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| nteraction M atter-Polarized Light

Yves Joly

Abstract This chapter presents the process of interaction of light, mainly in the x-
ray range, with matter. The subject is introduced by some experimental evidences
of x-ray absorption, emission or scattering by different kinds of material. The ways
of describing the electromagnetic wave field are then briefly presented before de-
veloping its interaction with an electron in an atom. This process is then applied
in the context of core x-ray spectroscopies. The absorption, the dichroism and the
resonant diffraction are then specifically presented before giving some key elements
to manage monoel ectronic simulations.

1 Introduction

When an el ectromagnetic wave meets matter, many processes can be observed. The
incoming wave can ssimply be partialy -or completely - absorbed by the sample. It
can be scattered elastically or inelastically, coherently or incoherently. We can al'so
observe emission of photons at specific wavelengths or of electrons also at charac-
teristic energies or on the contrary on large energy ranges. From the explanation of
the photoel ectric effect by Einstein, huge progress in the understanding of the phys-
ical processesinvolvedin all these phenomenahave been done. Moreover enormous
advancesin the use of these process, often spectroscopies, have been reached. They
permit to analyze all kinds of material, solid, liquid or gaseous, ordered or disor-
dered, used in many fields, as biology, geology, chemistry or in condense matter
physics. It isimpossible to give an exhaustive overview of such a subject. We shall
focus mainly in the x-ray regime and consider essentially the absorption and elas-
tic scattering of the photons. To introduce the subject, we first present some of the
basic observations. Then, we will give the main concepts of the electromagnetic
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waves before developing their interaction with matter, first in a microscopic point
of view and second using terminology used for the study of dielectrics in order to
make the connection between both approaches. The microscopic point of view will
concern mainly the transition process between two electronic levels and not the full
multi-electronic aspect. The last part will concern the x-ray spectroscopies, mainly
absorption including dichroism and resonant diffraction.

2 Experimental observations of x-ray interaction with matter

Here we give some important measurements showing general aspect connected to
the absorption - scattering of x-ray by material. We shall see that the absorption de-
pends on energy, polarization, chemical specie and on the geometrical environment.

2.1 Absorption

From its discovery by Roentgen in 1896, the most important use of x-ray comes
probably from its faculty to cross matter with different absorption rates depending
on its constituents. It is thus an exceptional tool to investigate the structure and the
composition of all class of samples. For an homogeneous isotropic material, there
is a simple exponential decrease of the transmitted beam intensity | in term of the
sampl e thickness D:

| = loexp(—uD) , (N

where |g isthe incident intensity. This equation, equivalent to the Beer-Lamber law
(In(lo/1) = uD), introduces the total linear absorption coefficient u. This coeffi-
cient, for a crystalline solid, is related to the absorption cross-section, oj, of the n
different chemical elements of the unit cell [16]:

1 i=1
b=y ; i ©
whereV isthe volume of the unit cell. Most often, it is the absorption cross-section

whichisused. It isusually expressed in square centimeter or in megabarn (1 Mbarn
=108 cm?).

2.2 Dependence on energy

When measuring the energy dependence of the photoelectric absorption cross-
section for the interaction of x-rayswith material, one can see a decrease from some
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Mbarn at low energy down to some barns at around 1 MeV [3]. At some energies,
there are strong and brusque increases of the cross-section. For example in Fig. 1,
we show the 11.8 - 15 keV energy range for a gold metallic foil [41]. One can see
threeedgeslabeled L, L;; and L,;;. Note also the oscillations after the edges which
are very reach in information on the close neighborhood of the absorbing atoms as
it will be seen further on.

Fig. 2 X-ray absorption spec- ‘
Y ot el of U 0, 942-1028eV

traat different edges of Ura-
nium in Uranyl (UOy). All the
edges are shifted by the value
of theionization energy of the
corresponding edge in order
to compare their shapes. The
Ly and My are step like and
very similar. The other edges
have a very different shape.
This difference is due to the
selection rule imposed on the Photon energy - E___(eV)
electronic transition.

MIII 4303 eV

LIII 17166 eV

Mv 3552 eV

-20 0 20 40 60 80 100 120

Absorption cross-section

When looking the different edges of a same element in the same material, as for
instance the Uranium edge in Uranyl (UO7) (Fig. 2) in the experiment performed
by Ch. Den Auwer et al. [20], we can see the different kinds of shape of the edges.
In this case, we see that the L;; and My, have very similar step-like shape. On
the other side the My, Oy and Oy present only a single peak, more or less wide.
We shall see, Sect. 4.6, that thisis due to selection rules in the transition. Another
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observationwhichisoften doneisthat, asintheFig. 1, theL ||, edgesistwice higher
thantheL,, edge.

The energy of the edges are a signature of the chemical specie of the absorbing
atom. A closer look shows that small shifts up to some eV can be observed in the
threshold energy for a same element but in different chemical environments. When
increasing the oxidation, the edge tends to shift toward higher energy. This fact is
often used to check the valence state of a metal atom in an oxide.

2.3 Dependence on the atomic environment

Now let us have a look on the oscillations after a typical edge. We compare two
different surroundings of a same chemical specie, as for example the copper K-edge
in pure copper metal and in Y CuOg 2. In Fig. 3 we can observe the very different
oscillation shapes. From other measurementsin gas phase or in disordered material
we also know that these oscillations do not need along range order. They arethus a
signature of the close environment of the absorbing atoms. The connection between
the spectra shape and the neighborhood will be seenin Sect. 6.

Cu, metal foil

Fig. 3 X-ray absorption spec-
tra at the K-edge of copper
in (top) Cu metallic foil and
(down) in YCuQg.2s5. The
edges are roughly at the same
energy, but the oscillations are
very different.

Absorption cross-section

8900 9000 9100 9200 9300 9400

Energy (eV)

2.4 Dependence on the polarization light

Pleochroism or dichroism is the change in color when a mineral is rotated under
plane-polarized light. Due to adsorption of particular wavelengths of light, trans-
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mitted light appears col ored depending on the thickness and the particular chemical
and crystallographic nature of the mineral.

By extension, the difference of absorption, under rotation only, is called dichro-
ism. This phenomenais aso observed in the X-ray energy range. To observe this,
oneneedsasinglecrystal of anon cubic material (notethat very small dichroism can
aso be observed in cubic material). For example, Poumellec et al. [40] measured
the absorption along three orientations of a TiO, single crystal, two are shown in
Fig. 4. The effect of the tetrahedral symmetry of the material can be easily verified.

Polarization l.-"".,
- along c axis '

Polarization
| perp. to ¢ axis

Fig. 4 X-ray absorption spec-
tra of rutile TiO, around the
K-edge of Titanium. The ex-
periment by Poumellec et

al. [40] is performed using a
single crystal under two orien-
tations of the sample in front -
of the incoming linear wave
field. The difference shown
in the figure is called linear
dichroism and is relatively
strong when the sample is not Energy (eV)
cubic.

Absorption cross-section
T

A

4960 4970 4980 4990 5000 5010

These studies are performed with linear polarized light (the concept of linear
or circular polarized light are given in the Sect. 3). In the visible light as well as
in the x-ray regime, circular polarized light gives also useful informations. Special
interest comes from experiments where one looks at the difference between two
spectra recorded respectively with left and right circular polarization. At the L
edges of magnetic material the dichroic signal can reach several percent of the total
absorption edge. For example at the Er L, edge in ErZn (see Fig. 5) we see an
oscillating behavior around the rising edge energy. At the K-edges, on the contrary,
thiskind of observations are always very small.

The explanation of these polarization phenomena comes from the dependence
of the absorption spectroscopies on the electronic structure around the absorbing
atoms. Thisis detailed in Sect. 6.
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Fig. 5 X-ray absorption spec- £
tra of ErZn and the circular ©
dichroic signal at the rare 5
earth Ly edge. The latter is o
a signature of magnetism on
the Er atom. The experiment ‘ ‘
.34 . . .37 . . 4
were performed at the ESRF 834 835 836 837 838 839 8
ID12 beam line by Galera et Photon energy (keV)

al. [23]

2.5 Diffraction around edges

Another kind of experiment increasingly popular at the different synchrotron facil-
ities concerns the measurement of diffracted peaks in a more or less wide energy
range around some edges. The technique called diffraction anomalous fine struc-
ture (DAFS) or resonant X-ray scattering (RXS) [8] gives set of spectra rich with
information on the crystalline material studied. For example in Fig. 6 are shown
two spectra of diffraction peaks in NaV ,Os compared with two absorption spec-
tra measured for two orientations of the sample. The diffracted intensity becomes
highly energy dependent around the absorption edges. In some cases, the intensity
is nearly zero, but close to the edge, where the variation of intensities have similar-
ities with what is observed in the absorption spectra. This spectroscopy is indeed
very close to the absorption spectroscopy, and it is explained for the photon-matter
interaction process in Sect. 4 and in an unified scheme to get the final amplitudesin
Sect. 6.

3 Thelight

Before considering the interaction of light with matter, one has to recall the basic
definitions used to describe the el ectromagnetic waves.
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Fig. 6 Two diffraction peaks
measured by S. Grenier et
al. [25] around the Vanadium
K-edge in NaV,0s at 13 K.
Their intensity is nearly zero
far from the edge and shows
strong variations around the
edge. They also strongly
depend on the polarization
conditions. For comparison
the absorption spectra is
also shown for two linear
polarizations. The pre-peak
visible in this spectra is aso
present but eventually slightly
shifted in the diffraction Energy (eV)
spectra.

absorption cross section
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3.1 Definitions and notations

The vector potential, A, the electric and magnetic field, E and B of the electro-
magnetic waves are obtained from the Maxwell equations. These ones give first the
propagation equationsin vacuum:

J°A J°B ’E
AA = —, AB= —, AE= —-— .
€olo 57 €olo 5 €olo 5 ()
A planewave is awave with infinitely long and wide wavefront. From the prop-
agation equationsit can be shown that in this case:

o thevector potential dependsonly on time (t) and coordinate corresponding to the
propagation direction z,

e A, E and B are perpendicular to the propagation direction,

e E and B are perpendicular to each other.

e E=cB

The solutions of the propagation equations are necessarily of the form:
S(zt) = f(z—ct) +g(z+ct), 4

where f and g are scalar functions.

Progressive plane waves are such that f or g is always zero. That is:
e s(zt) = f(z—ct) isatraveling plane wave propagating along z,
e S(zt) =g(z+ct) isatraveling plane wave propagating along -z.
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Monochromatic traveling plane waves can be written as
z
Ax(z,t) = Agx COS [va (E —t) + (pOX} , (5)
Ay (zt) = Agycos [va (E —t) + (poy] ;

where the amplitudes Agx and Agy and the phases @ox and ¢qy, can have peculiar
relations.

Linearly polarized plane waves have both componentsin phase, that is @ ox = @gy.
E, B and A are thusin phase. E and A are moreover collinear.

Circularly polarized plane waves are such that Agx = Agy and ¢ = @oy — Qox =
+90°. The sign plus and minus are respectively for left and right circular polariza-
tions.

Complex notation are more tractable. A, E and B are then given by:

A _ Aoei(k~l’—a)t) , E — Eoei(k~l’—a)t) , B — Boei(k~l’—a)t) . (6)
where k is the wave vector which is collinear to the propagation direction and 0 =
2nv isthe pulsation. Moreover we have the relations. E = —iwA, B = —ik x A and
k2 = w?/c.

In this context we define the polarization vector by:
e=i—. (7

The polarization vector of acircularly polarized wave propagating along z isthus :

1 1.
g:E iol . (8)

Indiffraction, thetermsof o (or s) and « (or p) polarizationsare often used. They
designate the orientation of the polarization, versus the scattering plane. When the
polarization is perpendicular to the scattering planeit iscalled o; whenit is paralle
itiscalled m. In classical diffraction, most of the intensity of the diffraction peaks
isobtained in the ¢ in - o out channel (one says directly o — ). With magnetism
or/and around the absorption edge one can get important o — & contribution. The
information obtained from the polarization analysis of the diffraction peaks can be
very rich.

3.2 Stokes parameters

Thereisanother way to characterizing the polarization. It isthe use of the Stokes pa-
rameters. They are used in many contexts: in astrophysics, in the instrumentation to
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validate the quality of the beam lines and in x-ray physicsto describe with common
tools the effect of the interaction with matter. The Stokes parameters describe com-
pletely the polarization state of an electromagnetic radiation. It is afour component
vector S such that:

S |Ex|z+|EyE

B I O N =Y =

Sl |7 mEs) | ©
S 23(EXE;;)

The polarization itself (or rate of polarization) is thus given by :

VS+S$+S 10

S
For practical purposes, one normalizes by Sy and thus one gets for example:

(1,0,0,0): unpolarized,

(1,1,0,0): linearly polarized along X,
(1,—1,0,0): linearly polarized along y,
(1,0,1,0): linearly polarized at 45 degrees,
(

(

1,0,0,1): left-hand circularly polarized,
1,0,0,—1): right-hand circularly polarized.

3.3 Quantization of the electromagnetic field

In the next section wewill givethe expression of the interaction between the electro-
magnetic wave and an electron in an atom. For this purpose we have first to derive
the quantization of the electromagnetic field. When it is confined in a volume V,
the potential vector, A (r,t), is expressed using the previous expressions and the
annihilation a x and creation a;ﬁk operators:

A1) = Y Aok (e Ve +a,e e ) (12)
e,k

/| h
Aok = 2eV o (12)

The Hamiltonian of thefield isgiven by :

with:

1
HR = Zﬁwk (a:;kag,k + z) . (13)
e,k
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4 Process of interaction of light with an electron in an atom

Having defining the electromagnetic waves, one can now consider its interaction
with matter. In this section we consider the interaction of aphoton with one electron
making a transition between two atomic levels. From the interaction Hamiltonian,
we shall have, at the end of this chapter, the important processes involved in the
absorption and resonant and non resonant scattering phenomena.

4.1 Linear and non linear interactions

A first distinction between the linear and non linear interactions should be carried
out. When thereis a single incoming or/and a single outgoing photon in the interac-

tion, the processis said linear. With more photons one gets the nonlinear physicsin-
volved for examplein frequency doubling. The subject, extensively studied specially

intheinfra-red - visible - ultra-violet regime, very rarely concernsx-ray physics. In-

deed it needs huge radiation power, that is typically IMW/mm? or in other words
around 10%* photons per second. This can be reached by laser but not at synchrotron,

even with the very high brilliance one gets now. In a close future, with the free elec-

tron laser which gives pulsed x-ray source with brilliance 1000 times stronger than
the synchrotron, the radiation power will be probably sufficient to reach the non-

linear phenomenain the x-ray regime. For the moment it is not yet done and thus
the following sections are limited to the linear response.

4.2 |nteraction Hamiltonian

The non relativistic Hamiltonian of one photon and one particle of mass m and
charge qisgiven by [6, 15]1:

1 2 q
H=_—(P-0gA V—g.=—S-B+H 14
2m( 0A)°+d 9.5-S-B+Hr, (14)
where g, is the Landé factor (= 2 in this case). Hg is the Hamiltonian of the field
already seen in 3.3. The relativistic Hamiltonian brings terms resulting in a spin-
orbit component which can be neglected in the X-ray regime. The non relativistic
Hamiltonian can be split between its non interaction part Hp and a perturbation V; :

2
p
Hy=-—+qV+H 1
°= 5m q R (15)

1 The Hamiltonianisin Sl unit. When expressed in CGS unit, thereisa 1/c extrafactor in front of
A.
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g P2 o 9.
P-A+o A’—g5 SB. (16)

V) = ——
! m 2m

We consider atransition between an initial state and afinal state. Theinitial state
contains one photon with wave vector kj and polarization €; and one electron in the
state ¢g. In the same way thefinal state contains the photon (k s, £s) and the electron
¢ . The solutions of Hp can be written:

|0g) = |pgiki.ei) . Holdg) =& |og) with&g=Eg+hax,  (17)
10) = |@riks £s) , Ho|or) =& o) with & =Es+Fws,  (18)

where &y (&%) isthe tota initial (final) energy, Eq (E) is the electron initial (final)
energy and hay;, (hws) the initial (final) photon energy. For practical purposes, we
shall use this formulation in the context of transition from one electronic localized
state state up (or down) to some unlocalized state. We shall thus ascribe a density of
states ps to the final state which is supposed to be not zero on some energy range.
In this context the transition probability from |¢g) to |¢r ) is given by:

2r
Wig = (61| T [60)[*pr (19)
where T, is the transition operator given by:
T =V +VIG(&y) Vi . (20)

G(&y) istheresolvent (Green function) of the total Hamiltonian, that is:

1
G(&y) = lim —— . 21
The zero order approximation using Ty =V, gives the second golden rule. In the
following we shall use the first order approximation where we replace the Green
function of the total Hamiltonian by that of the ground state Hamiltonian. The tran-
sition probability we get is the first golden rule where:

Inserting in eq. 22 the expression of V, givenineq. 16 andusingq= —e, gL = 2
and B = —ik x A, one gets to the second order in an e/m expansion:
e .
ﬂmE(P-AﬂS-kx A) (23)
e\2rm _ _ &3
+ ()" [FA-A+(P-A=iS-kx A)Go(ég) (P-A—iS-kx A) +O<W> .

In this expression, the terms containing just one A reveal process with one photon,
that is absorption or emission. The termswith two A reveal situation with two pho-
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tons, one photon in and one photon out, that is a scattering process. Let’s introduce
the expression of the potential vector givenin eq. 11.

4.3 Absorption and Emission

When keeping the annihilation term alone, one gets the operator corresponding to
the absorption process:

e , er
-I—I,abs:azAO,kae,k (e-P—iSkxg)elr—on, (24)
e,k

To get the absorption cross-section one introduces this operator in the expression 19
and we divide by theincoming flux (c/V). We get:

V2
Ouas = = 3, (0t Travs | 99) [* 1 (25)
f
An2ah A
= e 20 90)|"pt (Er = Eg+ o) . (26)

where o = €?/(2gohc) = 1/127.036 is the fine structure constant, and the operator
Oisgivenby : A .
O=(e-P—iSkxe)ekr. (27)

The total energiesare given by :

é’g:Eg—kﬁw, & =E¢ . (28)

Most often the term corresponding to the magnetic field can be neglected in the
X-ray energy range. This meansthat we use O = ¢ - Pek .

The emission is treated identically by keeping the creation operator only. There
is no incident flux and the normalization depends on the peculiar process. For a
coupling between the continuum and a discrete final level, one gets an emission
cross-section proportional to the absorption cross-section but with the total energies
given by:

4.4 Scattering

Now one considersthe two photon case. For a scattering process, to get the intensity,
one has to divide by the incoming flux (c/V) and to multiply by the density of pho-
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ton in the final state V (hws)?/(27hc)2. One thus multiplies and divides the matrix
element <q)f IT| ¢n> by the square root of the previous factors. To get the scattering
amplitude in the conventional unit scale, that isin number of electron, one also di-
vides by the electron radiusro = €%/ (4mgome?) = 2.82x 10° A. We have thusto
caculate:

Vhos

f=—-—"—
(2rhc)¥?rg

(91Tl dg) - (30)

4.4.1 Thomson scattering

We consider the first term with A - A in the equation 24. The corresponding ampli-
tude gives:

Vh e
f= ﬁ%@f |A-A|¢g) (31)
= %eéei <<Pf ‘eKki_kS)'r (aia;+a;_ai)‘¢g> . (32)

In the el astic case one gets the Thomson scattering:

fo = 8; - Ej <(Pg ‘ei(kiiks)‘r
where Q = ks —Kk;

We now compare this result with the classical demonstration. Thus, Thomson
scattering is the elastic interaction with a free electron. The vibrating electron acts
as a source and the ratio of the radiated field E; (r) over theincoming field E; is:

<pg> =5 &i / o (r)Pe " d® (33)

jkr
&) _ —roé—cosw, (34)
E; r

v being the angle between the incoming polarization and the outgoing one. It isthe
scattering angle only when the polarizations are parallel with the scattering plane.
One has cosy = €5 - €;. The scattering amplitude expressed in number of electron
isthen:

f=gei€. (35)

For one atom with a distribution of charge p(r), one just has to integrate over
it, taking into account the phase difference between the paths (Fig. 7). Thisoneis
given by:

A¢(r) =(ki—Kks)-r=-Q-r, (36)

and the scattering length is thus:

Q= [pedr, (@)
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that in the limit Q — 0vyields f (Q = 0) = Z. Finaly just multiplying by the scat-
tering amplitude for one electron (eg. 35), one gets again the formula giving the
Thomson scattering amplitude (eg. 33).

In periodic systems, the diffracted peaks are mainly due to this effect. The phase
difference between the atoms of the unit cell is taken into account by the Bragg
factor, @QRa_ in such away that the intensity is given by:

2

1(Q) o |e5- &1 Y,€9Rfoa (Q)| (38)

a

where Ry and fo, are respectively the position and Thomson scattering amplitude of
the atom a. The summationis over al the atoms of the unit cell. From this equation,
one sees that there is no o — m# Thomson scattering. Most often the electronic den-
sity can be considered as spherical around the atoms. Consequently the Thomson
scattering for a specific diffraction vector Q is mostly isotropic. Finally note that
a temperature dependent Debye-Waller factor must aso be included in the Bragg
factor to take into account the thermal disorder.

Fig. 7 Thomson scattering
where is shown the incoming
beam with wave vector k;
scattered at the center and at
apoint r in the atom giving
thus a phase difference.

4.4.2 Compton scattering

For compl eteness one has to touch on the Compton scattering. It correspondsto the
inelastic interaction with a free electron. Contrary to Thomson scattering, it can-
not be explained purely with light as a wave phenomenon. One has to apply the
relativistic energy and momentum conservations (Fig. 8), and we gets then:

ki hoo As

ES:mszxi:14-)Lck.-(1—cose), (39)

where 6 is the scattering angle and Ac = h/mc is the Compton wavelength. the
Compton scattering is incoherent and it is often seen as a simple background. This
oneis small in the x-ray range but increases at higher energy (see Fig. 8) and with
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the scattering angle. For electron in solid, it gives nevertheless information on the
electronic momentum distribution (see chapter by S. P. Callins).

1 keV
1
10 keV
0.8
100 keV
~- 0.6
oo
0.4 p =hk
I
Fig. 8 Compton scattering > 9
with the ratio of the outgoing 0.2 \ﬁq
and incoming photon wave
vectors versus the scattering

angle and at different ener- 0 ‘ ‘ .

gies. The diagram in the inset 0 80 60 90 120150 180
shows the particles with their Scaﬁering angle

momenta.

4.4.3 Resonant scattering

Now we consider the second term in the two photon process, the one containing
Go (&) ineg. 24. This Green's function applied on the state |@n) is:

Go(&)lgn) = lim Pl lEnKn)

— . 40
n—0t+ &g—Ho+1n (40)

Therearetwo possihilities. Inthefirst one, theintermediate state already contains
the photon of energy hws. In other word, the emitted photon is created before the
annihilation of the incoming one. We have thus:

In the second case, thereis no photon in the intermediate state. The emitted photon
is created after the annihilation of the incoming one. In this case one gets:

éan - En . (42)

In both cases one aso has for the initial state &y = Eg+ hw;. Consequently the
expression of the scattering amplitude becomes:
Resonant case:
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_os1 (01| %] on) (9n|Gi| 0g)

f li 4
@~ o anrg+ 7 Eg—En+hwi+in (43)
Non resonant case with the photon in the intermediate state:
o} O
f :%EZ@H\ 1| ¢n) (on|O5| 99) )

o M4 Eg— En—has

In these expressions the operator éhs has now subscripts corresponding to the in-
coming and outgoing photons and thus their corresponding wave vector and po-
larization. Note that for the expression of f y, one does not need the limit with n
because Eq — En and haws are generally of the same sign. On the contrary, f 5 is
aresonant process because we can have Eg — E, + hows = 0. We get avirtual tran-
sition because there is an uncertainty on the energy during the time At, such that
AtAE = Rwith AE = |E, — Ey — hws|. One can also remark that around an absorp-
tion edge the denominator of the resonant term is nearly zero. On the contrary the
denominator of f, is around 2 times the energy edge. Thus fy, is nearly always
negligiblein comparison with f ).

Theresonant termis used in many spectroscopies. Depending on the wave-length
different properties of the material can be investigated. Section 6 is partly devoted
toits useinthe X-ray regime.

4.4.4 Non-resonant magnetic scattering

To end up this part on scattering, one can consider the non-resonant magnetic scat-
tering. This scattering was explained by Blume and Doon Gibbs [7] and first ob-
served in 1981 by de Bergevin and Brunel [17]. It contains the interaction between
the magneticfield of theincoming wave with the spin of the electron. It containsalso
an angular momentum part. This one comes from the expansion at the first order in
haw/ (En — Eg) of the two resonant f 5y and non-resonant fy,) scattering amplitudes.
At high energy one then gets a magnetic scattering amplitude given by:

fop — — 10 (3L Q-art S<Q>-b) , (45)

T mc2\2

where a and b are two vectors depending on the incoming and outgoing wave vec-
tors and polarizations:

a=2(1—Uj-Us)esx & — (Uj X &) Uj - €5+ (Us X &s) Us" & , (46)
b =esxe& — (Ui x&)Ui-€s+ (Us X €s) Us- & — (Us X €) X (Uj X &) . (47)

whereu =k /k. S(Q) isthe Fourier transform of the spin density, that isof p (r) —
p (N'. L (Q) isrelied to the Fourier transform of the orbital momentum. It is often
agood approximation to take L (Q) and S(Q) in the same direction.
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The amplitude of the non-resonant magnetic scattering is very small and neutron
diffraction is most often far more sensitive to measure magnetic ordering. Neverthe-
less, when studying magnetic material using resonant processes, because this term
interferes with the other terms, it can gives notable effects on the intensity of some
peaks.

45 Transition matrix

In order to obtain the absorption and emission cross-sections and the resonant scat-
tering amplitudes, matrix elements of the form (¢r |O] ¢g) have to be evaluated.
The exponential in the operator can be expanded in terms of k - £ and we gets at
second order for respectively its electric and magnetic part:

ée:g.Peik'r:g-P(l—&—ik-r—%(k-r)z-l-.--), (48)
Om = —iSkxgeik'r:—iSk><£(l—l—ik-r—%(k~r)2+...) ) (49)

For thefirst expression, thefirst term of the expansionis called the electric dipole
or E1. The corresponding operator ¢ - P can be rewritten thanks to its relation with
the commutator:

e-P:%_[s-r,Ho]. (50)
Using the relation:
<(Pf|[3'raHO]|¢g>:(Eg—Ef)<(Pf|8'r|§og>a (51)
one gets:
.m
Mtge1 = <(Pf le-P| ‘Pg> = 'ﬁ (Ef — Eg) <(Pf e 'r|‘Pg>a (52

L et us calculate now the second term of the expansion of the electric operator. To
get the corresponding matrix one sets the polarization along the y-axis and the wave
vector along z. Then we use:

m

0 oy Hol = (2 Holy-+ 20y Ho]) = 5 (Py+ 27 59

)
S

i . [
== é (Zsz— sz"' ZPy) — |sz— ELX 5

where Ly is the x component of the angular moment L. For any direction we thus
get:

. m i
|Poek~rf%_[e'rkw,Ho]—kEkxe'L. (59
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Thefirst term of the second member of this expression gives the E2 contribution,
or electric quadrupole:

.m i
Mrgez =i (Er — Eg) 5 (@1 le-rk-rl gg) | (55)

The second term of the second member depending on orbital moment L is mag-
netic. Consequently it is grouped with the zero order of the expansion coming from
the spin contribution. The new term is called the magnetic dipole or M 1:

1
Mtgm1 = §<(Pf|k><3'(|— +29)| ¢g) - (56)

The M1 contribution is very small in the x-ray energy range because the radial
integral part in its calculation is nearly zero (its selection rules gives A¢ = 0, it acts
only onmand o).

4.6 Selection rules

We have to calculate:

(0116195) =3, [ 97 (.0)6(1) gy (r,0) (57)

When considering only the E1 and E2 transitions, there is no possibility of spin-flip
during thetransition, thus the sum on the spinisreduced to oneindex, o, set outside.
Here the operator just contains the terms inside the matrix of eq. 52 for E1 and eq.
55for E2, that is:

1.
6:s~r(l+§|k~r> . (58)
The core state g islocalized, thusthe integral hasto be performed only inside the
absorbing atom. The expansion of f, 6 and g in spherical harmonicsis consequently

very convenient because it singles out the angular momentum quantum numbers
explicitly, and separates the radial and angular dependences.

4.6.1 Final states

In the non magnetic case, the final (or intermediate) state can be written as.

or (1) =Y al b (E.N)Y"(Q) (59)
/,m

wherer = (r,Q2) is expressed in spherical coordinates, by (E,r) is the radial com-
ponent of the wave function inside the atom. It is obtained by solving the radial
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Schrodinger equation in the atom. It weakly depends on the photo electron energy
E. Thea, , are the amplitudes®.

In the magnetic case, if one neglects the spin-orbit, a single sum over ¢ isto be
included:

o (=3 & obre(EN)Y™(Q) 1o, (60)

{,mo

where the spin state is given by:

Xy = (é) y Xy = (g) : (61)

When one considers the spin-orbit, the final state iswritten as:

m+ —0
= a1 I o ENY (@)1 (62)
{,ms
Note that in this case, the spherical harmonics are necessarily the complex ones.
This expression comes from the solution in the atom of the Dirac equation. ¢ is not
anymoreagood quantum number. We replaceit by the index s. Dueto the spin-orbit
the (¢,m, 3) and (¢,m+1,—3) componentsare part of the same state. Thisis what
givesthe eventual spin-flip during the photo electron scattering.

4.6.2 Initial states

Now let us look at the initial states. They are localized and the expansion seen in
the previous expression is limited to one or two components. For example at the
K-edge, one has ¢ = 0 and two initial states:

1 1 0

‘Ea_§> = bo% (r)YoX,% ) (63)
11 0
‘§,§> = Dbyy (r)YoX%~ (64

Atthel, -edge; onehas¢ =1, j = 1/2 and two initia states:

11\ 2, . 1,0
‘57_§> *bl% (r) <_\/;Y1 X%+\/;Y1%%> ; (65)

2 When using the monoelectronic approach, the al m contain the main dependence on the energy
E. They are obtained using the continuity of the wave function and its derivative between the atom
and its surrounding (see Sect.6.4 and 7.2). In the other approaches, they are just normalization
coefficients, and the dependence in function of energy is put outside of the transition matrix. At
this stage, whatever is the method, our demonstration is general.
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11\ 1o 2.,
‘§,§> = bl% (r) (‘\/;Y1%%+\/;Y1%%> .

Atthel -edge; onehas¢ =1, j = 3/2and four initia states:

5-3) =Py, (60
‘g_%> = b3 (r) (\/nglx% +\/§Y1°%_%> ;
‘g%> =Dy (1) (\/gﬂo%% +\/§Y11%_%> )

In general when using complex harmonics one can just write:

1
Pg= ZngQ(r)er;b+2 “Xo - (67)
o

4.6.3 Operator

The operator can also be expanded in spherical harmonics:
1 i\t
6=c¢-r (1+—ik-r> =y (—k) ComoT Y, (2) (68)
2 G \2 ’ °

where the ¢, m, are specific coefficients with their operator quantum numbers
(4o, my). For example for a polarization along z and a wave vector along x one gets:

)
e-r:z:rcosezy/grYlO, (69)

Dk = N T2 AT 2
5€ rkrfzkzxfzkr smecosqofzk 15rY2, (70)

where we have used the real spherical harmonics. These ones can eventually be
expressed in terms of the complex spherical harmonics.
4.6.4 Thetransition matrix

We can now gather the equations 62, 67 and 68. The transition matrix for each spin
o isthen:
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; lo—1
~ | .
<(Pf |0| ¢g>6 = Z (5'() CZOV%Zl;ngT]Eti 6,00,Mo (71)

(o]

2%950, af
Lm-3— cs Z,m+%—s,s’

where: R
9,l0,0 _ o* 244,
aes GS(E)f/O 07" 3o (ET)bg(r)r2+edr (72)
isthe radial integral performed up to the atom radius R, and
rjsmtom _ g / Y (2) Y (2) Y (Q)de2, (73)
sphere

isthe angular integral or Gaunt coefficient multiplied by the factor Gg coming from
theinitial state. It isusually expressed in terms of Clebsch-Gordon coefficients. The
angular integral is not zero only for peculiar value of £, m:

e ( must have the same parity than {g+ (o,

o |[lg—Lo| <C< g+ Lo,

e M=my+ M.

The last condition on mis when using complex spherical harmonics. When using
thereal onesthe conditionsare:

e when megmg = 0, m= Mg+ my,

e whenmemy >0, M= |m, + my| and m= |m, — my|,

e when memy < 0, m= — |my| — |mg| and m= — |mo+ my|.

For the dipole and quadrupole components, we have respectively £, = 1 and
{o = 2. Thus, the difference on ¢ between the initial and the final stateis:

e dipole Al =+1,
e quadrupole: AZ = 0,+2.

The orbitals probed at the different edges are summarized in Table 1.

Table 1 Probed states for the dipole and quadrupole transition for the different edges

Edge Dipole probed state Quadrupole probed state
K, L, M, Nj, O p s-d

Loty Lo My, M, N, Ny, Oy, O s-d p-f

Miv, Mv, Niv, Nv, Oy, Oy p-f s-d-g

At the K-edge, the initial state is 1s and the Gaunt coefficients are egual to
\/%_ﬂ Or.1,0mm,- The corresponding effect of the selection rule on the probed orbital
is shown in Fig. 9. One considers a sample containing an octahedron surrounding,
for instance, a 3d element. This one is oriented in a specific way with respect to
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the incoming el ectromagnetic wave, which hasits polarization along z and the wave
vector along x. The electric field of the wave makes that the core 1s electron is vi-
brating at the first order (for the dipole) in the vertical direction, like a p,. The core
electron can thus jump into the empty 4p, state above the Fermi level. When the
energy is sufficiently high, or the wave length sufficiently short in comparison with
the 1s orbital radius, the vibration is not anymore exactly along z. There is a phase
difference along x resulting in a dy.-like vibration component. The core electron can
thus jump into the 3dy; final state. Thisis aquadrupoletransition.

Fig. 9 Selection rule in the K-edge case. An octahedron is surrounding a 3d element. When the
polarization is along z, and the wave vector along X, the dipole probed orbital isthe p, one, and the
quadrupole probed orbital is the 3d,, one. When rotating the sample by 90 degrees, the probed 3d
state by the E2 channel can correspond to an g, state or to atyy state.

5 Didlectric function or macroscopic point of view

We briefly recall the definitions of the values permitting to describe macroscopically
adielectric. Theaimisto make the connection of the susceptibility, permittivity and
refractive index with the scattering factor used in the microscopic point of view.

A dielectric is a nonconducting substance where any volume element dz, have a
dipole electric moment d.# . This one can be permanent or induced by an external
electric fields E. The polarization vector P is defined by:

d.# = Pdr. (79
The electric displacement at a point M is defined by:
D(M)=gEM)+P(M) . (75)

For a linear (see Sect. 4.1) dielectric media the relation between the electric dis-
placement and the electric field is given my:
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Dy Exx Exy Exz Ex
Dz Ex 82y &z EZ

We define the electric susceptibility y and the relative permittivity &, with € =
€& = & (1+ ). Thusone gets:

P=¢gyxE. (77)
For an isotropic material, the refractiveindex is just given by:

n=.¢. (78)

For an anisotropic material, the refractive index is a vector defined by:

c

n=—k. 79

- (79)

where k is the wave vector, ¢ the speed of light and @ the pulsation. One gets the

components of the refractive index from the Maxwell equations. Indeed for a plane
wave we find:

D=n?E—(n-E)n. (80)

Using the matrix relation between D and E and substituting D by eg. 80, one obtains
the Fresnel equation:

(81)
where (&, &y, €;) arethe eigenval uesof the permittivity matrix, defining the principal
axis.

Complex permittivity

In this section we use classical equations to define a resonant system. When com-
paring with the quantum mechanical scattering factor calculated in Sect 4.4.3, we
shall seethat the resulting expressions have strong similarities. First we consider the
differential equation of motion of an electron in amolecule:

dr mdr
where E| = E + P/3g is the local field, T some damping, m, e and r the mass,
absolute charge and position of the electron respectively. Putting P = 2Ner, where
N is the number of electron per unit volume, we find the relation between E and P
and the electric susceptibility is given by:
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2

X007
== 83
X =28 (83
where:
2NE?
_ 84
X0 Eoma)f, ( )

isthe susceptibility at @ = 0. From the equation 83, the complex relative permittivity
(or dielectric function) can be expressed as:

&(w)=¢ (o) +ig (o), (85)

whereitsreal and imaginary parts are given by:

02 (02 — o2 02®
8((0’)—12%7 €F/(w)=%- (86)
(0f —0?)"+ % (0f —0?)"+ %

When plotting (Fig. 10) these quantities, we find the typical resonant shapes for
the imaginary and real part of the amplitude. From this simple consideration and
taking into account that the main resonance pulsation @, areintheultra-violet range,
one gets the Cauchy formula giving the dependence of the refractive index on the
wavelength at low frequency (that isin the visible):

A
=g+ 57 87)

with A = 4r?y0c?/w?. We also obtain the value inferior to one for the refractive
index at high frequency that isin the x-ray range.
Complex refractive index

With acomplex permittivity one also gets a complex refractive index and a compl ex
wave vector. We have:

k2_ w2 A/ 33
—?(gr"‘lgr)- ( )
Setting k = k' +ik”, one gets:
2 2
W—W:%dﬂ%:%a. (89)

So, for a plane wave along z, there is a damping given by ek? = gkze=%"z The
complex refractive index is simply defined by :

e N =Kc/w istherefractiveindex,
e n’ =Kk'c/w isthe extinction index.
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Around w1 thereis an absorption and an abnormal dispersion. Far from w1, thereis
no absorption and a normal dispersion.

From these relations, reflection and transmission coefficients can be calculated
for anincident electromagnetic wave when interacting with a surface separating two
media of different refractiveindices. It isthen possible to get arelation between the
orientation of the polarization of an electromagnetic wave after reflection by a sur-
face in term of the permittivity. In the visible range, one of the goals of ellipsometry
isto find this parameter. Another oneis, knowing the refractive index, to determine
the thickness and roughness of a surface. For magnetic material, the equivalent tech-
niqueiscalled Kerr effect.

At higher energy, in the soft x-ray range, reflectivity is a tool to get magnetic
moment and thickness versus depth in a material. The connection with resonant
scattering factor, f(Q, o), isin thistechnique effective and, we can writetherelation
between the refractiveindex nand f(Q, ):

n(Q7 CL)) =1- k2 f(Qa (})) ) (90)

with rg the electronradius, N5 the number of atom per volume unit and Q the diffrac-
tion vector. For a magnetic system the scattering factor itself depends, as seen pre-
viously, on a non resonant and a resonant part. The Q dependence of n shows its
angular dependence.

6
5 ™, =5 ]
4
3| i
- "
£ 2 e/ %
=
5]
a0
-1
Fig. 10 Real and imaginary -2 (e=1)/y
part of the permittivity for 3 0
twy = 5. At high frequency
corresponding to the x-ray 4 ‘
range, thereal part isnegative. 0 1 2 3
The refractive index is thus o/ ®

|ess than one.
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6 X-ray spectroscopies

In Sect. 4, we have seen the case of the interaction of a photon with an electron
making a transition between two levels. It is implied that the electron is in some
atom. In this section we focus now on the x-ray spectroscopies. The corresponding
energies make that the transition is necessarily between a core level and some other
free level above the Fermi energy (or above the highest molecular occupied orbital
to adopt the chemistry terminol ogy).

The series of ionization edges follows the series of the atomic levels. They are
thus labeled with the letter K, L, M, N, O according to the first atomic quantum
number,n=1, 2, 3, 4 and 5. The atomic levels are also split according to the second
quantum number ¢ and to the third one j = |¢ + 5|, where s = £ 1 is the spin. All
these sub levels are labeled using the subscripts I, 11, 111, IV, V asis shown in
Table 2.

Table 2 Correspondance between the edge names and the quantum numbers of the core states.
The two last columns give the corresponding spectroscopic name and the number of electron.

Edge l j spectro numb. of states
K, L, My, Ny, O 0 1/2 S]_/Z 2
Li, My, Ny, Oy 1 12 P1/2 2
Lin, Min, N, Oy 1 312 P3/2 4
Miv, Niv, O 2 3/2 ds/2 4
MV! NV,O\/ 2 5/2 d5/2 6

The expression of the core level wave functions corresponding to the K, L j; and
L) edges was given in Sect. 4.6.2. The energy of the edges follows the order of
the atomic levels, K being the most energetic, then comes L, L;, Ly, My, My,
M1, My, My and so on. They spread from 13.6 €V for the K-edge of Hydrogen
(defining the Rydberg unit) up to 115606 €V for the K-edge of Uranium. The K
edges of the light elements and the L, ;) edges of the 3d elements are in the soft
X-ray energy range.

In fact, the atom is embedded in a molecule or in a solid and most often, the
arrival states for the photo electron cannot be considered as completely localized.
The description is very different depending upon the localization of the arrival lev-
els (atom-like or band-like). For the moment we remain with afinal (or intermediate
state) at least partially non localized and thus with some hybridization with the en-
vironment. The probability of transition depends on the transition matrix seen in
Sect. 4 which itself depends on the final states. X-ray spectroscopies are thus neces-
sarily adirect probe of the density of states, or at |east its projection on the absorbing
atom. This density of states depends on the position of the neighborhood atoms and
thus absorption spectroscopies are also indirectly a probe of the geometrical sur-
rounding (inter atomic distances and symmetry).
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The transition can be observed by different detection modes. One can simply
measure the absorption rate, that is the damping of the x-ray beam through a sam-
ple. Thisis the most frequent measurement of x-ray absorption fine structure spec-
tra for samples in powder. For mono crystalline samples, or for surface sensitive
measurements, fluorescence or secondary electron emission measurements, can be
preferred. They are in principal nearly proportional to the transition process, but
for practical purposes, strong divergence can be observed. One of the main reason
comes from the self-absorption process.

Irrespective of the detection mode, X-ray absorption spectroscopies are local
spectroscopies. They are selective on the chemical specie because of the position
of the edge energy as well as on the second and third quantum numbers of the final
states. However the processes involved are complex. There is no a single transi-
tion of one electron from one level to another level. The scheme is more complex
because during this transition, all the other electrons would have to be included in
the process. The photo electron probes final states which see a core-hole. When the
interaction with the hole is too strong, it must be taken into account within a multi-
electronic scheme. The other el ectronstend al so to screen the core-hole. In any case,
the probed density of statesis not the ground density of states but an excited one.

6.1 Characteristic times

Themain aspect in theinteraction of light with matter, at least in the domain exposed
here, is the absorption of a photon induced by a transition of a core (for the x-
ray energy) electron up to some higher level. The transition process of this single
electron comes thus with a complete reorganization of the multi-electronic (and
vibrating ...) configuration. Thelimit of validity of the mono el ectronic approach can
be understood looking the different characteristic times in the absorption process:

o Time of process absorption of the photon. It is given by t; = 1/W;g whereWsgq is
the transition probability. We havet; < 10~ s,

e Lifetime of the core-hole. It is given by to = h/AEg where AE; is the core level
width. For the 1slevel for Z=20uptp Z = 30, AEg ~ 1€V and t, spreads from
10-® downto 10 16 s.

e Relaxation time of the electrons. It is the effect on all the electrons of the field
created by the hole and the photo electron. There are many kinds of process. It
isintrinsically multi-electronic. The associated time also rangesfrom tz ~ 10~1°
downtoto 10716 s,

e Transit time of the photo electron outward from the atom. It depends on the photo
electron kinetic energy. For Ec = 1 up to 100 eV, t, spreads from around 10~ 1°
downto 10~ s.

e Thermal vibration. The time scale associated to the thermal displacements ex-
tends from about 10~ ! downto 10 4 s,
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We see that the thermal time scale is far larger that the other ones, thus in most
casesthe thermal aspect can be seen asindependent of the other phenomena. For this
adiabatic approximation, it is often said that the photon sees arigid but slightly dis-
ordered arrangement of atoms. Neverthelessin the smooth x-ray range, for example
at the K-edge of carbonin small molecules, the orders of vibration can sometimesbe
observed. Nevertheless the usual energy range for this kind of observation remains
the infra-red.

Moreinterestingly, it can be noted that t,, t3 and t4 can be of the same order. It is
the condition to have multi-el ectronic processesinvolved. For this, thefirst condition
is that the photo electron has a very low kinetic energy. The second condition, as
stated above, is that the final stateis localized. We know that it is typically the case
of the L) edges of the 3d elements and even more of the M vy edges of the 4f
elements. Nevertheless, there is an experimental way to check when it is the case.
One just has to look at the edge shape. When the edge is more or less step-like,
the final states are not localized. It is the case of the K edges (but for some light
elements when the electron probes bounded unoccupied molecular orbital), and at
theL; ) edgesof the heavy elements. On the contrary the edge shape can be more
or less peak-like, that is that some eV after the usual increase, the absorption cross-
section completely decreases, to go back to nearly zero. This means that the probed
states are localized in energy as well as in space. In the first case the simulation of
such spectra can be performed using mono-electronic simulations. The difficulties
is that, the state being not localized, the electronic structure must be evaluated in
a sufficiently large volume around the absorbing atom. In the second case, multi-
electronic calculations are necessary. When the localization is very high, atomic
multi-configuration calculations where the surrounding symmetry breaking is just
parametrized, is often sufficient. It isthe domain of multiplet theory. Unfortunately it
existsintermediate situations, where the edge starts with a high peak, the absorption
cross-section then decreases rather strongly but does not completely vanish after the
edge. In these cases, multi-€lectronic and multi-atomic cal culations are mandatory.
Thetheoriesthat account for this multi-processes are actually in progress. There are
three main tracks. The first uses a multi-channel approach [30], the second uses the
Bethe-Salpeter equation [44] and the third the time-dependent density functional
theory (TDDFT) 33, 2].

6.2 The different spectroscopies

We treat the spectroscopiesrel ated to thetransition of acorelevel up to someexcited
level. We recall that this transition which induces a photon absorption can be real or
virtual.
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Real absorption

X-ray absorption spectroscopy (XAS) is the general name for the techniques mea-
suring in some way the photon absorption. A distinction is first made according
to the energy range of study. In the wide range from around 50 eV after the edge
up to severa hundredth (or even some thousands) of eV, the spectroscopy is called
EXAFS for extended x-ray absorption fine structure. This spectroscopy is specially
sensitiveto theradial distances of the different shells of neighboring atoms (2 shells,
sometimes more) around the absorbing atom. It also gives the number of atoms by
shell albeit with less precision, because this parameter is correlated with the thermal
disorder. The dataanalysisis performed by comparison with simulations where the
calculated spectra is built by simple superposition of outgoing and backscattered
electron waves by the different shells. It is the interference phenomena on the ab-
sorbing atom which depends on the shell distances from the central atom, and on
the photo electron energy which is responsible of the oscillating aspect of the spec-
tra[32] and thus of the sensitivity of the method. Actual analyzes go farther than the
single scattering process by considering a multiple scattering phenomenalimited to
some paths between the atoms.

At low Kkinetic energy of the photo electron, that is from the rising edge up to
around 100 eV, the absorption spectroscopy is called XANES for X-ray absorption
near edge spectroscopy. This spectroscopy is sensitive to the three-dimensional as-
pect of the geometry around the absorbing atom. As stated above, it is also directly
sensitive to the electronic structure around the absorbing atom.

In the XANES energy range, analysis as a function of the polarization are often
done. Using a single crystal of a media with some preferential arrangement, as on
a surface, one can perform study with different orientations of the samples. When
the incoming electromagnetic wave field is linearly polarized, the corresponding
spectroscopy is called linear dichroism. When it is circularly polarized, one usu-
aly makes measurements under right and left polarizations and one computes the
difference (Fig. 5). This technique is specially useful to study ferro or ferri mag-
netic systems (in antiferro it givesno intensity!). It is called x-ray magnetic circular
dichroism (XMCD). Without magnetism this technique also exists for peculiar sym-
metry of material. It gives small but detectable signal. It is called natural circular
dichroism. More recently a new technique has surged with the time analysis of the
rotation of orbitals under magnetic field. It is called x-ray detected magnetic reso-
nance (XDMR).

From the absorption techniques, one derives many other techniques as x-ray
photo el ectron spectroscopy (XPS) or with angular resol ution on the emitted electron
photodiffraction. At lower energy and with a better resolution it is called angular
resolved photo electron spectroscopy (ARPES)[9]. The latter is specialy adapted
to study tiny details in the band structure and is actually extensively used for the
analysis of supra conducting materials.

It can be noted that an equivalent spectroscopy is performed in the electronic
microscope. It is the electron energy loss spectroscopy (EEL S) where the incoming
photons are replaced by an incoming energetic electron beam. The measured spec-
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tra are very similar (but with a slightly less good resolution) to the ones obtained
at synchrotron. The main dipolar contribution is equivalent. The smaller quadrupo-
lar one obtained when increasing the electron scattering angle is different. Recent
studies claim for Angstrom lateral resolution thanks to the Angstrom-size electron
beam.

Virtual absorption

When the transition is virtual, or as is more usualy said, for resonant scattering
process, different spectroscopies are used. In the context of elastic scattering in
diffraction mode, a distinction is done according to the energy range, as in the
XAS case. The equivalent to EXAFS is called diffraction anomalous fine struc-
ture spectroscopy (DAFS). The diffraction peaks are then measured along a wide
energy range. On the contrary, when measuring spectra just around the edge (asin
XANES), the DAFS is caled diffraction anomalous near edge structure (DANES)
or resonant x-ray spectroscopy (RXS) or resonant x-ray diffraction (RXD). There
is athird technique where the intensity of the reflections is recorded only at some
points in energy around the edge. This is a way to increase the sensitivity of the
diffraction technique on some specific atoms (corresponding to the energy edge).
This technique is called multi-wavelength anomal ous diffraction (MAD). It is often
used in complex material and specially in biology to help with the structure resolu-
tion.

6.3 Fluorescence and Auger

Two spectroscopies are a direct consequence of the photoel ectric effect. Due to the
expulsion of the electron from its atomic level, ahole remainsin the atom. The atom
is thus excited and two main concurrent channels can put back the atom in a less
excited state. Both channels result from the transition of a second electron down
to the level let free (Fig. 11). The resulting energy from this new transition can be
directly emitted through a photon of energy E 1 - E, or through athird electron of the
atom (at level E3) keeping the kinetic energy E; - E» - E3. Both effects give typical
signature of the material by the energy of their appearance and sometimes by the
shape of the resulting spectra. Thefirst givesthe x-ray emission spectroscopy (XPS)
or UPSin the ultra-violet regime, the second, gives the Auger el ectron spectroscopy
(AES). 8 The relative effect of both phenomena depends on the atomic number of
the element. Below Z = 32, the Auger emission dominates. At higher vaue, it is
the X-ray emission which is dominating. Note also that due to the difference in the
detectable particle, the electron having afar less mean free path, the Auger technique

3 Note that the first core hole can in the same way be created by an incident energetic electron and
not a photon.



Interaction Matter-Polarized Light 31

is mainly surface sensitive and indeed it is one of the most popular technique to
check the purity of a surface.

— o000 — -o000o—
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Fig. 11 The two channels for the desexcitation of an atom when a hole is |eft after the transition
of acore electron. In the left panel, the transition of a secondary electron from level B down to
the E; core level gives directly a photon of energy E; - Ep. In the Auger effect, right panel, the
corresponding energy is given to athird electron which keeps the kinetic energy & - E - Es.

6.4 XANES and RXS Formula

Theinitial and final states must contain all the el ectrons of the system and one would
have to calculate matrix terms of the form:

<(Df (I’l,rz,l’3,...)|6| (Pg (rl,rz,rg,...)> (91)

where rq, 12, r3 ... are the positions of the different electrons and @ the muilti-
electronic states. Such ageneral formulation is developed in the Ligand Field Mul-
tiplet scheme. All the possible transitions from all the multi-electronic states up to
al the multi-electronic final states are then sum up. They occur at different ener-
gies, each one with an amplitude related to the multiplicity of the states. The comb
figureis then convoluted to get spectra to be compared with the experimental data.
In the mono electronic approach we write @ (r1,r,r3,...) = @1(r1) @2(r2) @3(r3)....
One aso supposes that there is a specific electron which makes the transition, the
others being spectators. The different states are seen through a continuum and with
adensity of states that can be calculated. In this condition the general formulaseen
in Sect. 4 still apply. The effect of the other electronsisthen asimple multiplicative

factor :
=TT (o rlef (). (92)
i=2,N
S is typicaly of the order of 0.8 and is supposed to be energy independent. It
comes from the fact that the core hole screening induces a contraction of the final
state atomic orbitals resulting in the scalar product less than 1. The screening also
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makes the energies of the other atomic levels change so that in the transition one
has:
ho = &t — 6y =Ef —Eg+ AEa, (93)

where AE;, is the sum of the differences between the initial and final energies of the
other electrons. This fact is mostly often forgotten and AE 5 is not written. Never-
theless it can represent several hundredth of eV in typical K edges.

With this simplification we can use the matrix product which appears in both
absorption (eg. 26) and RX S (eg. 43) formulas:

A:f2<<pg|6§|<pf><<pf 161 ¢g) - (94)
Ne]

In the absorption cross-section case one just has to impose 65 = 6;. Using moreover
the eg. 72 in the Sect. 4.6 on the selection rules which express the transition matrix
in terms of the radial and angular integrals and of the atomic amplitudes, one gets:

lgMg+3—0,lo; Mo Ly, My+3—0 Los,Mog

A= CrymCloame 2, 2, L2010 D S (95)
0105 i 0 S SO'meZ/ n g,”H’z*G Z,IT(JF?*O'
gfol g/OSa
Z%Z m+ %[ m+ za[ msaZ’ nm.,s °

where we omit the index f on the energy because in this summation, they all have
the same value.

When using the monoel ectronic approximation, the density of states does not
appear explicitly in the formula because it is included in the atomic amplitudes
and in the normalization of the radial wave functions. This one is built by conti-
nuity with an outer sphere where the potential is constant. The solutions are there,
the Bessel and Hankel functions normalized by the density of states in vacuum,
that is by /k/m where k is the photo-electron wave-vector. One thus gets the nor-
malized radia solutions by (E,r) instead of the b, (E,r) which are normalized to
one. In the same way one gets & instead of %. Thus one replaces in the formulas
(9g165] 1) (@1 6i] og) p (E) by % (g 65| @1 ) (¢t |6i] @g)-

In many cases this expression can be simplified. For example when quadrupole
transitions are negligible as in the Ly ;) edges of 3d elements, the summation on
the operators often reduces to one element. In the absorption case where 6 s = 6; we
can write:

2
lg,Mg+35—0,lo,Mo 0,l0; .0
o = 4n’ohoc? [ Y Y < [;:2 i ° %,@%G.S(EO (96)
c,9/,ms '

1 f 2
X = Z ‘af,m,s(E)
T T ’
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From this equation, one hasto introduce a broadening due to the core-hole and fi-
nal statelifetimesto get asignal equivalent to the measured one. Thisis achieved by
convoluting eg. 97 by a Lorentzian with an increasing width in energy. At the Fermi
energy, it is typicaly the initial state width. At higher energy, plasmons and other
phenomena contributes al so to the damping. Often the width follows an arctangent-
like function versus the photo electron kinetic energy. Note that new measurements
improve the resolution by selecting sub-channel using the fluorescence detection.
Thislimit the hole width to smaller value.

For the RXS, the infinitely small 1 in eg. 43 isreplaced by afinite value equiva-
lent to the width broadening in absorption. The summation on theintermediate states
n can be made in two steps. We first group, asin XANES, the states of same energy
(we shall call them now f of energy E, to be homogeneous with the XANES for-
mula), that we still sum in adiscrete form. The sum over the states of different ener-
giesisperformedin asecond step through an integral spreading from the Fermi level
up toinfinity. In the elastic case where we are supposed to have E — Eg+ AE; = ho
the resonant or anomal ous scattering amplitudeis given by:

= 2 %1.g(Pg65 0t ) (@t |G| ¢g>d
Er ho— (E—Eg+AEy) +i%

where Er isthe Fermi energy and I" is the broadening. Note the minus sign in front
of theimaginary part of the scattering amplitude to get the conventiona way where
f' is negative and f” positive®. When the incoming and outgoing polarizations are
parallel, the absorption cross-section is nearly proportional to ho x f”.

The RXS and XANES formulawe have derived stand for an atom embedded in
some surrounding. In fact the absorption or scattering comes from all the atomsin
the molecule or in the unit cell. Thus one hasto sum over them eventually using the
symmetry operations of the space group. For the XANES this gives:

' —if” =~ mo? E. (97)

N Ne ng
Ocell = z Oa = z Z $(0a) , (98)
a=1 a=1b=1

where N is the number of atom, b is the index of the n, equivalent atoms related
by the symmetry operation S, to the prototypical atom a. Ne is the number of non
equivalent atoms. We see in this way that the tensor dependence (or anisotropy) of
the absorption cross-section depends not on the individual point group but on that
of the unit cell. On the contrary, the shape of the spectrais related to the individual
surroundings and symmetries.

For RXS, one uses the same summation but now taking into account the Bragg
factors and the non resonant contributions. The intensity for a diffraction peak of
diffraction wave vector Q is then given by:

4 This sign as well as the plus sign in the exponent of the Bragg factor of eq. 38 and eq. 99
comes from a different convention in the time arrow between the crystallograph community and
the theorists of quantum mechanics.
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2
, (99)

Ne Na

Y Zso(e'QRa(an+|fm+f (® )+if;’(m)))

a=1b=

K
V2

where we have the non resonant Thomson f o, and non resonant magnetic scattering
amplitude fyg of the atom a and the resonant terms f} and . The latter terms
contain the eventual magnetic resonant contribution, sometimes written in separate
terms. In the formula K is a constant, V the volume of the unit cell and R 5 the
position of the atom a.

In this context, during the last years there has been a strong interest in the so-
called forbidden reflections which are nearly zero far from the absorption edges but
with sharp intensity around the edge (as in the example of Fig. 6). These reflections
are such that the sum of the Bragg terms are zero, and the intensity can be nearly
proportional to |fa— fb|2 where a and b are the two atoms possibly related by a
symmetry operation (arotation-translation or aglide plane). Thus the isotropic con-
tributions disappear and one remains with the anisotropic ones giving the so-called
Templeton effect [45]. Very weak peaks often come from a slight symmetry break-
ing, thus they are, let say, nearly forbidden. These reflections can give information
on the change occurring during the transition between two previously equivalent
atoms. In XANES one measures aways a sum (and no f’ neither). It is clear that
the sensitivity is enhanced when measuring a difference. It is what has been used in
the study of charge ordering in different compound as magnetite [38].

In Fig. 12 typical resonant scattering amplitudes for isolated atoms and for iron
atomsin magnetite are shown. Therelative amplitude of these termswith the Thom-
son scattering amplitude (which is typically equal to the atomic number) shows the
importance of the anomalous effect around the absorption edge. The effect of the
surrounding atoms is shown when comparing the atomic and the atom embedded in
real structure spectra. For magnetite there are two different iron sites, one in octahe-
dral environment, the other in tetrahedral environment. They havealso very different
shapes. Note also that their f” istypical of the X ANES spectra shapes.

Relation with the density of states

With the same notation, but without spin for simplicity, the density of states (or its
projection on the atom) is given by:

Zaem )3y (E)br (L) B (1,E)| - (100)
One can integrate the radial part up to the atom radius and we get:
Zaz m az/ ) Rf 4 ( ) (101)

whereR,  (E) istheradial integral:
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Fig. 12 Anomalous scattering amplitudes. Top: atomic spectra for carbon, vanadium and iron
atoms. Bottom spectra for the iron atom in its octahedral and tetrahedral sites in magnetite at
room temperature. The imaginary parts, f”, of the amplitudes have shapes similar to the XANES.
The spectra are calculated using the FDMNES code [29].

Rv (E) = /OR |by (r,E) b}, (r,E) 4nr2dr| . (102)

The diagonal term is the number of electron per unit of energy in the atom:
2
nm(E) = 3 [af m(E)| Res (E) (108)
f

The formulas for the absorption cross-section and for RXS contain the same
azm(E)a;,*m (E) terms than in the density of states formula. The difference is in
the radial integral and other constant parameters. We thus see that the expressions
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are nearly proportional in most cases, except for the radial part which depends only
dlightly on energy. Note aso, that the proportionality coefficient is different for
dipole and quadrupole transitions, the dipole one being far stronger. From al this
we can confirm that the absorption spectroscopy are measurements of the projection
of the density of states on the absorbing atoms. Due to the selection rules, it is even
a peculiar projection of the density of states, resolved in £ and eventually also in
m, which is measured. When playing with the polarization and sometimes with the
magnetic field, more selective processes can be taken into account. A good example
is the measurement of circular magnetic dichroism. What is measured is then the
magnetic momentum as is seen in the Sect. 6.6.

6.5 Multipole analysis

We have seen in the previous section that we have access to specific projection of the
density of states. The access to a particular component can be obtained by playing
with the polarization and taking into account the symmetry of the material. Depend-
ing on this symmetry, the different terms can be zero or not zero. The consequenceis
that the measurement under specific conditions can give information on the symme-
try, including the magnetic state of the material. The mathematical tools, cartesian
and spherical tensor algebra, which permits to make a complete analysis of these
terms are seen in the following®.

6.5.1 Cartesian tensors

We have seen that the matrix elements can be expanded into dipole and quadrupole
components:

S k
(ot |Oi|(pg>:Dif+|§Qif—|—... . (104)

The signal amplitude can thus be written as:

Ak | ~ A * k * * k2 *
(901031 @1) (91 161 99) = DI'D +i5 (DI"Qf ~QI"Df ) + 7 QI"Q" . (209)

We can then introduce three cartesian tensors. The dipole-dipole or E1-E1 rank
2 tensor:
Dup = fZ<<pg|ra| 1) (ot |rs| @g) (106)
9
wherer, andrg represent x, y or z.
In the same way we get the dipole-quadrupole or E1-E2 rank 3 tensor and the
quadrupol e-quadrupoleor E2-E2 rank 4 tensor:

5 Using other tools, Ch. Brouder gives, in avery useful paper[10], the relation between the angular
dependence of the absorption cross-section and the punctual group of the studied system
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lapy = 2 (@g|rarp|ot) (o1 |ry| @) (107)
f.g

Qupy = 2 (Pa|rarp| 1) (@1 [1475] @) - (108)
f.g

where o, B, y and o label the three directions of spacein Cartesian coordinates.
With this, the signal amplitude (but the multiplicative factor in the absorption
cross-section and the denominator in RXS) is given by:

. K S i k2 . .
A=Y e;egDyp +i3 D e ep (u'},laﬁy— uf,laﬁy) +7 Y. &5 epUyUsQupys -
a‘rﬁ a’B‘r’y a‘rﬁ”y‘rs

(109)
To fix the idea the E1-E1 amplitudeis given by:
Dw Dyy D2\ [ &
Aeie1 = (&°,&)",67") | Dyx Dyy Dy, & | - (110)

Thematrix ishermitic (D5 = DEa) and off-diagonal elementsare complex when
the material is magnetic. For example, the Dy termis proportional to the absorption
cross-section when the polarization is along x.

The E1-E2 terms can be observed only for peculiar symmetry. We can remark
that, for a same final state f, one has a product of a dipole and a quadrupole term.
Dueto the different selection rules (A ¢ odd for thefirst and A¢ even for the second),
this means that f must have at the same times odd and even components. In other
words f must be an hybridized state between odd and even components. This is
possible only when the atom is not at a center of symmetry. In absorption, because
of the sum on the equivalent atoms, it is sufficient to have a center of symmetry
anywhere (and not necessarily on the atom) to make the E1-E2 signal zero. In RXS,
on the contrary, for some reflections such that the Bragg factor is opposite on two
equivalent atomsrelated by inversion, the signal can be observed only for the E1-E2
term, the E1-E1 and E2-E2 contributions being zero. When there is no center of
symmetry, the signal can also be observed using the natural circular dichroism [37,
24]. The subtraction between the spectra obtained with the left and right polarized
light eliminates the E1-E1 and E2-E2 contributions as in the diffraction technique
given above. In his chapter, A. Rogal ev devel ops examples of optical activitiesusing
the E1-E2 process (see also Ref. [42]).

6.5.2 Spherical tensors

The use of cartesian tensor is rather natural. Nevertheless the spherical tensors are
often preferred. The reason is that their components can be related with specific
observable values as for example, the orbital occupancy, the magnetic moment or
the toroidal moment. These tensors are also separated in the E1-E1, E1-E2 and E2-
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E2 contributions. The amplitude can be written as:

A=Y (1M Mr Y (—pfmump (111)
0<(<2 1<¢<3
—<m</ —<m</
+ Z Z+meQm
0<r<4
—<m</

Where D;“, I;" and Q)" are the components of the absorption-scattering tensors and
™, UM and Vm are the same for the polarization - wave vectors.
AII these sphen cal coefficients are related to the cartesian ones. For example for
the E1-E1 tensor the relations are:

1
Dg:%(DXX‘FDyy‘FDZZ)v DY = - \/Q(ny Dyx)

R i * 1
Di = ——— (Dy,— Dy) , Di= — (D —Dx) ,
R 1
DI = \@(2DZZ Dy —Dyy) , D%:-\ﬁ(DXZJr D) ,
+ - — -
i
pl—_—_ (D,+D , D5= — (Dyy + D) ,
2 \/E( yz+ Dzy) 2 \/i( xy + Dyx)
+
D3 = Dy — D 112
5= \/i( x<— Dyy) (112)
where we have used for all the tensors the transformation:
e L marm) (113)
{ — \/z 14 14 ’
which gives:
mem +m +m _m _m

The ¢ = 1 components are directly proportional to the magnetic moment vector
per unit energy, m
g
m= . 115
i D1 (115)
D
where we omitted the proportionality coefficient. To get the polarization spherical
tensor one first writes the polarization in the matrix form :

ey EFE), E5°E
T=|&g8 & 4| (116)

Skal oSkl oStal
& & & &, & &
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The spherical components of the polarization are then calculated with the same
transformation than in equation 112. For example:

1 | - T
To = —= (e +e e +e7e) = =66,

V3 RE
T = —ﬁ (e}~ €l) = —sz (e % &), (117)

Using al these relations one gets for the E1-E1 signal:

; + + - - + + - -
Acip1 = %es- &Tr (D) — é (2 x &) -m+TDJ— T/D3 + T)D3 + T#D5 — T7D3 .
(118)
where Tr (D) isthetrace of D.

The first term in this equation does not depend on the polarization orientation
in XANES because the scalar product is just one (it is also the case in RXS when
keeping the relative orientation of &; and &). It isthus called the electric monopole
component because it probes only the electronic density and not its magnetic part.
It givesthe E1-E1 isotropic part of the signal in the absorption cross-section and in
RXS for the o-0 polarization (thereis aso an E2-E2 isotropic part). It isthe main
contribution in the XANES cross-section. When the final states are rather localized,
one gets the so-called white line at the beginning of the edge. Because the electric
monopole measures the charge of the non occupied states, the surface of this white
line is roughly proportional to the number of hole in the corresponding state of the
atom (for example the 3d stateinal | edge). By difference, one thus can get an
idea of the electron occupancy rate in the atom: larger isthe whiteline, less electrons
arein the atom 6.

The second term is strictly magnetic. One sees that it is proportional to the mag-
netic moment through a scalar product with €4 x g. It can thus be probed with
circular polarization. The last terms are the electric quadrupole components. They
are, as the first term, purely electric. They measure the anisotropy of the electric
cloud around the absorber and are responsible of the main part of the linear dichro-
ism (see Fig. 4). A smaller part in the pre-edge region can comes from the E2-E2
contribution. Note that the present terms, magnetic dipole and electric quadrupole,
must not be confused with the dipole and quadrupole electric transition E1 and E2.

To illustrate more this, one can have alook on three formal examples following
three different punctual group on the absorbing atom. We use a polarization € =
&= &, thatislikein the absorption or in RXS o-0.

6 Note that another factor can gives an idea of the atom valence state. It is the energy shift of the
edge. Indeed, when an atom ismore oxidized, its electrons tend to leave the atom. Consequently the
potential at the core of the atom decreases and the core level becomes deeper. Theincoming photon
needs thus more energy to eject the electron from its core level and the edge is shifted towards
higher energy. This phenomena is stronger at the K edges. Typically 1 electron corresponds to a
shift of several eV.
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m3m symmetry (Oy,)

This cubic symmetry is for instance the case of a 3d atom surrounded by a non
distorted octahedron. Let’s put the 6 surrounding atoms at the same distance along
the positive and negative directions of the 3 axis. Due to the symmetry plane per-
pendicular to Ox, Oy and Oz, the off-diagonal components of the E1-E1 Cartesian
tensor are zero, because of the three-fold axis its diagonal elements are equal. The
amplitudes of the signal isin this case:

Dz 0 O 1
Aeier=¢"| 0 Dz O |e=Ze-eTr(D) =Dz (119)
0 0 Dy

Thesignal amplitudeisisotropic. It does not depend on the polarization orientation.

4/mmm symmetry (Dgp)

This symmetry can be obtained for instance by a single elongation of the previous
octahedron aong the z-axis. There is no more the three-fold axis but afour-fold axis
around z, which makes Dyy = Dyy. One thus gets:

Dw 0 O 1 1
Acier=¢" | 0 D O |&=3(2Do+Dz)+ 3 (Dz—Dx) (3|.sz|2— 1)
0 0 Dz
(120)
When using the spherical coordinates for the linear polarization :
sin6 cos¢
e=| snfsng | , (121)
cos6

we see that one gets a polarization orientation dependence equival ent to the harmon-
icsYQ = /12 (3cos?6 — 1). The signal is not anymore isotropic.

4/m'm'm symmetry

Let us see now a magnetic case with spin-orbit. Starting again from the non dis-
torted octahedron, one supposes a magnetic moment along the z axis on the central
atom. The diagonal three-fold axis are broken asin the previousexample. Dueto the
magnetic moment, the symmetry planes perpendicular to Ox and Oy are now mul-
tiplied by time reversal, thus one gets the 4/m’m'm symmetry. The Cartesian tensor
contains now off-diagonal imaginary terms which are proportional to the magnetic
moment per energy unit:
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Dy D}y, O
AgiEr = et (—IDIXy Dy O )8 (122)
0 0 Dy
— oD D) e x Mt 2 Dy D) (3|.sz|2—1) .
3 Nz 3

We get a new magnetic term. This one can be directly measured with x-ray circular
dichroism, using the polarizations:
1
+i |, (123)

Afier —AgiEr = Dixy =nmg. (124)

For linear polarization one gets the same angular dependence than with the 4/mmm
symmetry but probably with a smaller amplitude. This term reveals a non spherical
electric cloud. It is not magnetic. Neverthelessit is present even without elongation
of the z axis. Its presence comes from the spin-orbit coupling which makes that the
orbital electric cloud tends to align along the spin direction. It can then be said that,
though electric, it is an indirect signature of the magnetic moment. Note that when
thereisaso an elongation along z, this anisotropy reveal s both phenomenatogether.
All this means that such alinear measurement cannot be considered as a proof of a
magnetization. One really needs circular polarization.

The expansion in spherical tensors can be performed also for the E1-E2 and E2-
E2 terms. All the components have a peculiar physical significance. They are clas-
sified in Table 3. The different terms change in sign with time reversal when they
are magnetic and with inversion when they are E1-E2. This allows peculiar mea
surements on specific reflections or/and with peculiar polarization conditions. Time
reversal can be obtained when inverting a magnetic field making one measurement
with one way and another one in the other way. The different contributions can be
often measured separately playing with the incoming (and outgoing in RXS) polar-
izations, the choice of the reflectionsin RXS, the way of the magnetic field and the
orientation of the sample.

To finish this part we recall that the magnetic dipole transition M1 term can also
exist. Thus one can get M1-M1 or E1-M1 components. These ones are neverthe-
less necessary very small when not zero. In the x-ray range definite proof of their
measurement remains to be done.

Sl
o

such that:

6.6 X-ray magnetic circular dichroism

When making the difference between spectra recorded with left and right circular
polarization one measures the circular dichroism. In the x-ray range and applied
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Table 3 List of the spherical tensor components with some of their physical significance. The
couple of signs ++, +—, —+ and —— gives the change in sign under time reversal for the first
and inversion for the second. The magnetic terms are odd by timereversal. The E1-E2 components
are odd by inversion. The electric monopole term measures the charge density ch.; in E1-E1
and a part of it ch,, for E2-E2. The magnetic dipole terms measure the moment density m. 1 in
E1-E1 and apart of it my,, for E2-E2. The magnetic dipole E1-E2 measures the toroidal moment
(or anapole) t. The electric quadrupole E1-E2 measures the toroidal axis (t, m). Other components
measure higher order of electric charges or magnetic moments.

1 E1-E1 E1-E2 elec. El-E2magn.  E2-E2

0  monopole ++ chya ++ =chpo
1 dipole — 4 My +—n ——t — A~Mmy
2 quadrupole ++ +— (t,m) —— (n,m) ++

3 octupole +— (nnmm) —— (t,mm) —+

4 hexadecapole ++

on magnetic material, this technique is called x-ray magnetic circular dichroism
(XMCD). We have already seen in the previous chapter, that is is away to measure
the magnetic moment on the atoms. Let us see abit morein detail how the measure-
ments can give a quantitative evaluation of these parameters. We shall also see that
using sum rules one can in many cases separate the angular and the spin momen-
tum. The x-ray sum rules were derived at the beginning of the 90s by Thole, Carra
and coworkers[46, 13] from magneto-opticssum rules. Numerous experimental and
theoretical studies were aimed at investigating their validity for itinerant magnetic
systems. The adequacy of the sum rules varied from very good to poor. It is with
the experimental work of Chen [14] with aspecial care on the experimental artifacts
that their validity were proved.

For the Ly edges of the 3d elements, we can use the simplified equation 97
because the quadrupolar transition is negligible. We choose polarizations such that:

e-r:,/%”rvfﬁl, (125)

using the complex harmonics and with m = +1 for the left and right circular po-
larized light. There are 4 initial states in the p3/» configuration corresponding to
the Ly edge and only 2 for the py/, configuration corresponding to the L edge’.
From the different values of the Gaunt coefficients for the L and L, edges and
from the different values of the Gg in the equations 66 and 67, we can show that
the transition probability for the XMCD is not the same for the orbital and spin part
inLj andLy.

We use also the fact that the 3d are rather localized. This meansthat they spread
in asmall energy range and thus integration in an energy range containing all the

7 The relative number of state (and so of electron) in theinitial state, gives the often observed ratio
2 between both edges. Note also that theratio isexactly equal to 2 when thereis no multi-electronic
effect and no spin-orbit in the final state. Getting the good branching ratio is one of the challenges
for the multi-electronic theories
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empty 3d statesis possible. When measuring the absorption cross-section, whatever
isthe polarization, one probes the unoccupied states. Theideais that by integration,
one measures the number of free states in electron unit, the occupied states being
given by the differencewith the total number of electrons per atomin a 3d band, that
is 10. The difficulties is that the states spread in the continuum. The photo electron
mainly probes the 3d states but also al the 4d, 5d, 6d and so on. Because we are
in the continuum, n is not anymore a good quantum number and the n > 3 (and the
s states) must be considered as a continuous background. Thus, before making the
integration, adoublestep like function, with each height equal to the absorption after
each whiteline, is subtracted. For practical purposes, the integrations are performed
on an range extending typically from 20 eV before the L j;; edge up to 40 eV &fter
thel,, edge.

From al this, one gets 2 equations for the two unknowns. The normalizationis
performed with the absorption edge which is, as we know, a measurement of the
density of states. At the end one gets the sum rules:

4 .

Moy =~ (10 n3d)/LII+LIII (6"~ o) dE, (126)
~1

Moon = & (10-nag) (14 712 ) a27)

x (3/L||| (6" —0~)dE—2

with the normalization :

L (6t —07) dE)

N = (6" +07)dE (128)
Lir+Lin

where mgp and mspin are respectively the orbital and spin magnetic momentsin unit
of up/atom. naq isthe 3d electron occupation number of the specific transition metal
atom. The Ly, and L;; denote the integration range. (T) is the expectation value
of the magnetic dipole operator and (S,) is equal to Mgpin in Rydberg atomic units.
Theratio (T;) / (S;) can be estimated by first principal calculation but for practical
purposes, it is only some percents and thus this term can often be neglected. On the
contrary one has to make an estimation for nzy. These sum rules are sufficient to
extract, experimentally, the mqrp, and mMspin values.

7 Mono electronic ssmulations

As stated above simulations can be very helpful in the interpretation of the experi-
ments. Moreover, in order to quantitatively access to parameters such as atom posi-
tions, charges or magnetic moments, they can be absolutely necessary. We have seen
that in some cases ligand field multiplet theory is necessary. This point is developed
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by F. de Groot in another chapter. Here we focus on the mono electronic simula-
tions. They often gives satisfactory results for the K-edges and the L |, j;; edges of
heavy elements.

The mono electronic simulations uses the local (spin) density approximation
(L(S)DA) of the density functional theory (DFT). There are two groups of calcu-
lation method: the one solving the Schrodinger (or Dyson, or Dirac) eguation in a
cluster centered around the absorbing atom and the one, usually derived from band
structure calculations, using the 3D periodicity of the material. The calculations can
also be performed with or without self-consistency.

Whatever the method is, the first thing we need is a potential. It is seen briefly
in the next section. About the different methods of calculation (Linear augmented
planewave (LAPW) [5], tight-banding, linear combination of atomic orbital (LCAO),
pseudo-potential [12], linear muffin-tin orbital (LMTO), KKR [22], finite differ-
ence...) the most used for practical purposesis the multiple scattering theory (MST)
that is discussed abit morein Sect. 7.2. At the end, atable showsthe different codes
available.

7.1 The potential

It is often said that all the methods are equivalent, at the end. Although it might be
true, in fact, they give different results... This is due to the fact that, inside each
method, approximations are done. Expansion in spherical harmonic or in plane
waves are limited, there are interpolations in the building of the potential, calcu-
lations are in single or double precision, but in particular, there are the potential
problems. The first one comes from the approximation done on the potential shape.
The second is related to the choice of the exchange correlation potential.

The multiple scattering theory, asthe LM TO, usually makes an approximation on
the potential shape. To have the calculation simpler, the potential is taken as spher-
ically symmetric in the atoms and constant between them, in the interstitial region.
Thisisthe so-called muffin-tin approximation. The radius of the atoms (of the spher-
ical part) isthusatechnical difficulty, each code author having its own recipe. Most
often asmall overlap is authorized because, pragmatically, thisimproves the agree-
ment with the experiments. Nevertheless from a mathematical point of view this
trick is not justified. Now, using the finite difference method, pseudo potentia or
FLAPW technique for example, it is possible to have free-shape (or full) potential.
The price to pay is that calculations are heavier. Nevertheless when the structures
are sparse, when there are few symmetry elements or when the absorbing atom is
relatively light, important differences are observed due to the muffin-tin approxima-
tion [29]. A recent work has nevertheless shown that the multiple scattering theory,
up to now always using the muffin-tin approximation, can also be applied with afull
potential shape [26].

In the LSDA the exchange-correlation problem is treated with a local potential
which dependsonly on the local density of electrons (that is, on the point where one
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calculates the potential). In the magnetic case it depends as well on the local differ-
ence between the spin-up and spin-down density. This one can have different forms.
Presently the most used ones are the Hedin and Lundqvist [27] and the Perdew
and Wang [39]. Globally they give an attractive potential of increasing amplitude
with increasing electron density. For XAS it is important to consider the energy
dependence of this potential, as proposed by Von Bart and Hedin [48]. Indeed the
amplitude of the potential decreases with increasing electron kinetic energy. In a
relatively narrow energy range around the plasmon energy, that is between 10 and
30 eV, this potential changes by several eV. Without considering this phenomena
one gets structures in the spectra shifted by the same amount. Because the position
of the oscillations are related to the inter atomic distances, this could lead to false
agreement with wrong fit of the corresponding parameters.

7.2 The multiple scattering theory

Explain this theory in asingle paragraph is difficult. Readers can find detailed de-
scription by Natoli and coworkers [35] or Brouder [11]. There are two ways to
explain it. The first way uses the Green's function approach, the second uses the
scattering wave approach. L et us use the second one.

First, one considers just one atom. We build a complete basis in the surrounding
vacuum. There, the potential is constant and the solutions of the radial Schrodinger
equation are the Bessel, j,, Neuman and Hankel functions. Using the phase shift
theory one looks how the atom scatters all the Bessel functions. One uses the con-
tinuity of the wave function and its derivative at the border. For simplicity we keep
the non magnetic case, and we can write:

a (k)b (k,RY" = \/E (o (kR) —itsh) (kR)) Y™, (129)

for the wave function at the muffin-tinradiusR. h (r) isthe Hankel outgoing func-
tion, t, is the atomic scattering amplitude, b, the solution of the radial Schrodinger
equation in the atom, k the electron wave vector and a, the amplitude inside the
atom. All these terms depend on the kinetic electron energy. We have introduced the

normalization by the density of statesin vacuum \/g . By continuity this normaliza-
tion makes that the density of statesis included in the atomic amplitudes. Using the
two equations of continuity (function and derivative), one getsa, and t,.

Now the atom is embedded in a cluster. Thus the incoming wave is not anymore
included in a simple Bessel function, but the superposition of this Bessel function
and all the other waves of Hankel type, backscattered by the other atoms. The prob-
lem is thus not anymore spherical, and the scattering and atomic amplitudes will
also depend on the quantum number m (and eventually on the spin index). One has
to consider all the scattering processes from one atom to any other atom. To do
that, one fills a (big) multiple scattering matrix, containing, for al the atoms, all
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their individual expansion in spherical harmonics. Its diagonal contains the atomic
scattering amplitudes. The off-diagonal part contain the propagation terms connect-
ing the scattering from the (¢, m) of an atom a, to the (¢/,n) of another atom a’.

Theinversion of this matrix gives the multiple scattering amplitudes, ! ‘m aa , by the
relation:

L. 1 e

T = T] ) (130)
tma [ 1-TH /,ma

T isadiagonal matrix containing the atomic scattering amplitudes. H is the matrix

containing the propagation terms.

Most of the computing time resides in the inversion of this matrix. When we are
not interested in the low photo-electron energy range, it is possible to perform a
Taylor expansion (thisis the so-called path expansion):

ol @
e 2 [THTHT + (THP T+ (THPT+..| (131)
,ma
where the number of paths increases with the power of TH. The limitation of this
number is one of the key point in the IFEFfit [28] and GNXAS [18] codes. At the
rising edge it is not possible to perform this path expansion, because terms in the
denominator are bigger than 1 and the series never converge [36].
Using a= a’ and skipping the atom index, the optical theorem gives:

‘Z az, (132
when the potential isreal. Introducing thisin the XANES formula, one gets :
o= —4nafioY ¥ 3 ((pgl6'o Y™ 7 (b 6lgg)) . (139
g £,me
The central term |ng"‘> rgm <b[/ ‘ isthe Green's function.

One can do the same for the RXS case. To be more complete, we have written
the equation in the spin-orbit case:

f—if’ = (134)

mao
O |~*| O m\ ¢ ”“‘2 -5
ZG zm:S <(p9 05 b[,m—s—%—c,sY[ >TZ m+3-ss <b[, m+3-c.8 loi] ¢g >
et
When the potential is complex, the expression contains more terms because the
irregular solutions of theradial Schrodinger equation have to be considered, aswell.
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7.3 Available codes

There are anumber of codes which permitsto perform mono-electronic simulations
of the absorption spectra. We present a probably non exhaustive list of them in Ta-
ble4. Some usethe 3D periodicity of the solid, some others use the cluster approach.
One hasfirst to recall that the first theories are due to Dill and Dehmer in 1974 [19]
and Lee and Pendry in 1975 [31]. The first calculations using a cluster MST ap-
proach are due to Natoli et al. [35] and those using a band structure approach were
first performed by Mattheiss and Dietz [34], both in 1980.

Table 4 Some of the most used mono electronic codes for absorption spectroscopy. Cl and 3D
means respectively cluster and 3D approach, SCF means self-consistent calculation, Fit means
thereisafit procedure with experimental spectrato get parameters. Note that a Feff version used in
theintermediate energy range called IFEFfit [28] and the code GNXAS[18] use the path expansion
in the MST frame and allows a fit procedure to get geometrical parameters. Cabaret et al. uses a
pseudo-potential approach having modified first the PARATEC code and more recently the PWSCF
code.

Authors Name Technique 3D SCFFit Note and Reference
Natoli CONTINUUM  MST cl [35] Thefirst !
Benfatto MXAN MST Cl X [4]

Rehr et al. FEFF MST Cl X [1] The most used
Joly FDMNES MST& FDM CI X X [29]

Ebert et al. SPRKKR KKR 3D X [22]

Blahaet al. Wien2k FLAPW 3D X [5]

Cabaret et al. Pseudo 3D X [12]
Saint-Amantetal. StoBe LCAO 3D X [43]

Vedrinskii et al. XKDQ MST cl [47]

Yaresko et al. Py-LMTO LMTO 3D X [49]

8 Conclusion

We have reviewed the different phenomena governing the x-ray spectroscopies re-
lated to the transition of an electron from a core level up to some other level. The
number of applications of these processes is huge. They permit a precise under-
standing of spectroscopies giving different pieces of information on the materials.
Because the process of transition is complex, the interpretation is not always direct.
Some of them need multiplet calculations as explained by F. de Groot in another
chapter. Some others can use mono electronic simulations as presented here. Some
of the spectroscopic techniques are presented in details in the following chapters of
this book. These are the Inelastic X-ray Scattering by J.-P. Rueff, the X-ray detected
Magnetic Resonance by J. Goulon, A. Rogalev and F. Wilhelm, Resonant X-ray
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Scattering by S. P. Collinsand A. Bombardi. A. Rogalev devel ops aso examples of
optical activities.
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