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1 INTRODUCTION

The purpose of this work is to introduce the characterization technique named
X-Rays Absorption (XAS) and discuss three applications involving high-t. superconductors.
First, we will introduce about the interaction between x-rays and matter and then how those
x-rays are produced in a synchrotron facility. It is necessary to use synchrotron radiation for
XAS spectroscopies because it is concerned with the response of the material as functions
of the incident photon energy. As well, in X-rays absorption dichroism the electromagnetic
radiation need to scan a range of the photon energy and different polarizations (circular

and linear).

Essentially, synchrotron is like a flashlight where the light is emitted by circulating
electrons with velocity very close to the speed of light. The radiation is a narrow cone
because of relativistic effects. It produces a very bright radiation and that is one of the
reasons that synchrotron is so interesting for research. A simple but efficient analogy about
brightness (or brilliance) is the comparison between a fireplace where the power is spread
in all directions and a flashlight that is more concentrated and efficient depending on the

application. The evolution over the years of brightness can be seen on Figure 1.!

All absorption techniques here described uses synchrotron radiation as input to
result in excitation of an electron. The core-level electron is excited to an unoccupied state.
Then an electron may relax either radiationless emitting Auger electrons and a cascade of
low-energy secondary electrons or emitting a photon. Therefore, x-rays absorption probe

the unoccupied density of state of the system.

The measurement of XAS spectroscopies can be done using either of three ways.
The absorption coefficient can be measure directly by transmission method where the
initial intensity of the beam and after the sample are measured. Indirect ways to obtain the
absorption coefficient are by fluorescence emission or total electron yield. The first one is
measured the photon emitted by the relaxed electron into the core-hole. The total electron

yield measures the current that balance the ejected Auger and secondary electrons.

This work will discuss about those ideas in the following way. In the second chapter
will be presented some introduction about the interaction of x-rays with matter, discussing
the refractive index and how it is related to the difficult challenge of design x-rays mirror.
Third chapter introduces some concepts about synchrotron, radiation spectrum of insertion
devices and how is composed a beamline. Fourth chapter gives an introduction about the
x-rays absorption techniques such as X-ray Absorption Near-Edge Structure (XANES),
Extended X-ray Absorption Fine Structure (EXAFS), very briefly X-ray Magnetic Circular
Dichroism (XMCD) and X-ray Magnetic Linear Dichroism (XMLD). Fifth chapter will



315
4* generation: VUV & X-ray lasers -
£
— L ,
—30 =
— e
Y
p— (="
=1
— ]
— =
Planned =25
20b= Dedicated undulator 3 generation
— Current
— Rings ERLs
E —
=15 Dedicated wiggler =l ’
= - Dedicated, low emittance 2™ generation
E - Farasitic, wiggler 4@ 17 generation
F: | Parasitic operation Synchrotron source
= 1] =
on
g Tubes
— o X-raytubes
g 1 1 1 1 1 1 1 1

1900 1920 1940 1960 1980 2000 2020 2040
Year

Figure 1: X-ray brilliance increasing order of magnitude over the years. Tubes means
X-rays tubes that is usually used in laboratories. Rings represent storage ring of
synchrotron facilities. ERLs is used for energy recovery LINACS and FELs is
free electron lasers.?

be presented three results from the literature of those techniques mentioned before in

cuprates high-t. superconductors.



2 THE INTERACTION OF X-RAYS WITH MATTER

How does X-rays interact with matter? Light can be refracted, reflected, scattered,
absorbed, diffracted, and so on. The details depend on the structure of the matter and on
the wavelength of the light. Figure 2 highlight some of the most important interactions
considering a simple model of an atom. In Figure 2(a), an electron with high energy
(primary electron) coming in produces an ionization knocking out a K-shell electron
(secondary electron). Kinetic energy may be transfered between the electrons resulting
in lower energy for the scattered primary electrons. In Figure 2(b) a photon is absorbed
by a core-shell electron that is ejected from the atom (photoelectron). This phenomenon
leaves a hole in the core shell and an electron in a further shell will relax either emitting a

photon (Figure 2(c)) or ejecting an Auger electron from the atom (Figure 2(d)).>*
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Figure 2: Interaction of X-rays with matter. In (a) high-energy electrons are scattered
by ejecting a core-shell electron. In (b) a photon coming in is absorbed by a
electron and consequently it is ejected from the atom. This electron is then
called a photoelectron. In (c) imagine there will be a hole either for reason (a)
or (b), then an electron from a shell further out will relax into it emitting a
photon (fluorescent emission). Another case is that instead of occurring the
fluorescence emission, in (d) Auger electrons are produced when an outer shell
electron relaxes into core-hole. The excess energy can eject other electrons, called
Auger electrons.*

The binding energy for a single electron of the hydrogen atom is 13.6 eV. For



an atom of atomic number Z, the 1s-electrons have binding energies proportional to Z2.
Hence, X-rays have enough energy for most of the bound core electrons and the cross

section between X-rays and core electrons are higher than X-rays and valence electrons.?

Each interaction described above between light and matter has a finite probability
of happening that depend on the element and on the photon energy. As shown on Figure
3, in the region of X-rays the most common interaction is photoelectric absorption.® There
are a lower contribution from inelastic Compton scattering but we will primary focus on

absorption.
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Figure 3: Total cross section (o) per atom of lead in function of the photon energy.
0s,0pE, 0pgr are the cross sections for scattering, photoelectric absorption and
production of pairs, respectively. The discontinuity in photoelectric absorptions
occurs when the photon energy has the binding energy of the different electrons in
the lead atoms. The total cross section ¢ is the sum of the scattering, photoelectric
and pair production cross sections.?

2.1 The Refractive Index

The refractive index (n) describes the response of electrons in matter to electro-

magnetic waves and can be represented in complex form as

n:nR—i-in], (2.1)

In the x-ray regime, the refractive index is related to the atomic scattering factors



of the individual atoms in a material by

n=1-_2\25"N,f(0), (2.2)
2m :
where N; is the number of atoms of type ¢ per unit volume and f;(0) is the complex atomic

scattering factor in the forward directions of the ith atom.

The refractive index of x-rays are slightly smaller than 1 and the phase velocity
(v, = £) will be greater than velocity of light. However, it is the group velocity that carries
the energy and this remains below c. This is the region called anomalous dispersion. We

express then the complex refractive index as

n=1-90+1ip, (2.3)
where the ¢ is the refractive index decrement and f is the absorption index. Comparing

equations 2.1 and 2.3 we can see that n, =1 —§ and n; = .

The real part of the refractive index from equation 2.2, far from an absorption edge

and considering Y-, N;f;(0) = p (average density of electrons) we have

_ 2mpro
= =3
0 then is inversely proportional to the square of the photon energy. If we assume some

J

(2.4)

typical values for the equation 2.4 we obtain § ~ 5 x 107%. Hence, the real part of the
refractive index of x-rays are slightly smaller than 1.
2.1.1 Snell’s Law

Considering x-rays in vacuum, the Snell law’s is stated as

cos(a)

cos(a) - (25)

where « is the incidence angle, o is the refracted angle and ng is the real part of the

refractive index. It means that exist an critical angle where occurs total reflection (o/ = 0)

cos(a.) = ng, (2.6)

where a is the critical angle. Any x-rays impinging with incidence angle below the a, will

occur total external reflection.

We can calculate the critical angle using Taylor expansion for cosine in equation

2.6 that is 1 — % and also considering ngp = 1 — 0, we obtain

o~ V26, (2.7)



For typical values of ¢ the critical angle is of the order of a few tenths of a degree. Hence,
for grazing angles less than the critical angle is possible to reflect it from a surface. This
can be used to focus the x-ray using a concave x-ray mirror, as the curvature is sufficiently

small to guarantee an incident angle smaller than the critical.

2.2 Absorption

From equations 2.2 and 2.3 we can conclude that absorption index 3 as

B=2y2p, (2.8)
2m

where f” is the imaginary part of the atomic scattering form and it is proportional to the

inverse square of electric field. Hence, the absorption index is proportional to the inverse

fourth power of the energy.

Let a x-ray beam traveling in vacuum and then penetrating some sort of absorbing

medium.

E(z,t) = Egeilkor—wt) (2.9)

where kg = % is the wavevector in vacuum and J\q is the wavelength in vacuum. When it

travels through an absorption material we need to consider the refractive index.

E(z,t) = Eyelinkoz—wt), (2.10)

Using the relation from equation 2.1

E(z,t) = Egelntkoz)glinrkoz=wt), (2.11)

The first term represents the attenuation of the wave as it travels through the
material. The square of the amplitude drops é over a depth ﬁ The exponential decay

behavior of the transmitted signal follows the Beer-Lambert equation for linear absorption®

] J—
Iy

where z is the thickness of the material and p is the absorption coefficient that is equal to

e (2.12)

n = 271[]{?0, (213)

As we can see, the absorption coefficient is element specific (approximately Z?)

and it is proportional to the inverse third power of the energy. The product pz is called



absorptance and it is dimensionless. Absorption spectra is the relation between absorptance

and energy.

An absorption spectra decreases with energy until the incident photon has enough
energy to excite an electron. When it happens the absorption increase rapidly as shown
on Figure 3. This discontinuity is called absorption edge and it is related with the binding
energy of the electron, therefore, it is element specific. After an absorption edge it continues

to decrease with energy.’

Two dominant processes can occurs after an absorption, X-ray fluorescence and

Auger emission (Figure 2)

2.2.1 X-ray Fluorescence

After the absorption, there will be a hole in the inner shells. An electron in a
further shell will relax and emit a photon that has a energy of the difference between the
levels involved. This occurs in a timescale of the order of 10 to 100 fs. This process can be

used to measure the X-ray absorption spectra and will be discussed in more details later.

Not all transitions are allowed. The relaxation of the electron from a bound state

to another within the atom follows the selection rules for electric dipole radiation.?

Al=41 and As=0— Aj==+1, (2.14)

Hence, the allowed transitions from p are p — s or p — d.

2.2.2  Auger emission

Following the relaxation of a electron into the hole, the excess energy |E, — E,,| can
produces an Auger electron, whereby F, is the energy of the core-shell binding energy and
E,, is the energy of the outer-shell binding energy. This excess energy instead of emitting

a photon can eject another electron if its binding energy is less than the excess energy.

Typical Auger electron energies are in the range of few hundreds eV and consequently

it has an escape depth of only few nanometers. Therefore, it is very sensitive to the surface.?

2.2.3 X-ray fluorescence or Auger emission

Auger electron and X-ray fluorescence are competitive processes. X-ray fluorescence
are proportional to the third power of the energy difference between the shells involved.
Given that K-lines are more probable than L-lines. In heavier atoms will have more
attractive positive nuclear force, resulting in a bigger difference of energy between adjacent
shells increase the probability of x-ray fluorescence process. For the Auger emission is more

likely for lighter atoms because it is proportional to the inverse of the energy difference.

The probability of both processes are shown below on Figure 4.
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3 SYNCHROTRON

Synchrotron provides a very broad range of application for research. This chapter
will explain some basics concepts and how everything works together. It is important to
keep in mind that synchrotron facilities are open to users. So, understanding how it works

can improve your available time in the facility.

Briefly, will be discussed some of the main components of a synchrotron (Figure 5),

such as the source of electrons, the booster ring, the storage ring and beamline.

1. Electron Gun 2. Linac 3. Booster Ring
4. Storage Ring 5. Beamline 6. End station

Figure 5: Main components of a synchrotron facility.®

e Electron gun is the first component of an operational synchrotron. the source of
electrons usually works by thermionic emission from a hot filament. Then the electrons

are accelerated using a linear accelerator (Linac) to around 100 MeV.

o The electrons from Linac are further accelerated in the booster ring to around the
energy of the storage ring. Then they are periodically injected in the storage ring to

maintain a specific current.

« The storage ring contains straight and curved sections of stainless tubes in ultra-
high vacuum. Bending magnets are employed to maintain electrons in a close path.
Quadrupoles magnets are used to focus the electron beam and to compensate
the Coulomb repulsion and sextupole magnets are used to correct the chromatic
aberration introduced by the quadrupole. In the straight sections, there are radio
frequency cavities to replenish the energy of the electrons lost in synchrotron radiation,
also may be used insertion devices (characteristic of third generation synchrotron)

such as wigglers and undulators.”
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o Beamlines are the final stage of the synchrotron radiation and it is composed of
three components, the front-end, beamline optics and experimental station. Front-
end is the part just after the concrete wall and has several functions and safety
features, such as vacuum isolation valves to protect the vacuum of the storage ring,
BPM to monitor the position of the beam, filters to prevent damage in materials
from low energy radiations, a shutter to interrupt the x-rays from passing further
down the beamline, and so on. In the beamline optics, the x-rays are focus and
monochromated. And for last, the experimental station has manipulators to position
the sample, optics to view the sample and detectors to measure the signals. The

details of these components depend on the type of experiment to be performed.”

Those apparatus of the beamline will be discussed later. Now we shall focus on

some aspects of the electron moving at relativistic velocities.

3.1 Radiation from Relativistic Electrons

The features of the radiation depend on the angular frequency wy (the number
of radians turned by the electron per second) and on the energy of the electron in the

storage ring is given by the Lorentz factor

€
= 3.1
1= (3.1)
where mc? is the rest energy of the electron. For non-relativistic electrons v = 1. For
relativistic electrons, this can be re-expressed in terms of the storage ring energy in GeV
as

v = 1957¢[GeV], (3.2)

The opening angle or divergence is proportional to y~!. Thus higher electron
energy implies in smaller opening angles of the emitted radiation. Electrons moving at
non-relativistic velocities has a dipole distribution (Figure 6(a)). Meanwhile, at relativistic
velocity, it points along the tangent of their path (Figure 6(b)).”

Considering a circular motion of a relativistic electron in an orbit then we can
7

deduce the energy loss AE per electron per turn to synchrotron radiation as
EYGeV]

AE[keV] = 88.5 ]

) (3-3)

where p is the radius of curvature.

Equation 3.3 shows that energy loss of the electrons is proportional to the forth
power of the electron energy. So if we have an electron with a hundred MeV and a radius of

10 meters, the synchrotron radiation won’t be noticed (around few eV per turn). However,
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Figure 6: Radiation pattern from a moving electron. (a) Non-relativistic electrons has a
isotropic pattern and (b) relativistic electrons has a pencil-like pattern pointing
in the direction in which they are traveling.”

an electron with GeV will have AE around 10° eV. Therefore, more synchrotron radiation

is produced at high-energy rings.

Let us use now the deflection of the electrons by the magnetic field to calculate the

orbital radius of the arc. First, we equate the Lorentz force to a centripetal force such that

2
ev X B = &, (3.4)
p

where m is the mass of the particle, v is velocity and p is the orbital radius of the arc. Note
that we did not use the electric field component. It would need a magnitude of 10? to induce
a comparable centripetal force as the magnetic field. For relativistic electrons, we need to
substitute m — ym and v — c¢. Considering that the magnetic field is perpendicular to

the velocity, we have

ecB = ° : (3.5)
p
£
= 3.6
Changing to practical units (GeV)
L, LElGeV]
p =33 o (3.7)

For typical values of magnetic field (about 1 Tesla) and storage ring electron

energies of around few GeV, the bending radius is just a few meters.?
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3.2 Photo Beam Properties

Two important properties related to the photo beam are discussed below.

o Spectral flux is the amount of photon per second per unit bandwidth (normally
0.1%) passing through a defined area. For example, at 10keV a 0.1% bandwidth
means counting all photons from 9095 — 10005e¢V . The flux is conserved as long that

any photon is not lost in the optical components.

 Brilliance is the spectral flux per solid angle, in other words, it defines how the flux
is distributed along phase-space (Equation 3.8). It is a very important parameter
because it says the smallest spot that you can focus the beam. For example, third-
generation synchrotron has 10% brilliance, 101° brighter than most powerful (compact)

laboratory source,* and that is why they are a very important tool for research.

They have very high brilliance because of the size of the electron beam (microns)
and the high flux emitted by the electrons that is proportional to the square of the

acceleration (centripetal acceleration is proportional to v?)?

photons

Brilli _ seconds 3.8
rilliance (mrad)?(mm?2sourcearea)(0.1%bandwidth)’ (3:8)

« Polarization is very important for some spectroscopy techniques using synchrotron
facilities such as linear and circular magnetic dichroism. In synchrotron, the po-
larization control of bending magnets depends on the line of sight. Viewed in the
electrons orbital plane, it appears that the electron is oscillating in the horizontal
plane, therefore the polarization is linear. If the observer is above or below the
plane the radiation is either left-circularly polarized (LCP) or right-circular polarized
(RCP), respectively.

3.3 Bending magnets

Electrons in the storage ring follow a close path (circular orbit) because of the
bending magnet. They also emit synchrotron radiation after the magnetic field exerts a
Lorentz force that accelerates the electrons centrifugally. The radiation of bending magnets

are very broad and has brilliance of the order 10'°. The divergence is about %

Bending magnets produces a continuum of radiation that is characterized by a
critical photon energy .. By definition, half of the radiated power is above the critical

photon energy and the other half is below. ¢, is related to the electron energy by’

e.[keV] = 0.665BE?, (3.9)
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where E is the electron energy in GeV and B is the magnetic field in Tesla. The higher the
electron energy, higher the critical energy. For hard X-rays (> 5keV’), more than 2 GeV is

needed.

To increase the flux and the brilliance it is used insertion devices (IDs) between
the bending magnetics in the straight sections of the storage ring. The idea behind it is to
make the electron oscillate using an array of magnetics pointing alternately up and down.
They are carefully designed to maintain the same position and direction of the electron

after the device.

Every insertion device can be characterized by the deflection parameter (K;4),

described below

Kig = 0.934)\;4 By, (3.10)

where \;4 is the magnetic period of the insertion device in centimeters and B is the peak

magnetic field in Tesla.

The two principal insertion devices, wigglers and undulators, differs from the

deflection parameters and it defines the properties of the radiation emitted (Figure 7).

3.3.1 Wiggler radiation

Wiggler has a deflection parameters K;; >> 1, in the range of 10 — 60. It means
that wigglers have a long magnetic periodic, typically N = 20 — 50. If the magnetic field
of the wiggler is higher than the bending magnets the critical energy ¢. is shifted to a
higher value. Thus, wiggler are often used to produce hard x-rays with higher flux from a
medium energy storage ring. The vertical divergence of wiggler is the same as bending
magnet with the same magnetic field at critical energy (%) For horizontal divergence it is
increases by a factor Kig.”

A simple wiggler produces a linear polarization even when looking off-axis of the
orbit plane. For a circular polarization, it is necessary to adjust the geometric of the
wiggler (asymmetric) which will present a non-sinusoidal magnetic field. Another approach
is the elliptical wiggler which is the simple wiggler with a small horizontal magnetic field

shifted by 5 with respect to the main vertical field.®

3.3.2 Undulator radiation

Undulator uses a weaker magnetic field and shorter periods, so K;; ~ 1. Each
pulse generates radiation out of phase with the next pulse by the time taken to the next
magnetic. Thus because of the interference only those photons with wavelength equal to
this difference interfere constructively, resulting in a spectrum of peaks (Figure 7). Both

vertical and horizontal divergence of the fundamental frequency is ﬁ where N is the
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Figure 7: Radiating in the direction in which they are traveling.*

number of periods in the undulator. The transformation of a undulator to a wiggler is
achieved by reducing the vertical spacing (gap) between each magnet pair. It increases
By and consequently K;; until the higher harmonics becomes more important and more
closely space in energy (K;; > 10). The polarization of the undulator radiation can be
controlled by laterally shifting the position of one set of magnet poles relative to the other.
That will generate a horizontal magnetic component in addition to the vertical magnetic

component.’

3.4 Beamlines

In this chapter we will take a look at the main components of a general beamline

in the order of which the photon coming from the storage ring interact.

3.4.1 Front End

The front end is the part of the beamline just after the insertion device or bending
magnet. It is composed of beam position monitor (BPM), aperture and slits to define the
angular acceptance, shutter to interrupt the radiation when necessary, filters to remove
the soft x-rays components of the radiation and isolation of storage ring vacuum from

beamline vacuum to avoid leakage.

The beam position monitor measures the lateral position of the beam. There are
several designs, for example a 1-D wire of tungsten can map one direction of the beam

by measuring the photocurrent induced by the x-rays. The resolution is limited by the
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diameter of the wire (usually few micron meters). A design for a 2-D profile of the beam
is composed of four metallic blades around it measuring independent the photocurrent of
each and then using comparators between them. Using a CVD diamond BPM you can
measure the two dimensional beam position and the amplitude of it. This is achieved by
measuring the photocurrent of an array of ultrathin metallic electrodes deposited on thin

and transparent synthetic diamond discs

For hard x-rays beamline, it is important to define the beam using fixed aperture at
the front end for two reasons. First to collimate the beam and second to suppress the low
energy photons and avoid damage in the components because it interacts strongly with
matter. That is done by a water-cooled rectangular cone shape to increase the dissipation
area. In addition to the fixed aperture, it is used two adjustable slits to decrease the
divergence of the beam. Those slits are protected by one or more filters that remove
the soft x-rays. The material used in these filters have low atomic number, resist high
temperatures, have good thermal conductivity and highly crystalline. The best candidate
is carbon in the form of synthetically grown diamond (thin sheets of hundred micron
meters). After the soft x-rays is removed, other materials can be placed in front of the
beam. Beryllium windows are used to isolate the vacuum of the storage ring from the

beamline.

3.4.2 Primary Optics

The optics for x-rays are different from visible light because as showed in Section
2.1 the refractive index of x-rays is slightly smaller than 1. Also because of the strong
interaction between the soft x-rays with matter that can cause huge damage in components

and can even be strongly attenuated by gas. This makes difficult to bend or redirect x-rays.

A x-ray optical system normally contain a monochromator, x-ray mirror, slits
and filters. They perform basically three tasks, first a selection of one energy by the
monochromator, second optimization of the resolution energy using a collimation mirror
upstream of the monochromator and third refocusing the beam using either a curved

mirror or gratings.

X-ray mirrors are very different from the common aluminium-coated glass. The
reflectivity drops drastically above the critical angle. A useful rule-of-thumb relating the

maximum allowable incident grazing angle to the photon energy is

AA
Qmaz|degrees| = M, (3.11)
10
this approximation assumes that all condensed matter has the same average electron

density of 0.34A 3, which is okay for the transitions elements of the periodic table.

For low energy radiation, Equation 3.11 predicts a few tens of degrees, but for
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hard x-rays the incident grazing angle is about 0.1° or less. The problem with this small
incident angle is that the illuminated part of the mirror (g where h is the beam height
perpendicular to the mirror surface) for a typical beam height of 1mm is about the order
of 290mm. The mirror needs to have a roughness of less than a few Angstroms for it be
usable. All of these requisites contribute to a very technological challenge, and mirrors can

lower effective brilliance of the source.

The theoretically most perfect reflective focusing element is a two-dimensional
parabolic mirror, which can focus the beam to a point. However, it is very difficult to
design it considering how large the surface need to be. A more practicable geometric is a
toroidal mirror, a very good approximation of a parabolic surface. A still simpler solution
is to divide the focusing of horizontal and vertical to two independent cylindrical mirrors.
This arrangement is known as a Kirkpatrick - Baez mirror.> The disadvantage is that the

length of the mirror system is doubled.

Monochromator is one of essential optics components of a beamline. Experiments at
synchrotron facilities normally require a well-defined energy and the possibility to change
de photon energy, or that is scanned. Even for insertion device such as low-K undulator,

the radiation is not sufficient monochromatic to be used as a source in an experiment.

For each range of wavelength is recommended to use specific monochromator. For
longer wavelength radiation it is used periodic grating monochromator where the separation
between grating lines can be several microns down to a few tens of nanometers. Wavelength
less than a few nanometers uses a crystal monochromator where the periodicity of the
crystal and the separation of lattice in Angstrom act as a grating. A possible alternative is
the multilayer monochromator that has a broader range of wavelength with a consequent

of increase in transmitted flux. These monochromators are described below.

o There are several types of profile for a grating surface. We will focus on the most
efficient one, the blaze grating (a surface with periodic triangular shapes). The
reflection of the beam in different facets will cause interference that for a single
wavelength will satisfy the constructive condition. However, the bandwidth will be
determined by how many facets will be illuminated by the beam. Lower facets imply
in higher bandwidth and flux, meanwhile higher illuminated facets result in sharper

peaks with less flux.

« Crystalline monochromator can be used to 0.05 to 6A radiation. The diffraction in

the crystal will follow the Bragg’s law

mA = 2dsin 6, (3.12)

where m is the order (natural number), d is the lattice spacing and 6 is the angle of

incidence. Usually it is used a single crystal of silicon because it has a reasonable
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thermal conductivity and can be cooled by liquid nitrogen. Another important aspect
is that the production of a single crystal of silicon is very well known because of
the semiconductor industry. Another candidate is diamond, it has high thermal
conductivity, very important for high flux synchrotron. But it is also quite expensive

to produce a single crystal with sufficient size.

The most two common designs for crystal monochromator are Double-Crystal
Monochromator (DCM) and Channel-Cut Monochromator (CCM). The DCM uses
two crystal to diffract the beam. The first crystal will absorb almost all the flux and
need to be constantly cooled (water or liquid nitrogen) while the second crystal will
redirect the monochromated beam parallel to the incoming beam. It is not necessary
to cool down the second crystal because 99.9% of the flux is absorbed in the first
crystal. It is possible to change the second crystal to improve the monochromaticity
by either choosing a different orientation or changing the material or using in the
same sense of the first crystal. The consequent of this increase in monochromaticity
is the decrease in flux. The CCM uses two surfaces of the same single crystal block
to diffract the beam.

o The multilayer monochromator are design by growing periodic layers of two different
materials by magnetron sputtering. A thinner layer of a high-Z material and a thicker
layer of a low-Z material. The diffraction now will occur in function of the distance

between the periodic multilayer instead of the plane levels of the crystal.

The last component that we will describe for the beamline is the detectors. Some

of them are described below.

Scintillator detectors partially convert the absorption x-ray into visible light or
near-visible light. First an inorganic scintillator material absorbs the x-ray and emits
a visible light in the photocathode. By photoelectric effect, electrons are directed to
electrodes that generated more electrons until the anode that produces a sharp current

pulse. Scintillator plates can be used to record x-ray images.

The Pilatus detector is a two-dimensional pixel array, that increment by one each
pixel when a photon with certain energy above the threshold is detected. The electronics
is composed of three elements: preamplifier, a comparator and a counter. The preamplifier
will amplify the signal generated by the incoming x-rays. The comparator is used to
produce a digital signal when the x-rays have energy above the threshold and the counter
register the number of detected x-rays per pixel. There are several advantages in Pilatus
detector compared to current state-of-the-art CCD and imaging plate detectors. For
example, no readout noises, superior signal-to-noise ratio, a read-out time of 5 ms, high
detector quantum efficiency and the possibility to suppress fluorescence by an energy

threshold that is set individually per pixel.
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Spectral analysis of a x-ray spectrum can be done by two ways using a photon
detector in the range of 100 eV to several tens of keV: Wavelength Dispersive Spectrometers
(WDX) or Energy Dispersive Spectrometers (EDX). The WDX method select the photon
energy by diffraction of a single crystal or a grating similar to a grating monochromator.
For EDX, a solid-state detector determine the photon energy when it is detected. The
device is polarized with high voltage. The x-ray will produce an electron-hole pair that
will drift in the applied electric field. The charge is collected and the increment in voltage
is proportional to the photon energy, hence is possible to determine the energy spectrum.
The voltage is reset regularly to avoid saturation. EDX spectrometer is smaller, faster and
cheaper than WDX. However, EDX has way lower resolution (typically around 100-200 eV
for EDX).

To measure the kinetic energy of an electron is used an electron-energy analyzer
It is very important for photoemission spectroscopy experiments. We will focus on the
concentric hemispherical analyzer (CHA) because it is the most common nowadays. CHA
is composed of two metallic concentric hemispheres of radius R, and R,. Both spheres
have negative potential —V; and —V5 respectively. An electron entering CHA with kinetic

energy E will be focused at the exit only if

Ry Ry
AV = FE(— — — 3.13
‘ R R (3.13)
where AV =V, — V). Therefore, the electron energy spectra can be measured by sweeping

AV.
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4 X-RAYS ABSORPTION (XAS)

The simple picture of X-Rays Absorption (XAS) is that an electron from a core-shell
is excited to an unoccupied state by the incident synchrotron radiation. The XAS spectrum
is measured by scanning the photon energy, therefore it can only be done at a synchrotron
facility. Commonly, there are three ways to measure the XAS signal. First, you can do a
direct measure of the absorption by the transmission method by measuring the intensity
before and after the sample. The indirect measure can be done either by fluorescence or
Auger emission. Both occur when an electron relaxes to the hole of the excited electron.
The first there is a photon emission and second is radiationless and the difference in energy
will eject photoelectrons, Auger electrons and low-energy secondary electrons. Therefore,

XAS measures the density of state of the unoccupied state.

As stated in Equation 5.1, the transmitted signal through the material follows the

Beer-Lambert equation for linear absorption.

I JE——
Iy

where p is the absorption coefficient and the multiplication of it with the thickness (z) is

e M (4.1)

called absorptance.’

After a photon is absorbed the energy increase following the conservation of energy

by hv as

Ef = E’Z + hV, (42)
where Ey and FEj is the final and initial energy and h is Planck constant.

In this case, Pauli’s exclusion principle says that the final state needs to be
unoccupied before the excitation. Quantum mechanics says that the probability of transition
from the initial state (denoted with the Dirac notation, < ¢ >;) to the final state (¢¢) is

proportional to the square of the transition dipole matrix element

Py oc | < dylerfe > |, (4.3)

where Pj; is the transition probability between two states, er is the transition dipole
operator and v is the electron wavefunction. For maximum probability transition, the
integrand needs to be as symmetric as possible. The r operator is asymmetric, then the
product of the initial and final wavefunction need to be asymmetric as well to result in a
non-zero integral. That is the reason that a transition from 1s — 2s is not possible, the

integrand will be zero.
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When the photon energy of the incoming radiation is equal to the difference in
energy between two quantum states in an allowed transition it is called resonant with
that transition. There may be more than one available state with the same energy so
the transition probability is the sum of all probabilities for those possible transitions.
Therefore, the study of absorption scanning the photon energy will provide information

about the electronic structure.

After the introduction about the basics of electronics transitions we will discuss
some general concepts of electronic states. Lets first consider the simplest system, the

hydrogen atom.

The necessary energy to excite the 1s electron to the conduction band is 13.6eV.

This is called the 1s binding energy. For a hydrogen atom, the energy level (F,,) is given as

Ry

where Ry is the Rydberg constant, the 1s binding energy and n is the energy level. For
hydrogen the Rydberg constant is Ry = 13.6eV. The energy of a resonant photon from 1s

to a n level is

Ri(1— ) (4.5)

as n becomes large, the energy approaches the Rydberg constant. Then the electron escapes
from the atom and can have a continuum of energy depending on the photon energy. The

electron then can have any kinetic energy, they are free of any constraints.

For heavier atoms, the energy levels are approximate as proportional to Z2. The
data fits more accurately for larger Z than low Z. For example, for Uranium, the 1s
binding energy is 922 x 13.6 = 115keV. It is just an approximation because the excited
electron will interact with the Z — 1 electrons in the atom. Some examples of binding

energies for different levels are given in Figure 8.

In the absorption spectra, there will be a drastically increase when the photon
energy is about the binding energy of the electron. This peak is called absorption edge
and is element specificity because is related to the binding energy of that electron in the
atom. The absorption edge is named after the shell, K-edge, L-edge, M-edge for n=1,2
and 3 respectively. All absorption edges except the K-edges has three or more "sub-edges"
energetic closely of the edge because of the orbital-spin coupling. K-shell has quantum

number [ = 0 that is why they are not seen in it.

Around the edge might have strong fluctuation in intensity. This region is called
X-ray Absorption Near-Edge Structure (XANES). The region after the edge from 50 to
several hundred eV is called Extended X-ray Absorption Fine Structure (EXAFS). Both
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X-Ray Interaction with Matter: Absorption, Scattering and Diffraction, EE290F, 18 Jan 2007

Figure 8: Electron binding energy several atoms in eV.*

of these techniques are based on absorption but they provide very different information

because of the mean free path in each period (Figure 9).

How sharp is the edge depends on the angular-momentum quantum number 1. For

low values of 1 (s-states with [ = 0 and p-states with [ = 1) the peak is very sharp across

only a few electron volts. But, for higher values of 1 the peaks are broader and can be

about several tens of eV higher in energy. This is called "delayed onset" and is related to

the distance of the electron from the nucleus.?

Considering the kinetic energy of the electron (g.), the photon energy (hr) and

the binding energy (Ep) we have

Ee = hV—EB,

(4.6)
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Figure 9: Mean free path as a function of kinetic energy of the photoelectron. The curve is
practically independent of the material, that is why it is called universal curve.”

Energy is related with momentum of a non relativistic particle as

E=_, (4.7)

Combining Equation 4.6 with Equation 4.7 and doing some mathematical manipu-

lation we arrived at

k[A7Y) = 0.512y/e [eV], (4.8)

where k is the wavevector of the photoelectron. Note that an increase in energy results in
a decrease in wavelength (k = —) For EXAFS signal is commonly to use the wavevector
instead of photon energy for the spectrum dependency. Equation 4.8 shows that for 50el
the wavelength is comparable to interatomic distances. This can be used as a separation
between the regions XANES and EXAFS (Figure 10), however it is not possible to define

it universally because the transition shifts according to the system.

4.1 X-ray Absorption Near-Edge Structure, XANES

XANES is the region of about few eV after the absorption edge. For low photoelec-
tron energy the mean free path (Figure 9) is longer compared to the interatomic distances.
It means that the photoelectron will have multiple scattering. Consequently, theoretical
modeling still remains a significant challenge. The theory is still developing and progress

is being made in quantitative interpretation.?

An important aspect of the detection of the XANES signal is that when the
photoelectron is excited with enough energy may not be ejected into the vacuum continuum,

instead it may be promoted to an unoccupied bound state. The detection is not directly as
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Figure 10: Absorption spectrum of metallic Co. Few eV after the absorption edge is called
XANES and from 50 to several hundred eV is called EXAFS.”

in photoemission experiments where the kinetic energy of the photoelectron is measured.
In X-ray absorption the core-hole will be filled with a further out electron and it either
emit a fluorescent photon or an Auger electron. Then the fluorescence radiation or the

Auger electron is measured providing information about the unoccupied bound state.

The fluctuation in intensity in the absorption edge is given by two factors: the
probability transition given by Equation 4.3 and the density of state in which the excited

state is embedded. Both factors are encapsulated in the Fermi golden rule:

2
Py =21 < ol > P, (19)

where H' is the perturbation Hamiltonian responsible for the transition (for which the
simplest case of a dipole transition to a continuum state in the vacuum is the dipole

operator er) and p is the density of state of the excited state.

The intensity of the transition to an unoccupied bound state depends on the density
and the selection rules. For example, if you consider five bd-metals such as Re, Os, Ir, Pt
and Au and measures the XANES signal in L3 edge the intensity will decrease as increase
the number of electron in d-shell. For Au that has all 5-d states filled has a very low

intensity because it does not have unoccupied states.'®

As stated before, the mean free path in XANES is longer than interatomic distances
causing multiple scattering in the photoelectron. The signal will then be relate to the
atomic position and number of neighbors atoms, the bonding angles and oxidation state
(chemical shift). Qualitatively information about the structure and oxidation may be

acquired using standards models.? !
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4.2 Extended X-ray Absorption Fine Structure, EXAFS

EXAFS refers to the oscillation after an absorption edge (usually from 50 to 1000 eV
after the edge). Because the mean free path is about a few Angstroms, the photoelectrons
is limited to scattering in the few neighbors atoms. It results in a more develop theory
and quantitative comparisons are possible. The shorter mean free path implies in several
important features. First, as the photoelectron is limited to a few atoms around the
absorbing atom, the system studied do not need necessarily to be organized, it can even
be amorphous. The oscillations in the spectrum results in the interference between the
photoelectron wavefunction produced by the x-ray absorption and the same wave single

backscattering in the neighbors atoms, as described in Figure 11.

In order to extract the oscillations from the spectrum (approximately 50 to 10000
eV) is defined the EXAFS function as

x(k) = M, (4.10)

Ho — Ho
where g is the absorption coefficient from the electrons in the others shells and represents
the monotonic decaying of the absorption in energy. The u, is the absorption coefficient
from the electrons in the edge-shell and p is the total absorption coefficient that is measured
in a condensed matter from a EXAFS experiment as function of the photon energy (Figure

12).

As stated before, it is common to express the EXAFS spectrum as function of

the wavevector k. This is done by mathematical manipulation of the equation of kinetic

Figure 11: Representation of the photoelectron wavefunction as a sphere from the absorbing
atom. It is scattered in the neighbors atoms and interfere with itself causing
oscillations in the spectrum.’
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Figure 12: Standard absorption spectrum for Cobalt. pg is defined as the absorption
from other process except the K-edge of Cobalt (background signal). p, is the
absorption from the K-edge of Cobalt and p is the measured spectrum.’

energy of the photoelectron ejected and the momentum of a non-relativistic particle,
_ [2m(E—FEy) . . s
k = /=55 where E is the photon energy and Ej is the binding energy of the electron

excited.

To extract structural information from the spectrum it is necessary to consider
some approximations such as spherical symmetry, single scattering photoelectrons, etc.

Then is obtained an expression for x(k) based on the concept of shells®?

X(k) _ Z Nj tj(k) Sln[?ﬁf;ﬂj + 5J(k)] % eXp(—QkQO'jZ) eXp(_iRj),
j J

the summation is over all the j considered shells, N; atoms in each shell, factor ¢; is the

(4.11)

scattering amplitude for the scatterers in the jth shell, R; is the distance between the
atom in the jth shell and the absorbing atom, ¢; is a phase shift from the absorbing atom
and o; is the phase shift from the atoms in jth shell. We can separate those parameters in

two groups:

e N;, Rjandoj are structural parameters;

« A, tjandd; are atomic parameters.

Experimentally knowing one of the groups you can determine the other one. Usually
you may use a standard that you know the structural parameters to measure the EXAFS
spectrum. Then you can determine the atomic parameters of the standard and use it in a

similar and unknown system to obtain the structural parameters of that system.

The analysis of the spectrum proceeds as follows. The absorption is measured as

function of the photon energy and the raw data of the EXAFS function is acquired. Then
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it is applied Equation 4.10 to remove the background signal fitted to the pre-edge signal
and the monotonic decreasing signal above the absorption edge. The EXAFS function is
expressed in terms of wavevector k[A~!]. For last, the function is Fourier transformed to
express the spectrum as function of characteristic length associated with the interatomic

distances R; instead of frequency spectrum (proportional to k).

4.3 X-Ray Magnetic Dichroism

Dichroism is the phenomenon of a material with an absorption spectrum that
depends on the polarization of the electromagnetic radiation. Magnetic dichroism describes
the dependence of the absorption of a magnetic material on the polarization and on the
relative orientation of the magnetic field. Therefore, magnetic dichroism is measured with
an applied magnetic field and with linear or circular polarization of the electromagnetic
radiation. The techniques are called X-ray Magnetic Linear Dichroism (XMLD) and X-ray
Magnetic Circular Dichroism (XMCD), respectively.

Magnetic materials are characterized by partially filled valence shells. There is a
magnetic moment in ferromagnetic materials because of the difference between the density
of states in spin up and down electrons. This is the results of the difference in energy
between both spin up and down b the exchange interaction. Qualitatively we can explain
by considering Pauli’s exclusion principle. Each electron in the atom must have different
quantum numbers, however, the wavefunction that described the spin does not affect the
spatial distribution of the electron. Therefore, those electrons that only differ in their spin

quantum number will overlap and repel each other by Coulomb forces.

X-ray Magnetic Circular Dichroism (XMCD) probes atomic magnetic properties
utilizing the absorption of circularly polarized x-rays (Figure 13). It is different from
traditional techniques of magnetic characterization because XMCD is element specific
(absorption edges) and it is possible to measure direct and independent spin and orbital

magnetic moments.

Figure 13 describes XMCD of bulk Fe. It is used circularly polarized x-rays to probe
core to valence electrons in the L-edge (p — d) transition. The L absorption edge is split
into Ly and L3 because of the strong spin-orbit coupling effect. If there is a difference in
the density of state of spin up and down in the valence band, the absorption right-handed
will be difference from the left-handed circularly polarized light at resonance absorption
edges. It is possible to obtain information about the orbital magnetic moment and spin
magnetic moment using the areas in the dichroism spectra. In this example A is negative

and B is positive. Hence, m,,; is smaller than mspm.m

X-rays magnetic linear dichroism can sense the charge anisotropy of the valence

states involved in the core excitation process by measuring the absorption spectrum of
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Figure 13: Principle of XMCD. The magnetic material will probe different depending on
the polarization of the eletromagnetic radiation if there are a net of spin moment
(imbalance in the spin-up and spin-down moments) or a net of orbital moment
in the valence band. The area A and B are obtained by integrating the difference
spectra (dichroism spectra) between left and right-handed circularly polarized
light. Orbital magnetic moment and spin magnetic moment are proportional to

A and B.'?

linear polarized electromagnetic radiation. Usually, the charge anisotropic in the atomic
volume is the result of an anisotropy in the atomic bonding. For magnetic materials, the
alignment of atomic spins can also cause the charge anisotropy through spin-orbit coupling.
For example, a cubic material the charge is isotropic, but if there is a magnetic interaction
it may result in a small ellipse-like anisotropy. This would lead a difference between parallel

and perpendicular electric field spectrum.'?
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5 RESULTS AND DISCUSSION

In this chapter we will report some results in the literature using X-rays absorption
techniques to study cuprates high — t. superconductors. More specifically, we are going to
discuss three recent results about the interplay between CuO-chains and the CuQOs-planes

of cuprates high-t. superconductor.

First, in the case of the Y BaCuOg. ., the stacking sequence of layers from the
layered-perovskite structure along c-axis is CuO-BaO-CuO,-Y-CuO,-BaO-CuO. The
YBCO unit cell (Figure 14) is composed of CuO, planes that are very important to the
superconducting properties. The carriers only move along these planes and the others
components act as charge reservoirs that influence in the charge density of the CuO,
planes.'* Nevertheless, each unit cell has one yttrium in the middle of two planes of CuO,

planes sandwiched with BaO layers and lastly, CuO chains (charge reservoirs).

YBCO can presents as two possible symmetries, tetragonal or orthorhombic, depend-
ing of the amount of oxygen in the CuO chains. Considering the formula Y BasCu3O7_s,
if 0 is close to zero the material presents in an orthorhombic structure which is supercon-
ducting. If ¢ is greater than 0.63 the material behaves as an antiferromagnetic insulator.
A YBCO fully oxygenated has a critical temperature of 91 K with a = 3.82 A, b=3.88 A
and ¢ = 11.68 A.116
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Figure 14: (a) Tetragonal (Y BasCu3Og) and (b) Orthorhombic (Y BayCuszO7) YBCO
perovskite structure. Adapted from Laura Begon-Lours.!”

Our first discussion about this correlation between the CuO-chains and CuO,-planes
are extracted from M. Magnuson et al'® where they used the synchrotron facility Swiss

Light Source (SLS) to measure a direct evidence of a temperature driven redistribution
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of charge between the planes and the chains of YBCO. In other words, evidence of the
dynamic nature of the chain-plane charge transfer as part of the metal-to-superconductor

transition.

Figure 15 shows the X-ray absorption measurement by total fluorescence yield
method around Cu Lz edge with two different temperatures (300 and 15K) using polariza-
tion in-plane (E||ab) and out of plane (E||c). The main peak at energy 930.7 €V is related
to the transition from 2p core hole to 3d” and the satellites around 932.4 and 933.4 eV are
due to metal to superconductor charge transfer transition on the Cu-planes and Cu-chains,

respectively.
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Figure 15: Left: experimental XAS measurement with polarized light by total fluorescence
yield of a optimally doped YBCO at temperature 300K (red curve) and 15K
(blue curve). Above and below is the spectra for in-plane (F||ab) and out-
of-plane (F||c), respectively. Right: Corresponding simulated spectra (above)
using fitted linear combinations of model calculations of spectra showed in the
lower part. Extracted from M. Magnuson et al.'®

Despite the strong temperature dependence around the main peak, we will focus
mainly on the intensity around the satellites. Independent of the polarization (in or out
of the plane) there are opposing intensity trends in those satellites upon cooling, i.e. the
"chains satellite" regarding the CuO chains have higher intensity than "plane satellite"
(CuOs planes) at 300K, meanwhile at 15K the relationship between them is the opposite.

This suggests that there is a redistribution of the charges between the planes and chains
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below the critical temperature (metal to superconductor transition). The right part of the
Figure 15 simulated the absorption spectra for the Cu L3 edge by using linear combinations
of the spectra at the bottom. In conclusion, it indicates that divalent cooper sites must
contribute to the spectral weight of the satellites and that monovalent and/or trivalent

cooper sites may also contribute to the charges redistribution.

M. Salluzzo et al'” discuss this charge transfer in high-t. superconductors by
applying an electric field and measuring the x-ray absorption spectra by total electron
yield at the ID08 beamline of the European Synchrotron Radiation Facility (ESRF). The
design at the facility allowed simultaneously to measure the absorption spectra and the
transport properties of the SrTiO3;/NdBCO thin film. A positive (negative) voltage V jq
applied through the Sr'TiOj single crystal under ultra-high-vacuum conditions reduces
the density of holes (creates holes at the interface) in the sample. They also used linear
polarization in order to probe the final states lying parallel or perpendicular to the CuO,

planes (denoted as I, and I, spectra).

Figure 16 describes the effects of the electric field on the I, spectra at 10K for a 3
unit cell sample (see Fig. 16.(a) inset). Under negative or positive gate voltages, the peak
around 933.5 eV increases or decreases spectral weight because additional carries appears
at the CuO, planes. However, it is more intense the increase and broadening of the main
peak as function of the gate voltage. Additionally, Figure 16.(b) shows an increase around
932.2 eV from the reference (without any electric field) with the increase of voltage. This
peak can be explained by an enhancement of hole density along the chains by negative
fields. The electric field effects are similar in the ab plane and along the ¢ axis. Figure
16.(c) shows the difference between the I, and I, as function of the gate voltage where
the main peak (932 eV) increases intensity with negative voltage. More importantly, the
satellite anisotropy remains almost unaffected which contributes with the idea of a strong
enhancement of the hole population along the chains (I,,). This is a further confirmation

that occurs a charge transfer from the heavily doped chains to the CuO, planes.

In conclusion, the external electric field injects holes mainly in the chains (CuO)
belonging to the charge reservoir and that part of these charges are transfered to the CuOq
planes via charge transfer. This mechanism is the same as chemical substitution in the

high-t. superconductors families.
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Figure 16: (a) I,b absorption spectra for several values of gate voltage in the 3 u.c. NdBCO
device (see inset) at 10K. (b) Study of the relation between the gate voltage
and the absorption spectra by subtracting the I, with a reference (without
any electric field). (c¢) Difference between I, and 1. for several values of electric
field. Extracted from M. Magnuson et al.!”

Lastly, Y. Tanaka et al?® demonstrate that Cu L-edge X-ray absorption spectroscopy
can be used as a quantitative analysis of the doping level of hole-doped copper-oxide
systems. In this case they measured XAS spectra at room temperature of Cu Lj 3-edge for
the high-t, superconductor (La;_,Sr,)oCuQy, s varying systematically carrier-doping levels,
calculated the concentration and compared with values obtained by wet-chemical analysis.
The measurements were performed on the BL20A beamline of the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan and the spectra were recorded using

fluorescence yield.

Figure 17 shows the x-ray absorption measurement of the Cu Ly 3-edge recorded
for the (Laj_,;Sr;)2CuOy,s sample. The spectra were normalized using the main peak in
the L3 area (around 931.2 €V) with purpose of improving its appearance. For quantitative
analysis, it is used the area under L3 because it is more intense than the Ly area. The Ls
main peak (931.2 eV) is due to formally divalent copper states and the shoulder peak (932.6

eV) is due to formally trivalent copper. With increasing the concentration of strontium
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(Sr), the main peak becomes progressively asymmetric because of the increase of trivalent
copper. The analysis consisted in fitting (both peaks of Lj) a combined Lorentzian and
Gaussian functions after approximating the background with a straight line (details left of
Figure 17 inset) and calculating the integral to use it to extract the valence of copper as

follow:

I(Cull)
(Cull) + I(CuliT)’
Where I(Cu!?) and I(Cu’'?) are the resultant integrated intensities of the respectively

peaks.

The calculated values of the copper valence from the XAS measurements is compared
with precise values determined by means of chemical analysis. Both results are exposed
in Figure 17 (right panel) and they showed an excellent agreement. Moreover, both
independent values of the copper valence presents an systematic increase with increasing
strontium content reaching what appears to be a saturation for larger Sr//-for-Lal!’
substitution levels. This could be due to an increase in the oxygen vacancy concentration

with increasing strontium content.
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Figure 17: Left: X-ray absorption measurement of Cu Ly 3 for the (Laj_,Sr;)2CuOys sam-
ple. Inset illustrated the calculation of the background and peak fittings. Right:
Valence of copper as function of the content of strontium (Sr). The V(Cu)xas
is the estimated value from the method described above and V(Cu)rr is the
iodometric titration data. Extracted from Y. Tanaka et al.?’
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6 CONCLUSION

We introduced in this work the X-ray absorption (XAS) techniques that probe
the unoccupied state of the atom. Since XAS uses synchrotron radiation it was also
introduced some aspects of synchrotron such as the radiation from relativistic electrons,
photo beam properties, insertion devices and beamlines components. At the end was
discussed three results using XANES to study the charge features in Cu Ly 3-edge of

cuprates superconductors.

XAS is divided in two regions: XANES and EXAFS. XANES is the region just after
the absorption until 50 eV. EXAFS is the region from 50-1000 eV after the absorption edge.
Because of the mean free path of the electron is higher for XANES (multiple scattering),
the theoretical model is not well develop. Hence, the information are obtained qualitatively
from comparison with reference compounds. The signal is relate to the atomic position
and number of neighbors atoms, the bonding angles and oxidation state (chemical shift).
EXAFS has a lower mean free path and the theoretical model is better defined. The
system does not need to be well organized. The oscillations presented in the spectrum in
EXAFS region is an interference between the photoelectron wavefunction produced by the
x-ray absorption and the same wave single backscattering in the neighbors atoms. The
quantitative information from EXAFS are: numbers of neighbors from the absorbing atom,

distance between neighbors and absorption atoms, etc.

The results discuss about the interplay between CuO chains and CuO, planes in
high-t. superconductors cuprates. First one measured directly the charge transfer by x-ray
absorption in room temperature and below the critical temperature of the superconductor.
It is clear the relationship between the region for the plane and chains peaks at different
temperatures. Secondly, it is studied the effect of an electric field at the superconductor
regime. It seems that the gate voltage injects holes mainly in the chains that later some of
the charges are transfered to the CuO, planes, same mechanism for chemical substitution
for these materials. Lastly, it is developed a method of using x-ray absorption (XANES
region) as a quantitative analysis. They used it to determined the valence of the copper in

the cuprate superconductors by calculating the area of the absorption peaks.
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