity
of 120◦. This is typical for the threefold symmetry of a
fcc crystal with respect to the �111� directions. Unlike hcp
crystals, fcc crystals are close packed with a packing sequence
ABCABC instead of ABAB for hcp. This ABC sequence
together with the E vector of the radiation lying in the
surface plane describes a screw and gives the (111) surface
a helicity; although it has not been experimentally verified the
authors of [65, 66] supposed that an ultrathin double layer of
Pt(111) AB would not create spin polarized photoelectrons
comparable to those shown in figures 33 and 34.

It is worth noting that it has been well known
since 1995 [67–69] that chiral structures influence the
spin polarization of elastically scattered electrons. In
photoemission an asymmetry in the angular distribution
of photoelectron emission from chiral molecules induced
by circularly polarized light has been experimentally
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Figure 34. Photoelectron spin polarization Pxy in the first peak of
figure 33 for normal linearly polarized radiation incidence and
normal photoelectron emission. Top: ratios of the Mott-detector
count rates NA/NC and NB/ND versus the rotation angle ω about the
Pt(111) surface normal. Inset: relation of spin polarization
directions and Mott-counter arrangement. The spin polarization
vector rotates in a plane parallel to the surface three times faster than
the rotation of the crystal about its surface normal [66]. From [66].

identified [70]. Finally, recently Göhler et al [71] studied
the spin selectivity in electron transmission through self-
assembled monolayers of double-stranded DNA adsorbed on
an Au(111) crystal serving as a phototarget for the spin
polarized photoelectrons.

7. The Rashba effect as a reason for spin polarized
photoemission

The previous sections primarily dealt with how the
photoemission process can induce a polarization of the
photoelectrons due to spin–orbit interaction. In the condensed
matter jargon this is commonly referred to as ‘final state
effects’ or ‘matrix element effects of optical transitions
(optical pumping)’. In this section it will be shown that the
spin–orbit interaction can also induce a momentum-dependent
spin polarization of the so-called initial states. Further it
will be shown that for a typical spin- and angle-resolved
photoemission spectroscopy (SARPES) measurement of
delocalized states both initial and final state effects have to
be taken into account in order to fully understand the data.
Here the aim is to put the results obtained for Rashba systems
in the general perspective of spin–orbit interaction-induced
spin effects in photoemission. A more extensive review of
spin-resolved photoemission on Rashba systems has recently
been given in [12].

The existence of a surface of a crystal in angle-resolved
photoemission automatically means a breaking of the
inversion symmetry at the surface. For an electron with
a momentum k and a spin s space inversion symmetry
means that it is equivalent whether the electron moves
into one direction with k or in the opposite with −k,
i.e. E(k, s) = E(−k, s). Time inversion symmetry in the cases
of non-magnetic material means E(k, s) = E(−k, −s). In the
bulk of a non-magnetic centro-symmetric three-dimensional
crystal E(k, s) = E(k, −s) is thus valid, resulting in the spin
degeneracy of the initial states. At the surface of a crystal
or for crystals lacking an inversion symmetry center, this
symmetry is broken and a polarization of the bands is allowed.
For crystals lacking an inversion symmetry center in the
bulk this is called the Dresselhaus effect [72], whereas at
the surface, or more generally for a inversion symmetry
breaking along the z direction of the crystal, the resulting spin
polarization is referred to as the Rashba effect [73].

That for the Rashba effect the bands actually become
spin polarized can be understood by the following simple
argument. The sudden termination of the crystal at the surface
results in a sudden change of the potential. In the rest frame
of an electron moving parallel to the surface, i.e. an electron
in a two-dimensional electron gas, this potential gradient is
transformed in a magnetic field. The size and sign of this
magnetic field, of course, depend on the velocity and direction
of motion of the electron. This magnetic field in the rest frame
of the electron causes a Zeeman splitting of states with spin
parallel or antiparallel to the magnetic field, where the size of
the splitting increases for increasing in-plane momentum. For
electrons with opposite momentum the sign of the magnetic
field and thus also of the splitting is reversed. For a free-
electron-like parabola this results in the famous momentum
shifted parabolae as observed for the Au(111) surface state by
LaShell et al [4]. That these states actually have opposite spin
direction in agreement with the above argument was verified
by SARPES by Hoesch et al as depicted in figure 35 [74–76].
Similar behavior has been experimentally and theoretically
studied for Bi surfaces [77, 78].

Although the hand-waving explanation given above
qualitatively reproduces the spin structure of simple free-
electron-like systems, it fails to reproduce the observed
splitting quantitatively or to predict the spin structure of more
complex systems. In this respect it is more appropriate to
consider a model initially described by Bihlmayer et al [79]
and later revisited by others [80] where the charge density
distribution around an atom core is considered. At each atomic
layer a local atomic contribution to the spin splitting arises in
the vicinity of the nuclei according to the form

�E ∝ k�
�

�z

dz
∂V

∂z
|�(z)|2. (6)

Here V is the spherical Coulomb potential of the nuclei
and � the wavefunction of the spin-split state. It has
been shown that more than 90% of this contribution arises
within �z ≈ 0.5 a.u of the nuclei, where the antisymmetric
Coulomb gradient ∂zV is most significant [79]. The spin
splitting as measured by photoemission is then the sum of
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Figure 35. Measured spin-resolved momentum distribution curves
at binding energy 170 meV on Au(111) using linearly p-polarized
uv light of 21 eV for �M (a) and �K (b) directions. The lower parts
show the measured transverse spin polarization components [74].
Reproduced with permission from [74]. Copyright 2004 American
Physical Society.

the contributions from all layers where the wavefunction
penetrates. Without going into too much detail it is clear that,
when the wavefunction distribution is symmetric around the
atom core, the resulting splitting is zero. If the symmetry
of the wavefunction distribution is broken a spin splitting
directly occurs, where the magnitude and the sign of the
splitting are given by the local slope of the wavefunction.
Furthermore, a three-dimensional equivalent of this model
also reproduces changes of the spin quantization axis away
from purely along the y direction. If the asymmetry is solely
along the z direction the spin quantization axis is along
the y axis, if an additional in-plane symmetry breaking is
present along the x direction this results in an out-of-plane
spin component. This threefold-symmetric out-of-plane spin
polarization was first predicted and also experimentally
observed for the long range ordered surface alloy of Bi on
Ag(111) as shown in figure 36 [81, 82]. Furthermore it is
worth noticing that the states do not necessarily have to
be purely two-dimensional. On vicinal Au(111) surfaces it
was found that the spin structure can be described along the
same lines as for the flat surface and that the steps do not
influence the splitting or degree of polarization as long as the
wavelength of the states is shorter than the step size. After
this transition the splitting even increases due to the fact that
the wavefunction experiences a larger corrugation and thus a

larger asymmetry [83]. Also for the one-dimensional states of
Au on Si(557) [84, 85] and for Bi(114) [86] a Rashba-type
spin splitting has been observed showing the general nature
of the Rashba model.

Within this model it is also possible to achieve a reversal
of the spin direction if the contribution from the individual
layers does not have the same sign or if the asymmetric
wavefunction distribution is opposite to that for a standard
Rashba system. The latter situation is responsible for the
reversal of the spin structure of the Gd(0001) surface state
after oxidation [87] and has also been predicted to be the
origin of the similar constant energy spin structure of the
electron-like Au(111) surface state and the hole-like surface
states on long range ordered Bi, Pb, or Sb surface alloys
on Ag(111) and Cu(111) [88, 89]. The first of the described
origins of a spin structure reversal can occur in quantum well
states formed in thin metal films, such as, for example, Pb on
Si(111) [90–93]. These states are best described by a rapidly
oscillating Bloch wave determined by the atomic structure
modulated by the quantum well envelope function [94, 95].
Because the barriers of the quantum well are not infinite
the wavefunction will spill across it and at every layer the
minimum of the probability density will shift away from the
core positions, resulting in a contribution to the spin splitting
according to equation (6). For the realistic asymmetric
confinement conditions induced by the difference between
the metal–vacuum and the metal–substrate interface not all
contributions to the Rashba splitting will cancel and a net spin
splitting will be observed. For Pb films grown on the (

√
3 ×√

3) Pb reconstructed Si(111) substrate it is actually found
that the negative contributions beat the positive contributions,
resulting in a negative spin splitting and thus a reversal of
the spin orientation compared to the Au(111) surface state
as shown in figure 37 [96]. In a follow-up experiment for
Pb films grown on a Bi reconstructed Si(111) substrate [97]
it was found that it is actually possible to change the
Rashba splitting of the quantum well states through changes
in the interface and to induce an out-of-plane polarization
component [98]. These observations can only be explained
within the wavefunction distribution model described here.

The spin structure of the recently discovered three-
dimensional topological insulators [99] is directly related to
the Rashba-type spin structure discussed above, but with some
important differences. Whereas for the trivial Rashba systems
described above the surface states are typically in a projected
bulk bandgap, the surface states of a topological insulator are
in a parity inverted absolute bulk bandgap. Within a simple
band structure picture this parity inversion also causes the
outer branch of the spin-split states to bend down again and
connect to the valence band whereas the inner branch connects
to the conduction band. Although it does not grasp the parity
inversion of the bulk bands it is possible to describe the
transition from a Rashba-type band to a topological state
through a continuous tight-binding model by just varying an
anisotropy parameter [100]. The similar background in the
spin–orbit interaction and symmetry breaking of Rashba and
topological states also becomes clear when considering the
surface state band structures of Sb(111), Bi0.9Sb0.1(111) and
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Figure 36. SARPES data obtained for the long range order surface alloy Pb/Ag(111) with hν = 24 eV at Eb = 0.15 eV. (a) Measured MDC
in the �M direction, showing also the fitted peaks. (b) Measured (symbols) and fitted (solid lines) spin polarization data. (c) Measured
out-of-plane spin polarization (symbols) obtained from an azimuthal scan at k� = 0.38 Å−1, approximately showing a sinelike behavior
with 2π/3 periodicity (solid line). The inset visualizes the out-of-plane rotation as a function of the azimuthal angle. (d) Spin polarization
for a MDC in the �K direction. The insets in (b) and (d) show the obtained spin polarization vectors [82]. From [82].

Bi(111). The first two materials are topologically non-trivial
with Bi0.9Sb0.1 being the first three-dimensional topological
insulator [101, 102] and the latter is a prototypical Rashba
system [77]. However, the surface states and their spin
structure of all materials is almost completely identical.

The next generation of topological insulators consisting
of Bi2Se3, Bi2Te3 and Sb2Te3 only has a single spin polarized
Dirac cone at the surface [103, 104], resulting in just a
single spin polarized band crossing the Fermi level [105].
The spin direction is like for the Rashba systems directly
locked to the momentum and the primary spin quantization
axis lies in the surface plane perpendicular to the in-plane
momentum. However, upon a more detailed consideration
the situation is more complex. A constant energy surface
of, for example, Bi2Te3 is highly warped and, depending on
the exact binding energy, goes from circular to hexagonal
to snowflake-like. Fu has shown that this warping can
be reproduced by including third-order terms in k in the
tight-binding Hamiltonian and predicted that this warping
should result in an out-of-plane spin polarization of the initial
state with a threefold symmetry [106]. As reproduced in
figure 38 this has been verified by SARPES measurements of
the topological state at the Fermi level, where the out-of-plane
polarization reverses sign when rotating the sample by 60◦ and
goes to zero in between [107, 108].

Now the question arises what the relationship is between
the initial state spin polarization effects described in this
section and the final state as well as matrix element effects
described in the previous sections. As stated before it can
be expected that the photoelectrons are spin polarized if the

spin–orbit splitting is resolved somewhere in the experiment.
For the Rashba systems this happens in the initial state, if
one were to integrate over a symmetric angle around normal
emission it would not be possible to resolve the spin splitting.
Because of the spin–momentum locking, Rashba systems and
topological insulators have a well-defined spin quantization
axis. Let us assume as a first approximation that in the
Rashba system the initial states are pure s states which show a
spin splitting in angle-resolved photoemission. The spin–orbit
interaction does not influence the nature of the ground state
angular momentum since the orbital angular momentum is
zero there.

Changes of the spin polarization of the initial states
due to the photoexcitation and the photoelectron emission
process may arise due to the spin–orbit-induced effects
in photoemission as discussed in the previous sections:
chirality in the photoemission according to a one-step process
including the influence of the crystal surface (section 6), phase
shift effects as discussed in sections 3 and 4 and matrix
element effects in photoemission by circularly polarized
radiation (sections 1 and 2). For the Au(111) surface
state it was, for example, predicted that the chiral target
effects described in section 6 should be observable at
normal emission [76]. Up to now this predicted out-of-plane
polarization at normal emission has not been unambiguously
observed. However, given the fact that most SARPES
measurements on Rashba systems are performed on (111)
surfaces of fcc crystals, this could be a general effect which
needs to be taken into account for a detailed analysis of the
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Figure 37. Spin- and angle-resolved photoelectron spectra for a 8 ML thick Pb layer on Si(111)
√

3. (a) Spin polarization in x-direction,
(b) in y and z directions, (c) partial spin-resolved photoelectron spectra in x direction and (d) schematic diagram of a constant energy surface
with arrows of the spin polarization direction [96]. From [96].

Figure 38. 3D spin structure of the topological insulator Bi2Te3 under the influence of warping. (a) Summary of the 3D spin polarization
vectors on the snowflake Fermi surface for six measured band crossings α1,2, β1,2 and γ1,2 shown by out-of-plane angle (blue) and in-plane
angle (orange). (b) Measured out-of-plane spin polarization (Pz) spectra of tracks α, β and γ , where the tracks are defined by a straight line
between the respective points [108]. From [108].

spin structure and be separated from the initial state spin
structure.

As has been shown in atomic photoionization, phase
shift effects in the final states exist if two final states of
different orbital angular momentum are occupied due to the
selection rules for dipole transition �l = +1, −1 and interfere
in photoemission with each other with the consequence that
the photoelectrons are highly spin polarized even if they are
ejected by linearly polarized or even unpolarized radiation
according to equations (2)–(4). This is not the case for
photoionization starting from s-initial states.

A non-negligible phase shift between p3/2 and p1/2,
d5/2 and d3/2, and f7/2 and f5/2 final states only due to an

influence of the spin–orbit interaction there, has never been
experimentally observed nor theoretically calculated outside
resonance processes [109, 2] as also shown in figure 32. Thus
phase shift effects (with the consequence that photoelectrons
ejected by linearly polarized or unpolarized radiation are spin
polarized) only exist if the initial states show a pronounced
hybridization or have contribution of a non-vanishing orbital
angular momentum and their spin–orbit-induced fine structure
splitting is resolved in the photoelectron spectrum. Their
dynamical spin polarization would be perpendicular to the
reaction plane defined by the electric E vector and the
Rashba spin orientation of the initial state and is proportional
to sinrθcossθ with θ being the angle between these two
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Figure 39. Comparison of the measured spin polarization for PbBi4Te7 at 20 eV (left) and 24 eV (right). From top to bottom the different
panels show the measured spin integrated band map along �K, the spin polarization vectors obtained from the fit, the total measured
intensity for an MDC at EF and the simultaneously measured spin polarization along the three spatial components [110]. From [110].

directions and r and s being integer numbers from 1 up to
(2l+1) with l as orbital angular momentum of the initial state.
Note that this dynamical spin polarization always vanishes at
θ = 0◦ and 90◦.

On the other hand, in crystals with inversion symmetry
the bulk bands should show no Rashba-type spin–orbit
splitting, meaning that for these states no spin quantization
axis is defined by the initial state. As a result phase shift
effects can play a significant role. In the top panels of figure 39
the spin integrated band structure of the topological insulator
PbBi4Te7 is shown for two different photon energies (20 and
24 eV) [110]. Between a binding energy of 0.5 and 0.3 eV
only the Dirac state is observed, while at lower binding
energies additional bands show up at lower momentum values.
Apart from a change in intensity there is no clear dispersion
between these two photon energies. In the bottom panels of
figure 39 we show the corresponding SARPES data measured

as a momentum distribution curve at the Fermi energy. If we
only consider the data obtained at 20 eV it appears as if the
bands at lower momentum values are spin polarized, evident
from the well-defined spin polarization vectors extracted from
the data. After changing the photon energy to 24 eV the
spin polarization vectors of the Dirac state do not change,
whereas those of the inner bands show a strong photon energy
dependence and appear to break time reversal symmetry at
24 eV. This is a clear indication that the polarization vector
of the Dirac state is an initial state effect and that of the other
bands a final state effect, allowing us to identify these bands as
spin-degenerate bulk bands. That these bands do show up as
spin polarized in the SARPES experiment is due to the phase
shift effects described in section 4.

If circularly polarized radiation is used in photoemission
or the target itself is chiral in the photoemission process, a spin
polarization transfer due to matrix element effects (optical
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pumping) takes place as discussed in sections 1 and 2; in all
systems the Rashba spin polarization may thus significantly
change its direction and value. This is also the case for
pure initial s states, comparable to the original Fano effect
with alkali atoms as presented in figure 1 and discussed in
section 1.

Baum et al [111] have experimentally studied this effect
with free alkali atoms being spin polarized in the ground
state by use of a Stern–Gerlach hexapole magnet. Thus the
spin polarization transfer can be easily calculated for this
photoionization process from the spin polarized ground states
as given in [3]. When the helicity of the radiation is parallel
to the Rashba initial state spin, its existing complete spin
polarization stays as it is since it cannot be increased by
spin polarization transfer. However, if they are antiparallel,
a spin flip takes place which strongly depends upon the
photon energy and upon the photoelectron emission angle. For
example, in figure 1 at 290 nm the ‘wrong’ spin completely
flips by 180◦ for all emission angles. At 265 nm no spin flip
takes place and the spin polarizations stay as they have been
in the initial states. The quantity of the spin flip depends upon
the ratio ρ = R3/R1 of the dipole radial matrix elements for
transition of s1/2 → p3/2 and s1/2 → p1/2, respectively. It is
given by the following equations for this case:

Panti = 2(ρ − 1)2|Y10|2 − (2ρ + 1)2|Y11|2
2(ρ − 1)2|Y10|2 + (2ρ + 1)2|Y11|2

(7)

Panti = cos2θ [4(ρ − 1)2 + (2ρ + 1)2] − (2ρ + 1)2

cos2θ [4(ρ − 1)2 − (2ρ + 1)2] + (2ρ + 1)2 (8)

with Ylm being the spherical harmonics with θ the
photoelectron emission angle and Panti the photoelectron spin
polarization for antiparallel initial spin and helicity.

Equations (7) and (8) directly show: if ρ = 1 (as it was
in figure 1 at 265 nm) Panti = −1, i.e. no spin flip occurs.
The same happens for all photon energies if θ = 90◦, i.e. for
perpendicular emission which means emission normal to the
crystal surface if the Rashba polarization is in plane. The
spin flip is always complete, i.e. Panti = 1, for θ = 0◦ for
all photon energies. This would have the consequence for the
Rashba effect in photoemission that, when the photoemission
is angle-resolved studied with circularly polarized radiation
parallel or antiparallel to the radiation helicity, a Rashba spin
orientation would be conserved quantitatively if it is parallel to
the light helicity and it would be completely turned by 180◦ if
it is antiparallel.

In the ARPES community most experimentalists are
familiar with intensity matrix element effects based on three
contributions: the dipole transition, the availability of a final
state and photoelectron diffraction. Although hard to predict a

priori these matrix element effects are often used to determine
band symmetries or to enhance the contrast in the spectral
function. Analogously one can think of spin matrix element
effects, where the photoemission process selects one spin
direction rather than another. For localized states these can
be predicted along the lines of section 4, while for the
delocalized states close to the Fermi level which have become
the recent focus of SARPES measurements, this prediction

Figure 40. Scheme of the experiment by [113]. From [113].

is less obvious. However, as shown above these effects can
be very useful in determining what part of the measured spin
polarization is due to the spin polarized nature of the initial
states, and which states are spin degenerate in the initial state.
A systematic study for different photon energies should then
also be able to disentangle the here-mentioned phase shift
effects from spin polarization induced in the bulk bands by the
finite probe depth of SARPES [112]. The first change rapidly
with photon energy, whereas the latter should show only a
very limited dependence.

Finally it should be mentioned that all effects superpose
in three dimensions, if they jointly exist. A special case of
coherent superposition is discussed in section 8.

8. Interference of spin states creating a rotation of
the spin polarization vector

Whenever two states overlap in time and energy and they
are not orthogonal to each other, they may interfere. If
they are spin polarized with different directions of the spin
polarization vector, a constructive interference of the spinors
lets the spin rotate in space. This has been experimentally
verified by Müller et al [113] according to the experimental
set-up given in figure 40: the first spin polarization
direction is the transferred spin polarization of the circularly
polarized photons along z normal to the surface due to the
spin–orbit interaction if this is resolved in the experiment.
The second one is the exchange-interaction-induced spin
polarization of an in-plane magnetized Gd(0001) film on
W(110). The resonant photoemission process was performed
by use of circularly polarized synchrotron radiation. With
the optical selectivity of performing the photoabsorption
at a certain wavelength, a 8D9/2 intermediate spin–orbit
fine structure state is excited which decays very quickly
via a super-Coster–Kronig decay into the photoemission
continuum. Since the 8D9/2 resonance is spin–orbit-resolved
and separated from other fine structure components, the
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Figure 41. (a) Total yield spectrum of photoelectrons near the Gd
4d → 4f resonance (b) and (c) spin polarization components Pz and
Py measured across the first pre-edge peak at a photon energy of
138.75 eV. Open diamonds show the results obtained with reversed
magnetization [113]. The corresponding experimental set-up is
given in figure 40. From [113].

photoelectrons are spin polarized along the direction of the
light helicity as described in section 2. But additionally
a direct photoexcitation and emission may also take place
from the in-plane spin polarized magnetic band states to the
photoemission continuum, giving polarized photoelectrons
parallel to the magnetization. When both spin directions,
spin–orbit and exchange-induced, constructively interfere a
third spin component perpendicular to both initials should
exist. This has been experimentally verified [113] as shown
in figure 41. A third component Py perpendicular to Pz and to
the magnetization in the x direction has been measured which
switches its sign if the magnetization is reversed. Across the
8D9/2 resonance of the resonant photoemission process this
new spin polarization component changes its sign which is
typical for constructive and destructive interferences within a
Fano-type autoionization resonance [114, 20, 41].

A similar effect of interference of spin states has been
recently reported by Meier et al [115] in photoemission
from Sb/Ag(111). Using a three-dimensional spin polarization

detector an intrinsic overlap of states with orthogonal spins of
the Rashba-type splitting has been observed. They observed
a large spin polarization in-plane component but normal to
the quantization axis provided by the Rashba effect. Figure 42
shows the experimental results: the Rashba-induced spin
polarizations of the opposite y direction, not resolved in
the spin integrated experiment (see figures 42(b) and (c)),
interfere with each other creating a rotated spin polarization
in the x and z directions as given in figure 42(d) [115].

9. Cross-comparison of spin-resolved photoemission
above the Curie temperature with magnetic circular
dichroism asymmetry in intensity below the Curie
temperature

It is well known that photoemission of magnetized, i.e. spin
oriented, matter by use of circularly polarized radiation
creates a magnetic circular dichroism (MCD) in the intensity
of the photoelectrons emitted, i.e. the yield of photoelectrons
is different if the light helicity and the initial spin orientation
of the ferromagnet is parallel or antiparallel [116]. It is also a
well-established technique to use this dichroic asymmetry of
photoabsorption yield to experimentally determine the local
magnetic momenta of the spin and orbit of the ferromagnetic
system by use of sum rules.

Atomic theory in electric dipole approximation has
shown that circular dichroism in photoabsorption of spin
oriented atoms and its angular intensity distribution of
photoelectrons emitted are directly correlated to the spin
polarization of photoelectrons from unpolarized paramagnetic
atoms excited by circularly polarized radiation [117]. In
particular, in cases where phase shift effects as discussed in
section 3 are excluded or do not play a role, for example
in photoelectron emission directions of the so-called magic
angle where P2(cos θ) = 0 in equation (1), the MCD intensity
asymmetry is quantitatively given by the spin polarization of
the photoelectrons but with the opposite sign [117]. It thus
makes no difference whether one starts the photoemission
process with a spin oriented system and measures the
photoelectron intensity asymmetry under switching the
radiation helicity from left to right or one measures the
photoelectron spin polarization after the photoemission
process of an unpolarized system. This equality of physical
information in both types of experiment is, of course, only
valid if the exchange interaction splitting (m-substates) are
not spectroscopically resolved in the MCD photoemission
experiment, which is mostly the case.

Müller et al [24] experimentally demonstrated this for
the first time in resonant 4d–4f photoemission of Gd and
have proved that MCD investigations of a magnetically
ordered system, measured by [116], and spin polarization
measurements in a magnetically non-ordered state yield
corresponding results. This is shown in figure 43 where both
types of experiment yield the same experimental results for
the total yield (upper part of figure 43) and the same values of
the spin polarization and of the MCD asymmetry, apart from
the different sign (lower part of figure 43). It is worth noting
that the MCD experiment [116] with Gd(0001)/W(110) below
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Figure 42. (a) Experimental set-up used in [115]. (b) Spin integrated surface band structure of Sb/Ag(111) [115]. (c) Spin-resolved and
spin integrated (inset) partial intensities at a binding energy of 0.6 eV [115]. (d) The three simultaneously measured spin polarization
components of photoemission of Sb/Ag(111). Px and Pz are based upon the interference of the two Rashba split states oppositely polarized
in y direction [115].

the Curie temperature was performed in grazing incidence
of circularly polarized radiation because of the in-plane
magnetization whereas the spin-resolved photoemission
experiment [24] with Gd(0001)/W(110) above the Curie
temperature used normal incidence of the circularly polarized
radiation and normal emission of the photoelectrons detected.
Thus spin-resolved photoemission data of a paramagnetic
system can also be used to determine spin and orbital local
magnetic moments like the use of MCD below the Curie
temperature. This is, of course, an enormous experimental
advantage if the Curie temperature is very low as for layers
of molecular magnets. This was experimentally demonstrated
very recently for adsorbed molecules with MnII as the main
paramagnetic part in each one as shown in figure 44 [118].
The comparison of MCD asymmetry [119] to the results of
spin-resolved electron spectroscopy [118] again shows that
spin polarization measurements of magnetically non-ordered
samples lead to results that are otherwise accessible via
MCD/XAS intensity asymmetry measurements of samples
magnetically oriented in strong magnetic fields (5 T) and at
lowest temperatures (5 K).

10. Conclusions and outlook

The existence of polarized photoelectrons in angle-resolved
photoemission of free atoms, molecules, adsorbates and con-
densed matter has been experimentally found to be the general
case due to the existence and influence of the spin–orbit

interaction. If its influence is somewhere experimentally
resolved in the photoexcitation or photoemission experiment,
for example by means of resolving the fine structure splitting
of ground, intermediate or final state of the optical transition
using a monochromator or an electron spectrometer, the
photoelectrons are almost always highly spin polarized
regardless of whether circularly polarized, linearly polarized
or even unpolarized radiation is used. The spin polarization
of the photoelectron may be induced by matrix element or by
phase shift effects during the optical transition and during the
path through the solid. Coherent or incoherent superpositions
of different channels may strongly influence the results; chiral
structures and aligned orientations of crystal surface structures
also play important roles. However, the cross-comparison of
spin polarization effects in photoionization of free atoms with
that of solid crystals allows disentanglement of the different
effects which may simultaneously happen in spin-resolved
photoemission of condensed matter.

For delocalized states the field of spin- and angle-
resolved photoemission is rapidly developing. It has been
found that the phase shift and spin transfer effects also in
this case cause the photoelectrons to be spin polarized if
studied with high enough energy and angular resolution.
When the spin–orbit interaction induces a spin polarization
in the initial states (Rashba effect) primarily chiral effects
are expected to play a role, but in this field there is still a
need for further experiments to elucidate all possible spin
effects. Finally it should be noted that the different spin–orbit
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Figure 43. Upper panel (pink curve): x-ray absorption total yield
spectrum measured at paramagnetic Gd(0001)/W(110) in the 4d–4f
excitation region [24]. (Blue curve): corresponding total yield
spectrum for ferromagnetic Gd(0001)/W(110) averaged for
radiation of helicity parallel and antiparallel to the magnetization.
The assignments of the resonances are given by and in accordance
with [116, 24]. Lower panel: electron spin polarization P parallel to
the radiation helicity (pink diamonds) measured at paramagnetic
Gd(0001)/W(110) [24] in cross-comparison with the MCD
asymmetry derived from [116, 24] for magnetized Gd below the
Curie temperature (blue curve) referring to the right scale. Adapted
from [116].

interaction-induced spin polarization effects observed in
photoemission of non-magnetic materials are also additionally
present in photoemission of ferromagnetic targets, where
a spin orientation due to exchange interaction is already
present in the initial ground state. Its spin polarization is then
changed in amount and direction during the photoemission
process due to the additional influence of the spin–orbit
interaction according to the rules discussed in this topical
review. However, spin-resolved photoemission spectroscopy
with non-magnetic materials and MCD intensity asymmetry
studies with the analogous ferromagnetic target complement
each other with respect to the goal of disentangling the
influence of spin–orbit and exchange interaction as the two
complementary mechanisms for electron spin orientation in
matter.
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Blügel S, Echenique P M and Hofmann Ph 2004 Strong
spin–orbit splitting on Bi surfaces Phys. Rev. Lett.

93 046403
[78] Hirahara T et al 2007 Direct observation of spin splitting in

bismuth surface states Phys. Rev. B 76 153305
[79] Bihlmayer G, Koroteev Y M, Echenique P M,
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