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X-RAY ABSORPTION AND EXPERIMENTS
WITH CIRCULARLY POLARIZED RADIATION

B. SCHMIEDESKAMP

Fakultät für Physik, Universität Bielefeld, 33615 Bielefeld, Germany

Absorption of circularly polarized radiation (x-radiation) recently gained
interest mainly due to its helicity-dependence for magnetic materials (circu-
lar magnetic dichroism). The physics behind this absorption process is op-
tical orientation and is closely related to the physics behind other types of
experiment with circularly polarized radiation in which fundamental elec-
tronic properties of matter are studied. The consideration of X-ray absorp-
tion plays also a role in the development of new beam lines for x-radiation.
An important part in a beamline for x-radiation in the soft X-ray range can
be multilayer optics. The role of absorption in the design of these optics is
discussed as well as different types of experiment with circularly polarized
radiation: the physical mechanism of optical orientation is applied to gain
insight into both magnetic and fundamental electronic properties of matter.

PACS numbers: 75.25.+z, 41.60.Ap

1. Introduction

We start with a discussion of the propagation of an electromagnetic wave
in matter which can be characterized by means of optical constants. Its imagi-
nary part describes absorption. Absorption is already an important factor in the
design of monochromator beamlines, because it limits the maximum reflectivities
of optical components achievable and finally results in thermal loads on these
components. The role of absorption in multilayer soft X-ray mirrors is discussed.

The second part deals with circularly polarized radiation (CPR). Different
sources of CPR are briefly described. Then different types of experiment with
CPR are discussed. The absorption process is then regarded as a process in which
a photon is annihilated, resulting in an excited state of matter and/or emission of
electrons.
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2. Propagation of an electromagnetic wave
in matter, optical constants

When an electromagnetic wave propagates through a material, its intensity
is exponentially attenuated [1]:

with z — the thickness in the material, α — the linear attenuation coefficient (also
absorption coefficient) and I0 — the intensity at z = 0. The propagation of the
wave can be described by [1]:

with E0 — the amplitude of the field at z = 0, λ — the wavelength in vacuum and
c — the speed of light. n = n iβ is the complex. refractive index of the material.
Its imaginary part, iβ describes the absorption of the wave in matter. In some
works p is denoted as absorption coefficient, α is then given by α = 40/λ.

In the X-ray region photon energies are large compared to binding energies
of valence electrons. It is then useful to describe the optical properties of matter
by means of atomic scattering faction f +if2. ft is then given by [1]:

The values of f1 and f2 are tabulated by Henke et al. [2] for photon energies
between 10 eV and 10 keV. The optical constants f 1 and 12 are deduced from
absorption measurements and are believed to be accurate between 100 eV and
10 keV with the exception of energies close to absorption edges where fine structure
is produced by the interaction with neighbouring atoms. At photon energies far
below 100 eV, f1 and 12 depend also on the chemical bonding between the atoms.
Figure 1 shows values of f 1 and f2 between 100 eV and 2 keV vs. atomic number
Z of the atoms. Low values of 12 are obtained at the low energy side of absorption
edges. In the limit of very high energies (hv binding energy of electrons in the
k shell), f1 approaches Z and 12 vanishes.

When an electromagnetic wave traverses an interface between two materials
with refractive indices 72 α and fib the wave is partly reflected. The reflection coef-
ficient r α b = Er/E (Er — reflected amplitude) of the wave can be calculated by
means of the Fresnel equations [3]. The reflectivity Rai, is Rab = |rαb | 2 .

For normal incidence and abupt interfaces rα b is given by

This is the basis for normal incidence optics in many synchrotron radiation beam-
lines for XUV radiation.



Rab scales thus (see Eq. (2)) roughly with λ 4 and normal incidence reflectivities
from single interfaces are thus extremely small in the soft and hard X-ray region.
High reflectivities can, however, be obtained at grazing incidence, because n < 1
for almost all materials and photon energies. Total reflection occurs therefore at
grazing incidence angles smaller than a critical angle θ c with

(absorption losses are neglected in this estimation).
This is the basis for grazing incidence optics in many beamlines for soft

X-rays.

3. Multilayer soft X -ray optics

By means of multilayers [4] normal incidence optics can be extended to the
soft X-ray region (50 eV to approximately 500 eV). The principle is identical to
that of a quarter wave stack in the visible. The multilayers consist of alternately
deposited layers of two materials a and b. For normal incidence of the radiation one
obtains constuctive interference of the contributions from different interfaces if the
thicknesses of the layers da and db are about a quarter wavelength λ/4. Materials
a and b must be chosen in a way that |r α b | is a maximum and absorption losses in
the stack are minimized. Large normal incidence reflectivities can be expected if

1/α — attenuation length of the wave in the multilayer stack. N — number of
layer pairs which is required to obtain —N2 |r α b | 1. All materials in the soft X-ray
range are strong absorbers. Nevertheless, the condition (6) is usually fulfilled if for
at least one of the materials a and b the wavelength is on the low energy side of
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an absorption edge of a light material and the second material is chosen in order
to maximize |r ab|.

A good choice for photon energies between 50 and 100 eV is Mo/Si. Si
has a low absorption due to the Si L-edge at 100 eV. Mo results in high values
of |rα b |, which in this case is due to a large δ and not a large value. This
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keeps absorption losses in the stack very low. Figure 2 shows normal incidence
reflectivities of Mo/Si multilayers. Values around 60% can be achieved. In order
to obtain a higher thermal stability of the systems against interdiffusion one can
deposit multilayers with mixed MoxS iy layers and Si layers. The reflectivity is then
lower (Fig. 2) but — as can be seen from Fig. 3 - the stability of the stacks is
higher. Deposition of a multilayer on to a grating results in an optical element
which combines the high normal incidence reflectivity of a multilayer with the
resolution of a grating (see Fig. 4). Such multilayer-coated gratings can be the
basis for normal incidence optics in the soft X-ray region.

4. sources of circularly polarized radiation

Circularly polarized radiation i.e. radiation for which the E-vector describes
a right or left handed screw about the propagation direction* is emitted in bending

*Circularly polarized radiation can alternatively be characterized by its handedness, helicity
or photon spin. Left handed CPR has positive helicity, is also denoted as σ+-radiation and its
photon spin (+ħ) is parallel to the propagation direction. Right handed CPR has negative helicity
(σ-radiation) and the photon spin (-ħ) is antiparallel to the propagation direction of light.
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magnets of storage rings slightly above and below the ring planes [5], while the
radiation in the ring plane is linearly polarized (π-radiation). Though x-radiation
occurs thus very generally, experiments with circularly polarized synchrotron ra-
diation were until recently rather the exception than the rule, because most of
the monochromation do not transmit the high degree of circular polarization to
the samples studied. In the XUV range few monochromation for circularly po-
larized synchrotron radiation work at normal incidence [5, 6] or use monochro
mation for linearly polarized light in combination with phase shifting elements.
Both techniques yield almost completely polarized radiation but only for photon
energies below about 35 eV. Radiation with a medium degree of circular polar-
ization at higher photon energies up to the soft X-ray region can be preserved in
the monochromization at grazing incidence [7, 8]. Some activities exist to extend
the usable photon energy range to higher values with normal incidence multilayer
optics [9]. Higher degrees of circular polarization can then be expected behind a
monochromator. To the knowledge of the author, this has, however, up to now not
yet been verified. Phase shifting elements with multilayers used in transmission
are also discussed [9]. For hard X-rays 10 keV) single crystalline plates are
used as phase retarders and yield a high degree of circular polarization [10]. Using
the bending magnet radiation above (below) the storage ring plane in this en-
ergy range, a medium degree of circular polarization is also preserved with crystal
monochromation [11, 12]. Considerable effort has been spent on the development
of wiggler/undulator sources for x-radiation [13].

5. Experiments with circularly polarized radiation, optical orientation

When circularly polarized radiation interacts with a sample as displayed in
Fig. 5 the interaction depends in general on the handedness. Experiments with
circularly polarized radiation make use of these dependencies.



X-Ray Absorption and Experiments ... 681

The absorption A and photoelectron intensity I in photoemission can depend
on the helicity of the radiation, if the sample is magnetic. The spin-polarization
P of electrons emitted in the photoemission of free atoms and molecules, in the
photoemission from solids and adsorbates as well as in an Auger process is differ-
ent for left and right handed circularly polarized radiation even for non-magnetic
systems.

The mechanism which produces these dependencies is optical orientation, i.e.
a spin polarization transfer from the photon onto an electron. As spin polarized
electrons play a key role in all cases we start with a discussion of spin polarized
electrons. After that we discuss different experiments with σ-radiation: electron
spin polarization (ESP) analysis in the angle- and energy resolved photoionization
of free atoms and molecules [14], circular magnetic X-ray dichroism (CMXD) [11]
and spin resolved extended X-ray absorption fine structure (SPEXAFS) [12] in the
absorption of σ-radiation, magnetic circular dichroism (MCD) in the photoemis-
sion with σ-radiation [7], electron spin analysis in the photoemission from solids
and adsorbates [15-18] and ESP analysis in the Auger electron spectroscopy from
non-magnetic solids and free atoms [19].

A dependence of A and I can also be observed if the sample or the pho-
toemission setup exhibits a chirality. In this case the mechanism is not optical
orientation. For completeness the corresponding techniques, circular dichroism in
absorption (CD) [20] and circular dichroism in the angular distribution of photo-
electrons (CDAD) [21], are also given in Fig. 5 but they are not discussed further
in this work.

5.1. Spin polarized photoelectrons

It is worth remembering that spin polarized photoelectrons can already be
obtained with unpolarized radiation from unpolarized matter and that this type
of spin polarization is always present in experiments with circularly polarized
radiation. This has been well known from the photoionization of free atoms and
molecules for more than a decade [5, 14, 22-24]. Spin-orbit interaction is required
and the spin polarization is due to an interference of continuum wave functions.
As illustrated in the left part of Fig. 6, symmetry considerations demand that the
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In the photoionization with circularly polarized radiation additional spin
polarization is induced by optical orientation, which requires also spin-orbit in-
teraction. This mechanism was first recognized by Fano [25] and experimentally
verified by Heinzmann et al. [26]. Theoretical treatments [23] and experiments
[14, 27] show that in this case P has in general also components Pp and Pz par-
allel to the reaction plane as displayed in the right part of Fig. 6. While PI is
independent of the helicity of the radiation, Pp and Pz change their sign when the
handedness of the radiation is switched from right to left handed [14, 23, 27]. Like
PI, Pp vanishes for 0 = 0, 90°, 180° and -90° and its average over all electron
emission directions is also zero. Pz , however, is in general non-zero for all electron
emission directions and has also a non-zero average value Pz if all photoelectrons
produced are extracted regardless of their direction of emission.

5.2. Electron spin polarization approaching unity in the photoionization of TI

Photoelectron spin polarization values close to unity are usually obtained
only for special experimental conditions which require at least selection of a fixed
electron emission angle θ. It is an absolute exception that a beam of almost com-
pletely polarized photoelectrons occurs for all θ simultaneously. In the photoion-
ization of Tl this exception has been found even twice [28].

As displayed in the upper part of Fig. 7 the ground state of Tl is a 2P1 / 2

state. Ionization with circularly polarized radiation yields an ionic 1S0 state and
a photoelectron which can leave as an s 1 / 2 or a d3 7 2 continuum-wave. It can be
derived that for two special combinations of the transition matrix elements Ds , Dd
and the phase difference I - ad a photoelectron spin polarization P with |P| = 1
can be achieved for all 9 simultaneously.

The first case is shown in the lower left part of Fig. 7. If Dd = 0 the photo-
electron is a pure s-wave resulting in Pz = 1 for all 0 and Pz = 1.

The second case is illustrated in the lower right part of Fig. 7. If Dd =
and δs - ad = 0 the outgoing s- and d-wave interfere in such a manner

that the spin polarization vector P remains in the reaction plane and is rotated by
20 with respect to the light propagation direction for an electron emission angle θ.

That these ideal cases can indeed approximately be achieved in a photoion-
ization experiment is shown by the experimental results in the lower left and right
part of Fig. 7. Both results were obtained close to autoionization resonances, where
matrix elements and phases show strong variations with radiation wavelength λ.
At .\ = 148 nm autoionization yields a drastic increase in the cross-section σ for
photoionization, which is exclusively due to s-waves and results in Pz =1 (bottom
left). At .A = 83 nm, P., varies with θ as expected for case 2 (bottom right).

Pz can be determined [22] from the transition matrix elements D3 and Dd
by means of
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5.3. Probing magnetic structure with circularly polarized lght: CMXD,
SPEXAFS in absorption and MCD in photoemission

The techniques for probing magnetic stucture displayed in Fig. 8 use circu-
larly polarized radiation to produce a spin polarized electron by optical orientation
in a transition from a p-level, i.e. exactly as in the photoionization of T1.

In circular magnetic X-ray dichroism (CMXD) [11], the transitions occur
into the unoccupied part of the exchange split valence bands only some eV above
the Fermi level. Since the spin-up and spin-down density of states are differ-
ent and since left and right circularly polarized radiation yields spin polarized
electrons with opposite Signs the absorption of circularly polarized radiation is
helicity-dependent. From the helicity dependence the local magnetic moments μ
can be deduced
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from the p 1 / 2 level into pure d-states and +0.25 for the corresponding transitions
from the p3/ 2 level.

Local magnetic moments for a number of heavy impurities in iron are given in
the upper part of Fig. 9. When going from Os to Ir a change between the ferromag-
netic and antiferromagnetic coupling to the Fe lattice is observed
[11, 29]. Presently different groups [30] are working on a separation of these mag-
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netic moments into their spin and orbital parts, which yields a deeper insight into
the interplay of Coulomb and spin-orbit interactions, hybridization and crystal
fields [30] and is also required for a deeper understanding of magnetism.

The experimental [31] and theoretical [32] values of the orbital moments for
impurities in iron are given in the lower part of Fig. 9. Orbital moments turn
out to contribute considerably to the total magnetic moment and can become
even dominant for Os, i.e. close to the point of change between ferromagnetic and
antiferromagnetic coupling.

Spin polarized extended X-ray absorption fine structure [12] makes use of
spin polarized electrons with kinetic energies larger than about 30 eV. Scattering
processes with neighbouring atoms depend on the electron spin polarization and
thus also on the handedness of the radiation. Information is gained about the
magnetic short range order [12].

In the magnetic circular dichroism photoemission experiments described be-
low [7] the photoelectron energies are chosen some 100 eV above the Fermi level.
Dependencies of the photoelectron intensity on the handedness of the radiation can
be expected, if — in addition to the spin-orbit splitting — an exchange splitting
exists, which separates the levels for spin-up and spin-down electrons energetically.
Due to the limited photoelectron range MCD in photoemission is a tool for the
study of surface magnetism.

An example for MCD in the photoemission from core levels of iron [7] is
displayed in Fig. 10. The sample magnetization M is parallel to the surface and
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 lower part of Fig. 10. Reversing of the sample magnetization M results in the
same asymmetries.

Further results [33] show that MCD in photoemission can even be observed
if M is normal to the direction of light propagation due to final state selection
effects of angle-resolved photoemission.

5.4. Spin-, angle- and energy resolved photoemission from non-magnetic solds
and adsorbate layers

Spin-, angle-, and energy resolved photoemission with circularly polarized
radiation from non-magnetic matter has in the past Several times been applied to
the ideal case of solid surfaces [15] and the weakly bound almost free atom-like
rare gas adsorbates [15, 34].

In the last years a lot of work has been devoted to metal adsorbate layers and
intermixed systems on different surfaces [35-44]. The studies include photoemission
from d-core levels [35, 36] which can be described like free atom photoionization,
epitaxial layer systems for different coverages [37, 39, 41], systems which interact
more or less strongly [37-42] with the underlying substrate as well as intermixed
[42, 43] and magnetic systems [44]. Some of these experiments are described. All re-
sults were obtained for the highly symmetrical setup of normal radiation incidence
and normal electron emission.

For the photoemission from the d-core levels of a thick unordered thallium
layer on Pt the photoemission spectrum in Fig. 11 has been obtained [36]. Due to

a spin-orbit splitting of 2.3 eV into a d 3 / 2 and a d 5 / 2 level two peaks are visible.
Spin analysis yields spin polarization values of about +50% and -28% (with the
background subtraction indicated by the dash dotted line below the peaks) for
the photoemission from these two levels as can be seen from the separation of the
spectrum into its parts I+ with spin parallel and I._ with spin antiparallel to the
photon spin. These are almost exactly the values which are expected in a free atom
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photoionization experiment for the 5d levels of T1 (if spin-orbit interaction of the
final states is neglected [36]). In addition, a crystal field splitting for the d 5 / 2 level
of about 0.2 eV is detected.

Spin polarized photoemission with circularly polarized radiation from an
8-layer epitaxial Ag adsorbate on Pt(111) yields photoemission spectra like the
one in Fig. 12 which are identical with those of Ag(111). Spin analysis reveals 4

peaks C, D, E, F with the spin polarization sign sequence minus—plus—plus—minus.
They are due to the transitions from the valence bands of Ag. Compared to the
photoionization from the d-levels of thallium we have now a large crystal field
splitting due to Ag-Ag interaction in combination with a by far smaller spin—orbit
splitting, which results in the displayed spectum with 4 peaks. Spin-orbit interac-
tion separates the valence band states into wave functions of AL and Ag-symmetry,
which yield even completely spin polarized electrons for transitions with circularly
polarized radiation into states with symmetry Λ16 [37].

The photoemission from Ag adsorbate layers of different coverages and on
different substrates has been studied [37, 40] in the same manner as for Ag(111)
[37, 38] and yields almost always with up to now only one exception a photoemis-
sion spectrum with 4 peaks and the spin polarization sign sequence minus-plus-
plus-minus as in Fig. 12. This indicates that in all of these cases Ag-d-electron
overlap is present in combination with spin-orbit splitting. The exception is a
study of submonolayer Ag adsorbates on the (111) surface of silicon. Room tem-
perature adsorption of 0.5 monolayers of Ag results in an adsorbate with (1 x 1)
LEED pattern and the photoemission spectum with the four Ag peaks, which
show the presence of Ag-Ag interaction (left part of Fig. 13). Annealing of the
sample at 500°C transfers the surface into a a√3x√3R30° structure and alters the
photoemission spectrum in such a manner that spin polarization analysis reveals
only the spin-orbit split peak (see Fig. 13, right) as in the photoionization of T1 in
Fig. 11. No indication for a presence of Ag-Ag interaction is found. The (mainly
geometric) structure of this adsorbate system is still object of a long on-going
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debate in literature (several references are given in [40]). Structure models which
require Ag—Ag interaction can clearly be excluded by the described study.

An understanding of symmetry properties of surface and interface states
requires not only adsorbate systems which yield reproducible experimental results;
it should also be ideal enough to be treatable theoretically. Au on Pt(111) can be
grown epitaxially in a manner that the Au atoms are on lattice sites which are a
direct continuation of the Pt lattice [45]. An experimental result for this system is
given in the left part of Fig. 14. Spin analysis reveals several peaks which can be

attributed to corresponding stuctures in a calculation of Tamura and Feder [45].
The spectrum consists of contributions from Pt-surface emission with symmetry
ΛL [46] (peak A), a Au-induced surface state on Pt(111), which is located in the
Au layer and the underlying first Pt layer [41, 45] (peak B), states which are only
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located in the Au adsorbate layer (peak C) and bulk states of the Pt-substrate
(peak D).

The data contribute also to an understanding of a spin polarization effect
with linearly polarized light in the normal photoemission from threefold surfaces
[45-47]. Spin polarized electrons of this type are not mentioned in this work up to
now, since they occur in photoemission neither with circularly polarized nor with
unpolarized light. They require also the spin-orbit interaction but they have no
analogy in the photoionization of free atoms or the photoemission in 3-dimensional
solids. They seem to be generated only in the photoemission from surfaces and
interfaces and are predicted to require electronic states of the symmetry type AL
[47]. An additional interesting property is the fact that the spin polarization is
sensitive to the geometrical stucture of surfaces and adsorbate layers [45]. A photo
emission spectum obtained with linearly polarized radiation for the Au monolayer
on Pt(111) is given in the right part of Fig. 12. Pronounced spin polarization P
perpendicular to the light direction (component PI, P rotates by 3φ, if the sample
is rotated by φ about the surface normal) is found in three of the four peaks.
A comparison with the corresponding spectrum for σ light (Fig. 14, left) shows
that spin polarization is indeed only obtained for photoemission from those states
which have both surface or interface location and symmetry AL.

5.5. Spin polarized Auger electrons after core hole generation
with circularly polarized lght

The photoemission process with circularly polarized radiation produces in
general spin polarized photoelectrons due to optical orientation. It generates, how-
ever, as illustrated for the case of a Rb metal layer in Fig. 15, also a hole which can
decay via emission of an Auger electron. Since the emitted electron is spin polar-

ized one expects also a spin polarization for the hole left behind and the question
arises whether and in which manner spin polarization is transferred from the hole
state onto the Auger electron in the Auger decay.

The question has been addressed to alkali layers [19]. A high degree of spin
polarization was found for the emitted Auger electrons. Results for the Rb metal
layers are given in Fig. 16. A change of sign is observed for the spin polarization
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at a photon energy of 15.7 eV. This can be explained by the fact that the density
of states above the Fermi level changes from dominantly s-like directly above EF
(indicated by A in Fig. 15) to dominantly d-like at higher energies (B in Fig. 15).
Taking this into account the results can qualitatively be explained in a simple
model. In step 1 a polarized p 3 / 2-hole is generated. Its spin polarization sign de-
pends on whether the electron is transferred into s- or d-states. In step 2 the Auger
decay is regarded in an atom-hke model. Momentum conservation demands then
that the spin polarization vector of the emitted Auger electron is opposite to the
spin polarization vector of the electron emitted in step 1. Since the spin polariza-
tion of this electron depends on the symmetry of the final states also for energies
between EF and the vacuum level, spin polarized Auger electron spectroscopy can
be used to deduce symmetry properties of states in this energy range and opens
more generally a new method of studying excitations and unoccupied electronic
states.

6. Summary and outlook

X-ray absorption is the first step in all experiments with circularly polarized
radiation. It can be studied by measuring the intensity transmitted through a
sample. It can be different for right and left-handed circularly polarized radiation if
the sample is magnetic or chiral. X-ray absorption of circularly polarized radiation
results also in the emission of spin-polarized photoelectrons. Not only do they carry
information about magnetic properties but also about the fundamental electronic
properties of matter. Considerations of X-ray absorption are also necessary if the
beamlines for experiments with x-radiation are designed.

Future experiments with x-radiation will certainly profit considerably from
wiggler and undulator sources which are presently put into operation in several
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synchrotron radiation laboratories and which yield higher fluxes of σ-radiation
especially at higher photon energies. Together with further properties such as the
tunability of the radiation wavelength and the degree of circular polarization,
the ability of a fast change of the radiation helicity and a time stucture which
allows time resolved studies, one can expect considerable progress. Examples are
photoemission and Auger processes involving core levels and even aligned and
oriented molecules, time resolved studies of CD (in absorption and fluorescence)
from chiral matter (in order to study the kinetics of stucture changes), circular
differential X-ray microscopy, MCD from large molecules or impurities and defects
in solids, and light scattering from molecules.
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