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Chapter 1IntrodutionTailoring the surfae harateristis of materials to provide spei� physialand hemial properties is a major �eld of industrial interest. Many methodshave been developed to modify surfae strutures but they typially involveeither (i) the deposition of an outer layer, or layers, of oating materialsthat intrinsially have the desired physial or hemial properties, or (ii) thediret modi�ation of a surfae using methods suh as atomi bombardmentor thermal yling under ontrolled atmosphere [1�3℄.Given our rapidly developing ability to engineer the surfae properties ofmaterials to math the requirements of their area of appliation, it is essen-tial that surfae haraterisation tehniques keep pae with these fabriationmethod developments [4℄. By de�nition, the struturally modi�ed region of asurfae engineered material is smaller in thikness than its other dimensions.In addition, the surfae region also does not neessarily display long rangethree dimensional rystalline order. The ideal haraterisation tehniquesthus need to provide us with a means to obtain strutural information thatis hemially spei�, depth sensitive and appliable regardless of the degreeof strutural or hemial order present in the surfae layers.Re�etion Extended X ray Absorption Fine Struture (Re�EXAFS) spe-trosopy is one suh method. A detailed desription of both the experimen-tal and data analysis developments to usefully apply this tehnique to theharaterisation of surfae modi�ed materials is the main aim of this report.1



1. IntrodutionMoreover, a few examples of its appliation to some seleted materials willbe presented.EXAFS spetrosopy provides hemially spei� short range strutural in-formation and is well suited to the investigation of the loal atomi environ-ment around medium to heavy elements. There is no requirement for longrange strutural order and the method an equally be applied to samples ofrystalline, 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 funtion of the inident X ray photon energy. Inthis experimental geometry, both surfae and bulk regions of the sample areprobed, sine 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 lak of sensitivity to the surfae region an be overome by hangingthe experimental geometry and/or the detetion mode. For example, theinteration of the X ray photons with a material an indue various se-ondary proesses with intensities that are diretly proportional to the X rayabsorption signal but restrited to the surfae regions. The detetion of thephotoeletron yield at the surfae of a sample as a funtion of the inidentX ray beam energy is one suh means, as the mean free path of eletrons ina solid is a few tens of Ångströms [6℄.An alternative means to emphasize the surfae sensitivity of the tehniqueis to adopt a glaning angle geometry that takes advantage of the fat thatthe refrative index of materials for X rays is slightly smaller than 1. TheX ray beam an therefore undergo total re�etion. The spetrosopi signalis measured by deteting the intensity of the re�eted beam and and thestrutural properties of the sample are e�etively probed by the evanesenteletromagneti wave. This tehnique is alled Re�EXAFS.Of partiular note is the potential this gives to probe not only the stru-ture in the outermost layer of a sample surfae, like in the detetion of thephotoeletron yield, but also the struture in the buried layers. This is2



beause the deteted speies are the re�eted photons and not the emittedeletrons, whih have a mean free path in the range of very few nanometers insolids. Moreover, this also means that no vauum onditions are required forthe measurement, so the samples an be studied under realisti atmospherionditions whih also simpli�es the experimental setup.In the early studies [7�14℄ it was important that the experiments were per-formed under total re�etion onditions, i.e. using an inidene angle wellbelow the ritial angle. This hoie was essential as it simpli�ed the experi-mental requirements [15, 16℄, sine the re�eted intensity is quite high. More-over, the data analysis is rather simple sine, under this onditions, standardX ray absorption theory an be used [7, 17, 18℄ for analysing the spetro-sopi omponents in the re�eted beam. In these studies, the penetrationdepth of the beam is restrited to the order of a few tens of Ångströms.Despite the di�ulties for the diret re�etion geometry experiment, a fewstudies [19, 20℄ have gone beyond the total re�etion approximation butwere restrited to spei� angles and orresponding penetration depths, andto samples with a single loal environment. Thus, no general method for awide range of angles has yet been developed.The generalisation of the Re�EXAFS tehnique to provide data at anglesboth below and above the ritial angle is a signi�ant development beauseit will enable the extration of strutural information about the shallowestregion of the sample (extending a few tens of Ångströms from the surfae) aswell as about deep regions hundreds of Ångströms underneath. In fat, depthpro�ling an be ahieved, as the penetration depth of the X rays inreaseswith the inidene angle of the X ray beam on the sample.Furthermore, in addition to the hemially spei� loal struture data as afuntion of layer depth, these types of measurements an also provide valuableinformation about thin multilayer strutures, inluding thiknesses, densitiesand interfae roughness, in a similar way to the analysis of X ray re�etometrymeasurements [21℄.Thus, the ultimate aim of this projet is to extend the Re�EXAFS tehnique3



1. Introdutionto the analysis of the spetra at not only below, but also above the ritialangle of re�etion.This extension has to be done in two fronts:
• Experimental: optimisation of an experimental protool using the avail-able standard instrumentation (X ray absorption beamline with a re-�etometer) to obtain X ray re�etion measurements below and aboveritial angle onditions in both a highly quantitative and auratefashion in three key areas, (1) angular on�guration, (2) energy saleand (3) re�eted beam intensity.
• Data analysis: development of the algorithms that allow to simulate,extrat and analyse the EXAFS data from the raw measured Re�EXAFSspetra, not exlusively valid for the angles below the ritial angle, i.e.a global method that onsiders all the possible angles.To ahieve and illustrate this development, a group of di�erent sets of sampleswas made. The seletion of the samples was motivated taking into aountwhat seemed onvenient to develop the tehnique as well as being themselvesinteresting from the materials siene point of view.This aim was ful�lled inreasing the di�ulty and the interest of the samplesat the same time. Indeed, the �rst ones are quite simple, with ideal harater-istis for an easy optimisation of the tehnique, while the last ones hallengethe apabilities of the tehnique, pushing its limits in both the experimentalrequirements and the data analysis. In addition, the samples over the �eldsof the multilayers, the surfae reation with reative gasses, the hard metalnitride oatings and, �nally, the surfae nitriding proess of steels for uttingtools.The struture of this report is the following.Chapter 2 desribes the preparation of the samples. It also summarises thedetails of the haraterisation tehniques (other than Re�EXAFS) used forthose samples.Chapter 3 gives a detailed desription on the experimental setup, the meth-4



ods and, what is more important, the protools neessary to optimise theolletion of the Re�EXAFS data at these hallenging experimental ondi-tions.Chapter 4 introdues the theory behind the Re�EXAFS proess. It alsodesribes the low angle Re�EXAFS approximation desribed by Martens [7,17, 18℄ and the high angle approximation made by Borthen [19, 20℄. Finally,it details the algorithms used to simulate and extrat the EXAFS signal fromthe Re�EXAFS spetrum that leads to the global analysis method.Chapters 5 to 8 presents the haraterisation results, inluding the data sim-ulation and analysis when neessary (like in X ray re�etometry spetra), 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 extration results, and �nally,the EXAFS simulation and �tting to alulate the strutural parameters ofthe studied environments.Finally, a Conlusions hapter summarises the main ahievements of theprojet as well as the future work envisaged.
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1. Introdution
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IntrodutionThe X ray re�etivity of a surfae dereases drastially when the inideneangle is above the ritial angle, so it may drop a few orders of magnitudebelow the total re�etion ondition re�etivity. With this severe restrition,the samples should ful�ll ertain requirements so they an be studied withthe Re�EXAFS tehnique.Flatness is essential to avoid the hange of the inidene angle along thesample beause, in this ase, a di�erent penetration depth for di�erent plaesalong the surfae would be reahed. In addition, the lak of �atness an ausebeam dispersion, resulting in a loss of intensity in the re�eted beam.As shown in Figure 2.1, the footprint of the beam has a length of d/ sin θi,where d is the beam vertial width, usually determined by a slit, and θi is theinidene angle. Sine the inidene angle is quite low for the Re�EXAFSexperiments, usually smaller than 1◦, the footprint of the beam beomesrather long (on the order of m). For a typial vertial beam width of 100
µm and inidene angles between 0.2 and 0.6◦, the footprint length variesbetween 29 and 10 mm, respetively. Therefore, ideal samples should havean homogeneous surfae both in struture 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 haraterisationSine roughness auses beam dispersion, reduing the re�eted beam inten-sity. Hene, 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.One the samples have been prepared, some haraterisation 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, theiromposition and thikness of the layers was measured by di�erent tehniques.Also, it was interesting to measure the surfae roughness to evaluate thepossible beam dispersion.In this Chapter, the preparation methods of the samples studied in thiswork are brie�y desribed together with a list of those samples (Setion 2.1),and the haraterisation tehniques used are summarised, and detailed whenneessary (Setion 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 (Setion 2.1.1) was seletedas one of the most appropriates due to its harateristis explained below.2.1.1 Magnetron sputteringSputtering deposition tehniques are a type of physial vapor deposition teh-niques (PVD). The proess onsists in the aeleration of ions against a sur-fae, alled the target. Upon impat, these ions tear away fragments of thetarget, whih are transformed into vapor that an be ondensed, thus de-posited, afterwards in any nearby surfae. Then, if a substrate is loated10



2.1 Preparationlose to the target, it beomes oated by the target material [22℄.The probability of ontaminating the layer with spurious elements in thehamber is small, sine no omplex hemial preursors are used. Moreover,the relatively high deposition rate, ompared to those of other PVD teh-niques like Moleular Beam Epitaxy, redues even more this probability ofontamination.In ommon sputtering deposition proedure, a plasma is reated inside ahamber between two eletrodes at a high voltage. The target is loatedat 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 whihis normally in the order of 0.5 Pa. The gas is ionized when the plasma isreated, and its ions are aelerated 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 esape of the eletrons 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 attahedunderneath the athode, so a magneti �eld is reated near the target. Thismagneti �eld traps eletrons, on�ning them lose to the target, so theionisation degree of the plasma in this region is higher, thus inreasing thesputtering rate and onsequently the deposition rate.A sheme of the magnetron sputtering deposition hamber is shown in Figure2.2. To produe an stable plasma at low voltage, the hamber must be kept ata low pressure with a series of vauum pumps. The sputtering gas is usuallyAr, so it neither gets implanted in the target nor reats with the sputteredmaterial, like in reative sputtering (see setion 2.1.1.1). Figure 2.3 showsa piture of the atual deposition hamber used, loated in the Sputteringlaboratory at the Institute of Materials Siene of Madrid [3, 24℄.11



2. Sample preparation and haraterisation

Figure 2.2: Magnetron sputtering preparation hamber sheme
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2.1 Preparation

Figure 2.3: Magnetron sputtering preparation hamber at the ICMM
The vauum system onsists on a rotatory pump (that gets the hamberto 0.1 Pa of pressure) attahed to a turbo-moleular pump (that gets to10−5 Pa). This high vauum is the base pressure it is used before �lling thehamber with the sputtering gas.There is a pre-hamber attahed 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 bakwards. This pre-hamber hasits own vauum system of a rotatory pump to reah 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 loated. This allows the userto fabriate layers of two di�erent elements without exposing the sample toopen air. An automated system plaes the sample above the magnetron tobe used, at a distane of 10 m. This system an be programmed in order to13



2. Sample preparation and haraterisationmove the sample above one or the other magnetron for a ertain amount oftime, and repeat this proess the seleted number of times. Therefore, thefabriation of multilayers using this system is straightforward. A sheme ofthe hambers is shown in Figure 2.4

Figure 2.4: Magnetron sputtering preparation hamber shemeTo ontrol the thikness of the deposited layers, a growth rate estimation hasto be arried out prior to the atual fabriation of the samples. To do so,a thik 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�etivity (XRR)measurement is made in a laboratory equipment, so the total thikness anbe estimated from it. Thus, the mean growth rate is alulated dividing thethikness by the deposition time.However, it must be noted that this growth rate is just an estimation that isused to get roughly the desired thikness. The atual thikness of the samplelayers must be aurately determined by other methods. The only thing thatan be assured is that the thikness of a layer of the same element at the14



2.1 Preparationsame growth onditions is the same.2.1.1.1 Reative sputteringIn the plasma state, the reativity of several gasses hemially inert in stan-dard onditions inreases drastially. This enhanement is used in the sput-tering tehniques to prepare ompounds from elemental targets by seletingthe appropriate sputtering gas, e.g. O2 or N2, alling this tehnique rea-tive sputtering [22℄. This tehnique is widely used for oxides and nitridesdeposition (see, for example [3, 23, 24℄)2.1.2 SamplesIn this projet, several samples have been prepared by reative and non-reative magnetron sputtering.2.1.2.1 CuCrxNMultilayers of metalli Cu and Cr over Si (100) wafers were grown with aperiodi (CuCr)xN struture, where N = 2, 3, 4 and 8, being the period aCu/Cr bilayer. Deposition time was ontrolled to keep the total thiknessaround 200 Å, as well as to keep the relationship between Cu and Cr thik-nesses at the ratio 2:1 for N = 2, 4, 8, while the ratio for N = 3 was set to1:1. Sample shemes 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 haraterisation

Figure 2.5: CuCrxN samples shemesat room temperature.Monorystalline 0.3 mm thik Si wafers were used as substrates to obtainsamples as �at as possible. The substrates were ut in retangular shape 40mm long, 8 mm wide, whih is the longest size that an be used in the prepa-ration hamber without produing 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 struture 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 sheme isshown in Figure 2.6 16



2.1 Preparation

Figure 2.6: CrCux3 sample sheme2.1.2.3 MoN/MoBilayers of Mo/MoN and MoN/Mo were grown over Si (100) by non-reativeand reative magnetron sputtering. Both bilayers were grown over a Cr oat-ing over the Si substrate that ats as a bu�er layer to enhane the adherene.Moreover, another Cr layer was grown on top of the bilayer to prevent furtherreation of the Mo or MoN layers with the atmosphere. Sample shemes areshown in Figure 2.7

Figure 2.7: MoN/Mo and Mo/MoN samples shemesFor 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 haraterisation2.1.2.4 Nitrided steelGas nitriding is a standard industrial proess that aims to improve the hard-ness and wear resistane of ertain type of steels.A piee of ommerial ferriti steel with 3% Cr, 0.8% Mo, 0.3% V, 0.3% Cand balane Fe, was submitted to a gas nitriding treatment. It was immersedin a N2 and NH3 atmosphere at 500◦C for 24 hours. A seond piee 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�ration before and after polishing.2.2 Charaterisation2.2.1 X Ray Di�rationTo hek the existene of rystalline domains in the samples, X ray di�ration(XRD) measurements were upheld in a Siemens D-500 di�ratometer, usingan X ray generator with Cu anode working at 40 mV and 40 mA, using theCu-Kα emission line. A sintillation detetor with a graphite monohromatorjust before it was used to ollet the di�ration lines. The standard diagramwas made from 20 to 80◦ in 2θ, with a step of 0.05◦ at 1 s of data aquisitiontime per step.2.2.2 X Ray Re�etometryLayers thiknesses, density and roughnesses were measured by X-ray re�e-tometry (XRR) [25℄, at the XRR servie of the Institute of Materials Sieneof Madrid (ICMM), in a Siemens D-500 di�ratometer, using an X ray gener-ator with Cu anode working at 40 mV and 25 mA, using the Cu-Kα emissionline. A sintillation detetor with a graphite monohromator just before the18



2.2 Charaterisationdetetor was used to ollet the di�ration lines avoiding �uoresene emis-sion and other emission lines from Cu. Inidene and olletion slits werehosen to be 0.3◦ whih gave the best produt signal-resolution.As detailed in Chapter 3, XRR measurements were also upheld just beforeRe�EXAFS measurements for eah sample. They were reorded to hoosethe best re�etion angles for the Re�EXAFS spetra, but they an also beused to estimate the layers harateristis (thikness, density, roughness)Both laboratory equipment and synhrotron radiation XRR diagrams weresimulated and �t using the geneti algorithm provided by GenX program [26℄to obtain the layers harateristis. Note that the analysis of the XRR urvesprovides diret information onerning partial thiknesses of eah layer in thesamples, in ontrast with the results obtained by Rutherford BaksatteringSpetrometry (see Setion 2.2.3 below). Moreover, density an be diretlyobtained, so it does not have to be estimated. The variables were the interfaeroughnesses, and the thiknesses and densities of the layers.2.2.3 Rutherford Baksattering SpetrometrySample layers omposition and absolute atomi onentration were measuredby Rutherford Baksattering Spetrometry (RBS) [27℄ at the Centro Na-ional de Aeleradores (Seville-Spain), using a 3 MeV Tandem aelerator.The samples were irradiated with a 5.19 MeV 4He++ beam, and the baksat-tered partiles were deteted at 165 deg using a surfae barrier detetor.This tehnique measures the number of atoms per surfae unit. Thus, if agiven density is assumed, e.g. bulk density, thiknesses an be dedued.Two methods were used to analyze the RBS spetra: (i) if the signals fromthe di�erent elements were ompletely separated and bakground free, therelative omposition was simply obtained by omparing the integrals of thepeaks, orreted by the respetive ross setions. The statistial errors wereestimated to be around 2-3%. Moreover, the absolute amount of Cr and Cu19



2. Sample preparation and haraterisationwas alulated by omparison with a referene sample whih ontains 5.651015 atoms Bi/m2±1.7%. (ii) Apart form that, all spetra 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 tehnique isnot enough to resolve the individual thin layers. Instead, total thikness ofeah element was measured and equal thikness of all the layers of the sameomposition was assumed, as the growing onditions were the same for all ofthem.RBS measurements were arried out at the entre and both extremes of eahsample to show possible inhomogeneity.
2.2.4 Nulear Reation AnalysisAs RBS is not sensitive enough for deteting light elements over heavy sub-strates, Nulear Reation Analysis (NRA) [29℄ tehnique was used to deter-mine the abundane of N in the nitrides. This tehnique detets the quantityof 4He++ emitted by the reation:

14N + 2H+ −→ 16O −→ 12C + 4He++ (2.1)And it is ompared with the number of 4He++ emitted by a referene sampleof Si3N4/Si, that has a known abundane of 1.08 x1018 atoms of N per m2.The error of this tehnique 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 detetion angle was 150◦. A 13 µm mylar �lterwas used to stop the baksattered 2H+ in front of the detetor.However, spatial resolution is not good enough to disriminate the depth atwhih the nitrogen is. 20



2.2 Charaterisation2.2.5 Atomi Fore MirosopySurfae roughnesses were measured by Atomi Fore Mirosopy (AFM) withthree di�erent mirosopes: at the AFM servie of the Centro de Investi-gaión, Tenología e Innovaión de la Universidad de Sevilla (CITIUS), aMoleular Imaging Pio Plus mirosope was used; at the AFM servie ofthe Institute of Materials Siene of Seville, a Topometrix TMX2000 and aNanote Dulinea mirosopes were used. All of them were used in ontatmode with a sanner 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 surfae roughnesses was alulated from these results. Roughness anbe de�ned as the root mean square (RMS) of the height deviation from thebest �t line along the surfae of the sample.This roughness measured by AFM is not diretly omparable to the roughnessalulated by the simulation of the XRR diagrams. Roughness is a fratalphenomenon, whih means that its value depends on the sale of the mea-surement. The AFM sale for these measurements was hosen in order to seethe struture of the grains of the layers. On the other hand, XRR measure-ments take into aount the dispersion that is aused by all the roughnessesin all the sales. What is more, their in�uene on the diagram depends notonly on their roughness sale, but also on the inidene angle and on theenergy of the radiation.
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IntrodutionIn most studies to date that have adopted the re�etion geometry (Figure 3.1)for measurements of the Re�EXAFS spetra from a surfae, the experimentalonditions were those of the total re�etion [15, 16℄, i.e. the inidene angleswere below the ritial angle. Typial examples of the values of the ritialangles for a material are 0.13◦ for pure molybdenum to 0.33◦ for pure ironat about their respetive K absorption edge energies.

Figure 3.1: Re�etion geometry for Re�EXAFS measurementsThe �rst issue enountered when going beyond this limit is that the re�e-tivity intensity is extremely low. Figure 3.2 shows the re�etivity of a Cumirror at 200 eV above the Cu-K absorption edge. It an be seen from the�gure that the re�etivity drops to values a few orders of magnitude belowthe re�etivity for the total re�etion onditions. Thus, the main experimen-tal hallenge is to design the protools neessary to maximise the re�etedbeam 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 inidene angle above the ritial angle. This e�et, that will25



3. ReflEXAFS experiments
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Figure 3.2: Re�etivity and penetration depth of a Cu mirror at 9.2 keVbe used for studying deeper regions on the sample surfae, makes the au-ray in the determination of this angle deisive to prevent hanges in probeddepths in the sample for the same spetrum. In this sense, a good beamstability from the X ray soure and preise instrumentation are neessary.This Chapter summarises the instrumentation used and the protools 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 inidene angles of the beam impinging on the sample, that arearound the ritial angle of the system under study.26



3.1 InstrumentationThe beam angle stability in the synhrotron beamline is a ritial parameteras explained above. Furthermore, the aurate determination of the ini-dene angle is also of paramount importane. Finally, as the re�eted 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 desribed in this report were performed at station BM29of the European Synhrotron Radiation Faility (E.S.R.F.) [32, 33℄. This in-strument provided the desirable experimental failities as well as the requiredbeam �ux and stability to arry out these measurements.BM29 is the general purpose X ray absorption spetrosopy beamline atthe E.S.R.F. The strengths to whih BM29 operates arise from the intrinsiproperties of the E.S.R.F. synhrotron, oupled with a bending magnet soureand the high quality performane of the beamline monohromator.
• A large operational energy range with reasonable X ray �ux: 4.5 keVto 74 keV.
• High energy resolution: typially a fator 3 to 5 better than the intrinsispetral broadening at any K or L absorption edge.
• High spetral 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 OptisTwo monohromators were used at the BM29 beamline during these exper-iments. A Si(311) double rystal monohromator for the CuCrxN samples,27



3. ReflEXAFS experimentsand a Si(111) double rystal for the rest of the samples. The main hara-teristis of these monohromators are summarized in Tab. 3.1.Table 3.1: Monohromator harateristisMono Energy range Energy Maximum �ux(keV) resolution (phot/s·mm2)Si(311) 5 - 50 10−5 1010Si(111) 4.5 - 24 10−4 1011To rejet the higher harmonis from the monohromator di�ration, the rys-tals were detuned (this is, moved from the parallel position) to reah 50% ofthe maximum intensity of the main harmoni. This way, the intensity of the3rd harmoni is redued approximately by a fator 103.The station has also the possibility of rejeting the higher harmonis usinga dediated double rystal Rh/Pt oated Si mirror. This devie allowed towork with the monohromator rystals ompletely parallel, thus obtaining ahigher stability of the beam during the measurements.3.1.2 Re�etometerFor the reasons explained above, it is essential that the preise value of theinidene angle is determined aurately, and kept �xed during the measure-ments.To meet this requirement a high quality re�etometer with at least two irlesis needed on the experimental end station with a θ − 2θ speular re�etionsanning mode. In addition to the θ − 2θ rotation axes, the sample holdermust also allow movements in the x, y and z diretions and in the threeangular movements of roll, yaw and pith. This is essential to enable anaurate alignment of the sample surfae to the entre of rotation of the θ28



3.1 Instrumentationand 2θ rotation axis of the re�etometer and with the inident beam.A fully automated 3-irle Huber re�etometer and 3-translation axis, 3-anglegoniometer were used to hold the sample and the re�eted beam detetor(I1). A sheme of the re�etometer, goniometer and detetors an be seenin Figure 3.3, while a piture of the atual experimental setup at BM29 isshown in Figure 3.4. One of the irles (labeled phi) held the rest of the setup,allowing rotation around the vertial axis angle passing through the entre ofthe stage. A seond irle (labeled th1 ) held the sample goniometer, seen inFigure 3.5, whih was mounted onentrially with the third irle (labeledth2 ), holding the I1 detetor �xed to a bolted arm one meter long. Theangular ranges and auray of these motors appear in Tab. 3.2. The wholesystem was mounted on a heavy table (for purposes of stability) that ouldbe moved either vertially or horizontally in order to align the re�etometerwith the beam position, as will be desribed in Setion 3.2.1.2.

Figure 3.3: Sheme of the re�etometer used, showing the rotation irles and the slits
29



3. ReflEXAFS experiments

Figure 3.4: Piture of the re�etometer used at BM29

Figure 3.5: Piture of the goniometer used at BM2930



3.1 InstrumentationTable 3.2: Re�etometer and goniometer motors range and aurayMotor Range Aurayth1 (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, whih will be alled the experimental horizontalslit gap (ehg), was mounted just before the I0 detetor. This slit allows theoptimization of the horizontal beam size in order to provide su�ient spatialresolution for sample alignment (as explained in Setion 3.2.1) and to maxi-mize the footprint of the beam on the sample when the atual measurementstake plae.A vertially �xed slit, alled the experimental vertial slit gap (evg), wasmounted just after the ehg and determined the vertial beam size. In theexperiments desribed 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 aount sample size and ritialangle values.A vertially resizable slit, whih will be alled the re�etion vertial slit gap(rvg), was mounted after the sample and just before the I1 detetor. This slit31



3. ReflEXAFS experiments

Figure 3.6: Piture of the re�etion slit used at BM29an be seen in Figure 3.6. This third slit prevents the non speular re�etionomponents reahing the detetor and determines the angular resolution forthe re�etion angle. A wide re�etion slit inreases the intensity of the re-�eted beam but dereases resolution, and a ompromise between resolutionand intensity of the re�eted beam has to be reahed by the experimentalist.In the experiments arried out by us, rvg was set to 1 mm.3.1.4 DetetorsAs in standard EXAFS experiments, a pair of beam intensity monitors, inthis ase ion hambers, are required to obtain an aurate, high signal-to-noise ratio for a variable energy san. It is bene�ial if these detetors arerelatively light-weight sine I1 needs to be mounted on the detetor armattahed to the th2 irle. Two 15 m long OKEN S-1194A1 ion hamberswere used in the experiments presented here. These detetors were �lled withappropriate gas mixtures to optimise them for the energy of the absorptionedge to be studied. The optimal values are suh that 20% and 80% of thebeam intensity is absorbed in the I0 and I1 detetors, respetively.32



3.2 Measurement protool

Figure 3.7: Piture of the ion hamber and its ampli�er used at BM29Eah ion hamber works with a Stanford Researh Systems SR570 urrentampli�er. Both atual devies an be seen in Figure 3.7. For noise redutionpurposes, the detetors were onneted using short ables and the ampli�ersworked on their own batteries during Re�EXAFS sans. All non-essentialeletroni devies inside the experimental huth were also turned o� duringthe measurements to remove as many potential soures of eletroni bak-ground noise as possible. This model of ampli�er provides remote ontrolof the ampli�ation settings and this allows the reording of spetra withhanges in intensity of several orders of magnitude without ompromisingthe signal-to-noise ratio. This apability is partiularly useful when mea-surements at inidene angles far above the ritial angle are performed.3.2 Measurement protoolThe overall proedure for arrying out the Re�EXAFS measurement is sum-marised in Figure 3.8. First of all, the diret beam has to be found in the th2irle, whih holds the re�eted beam detetor, by sanning the th2 motor.The sample has to be moved out of the beam path (for example by plaingit about 2 mm down in z ), the re�etion vertial slit gap (rvg) is then loseddown, typially to 0.2 mm, and th2 is sanned to �nd the exat position of33



3. ReflEXAFS experimentsthe inident beam. This will be the origin of th2 irle.One this has been done, the sample and re�etometer have to be alignedwith the inidene beam. Afterwards, X ray re�etivity (XRR) urves aremeasured, so the angles to arry out the Re�EXAFS measurements are se-leted from the information ontained in these urves. Then, the re�etionangles have to be found for eah of the inidene angles seleted and �nally,the energy sans are made.

Figure 3.8: Re�EXAFS data aquisition proedure
34



3.2 Measurement protool

Figure 3.9: Possible movements of the sample by the goniometer3.2.1 AlignmentThe alignment is of paramount importane for two reasons: the need tomaximize the intensity of the re�eted beam and the need for an auratedetermination of the inidene angle of the beam. To ahieve this, threeonditions must be ful�lled:1. The sample must be parallel to the beam and aligned with the beamdiretion. Besides, the middle point of the surfae of the sample mustbe at the enter of rotation of the re�etometer irles (th1 and th2 ) .2. The beam must pass through the enter of rotation of the re�etometerirles.3.2.1.1 Sample alignmentThe �rst ondition is the angular and position alignment of the sample, whihare done with the sample goniometer. Alignment in the z, y, ry, rx, psi, andx diretions and angles, indiated in Figure 3.9, is required, and it is best35



3. ReflEXAFS experimentsperformed in this order. Deisions about additional sans or movements tobe done are made on the basis of visual examination of the shape of thepro�le registered at the I1 detetor. This pro�le is made by the samplebloking the diret beam when the san of the appropriate diretion or angleis performed. All the proedures for the alignment in eah diretion andangle are summarized as �owharts in Figures 3.10 to 3.15, whih inludethe possible pro�les of I1, and how they should be optimized.These �owharts are illustrated with the real sans registered for a retan-gular sample. Although the retangular shape is maybe the ideal for thisalignment proedure, 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 desribed in Chapter 2. In fat, sev-eral di�erent samples (multilayers, surfae-oxidized multilayers, metal-nitridemultilayers and surfae nitrided steels) have been aligned following this pro-edure suessfully, so it has been proved to be highly reproduible.Eah alignment step has to be made independently and in the order herepresented. Although some steps require a �nal hek that apparently bringsthe proedure to a previous step, this does not mean that the whole proedurehas to be arried out again. For instane, 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 instane,alignment in y diretion is impossible unless the sample has been aligned inz diretion previously, as y sans do not show the sample bloking the beamin this ase), but also to be the most e�ient in terms of the number of sansrequired to get the sample aligned, so it is less time onsuming.3.2.1.2 Re�etometer alignmentThe seond ondition mentioned at the beginning of Setion 3.2.1 is thealignment of the re�etometer with the beam. The rotation axis of the th136



3.2 Measurement protool

Figure 3.10: Flowhart of the alignment proedure for z diretion37



3. ReflEXAFS experiments

Figure 3.11: Flowhart of the alignment proedure for y diretion38



3.2 Measurement protool

Figure 3.12: Flowhart of the alignment proedure for ry angle39



3. ReflEXAFS experiments

Figure 3.13: Flowhart of the alignment proedure for rx angle
40



3.2 Measurement protool

Figure 3.14: Flowhart of the alignment proedure for psi angle41



3. ReflEXAFS experiments

Figure 3.15: Flowhart of the alignment proedure for x diretion42



3.2 Measurement protooland th2 irles of the re�etometer must be aligned with the beam diretion,as seen in Figure 3.16. To ahieve this, one the sample is aligned, a z sanhas to be made and the value in the middle of the slope noted as z0. Next,a 180◦ rotation in th1 irle has to be performed, so as to invert the sample.This step must be performed with extreme are to avoid disturbane of thesample on the stage. Obviously, to undertake this alignment proedure thesample must be well �xed to the sample holder. One the sample is upsidedown, another z san is made and the value in the middle of the slope notedas zπ. The large table that holds the whole re�etometer is then movedvertially by half of the di�erene between the z0 and zπ values. This plaesthe enter of the rotation axis of the re�etometer on the beam axis. Onethe re�etometer has been moved, the sample is returned to th1 = 0. Analignment in the z diretion is repeated to hek the beam position is still atthe mid point between z0 and zπ.

Figure 3.16: Sheme of the re�etometer alignmentAs the re�etometer has moved relative to the beam position, the origin43



3. ReflEXAFS experimentsof th2 irle has hanged, and it is thus neessary to repeat the proeduredesribed at the very beginning of the measurement protool. Fortunately,the re�etometer alignment has to be performed only one at the start ofan experiment. As the beam should not move during the ourse of a seriesof measurements, the re�etometer should remain aligned when swithing todi�erent samples, though obviously eah sample has to be aligned indepen-dently.3.2.2 XRR measurementThe X-Ray Re�etivity (XRR) measurements provide information about theintensity of the re�eted beam as a funtion of the inidene angle, for a givenenergy. In layered samples, re�etivity intensity has sudden hanges due tointerferene e�ets, so it ontains information onerning the thikness andomposition of the layers as well as the roughness of the top surfae and theinterfaes. Moreover, sine X ray penetration is a funtion of photon energy,XRR urves hange with energy [21℄. For this reason, to selet the mostappropriate angles to arry out the Re�EXAFS measurements, several XRRurves have to be reorded prior to the energy sans: one at an energy loseto the edge of the atomi speies to be measured and two others at the lowand high energy limits of the Re�EXAFS sans. These XRR diagrams alsoprovide an estimate of the re�eted beam intensity within the energy rangeof the san.As an example, Figure 3.17 shows the XRR urve of a CuCrx2 layered sample(see Chapter 5 for omposition and struture) for inidene angles between0 and 1.5◦, reorded at E=8.0 keV and at E=10.0 keV . This urve hasbeen reorded in the same way as would be done in a laboratory equipment,inluding a alibration of the θ−2θ relationship (here alled th1−th2 ). Onethis alibration has been done, the sample must be moved to the middle ofthe slope of a z san. The san starts at 0◦ and should proeed up to thevalue of the maximum angle that an be measured with a good signal-to-noise44



3.2 Measurement protoolratio. In this way, the upper angular limit for the Re�EXAFS measurementsan be determined.
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Figure 3.17: XRR diagram of sample CuCrx2
3.2.3 Re�EXAFS sansThe �rst step to ollet a Re�EXAFS spetrum is to hoose the inideneangle and determine the value of the orresponding re�etion angle au-rately, sine the alibration urve does not yield su�iently aurate values.To ahieve this, the experimental horizontal slit gap (ehg) has to be openedas muh as possible though avoiding the beam footprint exeeding the sam-ple dimensions. Afterwards, a z san has to be performed and the samplemoved to the middle of the slope. The th1 irle is then tilted to the seletedinidene angle, and th2 irle is sanned, with narrow (0.2 mm) re�etionvertial slit gap (rvg) to �nd the re�etion beam peak. This is explained in45



3. ReflEXAFS experimentsFigure 3.18. One th2 is moved to the maximum of the peak, a san in zhas to be done again to �nd the maximum re�etivity, as explained in Figure3.19. An EXAFS-like energy san 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 reommended to optimize the subsequent bakgroundsubtration proedure.3.2.3.1 Diret beam sansFinally, it is important to reord a san of the air absorption (diret beamsan). This is needed for data normalization purposes.
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= R(E) (3.1)To reord this san, the sample has to be moved out of the inidene beam,and the same range of energy of the EXAFS spetra is sanned at th2=0◦.Diret beam sans have to be reorded under the same experimental ondi-tions used in the Re�EXAFS sans, whih means that a new diret beamsan must be performed eah time the �lling of the ionization hambers orthe size of the slits hanges. It is not neessary though to repeat them fornew samples (provided the slits are not hanged) of after every re�lling ofthe synhrotron storage ring.3.3 AutomationAll steps in Re�EXAFS data olletion in general and the alignment pro-edure in partiular are time onsuming. Sine beam time in synhrotronradiation experiments is highly preious, a signi�ant e�ort has been made46



3.3 Automation

Figure 3.18: Flowhart of the re�etion angle searh proedure47



3. ReflEXAFS experiments

Figure 3.19: Flowhart of the best re�etion z position proedure48



3.4 Data olletion timeto automate the proedures during these experiments. BM29's ontrol soft-ware, SPEC[34℄, allows the remote ontrol of the failities in the experimentalhamber as well as the extration of mathematial information from the spe-tra reorded, suh as position of maxima or the full width half maximum ofa spetrum. Taking advantage of that, ontrol software has been designedand written in order to evaluate the spetra and deide the steps to follow,as for instane, the deisions of the alignment proedures shown in Figures3.10 to 3.15, 3.18 and 3.19. In fat, these �owharts are the summary ofthe logial paths taken by this ontrol software. By following this automatiproedure, the aurate alignment of the samples, whih 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 proedure.
3.4 Data olletion timeThe typial data olletion time per sample using this tehnique on a spe-trometer suh as BM29, that has a typial �ux at the sample of∼1011 photonsper seond an be outlined as follows.The alignment proedure takes about 1 hour, plus half an hour more forthe re�etometer alignment for the �rst sample in the experiment. EahXRR spetrum takes approximately 15 min, plus another 15 min for thealibration. These sans are repeated at least twie per energy to hekreproduibility. Eah Re�EXAFS spetrum lasts about 30 min, whih isalmost standard for an EXAFS spetrum, and three spetra per angle aretypially reorded (not all in a row, but taking one spetrum per angle, andstarting again three times) in order to have a better signal-to-noise ratio andto hek reproduibility. Finally, two diret beam spetra are reorded persample, that take approximately 30 min eah. To haraterise a standardsample eight angles are reorded, this makes a total of 16 h for a ompleteand aurate study of a single sample by this tehnique. Fortunately, by the49



3. ReflEXAFS experimentsautomation software developed, most of these steps an now be performedautomatially and hene do not require the onstant supervision of the user.
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4. Theory and data analysis
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4.1 Fundamental TheoryIntrodutionThe global analysis of the Re�EXAFS spetra 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 rayshanges signi�antly for inidene angles near the ritial angle, so the energyor angle spetra that is measured has ontributions from several regions ofthe sample; () the �ne struture of the re�etivity is not the EXAFS χ(E)but a mixture of both the real and imaginary anomalous sattering fators.Thus, the possibility of just performing a bakground subtration to theexperimental re�etivity spetra in order to obtain the Re�EXAFS spetrafor the di�erent inidene angles is as attrative as mistaken.This hapter will summarise the theory required to alulate the X ray re-�etivity for multilayers as a funtion of energy near the absorption edge,both below and above the ritial angle. This is neessary for the dediatedanalysis proedure developed under this projet. Furthermore, the previousattempts to analyse Re�EXAFS data will be desribed, showing the limita-tions of their approximations within the ontext of the theory. The last partof this hapter will desribe in detail the new analysis proedure developedand followed in this work. It will also show spei�ally how it enompassesthe previous analyses. Finally, the di�ulties still to be overome will bedesribed.
4.1 Fundamental Theory4.1.1 Anomalous satteringX ray photon sattering is dominated by the bound eletron-photon inter-ation. For this reason, it is normal to alulate the sattering proessesrelative to the atom entre. The eletrons are not loalized at the nulear53



4. Theory and data analysisentre, what gives rise to the atomi form fator f 0, whih is the Fouriertransform of the atomi eletron density. Unlike nulear ross-setions, f 0 isa funtion of the momentum transfer (Q). The f 0 for an atom is de�ned asthe sattering from an atom in whih all the eletrons are ompletely boundwithin the non-relativisti approximation.When the eletrons are allowed to reat to the inoming radiation and osil-late around the atom entre, the total atomi form fator f shows a orretionas two modi�ation terms alled the anomalous sattering fators,
f(Q,E) = f 0(Q) + f ′(E) + if ′′(E) , (4.1)where f ′(E) and f ′′(E) are funtions of inident energy and have no depen-dene on the momentum transfer vetor. Cromer and Liberman [35℄ set outthe basi formalism and mehanism for determining the values f ′(E) and

f ′′(E) by using a dipole approximation on the photon-eletron interation.They also set the limit of the valid regime when the inverse of the momentumtransfer beomes omparable to orbital dimensions. When this omplex formfator is used to alulate the sattering amplitude, the imaginary part of theanomalous sattering fators, f ′′(E), e�etively ontributes as an absorptionomponent.The eletri permittivity of a material, χe, an then be alulated by thesum of all the form fators 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 lassial eletron 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 fator f(Q,E) is alulated from a54



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

∑

∀Z
cZfZ(Q,E) , (4.3)where cZ is the atomi fration of the omponent Z in the material.The refrative 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 eletromagneti spetrum,the eletri permittivity is quite small, so the last equation may be approxi-mated to get an expression of the refrative index in terms of the anomaloussattering fators

n(E) ≃ 1 +
χe(E)

2
=

= 1− e2h̄2

2ǫ0me

1

E2
ρat
[
f 0(Q) + f ′(E) + if ′′(E)

]
.

(4.5)Traditionally, the refrative index of a material in the X ray region is writtenas [37℄
n(E) = 1− δ(E)− iβ(E) , (4.6)whih yields the relationship of δ(E) and β(E) with the anomalous satteringfators 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 lassial [38℄ or a quantum mehanis [39℄ alulation of theanomalous sattering fators, 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 diretly related to the absorption oe�ient µ(E) bythe expression

µ(E) =
2E

h̄c
β(E) , (4.9)whih will ultimately be the studied magnitude (as will be shown in Setion4.1.5).4.1.2 X ray re�etivityIn lassial optis, when a beam of light impinges on the surfae betweentwo di�erent materials at an inidene angle θi (relative to the surfae), thebeam deviates to a refration or transmission angle θt as it travels throughthe new material. The boundary onditions for the eletromagneti �eld atthe interfae 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' refrativeindies respetively.In the ase of a stak of materials where the layers are labeled with thesubsript j, being j = 0 the initial medium (normally air or vauum) and
j=N + 1 the �nal one (normally the substrate), there are N + 2 refrativeindies (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. Physially, this yields the so-alled total56



4.1 Fundamental Theoryre�etion regime, with an attenuated transmission of a evanesent beam, thatis a wave that travels through the transmission material with an exponentialdeay [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 vauum at su�iently low inidene angle an be totallyre�eted. The ritial angle θc is de�ned as the inidene angle at whih thetransmitted angle is 0. This is,

cos(θc) = n cos(0) = 1− δ(E) , (4.11)where n is the relative refrative index between both materials. As δ(E) issmall, the ritial 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�etion regime. It has to be notedthat this alulation is not aurate. The β term of the refrative index hasbeen deliberately ignored to obtain a non omplex ritial 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�etion angular region.The �rst attempt to show aurately the whole proess of X ray re�etivity,inluding the multiple re�etions in a layer of material was given by Parratt[37℄. In the next setion, it is shown how Parratt's approximation providesan expression for the Fresnel re�etion oe�ient for X rays at the interfaebetween two media for small inidene angles.57



4. Theory and data analysis4.1.2.1 Re�etivity from a single surfaeThe re�etion, rj−1,j, and transmission, tj−1,j, oe�ients at a surfae 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�eted 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, beause the refrative index and thus therefration angle are also omplex. Then, the re�eted, R, and transmitted,
T , intensities from a surfae 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�etion and transmission oe�ientsin terms of the inidene and transmission angles and the refrative indies.These ome from the satisfation of the boundary ondition that demandsthat the tangential omponents of the eletri and magneti vetor should beontinuous aross the surfae. For s-polarised radiation (i.e. with the eletrivetor perpendiular to the inidene plane, thus parallel to the surfae),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 eletri vetor parallel to the ini-58



4.1 Fundamental Theorydene 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 spetrum (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 vauum, so
n0 = 1. At these limits, the Fresnel oe�ients for both s- and p-polarisationdiretions are approximated to the same expression, so equation 4.19 is validfor either of them.To obtain the re�eted 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 ritial angle helps to simplify this equation,but for this work the expliit δ terms will be kept. The re�etivity 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�etion intensity arries information about the ab-sorption oe�ient of the re�eting material, through the imaginary part ofthe refrative index, as shown in Equation 4.9.4.1.2.2 Re�etivity on multilayersThe next question is how to expand the formalism above desribed to en-ompass the re�etivity proess within a multilayered system. The objetiveis to alulate ontribution to the top surfae re�etivity from eah layer insuh a way as to inlude all the layer to layer re�etions.First onsider Figure 4.1. The re�etivity from the inident beam on thesurfae layer is r0,1, while the transmitted beam is t0,1. From the �gure, itan be seen that the total re�etion oe�ient aused by layer 1, r′0,1, is the60



4.1 Fundamental Theory

Figure 4.1: Re�etivity from the �rst layerphase weighted sum of all the possible re�etions 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�erene between the di�erent re�etions ausedby the path length di�erene
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 alulated 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 reursion formula. The di�erene liesin the fat 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, whih 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 stak
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 whih no re�etion would ome upwards,

r′N+1,N+2 = 0 =⇒ r′N,N+1 = rN,N+1 . (4.31)The re�etivity oe�ient of the �rst surfae, r′0,1, an then be alulated byiterating from the substrate upwards, replaing the r′j,j+1 by the re�etivityalulated for the layer below. Finally, the desired re�eted intensity fromthe top surfae is given by
R0,1 =

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



4.1 Fundamental Theoryof the di�erent layers, whih an be envisaged as a variable height z asa funtion of x and y aross the surfae, ommonly known as surfae orinterfae roughness. This gives rise to non-speular sattering.If the intermixing or height variane is small relative to the beam footprint,it may be modeled statistially as a variable refrative index in the regionslose to the interfae, as an be seen in Figure 4.2. In this approximation, theexpeted speular loss an be alulated. The di�erent statistial desriptionsfor the roughness has lead to a number of di�erent models. Among them,the most used it the Nevot-Croe [41℄ model, whih is desribed below.

Figure 4.2: Roughness of a surfae modeled statistially by a tanh funtionThe alulation of the roughness e�et starts with the premise that the or-relations are not in the XY plane, so the refrative index only depends onthe vertial diretion z, whih is perpendiular to the surfae.The refrative index intermixing an be modeled by the Error funtion 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 refrative index is the mean value of both refrativeindies 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 interfae, but will beassigned to layer j. The Error funtion 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 surfae points, whih is the usual way to desribe the surfae roughness
P erf
j (z) =

1√
2πσj

e
−z2

2σ2
j . (4.36)This intermixed refrative index an be introdued 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 vetor at layer j − 1.Although this seems to be the best desription of the roughness, other in-termixing models an be used. For instane, a model in terms of a tanhfuntion 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 surfae 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 inludes the Error funtion,so it desribes the surfae roughness satisfatorily. The advantage of thismodel lies in the fat that the tanh funtion is integrable. For this reason,it is possible to analytially alulate the new Parratt re�etion 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 funtion, de�ned as
Γ(x) =

∫ ∞

0

tx−1e−tdt , (4.42)For X ray energies, and roughnesses σj < 100 Å, the Gj−1,j fator is approx-imately 1, so the alulation of this oe�ient is easier. This tanh model hasthe advantage of being valid even for high roughnesses, overoming the limitof the Error funtion model, kjσj < 1.4.1.4 Depth sensitivityThe information arried by the re�eted radiation is weighted by the intensityof the transmitted wave at eah 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 whih the intensityof the radiation has deayed to a fration 1
e
.65



4. Theory and data analysisAs an example, Figure 4.3 shows the penetration depth in a smooth and thikCu mirror of an X ray at 9.2 keV (about 200 eV over the Cu-K absorptionedge), for inreasing inidene angles. It has been also plotted in the �gurethe re�etivity of the X ray as desribed by Parratt's equations.
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Figure 4.3: Re�etivity and penetration depth of a Cu mirror at 9.2 keVIn the total re�etion regime, θi < θc, the information ontained in the spe-trum omes from the evanesent transmitted wave that propagates parallelto the surfae and deays exponentially in the diretion perpendiular to thesurfae. 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)whih is on the order of tens of Ångströms. As the penetration depth in-reases above the ritial angle, in the limit θi ≫ θc, it approahes 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)whih has a linear inreasing dependene with the inidene angle. Bothe�ets an be seen in Figure 4.34.1.5 EXAFSIn order to understand how strutural information is obtained from an X-rayabsorption (XAS) spetrum, the basi proess of the interation of radiationwith matter has to be onsidered. When an atom is irradiated with X rayphotons of high enough energy to promote an internal eletron to the vauumlevel, these photons are absorbed and a photoeletron is ejeted. The inten-sity of the transmitted beam, It, is related with the absorption oe�ient µ,aording to the Lambert relation [44℄
It = I0e

−µ(E)z =⇒ µ(E)z = ln

(
I0
It

)
. (4.45)Sanning energy against the absorption oe�ient yields the XAS spetrum.When the energy of the inoming beam is equal to or higher than that ofan inner level of the absorbing atoms, a sharp inrease in the absorptionoe�ient takes plae, and an absorption edge appears in the spetrum. Ifthe absorbing atoms are not isolated, the X ray absorption oe�ient inludesan osillatory �ne struture just after the absorption edge, as an be seen inFigure 4.4. This �ne struture an be desribed 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 osilla-tory part of the absorption oe�ient is a onsequene of a variation in theatomi eletron density, whih is due to the interferene of the wave funtion67



4. Theory and data analysis

Figure 4.4: XAS spetrum for a Mo foil sample, near the Mo-K absorption edgeof the ejeted photoeletron and the baksattered one from the neighbouringatoms. For this reason, funtion χ(E) ontains loal strutural informationand an be desribed as the sum extended over i neighbouring oordinationshells of atoms around the absorbing atom. This �ne struture is usuallywritten as a funtion of the photoeletron wave vetor, k,
k(E) =

√
2me(E −E0)

h̄2 , (4.47)where me is the eletron mass and E0 is the absorption edge energy. TheExtended X ray Absorption Fine struture Spetrosopy (EXAFS) part of theXAS �ne struture is the one that is loated from 50 eV after the absorptionedge to the end of the spetrum. This part an be modeled by a semi-heuristiequation that is a funtion of the strutural 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 distane
Ri. S2

0 is the amplitude redution fator due to many body e�ets. Fi is thebaksattering amplitude funtion of eah kind of neighbouring atom, andthe φi(k) the total phase shift of the photoeletron, λ(k) is the photoeletronmean free path and σ2
i is the Debye-Waller fator, aounting for stati anddynami disorder. Sine Fi(k) and φi(k) are funtions harateristi of eahpair of absorbing and baksattering elements, the tehnique is element sen-sitive. Those funtions an be alulated from ab-initio alulations [45℄, sothe �t of the experimental signal with this expression yields the struturalparameters Ri, Ni and σ2

i [46℄.There is no need for long range order in the struture of the sample to be anal-ysed. For this reason the appliation of EXAFS spetrosopy is widespreadin the study of all kinds of systems, both liquid and solid.Changing the standard detetion system of the transmitted beam to thealternative of reording the re�eted signal, the funtion that an be analysedis the imaginary part of the refrative index, β. This funtion is related tothe absorption oe�ient by Equation 4.9 so, if β an be alulated, theEXAFS signal an be extrated diretly
χ(E) =

µ(E)− µ0(E)

µ0(E)
=

β(E)− β0(E)

β0(E)
. (4.49)4.2 Re�EXAFS partial analysesSetion 4.1 showed how to alulate the re�etivity of a sample if the ompleteabsorption term, inluding the �ne struture omponent, is known. Theoupling of δ(E) and β(E) make it di�ult to deonvolve the equationsin order to determine β(E), and thus the χ(E) EXAFS signal from the�ne struture of the re�etivity. Several approahes have been tried withlimited suess, eah beoming more sophistiated with both progress inomputational resoures and improvements to theoretial understanding.69



4. Theory and data analysis4.2.1 Total re�etion approximationMartens and Rabe [7, 17, 18, 47℄ showed that a very simple approah an bemade to analyse the Re�EXAFS data in the total re�etion regime.Equation 4.23 is the re�etivity from a single surfae in the low angle limit.This limit an be pushed further and study the total re�etion 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,
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. (4.51)The limiting value for this expansion is when θ√

2δ
(or θ

θc
) approahes 1.As the EXAFS �ne struture is present in β(E) due to Equation 4.49, andsubsequently in δ(E) due to their relationship shown in Equations 4.8, bothfuntions an be split in their isolated atom and �ne struture omponentsas

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

R(δ, β)− R0(δ0, β0) = ∆R ≈ ∂R
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∆β , (4.53)where R0 stands for the re�etivity without the �ne struture, 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 respet to δ and β an bealulated and yield
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. (4.54b)Substituting typial values for δ and β at the X ray energies, (for instane

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 negleted, so it is almost purely proportional to∆β(E), and hene propor-tional to the �ne struture of the absorption oe�ient ∆µ(E) by Equation4.9. Then, the EXAFS χ(E) an be determined diretly 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 funtion that �ts the re�etivitywithout the �ne struture, 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 theritial angle, the approximation at Equation 4.51 does not hold, beause theterms in θ2

2δ
and higher order beome important. Consequently, ∂R

∂δ
beomesomparable to ∂R

∂β
, so the ∆δ omponent of the re�etivity �ne strutureannot be negleted. 71



4. Theory and data analysisFurthermore, when the energy is just after and lose to the absorption edge,the magnitude of β beomes signi�antly bigger, and lose to the values of
δ. This also makes the partial derivatives omparable and again the ∆δomponent of the re�etivity �ne struture annot be negleted. However,the EXAFS region of the �ne struture begins far enough from the absorptionedge, so it is not a�eted by this fat.This approximation is then limited to the total re�etion regime and henethe 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 alu-lating a linear approximation of ∆R(E),

R(δ, β)− R0(δ0, β0) = ∆R ≈ ∂R
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∆δ +
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∂β
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β0

∆β , [4.53℄The partial derivatives in this equation are funtions of energy in general.However, they are slowly varying funtions with energy and may be approx-imated by funtions only dependent of the inidene angle,
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(E, θ) ≈ b(θ) , (4.56b)Thus, for eah inidene angle θ, the �ne struture of the re�etivity is alinear ombination of the �ne strutures of the real and imaginary parts ofthe refrative index as
∆R ≈ a∆δ + b∆β (4.57)This is a reasonable approximation for a single hemial environment, whenthe energy range of the measurement is short, and far from the ritial angle,either higher or lower angle. 72



4.2 Re�EXAFS partial analysesA relationship between the �ne strutures of δ(E) and β(E) an be estab-lished due to the linearity of the Kramers-Kronig transformations, and takinginto aount 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 speial aseof the Hilbert transformations,

KK [∆δ(E)] = KK
{
KK [∆β(E)]

}
= −∆β(E) , (4.60)has been used. Then ∆δ and ∆β an be alulated 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 alulatedfrom either a numerial simulation or from a model ompound experimentaldata [19℄ in order to normalise the ∆β(E) funtion.The problems of this method arises from the fat that ∂R

∂δ
and ∂R

∂β
are notonstant in energy. This e�et is bigger when the energy is just after theabsorption edge, where the variation of these funtions with energy is faster.Also, the wider the energy range of the san, the less aurate the method is,73



4. Theory and data analysisas those funtions deviate further from the onstant behaviour. Moreover,if there is more than one hemial environment of the studied element atdi�erent depths in the sample, the EXAFS spetrum will have a proportionof eah environment that is variable with energy. This is aused by thevariation of penetration depth of the radiation with energy at inidene anglesabove the ritial angle, and would make the spetrum extremely di�ult toanalyse.4.3 Re�EXAFS global analysisBoth of the preeding methods obtain the EXAFS signal by means of an ap-proximation of the linear expansion of the Re�EXAFS �ne struture (Equa-tion 4.53) for an individual angle. The �rst restrits the probe depth to thepenetration of the evanesent wave in the total re�etion ondition, whihis around tens of Ångsröms. The seond, while having the ability to probedeeper depths, an be inaurate for strongly varying δ(E) and β(E) fun-tions, and does not work for samples with more than a single hemial envi-ronment at di�erent depths.To overome these limitations, a more general proedure was developed inthis work.The priniples 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 inideneangles, whih will eventually redue the number of possible solutions givingmore restritions; and (2), not to try to extrat the EXAFS signal diretlyfrom 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 alulatethe whole experimental Re�EXAFS.This global proedure is arried out in two stages. First, the re�etivitybakground (i.e. without the �ne struture) is �tted for all the spetra atdi�erent angles using the re�etivity equations desribed in Setion 4.1 for74



4.3 Re�EXAFS global analysisa model of the sample. This way, the Re�EXAFS �ne struture (∆R(E))for the di�erent spetra an be extrated. Furthermore, parameters likethe real (δ(E)) and imaginary (β(E)) parts of the refrative indies an bealulated, whih will be neessary for the next step. Seond, the Re�EXAFS�ne struture set is �tted against a model funtion representing the EXAFSsignal of the sample within the restritions imposed.4.3.1 Free atom re�etivity simulation and �tThe free atom re�etivity is de�ned as the re�etivity 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 refrative indexwithout the �ne struture, as de�ned in Equations 4.52.The objetive is to alulate this free atom re�etivity. To do this, a modelof the sample is built in terms of parameters that simulate the sample har-ateristis. 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 spetrum of the same sampleat eah di�erent inidene angle. These re�etivity spetra are funtions ofall the refrative indies omponents for the free atom, δ0j(E) and β0j(E), ofeah j-th layer.This sample an be determined by speifying the layers and substrate om-position, density, thikness, and the interfaial roughness.With the omposition and atomi density, the refrative indies of the layers,
n0j , an be alulated 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 sattering fators. In the ase of a ompound, its satteringfators an be alulated from those of the elements by using Equation 4.3.The re�etivity spetrum at di�erent energies for eah inidene angle anthen be alulated from Parratt's [37℄ reursive expression (Equation 4.30),that depends on the layers thiknesses, dj, and the refrative indies, n0j ,previously obtained. These are ombined with the roughness orretion ofthe Nevot-Croe model [41℄ for a tanh type of intermixing [42℄ (Equation4.40) that depends on the roughness parameters, σj , of the interfaes.However, the sample harateristis and even the inidene angle are notknown with enough preision to simulate aurately the re�etivity spetra.Thus, the sample parameters are set as variables in a omputer programthat tries to �t the alulated re�etivity against the experimental re�eti-vity spetra, in a similar way as the simulation and �t of X ray re�etometrymeasurements [26℄. The �tting proedure and strategies are detailed in Se-tion 4.3.1.1The output of the program provides a way to extrat the Re�EXAFS �nestruture of eah spetrum, ∆Rm(E), from the re�etivity bakground by76



4.3 Re�EXAFS global analysissimply subtrating the simulated re�etivity from the experimental one,
∆Rm(E) = Rexp

m (E)− Rfit
0m(E) , (4.64)where Rexp

m (E) is the experimental re�etivity of spetrum m, and Rfit
0m(E)its orresponding best �t simulated spetrum without the �ne struture.The best �t parameters from the program output give quantitative values ofthe harateristis of the sample suh as thikness, density and roughness ofthe layers. Furthermore, it gives the preise values of the refrative indiesomponents of the layers without the �ne struture, δ0j(E) and β0j(E). Thesevalues will be of paramount importane for the subsequent simulation of theRe�EXAFS �ne struture, as desribed below in Setion 4.3.2.4.3.1.1 Fitting desription and strategiesThe re�etivity simulation and �t tries to obtain the preise values of thevariables that the re�etivity depends on, by looking for the ones that makesthe simulated re�etivity 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 eah spetrum at the di�erentinidene angles for the same sample.For a sample made of homogeneous layers deposited over a substrate, thesample variables beome the layers and substrate omposition, density (toalulate the refrative indies) and roughnesses, and the layers thiknesses.Eah spetrum depends on its inidene angle, that have to be onsidered inthe simulation in order to aurately determine its value. Besides, two morevariables have to be introdued for eah spetrum: (1) a linear sale fatorthat takes into aount the possible part of the beam not impinging on thesample as well as the beam loss due to possible lak of �atness of it; and (2),an energy shift orretion, that takes into aount the possible misalibration77



4. Theory and data analysisof the monohromator.This is an enormous amount of variables to be alulated from a small amountof experimental spetra, and besides, some of them are highly orrelated.This leads to the possibility of having multiple solutions to the same �ttingproblem, of whih there is only a real one. Thus, an e�ort to redue this pos-sibility has to be done, in terms of strategies that helps the �tting proedure.Some of the general strategies used for this work are desribed below.
• The spetra for the di�erent inidene angles refer to the same sample.Hene, the simulation has to be done for all the spetra at the sametime, sharing the sample variables. This give a strong restrition to thepossible values of the variables, whih is stronger when more spetraare measured at di�erent inidene angles.
• The re�etivity at energies lose to the absorption edge is not well sim-ulated by the equations desribed in Setion 4.1, beause most of theapproximations desribed are only valid when β(E) ≪ δ(E), onditionthat is not ful�lled at those energies for most materials [38℄. Thus,although the re�etivity is indeed alulated at that region, the �ttingproedure does not onsider the points within around 10 eV from theabsorption edge for the alulation of the di�erene between experi-mental and simulated spetra. This removes false restritions 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 haraterization. On the other hand, thespetrum variables are approximately set at the re�etivity measure-ments. This allows to set some limits to the possible values of thevariables, whih redues drastially the variable �eld to look for thebest �t values.
• These variables are not always independent of eah other, so they an78



4.3 Re�EXAFS global analysisbe oupled. For instane, a sample made of a multilayer probably havea period of layers that share their roughness and refrative indies. Thisredues the number of variables to be alulated.These strategies redue 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 spetra are quite noisy, and an evenhave some singularity points due to the typial glithes that an X ray absorp-tion measurement has. The seond is that the partial re�etivities 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 indue errors in thealulation 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 sophistiated algorithm that an ope with theseproblems was used instead of a standard Monte-Carlo �tting proedure.The algorithm used for this �tting is alled Covariane Matrix AdaptationEvolution Strategy or CMA-ES algorithm [48℄. This is an type of evolutionaryalgorithm, that is spei�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 loal possible solutions that arenot the best one.
• High noise and disontinuities.
• Ill-onditioning problems.The use of this algorithm together with the strategies above desribed, madethe disrimination of the true solution among the loal solutions possible forthe samples studied in this work. 79



4. Theory and data analysisOne the simulation and �tting is done suessfully, it has to be taken intoaount that the free atom re�etivity �t annot be aomplished perfetlyto the point that the di�erene between the experimental and simulatedre�etivity is 0.The origin of this experimental-simulated re�etivity mismath lies in the ef-fets that have not been onsidered in the simulation. These an be lassi�edin two groups:
• Experimental issues like, for instane, the non linearity of the detetorssignal at di�erent deteted intensities, or the possible non planarity ofthe sample, that auses dispersion of the re�eted beam.
• Simulation model deviations from the real behaviour of the re�etivity,like the ones from the approximations in the re�etivity equations, orthe roughness model used in the roughness e�et alulation.Although these di�erenes are normally very small, they an introdue lowfrequeny osillations in the Re�EXAFS �ne struture, whih may ause er-rors in the subsequent EXAFS analysis. Therefore, they have to be orreted.This is done by the introdution of an additional polynomial in the simulatedre�etivity, that is also �tted to get a perfet math of the experimental spe-trum.This is justi�ed only if the polynomial orretion is negligible ompared tothe initial �t. In other words, the di�erene of the �tting parameters in asea perfet �t ould be ahieved would be some orders of magnitude smallerthan their value.4.3.2 Re�EXAFS simulation and �tAfter obtaining the free atom re�etivity �ts, the �ne strutures of eahre�etivity spetra at the di�erent inidene angles are alulated by a sim-ple subtration of the best �t simulation re�etivity from the experimental80



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

m (E)− Rfit
0m(E) . [4.64℄Continuing with the layered sample ase, there is a total of N + 1 layers,inluding 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 struture of the re�etivity anonly ome from the �ne strutures 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 eah absorbing layer h may have a di�erent �ne struture spetrum.The approximation that is used in this work has the same base as the previousworks. As the re�etivity �ne struture, ∆R(E) is small ompared to there�etivity itself R(E), it is possible to approximate it by a linear Taylorexpansion in terms of ∆δ and ∆β. As the re�etivity �ne struture dependson all the absorbing layers, this expansion has to be made for all the possibleontributions from eah layer h, so

∆Rm(E) ≈
H∑

h=1
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δ0h
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]
, (4.68)where eah of the partial derivatives are expliit funtions ofE. Said in words,this means that the re�etivity �ne struture at eah individual energy point81



4. Theory and data analysisan be approximated by a linear ombination of the �ne strutures of thereal and imaginary omponents of the refrative indies of all the absorbinglayers. This equation is valid for eah m spetrum, with its own partialderivative oe�ients, but sharing the same ∆δh(E) and ∆βh(E), whih areharateristi of the layers, but not the spetrum. Thus, this form a linearset of equations that an be written in a matrix form as
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, (4.69)
where the oe�ient matrix, A, is
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, (4.70)
whih is a retangular M × 2H matrix. It has to be taken into aount thatevery partial derivative is a funtion of energy. Therefore, there is a di�erentlinear equation de�ned for eah energy point.There are two main ways to solve this equation. The �rst onsists in buildinga parametri funtion that desribes the expeted ∆µh(E), whih is propor-tional to the EXAFS signal, and then alulate ∆βh(E) by equation 4.9 and
∆δh(E) by equation 4.8, whih would be funtion 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 funtionthat desribe 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 eah energy point, so a funtionwith too many parameters would lead to a huge number of alulations.Moreover, some of the elements of matrix A(E) might be quite small, sothe rounding errors in a omputer program will sale with the number ofalulations.The seond method is to assume ∆µh(E) as a set of independent points,one for eah energy value. Then, ∆βh(E) is alulate by equation 4.9 and
∆δh(E) is alulated by equation 4.8.One these funtions have been alulated, the oe�ients of matrix A(E)an be alulated by a numerial 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 eah 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 neessarily square, the vetor x0 thatis the losest solution, i.e. the least squares solution, or in other words, theone that minimises the Eulidean 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 eah energy point is a newand di�erent set of points that desribe ∆δh(E) and ∆βh(E). These newfuntions an be used again to alulate the oe�ients of matrix A(E) by anumerial derivative, so the proess an start again. This proess is then doneiteratively until the di�erene between the ∆δh(E) and ∆βh(E) funtionsbetween two onseutive 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 alulation of the pseudoinverse.To overome these problems, it is onvenient to use an orthogonal deom-position method for the alulation of the pseudoinverse. Spei�ally, theSingular Value Deomposition or SVD method was used in this work.Matrix A(E) of Equation 4.69 an deomposed as

A = UDV ∗ , (4.74)where U is a M ×M unitary matrix, V ∗ is the onjugate transpose matrixof V , whih 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 alulated as
A+ = (V ∗)−1D+U−1 = V D+U∗ , (4.75)where it has been applied the property that de�nes the unitary matries

U−1 = U∗ , V −1 = V ∗ . (4.76)The inverse of the diagonal matrix D is alulated 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 negleted. This leaves trunated matries D̃ and D̃+ where

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



4.3 Re�EXAFS global analysiswhere the trunated pseudoinverse matrix, Ã+, is as a very good approxima-tion of A+. Thus, this property overome the problem of the rounding errorsof the small matrix elements, as they an be negleted.In many ases, the above approah did not onverge and osillated. For-tunately, there is an additional onstraint that an be used, whih 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, eah
χh(E) an be alulated using equation 4.49, and may be analysed using thestandard EXAFS analysis programs [45, 46℄
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5.1 Charaterization resultsIntrodutionThe motivation for the preparation of the �rst set of samples is to havea known system to test the experimental issues of the tehnique so as tooptimise the experimental method. Indeed, a set of somehow ideal sampleswas made. More spei�ally, these samples should be as �at and smoothas possible to avoid beam dispersion, and rather long and homogeneous inthe beam diretion to maximise the re�etivity. Also they should be rathersimple from the analysis point of view.As desribed in Setion 2.1.2.1, a set of multilayered samples with a (CuCr)xNstruture was prepared to study the Cu loal environment by analysing theRe�EXAFS spetra 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 spetra at the same sample, that was not (yet) the aim ofthis set of measurements.The monorystalline Si wafers gave the layers a extremely �at substrateto grow. The magnetron sputtering deposition tehnique desribed in Se-tion 2.1.1 provided a straightforward method to obtain relatively dense andsmooth layers.The samples were of approximately the same total thikness, but inreasingthe number of periods: N = 2, 3, 4 and 8. This allows the possibility ofinvestigating the loal struture of metalli Cu for di�erent thiknesses ofthe layers.5.1 Charaterization results5.1.1 X Ray Re�etometryAs explained in Setion 2.2.2, X Ray Re�etometry measurements werereorded both in a laboratory X ray di�ratometer and at the synhrotron89



5. CuCrxN multilayersradiation beamline BM29. All these diagrams were simulated and �t usingthe program GenX [26℄ to obtain the layers harateristis of the samples.The variables of the XRR diagram simulation were the interfae roughnesses,and the thiknesses and relative densities (to the bulk rystalline density ofeah material) of the layers. Crystal densities are ρCu=0.0847 at/Å3 and
ρCr=0.0833 at/Å3. To redue the number of free parameters, the thiknessesand relative densities of the same layer (Cu or Cr) of eah period of themultilayer were linked, as they were grown in the same onditions. Theinterfae (either Cr/Cu or Cu/Cr) roughnesses were also linked, leaving thesubstrate (Si/Cu) and the surfae (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 Thikness 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



5. CuCrxN multilayers

10-4

10-3

10-2

10-1

100

0.5 1.0 1.5 2.0 2.5 3.0

R
ef

le
ct

iv
ity

2θ(˚)

α	______________CuCrx2 - Cu-K  
Experimental
Fit

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

10-5

10-4

10-3

10-2

10-1

100

0.5 1.0 1.5 2.0 2.5 3.0

R
ef

le
ct

iv
ity

2θ(˚)

	______________CuCrx3 - 10 keV
Experimental
Fit

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 typial interferene pattern of a layered system,being quite similar for all the samples due to the similar total thikness.Rather good �ts were obtained in all ases, reading onsistent values of thik-nesses and densities. Nevertheless, a variety of values was obtained for rough-nesses, ranging within a fator 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 fat that the approximationsin the theory involved in the roughness simulation [26, 41℄ fail for too highroughness ompared to the thikness of the layers.5.1.2 Rutherford Baksattering SpetrometryRBS measurements were arried out using the linear aelerator of the CentroNaional de Aeleradores (Seville), and analised as explained in Setion 2.2.3.RBS data give the amount of material per surfae unit, so the thikness of a97



5. CuCrxN multilayerslayer an be alulated by assuming a density of the layers. The density anbe assigned as the bulk density of the material, or as the density alulatedfrom the XRR measurements. The thiknesses determined using both bulkdensity and the XRR alulated density are shown in Table 5.2Table 5.2: RBS resultsSample Thikness (Å) Thikness (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 thikness results are in good agreement with the XRR ones, giventhe fat that the data ome from ompletely di�erent physial proesses.The measurements at di�erent parts of the samples showed that they arehomogeneous in all the length within the auray of the tehnique.5.1.3 Atomi Fore MirosopySample surfae topography images were taken with a Topometrix TMX2000mirosope, and roughnesses were alulated as explained in Setion 2.2.5.The surfae topography images of CuCrx2 to CuCrx8 samples are shown inFigures 5.14 to 5.17. Table 5.3 summarises the roughness alulated fromthe RMS values of these measured for eah sample.CuCrx2, CuCrx3 and CuCrx4 samples have similar topography and the vari-ane of heights are near the instrument noise level. It an then be onludedthat they are quite smooth and homogeneous in the sale seleted. However,this also means that the alulation of the roughness is a onvolution between98



5.1 Charaterization results

Figure 5.14: AFM surfae topography for sample CuCrx2

Figure 5.15: AFM surfae topography for sample CuCrx399



5. CuCrxN multilayers

Figure 5.16: AFM surfae topography for sample CuCrx4

Figure 5.17: AFM surfae topography for sample CuCrx8100



5.2 Re�EXAFS experimentsTable 5.3: AFM surfae roughness for samples CuCrxNSample Roughness (Å)CuCrx2 3CuCrx3 3CuCrx4 4CuCrx8 9the instrument noise and the atual roughness whih results in a slight overestimation.On the other hand, CuCrx8 sample topography shows a set of emergingolumns of similar shape and height whih are randomly distributed. Dueto the extremely thin thikness of the outermost Cr layer, this might showa grow of Cu oxide from the seond layer. The preferential spots an be aonsequene of the variane on the Cr layer thikness, so the oxygen onlypenetrates at the plaes where the Cr layer is thin enough.For these reasons, CuCrx2, CuCrx3 and CuCrx4 samples have a similarroughness in this sale, while CuCrx8 roughness is higher due to the olumnsseen in the topography �gure.5.2 Re�EXAFS experiments5.2.1 Angle seletionAs explained in Setion 3.2.2, X ray re�etivity diagrams were reorded atthe synhrotron beamline, at di�erent energies, to show the re�etivity be-haviour, so as to hoose the most onvenient angles for the Re�EXAFS sans.The re�etivity patterns are shown in Figures 5.18 to 5.21. The �gures aremarked with the angles where the Re�EXAFS measurements were made.Sine the Re�EXAFS measurements are at �xed angles and move in energy101



5. CuCrxN multilayersfrom 8 to 10.5 keV, they e�etively move from the 8 keV urve position tothe same point on the rest of the energies.These partiular angles were hosen with the aim to have a wide range ofdi�erent patterns in Re�EXAFS sans. This allows a test of the �ttingproedure of the global analysis on a number of di�erent baseline urve types,inluding 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 sope forthe subsequent analysis.5.2.2 Re�EXAFS sansRe�EXAFS sans were performed as explained in Setion 3.2.3 at the anglesseleted with the aid of the XRR urve. After that, eah spetrum wasdivided by the diret beam san to remove the absorption omponent of theair between the detetors and get a normalised spetrum.The set of the experimental normalised spetra for eah sample are shown inFigures 5.22 to 5.25.Both the bakground with the typial interferene pattern due to the multi-layers re�etion and the EXAFS �ne struture an be seen in all the samplesspetra.The bakground of the spetra show the expeted interferene pattern due tothe multilayered struture of the samples, whih is obviously di�erent for eahof them due to the di�erent multilayered struture. This pattern hanges asthe angle hange and also dereases its overall intensity for higher inideneangles, due to the loss of the total re�etion ondition and the inrease ofthe transmission oe�ient.Superimposed to the bakground, 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 spetrum interats very little with the Cu102



5.2 Re�EXAFS experiments

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

Figure 5.19: XRR experimental diagrams and Re�EXAFS seleted angles for CuCrx3103



5. CuCrxN multilayers

Figure 5.20: XRR experimental diagram and Re�EXAFS seleted angles for CuCrx4

Figure 5.21: XRR experimental diagram and Re�EXAFS seleted angles for CuCrx8104
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Figure 5.22: Re�EXAFS normalised experimental spetra for sample CuCrx2105
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Figure 5.23: Re�EXAFS normalised experimental spetra for sample CuCrx3106
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Figure 5.24: Re�EXAFS normalised experimental spetra for sample CuCrx4107
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Figure 5.25: Re�EXAFS normalised experimental spetra for sample CuCrx8108



5.3 Analysisabsorbing atoms due to the low penetration depth of the radiation; in fat,the total re�etion ondition is ful�lled at those angles. On the other hand,the highest angle spetrum has a worse signal-to-noise ratio due to the lowre�etivity oe�ient at those angles.5.3 AnalysisThe Re�EXAFS spetra may be analised by using any of the approximationsdesribed in Chapter 4. For this work, the total re�etion approximationanalysis and the developed global analysis will be used, and the results willbe ompared.5.3.1 Total re�etion approximation analysisUsing Martens [18℄ approximation, the EXAFS signal an be extrated di-retly from a spetrum of inidene angle below the ritial angle. Thus, thelowest angle workable spetrum for eah sample was analysed.However, a lose inspetion of the 0.250◦ spetra for CuCrx2 and CuCrx4samples, and 0.300◦ spetrum for sample CuCrx3, reveals that their signal-to-noise ratio is quite poor. This fat made the attempt to analyse thesespetra 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. Spetrum0.250◦ for sample CuCrx8 does have enough signal to noise ratio, so it ouldbe analised.The EXAFS funtion obtained from these Re�EXAFS sans were �tted byusing a Cu metal model struture with oordination numbers �xed to therystal values. A single free parameter, ∆a, varying the lattie parameterfrom the Cu bulk value (3.61 Å) was used to allow the variation of oordina-tion distanes oherently for all the oordination shells of the model. More-over, the Debye-Waller fators, that take into aount the dynami (mainly109



5. CuCrxN multilayersthermal) and the stati disorder, were allowed to vary independently for eahshell.The sattering paths used for this model were the single sattering pathsfor eah shell, plus the o-linear multiple sattering paths with the fourthoordination shell, as these have a high ontribution to the EXAFS signal[51℄. S20 was set to 0.81, whih is a value within the range of values reportedin the literature [52℄, that rarely varies for the same element at di�erenthemial environments. Then, six free independent parameters were used ineah �t.The software used for the analysis was the UWXAFS software pakage [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 extrated experimental EXAFSdata, χ(k), with the best �t obtained with the model desribed 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 theirrespetive �ts, and with a Cu foil referene from the IXAS database [55℄.Table 5.4: Total re�etion 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



5.3 Analysis
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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 referene. However, thereis an evident derease on the intensity of both the EXAFS signal and theFourier transform magnitude not only with regard to the Cu foil referene,but also when the thikness of the layers derease.The results of the analysis show an inreasing disorder in the loal struturearound the absorbing Cu in the layers when their thiknesses derease. Thisis dedued from the values Debye-Waller fators for all the shells of themodel for the di�erent samples. This may be aused beause the depositionmethod sputters almost atom by atom the material from the target, andannot relax to the rystal struture when it ondenses on the substrate atroom temperature. Besides, the extremely low thikness of the layers preventfurther reorganization of the atoms, as the lak of long range element purityin one dimension plus the possible interdi�usion of the Cr atoms are stronglydistorting the rystal lattie. Similar results have been obtained for similarmultilayers [56℄.The results also show a slight ompression of the lattie parameter of themodel from the Cu metal bulk value. The thinner the layers are, the moreompressed the lattie parameter is. This may be explained in two ways: TheCr-Cr distane is lower than the Cu-Cu distane in the respetive bulk metals,so Cu-Cr distane in a metalli bonding should be lower than Cu-Cu distane.As the number of layers inrease (higher N), the number of Cu atoms inontat with Cr atoms inrease. Then, the number of Cr baksatteringatoms per Cu atom inrease, so the average distane of the baksatteringatoms derease. What is more, if the interfaial roughness is not negleted,so the interfaes show some interdi�usion, the Cu-Cr bonding has a higherprobability of ourring than in a ideal smooth interfae. At the same time,the rystal lattie of Cr may be distorting the Cu lattie [57℄.A hint of a peak at approximately the Cu-O distane 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
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Figure 5.33: EXAFS experimental χ(R) and best �t for sample CuCrx8115



5. CuCrxN multilayersFourier Transform spetra for N = 4 and 8 samples, although not resolvedenough to be analyzable. This suggests a seond explanation for the lattieparameter ompression that involves the oxidation of the Cu layers. If theCr protetive layer is not thik enough to protet the �rst Cu layer, oxygenan penetrate and oxidise it. This oxidation may be almost negligible andremain unnotied in an EXAFS spetrum, 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 surfae roughness of sampleCuCrx8 measured by AFM. The �rst Cu layer an be non-uniformly oxidiseddue to the loal variation of thiknesses that an our in the �rst Cr layer.Then, the Cu oxide grows preferentially in some spots, so the average surfaeroughness onsequently rises. These spots an be seen in fat in the AFMtopography image in Figure 5.17.5.3.2 Global analysis5.3.2.1 Free atom re�etivity simulation and �tBakground simulation was performed with the dediated developed programdesribed in Chapter 4The ommon variables of the �t were the same as those of the XRR spetrasimulation, i.e. the thiknesses and densities of the layers and the roughnessesof the interfaes, linked in a similar manner to that desribed above: thethiknesses and densities of the same type of layer (Cr or Cu) are fored tobe the same, as the growing onditions are the same; the roughnesses of theCr/Cu and Cu/Cr interfaes are also the same, leaving both the substrate(Si/Cu) and the surfae (Cr/air) roughnesses independent. The ompositionof the layers are �xed to pure Cr or Cu.Eah spetrum has also its own variables: the inidene angle, the sale116



5.3 Analysisfator, and the shift in the energy values. These variables an be linked aswell. In fat, the energy shifts for these spetra were fored to be the same,beause the measuring onditions do not hange among them.The normalised experimental Re�EXAFS spetra 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 spetra).Table 5.5: Re�EXAFS free atom re�etivity �t results (Sample)Sample Thikness 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 exept for those lower angles dis-arded previously due to the low signal to noise ratio.In most of the spetra, it an be seen that the �t is better after the absorptionedge that before it. This is aused by the polynomial re�nement desribedin 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 spetra, whih marksthe lower limit of the polynomial re�nement.The variables that measure the sample layers thiknesses, densities and rough-nesses best �t roughly agree with the results oming fromRBS measurements.The main di�erene lies on the dereasing Cr layers density with inreasingthikness of this layer, what RBS annot distinguish.This an be explained by the inreasing porosity of layers oming from sput-117



5. CuCrxN multilayers
Table 5.6: Re�EXAFS free atom re�etivity �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 spetraSample ∆E (eV)CuCrx2 −2.8CuCrx3 −2.5CuCrx4 −3.1CuCrx8 −3.1
118
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Figure 5.34: Re�EXAFS experimental spetra (solid) and best bakground �t (dashed)for sample CuCrx2 119
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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 forthomingatoms. This would make the layer rather porous, with inreasing porosityfor the �rst stages of the growth, but tending towards a onstant value [58℄.The reason for the Cu layers not following this tendeny may be a di�erentstiking oe�ient that allows a better mobility of the atoms at the surfaeafter the deposition [59℄.Roughnesses are quite high respet to the layers thiknesses. Unfortunately,these roughnesses annot be diretly related to the RMS roughness valuesalulated from the AFM measurements due to the fratal behaviour of thisphenomenon. In fat, the roughness inrease due to the olumns that appearon the CuCrx8 sample surfae is unnotied. Furthermore, various othere�ets of beam loss may be modifying these values, suh as non perfetplanarity of the sample, or beam angular dispersion.However, these roughnesses results allows a relative evaluation of the di�erentlayers. For instane, both the substrate and the surfae seem to be slightlysmoother than the interfaes. The initial smooth monorystalline surfae ofthe Si an explain the former e�et, while the possible reorganization of theCr atoms due to surfae oxidation ould explain the latter one.The angles values obtained in the �ts show a ertain onsisteny. 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 expeted, what anbe explained by a possible misalignment of ry angle. This would ause anequal shift in the experimental inidene angles for all the spetrum, butdi�erent for eah sample, as the alignment proedure was done for eah oneindependently.Finally, the energy shift values are almost the same for all the samples, whatdenotes that this parameter e�etively does not depend on the sample but onthe measurement onditions, most probably the monohromator alibration.123



5. CuCrxN multilayers5.3.2.2 Global EXAFS analysisThe loal environment of the Cu atoms in eah of these samples must bethe same, as the growing onditions of all the di�erent layers were idential.Then, the EXAFS funtion was set to be the same for all the Cu layers ofeah sample.This funtion thus obtained was simulated and �t using a Cu metal modelwith variable lattie parameter and Debye Waller fators, in the same fashionas desribed above for the total re�etion approximation analysis (Setion5.3.1)The best �t results are summarised in Table 5.8. Figures 5.38, 5.40, 5.42 and5.44 show the extrated experimental EXAFS data, χ(k), ompared with thebest �t funtion 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 respetive best �ts, with the orrespondingtotal re�etion angle experimental data, and with a Cu metal foil referenetaken 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



5.3 Analysis

−2.0

−1.0

0.0

1.0

2.0

4 6 8 10

χ
(k

) 
· 

k2

k (Å−1)

	_______________CuCrx2 − Global
Experimental
Fit

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



5. CuCrxN multilayers
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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 auray of the tehnique. CuCrx8 is an exeption to this, so thebig di�erene between the low angle approximation and the global spetrumhas 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 thikness of the Cr protetivelayer. This oxidation would give a new loal environment of CuOx, thatwould result in a new EXAFS funtion added to the Cu metal environmentone.The addition of a new funtion in a low proportion an redue drastiallythe intensity of the EXAFS signal if the phases interfere destrutively. Thismay be the ase of the CuCrx8 sample low angle analysis results, wherethis interferene had to be simulated with an abnormally high Debye-Wallerfator.However, when the whole sample is probed at the global analysis, the pro-portion of CuOx dereases so muh that it remains unnotied. This alsoexplains why the lattie parameter at the global analysis is muh loser tothe Cu metal value.
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6.1 Charaterisation resultsIntrodutionOne of the apabilities of the extension of the Re�EXAFS tehnique desribedin this work is to distinguish between di�erent loal environments at di�erentdepths in the sample. To empirially demonstrate this, a partiular set ofsamples was prepared.As desribed 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 surfae oxidation proess fromthe strutural point of view without the aid of XRD, that is di�ult to usein these very thin layers due to the lak of long range order in at least oneof the spae diretions. In fat, not only the struture may be dedued, butalso the reorganisation proess due to the oxidation reation may be shownby the EXAFS disorder quanti�ation with the Debye-Waller fators.6.1 Charaterisation results6.1.1 X Ray Re�etometryAs explained in Setion 2.2.2, X Ray Re�etometry measurements werereorded at the synhrotron radiation beamline BM29. All these diagramswere simulated and �t using the program GenX [26℄ to obtain the layers133



6. Copper oxide multilayersharateristis 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 exept for the top layer,that is made of CuO (opper oxide (II)). This hoie was made beause Cu2O(opper oxide (I)) is less stable at standard onditions.Similarly to the previous samples, the variables of the XRR simulations werethe interfae roughnesses and the thiknesses and relative densities (to thebulk rystalline density of eah 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 redue the number of free parameters, the thiknesses 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 thikness and density. The interfae (both Cr/Cu or Cu/Cr)roughnesses were also linked, while the top surfae, the Cr/CuO interfaeand 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, thethikness 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 interfae.This way, the roughness of the interfae shows the interdi�usion betweenboth speies.Furthermore, as the growing onditions are the same, the total amount of Cuatoms in eah 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 restrition 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 Thikness 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 typial interferene 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 surfae oxidation.Rather good �ts were obtained for both energies, with fairly onsistent val-ues of thiknesses, densities and roughnesses. A detailed interpretation ofthese results will be presented in Setion 6.3.2.1 together with the free atomsimulation results.6.1.2 Rutherford Baksattering SpetrometryRBS measurements were arried out using the linear aelerator of the CentroNaional de Aeleradores (Seville), and analysed as explained in Setion 2.2.3.RBS data give the amount of material per surfae unit, so the thikness of alayer an be alulated by assuming a density of the layers. The density an136



6.1 Charaterisation resultsbe assigned as the bulk density of the material, or as the density alulatedfrom the XRR measurements.These measurements are not sensitive to the hemial 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 thikness of the topCu / CuO layer an be alulated from the RBS measurements.This annot be applied to the alulation of the equivalent thikness 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 aount that this is just a measurement of the amount of Cuatoms in eah layer.The thiknesses determined using both bulk density and the XRR alulatedparameters are shown in Table 6.2.Table 6.2: RBS results for sample CrCux3Thikness (Å) Thikness (Å)(Crys. Dens.) (XRR Dens.)Cr Cu Cr Cu Top TopCu CuO13 36 14 37 29 47The RBS thikness 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 auray of the tehnique.6.1.3 Atomi Fore MirosopySample surfae topography image was taken with a Nanote Dulinea miro-sope, and the roughness was alulated as explained in Setion 2.2.5.137



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

Figure 6.3: AFM surfae topography for sample CrCux3
The roughness alulated from the RMS value is 23 Å.The surfae topography of this sample is quite homogeneous, from whih itmight be dedued that the surfae oxidation proess has ourred at all thesurfae homogeneously, in ontrast with what happened in sample CuCrx8from the previous set of samples (Chapter 5). The RMS roughness is higherthan those alulated 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 thesurfae is not a perfet rystalline plane.138



6.2 Re�EXAFS experiments6.2 Re�EXAFS experiments6.2.1 Angle seletionXRRmeasurements were performed at 8.5 keV and 10 keV at the synhrotronradiation beamline in order to show the behaviour of the re�etivity at dif-ferent angles. This aids the seletion of the most onvenient angles for theRe�EXAFS measurements.Figure 6.4 shows the re�etivity patterns, whih are marked with the angleshosen for the Re�EXAFS measurements. These angles were seleted inorder to have di�erent penetration depths, so as to probe not only the uppersurfae 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 sans
Re�EXAFS sans were performed as explained in Chapter 3 at the angleshosen with the aid of the XRR urve. After that, eah spetrum was dividedby the diret beam san to remove the absorption omponent of the airbetween the detetors and get a normalised spetrum.The set of normalised spetra for the sample is shown in Figure 6.5.Both the bakground with the expeted interferene pattern due to the mul-tilayers re�etion and the EXAFS-like �ne struture an be seen in all thespetra. The bakground pattern hanges as the angle hange and dereasesits overall intensity for higher inidene angles in general, due to the loss ofthe total re�etion ondition and the inrease of the transmission oe�ient.However, for some angles, the re�etivity does inrease again, following theXRR pattern as shown in Figure 6.4. This allows the possibility of havingspetra measured at high angles, thus with a high penetration depth, butwith a relatively high re�eted intensity, thus with a good signal to noiseratio.Superimposed to the bakground, 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 spetrum interats very little with the Cu absorbingatoms and the highest angle spetrum has a worse signal-to-noise ratio dueto the low re�etion intensity at that angle.It an also be seen that the �ne struture of the lowest angle spetrumis signi�antly di�erent from the rest of the spetra. This is beause thisspetrum is the only one in the total re�etion regime, so it only probes the�rst tens of Ångströms. Then, the highest ontribution to the EXAFS �nestruture should be from the Cu oxide environment, while for the rest of thespetra, the Cu metal environment is predominant.140



6.2 Re�EXAFS experiments
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Figure 6.5: Normalised Re�EXAFS spetra for sample CrCux3141



6. Copper oxide multilayers6.3 AnalysisFor this sample, the Re�EXAFS spetra was analysed by both the totalre�etion approximation (Setion 4.2.1) for the spetrum of the lowest anglereorded, and by the developed global analysis (Setion 4.3).6.3.1 Total re�etion approximation analysisUsing Martens [18℄ approximation, the EXAFS signal may be extrated di-retly from a spetrum of inidene angle below the ritial angle. The ritialangle of a CuO surfae of a relative density of 0.65, whih is the average ofthe XRR results, is approximately 0.237◦ for an inident beam of 9.2 keV(just above the Cu-K absorption edge). Unfortunately, the spetrum of thelowest angle was registered at 0.275◦, so it does not ful�ll the total re�etionondition.The analysis of this spetrum would �rstly ause the signal to be wronglynormalised, as the absorption step is no longer proportional to the imaginarypart of the refrative index, β(E), and have a term in δ(E) that annot benegleted. Furthermore, the �ne struture is a mixture of the ∆δ(E) and
∆β(E) as explained in Setion 4.2.1.The Kramers-Kronig transform does not hange the frequenies of the fun-tions it transforms. Then, the ∆δ(E) omponent of this mixed spetrum willhave the same frequenies 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 spetrum is notvalid to be simulated, but at least the Fourier transform magnitude an givea qualitative idea of what is present at the surfae of the sample.Figure 6.6 shows a omparative plot of the Fourier transform magnitude,
|χ(R)|, of the extrated spetrum reorded at 0.275◦, together with a Cu142



6.3 Analysismetal foil, a CuO and a Cu2O referenes taken from the IXAS database [55℄for omparison. These referenes have been saled down to better omparethe plots.
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The Fourier transform magnitude of the spetrum with the lowest inideneangle seems to be quite similar to the CuO referene, whih is onsistent withthe XRR alulations. However, an intermediate peak at approximately 2 Åsuggests that some Cu metal environment should be added to the spetrum.This is also onsistent with the fat that the penetration depth of the beamat this inidene angle just above the ritial angle is high enough to probethe un-oxidised part of the �rst layer and even some of the next Cu layer.In priniple, the spetrum seems to lak of a Cu2O environment, but thisannot be assured until a omplete analysis of the Re�EXAFS spetra ismade. 143



6. Copper oxide multilayers6.3.2 Global analysis6.3.2.1 Free atom re�etivity simulation and �tBakground simulation was performed with the dediated developed programdesribed in Chapter 4.The ommon variables of the �t were the same as those of the XRR spetrasimulation, i.e. the thiknesses and densities of the layers and the roughnessesof the interfaes, linked in a similar manner to that desribed in Setion 6.1.1.Eah spetrum has also its own variables, whih are: (1) the inidene angle;(2) a sale fator that takes into aount the possible part of the beam notimpinging on the sample as well as the possible lak of �atness of it; and (3)a shift in the energy values, that takes into aount a possible misalibrationof the monohromator.Figure 6.7 show the normalised experimental Re�EXAFS spetra for all thesamples together with the orresponding best �t spetra. Tables 6.3 and6.4 summarise the best �t values alulated for the sample variables and theinidene angles of the spetra respetively. The shift in energy was +4.1 eVfor these spetra.Table 6.3: Re�EXAFS free atom re�etivity �t results for sample CuCrx3Thikness 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 spetra are better �tted after the absorptionedge, what is a onsequene of the polynomial �tting desribed in Setion4.3.1.1, whih is made only after the absorption edge. For the same reason,a small step may be seen just after the edge, whih is the starting point of144



6.3 Analysis
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6. Copper oxide multilayersTable 6.4: Re�EXAFS bakground 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 inrease of the surfaeroughness ompared with the interfae roughnesses. This is onsistent withthe oxidation proess that may happen preferentially in the grain boundaries,and then grow more e�iently from those �rst spots, whih is on�rmed bythe AFM results.Seondly, there is a slight redution in density of the Cr layers ompared withthe rystalline value, also seen in the previous CuCrxN samples, as desribedin Setion 5.3.2.1. This may be aused by an inreasing porosity of Cr layersdue to shadow e�ets during sputtering deposition.Thirdly, a strong derease 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�erene must be aused by thesubsequent oxidation proess of this �rst layer with the oxygen from the air.The oxidation may be preferential in some plaes of the surfae suh 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 onsequene of the same proess of preferential oxidation that inreasesthe 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 loal environments was used.The top Cu oxide layer was set to have one EXAFS funtion, 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 funtion extrated from the top Cu oxide layer had some low-R (below 1.2 Å) peaks in the Fourier transform magnitude funtion. Thesepeaks do not have any physial meaning, so they must be a onsequene of aninaurate bakground subtration, that had introdued some low frequenyosillations. A Fourier �ltering of the signal was performed to remove thesepeaks. Unfortunately, the �rst real peak of a oordination shell was ratherlose 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 funtion from the top Cu oxide layer was simulated by using aCuO struture model. This is a monolini struture that leads to a omplexset of oordination shells and a high number of possible sattering paths. Inpriniple, this fat seems to make di�ult the use of this model. However, thisamount of shells and sattering paths tend to interfere and �nally ompensateamong themselves when the number of paths at similar distanes is high. Thishappens at a relatively short sattering length for this struture, 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, whih was set as the variation of the oordination distanefrom the rystal value of the �rst Cu-Cu oordination shell, was used to allowthe variation of oordination distanes proportionally in all the struture.The shells were grouped aording to their oordination distanes, so a single147



6. Copper oxide multilayersDebye-Waller fator was assigned to those shells that are relatively lose toeah other. All these fators were then allowed to vary independently.The sattering paths used were just the single sattering paths. The ampli-tude redution fator, S2
0 , was set to 0.81, whih is a value within the range ofvalues reported in the literature [52℄, that rarely varies for the same elementat di�erent hemial environments.Unfortunately, after performing a �rst �tting attempt with this model, the�t unsatisfatory.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 loal environmentadded to the CuO one was taken into aount.The oxidation proess of a Cu surfae is known to onsider the formationof a metastable Cu oxide (I) phase, Cu2O, whih may dismute afterwardsin metal Cu (0) and CuO [62℄. The EXAFS spetrum of the Cu2O phaseinludes a Cu-O �rst oordination shell at a similar distane as the CuOone, and a Cu-Cu seond oordination shell that produes a peak of a highintensity at about 3 Åin the phase unorreted |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 preisely this region.This Cu2O phase would probably be loated mostly at the interfae betweenthe un-oxidised top Cu layer and the Cu oxide layer, as the proess of theformation of the surfae Cu oxide involves the �rst oxidation to Cu2O andthen, when the oxygen at the surfae 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 aounts for the variation of the �rstCu-Cu oordination distane, and allows the oordination distanes to have148



6.3 Analysisa proportional variation within the struture, and an independent Debye-Waller fator for eah single sattering path. The �rst four oordinationshells of this model were onsidered.Both environments were weighted by a linear fator that take into aountthe proportion of eah in the spetrum. However, it must be noted that thisfator annot be diretly related to the thikness ratio between the CuO layerand a possible Cu2O layer, as both speies 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 pakage [46, 53, 54℄.The results of the �tting are summarised in Table 6.5. Figure 6.8 shows aomparative plot of the extrated experimental EXAFS data, χ(k), with thebest �t obtained with the models desribed above. Figures 6.9 shows a om-parative plot of the Fourier transform magnitude, |χ(R)|, with its respetive�t, and with a Cu foil referene taken from the IXAS database [55℄.The EXAFS funtion obtained for the Cu metal layers was simulated and �tusing a Cu metal model with variable lattie parameter and Debye Wallerfators, in the same fashion as desribed for the simulation of the EXAFSsignal of the CuCrxN samples, as desribed in Setion 5.3.1.The results of the �tting are summarised in Table 6.6. Figure 6.10 shows aomparative plot of the extrated experimental EXAFS data, χ(k), with thebest �t obtained with the models desribed above. Figure 6.11 shows a om-parative plot of the Fourier transform magnitude, |χ(R)|, with its respetive�ts, and with a Cu foil referene taken from the IXAS database [55℄.The �tting results show a notieable di�erene of the lattie parameters ofthe Cu oxide environments ompared to the bulk values. Spei�ally, boththe CuO and Cu2O environments show a high ompression of the lattie.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



6.3 Analysis

−2.0

−1.0

0.0

1.0

2.0

4.0 6.0 8.0 10.0

χ
(k

) 
· 

k2

k (Å−1)

	________________CrCux3 − Cu Oxide
Experimental
Fit

Figure 6.8: EXAFS experimental χ(k) and best �t for Cu oxide layer

0.0

0.4

0.8

1.2

0 1 2 3 4 5 6

|χ
(R

)|

R (Å)

	________________CrCux3 − Cu Oxide
Experimental
Fit
Cu Foil(x0.45)

Figure 6.9: EXAFS experimental χ(R) and best �t for Cu oxide layer151



6. Copper oxide multilayers
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6.3 AnalysisThis might be aused by two main proesses. First, the surfae formationof oxides implies a bond with the metal matrix that ompresses the upperoxide lattie parameter when the oxide layer is still relatively thin (below100 Å) [60℄. Seond, the initial stage of the formation of the oxides anaommodate a high number of O vaants that may distort the lattie byreduing its average lattie parameter.The Cu metal environment also shows a slight ompression that may beexplained by the same reasons as for the CuCrxN multilayer samples, asdesribed in Setion 5.3.1. However, this ompression is in the limit of thesensitivity of the EXAFS analysis for this parameter, so it may be negleted.The Debye-Waller fators are also relatively high ompared to those typialfor a bulk rystalline sample. This is also onsistent with the results for theprevious samples, whih were made by the same deposition method, so thesame explanation an be applied (Setion 5.3.1).In ontrast, the Debye-Waller fators of both the CuO and Cu2O are rel-atively low, approahing the typial values of rystalline speies. As thesephases ome from a rather disordered Cu metal layer, this implies that thereis an atomi reorganisation [60℄ with a onsequent redution of the disorder.
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7. Molybdenum nitride multilayers
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IntrodutionTransition metal nitrides suh as VN, Zr-N, Hf-N, Ta-N, W-N and mostprominently TiN have been extensively studied for their interesting eletroniand mehanial properties that give multiple appliations. For instane, theyhave been used as di�usion barriers for semiondutor metallisation and assuperonduting materials, while their wear and orrosion resistane makesthem useful for protetive oatings [63℄.These properties are in�uened by their hemial omposition, rystallo-graphi phase and morphology. Most of them rystallise in the f NaCltype struture. Hexagonal lose-paked (hp) or simple hexagonal (with non-metal atoms in interstitial sites) strutures are also stable [64℄.Relatively small number of studies have been devoted to group 6 elements.Molybdenum nitride phases inlude two non-stoihiometri ompounds, u-bi γ-Mo2N and tetragonal β-Mo2N, and the stoihiometri , hexagonal om-pound δ-MoN [65℄. γ-Mo2N is known to be a superondutor with a Tc of5.2K; δ-MoN is a hard material with a low ompressibility, showing a su-peronduting transition in the 4−12K range [66℄. A theoretial study haspredited that a γ-MoN with a ubi NaCl type struture would have a su-peronduting Tc at 29K [67℄.Various methods have been used to synthesize molybdenum nitrides, beingthe reative sputtering one of the most used for thin �lm deposition [63, 68,69℄.When they have one dimension muh smaller than the other two, as in theform of thin �lms for surfae protetive oatings, this material tends to adoptstrutures di�erent than in rystalline bulk, getting sometimes unusual onesor even amorphous phases. A ommon feature is that they lak long rangeorder, most frequently when �lms are thinner, so XRD tehniques are di�-ult to use. That makes EXAFS and the Re�EXAFS tehnique partiularlysuitable for the determination of the strutures of these kind of materials.157



7. Molybdenum nitride multilayersThe eletion of Mo from the tehnique development point of view was mo-tivated by the high energy of the Mo-K absorption edge (20000 eV) to bestudied, whih makes the measurements hallenging for several reasons. Atthis energy, the ritial angle of re�etion is approximately 0.12◦ for a Mometal surfae, so the inidene 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 dramatially with it. This makes sometimes unavoidable themixing in the same spetrum the EXAFS signal of di�erent loal environ-ments of the same element that are loated at di�erent depths of the sample.Thus, the total re�etion approximation, desribed in Setion 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 tehnique anprovide the EXAFS signal of eah layer, i.e. a solution to this problem.Two di�erent samples were prepared to study MoN thin �lms grown by re-ative sputtering, as desribed in Setion 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 seond Mo struture(in this ase Mo metal) at a di�erent depth in the sample.7.1 Charaterisation results7.1.1 Atomi Fore MirosopySample surfae topography images were taken with a Moleular Imaging PioPlus mirosope, and roughnesses were alulated as explained in Setion2.2.5.Figures 7.1 and 7.2 show the topography images of the samples. Table 7.1summarises the roughness alulated from the RMS values of these measured158



7.1 Charaterisation resultsfor eah sample.

Figure 7.1: AFM surfae topography for sample MoN60Mo

Figure 7.2: AFM surfae 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 variane of heights are loseto the mirosope noise level. It an then be onluded that they are quitesmooth and homogeneous in the sale seleted.7.1.2 Rutherford Baksattering Spetrometry andNulear Reations AnalysisRBS and NRA measurements were performed for all the samples at theCentro Naional de Aeleradores, and analysed as explained in Setion 2.2.3in order to quantify the amount of Mo and N per surfae unit of the samples.It has to be taken into aount that RBS measurements annot distinguishbetween Mo in the metal or in the nitride layers, as the depth resolution ofthe tehnique is not enough to disriminate between layers as thin as these.Thus, a referene 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 alulated and this ratio was assumed to be the same in allthe MoN layers. Then, being the N abundane 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 alulated with the aid of the Mo/N ratioalulated, 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 referene sam-ple. Aording to this results, the N/Mo ratio is 1.7.160



7.2 Re�EXAFS experimentsTable 7.2: RBS and NRA results for referene sampleSample Abundane (at/Å2) RatioMo NMoN-Ref 5.9 10.1 1.7As explained in Setion 2.2, both RBS and NRA measurements gives theamount of material per surfae unit, and this is onverted to thikness byassuming a density of the layers.RBS and NRA thikness 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 Thikness (Å)Bot MoN Mo TopCr CrMoN60Mo 22 42 30 30MoN60N 16 53 20 16
7.2 Re�EXAFS experimentsThe measurement the spetra 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 beome quite large. For instane, with a 100 µm experimental vertialslit gap, the footprint on the sample for the ritial angle of a Mo surfaeat 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 vertial size was redued to 50 µm by using a narrowerexperimental vertial slit gap. The intensity of the beam is then redued aswell, but BM29 beamline bending magnet provides its highest �ux at aroundthe Mo-K absorption edge energy, so the redution is partially ompensated.7.2.1 Angle seletionXRR measurements were performed at 19 keV and 21 keV in order to showthe behaviour of the re�etivity at di�erent energies, so as to hoose the mostonvenient angles for the Re�EXAFS measurements.Figures 7.3 to 7.4 show the re�etivity 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 theprotetive Cr layer.7.2.2 Re�EXAFS sansRe�EXAFS sans were performed as explained in Chapter 3 at the angleshosen with the aid of the XRR urve. After that, eah spetrum was dividedby the diret beam san to remove the absorption omponent of the airbetween the detetors and get a normalised spetrum.The set of normalised spetra for eah sample are shown in Figures 7.5 and7.6.Both the bakground with the expeted interferene pattern due to the mul-162



7.2 Re�EXAFS experiments

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

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



7. Molybdenum nitride multilayers
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7.2 Re�EXAFS experiments
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7. Molybdenum nitride multilayerstilayers re�etion and the EXAFS-like �ne struture an be seen in all thespetra. The bakground 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, inidene angle and re�etivity, as shown in Figure 7.7 forsample MoN60N. In this plot, the projetion of the interpolated surfae onthe YZ plane would yield the XRR diagrams for the di�erent energies, whilethe projetion on the XZ plane gives bak the energy-re�etivity plot shownin Figure 7.6At �rst, it dereases its overall intensity for inreasing inidene angles dueto the loss of the total re�etion ondition, but then the re�etivity doesinrease and derease again due to the interferenes of the layers. This allowsthe possibility of having spetra measured at high angles, thus with a highpenetration depth, but with a relatively high re�eted intensity, thus with agood signal to noise ratio.Superimposed to the bakground, 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 spetrum interats very little with the Cu absorbingatoms and the highest angle spetrum has a worse signal-to-noise ratio due tothe low re�etion intensity at that angle. It is notieable that suh thin layers(less than 75 Åof Mo speies) may be probed so a good and well resolvedabsorption edge may be registered.It an also be seen that the �ne struture of the lower angles spetra issigni�antly di�erent from the rest of the spetra. This is beause thosespetra 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 balaned proportion.These experimental spetra 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 spetra for sample MoN60N, asfuntion of energy and inidene angle
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7. Molybdenum nitride multilayersto noise ratio is exellent for almost all the spetra, where these over a rangeof 4 orders of magnitude. The �ne struture an be seen even for an inideneangle as high as four times the ritial angle.7.3 AnalysisThe Re�EXAFS spetra may be analysed by using any of the approximationsdesribed in Chapter 4.Unfortunately, none of the experimental spetra reahed the total re�etionondition angle, whih is 0.120◦ for Mo metal at 20 keV, and even lower forMoN at the same energy. Anyway, a qualitative desription of the Fouriertransform magnitudes for the lowest inidene angle spetrum of eah samplewill be detailed below.Furthermore, the global analyses of these spetra are urrently in progress atthe time of the writing of this report. The expeted results would disrim-inate the Mo metal and MoN EXAFS signal, and would analyse the MoNphase generated with the reative sputtering deposition. These results willbe published elsewhere.7.3.1 Total re�etion approximationAs already explained in Chapter 4, using Martens [18℄ approximation, theEXAFS signal may be extrated diretly from a spetrum of inidene anglebelow the ritial angle.However, these samples have suh a low ritial angle for the energies in-volved, that a spetrum of an angle low enough to surely ful�ll the totalre�etion ondition was impossible to reord.Anyway, the spetrum orresponding to the lowest angle was extrated bythe standard EXAFS analysis programs, and its Fourier transform magnitude168



7.3 Analysiswas alulated.As explained in Chapter 6, the Kramers-Kronig transform does not hangethe frequenies of the funtions it transforms [47℄. Thus, the spetrum isnot valid to be simulated, but the Fourier transform magnitude an give aqualitative idea of the loal environment at the surfae 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 referenes 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 distanes that may orrespond to the further Mometal shells. This result seems onsistent with the fat that, at this angle,the penetration depth of the radiation is still relatively small, so the mainontribution to the EXAFS signal must ome from the most shallower layers,whih is Mo metal in this ase.However, an additional smaller peak at about 1.5 Å denotes that a lightbaksattering atom exists at a lower distane. 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 spetrum. As the Mo metal layer is relatively thin, the radiationpenetrates enough to probe e�iently that seond layer.On MoN60N sample, the Fourier transform magnitude is quite di�erent. Thishas a main peak at the distane of the �rst oordination shell of the δ-MoNenvironment. This result seems onsistent, as the �rst layer the radiationenounters is the MoN layer, so the highest ontribution to the EXAFSsignal must ome from there. The seond peak of the experimental spetrumseems to be either a highly distorted seond oordination shell of the MoNenvironment, or the result of the destrutive interferene 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 muh stronger than the possi-ble Mo metal ontribution, ontrary to what happens in the previous sample,where both ontributions seems to be rather balaned. This is beause theMoN layer in MoN60N sample is quite thiker than the Mo layer in MoN60Mosample, so the radiation an penetrate better to the seond layer in the lattersample.These results show that, at these energies, the penetration depth of theradiation is so high that even in the lowest inidene angles the samplesare probed further than the shallowest layers. The disrimination of theontributions at di�erent depths an only be done by the global analysismethod.
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IntrodutionSteels 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 exellent mehanialproperties.Among the various treatments to modify the surfae properties of the steel,nitriding is a treatment that aims for an improvement of the mehanialproperties suh as hardness, wear resistane and fatigue resistane.Gas nitriding is the traditional method of performing this treatment. Itonsist 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 struture) and does not hange it.The mehanism of nitriding is generally known, but the spei� reationsthat our in di�erent steels and with di�erent nitriding proesses are notalways the same. Nitrogen atoms are introdued into the struture of thesurfae of a steel. These have partial solubility in iron, so it forms a solidsolution with ferrite reahing 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 suh a low adherene to the steel that it is usuallyremoved in the ommon industrial proedures.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 resistane. Moreover, below this layer there issome solid solution from the nitrogen di�usion that swells the Fe struture.This makes the Fe struture rather distorted, what indues it to be muh175



8. Surfae modified steelsmore resistant.Improved mehanial properties may be ahieved when the steel ontainssmall amounts of Al and/or of transition metals suh as Cr, V, and Mo.The nitrides of these elements that show a rok salt struture are among thehardest ompounds, ahieving hardnesses similar to that of diamond.When the steel is submitted to the nitriding treatment, the alloyed elementstend to form their respetive nitrides on the surfae of the steel, improvingits properties [2℄.The nitriding proess indues strong improvements in the mehanial prop-erties, but very subtle hanges in the struture and hemial omposition.Highly spei� tehniques are needed to detet them.
• The nitrides from the minor elements an be studied by EXAFS in the�uoresene mode [2℄.
• The enlargement of the Fe lattie lose to the surfae an be measuredby reording X ray di�ratograms in glaning angle geometry.
• The tiny amount of nitrogen in the surfae an only be deteted byX ray photoeletron spetrosopy due to its strong surfae sensitivity,after the sputtering of the outer layers to remove the oxygen ontami-nation.By onventional �uoresene EXAFS, the Fe loal struture seems to be thesame in the surfae and in the bulk, as the probe depth of this tehnique isin range of thousands of Ångströms. However, the hanges should appear ina shallower region.Its higher surfae sensitivity makes Re�EXAFS a suitable tehnique to studythe hanges in the Fe loal struture, with the added advantage of getting adepth pro�le of it.From the Re�EXAFS tehnique development point of view, the nitrided steelsare one of the most interesting and di�ult senarios. As explained above,176



8.1 Charaterisation resultsthere is a ontinuous hange in the loal struture of the Fe of the steel thatdepends on the depth from the surfae. Firstly FexN phases should appearat the surfae; then, a distorted b Fe struture with N atoms in it appears;and �nally, the original ferrite b Fe of the steel is found at the bulk.Disriminating among the di�erent EXAFS of these phases is a real possi-bility with the global analysis method sine they should appear at di�erentdepths.Thus, two samples were prepared to study the struture of the nitrided steels,as explained in Chapter 2: two piees of ommerial ferriti steel with 3% Cr,0.8% Mo, 0.3% V, 0.3% C and balane Fe, before and after being submittedto a gas nitriding treatment.
8.1 Charaterisation results8.1.1 X Ray Di�rationX ray di�ration diagrams were measured for both samples at glaning angleregime in order to enhane the strutures present near the surfae. Therewere two measurements for eah 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 typial pattern of a b stru-ture for the Fe lattie, with no di�erene before and after polishing.The nitrided steel diagram before polishing shows not only this struture,but also peaks orresponding to the Fe4N phase. However, the peaks ofthis struture 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



8. Surfae modified steels

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 Charaterisation resultsdeformation of the Fe struture above mentioned in the regions lose to thesurfae.
8.1.2 Sanning Eletron MirosopyThe samples surfaes were treated with a mixture of nitri aid and ethanolfor a few seond in order to reveal the grain struture by attaking preferen-tially the grain borders.

Figure 8.3: SEM mirograph of the surfae of the nitrided steel
The SEM mirograph of the surfae (Figure 8.3) show the grains that havea needle shape, typial from ferrite preipitation in the steel fabriation.179



8. Surfae modified steels8.2 Re�EXAFS experiments8.2.1 Angle seletionXRR measurements were performed at 8 and 8.9 keV in order to show thebehaviour of the re�etivity at di�erent energies, so as to hoose the mostonvenient angles for the Re�EXAFS measurements.Figures 8.4 and 8.5 shows the re�etivity patterns for the un-nitrided andnitrided steel, and are marked with the angles hosen for the Re�EXAFSmeasurements. These angles were seleted 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 surfaes do not have a de�ned layered struture, its re�etivitypatterns are a monotonous deay without any maxima due to interferenesbetween the layers.8.2.2 Re�EXAFS sansRe�EXAFS sans were performed as explained in Chapter 3 at the angleshosen with the aid of the XRR urve. After that, eah spetrum was dividedby the diret beam san to remove the absorption omponent of the airbetween the detetors and get a normalized spetrum.The set of normalised spetra for eah sample are shown in Figures 8.6 and8.7.Contrary to the layered samples spetra, this ones do not show interferenepatterns with maxima and minima of re�etivity hanging their positionswith energy and inidene angle. This is beause no layers are present.Instead, the spetra follow the XRR diagram with a monotonous derease ofthe re�etivity, 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. Surfae modified steelsdi�erent proportions of the δ and β of the refrative index for the di�erentangles.At �rst glane, the spetra of the un-nitrided steel is quite similar to thenitrided ones. The main di�erene lies in the lower signal to noise ratio forthe lowest angle of the latter. Being both surfaes di�erent, the oxidationproess may have originated a di�erent roughness, in fat higher for thenitrided steel.Superimposed to the bakground, the �ne struture assoiated with the ab-sorption an learly be seen. At �rst sight, there is no di�erene betweenthe un-nitrided and nitrided steel, although a further analysis must be per-formed. In both ases the intensity and frequeny of the osillations suggestthat the main ontribution to the �ne struture should ame from a heavybaksatter, most probably Fe.8.3 AnalysisThe Re�EXAFS spetra may be analysed by using any of the approximationsdesribed in Chapter 4.8.3.1 Total re�etion approximationAs already explained in Chapter 4, using Martens [18℄ approximation, theEXAFS signal an be extrated diretly from a spetrum of inidene anglebelow the ritial angle.The spetra reorded at 0.250◦ for both samples ful�ll the total re�etionondition. Figure 8.8 show a omparative plot of the extrated 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 spetra.A di�erene in the Fourier transform magnitude an be seen between both184



8.3 Analysissamples spetra. While the shape of the un-nitrided steel |χ(R)| suggest ametal b struture, the nitrided steel one seems to have some other ontri-butions at lower R. This may ome from either a N or an O baksatteringshell, whih may be dislosed 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 spetrum with the depth from thesurfae. In priniple, a model with a high number of layers ould be tested,but the errors would sale with the number of alulations, 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
Conlusions
When the reording of an XAS spetrum is arried out by deteting theintensity of the re�eted instead the transmitted beam, the tehnique is alledRe�EXAFS. With this experimental arrangement the strutural propertiesof near surfae regions in the sample are e�etively probed by the evanesenteletromagneti wave. This arrangement provides information not only thestruture in the outermost layer of a sample surfae but also the struturein the buried layers, sine the deteted speies are the re�eted photons andnot the emitted eletrons.The aim of this projet was to extend the Re�EXAFS tehnique to the anal-ysis of the spetra not only below, as it had been made up to now, but alsoabove the ritial angle of re�etion. This was of interest sine it shouldenable the extration of strutural information not only about the shallowestregion of the sample (extending a few tens of Å from the surfae) but alsoabout deep regions hundreds of Å underneath To ahieve suh an aim, he gen-eralisation of the Re�EXAFS tehnique had to be done in the experimentaland theoretial fronts.In the Experimental one it was arried out the development of an experimen-tal protool using the available standard instrumentation (X-ray absorptionbeamline with a re�etometer) to obtain X-ray re�etion measurements be-187



9. Conlusionslow and above ritial angle onditions. It has to be arried out in a highlyaurate way to optimized angular on�guration, energy sale and re�etedbeam intensity. The protool was optimized at beamline BM29 (EuropeanSynhrotron Radiation Faility) in suh 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 speial requirements onerning surfae struture, planarityand roughness. Moreover it was applied to ommerial samples, suh as sur-fae modi�ed steels.In the theoretial front, a global method that onsidered all the angles be-low the ritial angle was developed. This was ahieved by developing thealgorithms that allowed to simulate, extrat and analyze the EXAFS datafrom the raw measured Re�EXAFS spetra. It was showed how the globalanalysis method here presented ould be redued, within the appropriateonditions, 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 seletion of the samples was made in suh a way that they not onlyful�lled the requirements of the tehnique, but were by themselves interestingfrom the materials siene point of view. The samples overed the �elds of themultilayers, modi�ed surfaes by ontrolled atmosphere, hard metal nitrideoatings and, �nally, the nitride-modi�ed steels for utting tools. In all ases,omplementary information onerning both layers struture and interfaeproperties on one hand, obtained from the re�etivity patterns, and shortrange order struture, obtained from the �ne struture, was obtained. Toobtain the seond 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 extration results, and �nally, the EXAFS simulationand �tting to alulate the strutural parameters of the studied environmentsThe �rst type of samples had the ideal harateristis for an easy optimisation188



of the tehnique. They were bimetalli Cu-Cr layers deposited over Si(100)wafers by magnetron sputtering tehniques. In these systems the variableswere the thikness of the metal layers (8-40 Å). It was found that for all thesamples the Cu layer showed the struture of rystalline opper, although aninrease in the disorder and a derease in the lattie parameter appeared forthe smaller thiknesses.In the seond type of samples, Cr-Cu layered samples with similar harater-istis but with opper layer exposed to the air, the proess 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 inrease of opper layer thikness, roughly by a fator oftwo, was a found as a onsequene 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 ommerial steels (nitrided and un-nitrided) was studied.This give the hane of testing the Re�EXAFS tehnique with a sample thatnot ful�lled ompletely the requirements for obtaining good measurements.Fortunately, the method developed was robust enough to get spetra of highquality even in these adverse onditions. Regarding the samples, it wasfound that, ontrary to that observed by �uoresene EXAFS, hanges inFe environment are deteted after the nitriding treatments. This mean thatthe hanges in the Fe environment that give the useful properties to nitridedsteels our in a shallower region than the detetion depth of �uoreseneEXAFS (in the order of 1000 Å). Re�EXAFS was able to see these hanges.
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IntroduiónHoy en día, los materiales on propiedades super�iales singulares distintas delas del resto del material son del máximo interés a esala industrial. Existenprinipalmente dos tipos: los reubrimientos en forma de láminas delgadas,por ejemplo, los usados en los sistemas óptios para mejorar su re�etan-ia o transparenia, o los reubrimientos duros que protegen iertas piezasindustriales del desgaste, y los tratamientos super�iales que modi�an laspropiedades del material omo la nitruraión de aeros para herramientas deorte. Debido a que el espesor de esta apa o zona super�ial suele ser muhomás pequeño que sus otras dos dimensiones, no suelen presentar un buen or-den a largo alane, on lo que su aráter es mayoritariamente amorfo. Estohae que las ténias de araterizaión estrutural tradiionales, fundamen-talmente la difraión de rayos X, no proporionen datos onluyentes.Las ténias de absorión de rayos X en general y la espetrosopía EXAFS(Extended X-ray Absorption Fine struture Spetrosopy) en partiular su-ministran informaión sobre los parámetros estruturales de los entornos er-anos de los átomos estudiados, omo las distanias de enlae y los númerosde oordinaión, que pueden ser fundamentales en la omprensión de ier-tos fenómenos marosópios. Estas ténias se basan en el análisis de laestrutura �na presente en la señal de absorión de rayos X de energía varia-ble, onseuenia de la retrodispersión de los fotoeletrones produidos en elproeso de absorión, provoada por los átomos veinos al absorbente.El modo de deteión 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 informaión mezlada 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. Resumendeteión. Por ejemplo, en lugar de detetar la radiaión transmitida porla muestra se pueden detetar los eletrones emitidos por el material omoonseuenia de las transiiones energétias relaionadas on el proeso deabsorión de la radiaión. Como el reorrido libre medio de los eletrones enun sólido a estas energías suele ser de unos uantos nanómetros, la informa-ión obtenida proede úniamente de las apas super�iales del material.Otra forma de obtener sensibilidad super�ial en esta ténia es usar unageometría diferente, inidiendo en la muestra a un ángulo muy pequeño onrespeto a la super�ie y detetando la onda re�ejada. A este modo de de-teión se le denomina Re�EXAFS.Los primeros trabajos que onsiguieron analizar la estrutura �na de la ondare�ejada los realizó Barhewitz [70℄, aunque la primera aproximaión impor-tante al problema tanto desde el punto de vista teório omo experimentalse debe a Martens [7, 17, 18℄. Heald [8℄, Pizzini [9, 15, 71, 72℄ y D'Aapito[12, 13, 16℄ también han heho experimentos on un ángulo de inideniarasante, pero detetando la emisión de �uoresenia en lugar de la ondare�ejada. Todos estos estudios se han realizado en ondiiones de re�exióntotal, por debajo del ángulo rítio, donde las ondiiones experimentales sonbuenas debido al alto �ujo de rayos X re�ejado, y las ondiiones teóriaspermiten aproximaiones que permiten analizar los datos on los programasomunes de análisis de datos EXAFS, omo FEFF / FEFFIT [45, 46℄.Los trabajos de Borthen [19, 20℄ signi�aron un avane al enontrar unaforma de analizar la señal de estrutura �na para espetros registrados aángulos por enima del rítio. Sin embargo, este método sólo es válido eniertos asos muy onretos. Hasta ahora no ha habido una aproximaióngeneral al problema.El avane prinipal de este trabajo de investigaión onsiste en extender laapliaión de esta ténia al análisis de espetros on ángulos de inideniapor enima del ángulo rítio para obtener informaión sobre el entorno loalde los átomos de zonas próximas a la super�ie a distintas profundidades194



A.1 Preparaión y araterizaión de muestrasen la muestra estudiada. Esta extensión debe haerse en dos frentes: el ex-perimental, diseñando los protoolos de toma de datos adeuados dadas lasondiiones de baja re�exión para ángulos altos; y el de análisis de datos,desarrollando los algoritmos que permitan extraer y tratar la estrutura �nade espetros medidos.
A.1 Preparaión y araterizaión de muestrasLas muestras que se pueden araterizar mediante Re�EXAFS deben poseeruna serie de araterístias para poder obtener la máxima re�exión posible.La planaridad es esenial para tener un buen rayo re�ejado. Para un tamañode rendija en el detetor de re�exión de 1 mm y una distania muestra-detetor de 1 m, la apertura del haz no debe ser superior a 0.06◦ para quepueda entrar por ompleto en el detetor. 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 vertial del rayo determinado por la rendija y θ es el ángulo deinidenia (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�etividad. Como el ángulo suele ser pequeño, esta huella esgrande. Para tamaños típios de rendija de 100 µm, y ángulos de inideniade entre 0.2 y 0.6 grados, la huella está entre 29 y 10 mm respetivamente.Sin embargo, una muestra de poa 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 estreha y tambiénmayor �ujo de radiaión. 195



A. Resumen

Figura A.1: Huella del rayo X sobre la muestraCon estos requerimientos, las muestras típias 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 inidente haia la muestra.A.1.1 PreparaiónSe usó la téniaMagnetron Sputtering Physial Vapor Deposition para fabri-ar multiapas, pues este método proporiona las araterístias neesariasa las apas para poder ser medidas fáilmente mediante Re�EXAFS.Esta ténia onsiste en rear un plasma de Ar y dirigir los iones de Ar+haia el átodo, donde se enuentra una diana del metal a depositar, que seve pulverizada por el impato de estos iones. Para aumentar la veloidad deevaporaión, se genera un ampo magnétio permanente de forma toroidalera del átodo que onentra los iones y eletrones en las eranías de ladiana. Un esquema de este sistema se puede ver en la Figura A.2.Cuando se trata de fabriar ompuestos binarios omo nitruros u óxidos, sepuede usar omo gas de trabajo N2 u O2, de forma que el plasma produidoreaiona on el metal pulverizado y se depositara el ompuesto resultante196



A.1 Preparaión y araterizaión de muestrassobre el sustrato. Esta ténia se denomina Reative Sputtering.

Figura A.2: Esquema de la ámara de Magnetron SputteringEl espesor se ontroló haiendo pruebas previas on los mismos parámetrosen la ámara que permitieron medir la veloidad de deposiión y se supusola misma veloidad al fabriar las muestras menionadas. Aun así, se midióel espesor de las muestras a posteriori on otras ténias.Para los primeros experimentos se usaron una serie de muestras senillas, deomposiión y estrutura onoidas formadas por multiapas metálias de(CuCr)xN, de diversos espesores y número de periodos, que permitieron lapuesta a punto de los protoolos y métodos experimentales de la ténia paraluego poder apliarla 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 oxidaión 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 multiapas similares a las anteriores, peroon 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 oordinaión diferentes (óxido ymetal) para distintas profundidades en la muestra.La siguiente serie de muestras onsta de una multiapa de Mo y nitrurode Mo produida por Reative Sputtering. Estas muestras también tienendos entornos diferentes a distintas profundidades en la muestra. Además, elestudio del borde de absorión K del Mo, a una energía muho más alta(20 keV), lo que implia permite probar la ténia en distintas ondiionesexperimentales.La última serie de muestras están ompuestas de un aero omerial. Una delas muestras ha sido sometida a un proeso de nitruraión gaseosa, mientrasque la otra permanee sin nitrurar. Estas muestras permiten analizar la apli-198



A.2 Experimentos Re�EXAFSaión de la ténia a muestras más �reales� (menos planas y más rugosas),y on una di�ultad añadida al análisis de datos.A.1.2 CaraterizaiónLas muestras se estudiaron empleando distintas ténias para obtener infor-maión sobre su estrutura y omposiión antes de efetuar los experimentosRe�EXAFS, para omprobar si eran adeuadas.Se omprobó la ristalinidad de las muestras mediante Difraión de RayosX (XRD). Mediante Re�etometría de Rayos X (XRR) se alularon losespesores, densidades y rugosidades de las apas. Se midió la antidad delos distintos elementos que ontienen las muestras, mediante Espetrometríade Retrodispersión Rutherford (RBS), en el Centro Naional de Aeleradores(CNA, Sevilla) La Mirosopía de Fuerzas Atómias (AFM) proporionó unamedida de la rugosidad omo la dispersión estadístia (RMS) de las alturasen una super�ie de 23 x 23 miras sobre las muestras.A.2 Experimentos Re�EXAFSEsta ténia tiene iertos requerimientos experimentales. Primero, omo enualquier experimento EXAFS, se neesita una estaión de absorión de rayosX en una fuente de radiaión sinrotrón que proporione una buena resoluiónen energía en las proximidades del borde de absorión que se vaya a estudiar.Además, al aer rápidamente la re�etividad para ángulos por enima delrítio, se neesita un �ujo de rayos X espeialmente alto para poder teneruna buena relaión señal-ruido a estos ángulos que permita obtener una señalde estrutura �na su�ientemente limpia.Una alta estabilidad angular es impresindible para poder medir on preisiónlos ángulos de inidenia. Este tipo de inestabilidad provoaría un ambioen la profundidad de penetraión estudiada, que si ourriera en el transurso199



A. Resumende una medida, nos daría una estrutura �na ambiante on el tiempo muyompliada de estudiar.La estaión debe poseer la instrumentaión neesaria que permita montar lamuestra y tomar los datos neesarios para los distintos ángulos on preisión.Para ello, se neesita un re�etómetro de al menos 2 írulos para oloar lamuestra al ángulo requerido respeto del haz inidente y orientar el detetoren el orrespondiente ángulo del rayo re�ejado.El alineamiento de la muestra es extremadamente importante omo se ex-plia más adelante, por tanto el re�etómetro debe estar equipado on ungoniómetro que permita mover la muestra en los 3 ángulos y 3 direionesdel espaio on gran preisión.Los experimentos se realizaron en la fuente de radiaión sinrotrón europeaE.S.R.F., en el maro de un proyeto uyo propósito ha sido desarrollar estaténia en la estaión BM29. Esta estaión dispone de las araterístiasneesarias para umplir on los requerimientos.A.2.1 InstrumentaiónEl re�etómetro usado en estos experimentos es un Huber de 3 írulos 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 direión perpendiular al rayo X.Otro de ellos (llamado th2 ) es onéntrio a th1 y lleva adosado el detetorde re�exión y una rendija motorizada. Ambos tienen una preisión de 0.001grados para pequeños movimientos.El goniómetro permite movimientos en las tres direiones del espaio y entres ángulos de ejes perpendiulares entre sí. La preisión de los motoreslineales es de 0.001 mm para la direión z y 0.01 mm para las direiones xe y. La preisión de los motores angulares es de 0.01 grados para todos ellos.El tamaño del haz que inide sobre la muestra viene determinado por una200



A.2 Experimentos Re�EXAFS

Figura A.4: Esquema del re�etómetrorendija horizontal, que se abre hasta oupar algo menos que el anho de lamuestra, y otra vertial que debe ser de una apertura pequeña para poderaeder a ángulos de inidenia pequeños sin que la huella del rayo X se salgade la muestra. La rendija vertial utilizada en estos experimentos es de 50miras para las medidas en el borde de absorión del Mo, y de 100 miraspara el resto de las medidas.Como en ualquier experimento EXAFS, se neesita una pareja de ámarasde ionizaión iguales para detetar el haz inidente I0 y el re�ejado I1 deforma preisa y on baja relaión señal-ruido para un espetro variable enenergía. Además, es neesario que sean pequeñas y ligeras on el objetivo deno dañar el írulo th2 al montar la segunda ámara sobre el brazo antesmenionado.Las ámaras usadas en estos experimentos fueron unas OKEN S-1194A1 de15 m de largo, fáilmente rellenables on la apropiada mezla de gases enfunión del borde de absorión 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 inidente, respetivamente.Cada ámara de ionizaión lleva asoiado un pre-ampli�ador de orrienteStanford Researh Systems SR570. Estos pueden trabajar on sus propiasbaterías para minimizar el ruido eletrónio, y permiten un ontrol remotode las gananias desde un ordenador.A.2.2 Protoolo experimentalA.2.2.1 AlineamientoEl alineamiento es un proeso esenial en estos experimentos por dos motivos:la neesidad de una re�etividad máxima y la neesidad de medir el ángulode inidenia on preisión. Por ello, se ha desarrollado un proedimientoestándar durante los experimentos.El objetivo de este proedimiento es onseguir, por un lado, orientar la mues-tra on su lado mayor paralelo a la direión del rayo, plana on respeto ala rendija y por otro, oloar el entro de rotaión del írulo th1, que nos dael ángulo de inidenia, en el entro de la muestra y en la direión del rayo.Así, un giro de este írulo dará el ángulo de inidenia on exatitud y nose iluminará más que la muestra a partir del ángulo mínimo.A.2.2.2 Medidas de Re�etometría de Rayos XAl intentar medir on ángulos de inidenia superiores al ángulo rítio, lare�etividad ae drástiamente. En iertos asos, omo en muestras formadaspor láminas delgadas, los efetos de interferenia oasionados por las distintasinterfases pueden aumentar o disminuir la re�etividad para algunos ángu-los. Por tanto, es aonsejable registrar algunos espetros de re�etometríade rayos X (XRR) para así poder elegir los ángulos más onvenientes paratomar los datos Re�EXAFS. Esta ténia onsiste simplemente en registrarla re�etividad de una muestra a una energía de rayos X �ja para un ierto202



A.2 Experimentos Re�EXAFSrango de ángulos de inidenia θ. Lo que se mide es la intensidad de radiaióndetetada en 2θ (ángulo de re�exión) para ada θ.Lo más útil es registrar un espetro XRR a una energía erana al borde deabsorión que se va a estudiar para saber qué re�etividad se tendrá erade ese borde de absorión para todos los ángulos. El rango debe ser desde 0◦,hasta el máximo ángulo para el ual la relaión señal ruido sea satisfatoria,y así saber el límite al ual se puede llegar.A.2.2.3 Medidas Re�EXAFSEl proedimiento para registrar los espetros Re�EXAFS sigue los siguientespasos. Se mueve el írulo th1 hasta el ángulo de inidenia elegido. Después,se busa el rayo re�ejado on el írulo th2 y se oloa th2 en ese punto.Seguidamente se esanea el motor z del goniómetro para enontrar el máximode re�exión, que orresponderá a la posiión ideal de la huella del rayo X en lamuestra, onsiguiendo así que toda esta huella esté ontenida en ella. En estemomento se está en ondiiones ideales para medir espetros Re�EXAFS.Se hae un barrido en energía y se registra la señal en los detetores I0 e I1a la vez, tal omo se hae en una medida EXAFS onvenional. Los límitesde este espetro deben ser, omo mínimo, 500 eV por debajo y 1000 eV porenima del borde de absorión estudiado, pero es reomendable registrar 1000eV por debajo y 1500 eV por enima para failitar el posterior tratamientode datos.Con la ayuda de las urvas XRR, se eligen varios ángulos de inidenia pa-ra los uales se registran los espetros para ada muestra. Es aonsejabletener espetros que ubran todo el rango de re�etividad, y se deben aprove-har los efetos de interferenia (si los hay) para registrar espetros on altare�etividad 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 espetros del mismo ángulopara omprobar la reproduibilidad y mejorar la relaión señal ruido de losmismos.Adiionalmente, se deben registrar datos de los fondos de radiaión paranormalizar los espetros y así obtener datos de re�etividad absolutos que sepuedan ajustar mediante un modelo teório. Para ello, simplemente se apartala muestra, se oloa el detetor en la direión del rayo direto, y se registraun espetro en el mismo rango de energía que se ha estado usando.A.2.2.4 AutomatizaiónCuando se desarrolla una nueva ténia de araterizaión, es importantetener en uenta que debe ser fáil de usar y que debe tener un protoolorutinario. Por tanto, se debe haer un esfuerzo en sistematizar y automatizaren la medida de lo posible el uso de la misma. El desarrollo de programasque ontrolan automátiamente el alineamiento y la toma de datos ha sidofundamental en el desarrollo de este proyeto.Tanto el alineamiento que se ha desrito más arriba omo otros proesos (labúsqueda del ángulo de re�exión, por ejemplo) son proesos iterativos en lamayoría de los asos, pues se deben haer barridos en las posiiones de losmotores del goniómetro y el re�etómetro y omprobar las representaionesgrá�as de la intensidad en el segundo detetor hasta que se enuentra elpunto adeuado. En algunos asos, esto puede ser automatizado en formade programas informátios para que a lo largo de la medida sólo se tenganque ontrolar los resultados. De esta forma se logra una sistematizaión delproeso, reduiendo el número de errores humanos y aumentando la veloidadde toma de datos. Se pueden representar estos proesos mediante diagramasde �ujo que pueden servir luego omo base para esribir los orrespondientesprogramas en el lenguaje neesario. Como ejemplo, se presenta uno de losdiagramas de �ujo en la Figura A.5, que orresponde al alineamiento delángulo psi del eje vertial a la muestra. En total, el alineamiento requiere de204



A.2 Experimentos Re�EXAFS

Figura A.5: Ejemplo del proeso de alineamiento205



A. Resumenoho de estos proesos.
A.3 Teoría y análisis de datosEl análisis de datos Re�EXAFS di�ere enormemente del análisis de los es-petros EXAFS tradiionales por varias razones. En la mayoría de los asosno es posible haer simplemente una sustraión del fondo para extraer la es-trutura �na de los espetros a distintos ángulos. Por ello, se ha desarrolladoun proedimiento de análisis espeí�o para este proyeto.A.3.1 Base teóriaA.3.1.1 Re�etividadTradiionalmente, el índie de refraión de un material en la región de losrayos X se esribe [37℄

n(E) = 1− δ(E)− iβ(E) , (A.1)donde δ(E) y β(E) se pueden relaionar on los fatores de dispersión anóma-la, f ′(E) y f ′′(E) mediante [38℄
δ(E) ≃ e2h̄2
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, (A.2a)

β(E) ≃ e2h̄2
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′′(E) , (A.2b)los uales se pueden alular a partir de una desripión lásia [38℄ o meano-uántia [35℄ de la interaión fotón-eletrón en el átomo absorbente. Además,
δ(E) y β(E) están relaionados por las transformaiones de Kramers-Kronig206



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

= −KK[δ(E)] . (A.3)Además, β(E) está relaionado diretamente on el oe�iente de absorión
µ(E) por la expresión

µ(E) =
2E

h̄c
β(E) , (A.4)El formalismo de la re�etividad 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 interara entre dos materiales j − 1 y j,on índies de refraión 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 materialiniial, que se onsidera aire o vaío (n0 = 1).En el mismo formalismo, se puede obtener una expresión del oe�iente dere�exión ompleto, r′j−1,j, de una interara ualquiera de una muestra hehade N apas sobre un sustrato (que sería la apa N + 1), que proviene de lasuma de las múltiples re�exiones entre las interaras [37℄
r′j−1,j = rj−1,j +
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. (A.7)207



A. ResumenÉsta es una expresión reursiva, 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 alularse iterando desde el sustrato haia arribapara al �nal obtener el oe�iente para la super�ie, r′0,1, y así alular lare�etividad,

R0,1 =
∣∣r′0,1r′∗0,1

∣∣ . (A.9)A.3.1.2 RugosidadEste formalismo supone unas interaras perfetamente planas. En muestrasreales existe una interdifusión de material que se suele expresar omo unarugosidad. Si esta rugosidad se modela estadístiamente, se puede llegar auna expresión de la re�etividad en funión de un parámetro de rugosidad
σj , de la interara superior de la apa j.El modelo más usado para la rugosidad es el de Nevot [41℄, que onsiderauna rugosidad omo una funión gaussiana de las alturas en la interara. Eneste trabajo, se ha usado una modi�aión de este modelo, que onsidera unainterdifusión modelada por una funión tanh [42℄, de forma que el índie derefraión en la interara j − 1, j es
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, (A.10)donde z = 0 es el punto donde el índie de refraión es la media aritmétiaentre los de ambas apas. Esta funión da omo resultado una distribuiónde alturas (rugosidad) on la forma
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A.3 Teoría y análisis de datosque es muy pareida a la distribuión gaussiana. La ventaja de esoger estafunión es que es integrable, por lo que podemos introduirla en la euaióndel oe�iente de re�etividad de Parratt (Euaión A.5) para obtener lare�etividad real
r
σj ,tanh
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] , (A.12)donde el parámetro Gj−1,j tiene la forma
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] ,(A.13)A.3.2 Análisis Re�EXAFSA.3.2.1 Aproximaión de re�exión totalMartens [7, 18℄ propuso un modo de analizar un espetro Re�EXAFS en elaso de un ángulo de re�exión total.Como la estrutura �na de ada espetro Re�EXAFS es pequeña omparadaon el fondo de re�etividad, se puede aproximar en primer orden en funiónde las estruturas �nas de δ(E) y β(E) en la forma
R(δ, β)−R0(δ0, β0) = ∆R ≈ ∂R
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∆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 funiones sin la estrutura �na, es deir, las funionesque habría si los átomos estuvieran aislados. En el aso de re�exión total, esdeir, uando en ángulo de inidenia es inferior al ángulo rítio,
θ√
2δ

=
θ

θc
< 1 . (A.16)ourre que ∂R

∂β
es varios órdenes de magnitud superior a ∂R

∂δ
para valorestípios de δ (10−5) y β (10−6). Por tanto, ∆R(E) es proporional a ∆β(E) yse puede alular la estrutura �na EXAFS χ(E) de forma senilla

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 espetros Re�EXAFS es neesario el álu-lo ompleto de los términos de la euaión A.14. Para ello, primero debealularse los oe�ientes δ0 y β0 mediante una simulaión y ajuste de la re-�etividad sin la estrutura �na. Luego, se simulan las estruturas �nas de lare�etividad para ada ángulo en términos de las funiones EXAFS presentesen la muestra.Simulaión y ajuste de la re�etividad de átomo aisladoLos espetros de re�etividad sin la estrutura �na dependen de los índies derefraión de ada elemento presente en la muestra. En el ejemplo partiularde una multiapa, on apas j ∈ {1, . . . , N}, ada espetro de re�etividadse puede esribir omo

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



A.3 Teoría y análisis de datosdiante las euaiones presentadas en la Seión A.3.1, se pueden alular lasre�etividades.Como ni parámetros que de�nen la muestra ni los parámetros experimentales(ángulos de inidenia preisos, desplazamiento en energía de los espetros)se pueden determinar on total exatitud, estos se introduen omo variablesen un programa de simulaión que busa los valores a partir de los uales segenera el espetro de re�etividad que mejor reprodue el experimental.Al haber una gran antidad de variables, es neesario diseñar estrategias quefailiten la loalizaión de la soluión óptima, así omo usar un algoritmode optimizaión del tipo evolutivo llamado Covariane Matrix AdaptationEvolutionary Strategy o CMA-ES [48℄El resultado de la simulaión proporiona por un lado la posibilidad de ex-traer la estrutura �na ∆Rm(E) de ada espetro, y además, alula losvalores de δ0j y β0j , que serán neesarios para el siguiente paso.Simulaión y ajuste Re�EXAFSUna vez extraída la estrutura �na de ada espetro, ésta se puede suponeromo funión de las estruturas �nas de los índies de refraión orrespon-dientes sólo a las apas que generen una señal EXAFS, es deir
∆Rm(E) = ∆Rm [∆δh(E),∆βh(E)] , (A.19)donde h ∈ {1, . . . , H} es el índie que uenta las apas que ontribuyen a laseñal EXAFS, es deir que ontienen el átomo uyo borde de absorión seestá estudiando, de forma que 1 ≤ H ≤ N +1 en general. Como ∆Rm(E) espequeño, se puede desarrollar en primer orden en funión de las estruturas�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 euaiones se deben satisfaer simultáneamente y para todos los posi-bles espetros m a ada ángulo de inidenia diferente, pero ompartiendo los211



A. Resumen
∆δh(E) y ∆βh(E), pues la muestra es la misma. Entones podemos esribirtodas las euaiones en forma matriial




∆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 euaiones lineales se puede resolver. Para ello, se generanfuniones aleatorias ∆δh(E) y ∆βh(E), para las uales se alulan los oe�-ientes de la matriz para ada punto de energía. Seguidamente, se alula lamatriz pseudoinversa de Moore-Penrose A+(E) de A(E), ya que ésta da lasoluión de mínimos uadrados de este sistema sobredeterminado [49, 50℄.Esta soluión es otro onjunto de funiones ∆δh(E) y ∆βh(E) en generaldiferente de la anterior, que se pueden volver a introduir en la euaión enun proeso iterativo hasta que la diferenia entre las funiones en dos pasosonseutivos sea pequeña.Para el álulo de la matriz pseudoinversa, es onveniente usar una desom-posiión ortogonal de la matriz A(E). Espeí�amente, se usó el método dedesomposiión en valores singulares (SVD), ya que permite la posibilidadde despreiar los valores pequeños en esta matriz, que provoarían errores deredondeo en el álulo de la matriz pseudoinversa por un ordenador.212



A.4 ResultadosA.4 ResultadosEn este resumen se han seleionado sólo algunas muestras representativas.El resto de los resultados puede verse en los apítulos 5 a 8A.4.1 Muestra CuCrx2A.4.1.1 CaraterizaiónLa 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 inluye los parámetros de mejor ajuste de la simulaión.
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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 alulada en la simulaión de la urva XRR, y que todaslas apas de la misma omposiión tienen el mismo espesor, ya que han sidodepositadas en las mismas ondiiones.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 alulada 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 marado los ángulos eso-gidos para registrar los espetros Re�EXAFS. Estos ángulos se seleionaronporque ubren un rango su�ientemente amplio tanto en la profundidad depenetraión de los rayos X, omo en las distintas formas que pueden tomarlos espetros debido a las interferenias entre las apas.La Figura A.9 muestra el onjunto de espetros Re�EXAFS (en línea on-tinua), normalizados por el espetro de haz direto. Por un lado, se observala rápida aída de la intensidad de la onda re�ejada por enima 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 esogidos para losespetros Re�EXAFS, para la muestra CuCrx2215



A. Resumenrítio (que, en este aso, está alrededor de 0.320◦). Asimismo, se puedenobservar los patrones de interferenia produidos por las multiapas de lamuestra.Superpuesto al fondo de re�etividad, se puede ver laramente el borde deabsorión K del Cu (8.979 keV), y de la estrutura �na justo a ontinuaión,extendido haia alta energía.A.4.1.3 AnálisisUsando la aproximaión de re�exión total [18℄, podemos extraer la estrutura�na del ángulo más bajo. Debido a que el espetro a 0.250◦ tiene muy malarelaión señal-ruido, se esogió el de 0.300◦ para este análisis.La funión EXAFS obtenida se ajustó on los programas FEFF 6.0 y FEFFIT2.54 [45, 46℄. Se usó un modelo de Cu metálio, tomando las ino prime-ras esferas de oordinaión on los números de oordinaión �jos e igualesa los ristalinos. Se tomo un parámetro ∆a, que variara el parámetro dered del ristal, de forma que todas las distanias de oordinaión variaranoherentemente. Los fatores 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 omparaión de los espetros EXAFS experimentales onlas urvas de mejor ajuste tanto en el espaio k omo en el espaio 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 estrutura del Cu en estas apas es análoga a la que presenta en faseristalina en lo que a distanias y números de oordinaión se re�ere, peromuho más desordenada, omo se re�eja en los valores de los parámetros deDebye-Waller.Para analizar los espetros Re�EXAFS de forma global, se usó el programadesarrollado expresamente para este �n. Primero se simuló el fondo de re-�etividad (sin la estrutura �na) dando omo resultado los parámetros demejor ajuste de espesor, densidad y rugosidad de las apas, además de losángulos onretos de los espetros 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 espetros fue de -2.8 eV.Tabla A.4: Resultados de la simulaión de espetros 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 simulaión de espetros 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 estrutura �na suponiendo que todas las apasde Cu tienen la misma funión EXAFS. Así, el ajuste ompleto se puedeapreiar en la Figura A.9 (disontinuo).Una vez que se extrajo la funión EXAFS global a partir de los espetrosmedidos 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 funión EXAFS y sumejor ajuste en los espaios k y R.Como ya se vio en el ajuste del espetro del ángulo de re�exión total, puedeobservarse ómo el desorden estrutural en el entorno loal del Cu en lasapas de esta muestra es notable omparado on un entorno ristalino. Estoes produido porque el sistema de deposiión de apas empleado no permitela relajaión de la estrutura de las apas a la estrutura ristalina, ya quela ondensaión de los átomos sobre el sustrato se produe rápidamente, yno se ha apliado un alentamiento al mismo. Además, el pequeño espesorde estas apas tiene el mismo efeto inhibiendo el orden a largo alane enuna de las direiones del espaio.Tal omo es esperable, los resultados del análisis global (que analiza la mues-tra ompleta) di�eren poo del análisis de ángulo de re�exión total (que soloanaliza las primeras deenas de Ångströms). Esto se debe a que la apa mássuper�ial de Cr que reubre la muestra ha evitado la oxidaión de la apasuperior de Cu, que debe tener una estrutura muy pareida a la inferior,pues están sintetizadas en las mismas ondiiones.
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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
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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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Figura A.13: χ(R) EXAFS experimental del ángulo de re�exión total, global, y mejorajuste del global para la muestra CuCrx2A.4.2 Aeros modi�ados super�ialmenteSe estudiaron dos muestras del mismo aero de herramientas, ferrítio, onuna omposiión 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 CaraterizaiónSe registraron diagramas de difraión de rayos X a bajo ángulo para ambasmuestras. Así se aumenta la señal de las espeies 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 tienenpoa adherenia y no mejoran las propiedades meánias (Figura A.14).Los pios del Fe-b en la muestra nitrurada son más anhos y están despla-zados haia ángulos de difraión menores que en la muestra no nitrurada.222



A.4 Resultados

Figura A.14: Diagrama XRD para el aero nitrurado y no nitrurado tras el pulidoEsto india que la nitruraión produe una deformaión y expansión de laestrutura.Se tomaron mirografías SEM tras tratar la super�ie de las muestras onáido nítrio y etanol para revelar su estrutura de granos.La mirografía (Figura A.15) muestra la estrutura de agujas típia de lapreipitaión de la ferrita en la fabriaión del aero.A.4.2.2 Experimentos Re�EXAFSSe obtivieron diagramas XRR a 8 keV para ver el omportamiento de lare�etividad a diferente ángulo para una energía erana al borde K de ab-sorión del Fe, y así esoger los ángulos más onvenientes para las medidasRe�EXAFS.Los espetros Re�EXAFS se registraron a distintos ángulos en torno al bordeK de absorión del Fe, para ambas muestras (Figuras A.16 y A.17).223



A. Resumen

Figura A.15: Mirografía SEM de la super�ie del aero nitruradoA primera vista, los espetros de ambas muestras pareen iguales. Sin em-bargo, al extraer los espetros para ángulo de re�exión total, se puede verque existe una diferenia notable entre ambos (Figura A.18 )Las transformadas de Fourier de los espetros EXAFS (Figura A.19) reve-lan que, mientras que la muestra sin nitrurar tiene un entorno típio de laestrutura Fe-b, la muestra nitrurada presenta una ontribuión a bajo Rque puede deberse a una esfera de oordinaión on un retrodispersor ligero,omo el N.A.5 ConlusionesEl objetivo prinipal de este proyeto onsistió en el diseño de protoolospara el registro y el análisis de espetros Re�EXAFS en un amplio rango deángulos, inluidos aquellos superiores al ángulo rítio uya medida y análisis224
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A. Resumenno se había abordado hasta ahora.Esto ha permitido la obtenión de informaión estrutural no sólo a la partemás super�ial de las muestras (deenas 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 estaión BM29 de la Fuente Europea de Radiaión Sinrotrón (ESRF),los protoolos de medida optimizados para obtener datos de forma e�iente,automátia y de su�iente alidad omo para ser analizados.En el frente teório, se desarrolló un método de análisis de datos espeí�opara estas medidas. Este método toma todos los datos de forma global paraobtener la funión EXAFS de la muestra.Las muestras estudiadas se seleionaron no sólo para que sirvieran paraprobar la ténia en diferentes ondiiones, partiendo desde las más senillasa las más ompliadas de estudiar, sino que también se tuvo en uenta suinterés desde el punto de vista de la ienia de materiales.La primera serie de muestras fueron multiapas CuCrxN que sólo teníanun entorno loal en toda la muestra, Cu metálio. Se vio ómo al reduirel espesor de las apas de obre, aumentando número de repetiiones dela multiapa manteniendo su espesor total, éstas aumentaban su desordenestrutural y reduían su parámetro retiular, pero mantenían las distaniasy números de oordinaion del Cu metálio.La segunda serie fueron multiapas de CrCux3, donde se expuso la apa deCu más super�ial al aire. Se enontró ómo ésta apa se oxida parialmentedando tanto óxido de Cu(I) omo óxido de Cu(II)También se estudiaron multiapas de Mo y MoN, on las uales se demostróque el protoolo experimental desarrollado es su�ientemente robusto omopara poder obtener espetros de alta alidad en ondiiones adversas de rangoangular limitado provoado por la alta energía estudiada, llegando a medirespetros on una diferenia de intensidad re�ejada de 4 órdenes de magnitud.228



A.5 ConlusionesFinalmente, se estudiaron aeros nitrurados en fase gaseosa. De estas mues-tras se obtuvieron buenos espetros a pesar de que no reunían las araterís-tias óptimas para su medida por esta ténia, lo que demostró la robustezdel método desarrollado. Se enontró que existen ambios en el entorno loaldel Fe a muy baja profundidad desde la super�ie, osa que no se ha dete-tado en los espetros EXAFS de �uoresenia [2℄, donde la profundidad depenetraión de la ténia es del orden de los miles de Å.
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Appendix B
The Laws of synhrotronradiation 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 One the experimentalists have heked everything in the sample room,left the room, losed the door, heked the seurity 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 wathingand heking onstantly.Theorem 3.1 Any attempt to program a maro to let the experimen-talists do something di�erent than wathing or heking the experimenthas a high probability to fail.Corollary 3.1.1 The probability of a maro to fail is proportionalto the amount of sleep the experimentalists are enjoying.231



B. The Laws of synhrotron radiation experimentsCorollary 3.1.2 The probability of a maro to fail is proportionalto the amount and quality of the food the experimentalists are eat-ing.Corollary 3.1.3 The probability of a maro 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 inomplete 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 whih was the mostinteresting sample one they have returned home.Corollary 4.2.1 Any attempt to bring the most interesting sam-ple to the synhrotron to be measured again will be impossible dueto either sample destrution or no more beamtime alloation orbeamline/synhrotron losure.Law 5 The probability of missing breakfast/lunh/dinner for some more sleepis proportional to the quality of the food involved.Law 6 The experimentalists will only need the loal ontat when he/she isunavailable.Theorem 6.1 The probability of having a problem is proportional tothe unavailability of the loal ontat.Theorem 6.2 The seriousness of the problem is proportional to theunavailability of the loal ontat.
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