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1 Introduction

X-ray absorption spectroscopy (XAS) is a local probe of tleeteonic and geometric structure
of materials. It is element specific and can likewise be &pptd gases, liquids, and solids.
Almost any material like catalysts, minerals, and biolagicssue (in its natural aqueous envi-
ronment) can be investigated. It can be used to study ssr{gcg. at grazing incidence or by
specific detection modes, see below), interfaces, burigetdaand impurities at low concen-
trations. Special techniques have been developed to stadyetic layers and small magnetic
structures which are now widely used in magnetic storageds\and magnetic sensors.

X-ray absorption needs intense tunable X-rays. Therefoday, the synchrotron is exclusively
used as a source [1]. Prior to the synchrotron the continapastra of X-ray tubes had to be
used and monochromatized. Measurements were tediousa@daonsuming. Therefore, for a
long time the method suffered from the low brightness of emtional X-ray sources. This is
in contrast to X-ray photoemission spectroscopy (XPS) [Ricw could use the much brighter
characteristic X-ray lines of X-ray tubes and X-ray fluoersme spectroscopy and Auger Spec-
troscopy which also could use electron excitation. OtHex KPS and Auger Spectroscopy it
does not depend on ultrahigh vacuum conditions. In contea¥PS which due to the limited
escape depth of the photoelectrons is restricted to nefacsuareas it is feasible to also inves-
tigate subsurface structures like buried interfaces ins@mluctors devices or GMR-sensors.
A variety of books has appeared on the field of which only a fawlze mentioned[3-7]. Varies
aspects of this contribution have also been dealt with itiegg®pring Schools of this series
[8-14]. The historical development of the field is describedef. [15].

The basics of the processes can often be interpreted in tdransimple single particle picture
(independent electron approach) thereby ignoring many betfdcts.

In x-ray absorption spectroscopy one scans the radiatierggrand observes the absorption.
The sample is irradiated with monochromatic x-rays of epéngand an electron is excited to
an unoccupied state of the atom or even ejected into therzamnti of states.

When the energy is sufficient to excite a new core level to atibe Fermi level a jump in the
absorption cross section is observed. Discrete structarebe observed just above the thresh-
old. They are divided into the x-ray absorption near edgectire(XANES) and the extended
x-ray absorption fine structure (EXAFS). In an atom one etgpadew sharp(discrete) lines just
above the threshold, followed by a continuum. XANES is a probthe local environment of
an atom or of the unoccupied density of electronic stateagaordance with selection rules).
A core hole created by the absorption of a x-ray photon caaydbg x-ray emission (emission
of a photon of lower energy) and transfer of an electron fronigher occupied level into the
hole. In another decay channel the excess energy is tradgfeanother electron which is then
ejected as an Auger electron. The energy of the Auger elenmdependent of the energy of
the exciting x-ray photon. Traditionally XAS spectra areasigred in transmission mode. The
spectrum is given by the ratio of the intensity before andrafte absorber. In order to avoid
saturation effects it is desirable to use thin absorber® Ar. The spectrum is then given as
a ratio of two large numbers and the shot noise is large. Foplwoton energies the preferred
method of detection is that of photoyield. Then, when thegligon length is much larger than
the escape depth of electrons or fluorescent radiationjghelds proportional to the fraction
of the incident radiation absorbed in the surface regiore U$e of XAS in the photoelectron
yield mode is much more sensitive then photo-electron spembpy because in XAS the pho-
toelectrons are not energy selected. The probing depthme $en nm, rather then 0,5 to 2nm
as in PES, because multiply scattered electrons are alsotdét
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In the next chapter | will recall some basic X-ray featurégntin chapter 3 we will discuss

the near edge structures (XANES). The XANES, also called NES, probes the projected

electronic density of empty states (local partial densftgptates LPDOS) and the valence of
absorber atoms. In chapter 4 the EXAFS which probe the ituteria distances and the co-
ordination number will be briefly described. Chapters 5 aratesdevoted to X-ray magnetic
circular dichroism (XMCD) and x-ray magnetic linear diclsrm (XMLD). These address spe-
cial methods that have been developed to study magneticdisianoparticles. They are the
prerequisite for the photoelectron emission microscoBHM) which allows to study magnetic

domains and the dynamics of magnetic particles on the nne §t@).

2 Some X-ray Basics

Traditionally X-ray absorption is measured in transmisgicode (we will later see that other
possibilities exist). A spectrum is obtained from the ratfdhe beam intensities in front and
behind the absorber while the photon energy is tuned. SinyXare electromagnetic waves
their absorption in a homogeneous material is describetidyambert-Beer’s law:

I = ]06_‘””. (].)

Here I, is the incident X-ray intensity and is the remaining intensity after the beam has
propagated the distaneceinside the sample. The linear absorption coefficient 1 (fw)
depends on the energy of the x-ray photons and is relate@ @htsorption cross sectiofifiw)
[em? /atom)] as

p="L"00 @)
wherep is the density of the target material;, is Avogadro’s number and\ is the atomic
weight of the target material. To get a quantity that is iretegent on the target density the
mass attenuation coefficient, = 1/p is often given. For mixed targets the mass attenuation
coefficient can be calculated by summation of the contridvudif the individual constituents.

=2 e (3)

wherec; is the weight concentration of the respective absorber sitom

Four basic effects can contribute to the X-ray attenuatidrese are the photoelectric absorp-
tion, the elastic (Rayleigh, Thompson) and the inelastan(@ton) scattering, and at energies
above 1.022 MeV the electron-positron pair production.hi@ $pectral range of interest here
the photoelectric excitation is the dominant process, amd/ilN consider only this contribution.
In textbook chapters on x-ray absorption one usually findwpes like that in Fig.1. Here the
mass attenuation coefficient is plotted as a function of tkrap(wavelengthk[?l], the photon
energy correspondingly increasing from the right to theadsfE,, = hv = hc/\ where his
Planck’s constant and c is the vacuum velocity of light, eesipely.

As we shall see, such pictures only permit a rough overvieaesthey omit all the fine details
that we will be concerned with later. Anyway, in most of thesfpal range plotted the atten-
uation coefficient decreases with increasing photon eneagproximatelyx 1/(hw)3, except
for certain points where it raises drastically. It is theimity of such "absorption edges” that
we will study in some detail below. At most x-ray energies #bsorption coefficient is a
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Fig. 1. X-ray attenuation coefficient/p [cm?/g] for a platinum foil (Z=78). Note the dra-
matic increase of the absorption with respect to the preeeolgckground at the onset of the
L3 absorption edge. The absorption by 4 electrons in2hg, subshell is much stronger than
the absorption by the 68 outer electrons of platinum altbget Thus, X-rays are selectively
absorbed by certain core electrons once the demanded thictsimergy is exceeded. This is
true for theK edge as well.

smooth function of energy, with a value that depends on thekadensity, the atomic number
Z, atomic mass A, and the x-ray energy E roughly as

pZ*
N 4

For practical purposes it is often fit to so called victore@mctions [17] of the form
pA) =a- N —b- A4 (5)

At the edges the photon energy reaches a value that is sofficdexcite an electron from a
strongly bound core level to some high energy unoccupie.sté/ith increasing energy it
will even be ejected beyond the ionization limit into the toaum of states. The edges are
denoted by letterd(, L, M, ... beginning this sequence with the edge of the highest energy.
This nomenclature was introduced by Barkla and Kossel atesdzack to the time when the
guantum theory of the atom was not yet fully developed [18hals been kept since. Today,
we assign thd{-edge to the excitation of &s-core level electron, thé; -edge to excitation
of a 2s-electron, thel, and L; -edges to spin-orbit splitp, » and2ps, levels and so on for
My, ..., Ms,....

In the literature the basics of the processes are often lidasdain terms of a simple single
particle picture (independent electron approach). Algiothis is convenient for discussion
one has to be careful with such a model. For a quantitatieepnétation and an understanding
of finer details a consideration of electron correlatioeet$ is indispensable. The simple single
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particle picture cannot even properly explain the sphtih the2p levels in Fig.1. The reason
lies in the fact that the spin-orbit splitting of tRe-levels is a “final state effect” rather than an
“initial state effect”; that is to say, that in the initialage the2p-electrons are in 8p° closed
sub-shell configuration. In this closed shell configuratimmangular momentum is completely
canceled and, thus, there is no spin-orbit interaction. rideustand the level splitting we have
to argue in a more proper configuration picture [19] as foow

X-ray transitions - like other optical transitions are ugualectric dipole transitions. We
therefore have to consider the following selection rulesfitations to be allowed:

Al =+1

Aml = 0,:|:1

Amg =10

Aj=0,+1

AL =0,+1

AS =0

AJ =0, 41, not allowed) «—— 0.

For the2p levelsp — s andp — d transitions are allowed. Due to Fermis Golden Rule the
transition probability per unit time from an initial stdt¢ to a final state f) is

Py = 2T\ (fle - xli) Pos(E) (©

wheree is the polarization vector of the electromagnetic wave and is the interaction op-
erator in the dipole approximationy(E) is the energy density of final states. This equation
is derived from time dependent perturbation theory for ammathat is loosely coupled to a
classical radiation field [20]. The X-ray field is treated adassical plain wave.

In a metal the edge transitions occur to final states justetime’ Fermi levef. For a transition
metal, like Pt, with an incompletely filled-electronic shell we therefore expect a dominance
of thed-final states over the-final states. Because of this dominance states we will ignore
here thep — s transitions. Thus, in a configuration picture the initiatstcan be described
by a2p®5d® configuration. Alternatively, because of the cancellatbthe angular momenta
in a completely filled shell, this initial state can also bedéed as al' hole configuration

of the d states. The final stat®5d'° has a closed-shell and can be described ag'ahole
configuration of thep states.

A L, ;-edge transition is then @ — p hole transition from &d' to a2p' hole configuration

3. In this final state we have an incompletely filleg shell which naturally will show spin-
orbit interaction. The spin- orbit splitting of theshell is therefore a “final state effect”. In a
Russell-Saunders coupling scheme fheand L,-edges then correspondi® —?* P/, and

D —?* Py, transitions, respectively. Note, that in this scheme.the 3/2 state has the
lower energy as required by the Hund’s rules [19]. Despiie diescribed shortcoming of the
single particle picture it is widely used in the literatuoedisplay the X-ray transitions, and we
will also do so in the following.

1Quadrupole transitions are occasionally observed but weimtensity.

2The Pauli-exclusion principle does not allow electronsege@kcited into occupied states.

SHere again we have a single particle picture. This time withhale ground state andzahole excited state.
In this picture the energy scale is turned upside down.
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The energetic position of the individual absorption edgesdases with the atomic number
approximately according to Moseleys law [21]:

v=C(Z—0)? (7)

whereo is a screening constant & 1.13 for the K-shell ands ~ 7.9 for the L - shell). That
is, the higher the number of nuclear charges the strongerdare the core electrons and the
more energy will be needed to excite an electron to an empénea state. This and the fact
that the energies are so well defined makes X-ray spectrpstoplement specifié.
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Fig. 2. X-ray K-edge absorption of sonsel transition-metal foils. This figure clearly proofs
the elemental selectivity of X-ray absorption. Above thgeesdhe spectra clearly show some of
the fine structure which is the subject of this contributi@B][

Fig. 2 showsK-edge absorption spectra of thé metals Cr to Zn. It clearly demonstrates
the shift of the absorption edge with atomic number. The &giso displays some of the fine
structure that we want to discuss.

Once created, a core hole will rapidly decay either by X-ragriéscence or by an Auger tran-
sition. Thereby the core hole is refilled by an electron frohigher level. In the first process
a characteristic X-ray Photon is simultaneously emitted.af optical transition it also obeys
dipole selection rules. The photon energy matches the pfgrence of the two levels and
is characteristic to the atom. The emission lines are dernwtehe signature of the initial core
hole (K,L,M,...) with a numbered Greek index identifyingetbhell and the level from which
the transition electron originate&,, .., , Kz,, . - . .

As an example Fig. 3 shows levels and transition lines for Zx149). The position of the
corresponding absorption edges which always are highamergg are given as well [24, 25].
In the Auger process the excess energy is taken away by aneitwtron®. Note that the

4Using the relationship (7) Dauvillier and Urbain in 1922 wable to identify element 72 (Hafnium) by ifs
emission lines [22]
5A review of the first 70 years of Auger spectroscopy has régéeen given by W. Mehlhorn [26].
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Fig. 3: Correspondence of X-ray emission lines and participatituyac levels for the case of
Cu (Z=29). The position of the absorption edges are alsorgj2d, 25].

Auger transition is not a two step process, but a single quamhechanical transition. Auger
transitions are characteristic to the atom as well. Theynaterestricted by dipole selection
rules. Auger transitions are denoted by the three electrenels involved, e.g.K Lj 3Ms 5,
where the first letter labels the initial core hole. They amghfer classified as Coster-Kronig
transitions, if one of the final-state holes has the sameipfsnquantum number as the initial-
state hole, e.g.L.; L, 3M, and super Coster-Kronig transitions, if both final-statéeb have
the same principle quantum number as the initial state feode,L, L, 3 L2 5. Their energetics
does not depend on the excitation process. This providesthsaweasy means to distinguish
Auger electrons from directly emitted photoelectrons. Bgmging the excitation wavelength
the kinetic energy of direct photoelectrons will be shiftgdaereas the kinetic energies of Auger
electrons are fixed. Such experiments can even be done aalabhoXPS - machines because
usually two characteristic X-ray line sources are avadabamely AlK, at 1486.7 eV and Mg
K, at 1253.6 eV. The kinetic energy of the Auger electron canstienated as;;, = F.ore —

E, — E,. HereE,,,., E'1, E, are the binding energies of the initial core hole and therathe
electrons taking part in the process, respectively. Coaes will be necessary to this equation,
however, because of correlation effects [27,28]. X-rayri#soence and Auger transitions are
competitive processes. Their relative abundance depamdseocatomic number as shown in
Fig.4. where the relative yield is plotted as a function ohaic number. Fof -shell excitations
the Auger transitions are dominantat< 31 (Ga) whereas the fluorescent emission is stronger
at the heavier elements. For L-shell excitation the Auganditions are dominant for all stable
elements. Both processes, X-ray fluorescent emission agerAdecay themselves form the
basis for widely used spectroscopies. Of course, Augetsysaopy requires the better vacuum
conditions. Due to the smaller scattering length of thetepkelectrons it is also more surface
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Fig. 4: Comparison of X-ray fluorescence- and Auger yield as a fanaif atomic number for
the K and L3 absorption edges [25].

sensitive than both, X-ray fluorescence spectroscopy aray&bsorption spectroscopy.

For X-ray absorption the secondary processes imply thalpbigsof new detection schemes.
An energetic Auger electron will often produce an avalanchsecondary electrons. A frac-
tion of these will have enough energy to overcome the worlction and leave the sample.
Therefore, in the most easy experimental detection scheenseample is simply connected to
a pico-amperemeter and the drain current measured. Thisdiectron-yield (TEY) detection
is a popular technique in solid state physics and surfaemeei The short scattering length of
excited electrons limits the probing depth of this techeitmabout 10 nm. It is larger, though,
than in XPS- and Auger measurements because here all theoakeare simultaneously col-
lected, also the multiply scattered secondary ones. Adtarely, the emitted electrons and also
the fluorescent photons may be measured by a suitable electploton detector in front of the
sample. By choosing grazing incidence in reflection for thigal photon beam both detection
techniques can be made surface sensitive. The distancartledéctron can travel through the
solid, the escape depth, varies with energy. Thereforéasisensitivity can also be achieved
by choosing only Auger electrons with a small escape deptlddtection (partial-yield detec-
tion).

Fig. 5 shows a scheme of the experimental arrangement faieatyabsorption measurement.
In transmission mode a thin sample is placed into the mommcatized synchrotron beam. The
beam intensity is monitored in front of and behind the sarbpl®nization chambers. Itis com-
mon practice to measure the transmission of a referenceleama third ionization chamber
to eliminate fluctuations and to reliably detect small shift the samples absorption edge with
respect to the reference. Fluorescence detection is prefeity used for very diluted absorbers
because then the signal in transmission mode is the differehtwo large intensities resulting
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Fig. 5: Arrangement of a typical X-ray absorption experiment[§,29
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in large background noise. Also the reabsorption of the #soence photons is minimized in
this mode. Energy dispersive Si(Li)- detectors, sziritha counters or gas filled proportional
counters may be used to discriminate the sample fluoresé®moehe background signal. Pho-
todiodes, channeltrons and channel plates are also usddtimtion.
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Fig. 6: X-ray absorption coefficient of copper in the region of thand K edges. The inset
shows an expanded view of tReedge region with the separation into a XANES and an EXAFS
range [30].

Fig.6 shows the absorption coefficient at theand K edges of a Cu-foil and in more detail the
absorption fine structure in the vicinity of thé-edge. Such spectra are usually decomposed
into three parts: The first part is the so called "pre-edggiae which contains the background
due to lower energy absorption transitions and sometimss\akak but specific absorption
features to be discussed below. The second part is the XANESY Absorption Near Edge
Structure) or NEXAFS (Near-Edge X-ray Absorption Fine Stane) - which basically means
the same and includes the actual edge and the area to about@yend the edge. Because of



E9.10 P. S. Bechthold

the dipole selection rules XANES (NEXAFS) probes the prigdelectronic density of empty
states (local partial density of States LPDOS) and the calehthe absorber atoms.

The third region is the EXAFS (Extended X-ray Absorptiond-Btructure) range which may
extend to about 1000 eV beyond the edge and essentiallyiosrstauctural information about
the immediate neighbourhood of the absorber atom. EXAF8gxohe coordination number
and the interatomic distance.

3 Near Edge and Pre-edge Structures

The XANES part starts at the first strong dipole allowed titgors (s — p transition in case of
a K-absorption edge) below the ionization limit. This is nicdemonstrated in the gas phase
spectrum at thé< absorption edge of Ne in Fig. 7.

3p :
=10+ Ne K-edge
= Ne: 1822s?2p°
=
_e' Af=#1
51
S 1s' np Rydberg States
-8 “ 4p 13-1
o)
2
/p) ) &
wn
o
O

Photon energy (eV)

Fig. 7: total cross section for photoionization of Ne in €&t K edge absorption. The curves
are fits to the data with a Gaussian with FWHM fixed to 66 meV.[31]

The Ne atom has &s?2s22p° configuration in its neutral ground state. Only transitiants
unoccupied states are allowed. Therefore the first availahbccupied state in accordance
with the Al = +1 selection rule is of 3p character, the next 4p, and so on. dmigation limit

is also given. Note, that these levels correspontlstdnp configurations where the negative
exponent denotes the core hole. They do not give the positbthe atomic p levels but will
be shifted due to correlation effects (screening).

The situation gets more complicated at thedges. Fig.8 shows the excitation at thedge
of atomic Ar. Starting at thép levels theAl = +1 selection rule allows transitions toandd
levels. The first allowed transitions are4e and3d. Due to the spin-orbit splitting of thep
levels each peak appears twice. This is depicted in the ssledme on the right (but see also
the discussion on the single particle picture above). Ttensity ratio of corresponding levels



X-ray Absorption Spectroscopy E9.11

4 1(}4 L] L] L] III L] II L] L] III L] L] L] 'I llllllll I llllllll
C | - Argon | :
| g0 Lz,:» :
310'F Absorption = 4d
_ I ] j 3d
= f
{E' 2p3’r2_1 6d' ¥ 4s
.% 5d1 -
z ]
- -
2p 3
g 8 8 2 8 2 & & 3 8 & 2 B 3 8 & B i 3 & & B E B B B B _ B B B 2
242 244 246 248 P

PHOTON ENERGY/eV

Fig. 8: X-ray absorption spectrum of argon gas in the vicinity of fhg absorption edges and

interpretation of the transitions in terms of the single fiee picture. Such spectra are used
to calibrate monochromators. [Courtesy of Stephan Cranes, ®ntribution on Synchrotron

radiation in this Spring School].

is =~ 2 : 1 because the electron occupation of thelevels is 4:2 in favor of th&ps,, levels.
Spectra like this are often used for monochromator caliimat

One might think that beyond the ionization limit of the shell the X-ray absorption spectra of
atoms will be smooth and flat as in Fig. 1. One rather obserwdatectron excitations. These
occur due to correlation effects. A typical example is a nes double excitation process.
The core electron is ejected by the photon and concomitantiglence electron is excited to
an empty valence orbital or ejected from the atom. In the fiaste we call it a “shake-up”
process and in the second case a “shake-off” process. The-alyaand shake- off processes
occur concurrently to the direct photoemission processcddfse, the total energy has to be
conserved. Photoelectron waves passing through theseitf@cedt pathways interfere with
each other which results in an asymmetric line profile of #sonance in the photoabsorption
cross section. They are called Fano resonances after U vidampredicted this lineshape [32].
One might see here a certain analogy to a double slit expetiniée electron has two optional
pathways to go (this time on the energy scale)which leads totarference pattern.

Fig.9 shows as an example 1s2s and 1s2p resonant doublatiexcgpectra of Ne. The fit to
the first peak shows a typical Fano profile [30, 31].

Fig.10 shows a high resolutidii-shell absorption spectrum af, in the gas phase. Above the
ionization limit (= 410 eV) besides the multi-electron excitations this showsoad "shape”
resonance. Such resonances are absent for isolated atbegsare attributed to quasi-bound
states in the continuum in which photoelectrons with higbudar momentum about the cen-
ter of the molecule are trapped due to multiple reflectiona icentrifugal barrier potential
I(I + 1)/2r* which reaches into the continuum states. Since the enemjyyrenwidth of the
resonances depend on the shape of the potential, they é&d shhpe resonances [37]. Mul-
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Fig. 9: Double excitation spectrum of Ne with a Fano profile fit of thestnntense line. The
bars show the energies of thies2p| (13 P)3pnp series of transitions [33, 34].

tiple Scattering of the photoelectrons also happens irefakfplecules and solids. This and
the occurrence of multi-electron excitations are the neasdy the XANES region is extended
to about 30 eV beyond the absorption edge. In the EXAFS rargiegie scattering event is
assumed (see below).

For compounds, XANES shows characteristic features fdemdift coordinations of the ab-
sorber atom. Increasing the oxidation state of the absaitiiéis the position of the absorption
edge in the XANES to higher energies. This is demonstratédgn 11 for some Manganese
compounds [38].

The edge shifts linear with the valence state of the atons iBlgjualitatively easy to understand:
The radial distribution of the valence-electron chargedrtoutes to the screening of the nuclear
charge also in the vicinity of the nucleus. The transfer ¢énee electrons to the ligands reduces
this screening. As a consequence the core electrons getde=sened and stronger attracted to
the nucleus and it will cost more energy to bring them to antedctate.

Some times one also observes peaks in the pre-edge regamtolthe onset of the absorption
edge. These could be due to quadrupole transitions (d at the K or L; edge orp — f at
the L, ; edges)to empty bound states. The selection rule for theise atlowed isSAl = +£2.
However, quadrupole transitions are generally very weaktansity. But, for transition metal
compounds the pre-edge peaks are sometimes quite stroey.afé then attributed to — d
hybridization due to the interaction with ligands. In thase the transitions get dipole allowed
due to orbital mixing.

Fig. 12 shows as an example theedge absorption of oxygen coordinated chromium. First,
we see the expected edge shift to higher energies when gaimgthe3+ to the6+ valence
state. TheC'r3* is 6-fold coordinated with an octahedral environment. Whtis coordination
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Fig. 10: High resolution K-Shell photoabsortion spectrum of gaseous ddowing multi-
electron excitations and a “shape resonance”. ThissN- 7* resonance and the double excita-
tion feature show vibrational fine structure. The Rydberggesamerges in the ionization limit of
~ 410 eV [5, 35]. The figure on the right shows a scheme of a mialepatential including the
centrifugal barrier < I(I + 1)/r?) where herd is the angular momentum of the photoelectron
with respect to the center of the molecule-at 0. This potential barrier temporarily prevents
the photoelectron from leaving the molecule and gives agheés* shape resonance above the
ionization limit [36].

in the ideal octahedral geometry - one has a center of irmeesidp — d mixing is not allowed

6. The small features observed in the pre-edge region areftimereither due to quadrupole
transitions or due to a weak— d mixing induced by a slight distortion of the octahedron. The
Cr®* in the chromate aniorO,]*") is fourfold coordinated with a tetrahedral environment.
NeutralCr has a[Ar]3d°4s' configuration. Thus, in its formdi+ valence state th€'r has no
d-electrons at all in its valence band. The strpnrgd hybridization in the tetrahedral geometry
will therefore provide a large density of empty valenceesdor the transitior. This example
shows that the pre-edge region can give valuable informatad only on the valence state but
also on the coordination of the absorber atom.

A similar pre-edge peak has recently been reported for Fegxtle in solution and is also
interpreted ap — d hybridization with oxygerp-levels due to tetrahedral coordination. [40]
The Fe(VI) has 8 empty-orbitals and therefore also provides a high density of grigstates
which together with the hybridization also gives raise térargy pre-edge peak.

According to Fermi’s Golden Rule (eq. 6) the transition nxatlement depends on the po-
larization of the X-rays. This can be exploited with anispic samples to determine bonding
directions of the final state. The absorption cross sectgpedds on molecular orientation.
Therefore, XANES can be used to determine the orientatianaécules on surfaces [5, 41,
42].

80rbitals can mix only if they belong to the same irreducit@geresentation of the molecular point group.
p-orbitals are antisymmetric (“ungerade”) with respectrteersion andi-orbitals are symmetric (“gerade”), re-
spectively. Therefore they do not mix as soon as the pointgoontains a center of inversion

Cr%t compounds are very toxic. Therefore, this technique mighy to identify them in critical cases
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Fig. 11: Shift of the Mni-edge position for three different manganese oxides. Aw#/shio
the inset the position of the absorption edge férn**, Mn3*+, and Mn*" compounds shifts
linearly with the oxidation state of the absorber atom. Tngperty can be used to identify the
oxidation state of transition metal ions in unknown or coicgtled compounds like biomolecules
[38].
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Fig. 12: Cr K-edge XANES for Cr3+ and Cr6+ oxides. Here the strong @dge peak in the
Cr6+ spectrum is a consequence of the tetrahedral symmatrging considerable mixing of
the empty d-electron orbitals with the p-states that thetptebectron will occupy [39].

In conclusion, the XANES and the pre-edge structures tedl leg about electronic structure.

XANES is element specific, it probes the local unoccupietiglatensity of states in accordance
with dipole selection rules. It is sensitive to the oxidat&tate and the coordination of the
selected elemental species investigated and can be usetgtméhe the orientation of adsorbate
molecules. Difficulties arise, however, to interpret thedpal features in a quantitative way.
This can easier be obtained with the EXAFS that we will disdnghe next chapter.
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4 EXAFS (Extended X-ray Absorption Fine Structure)

About 30 eV beyond the absorption edge begins the EXAFS mef@i®9,39,43-45]. In this
range the photon energy is far above the ionization threlsdnadl the photoelectron is treated as
an outgoing spherical wave as schematically shown in Fig. 13

backscatterer

wave vector of
photoelectron

k= _,/;_—‘T‘(E- E)

lohotoelectron
wave

constructive destructive
interference

Fig. 13: Scheme of the outgoing and backscattered electron wavingpéal the EXAFS os-
cillations. E is the energy of the absorbed photon afiglthe core level binding energy [8,
29].

If there are other atoms surrounding the absorber atom tilesoatter this wave. The outgoing
wave and the scattered waves will interfere. The final statlee superposition of the outgoing
and the scattered waves. For a constructive interfereresigimal will be enhanced leading
to a maximum in the EXAFS oscillation. A destructive inteeflece will lead to a minimum.
The oscillations are absent in case of an isolated absotber. aTo quantify these ideas it is
convenient to convert the energy scale into a wave numbé stthe photoelectron. From the
photoelectron’s kinetic energyy;, = E — Ey = p*/2m = (hk)?/2m we get

2m
b=/ 55 (B~ Eo). ®

whereF is the energy of the absorbed photon d@nds the energy of the ionization threshold.
Then, using a plain wave approximation at the scatteringmatand allowing only for a single
scattering event one can derive the following equationHerEXAFS oscillations [29,39,43]:

X(8) = [u(B) — (B ol B) = 3~ Ny (1) Dy (k) expl-20347 T L 65D

Here 1o(E) is the signal of the isolated absorber atom which has beemastiébd from the
measured signal and to which the EXAFS oscillations are abred. Of course, this function
is not known but can be approximated by an extrapolationd.the Victoreen function below
and above the absorption edgeThe EXAFS oscillations are summed over all neighbouring

8there are other ways to handle this [29,39]
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shells; of scatterers which are separated from the absorber by the déstance-;. N; is
the number of scatterers in one shell. The periodicity ofdbellations is determined by the
sin function, wherer; is the double distance between the absorber and a scatterer; &
the total phase shift of one round trip of the wavg;(k) is the backscattering amplitude of
the neighboring atoms. The exponential is a Debye-Walldofavhich describes the damping
of the wave due to statistical disorder of the atoms and dubeomal motion®. Inelastic
scattering of the photoelectron destroys its coherencés i$haken care of by the additional
damping factoD; (k) = e~%/* whereA (k) is the mean free path of a photoelectron.

The EXAFS formula has been derived under some simplifyisgaptions: The photoelectron
is treated as a plane wave at the positions of the neighbarkiplé scattering contributions are
not contained. These are largest for small k-values anddltinear arrangements of 3 atoms in
a row. Moreover, the energy, is not well defined. Therefore the EXAFS is often compared to
a well characterized model compound from which better patara can be deduced. Thereby
it is hoped that the parameters are identical and that thertaities will cancel out. For
larger k values respective shorter wavelength the dephasing sesesnd the oscillations will
die away. Today computer codes are available which takeectoons due to the curvature
of the photoelectron wave as well as multiple scatteringhvevento account. Fig. 14 shows

200

FT(X-k9

N-‘(
% gl

4
k&™) r k)

Fig. 14: (a) k* weighted EXAFS - k? at the TiK edge of a diluted NiTi alloy containing 2%
Ti. The measurements were made at 77 K. (b) Fourier transtdrtne EXAFS. Four shells of
neighbours can be identified. The first shell peak is coveyealfiiter function.

as an example the EXAFS oscillations at theKTiedge of a diluted NiTi alloy with 2 at. %
Ti, measured at 77 K. Since the oscillations decay quickéythave been weighted by?.
These oscillations are represented in k-space. To get paaksnformation, that is to derive
interatomic distances, we have to fourier transform the.ddthis is done in Fig. 14b. One
clearly sees displayed the radii of the first four Ni coortiima shells around a Ti atom. Itis
found that the 12 nearest neighbours are shifted outwards.@32 + 0.005)?1. The atoms in
the other coordination shells are at the Ni lattice sites.

In summary, the EXAFS is a superposition of sinusoidal wadties decay in intensity as the
incident energy increases from the absorption edge. Tleevgawes result from the interaction

%to reduce the latter effect it is advantageous to measuosvatimperatures.
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of the ejected photoelectron wave with the surrounding atdrhe amplitude and phase depend
on the local structure in the neighborhood of the excitethatbhis structure is determined by
fitting a theoretical spectrum to the experimental data. droeedure yields information on the
distance of neighboring atoms, their identity, and numéaed by the Debye-Waller factor the
degree of disorder in the particular atomic shell.

5 XMCD: X-ray Magnetic Circular Dichroism

Dichroism denotes the property of anisotropic materialshange color when irradiated with
light in different directions and/or of different polarizan. It is associated with direction- and
polarization- dependent differences in optical absorpiad with this understanding can be
extended to other spectral ranges, particularly X-rayscular dichroism refers to absorption
differences for left and right circularly polarized lighgspectively® , and if induced by the
presence of a magnetization we speak of magnetic circutaraism.

XMCD can be observed with ferro- and ferrimagnetic systémst was first observed at the
K-edge of iron [46]. Yet, much stronger signals can be ol the transition metdl, 3
edges of 3d transition metals. These are of particularastdsecause the d-electrons are the
primary carriers of the magnetism. Therefore, in this idtrction the discussion will be limited
to these cases.

Fig. 15a shows the absorption-cross sections af.theedges of Fe, Co, Ni and Cu films [47].
The strong absorption peaks at the edges are often referrasl the “white lines®?. Their
intensities decrease with increasing occupation ofdHevels. For copper they are nearly
absent, due to its almost completely filléghell. To extract from these spectra the pure d
transition intensity a two step background (due to tramsgp — s, p-derived delocalized band
states) is subtracted as indicated in the spectrum of irtve. Step function for thé.; edge is
twice as high as the one for thg edge because of the different occupation numbers of the
2ps and2p. levels, namely 4 and 2, respectively. After backgroundrsaiibn the integrated
white- line intensities reflect the number of holes in theand (Fig. 15b) [47-49]:

wheren,, is the number ofl holes in the electronic ground state ani$ the number of occupied
d states. Thisrule is called the "charge sum rule”. Here, arle following we will assume that
anisotropies caused by anisotropic charge and spin diftyiis in the crystallographic unit cells

OFor circularly polarized X- rays the electric field vectotates about the direction of propagation. According
to the classical definition of circular polarization the wasg called right circularly polarized if the light vector
turns to the right for an observer looking into the beam afftdciecularly polarized if the light vector turns left.
However, in X-ray spectroscopy not all investigators cliaghis definition. Therefore it might be more adequate
to refer to the light helicity which is positive if the photangular momentum points into the propagation direction
of the light ¢ light; left circularly polarized according to the aboveg))land negative, respectively, if the photon
angular momentum points in the opposite directien (ight).

X-ray natural circular dichroism (XNCD) has been observethe uniaxial gyrotropic single crystak/Os. [50]

1t has also been studied with paramagnetic samples. Thisresglow temperatures and strong magnetic
fields of several Tesla. Here the net spin orientation isinbthby the Zeeman interaction. Some applications to
bio-inorganic molecules and molecular magnets are suraethliy Funk et al. [51]. We will not discuss this any
further.

12This nomenclature stems from the early days of X-ray spsctnoy when the absorption was still measured
with photographic films. The films were not exposed at thetfosbf the strong absorption lines and therefore
appeared to be white.
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Fig. 15: L edge X-ray absorption spectra for Fe, Co, Ni, and Cu metgl\White-line intensity,
determined after subtraction of a double step function [SPlown dashed in the Fe spectrum
in (a), versus calculated number @holes [47].

are averaged out. Experimentally this can be achieved byagivey over three measurements
performed in three orthogonal directions [49]. In a tightding approximation the constant
C'is calculated to beC' = 2 AR? whereA = 4n?hway andR is the radial transition matrix

element [49, cf. appendixjaw is the photon energy and; = ﬁ ~ F17 is Sommerfeld’s
fine structure constant.

If, in addition to relation (10), we could distinguish be®vespin-up and spin-down holes we
were able to measure the magnetic moments of the sampleselegitent selectivity on an

atomic level. This can indeed be done by XMCD. It requirespfesence of two basic inter-
actions, namely spin-orbit coupling and an exchange sgitif the electronic valence states.
With the aid of Fig. 16 we will explain the role of the spin-dréoupling.

In Fig. 16 we study the transitions froﬁp%,% initial states to3d states when we excite the
2p- states witho* light. The transitions are energetically separated by pire-srbit coupling.

The states can be described as linear combinatioprs,0fn,) kets and it is sufficient to study
transitions between those. Transitions from thg ande% initial states are treated separately.
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Fig. 16: Scheme of possibly — 3d transitions when excited with light [53]. The upper
row shows the tefd final state levels sorted by theit; andm, quantum numbers. Spin-orbit
splitting is neglected for th&d states. They are labeled by rectangles (positing and ellipses
(negativem,). It is assumed that alf levels are unoccupied prior to the transition (there are
no restrictions due to the Pauli-exclusion principle). &&) the spin-orbit spliﬂp% and Qp%
levels are given. The magnetic sublevels are indexed by rtfegnetic quantum numbe;.
The upper line shows uncoupled states, m) that contribute to the respectiie:;) states
according to the Clebsch-Gordon series (see appendixpwsitl transitions - represented by
arrows - must obey dipole selection rules (fof light: Am, = 0 andAm; = +1). The line
thickness corresponds to the transition strength. Sep@rér each spin-orbit split component
the transition strength is also given in % as calculated ie &ppendix. For th@p% level 75 %

are spin down transitiongm, = —3) and 25 % spin ugm, = ;). This results in a net spin
polarization of—% = —72542255

The spin-orbit splitting of thel states which is much smaller than that of thetates is ne-
glected. For™ light the transitions have to obey the dipole selectiongwéh Am; = +1 and

Am, = 0. Here it is assumed that all thestates are unoccupied and can be reached (no re-
strictions due to the Pauli principle) . The width of the arsocorresponds to the calculated
transition probabilities (In the appendix it is shown howsttesult is derived from calculations

of transition matrix elements). The transition strengttesaso given in %. If for th&p. ini-

tial state we add all the transitions with identical spin welfa total probability of 75 % for a
transition withm, = —% (spin down) while transitions with, = +% (spin up) contribute only

25 %. As a result we end up with a spin polarization of 50 % (sjawn) in the finaki-states
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if only 2p, states are excited. The spin expectation value is th¢n= —2. 13 Similarly, if
only 2p3 initial states are excited we get 37.5 % spin down and 62.5 % gp electrons in
the excited states. Th|s results in a net spin polarizatid@b®b6 (spin up) electrons and a spin
expectation valués) = <. Note, that the spin polarization is opposite in the two sa&ince
we have twice as mangps states a§p1 states the absorption strength of ﬂ]ﬁ states is also
doubled. Thus, if there i is no spin- ~orbit splitting and a# #siates are excited S|multaneously the
net spin polarization in the excited state will be zero, gseeted. One also observes an orbital
polarization in the excited states. The orbital polar@ais 75 % for both excitation path ways
wherem; = 2 is fully polarized,m; = 1 half-polarized andn; = 0 non-polarized. When
the polarization of the exciting photon is reversed (ight), the polarization of the excited
electrons is reversed as well. Thus, if thetates are unoccupied there is no difference in the
absorption for both circular polarization directions o tight. The same is true if théstates
are partially occupied with electrons but the same numbeleaaftron spins points towards the
beam as in the opposite direction.

The amazing fact, that spin polarized electrons can be gateby photoexcitation of unpolar-
ized atoms with circularly polarized light if the states danseparated by spin-orbit splitting
was predicted by U. Fano in 1969 [54]. The effect is theretmied Fano effect®. It is now
widely used to generate spinpolarized electrons from Gafisces [55-58].

Above, it was stated that besides spin-orbit coupling welre&hange interaction to observe
the circular dichroism. In the valence band of a ferromagagtwell as in a ferrimagnet) the
exchange interaction leads to different densities of sfatemajority and minority sping;; and

p,- Then there are different numbersdiioles available fos* ando~ light. This destroys the
absorption symmetry. The XMCD signal is just the different¢he absorption for these two
cases. If we denote the cross sectibrandc™ for o™ ando~ light, respectively, we get [59]:

¢t =K(afp +afp)

whereK is a proportionality constant amq* denotes the probability to create a spin up electron
in the excited state andjr a spin down electronp; andp, are the empty densities of states
available for transition. Similarly for~ we get:

¢ =K(aypr+app)

From the above considerations we knowf = al anda; = aT The XMCD signal then
becomes:

Ixmep o< ¢ — ¢ oc (afpy +afp)) — (af pr +appy) = (a'py + ap)) — (ap; +a'p))

=a'(pr—p)) —alpy —p1) = (@' —a)(pr — p))
wherea’ = of = o anda = a] = o7 . Thus, without exchange splitting there is no XMCD
signal.
Fig. 17 (left) shows the magnetic circular dichroism spattrof an ultra thin Co film on
Cu(001)[53,60,61]. In the upper panel, the absorptiontspen the photon energy range of
the Co2p — 3d transitions are shown far™ ando~ light. For a fixed sample magnetiza-
tion the absorption at thé; peak (corresponding mp% — 3d transitions) is higher fos™

*Note, that{(c) = —1 means 100 % down spin polarization.
4not to be mixed-up with the earlier mentioned Fano resonance
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polarization (continuous line) compareddo polarization (dashed line), while the situation is

opposite at thd., peak Qp% — 3d transitions). The bottom panel displays the dichroism spec
trum which shows different sign at the two Co absorption eddée signal scales as the inner

productq - M whereq is the propagation direction of the circularly polarizedfgns andVi

is the sample magnetizatidh
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Fig. 17: Left: XMCD spectrum of a thin Co film on Cu(001). (a): Absawptspectra at the Co
L, ; edges for™ (continuous line) and ~ polarization (dotted line) of the exciting X-rays. The
magnetic dichroism is visible as a difference in the abgormpstrength.(b): Difference of the
two spectra (XMCD spectrum). The sign of the dichroism isosfip at thel; and L, edges.
This is due to the inverse spin polarization of ﬂ)% — 3d and Qp% — 3d transitions. Right:
Scheme to illustrate the separate orbital and spin contrdns to the XMCD spectrum. (a)
hypothetical XMCD spectrum obtained from orbital magnatmments alone, (b) hypothetical
spectrum with contributions of the spin magnetic momeitsegl(c) XMCD difference spectrum
of a sample with both spin and orbital magnetic moments.g86p,

In the appendix we have shown how within a simple model we adcutate the XMCD signal
starting from a magnetic ground state with a givearbital occupation. This procedure can
principally be inverted. Important sum rules have beerveerto extract from the experimental
spectra the ground state expectation values of the orlithtpin angular momenta, separately
[63-68, see also 48,49,52,69]. The “orbital sum rule” [&366] relates the average orbital

15This rule holds for absorption and total yield measuremddgsiations may occur when partial yield detection
is used [62]. Therefore, with electron detection modesigpeare has to be taken.
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moment per atom with the peak intensities according to
2

Hr = 3C

The constant' is the same as the one for the charge sum rule given aboveT{h8)notation

for the A and B is given in fig.17 (right panel). Correspondingly, the “spum rule” [64] links
the dichroism intensities with the size of the spin momemntgbem according to

(A+ B)us-

1
Hs = __(A - 2B)MB

C
Note, that the area of B is negative. Therefore in the deamadf 1, the difference of the two
areas has to be taken, which will lead to a considerable are@n both areas come close to
each other.
To make the sum rules plausible we follow the line drawn byi§©,61] (Fig 17 right panel).
From Fig. 16 and the calculation given in the appendix we kitwat the orbital contribution
to ther% — 3d transition is twice that of th@p% — 3d transition. Upon reversal of the light
helicity from o™ to o~ spin and orbital polarizations will both change sign, ireaidifference
spectrum they will both add in the same sense. Thus a hypcthspectrum with only orbital
admixture would give a spectrum as plotted in Fig. 17(aifriganel) where peald has the
double size of peaB. If, on the other hand, we consider a spectrum with only spirtribution
the peaksA and B have opposite sign as shown in the middle part of the figuree Higher
spin polarization of transitions at tHe edge compensates the lower electron occupation of the
Qp% level leading to opposite peaks of equal size. This is alsgmeement with our calculation
and Fig. 16. A realistic spectrum with both, spin and orhitahtributions, would be a linear
combination of these two (Fig 17(c)). Now we see, that additif peaksd and B will eliminate
the spin part and retain the orbital part only. If we take— 253) we will eliminate the orbital
part and retain only the spin part. A more rigorous calcalagiives the results reported in the
sum rules above.
So far, it was assumed that anisotropies are averaged oistisTdcceptable for bulk transition
metals. More general forms of the sum rules are discussedletse [48,52,69,70]. Particu-
larly, for thin films the spin magnetic moment has to be sumpgleted by a magnetic dipole
term which can be of the same order of magnitude as the orbaghetic moment.
The sum rules are derived under some simplifying assumgtiéior instance the electronic
transitions are considered to take place between statee®fatoms. Many particle effects
are neglected. Nevertheless they are considered to betwithin ~ +10 %. The reader is
refered to refs. [48,49,52,69,70] for more detailed distuss. A very readable article with a
user friendly discussion of the general sum rules is givd69h.
It is one of the major achievements of XMCD that it gives expental access not only to the
spin magnetic moment but also to the orbital magnetic moméith is closely related to the
magnetic anisotropy energy [71]. The orbital moment is $madolids but its contribution to
the total magnetic moment/atom increases as the samplasiioms become smaller from thin
films to nanowires to clusters [72-79].
One of the major applications of XMCD today is the study of metgr domains on a micro-
scopic level in a photoelectron emission microscope (PEHMIe to its element selectivity
and its relatively large penetration depths it offers thi&gue possibility not only to study the
magnetic structure of multilayers layer by layer but alse ¢bupling between layers that are
separated by nonmagnetic spacer layers. Such structere$ great technological importance
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in todays magnetic storage devices and for spintronic egipdins. Such aspects of XMCD to-
gether with magnetic relaxation phenomena are discussbd tontribution of C.M. Schneider
to this Spring School [16].

6 XMLD: X-ray Magnetic Linear Dichroism

Besides the XMCD there exists a magnetic linear dichroisricivban be observed with lin-
early polarized X-rays with the polarization directiongaéed parallel and perpendicular to the
magnetic field, respectively [80,81].

The application of a magnetic field to a medium (internallgxternally) breaks its symmetry.
According to Curie’s principle [82}° the medium gets uniaxially distorted, e.g. a cubic crystal
exposed to a magnetic field will show a uniaxial symmetry.sidan be probed by linearly po-
larized light and will be invariant with respect to a revérsahe magnetic field. The anisotropy
will therefore scale as)?) to first order [80]. The largest anisotropy will occur wheg firop-
agation direction of the light is perpendicular to the magrfesld and the polarization direction
is changed from parallel to the magnetic field to perpendrcurlhis is the basis of XMLD. It
is one of the major advances of XMLD that can be applied tdfemtimagnetic materials as
well. Such materials are used in magneto-electronics tthgimagnetization of ferromagnetic
layers by an exchange biasing interaction.
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Fig. 18: L edge X-ray absorption spectra for Fe, Co, Ni, compared tsé&hof some antiferro-
magnetic oxides2p core electrons are excited to emptystates in all the spectra. The oxide
spectra show more detailed fine structure due to multiplitisyg and crystal field effects [84].

Fig. 18 compares X-ray absorption spectra of Fe, Co, and Mi thiose of some antiferro-
magnetic oxides. The spectra of the antiferromagnets haxher structure which cannot be

18The Curie principle states that the symmetry group of théesyswith an influence (here the magnetic field)
G, contains a common subgroup of the symmetry group of thersysithout this influencés; and the symmetry
group of the influencé&; alone:G,, © G, N G;.
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interpreted in terms of a simple single particle picture.e Btructures occur due to multiplet
splitting and crystal field effects [83]. Fig. 19 demonstsathe XMLD at thel., edge of a NiO
(200) thin film when the light polarization is changed fromrgdkel to the magnetic field (solid
line) to perpendicular (dashed line).
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Fig. 19: XMLD spectrum of a NiO film at the, edge. The spectrum was recorded by electron
yield detection for 45 nm thick NiO (100) film grown on MgO (LOThe polarization of the
X-rays was changed from parallel to the magnetic film (sahe)l to perpendicular (dashed
line) [85,86].

In NiO successive (111) lattice planes have opposite spgmmlent. Thus "uncompensated”
surfaces can be generated at the surface of a single cry¥ttiin the surface the magnetic
moment has three equivalent possibilities to orient, ngrime[211], [121] or [112] directions.
Together with the four equivalent (111) surfaces this itesall2 possible spin orientations, and,
thus in 12 different possibilities to form antiferromago@tomains. To proof that the anisotropy
is due to the antiferromagnetic alignment and not due tohematnisotropic effect one can
heat the sample to its Neél temperature (520 K for NiO) whieeemagnetic contribution will
disappear.

XMLD can also be used for domain imaging by means of photogionselectron microscopy,
PEEM [16]. This is of coarse particularly useful for antifanagnets.

7 Conclusion

X-ray absortion spectroscopy is a local element-specifib@iof the electronic and geometric
structure of materials. It can likewise be applied to ordesiad disordered samples. It can
be used to study subsurface structures and does not rely ahddHditions. The latter is
particularly useful for catalytic interfaces and biologisamples. At grazing incidence X-ray
absorption gets surface sensitive with probe depths of 25 nthe XANES (NEXAFS) range

it probes the projected electronic density of empty stdtes( partial density of States LPDOS)
and the valence of absorber atoms. EXAFS probes the cotimhmaumber and the interatomic
distance.

X-ray absorption spectroscopy probes transitions betwesslevels and empty valence states.
It is not only element specific but also sensitive to the clvalr@nvironment. It is particularly
useful for investigations of magnetic properties. XMCD s@&s the size of the magnetization
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per atom and its angle relative to the circular x-ray polran vector. Sum rules exist for the
number ofd holes, the spin and the orbital moment. XMCD is used for thdysbf ferromag-
nets. XMLD measures the magnetic moment and the angle betieepin axis and the linear
x-ray polarization vector. XMLD is used for the study of f@riand antiferromagnets. In con-
nection with photoemission electron microscopy (PEEM)ax-absorption allows to visualize
magnetic domains with a resolution of better than 100 nm. dbyisal processes can as well
be studied. In connection with the free electron laser it b@kcome possible to study transient
electronic and dynamic processes on a femtosecond time. scal

8 Appendix

To obtain the transition rates in Fig.16 we have to evaluagettansition matrix element in
Fermi’s golden rule (equ.(6)). The following approach wastfused by J. L. Erskine and E.
A. Stern [87, see als0:19,49,59,69]. For circularly pakd light propagating in the positive
z-direction the normalized polarization vector for pastand negative helicity of the electric
field is

L € ey

V2

wheree, ande, are unit vectors pointing in the direction of the coordinates: = /—1
introduces the required phase shift. The position vector is

€

r =xe; +ye, + ze,.

Thus, the polarization-dependent dipolar operator isrgias: ¢ - r = ﬁ\/%y Introducing

spherical harmonics
3z 3
Yio=1/—2 =4/ —
b0 4 r 4%0059
[ 3 xti /3 :
Yisi=F e F/ ——sinfe™"?
’ 8m r 8w

where(r, 8, p) are spherical coordinates. With:

2
x = rsinfcosp = —1/ ?WT’(YM - Y1)

2
y = rsinfsing = i4/ %T(YM + Y1)

and

and

4m
2z =rcos =/ =1Y1p

3
we get the polarization dependent dipolar operator:

1 _ 4m
& -r= ﬁ(x +iy) = Fry/ EYLil = :FTCj(zll)
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oW = ﬂ/zHlYlm(e ¢) is Racah’s spherical Tensor operator [88] and is introdues=e to
simply eliminate the numerical factor. Dividing the trarmn rate (Fermi’s golden rule) by the

photon flux gives the absorption cross- section in the dippf@oximation:

£ =anthwa Y |(f] F rC8 )0 (Ey — E; — hw)
fi

wherea; = = is Sommerfeld ’s fine-structure constant. The asymmetnhefdircular
dichroic signal is then given a$ = "*%

According to dipole selection rules the transition matrdiegneents are non-zero only ikl =
ly — 1, = £1 andAm, = 0 andAm,; = +1 for left circular polarization (positiv helicity) and
Am; = —1 for right circular polarization (negativ helicity). The sdrption intensity is given
as:

Ioc > [yl & iylen)|*6(Ey — E; — hw).

fii

Because of the spin-orbit coupling the gix states are split into tw@l and four2p3 states
(at least in the final state configuration (see above)). Tlaeseelgenstates of total angular
momentuny? andj, with quantum numberg andm;. The new statefj, m;) are then related
to the uncoupled states m;) and|s, m;) by the relation:

|.j>mj> = |l3§j7 mj> = Z <l57mlm8‘jmj>|l7ml>|s7ms>

my,ms

= Z (Is, mymg|jm;)|l, my; s, msg)
my,ms

wherej = [ £ s and m; = m; + m,. (ls,myms|jm;) are the Clebsch-Gordon coefficients.
For the level with maximum values of the quantum numbeesdm,; the Clebsch-Gordon
coefficient is 1. The others can be calculated with the aicadtiér operators or simply by
use of recursion formulas deduced with those [89]. Many [eeape to prefer the Wigner
37" symbol instead of the Clebsch-Gordon coefficients becaifi#s higher symmetry. Both
coefficients are related by:

( Ji J2 J ) _ (=)t
my moy —M V2J +1

In our case we get for the new eigenstates:
a) forj = 2 (Ls - edge)

<j1j2 mims |J M>

N—= N
~
I

It le ol 01w

|
~

I
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53 = /3103 =5 = I - 149

Here it has been assumed that the overlap of the radial wanaidn of the core staten(=
2,1 = 1) and the excitedi-state f = 3,/ = 2) is fixed and does not change during the
transition:

R = (R31—2(r)|r|Roy=1(r)) = / R;l:z(r)RZl:l(r)r?’dr = constant.
0

It is the same fonl —d and2p3 — d transitions. Moreover, the dipole operator does not act
on the spin part of the Wavefunctlomns = 0. The only transitions allowed preserve the spin.
Then the polarization dependence of the transitions iseynitontained in the angular parts of
the matrix elementsl = 2,m; £ 1| F C(ill) |l = 1, my;). Analytical solutions to this problem are
known [90]:

(+m+2)(I+m+1)
220+ 3)(20+1)

(I+1,m + 1|C’f1)|l,ml> = \/

((=m+2)(l—m+1)
(+ 1, = 1|CU | my) = \/ 2(20+3)(20 + 1)

The calculated values with the wave functions given aboeesammerized in the following
table.

g om; my ms 30M* M?* (CG)? ILa. I%
: 3 Loz 2 3 o 10
: 2 0 -3 6 5 3 5 5
: 3 0 3 6 5 3§ I
3 3 L -3 125§ g 60
8 3 1 -1 2 = 1 £ 75
: 2 L3 2 % 3 3 25
2 3 0 -3 6 5 3 § 5
2 2 0 3 6 5 5 5 I
2 3 L -3 123 3§ 0I5
83 1 112 2 1 245

where M? is the square of the respective matrix element &fd)? the square of the cor-
responding Clebsch Gordan coefficienit,;,, = M?(CG)? is the relative contribution to the
absorption intensity (also given in %). These data repredine values as given in Fig.16.

So far, we have assumed that@HBtates are empty and accessible by transitions. This ifiaot t
case for a magnetic material, but we can now within this sermpbdel sort out all occupied
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states and calculate the XMCD signal. (Transitions to theupied states are forbidden by the
Pauli exclusion principle). For the simple case thabvall= —% states are occupied (half filled
dband:L = 3.1, = 0) at theL, edge we get a 25 %" transition intensity:

L, 200 Lo

=l M =y
and foro~ polarized light we get a 75% transition intensity
1 4 1
I, =(—=+—)R = N2
7 (15 * 15) 3

Therefore, for this ground state occupation the dichroisthel, edge is:

2
AIL2 — ]o-+ - 10_7 - —5%2
Similarly, at theL; edge we get:
1 2 2 5)
Ii=(—+—+ )R =R
F=(Frp ¥R ="
and 1 2 2 1
I =(—=+4+ =4+ )R> =-R%
7 (15 * 15 * 15) 3

The dichroism at thé.; edge is:
2 2
Alp, =1+ —I,- = §§R :

that is, in this simple case the dichroic signal at fheand L, edges has equal magnitude
but opposite sign as expected for a spin only signal. ( Thaéabnmomentum for a half filled
band is zero.) In this example we have from a given grounc siatupation deduced the
corresponding XMCD- signal. The sum rules discussed in telndpinvert this procedure and
deduce the ground state occupation from the observed XM@taki
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