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Chapter 1Introdu
tionTailoring the surfa
e 
hara
teristi
s of materials to provide spe
i�
 physi
aland 
hemi
al properties is a major �eld of industrial interest. Many methodshave been developed to modify surfa
e stru
tures but they typi
ally involveeither (i) the deposition of an outer layer, or layers, of 
oating materialsthat intrinsi
ally have the desired physi
al or 
hemi
al properties, or (ii) thedire
t modi�
ation of a surfa
e using methods su
h as atomi
 bombardmentor thermal 
y
ling under 
ontrolled atmosphere [1�3℄.Given our rapidly developing ability to engineer the surfa
e properties ofmaterials to mat
h the requirements of their area of appli
ation, it is essen-tial that surfa
e 
hara
terisation te
hniques keep pa
e with these fabri
ationmethod developments [4℄. By de�nition, the stru
turally modi�ed region of asurfa
e engineered material is smaller in thi
kness than its other dimensions.In addition, the surfa
e region also does not ne
essarily display long rangethree dimensional 
rystalline order. The ideal 
hara
terisation te
hniquesthus need to provide us with a means to obtain stru
tural information thatis 
hemi
ally spe
i�
, depth sensitive and appli
able regardless of the degreeof stru
tural or 
hemi
al order present in the surfa
e layers.Re�e
tion Extended X ray Absorption Fine Stru
ture (Re�EXAFS) spe
-tros
opy is one su
h method. A detailed des
ription of both the experimen-tal and data analysis developments to usefully apply this te
hnique to the
hara
terisation of surfa
e modi�ed materials is the main aim of this report.1



1. Introdu
tionMoreover, a few examples of its appli
ation to some sele
ted materials willbe presented.EXAFS spe
tros
opy provides 
hemi
ally spe
i�
 short range stru
tural in-formation and is well suited to the investigation of the lo
al atomi
 environ-ment around medium to heavy elements. There is no requirement for longrange stru
tural order and the method 
an equally be applied to samples of
rystalline, glassy, liquid or even gaseous state [5℄. In the standard set-upfor an EXAFS experiment, an X ray transmission measurement is performedwhere the intensity of an X ray beam is measured before and after passagethrough a sample as a fun
tion of the in
ident X ray photon energy. Inthis experimental geometry, both surfa
e and bulk regions of the sample areprobed, sin
e the mean free path of photons is of the order of thousandsof Ångströms and the beam passes right through the bulk of the sample.The la
k of sensitivity to the surfa
e region 
an be over
ome by 
hangingthe experimental geometry and/or the dete
tion mode. For example, theintera
tion of the X ray photons with a material 
an indu
e various se
-ondary pro
esses with intensities that are dire
tly proportional to the X rayabsorption signal but restri
ted to the surfa
e regions. The dete
tion of thephotoele
tron yield at the surfa
e of a sample as a fun
tion of the in
identX ray beam energy is one su
h means, as the mean free path of ele
trons ina solid is a few tens of Ångströms [6℄.An alternative means to emphasize the surfa
e sensitivity of the te
hniqueis to adopt a glan
ing angle geometry that takes advantage of the fa
t thatthe refra
tive index of materials for X rays is slightly smaller than 1. TheX ray beam 
an therefore undergo total re�e
tion. The spe
tros
opi
 signalis measured by dete
ting the intensity of the re�e
ted beam and and thestru
tural properties of the sample are e�e
tively probed by the evanes
entele
tromagneti
 wave. This te
hnique is 
alled Re�EXAFS.Of parti
ular note is the potential this gives to probe not only the stru
-ture in the outermost layer of a sample surfa
e, like in the dete
tion of thephotoele
tron yield, but also the stru
ture in the buried layers. This is2



be
ause the dete
ted spe
ies are the re�e
ted photons and not the emittedele
trons, whi
h have a mean free path in the range of very few nanometers insolids. Moreover, this also means that no va
uum 
onditions are required forthe measurement, so the samples 
an be studied under realisti
 atmospheri

onditions whi
h also simpli�es the experimental setup.In the early studies [7�14℄ it was important that the experiments were per-formed under total re�e
tion 
onditions, i.e. using an in
iden
e angle wellbelow the 
riti
al angle. This 
hoi
e was essential as it simpli�ed the experi-mental requirements [15, 16℄, sin
e the re�e
ted intensity is quite high. More-over, the data analysis is rather simple sin
e, under this 
onditions, standardX ray absorption theory 
an be used [7, 17, 18℄ for analysing the spe
tro-s
opi
 
omponents in the re�e
ted beam. In these studies, the penetrationdepth of the beam is restri
ted to the order of a few tens of Ångströms.Despite the di�
ulties for the dire
t re�e
tion geometry experiment, a fewstudies [19, 20℄ have gone beyond the total re�e
tion approximation butwere restri
ted to spe
i�
 angles and 
orresponding penetration depths, andto samples with a single lo
al environment. Thus, no general method for awide range of angles has yet been developed.The generalisation of the Re�EXAFS te
hnique to provide data at anglesboth below and above the 
riti
al angle is a signi�
ant development be
auseit will enable the extra
tion of stru
tural information about the shallowestregion of the sample (extending a few tens of Ångströms from the surfa
e) aswell as about deep regions hundreds of Ångströms underneath. In fa
t, depthpro�ling 
an be a
hieved, as the penetration depth of the X rays in
reaseswith the in
iden
e angle of the X ray beam on the sample.Furthermore, in addition to the 
hemi
ally spe
i�
 lo
al stru
ture data as afun
tion of layer depth, these types of measurements 
an also provide valuableinformation about thin multilayer stru
tures, in
luding thi
knesses, densitiesand interfa
e roughness, in a similar way to the analysis of X ray re�e
tometrymeasurements [21℄.Thus, the ultimate aim of this proje
t is to extend the Re�EXAFS te
hnique3



1. Introdu
tionto the analysis of the spe
tra at not only below, but also above the 
riti
alangle of re�e
tion.This extension has to be done in two fronts:
• Experimental: optimisation of an experimental proto
ol using the avail-able standard instrumentation (X ray absorption beamline with a re-�e
tometer) to obtain X ray re�e
tion measurements below and above
riti
al angle 
onditions in both a highly quantitative and a

uratefashion in three key areas, (1) angular 
on�guration, (2) energy s
aleand (3) re�e
ted beam intensity.
• Data analysis: development of the algorithms that allow to simulate,extra
t and analyse the EXAFS data from the raw measured Re�EXAFSspe
tra, not ex
lusively valid for the angles below the 
riti
al angle, i.e.a global method that 
onsiders all the possible angles.To a
hieve and illustrate this development, a group of di�erent sets of sampleswas made. The sele
tion of the samples was motivated taking into a

ountwhat seemed 
onvenient to develop the te
hnique as well as being themselvesinteresting from the materials s
ien
e point of view.This aim was ful�lled in
reasing the di�
ulty and the interest of the samplesat the same time. Indeed, the �rst ones are quite simple, with ideal 
hara
ter-isti
s for an easy optimisation of the te
hnique, while the last ones 
hallengethe 
apabilities of the te
hnique, pushing its limits in both the experimentalrequirements and the data analysis. In addition, the samples 
over the �eldsof the multilayers, the surfa
e rea
tion with rea
tive gasses, the hard metalnitride 
oatings and, �nally, the surfa
e nitriding pro
ess of steels for 
uttingtools.The stru
ture of this report is the following.Chapter 2 des
ribes the preparation of the samples. It also summarises thedetails of the 
hara
terisation te
hniques (other than Re�EXAFS) used forthose samples.Chapter 3 gives a detailed des
ription on the experimental setup, the meth-4



ods and, what is more important, the proto
ols ne
essary to optimise the
olle
tion of the Re�EXAFS data at these 
hallenging experimental 
ondi-tions.Chapter 4 introdu
es the theory behind the Re�EXAFS pro
ess. It alsodes
ribes the low angle Re�EXAFS approximation des
ribed by Martens [7,17, 18℄ and the high angle approximation made by Borthen [19, 20℄. Finally,it details the algorithms used to simulate and extra
t the EXAFS signal fromthe Re�EXAFS spe
trum that leads to the global analysis method.Chapters 5 to 8 presents the 
hara
terisation results, in
luding the data sim-ulation and analysis when ne
essary (like in X ray re�e
tometry spe
tra), forthe di�erent sets of samples. It also exposes the Re�EXAFS results, involv-ing the raw experimental data, the low angle approximation EXAFS analysisif possible, the global simulation and EXAFS extra
tion results, and �nally,the EXAFS simulation and �tting to 
al
ulate the stru
tural parameters ofthe studied environments.Finally, a Con
lusions 
hapter summarises the main a
hievements of theproje
t as well as the future work envisaged.

5



1. Introdu
tion

6



Chapter 2Sample preparation and
hara
terisation
ContentsIntrodu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 92.1 Preparation . . . . . . . . . . . . . . . . . . . . . . . 102.1.1 Magnetron sputtering . . . . . . . . . . . . . . . . 102.1.1.1 Rea
tive sputtering . . . . . . . . . . . . 152.1.2 Samples . . . . . . . . . . . . . . . . . . . . . . . . 152.1.2.1 CuCrxN . . . . . . . . . . . . . . . . . . . 152.1.2.2 CrCux3 . . . . . . . . . . . . . . . . . . . 162.1.2.3 MoN/Mo . . . . . . . . . . . . . . . . . . 172.1.2.4 Nitrided steel . . . . . . . . . . . . . . . . 182.2 Chara
terisation . . . . . . . . . . . . . . . . . . . . 182.2.1 X Ray Di�ra
tion . . . . . . . . . . . . . . . . . . . 182.2.2 X Ray Re�e
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ks
attering Spe
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tion Analysis . . . . . . . . . . . . . . 202.2.5 Atomi
 For
e Mi
ros
opy . . . . . . . . . . . . . . 21
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Introdu
tionThe X ray re�e
tivity of a surfa
e de
reases drasti
ally when the in
iden
eangle is above the 
riti
al angle, so it may drop a few orders of magnitudebelow the total re�e
tion 
ondition re�e
tivity. With this severe restri
tion,the samples should ful�ll 
ertain requirements so they 
an be studied withthe Re�EXAFS te
hnique.Flatness is essential to avoid the 
hange of the in
iden
e angle along thesample be
ause, in this 
ase, a di�erent penetration depth for di�erent pla
esalong the surfa
e would be rea
hed. In addition, the la
k of �atness 
an 
ausebeam dispersion, resulting in a loss of intensity in the re�e
ted beam.As shown in Figure 2.1, the footprint of the beam has a length of d/ sin θi,where d is the beam verti
al width, usually determined by a slit, and θi is thein
iden
e angle. Sin
e the in
iden
e angle is quite low for the Re�EXAFSexperiments, usually smaller than 1◦, the footprint of the beam be
omesrather long (on the order of 
m). For a typi
al verti
al beam width of 100
µm and in
iden
e angles between 0.2 and 0.6◦, the footprint length variesbetween 29 and 10 mm, respe
tively. Therefore, ideal samples should havean homogeneous surfa
e both in stru
ture and 
omposition at least over thislength to 
ontain the whole beam footprint.

Figure 2.1: Footprint of the X ray on the sample9



2. Sample preparation and 
hara
terisationSin
e roughness 
auses beam dispersion, redu
ing the re�e
ted beam inten-sity. Hen
e, samples that are as smooth as possible are desirable. Ideallyroughness would be in the range of a few nanometers over the whole area ofthe beam footprint.On
e the samples have been prepared, some 
hara
terisation prior to theRe�EXAFS experiment is important to know whether they are suitable forthe measurement, and to give some keys for the subsequent Re�EXAFSanalysis. As most of the samples were made of thin �lm 
oatings, their
omposition and thi
kness of the layers was measured by di�erent te
hniques.Also, it was interesting to measure the surfa
e roughness to evaluate thepossible beam dispersion.In this Chapter, the preparation methods of the samples studied in thiswork are brie�y des
ribed together with a list of those samples (Se
tion 2.1),and the 
hara
terisation te
hniques used are summarised, and detailed whenne
essary (Se
tion 2.2).2.1 PreparationThere are several methods to prepare samples with the required properties.Most of the methods to prepare thin layered 
oatings ful�ll these require-ments. Among them, the magnetron sputtering (Se
tion 2.1.1) was sele
tedas one of the most appropriates due to its 
hara
teristi
s explained below.2.1.1 Magnetron sputteringSputtering deposition te
hniques are a type of physi
al vapor deposition te
h-niques (PVD). The pro
ess 
onsists in the a

eleration of ions against a sur-fa
e, 
alled the target. Upon impa
t, these ions tear away fragments of thetarget, whi
h are transformed into vapor that 
an be 
ondensed, thus de-posited, afterwards in any nearby surfa
e. Then, if a substrate is lo
ated10



2.1 Preparation
lose to the target, it be
omes 
oated by the target material [22℄.The probability of 
ontaminating the layer with spurious elements in the
hamber is small, sin
e no 
omplex 
hemi
al pre
ursors are used. Moreover,the relatively high deposition rate, 
ompared to those of other PVD te
h-niques like Mole
ular Beam Epitaxy, redu
es even more this probability of
ontamination.In 
ommon sputtering deposition pro
edure, a plasma is 
reated inside a
hamber between two ele
trodes at a high voltage. The target is lo
atedat the 
athode, while the substrate is �xed to the anode. The 
hamber is�lled with a gas (
alled the sputtering gas) at the desired pressure whi
his normally in the order of 0.5 Pa. The gas is ionized when the plasma is
reated, and its ions are a

elerated towards the 
athode, striking the targetwith enough energy to remove some material.However, this diode 
on�guration provides a plasma with a low degree ofionisation due to the es
ape of the ele
trons away from the plates to the de-position 
hamber. This 
auses an unstable plasma and a quite low depositionrate.In the magnetron sputtering 
on�guration [23℄ a set of magnets is atta
hedunderneath the 
athode, so a magneti
 �eld is 
reated near the target. Thismagneti
 �eld traps ele
trons, 
on�ning them 
lose to the target, so theionisation degree of the plasma in this region is higher, thus in
reasing thesputtering rate and 
onsequently the deposition rate.A s
heme of the magnetron sputtering deposition 
hamber is shown in Figure2.2. To produ
e an stable plasma at low voltage, the 
hamber must be kept ata low pressure with a series of va
uum pumps. The sputtering gas is usuallyAr, so it neither gets implanted in the target nor rea
ts with the sputteredmaterial, like in rea
tive sputtering (see se
tion 2.1.1.1). Figure 2.3 showsa pi
ture of the a
tual deposition 
hamber used, lo
ated in the Sputteringlaboratory at the Institute of Materials S
ien
e of Madrid [3, 24℄.11
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Figure 2.2: Magnetron sputtering preparation 
hamber s
heme
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2.1 Preparation

Figure 2.3: Magnetron sputtering preparation 
hamber at the ICMM
The va
uum system 
onsists on a rotatory pump (that gets the 
hamberto 0.1 Pa of pressure) atta
hed to a turbo-mole
ular pump (that gets to10−5 Pa). This high va
uum is the base pressure it is used before �lling the
hamber with the sputtering gas.There is a pre-
hamber atta
hed to the main deposition 
hamber and sepa-rated by a door. An external manipulator is available to move the samplefrom the pre-
hamber to the main one and ba
kwards. This pre-
hamber hasits own va
uum system of a rotatory pump to rea
h 0.1 Pa of base pressurebefore transferring the sample to the main 
hamber.The main 
hamber has two independent magnetron systems available thatshare the same anode, where the sample is lo
ated. This allows the userto fabri
ate layers of two di�erent elements without exposing the sample toopen air. An automated system pla
es the sample above the magnetron tobe used, at a distan
e of 10 
m. This system 
an be programmed in order to13



2. Sample preparation and 
hara
terisationmove the sample above one or the other magnetron for a 
ertain amount oftime, and repeat this pro
ess the sele
ted number of times. Therefore, thefabri
ation of multilayers using this system is straightforward. A s
heme ofthe 
hambers is shown in Figure 2.4

Figure 2.4: Magnetron sputtering preparation 
hamber s
hemeTo 
ontrol the thi
kness of the deposited layers, a growth rate estimation hasto be 
arried out prior to the a
tual fabri
ation of the samples. To do so,a thi
k layer of the element to be growth is deposited in the same type ofsubstrate of the samples for a 
ertain time. Then, an X ray re�e
tivity (XRR)measurement is made in a laboratory equipment, so the total thi
kness 
anbe estimated from it. Thus, the mean growth rate is 
al
ulated dividing thethi
kness by the deposition time.However, it must be noted that this growth rate is just an estimation that isused to get roughly the desired thi
kness. The a
tual thi
kness of the samplelayers must be a

urately determined by other methods. The only thing that
an be assured is that the thi
kness of a layer of the same element at the14



2.1 Preparationsame growth 
onditions is the same.2.1.1.1 Rea
tive sputteringIn the plasma state, the rea
tivity of several gasses 
hemi
ally inert in stan-dard 
onditions in
reases drasti
ally. This enhan
ement is used in the sput-tering te
hniques to prepare 
ompounds from elemental targets by sele
tingthe appropriate sputtering gas, e.g. O2 or N2, 
alling this te
hnique rea
-tive sputtering [22℄. This te
hnique is widely used for oxides and nitridesdeposition (see, for example [3, 23, 24℄)2.1.2 SamplesIn this proje
t, several samples have been prepared by rea
tive and non-rea
tive magnetron sputtering.2.1.2.1 CuCrxNMultilayers of metalli
 Cu and Cr over Si (100) wafers were grown with aperiodi
 (CuCr)xN stru
ture, where N = 2, 3, 4 and 8, being the period aCu/Cr bilayer. Deposition time was 
ontrolled to keep the total thi
knessaround 200 Å, as well as to keep the relationship between Cu and Cr thi
k-nesses at the ratio 2:1 for N = 2, 4, 8, while the ratio for N = 3 was set to1:1. Sample s
hemes are shown in Figure 2.5. Cr was used to prevent theoxidation of the Cu layers, so the Cu environment remain the same for allthe layers.The base pressure in the growth 
hamber was 10−5 Pa before the deposition.During the deposition, argon (Ar) was used as sputtering gas and its �owrate was adjusted with a mass �ow 
ontroller to obtain a pressure of 5 Pa.The applied power to the magnetron 
athode was kept 
onstant at about 1W, while the 
urrent intensity was �xed to 40 mA. The deposition was made15



2. Sample preparation and 
hara
terisation

Figure 2.5: CuCrxN samples s
hemesat room temperature.Mono
rystalline 0.3 mm thi
k Si wafers were used as substrates to obtainsamples as �at as possible. The substrates were 
ut in re
tangular shape 40mm long, 8 mm wide, whi
h is the longest size that 
an be used in the prepa-ration 
hamber without produ
ing along inhomogeneity along the sample.
2.1.2.2 CrCux3A multilayer of metalli
 Cu and Cr over a Si (100) wafer was grown with aperiodi
 (CrCu)x3 stru
ture in the same fashion as the previous set of sam-ples. However, the bilayers were reversed 
ompared to the previous samples,leaving the topmost layer, made of Cu, exposed to air. Sample s
heme isshown in Figure 2.6 16



2.1 Preparation

Figure 2.6: CrCux3 sample s
heme2.1.2.3 MoN/MoBilayers of Mo/MoN and MoN/Mo were grown over Si (100) by non-rea
tiveand rea
tive magnetron sputtering. Both bilayers were grown over a Cr 
oat-ing over the Si substrate that a
ts as a bu�er layer to enhan
e the adheren
e.Moreover, another Cr layer was grown on top of the bilayer to prevent furtherrea
tion of the Mo or MoN layers with the atmosphere. Sample s
hemes areshown in Figure 2.7

Figure 2.7: MoN/Mo and Mo/MoN samples s
hemesFor the metalli
 Mo layers, the deposition 
onditions were the same as forthe CuCrxN multilayers. For the nitride 
ompound, the sputtering gas waspure N2, kept at 6.2 Pa of pressure, and the 
urrent intensity was �xed to 20mA, being the rest of the variables the same as previously.17



2. Sample preparation and 
hara
terisation2.1.2.4 Nitrided steelGas nitriding is a standard industrial pro
ess that aims to improve the hard-ness and wear resistan
e of 
ertain type of steels.A pie
e of 
ommer
ial ferriti
 steel with 3% Cr, 0.8% Mo, 0.3% V, 0.3% Cand balan
e Fe, was submitted to a gas nitriding treatment. It was immersedin a N2 and NH3 atmosphere at 500◦C for 24 hours. A se
ond pie
e withoutthe nitriding treatment was also taken for the study.The resulting samples were polished prior to the Re�EXAFS experiments,although they were studied by X ray di�ra
tion before and after polishing.2.2 Chara
terisation2.2.1 X Ray Di�ra
tionTo 
he
k the existen
e of 
rystalline domains in the samples, X ray di�ra
tion(XRD) measurements were upheld in a Siemens D-500 di�ra
tometer, usingan X ray generator with Cu anode working at 40 mV and 40 mA, using theCu-Kα emission line. A s
intillation dete
tor with a graphite mono
hromatorjust before it was used to 
olle
t the di�ra
tion lines. The standard diagramwas made from 20 to 80◦ in 2θ, with a step of 0.05◦ at 1 s of data a
quisitiontime per step.2.2.2 X Ray Re�e
tometryLayers thi
knesses, density and roughnesses were measured by X-ray re�e
-tometry (XRR) [25℄, at the XRR servi
e of the Institute of Materials S
ien
eof Madrid (ICMM), in a Siemens D-500 di�ra
tometer, using an X ray gener-ator with Cu anode working at 40 mV and 25 mA, using the Cu-Kα emissionline. A s
intillation dete
tor with a graphite mono
hromator just before the18



2.2 Chara
terisationdete
tor was used to 
olle
t the di�ra
tion lines avoiding �uores
en
e emis-sion and other emission lines from Cu. In
iden
e and 
olle
tion slits were
hosen to be 0.3◦ whi
h gave the best produ
t signal-resolution.As detailed in Chapter 3, XRR measurements were also upheld just beforeRe�EXAFS measurements for ea
h sample. They were re
orded to 
hoosethe best re�e
tion angles for the Re�EXAFS spe
tra, but they 
an also beused to estimate the layers 
hara
teristi
s (thi
kness, density, roughness)Both laboratory equipment and syn
hrotron radiation XRR diagrams weresimulated and �t using the geneti
 algorithm provided by GenX program [26℄to obtain the layers 
hara
teristi
s. Note that the analysis of the XRR 
urvesprovides dire
t information 
on
erning partial thi
knesses of ea
h layer in thesamples, in 
ontrast with the results obtained by Rutherford Ba
ks
atteringSpe
trometry (see Se
tion 2.2.3 below). Moreover, density 
an be dire
tlyobtained, so it does not have to be estimated. The variables were the interfa
eroughnesses, and the thi
knesses and densities of the layers.2.2.3 Rutherford Ba
ks
attering Spe
trometrySample layers 
omposition and absolute atomi
 
on
entration were measuredby Rutherford Ba
ks
attering Spe
trometry (RBS) [27℄ at the Centro Na-
ional de A
eleradores (Seville-Spain), using a 3 MeV Tandem a

elerator.The samples were irradiated with a 5.19 MeV 4He++ beam, and the ba
ks
at-tered parti
les were dete
ted at 165 deg using a surfa
e barrier dete
tor.This te
hnique measures the number of atoms per surfa
e unit. Thus, if agiven density is assumed, e.g. bulk density, thi
knesses 
an be dedu
ed.Two methods were used to analyze the RBS spe
tra: (i) if the signals fromthe di�erent elements were 
ompletely separated and ba
kground free, therelative 
omposition was simply obtained by 
omparing the integrals of thepeaks, 
orre
ted by the respe
tive 
ross se
tions. The statisti
al errors wereestimated to be around 2-3%. Moreover, the absolute amount of Cr and Cu19



2. Sample preparation and 
hara
terisationwas 
al
ulated by 
omparison with a referen
e sample whi
h 
ontains 5.651015 atoms Bi/
m2±1.7%. (ii) Apart form that, all spe
tra were analyzedusing the SIMNRA simulation 
ode [28℄ A very good agreement was foundbetween these two methods for all the studied samples.For the samples here presented the depth resolution of the RBS te
hnique isnot enough to resolve the individual thin layers. Instead, total thi
kness ofea
h element was measured and equal thi
kness of all the layers of the same
omposition was assumed, as the growing 
onditions were the same for all ofthem.RBS measurements were 
arried out at the 
entre and both extremes of ea
hsample to show possible inhomogeneity.
2.2.4 Nu
lear Rea
tion AnalysisAs RBS is not sensitive enough for dete
ting light elements over heavy sub-strates, Nu
lear Rea
tion Analysis (NRA) [29℄ te
hnique was used to deter-mine the abundan
e of N in the nitrides. This te
hnique dete
ts the quantityof 4He++ emitted by the rea
tion:

14N + 2H+ −→ 16O −→ 12C + 4He++ (2.1)And it is 
ompared with the number of 4He++ emitted by a referen
e sampleof Si3N4/Si, that has a known abundan
e of 1.08 x1018 atoms of N per 
m2.The error of this te
hnique is estimated around 10% of the absolute values.This experiment was also performed at the CNA. The 2H+ beam had anenergy of 1368 keV, and the dete
tion angle was 150◦. A 13 µm mylar �lterwas used to stop the ba
ks
attered 2H+ in front of the dete
tor.However, spatial resolution is not good enough to dis
riminate the depth atwhi
h the nitrogen is. 20



2.2 Chara
terisation2.2.5 Atomi
 For
e Mi
ros
opySurfa
e roughnesses were measured by Atomi
 For
e Mi
ros
opy (AFM) withthree di�erent mi
ros
opes: at the AFM servi
e of the Centro de Investi-ga
ión, Te
nología e Innova
ión de la Universidad de Sevilla (CITIUS), aMole
ular Imaging Pi
o Plus mi
ros
ope was used; at the AFM servi
e ofthe Institute of Materials S
ien
e of Seville, a Topometrix TMX2000 and aNanote
 Dul
inea mi
ros
opes were used. All of them were used in 
onta
tmode with a s
anner of maximum X-Y-Z ranges of 2.3×2.3×1 µm.Sample heights in di�erent regions of the samples were measured by AFMand surfa
e roughnesses was 
al
ulated from these results. Roughness 
anbe de�ned as the root mean square (RMS) of the height deviation from thebest �t line along the surfa
e of the sample.This roughness measured by AFM is not dire
tly 
omparable to the roughness
al
ulated by the simulation of the XRR diagrams. Roughness is a fra
talphenomenon, whi
h means that its value depends on the s
ale of the mea-surement. The AFM s
ale for these measurements was 
hosen in order to seethe stru
ture of the grains of the layers. On the other hand, XRR measure-ments take into a

ount the dispersion that is 
aused by all the roughnessesin all the s
ales. What is more, their in�uen
e on the diagram depends notonly on their roughness s
ale, but also on the in
iden
e angle and on theenergy of the radiation.
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Introdu
tionIn most studies to date that have adopted the re�e
tion geometry (Figure 3.1)for measurements of the Re�EXAFS spe
tra from a surfa
e, the experimental
onditions were those of the total re�e
tion [15, 16℄, i.e. the in
iden
e angleswere below the 
riti
al angle. Typi
al examples of the values of the 
riti
alangles for a material are 0.13◦ for pure molybdenum to 0.33◦ for pure ironat about their respe
tive K absorption edge energies.

Figure 3.1: Re�e
tion geometry for Re�EXAFS measurementsThe �rst issue en
ountered when going beyond this limit is that the re�e
-tivity intensity is extremely low. Figure 3.2 shows the re�e
tivity of a Cumirror at 200 eV above the Cu-K absorption edge. It 
an be seen from the�gure that the re�e
tivity drops to values a few orders of magnitude belowthe re�e
tivity for the total re�e
tion 
onditions. Thus, the main experimen-tal 
hallenge is to design the proto
ols ne
essary to maximise the re�e
tedbeam intensity so as to get the best possible signal to noise ratio.Furthermore, the penetration depth of the radiation also 
hanges dramati-
ally with the in
iden
e angle above the 
riti
al angle. This e�e
t, that will25



3. ReflEXAFS experiments
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Figure 3.2: Re�e
tivity and penetration depth of a Cu mirror at 9.2 keVbe used for studying deeper regions on the sample surfa
e, makes the a

u-ra
y in the determination of this angle de
isive to prevent 
hanges in probeddepths in the sample for the same spe
trum. In this sense, a good beamstability from the X ray sour
e and pre
ise instrumentation are ne
essary.This Chapter summarises the instrumentation used and the proto
ols de-signed to obtain high quality Re�EXAFS data even at these di�
ult 
ondi-tions [30℄.3.1 InstrumentationThe experimental requirements for a Re�EXAFS experiment are those of abasi
 EXAFS measurement [31℄ plus some additional issues that are relatedto the small in
iden
e angles of the beam impinging on the sample, that arearound the 
riti
al angle of the system under study.26



3.1 InstrumentationThe beam angle stability in the syn
hrotron beamline is a 
riti
al parameteras explained above. Furthermore, the a

urate determination of the in
i-den
e angle is also of paramount importan
e. Finally, as the re�e
ted beamintensity will be quite low, a rather high X ray photon �ux is needed.3.1.1 The BM29 station at the E.S.R.F.The experiments des
ribed in this report were performed at station BM29of the European Syn
hrotron Radiation Fa
ility (E.S.R.F.) [32, 33℄. This in-strument provided the desirable experimental fa
ilities as well as the requiredbeam �ux and stability to 
arry out these measurements.BM29 is the general purpose X ray absorption spe
tros
opy beamline atthe E.S.R.F. The strengths to whi
h BM29 operates arise from the intrinsi
properties of the E.S.R.F. syn
hrotron, 
oupled with a bending magnet sour
eand the high quality performan
e of the beamline mono
hromator.
• A large operational energy range with reasonable X ray �ux: 4.5 keVto 74 keV.
• High energy resolution: typi
ally a fa
tor 3 to 5 better than the intrinsi
spe
tral broadening at any K or L absorption edge.
• High spe
tral signal to noise ratio: in the region of 2×104 for wellprepared samples.
• High beam stability: 
ompatible with the demands of extreme sampleenvironments where low beam dimensions are required.3.1.1.1 Opti
sTwo mono
hromators were used at the BM29 beamline during these exper-iments. A Si(311) double 
rystal mono
hromator for the CuCrxN samples,27



3. ReflEXAFS experimentsand a Si(111) double 
rystal for the rest of the samples. The main 
hara
-teristi
s of these mono
hromators are summarized in Tab. 3.1.Table 3.1: Mono
hromator 
hara
teristi
sMono Energy range Energy Maximum �ux(keV) resolution (phot/s·mm2)Si(311) 5 - 50 10−5 1010Si(111) 4.5 - 24 10−4 1011To reje
t the higher harmoni
s from the mono
hromator di�ra
tion, the 
rys-tals were detuned (this is, moved from the parallel position) to rea
h 50% ofthe maximum intensity of the main harmoni
. This way, the intensity of the3rd harmoni
 is redu
ed approximately by a fa
tor 103.The station has also the possibility of reje
ting the higher harmoni
s usinga dedi
ated double 
rystal Rh/Pt 
oated Si mirror. This devi
e allowed towork with the mono
hromator 
rystals 
ompletely parallel, thus obtaining ahigher stability of the beam during the measurements.3.1.2 Re�e
tometerFor the reasons explained above, it is essential that the pre
ise value of thein
iden
e angle is determined a

urately, and kept �xed during the measure-ments.To meet this requirement a high quality re�e
tometer with at least two 
ir
lesis needed on the experimental end station with a θ − 2θ spe
ular re�e
tions
anning mode. In addition to the θ − 2θ rotation axes, the sample holdermust also allow movements in the x, y and z dire
tions and in the threeangular movements of roll, yaw and pit
h. This is essential to enable ana

urate alignment of the sample surfa
e to the 
entre of rotation of the θ28



3.1 Instrumentationand 2θ rotation axis of the re�e
tometer and with the in
ident beam.A fully automated 3-
ir
le Huber re�e
tometer and 3-translation axis, 3-anglegoniometer were used to hold the sample and the re�e
ted beam dete
tor(I1). A s
heme of the re�e
tometer, goniometer and dete
tors 
an be seenin Figure 3.3, while a pi
ture of the a
tual experimental setup at BM29 isshown in Figure 3.4. One of the 
ir
les (labeled phi) held the rest of the setup,allowing rotation around the verti
al axis angle passing through the 
entre ofthe stage. A se
ond 
ir
le (labeled th1 ) held the sample goniometer, seen inFigure 3.5, whi
h was mounted 
on
entri
ally with the third 
ir
le (labeledth2 ), holding the I1 dete
tor �xed to a bolted arm one meter long. Theangular ranges and a

ura
y of these motors appear in Tab. 3.2. The wholesystem was mounted on a heavy table (for purposes of stability) that 
ouldbe moved either verti
ally or horizontally in order to align the re�e
tometerwith the beam position, as will be des
ribed in Se
tion 3.2.1.2.

Figure 3.3: S
heme of the re�e
tometer used, showing the rotation 
ir
les and the slits
29



3. ReflEXAFS experiments

Figure 3.4: Pi
ture of the re�e
tometer used at BM29

Figure 3.5: Pi
ture of the goniometer used at BM2930



3.1 InstrumentationTable 3.2: Re�e
tometer and goniometer motors range and a

ura
yMotor Range A

ura
yth1 (deg) (0,360) 0.001th2 (deg) (0,360) 0.001x (mm) (-12,12) 0.01y (mm) (-12,12) 0.01z (mm) (-12,12) 0.001rx (deg) (-15,15) 0.01ry (deg) (-15,15) 0.01psi (deg) (0,360) 0.002
3.1.3 SlitsA horizontally resizable slit, whi
h will be 
alled the experimental horizontalslit gap (ehg), was mounted just before the I0 dete
tor. This slit allows theoptimization of the horizontal beam size in order to provide su�
ient spatialresolution for sample alignment (as explained in Se
tion 3.2.1) and to maxi-mize the footprint of the beam on the sample when the a
tual measurementstake pla
e.A verti
ally �xed slit, 
alled the experimental verti
al slit gap (evg), wasmounted just after the ehg and determined the verti
al beam size. In theexperiments des
ribed here, evg was set to 100 µm for the Cu-K and Fe-Kedge measurements, while it was �xed to 50 µm for Mo-K edge experiments.These values were found to result in a reasonable 
ompromise between res-olution and photon �ux after taking into a

ount sample size and 
riti
alangle values.A verti
ally resizable slit, whi
h will be 
alled the re�e
tion verti
al slit gap(rvg), was mounted after the sample and just before the I1 dete
tor. This slit31



3. ReflEXAFS experiments

Figure 3.6: Pi
ture of the re�e
tion slit used at BM29
an be seen in Figure 3.6. This third slit prevents the non spe
ular re�e
tion
omponents rea
hing the dete
tor and determines the angular resolution forthe re�e
tion angle. A wide re�e
tion slit in
reases the intensity of the re-�e
ted beam but de
reases resolution, and a 
ompromise between resolutionand intensity of the re�e
ted beam has to be rea
hed by the experimentalist.In the experiments 
arried out by us, rvg was set to 1 mm.3.1.4 Dete
torsAs in standard EXAFS experiments, a pair of beam intensity monitors, inthis 
ase ion 
hambers, are required to obtain an a

urate, high signal-to-noise ratio for a variable energy s
an. It is bene�
ial if these dete
tors arerelatively light-weight sin
e I1 needs to be mounted on the dete
tor armatta
hed to the th2 
ir
le. Two 15 
m long OKEN S-1194A1 ion 
hamberswere used in the experiments presented here. These dete
tors were �lled withappropriate gas mixtures to optimise them for the energy of the absorptionedge to be studied. The optimal values are su
h that 20% and 80% of thebeam intensity is absorbed in the I0 and I1 dete
tors, respe
tively.32



3.2 Measurement proto
ol

Figure 3.7: Pi
ture of the ion 
hamber and its ampli�er used at BM29Ea
h ion 
hamber works with a Stanford Resear
h Systems SR570 
urrentampli�er. Both a
tual devi
es 
an be seen in Figure 3.7. For noise redu
tionpurposes, the dete
tors were 
onne
ted using short 
ables and the ampli�ersworked on their own batteries during Re�EXAFS s
ans. All non-essentialele
troni
 devi
es inside the experimental hut
h were also turned o� duringthe measurements to remove as many potential sour
es of ele
troni
 ba
k-ground noise as possible. This model of ampli�er provides remote 
ontrolof the ampli�
ation settings and this allows the re
ording of spe
tra with
hanges in intensity of several orders of magnitude without 
ompromisingthe signal-to-noise ratio. This 
apability is parti
ularly useful when mea-surements at in
iden
e angles far above the 
riti
al angle are performed.3.2 Measurement proto
olThe overall pro
edure for 
arrying out the Re�EXAFS measurement is sum-marised in Figure 3.8. First of all, the dire
t beam has to be found in the th2
ir
le, whi
h holds the re�e
ted beam dete
tor, by s
anning the th2 motor.The sample has to be moved out of the beam path (for example by pla
ingit about 2 mm down in z ), the re�e
tion verti
al slit gap (rvg) is then 
loseddown, typi
ally to 0.2 mm, and th2 is s
anned to �nd the exa
t position of33



3. ReflEXAFS experimentsthe in
ident beam. This will be the origin of th2 
ir
le.On
e this has been done, the sample and re�e
tometer have to be alignedwith the in
iden
e beam. Afterwards, X ray re�e
tivity (XRR) 
urves aremeasured, so the angles to 
arry out the Re�EXAFS measurements are se-le
ted from the information 
ontained in these 
urves. Then, the re�e
tionangles have to be found for ea
h of the in
iden
e angles sele
ted and �nally,the energy s
ans are made.

Figure 3.8: Re�EXAFS data a
quisition pro
edure
34



3.2 Measurement proto
ol

Figure 3.9: Possible movements of the sample by the goniometer3.2.1 AlignmentThe alignment is of paramount importan
e for two reasons: the need tomaximize the intensity of the re�e
ted beam and the need for an a

uratedetermination of the in
iden
e angle of the beam. To a
hieve this, three
onditions must be ful�lled:1. The sample must be parallel to the beam and aligned with the beamdire
tion. Besides, the middle point of the surfa
e of the sample mustbe at the 
enter of rotation of the re�e
tometer 
ir
les (th1 and th2 ) .2. The beam must pass through the 
enter of rotation of the re�e
tometer
ir
les.3.2.1.1 Sample alignmentThe �rst 
ondition is the angular and position alignment of the sample, whi
hare done with the sample goniometer. Alignment in the z, y, ry, rx, psi, andx dire
tions and angles, indi
ated in Figure 3.9, is required, and it is best35



3. ReflEXAFS experimentsperformed in this order. De
isions about additional s
ans or movements tobe done are made on the basis of visual examination of the shape of thepro�le registered at the I1 dete
tor. This pro�le is made by the sampleblo
king the dire
t beam when the s
an of the appropriate dire
tion or angleis performed. All the pro
edures for the alignment in ea
h dire
tion andangle are summarized as �ow
harts in Figures 3.10 to 3.15, whi
h in
ludethe possible pro�les of I1, and how they should be optimized.These �ow
harts are illustrated with the real s
ans registered for a re
tan-gular sample. Although the re
tangular shape is maybe the ideal for thisalignment pro
edure, this 
an be applied to any kind of shapes with littlemodi�
ation of the pro�les shown, provided the samples ful�ll the length,�atness and roughness requirements des
ribed in Chapter 2. In fa
t, sev-eral di�erent samples (multilayers, surfa
e-oxidized multilayers, metal-nitridemultilayers and surfa
e nitrided steels) have been aligned following this pro-
edure su

essfully, so it has been proved to be highly reprodu
ible.Ea
h alignment step has to be made independently and in the order herepresented. Although some steps require a �nal 
he
k that apparently bringsthe pro
edure to a previous step, this does not mean that the whole pro
edurehas to be 
arried out again. For instan
e, in the alignment of the ry angle,a �nal alignment in z has to be made. Afterwards, the next step is to alignrx, not to re-align y.This order has been proven not only to be sometimes essential (for instan
e,alignment in y dire
tion is impossible unless the sample has been aligned inz dire
tion previously, as y s
ans do not show the sample blo
king the beamin this 
ase), but also to be the most e�
ient in terms of the number of s
ansrequired to get the sample aligned, so it is less time 
onsuming.3.2.1.2 Re�e
tometer alignmentThe se
ond 
ondition mentioned at the beginning of Se
tion 3.2.1 is thealignment of the re�e
tometer with the beam. The rotation axis of the th136



3.2 Measurement proto
ol

Figure 3.10: Flow
hart of the alignment pro
edure for z dire
tion37
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Figure 3.11: Flow
hart of the alignment pro
edure for y dire
tion38



3.2 Measurement proto
ol

Figure 3.12: Flow
hart of the alignment pro
edure for ry angle39
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Figure 3.13: Flow
hart of the alignment pro
edure for rx angle
40



3.2 Measurement proto
ol

Figure 3.14: Flow
hart of the alignment pro
edure for psi angle41
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Figure 3.15: Flow
hart of the alignment pro
edure for x dire
tion42



3.2 Measurement proto
oland th2 
ir
les of the re�e
tometer must be aligned with the beam dire
tion,as seen in Figure 3.16. To a
hieve this, on
e the sample is aligned, a z s
anhas to be made and the value in the middle of the slope noted as z0. Next,a 180◦ rotation in th1 
ir
le has to be performed, so as to invert the sample.This step must be performed with extreme 
are to avoid disturban
e of thesample on the stage. Obviously, to undertake this alignment pro
edure thesample must be well �xed to the sample holder. On
e the sample is upsidedown, another z s
an is made and the value in the middle of the slope notedas zπ. The large table that holds the whole re�e
tometer is then movedverti
ally by half of the di�eren
e between the z0 and zπ values. This pla
esthe 
enter of the rotation axis of the re�e
tometer on the beam axis. On
ethe re�e
tometer has been moved, the sample is returned to th1 = 0. Analignment in the z dire
tion is repeated to 
he
k the beam position is still atthe mid point between z0 and zπ.

Figure 3.16: S
heme of the re�e
tometer alignmentAs the re�e
tometer has moved relative to the beam position, the origin43



3. ReflEXAFS experimentsof th2 
ir
le has 
hanged, and it is thus ne
essary to repeat the pro
eduredes
ribed at the very beginning of the measurement proto
ol. Fortunately,the re�e
tometer alignment has to be performed only on
e at the start ofan experiment. As the beam should not move during the 
ourse of a seriesof measurements, the re�e
tometer should remain aligned when swit
hing todi�erent samples, though obviously ea
h sample has to be aligned indepen-dently.3.2.2 XRR measurementThe X-Ray Re�e
tivity (XRR) measurements provide information about theintensity of the re�e
ted beam as a fun
tion of the in
iden
e angle, for a givenenergy. In layered samples, re�e
tivity intensity has sudden 
hanges due tointerferen
e e�e
ts, so it 
ontains information 
on
erning the thi
kness and
omposition of the layers as well as the roughness of the top surfa
e and theinterfa
es. Moreover, sin
e X ray penetration is a fun
tion of photon energy,XRR 
urves 
hange with energy [21℄. For this reason, to sele
t the mostappropriate angles to 
arry out the Re�EXAFS measurements, several XRR
urves have to be re
orded prior to the energy s
ans: one at an energy 
loseto the edge of the atomi
 spe
ies to be measured and two others at the lowand high energy limits of the Re�EXAFS s
ans. These XRR diagrams alsoprovide an estimate of the re�e
ted beam intensity within the energy rangeof the s
an.As an example, Figure 3.17 shows the XRR 
urve of a CuCrx2 layered sample(see Chapter 5 for 
omposition and stru
ture) for in
iden
e angles between0 and 1.5◦, re
orded at E=8.0 keV and at E=10.0 keV . This 
urve hasbeen re
orded in the same way as would be done in a laboratory equipment,in
luding a 
alibration of the θ−2θ relationship (here 
alled th1−th2 ). On
ethis 
alibration has been done, the sample must be moved to the middle ofthe slope of a z s
an. The s
an starts at 0◦ and should pro
eed up to thevalue of the maximum angle that 
an be measured with a good signal-to-noise44



3.2 Measurement proto
olratio. In this way, the upper angular limit for the Re�EXAFS measurements
an be determined.

10−6

10−5

10−4

10−3

10−2

10−1

100

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

R
ef

le
ct

iv
ity

Incidence Angle(°)

	_______CuCrx2

8 keV
10 keV

Figure 3.17: XRR diagram of sample CuCrx2
3.2.3 Re�EXAFS s
ansThe �rst step to 
olle
t a Re�EXAFS spe
trum is to 
hoose the in
iden
eangle and determine the value of the 
orresponding re�e
tion angle a

u-rately, sin
e the 
alibration 
urve does not yield su�
iently a

urate values.To a
hieve this, the experimental horizontal slit gap (ehg) has to be openedas mu
h as possible though avoiding the beam footprint ex
eeding the sam-ple dimensions. Afterwards, a z s
an has to be performed and the samplemoved to the middle of the slope. The th1 
ir
le is then tilted to the sele
tedin
iden
e angle, and th2 
ir
le is s
anned, with narrow (0.2 mm) re�e
tionverti
al slit gap (rvg) to �nd the re�e
tion beam peak. This is explained in45



3. ReflEXAFS experimentsFigure 3.18. On
e th2 is moved to the maximum of the peak, a s
an in zhas to be done again to �nd the maximum re�e
tivity, as explained in Figure3.19. An EXAFS-like energy s
an then has to be done around the desiredabsorption edge, with a starting point at least at 500 eV below the edge andan end point at least at 1000 eV above the edge. However, 1000 eV belowand 1500 eV above are re
ommended to optimize the subsequent ba
kgroundsubtra
tion pro
edure.3.2.3.1 Dire
t beam s
ansFinally, it is important to re
ord a s
an of the air absorption (dire
t beams
an). This is needed for data normalization purposes.
I1(E)

I0(E)
= eµair(E)xR(E)

IDirect
1 (E)

I0(E)
= eµair(E)x





=⇒
I1(E)
I0(E)

I
Direct(E)
1

I0(E)

= R(E) (3.1)To re
ord this s
an, the sample has to be moved out of the in
iden
e beam,and the same range of energy of the EXAFS spe
tra is s
anned at th2=0◦.Dire
t beam s
ans have to be re
orded under the same experimental 
ondi-tions used in the Re�EXAFS s
ans, whi
h means that a new dire
t beams
an must be performed ea
h time the �lling of the ionization 
hambers orthe size of the slits 
hanges. It is not ne
essary though to repeat them fornew samples (provided the slits are not 
hanged) of after every re�lling ofthe syn
hrotron storage ring.3.3 AutomationAll steps in Re�EXAFS data 
olle
tion in general and the alignment pro-
edure in parti
ular are time 
onsuming. Sin
e beam time in syn
hrotronradiation experiments is highly pre
ious, a signi�
ant e�ort has been made46



3.3 Automation

Figure 3.18: Flow
hart of the re�e
tion angle sear
h pro
edure47
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Figure 3.19: Flow
hart of the best re�e
tion z position pro
edure48



3.4 Data 
olle
tion timeto automate the pro
edures during these experiments. BM29's 
ontrol soft-ware, SPEC[34℄, allows the remote 
ontrol of the fa
ilities in the experimental
hamber as well as the extra
tion of mathemati
al information from the spe
-tra re
orded, su
h as position of maxima or the full width half maximum ofa spe
trum. Taking advantage of that, 
ontrol software has been designedand written in order to evaluate the spe
tra and de
ide the steps to follow,as for instan
e, the de
isions of the alignment pro
edures shown in Figures3.10 to 3.15, 3.18 and 3.19. In fa
t, these �ow
harts are the summary ofthe logi
al paths taken by this 
ontrol software. By following this automati
pro
edure, the a

urate alignment of the samples, whi
h when done by handtakes several hours, 
an be ful�lled in less than one hour. Moreover, thisautomation minimizes the possibility of human errors during the pro
edure.
3.4 Data 
olle
tion timeThe typi
al data 
olle
tion time per sample using this te
hnique on a spe
-trometer su
h as BM29, that has a typi
al �ux at the sample of∼1011 photonsper se
ond 
an be outlined as follows.The alignment pro
edure takes about 1 hour, plus half an hour more forthe re�e
tometer alignment for the �rst sample in the experiment. Ea
hXRR spe
trum takes approximately 15 min, plus another 15 min for the
alibration. These s
ans are repeated at least twi
e per energy to 
he
kreprodu
ibility. Ea
h Re�EXAFS spe
trum lasts about 30 min, whi
h isalmost standard for an EXAFS spe
trum, and three spe
tra per angle aretypi
ally re
orded (not all in a row, but taking one spe
trum per angle, andstarting again three times) in order to have a better signal-to-noise ratio andto 
he
k reprodu
ibility. Finally, two dire
t beam spe
tra are re
orded persample, that take approximately 30 min ea
h. To 
hara
terise a standardsample eight angles are re
orded, this makes a total of 16 h for a 
ompleteand a

urate study of a single sample by this te
hnique. Fortunately, by the49



3. ReflEXAFS experimentsautomation software developed, most of these steps 
an now be performedautomati
ally and hen
e do not require the 
onstant supervision of the user.
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4.1 Fundamental TheoryIntrodu
tionThe global analysis of the Re�EXAFS spe
tra di�er 
onsiderably from thestandard EXAFS analysis for several reasons: (a) there is no baseline todetermine the normalization 
onstant; (b) the penetration of the X rays
hanges signi�
antly for in
iden
e angles near the 
riti
al angle, so the energyor angle spe
tra that is measured has 
ontributions from several regions ofthe sample; (
) the �ne stru
ture of the re�e
tivity is not the EXAFS χ(E)but a mixture of both the real and imaginary anomalous s
attering fa
tors.Thus, the possibility of just performing a ba
kground subtra
tion to theexperimental re�e
tivity spe
tra in order to obtain the Re�EXAFS spe
trafor the di�erent in
iden
e angles is as attra
tive as mistaken.This 
hapter will summarise the theory required to 
al
ulate the X ray re-�e
tivity for multilayers as a fun
tion of energy near the absorption edge,both below and above the 
riti
al angle. This is ne
essary for the dedi
atedanalysis pro
edure developed under this proje
t. Furthermore, the previousattempts to analyse Re�EXAFS data will be des
ribed, showing the limita-tions of their approximations within the 
ontext of the theory. The last partof this 
hapter will des
ribe in detail the new analysis pro
edure developedand followed in this work. It will also show spe
i�
ally how it en
ompassesthe previous analyses. Finally, the di�
ulties still to be over
ome will bedes
ribed.
4.1 Fundamental Theory4.1.1 Anomalous s
atteringX ray photon s
attering is dominated by the bound ele
tron-photon inter-a
tion. For this reason, it is normal to 
al
ulate the s
attering pro
essesrelative to the atom 
entre. The ele
trons are not lo
alized at the nu
lear53



4. Theory and data analysis
entre, what gives rise to the atomi
 form fa
tor f 0, whi
h is the Fouriertransform of the atomi
 ele
tron density. Unlike nu
lear 
ross-se
tions, f 0 isa fun
tion of the momentum transfer (Q). The f 0 for an atom is de�ned asthe s
attering from an atom in whi
h all the ele
trons are 
ompletely boundwithin the non-relativisti
 approximation.When the ele
trons are allowed to rea
t to the in
oming radiation and os
il-late around the atom 
entre, the total atomi
 form fa
tor f shows a 
orre
tionas two modi�
ation terms 
alled the anomalous s
attering fa
tors,
f(Q,E) = f 0(Q) + f ′(E) + if ′′(E) , (4.1)where f ′(E) and f ′′(E) are fun
tions of in
ident energy and have no depen-den
e on the momentum transfer ve
tor. Cromer and Liberman [35℄ set outthe basi
 formalism and me
hanism for determining the values f ′(E) and

f ′′(E) by using a dipole approximation on the photon-ele
tron intera
tion.They also set the limit of the valid regime when the inverse of the momentumtransfer be
omes 
omparable to orbital dimensions. When this 
omplex formfa
tor is used to 
al
ulate the s
attering amplitude, the imaginary part of theanomalous s
attering fa
tors, f ′′(E), e�e
tively 
ontributes as an absorption
omponent.The ele
tri
 permittivity of a material, χe, 
an then be 
al
ulated by thesum of all the form fa
tors for all the atoms present in the material per unitvolume
χe(E) = −reλ

2(E)

π
ρatf(Q,E)

= − e2h̄2

ǫ0me

1

E2
ρat
[
f 0(Q) + f ′(E) + if ′′(E)

]
,

(4.2)
where re is the 
lassi
al ele
tron radius, and ρat is the atomi
 density (numberof atoms per unit volume) of the material. In the 
ase of one material havingmultiple elemental 
omponents, the form fa
tor f(Q,E) is 
al
ulated from a54



4.1 Fundamental Theoryfra
tional sum of all the elements,
f(Q,E) =

∑

∀Z
cZfZ(Q,E) , (4.3)where cZ is the atomi
 fra
tion of the 
omponent Z in the material.The refra
tive index of a material, n, is de�ned from Maxwell's equations,and is written [36℄

n(E) =
√
ǫrµr ≃

√
ǫr =

√
1 + χe(E) , (4.4)where the relative magneti
 permeability, µr, is almost 1 for most non ferro-magneti
 materials. Within the X ray range of the ele
tromagneti
 spe
trum,the ele
tri
 permittivity is quite small, so the last equation may be approxi-mated to get an expression of the refra
tive index in terms of the anomalouss
attering fa
tors

n(E) ≃ 1 +
χe(E)

2
=

= 1− e2h̄2

2ǫ0me

1

E2
ρat
[
f 0(Q) + f ′(E) + if ′′(E)

]
.

(4.5)Traditionally, the refra
tive index of a material in the X ray region is writtenas [37℄
n(E) = 1− δ(E)− iβ(E) , (4.6)whi
h yields the relationship of δ(E) and β(E) with the anomalous s
atteringfa
tors by the expressions [38℄

δ(E) ≃ e2h̄2

2ǫ0me

1

E2
ρat
[
f 0 + f ′(E)

]
, (4.7a)

β(E) ≃ e2h̄2

2ǫ0me

1

E2
ρatf

′′(E) . (4.7b)Either in a 
lassi
al [38℄ or a quantum me
hani
s [39℄ 
al
ulation of theanomalous s
attering fa
tors, f ′(E) and f ′′(E) are related by the Kramers-55



4. Theory and data analysisKronig (KK) transformations, and so then δ(E) and β(E),
δ(E) = KK[β(E)] = −2

π

∫ ∞

0

dE ′ E ′

E2 −E ′2β(E
′) , (4.8a)

β(E) = KK−1[δ(E)] =
2E

π

∫ ∞

0

dE ′ 1

E2 − E ′2 δ(E
′) . (4.8b)Furthermore, β(E) is dire
tly related to the absorption 
oe�
ient µ(E) bythe expression

µ(E) =
2E

h̄c
β(E) , (4.9)whi
h will ultimately be the studied magnitude (as will be shown in Se
tion4.1.5).4.1.2 X ray re�e
tivityIn 
lassi
al opti
s, when a beam of light impinges on the surfa
e betweentwo di�erent materials at an in
iden
e angle θi (relative to the surfa
e), thebeam deviates to a refra
tion or transmission angle θt as it travels throughthe new material. The boundary 
onditions for the ele
tromagneti
 �eld atthe interfa
e require that the phase of the light is 
ontinuous as it travelsbetween the materials. This leads to Snell's Law as [36℄

cos θt
cos θi

=
ni

nt

, (4.10)where ni and nt are the initial and the transmission materials' refra
tiveindi
es respe
tively.In the 
ase of a sta
k of materials where the layers are labeled with thesubs
ript j, being j = 0 the initial medium (normally air or va
uum) and
j=N + 1 the �nal one (normally the substrate), there are N + 2 refra
tiveindi
es (nj) and N + 2 angles θj .The examination of Snell's Law shows that if the θj−1 is small and nj < nj−1,then the solution for θj is 
omplex. Physi
ally, this yields the so-
alled total56



4.1 Fundamental Theoryre�e
tion regime, with an attenuated transmission of a evanes
ent beam, thatis a wave that travels through the transmission material with an exponentialde
ay [36℄.For most materials in the X ray region, δ(E) is positive and in the order of
10−5, so the real part of n is slightly smaller than one. Therefore, X raysarriving from air or va
uum at su�
iently low in
iden
e angle 
an be totallyre�e
ted. The 
riti
al angle θc is de�ned as the in
iden
e angle at whi
h thetransmitted angle is 0. This is,

cos(θc) = n cos(0) = 1− δ(E) , (4.11)where n is the relative refra
tive index between both materials. As δ(E) issmall, the 
riti
al angle will also be small, so the 
osine 
an be expandedaround 0 and yield
cos(θc) ≈ 1− θ2c

2
, (4.12)Therefore,

θc = [2δ(E)]
1
2 . (4.13)Any angle below θc will be in the total re�e
tion regime. It has to be notedthat this 
al
ulation is not a

urate. The β term of the refra
tive index hasbeen deliberately ignored to obtain a non 
omplex 
riti
al angle. However,as β(E) ≪ δ(E) for most materials at energies not too 
lose to an absorptionedge, this makes a good and simple approximate expression to identify thetotal re�e
tion angular region.The �rst attempt to show a

urately the whole pro
ess of X ray re�e
tivity,in
luding the multiple re�e
tions in a layer of material was given by Parratt[37℄. In the next se
tion, it is shown how Parratt's approximation providesan expression for the Fresnel re�e
tion 
oe�
ient for X rays at the interfa
ebetween two media for small in
iden
e angles.57



4. Theory and data analysis4.1.2.1 Re�e
tivity from a single surfa
eThe re�e
tion, rj−1,j, and transmission, tj−1,j, 
oe�
ients at a surfa
e be-tween two arbitrary layers j − 1 and j are de�ned as
rj−1,j =

Er
j−1

Ei
j−1

, (4.14a)
tj−1,j =

Et
j

Ei
j−1

. (4.14b)In these equations, rj−1,j refers to the beam traveling downwards in the layer
j − 1 and being re�e
ted by layer j, while tj−1,j refers to the beam travelingdownwards in the layer j − 1 and being transmitted through layer j. Theseare 
omplex numbers in general, be
ause the refra
tive index and thus therefra
tion angle are also 
omplex. Then, the re�e
ted, R, and transmitted,
T , intensities from a surfa
e are

R =
∣∣rj−1,jr

∗
j−1,j

∣∣ , (4.15a)
T =

∣∣tj−1,jt
∗
j−1,j

∣∣ . (4.15b)The Fresnel equations [36℄ give the re�e
tion and transmission 
oe�
ientsin terms of the in
iden
e and transmission angles and the refra
tive indi
es.These 
ome from the satisfa
tion of the boundary 
ondition that demandsthat the tangential 
omponents of the ele
tri
 and magneti
 ve
tor should be
ontinuous a
ross the surfa
e. For s-polarised radiation (i.e. with the ele
tri
ve
tor perpendi
ular to the in
iden
e plane, thus parallel to the surfa
e),these give
rj−1,j =

nj−1 sin(θj−1)− nj sin(θj)

nj−1 sin(θj−1) + nj sin(θj)
, (4.16a)

tj−1,j =
2nj−1 sin(θj−1)

nj−1 sin(θj−1) + nj sin(θj)
. (4.16b)While for p-polarised radiation (with the ele
tri
 ve
tor parallel to the in
i-58



4.1 Fundamental Theoryden
e plane), the expressions are slightly di�erent,
rj−1,j =

nj−1 sin(θj)− nj sin(θj−1)

nj−1 sin(θj) + nj sin(θj−1)
, (4.17a)

tj−1,j =
2nj−1 sin(θj−1)

nj−1 sin(θj) + nj sin(θj−1)
. (4.17b)These equations are valid for all angles if both 
omplex nj and 
omplex θjare used.If the following 
onditions are satis�ed

θj−1 ≪ 1 , (4.18a)
δj(E) ≪ 1 , (4.18b)
βj(E) ≪ 1 , (4.18
)i.e , within X ray region of the light spe
trum (for most materials), and ingrazing angle geometries, then it is possible to make a Taylor expansion for

sin(θj−1) about θ = 0, and substitute equation 4.6 to obtain [37℄
rj−1,j ≃

gj−1 − gj
gj−1 + gj

, (4.19)where
gj =

√
θ2j−1 − 2δj − 2iβj , (4.20a)

g0 = θ0 , (4.20b)where it has been assumed that the initial medium is air or va
uum, so
n0 = 1. At these limits, the Fresnel 
oe�
ients for both s- and p-polarisationdire
tions are approximated to the same expression, so equation 4.19 is validfor either of them.To obtain the re�e
ted intensity Rj−1,j, then gj 
an be split into its real andimaginary parts

gj = A− iB , (4.21)59



4. Theory and data analysiswhere A and B are then obtained as
A = 1√

2

[√(
θ2j−1 − 2δj

)2
+ 4β2

j +
(
θ2j−1 − 2δj

)2
] 1

2

, (4.22a)
B = 1√

2

[√(
θ2j−1 − 2δj

)2
+ 4β2

j −
(
θ2j−1 − 2δj

)2
] 1

2

. (4.22b)Usually, the de�nition of the 
riti
al angle helps to simplify this equation,but for this work the expli
it δ terms will be kept. The re�e
tivity is thesquare modulus of the Fresnel 
oe�
ient (Equation 4.15) what, within thisapproximation, is given by [37℄
Rj−1,j =

h−
√

θ2j−1

2δj
2(h− 1)

h+

√
θ2j−1

2δj
2(h− 1)

, (4.23)where
h =

θ2j−1

2δj
+

√(
θ2j−1

2δj
− 1

)2

+

(
βj

δj

)2

. (4.24)This exposes that the re�e
tion intensity 
arries information about the ab-sorption 
oe�
ient of the re�e
ting material, through the imaginary part ofthe refra
tive index, as shown in Equation 4.9.4.1.2.2 Re�e
tivity on multilayersThe next question is how to expand the formalism above des
ribed to en-
ompass the re�e
tivity pro
ess within a multilayered system. The obje
tiveis to 
al
ulate 
ontribution to the top surfa
e re�e
tivity from ea
h layer insu
h a way as to in
lude all the layer to layer re�e
tions.First 
onsider Figure 4.1. The re�e
tivity from the in
ident beam on thesurfa
e layer is r0,1, while the transmitted beam is t0,1. From the �gure, it
an be seen that the total re�e
tion 
oe�
ient 
aused by layer 1, r′0,1, is the60
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Figure 4.1: Re�e
tivity from the �rst layerphase weighted sum of all the possible re�e
tions in this layer. Thus [40℄,
r′0,1 = r0,1 +t0,1r1,2t1,0e

−iφ(E)e−Dµ1(E) +

+t0,1r1,2r1,0r1,2t1,0e
−i2φ(E)e−2Dµ1(E) + . . .

= r0,1 +

∞∑

m=1

t0,1t1,0r
m−1
1,0 rm1,2e

−imφ(E)e−mDµ1(E) , (4.25)where φ(E) is the phase di�eren
e between the di�erent re�e
tions 
ausedby the path length di�eren
e
φ(E) =

4πd1 sin(θ1)

λ(E)
=

2Ed1 sin(θ1)

h̄c
, (4.26)and e−Dµ1(E) is the attenuation term of the wave traveling through the ma-terial whose absorption 
oe�
ient is µ1(E). D is the total path travelled bythe beam in the layer

D =
2d1

sin(θ1)
. (4.27)Equation 4.25 is an in�nite geometri
 sum of ratio r1,0r1,2e

−iφ(E)−Dµ1(E) that61



4. Theory and data analysisful�lls the 
ondition
lim

m→∞

[
r1,0r1,2e

−iφ(E)−Dµ1(E)
]m

= 0 . (4.28)Thus, the sum 
an be 
al
ulated and gives
r′0,1 = r0,1 +

t0,1t1,0r1,2e
−iφ(E)−Dµ1(E)

1 + r0,1r1,2e−iφ(E)−Dµ1(E)
, (4.29)This expression is not the usual Parratt re
ursion formula. The di�eren
e liesin the fa
t that in Parratt's equation, the Stokes relationship [36℄, t0,1t1,0 =

1 − r20,1, is used. Unfortunately, this relationship is only valid if there is noabsorption in the material, whi
h is not the 
ase for an X ray absorptionmeasurement, so it 
ould not be applied and a more general equation had tobe used.This equation 
an be generalized for an arbitrary layer of the sta
k
r′j−1,j = rj−1,j +

tj−1,jtj,j−1r
′
j,j+1e

−iφj(E)−Djµj(E)

1 + rj−1,jr
′
j,j+1e

−iφj(E)−Djµj(E)
. (4.30)Layer N + 1 would be the substrate or some other in�nite depth material,from whi
h no re�e
tion would 
ome upwards,

r′N+1,N+2 = 0 =⇒ r′N,N+1 = rN,N+1 . (4.31)The re�e
tivity 
oe�
ient of the �rst surfa
e, r′0,1, 
an then be 
al
ulated byiterating from the substrate upwards, repla
ing the r′j,j+1 by the re�e
tivity
al
ulated for the layer below. Finally, the desired re�e
ted intensity fromthe top surfa
e is given by
R0,1 =

∣∣r′0,1r′∗0,1
∣∣ . (4.32)4.1.3 RoughnessThe above formalism assumes a perfe
tly �at interfa
e between the di�erentlayers. In real samples, there might be some intermixing of the 
omponents62



4.1 Fundamental Theoryof the di�erent layers, whi
h 
an be envisaged as a variable height z asa fun
tion of x and y a
ross the surfa
e, 
ommonly known as surfa
e orinterfa
e roughness. This gives rise to non-spe
ular s
attering.If the intermixing or height varian
e is small relative to the beam footprint,it may be modeled statisti
ally as a variable refra
tive index in the regions
lose to the interfa
e, as 
an be seen in Figure 4.2. In this approximation, theexpe
ted spe
ular loss 
an be 
al
ulated. The di�erent statisti
al des
riptionsfor the roughness has lead to a number of di�erent models. Among them,the most used it the Nevot-Cro
e [41℄ model, whi
h is des
ribed below.

Figure 4.2: Roughness of a surfa
e modeled statisti
ally by a tanh fun
tionThe 
al
ulation of the roughness e�e
t starts with the premise that the 
or-relations are not in the XY plane, so the refra
tive index only depends onthe verti
al dire
tion z, whi
h is perpendi
ular to the surfa
e.The refra
tive index intermixing 
an be modeled by the Error fun
tion as
n(z) =

nj−1 + nj

2
+

nj−1 − nj

2
erf

(
z√
2σj

)
, (4.33)63



4. Theory and data analysiswhere at z = 0 the refra
tive index is the mean value of both refra
tiveindi
es of both layers, i.e.
n(0) =

nj−1 + nj

2
, (4.34)and σj is the roughness 
oe�
ient of the (j − 1)/j interfa
e, but will beassigned to layer j. The Error fun
tion 
an be de�ned as

erf(z) =

√
2

π

∫ z

0

e−tdt . (4.35)This model leads to a Gaussian probability distribution of the heights of thelayer surfa
e points, whi
h is the usual way to des
ribe the surfa
e roughness
P erf
j (z) =

1√
2πσj

e
−z2

2σ2
j . (4.36)This intermixed refra
tive index 
an be introdu
ed in the Fresnel 
oe�
ientexpressions given by Parratt (Equation 4.19), and in the limit where kjσj < 1,the expression 
an be approximated to yield

r
σj ,erf
j−1,j = rj−1,j e

−2σ2
j k

2
j−1gj−1gj , (4.37)where kj−1 is the radiation wave ve
tor at layer j − 1.Although this seems to be the best des
ription of the roughness, other in-termixing models 
an be used. For instan
e, a model in terms of a tanhfun
tion 
an be proposed [42, 43℄ as

n(z) =
nj−1 + nj

2
+

nj−1 − nj

2
tanh

(√
2

π

z

σj

)
, (4.38)This intermixing model would lead to a probability distribution of heights ofthe points at the surfa
e of the form

P tanh
j (z) =

1
√
2πσj cosh

2
(√

2
π

z
σj

) , (4.39)64



4.1 Fundamental TheoryThis distribution is quite similar to the one that in
ludes the Error fun
tion,so it des
ribes the surfa
e roughness satisfa
torily. The advantage of thismodel lies in the fa
t that the tanh fun
tion is integrable. For this reason,it is possible to analyti
ally 
al
ulate the new Parratt re�e
tion 
oe�
ient,as shown by Bahr [42℄, to get
r
σj ,tanh
j−1,j = Gj−1,j

sinh
[
(π/2)

3
2 σjkj−1 (gj−1 − gj)

]

sinh
[
(π/2)

3
2 σjkj−1 (gj−1 + gj)

] , (4.40)where the parameter Gj−1,j has the form
Gj−1,j = −

Γ
[
2i
√

π/2σjkj−1gj−1

]

Γ
[
−2i

√
π/2σjkj−1gj−1

] ×
Γ
[
−i
√

π/2σjkj−1 (gj−1 + gj)
]

Γ
[
i
√
π/2 σjkj−1 (gj−1 + gj)

]

×
Γ
[
−i
√

π/2σjkj−1 (gj−1 − gj)
]

Γ
[
i
√
π/2 σjkj−1 (gj−1 − gj)

] ,(4.41)where Γ is the Gamma fun
tion, de�ned as
Γ(x) =

∫ ∞

0

tx−1e−tdt , (4.42)For X ray energies, and roughnesses σj < 100 Å, the Gj−1,j fa
tor is approx-imately 1, so the 
al
ulation of this 
oe�
ient is easier. This tanh model hasthe advantage of being valid even for high roughnesses, over
oming the limitof the Error fun
tion model, kjσj < 1.4.1.4 Depth sensitivityThe information 
arried by the re�e
ted radiation is weighted by the intensityof the transmitted wave at ea
h depth in the sample.A good approximation on the depth probed by the X rays 
an be the penetra-tion depth of them. This 
an be de�ned as the depth at whi
h the intensityof the radiation has de
ayed to a fra
tion 1
e
.65



4. Theory and data analysisAs an example, Figure 4.3 shows the penetration depth in a smooth and thi
kCu mirror of an X ray at 9.2 keV (about 200 eV over the Cu-K absorptionedge), for in
reasing in
iden
e angles. It has been also plotted in the �gurethe re�e
tivity of the X ray as des
ribed by Parratt's equations.
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Figure 4.3: Re�e
tivity and penetration depth of a Cu mirror at 9.2 keVIn the total re�e
tion regime, θi < θc, the information 
ontained in the spe
-trum 
omes from the evanes
ent transmitted wave that propagates parallelto the surfa
e and de
ays exponentially in the dire
tion perpendi
ular to thesurfa
e. In this range of angles, this penetration depth is 
onstant and maybe then written as
z 1

e
=

h̄c

2E
√
2δ(E)

=
h̄c

2Eθc(E)
, (4.43)whi
h is on the order of tens of Ångströms. As the penetration depth in-
reases above the 
riti
al angle, in the limit θi ≫ θc, it approa
hes to the66



4.1 Fundamental Theoryexpression for X ray transmission,
It = I0e

−µ(E)x = I0e
−µ(E) z

θi =⇒ z 1
e
=

θi
µ(E)

, (4.44)whi
h has a linear in
reasing dependen
e with the in
iden
e angle. Bothe�e
ts 
an be seen in Figure 4.34.1.5 EXAFSIn order to understand how stru
tural information is obtained from an X-rayabsorption (XAS) spe
trum, the basi
 pro
ess of the intera
tion of radiationwith matter has to be 
onsidered. When an atom is irradiated with X rayphotons of high enough energy to promote an internal ele
tron to the va
uumlevel, these photons are absorbed and a photoele
tron is eje
ted. The inten-sity of the transmitted beam, It, is related with the absorption 
oe�
ient µ,a

ording to the Lambert relation [44℄
It = I0e

−µ(E)z =⇒ µ(E)z = ln

(
I0
It

)
. (4.45)S
anning energy against the absorption 
oe�
ient yields the XAS spe
trum.When the energy of the in
oming beam is equal to or higher than that ofan inner level of the absorbing atoms, a sharp in
rease in the absorption
oe�
ient takes pla
e, and an absorption edge appears in the spe
trum. Ifthe absorbing atoms are not isolated, the X ray absorption 
oe�
ient in
ludesan os
illatory �ne stru
ture just after the absorption edge, as 
an be seen inFigure 4.4. This �ne stru
ture 
an be des
ribed as a modi�
ation, χ(E), ofthe absorption 
oe�
ient as

µ(E) = µ0(E) [1 + χ(E)] , (4.46)where µ0(E) is the absorption 
oe�
ient of the isolated atom. This os
illa-tory part of the absorption 
oe�
ient is a 
onsequen
e of a variation in theatomi
 ele
tron density, whi
h is due to the interferen
e of the wave fun
tion67



4. Theory and data analysis

Figure 4.4: XAS spe
trum for a Mo foil sample, near the Mo-K absorption edgeof the eje
ted photoele
tron and the ba
ks
attered one from the neighbouringatoms. For this reason, fun
tion χ(E) 
ontains lo
al stru
tural informationand 
an be des
ribed as the sum extended over i neighbouring 
oordinationshells of atoms around the absorbing atom. This �ne stru
ture is usuallywritten as a fun
tion of the photoele
tron wave ve
tor, k,
k(E) =

√
2me(E −E0)

h̄2 , (4.47)where me is the ele
tron mass and E0 is the absorption edge energy. TheExtended X ray Absorption Fine stru
ture Spe
tros
opy (EXAFS) part of theXAS �ne stru
ture is the one that is lo
ated from 50 eV after the absorptionedge to the end of the spe
trum. This part 
an be modeled by a semi-heuristi
equation that is a fun
tion of the stru
tural parameters of the absorbing atomneighbour shells [31℄
χ(k) = S2

0

∑

i

Ni

kR2
1

Fi(k)e
−2Ri
λ(k) e−2k2σ2

i sin [2kRi + φi(k)] , (4.48)68



4.2 Re�EXAFS partial analyseswhere Ni is the 
oordination number of the atoms in shell i at a distan
e
Ri. S2

0 is the amplitude redu
tion fa
tor due to many body e�e
ts. Fi is theba
ks
attering amplitude fun
tion of ea
h kind of neighbouring atom, andthe φi(k) the total phase shift of the photoele
tron, λ(k) is the photoele
tronmean free path and σ2
i is the Debye-Waller fa
tor, a

ounting for stati
 anddynami
 disorder. Sin
e Fi(k) and φi(k) are fun
tions 
hara
teristi
 of ea
hpair of absorbing and ba
ks
attering elements, the te
hnique is element sen-sitive. Those fun
tions 
an be 
al
ulated from ab-initio 
al
ulations [45℄, sothe �t of the experimental signal with this expression yields the stru
turalparameters Ri, Ni and σ2

i [46℄.There is no need for long range order in the stru
ture of the sample to be anal-ysed. For this reason the appli
ation of EXAFS spe
tros
opy is widespreadin the study of all kinds of systems, both liquid and solid.Changing the standard dete
tion system of the transmitted beam to thealternative of re
ording the re�e
ted signal, the fun
tion that 
an be analysedis the imaginary part of the refra
tive index, β. This fun
tion is related tothe absorption 
oe�
ient by Equation 4.9 so, if β 
an be 
al
ulated, theEXAFS signal 
an be extra
ted dire
tly
χ(E) =

µ(E)− µ0(E)

µ0(E)
=

β(E)− β0(E)

β0(E)
. (4.49)4.2 Re�EXAFS partial analysesSe
tion 4.1 showed how to 
al
ulate the re�e
tivity of a sample if the 
ompleteabsorption term, in
luding the �ne stru
ture 
omponent, is known. The
oupling of δ(E) and β(E) make it di�
ult to de
onvolve the equationsin order to determine β(E), and thus the χ(E) EXAFS signal from the�ne stru
ture of the re�e
tivity. Several approa
hes have been tried withlimited su

ess, ea
h be
oming more sophisti
ated with both progress in
omputational resour
es and improvements to theoreti
al understanding.69



4. Theory and data analysis4.2.1 Total re�e
tion approximationMartens and Rabe [7, 17, 18, 47℄ showed that a very simple approa
h 
an bemade to analyse the Re�EXAFS data in the total re�e
tion regime.Equation 4.23 is the re�e
tivity from a single surfa
e in the low angle limit.This limit 
an be pushed further and study the total re�e
tion regime, i.e.when
θ√
2δ

=
θ

θc
< 1 . (4.50)In this limit, R 
an be expanded as a Taylor series about θ√

2δ
= 0,

R = 1−
2

3
2

√(
1 + β2

δ2

) 1
2 − 1

√(
1 + β2

δ2

)
θ√
2δ

+O

(
θ2

2δ

)
. (4.51)The limiting value for this expansion is when θ√

2δ
(or θ

θc
) approa
hes 1.As the EXAFS �ne stru
ture is present in β(E) due to Equation 4.49, andsubsequently in δ(E) due to their relationship shown in Equations 4.8, bothfun
tions 
an be split in their isolated atom and �ne stru
ture 
omponentsas

δ(E) = δ0(E) + ∆δ(E) (4.52a)
β(E) = β0(E) + ∆β(E) (4.52b)Furthermore, as the �ne stru
ture of the re�e
tivity is small 
ompared to there�e
tivity itself, the former 
an be expanded in terms of its 
omponents δand β,

R(δ, β)− R0(δ0, β0) = ∆R ≈ ∂R

∂δ

∣∣∣∣
δ0

∆δ +
∂R

∂β

∣∣∣∣
β0

∆β , (4.53)where R0 stands for the re�e
tivity without the �ne stru
ture, i.e. when
(δ, β) = (δ0, β0), those of the isolated atoms.70



4.2 Re�EXAFS partial analysesAt this limits, the partial derivatives of R with respe
t to δ and β 
an be
al
ulated and yield
∂R

∂δ
=





β2
√
2

[
2−

(
1 + β2

δ2

) 1
2

]

δ3
(
1 + β2

δ2

) 3
2

√(
1 + β2

δ2

) 1
2 − 1

−

−

√(
1 + β2

δ2

) 1
2 − 1

δ
(
1 + β2

δ2

) 1
2





θ√
2δ

+O

(
θ2

2δ

)
, (4.54a)

∂R

∂β
=





β
√
2

[(
1 + β2

δ2

) 1
2 − 2

]

δ2
(
1 + β2

δ2

) 3
2

√(
1 + β2

δ2

) 1
2 − 1





θ√
2δ

+O

(
θ2

2δ

)
. (4.54b)Substituting typi
al values for δ and β at the X ray energies, (for instan
e

δ = 10−5, β = 10−6) show that ∂R
∂β

dominates by one to two orders of magni-tude. Therefore, the ∆δ(E) 
omponent of the Re�EXAFS signal, ∆R, 
anbe negle
ted, so it is almost purely proportional to∆β(E), and hen
e propor-tional to the �ne stru
ture of the absorption 
oe�
ient ∆µ(E) by Equation4.9. Then, the EXAFS χ(E) 
an be determined dire
tly as
χ(E) =

µ(E)− µ0(E)

µ0(E)
=

β(E)− β0(E)

β0(E)
=

∆β(E)

β0(E)
≈ ∆R(E)

R0(E)
, (4.55)where R0(E) 
an be a suitably smooth fun
tion that �ts the re�e
tivitywithout the �ne stru
ture, in the same fashion as it is done for the standardEXAFS measurements.This method is extremely easy to use, as the standard EXAFS programs 
anbe used just after applying Equation 4.55 . However, angles higher than the
riti
al angle, the approximation at Equation 4.51 does not hold, be
ause theterms in θ2

2δ
and higher order be
ome important. Consequently, ∂R

∂δ
be
omes
omparable to ∂R

∂β
, so the ∆δ 
omponent of the re�e
tivity �ne stru
ture
annot be negle
ted. 71



4. Theory and data analysisFurthermore, when the energy is just after and 
lose to the absorption edge,the magnitude of β be
omes signi�
antly bigger, and 
lose to the values of
δ. This also makes the partial derivatives 
omparable and again the ∆δ
omponent of the re�e
tivity �ne stru
ture 
annot be negle
ted. However,the EXAFS region of the �ne stru
ture begins far enough from the absorptionedge, so it is not a�e
ted by this fa
t.This approximation is then limited to the total re�e
tion regime and hen
ethe penetration depth is small and 
onstant. This 
auses that only the toplayer of the sample, within the �rst tens of Ångströms, 
an be investigated.4.2.2 Borthen's approximationBorthen and Strehblow [19, 20℄ extended the low angle limit by �rst 
al
u-lating a linear approximation of ∆R(E),

R(δ, β)− R0(δ0, β0) = ∆R ≈ ∂R

∂δ

∣∣∣∣
δ0

∆δ +
∂R

∂β

∣∣∣∣
β0

∆β , [4.53℄The partial derivatives in this equation are fun
tions of energy in general.However, they are slowly varying fun
tions with energy and may be approx-imated by fun
tions only dependent of the in
iden
e angle,
∂R

∂δ

∣∣∣∣
δ0

=
∂R

∂δ

∣∣∣∣
δ0

(E, θ) ≈ a(θ) , (4.56a)
∂R

∂β

∣∣∣∣
β0

=
∂R

∂β

∣∣∣∣
β0

(E, θ) ≈ b(θ) , (4.56b)Thus, for ea
h in
iden
e angle θ, the �ne stru
ture of the re�e
tivity is alinear 
ombination of the �ne stru
tures of the real and imaginary parts ofthe refra
tive index as
∆R ≈ a∆δ + b∆β (4.57)This is a reasonable approximation for a single 
hemi
al environment, whenthe energy range of the measurement is short, and far from the 
riti
al angle,either higher or lower angle. 72



4.2 Re�EXAFS partial analysesA relationship between the �ne stru
tures of δ(E) and β(E) 
an be estab-lished due to the linearity of the Kramers-Kronig transformations, and takinginto a

ount Equation 4.8,
δ(E) = KK [β(E)]

δ0(E) + ∆δ(E) = KK [β0(E) + ∆β(E)] =

= KK [β0(E)] +KK [∆β(E)] =

= δ0(E) +KK [∆β(E)]

=⇒ ∆δ(E) = KK [∆β(E)] (4.58)This allows to take the Kramers-Kronig transformation of Equation 4.57 anduse again the linearity of these transformations to get
KK(∆R) ≈ −a∆β + b∆δ , (4.59)where a the property of the Kramers-Kronig transformations as a spe
ial 
aseof the Hilbert transformations,

KK [∆δ(E)] = KK
{
KK [∆β(E)]

}
= −∆β(E) , (4.60)has been used. Then ∆δ and ∆β 
an be 
al
ulated by solving these twosimple simultaneous equations to yield

∆β(E) ≈ 1

a2 + b2
{
b∆R(E)− aKK [∆R(E)]

}
. (4.61)The 
onstants a and b are generally unknown, so they have to be 
al
ulatedfrom either a numeri
al simulation or from a model 
ompound experimentaldata [19℄ in order to normalise the ∆β(E) fun
tion.The problems of this method arises from the fa
t that ∂R

∂δ
and ∂R

∂β
are not
onstant in energy. This e�e
t is bigger when the energy is just after theabsorption edge, where the variation of these fun
tions with energy is faster.Also, the wider the energy range of the s
an, the less a

urate the method is,73



4. Theory and data analysisas those fun
tions deviate further from the 
onstant behaviour. Moreover,if there is more than one 
hemi
al environment of the studied element atdi�erent depths in the sample, the EXAFS spe
trum will have a proportionof ea
h environment that is variable with energy. This is 
aused by thevariation of penetration depth of the radiation with energy at in
iden
e anglesabove the 
riti
al angle, and would make the spe
trum extremely di�
ult toanalyse.4.3 Re�EXAFS global analysisBoth of the pre
eding methods obtain the EXAFS signal by means of an ap-proximation of the linear expansion of the Re�EXAFS �ne stru
ture (Equa-tion 4.53) for an individual angle. The �rst restri
ts the probe depth to thepenetration of the evanes
ent wave in the total re�e
tion 
ondition, whi
his around tens of Ångsröms. The se
ond, while having the ability to probedeeper depths, 
an be ina

urate for strongly varying δ(E) and β(E) fun
-tions, and does not work for samples with more than a single 
hemi
al envi-ronment at di�erent depths.To over
ome these limitations, a more general pro
edure was developed inthis work.The prin
iples of the method are: (1) to work over a 
omplete set of measure-ments of the same sample in the same energy range, but at di�erent in
iden
eangles, whi
h will eventually redu
e the number of possible solutions givingmore restri
tions; and (2), not to try to extra
t the EXAFS signal dire
tlyfrom the experimental Re�EXAFS, but instead, do it in a reverse way: sup-pose an EXAFS signal as a solution to the problem, and then try to 
al
ulatethe whole experimental Re�EXAFS.This global pro
edure is 
arried out in two stages. First, the re�e
tivityba
kground (i.e. without the �ne stru
ture) is �tted for all the spe
tra atdi�erent angles using the re�e
tivity equations des
ribed in Se
tion 4.1 for74



4.3 Re�EXAFS global analysisa model of the sample. This way, the Re�EXAFS �ne stru
ture (∆R(E))for the di�erent spe
tra 
an be extra
ted. Furthermore, parameters likethe real (δ(E)) and imaginary (β(E)) parts of the refra
tive indi
es 
an be
al
ulated, whi
h will be ne
essary for the next step. Se
ond, the Re�EXAFS�ne stru
ture set is �tted against a model fun
tion representing the EXAFSsignal of the sample within the restri
tions imposed.4.3.1 Free atom re�e
tivity simulation and �tThe free atom re�e
tivity is de�ned as the re�e
tivity without the �ne stru
-ture
R0(E) = R0 [δ0(E), β0(E)] , (4.62)where δ0(E) and β0(E) are real and imaginary parts of the refra
tive indexwithout the �ne stru
ture, as de�ned in Equations 4.52.The obje
tive is to 
al
ulate this free atom re�e
tivity. To do this, a modelof the sample is built in terms of parameters that simulate the sample 
har-a
teristi
s. As an example, 
onsider a sample made of homogeneous layersof di�erent materials deposited over a 
ertain substrate (Figure 4.5. For thistype of sample, Equation 4.62 
an be rewritten as

R0m(E) = R0m [δ0j(E), β0j(E)] , (4.63)where subindex m ∈ {1, . . . ,M} will denote the spe
trum of the same sampleat ea
h di�erent in
iden
e angle. These re�e
tivity spe
tra are fun
tions ofall the refra
tive indi
es 
omponents for the free atom, δ0j(E) and β0j(E), ofea
h j-th layer.This sample 
an be determined by spe
ifying the layers and substrate 
om-position, density, thi
kness, and the interfa
ial roughness.With the 
omposition and atomi
 density, the refra
tive indi
es of the layers,
n0j , 
an be 
al
ulated using Equations 4.6 and 4.7, by taking the values75



4. Theory and data analysis

Figure 4.5: Model sample made of homogeneous layers
of f ′(E) and f ′′(E) from the Cromer-Liberman [35℄ or Henke [38℄ tables ofthe anomalous s
attering fa
tors. In the 
ase of a 
ompound, its s
atteringfa
tors 
an be 
al
ulated from those of the elements by using Equation 4.3.The re�e
tivity spe
trum at di�erent energies for ea
h in
iden
e angle 
anthen be 
al
ulated from Parratt's [37℄ re
ursive expression (Equation 4.30),that depends on the layers thi
knesses, dj, and the refra
tive indi
es, n0j ,previously obtained. These are 
ombined with the roughness 
orre
tion ofthe Nevot-Cro
e model [41℄ for a tanh type of intermixing [42℄ (Equation4.40) that depends on the roughness parameters, σj , of the interfa
es.However, the sample 
hara
teristi
s and even the in
iden
e angle are notknown with enough pre
ision to simulate a

urately the re�e
tivity spe
tra.Thus, the sample parameters are set as variables in a 
omputer programthat tries to �t the 
al
ulated re�e
tivity against the experimental re�e
ti-vity spe
tra, in a similar way as the simulation and �t of X ray re�e
tometrymeasurements [26℄. The �tting pro
edure and strategies are detailed in Se
-tion 4.3.1.1The output of the program provides a way to extra
t the Re�EXAFS �nestru
ture of ea
h spe
trum, ∆Rm(E), from the re�e
tivity ba
kground by76



4.3 Re�EXAFS global analysissimply subtra
ting the simulated re�e
tivity from the experimental one,
∆Rm(E) = Rexp

m (E)− Rfit
0m(E) , (4.64)where Rexp

m (E) is the experimental re�e
tivity of spe
trum m, and Rfit
0m(E)its 
orresponding best �t simulated spe
trum without the �ne stru
ture.The best �t parameters from the program output give quantitative values ofthe 
hara
teristi
s of the sample su
h as thi
kness, density and roughness ofthe layers. Furthermore, it gives the pre
ise values of the refra
tive indi
es
omponents of the layers without the �ne stru
ture, δ0j(E) and β0j(E). Thesevalues will be of paramount importan
e for the subsequent simulation of theRe�EXAFS �ne stru
ture, as des
ribed below in Se
tion 4.3.2.4.3.1.1 Fitting des
ription and strategiesThe re�e
tivity simulation and �t tries to obtain the pre
ise values of thevariables that the re�e
tivity depends on, by looking for the ones that makesthe simulated re�e
tivity 
losest to the experimental one. This is the solutionof the �tting problem.The �tting variables 
an be divided in two types: those that determine thesample to study, and those that determine ea
h spe
trum at the di�erentin
iden
e angles for the same sample.For a sample made of homogeneous layers deposited over a substrate, thesample variables be
ome the layers and substrate 
omposition, density (to
al
ulate the refra
tive indi
es) and roughnesses, and the layers thi
knesses.Ea
h spe
trum depends on its in
iden
e angle, that have to be 
onsidered inthe simulation in order to a

urately determine its value. Besides, two morevariables have to be introdu
ed for ea
h spe
trum: (1) a linear s
ale fa
torthat takes into a

ount the possible part of the beam not impinging on thesample as well as the beam loss due to possible la
k of �atness of it; and (2),an energy shift 
orre
tion, that takes into a

ount the possible mis
alibration77



4. Theory and data analysisof the mono
hromator.This is an enormous amount of variables to be 
al
ulated from a small amountof experimental spe
tra, and besides, some of them are highly 
orrelated.This leads to the possibility of having multiple solutions to the same �ttingproblem, of whi
h there is only a real one. Thus, an e�ort to redu
e this pos-sibility has to be done, in terms of strategies that helps the �tting pro
edure.Some of the general strategies used for this work are des
ribed below.
• The spe
tra for the di�erent in
iden
e angles refer to the same sample.Hen
e, the simulation has to be done for all the spe
tra at the sametime, sharing the sample variables. This give a strong restri
tion to thepossible values of the variables, whi
h is stronger when more spe
traare measured at di�erent in
iden
e angles.
• The re�e
tivity at energies 
lose to the absorption edge is not well sim-ulated by the equations des
ribed in Se
tion 4.1, be
ause most of theapproximations des
ribed are only valid when β(E) ≪ δ(E), 
onditionthat is not ful�lled at those energies for most materials [38℄. Thus,although the re�e
tivity is indeed 
al
ulated at that region, the �ttingpro
edure does not 
onsider the points within around 10 eV from theabsorption edge for the 
al
ulation of the di�eren
e between experi-mental and simulated spe
tra. This removes false restri
tions to thevariables.
• These variables are not 
ompletely unknown. On one hand, the sam-ple variables 
an be roughly inferred from the sample making, or 
anbe estimated from previous 
hara
terization. On the other hand, thespe
trum variables are approximately set at the re�e
tivity measure-ments. This allows to set some limits to the possible values of thevariables, whi
h redu
es drasti
ally the variable �eld to look for thebest �t values.
• These variables are not always independent of ea
h other, so they 
an78



4.3 Re�EXAFS global analysisbe 
oupled. For instan
e, a sample made of a multilayer probably havea period of layers that share their roughness and refra
tive indi
es. Thisredu
es the number of variables to be 
al
ulated.These strategies redu
e the possibility of �nding wrong solutions, but are notenough to 
ompletely ensure the �nding of the true solution.There are two additional problems that makes di�
ult to �nd the true solu-tion. The �rst is that the experimental spe
tra are quite noisy, and 
an evenhave some singularity points due to the typi
al glit
hes that an X ray absorp-tion measurement has. The se
ond is that the partial re�e
tivities of someof the layers may be quite small for di�erent reasons, like a high roughnessor a low intensity of the beam at that depth. This 
an indu
e errors in the
al
ulation 
aused by the rounding of the small quantities in the 
omputer.In other words, the simulation is quite ill-
onditioned.For these reasons an more sophisti
ated algorithm that 
an 
ope with theseproblems was used instead of a standard Monte-Carlo �tting pro
edure.The algorithm used for this �tting is 
alled Covarian
e Matrix AdaptationEvolution Strategy or CMA-ES algorithm [48℄. This is an type of evolutionaryalgorithm, that is spe
i�
ally designed for simulations that have the followingproblems:
• A high dimensionality. This is, a high number of independent variables.
• Ruggedness. This is, a high amount of lo
al possible solutions that arenot the best one.
• High noise and dis
ontinuities.
• Ill-
onditioning problems.The use of this algorithm together with the strategies above des
ribed, madethe dis
rimination of the true solution among the lo
al solutions possible forthe samples studied in this work. 79



4. Theory and data analysisOn
e the simulation and �tting is done su

essfully, it has to be taken intoa

ount that the free atom re�e
tivity �t 
annot be a

omplished perfe
tlyto the point that the di�eren
e between the experimental and simulatedre�e
tivity is 0.The origin of this experimental-simulated re�e
tivity mismat
h lies in the ef-fe
ts that have not been 
onsidered in the simulation. These 
an be 
lassi�edin two groups:
• Experimental issues like, for instan
e, the non linearity of the dete
torssignal at di�erent dete
ted intensities, or the possible non planarity ofthe sample, that 
auses dispersion of the re�e
ted beam.
• Simulation model deviations from the real behaviour of the re�e
tivity,like the ones from the approximations in the re�e
tivity equations, orthe roughness model used in the roughness e�e
t 
al
ulation.Although these di�eren
es are normally very small, they 
an introdu
e lowfrequen
y os
illations in the Re�EXAFS �ne stru
ture, whi
h may 
ause er-rors in the subsequent EXAFS analysis. Therefore, they have to be 
orre
ted.This is done by the introdu
tion of an additional polynomial in the simulatedre�e
tivity, that is also �tted to get a perfe
t mat
h of the experimental spe
-trum.This is justi�ed only if the polynomial 
orre
tion is negligible 
ompared tothe initial �t. In other words, the di�eren
e of the �tting parameters in 
asea perfe
t �t 
ould be a
hieved would be some orders of magnitude smallerthan their value.4.3.2 Re�EXAFS simulation and �tAfter obtaining the free atom re�e
tivity �ts, the �ne stru
tures of ea
hre�e
tivity spe
tra at the di�erent in
iden
e angles are 
al
ulated by a sim-ple subtra
tion of the best �t simulation re�e
tivity from the experimental80



4.3 Re�EXAFS global analysisspe
trum,
∆Rm(E) = Rexp

m (E)− Rfit
0m(E) . [4.64℄Continuing with the layered sample 
ase, there is a total of N + 1 layers,in
luding the substrate. However, the number of layers that 
ontain the ab-sorbing element whose absorption edge is being studied, that will be denoted

H , 
ould be less than the total number of layers, i.e.
1 ≤ H ≤ N + 1 , (4.65)in general. Thus, the 
ontribution to the �ne stru
ture of the re�e
tivity 
anonly 
ome from the �ne stru
tures of those layers

∆Rm(E) = ∆Rm [∆δh(E),∆βh(E)] . (4.66)where the subindex h ∈ {1, . . . , H} denotes the layers that 
ontain the ab-sorbing element. Obviously by de�nition,
∆δh(E) = δh(E)− δ0h(E) , (4.67a)
∆βh(E) = βh(E)− β0h(E) , (4.67b)and ea
h absorbing layer h may have a di�erent �ne stru
ture spe
trum.The approximation that is used in this work has the same base as the previousworks. As the re�e
tivity �ne stru
ture, ∆R(E) is small 
ompared to there�e
tivity itself R(E), it is possible to approximate it by a linear Taylorexpansion in terms of ∆δ and ∆β. As the re�e
tivity �ne stru
ture dependson all the absorbing layers, this expansion has to be made for all the possible
ontributions from ea
h layer h, so

∆Rm(E) ≈
H∑

h=1

[
∂Rm

∂δh

∣∣∣∣
δ0h

∆δh(E) +
∂Rm

∂βh

∣∣∣∣
β0h

∆βh(E)

]
, (4.68)where ea
h of the partial derivatives are expli
it fun
tions ofE. Said in words,this means that the re�e
tivity �ne stru
ture at ea
h individual energy point81
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an be approximated by a linear 
ombination of the �ne stru
tures of thereal and imaginary 
omponents of the refra
tive indi
es of all the absorbinglayers. This equation is valid for ea
h m spe
trum, with its own partialderivative 
oe�
ients, but sharing the same ∆δh(E) and ∆βh(E), whi
h are
hara
teristi
 of the layers, but not the spe
trum. Thus, this form a linearset of equations that 
an be written in a matrix form as



∆R1(E)...
∆RM(E)


 = A(E)




∆δ1(E)

∆β1(E)...
∆δH(E)

∆βH(E)




, (4.69)
where the 
oe�
ient matrix, A, is

A(E) =




∂R1

∂δ1

∣∣∣∣
δ01

∂R1

∂β1

∣∣∣∣
β01

· · · ∂R1

∂δH

∣∣∣∣
δ0H

∂R1

∂βH

∣∣∣∣
β0H... ... . . . ... ...

∂RM

∂δ1

∣∣∣∣
δ01

∂RM

∂β1

∣∣∣∣
β01

· · · ∂RM

∂δH

∣∣∣∣
δ0H

∂RM

∂βH

∣∣∣∣
β0H




, (4.70)
whi
h is a re
tangular M × 2H matrix. It has to be taken into a

ount thatevery partial derivative is a fun
tion of energy. Therefore, there is a di�erentlinear equation de�ned for ea
h energy point.There are two main ways to solve this equation. The �rst 
onsists in buildinga parametri
 fun
tion that des
ribes the expe
ted ∆µh(E), whi
h is propor-tional to the EXAFS signal, and then 
al
ulate ∆βh(E) by equation 4.9 and
∆δh(E) by equation 4.8, whi
h would be fun
tion of the same parameters.Then, it is possible to look for and �nd the values of the parameters thatbest �t all the ∆δh(E) and ∆βh(E) to all the experimental ∆Rm(E) by aleast squares �tting algorithm.However, this method has a few problems. Finding an appropriate fun
tionthat des
ribe well ∆µh(E) without distorting the results may be di�
ult.82



4.3 Re�EXAFS global analysisBesides, the equation has to be �tted for ea
h energy point, so a fun
tionwith too many parameters would lead to a huge number of 
al
ulations.Moreover, some of the elements of matrix A(E) might be quite small, sothe rounding errors in a 
omputer program will s
ale with the number of
al
ulations.The se
ond method is to assume ∆µh(E) as a set of independent points,one for ea
h energy value. Then, ∆βh(E) is 
al
ulate by equation 4.9 and
∆δh(E) is 
al
ulated by equation 4.8.On
e these fun
tions have been 
al
ulated, the 
oe�
ients of matrix A(E)
an be 
al
ulated by a numeri
al derivative. With these 
oe�
ients, theequation 
an be solved by the evaluation of the Moore-Penrose pseudoinverse,
A+(E) [49℄, of matrix A(E) for ea
h energy point. This pseudoinverse is ageneralization of the inverse for a non-square matrix. The main property ofthis pseudoinverse is that, given a system of linear equations

b = Ax , (4.71)where A is the 
oe�
ient matrix, not ne
essarily square, the ve
tor x0 thatis the 
losest solution, i.e. the least squares solution, or in other words, theone that minimises the Eu
lidean norm
min |Ax− b|2 = |Ax0 − b|2 , (4.72)is the one that ful�lls [50℄

x0 = A+b , (4.73)where A+ is the Moore-Penrose pseudoinverse of matrix A.The solution of the equation thus obtained for ea
h energy point is a newand di�erent set of points that des
ribe ∆δh(E) and ∆βh(E). These newfun
tions 
an be used again to 
al
ulate the 
oe�
ients of matrix A(E) by anumeri
al derivative, so the pro
ess 
an start again. This pro
ess is then doneiteratively until the di�eren
e between the ∆δh(E) and ∆βh(E) fun
tionsbetween two 
onse
utive steps is small.83



4. Theory and data analysisThe problem of this method is again that, if some of the matrix elements of
A(E) are too small, they will have rounding errors in a 
omputer that willbe magni�ed in the 
al
ulation of the pseudoinverse.To over
ome these problems, it is 
onvenient to use an orthogonal de
om-position method for the 
al
ulation of the pseudoinverse. Spe
i�
ally, theSingular Value De
omposition or SVD method was used in this work.Matrix A(E) of Equation 4.69 
an de
omposed as

A = UDV ∗ , (4.74)where U is a M ×M unitary matrix, V ∗ is the 
onjugate transpose matrixof V , whi
h is a 2H × 2H unitary matrix, and D is a M × 2H diagonalmatrix of positive (or zero) values. Then, the pseudoinverse of A 
an beeasily 
al
ulated as
A+ = (V ∗)−1D+U−1 = V D+U∗ , (4.75)where it has been applied the property that de�nes the unitary matri
es

U−1 = U∗ , V −1 = V ∗ . (4.76)The inverse of the diagonal matrix D is 
al
ulated just inverting its diagonalmatrix elements
(D)ij = dii =⇒ (D+)ij =

1

dii
, ∀i . (4.77)A property of the SVD method is that, if a 
ertain matrix element daa ofthe diagonal matrix D is small 
ompared to the Tr(D) =

∑
∀i dii, then thismatrix element and its 
orresponding inverse 1/daa, in the inverse matrix,
an be negle
ted. This leaves trun
ated matri
es D̃ and D̃+ where

Ã = UD̃V ∗ , (4.78a)
Ã+ = V D̃+U∗ , (4.78b)84



4.3 Re�EXAFS global analysiswhere the trun
ated pseudoinverse matrix, Ã+, is as a very good approxima-tion of A+. Thus, this property over
ome the problem of the rounding errorsof the small matrix elements, as they 
an be negle
ted.In many 
ases, the above approa
h did not 
onverge and os
illated. For-tunately, there is an additional 
onstraint that 
an be used, whi
h is theKramers-Kronig relationship between ∆δ(E) and ∆β(E) of Equation 4.58.This has to be applied at every iteration so as to assure that Equation 4.58is ful�lled every time. This way, the equation has a double 
onstraint.The resulting ∆βh(E) are normalised to the β0h(E) jump so, �nally, ea
h
χh(E) 
an be 
al
ulated using equation 4.49, and may be analysed using thestandard EXAFS analysis programs [45, 46℄
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5.1 Chara
terization resultsIntrodu
tionThe motivation for the preparation of the �rst set of samples is to havea known system to test the experimental issues of the te
hnique so as tooptimise the experimental method. Indeed, a set of somehow ideal sampleswas made. More spe
i�
ally, these samples should be as �at and smoothas possible to avoid beam dispersion, and rather long and homogeneous inthe beam dire
tion to maximise the re�e
tivity. Also they should be rathersimple from the analysis point of view.As des
ribed in Se
tion 2.1.2.1, a set of multilayered samples with a (CuCr)xNstru
ture was prepared to study the Cu lo
al environment by analysing theRe�EXAFS spe
tra around the Cu-K absorption edge. Cr was 
hosen as theoutermost layer to prevent the oxidation of the Cu layers to avoid having twodi�erent EXAFS spe
tra at the same sample, that was not (yet) the aim ofthis set of measurements.The mono
rystalline Si wafers gave the layers a extremely �at substrateto grow. The magnetron sputtering deposition te
hnique des
ribed in Se
-tion 2.1.1 provided a straightforward method to obtain relatively dense andsmooth layers.The samples were of approximately the same total thi
kness, but in
reasingthe number of periods: N = 2, 3, 4 and 8. This allows the possibility ofinvestigating the lo
al stru
ture of metalli
 Cu for di�erent thi
knesses ofthe layers.5.1 Chara
terization results5.1.1 X Ray Re�e
tometryAs explained in Se
tion 2.2.2, X Ray Re�e
tometry measurements werere
orded both in a laboratory X ray di�ra
tometer and at the syn
hrotron89



5. CuCrxN multilayersradiation beamline BM29. All these diagrams were simulated and �t usingthe program GenX [26℄ to obtain the layers 
hara
teristi
s of the samples.The variables of the XRR diagram simulation were the interfa
e roughnesses,and the thi
knesses and relative densities (to the bulk 
rystalline density ofea
h material) of the layers. Crystal densities are ρCu=0.0847 at/Å3 and
ρCr=0.0833 at/Å3. To redu
e the number of free parameters, the thi
knessesand relative densities of the same layer (Cu or Cr) of ea
h period of themultilayer were linked, as they were grown in the same 
onditions. Theinterfa
e (either Cr/Cu or Cu/Cr) roughnesses were also linked, leaving thesubstrate (Si/Cu) and the surfa
e (Cr/air) roughnesses free.The results of the �tting are summarised in Table 5.1. The experimental andbest �t simulated XRR diagrams and are shown in Figures 5.1, to 5.13.Table 5.1: XRR simulation results for samples CuCrxNSample Energy Thi
kness Relative Roughness(Å) Density (Å)Cu Cr Cu Cr Sub. Intf. Sur.CuCrx2 8 keV 54 35 1.00 0.90 5 16 1110 keV 54 35 1.00 0.90 5 15 12Cu-Kα 54 35 1.00 0.90 5 16 11CuCrx3 8 keV 28 32 1.00 0.94 8 12 128.8 keV 28 34 1.00 0.88 10 16 1410 keV 25 33 1.00 0.98 11 13 16Cu-Kα 25 35 1.00 0.92 4 12 9CuCrx4 8 keV 34 15 1.00 0.94 5 13 1810 keV 30 17 1.00 0.95 7 16 14Cu-Kα 28 19 0.99 0.92 12 11 9CuCrx8 8 keV 19 10 0.98 1.00 8 17 810 keV 19 9 0.99 1.00 7 3 16Cu-Kα 18 12 1.00 1.00 5 10 1990
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Figure 5.1: XRR at 8 keV experimental diagram and best �t for sample CuCrx2
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Figure 5.2: XRR at 10 keV experimental diagram and best �t for sample CuCrx291
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Figure 5.3: XRR at Cu-Kα experimental diagram and best �t for sample CuCrx2
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Figure 5.4: XRR at 8 keV experimental diagram and best �t for sample CuCrx392
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Figure 5.5: XRR at 8.8 keV experimental diagram and best �t for sample CuCrx3
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Figure 5.6: XRR at 10 keV experimental diagram and best �t for sample CuCrx393
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Figure 5.7: XRR at Cu-Kα experimental diagram and best �t for sample CuCrx3
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Figure 5.8: XRR at 8 keV experimental diagram and best �t for sample CuCrx494
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Figure 5.9: XRR at 10 keV experimental diagram and best �t for sample CuCrx4
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Figure 5.10: XRR at Cu-Kα experimental diagram and best �t for sample CuCrx495
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Figure 5.11: XRR at 8 keV experimental diagram and best �t for sample CuCrx8
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Figure 5.12: XRR at 10 keV experimental diagram and best �t for sample CuCrx896
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Figure 5.13: XRR at Cu-Kα experimental diagram and best �t for sample CuCrx8The XRR diagrams present a typi
al interferen
e pattern of a layered system,being quite similar for all the samples due to the similar total thi
kness.Rather good �ts were obtained in all 
ases, reading 
onsistent values of thi
k-nesses and densities. Nevertheless, a variety of values was obtained for rough-nesses, ranging within a fa
tor 2 or even 3 for some 
ases and the results areless 
onsistent for the samples with thinner layers. For this reason, it seemsthat this indetermination 
an 
ome from the fa
t that the approximationsin the theory involved in the roughness simulation [26, 41℄ fail for too highroughness 
ompared to the thi
kness of the layers.5.1.2 Rutherford Ba
ks
attering Spe
trometryRBS measurements were 
arried out using the linear a

elerator of the CentroNa
ional de A
eleradores (Seville), and analised as explained in Se
tion 2.2.3.RBS data give the amount of material per surfa
e unit, so the thi
kness of a97



5. CuCrxN multilayerslayer 
an be 
al
ulated by assuming a density of the layers. The density 
anbe assigned as the bulk density of the material, or as the density 
al
ulatedfrom the XRR measurements. The thi
knesses determined using both bulkdensity and the XRR 
al
ulated density are shown in Table 5.2Table 5.2: RBS resultsSample Thi
kness (Å) Thi
kness (Å) ×N(Crys. Dens.) (XRR Dens.)Cu Cr Cu CrCuCrx2 54 31 54 34 ×2CuCrx3 35 35 35 37 ×3CuCrx4 28 16 28 17 ×4CuCrx8 18 8 18 8 ×8The RBS thi
kness results are in good agreement with the XRR ones, giventhe fa
t that the data 
ome from 
ompletely di�erent physi
al pro
esses.The measurements at di�erent parts of the samples showed that they arehomogeneous in all the length within the a

ura
y of the te
hnique.5.1.3 Atomi
 For
e Mi
ros
opySample surfa
e topography images were taken with a Topometrix TMX2000mi
ros
ope, and roughnesses were 
al
ulated as explained in Se
tion 2.2.5.The surfa
e topography images of CuCrx2 to CuCrx8 samples are shown inFigures 5.14 to 5.17. Table 5.3 summarises the roughness 
al
ulated fromthe RMS values of these measured for ea
h sample.CuCrx2, CuCrx3 and CuCrx4 samples have similar topography and the vari-an
e of heights are near the instrument noise level. It 
an then be 
on
ludedthat they are quite smooth and homogeneous in the s
ale sele
ted. However,this also means that the 
al
ulation of the roughness is a 
onvolution between98
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Figure 5.14: AFM surfa
e topography for sample CuCrx2

Figure 5.15: AFM surfa
e topography for sample CuCrx399
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Figure 5.16: AFM surfa
e topography for sample CuCrx4

Figure 5.17: AFM surfa
e topography for sample CuCrx8100



5.2 Re�EXAFS experimentsTable 5.3: AFM surfa
e roughness for samples CuCrxNSample Roughness (Å)CuCrx2 3CuCrx3 3CuCrx4 4CuCrx8 9the instrument noise and the a
tual roughness whi
h results in a slight overestimation.On the other hand, CuCrx8 sample topography shows a set of emerging
olumns of similar shape and height whi
h are randomly distributed. Dueto the extremely thin thi
kness of the outermost Cr layer, this might showa grow of Cu oxide from the se
ond layer. The preferential spots 
an be a
onsequen
e of the varian
e on the Cr layer thi
kness, so the oxygen onlypenetrates at the pla
es where the Cr layer is thin enough.For these reasons, CuCrx2, CuCrx3 and CuCrx4 samples have a similarroughness in this s
ale, while CuCrx8 roughness is higher due to the 
olumnsseen in the topography �gure.5.2 Re�EXAFS experiments5.2.1 Angle sele
tionAs explained in Se
tion 3.2.2, X ray re�e
tivity diagrams were re
orded atthe syn
hrotron beamline, at di�erent energies, to show the re�e
tivity be-haviour, so as to 
hoose the most 
onvenient angles for the Re�EXAFS s
ans.The re�e
tivity patterns are shown in Figures 5.18 to 5.21. The �gures aremarked with the angles where the Re�EXAFS measurements were made.Sin
e the Re�EXAFS measurements are at �xed angles and move in energy101



5. CuCrxN multilayersfrom 8 to 10.5 keV, they e�e
tively move from the 8 keV 
urve position tothe same point on the rest of the energies.These parti
ular angles were 
hosen with the aim to have a wide range ofdi�erent patterns in Re�EXAFS s
ans. This allows a test of the �ttingpro
edure of the global analysis on a number of di�erent baseline 
urve types,in
luding a valley point (at 10 keV for approximately 0.38◦) and a rising peak(at 10 keV for approximately 0.43◦). This gives a good validation s
ope forthe subsequent analysis.5.2.2 Re�EXAFS s
ansRe�EXAFS s
ans were performed as explained in Se
tion 3.2.3 at the anglessele
ted with the aid of the XRR 
urve. After that, ea
h spe
trum wasdivided by the dire
t beam s
an to remove the absorption 
omponent of theair between the dete
tors and get a normalised spe
trum.The set of the experimental normalised spe
tra for ea
h sample are shown inFigures 5.22 to 5.25.Both the ba
kground with the typi
al interferen
e pattern due to the multi-layers re�e
tion and the EXAFS �ne stru
ture 
an be seen in all the samplesspe
tra.The ba
kground of the spe
tra show the expe
ted interferen
e pattern due tothe multilayered stru
ture of the samples, whi
h is obviously di�erent for ea
hof them due to the di�erent multilayered stru
ture. This pattern 
hanges asthe angle 
hange and also de
reases its overall intensity for higher in
iden
eangles, due to the loss of the total re�e
tion 
ondition and the in
rease ofthe transmission 
oe�
ient.Superimposed to the ba
kground, it 
an 
learly be seen the absorption edgeat the Cu-K absorption edge energy (8.979 keV), along with an EXAFS-likepattern just after it. This pattern is better resolved at intermediate angles.On one hand, the lowest angle spe
trum intera
ts very little with the Cu102



5.2 Re�EXAFS experiments

Figure 5.18: XRR experimental diagrams and Re�EXAFS sele
ted angles for CuCrx2

Figure 5.19: XRR experimental diagrams and Re�EXAFS sele
ted angles for CuCrx3103
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Figure 5.20: XRR experimental diagram and Re�EXAFS sele
ted angles for CuCrx4

Figure 5.21: XRR experimental diagram and Re�EXAFS sele
ted angles for CuCrx8104
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Figure 5.22: Re�EXAFS normalised experimental spe
tra for sample CuCrx2105
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Figure 5.23: Re�EXAFS normalised experimental spe
tra for sample CuCrx3106
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Figure 5.24: Re�EXAFS normalised experimental spe
tra for sample CuCrx4107
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Figure 5.25: Re�EXAFS normalised experimental spe
tra for sample CuCrx8108



5.3 Analysisabsorbing atoms due to the low penetration depth of the radiation; in fa
t,the total re�e
tion 
ondition is ful�lled at those angles. On the other hand,the highest angle spe
trum has a worse signal-to-noise ratio due to the lowre�e
tivity 
oe�
ient at those angles.5.3 AnalysisThe Re�EXAFS spe
tra may be analised by using any of the approximationsdes
ribed in Chapter 4. For this work, the total re�e
tion approximationanalysis and the developed global analysis will be used, and the results willbe 
ompared.5.3.1 Total re�e
tion approximation analysisUsing Martens [18℄ approximation, the EXAFS signal 
an be extra
ted di-re
tly from a spe
trum of in
iden
e angle below the 
riti
al angle. Thus, thelowest angle workable spe
trum for ea
h sample was analysed.However, a 
lose inspe
tion of the 0.250◦ spe
tra for CuCrx2 and CuCrx4samples, and 0.300◦ spe
trum for sample CuCrx3, reveals that their signal-to-noise ratio is quite poor. This fa
t made the attempt to analyse thesespe
tra a failure. Thus, the next angle for those samples was analised, i.e.0.300◦ for CuCrx2, 0.320◦ for CuCrx3, and 0.275◦ for CuCrx3. Spe
trum0.250◦ for sample CuCrx8 does have enough signal to noise ratio, so it 
ouldbe analised.The EXAFS fun
tion obtained from these Re�EXAFS s
ans were �tted byusing a Cu metal model stru
ture with 
oordination numbers �xed to the
rystal values. A single free parameter, ∆a, varying the latti
e parameterfrom the Cu bulk value (3.61 Å) was used to allow the variation of 
oordina-tion distan
es 
oherently for all the 
oordination shells of the model. More-over, the Debye-Waller fa
tors, that take into a

ount the dynami
 (mainly109



5. CuCrxN multilayersthermal) and the stati
 disorder, were allowed to vary independently for ea
hshell.The s
attering paths used for this model were the single s
attering pathsfor ea
h shell, plus the 
o-linear multiple s
attering paths with the fourth
oordination shell, as these have a high 
ontribution to the EXAFS signal[51℄. S20 was set to 0.81, whi
h is a value within the range of values reportedin the literature [52℄, that rarely varies for the same element at di�erent
hemi
al environments. Then, six free independent parameters were used inea
h �t.The software used for the analysis was the UWXAFS software pa
kage [46,53, 54℄.The results of the �tting are summarised in Table 5.4. Figures 5.26, 5.28,5.30 and 5.32 show 
omparative plots of the extra
ted experimental EXAFSdata, χ(k), with the best �t obtained with the model des
ribed above, forall the samples. Figures 5.27, 5.29, 5.31 and 5.33 show a 
omparative plotof the Fourier transform magnitudes of the EXAFS signals, χ(R), with theirrespe
tive �ts, and with a Cu foil referen
e from the IXAS database [55℄.Table 5.4: Total re�e
tion angle EXAFS results for CuCrxN samplesSample Shell 1st 2nd 3rd 4th 5th a (Å)N 12 6 24 12 24 [∆a (Å)℄CuCrx2 R (Å) 2.56 3.61 4.43 5.11 5.72 3.61
σ2 (Å2) 0.010 0.014 0.017 0.018 0.020 [+0.00℄CuCrx3 R (Å) 2.53 3.57 4.38 5.06 5.65 3.57
σ2 (Å2) 0.012 0.012 0.022 0.023 0.025 [-0.04℄CuCrx4 R (Å) 2.53 3.58 4.39 5.07 5.67 3.58
σ2 (Å2) 0.012 0.015 0.021 0.023 0.030 [-0.03℄CuCrx8 R (Å) 2.51 3.55 4.35 5.03 5.62 3.55
σ2 (Å2) 0.015 0.018 0.026 0.026 0.030 [-0.06℄110
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Figure 5.26: EXAFS experimental χ(k) and best �t for sample CuCrx2
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Figure 5.27: EXAFS experimental χ(R) and best �t for sample CuCrx2111
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Figure 5.28: EXAFS experimental χ(k) and best �t for sample CuCrx3
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Figure 5.29: EXAFS experimental χ(R) and best �t for sample CuCrx3112



5.3 Analysis
At �rst sight, the pattern of both the EXAFS signal and the Fourier trans-form magnitude are all quite similar to the Cu foil referen
e. However, thereis an evident de
rease on the intensity of both the EXAFS signal and theFourier transform magnitude not only with regard to the Cu foil referen
e,but also when the thi
kness of the layers de
rease.The results of the analysis show an in
reasing disorder in the lo
al stru
turearound the absorbing Cu in the layers when their thi
knesses de
rease. Thisis dedu
ed from the values Debye-Waller fa
tors for all the shells of themodel for the di�erent samples. This may be 
aused be
ause the depositionmethod sputters almost atom by atom the material from the target, and
annot relax to the 
rystal stru
ture when it 
ondenses on the substrate atroom temperature. Besides, the extremely low thi
kness of the layers preventfurther reorganization of the atoms, as the la
k of long range element purityin one dimension plus the possible interdi�usion of the Cr atoms are stronglydistorting the 
rystal latti
e. Similar results have been obtained for similarmultilayers [56℄.The results also show a slight 
ompression of the latti
e parameter of themodel from the Cu metal bulk value. The thinner the layers are, the more
ompressed the latti
e parameter is. This may be explained in two ways: TheCr-Cr distan
e is lower than the Cu-Cu distan
e in the respe
tive bulk metals,so Cu-Cr distan
e in a metalli
 bonding should be lower than Cu-Cu distan
e.As the number of layers in
rease (higher N), the number of Cu atoms in
onta
t with Cr atoms in
rease. Then, the number of Cr ba
ks
atteringatoms per Cu atom in
rease, so the average distan
e of the ba
ks
atteringatoms de
rease. What is more, if the interfa
ial roughness is not negle
ted,so the interfa
es show some interdi�usion, the Cu-Cr bonding has a higherprobability of o

urring than in a ideal smooth interfa
e. At the same time,the 
rystal latti
e of Cr may be distorting the Cu latti
e [57℄.A hint of a peak at approximately the Cu-O distan
e 
an be seen in the113
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Figure 5.30: EXAFS experimental χ(k) and best �t for sample CuCrx4
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Figure 5.31: EXAFS experimental χ(R) and best �t for sample CuCrx4114
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Figure 5.32: EXAFS experimental χ(k) and best �t for sample CuCrx8

0.0

1.0

2.0

3.0

0 1 2 3 4 5 6

|χ
(R

)|

R (Å)

	______________CuCrx8 − 0.250°
Experimental
Fit
Cu Foil

Figure 5.33: EXAFS experimental χ(R) and best �t for sample CuCrx8115



5. CuCrxN multilayersFourier Transform spe
tra for N = 4 and 8 samples, although not resolvedenough to be analyzable. This suggests a se
ond explanation for the latti
eparameter 
ompression that involves the oxidation of the Cu layers. If theCr prote
tive layer is not thi
k enough to prote
t the �rst Cu layer, oxygen
an penetrate and oxidise it. This oxidation may be almost negligible andremain unnoti
ed in an EXAFS spe
trum, not showing a Cu-O well resolved�rst shell peak. However, there 
ould be enough Cu oxide to distort the �rstCu-Cu (or Cu-Cr) peak, moving it to lower R values, and interfering with itso the amplitude might be lower.This phenomenon 
an also explain the higher surfa
e roughness of sampleCuCrx8 measured by AFM. The �rst Cu layer 
an be non-uniformly oxidiseddue to the lo
al variation of thi
knesses that 
an o

ur in the �rst Cr layer.Then, the Cu oxide grows preferentially in some spots, so the average surfa
eroughness 
onsequently rises. These spots 
an be seen in fa
t in the AFMtopography image in Figure 5.17.5.3.2 Global analysis5.3.2.1 Free atom re�e
tivity simulation and �tBa
kground simulation was performed with the dedi
ated developed programdes
ribed in Chapter 4The 
ommon variables of the �t were the same as those of the XRR spe
trasimulation, i.e. the thi
knesses and densities of the layers and the roughnessesof the interfa
es, linked in a similar manner to that des
ribed above: thethi
knesses and densities of the same type of layer (Cr or Cu) are for
ed tobe the same, as the growing 
onditions are the same; the roughnesses of theCr/Cu and Cu/Cr interfa
es are also the same, leaving both the substrate(Si/Cu) and the surfa
e (Cr/air) roughnesses independent. The 
ompositionof the layers are �xed to pure Cr or Cu.Ea
h spe
trum has also its own variables: the in
iden
e angle, the s
ale116



5.3 Analysisfa
tor, and the shift in the energy values. These variables 
an be linked aswell. In fa
t, the energy shifts for these spe
tra were for
ed to be the same,be
ause the measuring 
onditions do not 
hange among them.The normalised experimental Re�EXAFS spe
tra for all the samples togetherwith the 
orresponding best �t are shown in Figures 5.34 to 5.37. The pa-rameters resulting from the best �t are summarised in Tables 5.5 (sampleparameters), 5.6 (angles) and 5.7 (shift in energy of the spe
tra).Table 5.5: Re�EXAFS free atom re�e
tivity �t results (Sample)Sample Thi
kness Relative Roughness(Å) Density (Å)Cu Cr Cu Cr Sub. Intf. Sur.CuCrx2 50 32 1.00 0.90 18 17 10CuCrx3 24 36 0.98 0.88 15 20 13CuCrx4 27 17 0.99 0.97 14 21 18CuCrx8 18 10 0.98 1.00 20 17 14The �gures show the �t for all the angles ex
ept for those lower angles dis-
arded previously due to the low signal to noise ratio.In most of the spe
tra, it 
an be seen that the �t is better after the absorptionedge that before it. This is 
aused by the polynomial re�nement des
ribedin Chapter 4, that is anyway so small that does not give any signi�
antadditional error to the analysis. For the same reason, a step just after theedge in the �tting 
urve may be seen in some of the spe
tra, whi
h marksthe lower limit of the polynomial re�nement.The variables that measure the sample layers thi
knesses, densities and rough-nesses best �t roughly agree with the results 
oming fromRBS measurements.The main di�eren
e lies on the de
reasing Cr layers density with in
reasingthi
kness of this layer, what RBS 
annot distinguish.This 
an be explained by the in
reasing porosity of layers 
oming from sput-117



5. CuCrxN multilayers
Table 5.6: Re�EXAFS free atom re�e
tivity �t results (Angles)CuCrx2 CuCrx3 CuCrx4 CuCrx8Angle Fit Angle Fit Angle Fit Angle Fit0.250 0.254 0.300 0.286 0.250 0.284 0.250 0.2250.300 0.302 0.320 0.290 0.275 0.304 0.300 0.2630.333 0.331 0.338 0.317 0.300 0.326 0.350 0.3090.350 0.347 0.350 0.343 0.325 0.354 0.375 0.3320.363 0.358 0.363 0.351 0.338 0.370 0.400 0.3550.383 0.376 0.383 0.369 0.350 0.3780.400 0.395 0.400 0.380 0.363 0.3960.450 0.458 0.425 0.414 0.375 0.4050.383 0.4130.400 0.430

Table 5.7: Shift in energy of the spe
traSample ∆E (eV)CuCrx2 −2.8CuCrx3 −2.5CuCrx4 −3.1CuCrx8 −3.1
118
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Figure 5.34: Re�EXAFS experimental spe
tra (solid) and best ba
kground �t (dashed)for sample CuCrx2 119
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Figure 5.35: Re�EXAFS experimental spe
tra (solid) and best ba
kground �t (dashed)for sample CuCrx3 120
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Figure 5.36: Re�EXAFS experimental spe
tra (solid) and best ba
kground �t (dashed)for sample CuCrx4 121
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5.3 Analysistering. As the growth of these materials is not layer by layer, but ratheran island-type one, the �rst islands may 
ast shadows to the forth
omingatoms. This would make the layer rather porous, with in
reasing porosityfor the �rst stages of the growth, but tending towards a 
onstant value [58℄.The reason for the Cu layers not following this tenden
y may be a di�erentsti
king 
oe�
ient that allows a better mobility of the atoms at the surfa
eafter the deposition [59℄.Roughnesses are quite high respe
t to the layers thi
knesses. Unfortunately,these roughnesses 
annot be dire
tly related to the RMS roughness values
al
ulated from the AFM measurements due to the fra
tal behaviour of thisphenomenon. In fa
t, the roughness in
rease due to the 
olumns that appearon the CuCrx8 sample surfa
e is unnoti
ed. Furthermore, various othere�e
ts of beam loss may be modifying these values, su
h as non perfe
tplanarity of the sample, or beam angular dispersion.However, these roughnesses results allows a relative evaluation of the di�erentlayers. For instan
e, both the substrate and the surfa
e seem to be slightlysmoother than the interfa
es. The initial smooth mono
rystalline surfa
e ofthe Si 
an explain the former e�e
t, while the possible reorganization of theCr atoms due to surfa
e oxidation 
ould explain the latter one.The angles values obtained in the �ts show a 
ertain 
onsisten
y. Althoughthe �tted values are not the same as the measured th1 for most of the samples,they all remain 
onsistently lower of higher than the expe
ted, what 
anbe explained by a possible misalignment of ry angle. This would 
ause anequal shift in the experimental in
iden
e angles for all the spe
trum, butdi�erent for ea
h sample, as the alignment pro
edure was done for ea
h oneindependently.Finally, the energy shift values are almost the same for all the samples, whatdenotes that this parameter e�e
tively does not depend on the sample but onthe measurement 
onditions, most probably the mono
hromator 
alibration.123



5. CuCrxN multilayers5.3.2.2 Global EXAFS analysisThe lo
al environment of the Cu atoms in ea
h of these samples must bethe same, as the growing 
onditions of all the di�erent layers were identi
al.Then, the EXAFS fun
tion was set to be the same for all the Cu layers ofea
h sample.This fun
tion thus obtained was simulated and �t using a Cu metal modelwith variable latti
e parameter and Debye Waller fa
tors, in the same fashionas des
ribed above for the total re�e
tion approximation analysis (Se
tion5.3.1)The best �t results are summarised in Table 5.8. Figures 5.38, 5.40, 5.42 and5.44 show the extra
ted experimental EXAFS data, χ(k), 
ompared with thebest �t fun
tion obtained with the model, for all the samples. Figures 5.39,5.41, 5.43 and 5.45 show the Fourier transform magnitudes of the EXAFSsignals, χ(R), together with their respe
tive best �ts, with the 
orrespondingtotal re�e
tion angle experimental data, and with a Cu metal foil referen
etaken from the IXAS database [55℄.Table 5.8: Global analysis EXAFS results for CuCrxN samplesSample Shell 1st 2nd 3rd 4th 5th a (Å)N 12 6 24 12 24 [∆a (Å)℄CuCrx2 R (Å) 2.56 3.61 4.43 5.11 5.72 3.61
σ2 (Å2) 0.011 0.017 0.019 0.020 0.030 [+0.00℄CuCrx3 R (Å) 2.53 3.57 4.38 5.06 5.65 3.57
σ2 (Å2) 0.011 0.015 0.023 0.023 0.024 [-0.04℄CuCrx4 R (Å) 2.53 3.58 4.39 5.07 5.67 3.58
σ2 (Å2) 0.013 0.017 0.023 0.024 0.027 [-0.03℄CuCrx8 R (Å) 2.55 3.60 4.42 5.09 5.70 3.60
σ2 (Å2) 0.008 0.019 0.021 0.021 0.022 [-0.01℄124
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Figure 5.38: EXAFS experimental χ(k) and best �t for sample CuCrx2
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Figure 5.39: EXAFS experimental χ(R) and best �t for sample CuCrx2125
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Figure 5.40: EXAFS experimental χ(k) and best �t for sample CuCrx3
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Figure 5.41: EXAFS experimental χ(R) and best �t for sample CuCrx3126
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Figure 5.42: EXAFS experimental χ(k) and best �t for sample CuCrx4
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Figure 5.43: EXAFS experimental χ(R) and best �t for sample CuCrx4127
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Figure 5.44: EXAFS experimental χ(k) and best �t for sample CuCrx8
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Figure 5.45: EXAFS experimental χ(R) and best �t for sample CuCrx8128



5.3 AnalysisThe low angle and global analysis seem to give roughly the same resultswithin the a

ura
y of the te
hnique. CuCrx8 is an ex
eption to this, so thebig di�eren
e between the low angle approximation and the global spe
trumhas to be 
aused by the nature of the sample itself.It has been suggested with the aid of the low angle analysis and the AFMimages, that the topmost Cu layer of the CuCrx8 sample may have undergonea partial oxidation due to the extremely low thi
kness of the Cr prote
tivelayer. This oxidation would give a new lo
al environment of CuOx, thatwould result in a new EXAFS fun
tion added to the Cu metal environmentone.The addition of a new fun
tion in a low proportion 
an redu
e drasti
allythe intensity of the EXAFS signal if the phases interfere destru
tively. Thismay be the 
ase of the CuCrx8 sample low angle analysis results, wherethis interferen
e had to be simulated with an abnormally high Debye-Wallerfa
tor.However, when the whole sample is probed at the global analysis, the pro-portion of CuOx de
reases so mu
h that it remains unnoti
ed. This alsoexplains why the latti
e parameter at the global analysis is mu
h 
loser tothe Cu metal value.
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6.1 Chara
terisation resultsIntrodu
tionOne of the 
apabilities of the extension of the Re�EXAFS te
hnique des
ribedin this work is to distinguish between di�erent lo
al environments at di�erentdepths in the sample. To empiri
ally demonstrate this, a parti
ular set ofsamples was prepared.As des
ribed in Chapter 2, a sample was prepared 
onsisting of a CrCux3multilayer, so the top layer is made of Cu. This would allow the oxidation ofthis layer naturally just exposing the sample to open air. Thus, the samplewill have two di�erent EXAFS environments (Cu oxide and Cu metal) that,what is more important, are at di�erent depths and 
an be easily distin-guished due to the Cr layer between them.However, although the top Cu layer was thin enough to be oxidised 
om-pletely, the possibility of having a partial oxidation thus a top layer split intwo (Cu metal / Cu oxide) has to be 
onsidered and will be investigated interms of growth of the oxide and di�usion of the oxygen into the layer.Furthermore, this will allow the study of the surfa
e oxidation pro
ess fromthe stru
tural point of view without the aid of XRD, that is di�
ult to usein these very thin layers due to the la
k of long range order in at least oneof the spa
e dire
tions. In fa
t, not only the stru
ture may be dedu
ed, butalso the reorganisation pro
ess due to the oxidation rea
tion may be shownby the EXAFS disorder quanti�
ation with the Debye-Waller fa
tors.6.1 Chara
terisation results6.1.1 X Ray Re�e
tometryAs explained in Se
tion 2.2.2, X Ray Re�e
tometry measurements werere
orded at the syn
hrotron radiation beamline BM29. All these diagramswere simulated and �t using the program GenX [26℄ to obtain the layers133



6. Copper oxide multilayers
hara
teristi
s of the samples.The model used for the simulation is a multilayered model as seen in Figure2.6, where the layers are made of metalli
 Cu or Cr ex
ept for the top layer,that is made of CuO (
opper oxide (II)). This 
hoi
e was made be
ause Cu2O(
opper oxide (I)) is less stable at standard 
onditions.Similarly to the previous samples, the variables of the XRR simulations werethe interfa
e roughnesses and the thi
knesses and relative densities (to thebulk 
rystalline density of ea
h material) of the layers. Crystal densities are
ρCu=0.0847 at/Å3, ρCr=0.0833 at/Å3 and ρCuO=0.0956 at/Å3.Again, to redu
e the number of free parameters, the thi
knesses and densitiesof the same type of layer (Cu or Cr) were linked, as they were grown inthe same 
onditions. In this 
ase, these links 
an only be applied to thethree Cr and two Cu layers 
losest to the substrate, so the top CuO layerhas its own thi
kness and density. The interfa
e (both Cr/Cu or Cu/Cr)roughnesses were also linked, while the top surfa
e, the Cr/CuO interfa
eand the substrate roughness are all independent variables.However, this model did not work well and a good �t was not possible. Thus,a model where the top Cu layer had undergone a partial oxidation, so it issplit in two di�erent environments (Cu metal / CuO) was set. Thus, thethi
kness and density of the un-oxidised top Cu layer was added to the vari-ables explained above, along with a new roughness of the Cu/CuO interfa
e.This way, the roughness of the interfa
e shows the interdi�usion betweenboth spe
ies.Furthermore, as the growing 
onditions are the same, the total amount of Cuatoms in ea
h layer should be the same, so the top CuO and top un-oxidisedCu atoms together add up the same amount as the rest of the Cu layers.Thus, this further restri
tion 
an be set at the XRR simulation.The experimental and best simulated �t XRR diagrams are shown in Figures6.1 and 6.2. The results of the �tting are summarised in Table 6.1134
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Figure 6.1: XRR at 8.5 keV experimental diagram and best �t for sample CrCux3
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6. Copper oxide multilayersTable 6.1: XRR simulation results for sample CuCrx3Energy Thi
kness Relative(Å) DensityCr Cu Top Top Cr Cu Top TopCu CuO Cu CuO8.5 keV 16 38 30 47 0.98 0.97 0.61 0.6610 keV 17 37 30 50 0.91 0.99 0.66 0.64Energy Roughness(Å)Sub. Cr/ Cu/ Surf.Cu CuO8.5 keV 3 7 3 1910 keV 3 3 4 18The XRR diagrams present a typi
al interferen
e pattern of a layered system.Contrary to those of the previous samples in Chapter 5, these patterns aresmoother, showing less de�ned peaks and valleys. This may be 
aused bythe broken symmetry of the layers due to the surfa
e oxidation.Rather good �ts were obtained for both energies, with fairly 
onsistent val-ues of thi
knesses, densities and roughnesses. A detailed interpretation ofthese results will be presented in Se
tion 6.3.2.1 together with the free atomsimulation results.6.1.2 Rutherford Ba
ks
attering Spe
trometryRBS measurements were 
arried out using the linear a

elerator of the CentroNa
ional de A
eleradores (Seville), and analysed as explained in Se
tion 2.2.3.RBS data give the amount of material per surfa
e unit, so the thi
kness of alayer 
an be 
al
ulated by assuming a density of the layers. The density 
an136



6.1 Chara
terisation resultsbe assigned as the bulk density of the material, or as the density 
al
ulatedfrom the XRR measurements.These measurements are not sensitive to the 
hemi
al environment of thestudied atoms, so they 
annot distinguish between the top CuO layer andthe rest Cu atoms. Using the proportion of un-oxidised Cu / CuO of the �rstlayer from the mean value of the XRR simulations, the thi
kness of the topCu / CuO layer 
an be 
al
ulated from the RBS measurements.This 
annot be applied to the 
al
ulation of the equivalent thi
kness usingthe bulk 
rystal density, as the Cu / CuO proportion of the �rst layer isunknown. Thus, this top layer will be presented as it was not oxidised, buttaking into a

ount that this is just a measurement of the amount of Cuatoms in ea
h layer.The thi
knesses determined using both bulk density and the XRR 
al
ulatedparameters are shown in Table 6.2.Table 6.2: RBS results for sample CrCux3Thi
kness (Å) Thi
kness (Å)(Crys. Dens.) (XRR Dens.)Cr Cu Cr Cu Top TopCu CuO13 36 14 37 29 47The RBS thi
kness results are found to be in good agreement with the XRRones. The measurements at di�erent parts of the samples showed that theyare homogeneous in all the length within the a

ura
y of the te
hnique.6.1.3 Atomi
 For
e Mi
ros
opySample surfa
e topography image was taken with a Nanote
 Dul
inea mi
ro-s
ope, and the roughness was 
al
ulated as explained in Se
tion 2.2.5.137



6. Copper oxide multilayersFigure 6.3 shows the surfa
e topography image of sample CuCrx3.

Figure 6.3: AFM surfa
e topography for sample CrCux3
The roughness 
al
ulated from the RMS value is 23 Å.The surfa
e topography of this sample is quite homogeneous, from whi
h itmight be dedu
ed that the surfa
e oxidation pro
ess has o

urred at all thesurfa
e homogeneously, in 
ontrast with what happened in sample CuCrx8from the previous set of samples (Chapter 5). The RMS roughness is higherthan those 
al
ulated for the previous samples. This is due to the oxidationof the top layer, that may happen preferentially in some spots (like the grainboundaries) and then grow more e�
iently from those �rst spots, as thesurfa
e is not a perfe
t 
rystalline plane.138



6.2 Re�EXAFS experiments6.2 Re�EXAFS experiments6.2.1 Angle sele
tionXRRmeasurements were performed at 8.5 keV and 10 keV at the syn
hrotronradiation beamline in order to show the behaviour of the re�e
tivity at dif-ferent angles. This aids the sele
tion of the most 
onvenient angles for theRe�EXAFS measurements.Figure 6.4 shows the re�e
tivity patterns, whi
h are marked with the angles
hosen for the Re�EXAFS measurements. These angles were sele
ted inorder to have di�erent penetration depths, so as to probe not only the uppersurfa
e regions of the sample, but also the deep Cu layers buried below.

Figure 6.4: XRR experimental diagram showing Re�EXAFS 
hosen angles for sampleCrCux3
139



6. Copper oxide multilayers6.2.2 Re�EXAFS s
ans
Re�EXAFS s
ans were performed as explained in Chapter 3 at the angles
hosen with the aid of the XRR 
urve. After that, ea
h spe
trum was dividedby the dire
t beam s
an to remove the absorption 
omponent of the airbetween the dete
tors and get a normalised spe
trum.The set of normalised spe
tra for the sample is shown in Figure 6.5.Both the ba
kground with the expe
ted interferen
e pattern due to the mul-tilayers re�e
tion and the EXAFS-like �ne stru
ture 
an be seen in all thespe
tra. The ba
kground pattern 
hanges as the angle 
hange and de
reasesits overall intensity for higher in
iden
e angles in general, due to the loss ofthe total re�e
tion 
ondition and the in
rease of the transmission 
oe�
ient.However, for some angles, the re�e
tivity does in
rease again, following theXRR pattern as shown in Figure 6.4. This allows the possibility of havingspe
tra measured at high angles, thus with a high penetration depth, butwith a relatively high re�e
ted intensity, thus with a good signal to noiseratio.Superimposed to the ba
kground, it 
an 
learly be seen the absorption edgeat the Cu-K absorption edge energy (8.979 keV), along with an EXAFS-likepattern just after it. This pattern is better resolved at intermediate anglesas the the lowest angle spe
trum intera
ts very little with the Cu absorbingatoms and the highest angle spe
trum has a worse signal-to-noise ratio dueto the low re�e
tion intensity at that angle.It 
an also be seen that the �ne stru
ture of the lowest angle spe
trumis signi�
antly di�erent from the rest of the spe
tra. This is be
ause thisspe
trum is the only one in the total re�e
tion regime, so it only probes the�rst tens of Ångströms. Then, the highest 
ontribution to the EXAFS �nestru
ture should be from the Cu oxide environment, while for the rest of thespe
tra, the Cu metal environment is predominant.140



6.2 Re�EXAFS experiments
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6. Copper oxide multilayers6.3 AnalysisFor this sample, the Re�EXAFS spe
tra was analysed by both the totalre�e
tion approximation (Se
tion 4.2.1) for the spe
trum of the lowest anglere
orded, and by the developed global analysis (Se
tion 4.3).6.3.1 Total re�e
tion approximation analysisUsing Martens [18℄ approximation, the EXAFS signal may be extra
ted di-re
tly from a spe
trum of in
iden
e angle below the 
riti
al angle. The 
riti
alangle of a CuO surfa
e of a relative density of 0.65, whi
h is the average ofthe XRR results, is approximately 0.237◦ for an in
ident beam of 9.2 keV(just above the Cu-K absorption edge). Unfortunately, the spe
trum of thelowest angle was registered at 0.275◦, so it does not ful�ll the total re�e
tion
ondition.The analysis of this spe
trum would �rstly 
ause the signal to be wronglynormalised, as the absorption step is no longer proportional to the imaginarypart of the refra
tive index, β(E), and have a term in δ(E) that 
annot benegle
ted. Furthermore, the �ne stru
ture is a mixture of the ∆δ(E) and
∆β(E) as explained in Se
tion 4.2.1.The Kramers-Kronig transform does not 
hange the frequen
ies of the fun
-tions it transforms. Then, the ∆δ(E) 
omponent of this mixed spe
trum willhave the same frequen
ies as ∆β(E) and thus the EXAFS signal [47℄. Thismakes the Fourier transform magnitude peak positions and relative ampli-tude to be the same of those of the EXAFS signal, although nothing 
an besaid about the phase and the overall amplitude. Thus, the spe
trum is notvalid to be simulated, but at least the Fourier transform magnitude 
an givea qualitative idea of what is present at the surfa
e of the sample.Figure 6.6 shows a 
omparative plot of the Fourier transform magnitude,
|χ(R)|, of the extra
ted spe
trum re
orded at 0.275◦, together with a Cu142



6.3 Analysismetal foil, a CuO and a Cu2O referen
es taken from the IXAS database [55℄for 
omparison. These referen
es have been s
aled down to better 
omparethe plots.
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Figure 6.6: EXAFS experimental χ(R) for sample CrCux3 and Cu meta, CuO
The Fourier transform magnitude of the spe
trum with the lowest in
iden
eangle seems to be quite similar to the CuO referen
e, whi
h is 
onsistent withthe XRR 
al
ulations. However, an intermediate peak at approximately 2 Åsuggests that some Cu metal environment should be added to the spe
trum.This is also 
onsistent with the fa
t that the penetration depth of the beamat this in
iden
e angle just above the 
riti
al angle is high enough to probethe un-oxidised part of the �rst layer and even some of the next Cu layer.In prin
iple, the spe
trum seems to la
k of a Cu2O environment, but this
annot be assured until a 
omplete analysis of the Re�EXAFS spe
tra ismade. 143



6. Copper oxide multilayers6.3.2 Global analysis6.3.2.1 Free atom re�e
tivity simulation and �tBa
kground simulation was performed with the dedi
ated developed programdes
ribed in Chapter 4.The 
ommon variables of the �t were the same as those of the XRR spe
trasimulation, i.e. the thi
knesses and densities of the layers and the roughnessesof the interfa
es, linked in a similar manner to that des
ribed in Se
tion 6.1.1.Ea
h spe
trum has also its own variables, whi
h are: (1) the in
iden
e angle;(2) a s
ale fa
tor that takes into a

ount the possible part of the beam notimpinging on the sample as well as the possible la
k of �atness of it; and (3)a shift in the energy values, that takes into a

ount a possible mis
alibrationof the mono
hromator.Figure 6.7 show the normalised experimental Re�EXAFS spe
tra for all thesamples together with the 
orresponding best �t spe
tra. Tables 6.3 and6.4 summarise the best �t values 
al
ulated for the sample variables and thein
iden
e angles of the spe
tra respe
tively. The shift in energy was +4.1 eVfor these spe
tra.Table 6.3: Re�EXAFS free atom re�e
tivity �t results for sample CuCrx3Thi
kness Relative Roughness(Å) Density (Å)Cr Cu Top Top Cr Cu Top Top Sub. Cr/ Cu/ Sur.Cu CuO Cu CuO Cu CuO16 37 29 44 0.92 1.00 0.68 0.60 4 3 7 13As shown in Figure 6.7, the spe
tra are better �tted after the absorptionedge, what is a 
onsequen
e of the polynomial �tting des
ribed in Se
tion4.3.1.1, whi
h is made only after the absorption edge. For the same reason,a small step may be seen just after the edge, whi
h is the starting point of144



6.3 Analysis
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6. Copper oxide multilayersTable 6.4: Re�EXAFS ba
kground simulation resultsAngle Fit0.275 0.2850.350 0.3600.400 0.4630.500 0.5350.600 0.6771.000 1.039the polynomial re�nement. This step is well below the EXAFS region, so itwill not disturb the subsequent analysis.The sample best �t parameters are 
onsistent with the results of the XRRdiagrams simulation and �t. Both show �rstly an in
rease of the surfa
eroughness 
ompared with the interfa
e roughnesses. This is 
onsistent withthe oxidation pro
ess that may happen preferentially in the grain boundaries,and then grow more e�
iently from those �rst spots, whi
h is 
on�rmed bythe AFM results.Se
ondly, there is a slight redu
tion in density of the Cr layers 
ompared withthe 
rystalline value, also seen in the previous CuCrxN samples, as des
ribedin Se
tion 5.3.2.1. This may be 
aused by an in
reasing porosity of Cr layersdue to shadow e�e
ts during sputtering deposition.Thirdly, a strong de
rease of the density of the un-oxidised Cu region of thetop layer 
ompared to the rest of the Cu layers. This layer was grown inthe same manner as the inner ones, so this di�eren
e must be 
aused by thesubsequent oxidation pro
ess of this �rst layer with the oxygen from the air.The oxidation may be preferential in some pla
es of the surfa
e su
h as thegrain boundaries. This may 
ause the later migration of Cu atoms to theinitial oxide spots [60, 61℄, leaving the Cu metal layer with a high porosity.Finally, the low density of the CuO top layer 
ompared with the bulk value146



6.3 Analysisis a 
onsequen
e of the same pro
ess of preferential oxidation that in
reasesthe roughness, leaving a highly porous oxide layer with a low density.6.3.2.2 Global EXAFS analysisFor this sample, a model with two di�erent lo
al environments was used.The top Cu oxide layer was set to have one EXAFS fun
tion, while the un-oxidised top Cu layer and the rest of the Cu layers below were 
onstrainedto have the same EXAFS but di�erent from the previous one.The EXAFS fun
tion extra
ted from the top Cu oxide layer had some low-R (below 1.2 Å) peaks in the Fourier transform magnitude fun
tion. Thesepeaks do not have any physi
al meaning, so they must be a 
onsequen
e of anina

urate ba
kground subtra
tion, that had introdu
ed some low frequen
yos
illations. A Fourier �ltering of the signal was performed to remove thesepeaks. Unfortunately, the �rst real peak of a 
oordination shell was rather
lose to one of the low-R peaks, so a remaining of them was left un�ltered inorder not to distort the real one.This EXAFS fun
tion from the top Cu oxide layer was simulated by using aCuO stru
ture model. This is a mono
lini
 stru
ture that leads to a 
omplexset of 
oordination shells and a high number of possible s
attering paths. Inprin
iple, this fa
t seems to make di�
ult the use of this model. However, thisamount of shells and s
attering paths tend to interfere and �nally 
ompensateamong themselves when the number of paths at similar distan
es is high. Thishappens at a relatively short s
attering length for this stru
ture, so eventuallyonly the 
losest (below 3.5 Å) few 
oordination shells are relevant.This model had the 
oordination numbers �xed to the 
rystal values. A singlefree parameter, whi
h was set as the variation of the 
oordination distan
efrom the 
rystal value of the �rst Cu-Cu 
oordination shell, was used to allowthe variation of 
oordination distan
es proportionally in all the stru
ture.The shells were grouped a

ording to their 
oordination distan
es, so a single147



6. Copper oxide multilayersDebye-Waller fa
tor was assigned to those shells that are relatively 
lose toea
h other. All these fa
tors were then allowed to vary independently.The s
attering paths used were just the single s
attering paths. The ampli-tude redu
tion fa
tor, S2
0 , was set to 0.81, whi
h is a value within the range ofvalues reported in the literature [52℄, that rarely varies for the same elementat di�erent 
hemi
al environments.Unfortunately, after performing a �rst �tting attempt with this model, the�t unsatisfa
tory.The examination of the shape of the experimental |χ(R)| magnitude showedthat the region above the �rst 
oordination shell is slightly di�erent from theusual CuO one. Then, the possibility of having a di�erent lo
al environmentadded to the CuO one was taken into a

ount.The oxidation pro
ess of a Cu surfa
e is known to 
onsider the formationof a metastable Cu oxide (I) phase, Cu2O, whi
h may dismute afterwardsin metal Cu (0) and CuO [62℄. The EXAFS spe
trum of the Cu2O phasein
ludes a Cu-O �rst 
oordination shell at a similar distan
e as the CuOone, and a Cu-Cu se
ond 
oordination shell that produ
es a peak of a highintensity at about 3 Åin the phase un
orre
ted |χ(R)| plot, as 
an be seenin Figure 6.6. Thus, if there were some remains of this phase in this topoxidised layer of the sample, it would mostly perturbs pre
isely this region.This Cu2O phase would probably be lo
ated mostly at the interfa
e betweenthe un-oxidised top Cu layer and the Cu oxide layer, as the pro
ess of theformation of the surfa
e Cu oxide involves the �rst oxidation to Cu2O andthen, when the oxygen at the surfa
e is unable to di�use trough the Cu2Olayer, CuO appears.Thus, the Cu2O environment was added to the model, in the same fashionas the previous one, i.e. with 
oordination number �xed to the 
rystallinevalues, a single free parameter, ∆a, that a

ounts for the variation of the �rstCu-Cu 
oordination distan
e, and allows the 
oordination distan
es to have148



6.3 Analysisa proportional variation within the stru
ture, and an independent Debye-Waller fa
tor for ea
h single s
attering path. The �rst four 
oordinationshells of this model were 
onsidered.Both environments were weighted by a linear fa
tor that take into a

ountthe proportion of ea
h in the spe
trum. However, it must be noted that thisfa
tor 
annot be dire
tly related to the thi
kness ratio between the CuO layerand a possible Cu2O layer, as both spe
ies might be highly intermixed.Also, the energy shift of the Cu2O environment was set as -2 eV from that ofthe CuO environment. This is to simulate the energy shift of the absorptionedge due to the 
hange on the oxidation state of the element.The software used for the simulation and �t of these data was the UWXAFSsoftware pa
kage [46, 53, 54℄.The results of the �tting are summarised in Table 6.5. Figure 6.8 shows a
omparative plot of the extra
ted experimental EXAFS data, χ(k), with thebest �t obtained with the models des
ribed above. Figures 6.9 shows a 
om-parative plot of the Fourier transform magnitude, |χ(R)|, with its respe
tive�t, and with a Cu foil referen
e taken from the IXAS database [55℄.The EXAFS fun
tion obtained for the Cu metal layers was simulated and �tusing a Cu metal model with variable latti
e parameter and Debye Wallerfa
tors, in the same fashion as des
ribed for the simulation of the EXAFSsignal of the CuCrxN samples, as des
ribed in Se
tion 5.3.1.The results of the �tting are summarised in Table 6.6. Figure 6.10 shows a
omparative plot of the extra
ted experimental EXAFS data, χ(k), with thebest �t obtained with the models des
ribed above. Figure 6.11 shows a 
om-parative plot of the Fourier transform magnitude, |χ(R)|, with its respe
tive�ts, and with a Cu foil referen
e taken from the IXAS database [55℄.The �tting results show a noti
eable di�eren
e of the latti
e parameters ofthe Cu oxide environments 
ompared to the bulk values. Spe
i�
ally, boththe CuO and Cu2O environments show a high 
ompression of the latti
e.149



6. Copper oxide multilayers
Table 6.5: Global EXAFS results for top Cu oxide layerCuOProportion 86 %a [∆a℄ (Å) 2.80 [−0.10℄Shell 1 2 3.1 3.2 3.3 4.1 4.2(Element) (O) (O) (Cu) (Cu) (Cu) (O) (Cu)N 4 2 4 4 2 2 2R (Å) 1.89 2.69 2.80 2.98 3.06 3.29 3.30

σ2 (Å2) 0.005 0.006 0.007 0.008Cu2OProportion 14 %a [∆a℄ (Å) 2.99 [−0.12℄Shell 1 2 3 4(Element) (O) (Cu) (O) (Cu)N 2 12 6 6R (Å) 1.78 2.99 3.40 4.10
σ2 (Å2) 0.005 0.007 0.008 0.010

Table 6.6: Global EXAFS results for Cu metal layersCu Metala [∆a℄ (Å) 3.60 [−0.01 Å℄Shell 1 2 3 4 5N 12 6 24 12 24R (Å) 2.55 3.60 4.41 5.10 5.70
σ2 (Å2) 0.012 0.016 0.018 0.019 0.025150
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6.3 AnalysisThis might be 
aused by two main pro
esses. First, the surfa
e formationof oxides implies a bond with the metal matrix that 
ompresses the upperoxide latti
e parameter when the oxide layer is still relatively thin (below100 Å) [60℄. Se
ond, the initial stage of the formation of the oxides 
ana

ommodate a high number of O va
ants that may distort the latti
e byredu
ing its average latti
e parameter.The Cu metal environment also shows a slight 
ompression that may beexplained by the same reasons as for the CuCrxN multilayer samples, asdes
ribed in Se
tion 5.3.1. However, this 
ompression is in the limit of thesensitivity of the EXAFS analysis for this parameter, so it may be negle
ted.The Debye-Waller fa
tors are also relatively high 
ompared to those typi
alfor a bulk 
rystalline sample. This is also 
onsistent with the results for theprevious samples, whi
h were made by the same deposition method, so thesame explanation 
an be applied (Se
tion 5.3.1).In 
ontrast, the Debye-Waller fa
tors of both the CuO and Cu2O are rel-atively low, approa
hing the typi
al values of 
rystalline spe
ies. As thesephases 
ome from a rather disordered Cu metal layer, this implies that thereis an atomi
 reorganisation [60℄ with a 
onsequent redu
tion of the disorder.
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Introdu
tionTransition metal nitrides su
h as VN, Zr-N, Hf-N, Ta-N, W-N and mostprominently TiN have been extensively studied for their interesting ele
troni
and me
hani
al properties that give multiple appli
ations. For instan
e, theyhave been used as di�usion barriers for semi
ondu
tor metallisation and assuper
ondu
ting materials, while their wear and 
orrosion resistan
e makesthem useful for prote
tive 
oatings [63℄.These properties are in�uen
ed by their 
hemi
al 
omposition, 
rystallo-graphi
 phase and morphology. Most of them 
rystallise in the f

 NaCltype stru
ture. Hexagonal 
lose-pa
ked (h
p) or simple hexagonal (with non-metal atoms in interstitial sites) stru
tures are also stable [64℄.Relatively small number of studies have been devoted to group 6 elements.Molybdenum nitride phases in
lude two non-stoi
hiometri
 
ompounds, 
u-bi
 γ-Mo2N and tetragonal β-Mo2N, and the stoi
hiometri
 , hexagonal 
om-pound δ-MoN [65℄. γ-Mo2N is known to be a super
ondu
tor with a Tc of5.2K; δ-MoN is a hard material with a low 
ompressibility, showing a su-per
ondu
ting transition in the 4−12K range [66℄. A theoreti
al study haspredi
ted that a γ-MoN with a 
ubi
 NaCl type stru
ture would have a su-per
ondu
ting Tc at 29K [67℄.Various methods have been used to synthesize molybdenum nitrides, beingthe rea
tive sputtering one of the most used for thin �lm deposition [63, 68,69℄.When they have one dimension mu
h smaller than the other two, as in theform of thin �lms for surfa
e prote
tive 
oatings, this material tends to adoptstru
tures di�erent than in 
rystalline bulk, getting sometimes unusual onesor even amorphous phases. A 
ommon feature is that they la
k long rangeorder, most frequently when �lms are thinner, so XRD te
hniques are di�-
ult to use. That makes EXAFS and the Re�EXAFS te
hnique parti
ularlysuitable for the determination of the stru
tures of these kind of materials.157



7. Molybdenum nitride multilayersThe ele
tion of Mo from the te
hnique development point of view was mo-tivated by the high energy of the Mo-K absorption edge (20000 eV) to bestudied, whi
h makes the measurements 
hallenging for several reasons. Atthis energy, the 
riti
al angle of re�e
tion is approximately 0.12◦ for a Mometal surfa
e, so the in
iden
e angles to be studied are rather small and itsrange is narrower.Besides, the penetration depth of the radiation is quite high at this energy,and 
hanges dramati
ally with it. This makes sometimes unavoidable themixing in the same spe
trum the EXAFS signal of di�erent lo
al environ-ments of the same element that are lo
ated at di�erent depths of the sample.Thus, the total re�e
tion approximation, des
ribed in Se
tion 4.2, is di�
ultto apply for these kind of measurements. However, the layer by layer dis-
rimination of the global analysis method of the Re�EXAFS te
hnique 
anprovide the EXAFS signal of ea
h layer, i.e. a solution to this problem.Two di�erent samples were prepared to study MoN thin �lms grown by re-a
tive sputtering, as des
ribed in Se
tion 2.1.2.3. This samples are bilayersof MoN/Mo or Mo/MoN that have two additional layers of Cr: one of themas a bu�er layer for the Si substrate, and the other as a top layer to preventoxidation. These samples add the di�
ulty of having a se
ond Mo stru
ture(in this 
ase Mo metal) at a di�erent depth in the sample.7.1 Chara
terisation results7.1.1 Atomi
 For
e Mi
ros
opySample surfa
e topography images were taken with a Mole
ular Imaging Pi
oPlus mi
ros
ope, and roughnesses were 
al
ulated as explained in Se
tion2.2.5.Figures 7.1 and 7.2 show the topography images of the samples. Table 7.1summarises the roughness 
al
ulated from the RMS values of these measured158



7.1 Chara
terisation resultsfor ea
h sample.

Figure 7.1: AFM surfa
e topography for sample MoN60Mo

Figure 7.2: AFM surfa
e topography for sample MoN60N159



7. Molybdenum nitride multilayersTable 7.1: AFM roughness for samples CuCrx3Sample Roughness (Å)MoN60Mo 5MoN60N 7Both samples have similar topography and the varian
e of heights are 
loseto the mi
ros
ope noise level. It 
an then be 
on
luded that they are quitesmooth and homogeneous in the s
ale sele
ted.7.1.2 Rutherford Ba
ks
attering Spe
trometry andNu
lear Rea
tions AnalysisRBS and NRA measurements were performed for all the samples at theCentro Na
ional de A
eleradores, and analysed as explained in Se
tion 2.2.3in order to quantify the amount of Mo and N per surfa
e unit of the samples.It has to be taken into a

ount that RBS measurements 
annot distinguishbetween Mo in the metal or in the nitride layers, as the depth resolution ofthe te
hnique is not enough to dis
riminate between layers as thin as these.Thus, a referen
e sample of pure MoN, grown in the same 
onditions as allthe MoN layers in the other samples was prepared. Afterwards, both theamount of Mo by RBS and N by NRA were measured. This way, the Mo/Natomi
 ratio was 
al
ulated and this ratio was assumed to be the same in allthe MoN layers. Then, being the N abundan
e measured for all the layers byNRA, and also assuming that it is only present in the MoN layer, the amountof Mo in the MoN layer 
an be 
al
ulated with the aid of the Mo/N ratio
al
ulated, so that the remaining Mo would be the one in the metal layer.Table 7.2 shows the results of the measurements for the MoN referen
e sam-ple. A

ording to this results, the N/Mo ratio is 1.7.160



7.2 Re�EXAFS experimentsTable 7.2: RBS and NRA results for referen
e sampleSample Abundan
e (at/Å2) RatioMo NMoN-Ref 5.9 10.1 1.7As explained in Se
tion 2.2, both RBS and NRA measurements gives theamount of material per surfa
e unit, and this is 
onverted to thi
kness byassuming a density of the layers.RBS and NRA thi
kness results assuming bulk density of the layers are shownin Table 7.3. Crystal densities are ρMo=0.0643 at/Å3 and ρMoN=0.0504mole
/Å3. Note that the table has been simpli�ed, so the 
olumns do notshow the order of the layers. Sample MoN60Mo has a Mo metal layer on topof the MoN layer, while sample MoN60N has the MoN layer on top of a Mometal layer. Table 7.3: RBS and NRA resultsSample Thi
kness (Å)Bot MoN Mo TopCr CrMoN60Mo 22 42 30 30MoN60N 16 53 20 16
7.2 Re�EXAFS experimentsThe measurement the spe
tra at the range of angles that the Mo-K absorptionedge to be studied adds a experimental di�
ulty, as the angles have to be161



7. Molybdenum nitride multilayersquite lower than the ones for the previous samples, so the footprint at thesample be
ome quite large. For instan
e, with a 100 µm experimental verti
alslit gap, the footprint on the sample for the 
riti
al angle of a Mo surfa
eat 20 keV (0.120◦) would be about 48 mm. A sample of this size would beinhomogeneous for most laboratory thin �lm deposition methods.Thus, the beam verti
al size was redu
ed to 50 µm by using a narrowerexperimental verti
al slit gap. The intensity of the beam is then redu
ed aswell, but BM29 beamline bending magnet provides its highest �ux at aroundthe Mo-K absorption edge energy, so the redu
tion is partially 
ompensated.7.2.1 Angle sele
tionXRR measurements were performed at 19 keV and 21 keV in order to showthe behaviour of the re�e
tivity at di�erent energies, so as to 
hoose the most
onvenient angles for the Re�EXAFS measurements.Figures 7.3 to 7.4 show the re�e
tivity patterns at both energies, and aremarked with the angles 
hosen for the Re�EXAFS measurements. Theseangles were 
hosen in order to have di�erent penetration depths, so as toprobe all the regions to be studied of the sample, that are buried below theprote
tive Cr layer.7.2.2 Re�EXAFS s
ansRe�EXAFS s
ans were performed as explained in Chapter 3 at the angles
hosen with the aid of the XRR 
urve. After that, ea
h spe
trum was dividedby the dire
t beam s
an to remove the absorption 
omponent of the airbetween the dete
tors and get a normalised spe
trum.The set of normalised spe
tra for ea
h sample are shown in Figures 7.5 and7.6.Both the ba
kground with the expe
ted interferen
e pattern due to the mul-162



7.2 Re�EXAFS experiments

Figure 7.3: XRR experimental diagram and Re�EXAFS sele
ted angles for MoN60Mo

Figure 7.4: XRR experimental diagram and Re�EXAFS sele
ted angles for MoN60N163



7. Molybdenum nitride multilayers
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7.2 Re�EXAFS experiments

10−4

10−3

10−2

10−1

19.0 19.5 20.0 20.5 21.0 21.5

R
ef

le
ct

iv
ity

Energy (keV)

	________MoN60N
 
0.125°
0.175°
0.210°
0.230°
0.250°
0.280°
0.300°
0.325°
 
 
 
 
 
 
 
0.350°
 
 
0.375°
0.400°
0.450°

Figure 7.6: Normalised Re�EXAFS spe
tra for sample MoN60N165



7. Molybdenum nitride multilayerstilayers re�e
tion and the EXAFS-like �ne stru
ture 
an be seen in all thespe
tra. The ba
kground pattern 
hanges as the angle 
hange, following theXRR diagram. This 
an be seen better in a 3D plot where the x, y and zaxes are energy, in
iden
e angle and re�e
tivity, as shown in Figure 7.7 forsample MoN60N. In this plot, the proje
tion of the interpolated surfa
e onthe YZ plane would yield the XRR diagrams for the di�erent energies, whilethe proje
tion on the XZ plane gives ba
k the energy-re�e
tivity plot shownin Figure 7.6At �rst, it de
reases its overall intensity for in
reasing in
iden
e angles dueto the loss of the total re�e
tion 
ondition, but then the re�e
tivity doesin
rease and de
rease again due to the interferen
es of the layers. This allowsthe possibility of having spe
tra measured at high angles, thus with a highpenetration depth, but with a relatively high re�e
ted intensity, thus with agood signal to noise ratio.Superimposed to the ba
kground, it 
an 
learly be seen the absorption edgeat the Mo-K absorption edge energy (20.000 keV), along with an EXAFS-likepattern just after it. This pattern is better resolved at intermediate anglesas the the lowest angle spe
trum intera
ts very little with the Cu absorbingatoms and the highest angle spe
trum has a worse signal-to-noise ratio due tothe low re�e
tion intensity at that angle. It is noti
eable that su
h thin layers(less than 75 Åof Mo spe
ies) may be probed so a good and well resolvedabsorption edge may be registered.It 
an also be seen that the �ne stru
ture of the lower angles spe
tra issigni�
antly di�erent from the rest of the spe
tra. This is be
ause thosespe
tra have a penetration depth relatively low, so they probe mostly the�rst environment in the �rst layer, either Mo metal for sample MoN60Moor MoN for sample MoN60N, while the rest of the angles probe both of theenvironments in a more balan
ed proportion.These experimental spe
tra show how the experimental method developed isable to obtain high quality data on these 
hallenging 
onditions. The signal166



7.2 Re�EXAFS experiments

Figure 7.7: 3D plot of the normalised Re�EXAFS spe
tra for sample MoN60N, asfun
tion of energy and in
iden
e angle
167



7. Molybdenum nitride multilayersto noise ratio is ex
ellent for almost all the spe
tra, where these 
over a rangeof 4 orders of magnitude. The �ne stru
ture 
an be seen even for an in
iden
eangle as high as four times the 
riti
al angle.7.3 AnalysisThe Re�EXAFS spe
tra may be analysed by using any of the approximationsdes
ribed in Chapter 4.Unfortunately, none of the experimental spe
tra rea
hed the total re�e
tion
ondition angle, whi
h is 0.120◦ for Mo metal at 20 keV, and even lower forMoN at the same energy. Anyway, a qualitative des
ription of the Fouriertransform magnitudes for the lowest in
iden
e angle spe
trum of ea
h samplewill be detailed below.Furthermore, the global analyses of these spe
tra are 
urrently in progress atthe time of the writing of this report. The expe
ted results would dis
rim-inate the Mo metal and MoN EXAFS signal, and would analyse the MoNphase generated with the rea
tive sputtering deposition. These results willbe published elsewhere.7.3.1 Total re�e
tion approximationAs already explained in Chapter 4, using Martens [18℄ approximation, theEXAFS signal may be extra
ted dire
tly from a spe
trum of in
iden
e anglebelow the 
riti
al angle.However, these samples have su
h a low 
riti
al angle for the energies in-volved, that a spe
trum of an angle low enough to surely ful�ll the totalre�e
tion 
ondition was impossible to re
ord.Anyway, the spe
trum 
orresponding to the lowest angle was extra
ted bythe standard EXAFS analysis programs, and its Fourier transform magnitude168



7.3 Analysiswas 
al
ulated.As explained in Chapter 6, the Kramers-Kronig transform does not 
hangethe frequen
ies of the fun
tions it transforms [47℄. Thus, the spe
trum isnot valid to be simulated, but the Fourier transform magnitude 
an give aqualitative idea of the lo
al environment at the surfa
e of the sample.Figures 7.8, and 7.9 show 
omparative plots of the Fourier transform experi-mental magnitudes with a Mo metal foil and a δ-MoN referen
es taken fromthe IXAS database [55℄.The Fourier transform magnitude of sample MoN60Mo shows a main peakat the position of the �rst peak of the Mo metal environment. It also showsa pair of peaks at higher R distan
es that may 
orrespond to the further Mometal shells. This result seems 
onsistent with the fa
t that, at this angle,the penetration depth of the radiation is still relatively small, so the main
ontribution to the EXAFS signal must 
ome from the most shallower layers,whi
h is Mo metal in this 
ase.However, an additional smaller peak at about 1.5 Å denotes that a lightba
ks
attering atom exists at a lower distan
e. This peak is at a 
lose positionof the �rst Mo-N shell peak from the δ-MoN environment, so there must besome EXAFS signal 
oming from the MoN layer below the Mo metal layeradded to the spe
trum. As the Mo metal layer is relatively thin, the radiationpenetrates enough to probe e�
iently that se
ond layer.On MoN60N sample, the Fourier transform magnitude is quite di�erent. Thishas a main peak at the distan
e of the �rst 
oordination shell of the δ-MoNenvironment. This result seems 
onsistent, as the �rst layer the radiationen
ounters is the MoN layer, so the highest 
ontribution to the EXAFSsignal must 
ome from there. The se
ond peak of the experimental spe
trumseems to be either a highly distorted se
ond 
oordination shell of the MoNenvironment, or the result of the destru
tive interferen
e of this peak withthe �rst shell peak of the Mo metal environment below.169
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7.3 AnalysisIn any 
ase, the MoN 
ontribution seems to be mu
h stronger than the possi-ble Mo metal 
ontribution, 
ontrary to what happens in the previous sample,where both 
ontributions seems to be rather balan
ed. This is be
ause theMoN layer in MoN60N sample is quite thi
ker than the Mo layer in MoN60Mosample, so the radiation 
an penetrate better to the se
ond layer in the lattersample.These results show that, at these energies, the penetration depth of theradiation is so high that even in the lowest in
iden
e angles the samplesare probed further than the shallowest layers. The dis
rimination of the
ontributions at di�erent depths 
an only be done by the global analysismethod.
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Introdu
tionSteels are present in most of the industrial �elds as well as in everyday life.Their versatility 
oming from the many di�erent 
ompositions and treat-ments makes them the most widely used material for its ex
ellent me
hani
alproperties.Among the various treatments to modify the surfa
e properties of the steel,nitriding is a treatment that aims for an improvement of the me
hani
alproperties su
h as hardness, wear resistan
e and fatigue resistan
e.Gas nitriding is the traditional method of performing this treatment. It
onsist on a heating to a temperature between 450 and 550◦C, while NH3 andH2 are �owing in the preparation 
hamber. These 
onditions are maintainedfor a time that depends on the type of nitriding wanted, but 
an last from afew hours to some days. At those temperatures involved, the iron is in theferrite phase (α-Fe, b

 stru
ture) and does not 
hange it.The me
hanism of nitriding is generally known, but the spe
i�
 rea
tionsthat o

ur in di�erent steels and with di�erent nitriding pro
esses are notalways the same. Nitrogen atoms are introdu
ed into the stru
ture of thesurfa
e of a steel. These have partial solubility in iron, so it forms a solidsolution with ferrite rea
hing nitrogen 
ontents up to about 6%. At that Nproportion, a 
ompound 
alled γ′, with a 
omposition of Fe4N is formed.The outermost layer formed by this 
ompound is 
ommonly referred to asthe white layer. This layer is normally harder than the base steel, althoughis so brittle and shows su
h a low adheren
e to the steel that it is usuallyremoved in the 
ommon industrial pro
edures.However, under this layer, a 
ompound with a 
omposition of Fe3N is formedand 
alled ǫ. This phase is still quite hard while not so brittle, giving someimproved hardness and wear resistan
e. Moreover, below this layer there issome solid solution from the nitrogen di�usion that swells the Fe stru
ture.This makes the Fe stru
ture rather distorted, what indu
es it to be mu
h175



8. Surfa
e modified steelsmore resistant.Improved me
hani
al properties may be a
hieved when the steel 
ontainssmall amounts of Al and/or of transition metals su
h as Cr, V, and Mo.The nitrides of these elements that show a ro
k salt stru
ture are among thehardest 
ompounds, a
hieving hardnesses similar to that of diamond.When the steel is submitted to the nitriding treatment, the alloyed elementstend to form their respe
tive nitrides on the surfa
e of the steel, improvingits properties [2℄.The nitriding pro
ess indu
es strong improvements in the me
hani
al prop-erties, but very subtle 
hanges in the stru
ture and 
hemi
al 
omposition.Highly spe
i�
 te
hniques are needed to dete
t them.
• The nitrides from the minor elements 
an be studied by EXAFS in the�uores
en
e mode [2℄.
• The enlargement of the Fe latti
e 
lose to the surfa
e 
an be measuredby re
ording X ray di�ra
tograms in glan
ing angle geometry.
• The tiny amount of nitrogen in the surfa
e 
an only be dete
ted byX ray photoele
tron spe
tros
opy due to its strong surfa
e sensitivity,after the sputtering of the outer layers to remove the oxygen 
ontami-nation.By 
onventional �uores
en
e EXAFS, the Fe lo
al stru
ture seems to be thesame in the surfa
e and in the bulk, as the probe depth of this te
hnique isin range of thousands of Ångströms. However, the 
hanges should appear ina shallower region.Its higher surfa
e sensitivity makes Re�EXAFS a suitable te
hnique to studythe 
hanges in the Fe lo
al stru
ture, with the added advantage of getting adepth pro�le of it.From the Re�EXAFS te
hnique development point of view, the nitrided steelsare one of the most interesting and di�
ult s
enarios. As explained above,176



8.1 Chara
terisation resultsthere is a 
ontinuous 
hange in the lo
al stru
ture of the Fe of the steel thatdepends on the depth from the surfa
e. Firstly FexN phases should appearat the surfa
e; then, a distorted b

 Fe stru
ture with N atoms in it appears;and �nally, the original ferrite b

 Fe of the steel is found at the bulk.Dis
riminating among the di�erent EXAFS of these phases is a real possi-bility with the global analysis method sin
e they should appear at di�erentdepths.Thus, two samples were prepared to study the stru
ture of the nitrided steels,as explained in Chapter 2: two pie
es of 
ommer
ial ferriti
 steel with 3% Cr,0.8% Mo, 0.3% V, 0.3% C and balan
e Fe, before and after being submittedto a gas nitriding treatment.
8.1 Chara
terisation results8.1.1 X Ray Di�ra
tionX ray di�ra
tion diagrams were measured for both samples at glan
ing angleregime in order to enhan
e the stru
tures present near the surfa
e. Therewere two measurements for ea
h of them: one before polishing the samples(Figure 8.1), right after the nitriding treatment for the nitrided sample, andone after the polishing (Figure 8.2), so as to remove the white layer of thenitrided sample.The diagram for the un-nitrided steel show the typi
al pattern of a b

 stru
-ture for the Fe latti
e, with no di�eren
e before and after polishing.The nitrided steel diagram before polishing shows not only this stru
ture,but also peaks 
orresponding to the Fe4N phase. However, the peaks ofthis stru
ture disappear at the diagram for the polished sample. On theother hand, the remaining Fe-b

 peaks are wider and shifted towards lowerangles when 
ompared to those of the un-nitrided sample. This points to the177
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Figure 8.1: XRD diagram for un-nitrided and nitrided steel before polishing

Figure 8.2: XRD diagram for un-nitrided and nitrided steel after polishing178



8.1 Chara
terisation resultsdeformation of the Fe stru
ture above mentioned in the regions 
lose to thesurfa
e.
8.1.2 S
anning Ele
tron Mi
ros
opyThe samples surfa
es were treated with a mixture of nitri
 a
id and ethanolfor a few se
ond in order to reveal the grain stru
ture by atta
king preferen-tially the grain borders.

Figure 8.3: SEM mi
rograph of the surfa
e of the nitrided steel
The SEM mi
rograph of the surfa
e (Figure 8.3) show the grains that havea needle shape, typi
al from ferrite pre
ipitation in the steel fabri
ation.179



8. Surfa
e modified steels8.2 Re�EXAFS experiments8.2.1 Angle sele
tionXRR measurements were performed at 8 and 8.9 keV in order to show thebehaviour of the re�e
tivity at di�erent energies, so as to 
hoose the most
onvenient angles for the Re�EXAFS measurements.Figures 8.4 and 8.5 shows the re�e
tivity patterns for the un-nitrided andnitrided steel, and are marked with the angles 
hosen for the Re�EXAFSmeasurements. These angles were sele
ted in order to have di�erent pene-tration depths, so as to probe a wide region in depth in the sample.These XRR diagrams are quite di�erent from the previous samples ones. Asthe steels surfa
es do not have a de�ned layered stru
ture, its re�e
tivitypatterns are a monotonous de
ay without any maxima due to interferen
esbetween the layers.8.2.2 Re�EXAFS s
ansRe�EXAFS s
ans were performed as explained in Chapter 3 at the angles
hosen with the aid of the XRR 
urve. After that, ea
h spe
trum was dividedby the dire
t beam s
an to remove the absorption 
omponent of the airbetween the dete
tors and get a normalized spe
trum.The set of normalised spe
tra for ea
h sample are shown in Figures 8.6 and8.7.Contrary to the layered samples spe
tra, this ones do not show interferen
epatterns with maxima and minima of re�e
tivity 
hanging their positionswith energy and in
iden
e angle. This is be
ause no layers are present.Instead, the spe
tra follow the XRR diagram with a monotonous de
rease ofthe re�e
tivity, from 1 to 10−3, with angle range from 0.20 to 0.65◦.The 
hanges of the shape while moving to higher angles 
omes from the180



8.2 Re�EXAFS experiments

Figure 8.4: XRR experimental diagram showing Re�EXAFS 
hosen angles for un-nitrided steel

Figure 8.5: XRR experimental diagram showing Re�EXAFS 
hosen angles for nitridedsteel 181
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8. Surfa
e modified steelsdi�erent proportions of the δ and β of the refra
tive index for the di�erentangles.At �rst glan
e, the spe
tra of the un-nitrided steel is quite similar to thenitrided ones. The main di�eren
e lies in the lower signal to noise ratio forthe lowest angle of the latter. Being both surfa
es di�erent, the oxidationpro
ess may have originated a di�erent roughness, in fa
t higher for thenitrided steel.Superimposed to the ba
kground, the �ne stru
ture asso
iated with the ab-sorption 
an 
learly be seen. At �rst sight, there is no di�eren
e betweenthe un-nitrided and nitrided steel, although a further analysis must be per-formed. In both 
ases the intensity and frequen
y of the os
illations suggestthat the main 
ontribution to the �ne stru
ture should 
ame from a heavyba
ks
atter, most probably Fe.8.3 AnalysisThe Re�EXAFS spe
tra may be analysed by using any of the approximationsdes
ribed in Chapter 4.8.3.1 Total re�e
tion approximationAs already explained in Chapter 4, using Martens [18℄ approximation, theEXAFS signal 
an be extra
ted dire
tly from a spe
trum of in
iden
e anglebelow the 
riti
al angle.The spe
tra re
orded at 0.250◦ for both samples ful�ll the total re�e
tion
ondition. Figure 8.8 show a 
omparative plot of the extra
ted experimentalEXAFS data of this angle for both the samples. Figure 8.9 show a 
ompar-ative plot of the Fourier transform magnitudes of the same spe
tra.A di�eren
e in the Fourier transform magnitude 
an be seen between both184



8.3 Analysissamples spe
tra. While the shape of the un-nitrided steel |χ(R)| suggest ametal b

 stru
ture, the nitrided steel one seems to have some other 
ontri-butions at lower R. This may 
ome from either a N or an O ba
ks
atteringshell, whi
h may be dis
losed with the quantitative analysis.8.3.2 Global analysisThe global method 
annot be applied to these kind of samples. The 
urrentform of the analysis program is optimised for the analysis of a sample madeof a �nite number of homogeneous layers. A sample like the nitrided steelhave a 
ontinuous 
hange on the EXAFS spe
trum with the depth from thesurfa
e. In prin
iple, a model with a high number of layers 
ould be tested,but the errors would s
ale with the number of 
al
ulations, and the resultswould be meaningless. At the moment, the development of the method isheading towards the analysis of this type of samples.
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Chapter 9
Con
lusions
When the re
ording of an XAS spe
trum is 
arried out by dete
ting theintensity of the re�e
ted instead the transmitted beam, the te
hnique is 
alledRe�EXAFS. With this experimental arrangement the stru
tural propertiesof near surfa
e regions in the sample are e�e
tively probed by the evanes
entele
tromagneti
 wave. This arrangement provides information not only thestru
ture in the outermost layer of a sample surfa
e but also the stru
turein the buried layers, sin
e the dete
ted spe
ies are the re�e
ted photons andnot the emitted ele
trons.The aim of this proje
t was to extend the Re�EXAFS te
hnique to the anal-ysis of the spe
tra not only below, as it had been made up to now, but alsoabove the 
riti
al angle of re�e
tion. This was of interest sin
e it shouldenable the extra
tion of stru
tural information not only about the shallowestregion of the sample (extending a few tens of Å from the surfa
e) but alsoabout deep regions hundreds of Å underneath To a
hieve su
h an aim, he gen-eralisation of the Re�EXAFS te
hnique had to be done in the experimentaland theoreti
al fronts.In the Experimental one it was 
arried out the development of an experimen-tal proto
ol using the available standard instrumentation (X-ray absorptionbeamline with a re�e
tometer) to obtain X-ray re�e
tion measurements be-187



9. Con
lusionslow and above 
riti
al angle 
onditions. It has to be 
arried out in a highlya

urate way to optimized angular 
on�guration, energy s
ale and re�e
tedbeam intensity. The proto
ol was optimized at beamline BM29 (EuropeanSyn
hrotron Radiation Fa
ility) in su
h a way that it 
ould be done in arather e�
ient and automati
 way. It was tested in several types of samplesdesigned to ful�ll spe
ial requirements 
on
erning surfa
e stru
ture, planarityand roughness. Moreover it was applied to 
ommer
ial samples, su
h as sur-fa
e modi�ed steels.In the theoreti
al front, a global method that 
onsidered all the angles be-low the 
riti
al angle was developed. This was a
hieved by developing thealgorithms that allowed to simulate, extra
t and analyze the EXAFS datafrom the raw measured Re�EXAFS spe
tra. It was showed how the globalanalysis method here presented 
ould be redu
ed, within the appropriate
onditions, to the low and high angle approximations Re�EXAFS approx-imations 
arried out previously by other authors (Martens [7, 17, 18℄ andBorthen [19, 20℄).The sele
tion of the samples was made in su
h a way that they not onlyful�lled the requirements of the te
hnique, but were by themselves interestingfrom the materials s
ien
e point of view. The samples 
overed the �elds of themultilayers, modi�ed surfa
es by 
ontrolled atmosphere, hard metal nitride
oatings and, �nally, the nitride-modi�ed steels for 
utting tools. In all 
ases,
omplementary information 
on
erning both layers stru
ture and interfa
eproperties on one hand, obtained from the re�e
tivity patterns, and shortrange order stru
ture, obtained from the �ne stru
ture, was obtained. Toobtain the se
ond type of information the full analysis of Re�EXAFS resultshas to be 
arried out. It involved the treatment of the raw experimentaldata, the low angle approximation EXAFS analysis when possible, the globalsimulation and EXAFS extra
tion results, and �nally, the EXAFS simulationand �tting to 
al
ulate the stru
tural parameters of the studied environmentsThe �rst type of samples had the ideal 
hara
teristi
s for an easy optimisation188



of the te
hnique. They were bimetalli
 Cu-Cr layers deposited over Si(100)wafers by magnetron sputtering te
hniques. In these systems the variableswere the thi
kness of the metal layers (8-40 Å). It was found that for all thesamples the Cu layer showed the stru
ture of 
rystalline 
opper, although anin
rease in the disorder and a de
rease in the latti
e parameter appeared forthe smaller thi
knesses.In the se
ond type of samples, Cr-Cu layered samples with similar 
hara
ter-isti
s but with 
opper layer exposed to the air, the pro
ess of 
opper oxidationwas followed. Apart from 
rystalline metalli
 
opper, the main phase foundwas Cu(II) oxide together with a small amount of Cu(I) oxide in the �rstlayer. A signi�
ant in
rease of 
opper layer thi
kness, roughly by a fa
tor oftwo, was a found as a 
onsequen
e of 
opper oxide formation.The third type of samples had the experimental di�
ulty of the measure-ment in a high energy. This made the value and the range of angles to bemeasured quite small 
ompared to previous samples, so a smaller beam sizehad to be used. However, high quality data was obtained with these adverse,
onditions, so the experimental method was found to be rather robust.Finally, a set of 
ommer
ial steels (nitrided and un-nitrided) was studied.This give the 
han
e of testing the Re�EXAFS te
hnique with a sample thatnot ful�lled 
ompletely the requirements for obtaining good measurements.Fortunately, the method developed was robust enough to get spe
tra of highquality even in these adverse 
onditions. Regarding the samples, it wasfound that, 
ontrary to that observed by �uores
en
e EXAFS, 
hanges inFe environment are dete
ted after the nitriding treatments. This mean thatthe 
hanges in the Fe environment that give the useful properties to nitridedsteels o

ur in a shallower region than the dete
tion depth of �uores
en
eEXAFS (in the order of 1000 Å). Re�EXAFS was able to see these 
hanges.
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Introdu

iónHoy en día, los materiales 
on propiedades super�
iales singulares distintas delas del resto del material son del máximo interés a es
ala industrial. Existenprin
ipalmente dos tipos: los re
ubrimientos en forma de láminas delgadas,por ejemplo, los usados en los sistemas ópti
os para mejorar su re�e
tan-
ia o transparen
ia, o los re
ubrimientos duros que protegen 
iertas piezasindustriales del desgaste, y los tratamientos super�
iales que modi�
an laspropiedades del material 
omo la nitrura
ión de a
eros para herramientas de
orte. Debido a que el espesor de esta 
apa o zona super�
ial suele ser mu
homás pequeño que sus otras dos dimensiones, no suelen presentar un buen or-den a largo al
an
e, 
on lo que su 
ará
ter es mayoritariamente amorfo. Estoha
e que las té
ni
as de 
ara
teriza
ión estru
tural tradi
ionales, fundamen-talmente la difra

ión de rayos X, no propor
ionen datos 
on
luyentes.Las té
ni
as de absor
ión de rayos X en general y la espe
tros
opía EXAFS(Extended X-ray Absorption Fine stru
ture Spe
tros
opy) en parti
ular su-ministran informa
ión sobre los parámetros estru
turales de los entornos 
er-
anos de los átomos estudiados, 
omo las distan
ias de enla
e y los númerosde 
oordina
ión, que pueden ser fundamentales en la 
omprensión de 
ier-tos fenómenos ma
ros
ópi
os. Estas té
ni
as se basan en el análisis de laestru
tura �na presente en la señal de absor
ión de rayos X de energía varia-ble, 
onse
uen
ia de la retrodispersión de los fotoele
trones produ
idos en elpro
eso de absor
ión, provo
ada por los átomos ve
inos al absorbente.El modo de dete

ión en transmisión, el más usual en los experimentosEXAFS, no distingue entre la super�
ie y el resto del sistema estudiado,
on lo que los resultados 
ontienen informa
ión mez
lada de ambas partesdel sistema. Además, 
omo la 
antidad de material en la super�
ie suele sertan pequeña, la intensidad de la señal registrada no es su�
iente 
omo paraobtener resultados �ables.La sensibilidad a la super�
ie se puede 
onseguir usando otros modos de193



A. Resumendete

ión. Por ejemplo, en lugar de dete
tar la radia
ión transmitida porla muestra se pueden dete
tar los ele
trones emitidos por el material 
omo
onse
uen
ia de las transi
iones energéti
as rela
ionadas 
on el pro
eso deabsor
ión de la radia
ión. Como el re
orrido libre medio de los ele
trones enun sólido a estas energías suele ser de unos 
uantos nanómetros, la informa-
ión obtenida pro
ede úni
amente de las 
apas super�
iales del material.Otra forma de obtener sensibilidad super�
ial en esta té
ni
a es usar unageometría diferente, in
idiendo en la muestra a un ángulo muy pequeño 
onrespe
to a la super�
ie y dete
tando la onda re�ejada. A este modo de de-te

ión se le denomina Re�EXAFS.Los primeros trabajos que 
onsiguieron analizar la estru
tura �na de la ondare�ejada los realizó Bar
hewitz [70℄, aunque la primera aproxima
ión impor-tante al problema tanto desde el punto de vista teóri
o 
omo experimentalse debe a Martens [7, 17, 18℄. Heald [8℄, Pizzini [9, 15, 71, 72℄ y D'A
apito[12, 13, 16℄ también han he
ho experimentos 
on un ángulo de in
iden
iarasante, pero dete
tando la emisión de �uores
en
ia en lugar de la ondare�ejada. Todos estos estudios se han realizado en 
ondi
iones de re�exióntotal, por debajo del ángulo 
ríti
o, donde las 
ondi
iones experimentales sonbuenas debido al alto �ujo de rayos X re�ejado, y las 
ondi
iones teóri
aspermiten aproxima
iones que permiten analizar los datos 
on los programas
omunes de análisis de datos EXAFS, 
omo FEFF / FEFFIT [45, 46℄.Los trabajos de Borthen [19, 20℄ signi�
aron un avan
e al en
ontrar unaforma de analizar la señal de estru
tura �na para espe
tros registrados aángulos por en
ima del 
ríti
o. Sin embargo, este método sólo es válido en
iertos 
asos muy 
on
retos. Hasta ahora no ha habido una aproxima
ióngeneral al problema.El avan
e prin
ipal de este trabajo de investiga
ión 
onsiste en extender laapli
a
ión de esta té
ni
a al análisis de espe
tros 
on ángulos de in
iden
iapor en
ima del ángulo 
ríti
o para obtener informa
ión sobre el entorno lo
alde los átomos de zonas próximas a la super�
ie a distintas profundidades194



A.1 Prepara
ión y 
ara
teriza
ión de muestrasen la muestra estudiada. Esta extensión debe ha
erse en dos frentes: el ex-perimental, diseñando los proto
olos de toma de datos ade
uados dadas las
ondi
iones de baja re�exión para ángulos altos; y el de análisis de datos,desarrollando los algoritmos que permitan extraer y tratar la estru
tura �nade espe
tros medidos.
A.1 Prepara
ión y 
ara
teriza
ión de muestrasLas muestras que se pueden 
ara
terizar mediante Re�EXAFS deben poseeruna serie de 
ara
terísti
as para poder obtener la máxima re�exión posible.La planaridad es esen
ial para tener un buen rayo re�ejado. Para un tamañode rendija en el dete
tor de re�exión de 1 mm y una distan
ia muestra-dete
tor de 1 m, la apertura del haz no debe ser superior a 0.06◦ para quepueda entrar por 
ompleto en el dete
tor. Por tanto, éste es el límite angularde 
urvatura de la muestra para no perder señal en la re�exión. También larugosidad 
ausa dispersión del rayo, por lo que interesa que la muestra sealo menos rugosa posible.La huella del rayo X sobre la muestra tiene una longitud de d/sinθ, donde des el tamaño verti
al del rayo determinado por la rendija y θ es el ángulo dein
iden
ia (ver Figura A.1). Así pues, las muestras deben ser de este tamañoy homogéneas en toda su longitud para poder 
ontener toda la huella y asítener una alta re�e
tividad. Como el ángulo suele ser pequeño, esta huella esgrande. Para tamaños típi
os de rendija de 100 µm, y ángulos de in
iden
iade entre 0.2 y 0.6 grados, la huella está entre 29 y 10 mm respe
tivamente.Sin embargo, una muestra de po
a 
alidad puede ser 
ompensada por unamejor 
alidad de fuente de rayos X. Por ejemplo, se puede 
ontrarrestar unaalta rugosidad en la muestra 
on un mayor �ujo de rayos X, o una muestrapequeña se puede medir a bajo ángulo 
on una rendija más estre
ha y tambiénmayor �ujo de radia
ión. 195



A. Resumen

Figura A.1: Huella del rayo X sobre la muestraCon estos requerimientos, las muestras típi
as que se pueden estudiar son,por ejemplo, las láminas delgadas, pues suelen depositarse sobre sustratosplanos, y las super�
ies tratadas siempre que estén planas y bien pulidas. Loslíquidos, que tienen una super�
ie plana natural, pueden estudiarse siempreque se tenga un método para desviar el rayo in
idente ha
ia la muestra.A.1.1 Prepara
iónSe usó la té
ni
aMagnetron Sputtering Physi
al Vapor Deposition para fabri-
ar multi
apas, pues este método propor
iona las 
ara
terísti
as ne
esariasa las 
apas para poder ser medidas fá
ilmente mediante Re�EXAFS.Esta té
ni
a 
onsiste en 
rear un plasma de Ar y dirigir los iones de Ar+ha
ia el 
átodo, donde se en
uentra una diana del metal a depositar, que seve pulverizada por el impa
to de estos iones. Para aumentar la velo
idad deevapora
ión, se genera un 
ampo magnéti
o permanente de forma toroidal
er
a del 
átodo que 
on
entra los iones y ele
trones en las 
er
anías de ladiana. Un esquema de este sistema se puede ver en la Figura A.2.Cuando se trata de fabri
ar 
ompuestos binarios 
omo nitruros u óxidos, sepuede usar 
omo gas de trabajo N2 u O2, de forma que el plasma produ
idorea

iona 
on el metal pulverizado y se depositara el 
ompuesto resultante196



A.1 Prepara
ión y 
ara
teriza
ión de muestrassobre el sustrato. Esta té
ni
a se denomina Rea
tive Sputtering.

Figura A.2: Esquema de la 
ámara de Magnetron SputteringEl espesor se 
ontroló ha
iendo pruebas previas 
on los mismos parámetrosen la 
ámara que permitieron medir la velo
idad de deposi
ión y se supusola misma velo
idad al fabri
ar las muestras men
ionadas. Aun así, se midióel espesor de las muestras a posteriori 
on otras té
ni
as.Para los primeros experimentos se usaron una serie de muestras sen
illas, de
omposi
ión y estru
tura 
ono
idas formadas por multi
apas metáli
as de(CuCr)xN, de diversos espesores y número de periodos, que permitieron lapuesta a punto de los proto
olos y métodos experimentales de la té
ni
a paraluego poder apli
arla a muestras más 
omplejas.Éstas se depositaron sobre sustratos de Si (100) de 4 x 1 
m de super�
iepara asegurar la planaridad. Se depositó la última 
apa de Cr en la super�
iepara prevenir la oxida
ión de las 
apas de Cu. Un esquema de las muestraspuede verse en la Figura A.3 197



A. Resumen

Figura A.3: Esquema de las muestras CuCrxN
Otra serie de muestras 
onsistió en multi
apas similares a las anteriores, pero
on el periodo invertido, (CrCu)xN, de forma que la 
apa más externa fueraCu. De esta forma, esa 
apa se oxidaría 
on la atmósfera y se tendría elmismo elemento (Cu) 
on dos entornos de 
oordina
ión diferentes (óxido ymetal) para distintas profundidades en la muestra.La siguiente serie de muestras 
onsta de una multi
apa de Mo y nitrurode Mo produ
ida por Rea
tive Sputtering. Estas muestras también tienendos entornos diferentes a distintas profundidades en la muestra. Además, elestudio del borde de absor
ión K del Mo, a una energía mu
ho más alta(20 keV), lo que impli
a permite probar la té
ni
a en distintas 
ondi
ionesexperimentales.La última serie de muestras están 
ompuestas de un a
ero 
omer
ial. Una delas muestras ha sido sometida a un pro
eso de nitrura
ión gaseosa, mientrasque la otra permane
e sin nitrurar. Estas muestras permiten analizar la apli-198



A.2 Experimentos Re�EXAFS
a
ión de la té
ni
a a muestras más �reales� (menos planas y más rugosas),y 
on una di�
ultad añadida al análisis de datos.A.1.2 Cara
teriza
iónLas muestras se estudiaron empleando distintas té
ni
as para obtener infor-ma
ión sobre su estru
tura y 
omposi
ión antes de efe
tuar los experimentosRe�EXAFS, para 
omprobar si eran ade
uadas.Se 
omprobó la 
ristalinidad de las muestras mediante Difra

ión de RayosX (XRD). Mediante Re�e
tometría de Rayos X (XRR) se 
al
ularon losespesores, densidades y rugosidades de las 
apas. Se midió la 
antidad delos distintos elementos que 
ontienen las muestras, mediante Espe
trometríade Retrodispersión Rutherford (RBS), en el Centro Na
ional de A
eleradores(CNA, Sevilla) La Mi
ros
opía de Fuerzas Atómi
as (AFM) propor
ionó unamedida de la rugosidad 
omo la dispersión estadísti
a (RMS) de las alturasen una super�
ie de 23 x 23 mi
ras sobre las muestras.A.2 Experimentos Re�EXAFSEsta té
ni
a tiene 
iertos requerimientos experimentales. Primero, 
omo en
ualquier experimento EXAFS, se ne
esita una esta
ión de absor
ión de rayosX en una fuente de radia
ión sin
rotrón que propor
ione una buena resolu
iónen energía en las proximidades del borde de absor
ión que se vaya a estudiar.Además, al 
aer rápidamente la re�e
tividad para ángulos por en
ima del
ríti
o, se ne
esita un �ujo de rayos X espe
ialmente alto para poder teneruna buena rela
ión señal-ruido a estos ángulos que permita obtener una señalde estru
tura �na su�
ientemente limpia.Una alta estabilidad angular es impres
indible para poder medir 
on pre
isiónlos ángulos de in
iden
ia. Este tipo de inestabilidad provo
aría un 
ambioen la profundidad de penetra
ión estudiada, que si o
urriera en el trans
urso199



A. Resumende una medida, nos daría una estru
tura �na 
ambiante 
on el tiempo muy
ompli
ada de estudiar.La esta
ión debe poseer la instrumenta
ión ne
esaria que permita montar lamuestra y tomar los datos ne
esarios para los distintos ángulos 
on pre
isión.Para ello, se ne
esita un re�e
tómetro de al menos 2 
ír
ulos para 
olo
ar lamuestra al ángulo requerido respe
to del haz in
idente y orientar el dete
toren el 
orrespondiente ángulo del rayo re�ejado.El alineamiento de la muestra es extremadamente importante 
omo se ex-pli
a más adelante, por tanto el re�e
tómetro debe estar equipado 
on ungoniómetro que permita mover la muestra en los 3 ángulos y 3 dire

ionesdel espa
io 
on gran pre
isión.Los experimentos se realizaron en la fuente de radia
ión sin
rotrón europeaE.S.R.F., en el mar
o de un proye
to 
uyo propósito ha sido desarrollar estaté
ni
a en la esta
ión BM29. Esta esta
ión dispone de las 
ara
terísti
asne
esarias para 
umplir 
on los requerimientos.A.2.1 Instrumenta
iónEl re�e
tómetro usado en estos experimentos es un Huber de 3 
ír
ulos 
om-pletamente automatizado 
uyo esquema se puede observar en la Figura A.4.Uno de ellos (llamado th1 ) sostiene el goniómetro en el que se monta lamuestra y rota en un eje horizontal, en la dire

ión perpendi
ular al rayo X.Otro de ellos (llamado th2 ) es 
on
éntri
o a th1 y lleva adosado el dete
torde re�exión y una rendija motorizada. Ambos tienen una pre
isión de 0.001grados para pequeños movimientos.El goniómetro permite movimientos en las tres dire

iones del espa
io y entres ángulos de ejes perpendi
ulares entre sí. La pre
isión de los motoreslineales es de 0.001 mm para la dire

ión z y 0.01 mm para las dire

iones xe y. La pre
isión de los motores angulares es de 0.01 grados para todos ellos.El tamaño del haz que in
ide sobre la muestra viene determinado por una200



A.2 Experimentos Re�EXAFS

Figura A.4: Esquema del re�e
tómetrorendija horizontal, que se abre hasta o
upar algo menos que el an
ho de lamuestra, y otra verti
al que debe ser de una apertura pequeña para podera

eder a ángulos de in
iden
ia pequeños sin que la huella del rayo X se salgade la muestra. La rendija verti
al utilizada en estos experimentos es de 50mi
ras para las medidas en el borde de absor
ión del Mo, y de 100 mi
raspara el resto de las medidas.Como en 
ualquier experimento EXAFS, se ne
esita una pareja de 
ámarasde ioniza
ión iguales para dete
tar el haz in
idente I0 y el re�ejado I1 deforma pre
isa y 
on baja rela
ión señal-ruido para un espe
tro variable enenergía. Además, es ne
esario que sean pequeñas y ligeras 
on el objetivo deno dañar el 
ír
ulo th2 al montar la segunda 
ámara sobre el brazo antesmen
ionado.Las 
ámaras usadas en estos experimentos fueron unas OKEN S-1194A1 de15 
m de largo, fá
ilmente rellenables 
on la apropiada mez
la de gases enfun
ión del borde de absor
ión del elemento que se vaya a estudiar. Comoes usual, la primera (I0) y la segunda (I1) 
ámara se llenarán de forma que201



A. Resumenabsorban un 20% y un 80% del rayo in
idente, respe
tivamente.Cada 
ámara de ioniza
ión lleva aso
iado un pre-ampli�
ador de 
orrienteStanford Resear
h Systems SR570. Estos pueden trabajar 
on sus propiasbaterías para minimizar el ruido ele
tróni
o, y permiten un 
ontrol remotode las ganan
ias desde un ordenador.A.2.2 Proto
olo experimentalA.2.2.1 AlineamientoEl alineamiento es un pro
eso esen
ial en estos experimentos por dos motivos:la ne
esidad de una re�e
tividad máxima y la ne
esidad de medir el ángulode in
iden
ia 
on pre
isión. Por ello, se ha desarrollado un pro
edimientoestándar durante los experimentos.El objetivo de este pro
edimiento es 
onseguir, por un lado, orientar la mues-tra 
on su lado mayor paralelo a la dire

ión del rayo, plana 
on respe
to ala rendija y por otro, 
olo
ar el 
entro de rota
ión del 
ír
ulo th1, que nos dael ángulo de in
iden
ia, en el 
entro de la muestra y en la dire

ión del rayo.Así, un giro de este 
ír
ulo dará el ángulo de in
iden
ia 
on exa
titud y nose iluminará más que la muestra a partir del ángulo mínimo.A.2.2.2 Medidas de Re�e
tometría de Rayos XAl intentar medir 
on ángulos de in
iden
ia superiores al ángulo 
ríti
o, lare�e
tividad 
ae drásti
amente. En 
iertos 
asos, 
omo en muestras formadaspor láminas delgadas, los efe
tos de interferen
ia o
asionados por las distintasinterfases pueden aumentar o disminuir la re�e
tividad para algunos ángu-los. Por tanto, es a
onsejable registrar algunos espe
tros de re�e
tometríade rayos X (XRR) para así poder elegir los ángulos más 
onvenientes paratomar los datos Re�EXAFS. Esta té
ni
a 
onsiste simplemente en registrarla re�e
tividad de una muestra a una energía de rayos X �ja para un 
ierto202



A.2 Experimentos Re�EXAFSrango de ángulos de in
iden
ia θ. Lo que se mide es la intensidad de radia
ióndete
tada en 2θ (ángulo de re�exión) para 
ada θ.Lo más útil es registrar un espe
tro XRR a una energía 
er
ana al borde deabsor
ión que se va a estudiar para saber qué re�e
tividad se tendrá 
er
ade ese borde de absor
ión para todos los ángulos. El rango debe ser desde 0◦,hasta el máximo ángulo para el 
ual la rela
ión señal ruido sea satisfa
toria,y así saber el límite al 
ual se puede llegar.A.2.2.3 Medidas Re�EXAFSEl pro
edimiento para registrar los espe
tros Re�EXAFS sigue los siguientespasos. Se mueve el 
ír
ulo th1 hasta el ángulo de in
iden
ia elegido. Después,se bus
a el rayo re�ejado 
on el 
ír
ulo th2 y se 
olo
a th2 en ese punto.Seguidamente se es
anea el motor z del goniómetro para en
ontrar el máximode re�exión, que 
orresponderá a la posi
ión ideal de la huella del rayo X en lamuestra, 
onsiguiendo así que toda esta huella esté 
ontenida en ella. En estemomento se está en 
ondi
iones ideales para medir espe
tros Re�EXAFS.Se ha
e un barrido en energía y se registra la señal en los dete
tores I0 e I1a la vez, tal 
omo se ha
e en una medida EXAFS 
onven
ional. Los límitesde este espe
tro deben ser, 
omo mínimo, 500 eV por debajo y 1000 eV poren
ima del borde de absor
ión estudiado, pero es re
omendable registrar 1000eV por debajo y 1500 eV por en
ima para fa
ilitar el posterior tratamientode datos.Con la ayuda de las 
urvas XRR, se eligen varios ángulos de in
iden
ia pa-ra los 
uales se registran los espe
tros para 
ada muestra. Es a
onsejabletener espe
tros que 
ubran todo el rango de re�e
tividad, y se deben aprove-
har los efe
tos de interferen
ia (si los hay) para registrar espe
tros 
on altare�e
tividad a ángulos altos.Se deben registrar un total de 6 a 10 ángulos distintos, dependiendo de lamuestra, 
on el objetivo de tener su�
ientes datos para el posterior análisis203



A. Resumende datos. También es importante tener varios espe
tros del mismo ángulopara 
omprobar la reprodu
ibilidad y mejorar la rela
ión señal ruido de losmismos.Adi
ionalmente, se deben registrar datos de los fondos de radia
ión paranormalizar los espe
tros y así obtener datos de re�e
tividad absolutos que sepuedan ajustar mediante un modelo teóri
o. Para ello, simplemente se apartala muestra, se 
olo
a el dete
tor en la dire

ión del rayo dire
to, y se registraun espe
tro en el mismo rango de energía que se ha estado usando.A.2.2.4 Automatiza
iónCuando se desarrolla una nueva té
ni
a de 
ara
teriza
ión, es importantetener en 
uenta que debe ser fá
il de usar y que debe tener un proto
olorutinario. Por tanto, se debe ha
er un esfuerzo en sistematizar y automatizaren la medida de lo posible el uso de la misma. El desarrollo de programasque 
ontrolan automáti
amente el alineamiento y la toma de datos ha sidofundamental en el desarrollo de este proye
to.Tanto el alineamiento que se ha des
rito más arriba 
omo otros pro
esos (labúsqueda del ángulo de re�exión, por ejemplo) son pro
esos iterativos en lamayoría de los 
asos, pues se deben ha
er barridos en las posi
iones de losmotores del goniómetro y el re�e
tómetro y 
omprobar las representa
ionesgrá�
as de la intensidad en el segundo dete
tor hasta que se en
uentra elpunto ade
uado. En algunos 
asos, esto puede ser automatizado en formade programas informáti
os para que a lo largo de la medida sólo se tenganque 
ontrolar los resultados. De esta forma se logra una sistematiza
ión delpro
eso, redu
iendo el número de errores humanos y aumentando la velo
idadde toma de datos. Se pueden representar estos pro
esos mediante diagramasde �ujo que pueden servir luego 
omo base para es
ribir los 
orrespondientesprogramas en el lenguaje ne
esario. Como ejemplo, se presenta uno de losdiagramas de �ujo en la Figura A.5, que 
orresponde al alineamiento delángulo psi del eje verti
al a la muestra. En total, el alineamiento requiere de204



A.2 Experimentos Re�EXAFS

Figura A.5: Ejemplo del pro
eso de alineamiento205



A. Resumeno
ho de estos pro
esos.
A.3 Teoría y análisis de datosEl análisis de datos Re�EXAFS di�ere enormemente del análisis de los es-pe
tros EXAFS tradi
ionales por varias razones. En la mayoría de los 
asosno es posible ha
er simplemente una sustra

ión del fondo para extraer la es-tru
tura �na de los espe
tros a distintos ángulos. Por ello, se ha desarrolladoun pro
edimiento de análisis espe
í�
o para este proye
to.A.3.1 Base teóri
aA.3.1.1 Re�e
tividadTradi
ionalmente, el índi
e de refra

ión de un material en la región de losrayos X se es
ribe [37℄

n(E) = 1− δ(E)− iβ(E) , (A.1)donde δ(E) y β(E) se pueden rela
ionar 
on los fa
tores de dispersión anóma-la, f ′(E) y f ′′(E) mediante [38℄
δ(E) ≃ e2h̄2

2ǫ0me

1

E2
ρat
[
f 0 + f ′(E)

]
, (A.2a)

β(E) ≃ e2h̄2

2ǫ0me

1

E2
ρatf

′′(E) , (A.2b)los 
uales se pueden 
al
ular a partir de una des
rip
ión 
lási
a [38℄ o me
ano-
uánti
a [35℄ de la intera

ión fotón-ele
trón en el átomo absorbente. Además,
δ(E) y β(E) están rela
ionados por las transforma
iones de Kramers-Kronig206



A.3 Teoría y análisis de datos(KK)
δ(E) = KK[β(E)] = −2

π

∫ ∞

0

dE ′ E ′

E2 −E ′2β(E
′) , (A.3a)

β(E) = KK−1[δ(E)] =
2E

π

∫ ∞

0

dE ′ 1

E2 − E ′2 δ(E
′) , (A.3b)

= −KK[δ(E)] . (A.3
)Además, β(E) está rela
ionado dire
tamente 
on el 
oe�
iente de absor
ión
µ(E) por la expresión

µ(E) =
2E

h̄c
β(E) , (A.4)El formalismo de la re�e
tividad de una super�
ie para ángulos bajos y enel rango de los rayos X fue propuesto por Parratt [37℄. En él, el 
oe�
ientede re�exión de Fresnel, rj−1,j en la inter
ara entre dos materiales j − 1 y j,
on índi
es de refra

ión nj−1 y nj , puede aproximarse en la forma

rj−1,j ≃
gj−1 − gj
gj−1 + gj

, (A.5)donde
gj =

√
θ2j−1 − 2δj − 2iβj , (A.6a)

g0 = θ0 , (A.6b)siendo θj el ángulo del rayo en el material j, y θ0 el ángulo en el materialini
ial, que se 
onsidera aire o va
ío (n0 = 1).En el mismo formalismo, se puede obtener una expresión del 
oe�
iente dere�exión 
ompleto, r′j−1,j, de una inter
ara 
ualquiera de una muestra he
hade N 
apas sobre un sustrato (que sería la 
apa N + 1), que proviene de lasuma de las múltiples re�exiones entre las inter
aras [37℄
r′j−1,j = rj−1,j +

tj−1,jtj,j−1r
′
j,j+1e

−iφj(E)−Djµj(E)

1 + rj−1,jr
′
j,j+1e

−iφj(E)−Djµj(E)
. (A.7)207



A. ResumenÉsta es una expresión re
ursiva, ya que depende del 
oe�
iente para la inter-
ara inferior. Como desde el sustrato se 
onsidera in�nito, no proviene de élninguna re�exión,
r′N+1,N+2 = 0 =⇒ r′N,N+1 = rN,N+1 . (A.8)por lo que los r′j−1,j pueden 
al
ularse iterando desde el sustrato ha
ia arribapara al �nal obtener el 
oe�
iente para la super�
ie, r′0,1, y así 
al
ular lare�e
tividad,

R0,1 =
∣∣r′0,1r′∗0,1

∣∣ . (A.9)A.3.1.2 RugosidadEste formalismo supone unas inter
aras perfe
tamente planas. En muestrasreales existe una interdifusión de material que se suele expresar 
omo unarugosidad. Si esta rugosidad se modela estadísti
amente, se puede llegar auna expresión de la re�e
tividad en fun
ión de un parámetro de rugosidad
σj , de la inter
ara superior de la 
apa j.El modelo más usado para la rugosidad es el de Nevot [41℄, que 
onsiderauna rugosidad 
omo una fun
ión gaussiana de las alturas en la inter
ara. Eneste trabajo, se ha usado una modi�
a
ión de este modelo, que 
onsidera unainterdifusión modelada por una fun
ión tanh [42℄, de forma que el índi
e derefra

ión en la inter
ara j − 1, j es

n(z) =
nj−1 + nj

2
+

nj−1 − nj

2
tanh

(√
2

π

z

σj

)
, (A.10)donde z = 0 es el punto donde el índi
e de refra

ión es la media aritméti
aentre los de ambas 
apas. Esta fun
ión da 
omo resultado una distribu
iónde alturas (rugosidad) 
on la forma

P tanh
j (z) =

1
√
2πσj cosh

2
(√

2
π

z
σj

) , (A.11)208



A.3 Teoría y análisis de datosque es muy pare
ida a la distribu
ión gaussiana. La ventaja de es
oger estafun
ión es que es integrable, por lo que podemos introdu
irla en la e
ua
ióndel 
oe�
iente de re�e
tividad de Parratt (E
ua
ión A.5) para obtener lare�e
tividad real
r
σj ,tanh
j−1,j = Gj−1,j

sinh
[
(π/2)

3
2 σjkj−1 (gj−1 − gj)

]

sinh
[
(π/2)

3
2 σjkj−1 (gj−1 + gj)

] , (A.12)donde el parámetro Gj−1,j tiene la forma
Gj−1,j = −

Γ
[
2i
√

π/2σjkj−1gj−1

]

Γ
[
−2i

√
π/2σjkj−1gj−1

] ×
Γ
[
−i
√

π/2σjkj−1 (gj−1 + gj)
]

Γ
[
i
√
π/2 σjkj−1 (gj−1 + gj)

]

×
Γ
[
−i
√

π/2σjkj−1 (gj−1 − gj)
]

Γ
[
i
√
π/2 σjkj−1 (gj−1 − gj)

] ,(A.13)A.3.2 Análisis Re�EXAFSA.3.2.1 Aproxima
ión de re�exión totalMartens [7, 18℄ propuso un modo de analizar un espe
tro Re�EXAFS en el
aso de un ángulo de re�exión total.Como la estru
tura �na de 
ada espe
tro Re�EXAFS es pequeña 
omparada
on el fondo de re�e
tividad, se puede aproximar en primer orden en fun
iónde las estru
turas �nas de δ(E) y β(E) en la forma
R(δ, β)−R0(δ0, β0) = ∆R ≈ ∂R

∂δ

∣∣∣∣
δ0

∆δ +
∂R

∂β

∣∣∣∣
β0

∆β , (A.14)donde
δ(E) = δ0(E) + ∆δ(E) (A.15a)
β(E) = β0(E) + ∆β(E) (A.15b)209



A. Resumensiendo R0, δ0 y β0 las fun
iones sin la estru
tura �na, es de
ir, las fun
ionesque habría si los átomos estuvieran aislados. En el 
aso de re�exión total, esde
ir, 
uando en ángulo de in
iden
ia es inferior al ángulo 
ríti
o,
θ√
2δ

=
θ

θc
< 1 . (A.16)o
urre que ∂R

∂β
es varios órdenes de magnitud superior a ∂R

∂δ
para valorestípi
os de δ (10−5) y β (10−6). Por tanto, ∆R(E) es propor
ional a ∆β(E) yse puede 
al
ular la estru
tura �na EXAFS χ(E) de forma sen
illa

χ(E) =
µ(E)− µ0(E)

µ0(E)
=

β(E)− β0(E)

β0(E)
=

∆β(E)

β0(E)
≈ ∆R(E)

R0(E)
, (A.17)A.3.2.2 Análisis globalPara un análisis global de los espe
tros Re�EXAFS es ne
esario el 
ál
u-lo 
ompleto de los términos de la e
ua
ión A.14. Para ello, primero debe
al
ularse los 
oe�
ientes δ0 y β0 mediante una simula
ión y ajuste de la re-�e
tividad sin la estru
tura �na. Luego, se simulan las estru
turas �nas de lare�e
tividad para 
ada ángulo en términos de las fun
iones EXAFS presentesen la muestra.Simula
ión y ajuste de la re�e
tividad de átomo aisladoLos espe
tros de re�e
tividad sin la estru
tura �na dependen de los índi
es derefra

ión de 
ada elemento presente en la muestra. En el ejemplo parti
ularde una multi
apa, 
on 
apas j ∈ {1, . . . , N}, 
ada espe
tro de re�e
tividadse puede es
ribir 
omo

R0m(E) = R0m [δ0j(E), β0j(E)] , (A.18)donde m ∈ {1, . . . ,M} denota 
ada ángulo diferente al que se ha re
ogido elespe
tro.Cada muestra puede identi�
arse por los espesores, 
omposi
ión y densidadde 
ada una de sus 
apas, así 
omo por la rugosidad de sus inter
aras. Me-210



A.3 Teoría y análisis de datosdiante las e
ua
iones presentadas en la Se

ión A.3.1, se pueden 
al
ular lasre�e
tividades.Como ni parámetros que de�nen la muestra ni los parámetros experimentales(ángulos de in
iden
ia pre
isos, desplazamiento en energía de los espe
tros)se pueden determinar 
on total exa
titud, estos se introdu
en 
omo variablesen un programa de simula
ión que bus
a los valores a partir de los 
uales segenera el espe
tro de re�e
tividad que mejor reprodu
e el experimental.Al haber una gran 
antidad de variables, es ne
esario diseñar estrategias quefa
iliten la lo
aliza
ión de la solu
ión óptima, así 
omo usar un algoritmode optimiza
ión del tipo evolutivo llamado Covarian
e Matrix AdaptationEvolutionary Strategy o CMA-ES [48℄El resultado de la simula
ión propor
iona por un lado la posibilidad de ex-traer la estru
tura �na ∆Rm(E) de 
ada espe
tro, y además, 
al
ula losvalores de δ0j y β0j , que serán ne
esarios para el siguiente paso.Simula
ión y ajuste Re�EXAFSUna vez extraída la estru
tura �na de 
ada espe
tro, ésta se puede suponer
omo fun
ión de las estru
turas �nas de los índi
es de refra

ión 
orrespon-dientes sólo a las 
apas que generen una señal EXAFS, es de
ir
∆Rm(E) = ∆Rm [∆δh(E),∆βh(E)] , (A.19)donde h ∈ {1, . . . , H} es el índi
e que 
uenta las 
apas que 
ontribuyen a laseñal EXAFS, es de
ir que 
ontienen el átomo 
uyo borde de absor
ión seestá estudiando, de forma que 1 ≤ H ≤ N +1 en general. Como ∆Rm(E) espequeño, se puede desarrollar en primer orden en fun
ión de las estru
turas�nas de δh(E) y βh(E) en la forma

∆Rm(E) ≈
H∑

h=1

[
∂Rm

∂δh

∣∣∣∣
δ0h

∆δh(E) +
∂Rm

∂βh

∣∣∣∣
β0h

∆βh(E)

]
, (A.20)Estas e
ua
iones se deben satisfa
er simultáneamente y para todos los posi-bles espe
tros m a 
ada ángulo de in
iden
ia diferente, pero 
ompartiendo los211



A. Resumen
∆δh(E) y ∆βh(E), pues la muestra es la misma. Enton
es podemos es
ribirtodas las e
ua
iones en forma matri
ial




∆R1(E)...
∆RM(E)


 = A(E)




∆δ1(E)

∆β1(E)...
∆δH(E)

∆βH(E)




, (A.21)
donde la matriz de 
oe�
ientes, A(E), es

A(E) =




∂R1

∂δ1

∣∣∣∣
δ01

∂R1

∂β1

∣∣∣∣
β01

· · · ∂R1

∂δH

∣∣∣∣
δ0H

∂R1

∂βH

∣∣∣∣
β0H... ... . . . ... ...

∂RM

∂δ1

∣∣∣∣
δ01

∂RM

∂β1

∣∣∣∣
β01

· · · ∂RM

∂δH

∣∣∣∣
δ0H

∂RM

∂βH

∣∣∣∣
β0H




, (A.22)
Este sistema de e
ua
iones lineales se puede resolver. Para ello, se generanfun
iones aleatorias ∆δh(E) y ∆βh(E), para las 
uales se 
al
ulan los 
oe�-
ientes de la matriz para 
ada punto de energía. Seguidamente, se 
al
ula lamatriz pseudoinversa de Moore-Penrose A+(E) de A(E), ya que ésta da lasolu
ión de mínimos 
uadrados de este sistema sobredeterminado [49, 50℄.Esta solu
ión es otro 
onjunto de fun
iones ∆δh(E) y ∆βh(E) en generaldiferente de la anterior, que se pueden volver a introdu
ir en la e
ua
ión enun pro
eso iterativo hasta que la diferen
ia entre las fun
iones en dos pasos
onse
utivos sea pequeña.Para el 
ál
ulo de la matriz pseudoinversa, es 
onveniente usar una des
om-posi
ión ortogonal de la matriz A(E). Espe
í�
amente, se usó el método dedes
omposi
ión en valores singulares (SVD), ya que permite la posibilidadde despre
iar los valores pequeños en esta matriz, que provo
arían errores deredondeo en el 
ál
ulo de la matriz pseudoinversa por un ordenador.212



A.4 ResultadosA.4 ResultadosEn este resumen se han sele

ionado sólo algunas muestras representativas.El resto de los resultados puede verse en los 
apítulos 5 a 8A.4.1 Muestra CuCrx2A.4.1.1 Cara
teriza
iónLa 
urva XRR fue simulada usando el algoritmo del programa GenX [26℄,para obtener el espesor, densidad y rugosidad de las 
apas en la muestra.La Figura A.6 muestra la 
urva experimental y la simulada, mientras que laTabla A.1 in
luye los parámetros de mejor ajuste de la simula
ión.
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Figura A.6: Curva XRR experimental a 8 keV y menor ajuste para la muestra CuCrx2Los resultados de RBS se muestran en la Tabla A.2, donde se ha supuesto quela densidad de las 
apas es igual a la densidad del metal en estado 
ristalino,213



A. ResumenTabla A.1: Parámetros de mejor ajuste de la 
urva XRR para la muestra CuCrx2Energía Espesor Densidad Rugosidad(Å) Relativa (Å)Cu Cr Cu Cr Sus. Int. Sup.10 keV 54 35 1.00 0.90 5 16 11o bien a la densidad 
al
ulada en la simula
ión de la 
urva XRR, y que todaslas 
apas de la misma 
omposi
ión tienen el mismo espesor, ya que han sidodepositadas en las mismas 
ondi
iones.Tabla A.2: Espesor de las 
apas de la muestra CuCrx2 medidas por RBSMuestra Espesor (Å) Espesor (Å) ×N(Dens. Crist.) (Dens. XRR)Cu Cr Cu CrCuCrx2 54 31 54 34 ×2La Figura A.7 muestra la topografía super�
ial de la muestra CuCrx2 medidapor AFM. La rugosidad super�
ial 
al
ulada 
omo la dispersión de las alturasen el rango de la medida da un resultado de 3 Å.A.4.1.2 Experimento Re�EXAFSLa Figura A.8 muestra la 
urva XRR, donde se han mar
ado los ángulos es
o-gidos para registrar los espe
tros Re�EXAFS. Estos ángulos se sele

ionaronporque 
ubren un rango su�
ientemente amplio tanto en la profundidad depenetra
ión de los rayos X, 
omo en las distintas formas que pueden tomarlos espe
tros debido a las interferen
ias entre las 
apas.La Figura A.9 muestra el 
onjunto de espe
tros Re�EXAFS (en línea 
on-tinua), normalizados por el espe
tro de haz dire
to. Por un lado, se observala rápida 
aída de la intensidad de la onda re�ejada por en
ima del ángulo214



A.4 Resultados

Figura A.7: Topografía super�
ial de la muestra CuCrx2, medida por AFM

Figura A.8: Diagrama XRR experimental mostrando los ángulos es
ogidos para losespe
tros Re�EXAFS, para la muestra CuCrx2215



A. Resumen
ríti
o (que, en este 
aso, está alrededor de 0.320◦). Asimismo, se puedenobservar los patrones de interferen
ia produ
idos por las multi
apas de lamuestra.Superpuesto al fondo de re�e
tividad, se puede ver 
laramente el borde deabsor
ión K del Cu (8.979 keV), y de la estru
tura �na justo a 
ontinua
ión,extendido ha
ia alta energía.A.4.1.3 AnálisisUsando la aproxima
ión de re�exión total [18℄, podemos extraer la estru
tura�na del ángulo más bajo. Debido a que el espe
tro a 0.250◦ tiene muy malarela
ión señal-ruido, se es
ogió el de 0.300◦ para este análisis.La fun
ión EXAFS obtenida se ajustó 
on los programas FEFF 6.0 y FEFFIT2.54 [45, 46℄. Se usó un modelo de Cu metáli
o, tomando las 
in
o prime-ras esferas de 
oordina
ión 
on los números de 
oordina
ión �jos e igualesa los 
ristalinos. Se tomo un parámetro ∆a, que variara el parámetro dered del 
ristal, de forma que todas las distan
ias de 
oordina
ión variaran
oherentemente. Los fa
tores de Debye-Waller se 
onsideraron parámetrosindependientes para 
ada esfera.Los resultados del ajuste se pueden ver en la Tabla A.3. Las Figuras A.10 yA.11 muestran la 
ompara
ión de los espe
tros EXAFS experimentales 
onlas 
urvas de mejor ajuste tanto en el espa
io k 
omo en el espa
io R.Tabla A.3: Parámetros de ajuste EXAFS para el ángulo 0.300◦ en la muestra CuCrx2a (∆a) 3.61 Å (+0.00 Å)Esfera 1a 2a 3a 4a 5aN 8 6 12 24 8R (Å) 2.56 3.61 4.43 5.11 5.72
σ2 (Å2) 0.010 0.014 0.017 0.018 0.020216



A.4 Resultados
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A. Resumen
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Figura A.10: χ(k) EXAFS experimental y mejor ajuste para la muestra CuCrx2
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Figura A.11: χ(R) EXAFS experimental y mejor ajuste para la muestra CuCrx2218



A.4 ResultadosLa estru
tura del Cu en estas 
apas es análoga a la que presenta en fase
ristalina en lo que a distan
ias y números de 
oordina
ión se re�ere, peromu
ho más desordenada, 
omo se re�eja en los valores de los parámetros deDebye-Waller.Para analizar los espe
tros Re�EXAFS de forma global, se usó el programadesarrollado expresamente para este �n. Primero se simuló el fondo de re-�e
tividad (sin la estru
tura �na) dando 
omo resultado los parámetros demejor ajuste de espesor, densidad y rugosidad de las 
apas, además de losángulos 
on
retos de los espe
tros y el desplazamiento en energía. Estos semuestran en las Tablas A.4 (parámetros de la muestra) y A.5 (ángulos demejor ajuste). El desplazamiento en energía de los espe
tros fue de -2.8 eV.Tabla A.4: Resultados de la simula
ión de espe
tros Re�EXAFS (muestra)Muestra Espesor (Å) Densidad (at/Å3) Rugosidad (Å)Cu Cr Cu Cr Subst. Interf. Sup.CuCrx2 50 32 0.085 0.075 18 17 10
Tabla A.5: Resultados de la simula
ión de espe
tros Re�EXAFS (ángulos)CuCrx2Angle Fit0.250 0.2540.300 0.3020.333 0.3310.350 0.3470.363 0.3580.383 0.3760.400 0.3950.450 0.458219



A. ResumenPosteriormente, se extrajo la estru
tura �na suponiendo que todas las 
apasde Cu tienen la misma fun
ión EXAFS. Así, el ajuste 
ompleto se puedeapre
iar en la Figura A.9 (dis
ontinuo).Una vez que se extrajo la fun
ión EXAFS global a partir de los espe
trosmedidos a todos los ángulos, fue analizada de la misma forma que la de ángulode re�exión total. En la Tabla A.6 se resumen los parámetros de mejor ajustedel análisis. En las Figuras A.12 y A.13 se muestran la fun
ión EXAFS y sumejor ajuste en los espa
ios k y R.Como ya se vio en el ajuste del espe
tro del ángulo de re�exión total, puedeobservarse 
ómo el desorden estru
tural en el entorno lo
al del Cu en las
apas de esta muestra es notable 
omparado 
on un entorno 
ristalino. Estoes produ
ido porque el sistema de deposi
ión de 
apas empleado no permitela relaja
ión de la estru
tura de las 
apas a la estru
tura 
ristalina, ya quela 
ondensa
ión de los átomos sobre el sustrato se produ
e rápidamente, yno se ha apli
ado un 
alentamiento al mismo. Además, el pequeño espesorde estas 
apas tiene el mismo efe
to inhibiendo el orden a largo al
an
e enuna de las dire

iones del espa
io.Tal 
omo es esperable, los resultados del análisis global (que analiza la mues-tra 
ompleta) di�eren po
o del análisis de ángulo de re�exión total (que soloanaliza las primeras de
enas de Ångströms). Esto se debe a que la 
apa mássuper�
ial de Cr que re
ubre la muestra ha evitado la oxida
ión de la 
apasuperior de Cu, que debe tener una estru
tura muy pare
ida a la inferior,pues están sintetizadas en las mismas 
ondi
iones.

220



A.4 Resultados
Tabla A.6: Resultados globales EXAFS para la muestra CuCrx2a (∆a) 3.61 Å (+0.00 Å)Esfera 1a 2a 3a 4a 5aN 8 6 12 24 8R (Å) 2.56 3.61 4.43 5.11 5.72

σ2 (Å2) 0.011 0.017 0.019 0.020 0.030
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Figura A.12: χ(k) EXAFS experimental del análisis global, y mejor ajuste para la mues-tra CuCrx2
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A. Resumen
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Figura A.13: χ(R) EXAFS experimental del ángulo de re�exión total, global, y mejorajuste del global para la muestra CuCrx2A.4.2 A
eros modi�
ados super�
ialmenteSe estudiaron dos muestras del mismo a
ero de herramientas, ferríti
o, 
onuna 
omposi
ión de 3% Cr, 0.8% Mo, 0.3% V, 0.3% C y resto de Fe, unanitrurada y la otra sin nitrurar.A.4.2.1 Cara
teriza
iónSe registraron diagramas de difra

ión de rayos X a bajo ángulo para ambasmuestras. Así se aumenta la señal de las espe
ies presentes en la zona mássuper�
ial.Estos diagramas se tomaron tras pulir las muestras, para estudiarel desorden de la matriz de Fe eliminando los 
ompuestos FeNx, ya que tienenpo
a adheren
ia y no mejoran las propiedades me
áni
as (Figura A.14).Los pi
os del Fe-b

 en la muestra nitrurada son más an
hos y están despla-zados ha
ia ángulos de difra

ión menores que en la muestra no nitrurada.222



A.4 Resultados

Figura A.14: Diagrama XRD para el a
ero nitrurado y no nitrurado tras el pulidoEsto indi
a que la nitrura
ión produ
e una deforma
ión y expansión de laestru
tura.Se tomaron mi
rografías SEM tras tratar la super�
ie de las muestras 
oná
ido nítri
o y etanol para revelar su estru
tura de granos.La mi
rografía (Figura A.15) muestra la estru
tura de agujas típi
a de lapre
ipita
ión de la ferrita en la fabri
a
ión del a
ero.A.4.2.2 Experimentos Re�EXAFSSe obtivieron diagramas XRR a 8 keV para ver el 
omportamiento de lare�e
tividad a diferente ángulo para una energía 
er
ana al borde K de ab-sor
ión del Fe, y así es
oger los ángulos más 
onvenientes para las medidasRe�EXAFS.Los espe
tros Re�EXAFS se registraron a distintos ángulos en torno al bordeK de absor
ión del Fe, para ambas muestras (Figuras A.16 y A.17).223



A. Resumen

Figura A.15: Mi
rografía SEM de la super�
ie del a
ero nitruradoA primera vista, los espe
tros de ambas muestras pare
en iguales. Sin em-bargo, al extraer los espe
tros para ángulo de re�exión total, se puede verque existe una diferen
ia notable entre ambos (Figura A.18 )Las transformadas de Fourier de los espe
tros EXAFS (Figura A.19) reve-lan que, mientras que la muestra sin nitrurar tiene un entorno típi
o de laestru
tura Fe-b

, la muestra nitrurada presenta una 
ontribu
ión a bajo Rque puede deberse a una esfera de 
oordina
ión 
on un retrodispersor ligero,
omo el N.A.5 Con
lusionesEl objetivo prin
ipal de este proye
to 
onsistió en el diseño de proto
olospara el registro y el análisis de espe
tros Re�EXAFS en un amplio rango deángulos, in
luidos aquellos superiores al ángulo 
ríti
o 
uya medida y análisis224
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A.5 Con
lusiones
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A. Resumenno se había abordado hasta ahora.Esto ha permitido la obten
ión de informa
ión estru
tural no sólo a la partemás super�
ial de las muestras (de
enas de Å desde la super�
ie) sino deregiones más profundas, a 
entenares de Å.Para ello, se trabajó en dos frentes. En el frente experimental se desarrollaron,en la esta
ión BM29 de la Fuente Europea de Radia
ión Sin
rotrón (ESRF),los proto
olos de medida optimizados para obtener datos de forma e�
iente,automáti
a y de su�
iente 
alidad 
omo para ser analizados.En el frente teóri
o, se desarrolló un método de análisis de datos espe
í�
opara estas medidas. Este método toma todos los datos de forma global paraobtener la fun
ión EXAFS de la muestra.Las muestras estudiadas se sele

ionaron no sólo para que sirvieran paraprobar la té
ni
a en diferentes 
ondi
iones, partiendo desde las más sen
illasa las más 
ompli
adas de estudiar, sino que también se tuvo en 
uenta suinterés desde el punto de vista de la 
ien
ia de materiales.La primera serie de muestras fueron multi
apas CuCrxN que sólo teníanun entorno lo
al en toda la muestra, Cu metáli
o. Se vio 
ómo al redu
irel espesor de las 
apas de 
obre, aumentando número de repeti
iones dela multi
apa manteniendo su espesor total, éstas aumentaban su desordenestru
tural y redu
ían su parámetro reti
ular, pero mantenían las distan
iasy números de 
oordina
ion del Cu metáli
o.La segunda serie fueron multi
apas de CrCux3, donde se expuso la 
apa deCu más super�
ial al aire. Se en
ontró 
ómo ésta 
apa se oxida par
ialmentedando tanto óxido de Cu(I) 
omo óxido de Cu(II)También se estudiaron multi
apas de Mo y MoN, 
on las 
uales se demostróque el proto
olo experimental desarrollado es su�
ientemente robusto 
omopara poder obtener espe
tros de alta 
alidad en 
ondi
iones adversas de rangoangular limitado provo
ado por la alta energía estudiada, llegando a medirespe
tros 
on una diferen
ia de intensidad re�ejada de 4 órdenes de magnitud.228



A.5 Con
lusionesFinalmente, se estudiaron a
eros nitrurados en fase gaseosa. De estas mues-tras se obtuvieron buenos espe
tros a pesar de que no reunían las 
ara
terís-ti
as óptimas para su medida por esta té
ni
a, lo que demostró la robustezdel método desarrollado. Se en
ontró que existen 
ambios en el entorno lo
aldel Fe a muy baja profundidad desde la super�
ie, 
osa que no se ha dete
-tado en los espe
tros EXAFS de �uores
en
ia [2℄, donde la profundidad depenetra
ión de la té
ni
a es del orden de los miles de Å.

229



A. Resumen

230



Appendix B
The Laws of syn
hrotronradiation experiments
Law 1 If a motor has two possible ways of movement, the experimentalistswill always move it in the wrong one �rst.Theorem 1.1 The experimentalists will not realize this until this wrongmovement has been done 
ompletely.Law 2 On
e the experimentalists have 
he
ked everything in the sample room,left the room, 
losed the door, 
he
ked the se
urity issues and sit in front ofthe 
omputer in the 
ontrol room, they will �nd out what is missing or wrongin the sample room.Law 3 An experiment will only run properly if there is someone wat
hingand 
he
king 
onstantly.Theorem 3.1 Any attempt to program a ma
ro to let the experimen-talists do something di�erent than wat
hing or 
he
king the experimenthas a high probability to fail.Corollary 3.1.1 The probability of a ma
ro to fail is proportionalto the amount of sleep the experimentalists are enjoying.231



B. The Laws of syn
hrotron radiation experimentsCorollary 3.1.2 The probability of a ma
ro to fail is proportionalto the amount and quality of the food the experimentalists are eat-ing.Corollary 3.1.3 The probability of a ma
ro to fail is proportionalto the amount of amusement the experimentalists are enjoying.Law 4 The most interesting sample will be measured the last, so the datawill be in
omplete or useless.Theorem 4.1 This is independent of the amount of planning donebefore and during the experiment.Theorem 4.2 The experimentalists will realize whi
h was the mostinteresting sample on
e they have returned home.Corollary 4.2.1 Any attempt to bring the most interesting sam-ple to the syn
hrotron to be measured again will be impossible dueto either sample destru
tion or no more beamtime allo
ation orbeamline/syn
hrotron 
losure.Law 5 The probability of missing breakfast/lun
h/dinner for some more sleepis proportional to the quality of the food involved.Law 6 The experimentalists will only need the lo
al 
onta
t when he/she isunavailable.Theorem 6.1 The probability of having a problem is proportional tothe unavailability of the lo
al 
onta
t.Theorem 6.2 The seriousness of the problem is proportional to theunavailability of the lo
al 
onta
t.
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