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University of WashingtonAbstra
tFerroele
tri
 Phase Transitions in Oxide Perovskites Studied by XAFSby Bru
e D. RavelChairperson of Supervisory Committee: Professor Edward A. SternDepartment of Physi
sTemperature dependent x{ray absorption �ne stru
ture (XAFS) measurements onseveral titanium oxide perovskites are presented in this thesis. Measurements onPbTiO3 and BaTiO3 are presented at temperatures spanning their stru
tural andferroele
tri
 phase transitions. Using these XAFS data, I provide dire
t eviden
e fororder{disorder behavior in the lo
al stru
tures of PbTiO3 and BaTiO3. The lo
alstru
ture of PbTiO3 is shown to be tetragonally distorted at all temperatures, whilethat of BaTiO3 is approximately rhombohedrally distorted at all temperatures. Asthe temperature is raised in these materials, long range 
orrelations between the lo
aldistortions 
hange, resulting in the observed sequen
es of ma
ros
opi
 phase transi-tions. The extended x{ray absorption �ne stru
tures (EXAFS) of these materialsare analyzed for quantitative eviden
e of the order{disorder behavior. The detailsof the EXAFS analysis te
hniques are provided. X{ray absorption near edge stru
-ture (XANES) measurements on these materials demonstrate further eviden
e of theorder{disorder behavior.A newly developed 
omputer program, xanes, is presented for ab initio 
al
ula-tions of near edge stru
tures. xanes 
omputes the near edge spe
trum simultaneouslywith lo
al ele
troni
 densities of state within the one{ele
tron, full multiple s
atteringformalism using a fast, separable representation of the free ele
tron propagator ands
attering matri
es 
omputed using fully relativisti
, Dira
{Fo
k, muÆn tin poten-tials. The 
al
ulation is made in a real spa
e basis with no assumption of stru
turalsymmetry or periodi
ity. After testing xanes on several sample 
ompounds, I demon-strate the appli
ability of the 
ode to PbTiO3 and use it to interpret the near edgespe
trum of PbTiO3 in terms of its lo
al stru
ture. By 
ombining simulations ofXANES spe
tra with XANES and EXAFS measurements, a stru
tural interpretation



of absorption spe
tra is presented using nearly the entire information 
ontent of theXAFS signal.
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Chapter 1INTRODUCTIONThis thesis des
ribes in detail the two avenues of resear
h I have pursued as astudent at the University of Washington. The �rst resear
h interest presented here isa stru
tural analysis using the X{ray Absorption Fine Stru
ture te
hnique of the fer-roele
tri
 perovskites PbTiO3 and BaTiO3 through their ferroele
tri
 and stru
turalphase transitions. I present new eviden
e for a 
ru
ial order{disorder 
omponent tothese nominally displa
ive phase transitions. My se
ond resear
h interest has beenthe development of a real{spa
e, full multiple s
attering 
omputer program for the abinitio 
al
ulation of X{ray Absorption Near Edge Stru
ture and lo
al ele
troni
 den-sities of state. This te
hnique is parti
ularly appli
able to the study of ferroele
tri
materials.1.1 XAFS Studies of Ferroele
tri
 Phase TransitionsIn the �rst part of this thesis, I apply the XAFS te
hnique to the study of thestru
tural and ferroele
tri
 phase transitions in two ferroele
tri
 materials, PbTiO3and BaTiO3, and also to the stru
turally related but non{ferroele
tri
 EuTiO3. Theaim of this resear
h is to understand the nature of the lo
al stru
ture in these materialsthrough their stru
tural and ferroele
tri
 phase transitions.A ferroele
tri
 
rystal, su
h as PbTiO3 or BaTiO3, possesses a dipole moment inits low temperature phase that is 
orrelated a
ross the entire length of the 
rystal.This polarization 
an be redire
ted by appli
ation of an ele
tri
 �eld. The presen
e ofan inherent dipole moment in a ferroele
tri
 
rystal 
an be understood from its atomi
stru
ture. When atoms within the unit 
ell of the 
rystal are displa
ed from sitesof point 
entrosymmetry, the ele
tron density within the unit 
ell is redistributed toa

ommodate the displa
ement. The enhan
ed ele
tron density in some regions of theunit 
ell and diminished density elsewhere indu
es a dipole moment within the 
ell.When these displa
ements within the unit 
ells are 
orrelated in dire
tion from 
ellto 
ell a
ross the length of the 
rystal, so are the dipole moments. Then the 
rystal



2possesses a net polarization and is ferroele
tri
. At some temperature this ma
ro-s
opi
 polarization vanishes and the material transforms into a phase with an average
rystallographi
 stru
ture la
king the displa
ements whi
h 
ause ferroele
tri
ity.PbTiO3 and BaTiO3 are end members of solid solutions with PbZrO3, SrTiO3and others forming materials of 
onsiderable te
hnologi
al interest. Appli
ations in-
lude ele
tro{me
hani
al and ele
tro{
hemi
al transdu
ers, opti
al elements, sensors,storage devi
es, pyroele
tri
 devi
es, and others. The relatively simple stru
ture ofperovskite ferroele
tri
s makes them attra
tive for both basi
 experimental and the-oreti
al investigation.There are two 
anoni
al models 
ommonly used to des
ribe the the stru
turalphase transitions observed in PbTiO3 and BaTiO3, the displa
ive and the order{disorder. In a displa
ive transition, the potential surfa
e in whi
h the atoms rest
hanges with in
reasing temperature. At low temperature, the atoms populate apotential minimum whi
h is displa
ed from a point of 
entrosymmetry. As the tem-perature rises, the potential minimum moves towards the point of 
entrosymmetry.Finally, in the high temperature phase, the minimum resides at a point of 
entrosym-metry. This is shown s
hemati
ally in Fig. 1.1a. In the order{disorder model, theshape of the potential surfa
e remains un
hanged with temperature. As the temper-ature is raised, the hopping rate between adja
ent minima in the potential surfa
ein
reases, leading to a disordered stru
ture. In the high temperature phase, the hop-ping rate is su
h that the equivalent sites are equally populated. This is shown inFig. 1.1b.It is possible for these two models to yield very similar results for 
ertain kinds ofmeasurements. For example, a measurement of Bragg peaks without 
onsiderationof the di�use part of the di�ra
tion spe
trum may not distinguish between these twomodels above the phase transition. The measurement of Bragg peak positions av-erages the possible displa
ements depi
ted in Fig. 1.1b as ve
tors. Sin
e these lo
aldispla
ements are equal in magnitude but opposite in sign, their average is zero. Con-sequently the positions of the Bragg peaks are insensitive to the di�eren
es betweenthese two models above T
. A di�ra
tion measurement may la
k the resolution todistinguish between thermal disorder and the stru
tural disorder introdu
ed by thedisordering of the lo
al displa
ements. Likewise, if the hopping rate between the twopotential minima in the order{disorder model is signi�
antly faster than the time s
aleof the latti
e dynami
s, then many hopping events will happen within the time s
aleof the ex
itation in the Raman measurement. The sensitivity of this measurement tothe lower symmetry of the disordered lo
al stru
ture will thus be lost.



3

in
reasingtemperature
(a) (b)

displa
ive order-disorderFigure 1.1: S
hemati
 of displa
ive and order{disorder transitions showing the tem-perature dependen
e of the lo
al displa
ements in the two models. (a) shows theshrinking of the potential barrier between two lo
al potential wells whi
h may beo

upied by an atom as predi
ted by the displa
ive model. These wells representthe possible positions of some atom in a stru
turally distorted phase and the barrierbetween them is lo
ated at a site of point 
entrosymmetry. As the temperature rises,the minimum of the potential well and therefore the atomi
 displa
ements movestowards the 
entral position. Above T
 the potential minimum is lo
ated at a 
en-trosymmetri
 site. (b) shows the disordering of lo
al displa
ements among equivalentsites. As the temperature in
reases, the hop rate over the potential barrier also in-
reases. Finally the lo
al displa
ements be
ome totally disordered but the shape ofthe potential surfa
e remains un
hanged.The perovskite stru
ture, shown in Fig. 1.2, is 
ubi
 and of spa
e group Pm3m.Its stoi
hiometry is ABO3, where the A and B 
ations are usually metals and the Oanion is usually oxygen or 
uorine. As shown in the s
hemati
, an A 
ation o

upiesea
h of the 
orners of the 
ubi
 unit 
ell, the B 
ation o

upies the 
ell 
enter, and ananion o

upies ea
h of the fa
es. The anions form a rigid o
tahedron whose motiontends to be a key 
omponent in the phase transitions of perovskite 
ompounds. Thevarious lower symmetry phases of PbTiO3 and BaTiO3 involve distortions to thisstru
ture.In the non{
ubi
, ferroele
tri
 phases of these materials, the ma
ros
opi
 polar-ization points in a dire
tion 
onsistent with the symmetry of the stru
tural phase.In the tetragonal, ferroele
tri
 phase of PbTiO3, the ma
ros
opi
 polarization pointsalong a h001i 
rystal axis. In the rhombohedral phase of BaTiO3 the ma
ros
opi




4polarization points along a h111i 
rystal axis. In the orthorhombi
 and tetragonalphases of BaTiO3 the polarization points along h011i and h001i axes, respe
tively.The stru
tural symmetries of these 
rystals as measured by Raman spe
tros
opy[1, 2℄ and by di�ra
tion [3, 4℄ follow the behavior of the polarization, whi
h is thema
ros
opi
 order parameter. Both measure titanium displa
ements in dire
tionsparallel to the ma
ros
opi
 polarization in the ferroele
tri
 phases of both materials.In the high temperature phase, wherein the polarization vanishes, di�ra
tion observes
ubi
 symmetry.Both PbTiO3 and BaTiO3 display thermodynami
 properties 
onsistent withmany features of the 
lassi
 theory of displa
ive phase transitions [5℄. Both showunderdamped, zone 
entered soft modes of diminishing frequen
y as the transitiontemperature to the lower symmetry, ferroele
tri
 phase is approa
hed from above,whi
h is 
hara
teristi
 of the displa
ive type of transition. Both have large Curie{Weiss 
onstants, whi
h relate the diele
tri
 sus
eptibility to the temperature andtransition temperature, 
hara
teristi
 of displa
ive ferroele
tri
s [6℄. Be
ause of thesethermodynami
 properties, the measurements of the di�ra
tion and Raman spe
tra,and the behavior of the ma
ros
opi
 order{parameter, it has long been assumed thatthe lo
al stru
ture behaves identi
ally to the average stru
ture. That is, the mi-
rostru
ture of these materials is presumed to share the symmetry elements of thema
ros
opi
 order parameter. This simple but physi
ally in
omplete model suÆ
esto explain many of the properties of the material whi
h rely upon long{range 
orre-lations.In re
ent years a wide variety of te
hniques have suggested the possibility that per-ovskite type materials display order{disorder 
hara
ter, in
luding infrared re
e
tivitymeasurements [7℄, 
ubi
 phase x{ray di�ra
tion[8℄, ele
tron spin resonan
e[9℄, impul-sive stimulated Raman s
attering[10, 11℄ and others. Also dire
t eviden
e of order{disorder 
hara
ter in perovskite materials whi
h were traditionally 
onsidered to beof the displa
ive sort has been demonstrated using XAFS. These in
lude KNbO3 [12℄,KTa0.91Nb0.09O3[13{15℄, NaTaO3[16℄, Na0.82K0.18TaO3[16℄ and PbZrO3[17℄. Some ofthe results of this thesis on order{disorder behavior in PbTiO3 were previously pre-sented in Refs.[18℄ and [19℄.XAFS is an ideal te
hnique for studying the mi
rostru
ture of these materials.As mentioned above, both di�ra
tion and Raman 
an fail to resolve di�eren
es be-tween the two models in 
ertain 
ases. When measuring only Bragg peak positionsand widths, di�ra
tion 
an la
k the resolution ne
essary to distinguish thermal andstru
tural disorder. In 
ontrast, XAFS naturally possesses a high degree of spatial
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Figure 1.2: The ABO3 perovskite 
rystal stru
ture. The A 
ation (grey ball) is at the
orner of the 
ubi
 unit 
ell. The B 
ation (white ball) is at the 
enter of both theoxygen (bla
k ball) o
tahedron and the 
ubi
 unit 
ell. In this thesis, the A 
ation isone of lead, barium or europium and the B 
ation is titanium.resolution and it is sensitive only to lo
al and not to long{range 
orrelations in stru
-ture. Furthermore, the time s
ale of the XAFS measurement is far shorter than thetime s
ale of the latti
e vibrations. XAFS 
an resolve a disordered stru
ture in a
ase where an atom is hopping between two or more positions displa
ed from sites ofpoint 
entrosymmetry on a time s
ale that may be averaged by a Raman measure-ment. Consequently XAFS is 
apable of resolving behavior of the lo
al, short-range
orrelations in a material whi
h di�ers from the behavior of the ma
ros
opi
 orderparameter.In this thesis I analyze both the extended x{ray absorption �ne stru
ture (EXAFS)and the x{ray absorption near edge stru
ture (XANES) of PbTiO3 and BaTiO3. Fromthis I verify the existen
e of an order{disorder 
omponent to the lo
al stru
ture ofthe phase transitions in these materials.1.2 Full Multiple S
attering XANES Cal
ulationsIn the se
ond part of this thesis, Chs. 8 and 9, I present the theory and results of are
ently developed 
omputer program for 
al
ulating the X{ray Absorption Near EdgeStru
ture (XANES) employing a real{spa
e, full multiple s
attering (FMS) approa
h.



6XANES is an enti
ing spe
tros
opy as it 
an provide lo
al 
hemi
al and stru
turalinformation even in 
omplex and disordered systems. As su
h it is appli
able toa wide variety of materials of interest to many di�erent s
ienti�
 dis
iplines. Thefundamental physi
s of the multiple s
attering approa
h to XANES 
al
ulations hasbeen well established for many years [20{24℄. Still 
al
ulations are of limited a

ura
yfor 
omplex materials, parti
ularly near the absorption edge, the region presumably
ontaining the lo
al 
hemi
al information avidly sought in so many systems. Even inthe 
ase of 
rystalline materials, band stru
ture approa
hes [25, 26℄ to the XANESproblem are unsatisfa
tory as they usually negle
t the e�e
t of the 
ore{hole. Re
entadvan
es in multiple s
attering theory have seen 
onsiderable su

ess when appliedto the Extended XAFS (EXAFS) spe
trum [27, 28℄.The XANES 
ode presented here applies re
ently developed algorithms and exten-sions whi
h have proven su

essful in appli
ation to the extended part to the XAFSspe
trum. These in
lude relativisti
 Dira
{Fo
k atomi
 potentials [27, 29℄ and an eÆ-
ient and qui
kly 
onvergent expansion of the free ele
tron propagator [30℄. In re
entyears the speed and 
omputational power of 
omputers has risen dramati
ally. Atthe same time the 
ost of pro
essors and 
omputer memory has plummeted. Today
al
ulations are tra
table on desktop 
omputers that only �ve years ago required a
-
ess to a super
omputer. As FMS te
hniques are 
omputational expensive, requiringsigni�
ant CPU, memory, and storage 
apa
ity, the prospe
t of approa
hing an oldproblem with new resour
es is attra
tive.Using the FMS te
hnique, my program simultaneously 
al
ulates XANES andlo
al ele
troni
 densities of states as well as 
hemi
al quantities su
h as Fermi energiesand 
harge transfer within solids. After presenting the theory of the FMS te
hniqueand demonstrating the utility of the 
ode on a variety of simple physi
al systems,I tie together the two portions of this thesis by presenting XANES 
al
ulations onPbTiO3. The XANES spe
trum of ferroele
tri
 oxides su
h as those presented in the�rst portion of this thesis are well understood in terms of the lo
al stru
ture of thesematerials.1.3 A Note on PresentationTo aid in the legibility of this thesis, I have adopted 
ertain typographi
 
onventions.Following 
ommon 
onvention, normal text is set in 
omputer modern roman andmathemati
al text is set in mathemati
al itali
s. Additionally I have adopted thefollowing type fa
es:



7Monospa
ed type is used to indi
ate the names of 
omputer �les or verbatim tran-s
riptions of the 
ontents of 
omputer �les.Small 
aps are used to indi
ate the names of 
omputer programs.Sans{serif type is used to indi
ate matrix quantities. One spe
ial matrix, the fullmultiple s
attering matrix, is set in bla
kboard bold: G . Matrix quantitiesdenoted by Greek 
hara
ters are set in bold fa
e: Æ, %I made extensive use of a number of software tools while preparing this thesisand feel I should a
knowledge them. The thesis was typeset using the LATEX [31℄typesetting system and the University of Washington thesis style pa
kage [32℄. Thetext was 
omposed using the ema
s [33℄ text editor along with the AUCTEX [34℄,reftex [35℄, and bib-
ite [36℄ pa
kages of editing utilities. The bibliography was
ompiled using BibTEX [37℄. Figures in this thesis were 
reated using the programsgnuplot [38℄, Xmgr [39℄, XFig [40℄, and Xmol [41℄.



Chapter 2THE EXAFS EQUATION AND EXAFS ANALYSISX{Ray Absorption Fine Stru
ture (XAFS) spe
tros
opy is used to determine lo
alatomi
 stru
ture from the os
illatory portion of the x{ray absorption 
ross se
tion of amaterial. The physi
al pro
ess measured in the XAFS experiment is the promotion byan in
ident photon of a deep 
ore ele
tron belonging to some atom in the material intoa state above the Fermi level of the material. Be
ause ea
h element has a di�erent setof ele
tron binding energies, the absorption 
ross se
tion due to a parti
ular elementwithin the material 
an be probed by tuning the x{ray sour
e to an absorption energyasso
iated with that element. By measuring the 
ross{se
tion above a binding energyasso
iated with a parti
ular element, the lo
al 
on�gurational environment about ea
hsu
h atom 
an be determined.The XAFS spe
trum is traditionally divided into two regions. The measurementof the absorption spe
trum in a region between the Fermi energy and about 30 eVabove the Fermi energy is referred to as the X{Ray Absorption Near Edge Spe
trum(XANES). Above that energy is the Extended XAFS (EXAFS) region. In Ch. 7 { 9I dis
uss measurements and 
al
ulations of XANES spe
tra. In this 
hapter and inCh. 3 { 6 I dis
uss measurement and analysis of EXAFS data.For an isolated atom, for instan
e a monoatomi
 gas, the 
ross se
tion measuresthe probability of promoting a deep 
ore ele
tron into a 
ontinuum state. The mea-sured spe
trum looks roughly like a de
aying step fun
tion1. This step fun
tion isbroadened by the lifetimes of the 
ore hole and of the ex
ited photoele
tron as wellas by the energy resolution of the experimental apparatus. When an atom is in 
on-densed matter, this broadened, de
aying step fun
tion is modulated by an os
illatory�ne stru
ture asso
iated with the presen
e of the surrounding atoms. This os
il-latory stru
ture 
an be isolated and analyzed to yield information about the lo
al
on�gurational environment within whi
h the absorbing atom sits.In the �rst part of this 
hapter, I derive a heuristi
 expression for this os
illatory1 This statement assumes a one{ele
tron pi
ture and negle
ts many{body e�e
ts. Stru
ture asso
i-ated with multi{ele
tron ex
itations 
an be observed in the absorption spe
tra of many elements.See, for example, Ref. [42℄.



9stru
ture and provide a physi
al basis for its analysis. The derivation presented hereis a plane wave approa
h to the EXAFS equation. This approa
h is 
on
eptuallytransparent and in
orporates mu
h of the essential physi
s. However, the e�e
ts of
urved waves and self energy are negle
ted by the plane wave approa
h. The pla
eswhere 
urved wave and other e�e
ts are 
riti
al to a proper development of theEXAFS formalism are 
arefully noted. See any of Refs. [24, 27, 43{46℄ for a formaldevelopment of modern EXAFS theory. In the rest of the 
hapter I outline theanalyti
al pro
edures used to extra
t the stru
tural information. Finally I dis
usssour
es of measurement error in an EXAFS experiment.
2.1 Heuristi
 Development of the EXAFS Equation2.1.1 Single S
attering EXAFSWhen a deep 
ore ele
tron is promoted to a state above the Fermi energy, the outgo-ing wave fun
tion may be expressed as an outwardly propagating photoele
tron waveof the form eikr=r, where k is the wavenumber of the photoele
tron. In 
ondensedmatter, other atoms are en
ountered by this photoele
tron within the lifetimes of the
ore hole and the photoele
tron. These surrounding atoms are s
attering sites andthese s
attered waves interfere with the outwardly propagating photoele
tron. Thisquantum interferen
e is the sour
e of the os
illatory �ne stru
ture in the measure-ment of the x{ray 
ross se
tion. Starting with this simple pi
ture of a propagatingphotoele
tron and ba
ks
attering wave, I derive an expression for the �ne stru
ture�. This is a K shell, single s
attering (SS) derivation within the small atom ap-proximation whi
h is simple and unders
ores the essential physi
s of the interferen
ephenomenon. Towards the end of the derivation, I dis
uss the many improvementsto the small atom model, whi
h is inadequate for rigorous, quantitative analysis ofEXAFS data. In the following se
tion I dis
uss multiple s
attering.Consider the interferen
e between the photoele
tron and the ba
ks
attering froman atom at ri. The ba
ks
attered wave is a spheri
al wave of the formeikjr�rijjr � rij (2.1)as it propagates from a 
enter at atom i. The photoele
tron wave{number k is related



10to the Fermi energy by k =r2m(E � EF )~2 : (2.2)In dis
ussions of EXAFS analysis, the Fermi energy EF is often 
alled E0. For theremainder of this 
hapter I will use the latter notation.The amplitude of the ba
ks
attered wave depends on two fa
tors, 1) a dimension-less s
attering amplitude for atom i and 2) the value of the outwardly propagatingphotoele
tron at the position ri. Putting these pie
es together, pla
ing the absorbingatom at the origin so that r0 = 0, and taking the real part, I obtain an expression ofthe form �i(k) � Im Fi(k) e2ikri(kri)2!: (2.3)There are phase shifts asso
iated with the ele
tron propagating into and out ofthe potentials of the s
attering site and of the absorbing site (see for example page405 of Ref. [47℄). There is also a phase shift of �2 for an outwardly propagating Kshell spheri
al wave. In
luding these yields�i(k) � Im Fi(k)e2ikri+�i(k)��=2(kri)2 ! (2.4)� Fi(k)(kri)2 sin �2ikri + �i(k)�: (2.5)Eq. (2.5) is only an approximate equality, even within the small atom approxi-mation, be
ause it negle
ts two important amplitude fa
tors. The �rst is a thermalattenuation. At �nite temperature, the bond between atom i and the 
entral atomdeviates from its average length 
jri � r0j� due to thermal motion. Assuming thisthermal motion is Gaussian and denoting the root mean square deviation in bondlength as �i, the probability of �nding the atom at ri isPi = 1p2��2i exp �� jri � �rij22�2i �: (2.6)The e�e
t of this distribution is to attenuate the signal by a fa
tor exp(�2k2�2i ),whi
h is similar in form to the 
rystallographi
 Debye{Waller fa
tor.



11The se
ond amplitude attenuation is due to the �nite lifetime of the 
ore hole andof the photoele
tron. Both of these e�e
ts as well as any experimental broadening
an be expressed as a mean free path �(k) and in
luded in the expression for �(k) asexp(�2r=�).Finally the EXAFS equation within the small atom approximation is written as�i(k) = Fi(k)(kri)2 sin(2ikri + �i(k)) e�2k2�2i e�2ri=�(k): (2.7)To 
onsider the e�e
t of all single s
atterings from the surrounding atoms, asummation over all di�erent kinds of s
attering sites i is performed�(k) = Xi �i(k)= Xi NiS20Fi(k)(kri)2 sin �2ikri + �i(k)� e�2k2�2i e�2ri=�(k): (2.8)In this equation Ni is the number of equivalent atoms at distan
e ri. I have alsoexpli
itly in
luded an important many-body 
ontribution to the EXAFS equation, S20 ,the passive ele
tron redu
tion fa
tor whi
h is due to the relaxation of the remainingele
trons in the absorbing atom after the 
reation of the 
ore hole [48℄.Eq. (2.7) is not appropriate for EXAFS analysis. The small atom approximation istoo severe of an approximation for quantitative analysis of EXAFS data. Mu
h moreappropriate is a \spheri
al wave approximation" [43℄ in whi
h the form of Eq. (2.7)is preserved but Fi(k) is repla
ed by F e�i (k; R) and the 
al
ulation is made using a
omplex momentum p. The 
urved nature of the propagating photoele
tron and the�nite size of the s
atterers introdu
e the R dependen
e in the 
al
ulation of F e�i . The
omplex momentum is given by [28℄p =q2�E � Vint(E)�+ i�=2: (2.9)Vint(E) is the potential of the muÆn tin intersti
e. The 
al
ulation of the muÆn tinin
ludes the energy dependent self{energy, so Vint is energy dependent and 
omplex.� is the line width of the 
ore{hole state.Considering these e�e
ts is essential for obtaining a

urate quantitative resultsfrom EXAFS analysis. Ref. [28℄ pres
ribes a method for 
onsidering these 
urvedwave and self{energy e�e
ts while still 
asting the EXAFS equation in the form ofEq. (2.7).



122.1.2 Multiple S
attering EXAFSMany interesting problems require 
onsideration of atoms beyond the �rst shell wherea single s
attering formulation of EXAFS is often insuÆ
ient. Consideration of mul-tiple s
attering (MS) events, i.e. the s
attering of the photoele
tron from two ormore of the surrounding atoms, is required for detailed resolution of lo
al stru
turesin many materials. The multiple s
attering 
ode feff presents a parti
ularly 
onve-nient solution [27, 30℄ to the MS problem.The 
on
eptual key to the approa
h of feff is to 
onsider s
attering geometriesrather than bond lengths. The relevant length s
ale of ea
h s
attering geometry j isits half path length rj, i.e. half of the sum of the lengths of the legs of the s
atteringpath. For a single s
attering path, the half path length is the same as the bondlength, rssj = rssi . The e�e
ts of the s
attering amplitudes of ea
h atom in a pathas well as the s
attering angles are in
luded into an e�e
tive s
attering amplitudeF e�j (k). The phase shifts, in
luding their angular dependen
ies, of ea
h atom in thepath is in
luded into an e�e
tive phase shift �e�j (k). Using the half path lengths andthe e�e
tive amplitudes and phase shifts, feff is able to express the MS EXAFSequation in a form analogous to Eq. (2.8)�(k) = X[0pt℄allpaths j NjS20F e�j (k)(krj)2 sin �2ikrj + �e�j (k)� e�2k2�2j e�2rj=�(k) (2.10)Here the sum is over all s
attering geometries j. The term F e�j (k) is the sour
e ofthe name feff. Note that F e�j (k) depends on path length and properly 
onsiders
urved wave and self{energy e�e
ts for all orders of s
attering.There are many analyti
al advantages to the path formalism introdu
ed by feff.As is dis
ussed later in this thesis, Eq. (2.10) is 
onveniently parameterized by vari-ables whi
h 
an be optimized in the data analysis. Another advantage is that stru
-tural disorder is handled in a transparent manner. All e�e
ts in � due to stru
turaldisorder are in
luded automati
ally by the summation of paths without the need to
onsider the algebra introdu
ed in Refs. [48℄ and [49℄ to handle stru
tural disorder.2.1.3 Other Corre
tions to the EXAFS EquationIn Eq. (2.10), k is the real momentum referen
ed to the Fermi energy. In analysis itis 
ommon to adjust the energy s
ale of the 
al
ulation to mat
h that of the data. A



13shift of the energy s
ale ÆE0 enters Eq. (2.10) ask0 =rk2 � ÆE0�2me~2 � (2.11)where me is the ele
tron mass. k is 
omputed from energy referen
e of the experimentby Eq. (2.2) and k0 is inserted into Eq. (2.10).At least one ÆE0 parameter is always needed when �tting EXAFS data using�tting standards from feff. This is be
ause the absolute energy s
ale of the feff
al
ulation must be adjusted to the 
alibration of the mono
hromater used in theexperiment. For many materials, the use of neutral atomi
 spheres in the 
onstru
tionof the muÆn tin potential in feff may result in signi�
ant disagreement between theexperiment and the phase shifts �e�j (k) 
al
ulated by feff. As dis
ussed in Ref. [50℄,one ad ho
 way of resolving this disagreement is to allow the possibility of di�erentÆE0 shifts for ea
h type of ba
ks
atterer. This results in di�erent ÆE0 
orre
tions forea
h path in Eq. (2.10). In this 
ase Eq. (2.11) is used on a path{by{path basis.At high temperatures or in the 
ase of anharmoni
 bonds, the assumption inEq. (2.6) that the deviation around some bond length ri is des
ribed by a Gaussiandistribution is inadequate. Higher 
umulants of the distribution may be added toEq. (2.10) by 
orre
ting the phase of ea
h term in the sum by �4ik3C3;j=4 and theamplitude by e�2k4C4;j=3. C3;j and C4;j are the third and fourth 
umulants of thedistribution for path j. These are de�ned for SS paths in Ref. [51℄. In materialswhere the Gaussian distribution is inadequate, negle
ting C3;j and C4;j results inerrors in the determination of stru
tural parameters su
h as path length and �2.Anharmoni
 e�e
ts are negligible in the materials presented in this thesis.Be
ause of experimental resolution or be
ause of errors in the determination ofthe self{energy used to 
al
ulate F e�j (k) in feff, it may be ne
essary to modify themean free path �. In feffit, this 
orre
tion is done on an energy s
ale using thesame 
omplex momentum used in the feff 
al
ulation. The details of this 
orre
tionto the amplitude of the path are presented in Ch. 6 of the feffit do
ument [52℄.Amplitude 
orre
tions in the form of mean free path 
orre
tions were used in the theanalysis presented in this thesis.



142.2 Ba
kground RemovalThe absorption 
ross se
tion � is 
onveniently separated [53℄ into the atomi
 ba
k-ground �0 and the s
attering 
ontribution � by�(E) = �0(E)�1 + �(E)� (2.12)Ba
kground removal is the pro
ess of approximating the fun
tional form of �0(E) andsubtra
ting it from �(E) to isolate �(E). The ba
kground removals in this thesis wereperformed by the program autobk [54℄. Other approa
hes to ba
kground removalare given in Refs. [55, 56℄.�0(E) in Eq. (2.12) is the absorption 
ross se
tion of an embedded atom, i.e. theabsorbing atom in the potential environment of its neighbors but without the 
on-tribution of the s
attering from its neighbors. Consequently, this �0(E) is di�erentfrom the 
ross se
tion of the free atom. Often �0(E) shows low frequen
y os
illatorystru
ture due to s
attering of the photoele
tron from the edge of the embedded atompotential [57, 58℄. Knowledge of the form of �0(E) thus requires detailed knowledgenot only of the embedded atom potential but of multi{ele
tron e�e
ts and of theexperimental setup, in
luding the energy response of the dete
tors, the energy de-penden
e of the attenuation due to air and other obje
ts in the experimental path,the harmoni
 
ontent of the beam, and others. Be
ause experimental e�e
ts are dif-�
ult to know ab initio, it is usually ne
essary to rely upon empiri
al methods ofdetermining �0(E). The algorithm used by autobk uses the information 
ontentof the �(E) signal and, optionally, a �tting standard from Fe� to distinguish theba
kground from �(E).autobk uses a set of b{splines [59℄ to approximate the fun
tional form of �0(E).The knots of the spline are pla
ed evenly in photoele
tron wavenumber k. The numberof knots are determined by the information 
ontent of the ba
kground portion of thespe
trum. As suggested by Eq. (2.10), the photoele
tron wavenumber k and thepath length 2R are Fourier 
onjugate variates. The shortest path length thus sets alower limit on the 
ontribution to the frequen
y 
ontent of �(E) due to s
atteringfrom the neighboring atoms. Thus the low frequen
y portion of �(E) is due to �0(E)while the high frequen
y portion is due to �(E). The 
uto� frequen
y between thesetwo regimes is 2Rbkg , where Rbkg 
orresponds to a distan
e smaller than nearestneighbor bond length. If the fun
tional form of �0(E) is to be approximated in someenergy range �E 
orresponding to a wavenumber range �k, then the number of knotsNkn = 2Rbkg�k=� used in the spline is determined from the information 
ontent [60℄



15of that portion of the signal. The evenly spa
ed knots are separated by the spa
ingbetween independent points. In pra
ti
e, the swiftly varying part of the ba
kgroundfun
tion near E0 is ex
luded from the optimization in autobk. The high frequen
y
omponents of the swiftly varying part of �0(E) 
an diÆ
ult to distinguish from thefrequen
y 
ontent of �(E). By ex
luding that part of �(E) in autobk, the spe
tralseparation between �0 and � is valid.The spline 
oeÆ
ients at ea
h knot are determined by optimizing the Fourier
omponents of �(k) in the frequen
y range between 0 and Rbkg . The optimizationis performed using a Levenberg{Marquardt non{linear least{squares minimization[61℄. The knot 
oeÆ
ients may simply be 
hosen to minimize the amplitude of thelow frequen
y 
omponents of �(k). This may not be satisfa
tory as there oftenare sour
es of broadening whi
h 
ause leakage of the stru
tural signal into the lowfrequen
y range. A preferable 
hoi
e is to optimize the low frequen
y 
omponentsof �(k) to best �t the low frequen
y 
omponents of a standard �(k). Usually a
al
ulation from feff is used for the standard, although data 
an be used as well.�(E) data is often displayed after pre{edge removal and normalization [62℄. Thepre{edge removal refers to the pro
ess of regressing a line to the data well below theFermi energy then subtra
ting this line from all data points. This serves to make thepre{edge region zero and the data above the edge positive de�nite. A line is thenregressed to the data in some energy range well beyond the edge. The edge step, Æ�0,is the height of this line at E0. The �ne stru
ture is then�(E) = �(E)� �0(E)Æ�0 (2.13)Be
ause the �0(E) found by autobk 
an in
lude experimental e�e
ts, normalizingby the edge step as shown is usually preferable to normalizing by the fun
tional formof �0(E). �(E) is 
onverted to �(k) by Eq. (2.2). Normalizing to a single numberintrodu
es an energy dependent attenuation to the data due to the energy dependen
eof the absorption of the embedded atom. An approximation to this e�e
t for use inthe analysis of �(k) is given in Se
. B.2.2.2.3 Fitting EXAFS DataThe 
omputer program feff provides �tting standards in the form of the terms inthe summation in Eq. (2.10). EXAFS data is analyzed by using feff's 
al
ulations ofF e�j (k) and �e�j (k) and parameterizing the other terms in Eq. (2.10). The parameters



16are optimized to produ
e the best �t of the theory to the data. The program usedin this thesis to perform this optimization is feffit. [52℄ feffit uses the sameLevenberg{Marquardt minimization [61℄ as does autobk.feffit determines a best �t by optimizing the parameters in Eq. (2.10) for ea
hpath then summing the paths to produ
e a fun
tion to 
ompare with the data. TheLevenberg{Marquardt algorithm works by minimizing a statisti
al parameter 
alled�2 [63℄. �2 is evaluated using the 
omplex Fourier transforms ~�(R) of the data andof the feff 
al
ulation.�2 = NidpN NXi=1 ����� ~�(Ri)thy � ~�(Ri)exp�i �����2 (2.14)�2 is evaluated at ea
h grid point i in the spa
e of the Fourier transform. Typi
ally afast Fourier transform is used whi
h requires input data on a uniform grid in k spa
e,so the grid spa
ing in R is determined. At ea
h point i the di�eren
e between thetheory and the data is normalized by the measurement un
ertainty �i at that point.Some range �k in k spa
e is the bounds of the Fourier transform. The summa-tion in Eq. (2.14) is over all points within some range �R of the Fourier transform~�(R). This de�nes the bandwidth of the EXAFS signal and spe
i�es the number ofindependent points Nidp in the measurement. From Refs. [60℄ and [64℄Nidp = 2�k�R� + 2 (2.15)The addition of two independent points is explained in Ref. [64℄. It is important tonote that this addition applies to the entire portion of the data analyzed. If a datarange is subdivided into two or more ranges, the addition of two points of informationapplies to the sum of subranges, not to ea
h subrange individually.The prefa
tor in Eq. (2.14) thus normalizes the evaluation of �2 to the numberof independent points in the measurement, independent of the density of the energygrid on whi
h the absorption spe
trum was initially measured.The measurement un
ertainty is, in pra
ti
e, not evaluated at ea
h point in Rspa
e. Instead, the un
ertainty is assumed to be shot noise in k spa
e whi
h 
or-responds to white noise in R spa
e. Thus a single number ��r is pulled outside thesummation in Eq. (2.14). In feffit ��r is evaluated by measuring the mean value ofthe data in the R range from 15 to 25�A. This range is assumed to be well above anystru
tural 
ontribution in real data. For reasons dis
ussed in Se
. 2.4, ��r typi
ally



17underestimates the true measurement un
ertainty (whi
h in
ludes systemati
 as wellas statisti
al errors) by about one order of magnitude.The �2 of Eq. (2.14) is minimized by adjusting the various stru
tural and ele
troni
parameters in Eq. (2.10) for ea
h path. Clearly ea
h of these parameters 
annot bevaried independently due to the bandwidth limitation to the information 
ontentevaluated in Eq. (2.15). feffit uses a sophisti
ated ma
ro language to representthe parameters for ea
h s
attering path in terms of some smaller number of �ttingparameters. In this way physi
al 
onstraints are built into the �tting model. InAppendix A I des
ribe in detail how I built physi
al 
onstraints into my �tting modelsfor PbTiO3, BaTiO3, and EuTiO3 using feffit.To evaluate the di�eren
es between di�erent �tting models whi
h may use di�erentnumbers of �tting parameters, it is useful to evaluate the redu
ed �2 using the numberof variables Nvar a
tually used in the �t�2� = 1� �2 (2.16)� =Nidp �NvarThe number � is 
all the degrees of freedom of a �t. When the measurement un
er-tainty ��r is 
orre
tly evaluated, �2� � 1 for a good �t [63℄. A �tting model for whi
h�2� in
reases by more than a fa
tor 1 + 2p2p� [63, 65℄ is 
onsidered statisti
ally worse.From the 
ovarian
e matrix evaluated by the minimization algorithm, feffit 
anextra
t error bars on the variables and 
orrelations between the variables. Thesenumbers are written to one of the output �les of feffit and are essential to inter-preting the physi
al validity of the �tting model. The error bars reported by feffitare s
aled to the size of the measurement un
ertainty by multiplying the diagonalelements of the 
ovarian
e matrix by the value of ��. Doing so assumes that a �tis a good �t and that the value of ��r was underestimated as the random errors inan EXAFS experiment are typi
ally mu
h smaller than the systemati
 errors. Whileit may not be true that some parti
ular �t is a good one, not s
aling the size ofthe error bars leads to signi�
ant underrepresentation of un
ertainties of the �ttingparameters.feffit 
al
ulates one more useful statisti
al parameter, an R{fa
tor whi
h mea-



18sures the per
entage mis�t of the the theory to the dataR = NPi=1 ���~�(Ri)thy � ~�(Ri)exp���2NPi=1 ���~�(Ri)exp���2 (2.17)The R{fa
tor 
an be helpful determining whether the reason for a �2� > 1 is theunderestimation of ��r or simply a poor �t. R is usually smaller than a few per
entfor a good �t. As seen in Table 5.4, R was about 12 per
ent for �ts with 10 < �2� < 85.2.4 Interpreting Redu
ed Chi{SquareAs dis
ussed in Ref. [65℄, the un
ertainty in a good EXAFS measurement is generallydominated by systemati
 errors. Often the statisti
al errors of the measurement aresmall 
ompared to various systemati
 sour
es of error. This is almost always true fortransmission experiments whi
h are 
hara
terized by a large signal{to{noise ratio.�2� is normalized by the estimated statisti
al un
ertainty. If the statisti
al errorsdominate, then �2� � 1 for a good �t. That �2� is, in general, larger than 1 even for�ts that looks good upon inspe
tion and give physi
ally reasonable results indi
atesthat systemati
 errors dominate. We a

ount for this by s
aling the error bars on our�tting parameters by a fa
tor of �� . Often the absolute error in a �t is quite smallwith an R{fa
tor of less than 1 per
ent. In a �t with small absolute error but a large�2� due to in
orre
t measurement of ��r, the measured value of �2� provides a means of
omparing di�erent �tting models. If the �2� 's of the two models di�er by more thana fa
tor of 1 + 2p2p� , then the model with the smaller �2� is signi�
antly better.Two stru
tural models may be statisti
ally indistinguishable based on evaluationof their �2�'s, but yield physi
ally distinguishable results. In su
h a 
ase, one �ttingmodel may be reje
ted on the basis of a physi
al argument. An example of this isshown in Ch. 5 in the analysis of the barium K edge EXAFS of BaTiO3. The tem-perature dependen
e of the mean square displa
ements �2 in bond lengths using onestru
tural model in that example is less physi
ally reasonable than that for anotherstru
tural model. The stru
tural model yielding physi
ally reasonable results is thepreferable model.In a 
arefully exe
uted EXAFS experiment, the statisti
al errors are limited byshot noise, thus are quite small given the large 
ount rates available at syn
hrotronsour
es. Most sour
es of systemati
 error (sample inhomogeneity, dete
tor noise,



19beam harmoni
 
ontent, and others) 
an be redu
ed to negligible levels by goodexperimental pra
ti
e.Handling systemati
 errors is more diÆ
ult. Unlike the e�e
t of statisti
al errors,the e�e
ts of systemati
 errors 
annot be redu
ed by the 
olle
tion of more data. Alsosystemati
 errors are not expe
ted to be normally distributed in the data, thus theseerrors 
an introdu
e a systemati
 bias into the measurement of physi
al parametersfrom the data. The dominant remaining sour
es of error are the un
ertainties of theremoval of the ba
kground fun
tion �0 and of the �tting standards.The e�e
t of the ba
kground subtra
tion 
an be 
hara
terized by performing mul-tiple ba
kground subtra
tions with autobk on the same data, ea
h time 
hangingone or more of the parameters used by autobk to perform the Fourier transformor to optimize the spline in R spa
e. The standard deviation of the � fun
tionsfrom these ba
kground removals 
an be 
al
ulated and added in quadrature to themeasurement un
ertainty used by feffit to normalize �2�. Adding this systemati
un
ertainty in quadrature to ��r treats the systemati
 error as a random error. Themain 
onsequen
e of treating a systemati
 in this manner is to in
orre
tly estimatethe un
ertainties in the �tting parameters. The un
ertainty in the �tting parametersvaries as the square root of the degrees of freedom whereas the un
ertainty due tosystemati
s is 
onstant. Consequently feffit's estimation of error bars tends to erron the side of being too large.Evaluating the e�e
t of the un
ertainty in the �tting standards is tri
kier andperhaps impossible. feffit uses a minimization te
hnique that assumes quadrati
deviation of �2� in all dire
tions in the n-dimensional hyperspa
e of �tting parametersnear the best{�t set of parameters. Impli
it in this method is the assumption that thelineshape to whi
h the data is �t is a known lineshape. That is, of 
ourse, not true inEXAFS �ts. feff, the sour
e of �tting standards, employs various approximations(spheri
al muÆn tins, neutral atoms within their Norman radii, some parameteri-zation for ex
hange and 
orrelation terms in the potential, and others) to 
omputethese �tting standards. Consequently feff provides only an approximation to thetrue lineshape. This introdu
es error into the �ts whi
h is diÆ
ult to 
hara
terizeand whi
h leads to evaluated �2�'s in ex
ess of 1 even for ex
ellent �ts.In the analysis presented in this thesis, systemati
 errors are treated as thoughthey are another sour
e of random errors. We thus add the systemati
 errors inquadrature with the statisti
al. The main 
onsequen
e of doing this is to in
orre
tlyestimate the size of the error bars on the physi
al parameters obtained from thedata. Typi
ally the size of the error bars is overestimated by adding systemati
 error



20in quadrature. For example, in Ch. 4 the un
ertainties on most of the lo
al stru
turalparameters shown in Figs. 4.6 { 4.9 are 
onsiderably larger than the s
atter of thesevalues about their average temperature behavior.That �2� is typi
ally in ex
ess of 1 is not a reason to doubt EXAFS results. Pru-dent use of statisti
al parameters su
h as �2� and the R{fa
tor 
ombined with well
onstru
ted �tting models and a good physi
al intuition make for ex
ellent EXAFSanalysis.



Chapter 3XAFS EXPERIMENTSXAFS data is not diÆ
ult to 
olle
t, providing a proto
ol for sample preparationand data 
olle
tion is stri
tly followed. In this 
hapter I will dis
uss many of the as-pe
ts of this proto
ol with parti
ular attention to their appli
ation to the experimentsand samples presented in this thesis.3.1 Data Colle
tionFig. 3.1 shows a s
hemati
 of an absorption experiment for both the 
uores
en
eand transmission 
olle
tion geometries. All of the data presented in this thesis were
olle
ted at beamline X11A at the National Syn
hrotron Light Sour
e (NSLS) atBrookhaven National Laboratory in Upton, NY, USA. The x{rays at X11A are pro-du
ed by a bending magnet.
IF

II MonoT 0 SlitsAmpli�ers &Computer Sour
e��Sample
Figure 3.1: S
hemati
 of the XAFS experiment. The setup for both the transmissionand 
uores
en
e geometries in depi
ted.
3.1.1 The Mono
hromatorX{rays are mono
hromated with a double 
rystal, sili
on mono
hromator. For data
olle
ted at the titaniumK edge 4966 eV and the europium LIII edge 6977 eV, sili
on



22
rystals 
ut along a (111) fa
e were used. For data 
olle
ted at the barium K edge37441 eV, (311) 
rystals were used. Due to the size of the 
rystals and their pla
ementwithin the goniometer 
ontrolling the mono
hromator, the (111) 
rystal has an energyrange that extends from about 4 keV to about 25 keV and the (311) 
rystal has a rangeof about 7 keV to 41 keV.The mono
hromator sele
ts the Bragg angle for the desired photon energy. Thisangle � in Fig. 3.1 is the angle between the fa
e of the �rst 
rystal and the propagationve
tor of the in
ident broad spe
trum x{ray beam. The Bragg angle is determined[66℄ by mat
hing the desired photon wavelength with the planar spa
ing of the 
rystal� = sin�1 � h
2dE
 �: (3.1)Here h and 
 are Plank's 
onstant and the speed of light, d is the planar spa
ing ofthe (111) or (311) 
rystal, and E
 is the desired photon energy. The energy s
an inthe XAFS experiment is thus a

omplished by rotating the mono
hromator throughthe appropriate range of �. The se
ond 
rystal follows the �rst, remaining nearlyparallel, to re{di�ra
t the single energy beam in a dire
tion parallel to the broadspe
trum beam.One of the disadvantages of using a double 
rystal mono
hromator is that it allowspassage of harmoni
s of the sele
ted energy as those photons will also satisfy theBragg di�ra
tion 
ondition. This is a serious problem for the data quality, as will bedis
ussed in Se
. 3.1.4. The intensity of the beam di�ra
ted by the se
ond 
rystal hasa Gaussian pro�le in angle about the optimal angle. This is 
alled the ro
king 
urve.The ro
king 
urve be
omes narrower in � for higher harmoni
s. The best solutionfor harmoni
 reje
tion is to 
hoose a plane for the sili
on 
rystal that reje
ts 
ertainharmoni
s. Both the (111) and (311) planes reje
t the se
ond harmoni
 but allow thethird. Sin
e the ro
king 
urve is 
onsiderably wider for the prin
iple frequen
y thanfor the third harmoni
, it is useful to slightly detune the se
ond 
rystal by rotating itslightly away from the optimal �. As the ro
king 
urve is signi�
antly narrower forhigher harmoni
s, detuning enough to redu
e the fundamental by a small amount isenough to reje
t most of the intensity of the third harmoni
. For example, at 10 keVwith a sili
on (111) 
rystal, detuning su
h that the intensity of the fundamental isredu
ed by half redu
es the third harmoni
 by about 10�3 [67℄.At low energies, the se
ond 
rystal is detuned to attenuate the intensity of theharmoni
 by about 20 per
ent. Due to the narrow ro
king 
urve for the third har-moni
, this will reje
t in ex
ess of 90 per
ent of the harmoni
 intensity. It is not



23ne
essary to detune the se
ond 
rystal for the barium K edge. Its third harmoni
E3 > 110 keV is so far above the 
riti
al energy that the intensity of those photons isnegligibly small.The se
ond disadvantage of the double 
rystal mono
hromator is that the verti
alposition of the mono
hromati
 beam 
hanges with energy as the 
rystal angle 
hanges.Typi
ally, the entire table supporting the sample, dete
tors, and other equipment ismoved to tra
k the beam position. In this way, the beam strikes nearly the same spoton the sample at all energies.3.1.2 The SlitsThere are two sets of slits at X11A. The slits depi
ted in Fig. 3.1 are pla
ed on theopti
al table and de�ne the size of the beam that strikes the sample. These are 
alledthe table slits. The other slits de�ne the size of the broad spe
trum beam that strikesthe �rst 
rystal of the mono
hromator. These are 
alled the pre{mono slits.There are two 
onsiderations to 
hoosing the dimensions of the slits, 1) maximizingthroughput and 2) maximizing energy resolution. These two 
onsiderations are atodds. Throughput is obviously in
reased by opening the slits to allow more photonsto pass through. Due to the angular divergen
e of the x{ray sour
e and the geometryof the mono
hromator, there is a spread of energies in the verti
al dire
tion, thusenergy resolution is lost by opening the verti
al slits too wide. It is easy to tell whenenergy resolution is being 
ompromised by slit size. When two s
ans through theabsorption edge of the sample are taken and the slits are 
losed by some amountbetween s
ans, it will be obvious if resolution was 
ompromised by the original slitsize if the features around the edge are noti
eably sharper in the s
an with narrowerverti
al slits. The verti
al portion of the table slits should be 
losed until no 
hangein resolution between s
ans is observed. The slits should then be opened to the widestsetting at this �ne resolution to allow the most photons through.At lower energies the most 
onvenient setup is to open the pre{mono slits quitewide (about 2mm at X11A) and use only the table slits to de�ne energy resolution. Athigh energies I found that 
losing the pre{mono slits to about 0:5mm was ne
essaryto obtain a

eptable energy resolution. The angular divergen
e of the sour
e is abigger 
onstraint at high energies sin
e ���E
 is mu
h smaller at high energies. At thebarium K edge, the energy resolution was about 2 eV while at the titanium K andeuropium LIII edges it was about 0:5 eV.The horizontal dimension of the slits is usually determined by the size of the



24sample. Near the 
enter the beam does not 
hange signi�
antly in intensity, quality, orharmoni
 
ontent a
ross its horizontal dimension, so pla
ement of sample horizontallyis not so 
riti
al.The �nal 
onsideration regarding the slits applied to an experiment in whi
h thepolarization of the x{ray beam is used. In the plane of orbit of the storage ring, thephotons generated by the bending magnet are linearly polarized. Above and belowthe plane of orbit, the beam is left and right handedly ellipti
ally polarized. In thesingle 
rystal XANES experiments des
ribed in Ch. 7. the linearity of the polarizationwas exploited. Fortunately, the intensity of the beam is highest in the plane of orbit,exa
tly where the beam is linearly polarized. By moving the table supporting theexperiment up and down, the table slits will pass through the plane of orbit. Thepoint of highest throughput as measured by the dete
tor immediately behind the slitsis the within the plane of orbit. This should be 
he
ked frequently during the 
ourseof the experiment, if the polarization is important to the result.3.1.3 The Ion ChambersFor all of the experiments presented in this thesis, I used ionization 
hambers asdete
tion devi
es, thus I will restri
t my dis
ussion of x{ray dete
tion to the use ofionization 
hamber. For the rest of this thesis I will use the shorthand ion 
hamber.An ion 
hamber [68, 69℄ is a gas �lled box. The x{rays pass through the gas andbetween the plates of a 
apa
itor inside the box. The gas mole
ules are ionized by thex{rays and the ions and ele
trons are 
olle
ted on the plates of the 
apa
itor. Ea
hphoton ionizes many mole
ules. The resulting 
urrent is ampli�ed and 
onverted toa voltage. This voltage is stored on a 
omputer as a measure of the intensity at thedete
tor.The voltage read by the ion 
hamber isV = eE
NGEe� : (3.2)Here e is the ele
tron 
harge, E
 is the energy of the in
ident photons, N is thenumber of photon per se
ond in
ident on the 
hamber, G is the ampli�er gain of the
urrent{to{voltage 
onverter, and Ee� is the e�e
tive ionization energy of the gas.For noble gases Ee� � 30eV. From this, the 
ounting rate on the ion 
hamber is



25determined N � 4 � 1020 � VGE
 : (3.3)Be
ause of the high intensity of the signal at X11A, spe
ial ele
troni
s are of-ten not required for the 
urrent{to{voltage 
onversion. Modest ampli�er gains areusually suÆ
ient to obtain measurable voltages and the 
ount rates are high enoughthat an integration times of one or a few se
onds usually suÆ
es. For this purpose
ommer
ially available 
onverters are usually used. For experiments that involve low
ount rates and large ampli�
ation, low{noise 
onverters [15℄ 
reated and developedby members of the Stern Resear
h Group have been used.The main advantage of ion 
hambers is their ease of use. Following a few simplerules virtually guarantees reliable x{ray dete
tion. It is 
ru
ial to 
hoose an appropri-ate mixture of gases. Noble gases or nitrogen are 
ommon 
hoi
es. Several 
ommonatmospheri
 gases su
h as oxygen and water vapor are poor 
hoi
es as they introdu
enonlinearities in the 
ounting of the photons. The gases should be 
hosen su
h thatan appropriate number of photons are absorbed by ea
h 
hamber. In Fig. 3.1, theion 
hamber labeled I0 measures the intensity of the beam in
ident upon the sample.Clearly the I0 
hamber should not be so absorbing that too few photons a
tuallystrike the sample. For the experiments des
ribed in this thesis, about ten per
ent ofthe photons are absorbed in the I0 
hamber,IpassingIin
ident � 0:9 = e�x�total (3.4)Here x is the length of the 
hamber and �total is the absorption of the mixture ofgases. The absorption 
oeÆ
ients � of the gases are tabulated [70℄ as fun
tions ofenergy. These gases may be sealed inside the ion 
hamber or 
owed slowly throughit. X11A provides a 
ow meter 
onne
ted to tanks of helium, nitrogen, and argon forthis purpose. When using more expensive gases su
h as krypton, the 
hambers areusually sealed.The 
hambers labeled IT and IF are used in the transmission and 
uores
en
egeometries. It is desirable to 
hoose gases appropriate to dete
ting all of the photonsin
ident upon these 
hambers. Choosing gases su
h that x� � 3 in Eq. (3.4) is a good
hoi
e. This absorbs 95 per
ent of the in
ident photons. Using a thi
ker mixture ofgases is a poor idea. The fringing �elds near the ends of the 
apa
itors within theion 
hambers will not follow Eq. (3.2). If the mixture of gases is overly thi
k, a large



26fra
tion of the photons will be 
ounted within the fringing �eld and the data will be
ontaminated.The �nal 
onsideration for ion 
hambers is the voltage applied to the 
apa
itorplates. The voltage{
urrent 
urve [68℄ for a an ion 
hamber has a broad plateau atsome voltage range. The voltage on the 
hamber should be 
hosen within this plateauso that the 
urrent 
olle
ted on the 
apa
itor is insensitive to 
u
tuations in appliedvoltage.3.1.4 Colle
tion GeometriesThe Transmission GeometryThe transmission geometry uses the ion 
hamber labeled IT in Fig: 3.1. In thisgeometry the beam passes through the sample and the attenuation of the beam bythe sample is dire
tly measured. The attenuation isIT = I0e�x�(E): (3.5)�(E) is the energy dependent absorption of the sample. x is the width of the sample.The absorption 
oeÆ
ient is then obtained, within an overall s
aling fa
tor, from thevoltages on the ion 
hambers by x�(E) = ln� I0IT � (3.6)Transmission experiments are the easiest sort of XAFS experiment. If a sample
an be prepared that is appropriate for transmission, it is advantageous to do so.There are several 
riteria for the appropriateness of the transmission geometry and
on
erns for proper sample preparation.A transmission experiment is optimized for 
ounting statisti
s when the samplethi
kness x is 
hosen su
h that x� � 2:6 [53℄ above the absorption edge. However, tominimize systemati
 error in the data due to sample thi
kness [71℄, x��, the 
hangein absorption a
ross the edge, should be . 1. Clearly both these 
riteria 
annotalways be satis�ed. Of these two 
riteria, the one resulting in the thinner sample is
hosen. Transmission is not appropriate for a very dilute sample. When less thanabout 3 per
ent of the total absorption in the sample is from the resonant element, thesignal to noise ratio determined from 
ounting statisti
s for a 
uores
en
e experimentis superior. None of the experiments in this thesis fell into that 
ategory.



27There may be other reasons why a 
uores
en
e experiment might be preferable totransmission. If, for some reason, a sample 
annot be prepared that is thin enough tomeet the thi
kness 
riteria of the pre
eding paragraph, then 
uores
en
e is required.The single 
rystal XANES data shown in Ch. 7 are examples of this. I did not havea

ess to suÆ
iently thin single 
rystals, thus I opted to take the data in 
uores
en
e.The sample prepared for transmission must be homogeneous. There must be het-erogeneities neither due to in
onsistent thi
kness of the sample (as in a metal �lmrolled into a wedge shape) nor due to gaps through whi
h the x{rays pass withoutstriking the sample. This e�e
t has been shown on powdered samples for whi
h theparti
le size was 
hosen to be large 
ompared to the the length x required for aproper sample [72℄. As the powder size was in
reased, that data su�ered a signif-i
ant attenuation of amplitude due to improper 
an
ellation in Eq. (3.5). Sampleinhomogeneity is a parti
ularly severe problem when the beam possesses signi�
antharmoni
 
ontent.
The Fluores
en
e GeometryThe 
uores
en
e geometry uses the ion 
hamber labeled IF in Fig: 3.1. In this ge-ometry the beam strikes the fa
e of the sample. Se
ondary photons from the re�llingof the 
ore{hole 
uores
e over the entire solid angle. The IF 
hamber subtends someportion of the solid angle. In the 
ase where the sample is very thi
k 
ompared toits absorption length and the in
ident angle of the beam (� in Fig. 3.1) is equal tothe exit angle (the angle between the sample surfa
e and the straight line from thesample to the dete
tor), the intensity of photons measured at IF [53℄ isIF = I0�(E)�
(E )�0(EF ) + �b(E ) + �
(E ) (3.7)�
(E ) is the energy dependent absorption of the resonant atom, i.e. the signal mea-sured in the EXAFS experiment. �b(E ) is the absorption of all other atoms in thematerial and of the ele
trons in the 
entral atom that are not the ex
ited ele
tron.�0(EF ) is the total absorption of the material at the 
uores
en
e energy. The sum inthe denominator is the term that a

ounts for the penetration depth of the x{raysinto the sample. The fa
tor � in
ludes all other fa
tors a�e
ting the measurement,su
h as the solid angle subtended by the dete
tor, the 
uores
en
e eÆ
ien
y of the



28absorbing atom, and the dete
tor gains. In the limit where �0(EF )+�b(E )� �
(E )IF = I0(E)�(E)�
(E ) (3.8)�(E) / �IFIO� (3.9)Fluores
en
e measurements are the best option for very dilute samples or samplesthat 
annot be prepared suÆ
iently thin for transmission. Sample homogeneity is
riti
al to minimize the systemati
 error in the data due to spatial inhomogeneitiesin the in
ident beam.To improve the signal{to{noise of the 
uores
en
e experiment, it is useful to pre-vent Compton s
attered radiation from entering the IF 
hamber [73℄. Soller slitswhi
h fo
us on the line on the sample stru
k by the x{ray beam are used to pre-vent radiation s
attered by air and other sour
es from entering the 
hamber. Filtersmade from materials with absorption edges between the 
uores
en
e energy of themeasurement and the energy of the Compton s
attered radiation are used to prefer-entially pass the photons in the measurement. Unfortunately the only elements withabsorption edge at energies suitable for a �lter for a titanium K edge experiment areiodine and krypton. L edge �lters are less eÆ
ient than K edge �lters and both ofthese elements are an in
onvenient for making �lters. The 
uores
en
e data in thisthesis were 
olle
ted with Soller slits but without �lters.There are two important experimental e�e
ts that must be 
onsidered in theanalysis of 
uores
en
e data. The �rst is the energy dependen
e of the dete
tors.Sin
e the the 
uores
en
e experiment measures the se
ondary photon, the photonsin
ident upon IF are always of the same energy. The photons in
ident upon I0 are,of 
ourse, of variable energy. Thus the energy response of the 
ontents of the I0
hamber enters into Eq. (3.7) and is negle
ted in Eq. (3.9). In the EXAFS region,this introdu
es a k2 dependent attenuation of the signal. Given the 
ontents of theI0 
hamber as input, an additive 
orre
tion to the measured �2's in EXAFS analysis
an be approximated. This is 
alled the I0 
orre
tion and is dis
ussed in Se
. B.2.3.The other experimental e�e
t is the self{absorption 
orre
tion and is due to theextent to whi
h �0(EF ) + �b(E ) � �
(E ) is a bad approximation in Eq. (3.8).This 
an be a very serious e�e
t with large 
onstant and k2 dependent attenuationof the data. In the limit where the material is very 
on
entrated, say in a metalfoil, �0(EF ) + �b(E ) � �
(E ). Then �
(E ) 
an
els and almost no �ne stru
ture ismeasured! An approximation to this 
orre
tion is dis
ussed in more detail in Se
.B.2.4.



293.1.5 Measurements at Low and High TemperatureThe ferroele
tri
 and stru
tural phase transitions studied in this thesis are indu
edby temperature. Consequently I measured XAFS as a fun
tion of temperature. Forboth low and high temperature measurements, a va
uum is pulled on the samplewith a roughing pump. This produ
es a va
uum at the level of 10's of militorr. Thelow temperature apparatus 
ryopumps to a level of about 10mT below 77K. Theroughing va
uum is suÆ
ient for high temperature work, although the va
uum shroudmust be 
ooled with blown air to prevent the failure of the Kapton windows due tooverheating.At temperatures below room temperature, a Displex 
ryostat was used. A Displexis a two stage helium 
ompressor with a 
opper 
old �nger. The 
old �nger is wrappedwith a resistive heating element and is in 
onta
t with a temperature sensing diode.Using the heating element and diode, a 
ommer
ial temperature 
ontroller 
an 
ontrolthe temperature at the 
old �nger between 10K and 300K with a stability of about�1K. The sample holder is a 
opper box with slots 
ut in it for the x{rays to passthrough. The slots are 
overed with Kapton sheet and the box is 
losed with anindium seal. Helium is allowed to di�use into the sample holder. With the heliumstill in the sample holder, the sample holder is mounted onto the 
old �nger andplunged into liquid nitrogen. The Displex is turned on and the entire assembly ispla
ed under va
uum. This pro
edure redu
es the time required to 
ool the sampleto 10K. By qui
kly 
ooling the Kapton windows of the sample holder, the outwarddi�usion of the helium is slowed. The helium sealed within the sample 
ell serves as aheat ex
hange between the sample and the 
opper sample holder, thus ensuring goodthermal 
onta
t between the sample and the 
old �nger.For measurements at elevated temperatures, I used a furna
e designed by membersof the Stern Resear
h Group. Some of the data were obtained using an old designwhi
h was plagued by ele
tri
al problems and by the short life span of its heatingelements. To 
orre
t these problems I designed a new furna
e, whi
h was built byLarry Stark of the University of Washington Tool Making Shop. I will only des
ribethe new furna
e, although the two designs are 
on
eptually identi
al. Both use high{power resistive heaters to heat a large 
opper blo
k. The samples are then pressedagainst the 
opper blo
k for thermal 
onta
t.A s
hemati
 of the new furna
e is shown in Fig. 3.2 and a 
lose up of the mainbody is shown in Fig. 3.3. The main body is a 
opper blo
k. Cut into the fa
e of theblo
k are four transmission slots. The samples are pla
ed in front of these slots to



30allow passage of x{rays for a transmission experiment. The furna
e 
an also be usedfor 
uores
en
e measurements. Drilled into the body of the 
opper blo
k, as indi
atedby the dashed lines in Fig. 3.3, are two holes for housing resistive heating elements.I 
hose Watlow Firerod Cartridge heaters whi
h use ni
kel{
hromium resistive wiresurrounded by magnesium oxide insulation. This assembly is sheathed with In
oloy,whi
h is Watlow's trademark name for an oxidation and 
orrosion resistant ni
kelalloy. The heaters are rated at 500W at 120V and 
an operate at temperatures inex
ess of 1100K. These heaters ex
eed the power requirements of the furna
e foroperation at 1100K. A Varia
 transformer is used to step down line voltage, thusderating the power output of the heaters. Derating the power output lengthens thelifespan of the heaters.The Firerod 
artridges have 
onvenient ele
tri
al leads. They exit the body of the
artridge at a right angle, whi
h is 
onvenient for the geometry of the furna
e. Theleads are well insulated ele
tri
ally and long enough to leave the volume en
losed bythe radiation shielding 
overing the body of the furna
e. This allows for ele
tri
al
onta
t to the leads in a pla
e that is well removed from the hottest part of thefurna
e. The radiation shield is an aluminum 
an whi
h is bolted onto the 
ir
ularmount shown in Fig. 3.2. The 
an has holes 
ut into it to allow passage of the x{rays.This is 
overed with thin aluminum foil to 
omplete the radiation shielding.1Cut into the front of the main body of the furna
e are two grooves for housingthermo
ouples, one on either side of the transmission slots. These are shown in Fig.3.3 with solid lines. I use K{type thermo
ouple in a 
exible magnesium oxide andin
onel sheath. The grooves are 
ut to the dimensions of the sheath. It is thus easy toslide the thermo
ouple jun
tion up and down along the fa
e of the furna
e allowingtemperature measurement at sele
ted spots 
lose to the samples. One of the twothermo
ouples is used to 
ontrol the temperature. the other is used as an indepen-dent measure of temperature and may be pla
ed a distan
e away from the 
ontrolthermo
ouple to allow measurement of temperature gradients. The thermo
ouplesare pressed against the main body by a fa
e plate, whi
h also is used to hold thesamples in pla
e.The 
ooling tube shown in Fig. 3.2 is pressed against the ba
k side of the furna
eby another fa
e plate. This tube is normally eva
uated, but may be used for gas 
ow1At low energies su
h as the titanium K edge, it is ne
essary to not pla
e even the thinnestaluminum foil in the path of the beam. The aluminum is suÆ
iently absorbing at low energy thatany inhomogeneities in the aluminum will introdu
e systemati
 error to the data.
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Figure 3.2: Full s
hemati
 of the transmission XAFS furna
e. This is not drawn tos
ale in the verti
al dimension and several parts are left o� for 
larity. The arrowsfrom the fa
e plate indi
ate that it is bolted into pla
e on the main body.
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 of the main body of the transmission XAFS furna
e showingthe transmission slots, the thermo
ouple grooves, and the housings for the Firerod
artridge heaters.



33to expedite the 
ooling of the furna
e after operation at high temperature.The furna
e is designed to hang within a va
uum shroud. The �xture that nestsinto the top of the va
uum shroud with o{rings is of the same dimensions as that usedby the Displex, thus the same va
uum shroud may be used for both low and hightemperature measurements. Hanging from the va
uum �xture are two stainless steeltubes. These tubes are welded to a stainless blo
k, whi
h is then s
rewed onto thetop of the main body after the heaters are in pla
e, as depi
ted by the four downwardpointing arrows in Fig. 3.3. Stainless tubing is a good 
hoi
e for this purpose due toits low heat 
ondu
tivity. The tubes ea
h have a bleed hole and are eva
uated duringoperation.One fa
e plate presses the 
opper 
ooling tube against the ba
k of the furna
e forgood thermal transfer to the 
owing gas. One or more plates are used on the front topress the thermo
ouples against the furna
e and to hold samples in pla
e. The fa
eplates are 
ut from sterling silver to redu
e the emissivity of the furna
e. Sheets ofgraphoil are pla
ed between the silver plates and the main body2. The sterling silverremains shiny even in the rough va
uum used in these experiments.The �xture whi
h nests into the va
uum shroud was designed for ease of use.It in
ludes a four pair ele
tri
al feedthrough for the heaters and thermo
ouples, aqui
k{
onne
t va
uum 
ange, and a gas 
ow system with three easy{to{use Nuproplug valves. The feedthrough and plug valves are not shown in Fig. 3.2.The furna
e is easily broken down into its 
onstituent pie
es. The main body isbolted to the support tubes and all of the plumbing �xtures use Swage{lo
k 
onne
-tions. This is useful for maintenan
e 
hores su
h as repla
ing broken heaters and itproved useful for re
overy from the a

ident des
ribed in footnote 2.3.2 Sample PreparationIn this se
tion I will dis
uss the preparation of the samples a
tually used in this thesiswith dis
ussion of why the methods used yielded high quality data.2The ne
essity of this was learned the hard way. It turns out the di�usion rate between the 
opperand silver is quite high at elevated temperature. The melting temperature of eute
ti
 
opper{silver with a few per
ent of ni
kel (from the sterling silver) thrown in is about 960K. The �rsttime the furna
e was used, a signi�
ant portion of the main body and the three 
over plates inuse melted. The graphoil prevents this di�usion. I now have an interesting molten 
opper{silverpaperweight on my desk.



343.2.1 Powder Samples for TransmissionThi
k SamplesGiven a sour
e of material of suÆ
ient purity for the intended experiment, there aretwo major 
onsiderations for the preparation of a sample for transmission EXAFS.The sample must be homogeneous and it must be of a form suitable for the ex-perimental 
onditions. Here I des
ribe the preparation of BaTiO3 samples for themeasurement of the barium K edge3.I started with BaTiO3 obtained from Aldri
h, item #33,884-2. This powder is of99.9 per
ent purity and the average parti
le size of the powder is less than 2�m. Thesmall size of the parti
les is an advantage for produ
ing a homogeneous sample. Usingtables [70℄ of x{ray absorption 
oeÆ
ients, I estimated as des
ribed in Appendix B.2.that an absorption length, the thi
kness su
h that x� � 1 in Eq. (3.5), just abovethe barium edge in BaTiO3 is 95�m. With parti
les that are mu
h smaller than theabsorption length of the sample, it is easy to make a homogeneous sample.I wanted my sample to be strong enough that I 
ould handle it with my �ngers.It also needed to handle thermal 
y
ling between 10K and as high as 1000K. Toa

omplish this, I mixed an appropriate amount of BaTiO3 with enough �ne graphitepowder to make a pellet about 500�m thi
k when 
old pressed in a die of arealdimension 1:5 
m � 0:5 
m. This graphite pellet is strong enough to manipulate byhand and 
an withstand both high and low temperature. Graphite is a good thermal
ondu
tor thus assuring uniformity of temperature at all points in the sample. Thatgraphite is a de
ent ele
tri
al 
ondu
tor is yet another advantage of this method ofsample preparation. The parti
les of BaTiO3, and of the other materials studied,
arry a surfa
e 
harge that 
auses them to agglomerate into 
lusters that are large
ompared to the absorption length. By mixing the BaTiO3 with the graphite 
arefullyand for a long time, the BaTiO3 be
omes dispersed evenly throughout the volume ofgraphite. The breaking of the weak ele
trostati
 attra
tions holding the agglomeratestogether is aided by the 
ondu
tivity of the graphite. Sin
e the BaTiO3 powder is lightyellow, it is easy to see these agglomerates in 
ontrast to the bla
k of the graphite. Asthe BaTiO3 disperses within the graphite and the agglomerates disappear, it be
omesin
reasingly diÆ
ult to see the sample within the graphite. I generally 
ontinued3 I prepared samples for the lead LIII edge of PbTiO3 using the method des
ribed in this se
tion.The results of those measurements are des
ribed in Refs. [18℄ and [19℄ and were the topi
 of NoamSi
ron's master's thesis at The Hebrew University. I will make referen
e to that work in Ch. 4,but will not des
ribe it in detail.



35mixing for some time after no longer observing the sample by eye.Thin SamplesFor the titaniumK edge samples of PbTiO3, BaTiO3, EuTiO3 and the europium LIIIedge samples of EuTiO3 I had similar sample preparation 
on
erns as those des
ribedabove. Be
ause these absorption edges are at mu
h lower energy than the barium Kedge I was not able to use as mu
h graphite. Around 5 keV one absorption length ofgraphite is about 240�m. Sin
e I did not want to lose too mu
h intensity due to theabsorption of the �ller material, I 
hose to make 100�m thi
k pellets. A pellet thisthin is quite fragile and diÆ
ult to handle. To address this 
on
ern, I developed amethod of reinfor
ing the thin pellet with sheets of Kapton.Kapton is a 
ommer
ially available plasti
 manufa
tured by DuPont. I obtaineda quantity of 8�m thi
k Kapton sheet. Kapton is a 
ommon material for x{rayappli
ations as it has no sulfur of other heavy elements in it. It has a high tensilestrength and it de
omposes at an extremely high temperature. In one test, I heateda pie
e of Kapton to �825K in atmosphere. It turned from its normal orange 
olorto a dull bla
k, but it retained its shape and mu
h of its tensile strength. Its tensilestrength and heat resistan
e made it an ideal 
hoi
e for reinfor
ing my thin samples.Material for the PbTiO3 and EuTiO3 experiments was provided to me by FatihDogan of the University of Washington Department of Material S
ien
e and Engi-neering. These were prepared from an aqueous solution of nitrates of titanium andeither lead or europium. A mole
ular mixture of titanium and lead or europium was
opre
ipitated from the solution by alteration of pH with ammonium. The mixtureswere freeze dried then 
al
ined in air for several hours at 750ÆC. The PbTiO3 wasprepared slightly lead ri
h to a

ommodate the high vapor pressure of the lead. TheEuTiO3 was further redu
ed in a hydrogen atmosphere from its initial Eu2Ti2O7 form.Both materials were found to agree with established powder x{ray di�ra
tion patternsfor those materials. The parti
les were 
he
ked by opti
al and ele
tron mi
ros
opeand were found to have an average size less than 1�m.An absorption length at the low energy edges in these three material is < 5�m.This is not very large with respe
t to the parti
le size, so it is 
riti
al that thepowders be well dispersed within the graphite. I pla
ed an appropriate quantityof the powder mixture between two pie
es of the thin Kapton and dry pressed this\sandwi
h." Upon removal from the die, the edges of the sandwi
hes tend to frayand some material is lost from the edges, but a large useful region in the middle of



36the sample usually remains. By moving the sample relative to the in
ident x{raybeam and observing the signal in the IT 
hamber, a uniform region of the sample 
anbe found. Sin
e the Kapton has suÆ
ient heat resistan
e, samples prepared in thismanner are suitable for high temperature measurements.3.2.2 Single Crystal Samples for Fluores
en
ePbTiO3My PbTiO3 single 
rystal [74℄ is an irregularly shaped wafer about 300�m thi
k.It was examined under 
rossed polarizers and at 200x magni�
ation and a mostlysingle domain region of approximate dimensions 700�m � 700�m was found. The
rystal was pla
ed behind a 
opper mask exposing the single domain region to the500�m� 500�m beam used in the experiment. The 
ontent of 90Æ domains in theilluminated region was less than 5 per
ent. As the penetration depth into the samplewas several mi
rons, the measurement was dominated by the bulk, and surfa
e e�e
tswere negligible.The single 
rystal XANES data were taken in the 
uores
en
e geometry. Thesample was oriented su
h that the region around the absorption edge showed noeviden
e of Bragg peaks, whi
h would give spurious stru
ture to the XANES signals.As the energy of the x{rays and the orientation of the sample 
hange, di�erent peaksdi�ra
t into the solid angle subtended by the IF dete
tor. I monitored ea
h s
an toverify that there was no eviden
e of 
ontamination by Bragg peaks. Whenever Braggpeaks appeared in the data, perhaps due to the thermal expansion of the sampleholder, I rotated the sample by a fra
tion of a degree and repeated the s
an. Usuallythis small adjustment was suÆ
ient to remove Bragg peaks from the XANES regionof the data.The 
rystallographi
 
̂ axis was parallel to the surfa
e of the 
rystal fa
ing thebeam. I 
ould therefore orient the 
̂ axis perpendi
ularly to the x{ray polarizationve
tor �̂, whi
h is transverse to the dire
tion of propagation of the beam. I 
ould not,however, orient the sample with 
̂ parallel to �̂. Instead we measured the spe
trumwith the samples in three orientation with three di�erent values of � = 
os�1(�̂ � 
̂) asdepi
ted in Fig. 3.1. The sample was measured at approximately � 2 f17Æ; 30Æ; 45Æg.We left the sample in its �nal position, about 45Æ, for the high temperature measure-ments. To extra
t �
(E), the portion of the signal due to �̂ k 
̂, the exa
t value ofthe �nal � was required.Using the measurement of the signal due to �̂ k â, �a(E), and the three initial



37values of �, I extra
ted a trial fun
tion for �
 from ea
h of the three orientations.I averaged these three trial fun
tions, then used the average �
 and �a as �ttingfun
tions to determine the best �t values for the three �'s. I then used these threenew values for the �'s to determine a new trial �
. I iterated this pro
ess until boththe trial fun
tion and the values of � stopped 
hanging. In this way I determinedthat � = 50:6(6)Æ for all of the high temperature measurements. Given this value of�, I extra
ted �
 from ea
h of the high temperature data sets by�
(E) = ��(E)� �a(E) sin2(�)
os2(�) (3.10)To test the su

ess of this method, I 
ompare the poly
rystalline PbTiO3 data atthree temperatures to the weighted sum 13(�
 + 2�a) in Fig. 3.4. The agreement isquite good. The small di�eren
es in area indi
ate a sour
e of systemati
 un
ertaintyin the analysis of the single 
rystal data in Se
. 7.4.4.As the sample heated up and the sample holder equilibrated at ea
h temperature,Bragg peaks o

asionally wandered into the edge region of the data. The sorts ofadjustments ne
essary to remove them were about the same size as the un
ertaintyin �.BaTiO3From a large single 
rystal [75℄ a pie
e of dimensions 4mm � 2mm � 1:5mm was
ut [76℄. This pie
e was et
hed [77℄ in phosphori
 a
id at 160ÆC for about an hourto release surfa
e strain, and one of the 4mm� 2mm fa
es was polished using �nealuminum oxide grit. The 
rystal was poled under a 1 kV/
m ele
tri
 �eld, thusprodu
ing a large single 
rystal with a surfa
e mostly free of 90Æ domains. By ex-amining the BaTiO3 sample under 
rossed polarizers and at 200x magni�
ation, wefound that the polished surfa
e and the bulk of the 
rystal were a single domain. Toassure that the surfa
e of the 
rystal maintained the same polarization as the bulk,the sample was kept under a 600V=
m ele
tri
 �eld during both storage and data
olle
tion. The polished surfa
e was used for data 
olle
tion. This additional 
arein sample preparation over that observed for the PbTiO3 sample seemed warranteddue to the softness of the BaTiO3 domain stru
ture. Any small in
onsisten
ies of thepreparation method should manifest at the surfa
e. Sin
e the penetration depth ofthe x{rays at the titanium K edge energy 4966 eV is several mi
rons, the XANESmeasurement is dominated by the bulk and any small 90Æ or 180Æ domains remaining
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Figure 3.4: Comparison of the poly
rystalline and PbTiO3 data and the weightedsum of the single 
rystal data in the XANES region. The single 
rystal data is thesum of 13�
 and 23�a. The single 
rystal data was a
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ribed in Se
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lose agreement of the spe
tra shows the su

essof the method of separating �
 from ��. The peak in the dashed box is the subje
tof Ch. 7.



39on the surfa
e would have negligible impa
t on the measurement.We did not have the temperature apparatus available to 
ontrol the dire
tion ofpoling at other than room temperature, so no temperature dependent XANES onsingle 
rystal BaTiO3 is presented in this thesis. Sin
e the sample was not inside ofthe furna
e or the Displex, it was a simple matter to align it by eye to � = 45(3)Æ.The spe
tra with �̂ parallel to the aa plane were measured dire
tly. The spe
tra for�̂ k 
̂ were found by using Eq. (3.10).



Chapter 4EXAFS MEASUREMENTS ON PbTiO3In light of the �ndings that BaTiO3 and KNbO3 are very mu
h more
ompli
ated in their dynami
 behavior than was envisaged in the original
on
ept of the displa
ement ferroele
tri
, it is parti
ularly interesting todis
over that the ferroele
tri
 perovskite PbTiO3 behaves more 
losely inthe expe
ted manner. In fa
t it appears to be a textbook example of adispla
ive ferroele
tri
 transition. M.E. Lines and A.M. Glassin Ref. [78℄, p. 2484.1 The Phase Transition of PbTiO3The re
ent dis
overy of order{disorder behavior in several oxide perovskites whi
hwere thought to be of the displa
ive type, in
luding KTa0.91Nb0.09O3 [13{15℄, NaTaO3[16℄, Na0.82K0.18TaO3 [16℄ and PbZrO3 [17℄, motivated the investigation of the lo
alstru
ture of PbTiO3, the textbook example of a displa
ive ferroele
tri
. In this 
hapterI present EXAFS measurements whi
h demonstrate that PbTiO3 also has an essen-tial order{disorder 
omponent in its ferroele
tri
 to paraele
tri
 transition. Detailedunderstanding of the material is important not only be
ause it is a well studied ex-ample of a ferroele
tri
, but also be
ause of its 
onsiderable pra
ti
al interest. It isthe end member of solid solutions with PbZrO3, BaTiO3, SrTiO3, and others havingappli
ations as ele
tro
hemi
al transdu
ers, ele
trome
hani
al transdu
ers, diele
tri
devi
es, and pyroele
tri
 devi
es.In its low temperature phase. PbTiO3 is of tetragonal symmetry and is ferroele
-tri
. At 763K it undergoes a transition to a 
ubi
 and paraele
tri
 state. PbTiO3has the soft mode [2℄ and large diele
tri
 
oeÆ
ient [6℄ 
hara
teristi
 of a displa
iveferroele
tri
. Its 
rystallographi
 stru
ture shows a 
lear transition [3, 79{81℄ fromtetragonal to 
ubi
 symmetry at 763K whi
h is weakly �rst order. The temperaturedependen
e of its Raman spe
trum [82℄ shows the transition from tetragonal to 
u-bi
 symmetry. This soft mode has been investigated as a fun
tion of temperature



41[2, 82℄ and pressure [83℄. The soft mode frequen
y is underdamped and de
reasesas the transition temperature is approa
hed from above. This soft mode frequen
y,however, never rea
hes 0, instead it saturates at 55 
m�1 [82℄.Table 4.1: The stru
tures of the phases of PbTiO3 and their transition temperatures.The data in this table is from Ref. [84℄.tetragonal =) 
ubi
(P 4mm) 763K (Pm3m)In re
ent years 
onsiderable eviden
e has appeared pointing to the possibility ofan order{disorder 
omponent to the stru
ture of PbTiO3 through its phase transi-tion. Near the transition temperature, a large 
entral peak is observed in the Ramanspe
trum [85, 86℄. Its presen
e, along with a soft mode frequen
y that does not van-ish at the phase transition, is eviden
e of a disordering pro
ess on both sides of thephase transition. The same authors point out that the diele
tri
 
onstant is largerthan that predi
ted by the Lydane{Sa
hs{Teller relation for a displa
ive transition,indi
ating the presen
e of a further me
hanism in the phase transition. Over theyears a variety of te
hniques have shown further eviden
e for order{disorder behaviorin PbTiO3, in
luding refra
tive index measurements [87℄, Perturbed Angular Correla-tion Spe
tros
opy [88, 89℄, and single{
rystal neutron di�ra
tion [90℄. In the neutrondi�ra
tion study, the authors �t their di�ra
tion data with a model allowing for dis-ordering of the lead atoms among six sites displa
ed along the Cartesian dire
tionsfrom the average lead position. However the authors state that their measurement\indi
ates the possibility of Ti also being disordered above T
" but that \multi{sitedisorder 
annot be 
ompletely distinguished from thermal anharmoni
ity" in theirmeasurements.EXAFS is an ideal tool for investigating the phase transition in PbTiO3. EXAFSpossesses 
onsiderably higher spatial resolution [91℄ than di�ra
tion in measurementsof lo
al stru
ture. By examining the lo
al stru
ture of PbTiO3 with EXAFS, I 
anexamine the lo
al stru
ture through the phase transition for the possibility of order{disorder behavior.Investigation of the temperature dependen
e of the lo
al stru
ture in PbTiO3seems parti
ularly important in light of re
ent attempts [92{95℄ to 
ompute its stru
-ture and phase transitions from �rst prin
iples. Su
h work requires detailed knowl-



42edge of the true ground state stru
ture of a material as well as its lo
al stru
ture inall of its 
rystallographi
 phases.One re
ent measurement [96℄ of the latti
e parameters using x{ray and opti
alte
hniques suggested the presen
e of tetragonal to orthorhombi
 transition at about183K with an ab ratio of less than 1.0002. Subsequent attempts to reprodu
e thisresult have met with mixed su

ess and there remains some debate in the literatureabout the validity of this third stru
tural phase. The size of the splitting reported inthat study is quite small and is below the resolution of EXAFS. One of the long stand-ing puzzles about PbTiO3 and BaTiO3 is why BaTiO3 undergoes 
hanges of symmetrywith raising temperature from rhombohedral to orthorhombi
 to tetragonal to 
ubi
,while PbTiO3 only undergoes the tetragonal to 
ubi
 
hange of symmetry. In this
hapter and in Ch. 5, I will show that the reason is due to di�erent lo
al distor-tions in the two materials. BaTiO3 possesses a rhombohedral lo
al distortion whilePbTiO3 possesses a tetragonal lo
al distortion. The possibility of a low temperatureorthorhombi
 phase may indi
ate the presen
e of an eight site disordering me
hanismin PbTiO3. The XANES measurements presented and dis
ussed in Se
. 7.3 pre
ludethe possibility of a rhombohedral lo
al distortion in PbTiO3, thus I will not 
onsiderthis possibility in the EXAFS analysis presented here.I wish to make one �nal note about the literature on the 
rystal stru
ture ofPbTiO3. In the paper by Kuprianov et al. [97℄, the authors observe a strongertemperature dependen
e of the titanium displa
ement, ÆTi in Table 4.4, then do theauthors of Refs. [3, 84, 90℄. Kuprianov et al. �x the values of ÆO1 and ÆO2 to be thesame in their re�nements. Be
ause of this arti�
ial 
onstraint in their re�nement, I
hoose not to use their results for 
omparison to my EXAFS results.4.2 PbTiO3 EXAFS MeasurementsI prepared samples for titanium K edge measurements in the manner des
ribed inSe
. 3.2. Data were 
olle
ted in transmission at 300, 450, 600, 700, 730, and 800K.Be
ause of severe ele
tri
al problems with the furna
e used at that experimental runat NSLS, only one data point in the 
ubi
 phase was 
olle
ted.1 For two publi
ations[18, 19℄ on PbTiO3, data taken in 
uores
en
e on a sintered pellet of PbTiO3 wasanalyzed. For those papers, I only analyzed the �rst shell signal. In this 
hapterI present a more 
omplete analysis of the data in
luding multiple s
attering paths1 It was the experien
e on this run that motivated designing the furna
e des
ribed in Se
. 3.1.5.



43out to the fourth shell at low temperatures and the third shell at elevated tempera-tures. I use the 
uores
en
e data at 10, 3002, 790, 850, and 900K to supplement thetemperature points obtained in transmission. Although the two data sets show ex-
ellent systemati
 agreement for �tting parameters a�e
ting the phase in the EXAFSequation Eq. (2.10), in
luding those e�e
ting bond lengths, there is 
onsiderable dis-tortion to the amplitudes of the 
uores
en
e data. The e�e
t of this distortion onmy measurements will be dis
ussed below. Still, 
onsideration of the 
uores
en
edata allows me to study the temperature dependen
e of the lo
al stru
ture in a broadtemperature range between 10K and 900K. An example spe
trum at 300K is shownin Fig. 4.1.
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Figure 4.1: Titanium K edge absorption spe
trum in PbTiO3 (solid line) and theba
kground fun
tion found by autobk [54℄ (dashed line). The region in the box isthe near edge feature dis
ussed in Ch. 7.Ba
kground subtra
tions were performed with autobk using the te
hnique de-s
ribed in Se
. 2.2. The isolated �(k) are shown in Fig. 4.2 at various temperatures.The ba
kground removal parameters used in autobk to produ
e the �(k) spe
traare given in Table 4.2.To test the order{disorder model with these data, I 
reated theoreti
al �ttingstandards using feff6 and the tetragonal 
rystal stru
ture [3℄ of PbTiO3 at 300K.2 In Figs. 4.6 { 4.9, the 
uores
en
e result at 300K is plotted at 290K for 
larity.
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Figure 4.2: The �(k) spe
tra for PbTiO3 at several temperatures. The phase tran-sition is at 763K. The data are the average of two or three s
ans taken at ea
htemperature and were weighted by k2. The dashed lines indi
ate the boundaries ofthe data range used in the Fourier transforms for the �ts. The glit
h at about 9:3�A�1in some data sets was simply ignored as it is narrow and 
ontributed systemati
 noiseonly at high frequen
y.Table 4.2: Ba
kground removal parameters used in autobk for the PbTiO3 data.The value of E0 was �xed in ea
h of the ba
kground removals. This is the energyof the peak inside the dashed box in Fig. 4.1. [0 ! Rbkg ℄ is the region over whi
hthe non{stru
tural Fourier 
omponents are optimized in the ba
kground removal.[Rbkg ! R1st ℄ is the data range over whi
h the theory is s
aled in the optimization.The default values in autobk for the k{weight (1) and Hanning window sill widths(0) were used. edge E0 kmin kmax Rbkg R1stTi K 4966.0 2 end of data 1 2



45The 
ontributions from these paths as 
al
ulated by feff6 were varied a

ordingto Eq. (2.10). The values for N were set as indi
ated by the rhombohedral lo
alsymmetry as shown in Table 4.3. To determine the path lengths R of Eq. (2.10),I used the �ve stru
ture parameters shown in Table 4.4 as possible �tting variablesand from these determined R for ea
h path. This �tting model is suÆ
iently robustto test the di�eren
es between the tetragonal and 
ubi
 lo
al stru
tures. If ÆTi, ÆO1 ,and ÆO2 relax to zero and the axis lengths be
ome equal then the 
ubi
 lo
al stru
-ture is obtained. The remaining �tting parameters 
onsidered were �2 for ea
h ofthe single s
attering (SS) paths, phase 
orre
tions parameterized as E0 variations forea
h spe
ies of ba
ks
attering atom, and an amplitude 
orre
tion for the titaniumba
ks
atterers. To redu
e the number of �tting parameters, I used the values forthe Einstein temperatures of the short and long titanium{lead bonds found in Ref.[18℄. These are 227(20)K and 204(20)K respe
tively. The parameters for all multiples
attering (MS) paths 
onsidered in the �ts were determined from this set of �ttingvariables without introdu
ing new parameters. The �tting ranges, information 
on-tent, and statisti
al parameters of these �ts are shown in Table 4.5. The range in Rspa
e in
luded SS and MS paths out to the fourth 
oordination shell for the lowertemperatures and the third shell at higher temperatures. At the distan
e of the thirdshell titanium atoms are several double and triple s
attering paths whi
h 
ontributestrongly to the EXAFS and whi
h involve the �rst shell oxygens and the third shelltitanium atoms. These were the only MS paths 
onsidered in the �ts. The �2's forthese MS paths were set as des
ribed in Se
. A.1.1.Table 4.3: Multipli
ities and lengths of the various near neighbor bond lengths inPbTiO3 for the lo
al symmetries of the tetragonal and 
ubi
 phases as predi
tedby the displa
ive model. In the order{disorder model the tetragonal lo
al stru
turepersists in all phases. All distan
es are in �Angstroms and were determined from the
rystallographi
 data in Ref. [84℄ at 300K and 765K.lo
alsymmetry Ti{O Ti{Pb Ti{Titetragonal 1 � 1.7674 � 1.9801 � 2.389 4 � 3.3614 � 3.556 4 � 3.9022 � 4.156
ubi
 6 � 1.985 8 � 3.438 6 � 3.970
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Table 4.4: Stru
tural �tting parameters used in the �ts to the titanium K edge datausing the tetragonal lo
al stru
ture. The initial values [3℄ are for the 300K 
rystalstru
ture. The length of the 
 axis was determined from the length of a by for
ing thevolume of the unit 
ell to remain 
onstant. The value of ÆO2 was �xed as indi
atedin the text.param. des
ription initial valuea measured the a and b latti
e 
onstant 3:905�A
 set the 
 latti
e 
onstant 4:156�AÆTi measured the tetragonal displa
ement of the tita-nium atom 0.0390ÆO1 measured the tetragonal displa
ement of the axialoxygen atom 0.1138ÆO2 set the tetragonal displa
ement of the planaroxygen atom 0.1169

The stru
tural parameters shown in Table 4.4 were used as �tting parametersin my analysis using feffit. I used the symmetries of the tetragonal stru
ture to
ompute path lengths for use in Eq. (2.10). The input �les for feffit that I usedto relate the stru
tural parameters to the path lengths were quite 
ompli
ated andare dis
ussed in detail in Se
. A.1. The signi�
ant 
ontributions from MS pathsoverlapped the titanium third shell SS paths. Due to the tetragonal distortions, theMS paths through the planar oxygen atoms deviate from 
ollinearity by 9:41Æ in thelow temperature 
rystallographi
 stru
ture. The e�e
t of 
hanging this angle wasin
luded in the �ts by the method des
ribed in Se
. A.1.2.Fits to the data at several temperatures using the tetragonal model are shown inFigs. 4.3 { 4.5. This �tting model gave good agreement to the data throughout thetemperature range with physi
ally 
onsistent results for the �tting parameters.I show in Ch. 6 from my analysis of EuTiO3, a stru
turally simple material, thatS20 = 0:95(0:15) for the titanium K edge. S20 is a 
hemi
ally transferable quantity,thus I used this value in my �ts to the PbTiO3 data. This is somewhat larger thanthe value I found �tting only the �rst shell of the 
uores
en
e PbTiO3 data in Refs.[18℄ and [19℄.The temperature dependen
e of the unit 
ell lengths as measured by x{ray di�ra
-
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Table 4.5: Fourier transform ranges (�k), �tting ranges (�R), number of indepen-dent points (NI), the number of parameters used in the �ts (P ), number of degreesof freedom (�), the measurement un
ertainty in R{spa
e (��r), redu
ed 
hi{square(�2�), and R{fa
tor (fra
tional mis�t) for the �ts to the rhombohedral stru
ture forBaTiO3. The 8 free variables in these �ts were Æa, ÆO1 , ÆTi, �2 for the titanium{oxygen, titanium{titanium, and titanium{4th shell oxygen paths, and an E0 for theoxygen and titanium ba
ks
atterers. The other E0's was set as des
ribed in the text.�(k) was weighted by k2 for all Fourier transforms. The measurement un
ertainty isobtained by feffit as des
ribed in Se
. 2.3. The large value of � at 450K a

ountsfor the small �2� but large R{fa
tor at that temperature.temp. �k �R NI P � ��r �2� R10K [3,10℄ [1.1,4.2℄ 15.7 8 7.7 0.0088 42:9 0.0043290K [3,10℄ [1.1,4.2℄ 15.7 8 7.7 0.0078 71:7 0.0127300K [3,10℄ [1.1,4.2℄ 15.7 8 7.7 0.0247 5:0 0.0073450K [3,10℄ [1.1,4.2℄ 15.7 8 7.7 0.0439 5:0 0.0222600K [3,10℄ [1.1,4.2℄ 15.7 8 7.7 0.0120 9:0 0.0042700K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0029 154:9 0.0038730K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0029 170:5 0.0041790K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0056 158:1 0.0235800K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0034 163:0 0.0071850K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0037 121:3 0.0055900K [3,8.5℄ [1.1,4.2℄ 12.7 8 4.7 0.0042 132:3 0.0048



48tion is shown in Fig. 4.6. The 
entral line in the �gure is the 
ube root of the volumeof the unit 
ell. Within about 0.5 per
ent, the volume of the unit 
ell does not 
hangewithin the ferroele
tri
 phase, while it apparently has a dis
ontinuity at the phasetransition. The size of this variation on the axis lengths is near the limit of my abilityto resolve 
hanges in bond length. I 
an thus redu
e the number of parameters in my�ts by one by taking the volume of the unit 
ell to be a 
onstant. Thus I allow thelength of the a axis to 
hange and determine the the length of the 
 axis from thatand the 
onstant volume, taken to be 63:375�A3 from the values of a and 
 used in thefeff 
al
ulation. How this is done in feffit is shown in Fig. A.2. This introdu
es anerror in the determination of the phase of the same order as the level of un
ertaintyreported by feffit in determining the bond and axis lengths and is mu
h smallerthan the di�eren
es between the tetragonal and 
ubi
 lo
al stru
tures.As indi
ated in Table 4.4, the value of ÆO2 was �xed in the �ts presented here. Inan initial round of �ts, I allowed this parameter to vary. In those �ts the temperaturedependen
e was su
h that the values of ÆO2 and ÆTi be
ame 
lose in value at elevatedtemperature. From this result I 
on
luded that the titanium atom relaxed into theplane of the O2 oxygen atoms above the 
rystallographi
 phase transition. I thenused the stru
tural parameters obtained by these �ts in whi
h ÆO2 was allowed to varyas the input to a 
al
ulation of the XANES spe
trum at 900K using the 
omputerprogram dis
ussed in Chs. 8 and 9. As I show in detail in Se
. 7.4, the 
al
ulation usingthis stru
ture was unsatisfa
tory. The XANES data 
learly show that the titaniumatom does not reside in the plane of the O2 atoms even at the highest temperatures.To pla
e the 
onstraint on my EXAFS �ts that the titanium atom should not residein the O2 plane, I �xed ÆO2 to its low temperature value. The values for �2� obtainedin the presen
e of this 
onstraint are 
onsistently smaller than those from the �ts inwhi
h ÆO2 was allowed to vary. Furthermore, as shown in Se
. 7.4, the results of theXANES 
al
ulation were more 
onsistent with the measured spe
trum at 900K.As mentioned above, the �2's of the two titanium{lead bonds were determinedfrom the Einstein temperatures reported in Ref. [18℄. The other oxygen and titaniumbond lengths were ea
h assigned �2's whi
h were varied in the �ts. Ea
h ba
ks
attererwas also assigned a phase 
orre
tion in the form of an E0. These six parameters aswell as the three stru
tural parameters indi
ated as \measured" in Table 4.4 werethe �tting parameters 
onsidered in the problem. An amplitude 
orre
tion to thetitanium ba
ks
atterer was not ne
essary in this 
ase.The E0 
orre
tions are non{stru
tural �tting parameters whi
h are required to
orre
t for ina

ura
ies in the feff 
al
ulation. Due to the approximations used by



49feff, parti
ularly the use of neutral atomi
 spheres in the overlapped potential andthe use of spheri
ally symmetri
 s
attering potentials, signi�
ant error in amplitudeand phase of the �tting standards may be introdu
ed. These errors will be parti
ularlylarge for materials with large anisotropy or with signi�
ant transfer of 
harge betweenatoms. PbTiO3 is an example both of an anisotropi
 material and of a material withsigni�
ant 
harge transfer. As shown in Ref. [98℄, 
orre
tions of this sort are essentialfor a

urately measuring the temperature dependen
e of stru
tural parameters inmaterials e�e
ted by anisotropy and/or 
harge transfer.Taken together this set of nine �tting variables was rather ill{
onstrained. Whenall the �tting parameters were allowed to 
oat, there was large s
atter in the E0values for lead and titanium and the di�eren
e between the oxygen and lead E0's isunphysi
ally large. Assuming that, for the titanium E0, this was s
atter around thevalue needed to 
orre
tly a

ount for the errors introdu
ed into the feff 
al
ulation,I used the mean of the measured values as shown in Table 4.6. The large standarddeviations are due mostly to one or two outliers. Fixing this parameter yieldedphysi
ally 
onsistent results for the stru
tural parameters. Of 
ourse, �xing theseparameters in any way introdu
es a sour
e of systemati
 error into the �ts. Most ofthe un
ertainty in the stru
tural �tting parameters is due to their 
orrelation withthe phase 
orre
tions. By 
hanging the set values of the phase 
orre
tions for thelead and titanium ba
ks
atterers by several volts, I 
an systemati
ally raise or lowerthe values of the stru
tural parameters in the �t within their error bars. Sin
e �xingthese phase 
orre
tions to slightly di�erent values does not qualitatively 
hange theresults and 
hanges them quantitatively only within their error bars, I feel justi�edin setting them to the values shown in Table 4.6.Table 4.6: E0 
orre
tions in the PbTiO3 �ts. The values are the averages of the best�t values for these two parameters at ea
h temperature and the un
ertainties are thestandard deviations. E0 for the oxygen ba
ks
atterers was a variable parameter inthe �t. Note that the s
atter in the titanium and lead E0's is quite large.Oxygen Lead Titanium10:1(1:0) eV �14:5(6:0) eV 7:4(4:1) eVIn Ref. [98℄, a simple argument is used to relate a relative shift in E0 of 5 eV tothe transfer of one full ele
tron between two atoms. The results shown in Table 4.6



50suggest the transfer of about 4 ele
trons from the titanium to the lead atoms. WhilePbTiO3 is known to be highly polarizable and that there must be signi�
ant overlapof lead 6s ele
trons with titanium 3d ele
trons [92℄, the transfer of 4 ele
trons isunreasonable. Thus I hesitate to as
ribe physi
al meaning to these large values ofE0. However, I needed this 
orre
tion to obtain good �ts and reasonable temperaturebehavior for the stru
tural parameters.
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omplex Fourier transform of �(k) is shown. The diamonds (�) are the data and theline is the �t.The results for the three stru
tural �tting parameters are shown in Table 4.7. Thea axis in
reases somewhat with temperature. The displa
ement of the titanium atomÆTi is essentially 
onstant with temperature. The displa
ement of the axial oxygenÆO1 de
reases with temperature.The e�e
ts of these parameters are shown in the temperature dependen
e of vari-ous stru
tural features of PbTiO3 in Figs. 4.6 { 4.9. In all these �gures, the signi�
antdi�eren
es between the lo
al stru
ture measured by EXAFS and the average stru
-ture measured by di�ra
tion are evident. There is a displa
ive 
omponent to thetemperature behavior of the lo
al stru
ture. Near the phase transition temperature, an order{disorder me
hanism begins to dominate the lo
al stru
ture as the split inthe lengths of 
ell axes persists into the high temperature phase.Fig. 4.6 shows the temperature dependen
e of the unit 
ell axes. In the tetragonal
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52phase, the measurement of the lo
al axis lengths show less temperature dependen
ethan the di�ra
tion measurement and no dis
ontinuity at T
. This shows that thetetragonal distortion in the lo
al stru
ture persists into the high temperature phase.This 
an be explained by an order{disorder me
hanism. As T
 is approa
hed frombelow, the dire
tion of the tetragonal distortion begins to disorder. At T
, long range
orrelations are lost. Below T
 some number of the lo
al distortions are rotated by90Æ, resulting in average unit 
ell axes whi
h are shorter than those of the lo
alstru
ture. In the high temperature phase the lo
al distortions are fully disorderedand the average stru
ture is 
ubi
.Not only does the tetragonal lo
al distortion persist into the high temperaturephase, so do the distortions of the oxygen o
tahedron. As shown in Table 4.7 ea
hof ÆTi and ÆO1 persist into the high temperature phase outside of their un
ertainties.The result is that the split in titanium{oxygen and titanium{lead bond lengths alsopersist into into that phase. These splittings are shown in Figs. 4.7 and 4.8.The displa
ement of the titanium atom from the midpoint of the axial oxygens isshown in Fig. 4.9. This distortion parameter is 
omputed byd = rlong � rshort2 (4.1)where rlong and rshort are the long and short bonds in Fig. 4.7. d is a�e
ted by thetemperature dependen
e of both ÆO1 and Æa. d will be used in the interpretation ofthe PbTiO3 XANES data in Ch. 7.This interpretation of the data is 
onsistent with the previous results on PbTiO3[18, 19℄. Values of stru
tural parameters 
ommon between this analysis and the anal-ysis of the lead edge, su
h as the titanium{lead bond lengths as shown in Fig. 4.8,are 
onsistent within their un
ertainties.As I stated previously, the 
uores
en
e data that I used to supplement the datataken in transmission was distorted in amplitude. The distortion is odd. Using thesame S20 as for the transmission data and a self{absorption 
orre
tion of 1.087 ob-tained as des
ribed in Se
. B.2.4, I obtain values for �2 for the titanium{oxygen andtitanium{titanium bonds that are systemati
ally too small. By �tting an Einsteintemperature to the �2's of these two bonds using only the transmission data, I ob-tain 582(20)K for the titanium{oxygen bond and 285(5)K for the titanium{titaniumbond. For the 
uores
en
e data I obtain values of �2 whi
h are 
onsistently 3{5�10�3 �A2 smaller than those 
al
ulated from the Einstein temperatures. I 
on
ludethat I am in
orre
tly estimating the self{absorption 
orre
tion or that there is some



53other sour
e of systemati
 error in the 
uores
en
e data. That the measurements ofterms a�e
ting the phase (i.e. ÆR and E0 terms) in the 
uores
en
e data are 
on-sistent with similar measurements at similar temperatures in the transmission datasuggests that the distortion to the data is restri
ted to the amplitude and that I maytrust the 
uores
en
e data points in Figs. 4.6 { 4.9 as those �gures plot quantitieswhi
h depend upon the phase of the data.Table 4.7: Temperature dependen
e of the stru
tural �tting parameters in the PbTiO3�ts using the tetragonal lo
al stru
ture.temp. Æa ÆO1 ÆTiinitial 0:0 0:1138 0:039010 0:003(3) 0:130(3) 0:046(1)300 0:009(3) 0:134(5) 0:052(3)450 0:013(6) 0:132(12) 0:056(8)600 0:016(3) 0:134(5) 0:054(4)700 0:020(8) 0:118(9) 0:052(7)730 0:022(9) 0:116(10) 0:051(8)790 0:021(14) 0:110(19) 0:042(14)800 0:026(10) 0:120(15) 0:054(13)850 0:029(8) 0:115(11) 0:046(9)900 0:028(9) 0:108(12) 0:046(11)The su

ess of the tetragonal �tting model at all temperatures is 
ompelling ev-iden
e that PbTiO3 behaves a

ording to an order{disorder model. To 
on�rm thatthe 
ubi
 lo
al stru
ture is in
onsistent with the data above T
, I use the methoddes
ribed in Se
. A.3 to model the 
ubi
 lo
al stru
ture. I �t the 800K transmissiondata and 790, 850, and 900K 
uores
en
e data using S20 = 0:9 and allowed eightvariables in the �ts. These were a latti
e expansion 
oeÆ
ient, an E0 shift for ea
hof three atom types, and �2 for ea
h of the �rst four 
oordination shells.Fixing the latti
e 
onstant to 3:974�A, the value given by the 
rystallography [90℄,yields the �t shown in Fig. 4.10 for the 850K data. This is a signi�
antly worse�t. The �rst shell is substantially broader and �2� = 511:6 whi
h is 
onsiderablylarger than the �2� reported in Table 4.5 for the tetragonal lo
al stru
ture at thattemperature. Also the value of �2 for the titanium{oxygen bond is 0:061(36)�A2 at850K as 
ompared to the value of 0:011�A2 obtained at that temperature from the
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Figure 4.6: Axis lengths for PbTiO3 as measured by x{ray di�ra
tion (+) [90℄ andby EXAFS (Æ). The lowest temperature di�ra
tion data point is taken from Ref. [3℄.The middle line is the 
ube root of the volume as measured by the di�ra
tion data.The line in the di�ra
tion data is a guide to the eye. The verti
al line indi
ates thetransition temperature 763K.
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Figure 4.7: Titanium{oxygen bond lengths for PbTiO3 as measured by x{ray di�ra
-tion (+) [90℄ and by EXAFS (Æ). The lowest temperature di�ra
tion data point istaken from Ref. [3℄. The line in the di�ra
tion data is a guide to the eye. The verti
alline indi
ates the transition temperature 763K.
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Figure 4.8: Titanium{lead bond lengths for PbTiO3 as measured by x{ray di�ra
tion(+) [90℄ and by EXAFS (Æ). The lowest temperature di�ra
tion data point is takenfrom Ref. [3℄. The line in the di�ra
tion data is a guide to the eye. The additionallines in the 
ubi
 phase are the largest and smallest possible titanium{lead bondlengths given the lead distortion used in the �tting model in Ref. [90℄. The verti
alline indi
ates the transition temperature 763K.
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58measured einstein temperature using the tetragonal model. This enhan
ed valueis needed in the 
ubi
 model �t to 
ompensate for the la
k of stru
tural disorderintrodu
ed by the 
ubi
 �tting model. Using the formulas of Ref. [51℄ to 
omputethe stru
tural 
ontribution to the titanium{oxygen �2 using the low temperature
rystallographi
 stru
ture yields a value of 0:029�A2. This sharp rise in �2 using the
ubi
 �tting model is further eviden
e that the 
ubi
 model is inadequate.Allowing the latti
e expansion 
oeÆ
ient to vary in the 
ubi
 model �ts improvesthe �ts but gives a best{�t latti
e 
onstant 3:922(41)�A whi
h is to small 
ompared todi�ra
tion measurements[90℄. Thus I am for
ed to reje
t the possibility of a transitioninto a phase of lo
al 
ubi
 symmetry. I 
on
lude that the lo
al stru
ture in PbTiO3is dominated by an order{disorder me
hanism.
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������������������������������������������������������������������������������������������������������������������Figure 4.10: Fit to the Ti K edge data in PbTiO3 at 850K using the 
ubi
 �ttingmodel. The magnitude of the 
omplex Fourier transform of �(k) is shown. Thediamonds (�) are the data and the line is the �t. Note the broadening of the �rstpeak due to negle
ting the stru
tural disorder.



Chapter 5EXAFS MEASUREMENTS ON BaTiO3In Ch. 4 I showed that the lo
al distortion of the titanium atom in PbTiO3 is ina tetragonal dire
tion and that this distortion persists into the 
ubi
 phase. Fromthis lo
al stru
tural information, I determined that the me
hanism of the tetragonalto 
ubi
 phase transition has both order{disorder and displa
ive 
omponents. I nowturn to a se
ond ferroele
tri
 perovskite, BaTiO3.5.1 The Phase Transitions of BaTiO3Be
ause BaTiO3 has a relatively simple 
rystal stru
ture and a ri
h ferroele
tri
 andstru
tural phase diagram, it has been one of the most exhaustively studied ferro-ele
tri
 materials sin
e its dis
overy as a ferroele
tri
 in 1946 [99℄. Despite years ofexperimental and theoreti
al attention, the question of whether the phase transitionsof BaTiO3 are predominantly of the displa
ive or order{disorder type remains open.In this 
hapter, I present Extended X-ray Absorption Fine Stru
ture (EXAFS) datashowing that the phase transitions of BaTiO3 are predominantly of the order{disordertype.Be
ause of its high Curie{Weiss 
onstant and zone{
entered soft mode [5℄, BaTiO3has long been 
onsidered an example of a material whose stru
tural transitions areof the displa
ive type. In low temperature phases of a displa
ive 
rystal some or allof the 
onstituent atoms are displa
ed from sites of point 
entrosymmetry. Thesedispla
ements are of the same symmetry as the ma
ros
opi
 order parameter. In the
ase of BaTiO3, the ferroele
tri
 phase transitions involve rotations of the ma
ro-s
opi
 polarization. In the lowest temperature, rhombohedral phase the polarizationis parallel to a h111i 
rystal axis. Upon heating BaTiO3 undergoes transitions toorthorhombi
, tetragonal, and �nally 
ubi
 phases, wherein the ma
ros
opi
 polar-ization aligns parallel to a orthorhombi
 h011i axis then to a tetragonal h001i axisbefore vanishing in the 
ubi
 phase. These transitions are summarized in Table 5.1.In Co
hran's [5℄ displa
ive model, the atomi
 displa
ements are driven by soften-ings of the appropriate phonon modes as the transition temperature is approa
hed
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Table 5.1: The stru
tures of the di�erent phases of BaTiO3 and their transitiontemperatures. The data in this table is from Ref. [4℄.rhombohedral =) orthorhombi
 =) tetragonal =) 
ubi
(R 3m) 183K (Amm2) 278K (P4mm) 393K (Pm3m)
from above. The mode be
omes unstable as its frequen
y goes through zero, pro-du
ing the displa
ement of the lower temperature and lower symmetry phase. Thismodel qualitatively explains the stru
tural and ferroele
tri
 phase transitions, theRaman spe
trum [1℄, and mu
h of the thermodynami
s of the BaTiO3 system. Thesoft mode frequen
y, however, does not vanish at the phase transition temperature,indi
ating a fundamental short
oming of this purely displa
ive model.In 1968, Comes et al. [100, 101℄ published photographs of di�use s
attering sheetsbetween the Bragg peaks in three of the four phases of KNbO3, whi
h is isostru
turalto BaTiO3 and undergoes the same sequen
e of phase transitions. These sheets
ould not be explained by Co
hran's displa
ive model. They showed that qualitativeagreement with their observations 
ould be obtained by appli
ation of an order{disorder model �rst proposed for BaTiO3 two years earlier by Bersuker [102℄. InRefs. [100℄ and [101℄, Comes et al. state that they interpret their measurements ofBaTiO3 with this same order{disorder me
hanism.An order{disorder 
rystal is 
hara
terized by lo
al atomi
 
on�gurations whi
hdo not ne
essarily share symmetry elements with the ma
ros
opi
 order parameter.From 
al
ulations of the lo
al adiabati
 potential, Bersuker suggested that the tita-nium atom sits in one of eight potential minima whi
h are displa
ed from the 
ell
enter in the eight h111i dire
tions, as shown in Refs. [100℄ and [102℄. In the lowesttemperature phase, there is long range 
orrelation in all three Cartesian dire
tionsbetween titanium atoms in adja
ent unit 
ells. Thus, in the rhombohedral phase, allthe titanium atoms are displa
ed in the same h111i dire
tion. At ea
h of the threephase transition temperatures, 
orrelation is lost in one of the three dire
tions. Thisresults in a disordering of the titanium atoms among the h111i dire
tions. In theorthorhombi
 phase, the titanium atoms o

upy one of two h111i positions su
h thatthe displa
ements from 
ell to 
ell are 
orrelated over long range in two Cartesiandire
tions and un
orrelated in the third. At the transition to the tetragonal phase,the 
orrelations are lost in a se
ond dire
tion, thus four of the h111i positions are



61equally o

upied by the titanium atoms. Finally in the 
ubi
 phase, 
orrelations inthe remaining dire
tion vanish and all eight h111i sites are randomly o

upied.In all phases the lo
al displa
ements are rhombohedral and these rhombohedraldispla
ements disorder su
h that their average over long length s
ales gives the ob-served 
rystallographi
 stru
ture. Whenever disorder is present, the symmetry of thema
ros
opi
 order parameter, in this 
ase the polarization, may be di�erent from thesymmetry of the lo
al displa
ements. The Bragg peaks observed in the experimentby Comes et al. arise from the average stru
ture and the di�use s
attering betweenthe peaks indi
ate that disorder is present. Comes et al. interpreted the existen
e ofthe planes of di�use s
attering to indi
ate that the lo
al rhombohedral displa
ementsof the titanium atoms have long 
orrelation lengths in dire
tions perpendi
ular to theplanes.This order{disorder model is not unique in providing qualitative agreement withthe di�use sheets measured by Comes et al. In 1969 H�uller [103℄ showed that adispla
ive model allowing for 
orrelated motions of the titanium atoms also gavequalitative agreement with the observed sheets. As H�uller pointed out in his paper,a dire
t test of these 
ompeting models was la
king at the time. This 
hapter, alongwith Ch. 7, provides this dire
t test.Performing a dire
t test of the lo
al atomi
 
on�gurations in the various phasesof BaTiO3 is the topi
 of this 
hapter. Although the model of soft phonon modes anddispla
ive stru
tural transitions has enjoyed su

ess qualitatively explaining many ofthe ma
ros
opi
 and thermodynami
 properties of BaTiO3, there are quantitativedis
repan
ies and a number of measurements in the literature whi
h are not well ex-plained by a displa
ive model. These in
lude measurements of infrared re
e
tivity [7℄,
ubi
 phase x{ray di�ra
tion [8℄, ele
tron spin resonan
e [9℄, and impulsive stimulatedRaman s
attering [10, 11℄. Furthermore, knowing the true lo
al atomi
 
on�gurationsin BaTiO3 throughout its various phases would be 
ru
ial to a su

essful theory of themi
ros
opi
 me
hanism of phase transitions in this material. Re
ent �rst prin
iples
al
ulation [104℄ of the ground state stru
ture and phase transitions of BaTiO3 havefound further eviden
e of the order{disorder nature of its phase transitions. These 
al-
ulations require atomi
 
on�gurations as their initial input parameters. The detailsof the intera
tions within the 
rystal 
an only be properly understood with knowledgeof the true mi
ros
opi
 stru
ture. Re
ent XAFS measurements on a variety of per-ovskite ferroele
tri
s and antiferroele
tri
s in
luding KNbO3 [12℄, KTa0.91Nb0.09O3[13{15℄, NaTaO3 [16℄, Na0.82K0.18TaO3 [16℄, PbTiO3[18, 19℄, and PbZrO3 [17℄ haveshown order{disorder 
hara
ter in phase transitions originally believed to be of the



62displa
ive type. The 
onne
tion between the o�{
enter displa
ements of the disor-dered stru
ture and the softening of the transverse opti
al phonon modes has beensu

essfully explained [105℄ for PbTiO3 and KNbO3.5.2 BaTiO3 EXAFS MeasurementsIt is my wish to repeat this analysis for BaTiO3, but there is an experimental diÆ
ultywith BaTiO3 that is not present with PbTiO3. As dis
ussed in Se
. 2.3, the range ofdata available imposes a natural bandwidth limiting the information 
ontent of theEXAFS signal. The ex
itation energy of the titanium K edge is at 4966 eV and theenergy of the barium LIII edge is at 5247 eV. This spe
trum is shown in Fig. 5.1.The energy range between the edge steps 
orresponds to k = 8:2�A. Be
ause of thelarge systemati
 un
ertainties in the determination of the ba
kground fun
tion �0 atlow photoele
tron wave number for transition metal oxides, the useful data range isquite small, �k � 5:0�A. In Ch. 4, I �t my PbTiO3 data between 1.1 and 4:2�A.With �k = 5:0�A, this R range of �R = 3:1�A 
orresponds to NI ' 9:9. While I usedeight parameters for the �nal �ts to the PbTiO3 data, I needed to 
onsider as manyas fourteen parameters. The data range is thus inadequate to properly de�ne thestru
ture. By 
ore�ning these data with the barium K edge data, six of the fourteenparameters variables 
ould be used 
ommonly in the two data sets. Although a
ore�nement formally removes the information 
ontent restri
tion, I found that mostof these variables were very 
losely 
oupled with the ba
kground fun
tion �0 and
ould not be determined in a statisti
ally signi�
ant manner. Consequently I usedonly the barium K edge EXAFS for this work.I measured the barium K edge EXAFS on powdered samples at 9 temperaturesbetween 35K and 750K, a range spanning all four phases. An example of the ab-sorption data is shown in Fig. 5.2.Ba
kground subtra
tions were performed with autobk using the te
hnique de-s
ribed in Se
. 2.2. The isolated �(k) are shown in Fig. 5.3 at various temperatures.The ba
kground removal parameters used in autobk to produ
e the �(k) spe
traare given in Table 5.2.To test the order{disorder model with these data, I 
reated theoreti
al �ttingstandards using feff6 and the rhombohedral 
rystal stru
ture [4℄ of BaTiO3 at 40K.The 
ontributions from these paths as 
al
ulated by feff6 were varied a

ordingto Eq. (2.10). The values for N were set as indi
ated by the rhombohedral lo
alsymmetry as shown in Table 5.3. To determine the path lengths R of Eq. (2.10), I used
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Figure 5.1: The XAFS spe
trum of BaTiO3 in an energy range spanning the tita-nium K edge at 4966 eV and the barium LIII edge at 5247 eV. The XANES featuredis
ussed in Ch. 7 is shown in the dashed box.
Table 5.2: Ba
kground removal parameters used in autobk for the BaTiO3 data.The value of E0 was �xed in ea
h of the ba
kground removals. This value 
orrespondsto the x{axes of Fig. 5.2. [0! rbkg℄ is the region over whi
h the non{stru
tural Fourier
omponents are optimized in the ba
kground removal. [rbkg ! r1st℄ is the data rangein whi
h the overall s
aling fa
tor for the theory is 
hosen for optimizing the lowfrequen
y 
omponents of the signal. The default values in autobk for the k-weight(1) and Hanning window sills (0) were used.edge E0 kmin kmax k-weight rbkg r1stBa K 37441.0 2 end of data 2 1.5 2.5
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Figure 5.2: Barium K edge absorption spe
trum in BaTiO3.
the �ve stru
ture parameters shown in Table 5.5 as possible �tting variables and fromthese determined R for ea
h path. Using these �ve stru
tural parameters as �ttingparameters, this �tting model allows, as a limiting 
ase, the possibility of �nding the
ubi
, 
entrosymmetri
 lo
al stru
ture. The remaining �tting parameters 
onsideredwere �2 for ea
h of the single s
attering (SS) paths, phase 
orre
tions parameterizedas E0 variations for ea
h spe
ies of ba
ks
attering atom, and an amplitude 
orre
tionfor the titanium ba
ks
atterers. The parameters for all multiple s
attering (MS)paths 
onsidered in the �ts were determined from this set of �tting variables withoutintrodu
ing new variables. For the �ts shown in Figs. 5.4 { 5.7, ten free parameterswere used. The �tting ranges, information 
ontent, and statisti
al parameters of these�ts are shown in Table 5.4. In all 
ases, the number of parameters varied was smallerthan the information 
ontent of the analyzed portion of the signal. The range in Rspa
e in
luded SS out to the �fth 
oordination shell and MS paths at the distan
eof the �fth shell. The only signi�
ant MS paths were double and triple s
atteringamong barium and oxygen atoms along the fa
e diagonal of the unit 
ell.A thorough explanation of how the �ve stru
tural parameters were used in feffitto 
onstrain the �ts is given in Se
. A.2. The �ts shown in Figs. 5.4 to 5.7 
onsider
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Figure 5.3: The �(k) spe
tra for BaTiO3 at several temperatures. One data set fromea
h of the four 
rystallographi
 phases is shown. The data are the average of twoor three s
ans taken at ea
h temperature. The dashed line is the lower bound of thedata range used in the �ts and the arrows indi
ate the upper bound.
�ve 
oordination shells. There are several nearly 
ollinear MS paths at the distan
eof the 5th shell. The bu
kling angle in these paths was less than 4Æ. Due to thissmall angle and the long path length, 
hanges in this angle were diÆ
ult to resolve,parti
ularly at high temperature, and did not 
ontribute signi�
antly to my abilityto distinguish between the di�erent lo
al stru
tural dis
ussed below. The method ofmeasuring bu
kling angle is dis
ussed in detail in Se
. A.1.2 and was used in these�ts.Fits to the data at several temperatures using the rhombohedral lo
al stru
ture areshown in Figs. 5.4 to 5.7. I found good agreement to the data using the rhombohedralmodel at all temperatures. In Ref. [98℄, S20 for barium was found to be 1:00(5) andso was set to 1 for these �ts. The phase 
orre
tions [50℄ for the three types of
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Table 5.3: Multipli
ities and lengths of the various near neighbor bond lengths inBaTiO3 for the various lo
al symmetries predi
ted by the displa
ive model. In theorder{disorder model the rhombohedral lo
al stru
ture persists in all phases. Alldistan
es are in �Angstroms and were determined from the 
rystallographi
 data inRef. [4℄ at 40K, 250K, 300K for the three low temperature phases. The 
ubi
distan
es assume the perovskite stru
ture with a = 4:016�A.lo
al Ba{Ba andsymmetry Ba{O Ba{Ti Ti{Ti Ti{Orhombohedral 3 � 2.7866 � 2.8283 � 2.886 1 � 3.3703 � 3.4303 � 3.5011 � 3.583 6 � 4.003 3 � 1.8273 � 2.141orthorhombi
 1 � 2.7934 � 2.8082 � 2.8374 � 2.8541 � 2.897 2 � 3.4164 � 3.4682 � 3.532 2 � 3.9864 � 4.018 2 � 1.8752 � 1.9972 � 2.146tetragonal 4 � 2.8084 � 2.8244 � 2.868 4 � 3.4174 � 3.522 4 � 3.9912 � 4.035 1 � 1.8294 � 2.0001 � 2.206
ubi
 12 � 2.839 8 � 3.478 6 � 4.016 6 � 2.008
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Table 5.4: Fourier transform ranges (�k), �tting ranges (�R), number of independentpoints (NI), the number of parameters used in the �ts (P ), number of degrees offreedom (�), the measurement un
ertainty in R{spa
e (��r), redu
ed 
hi{square (�2�),andR{fa
tor (fra
tional mis�t) for the �ts to the rhombohedral stru
ture for BaTiO3.The ten free variables in these �ts were 3 phase 
orre
tions, 5 �2's, the latti
e 
onstanta, and ÆOx. �(k) was weighted by k for all Fourier transforms.temperature �k �R NI P � ��r �2� R35K [3,15℄ [1.6,5.7℄ 32.0 10 22.0 0.0009 84.8 0.0088150K [3,15℄ [1.6,5.7℄ 32.0 10 22.0 0.0008 74.1 0.0062200K [3,14℄ [1.6,5.7℄ 29.5 10 19.5 0.0010 41.8 0.0056250K [3,13℄ [1.6,5.7℄ 27.0 10 17.0 0.0009 48.5 0.0049300K [3,12℄ [1.6,5.7℄ 24.5 10 14.5 0.0007 72.3 0.0045350K [3,12℄ [1.6,5.7℄ 24.5 10 14.5 0.0011 22.7 0.0057450K [3,10℄ [1.6,5.7℄ 19.5 10 9.5 0.0008 12.6 0.0009600K [3,10℄ [1.6,5.5℄ 18.4 10 8.4 0.0007 15.4 0.0008750K [3,10℄ [1.6,5.5℄ 18.4 10 8.4 0.0008 11.2 0.0025
Table 5.5: Fitting parameters used in the �ts of the barium K edge data to therhombohedral lo
al stru
ture. The initial values [4℄ are for the 40K 
rystal stru
ture.Three of these parameters had little impa
t on the quality of our �ts and were 
on-sistent with their initial values at all temperatures. For the results in Table 5.4 thesevalues were �xed to their initial values.param. des
ription initial valuea measured the rhombohedral latti
e 
onstant 4:0035�A� set the rhombohedral angle 89:84ÆÆTi set the rhombohedral displa
ement of the ti-tanium atom -0.015ÆOx measured the displa
ement of the oxygen atom in thex̂ and ŷ dire
tions 0.009ÆOz set the displa
ement of the oxygen atom in theẑ dire
tion 0.018



68ba
ks
atterers were expressed as shifts of E0 and were found to be �2:18(70) eVfor oxygen, �3:89(87) eV for titanium, and �2:75(1:54) eV for barium relative to thenominal value of 37441 eV. The measured �2's were �t with the Einstein temperatures[53℄ shown in Table 5.6. The latti
e 
onstant a showed a thermal expansion from4:001(1)�A to 4:041(9)�A between 35K and 750K. The parameter ÆOx varied smoothlyfrom 0:015(6) to 0:027(4) in that temperature range. The other three stru
turalparameters in Table 5.5 showed no 
hange from their initial values outside of theirun
ertainties and so were �xed to their 40K values.
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�����������������������������������������������Figure 5.4: Fit to the Ba K edge data in BaTiO3 at 35K. The magnitude of the
omplex Fourier transform of �(k) is shown. The diamonds (�) are the data and theline is the �t.Although the su

ess of the rhombohedral stru
tural model is good eviden
e tosupport an order{disorder model in BaTiO3, it is not 
ompelling by itself. I repeatedthe analyti
al approa
h des
ribed above on the data in the orthorhombi
, tetragonal,and 
ubi
 phases. In ea
h of these phase, I used the average stru
ture as the �ttingmodel and 
reated �tting standards with feff6 using these average stru
tures. Iused the multipli
ities N given in Table 5.3 and varied R for ea
h path a

ording tothe values of the stru
tural parameters appropriate to the orthorhombi
, tetragonal,and 
ubi
 phases. In Table 5.7 I 
ompare the redu
ed 
hi{squares �2� for the or-thorhombi
, tetragonal, and 
ubi
 models with the �2� from the rhombohedral �ttingmodel. As dis
ussed in Se
. 2.4, the un
ertainty in a good EXAFS measurement is
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Table 5.6: Einstein temperatures for the �ve single s
attering paths 
onsidered in thebarium K edge �ts to the rhombohedral model.SS path �E1st shell O 7�! 630(99)K2nd shell Ti 7�! 267(5)K3rd shell Ba 7�! 161(4)K4th shell O 7�! 449(80)K5th shell Ba 7�! 152(6)K



71generally dominated by systemati
 errors. The statisti
al errors of the measurementare small 
ompared to the un
ertainty of the �tting standards and of the removal ofthe ba
kground fun
tion �0. In evaluating �2�, I normalize by the estimated statisti
alun
ertainty and would get �2� � 1 if the statisti
al errors were dominant. That �2�is, in general, larger than 1 even for �ts that looks good upon inspe
tion and givephysi
ally reasonable results indi
ates that systemati
 errors dominate. I a

ount forthis by s
aling the error bars on our �tting parameters by a fa
tor of ��. Note thatthe absolute error in these �ts is quite small as the R{fa
tors shown in Table 5.4 areless than 1 per
ent. The measured values of �2� provide a means to 
ompare di�er-ent �tting models. As dis
ussed in Se
. 2.3, if the �2�'s of the two models di�er bymore than a fa
tor of 1 + 2p2p� , the model with the smaller �2� is signi�
antly better.As shown in Table 5.7, there is no preferen
e for the rhombohedral model by this
riterion.Table 5.7: Comparing the redu
ed 
hi{square for the rhombohedral model with thoseof the average stru
tural models in the orthorhombi
, tetragonal, and 
ubi
 phases.stru
tural modelphase �2� (rhomb.) �2� (ortho.) �2� (tetr.) �2� (
ubi
)200K 41.8 32.6orthorhombi
 250K 48.5 47.9300K 72.3 71.1tetragonal 350K 22.7 22.3450K 12.6 12.2
ubi
 600K 15.4 10.4750K 11.2 10.8To distinguish the stru
tural models, I rely on physi
al arguments. In the �ts tothe tetragonal and 
ubi
 phase data using the tetragonal or 
ubi
 lo
al symmetry asthe �tting model, I found that �2's obtained from the minimizations were 
onsistentlylarger than those found using the rhombohedral lo
al symmetry. These values areshown in Table 5.8 for the �2's of the barium{titanium bonds. These larger �2's 
anbe understood in two ways. They 
an result from a softening of the e�e
tive spring
onstant 
onne
ting the atoms. This seems unphysi
al. As shown in Table 5.3, thebarium{titanium bond lengths 
hange by at most 3 per
ent, but the 
hange in �2 ismu
h larger. A softening of the spring 
onstant would result in a faster in
rease of �2



72with raising temperature. The results shown in Table 5.8 show dis
ontinuities at ea
hof the phase transitions when the average stru
ture �tting models are used, but therate of 
hange of �2 with in
reasing temperature is the same regardless of whi
h stru
-tural model is used. A softening of the e�e
tive spring 
onstant is in
onsistent withthe measurements. In fa
t, the temperature dependen
e of �2 assuming a rhombohe-dral lo
al stru
ture gives a temperature dependen
e 
onsistent with a for
e 
onstantwhi
h �ts the single Einstein temperature given in Table 5.6. The latter explanationis more physi
ally reasonable. The �t using the 
ubi
 lo
al symmetry requires a larger�2 to 
ompensate for the stati
 disorder of the true rhombohedral lo
al symmetry.The rhombohedral �tting model has an inherent amount of stati
 disorder due to theset of barium{titanium path lengths used to 
reate the �tting standards. Using theR's and N 's shown in Table 5.3 and the stati
 
umulant formulas of Ref. [51℄, therhombohedral model has a built{in stati
 disorder of 0:0038�A2. The 
ubi
 model hasno stati
 disorder, thus requires an enhan
ed �2 to 
ompensate for its negle
t. Theorthorhombi
 and tetragonal models have built{in stati
 disorders of 0:0017�A2 and0:0028�A2 respe
tively. The �2's shown in Table 5.8 for the orthorhombi
, tetragonal,and 
ubi
 phases are systemati
ally larger than for the rhombohedral model. In ea
h
ase, within their un
ertainties, these �2's are those of the rhombohedral model plusa stati
 
omponent to 
orre
t for negle
ting the 
ontribution of the rhombohedraldisorder.
Table 5.8: �2s of the barium{titanium distan
e in the high temperature 
ubi
 phaseas measured using the rhombohedral and 
ubi
 lo
al symmetries. The values for therhombohedral model 
ome from the Einstein temperature shown in Table 5.6. Allnumbers have units of �A2. stru
tural modelphase rhombohedral orthorhombi
 tetragonal 
ubi
200K 0.0038(4) 0.0070(3)orthorhombi
 250K 0.0046(5) 0.0077(4)300K 0.0055(7) 0.0075(10)tetragonal 350K 0.0064(8) 0.0085(12)450K 0.0083(10) 0.0137(10)
ubi
 600K 0.0111(12) 0.0175(10)750K 0.0140(11) 0.0170(14)



73The physi
al behavior of the �2's in the rhombohedral �tting model is a strongargument in favor of the order{disorder model over the displa
ive model in BaTiO3.However, the distin
tion between the displa
ive and order{disorder models on thebasis of our bariumK edge EXAFS data may not be fully 
ompelling. This ambiguitywill be resolved by 
onsideration of the titanium K edge XANES spe
tra presentedin Ch. 7.



Chapter 6EXAFS MEASUREMENTS ON EuTiO3Now I turn my attention to a third titanate perovskite, EuTiO3. Unlike PbTiO3and BaTiO3, the lo
al stru
ture of EuTiO3 retains its 
rystallographi
 
entrosymme-try at all temperatures, showing no eviden
e of stru
tural or ele
tri
 phase transitions.It is an antiferromagnet at very low temperature [106, 107℄, but shows not ferro{ orantiferroele
tri
 behavior.I have two interests in studying EuTiO3. In the previous two 
hapters I havedemonstrated the persisten
e of lo
al distortions into the 
rystallographi
ally 
ubi
phases of PbTiO3 and BaTiO3. It adds weight to the argument to show an exampleof su

essful analysis on a stru
ture with 
entrosymmetry. In Ch. 7 it is ne
essaryto distinguish the stru
tural 
ontribution of the near{edge stru
tures of PbTiO3 andBaTiO3 from the thermal 
ontribution. The main result of the analysis presented inthis 
hapter is be mean square displa
ement �2 of the titanium{oxygen bond. At theend of this 
hapter I derive a relationship between this measured �2 and the thermal
ontribution to the near{edge stru
ture of titanium perovskites.6.1 EuTiO3 EXAFS MeasurementsData was 
olle
ted at both the titanium K and europium LIII edges at 15K, 128K,300K. Samples of these spe
tra are shown in Fig. 6.1. The titanium edge data werea�e
ted by systemati
 noise beyond 15:5�A�1. The useful data range at the europiumLIII edge was limited by the presen
e of the LII edge to about 12:5�A�1.Ba
kground subtra
tions were performed using autobk using the te
hnique de-s
ribed in Se
. 2.2. The isolated �(k) is shown in Figs. 6.2 and 6.3 for the two edgesat various temperatures. The ba
kground removal parameters used in autobk toprodu
e the �(k) spe
tra are given in Table 6.1.To �t the data, I used feff6 to generate a set of �tting standards based on theperovskite stru
ture and a latti
e 
onstant of 3:923�A, whi
h is about 0:02�A largerthan that given in Ref. [108℄. At the europium edge, I 
onsidered SS paths out thefourth 
oordination shell. At the titanium edge I 
onsidered SS paths out to the
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Figure 6.1: The absorption edges of EuTiO3 at 15K. The titanium K edge is at4966 eV, the europium LIII edge is at 6977 eV, and the europium LII edge is at7617 eV.
Table 6.1: Ba
kground removal parameters used in autobk for the EuTiO3 data.The value of E0 was �xed in ea
h of the ba
kground removals. These values 
or-respond to the energy axes of Fig. 6.1. [0 ! Rbkg ℄ is the region over whi
hthe non{stru
tural Fourier 
omponents are optimized in the ba
kground removal.[Rbkg ! R1st℄ is the data range over whi
h the theory is s
aled in the optimization.The data range over whi
h the ba
kground was removed, [kmin ! kmin ℄ was limitedin the europium data by the onset of the europium LII edge.edge E0 kmin kmax k-weight Rbkg R1stTi K 4971.2 0.85 end of data 1 0.98 2.14Eu LIII 6978.0 1.55 12.6 1 0.98 2.95
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Figure 6.2: The temperature dependen
e of �(k) for the titanium K edge of EuTiO3.The boundaries of the Fourier transform used in the �ts are shown by the dashedlines.
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77fourth shell and the 
ollinear double and triple s
attering paths involving the �rstshell oxygen atoms and the third shell titanium atoms. These MS paths were at thesame distan
e as the third shell titanium atoms and were the only signi�
ant MSpaths.The 
ubi
 perovskite stru
ture was the basis of my �tting model. I used anisotropi
 expansion fa
tor as des
ribed in Se
. A.3 to parameterized the bond lengths.I assigned a �2 to ea
h near{neighbor bond length and a phase 
orre
tion in the formof an E0 shift for ea
h spe
ies of ba
ks
atterer. I parameterized �2 and the phase
orre
tion for ea
h multiple s
attering path 
onsidered in the manner des
ribed inSe
. A.1.1. For the europium edge �ts it was ne
essary to introdu
e an amplitude
orre
tion to the titanium ba
ks
attering in the form of a 
orre
tion to the photo-ele
tron mean free path for that s
attering path. At ea
h temperature the data fromthe two edges were re�ned simultaneously. As the latti
e expansion 
onstant and �2for the titanium{europium bond are 
ommon parameters between the two data sets,
ore�nement allows tighter 
onstraints to be pla
ed on the parameter set.Table 6.2 shows the transform and �tting ranges used in the �ts to the europiumand titanium edge data along with the various statisti
al parameters of the 
o{re�ned�ts. See Se
. 2.3 for a dis
ussion of the statisti
al parameters. Example �ts are shownin Figs. 6.5 { 6.8Table 6.2: The upper table shows Fourier transform and �tting ranges used for thetitanium and europium edges in EuTiO3, as well as the information 
ontent of ea
hsignal. The lower table shows results for the 
ore�nements at ea
h temperature,in
luding the total number of independent points NI in the 
ore�nement, the numberof parameters varied in the �nal �ts P , the number of degrees of freedom �, themeasurement un
ertainty in R{spa
e (��r) for ea
h absorber, the redu
ed 
hi{square�2�, and the R{fa
tor.edge k{range k{weight R{range NITi [4.0-13.0℄ 2 [1.2-4.0℄ 17.47Eu [3.0-12.0℄ 1 [1.8-4.0℄ 13.95temp. NI P � ��r (Ti) ��r (Eu) �2� R15K 31.42 16 15.42 0.0129 0.0014 90.05 0.0092128K 31.42 16 15.42 0.0079 0.0012 111.91 0.0043300K 31.42 16 15.42 0.0056 0.0009 158.91 0.0055
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Figure 6.4: Determination of S20 for the K edge of titanium in EuTiO3. The 
orrela-tion between S20 and �2 for the titanium-oxygen bond is mostly broken by sequentially�xing S20 and performing the �ts using di�erent k weights. This method works wellsin
e the �rst shell signal is well isolated in the Fourier transform of the titanium�(k) in EuTiO3. The three lines form a small triangle around S20 � 0:95.
For the titanium atom, S20 was determined by setting it to a sequen
e of valuesbetween 0.7 and 1.1 and varying the remainder of the parameters in the problem.For ea
h value of S20 , the titanium data were �t with k weighting of 1, 2, and 3.Be
ause S20 is highly 
orrelated with the �2's used in the problem and be
ause �2 ismultiplied by k2 in the EXAFS equation Eq. (2.10), the best �t values of the �2'svary with di�erent k weights. In Fig. 6.4, I show the variation of the best{�t value of�2 for the �rst neighbor titanium{oxygen bond. Sin
e any measurement of the �ttingparameters should �nd the same S20 , the true value of S20 for these data must be atthe interse
tion of the lines for the three k weights. In Fig. 6.4 the three lines nearlyinterse
t, forming a small triangle around S20 � 0:95. This value is used in subsequent�ts. I approximate the un
ertainty in this value by the extent to whi
h the error barson the best{�t values of �2 for k weight of 1 and 3 overlap. Thus S20 = 0:95(15).This method of determining S20 works by for
ibly removing the 
orrelation betweenS20 and other parameters that e�e
t the amplitude of � in Eq. (2.10). For the �rst



79shell peak in the transform of the titanium edge �(k), only S20 and the �2 for the�rst shell bond signi�
antly e�e
t the amplitude. Thus the 
orrelation between thetwo is mostly broken by sequentially �xing S20 in the manner des
ribed above. Thissame method did not work for the europium edge. For that edge, the �rst shellis not well isolated from other shells. Thus �xing S20 does not suÆ
iently break
orrelations among the amplitude fa
tors. When this method was attempted usingthe best{�t �2's for the europium{oxygen and europium{titanium bonds, S20 values ofabout 1.5 and 1.15 were found respe
tively. Neither of these are physi
ally reasonablevalues. For the titanium edge, the �rst shell is well isolated from higher shells, thusthe method worked well. I therefore allowed S20 for the europium atom to 
oat insubsequent �ts.Table 6.3: Fitting parameters for EuTiO3. Parameters used to modify �(k) for eitheredge are indi
ated in the �rst 
olumn. The 
ommon parameters between the two edgesare also indi
ated. Best{�t values for the �2's are given as Einstein temperatures �tto the �2's measured at ea
h temperature. O�sets values of �2's are given for thosebonds whi
h required one.edge parameter des
ription best{�t valueTi E0 (O) ÆE0 for O s
atterer �1:81(1:11) eVTi E0 (Eu) ÆE0 for Eu s
atterer �2:87(1:61) eVTi E0 (Ti) ÆE0 for Ti s
atterer 5:57(1:84) eVTi �2 (Ti{O) MSD for Ti{O bond 451(26)KTi �2 (Ti{Ti) MSD for Ti{Ti bond 329(26)K+ 0:0016(5)�A2Eu S20 Amplitude redu
tion fa
tor 1.10(11)Eu E0 (O) ÆE0 for O s
atterer 4:57(62) eVEu E0 (Ti) ÆE0 for Ti s
atterer 4:79(67) eVEu E0 (Eu) ÆE0 for Eu s
atterer 4:27(1:24) eVEu �2 (Eu{O) MSD for Eu{O bond 0:0135(21)�A2Eu �2 (Eu{Eu) MSD for Eu{Eu bond 158(7)KEu � (Ti) ÆEi for Ti s
atterer �1:03(47) eVboth � latti
e expansion 
oeÆ
ient 6:7(2:4) � 10�5�A/Kboth �2 (Eu{Ti) MSD for Eu{Ti bond 290(24)K+ 0:0013(5)�A2Fourteen of the sixteen variables used in the �ts to EuTiO3 along with theirbest{�t values are shown in Table 6.3. These in
lude ÆE0 
orre
tions for ea
h of



80the �rst three shells and mean square displa
ements (MSD) �2 for ea
h of the �rstthree bonds around both the titanium and europium atoms. Also used were an S20for the europium atom, a latti
e expansion 
onstant �, and an amplitude 
orre
tionfor the titanium ba
ks
atterers around the europium atoms. These were applied tothe various SS and MS paths as des
ribed in Se
s. A.1.1 and A.3. These variableswere used to �t both edges simultaneously at ea
h temperature. I also in
luded thefourth shell oxygen atoms in both parts of the �ts, but the �2 for these paths werenot well determined in these �ts.In Table 6.3, the values for the �2 are given as Einstein temperatures whi
h were�t to the results for the �2's at ea
h temperature. For two bonds the �2's required asmall o�set to follow the behavior of an Einstein model. The �2 for the europium{oxygen bond did not 
hange with temperature outside of its error bars, so no Einsteintemperature is reported for that bond in Table 6.3.S20 for the europium atom is rather large, but 
onsistent with 1.0 within its errorbar. The latti
e 
onstant in
reased linearly from 3:920(5)�A at 15K to 3:940(7)�A at300K. These values are about 1 per
ent larger than the latti
e 
onstant given in Ref.[108℄.From these data I obtained a good measurement of �2 for the titanium{oxygenbond, whi
h was my stated goal in analyzing these data. There are, however, severalsystemati
 problems in this analysis. The best{�t latti
e 
onstant as measured byEXAFS is 0.5% larger than that measured by di�ra
tion. Also the temperaturedependen
e of three of the �2 fail to follow properly and Einstein behavior. This mayindi
ate the presen
e of stati
 lo
al disorder whi
h was not in
luded in my �ttingmodel. I will not address these systemati
 problems with the EuTiO3 �tting modelin this thesis as they do not e�e
t the quantitative result on the titanium{oxygen �2,whi
h was the important result of this 
hapter.6.2 Thermal Distortion ParameterIn Ch. 7 I use the Einstein temperature of the titanium{oxygen bond to interpret thenear{edge stru
ture of the EuTiO3 titanium K edge XANES spe
trum. As dis
ussedin Se
. 7.1, there is a peak in the near{edge spe
tra of transition metal oxides thatis a �ngerprint that the transition metal atom is lo
ated in a site that la
ks point
entrosymmetry. From a simple perturbation theory argument, I show that thereis a simple relationship between the magnitude of the distortion away from point
entrosymmetry and the area of the �ngerprint peak in the near{edge spe
trum. If ~d
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83is a parameter des
ribing the displa
ement of the titanium atoms from the midpointof the oxygen o
tahedron, then A / 
(�̂ � d̂ )2� (6.1)whi
h, for a sample whi
h is randomly oriented with respe
t to the x{ray beam, isA / jdj23 : (6.2)Consider a line in one dimension of equally spa
ed atoms of alternating spe
ies.If the distortion is the displa
ement of one of the spe
ies from its nominal lo
ation,then ~Æ is the displa
ement of that spe
ies from the midpoint between its neighboringatoms, Æ = (r2 � r1)2 (6.3)where r1(2) is the distan
e from the displa
ed atom to its nearer (further) neighbor.In the 
ase of a titanium perovskite, the r's represent titanium{oxygen bonds alongea
h of the Cartesian axes.Eq. (6.3) holds for ea
h of the three Cartesian dire
tions, so I de�ne a thermaldistortion parameter dt = p3Æ. In the absen
e of a stati
 displa
ement and of thermalmotion, the area of the peak A observed in the XANES spe
trum is expe
ted to bezero. At �nite temperature, a small pre{edge peak is still expe
ted due to the thermalmean squared variation of the two metal{oxygen bonds. Taking a snapshot of thethree atoms along one of the Cartesian dire
tions, jr2� r1j > 0 at any instant due tothis thermal motion. Thus an area At / d2t will be measured.To start, 
onsider a split in distan
es � = r2�r1. Ea
h of the ri are r0��i where�i is some instantaneous deviation from r0 due to thermal motion. So � = �2 ��1and the thermal average of its square is h�2i = 
(�2 ��1)2�.The distribution of �i is a Gaussian of half width equal to the measured �2.Normalized to unit area, this distribution fun
tion isP�i =r 12�2� e��2i =2�2 (6.4)



84Integrating over this distribution,h�2i = 1Z�1 (�2 ��1)2 � P�1d�1 � P�2d�2 (6.5)=  r 12�2� !2 1Z�1 ��21 +�22 � 2�1�2� � e��21=2�2d�1 � e��22=2�2d�2The 
ross produ
t term in this integral is 0 by symmetry. The other two integrals arethe same and are easily solved. The thermal mean square of the split in distan
es ish�2i = 2�2 (6.6)This result is obtained in ea
h dimension, so, from Eq. (6.3),d2t = 3*��2�2+ = 3�22 : (6.7)dt =r3�22 : (6.8)Even a 
entrosymmetri
 perovskite su
h as EuTiO3 has a small peak just above theFermi energy of a size proportional to d2t . This 
an be seen in the data in Fig. 7.9.In my analysis of the Ti K edge data on EuTiO3, I assumed that the titanium atomdid lie in a 
entrosymmetri
 site, thus the Ti{O bond length and �2 was the samein all six dire
tions. This dis
ussion 
ould easily be generalized to 
onsider di�erentbond lengths and �2's.Table 6.4: Thermal distortion parameter in EuTiO3 for an Einstein temperature� = 451K for the titanium{oxygen bond.temp. �2 (�A2) dt (�A)15K 0.00448 0.082128K 0.00477 0.085300K 0.00705 0.103500K 0.01061 0.126



Chapter 7XANES MEASUREMENTS ON BaTiO3, PbTiO3, ANDEuTiO3In the titaniumK edge spe
tra of PbTiO3 and BaTiO3 shown in Figs. 4.1 and 5.1,a prominent feature in the near edge region of these materials is seen. In this 
hapterI examine the dependen
e of this feature on the lo
al stru
tures about the titaniumatoms in PbTiO3, BaTiO3, and EuTiO3. Careful 
onsideration of the XANES spe
-trum in these material 
omplements the stru
tural information available from analysisof the EXAFS. In the 
ase of BaTiO3, the XANES spe
trum o�ers 
ru
ial informationfor resolving its lo
al stru
ture.7.1 Symmetry and the XANES Spe
trumAt the titanium K edge, a 1s ele
tron having initial angular momentum l = 0 isex
ited. Be
ause dipole transitions dominate in �(E) the �nal state of the photoele
-tron will be of angular momentum l = 1 due to the dipole �nal state sele
tion rule.The intera
tion between the photoele
tron ex
ited by the polarized radiation and asingle 
rystal is illustrated in Fig. 7.1. The dire
tional sense of the ex
ited l = 1photoele
tron is determined by the dire
tion of polarization of the in
oming photons.As the photoele
tron has no amplitude in dire
tions perpendi
ular to the dire
tionof polarization, �(E) will 
ontain no information 
on
erning the lo
al environmentabout the titanium atom perpendi
ular to the polarization. Thus an experiment ona single 
rystal sample 
an resolve the dire
tional dependen
e of the lo
al stru
ture,while an experiment on a poly
rystalline sample averages over all dire
tions.Titanium and other transition metals possess a large density of un�lled d statesjust above the Fermi energy. Ordinarily, this d density is not a

essible to the XAFSexperiment on a K edge due to the dipole sele
tion rule, whi
h requires that thedi�eren
e in angular momentum of the initial and �nal states be 1. It is well knownfrom mole
ular orbital theory [109℄ that mixing of the transition metal d states withstates of p 
hara
ter from the surrounding atoms 
an o

ur in the presen
e of anasymmetri
 Hamiltonian, su
h as that for a material whi
h la
ks inversion symmetry
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Figure 7.1: S
hemati
 of the intera
tion between the l = 1 photoele
tron and a squarelatti
e.
about the transition metal site. Materials in whi
h the transition metal does notreside on a site of point 
entrosymmetry 
hara
teristi
ally display a peak in theirXANES spe
tra above the Fermi energy but before the steeply rising part of theedge. This is shown in, for example, Refs. [110℄ and [111℄ and in numerous otherexamples of transition metal oxide XANES studies in the literature. It is the samefeature shown in the dashed boxes in Figs. 4.1 and 5.1. This peak is mu
h diminishedin transition metal oxides of point 
entrosymmetri
 lo
al stru
ture, as seen in theEuTiO3 data in Fig. 6.1.Assuming that the displa
ement d of the titanium atom from the site of point
entrosymmetry is a small perturbation to the 
rystal Hamiltonian, perturbationtheory 
an be applied to the problem. The e�e
t of the displa
ement must be ofeven parity, thus the area of the peak 
an be related to the displa
ement in threedimensions by A = 

(�̂ � ~d )2�: (7.1)Here �̂ is the polarization ve
tor of the in
ident x{ray beam and the angle bra
ketsrepresent an ensemble average, possibly over orientations of �̂ relative to ~d and 
 isa proportionality 
onstant. In this 
hapter I will determine 
 for PbTiO3, BaTiO3,and EuTiO3. For a poly
rystalline sample the ensemble average over orientations of



87the 
rystal domains relative to �̂ leads to a fa
tor of 13 , i.e. A = 
 jdj23 . In the 
ase ofa polarized, single 
rystal experiment, the area A will be sensitive to the dire
tion of~d. In the most general 
ase, this expression for A is too simplisti
. For a 
rystal ofarbitrary symmetry, a tensor of fourth rank would relate �̂ and ~d to A [112℄.7.2 Measuring the Area of the Near Edge PeakTo interpret the near{edge peak asso
iated with the displa
ement of the titaniumatom from 
entrosymmetry in terms of the lo
al stru
ture using Eq. 7.1, it is ne
essaryto measure its area. In this se
tion, I will des
ribe the method I developed for doingso. To measure XANES peak areas, I wrote a program 
alled phit1. I wanted a toolof suÆ
ient generality to ta
kle this problem with 
exibility and also to solve severalrelated problems in the interpretation of XAFS and other data. The purpose of phitis to �t an arbitrarily parameterized sum of lineshapes to arbitrary real valued data.For use with XANES data, I �t an ar
tangent or similar fun
tion along with one ormore peaked lineshapes to the data. The parameters des
ribing the lineshapes 
anbe used as the �tting parameters. phit is suÆ
iently general to solve other problemsas well. I used phit throughout Chs. 4 { 6 to �t Einstein temperatures to measuredvalues of �2. phit has even been used to �t latti
e parameters to powder di�ra
tiondata [113℄ and other problems.The input stru
ture to phit is very similar to that of feffit. The user spe
i�esa group of set and guess variables in the same manner as in feffit2. A set oflineshapes is spe
i�ed and parameterized in terms of the set and guess values. Thesame Levenberg{Marquardt [61℄ algorithm used in feffit is used in phit. Statisti
alanalysis is performed by phit, in
luding 
omputation of error bars on the �ttingparameters and of 
orrelations between the parameters.It is 
ommon in the literature to �t lineshapes to XANES spe
tra and to interpretenergy positions and line widths in terms of mole
ular orbitals. I �nd these inter-pretations ambiguous. My purpose in �tting lineshapes to the spe
tra shown in this
hapter is to develop a numeri
al representation of the edge stru
ture and to isolatethe portions of the spe
tra that show temperature dependen
e from those parts that1 I usually pronoun
e this \pee-hit" to disguise the fa
t that this is a really dumb name for a
omputer program.2 See Appendix A or the feffit do
ument [52℄ for the details of using feffit.



88are essentially 
onstant with temperature. In all these data it is a good approxima-tion to leave most of the lineshapes 
onstant in temperature within the limited energyrange that I 
onsider and to measure the variation of the lineshape used to des
ribethe peak that arises from the o�-
enter displa
ement of the titanium atom.An example of �tting a set of lineshape to XANES data is shown in Fig. 7.2.These data are the titanium K edge of poly
rystalline BaTiO3 at 80K. The �t usesthree lineshapes. Sin
e I don't wish to as
ribe any physi
al signi�
an
e to any ofthese lineshapes, I am free to 
hoose lineshapes that provide a faithful numeri
alrepresentation of the data. In Fig. 7.2, I used two Lorentzians for the two peaks. Theba
kground portion of the �t is an ar
tangent fun
tion with an energy dependentprefa
tor. In the �ts to the data at varying temperatures, the parameters for thehigher energy peak and for the ba
kground fun
tion where held 
onstant and onlythe height of the lower energy peak fun
tion was varied.
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Figure 7.2: Example use of phit to obtain a numeri
al representation of the titaniumXANES spe
trum of poly
rystalline BaTiO3 at 80K. The area of the shaded regionis measured to obtain the temperature dependen
e of the peak that arises from thedispla
ement of the titanium atom.



897.3 The Temperature and Polarization Dependen
e of the XANES Spe
-tra of BaTiO3In Ch. 5 I analyzed the EXAFS spe
tra of BaTiO3 as a fun
tion of temperaturethrough the various phase transitions. From the behavior of the �2 of the barium{titanium bond I argued that the order{disorder model provides a more suitable expla-nation of the lo
al stru
ture than does the displa
ive model. Sin
e �ts using averagestru
ture predi
ted by the displa
ive model are as satisfying by statisti
al 
riteriaas are �ts using the rhombohedral lo
al stru
ture predi
ted by the order{disordermodel, it is ne
essary to examine the XANES spe
tra of poly
rystalline and single
rystal BaTiO3 samples. The temperature dependen
e of the XANES spe
trum in apoly
rystalline sample is shown in Fig. 7.3. Room temperature single 
rystal data ob-tained as des
ribed in Se
. 3.2.2 are shown for BaTiO3 in Fig. 7.4 and, for 
omparison,for PbTiO3 in Fig. 7.5.Examining the poly
rystalline data shown in Fig. 7.3 with Eq. 7.1, it followsthat the titanium atom sits in a non-
entrosymmetri
 site in BaTiO3, as there is adistin
tive peak in the spe
tra at ea
h temperature. However information about thedire
tion of ~d is not available in poly
rystalline data. To determine the dire
tionof ~d, I examine the single 
rystal, single domain spe
tra of BaTiO3 and PbTiO3shown in Figs. 7.4 and 7.5. There is a signi�
ant di�eren
e in the oriented spe
tra ofPbTiO3 but only a small di�eren
e in the oriented spe
tra of BaTiO3. As dis
ussed inthe following paragraphs, the PbTiO3 data indi
ate a tetragonal titanium distortion,i.e. ~d is along a h001i axis, while the BaTiO3 data indi
ate a nearly rhombohedraldispla
ement, i.e. ~d approximately along a h111i axis.To understand why the BaTiO3 and PbTiO3 XANES data indi
ate these dire
-tions for the titanium distortions, 
onsider the lo
al environments about the titaniumatom predi
ted by the displa
ive and eight{site models. They are depi
ted in the 
ar-toon shown in Fig. 7.6. Fig. 7.6a shows the tetragonal titanium distortion predi
tedby the displa
ive model for a 
rystallographi
ally tetragonal phase. The titaniumatom, depi
ted by the head of the arrow, is displa
ed in the h001i dire
tion. Theentire 
rystal is tetragonally distorted and the ma
ros
opi
 polarization points alonga tetragonal axis. If the polarization ve
tor of the x{rays is parallel to the 
rys-tallographi
 
 axis, thus parallel to ~d, the area A under the peak will be large. Ifthe polarization is perpendi
ular to ~d, then �̂ � ~d = 0 and A will vanish. This pi
-ture is 
onsistent with the PbTiO3 data but not with the BaTiO3 data. As shownin Ch. 4 and in Refs. [18℄ and [19℄ the lo
al stru
ture of PbTiO3 is tetragonal at
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Figure 7.3: The titanium K edge XANES spe
trum of poly
rystalline BaTiO3 atseveral temperatures. 80K is in the rhombohedral phase, 300K is in the tetragonalphase, the remaining two temperatures are in the 
ubi
 phase. The peak dis
ussedin this 
hapter is shown within the dashed box.
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Figure 7.4: TitaniumK edge XANES of single domain, single 
rystal BaTiO3 with thex{ray polarization parallel (top) and perpendi
ular (bottom) to the 
rystallographi

-axis. See Se
. 3.2.2 for a dis
ussion of isolating the spe
trum for �̂ k 
̂.
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Figure 7.5: TitaniumK edge XANES of single domain, single 
rystal PbTiO3 with thex{ray polarization parallel (top) and perpendi
ular (bottom) to the 
rystallographi

-axis. See Se
. 3.2.2 for a dis
ussion of isolating the spe
trum for �̂ k 
̂.
room temperature. A lo
al tetragonal distortion of the titanium atom in BaTiO3would be in
onsistent with its XANES spe
tra, as the peak does not vanish when thepolarization is perpendi
ular to the 
 axis.Fig. 7.6b shows a two-dimensional \four{site" s
hemati
 of the eight{site modelfor a 
rystallographi
ally tetragonal phase. In this model, the titanium atom is alwaysdispla
ed towards the 
orner of the unit 
ell. In three dimensions this displa
ementis in a h111i, or rhombohedral, dire
tion. In this phase, the titanium displa
ementis randomly distributed among those dire
tions with a positive 
omponent alongthe 
-axis. In ea
h unit 
ell, the lo
al distortion and the lo
al dipole point in arhombohedral dire
tion. When these ve
tors are averaged over the entire 
rystal, theobserved displa
ement and ma
ros
opi
 polarization point in a tetragonal dire
tion.XAFS, however, is sensitive only to the lo
al stru
ture. When the polarization ofthe x{rays is parallel to the 
rystallographi
 
-axis in Fig. 7.6b, �̂ and ~d form a 45Æangle. When the polarization is perpendi
ular to the 
rystallographi
 
-axis, �̂ and ~dagain form a 45Æ angle. In both orientations 
os�1(�̂ � d̂ ) = 45Æ, thus Ak = A?. Thisis 
lose to the behavior of the data in Fig. 7.4. These spe
tra demonstrate that theorder{disorder model des
ribes the tetragonal phase of BaTiO3.
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Figure 7.6: Cartoon representing the lo
al stru
tures of tetragonal BaTiO3 in thedispla
ive (a) and order-disorder (b) models. The ma
ros
opi
 polarization P̂ is inthe 
̂ dire
tion. The large arrow between the panel indi
ates the dire
tion of thema
ros
opi
 polarization and the 
-axis of the 
rystal. The shaded 
ir
les representthe barium atoms, the heads of the arrows represent the titanium atoms, and theoxygen atoms have been left out.



93In the range of temperatures shown in Fig. 7.3, the area under the peaks 
hangesfrom 0:20(3) eV to 0:15(2) eV. By Eq. 7.1, the magnitude of ~d de
reases by only about13 per
ent from its value of 0:23(5)�A as measured from our 35K EXAFS data. Inthis temperature range, the thermal root mean square displa
ement of the titaniumatom from its site near the 
enter of the oxygen o
tahedron given the values of �2for the titanium{oxygen bond are mu
h too small to a

ount for the size of the peak[114℄. Sin
e the lo
al distortion persists well into the 
ubi
 phase, these data, likethe polarization dependent data in Fig. 7.4, 
annot be explained by the displa
ivemodel. Together with the barium EXAFS results, these XANES spe
tra demonstratethat the lo
al displa
ement of the titanium atom in BaTiO3 is approximately in arhombohedral dire
tion at all temperatures and that an order-disorder model explainsthe dominant behavior of the lo
al stru
ture throughout its the phase transitions.The small displa
ive 
omponent of ~d is smoothly varying through the various phasetransitions and j~d j > 0 at all temperatures.There is one more pie
e of information about the lo
al stru
ture of BaTiO3 
on-tained in Fig. 7.4. The peaks in the parallel and perpendi
ular orientations are of sim-ilar area, but not quite the same. The areas under these peaks are Ak = 0:39(04) eVand A? = 0:17(02) eV. Applying Eq. 7.1 to these areas, I �nd them 
onsistent with ~dlying 11:7(1:1)Æ towards the 
 axis away from the h111i axis. This is a believable re-sult for the tetragonal phase. The presen
e of a ma
ros
opi
 polarization reasonably
ould bias the lo
ations of the minima in the lo
al potential surfa
e slightly away fromthe h111i axes in the dire
tion of the ma
ros
opi
 polarization. Our measurementsshow a slightly altered 
ase of the eight{site model wherein the strain introdu
ed bythe ma
ros
opi
 polarization is a

ommodated by the appropriate displa
ements ofthe adiabati
 minima away from the h111i axes. Although this sort of �ne detailabout the lo
al stru
ture is not resolved with statisti
al signi�
an
e using the bar-ium K edge EXAFS data alone, adding the single domain XANES results requires amodi�ed eight{site model to 
ompletely explain our XAFS data.As mentioned in Se
. 4.1, a re
ent di�ra
tion measurement [96℄ of PbTiO3 atlow temperature suggested the possibility of a low temperature orthorhombi
 phase.This suggests the possibility of an eight{site disorder model in PbTiO3. The spe
trashown in shown in Fig. 7.5 pre
ludes this possibility. The lo
al displa
ement of thetitanium atom is 
learly tetragonal at 300K. For an eight{site model to explainthe low temperature orthorhombi
 phase, a di�erent lo
al environment about thetitanium site would be required at low temperature. In light of the results of thisthesis, that seems unlikely. If a low temperature orthorhombi
 phase in fa
t exists in



94PbTiO3, I would hypothesize that the titanium displa
ement must be in a pseudo{tetragonal dire
tion. The ab ratio reported in Ref. [96℄ is only about 1.00015 at 75K.This is smaller than a typi
al un
ertainty in bond length measurement in an EXAFSexperiment. The presen
e of this additional phase 
annot be resolved unambiguouslyin an EXAFS measurement. For 
omparison, re
all that the 
a ratio in PbTiO3 is1.065 at room temperature.7.4 Relating the 3d Peak to the Lo
al Distortion in PbTiO3, BaTiO3,and EuTiO3As dis
ussed in Se
. 7.1, the peak just above the Fermi energy in the titanium per-ovskites is due to the overlap of the titanium d states with the oxygen p states. Fora poly
rystalline sample, the simple perturbation argument of Eq. (7.1) relates thearea of the peak to the square of the magnitude of the displa
ement of the titaniumatom from the 
enter of the oxygen o
tahedron. In the simplest 
ase, the A 
ationwould not 
ontribute to the area of the peak and a 
ommon 
onstant of proportion-ality between A and d2 would be observed in all titanium{oxygen o
tahedrons. Inthis se
tion I measure that proportionality 
onstant for ea
h of PbTiO3, BaTiO3, andEuTiO3.7.4.1 Poly
rystalline PbTiO3The XANES spe
trum of poly
rystalline PbTiO3 is shown in Fig. 7.7 at various tem-peratures spanning the phase transition temperature at 763K. I measured the areasunder these peaks using the method des
ribed in Se
. 7.2. These areas are plotted inFig. 7.8. Note that the peak area diminishes as the phase transition temperature isapproa
hed from below, 
onsistent with a small displa
ive 
omponent of the behaviorof the lo
al distortion. There is a dis
ontinuity in the area slightly above3 T
. Thisbehavior is 
onsistent with the weak �rst order behavior of the ma
ros
opi
 orderparameter. The area remains large above T
, indi
ating that the lo
al distortions3To avoid distortion of the data due to inhomogeneity in the thi
kness of radiation shield 
overingthe furna
e, holes were 
ut in the radiation shield to allow the unobstru
ted passage of thein
oming and 
uores
ed photons. These large holes produ
e a temperature gradient in the furna
esu
h that the surfa
e of the furna
e is 
ooler than its 
enter. The samples must be at the surfa
eand exposed to the in
ident x{rays, while the thermo
ouple was shielded by metalli
 pie
es ofthe furna
e. Consequently the sample was 
ooler than the thermo
ouple. Examining Fig. 7.8, itappears that the sample was about 15K 
ooler at T
, as the dis
ontinuity just above T
 probablyrepresents the true phase transition temperature.
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Figure 7.7: The Titanium K edge XANES spe
trum of PbTiO3 at several tempera-tures in the tetragonal and 
ubi
 phases. The peak dis
ussed in this 
hapter is shownwithin the dashed box.
persist well into the high temperature phase and requiring that they be disorderedto produ
e the 
ubi
 
rystallographi
 phase. The dominant 
ontribution to the er-ror bars in Fig. 7.8 is systemati
 and is due to the un
ertainties in the temperatureindependent parameters used to des
ribe the portions of the edge stru
ture to eitherside of the peak at 4966 eV as des
ribed in Se
. 7.2. These systemati
 un
ertaintiesare independent of temperature and will not e�e
t the temperature dependen
e ofthe area shown in Fig. 7.8. The statisti
al un
ertainty of these area measurementsis apparently quite small, as the s
atter in the points around 740K is mu
h smallerthan the error bars dominated by systemati
 un
ertaintiesThe distortion parameter d obtained from analysis of the PbTiO3 EXAFS is de-�ned in Eq. (4.1) and plotted as a fun
tion of temperature in Fig. 4.9. Using thesevalues for d and the area shown in Fig. 7.8, the 
onstant of proportionality 
 forPbTiO3 is 12:3(1:4) eV�A2 . Alternately, the 
rystallography measurement on PbTiO3[90℄ gives a titanium distortion parameter of 0:308�A at 300K. Using this and thepeak area at 300K gives 
 = 14:2(8) eV�A2 . The temperature dependen
e of the dis-tortion parameter 
al
ulated from the peak areas and this proportionality is shownby the 
rosses in Fig. 7.8 and 
ompared to the distortion parameter obtained from
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Figure 7.8: Areas (�) under the near edge 3d peaks in the titaniumK edges of PbTiO3as a fun
tion of temperature. Also plotted are the are the distortion parametersmeasured from the EXAFS ( ) and shown in Fig. 4.9 
ompared with the distortionparameter extra
ted from the areas (�) as des
ribed in the text.
the EXAFS, whi
h are shown in both Figs. 4.9 and 7.8. These two measurements ofthe distortion parameter show ex
ellent agreement within their un
ertainties. Notethat the area of the 3d peak, with its d2 dependen
e, provides a mu
h more a

uratemeasurement of the temperature dependen
e of the lo
al distortion than does theEXAFS. As seen in Fig. 7.8, the dis
ontinuity at T
 is within the error bars in theplot of distortion, but is 
learly evident in the plot of areas.7.4.2 Poly
rystalline BaTiO3 and EuTiO3BaTiO3As indi
ated in Table 5.5, the �ts to the barium edge data were insensitive to therhombohedral distortion of the titanium atom, thus I 
ould not a

urately measurethe temperature dependen
e of the displa
ement of the titanium atom from the 
enterof the oxygen o
tahedron with my barium edge data. With the parameters set asindi
ated in Table 5.5, I measured the distortion parameter to be 0:23(1)�A at alltemperatures. I then measured the areas of the peaks shown in Fig. 7.3 using the
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Figure 7.9: The titanium K edge XANES spe
trum of EuTiO3 at several tempera-tures. The peak dis
ussed in this 
hapter is shown within the dashed box.method des
ribed in Se
. 7.2. With these values obtained from the XAFS spe
tra, Iobtain 
 = 11:1(1:6) eV�A2 . Alternately using the 70K 
rystallography data from Ref. [4℄gives a displa
ement of 0:229�A for the titanium atom and 
 = 11:2(1:7) eV�A2 .EuTiO3The 3d peaks in the EuTiO3 data shown in Fig. 7.9 are quite small. Small areas arediÆ
ult to measure by the te
hnique of Se
. 7.2 sin
e the systemati
 un
ertainties ofthe te
hnique are similar in size to the area. Instead, I evaluated di�eren
e spe
train the near edge region between the 15K data and the data at ea
h of the highertemperatures. I then measured the area between 4965 and 4968 eV using a simpletrapezoid integration. The results are given in Table 7.1. Using the thermal distortionparameters from Table 6.4, I obtain a proportionality 
onstant of 
 = 13:6(2:8) eV�A2 .7.4.3 Summary of Poly
rystalline Results and Comparison with XANES Cal
ula-tionsTable 7.2 summarizes my measurements of the proportionality 
onstant relating the3d peak area and the titanium displa
ement in PbTiO3, BaTiO3, and EuTiO3. These
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Table 7.1: Areas of the 3d peaks in EuTiO3. These are the areas of the di�eren
espe
tra between the 15K data and the higher temperature data, thus there is noarea for the 15K data. The variation is peak areas in the data is typi
ally about 5%between s
ans at the same temperature.temperature area15K |128K 0:031 eV300K 0:057 eV500K 0:089 eVnumbers are in reasonably good agreement with one another. From these results Ihypothesize that the proportionality 
onstant 
 is insensitive to the spe
ies of the A
ation in these three titanium oxide perovskites. Averaging over the values given inTable 7.2 gives 
 = 12:5(1:4) eV�A2 .Although the agreement in the measurement of 
 is fairly good, the 
's obtainedusing the 
rystallographi
 value of d for PbTiO3 and BaTiO3 disagree with one otheroutside their error bars. There is some missing physi
s in the simple argument pre-sented in Eq. (7.1). In the mole
ular orbital pi
ture, the peak is due to the overlapof the titanium 3d states with the surrounding oxygen 2p states. The amount ofhybridization depends not only on the size of the distortion of the titanium atomfrom a site of point 
entrosymmetry, but also on the proximity of the ions. If theions are farther apart, then the spatial overlap of the ele
tron wave fun
tions will besmaller. I suggest that the large value of 
 = 14:2(0:8) eV�A2 for PbTiO3 is due to en-han
ement of the hybridization due to the short titanium{axial oxygen bond length.The parameterization of the e�e
t of the bond length is un
lear at this time.In Chs. 8 and 9 I des
ribe a newly developed ab initio XANES 
ode whi
h I use to
al
ulate the e�e
t on the XANES of the displa
ement of the titanium atom from its
entrosymmetri
 site in EuTiO3. These 
al
ulations are shown in Fig. 7.10. The solidline is a 
al
ulation using the 
ubi
 perovskite stru
ture. This shows good agreementin the region of the 3d peak, although the 
al
ulation fails to resolve the next peakat about 4970 eV. For the other two 
al
ulations, I introdu
ed tetragonal distortionsof the titanium and oxygen atoms like those found in PbTiO3 while retaining the
ubi
 axis lengths. As the size of the displa
ement of the titanium atom used in the
al
ulation grows, the size of the 
al
ulated 3d peak grows.
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Table 7.2: Proportionality 
onstants between A and d2 for PbTiO3, BaTiO3, andEuTiO3. The �rst three 
olumns use the distortion parameter d determined from theEXAFS results presented in Chs. 4 { 6. The last two 
olumns use d determined fromlow temperature di�ra
tion measurements on PbTiO3 [90℄ and BaTiO3 [4℄. The unitsare eV�A2 . using d from EXAFS using d from 
ryst.PbTiO3 BaTiO3 EuTiO3 PbTiO3 BaTiO312.3(1.4) 11.1(1.6) 13.6(2.8) 14.2(0.8) 11.2(1.7)

I measured the areas of the peaks in these 
al
ulations by subtra
ting the 
al
u-lation on the undistorted stru
ture from the 
al
ulations on the distorted stru
turesand measuring the areas of the di�eren
e spe
tra between 4963 and 4970 eV. Usingthe distortion parameter de�ned by Eq. (4.1), I obtain a 
onstant of proportionalityof 18:0(0:3) eV�A2 . For 
omparison, a similar 
al
ulation to Fig. 7.10 is shown for PbTiO3in Fig. 9.11. I measured the 
onstant of proportionality for the PbTiO3 
al
ulationin the same manner as for the EuTiO3 
al
ulation and obtained 15:8(0:6) eV�A2 . The
al
ulated proportionality 
onstant is systemati
ally larger than the experimentalnumber, but the area shows the same dependen
e on the square of the displa
ementparameter.7.4.4 PbTiO3 Single Crystal DataIn this se
tion I interpret single 
rystal PbTiO3 titanium K edge XANES measure-ments within the 
ontext of the order{disorder model dis
ussed in Ch. 4. There are,unfortunately, signi�
ant systemati
 problems with the data in this se
tion. I 
ol-le
ted single 
rystal PbTiO3 data on two o

asions, April and November of 1995, andboth data sets are a�e
ted by experimental problems. The �rst attempt at 
olle
tingthe data was plagued by diÆ
ulties with the temperature 
ontrolling apparatus, whilethe se
ond data set shows systemati
 distortions to the data on a s
ale larger thanthe e�e
t that I intend to measure. Consequently, I have dis
arded the se
ond dataset. After des
ribing the problems with the temperature 
ontroller in the �rst dataset and how I have a

ounted for them, I will interpret these data.The major problem in the April 1995 data set was that a J{type thermo
ouplewas used as a temperature sensor while the temperature 
ontroller used in the 
ourse
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Figure 7.10: Comparison of data and 
al
ulation of the titanium K near edge stru
-ture in EuTiO3. The data is transmission XAFS. The solid line is the xanes 
al
u-lation using the 
ubi
 perovskite stru
ture from Ref. [108℄. The short dashed line isa 
al
ulation on this same stru
ture, but with tetragonal fra
tional distortions of theoxygen and titanium atoms from sites of 
entrosymmetry in the unit 
ell equal tothose in PbTiO3 as given in Table 4.4. The long dashed line is a 
al
ulation with thosedistortions redu
ed by 13 . The 
ell axis lengths are the same in all three 
al
ulations.
of the experiment was 
alibrated for K{type thermo
ouples. Consequently, the tem-perature readings for this part of the single 
rystal data set are in
orre
t. For bothorientations, I intended to take data at 300, 400, 500, 600, and 700K, however thetemperatures above room temperature were systemati
ally higher than anti
ipated.By 
onsulting tables of voltages for the two types of thermo
ouple, I was able toapproximate the true temperature on the sample at the time of the measurement.The temperatures for these data in the ferroele
tri
 phase are 300, 431, 568, 707, and830K. This last temperature is in the paraele
tri
 phase. Other than the ambiguityabout temperature, this data set seems to be of good quality and is used throughoutthis se
tion. I guess that the un
ertainty in temperature measurement in the datapresented in this se
tion is less than 20K. Clearly this situation is unsatisfa
tory.The best 
ourse is to remeasure the single 
rystal data so that the results of thisse
tion 
an be veri�ed.



101Measuring disorder using the peak areasShown in Figs. 7.11 and 7.12 are the temperature dependen
es of the single 
rystalPbTiO3 data with �̂ k 
 and �̂ ? 
. Note that the magnitude of the �̂ k 
 peak inthe box in Fig. 7.11 diminishes with in
reasing temperature while the �̂ ? 
 peak inthe box in Fig. 7.12 in
reases with in
reasing temperature. In Fig. 7.11, the peakbe
omes mu
h smaller in the high temperature phase as the lo
al distortions be
omedisordered.
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Figure 7.11: The titanium K edge XANES spe
trum of PbTiO3 with �̂ k 
 at severaltemperatures in the tetragonal phase and one temperature in the 
ubi
 phase.In a displa
ive model for the temperature dependen
e of the PbTiO3 lo
al stru
-ture the size of the peak in the 
 polarized data would shrink proportionately to thetitanium displa
ement, whi
h would be relaxing with temperature into a 
entrosym-metri
 position. The titanium displa
ement as measured by x{ray di�ra
tion is shownby the 
rosses in Fig. 4.9. Above T
 the titanium atom would relax 
ompletely to asite of point 
entrosymmetry and the peak would vanish. The a polarized peak wouldgrow only slightly due to the in
reasing thermal distortion parameter. The Einsteintemperature for the titanium{oxygen bond in PbTiO3 is given in Ch. 4 as 582(20)K.In an order{disorder model, the behavior of the 
 peak with temperature wouldbe similar to its behavior by the displa
ive model. The disordering of the lo
al
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Figure 7.12: The titanium K edge XANES spe
trum of PbTiO3 with �̂ ? 
 at severaltemperatures in the tetragonal phase and one temperature in the 
ubi
 phase.
displa
ements and lo
al elongations of the 
{axis result in 90Æ rotations of the lo
alstru
ture. Thus some fra
tion of the lo
al displa
ements that were aligned parallel to�̂ at lower temperature rotate away from that dire
tion. The 
 peak thus diminishes.Similarly, the a peak grows due to some number of lo
al displa
ements rotating toan orientation parallel to �̂. The main di�eren
e in the temperature dependen
eof the XANES between the two models is that the a{axis grows faster under theorder{disorder model.Assuming the order{disorder model, the fra
tion of lo
al unit 
ells rotated awayfrom the nominal polarization 
an be determined from the temperature dependen
eof the peak areas. If x is the fra
tion of lo
al 
ells rotatedA
(T ) =(1� x)A
(0) d2Td20 (7.2)x =1� d20d2T A
(T )A
(0) (7.3)where A(T ) is the area at temperature T and A(0) is the area at zero temperature.To a

urately measure the fra
tion of 
ells rotated away from this orientation, themeasurements of the areas must be s
aled by the by the size of the titanium displa
e-



103ments at low and high temperature. For this I use the displa
ements obtained fromthe poly
rystalline peak areas shown in Fig. 7.8.Similar expressions 
an be 
onstru
ted for the temperature dependen
e of the apeaks Aa(T ) =x2A
(0) � d2Td20 (7.4)x =2 d20d2T Aa(T )A
(0) (7.5)The fa
tor of two in the a peak equations arises from the equivalen
e of the a and baxes. When a lo
al unit 
ell rotates away from the ma
ros
opi
 
̂ dire
tion, it will endup in one of the two equivalent a dire
tions. In my experiment, one of these dire
tionswas parallel to the in
oming x{ray polarization and one was perpendi
ular. Note that,in these equations, I assume that the 
ontribution to the a{axis peak due to the �2of the titanium{oxygen bond is small as the Einstein temperature was measured tobe 582(2)K.To measure the area of these peaks, I made two assumptions, both of whi
h seemreasonable in light of the EXAFS results on PbTiO3 in Ch. 4. The �rst is that thedisordering is negligibly small at room temperature so that the area of the 
{axis peakat 300K is the same as at 0K. The se
ond is that the a{oriented peak measured at300K is a good measure of the signal in the 3d region of the spe
trum in the absen
e ofdistortion. Using these assumptions, I made the di�eren
e spe
tra shown in Fig. 7.13by subtra
ting the 300K a{axis data from ea
h of the other oriented, single domainspe
tra. I used a trapezoid integration to obtain the area under �̂ k â di�eren
espe
tra. The temperature dependent part of the �̂ k 
̂ di�eren
e spe
tra is the peak
entered at 4966 eV. I measured the area under this using the method presented inSe
. 7.2.Upon examination of the 
ontents of Table 7.3, it is 
lear that single 
rystalpeak areas are not 
onsistent with the interpretation of the lo
al stru
ture presentedelsewhere in this thesis. In fa
t, these measurements are not even 
onsistent withone another in the 
ubi
 phase. There are several possible sour
es of error in thispresentation.1. The interpretation of disordered lo
al displa
ements or its e�e
t on the single
rystal data is in
orre
t.2. The determination of the temperatures as des
ribed at the beginning of this
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Figure 7.13: Di�eren
e spe
tra for the temperature and polarization dependent, sin-gle 
rystal PbTiO3 Ti XANES spe
tra. The a spe
trum at 300K was subtra
tedfrom ea
h of the other spe
tra to 
reate the di�eren
e spe
tra. The dashed verti
allines indi
ate the region within whi
h the areas in Table 7.3 were measured. Thetemperatures of the measurements of the a{ and 
{axis spe
tra are explained in thetext.
Table 7.3: Fra
tions of rotated 
ells in PbTiO3 
omputed using the the single 
rystalpeak areas and assuming an order{disorder model. The temperatures for the twoorientations are given as des
ribed in the text. The area are measured from thedi�eren
e spe
tra in Fig. 7.13 as des
ribed in the text. xa and x
 are evaluated usingEqs. 7.3 and 7.5. x = 23 is expe
ted in the 
ubi
 phase, i.e the three dire
tions areequally o

upied.temp. a area xa 
 area x
300K 0 eV 0 0:704(9) eV 0431K 0 eV 0 0:632(10) eV 0.03(10)568K 0:011 eV 0.05(1) 0:533(12) eV 0.13(9)707K 0:027 eV 0.11(1) 0:403(13) eV 0.21(9)830K 0:060 eV 0.28(3) 0:087 eV 0.80(2)



105se
tion is in
orre
t. In fa
t, the values of x appear to be 
onsistent if theun
orre
ted temperatures are used for xa.3. The separation of 
{axis 
ontribution from the measured signal as des
ribedin Se
. 3.2.2 was in
orre
t, resulting in an in
orre
t evaluation of A
(0). It ispossible to measure these data in a geometry that isolates the 
{axis signal anddoes not require the data pro
essing used in this thesis.This analysis may bene�t from re{
olle
tion of the single 
rystal, single domaindata using an appropriate measurement geometry and a reliable temperature sensor.Certainly the assumptions made about the disordering of the lo
al stru
ture, the e�e
tof disordering on the single domain XANES spe
tra, and the method of analysis mustbe reevaluated. This remains an open question in my thesis.Measuring disorder using the axis lengthsThe relationships between the average a{ and 
{axis lengths measured by di�ra
tionand the lo
al axis lengths measured by EXAFS 
an be written in similar form toEqs. 7.2 { 7.5. The axis lengths of the 
rystallographi
 stru
ture are the weightedaverage of the lo
al axis lengths where the weights depend on the fra
tion of lo
al 
ellsrotated due to the disordering. If a
r and 

r are the average axis lengths measuredby 
rystallography and aex and 
ex the lo
al axis lengths measured by EXAFS, thenthe fra
tion of unit 
ells rotated as measured using the 
{axis lengths is

r (T ) =(1� x)
ex (T ) + xaex (T ) (7.6)x
 = 
ex (T )� 

r(T )
ex(T )� aex (T ) (7.7)and using the a{axis lengthsa
r(T ) =(1� x2)aex (T ) + x2 
ex (T ) (7.8)xa =2�a
r(T )� aex (T )�
ex (T )� aex (T ) : (7.9)In the high temperature phase, I expe
t to �nd that x = 23 , whi
h is the 
ondition of
omplete disorder, i.e. that ea
h dire
tion is 13 o

upied.A measure of the di�eren
e in the latti
e lengths 
an also be expressed in terms



106of x 

r(T )� a
r(T )
ex(T )� aex (T ) = 1� 3x2 (7.10)xdi� = 23 1� 

r (T )� a
r(T )
ex (T )� aex (T )! (7.11)In the high temperature, 
ubi
 phase, x in Eq. 7.11 evaluates to 23 regardless of thethe lo
al axis lengths.I use the data displayed in Fig. 4.6 to evaluate Eqs. 7.6 { 7.11. The measure-ments of the number of lo
al unit 
ells rotated due to the disordering me
hanism aregiven in Tab. 7.4. In the ferroele
tri
 phase, the various measurements of x agreeat ea
h temperature within their un
ertainties although the a{axis measurement issystemati
ally smaller than the 
{axis measurement. They agree within their errorbars with the fra
tions measured from the peak areas. In the high temperature phasex
 is 
onsistent with 23 , the 
ondition of 
omplete randomness, but xa is not.The dis
repan
ies between the xa and x
 in Table 7.4 indi
ate the level of sys-temati
 error in the axis lengths determined from the EXAFS measurements. It ispossible that the �tting values in the �ts presented in Se
. 4.2 (e.g. the axis lengthsand the E0's for the various ba
ks
atterers) 
ould be further re�ned with the 
on-straint that xa and x
 are more 
losely 
onsistent. I imagine this 
onstraint would
hange the values found in Se
. 4.2, but would not qualitatively 
hange the results.Table 7.4: Fra
tions of rotated 
ells in PbTiO3 
omputed using the the axis lengthsand assuming an order{disorder model. The fra
tions x
 are 
omputed using Eq. (7.7),xa using Eq. (7.9), and xdi� using Eq. (7.11). The last 
olumn is the ��2 weightedaverage of the three previous 
olumns. The data used to evaluate these equations isshown in Fig. 4.6.temp. x
 xa xdi� average450K 0.000(69) -0.030(34) -0.010(52) -0.013(15)600K 0.183(40) 0.099(19) 0.155(22) 0.145(43)700K 0.270(99) 0.159(48) 0.233(46) 0.221(56)730K 0.372(118) 0.230(56) 0.324(41) 0.309(72)800K 0.747(137) 0.506(60) 0.667 0.627(170)850K 0.723(154) 0.554(70) 0.667 0.639(120)



Chapter 8THEORY OF XANESThe literature on x{ray absorption spe
tros
opy (XAFS) traditionally pla
es the
ut{o� between the near{edge (XANES) and extended (EXAFS) parts of the spe
-trum at about 20{40 eV above the Fermi energy. This distin
tion is somewhat am-biguous. As shown below in Eq. (8.1), the x{ray absorption 
ross se
tion is relatedto Fermi's Golden Rule, whi
h is a dipole matrix element that 
an, in prin
iple, beevaluated at any energy. in that sense, there is no distin
tion between XANES andEXAFS. High order multiple s
attering (MS) 
ontributes strongly to the XANES andmu
h less so to the EXAFS. The path expansion des
ribed in Se
. 2.1.2 
onverges toa good des
ription of the EXAFS in a small number of terms, while a path expansionmay require an enormous number of terms or simply fail to 
onverge in the XANESregion. Later in this 
hapter, I will suggest the 
onvergen
e of the path expansion asan unambiguous 
riterion for the separation of XANES from EXAFS.A pra
ti
al reason for the distin
tion between XANES and EXAFS is their relativeease of analysis and interpretation. The EXAFS spe
trum 
an usually be interpretedby 
onsidering the signal from some small number of s
atterers. Usually single s
at-tering and low order multiple s
attering suÆ
e to analyze the EXAFS spe
trum andinterpret it in terms of lo
al atomi
 stru
ture. As dis
ussed in Ch. 2, EXAFS anal-ysis is a signal pro
essing problem with a well determined bandwidth. Typi
ally ananalysis of EXAFS 
an be parameterized with a number of variables whi
h is small
ompared to the bandwidth.Treating the XANES as a bandwidth limited signal and attempting to dire
tlyanalyze it by the same te
hniques as those used in EXAFS analysis is not a promisingapproa
h. The mean free path � of the photoele
tron is typi
ally a few �Angstromsat energies in the EXAFS region and will attenuate the 
ontributions to the spe
-trum from very long paths. Even when forward modeling an EXAFS spe
trum inenergy spa
e, very long paths 
an be negle
ted due to the attenuation by �. In theXANES region, however, � 
an be 10's of �Angstroms. Below the energy at whi
h thephotoele
tron 
an ex
ite a bulk plasmon, typi
ally a few 10's of eV above the Fermienergy [115℄, it experien
es only intrinsi
 losses, whi
h are smaller than the loss due



108to the plasmon ex
itation [116℄. This results in a very long mean free path. Further-more, the energy of the photoele
tron in the XANES region is not large 
omparedto the variations in the potential, thus high orders of multiple s
attering will not benegligible 
ompared to single s
attering. Thus the 
onsideration of many atoms andhigh order multiple s
attering is required to understand the XANES. As the XANESextends only a few inverse angstroms in photoele
tron wavenumber, the number of�tting parameters required to analyze so many paths would surely ex
eed the infor-mation 
ontent of the narrow bandwidth signal. Furthermore, the empiri
al isolationof the the �ne stru
ture � from the absorption spe
trum � using a te
hnique su
h asthat employed by autobk is not reliable in general. Through the steeply rising partof the absorption edge, the spe
trum 
hanges too rapidly to be well approximated bya spline or similar fun
tional form.Despite the 
omplexity of the XANES signal, it 
ontains a wealth of information.As shown in Ch. 7, the XANES spe
trum 
ontains information about the lo
al 
on-�gurational environment about the absorbing atom. The XANES of materials is alsoexamined for ele
troni
 information su
h as 
hemi
al valen
e and 
harge transfer.The prospe
t of interpreting the XANES using ab initio prin
iples is 
ompelling.In this 
hapter, I present a full multiple s
attering (FMS) theory of XANES. Iwill dis
uss the path expansion used su

essfully by feff to 
al
ulate the EXAFSand why it 
an fail in the XANES region. I will then present a development ofthe 
omputational method of my FMS 
ode xanes. In the following 
hapter, I willpresent results from the xanes 
ode and dis
uss the interpretation of the XANESspe
trum in terms of the FMS approa
h.8.1 The Multiple S
attering Path Formalismfeff has proven su

essful as a tool for EXAFS analysis by providing a

urate the-oreti
al �tting standards. It uses a qui
kly 
al
ulated, rapidly 
onvergent expansionof the free ele
tron propagator to provide a 
onvenient des
ription of a multiple s
at-tering problem in terms of s
attering geometries. These 
al
ulations provide thetheoreti
al �tting standards whi
h are parameterized and used in a �t of the sortdes
ribed in Ch. 2.The absorption fun
tion measured by an XAFS experiment is related to the tran-sition rate of the photoele
tron from some initial deep 
ore state, jii, to a �nal stateabove the Fermi energy, jfi. This transition rate is determined within the one{ele
tron



109and dipole approximations by Fermi's Golden Rule [117℄:� /Xf ��hfj�̂ � rjii��2Æ("f � "i � !): (8.1)In this equation, �̂ � r is the dipole operator for the in
ident ele
tromagneti
 wave onthe system of atoms and ele
trons. Therefore, � is a dipole matrix element of theinitial 
ore state and the �nal state restri
ted to those �nal states whi
h are a

essibleby a in
ident photon of frequen
y !. Throughout most of this 
hapter Hartree atomi
units ~ = m = e = 1 will be used.Consider a 
at interstitial potential Vint due to a system of ions and ele
trons in a
rystal. The ions in the 
rystal are s
attering sites of potential ÆV. The Hamiltonianfor this system is H = H0 + V. A one{parti
le Green's fun
tion for this Hamiltonian
an then be written as G = 1=(E � H+ i�). Using the operator asso
iated with thisGreen's fun
tion, Pf jfiG hfj, the expression for � is rewritten� / � 1� Imhij�̂� � r G (r; r0 ;E)�̂ � r0jii�(E � EF ): (8.2)where � is the broadened Heaviside step fun
tion assuring that � is non{zero onlyabove the Fermi energy, i.e. only for in
ident photon energies that are large enoughto promote the 
ore ele
tron into an un�lled state. This step fun
tion is Lorentzianbroadened to a

ount for the lifetime of the ex
ited 
ore hole and experimental reso-lution.The G de�ned above is the full one{ele
tron propagator in the presen
e of thes
attering potential. G 
an be expressed in a series by the Dyson equationG = G0 + G0TG0: (8.3)G0 is the free ele
tron propagator, G0 = 1=(E � H0 + i�), and T = V + VG T is theatomi
 s
attering matrix [21, 118℄. The full s
attering matrix is expressed in termsof the single site s
attering matri
es t byT = t + tG0t + tG0tG0t+ � � � (8.4)



110Equation 8.3 is solved using Eq. (8.4) and expanded in a Taylor expansionG = G0 + G0tG0 + G0tG0tG0 + � � � (8.5)= (1� G0)�1G0 (8.6)The diagonal elements of �rst term are 1. Thus if all the elements of t are zero, i.e.if there are no s
atterers, then the free atom dipole matrix element is re
overed inEq. (8.2). G0, the free ele
tron propagator, des
ribes the propagation of an ele
tronfrom one angular momentum state in one atom to another atom and another angularmomentum state and t des
ribes the s
attering from ea
h site. The su

essive termsare the su

essive orders of s
attering 
ontributing to the dipole matrix element. These
ond term 
ontains the des
ription of all single s
attering events wherein an ele
tronpropagates to the s
atterer, s
atters from it, and propagates ba
k to the �rst atom.The third term des
ribes all events involving the s
attering from two atoms beforepropagating ba
k to the �rst atom. Higher order terms have similar interpretations.feff expli
itly 
al
ulates the terms of Eq. (8.5) for all propagations starting atthe 
entral atom, that atom whi
h absorbed the photon and emitted a photoele
tron.G = G
 +Xi 6=0 G
tiG
 + Xi;j 6=0i6=j G
tiG0i;jtjG
 (8.7)+ Xi;k 6=0i6=jj 6=k G
tiG0i;jtjG0j;ktkG
 + � � �� Xall possiblepaths G� (8.8)G
 is the free ele
tron propagator between the 
entral atom and some neighboringatom and G0i;j is the propagator between atoms i and j. The sums are over all possibles
attering geometries of ea
h order of s
attering. The terms ex
luded from the sumsare those for the propagation of an ele
tron from some atom ba
k to itself. Thesupers
ript � denotes some s
attering path. feff determines all possible s
atteringgeometries � within some 
luster of atoms 
entered around the absorbing atom [119℄.It then 
omputes G� for ea
h � individually.feff determines the 
ontribution of ea
h s
attering path to the total �(k) of theproblem by taking a tra
e1 over azimuthal states of G�Lf ;Lf for the 
entral atom and1 This tra
e is for the 
ase of a polarization averaged 
al
ulation. feff6 
an also 
al
ulate � for



111the �nal state angular momentum. For a single s
attering path, this is [30℄�SS = Im � exp(2iÆlf ) 12lf + 1Xm GSSlfm;lfm� (8.9)where lf is the �nal state angular momentum, R0 is the 
entral atom, Ælf is the 
entralatom phase shift for angular momentum lf . The 
ontributions to � due to higherorder s
attering are 
omputed by similar tra
es.8.2 The Full Multiple S
attering FormalismThe large photoele
tron mean free path near the absorption edge means that, inthe XANES region, the photoele
tron probes s
attering paths of very long pathslengths, in
luding very high order paths whi
h boun
e around the atoms within arelatively small radius of the absorber. As the 
luster size grows or as higher ordersof multiple s
attering are 
onsidered, the number of s
attering paths required in apath expansion grows exponentially [119℄. Although the task of enumerating all ofthese paths is automated by feff and any number of paths 
an, in prin
iple, be
onsidered, the path expansion may not be formally 
onvergent near the absorptionedge2. Even a 
onvergent expansion might 
onsume signi�
ant resour
es of time,
omputer memory, and disk spa
e. In the XANES region, it may be more pra
ti
alto dire
tly 
ompute G using Eq. (8.6).To a

omplish this, I en
oded the dire
t 
al
ulation of G into an automatedFortran program, xanes. In this and following se
tion I will present the theoryof the FMS method, and its appli
ation to 
omputation of XANES spe
tra and oflo
al ele
troni
 densities of state. Elements of feff are used to 
ompute G0 and T.Both G0 and t are 
omputed in a real{spa
e basis of angular momentum and atomi
position, jLRi. The shorthand L = fl; mg will be used throughout this 
hapter.8.2.1 The S
attering MatrixA dimensionless s
attering matrix is usedtLR;L0R0 = eiÆl sin(Æl)Æ(l � l0) Æ(R�R0) Æ(m) Æ(m0) (8.10)any path given arbitrary ellipti
al polarization.2 The 
riterion for formal 
onvergen
e of the path expansion will be dis
ussed in Se
. 8.2.3.



112This dimensionless t matrix la
ks the fa
tor of 1k usually in
luded in the s
atteringmatrix [47℄. The partial wave phase shifts Æl are 
omputed by feff from free atomrelativisti
 Dira
{Fo
k potentials whi
h are overlapped to form muÆn tin spheres.The phase shifts are written to one of the output �les of feff, phase.bin. Thedetails of the potentials and phase shifts 
al
ulation are dis
ussed in detail in severalreferen
es [27, 29, 119, 120℄. The Dira
 delta fun
tions restri
t the t matrix to itsdiagonal elements.The diagonality of the t matrix is due to an approximation used by feff to
onstru
t its muÆn tin. feff uses a spheri
ally symmetri
 
harge density withinthe muÆn tin spheres. Be
ause of this approximation, the s
attered photoele
tron
annot 
hange angular momentum state. This approximation lends 
omputationaleÆ
ien
y to the 
ode. The produ
t G0t in Eq. (8.6) is made in n2 time, where n isthe dimension of the basis, rather than in n3 time.
8.2.2 The Free Propagator MatrixThe exa
t 
al
ulation of the outgoing free ele
tron propagatorG0(r; r0;E) = � eikjr�r0j4�kjr � r0j (8.11)
an be a substantial 
omputational barrier to an FMS 
al
ulation as it must beproje
ted onto the angular momentum spa
e of the t matrix.G0 
an be expanded about two �xed sites R and R0 asG0(r; r0;E) =XL;L0 jL(r �R)j�L0(r0 �R0)G0L;L0(%): (8.12)The 
oeÆ
ients are produ
ts of spheri
al Bessel's fun
tion and spheri
al harmon-i
s JL = iljl(kr)YL(r̂) and � = pjR � R0j where p is 
omplex momentum of thephotoele
tron given in Eq. (2.9).The Rehr{Albers [30℄ algorithm is used to 
ompute the 
oeÆ
ients G0L;L0(%). Theaim of the Rehr{Albers algorithm is to separate these 
oeÆ
ients into produ
ts ofradial and angular terms. The radial dependen
e is expressed as a fast, a

urateexpansion of z-axis propagators. The remainder of this se
tion is adapted from Ref.



113[30℄ and is in
luded here in enough detail for the reader to reprodu
e xanes.G0L;L0(�) = exp(i�)� lX�=�lRlm�(
�1�̂ )gj�jl;l0(�)Rl0�m0(
�̂): (8.13)The R are rotation matri
es in an angular momentum basis [117, 121℄ and the 
�̂represent the Euler angles (�; �; 
) of the rotation of �̂ onto the ẑ axis. Expressed interms of polar angles, these rotations are 
�̂ = (0; �; � � �) for the forward rotationand 
�1�̂ = (�� �;��; 0) for the return rotation.The gj�jl;l0(�) are the ẑ-axis propagators. These are expanded in terms of spe
ialfun
tions gj�jl;l0(�) = min(l;l0�j�j)X�=0 ~
l��(�)
l0��(�): (8.14)The 
-fun
tions are polynomials related to spheri
al Hankel fun
tions by Eqs. (8.15)and (8.18) below.Letting � = �i=�, the outgoing spheri
al Hankel fun
tion 
an be written in termsof another polynomial, 
l: h+l (�) = �i�l�1�e1=�
l(�): (8.15)The 
l follow the standard Bessel fun
tion re
urren
e relation:
0(�) = 1
1(�) = 1� �
(l+1)(�) = 
(l�1)(�)� (2l + 1) � � � 
l(�) (8.16)Di�erentiating the re
urren
e relation in Eq. (8.16) yields the following relations for
�l = (��=���) 
l����� �
(l+1)(�)� = ����� �
(l�1)(�)� (2l + 1) � � � 
l(�)�+
�l+1(�) = 
�l�1(�)� (2l + 1) � � � �
�l (�) + 
��1l (�)� (8.17)
��(�) = (�1)� � (2�)!��2��!



114The 
-fun
tions are 
l��(�) = (�1)�Nl� 
�+�l (�)(�+ �)!��+�~
l��(�) = (2l + 1)Nl� 
�l (�)�! �� (8.18)where Nl� are the spheri
al harmoni
 normalization fa
torsNl� = "(2l + 1)(l � �)!4�(l + �)! # 12
For small �, 
l(�) ! exp �il(l + 1)=2�� � �1 + l(l + 1)=2�2� 12 [30, 43℄. At large�, the �rst 
orre
tion to the asymptoti
 form of the Hankel fun
tion is of the sizeof l(l + 1)=2� [117℄. When this 
orre
tion term is small, the 
l(�) redu
e to planewaves. If we 
onsider that jpj is about 1{3 in the XANES region and that a typi
al
luster size in a 
al
ulation is about 5�A, then � is O(101). Partial wave s
atteringis important within the \
entrifugal barrier", i.e. for l su
h that lmax . kRMT whereRMT , the muÆn tin radius, is 1{2�A . Thus a typi
al lmax in a xanes 
al
ulation is 3.The 
orre
tion term is not small and plane waves should not be used in the XANESregion [43℄.With this, Eq. (8.14) is solved. The rotation matri
es R in Eq. (8.13) are energyindependent and 
al
ulated by an iterative te
hnique [117, 121℄. As the rotationmatri
es are independent of energy, they may be 
al
ulated on
e for all pairs of atomsin the 
luster and saved for use at ea
h energy point. Although saving all rotationmatrix elements within a large 
luster requires signi�
ant 
omputer memory, doingprovides 
onsiderable 
omputational eÆ
ien
y. Finally, Eqs. (8.13) and (8.10) areused to solve the FMS matrix G by Eq. (8.6) in the jLRi basis.This approa
h to 
al
ulating G is solved entirely in real spa
e with no assumptionof symmetry or periodi
ity. Unlike band stru
ture based approa
hes to 
al
ulatingabsorption spe
tra and ele
troni
 densities, this method may be applied equivalentlyto 
rystals and non{
rystals, in
luding surfa
es, biologi
al materials, quasi
rystals,amorphous solids and liquids, and others.The Rehr{Albers te
hnique is stable, a

urate, and qui
kly 
onvergent 
omparedwith other te
hniques of 
omputing G0 [122, 123℄. This speed is a signi�
ant featureof the FMS method presented here. Pro�ling [124℄ the exe
ution of my xanes 
ode



115reveals that about 16 per
ent of its exe
ution time is spent evaluating the gj�jl;l0(�)terms for a medium sized problem, su
h as the boron nitride 
al
ulations shown inSe
. 9.3. This is only a few per
entile fewer than the time spent inverting (1� G0t).As the size of the basis in
reases, the time spent on the matrix inversion s
ales fasterthan the evaluation time of the gj�jl;l0(�) terms. For the 
opper 
al
ulation in Se
. 9.1, 8per
ent of the two hour exe
ution time was spent 
al
ulating the gj�jl;l0(�) terms whileabout 50 per
ent of the time was spent on matrix inversion. Cal
ulating G0 is asigni�
ant fra
tion of the exe
ution time spent on a problem of any size. The speedof the Rehr{Albers algorithm is a signi�
ant feature of xanes.
8.2.3 Matrix AlgebraSolving Eq. (8.6) is a problem of matrix inversion. There are several standard te
h-niques for ta
kling a matrix inversion. In xanes, I use a Lower{Upper (LU) [125℄de
omposition, a speedy, reliable te
hnique for the de
omposition of an arbitrarymatrix with no parti
ular internal symmetries, su
h as triangularity, diagonality, orsparseness. An LU de
omposition 
an, however, provide an unstable solution fora singular or nearly singular matrix. In that 
ase, the answer provided by the LUde
omposition 
an be dominated by numeri
al error. As an option, xanes 
an per-form the matrix de
omposition with a Singular Value De
omposition (SVD) [125℄.The SVD is slower than LU and requires more 
omputer memory, but provides anumeri
ally reliable approximate solution for a singular or nearly singular matrix. Inpra
ti
e an LU de
omposition of (1�G0t) is usually adequate3. Ex
ellent des
riptionsof both the LU and SVD te
hniques 
an be found in Numeri
al Re
ipes [126℄.The solution of Eq. (8.6) is the most signi�
ant 
omputational bottlene
k of theFMS te
hnique. The time ne
essary to solve Eq. (8.6) s
ales as n3 where n is thenumber of states jLRi in the problem. The R basis is the number of atoms in the
hosen 
luster and the L basis spans all angular momentum and azimuthal states of3 In fa
t, I have yet to �nd a 
ase where SVD and LU give di�erent answers. The SVD is ne
essaryin a 
ase where the matrix (1 � G0t) is 
lose enough to being either row or 
olumn degeneratethat 
omputer roundo� error dominates the 
omputation of the de
omposition. Even in 
aseswhere the 
onvergen
e 
riterion of Eq. (8.20) is not met, the de
omposition of the (1 � G0t) is
omputationally stable and the LU suÆ
es.



116the atoms in the 
luster. Nstates =Xi limax (limax + 1) (8.19)� Natoms � lmax (lmax + 1)Here limax is the maximum angular momentum state to be 
onsidered for atom i andlmax is the largest angular momentum state 
onsidered for any atom in the 
luster.It is 
learly advantageous to keep the size of the basis as small as possible withoutdis
arding any important physi
s.The rule that the 
entrifugal barrier, lmax � pRMT , limits the importan
e ofthe terms in the angular momentum expansion 
an be used. Here p is the 
omplexmomentum and RMT is the muÆn tin radius of the atom. The energy dependen
eof the 
entrifugal barrier limits the pra
ti
al extent of the full multiple s
atteringapproa
h to a few 10s of eV above the edge. The 
entrifugal barrier provides apra
ti
al, 
omputational barrier between the XANES and EXAFS regions of theXAFS spe
trum. lmax is less than 4 in an energy range extending to about 25 eVabove the Fermi energy. If the basis of the FMS 
al
ulation is restri
ted to l � 3,then about 25 eV is the energy at whi
h the XANES be
omes the EXAFS.The question of the 
onvergen
e of the path expansion 
an be addressed by ex-amination of the matrix G0t. There is a theorem of linear algebra [127℄ whi
h statesIf the moduli of the eigenvalues of all eigenve
tors of A are lessthan 1, then (1� A)�1 is non{singular, and the series1+ A + A2 + A3 + � � � (8.20)
onverges to (1� A)�1.A S
hurr fa
torization [125℄ is used in xanes to 
ompute the eigenvalues of G0t. Theappli
ability of this 
onvergen
e 
riterion to the MS XAFS problem is dis
ussed inRef. [46℄.It would be interesting to examine the 
onvergen
e properties of (1 � G0t). Thefollowing are still open questions about the FMS matrix:� Are there 
lasses of materials for whi
h (1�G0t) is or is not 
onvergent through-out the XANES region? Are these 
lasses based on 
oordination, ele
troni
properties, element 
omposition, or any other 
ommon 
hara
teristi
?



117� For materials for whi
h (1 � G0t) is 
onvergent, how many and what kinds ofpaths are required to rea
h 
onvergen
e?� For materials with 
onvergent (1� G0t), is it more eÆ
ient 
omputationally touse a path expansion or an FMS te
hnique?� How important is 
onvergen
e? That is, 
an a �nite path expansion in a mate-rial with a non{
onvergent FMS matrix produ
e physi
ally meaningful results?8.2.4 Computing � and �On
e Equation 8.6 is 
al
ulated, �FMS , the full multiple s
attering �ne stru
ture, 
anbe extra
ted from G L;L0 (�; E) in a manner equivalent to Eq. (8.9)�FMS = Im exp(2iÆlf ) 12lf + 1 hXm G L;L0 (�; E)i!� (8.21)Æ(R�R
entral) Æ(R0 �R
entral) Æ(l � lf ) Æ(l0 � lf ) Æ(m�m0):The Dira
 delta fun
tions restri
t this tra
e to the 
entral atom and to the angularmomentum of the photoele
tron �nal state lf . The tra
e is over � = 0 terms of theGreen's fun
tion, as indi
ated by the delta fun
tions inR and R0. The site{proje
ted� fun
tions used to 
ompute the lo
al densities of state in Se
. 8.2.5 involve similartra
es over di�erent sites. I use this notation to unders
ore the similarity of the �fun
tions used the 
al
ulation of the XANES and of the densities of state.The polarization dependen
e of �FMS is extra
ted from the lf submatrix by pro-je
ting the submatrix onto the polarization ve
tor expressed in an angular momentumbasis. This 
an be solved for an arbitrary photoele
tron �nal state and for arbitraryellipti
ity of the in
oming photon4. For K edges and linear polarization, the proje
-tion of � onto the polarization ve
tor is�FMS (�̂ ) / Xm;m0 �̂�m0 � G1m1m0(�) � �̂m: (8.22)In a XANES experiment the total absorption �(E ), is measured. �(E ) 
ontainsboth the embedded atom absorption �0 [58℄ and the �ne stru
ture �(E ). It is not,in general, pra
ti
al to extra
t �(E) from a measurement due to the diÆ
ulties of4One would use Eq. B2 of Ref. [27℄. The xanes program 
urrently only 
al
ulates linear polar-ization for lf = 1.



118determining the rapidly varying part of the ba
kground fun
tion in the real data nearthe absorption edge. Consequently, a 
al
ulation of �FMS is more useful than �FMS for
omparison with experiment.Eq. (8.13) has a prefa
tor of 1=� and two rotation matri
es for the angle betweenjR �R0j and ẑ. G0L;L0(�) is thus ill{de�ned for R = R0. As an aid in 
omputation,the elements of G0 whi
h are diagonal in the R basis are set to zero. This has theadditional advantage of for
ing to zero the 
ontributions to G whi
h propagate anele
tron from an atom to the same atom.The embedded atom ba
kground �0 is obtained by dire
tly evaluating the dipolematrix element of Eq. (8.1) for the 
entral atom. This is 
al
ulated by feff at thesame time as the partial wave phase shifts Æl and is saved to a �le 
alled xse
t.bin.The full multiple s
attering absorption 
ross{se
tion �FMS is 
omputed from �0 andEq. (8.21) �FMS (E) = �0(E)�1 + �FMS (E)� (8.23)�0(E) is 
omputed by dire
tly evaluating the integral in Eq. (8.1) using the deep
ore initial state and the �nal state of the embedded atom, i.e. the neutral atomwithin the muÆn tin potential. This 
al
ulation is performed by feff and writtento one of its output �les, xmu.dat.For 
omparison to experiment, it is useful to allow for adjustments to the Fermienergy and the line broadening of the 
al
ulation. feff provides an approximation tothe Fermi energy and uses tabulated values for 
ore{hole lifetimes 

h as a broadeningterm. An experiment might be further broadened by mono
hromator resolution orele
troni
 e�e
ts in the material. The Fermi energy and broadening are in
luded inthe 
al
ulation by multiplying the spe
trum by a fun
tion �(EF ) whi
h is zero belowEF and 1 above. This produ
t is then 
onvolved with a Lorentzian L of a width w.w is the sum of 

h and an additional broadening 
hosen to a

ount for experimentale�e
ts. �C0 = L(E;w)
 h�(EF )�0(E )i (8.24)(�0�FMS )C = L(E;w)
 h�(EF )�0(E )�FMS (E )i (8.25)�CFMS = �C0 + (�0�FMS )C (8.26)



1198.2.5 Lo
al Ele
troni
 Densities of StateThe ele
troni
 density of state (DOS) matrix is related [22, 23, 118, 128℄ to the Green'sfun
tion by % = � 1� Im G (8.27)We 
an evaluate the angular momentum proje
ted DOS at ea
h atom 
entered at Riin the 
luster%l;Ri(E) = rNZ0 d3(jr �Rij) TrmhjRL(r �Ri)j2%LRi;LRi(E)i (8.28)The radial integral is performed out to the Norman radius of the atom 
entered atR. The Norman radius is the radius of a sphere approximating the volume of the theWigner{Seitz 
ell in a 
rystalline material. The Norman sphere 
ontains a neutralatom. RL(r �Ri) is the radial wave fun
tion 
entered at Ri. The tra
e is over allazimuthal states of RL and of the density matrix. Expressed in this manner, %l;R(E)is solved analogously to Eq. (8.23).%l;Ri(E) = %0l;Ri(E)�1 + �l;Ri(E)� (8.29)The �ne stru
ture proje
ted onto a spe
i�
 site i and angular momentum ` is
al
ulated in a manner analogous to Eq. (8.21)�`;i = Im exp(2iÆ`;i) 12`+ 1 hXm G L;L0 (�; E)i!� (8.30)Æ(R�Ri) Æ(R0 �Ri) Æ(l � `) Æ(l0 � `) Æ(m�m0):The atomi
 ele
troni
 densities for ea
h embedded atom and angular momentumstate are 
omputed dire
tly from the atomi
 wave fun
tions:%0l;i(E) = 2p � 2(2l + 1)� ����� rNZ0 d3(jr �Rij)Rl(r �Ri; E)�����2: (8.31)The integral is over the embedded atom radial fun
tion, whi
h mat
hes to an outgoingHankel fun
tion at rN . The �rst fa
tor of 2 is for spin degenera
y, the 2(2l+1) is from



120the radial average and sum over azimuthal states, and p is the 
omplex momentum.Eqs. (8.30) and (8.31) are solved and put into Eq. (8.29) for the site and angularmomentum proje
ted DOS. The DOS proje
ted onto a site is%i(E) =Xl %l;i(E) (8.32)the total DOS for the 
luster is%(E) =Xl Xi %l;i(E): (8.33)8.2.6 Computing the Fermi Energy and Charge TransferThe Fermi energy for the 
luster of atoms in a 
al
ulation 
an be obtained by inte-grating % from Eq. (8.33) until all valen
e ele
trons Ne are a

ounted for.Ne = EFZ %(E) dE=Xl Xi EFZ dE %l;i(E) (8.34)The lower bound on this integral is the bottom of the valen
e band. In the muÆntin potential of feff7 this is a rather ambiguous 
on
ept. The bottom of the valen
eband is near the level of feff's intersti
e, but usually slightly below. The intersti
ein feff is at the energy of the 
at portion of the muÆn tin. When feff7 
onstru
tsits muÆn tin, some of the 
harge gets pushed below the intersti
e. To work withmy xanes 
ode, I modi�ed feff7 to 
ontinue its 
al
ulation of %0l;i(E) below theintersti
e.In xanes the number of valen
e ele
trons is taken to be the number of free atomele
trons in energy states above the level of the intersti
e as 
al
ulated by feff. Imodi�ed feff to write a �le 
ontaining enough information to determine the numberof valen
e ele
trons in the 
luster.The 
harge and orbital o

upan
y of a site 
an be 
al
ulated by negle
ting one orboth of the summations in Eq. (8.34). The evaluation of net 
harge 
an also be splitinto 
entral atom and s
attering 
omponents by separately evaluating the integralsof %0l;R(E) and %0l;R(E)�l;R(E). The 
al
ulations are shown for boron nitride in Se
.



1219.3.For an open stru
ture su
h as boron nitride, it may be ne
essary to 
onsider thatsome valen
e 
harge does not reside within the Norman sphere, whi
h was determinedfor the free atom. That 
harge will be a

ounted for in Eq. (8.29). The e�e
t of theopen stru
ture is that the integral of �l;R(E) will be negative below the Fermi energy.The 
harge removed from the Norman spheres is in the open regions of the stru
ture.For a 
rystal su
h as boron nitride, this interstitial volume is 
al
ulated by subtra
tingthe volume of the Norman spheres in the unit 
ell from the volume of the unit 
ell.Treating the ele
trons in this open region as a free ele
tron gas yields [129℄Nfree = V3�2�2m(EF � Eint)~2 � 32 (8.35)where V is the volume of the open region and m is the ele
tron mass. This valueof N is added to the integral of Eq. (8.34) and EF is found su
h that NDOS + Nfreeequals the number of valen
e ele
trons.8.2.7 Limitations of the FMS MethodThe FMS method is not a magi
 bullet for understanding absorption problems. Ithas several limitations.Limitations of the muÆn tin potentialEvery approximation used to 
onstru
t a muÆn tin is most severe at low energy.The e�e
ts of a non{
at intersti
e and of negle
ting 
harge transfer will, then,be most apparent in the XANES region of the absorption spe
trum. The non{
at intersti
e 
an be handled by introdu
ing o�{diagonal terms in the t matrix.This 
an be quite important for highly anisotropi
 materials of in materials withstrongly dire
tional 
ovalen
e at the 
ost of a sizable in
rease in 
omputationtime. The e�e
t of using neutral spheres to 
onstru
t the muÆn tin 
an be
orre
ted by using the values for 
harge transfer from Eq. (8.34) to 
onstru
t anew muÆn tin potential. Doing so is the beginning of a self{
onsisten
y loop.Limited energy rangeBe
ause the size of the required angular momentum basis in
reases dramati-
ally at higher energies, the size of the 
omputation basis s
ales as l 2max, andthe 
omputation time s
ales as l 6max. Thus there is a pra
ti
al limit on the en-ergy range of the te
hnique. At energies in the EXAFS region of the spe
trum,



122 the size of G be
omes a 
omputational burden. Fortunately, the path expansion
onverges in a small number of terms in the EXAFS region.Finite spatial dimensionSin
e the number of atoms in the 
luster s
ales as the 
ube of the radius, large
lusters are a 
omputational burden. Limiting the size of 
luster negle
ts the
ontribution from paths whi
h leave the 
luster. Also, 
are must be taken toavoid surfa
e e�e
ts in the 
onstru
tion of the muÆn tin. This is easily avoidedby 
onstru
ting the muÆn tin with a mu
h larger 
luster than is used in theFMS 
al
ulation.Thermal disorder is in
orre
tly handledMy xanes 
ode 
urrently negle
ts thermal disorder. Thermal motion withinthe 
luster 
an be approximated by multiplying ea
h element of G by an expo-nential of the mean square displa
ement about the value of jR �R0j for thatelement. Looking at the expansion of Eq. (8.5), the �2's of ea
h leg will beadded. However, 
onsider the following two s
attering paths:
The single s
attering path is of total path length R and has a thermal meansquare displa
ement �2. The triple s
attering path is of length 2R. It shouldhave a mean square displa
ement of 4�2, but is given one of 2�2 by the FMSte
hnique. Other 
lasses of paths are similarly mistreated by FMS. Fortunately,the exponential is a fun
tion of p2, whi
h is small in the XANES region, so themistreatment or negle
t of the thermal disorder is generally a small e�e
t.



Chapter 9XANES SIMULATIONSIn this 
hapter, I dis
uss appli
ations of the xanes 
ode to real materials. Aprominent member [130℄ of the XAFS 
ommunity re
ently stated to an audien
e atthe Ninth International Conferen
e on XAFS that XANES is in a similar state tothat of EXAFS at the �rst XAFS 
onferen
e 14 years earlier. At that �rst XAFS
onferen
e, formal theories and analyti
al te
hniques for interpreting the EXAFSspe
trum were in their infan
y. Most papers on the topi
 of EXAFS presented theirarguments in a des
riptive, hand{waving manner. Today EXAFS is a mature andquantitative spe
tros
opy, but XANES is still hindered by a la
k of rigorous te
hnique.I make no 
laim in this 
hapter to provide qualitative formalism for XANES on parwith what exists for EXAFS. I am 
on�dent, though, that what I present is a steptowards that goal. What I present here is the equal of any extant XANES te
hnique inthe s
ienti�
 literature. Here and in my dis
ussion of future goals in Ch. 10, I presenttools that I hope will help the development of XANES into a mature spe
tros
opy.9.1 CopperFollowing in a long tradition of XAFS theorists, I will start with a presentation ofa 
al
ulation of FCC 
opper metal. The XANES portion of the 
opper spe
trum is
hara
terized by a famous1 jog half way up its absorption edge. It has been shown[119, 120℄ that multiple s
attering e�e
ts are required to reprodu
e this e�e
t. Witha suÆ
iently large 
luster, the FMS te
hnique should reprodu
e this feature.In Fig. 9.1 I present a 
al
ulation of the the XANES spe
trum in FCC 
opperusing the path expansion of feff7. The atoms list for the feff input �le was
reated by atoms using the FCC stru
ture and an a latti
e 
onstant of 3.81. Tomake the thin solid line I used the ex
hange model of Hedin and Lundqvist and 
hoseinput parameters to feff to limit the number of paths 
onsidered2. to 438 unique1 It is very 
ommon at XAFS beamlines at syn
hrotrons to 
alibrate mono
hromators by settingthe peak of this distin
tive feature to the published [131℄ absorption edge of 8979 eV.2This was done by setting the length of the longest path 
onsidered by the path �nder to 8�A using
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attering paths. The bold solid line uses found 938 unique paths3 out of 151,784total paths. This pi
ture roughly reprodu
es Fig. 6.3 Alex Ankudinov's do
toraldissertation [120℄. This is a fairly good simulation of the 
opper near edge and theapproa
h to 
onvergen
e is seen in the improvement between the 438 and 938 path
al
ulations. To 
onsider a path expansion using a larger value of RMAX would require
areful use of the CRITERIA and PCRITERIA keywords of feff.
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Figure 9.1: CopperK near edge stru
ture in FCC 
opper as 
al
ulated by feff7 usingthe XANES 
ard. The data is transmission XAFS. The this solid line is a 
al
ulationusing 438 unique paths out to 8�A and the bold solid line uses 938 paths out to 9�A.�0(E) is given by Eq. (8.23).The result of a xanes run on FCC 
opper is shown in Fig. 9.2. The details ofthe run are shown in Table 9.1. This 
al
ulation takes under two hours of CPU timeon an Indigo II workstation. We see a substantive improvement in the quality of thesimulation out to about 8995 eV. The restri
tion of the angular momentum basis tol � 2 in the 
al
ulation be
omes too severe of an approximation beyond that energy.Before that energy, the simulation is ex
ellent. I 
on
lude that the short
oming of Fig.9.1 is the use of a �nite number of paths. Apparently s
attering paths whi
h in
ludethe RMAX keyword and by reje
ting paths of tiny amplitude by setting the CRITERIA keyword to0.25 and 0.25 in the feff input �le.3 By setting RMAX to 9.
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Table 9.1: Information about ea
h of the xanes runs presented in this 
hapter. The\stru
ture referen
e" 
olumn 
ontains the 
rystallographi
 information used to makethe input �le for feff. The \ex
hange" 
olumn refers to the type of ex
hange{
orrelation potential used in feff, HL = Hedin{Lundqvist and GS = Ground State.The 
luster size refers to the number of atoms within Rmax from the absorber. TheFermi energy and additional broadening were applied by 
orre
t. The Fermi ener-gies refer to the energy axes of the appropriate �gures and are not meant to indi
atethe Fermi energies on an absolute s
ale.stru
ture 
luster angular momentummaterial referen
e ex
hange Rmax size shells basisCu [129℄ HL 6:0�A 79 5 Cu:spdSF6 [132℄ GS 2:0�A 7 1 S:spd F:spBN [133℄ GS 5:0�A 87 7 B:sp N:spPbTiO3 [84℄ GS 5:0�A 45 4 Pb:spdf Ti:spd O:spFermi additionalmaterial energy broadening notesCu 8978 eV 0 amplitude = 0.9 used in 
orre
tSF6 2485:7 eV 0:5 eVBN 195 eV 1:3 eV ION 0 1 used in feff1:385�A3 interstitial volume per atomPbTiO3 4964:6 eV 0 300K tetragonal stru
tureION 0 1 used in feff



126atoms a long distan
e away from the absorber are less important that the high orders
attering paths that boun
e around inside a 
luster of limited radial dimension. Therestri
tion of the path list by half path length ex
ludes high order paths of that sort.The 
al
ulation was mu
h improved by expanding the 
luster from four shells to �ve.The four shell 
al
ulation showed only a shoulder rather than a peak for the featurehalf way up the edge.
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Figure 9.2: Copper K near edge stru
ture in FCC 
opper. The data is transmissionXAFS. �0(E) is given by Eq. (8.23).The 
al
ulation of the Fermi energy as des
ribed in Se
. 8.2.6 was not su

essfulin this 
ase. EFermi was found by xanes to be 8981:4 eV, 3:4 eV higher than the valueI used in 
orre
t to produ
e Fig. 9.2.There are signi�
ant di�eren
es in the region between about 8978 and 8993 eV inFigs. 9.1 and 9.2. Although, there seems to be a slow approa
h to 
onvergen
e inthat region between the two path expansion 
al
ulations shown in Fig. 9.1, neitherpath expansion 
al
ulation is a good approximation of the FMS 
al
ulation. I usedEq. (8.20) to determine the possibility of 
onvergen
e of the path expansion. Shownin Fig. 9.3 are the largest eigenvalues of G0t. Starting just above the Fermi energy andextending for about 15 eV is a region in whi
h the largest eigenvalues ex
eed 1 and,throughout the energy range of the peak in the middle of the edge, 5 to 10 per
ent ofthese eigenvalues are greater than 1. The path expansion is formally non{
onvergentin this region. It is possible that an a

eptable path expansion 
al
ulation 
an be



127made by 
onsideration of a large number of paths, but that number must greatlyex
eed the 938 that I used in Fig. 9.1.
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Figure 9.3: Eigenvalues of G0t for 
opper 
omputed using a S
hurr fa
torization [125℄and 
ompared with the K edge FMS 
al
ulation and data. The impulses representthe largest eigenvalue of that matrix. The matrix (1� G0t)�1 is non{
onvergent in apath expansion at energy points at whi
h one or more eigenvalues of G0t ex
eed 1.
9.2 Sulfur Hexa
uorideThe result of the run on SF6 using the example input �les shown in Se
. C.1 is shownin Fig. 9.4A. This is a speedy 
al
ulation due to the small 
luster size, running inunder a minute on my Pentium 1334. The 
ode reprodu
es well the white line andthe large peak at 2550 eV. The agreement with the data is superior to a 
al
ulation[134℄ of this same material using the \extended 
ontinuum{X�" method of Natoli,Benfatto, and others. Still there are approximations in this 
al
ulation. The xanes
ode operates within the one ele
tron approximation, thus negle
ts multi{ele
tron4The Pentium 
ompetes quite well with the Indigo II in terms of speed. However the Indigo IIused for this work has six times the RAM of my Pentium. For large problems, my 32MB Pentiumis severely hampered by needing to a

ess swap spa
e 
ontinuously. This is a
tually a wonderfulresult. Modestly pri
ed personal 
omputers are quite up to the task of these 
al
ulations, providedthat they are supplied with suÆ
ient memory.



128ex
itations. Some of the spe
tral features in the data may be explained in this way.Another possible short
oming of the 
al
ulation is how the muÆn tin potential is
onstru
ted for a mole
ule. The 
uorine muÆn tins are unbounded on the outsidethus are poorly approximated by spheri
al muÆn tins. One way of handling mole
uleswithin a muÆn tin s
heme is to apply an \outer sphere" potential [134℄ 
entered atthe geometri
 
enter of the mole
ule to provide an outer bound to the potentials.This additional potential is another s
attering site and may add stru
ture to the
al
ulation or slightly shift the peak lo
ations5.Another possible explanation for the missing spe
tral features in the 
al
ulationis suggested upon examination of the site and angular momentum proje
ted DOSfun
tions. The Sulfur d DOS is displayed in Fig. 9.4B. There is a large peak inthis band very near in energy to the large peak in the data at about 2507 eV. Itis well{known [136℄ that nominally o
tahedral hexa
uoride 
ompounds su
h as SF6and others are subje
t to pseudo{Jahn{Teller distortions. Just as the large peakin the titanium perovskite data shown in Ch. 7 arises from the lo
al distortions oftitanium{oxygen o
tahedrons, we may expe
t some sort of hybridization of sulfur pand d states in SF6 due to a displa
ement of the sulfur atom from the 
enter of the
uorine o
tahedron. Eviden
e is presented in Ref. [132℄ for the presen
e of strong t1uand t2g6 vibrational modes allowing vibroni
 
oupling of states of p and d 
hara
ter. Inthat referen
e, the authors spe
ulate on the possibility that the pseudo{Jahn{Tellerdistortion in SF6 is quite large.To test the e�e
t of a Jahn{Teller type distortion on the 
al
ulation I altered thefeff input �le shown in Fig. C.1 to in
lude a distortion approximating the symmetrydis
ussed in Ref. [132℄. The altered list of atomi
 
oordinates in shown in Fig. 9.5.The result of the 
al
ulation on this stru
ture is shown in Fig. 9.6. The 
on�gurationaldistortion does introdu
e a peak at the energy of the peak in the sulfur d DOS. X�mole
ular orbital 
al
ulation [137℄ �nd a vibroni
ally assisted but dipole{forbiddentransition at the energy of that peak.In
luding the 
on�gurational distortion in the 
al
ulation 
ertainly does not �x allof the problems with this 
al
ulation. There are still signi�
ant di�eren
es betweenthe data and the 
al
ulation, some of whi
h may be due to la
king the many{body5Modifying feff to 
ompute an outer sphere is a relatively simple problem. The partial wavephase shifts from the outer sphere 
ould then be used in the 
al
ulation of the FMS matrix.6 See Ref. [136℄ for some ni
e diagrams of these two vibrational modes. The t1u mode involvesanti{parallel displa
ements of the sulfur atom with planes of 4 
uorine atoms. The t2g mode is abending mode involving 4 
uorine atoms in a plane.
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Figure 9.4: (Panel A) Sulfur K near edge stru
ture in SF6. The data is gas phasetransmission XAFS [135℄. �0(E) is given by Eq. (8.23). (Panel B) The Sulfur d DOS.As dis
ussed in the text, the large peak in the d DOS is 
losely situated in energy tothe peak in the data at about 2507 eV. A distortion indu
ed hybridization of sulfur pand d states 
an a

ount for that feature in the data. The result of the 
al
ulation inthe presen
e of a distortion is shown in Fig. 9.5. The verti
al dashed line is a guide tothe eye showing the proximity in energy of these features in the data and the sulfurd DOS.



130 ATOMS* x y z ipot0.1 0.1 0.1 0 S absorber1.56 0.05 0.05 1 6 F ba
ks
atters0.05 1.56 0.05 10.05 0.05 1.56 1-1.56 0.0 0.0 10.0 -1.56 0.0 10.0 0.0 -1.56 1Figure 9.5: A sample feff input �le for SF6 for use with a run of xanes. Theapproximation of the pseudo{Jahn{Teller distortion is in
luded in this input �le.e�e
ts or the outer sphere. Still, this result suggests that the FMS approa
h 
an bea useful tool for interpreting the XANES spe
trum in stru
tural terms. Additional
omputer experiments to probe the response of the 
al
ulated spe
trum to 
hangesin stru
ture will be shown in Se
. 9.4. The utility of the simultaneous 
al
ulation ofthe XANES and the DOS fun
tions is demonstrated in this example.9.3 Boron NitrideA 
al
ulation on the boron K edge of an 87 atom 
luster of BN is shown in Fig.9.7 and 
ompared to ele
tron energy loss near edge stru
ture (ELNES) data. This
al
ulation requires about 11 minutes of CPU time on an Indigo II. Despite the useof spheri
ally symmetri
 muÆn tins and non{self{
onsistent potentials, I �nd thatthis FMS te
hnique is quite suÆ
ient even for a strongly 
ovalent material su
h asBN.The site and angular momentum proje
ted densities of state %l;i(E) are shownin Figs. 9.8 and 9.9 by the thi
k solid lines. The embedded atom density %0 l;i(E)from Eq. (8.31) are given by the dashed lines. The %l;i(E) are 
ompared with thesame fun
tions 
al
ulated by a self-
onsistent linearized muÆn-tin orbital (LMTO)
al
ulation [139℄, whi
h are the thin solid lines with diamonds (�). The LMTO
al
ulations were broadened by 
onvolution with a Lorentzian of 1 eV half{width.Fig. 9.8 also shows %l(E) for the ionized 
entral atom, whi
h is 
al
ulated in thepresen
e of a 
ore hole.Using the method of Se
. 8.2.6 for 
omputing the Fermi energy was su

essful in
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Figure 9.6: Sulfur K near edge stru
ture in SF6. The data is gas phase transmissionXAFS. [135℄ The 
al
ulation uses an atomi
 
on�guration 
hosen to simulate a Jahn{Teller distortion of the sort suggested in Refs. [136℄ and [132℄. �0(E) is given byEq. (8.23).
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Figure 9.7: Boron K near edge stru
ture in BN. The data is ELNES [138℄. Additionalbroadening as given in Table 9.1 was added to the 
al
ulation to 
ompensate for thelow energy resolution of the ELNES experiment. �0(E) is given by Eq. (8.23).



132this 
ase. From the Norman radii of the atoms 
omputed by feff (1:041�A for B and1:010�A for N) and the latti
e 
onstant of the 
ubi
 unit 
ell (3:615�A, 4 formula unitsper 
ell), I determined that for ea
h atom in the unit 
ell of BN, there is 1:385�A3 noto

upied by any atom. This volume is assigned to the intersti
e and Eq. (8.35) wasused. For the 
al
ulation of the Fermi energy, interstitial 
harge was allowed to residein this volume. With this interstitial 
harge and the DOS fun
tions of Figs. 9.8 and9.9, a Fermi energy of 195 eV was found on the energy axis of Fig: 9.7. Using thisvalue in 
orre
t produ
es ex
ellent agreement between 
al
ulation and experiment.This value falls within the gap depi
ted in Figs. 9.8 and 9.9.The gap is a region where �l;i(E) � �1 su
h that %l;i � 0. The 
al
ulated DOSfun
tions are broadened by the �nite 
luster size, the 
onsideration of the 
ore{holelifetime, and the use of a lossy potential. Consequently, distin
t band gaps, Van Hovesingularities, and other sharp features are absent from my 
al
ulations.Knowing the Fermi energy, I 
al
ulate the net 
harge ni on ea
h atom ini =Xl EFZ dE %i;l(E)=Xl EFZ dE %0 i;l(E)�1 + �i;l(E)� (9.1)= n0i + ns
iThese are shown in Table 9.2 for boron and nitrogen. The interstitial 
harge deter-mined from the interstitial volume is also shown there. The numbers are reasonable,although they suggest a more 
harged nitrogen atom and less 
harge boron atom thandoes the LMTO 
al
ulation. Also note that the integer formal valen
es of �1 for Band N do not des
ribe the a
tual 
harges found within the Norman spheres.This 
omputation of 
harge transfer is the end of the �rst step in a self{
onsisten
yloop. The neutral atoms used in feff to 
ompute the muÆn tin 
an be repla
ed bythese 
harged atom and new potentials 
an be generated. This pro
edure 
ould beiterated until some desired level of self{
onsisten
y is attained.Finally note the enhan
ed DOS of the 
entral boron atom shown in Fig. 9.8. Thatthe integrated area of this fun
tion is larger than for the ground state boron atom isdue to the use of an ionized 
entral atom in the feff 
al
ulation. This is an ad ho
removal of an ele
tron from the 
entral atom. This was done to enhan
e the area ofthe peak near the Fermi energy for improved agreement with the data. It is my hope



133that su
h ad ho
 additions to the theory would be unne
essary with self{
onsistentpotentials. Also note the shift downward in energy of the DOS of the 
entral boronrelative to the ground state atom. This is due to relaxation in the presen
e of the
ore hole.Table 9.2: Charge distribution in the ground state of BN within the Norman spheres.The units on these numbers are ele
trons per atom. The LMTO results were ob-tained by summing the areas integrated up to the LMTO Fermi energy under theangular momentum proje
ted DOS fun
tions for ea
h atom. The interstitial 
hargeis 
omputed from Eq. (8.35). ns
i is the s
attering 
ontribution from Eq. (9.1).free atom embedded atom LMTO ns
iBoron 3 2.53 2.13 -0.77Nitrogen 5 4.20 4.62 -1.00intersti
e 0 0.64 0.63
9.4 Lead TitanateAs my �nal example, I will examine xanes 
al
ulations on PbTiO3. The results of a
al
ulation using the room temperature 
rystal stru
ture [84℄ are shown in Fig. 9.10.The 4 shell 
al
ulation takes 14 minutes of CPU time on an Indigo II and 17 minuteson my Pentium.Before I begin my dis
ussion of Figs. 9.10 { 9.14, I will des
ribe a 
omputational
onvenien
e that I employed to simplify the interpretation of the 
al
ulations in thisse
tion. I used the same set of partial wave phase shifts for ea
h 
al
ulation in thisse
tion. These phase shifts were 
omputed for PbTiO3 in a 
ubi
 perovskite stru
tureof latti
e 
onstant a = 3:9679�A, whi
h is the 
ube root of the volume of the 300Kstru
ture in Ref. [84℄. The 
al
ulations on di�erently distorted stru
tures then usedthese phase shifts and di�erent atomi
 
on�gurations. This puts all the 
al
ulationson a 
ommon energy s
ale referen
ed to a 
ommon intersti
e. To 
he
k the validityof this approximation for the distorted stru
tures, I 
ompared the 
al
ulation on the300K stru
ture using phases 
al
ulated from that atomi
 
on�guration and from the
ubi
 atomi
 
on�guration. The di�eren
es were mu
h smaller than the di�eren
esbetween the various 
al
ulations presented in this se
tion.
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Figure 9.8: Upper panel: Boron s DOS in BN (l = 0). Lower panel: Boron p DOS inBN (l = 1). The DOS fun
tions 
al
ulated by xanes (thi
k solid lines) are 
omparedwith similar fun
tions 
omputed by an LMTO [139℄ (thin solid lines with diamonds �).The LMTO 
al
ulations were broadened by 1 eV for 
omparison with my 
al
ulations.%0 (dashed lines) is the embedded neutral atom density given by Eq. (8.31). The dot{dash lines are the DOS fun
tions for the ionized absorbing atom, whi
h is 
al
ulatedin the presen
e of a 
ore{hole. The verti
al dashed line is the Fermi energy 
al
ulatedby the method of Se
. 8.2.6. The units on the DOS fun
tions are (eV)�1. The arrowat 173:3 eV marks the position of the intersti
e (muÆn tin zero).
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Figure 9.9: Upper panel: Nitrogen s DOS in BN (l = 0). Lower panel: Nitrogen pDOS in BN (l = 1). The DOS fun
tions 
al
ulated by xanes (thi
k solid lines) are
ompared with similar fun
tions 
omputed by an LMTO [139℄ (thin solid lines withdiamonds �). The LMTO 
al
ulations were broadened by 1 eV for 
omparison withmy 
al
ulations. %0 (dashed lines) is the embedded neutral atom density given byEq. (8.31). The verti
al dashed line is the Fermi energy 
al
ulated by the method ofSe
. 8.2.6. The units on the DOS fun
tions are (eV)�1. The arrow at 173:3 eV marksthe position of the intersti
e (muÆn tin zero).



136The e�e
t of in
luding in
reasing numbers of shells in the 
al
ulation is shown inFig. 9.10. It is interesting to note that the bulk of the the peak asso
iated in Ch. 7with the displa
ement of the titanium atom from a site of point 
entrosymmetry isresolved by the 
onsideration of only the oxygen o
tahedron. That s
attering fromthe �rst oxygen shell produ
es this stru
ture is the s
attering theoreti
 equivalent tothe mole
ular orbital theoreti
 statement that this peak is due to hybridization oftitanium and oxygen orbitals. In
luding the se
ond shell lead atoms (dashed line)adds additional stru
ture to the spe
trum. In
luding the third shell titanium atoms(dot{dash line) adds little new stru
ture. In
luding the fourth shell oxygen atoms(thin line with diamonds �) resolves the peak at 4979 eV and most of the next peakas well. In
luding the �fth shell titanium atoms (thin line with 
rosses +) adds nonew stru
ture to the 
al
ulation.7 Adding the sixth shell oxygen atoms (short dashedline) resolves the peak at 4987 eV. Beyond this energy the restri
tion of the angularmomentum basis as indi
ated in Table 9.1 be
omes a suspe
t approximation. The sizeof the basis required for a 
onvergent expansion in partial waves s
ales a

ording tothe size of the \
entrifugal barrier," lmax � krmt . The peak resolved by the additionof the sixth shell is about 25 eV above the Fermi energy, or at about 2:6�A�1. Takingthe muÆn tin radius of the 
entral atom from feff, rmt = 1:45�A, gives lmax � 3:7.Data stru
tures in xanes are 
urrently dimensioned for 
onsider l � 3, so � 25 eV isthe pra
ti
al limit of the 
al
ulations using the 
urrent 
ode.This sort of stru
tural interpretation of the XANES is not so 
onvenient as ananalysis by path expansion. Still, this sort of analysis is useful. In this 
ase, itunders
ores the importan
e of s
attering from the oxygen atoms in determining thenature of the XANES spe
trum. This is a parti
ularly interesting result given thatthe 
ontribution from oxygen atoms is weak in the EXAFS region, parti
ularly athigh k. The fourth shell oxygens 
ontribute weakly to the EXAFS and the sixth shelleven more so. Nonetheless, s
attering from the oxygen atoms are the predominantsour
e of stru
ture in the PbTiO3 XANES spe
trum. This is understandable as thes
attering of the oxygen atoms is strong at low k and weak at high k while the7Others working on the problem of 
omputational near edge stru
tures in titanium oxide per-ovskites have suggested that a 
luster of 51 atoms in
luding the 
entral titanium, the eight sur-rounding lead atoms and the six surrounding titanium{oxygen o
tahedrons is essential to a good
al
ulation. [140℄ Using the fast potential 
al
ulation of feff allows my 
ode to separate the ef-fe
ts of muÆn tin 
onstru
tion from the e�e
ts of di�erent s
attering 
ontributions. The result ofFig. 9.10 shows that a spheri
al 
luster is suÆ
ient for 
omputing the s
attering 
ontributions. Inan expli
it test, I observed only subtle di�eren
es between the 4 shell 
al
ulation and a 
al
ulationusing the 51 atom 
luster.
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attering from heavy atoms is mu
h stronger at high k.The tetragonal elongation and distortions in PbTiO3 lead to its interesting ferro-ele
tri
 and thermodynami
 behavior as well as to its interesting absorption spe
trum.With xanes we 
an alter these stru
tural features and observe their e�e
ts on the
al
ulated spe
trum. Fig. 9.11 shows the results of three 
al
ulations. Ea
h uses thelengths of the tetragonal axes, but varies the magnitude of the displa
ements of thetitanium and oxygen atoms. Ea
h is 
al
ulated using 4 shells. The solid line is forthe fully distorted stru
ture and is the same as the thin line with diamonds in Fig.9.10. For the short dashed line the titanium and oxygen displa
ements were relaxedto zero. For the long dashed line, the displa
ements were set to 23 of their full values.In the high energy end of the 
al
ulation, the os
illations for the undistorted stru
tureare enhan
ed, as is expe
ted in the absen
e of stru
tural disorder. In 
ontrast, thepeak just above the Fermi energy is enhan
ed by the stru
tural distortion. This is inagreement with the observed behavior of PbTiO3 and EuTiO3.Fig. 9.12 shows �(E) as 
al
ulated by Eq. (8.21) before 
onvolving a

ording toEq. (8.25). Most of the enhan
ement of the peak just above the Fermi energy is
learly seen as a s
attering e�e
t. The peak in � 
orresponding to the peak in � isshown to grow with the distortion.Fig. 9.13 shows the p DOS of both the 
entral titanium atom and of a groundstate titanium atom. Again the e�e
t of the distortion is seen both in the growth ofthe peak in 
entral atom DOS in the upper panel of Fig. 9.13 and in the ground stateDOS in the lower panel. The energy shift of about 9 eV between these two sets ofDOS fun
tions results from relaxation due to the presen
e of the 
ore hole. The peakbelow the Fermi energy is presumably the top of the valen
e band. In most of theenergy range, the e�e
t of the distortion is to damp the os
illatory part of the DOS.The distortion 
learly enhan
es the portion of the DOS probed by the photoele
tronjust above the Fermi energy.Now I examine the e�e
t of the tetragonal elongation on the XANES spe
trum.Fig. 9.14 shows two 
al
ulations. The solid line is, on
e again, the 
al
ulation usingthe 
rystallographi
 stru
ture. The dashed line is a 
al
ulation using a 
ubi
 stru
tureof latti
e 
onstant a = 3:9679�A but with the same fra
tional displa
ements for thetitanium and oxygen atoms as in the published 
rystal stru
ture. The e�e
t of thelatti
e 
onstants is mu
h less pronoun
ed than the e�e
t of the distortions.Finally I demonstrate a 
al
ulation of polarized XANES spe
tra. Fig. 9.15 showsthe polarized, single 
rystal PbTiO3 data from Ch. 7 at room temperature along withthe polarization dependen
e of the 
al
ulated spe
trum on six polarization shells.
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Figure 9.10: Titanium K near edge stru
ture in PbTiO3. The data is transmissionXAFS. Plotted in this pi
ture are the embedded atom ba
kground and the 
al
ula-tions on 1{6 shells about the 
entral atom using the stru
ture of Ref. [84℄. �0(E)is given by Eq. (8.23). The 
luster in the 1{shell 
al
ulation is the 
entral titaniumatom and the surrounding oxygen o
tahedron. Ea
h subsequent 
al
ulation in
ludesthe next 
oordination shell about the 
entral titanium into the 
luster. The atomi
spe
ies of ea
h shell is given in parentheses in the legend of the �gure. The verti
aldashed line is the Fermi energy.
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Figure 9.11: Titanium K near edge stru
ture in PbTiO3. The data is transmissionXAFS. The solid line is the xanes 
al
ulation using the room temperature 
rystal-lographi
 stru
ture from Ref. [84℄. The long dashed line is a 
al
ulation on this samestru
ture, but with the tetragonal distortions of the titanium and oxygen atoms re-du
ed by 13 . The short dashed line is a 
al
ulation with the tetragonal distortionsset to zero. The 
ell axis lengths are the same in all three 
al
ulations. The verti
aldashed line is the Fermi energy.
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tion of Eq. (8.21)before 
onvolving a
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eof 
al
ulations as in Fig. 9.11. The verti
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Figure 9.14: Titanium K near edge stru
ture in PbTiO3. The data is transmissionXAFS. The solid line is the xanes 
al
ulation using the room temperature 
rystallo-graphi
 stru
ture from Ref. [84℄. The dashed line is a 
al
ulation using 
ubi
 
ell axesbut with the tetragonal distortions of the titanium and oxygen atoms. The verti
aldashed line is the Fermi energy.Sin
e this is a K edge and linear polarization, Eq. (8.22) is used. xanes does a goodjob of reprodu
ing most of the spe
tral features for both polarizations, in
ludingthe polarization dependen
e of the peak just above the Fermi energy. As with thepoly
rystalline 
al
ulation, the peak in the data at about 4970 eV is absent from the
al
ulation.
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Chapter 10SUMMARY AND FUTURE WORKIn the �rst part of this thesis I demonstrated that two oxide perovskites, PbTiO3and BaTiO3, possess a signi�
ant order{disorder 
omponent to their ferroele
tri
 andstru
tural phase transitions. This is a novel result as both of these materials havehistori
ally been des
ribed as being of the displa
ive type. In the se
ond part of thisthesis, I presented an approa
h to full multiple s
attering (FMS) ab initio 
al
ulationsof x{ray absorption near edge stru
ture (XANES). The algorithms des
ribed wereen
oded in a 
omputer program, xanes, and the su

essful use of the program on avariety of materials was shown.In this �nal 
hapter, I will summarize my results on PbTiO3 and BaTiO3 and theirimpli
ations to our understanding of the phenomenon of ferroele
tri
ity. I will alsodis
uss the role that FMS 
al
ulation of XANES 
an play in further understandingferroele
tri
 and other materials. I will 
on
lude by dis
ussing how the work in thisthesis 
an be advan
ed and what proje
ts I hope to work on in 
oming years.10.1 The Impli
ations of this Work to Ferroele
tri
ityMy XAFS measurements on PbTiO3 and BaTiO3 demonstrate that the lo
al stru
-tures of these two materials are dominated by an order{disorder me
hanism, althoughboth show a small displa
ive 
omponent as well. In PbTiO3 the lo
al stru
ture re-mains tetragonal with its oxygen o
tahedron displa
ed relative to the lead 
age andthe titanium atom displa
ed from the midpoint of the two axial oxygen atoms. Thephase transition to the 
ubi
 phase at 763K is thus due to a disordering of the lo
altetragonal units over a short length s
ale. This length s
ale is longer than the 5�Ameasured in my EXAFS analysis and must be shorter than about 30�A, the approxi-mate spatial resolution of the neutron di�ra
tion measurement of Ref.[90℄. The smalldispla
ive 
omponent of the transition is apparent in the temperature dependen
eof the lo
al stru
ture and of the distortion parameter as shown in Figs. 4.9 and 7.8.In BaTiO3 the titanium atom remains displa
ed approximately in a rhombohedralh111i dire
tion at all temperatures. The sequen
e of phase transitions are due to



144the eight{site disordering as suggested by Bersuker [102℄ and Comes et al. [100℄.The small displa
ive 
omponent to these transitions drives a slight shortening of therhombohedral displa
ement as shown in Fig. 7.3.For years, eviden
e has mounted suggesting that an order{disorder me
hanismdominates the lo
al stru
tures of these and related materials. Re
ent EXAFS anal-yses of KNbO3 [12℄, KTa0.91Nb0.09O3[13{15℄, NaTaO3[16℄, Na0.82K0.18TaO3[16℄ andPbZrO3[17℄ have shown that the lo
al stru
tures in those materials are predomi-nantly of the order{disorder type. In PbTiO3 several re
ent measurements, in
lud-ing refra
tive index measurements [87℄, Perturbed Angular Correlation Spe
tros
opy[88, 89℄, and single-
rystal neutron di�ra
tion [90℄ have shown eviden
e of a disor-dering phenomenon near the tetragonal to 
ubi
 phase transition. In BaTiO3, also,measurements of infrared re
e
tivity [7℄, 
ubi
 phase x{ray di�ra
tion [8℄, ele
tronspin resonan
e [9℄, and impulsive stimulated Raman s
attering [10, 11℄ have sug-gested the importan
e of the eight{site model in that material. Furthermore, re
ent�rst prin
iples 
al
ulations [93, 104℄ of the phase transitions in these materials havefound theoreti
al eviden
e of disordering behavior in the high symmetry phases ofboth PbTiO3 and BaTiO3. La
king for both of these systems was the sort of dire
tmeasurement of the lo
al stru
ture with sub{�Anstrom s
ale spatial resolution andfemtose
ond temporal resolution that XAFS 
an provide. That dire
t eviden
e isprovided in this thesis. Spe
i�
ally, I have shown that the lo
al stru
ture of PbTiO3remains tetragonally distorted in its high temperature phase and that the lo
al stru
-ture of BaTiO3 remains rhombohedrally distorted in all of its phases. For BaTiO3, Ihave further shown that the eight{site model must be modi�ed su
h that the minimain the lo
al potential surfa
e o

upied by the titanium atoms are lo
ated slightlyo� the rhombohedral h111i axes. In parti
ular, I found that the lo
al displa
ementve
tor of the titanium atom in BaTiO3 is 11:7(1:1)Æ away from the h111i axis towardsthe 
{axis in the tetragonal phase.While our results 
learly demonstrate the presen
e of lo
al distortions both be-low and well above the ferroele
tri
 to paraele
tri
 transition in both PbTiO3 andBaTiO3, many thermodynami
 and latti
e dynami
 properties of these material su
has the soft mode are well explained by a displa
ive model. This is not a 
ontradi
-tion. In a re
ent work [105℄, Girshberg and Ya
oby present a theory of ferroele
tri
itywhi
h 
onsiders the 
oupling between lo
al displa
ements and the soft mode. As ob-served by Stern and Ya
oby [141℄, the soft mode is a 
olle
tive displa
ement withina 
rystal and thus di�erent from the lo
al displa
ement measured by XAFS. Thistheory su

essfully explains the soft modes of PbTiO3 and KNbO3 in the presen
e of



145the measured lo
al displa
ements in those materials. The 
entral peak [86℄ of PbTiO3is explained quantitatively by this theory and the soft modes of both materials arefound to be normally damped and with frequen
ies that do not vanish at T
, as ob-served in experiment. Given the many similarities between KNbO3 and BaTiO3, Isuggest that the model of Girshberg and Ya
oby applies as well to BaTiO3.It is important to understand the Raman spe
trum of PbTiO3 and BaTiO3 in the
ontext of these results. The temperature dependen
e of both Raman spe
tra [1, 2℄
learly show the behavior expe
ted if the lo
al stru
ture is the same as the average
rystallographi
 stru
ture in ea
h of the phases. The 
riti
al di�eren
e between theXAFS and Raman measurements is their time s
ales. The lifetime of the Ramanex
itation is around 10�9 se
 while the lifetime of the XAFS ex
itation is determinedby the lifetime of the 
ore hole va
ated by the x-ray, about 1:5� 10�15 se
. I suggestthat the titanium atoms hop between the various sites allowed by the order-disordermodel in ea
h phase on a time s
ale between the Raman and XAFS lifetimes. Thusthe XAFS measurement is a snapshot of a dynami
 system that is temporally averagedby the Raman measurement. This hopping explains the observation of disorderingbehavior in the measurements mentioned above and does not 
ontradi
t thermody-nami
 properties of BaTiO3 whi
h average over time s
ales mu
h longer than thehopping time.The thermal di�use s
attering results of Holma, et al. [142℄ on BaTiO3 alsomerit 
omment. They found superior agreement to their data with H�uller's modelof dynami
 
orrelations [103℄ than with Comes' simple appli
ation [100℄ of eight-sitestati
 disorder. We suggest that dynami
 
orrelations in the motion about the disor-dered atom positions 
oexist with hopping between the disordered sites. Re
ent �rstprin
iples 
al
ulations [143, 144℄ of BaTiO3 show exa
tly this behavior and may besuÆ
ient to a

ount for the observed pro�les of the di�use sheets. A re{examinationof Holma's data in the 
ontext both of these �rst prin
iples results and of the theoryof Girshberg and Ya
oby is merited.The presen
e of distortions to the lo
al stru
tures of PbTiO3, BaTiO3 and othermaterials suggests several fundamental questions about ferroele
tri
 materials thatshould be addressed in the future:� Are lo
al distortions in high symmetry phases a universal feature of ferroele
tri
materials?� Given that PbTiO3 and BaTiO3 are ferroele
tri
 while EuTiO3 is not, what isthe 
orrelation between 
hemistry and ferroele
tri
ity?



146� What is the role of 
harge transfer in the XANES stru
tures of the perovskitematerials and how is 
harge transfer related to ferroele
tri
ity?� What is the temperature dependen
e of the 
orrelation between disordered lo
alstru
tures and what is the length s
ale of this 
orrelation in the high tempera-ture phase?� What is the dependen
e of the lo
al distortions upon hydrostati
 pressure anddo the lo
al distortions persist into the pressure indu
ed high symmetry phase?� Do the lo
al distortions 
hange for very small parti
le size?10.2 The Role of FMS XANES Cal
ulations in XAFS Resear
hThe XANES spe
trum 
ontains a wealth of ele
troni
 and stru
tural informationabout materials. Currently, there is no systemati
, rigorous way of extra
ting allof this information. Mu
h of the literature on XANES measurements handles thesespe
tra in qualitative, empiri
al fashion. Presented in Chs. 8 and 9 of this thesis is anew 
omputer program, xanes, for full multiple s
attering ab initio 
al
ulations ofx{ray absorption near edge stru
ture. xanes is by no means a �nished work, but itrepresents a signi�
ant advan
e towards a goal of quantitative, rigorous analysis ofXANES spe
tra.The prospe
t of extra
ting ele
troni
 information from XANES spe
tra is quiteex
iting. xanes 
omputes the absorption spe
trum and the lo
al ele
troni
 densitiesof state simultaneous. It uses a 
ore{hole and performs the 
al
ulation in real spa
e,thus does not require periodi
ity of any other symmetry. Ele
troni
 information su
has valen
e, 
harge transfer and the lo
ation of the Fermi energy is thus availableeven for non{
rystalline materials. Even for 
rystalline materials, this approa
h ispreferable to band{stru
ture based approa
hes. Sin
e the 
al
ulation is made in thepresen
e of the 
ore{hole, it may be dire
tly 
ompared to an absorption experimentwithout resorting to an empiri
al rule{of{thumb to a

ount for the energy shift dueto the 
ore{hole.Ab initio 
al
ulations are of parti
ular value for 
ertain experimental situationswhere the interpretation of the XANES spe
trum is parti
ularly indire
t. For ex-ample, if the absorbing atom in some experiment resides in distin
t 
rystallographi
sites, the di�erent sites may be of di�erent valen
e and even possess di�erent Fermienergies relative to the 
ore{hole energy. Sin
e the XANES experiment measures alinear 
ombination of all 
rystallographi
 sites, the interpretation of this signal 
an



147be quite obfus
ated. Independent 
al
ulations of the two sites, both in the presen
eof the 
ore{hole, are of obvious value.For many materials of highly disordered lo
al stru
ture, the extent of the EXAFSsignal is small and, due to the large disorder, diÆ
ult to interpret. Examples of su
hmaterials are 
atalysts, biologi
al materials, amorphous solids and liquids, quasi
rys-tals, and others. Often the only sour
e of stru
tural information about a disorderedmaterial is its XANES spe
trum. With a reliable 
omputational tool, di�erent lo
alenvironments 
an be used in 
al
ulations and 
ompared to the experiment. In thisway information about 
oordination and symmetry 
an be extra
ted from the data.In Ch. 7, I showed XANES spe
tra of PbTiO3 and BaTiO3 and interpreted themin terms of the lo
al stru
ture. Spe
i�
ally, I related the area of a parti
ular peak inthe XANES spe
tra to the magnitude of the displa
ement of the titanium atom fromits site of point 
entrosymmetry. In Se
. 9.4 I showed a dire
t link between the peaksize and the magnitude of the displa
ement used in the 
al
ulation.xanes allows the user to perform \experiments" that are not possible in na-ture. Varying the positions of atoms as mentioned above is one of these experiments.Changing the atomi
 spe
ies of the ba
ks
atterers and the ionization of the 
entralatoms or of 
ertain ba
ks
atterers are two others. The 
ontributions to the spe
trumdue to di�erent individual s
atterers or di�erent s
attering shells 
an be investigatedas 
an the 
ontributions of di�erently size angular momentum bases.In Se
. 8.2.6 I dis
uss 
al
ulations of 
harge transfer and mention the possibilityof self{
onsistent muÆn tin potentials. This may have signi�
ant impa
t on EXAFSanalysis. In Chs. 4 { 6, I dis
ussed the need to use phase and amplitude 
orre
tions inthe EXAFS analysis to a

ount for the error in feff's �tting standards due to the useof neutral atomi
 sphere when 
onstru
ting the muÆn tin and other approximations.These 
orre
tions most often enter into the analysis as multipleE0 variable parameters[50℄. It would be quite a boon to EXAFS analysis to remove the need to introdu
emultiple phase 
orre
tions to the �t. Self{
onsistent potentials may go a long waytowards �xing this sour
e of error in the feff 
al
ulation.10.3 Future WorkI wish to end this tome by des
ribing several proje
ts that I hope to pursue in the
oming years.Further study of BaTiO3In Fig. 5.1 I show the 
lose proximity of the titanium K edge to the barium



148 LIII edge and dis
uss the diÆ
ulties in analyzing the titanium K edge signaldue to the narrow band width. This is an unfortunate o

urren
e as the ti-tanium signal, with its signi�
ant multiple s
attering 
ontribution in the thirdshell, would be mu
h more sensitive to the di�eren
es between the various pos-sible lo
al stru
tures used as �tting models in Se
. 5.2. Using the Di�ra
tionAnomalous Fine Stru
ture (DAFS) [145, 146℄, it is possible to separate the �nestru
ture signals from the titanium and the barium.DAFS has been used to separate the �ne stru
ture due to inequivalent 
rystallo-graphi
 sites of the same atomi
 spe
ies [147, 148℄. By modifying that approa
h,the �ne stru
tures from di�erent atomi
 spe
ies with nearby absorption edges,as is the 
ase in BaTiO3, 
an be isolated and analyzed separately. This will pro-vide the �nal missing pie
e of information about the lo
al stru
ture of BaTiO3.This is a proje
t that I will be doing in the year following my graduation asa postdo
toral fellow at the National Institute of Standards and Te
hnology(NIST).Further study of transition metal oxide perovskitesFig. 10.1 shows the over{plotted XANES spe
tra of �ve titanium perovskites.There are several systemati
 di�eren
es among these spe
tra. The non ferro-ele
tri
 perovskites EuTiO3, CaTiO3, and SrTiO3 not only la
k the 3d peak,but the swiftly rising parts of their edges are shifted about 2 eV higher in energy
ompared to PbTiO3 and about 1 eV 
ompared to BaTiO3. The lo
ation of theswiftly rising part of the edge is where the lo
al ele
troni
 density of state for thel = 1 �nal state of the photoele
tron be
omes large. The 
onne
tions betweenferroele
tri
ity, the A 
ation, and the width of the gap between the Fermi energyand the swiftly rising part of the edge are not 
urrently understood. Furtherstudy, in
luding appli
ation of my xanes 
ode to the materials, is ne
essary.Also the peak around 4970 eV is di�erent in the tetragonal PbTiO3 
omparedto the other materials. The physi
al origin of this peak and its relation to thelo
al stru
ture merit further investigation.Non{perovskite ferroele
tri
sThe wide{spread su

ess of the order{disorder model in des
ribing the behaviorof the lo
al stru
ture in oxide perovskites suggests the possibility that order{disorder is a universal feature of ferroele
tri
 materials. There are many ferro-ele
tri
s of non-perovskite stru
tures. One of these, solid solutions of germa-



149nium in lead telluride, has been the subje
t of re
ent �rst prin
iples 
al
ulationsof its ground state stru
ture and phase diagram [149℄. An earlier EXAFS study[150℄ found eviden
e of order{disorder behavior of the germanium distortion. Ihope to pursue XAFS studies in this and other materials with the aim of inves-tigating the hypothesis that disordered lo
al stru
ture is a 
ommon feature ofthe paraele
tri
 phases of all ferroele
tri
s.FMS Cal
ulations of HybridizationIn mole
ular orbital (MO) theory, a hybridized state is a state arising fromthe overlap of atomi
 states, possibly of di�erent angular momentum, of neigh-boring atoms in a 
rystal. As dis
ussed in Se
. 7.1, hybridization 
an openotherwise unavailable 
hannels for the dipole ex
itation by mixing 
hara
ter ofthe appropriate angular momentum from nearby atoms with empty states ofthe absorbing atom. In the MO pi
ture, this is what happens in both PbTiO3and BaTiO3. Some p 
hara
ter from the oxygens is mixed with the large un-�lled d density of the titanium atom leading to the appearan
e of the peak justabove the Fermi energy. This hybridization is driven by the displa
ement of thetitanium atom from a site of point 
entrosymmetry.Hybridization 
an be 
al
ulated within the FMS formalism by using the Lippman{S
hwinger equation [21℄. In a s
attering problem, a wave pa
ket propagatesthrough spa
e and is s
attered by the potentials of the neighboring atoms. If (l;R) is an atomi
 wave fun
tion at site R and of angular momentum l, thenthe wave fun
tion in the presen
e of the s
atterers is	(l;R) =  (l;R) + G0T (l;R) (10.1)Expressing the T{matrix in terms of single site t matri
es as in Eq. (8.4) andsolving this as a Taylor expansion yields	(l;R) = (1� G0t)�1  (l;R) (10.2)As dis
ussed in Se
. 8.2.3, the matrix (1�G0t) is de
omposed by a Lower{Upperde
omposition as a matter of 
ourse while 
al
ulating G . It is a simple taskto obtain the matrix inverse from the de
omposed matrix [125℄. The atomi
fun
tions  (l;R) are used already by xanes to 
ompute the ele
troni
 densitiesof state. Thus all of the information needed to 
ompute 	(l;R) is already in



150 the 
ode.Using Eq. (10.2), 	(l;R) is 
al
ulated in the full jLRi basis of the G {matrix.The hybridization amplitude � between state l of the 
entral atom R = 0 and astate of angular momentum l0 of another atom at R0 is 
omputed from 	(l;R)by �` =  �̀ �	(l;R) (10.3)Here ` denotes the state l0 and R0 in the jLRi basis. For example, in PbTiO3or BaTiO3 the `'s of interest might be those 
orresponding to the p states ofthe oxygens in the o
tahedron surrounding the 
entral atom or the p state ofthe 
entral atom itself.With these quantities, the entire appli
ation of MO theory to x{ray absorptionspe
tra is 
ast into the language of s
attering. It will be interesting to observethe dependen
e of the hybridization intensities on the magnitudes of the atomi
displa
ements that drive them. In parti
ular, it will be interesting to determinein a quantitative manner whi
h hybridizations lend signi�
ant spe
tral weightto the XANES features whi
h depend strongly on atomi
 displa
ements.Self{
onsisten
y and 
orre
tions to the muÆn tin potentialAs mentioned in Se
. 8.2.6, using the lo
al ele
troni
 densities of state to 
om-pute 
harge transfer between the ion in the solid is the end of the �rst step of aself{
onsisten
y loop. The Lapla
e equation is solved with the 
harge densitiesof the newly populated ion to yield new ioni
 potentials. These ioni
 potentials
an then be overlapped to form a new muÆn tin and partial wave phase shifts
an be 
al
ulated using these mew muÆn tin potentials. This 
y
le 
an beiterated until some level of self{
onsisten
y is attained. This work is, in fa
t,already under way [151℄. The muÆn tin potential 
an be further 
orre
ted byallowing for non{spheri
al tins. This is a

omplished by allowing o�{diagonalelements of the t{matrix, thus allowing a wave to s
atter into a state of a dif-ferent angular momentum. This would signi�
antly expand 
omputation time.Having a diagonal t{matrix allows the produ
t G0t to be 
omputed in n2 time,while non{spheri
al muÆn tins would 
ause this 
al
ulation to take n3 time.Fortunately the 
urrent 
ode is suÆ
iently fast that adding another n3 
al
ula-tion would still allow for reasonably timed 
al
ulations.



151Further Development of ATOMSThe program atoms, des
ribed in Appendix B, has proven to be a valuabletool for theoreti
al and experimental XAFS studies on 
rystalline materials.Its utility 
an be expanded in several areas.� The part of atoms whi
h interprets spa
e group symbols is based upon the1969 edition of the International Tables of X{Ray Crystallography. The1989 edition somewhat modi�es and expands the Hermann{Maguin nota-tion to a

ommodate all possible settings of low symmetry spa
e groups.atoms needs to be modi�ed to understand all symbols o�ered in the 1989edition.� atoms 
an be easily modi�ed to perform a variety of 
hores useful forDAFS, in
luding the 
al
ulation of the atomi
 portion of the stru
turefa
tor using the non-resonant s
attering fa
tors of Cromer and Mann [152℄and the anomalous 
orre
tions1 of Cromer and Lieberman [152℄.� With tables of s
attering fa
tors, atoms has all of the information neededto simulate powder di�ra
tion pro�les.

1More modern 
al
ulations of the anomalous 
orre
tions are available. One 
urrent interest amongthe developers of feff is the 
al
ulation of the anomalous 
orre
tions for embedded atoms, thusanomalous s
attering 
orre
tions, in
luding valen
e ele
tron e�e
ts, 
an be tailored to the materialunder study.
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Figure 10.1: TitaniumK edge XANES spe
tra of PbTiO3, BaTiO3, EuTiO3, CaTiO3,and SrTiO3. The spe
tra of the non{ferroele
tri
 materials, EuTiO3, CaTiO3, andSrTiO3, not only la
k the 3d peak above the Fermi energy but also have the qui
klyrising parts of their edges shifted upwards by about 2 eV relative to the PbTiO3spe
trum. Also the shape of the peak around 4970 eV is di�erent for the tetragonalPbTiO3 than for the other materials.
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Appendix ACRYSTALLOGRAPHY BASED FITTING MODELS INFEFFITfeff's path formalism provides a natural approa
h to the analysis of an EXAFSproblem. feff 
omputes the 
ontribution to the EXAFS from ea
h s
attering ge-ometry within a 
luster of atoms. The total �ne stru
ture then is the sum of the
ontributions from all 
al
ulated s
attering geometries. A �t to data using these
al
ulations as �tting standards 
an be parameterized in terms of the path geometryfor both single s
attering (SS) and multiple s
attering (MS) paths.This appendix is not intended as do
umentation on the use of feffit. For that,please 
onsult the do
ument[52℄ distributed with the program. The methods de-s
ribed here may be 
onsidered advan
ed appli
ations of feff and feffit. In writ-ing this appendix, I have assumed that the reader is 
losely familiar with the basi
operations of atoms, feff, and feffit. Spe
i�
ally, I have assumed that the readerunderstands the use of math expressions in feffit, knows the purposes of the variousoutput �les from feff and is familiar with basi
 
on
epts of Unix �lesystems.feffit [153℄ provides a general framework for �tting EXAFS data. In the feffitinput �le, a path is de�ned by a path index and all path parameters asso
iated withthat index. Throughout this appendix, I will refer to a path paragraph as the set ofall path parameters sharing a 
ommon index. The path parameters known to feffitare shown in Table A.1. The path parameter path is used to denote the path to andname of the �le 
ontaining feff's 
al
ulation of the e�e
tive s
attering amplitudeand phase shift for that path. id is a 
omment string that will be written to thevarious output �les of feffit. The remaining seven path parameters des
ribe thevariables in the EXAFS equation Eq. (2.10) and in Se
. 2.1.3.This s
heme suggests an immediate pitfall. As dis
ussed in Se
. 2.3, the rangeof data available in an EXAFS experiment imposes a natural bandwidth limiting theinformation 
ontent of the signal. If seven quantities are varied for ea
h path in a �tand many s
attering paths are 
onsidered, the number of variables may vastly ex
eedthe available information. To handle the requirements of the path parameterization,feffit allows every path parameter to be des
ribed by a math expression. This
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Table A.1: Path parameters available in feffit.name symbol des
riptionpath The name of the feffnnnn.dat �le for this pathid A text string des
ribing the paths02 S20 An amplitudee0 E0 A shift of the energy referen
edelr �R A 
hange in the total path lengthsigma2 �2 A relative mean squared displa
ement of the path lengththird C3 A third 
umulant about the path lengthfourth C4 A fourth 
umulant about the path lengthei Ei A 
hange in the e�e
tive mean free pathmath expression 
an simply be a value or it 
an be a fun
tion of variables de�nedelsewhere in the feffit input �le. It is useful to think of the 
ontent of the feffitinput �le as a ma
ro language.1 This appendix is not an exhaustive explanation ofthat syntax, but it is an example of a sophisti
ated use of feffit for a 
ompli
ated�tting problem.The tri
k to using feffit e�e
tively is to 
hoose a robust set of variables. Usingthe math expressions, physi
al 
onstraints 
an be built into a �tting model. These
onstraints may re
e
t the physi
al and stru
tural properties of the material underinvestigation and, if well 
hosen, will result in loosely 
orrelated variable parameterswith small un
ertainties in their optimal values.The rest of this appendix will des
ribe my approa
h to �tting PbTiO3, BaTiO3,and EuTiO3 with examples 
ulled from the feffit input �les whi
h I used to analyzethe data shown in Chs. 4 { 6.A.1 A Fitting Model for Tetragonal PbTiO3As dis
ussed in Ch. 4, the purpose of the examination of PbTiO3 in this thesis was todistinguish between the displa
ive and order{disorder models of its phase transitionat 763K. To do this I 
onstru
ted two �tting models for analysis of the temperature1 In 
omputer s
ien
e, a syntax su
h as feffit's is 
alled a metalanguage. Metalanguages are theprodu
t of a high level programming language, in this 
ase Fortran 77, whi
h is used to en
odethe syntax of the metalanguage.



170dependent data. One �tting model used the 
rystallographi
 parameters of the lowtemperature, tetragonal phase as �tting variables. For 
omparison, I �t data in thehigh temperature phase to a model of 
ubi
 lo
al symmetry. The method of �ttingto a 
ubi
 lo
al symmetry is des
ribed in Se
. A.3 for EuTiO3 and is identi
al to thatused for the 
ubi
 PbTiO3 model.The geometries of the various s
attering paths 
onsidered in my �ts to the PbTiO3data are entirely determined by the spa
e group of the 
rystal and a set of �ve 
rystalparameters used to des
ribe the stru
ture of PbTiO3. These 
rystal parameters areshown in Table 4.4. Had I found that a displa
ive model des
ribed the lo
al stru
tureof PbTiO3 through its tetragonal to 
ubi
 transition the lengths of a and 
 wouldhave 
onverged with in
reasing temperature and the three tetragonal displa
ementswould have all gone to zero.The �ve 
rystallographi
 parameters in Table 4.4 were the variable parameters inmy �ts to the data. In
luded in the �tting range were 18 unique s
attering pathsin
luding 11 double and triple s
attering paths. In this se
tion I will des
ribe howI related the path lengths for all 18 paths and the s
attering angles of the nearly
ollinear s
attering paths to the set of �ve 
rystal parameters. I will also dis
ussparameterization of phase 
orre
tions E0 and mean square displa
ements �2 for theMS paths.A.1.1 Evaluating the Path Parameters for PbTiO3Figure A.1 shows the atoms input �le for the tetragonal phase of PbTiO3 usingthe parameters in Table 4.4. From the 
oordinates of the four unique sites andthe symmetry properties of the spa
e group P4MM, the initial lo
al 
on�gurationis determined. The lead atoms o

upy the 
orners of a hexahedron of tetragonalsymmetry. The titanium atom o

upies a position near the 
enter of the hexahedron.The planar oxygens o

upy positions in the four elongated fa
es of the hexahedron,although they are displa
ed along the 
̂ dire
tion from the 
enters of those fa
es. Theaxial oxygens o

upy positions near the 
enters of the square fa
es of the hexahedron,although they are displa
ed along 
̂ out of the those fa
es. There are seven bondlengths that I must 
al
ulate using the math expressions of feffit. The oxygen
oordination shell is thus split into three distan
es: 1) a short axial path, 2) a longaxial path, and 3) four planar paths. The lead and titanium 
oordination shells aresplit into two distan
es ea
h. There are a variety of 
ollinear and nearly 
ollinear MSpaths overlapping the titanium 
oordination shell.
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title PbTiO3 25Ctitle Glazer and Mabud, A
ta Cryst. B34, 1065-1070 (1978)Spa
e P 4 m ma=3.905 
=4.156rmax=5 
ore=tiatom! At.type x y z tagPb 0.0 0.0 0.0Ti 0.5 0.5 0.539O 0.5 0.5 0.1138 axialO 0.0 0.5 0.6169 planar-------------------------------------------------Figure A.1: The atoms.inp �le for PbTiO3.

In the formalism used by feff and feffit, the e�e
tive path length for a path ishalf of the total distan
e traveled by the photoele
tron. For SS paths, the e�e
tivepath length is simply the distan
e between the s
atterer and the 
entral atom. ForMS paths, e�e
tive path length is half of the sum of the lengths of the legs of thepath. I therefore use the �ve 
rystal parameters to 
ompute the seven relevant bondlengths in the problem. From these I 
ompute all SS and MS path lengths.Fig. A.2 shows assignment of the 
rystallographi
 parameters from Table 4.4 forPbTiO3 at room temperature. In feffit, parameters whi
h are varied to optimize the�t are spe
i�ed with the guess keyword. The set keyword is used to assign 
onstantor 
al
ulated values for use elsewhere in the input �le. In ea
h �tting iteration, feffitwill �rst assign 
urrent values to the guess parameters. It then evaluates all the setparameters, some of whi
h may depend on 
urrent values of guess parameters. Thenthe path parameters will be evaluated given the 
urrent values of both the guess andset parameters. Finally the EXAFS equation is evaluated given the 
urrent valuesof the path parameters and the paths are summed for 
omparison to the data anddetermination of �2.Fig. A.3 shows the 
al
ulation of the bond lengths from the 
rystallographi
 pa-rameters. If the math expressions in Fig. A.3 are evaluated using the initial values ofthe �tting parameters from Fig. A.2, then the bond lengths from Table 4.3 are ob-
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%%% axis lengthsset a0 3.902 %%% length of a axisguess delta_a 0.0set a a0 + delta_aset 
0 4.156 %%% length of 
 axis% guess delta_
 0.0% set 
 
0 + delta_
set vol a0*a0*
0set 
 vol / (a^2)% set delta_
 
-
0%%% displa
ement parametersguess dti 0.0390guess do1 0.1138set do2 0.1169%%% nominal bu
kling angleset angle0 9.41475Figure A.2: Part of the feffit input �le for PbTiO3. This pie
e 
ontains the 
rystal-lographi
 information at room temperature. The length of the 
{axis is determinedby holding the volume �xed and varying Æa, as dis
ussed in Se
. 4.2. The bu
klingangle is not an independent parameter. It is determined from the values of the otherparameters. This is shown in Fig. A.7. Note that, by setting ea
h of dti, do1, anddo2 to zero and delta a to 0.083 su
h that a = 
 = 3:985, the 
ubi
 lo
al stru
ture
an be obtained. Thus this �tting model has the freedom to follow the lo
al stru
tureof a displa
ive phase transition.
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%%% short and long axial oxygen bond lengthsset rtio1_sh (0.5 - (do1-dti)) * 
set rtio1_lo (0.5 + (do1-dti)) * 
%%% planar oxygen bond lengthset rtio2 sqrt( (a/2)^2 + ((do2-dti)*
)^2 )%%% short and long lead bond lengthsset rtipb_sh sqrt( a^2/2 + 
^2*(0.5 - dti)^2 )set rtipb_lo sqrt( a^2/2 + 
^2*(0.5 + dti)^2 )%%% short and long titanium bond lengthsset rtiti_sh aset rtiti_lo 
Figure A.3: Part of the feffit input �le for PbTiO3. This pie
e 
ontains the 
al-
ulations of the seven bond lengths from the 
rystallographi
 information in Fig.A.2. Using the initial values of the parameters from Fig. A.2, the bond lengths fromTable 4.3 are obtained.tained. In a 
rystal with orthogonal axes, these distan
es are easily 
omputed as sumsof squares. In Se
. A.2 I dis
uss 
onstru
ting feffit input �les for the rhombohedralphase of BaTiO3.In feffit the path parameter 
orresponding to the path length in the EXAFSequation, delr, is a measure of 
hange in path length rather than the absolute pathlength. Fortunately feffit provides a 
onvenient short
ut. In feffit, the wordreff is a reserved word that 
annot be used as a user{
hosen variable name. reffalways means the e�e
tive path length written to the feffnnnn.dat �le from feff.When the path parameters for a given path are evaluated and the word reff is en-
ountered in one of the math expressions, the math expression is evaluated using thee�e
tive path length of the 
urrent path as it was read from the feffnnnn.dat �le.If reff is found in a math expression for a subsequent path paragraph, the e�e
tivepath length from the feffnnnn.dat �le for that subsequent path is used. In my input�les, I 
omputed the 
hange in path length by summing the lengths of the legs ofthe s
attering path, dividing by two, and subtra
ting reff. The path paragraphsfor the three oxygen single s
attering paths are shown in Figs. A.4. For these pathsdelr is simply the bond length minus reff. The des
riptions of the lead and tita-nium single s
attering paths are similar to these, substituting the titanium{lead and



174titanium{titanium bond lengths into the delr math expressions in the appropriatepath paragraphs.
path 1 feff/feff0001.datid 1 short axial O SS r_eff=1.7628delr 1 rtio1_sh - reffsigma2 1 sigo_1 + sigmme0 1 e0opath 2 feff/feff0002.datid 2 planar O SS r_eff=1.9703delr 2 rtio2 - reffsigma2 2 sigo_p + sigmme0 2 e0opath 3 feff/feff0003.datid 3 long axial O SS r_eff=2.3762delr 3 rtio1_lo - reffsigma2 3 sigo_3 + sigmme0 3 e0oFigure A.4: Part of the feffit input �le for PbTiO3. This part shows the oxygen SSpath paragraphs. The path paragraphs for the lead and titanium SS paths are quitesimilar. Note that the M
Master 
orre
tion sigmm des
ribed in Se
. B.2.2 is addedto �2 for ea
h path.The parameters used to de�ne S20 , the E0's, and the �2's in the �tting model areshown in Fig. A.5. Some of the 
ontent of Fig. A.5 seems redundant, for examplethe separate assignment of �2's for the oxygen paths whi
h are then set to be equal.De�ning feffit variables in this manner allows me to easily extend my �tting model.In the example of the oxygen �2's, I was able to test the e�e
t of allowing independent�2's in the �rst shell without substantial editing of the feffit input �le2.Figure A.6 shows an example of a path paragraph des
ribing a multiple s
atter-2 It turned out that the �rst shell oxygen �2 were the same within their error bars when allowedto vary independently.
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set amp 0.90set sigmm 0.00093 %%% M
Master 
orre
tion%%% Oxygen parametersguess e0o 8.226guess sigo_p 0.004 % MSD for planar Oset sigo_1 sigo_p % MSD for short Tiset sigo_3 sigo_p % MSD for long Ti%%% Lead parametersset e0pb -10.4set theta_pb_sh 227 % from PRB v.50 #18 p.13168set sigpb_sh eins(temp, theta_pb_sh)set theta_pb_lo 204 % from PRB v.50 #18 p.13168set sigpb_lo eins(temp, theta_pb_lo)%%% Titanium parametersset e0ti 7.30guess sigti_p 0.007357 % MSD for planar Tiset sigti_a sigti_p % MSD for axial TiFigure A.5: Part of the feffit input �le for PbTiO3. This part shows the remainingguess and set parameters.



176ing path. This path is a 
ollinear, triple s
attering path through the more distantaxial oxygen to the axial titanium atom. This path has the same 
ontribution to theEXAFS as the path through the shorter axial oxygen sin
e the lo
ation of the inter-vening atom in a 
ollinear path has very little e�e
t on the EXAFS. Unfortunately,this near degenera
y slips through the degenera
y 
he
ker in feff's path �nder. Thispath has four legs. The �rst and last leg are the long oxygen bond length. The middletwo legs are the short oxygen bond length. Thus the e�e
tive path length is the sumof the short and long oxygen bond lengths. This is equivalent to the 
 axis length andthe math expression for delr 
ould have been written 
 - reff or even delta 
. Ifound it 
onvenient, parti
ularly for the nearly 
ollinear paths, to maintain the moregeneral des
ription of the delr's in terms of the lengths of the legs.%%% a triple s
attering, 
olinear pathpath 27 feff/feff0023.datid 27 ~ -> long axial -> axial Ti -> long axial -> ~delr 27 rtio1_lo + rtio1_sh - reffsigma2 27 sigti_a + sigmme0 27 ( 2*e0o + e0ti ) / 3Figure A.6: Part of the feffit input �le for PbTiO3. This part shows an examplepath paragraph for a 
ollinear MS path. I use the id line to des
ribe the path of thephotoele
tron. The symbol ~ is used to denote the 
entral atom.The math expressions for sigma2 and e0 that I used in Fig. A.6 further re
e
t thephysi
s of my �tting model. I assign an E0 and a �2 for ea
h type of ba
ks
atterer.In the EXAFS equation �2 is the relative mean square deviation of the total pathlength. For a 
ollinear multiple s
attering path, the variation of the intervening atomabout its site has only a tiny e�e
t on the deviation of the total path length. In thiss
attering geometry, only the �2 of the titanium atom e�e
ts the deviation in pathlength. Consequently, no new �2 variables need to be introdu
ed when in
ludingthese MS paths.When feff 
omputes the phase shifts of the 
entral and ba
ks
attering atoms,it 
onstru
ts a muÆn tin from neutral atoms. Negle
ting the possibility of 
hargetransfer between the atoms in the material may result in ina

ura
ies in these phaseshifts. This problem should be most serious at lower energies. This mistake in



177the 
al
ulation of the phase may be 
orre
ted with the 
orre
t energy dependen
eby introdu
ing a shift in the energy referen
e of Eq. (2.10) using Eq. (2.11). Onesu

essful [50℄ method of parameterizing these phase 
orre
tions involves assigninga independent energy referen
e shift for ea
h type of ba
ks
atterer. The phase shiftfor a MS path is then the average of the energy referen
e shifts asso
iated with ea
hof the ba
ks
atterers in the path. This is seen in the e0 path parameter depi
ted inFig. A.6. Again, no new �tting variables are introdu
ed to 
onsider MS paths.Note that, in this se
tion, I have not shown several parts of the input �les that Iused to �t PbTiO3. I have only shown four of the 27 path paragraphs. The remainingSS path paragraphs are very similar to those shown in Fig. A.4. The 
ollinear MSpath paragraphs are similar to the one shown in Fig. A.6. The non{
ollinear pathparagraphs are des
ribed in the next se
tion. Also not mentioned in this se
tionwas all of the information that goes into the header of the input �le. This in
ludesinformation su
h as Fourier transform and �tting ranges, the name of the data �le,and so on. Entering this information into the feffit input �le is straightforward andexamples are given in feffit's do
umentation [52℄.In Figs. A.4 and A.6 an additional term, sigmm, is added to the sigma2 pathparameter. This is the so{
alled M
Master 
orre
tion whi
h is 
omputed by atomsand dis
ussed in Se
. B.2.2.One �nal point about the path paragraphs in the feffit input �le. The pathparameter path is used to spe
ify the name of the feffnnnn.dat �le to be used forthat s
attering path. The value path 
an in
lude a dire
tory path3 as well as the �lename. In Figs. A.4 and A.6, feff/ is the dire
tory path to the �les feff00nn.dat.Using the dire
tory stru
ture of your operating system is a real boon for organizingthe many output �les of feff and feffit.A.1.2 Evaluating the E�e
t of non{
ollinearity in PbTiO3As the displa
ements of the titanium and planar oxygen atoms vary, the s
atteringangle for multiple s
attering paths involving those atoms 
hange. The embedded3That was the fourth distin
t meaning of the word path in two senten
es. A s
attering path refersto the traje
tory of a photoele
tron. A path parameter is a 
on
eptual 
onstru
t used in feffit.All available path parameters are given in Table A.1. path is the path parameter that spe
i�esthe 
omputer �le 
ontaining the a 
al
ulation by feff of the e�e
tive s
attering amplitude andphase shift of a s
attering path. A dire
tory path is a 
on
eptual 
onstru
t of Unix �lesystemsindi
ating the stru
ture of dire
tories and subdire
tories spe
ifying the lo
ation of a �le on a harddisk.



178atomi
 ba
ks
attering amplitudes and phase shifts depend strongly on angle. I haveto 
onsider this in my �ts along with variations in delr, sigma2, and e0. Changes inthe delr's are parameterized as half the sum of the lengths of the legs and the e0'sis parameterized as des
ribed in the pre
eding se
tion. Sin
e the planar paths arenot exa
tly 
ollinear assigning �2's in the same manner as for the 
ollinear path is aworse approximation, but not mu
h worse. The additional transverse 
ontribution to�2 due to the non{
ollinear angle will be small 
ompared the total �2.To approximate the e�e
t of the 
hanging s
attering angle, I used an interpolations
heme. I 
omputed the 
ontribution due to ea
h planar multiple s
attering path atea
h of three angles: 1) the angle determined from the stru
tural parameters in Fig.4.4, 2) 23 of this angle, and 3) zero degrees. As the stru
tural parameters varied in the�t, the 
urrent angle was determined as shown in Fig. A.7 and a weighting parameter,x, is determined for interpolation between the initial angle and the zero angle. Thee�e
t of angle must be of even parity, so an interpolation parameter of even parityis used. Fig. A.7 shows weighting 
oeÆ
ients for both two point and three pointinterpolation. Fig. A.8 shows the three path paragraphs used to model the e�e
t ofthe angle.The parameterizations of delr, sigma2, and e0 are shown in Fig. A.8. The weight-ing 
oeÆ
ients enter as modi�es of the S20 term in the s02 path parameters. Ea
hof the three 
al
ulations at the three angles enters into the �t with the appropriateweighting 
oeÆ
ient for a two or three point weighting 
oeÆ
ient. I 
ould use a twoor three point interpolation by un
ommenting the appropriate set of 
oeÆ
ients asshown in Fig. A.7. There was negligible di�eren
e in �t quality for the the two andthree point interpolations.There is a serious pitfall in this te
hnique. It is 
riti
al to treat 
orre
tly boththe e�e
tive phase shift and the delr of ea
h path. When I 
al
ulated the paths forthe 23 and 0 angles, I took 
are to preserve the lengths of ea
h leg and of the entirepath su
h that reff is the same for ea
h of these paths but the �e�j (k) term fromEq. (2.10) is di�erent. Thus the interpolation is used to determine the best{�t �e�j (k)and delr is 
omputed from the stru
tural �tting parameters.In feff, s
attering geometries are des
ribed in a �le 
alled paths.dat. Normally,this �le is written by feff's path �nder and is used unedited. Spe
ial geometries,though, 
an be spe
i�ed by editing this �le. Fig. A.9 shows the paths.dat �le thatI used to generate the fe� data �les used in Fig. A.8. The �rst path, whi
h haspath index 15, is one of the nearly 
ollinear paths found by feff's path �nder. Thes
attering angle in this 
ase is 9:41Æ. The 
oordinates in paths 115 and 215 were
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%%% bu
kling angle & weighting 
oeffi
ients by Lagrange's formula%%% see Num. Re
. in Fort. 1992 ed, se
. 3.1, p. 102set angle a
os( a/(2*rtio2) ) * (180/pi) % in degreesset x angle^2 / angle0^2%%% two point interpolation (negle
t path at 2/3 angle)set w_full xset w_twoth 0set w_zero 1-x%%% three point interpolation (in
lude path at 2/3 angle)% set w_full 3*x^2 - 2*x% set w_twoth (-9/2) * x * (x-1)% set w_zero 1.5 * (x-1) * (x-2/3)Figure A.7: Part of the feffit input �le for PbTiO3. This part shows the 
om-putation of the bu
kling angle and the weighting parameters for the interpolations
heme of Fig. A.8 used to determine the e�e
t of the 
hanging angle on the signal.Note that these are all set values are 
omputed from other variables in the �t, thus
onsideration of this angle uses no additional portion of the information 
ontent.
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path 18 feff/feff0015.datid 18 ~ -> planar O -> planar Ti -> planar O -> ~delr 18 2*rtio2 - reffsigma2 18 sigti_p + sigmme0 18 ( 2*e0o + e0ti ) / 3s02 18 w_full * amppath 19 feff/feff0115.datid 19 2/3 angledelr 19 2*rtio2 - reffsigma2 19 sigti_p + sigmme0 19 ( 2*e0o + e0ti ) / 3s02 19 w_twoth * amppath 20 feff/feff0215.datid 20 zero angledelr 20 2*rtio2 - reffsigma2 20 sigti_p + sigmme0 20 ( 2*e0o + e0ti ) / 3s02 20 w_zero * ampFigure A.8: Part of the feffit input �le for PbTiO3. This part shows examplepath paragraphs for a multiple s
attering paths involving the planar oxygen atoms.The e�e
t of the 
hange in bond angle on the data is determined by interpolatingamong two or three paths of the same length whi
h di�er only by the s
attering anglethrough the oxygen atom. The interpolation 
oeÆ
ients are multiplied by S20 .
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hosen to keep the lengths of the legs 
onstant and to make the angles 6:28Æ and 0Ærespe
tively. Running the third module of feff with this paths.dat �le produ
es�les 
alled feff0015.dat, feff0115.dat, and feff0215.dat whi
h are used in thepath paragraphs shown in Fig. A.8. I 
hose the path indi
es 115 and 215 to avoid
on
i
t with other paths yet to maintain a mnemoni
 
onne
tion to path 15. feffdoes not require any spe
i�
 order to the 
hoi
e of path indi
es in paths.dat. I haveleft the 
olumns 
ontaining the leg lengths and Euler angles out of my paths.dat �leas they are not required by feff.The 
onstru
tion of the spe
ial feffnnnn.dat �les for 
onsideration of the e�e
tsof the bu
kling angle was a tedious and labor intensive part of preparing to run these�ts. A s
heme for automating this 
hore in a general manner would be an ex
ellentaddition to the battery of software tools developed by the feff and uwxafs proje
ts.A.2 A Fitting Model for Rhombohedral BaTiO3In its low{temperature phase, BaTiO3 is rhombohedral, thus 
onsideration of thedelr's involves a rhombohedral angle � 6= 90Æ. The �ve stru
tural parameters usedin the rhombohedral model are shown in Table 5.5. Again the distin
tion between thedispla
ive and order{disorder models was made by 
onsidering the lo
al stru
turespredi
ted by the two models in my �ts. Mu
h of what I did to parameterize my �tsis 
on
eptually identi
al to the dis
ussion in Se
. A.1. In this se
tion I will dis
usshow the delr's depend upon the rhombohedral angle in the feffit input �le.My analyses of BaTiO3 data were performed on the barium edge, thus all of theexamples in this se
tion show the 
omputation of path lengths with the barium atomas the 
entral atom. Fig. A.10 shows the atoms input �le for the rhombohedralphase of BaTiO3 using the parameters from Table 5.5. From the symmetries of spa
egroup R3M and the �ve stru
tural parameters, I know that the barium atoms resideon the 
orners of the rhombohedron, the titanium is displa
ed in a h111i dire
tionfrom the 
enter of the rhombohedron, and the oxygen atoms are displa
ed from the
enters its fa
es. These deviations from the pure perovskite stru
ture split the oxygen
oordination shell into three distan
es and the titanium 
oordination shell into fourdistan
es. In the rhombohedral stru
ture, the barium 
oordination shell is unsplit.Fig. A.11 shows how I de�ned the 
rystallographi
 parameters in my feffit input�le. Although I performed my analysis out to the �fth 
oordination shell, I will onlypresent the �rst three here. Note that the trigonometri
 fun
tions in feffit expe
targuments in radians, so I 
onvert from degrees to radians using a math expression.
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PbTiO3, Glazer and Mabud, A
ta Cryst. B34, 1065-1070 (1978)Rmax 4.8868, keep limit .000, heap limit .000Plane wave 
hi amplitude filter 2.50%-----------------------------------------------------------15 4 4.000 index, nleg, degenera
y, r= 3.9583x y z ipot label.000000 1.952500 .323750 1 'O '.000000 3.905000 .000000 3 'Ti '.000000 1.952500 .323750 1 'O '.000000 .000000 .000000 0 'Ti '115 4 4.000 index, nleg, degenera
y, r= 3.9583x y z ipot label.000000 1.967290 .216370 1 'O '.000000 3.934570 .000000 3 'Ti '.000000 1.967290 .216370 1 'O '.000000 .000000 .000000 0 'Ti '215 4 4.000 index, nleg, degenera
y, r= 3.9583x y z ipot label.000000 1.979150 .000000 1 'O '.000000 3.958300 .000000 3 'Ti '.000000 1.979150 .000000 1 'O '.000000 .000000 .000000 0 'Ti 'Figure A.9: A paths.dat �le used by feff to generate the feffnnnn.dat data forPbTiO3 at the three bond angles used in Fig. A.8. Paths 115 and 215 were 
onstru
tedto have the same path length as path 15, but with angles of 6:71Æ and 0Æ respe
tively.Constru
ting paths in this manner separates the 
hange in bond lengths from thee�e
t on �e�j (k) due to the 
hange in s
attering angle.
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title Barium Titanate from Kwei et al., using 40K datatitle J Phys Chem, 97, 2368, 1993spa
e r 3 ma 4.0035 alpha 89.843rmax = 8.2 index = true
ore baatomba 0 0 0ti 0.4847 0.4847 0.4847o 0.5088 0.5088 0.0183Figure A.10: atoms.inp �le for BaTiO3.
set a0 4.0035guess delta_a 0.0set a a0 + delta_aset dalpha 0.157set alpha (90.0-dalpha) * pi / 180 ! in radiansguess delta_ox 0.0088set delta_oz 0.0183set doz delta_oz * aguess delta_tix -0.0153Figure A.11: Part of the feffit input �le for BaTiO3. This part shows the stru
turalparameters in the rhombohedral lo
al stru
ture. Note that pi is a reserved word inthe syntax of feffit and is always equal to � = 3:14159 : : : .



184Computing the eight bond lengths for the �rst three shells in this stru
ture ismessy. I use the law of 
osines repeatedly to determine distan
es in this non{orthogonal metri
. Fortunately in a rhombohedral stru
ture, there is only one uniqueangle that is used in all of the law of 
osines 
al
ulations. I will not des
ribe in detailthe 
ontents of Figs. A.12 and A.14. The math is 
orre
t and the 
ontents of the�gures are well 
ommented. The bottom line is that, through judi
ious use of themath expressions, very 
omplex 
onstraints 
an be built into the �tting model.feffit provides a means of \spell{
he
king" your input �le. Inserting the nofitkeyword into the feffit input �le, 
auses feffit to evaluate all of the math ex-pressions and path parameters using the initial values for all guess parameters, thenstopping without performing the �t. The values of the set expressions and path pa-rameters are written to the log �le. Sin
e the initial values of the guess parametersare those used in the feff 
al
ulation, the delr's all of the paths should be zero ifthe math expressions are 
orre
t4. A se
ond test is to set all of of the guessed valuesof dalpha, delta ox, delta oz, and delta tix in Fig. A.11 to 0 and see that the
ubi
 stru
ture is reprodu
ed in a run using the nofit keyword. The path paragraphsshown in Fig. A.13 are for the �rst shell oxygen SS paths. All of the rest of the SSpath paragraphs look quite similar, using the appropriate values from Figs. A.12 andA.14 for delr and the appropriate values for path, e0 and sigma2.About the barium atom, there are no MS paths whi
h overlap the SS paths ofthe �rst three 
oordination shells. There are, however, signi�
ant nearly 
ollinear MSpaths overlapping the �fth 
oordination shell. These were in
luded in the �t usingthe interpolation method des
ribed in Se
. A.1.For the �ts to the orthorhombi
 and tetragonal lo
al stru
tures of BaTiO3, I againused the methods des
ribed in Se
. A.1. The orthorhombi
 
ase was slightly more
ompli
ated sin
e the a and b axes were of di�erent lengths. Ref. [4℄ provides thepseudo{mono
lini
 a and 
 axis lengths and � angle for the orthorhombi
 stru
ture. Iused these to determine the axis lengths by means of the appropriate set expressions.A.3 A Fitting Model for Cubi
 EuTiO3Constru
ting a 
ubi
 �tting model in feffit is vastly easier than for a lower symmetrystru
ture. All of the tri
ks for parameterizing E0 and �2 for MS paths dis
ussed in4A
tually roundo� error from various sour
es made these values in the log �le slightly di�erentfrom zero, typi
ally in the �fth de
imal pla
e. This is well below the un
ertainty of the EXAFSmeasurement.
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%%% psi is more 
onvenient than alpha for the law of%%% 
osines (lo
) expressions belowset psi pi - alpha%%% for near and far, use law of 
osines to find distan
e%%% along 
ell fa
e, then lo
 again to find distan
e to%%% oxygen atomset near1 a*(0.5-delta_ox)set nearp sqrt( 2*near1**2 - 4*near1*
os(psi) )set dr_onear sqrt( nearp**2 + doz**2 - 2*nearp*doz*
os(psi) )%%% half the short fa
e diagonal is the distan
e from the%%% barium to the proje
tion of this O atom on the fa
e.%%% use lo
 with that distan
e, doz, and psiset mid
orr 2*sqrt(
sqr/4)*doz*
os(psi)set dr_omid sqrt( 
sqr/4 + doz**2 - mid
orr )set far1 a*(0.5+delta_ox)set farp sqrt( 2*far1**2 - 4*far1*
os(psi) )set dr_ofar sqrt( farp**2 + doz**2 - 2*farp*doz*
os(psi) )Figure A.12: Part of the feffit input �le for BaTiO3. This part shows the 
al
ulationof the three oxygen bond lengths.
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path 1 ../feff/rhomb/feff0001.datid 1 amp=100.000 deg=3.000 nleg=2 r_eff=2.7856delr 1 dr_onear - reffsigma2 1 sigo + sigmme0 1 e0opath 2 ../feff/rhomb/feff0002.datid 2 amp=100.000 deg=6.000 nleg=2 r_eff=2.8284delr 2 dr_omid - reffsigma2 2 sigo + sigmme0 2 e0opath 3 ../feff/rhomb/feff0003.datid 3 amp=46.222 deg=3.000 nleg=2 r_eff=2.8859delr 3 dr_ofar - reffsigma2 3 sigo + sigmme0 3 e0oFigure A.13: Part of the feffit input �le for BaTiO3. This part shows the pathparagraphs for the �rst shell oxygen SS paths using the bond lengths determinedfrom the math expressions shown in Fig. A.12.
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%%% 
ompute the length of the body diagonal%%% bsqr = long fa
e diagonal squared%%% 
sqr = short fa
e diagonal squared%%% gsqr = short body diagonal squaredset bsqr a**2 * (2 + 2*
os(alpha))set 
sqr a**2 * (2 - 2*
os(alpha))set gsqr 
sqr + a**2set 
osg (bsqr + a**2 - gsqr) / (2 * a * sqrt(bsqr))set body sqrt( bsqr + a**2 + 2*a*sqrt(bsqr)*
osg )%%% the nearest and farthest titaniums lie along the%%% body diagonalsset dr_ti1 body * ( 0.5 + delta_tix )set dr_ti4 body * ( 0.5 - delta_tix )%%% 
onsider the triangle formed by Ba atoms at opposite%%% 
orners of a fa
e and the body 
enter. sigma is the%%% angle Ba-body_
enter-Ba. For alpha = 90 (a 
ube) sigma%%% is 109.47122 deg = 1.91063 rad. use law of 
osinesset s1 (bsqr/2) - (gsqr/4) - (body**2/4)set s2 body*sqrt(gsqr/4)set sigma a
os( s1 / s2 )%%% now use law of 
osines to get these two distan
esset ti23
orr 2 * sqrt(gsqr/4) * body*delta_tix * 
os(sigma)set dr_ti2 sqrt( gsqr/4 + (body*delta_tix)**2 - ti23
orr )set dr_ti3 sqrt( gsqr/4 + (body*delta_tix)**2 + ti23
orr )%%% finally, an easy one!set dr_ba aFigure A.14: Part of the feffit input �le for BaTiO3. This part shows the 
al
ulationof the four titanium bond lengths and the (very easy) barium bond length.



188Se
. A.1 
an be used. In the 
ubi
 perovskite stru
ture there is no need to 
onsider
hanging bond angles | all MS paths that 
ontribute signi�
antly to the EXAFSare 
ollinear. Sin
e the true perovskite stru
ture is 
ubi
 any latti
e expansion or
ontra
tion will be isotropi
. This means that all delr's in the �tting model 
an beparameterized in terms of an isotropi
 latti
e expansion parameter �. An exampleof this for a SS path is shown in Fig. A.15. Parameterizing delr in this manner is
orre
t for any MS path also.path 1 feff/feff0001.datid 1 1st shell oxygen SSdelr 1 eta * reffsigma2 1 sigo + sigmme0 1 e0oFigure A.15: Part of the feffit input �le for a 
ubi
 �tting model.



Appendix BATOMS: HANDLING CRYSTALLINE MATERIALS INXAFS THEORY AND EXPERIMENTThe development of a multiple s
attering theory of EXAFS greatly expanded thes
ope of problems whi
h 
ould be 
onsidered by EXAFS. With feff5 and later ver-sions of feff, distant 
oordination shells and multiple s
attering 
ontributions 
ouldbe 
onsidered in �ts to EXAFS spe
tra from arbitrary samples. feff provides ageneral solution to the multiple s
attering problem by taking a list of atomi
 
oordi-nates as its input information. From this list, it determines [119℄ all possible singleand multiple s
attering geometries within the list of atomi
 
oordinates. While theuse of an atom list makes feff a generally useful and powerful tool, it is a pra
ti
allimitation to its use. Constru
ting an appropriate list of atomi
 
oordinates 
an bea time 
onsuming and error prone 
hore. To address this limitation to the utility offeff, I wrote the program atoms.atoms automates the 
reation of atom lists for 
rystalline materials and performsseveral 
al
ulations useful for interpreting EXAFS measurements. In this appendixI des
ribe the algorithms used by atoms and brie
y des
ribe the use of the 
ode.atoms is a part of the uwxafs analysis pa
kage [65℄ and is also distributed withfeff. There is do
umentation [154℄ for atoms that des
ribes all the details of theprogram.B.1 The Crystallographi
 Algorithmatoms reads its input data from a free format, plain text �le. This �le is 
alledatoms.inp. This input �le is parsed by the 
ode and the information needed for the
al
ulation is interpreted from its 
ontent. The parsing s
heme relies on mnemoni
keywords whi
h have asso
iated values. For example, when the parsing routine en-
ounters the word spa
e in a 
ontext where it is to be interpreted as a keyword,the 
hara
ters following it are interpreted as the symbol des
ribing the spa
e group.Ex
ept for a few spe
ial rules dis
ussed in the program do
umentation, there is norequired order to the keywords in the input �le. An example of this loose stru
ture



190is shown in Figure B.1. In this manner all 
rystallographi
 information as well asall other run-time parameters are entered into the program. The loose stru
ture andEnglish-like syntax of the input �le make atoms easy to use and understand.
title PbTiO3 25Ctitle Glazer and Mabud, A
ta Cryst. B34, 1065-1070 (1978)
ore=ti Spa
e P 4 m ma=3.905 nitrogen=1rmax=3.6 
=4.156atom! At.type x y z tagPb 0.0 0.0 0.0Ti 0.5 0.5 0.539O 0.5 0.5 0.1138 axialO 0.0 0.5 0.6169 planar-------------------------------------------------Figure B.1: An example input �le for atoms. This is for PbTiO3 using the stru
turaldata from Ref. [3℄.atoms uses the algorithm of Burzla� and Hountas [155℄ to derive symmetryoperations from Hermann{Maguin spa
e group symbols. atoms understands bothHermann{Maguin and S
hoen
ies symbols. The S
hoen
ies symbols are 
onvertedinternally into the 
orresponding Hermann{Maguin symbol for the standard settingof the spa
e group for interpretation by the Burzla�{Hountas algorithm. Use of theHermann{Maguin symbols is preferred as that notation system resolves the ambi-guity of spatial setting for 
ertain low symmetry spa
e groups [156℄. For example,an orthorhombi
 
rystal may have di�erent symmetry elements in the three dire
-tions. The 
hoi
e of whi
h set of symmetry elements to asso
iate with ea
h of theCartesian dire
tions is arbitrary. There may be up to six di�erent 
hoi
es. TheHermann{Maguin system resolves this 
hoi
e unambiguously while the S
hoen
iessystem assigns the same symbol to ea
h of the settings of a spa
e group.The Burzla�{Hountas algorithm interprets the symmetry elements and Bravaistranslations from the Herman{Maguin symbol and 
onstru
ts symmetry tables. Theunique atomi
 positions spe
i�ed in the input �le are operated upon by these sym-



191metry tables to generate the entire 
ontents of the unit 
ell. The unit 
ell is thentranslated in all three dire
tions to entirely en
lose a sphere of the radius spe
i�ed bythe rmax keyword in the input �le. The positions within the unit 
ells are translatedinto Cartesian 
oordinates using the values of the a, b, and 
 keywords. For a non-orthogonal unit 
ell, one or more of the 
ell angles alpha, beta, and gamma wouldalso need to be spe
i�ed. One of the atoms of the type spe
i�ed by the 
ore keywordis sele
ted as the origin and a list ordered by radial distan
e of atom 
oordinates isgenerated. The output of atoms is written to a �le 
alled feff.inp whi
h is shownin Fig. B.2. This �le 
ontains the atom list along with reasonable guesses for the restof the information required by feff. The �rst three 
olumns of the atom list are theCartesian 
oordinates of the atoms. The absorbing atom is pla
ed at (0; 0; 0). Thefourth 
olumn is the potential index whi
h identi�es the spe
ies of the atom at thatlo
ation. The �fth and sixth 
olumn are not used by feff, but are in
luded for thebene�t of the user. The �fth 
olumn is a tag whi
h identi�es the atom as 
omingfrom a parti
ular 
rystallographi
 site. The two oxygen atoms in the atoms.inp �leshown in Fig B.1 are distinguished by the tags planar and axial, whi
h, in this 
aserefer to the pla
ement of the oxygen atoms relative to the 
̂ axis and to the nearbytitanium atom. The sixth 
olumn is the distan
e of that atom from the absorbingatom.feff requires that ea
h atom in the 
luster be assigned a unique potential index.feff then 
omputes the free atom potential and 
harge density for the atomi
 spe
iesof ea
h unique potential. These free atoms are then overlapped to form the muÆntin potential used [28℄ by feff to 
ompute the s
attering amplitudes and phaseshifts whi
h enter into Eq. (2.10). atoms makes the simplest possible 
hoi
e ofpotential index assignments. As shown in Fig. B.2, a potential index is assigned tothe 
entral atom and to ea
h atomi
 spe
ies in the 
luster. In some situations itmay be advantageous to allow atoms of the same spe
ies to be handled di�erentlyby feff. It is my opinion that it should be up to the feff user to 
hoose to runfeff with potential assignments more 
ompli
ated than the simple 
hoi
e made byatoms.There are several other points of interest in Fig. B.2. The 
omment lines indi
atedin the atoms input �le by the keyword title are written to the output �le. Thisallows for user 
hosen do
umentation to be passed from atoms.inp through to theoutput of feff. The radial extent of the 
luster is 
hosen by the rmax keyword inatoms.inp. The HOLE keyword in feff.inp is used to spe
ify whi
h absorption edgewill be 
al
ulated by feff. Atoms assumes that, if the absorbing atom is below
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Figure B.2: An example input �le for feff as generated by atoms. This is theoutput of atoms using the �le shown in Fig. B.1. The radial extent of this 
lusteris trun
ated to in
lude only the �rst two 
oordination shells so that it will �t on thefa
ing page. atoms is typi
ally 
ompiled to allow 
lusters of up to 800 atoms.
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* This feff.inp file generated by ATOMS, version 2.46b* ATOMS written by Bru
e Ravel and 
opyright of The Univ. of Washington, 1994* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- ** total mu = 5194.4 
m^-1, delta mu = 761.6 
m^-1* spe
ifi
 gravity = 7.942, 
luster 
ontains 15 atoms.* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- ** m
master 
orre
tions: 0.00093 ang^2 and 0.165E-05 ang^4* self-abs. 
orre
tions: amplitude fa
tor = 1.087* 0.00004 ang^2 and 0.461E-07 ang^4* i0 
orre
tions: 0.00119 ang^2 and 0.121E-05 ang^4* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- ** sum of 
orre
tions: 0.00216 ang^2 and 0.291E-05 ang^4* -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- * -- *TITLE PbTiO3 25CTITLE Glazer and Mabud, A
ta Cryst. B34, 1065-1070 (1978)HOLE 1 1.0 Ti K edge ( 4.965 keV), se
ond number is S0^2* mphase,mpath,mfeff,m
hiCONTROL 1 1 1 1PRINT 1 0 0 3RMAX 3.55564*CRITERIA 
urved plane*DEBYE temp debye-temp*NLEG 8POTENTIALS* ipot z label0 22 Ti1 8 O2 82 PbATOMS0.00000 0.00000 0.00000 0 Ti 0.000000.00000 0.00000 -1.76713 1 axial 1.767131.95250 0.00000 0.32375 1 planar 1.979160.00000 -1.95250 0.32375 1 planar 1.97916-1.95250 0.00000 0.32375 1 planar 1.979160.00000 1.95250 0.32375 1 planar 1.979160.00000 0.00000 2.38887 1 axial 2.38887-1.95250 -1.95250 1.91592 2 Pb 3.360841.95250 -1.95250 1.91592 2 Pb 3.36084-1.95250 1.95250 1.91592 2 Pb 3.360841.95250 1.95250 1.91592 2 Pb 3.360841.95250 -1.95250 -2.24008 2 Pb 3.55563-1.95250 1.95250 -2.24008 2 Pb 3.55563-1.95250 -1.95250 -2.24008 2 Pb 3.555631.95250 1.95250 -2.24008 2 Pb 3.55563END
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erium on the periodi
 table, a K edge 
al
ulation is desired. For heavier elements,atoms assumes the LIII edge. This 
an be spe
i�ed in atoms.inp by the edgekeyword. The se
ond argument to HOLE in feff.inp is the value of S20 to be usedin the 
al
ulation. atoms sets this to 1 on the assumption that the e�e
t of S20 willbe in
luded during the analysis of the data. For the 
onvenien
e of the user, theenergy of the 
hosen absorption edge is written as a 
omment on the line 
ontainingthe HOLE keyword. Finally, the nitrogen keyword is one of three keywords used tospe
ify the 
ontents of the I0 
hamber as 
auses atoms to make the 
uores
en
e
orre
tions des
ribed in Se
s. B.2.3 and B.2.4.At the top of the feff.inp �le are several lines whi
h are 
ommented out by theasterisk 
hara
ter (*). These are the various experimental 
orre
tions 
al
ulated byatoms and are the topi
 of the next se
tion.B.2 Cal
ulations Using the M
Master TablesB.2.1 The Density and Absorption LengthsAs dis
ussed in Se
. 3.2.1 proper sample preparation for a transmission experiment isessential for 
olle
tion of high quality data. In order to make appropriate 
hoi
es forthe 
omposition and form of the sample it is ne
essary to know both the absorptionlength of the sample and its edge step absorption length. atoms approximates thesequantities and reports them in the �rst of the 
ommented lines at the top of thefeff.inp �le.The absorption length is de�ned as the thi
kness x of the sample su
h that theintensity of the x-rays in
ident upon the sample at an energy 50 eV above the absorp-tion edge is attenuated e-fold. That is, e�x� = 1 where � is the total absorption ofthe sample at that energy. The edge step absorption length, the re
ipro
al of whi
his 
alled delta mu in feff.inp is the thi
kness x su
h that there is an e-fold 
hangein absorption between 50 eV below and above the edge. That is, e�x�Æ� = 1, whereÆ� is the 
hange is absorption of the absorbing atom.atoms has a table of 
oeÆ
ients [70℄ for 
omputing x-ray 
ross-se
tions of freeatoms 
ompiled into it. It 
omputes the free atom 
ross-se
tions for ea
h atom spe
-i�ed in atoms.inp at 50 eV above the absorption edge and for the resonant atom at50 eV below the edge. Using the 
rystallographi
 information, it knows the size of theunit 
ell and how many of ea
h spe
ies are in the unit 
ell. With this information theabsorption length and edge step absorption length are 
omputed. From the unit 
ellsize and tabulated masses of the elements, the density of the 
rystal is also 
omputed.



195With the absorption lengths and density of the material, proper 
hoi
es for samplepreparation 
an be made.In the example given in Fig. B.2, the absorption length is 15269:6 
m � 2�m and theedge step absorption length is 1772:6 
m � 13�m. For my experiment on the titaniumK edge of PbTiO3, I 
hose to make a sample whi
h was 5�m thi
k, thus with totalabsorption of � 2:5 and an edge step of � 0:4. Knowing the appropriate thi
knessfor the sample, the dimensions of the die used to press the sample, and the densityof PbTiO3, I was able to make an appropriate sample using the method des
ribed inSe
. 3.2.1. An example spe
trum obtained with one of these samples is shown in Fig.B.3.
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Figure B.3: Unnormalized absorption spe
trum for the titanium K edge of PbTiO3at 300K. The edge step for this s
an is 0.413, whi
h is very 
lose to the predi
tededge step for a 5�m sample.
B.2.2 The M
Master Corre
tionTo avoid introdu
ing systemati
 errors into the amplitude of the measured �, an edge-step normalization is typi
ally used, as dis
ussed in Se
. 2.2. Sin
e the true atomi
ba
kground absorption, �0, has energy dependen
e, normalization by the edge-stepintrodu
es an energy-dependent attenuation to the amplitude of �. This attenuationis small for heavy elements, but 
an be of the same order as thermal e�e
ts for



196light elements. atoms 
al
ulates an approximation to this attenuation 
alled theM
Master 
orre
tion [28℄.Using the tables of free atoms x-ray 
ross-se
tions, atoms evaluates the 
ross-se
tion for the free 
entral atom in a range from 50 to 500 eV above the absorptionedge. It then regresses a third order polynomial in the natural log of the energyrelative to the edge to the natural log of the free atom 
ross-se
tion. A regression innatural logs is how the 
oeÆ
ients of Ref. [70℄ were determined. The linear and squareterms are approximations to the degree of attenuation introdu
ed by the edge-stepnormalization. These terms are written to the top of feff.inp as se
ond and fourth
umulants. These are intended as additive 
orre
tions to the measured �2 and fourth
umulants of a �t. Negle
ting this 
orre
tion will make the temperature dependen
eof �2 deviate from an Einstein behavior by a 
onstant o�set.B.2.3 The I0 Corre
tionIn a 
uores
en
e experiment, as des
ribed in Se
. 3.1.4, the absorption 
ross se
tionis obtained from the dete
ted intensities on the I0 and IF 
hambers (see Fig. 3.1) bymeasuring their ratio as a fun
tion of energy. This introdu
es an energy dependenterror, usually an attenuation, into the amplitude of the measured �. The se
ondaryphoton measured in the 
uores
en
e experiment is always of the same energy. Thusthere is no energy dependent part of the signal measured on IF . There is, though,an energy response to I0 that is negle
ted when IF is normalized by the signal on I0.atoms 
al
ulates an approximation to this attenuation 
alled the I0 
orre
tion.To enable this 
al
ulation when using atoms, it is ne
essary to spe
ify the 
on-tents of the I0 
hamber. In Fig. B.1 this is done with the nitrogen keyword. atomsalso re
ognizes the keywords argon and krypton. From the supplied values of thesethree keywords, atoms approximates the energy response of the I0 
hamber usingthe tables of free-atom x-ray 
ross se
tions. In the 
ase shown in Fig. B.1, the I0
hamber was entirely �lled with nitrogen.atoms evaluates the 
ross-se
tion for the gases in the I0 
hamber in a range from50 to 500 eV above the absorption edge. It then regresses a third order polynomial inthe natural log of the energy relative to the edge to the natural log of the gas 
ross-se
tion. The linear and square terms are approximations to the degree of attenuationintrodu
ed by normalizing IF by I0. These terms are written to the top of feff.inpas se
ond and fourth 
umulants. These are intended as additive 
orre
tions to themeasured �2 and fourth 
umulants of a �t. Negle
ting this 
orre
tion will make the



197temperature dependen
e of �2 deviate from an Einstein behavior by a 
onstant o�set.B.2.4 The Self{Absorption Corre
tionThe se
ond 
orre
tion required for 
uores
en
e measurements is 
alled the self{absorption 
orre
tion. This 
al
ulation is also enabled when any of the nitrogen,argon, or krypton keywords are spe
i�ed in atoms.inp. This form for the signal onthe 
uores
en
e dete
tor is given in Eq. (3.7)IFI0 � �
(E )�0(EF ) + �b(E ) + �
(E ) (B.1)As in Se
. 3.1.4, �
(E ) is the absorption of the resonant atom, �b(E ) is the restof the absorption in the material, and �0(EF ) is the absorption of the material atthe 
uores
en
e energy of the resonant atom. The self{absorption 
orre
tion is dueto the �
(E ) term in the denominator of this equation. In the limit that �
(E ) ���0(EF )+�b(E )�, the self{absorption 
orre
tion is enormous, 
an
eling the os
illatorystru
ture of the XAFS spe
trum. atoms approximates the e�e
t of �
(E ) term inthe denominator of Eq. (B.1) given two assumptions, 1) the sample is very thi
k
ompared to the absorption length and 2) the entry angle � in Fig. 3.1 is equal tothe exit angle to the 
uores
en
e dete
tor. This derivation 
ould be generalized to
onsider a thin sample and unequal entry and exit angles.Typi
ally, the 
uores
en
e experiment is performed to measure � rather than �.The 
orre
tion presented in this se
tion is a 
orre
tion to the measured �. The signal� is the normalized variation in IF=I0, the os
illatory part of the absorption of theresonant atom. I will now derive expressions for the variation in IF=I0 and for thenormalization term using the notation of Eq. (B.1).The variation in the signal, Æ�IF=I0� is due to the variation in �
(E ), Æ�
(E )Æ�IFI0 � = Æ� �
(E )�B(E) + �
(E )�= Æ�
(E )�B(E) + �
(E ) � Æ�
(E ) � �
(E )��B(E) + �
(E )�2= Æ�
(E ) � �B(E)��B(E) + �
(E )�2 (B.2)In this equation �B(E) = ��0(EF ) + �b(E )�.The normalization, �, is the di�eren
e in IF=I0 below and above the edge. The



198symbols ��a and ��b denote that the quantity is evaluated above or below the absorptionedge. � = �
(E )��a�
(E )��a + �B(E) � �
(E )��b�
(E )��b + �B(E) (B.3)For a 
uores
en
e measurement where the self{absorption 
orre
tion is a signi�
ante�e
t, �
(E )��a is a large term in Eq. (B.1), but �
(E )��b is assumed to be small. Ineed one more bit of notation,�
(E )��a = �
(E )��b +��
: (B.4)Using the assumption that �
(E )��b is small,� = �
(E )��b +��
�
(E )��a + �B(E) � �
(E )��b�B(E)= ��
�
(E )��a + �B(E) (B.5)
Finally I write an expression for the normalized variation in IF=I0 using Eqs. (B.2)and (B.5). Sin
e this derivation is for a 
orre
tion to �, I am only 
on
erned withnormalized variation above the absorption edge.

Æ�IF=I0�� = Æ�
(E ) � �B(E)��B(E) + �
(E )�2 � ��
�
(E ) + �B(E) �����a= Æ�
(E ) � �B(E)��
��
(E ) + �B(E)� �����a (B.6)
The ideal measurement would be undistorted and simply expressed as Æ�
(E )=��
.The 
orre
tion fa
tor Cself is the fa
tor by whi
h the measured signal must be multi-



199plied to obtain the ideal signal.Cself � Æ�
(E ) � �B(E)��
��
(E ) + �B(E)� = Æ�
(E )��
 (B.7)Cself = �
(E ) + �B(E)�B(E)= 1 + �
(E )�B(E) (B.8)atoms uses the free atom 
ross-se
tions to evaluate Eq. (B.8) in the energy rangefrom 50 to 500 eV above the absorption edge1. A third order polynomial in the naturallog of the energy relative to the edge is regressed to the natural log of Eq. (B.8). The
oeÆ
ients of this regression are the 
orre
tion terms reported at the top of thefeff.inp �le.The amplitude fa
tor is the exponent of the 
onstant term in the regression.This is intended as a multipli
ative 
orre
tion to the amplitude of the data. If thisterm is negle
ted in a �t, the measured S20 will be too small by that fa
tor.The other two 
orre
tions are the linear and square terms of the regression andare expressed in feff.inp as se
ond and fourth order 
umulants [51℄. These areintended as additive 
orre
tions to the measured �2 and fourth 
umulants of a �t.Negle
ting this 
orre
tion will make the temperature dependen
e of �2 deviate froman Einstein behavior by a 
onstant o�set. Note that this 
orre
tion is very similar tothat of Ref. [157℄.The e�e
tiveness of the amplitude 
orre
tion 
al
ulated by atoms was re
entlydemonstrated [158℄ on indium 
uores
en
e data taken on an indium alloy dilutelydoped with plutonium. From 
rystallography, the alloy is known to be of the FCCstru
ture. Using the amplitude 
orre
tion from atoms and a 
al
ulated value for S20[120℄, �ts to the indium edge data yield a 
oordination of 12:3�0:5 for the �rst shell.The approximation made before Eq. B.5 that �
(E )��b is small is not ne
essary.Eq. B.3 
an be used dire
tly. I plan to in
lude this in a future version of atoms.
1Care is taken in the 
ode to avoid running into other absorption edges in the material. If thereis another absorption edge within 500 eV the range is trun
ated appropriately.



Appendix CTHE OPERATION OF THE COMPUTER PROGRAMXANESC.1 Running XANESThe algorithms des
ribed in Ch. 8 are implemented in a 
omputer program xanes.xanes requires that the �rst module1 of feff7 be run. These partial waves are usedby xanes to 
al
ulate the single site t{matrix elements of Eq. (8.10). An exampleof a feff input �le is shown in Fig. C.1. Several features have been added to feffto a

ommodate the needs of the xanes program. One of these is seen in Fig. C.1.A numeri
 argument is added to the feff7 keyword xanes to enable the additional
al
ulation needed for xanes. Several other output �les from feff are also used.These are shown in Table C.1.Table C.1: Output �les from feff used in xanes. The �les marked as new 
ontainnew 
al
ulations by feff whi
h are required by xanes.�le name new des
riptionphase.bin partial wave phase shiftsxse
t.bin embedded atom ba
kground fun
tionpotph.dat 
luster geometry and potential indexingxrho.bin p embedded atom ele
tron densities of statexatom.bin p free atom ele
tron 
on�gurationsAfter running feff, xanes is run to solve Eq. (8.6). The solution of the FMS G {matrix is then used to solve for the site and angular momentum proje
ted � fun
tions1 feff7 
onsists of four distin
t 
al
ulations, 
alled modules, whi
h are usually run sequentiallyusing a single input/output stru
ture. It is possible to run only parts of feff. The �rst module
onstru
ts the muÆn tin potential and 
al
ulates the partial wave phase shifts asso
iated withea
h muÆn tin. The details of the muÆn tin 
onstru
tion and phase shift 
al
ulations are givenin Refs. [27, 119, 120℄. The details of running feff are given in Ref. [159℄.



201

TITLE Mole
ular SF6CONTROL 1 0 0 0PRINT 1 0 0 0RMAX 12XANES 12EXCHANGE 2 0 0POTENTIALS* ipot z tag0 16 S1 9 FATOMS* x y z ipot0 0 0 0 S absorber1.56 0 0 1 6 F ba
ks
atters0 1.56 0 10 0 1.56 1-1.56 0 0 10 -1.56 0 10 0 -1.56 1Figure C.1: A sample feff input �le for SF6 for use with a run of xanes.
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Table C.2: Output �les from xanes�le name des
ription of 
ontentsx
hi.dat �, �0, and � 
onvolved with the broadened step fun
tion as inEqs. (8.24) and (8.25).x
hi.raw � and the 
omplex � without broadening.submat.bin The submatrix of G for the 
entral atom and the �nal stateangular momentum for use in 
orre
t.xdos n.dat The angular momentum proje
ted DOS fun
tion �(E) for ea
hunique potential n.xdos n.raw The atomi
 portion of the angular momentum proje
ted DOSfun
tion �0(E) for ea
h unique potential n.xfermi.dat The approximations for the Fermi energy and 
harge transfer.

of Eqs. (8.21) and (8.30). Using feff's 
al
ulations of the 
entral atom ba
kgroundfun
tion from xse
t.bin and the embedded atom ele
tron densities from xrho.binalong with the � fun
tions, xanes solves Eqs. (8.23) and (8.29). xanes uses a �le
alled xanes.
onf to 
on�gure various 
hara
teristi
s of the 
ode at run{time. Thereare a large number of 
on�guration options available for xanes whi
h are des
ribedin the program do
umentation [160℄. A few of the most 
ommonly used are shown inFig. C.2. To the end of keeping the basis small, the size of the 
luster and the angularmomentum basis used for ea
h atom in the 
luster is 
on�gurable in a xanes run.The xanes run writes several �les 
ontaining 
al
ulations of the absorption spe
-trum and of the lo
al ele
tron densities of state (DOS). For 
omparison of the 
al
u-lation to experiment, it is useful to adjust various parameters a�e
ting the 
al
ulated�(E). These in
lude the values of the Fermi energy and the line broadening used inEqs. (8.24) { (8.26), the linear polarization dire
tion, the transition 
hannel if the
al
ulation is on an edge of initial angular momentum l � 1, a 
onstant shift of theabsolute energy s
ale, and an over{all amplitude fa
tor. An an
illary program, 
or-re
t, is used to apply these 
orre
tions. 
orre
t reads xse
t.bin, whi
h 
ontainsthe embedded atom ba
kground 
omputed by feff, and submat.bin, the output �lefrom xanes 
ontaining the 
entral atom and l = l�nal submatrix of G for ea
h l�naltransition 
hannel appropriate to the 
hosen edge in the 
al
ulation. After readingthe these �les, 
orre
t applies the 
orre
tions des
ribed above as indi
ated within



203### xanes.
onfkmax 4.5rmax 3.0dryrun false truelmax 0 2lmax 1 1Figure C.2: A sample xanes 
on�guration �le for a xanes run on SF6. kmax limitsthe energy range of the 
al
ulation. rmax limits the size of the radial 
luster used inthe FMS 
al
ulation. lmax limits the size of the angular momentum basis used inthe FMS 
al
ulation. In this 
ase the basis of the 
uorine atoms is restri
ted to sand p ele
trons and of the sulfur atom to s, p, and d ele
trons. When set to true, thedryrun keyword is used to make xanes read in all of the input �les and 
he
k to seethat the 
al
ulation will pro
eed smoothly, but stopping before 
omputing the FMSmatrix.a 
on�guration �le, an example of whi
h is shown in Fig. C.3. The output of thisexample run on SF6 is dis
ussed in detail in Se
. 9.2.xanes possesses several useful features whi
h I do not dis
uss in detail in thisthesis. These in
lude� An option to use a Singular Value De
omposition for the matrix algebra.� Computation of exa
t �nite order s
attering within the 
luster up to triples
attering.� Computation of the polarization dependen
e of the XANES spe
trum for Kand LI edges.� Separate 
omputation of the l+ 1 and l� 1 �nal states for LII and LIII edges.� An an
illary program for editing the 
on�guration �les for xanes and 
or-re
t.For 
omplete des
riptions see the program do
umentation [160℄ and read the infor-mation �les whi
h are distributed with the sour
e 
ode for xanes and 
orre
t.C.2 Five Steps to a Su

essful XANES RunHere is a short re
ipe for using xanes and (hopefully) getting a satisfa
tory result.
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### file namesoutfile x
hi.
orsubfile submat.binxse
tfile xse
t.bin ### set and guess variablesset e0 15.0set efermi 6.2set amplitude 1.0set width 0.5set slope 0.0 ### other parameters# lfinal both plus minus# polarization 0 0 0Figure C.3: A sample 
orre
t 
on�guration �le for a 
orre
t run on the outputof xanes on SF6. The �rst three keywords are used to spe
ify the names of the inputand output �les. efermi and width are used to spe
ify the sizes of those 
orre
tions.The other three are 
orre
tions to the overall amplitude of the 
al
ulated spe
trum,a shift of the absolute energy s
ale, and the slope of a line that is added to the
al
ulation after EFermi . The polarization keyword may used to spe
ify the linearpolarization dire
tion. The lfinal keyword may be used to add or to isolate thesignals from the l + 1 and l � 1 �nal states in a 
al
ulation on an edge of initialangular momentum greater than 0.



2051. Compile xanes with appropriate parameters. The header �le xparam.h is in-
luded in 26 pla
es in xanes v. 0.37. The dimensions of the problem are setthere. Be sure that the parameter n
lusx, whi
h determines the maximumnumber of atoms in the 
luster, is set large enough for your appli
ation. Theparameter lx determines the maximum of the angular momentum basis. xanesdoes not 
urrently work for lx larger than 3, although it may be prudent to setit to a smaller number if you want to run xanes on a very large 
luster.2. Che
k your environment resour
es. In a Unix environment, your shell has 
on-�gurable limitations in its a

ess to system resour
es. In 
sh or t
sh theselimits 
an be displayed by exe
uting the shell built{in 
ommand limit. Inbash and equivalent shells, the equivalent built{in 
ommand is ulimit. Usingt
sh and typing limit at the 
ommand line on an SGI Indigo II that I use, Isee something like this:
putime unlimitedfilesize 4194303 kbytesdatasize 524288 kbytessta
ksize 100000 kbytes
oredumpsize 0 kbytesmemoryuse 187444 kbytesvmemoryuse 524288 kbytesdes
riptors 200The syntax for 
hanging these limits is, for example, limit sta
ksize 100000.You might run this 
ommand from one of your login s
ripts. If you 
ompilexanes to allow for large 
lusters (say of 80 or more atoms), you will need to setthe sta
ksize to something appropriately large. It will be obvious that yoursystem resour
e a

ess is too small for the program if it dies without writinganything to the s
reen and dumps a 
ore.3. Run feff. The feff run should be made on a mu
h larger 
luster than whatwill be used in the xanes run. This will minimize the e�e
t of the 
lusterboundary on the potentials of the s
atterers used in the xanes 
al
ulations.If you want a xanes 
al
ulation on a 
rystalline material, you might start byrunning atoms. In re
ent versions of atoms there is a xanes keyword whi
h,when set to true, writes 
ards to feff.inp whi
h are useful for a subsequentxanes run. Please note that you must supply the XANES 
ard in feff.inp



206 and it must have a positive numeri
 argument. You only need to run the �rstmodule of feff, that is to run with CONTROL 1 0 0 0 in feff.inp. All of the�les needed by xanes are written by the �rst module.4. Run xanes. Typi
ally, xanes is run on a smaller 
luster than feff. Thus the
al
ulation of the s
attering is separated from the 
al
ulation of the s
atteringpotentials. Although all of the defaults for the keywords in the 
on�guration�le are reasonable, you might want to prepare a spe
ial 
on�guration �le. Seethe 
ode do
umentation [160℄ for details about the 
on�guration keywords. Ire
ommend using the LU matrix de
omposition option. It is faster that theSVD and I have yet to en
ounter a situation where the SVD was needed. I alsore
ommend thoughtful use of the lmax keyword. For instan
e, setting lmax to 2or even 1 for light atoms su
h as oxygen will probably result in a well 
onverged
al
ulation and 
an save 
onsiderable 
omputation time. Also, don't set kmax totoo large of a number. Beyond a few inverse Angstroms, a mu
h larger angularmomentum basis is required for 
onvergen
e. xanes typi
ally has a hard wiredlimit of lmax = 3.5. Run 
orre
t repeatedly. Use 
orre
t to 
hange 
omputation parameterssu
h as the Fermi energy, to apply polarization, and to examine di�erent l�nalstates for LII and LIII edges. Sin
e 
orre
t is so fast and xanes is so slow,run a generi
 xanes 
al
ulation and play games with 
orre
t.C.3 Using FEFF with XANESC.3.1 New FEFF KeywordsAlong with the two new output �les mentioned in Table C.1, several keywords wereadded to the list of keywords re
ognized by feff in the feff.inp �le. These areXANESThe features added by me for use with xanes are enabled by adding a numer-i
al argument to this keyword. When this keyword o

urs without a numeri
alargument, the standard XANES fun
tionality of feff is used.EGRIDThis keyword sets the knots for use in 
onstru
ting a user{de�ned energy grid.Pla
ing EGRID 3 10 20 30 within feff.inp tells feff to 
onstru
t an energygrid with 3 knots pla
ed 10, 20, and 30 eV above �rst point.



207EMESHThis keyword spe
i�es the size of the grid between the knots spe
i�ed by theEGRID keyword. Pla
ing EMESH 0.5 1.0 1.5 in feff.inp tells feff to 
al
u-late in half volt steps between the �rst energy point and the �rst knot, in voltsteps between knots 1 and 2, and in volt and a half steps between the the lasttwo knots. Beyond that feff's normal algorithm is used.VINTFIXThis undes
riptive keyword is used to 
ontinue the 
al
ulation of the potentialsand phase shifts below the level of feff's intersti
e. It takes a real number asits value. Typi
ally feff 
hooses a point a few volts above the intersti
e asits �rst energy point. The value of this keyword is subtra
ted from the defaultstarting point.C.3.2 FEFF Tri
ksSome of the more obs
ure feff keywords are possibly quite useful in 
onjun
tionwith xanes. Here are a few that I have usedEXCHANGEUsing di�erent models for the ex
hange and 
orrelation potentials may im-prove your 
al
ulation. As shown in Table 9.1, I �nd that the Hedin{Lundqvistand Ground State models are both useful.ION Using this 
ard to ionize the 
entral tends to amplify or diminish the �nalstate DOS for the 
entral atom. Although this is an ad ho
 
orre
tion to thefeff 
al
ulation, it 
an signi�
antly improve the quality of the result.FOLP and AFOLPChanging the parameters on the 
onstru
tion of the muÆn tin may yield betterresults. This, too, is an ad ho
 
orre
tion.JUMPRMI have found that this keyword produ
es unsatisfa
tory results even thoughearly versions of the program do
umentation [160℄ suggested that you do so.
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