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Abstra
t III
Abstra
tThesis advisor AuthorMetin Tolan Henning SternemannA non�resonant inelasti
 x�ray s
attering studyon sili
on oxides and 
lathratesSili
on is still a dominating element in terms of industrial appli
ations and also funda-mental resear
h. Sili
on oxides play a key role for insulator layers in integrated 
ir
uitsand 
oatings for opto�ele
tri
 devi
es. A mi
ros
opi
 understanding of the sili
on�oxidestru
ture is therefore highly demanded. New nanostru
tured sili
on 
ompounds showingparti
ular physi
al behavior have been dis
overed during the last de
ade. So, endohedrallydoped sili
on 
lathrates are promising materials for thermo�ele
tri
 appli
ations and tai-lored band�gaps. The study of the intera
tion between the guest atoms and the host sili
onnetwork is 
ru
ial to understand 
hanges in physi
al properties. Also in the view of funda-mental resear
h sili
on 
lathrates show ex
iting stru
tural and ele
troni
 phase�transitionsunder high pressure.A

ess to the stru
tural and ele
troni
 information in bulk amorphous sili
on monoxideand 
omplex sili
on 
ompounds 
an be a
hieved by the study of absorption edges. Non�resonant inelasti
 x�ray s
attering is a powerful tool to measure shallow absorption edgesusing hard x�rays. This allows the study of low energy transitions under 
onditions whi
hdo not permit ele
trons and soft x�rays. In the present work, an algorithm is presented forthe proper experimental extra
tion of momentum�transfer dependent s
attering spe
tra.A 
omparison with ab�initio 
al
ulations 
an 
ontribute signi�
antly to the understandingof the experimental spe
tra. Therefore, the appli
ability and the limits of theoreti
alapproa
hes are elaborated in a study of the pure elements sili
on, magnesium and sodium.Based on these methodi
al advan
es, the disproportionation of bulk amorphous sili
onmonoxide is analyzed and 
ompared to the interfa
e 
lusters mixture model for the SiOstru
ture. Complex nano�stru
tured barium doped sili
on networks are examined by thesurvey of the barium giant dipole resonan
e. The �rst observation of di�erent modulationsof the resonan
e depending on the stru
ture will be presented and future appli
ations onhigh�pressure resear
h will be highlighted.
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1
Chapter 1Introdu
tionFrom the �rst integrated 
ir
uit and the rise of mi
roele
troni
s to the growth of nanos-tru
tured materials, sili
on has always played a key role in material and semi
ondu
tors
ien
e. Sili
on nano
rystals embedded in an oxide matrix are a 
lass of material movinginto the fo
us of applied resear
h. Su
h systems have revealed to be promising 
andidatesfor high e�
ient photolumines
ent stru
tures and non�volatile �ash memory appli
ations.1Bulk amorphous sili
on monoxide or SiOx/SiO2 multilayer systems are favorable startingmaterials for their produ
tion.2 Espe
ially the 
luster growth and the stru
ture of suboxideinterfa
es between 
lusters and oxide are of importan
e. With the ongoing miniaturizationof ele
troni
 devi
es, buried amorphous sili
on and sili
on/germanium suboxide interfa
esbetween 
ondu
ting and insulating layers are also be
oming 
ru
ial for the fun
tionalityand the performan
e of mi
roele
troni
s.3 The development of a nanostru
ture model foramorphous sili
on monoxides and the pro
ess of its disproportionation with the growth ofnano
rystals is therefore topi
 of 
urrent resear
h.In re
ent years, also novel 
ompounds based on 
omplex sili
on networks, espe
ially sili-
on 
lathrates, exhibited attra
tive physi
al and ele
troni
 features from super
ondu
tivityto magneti
 order.4 Moreover, their ele
troni
 stru
ture 
an be altered by inter
alation ofdi�erent guest atoms leading to, e.g., orbital hybridization and 
harge transfer.5 Therefore,the knowledge of the 
oupling between a guest atom and its host latti
e allows a tailoringof the ele
troni
 and physi
al properties in a wide range, e.g., 
on
erning band�ele
troni
or thermo�ele
tri
 stru
ture.61 T.Z. Lu et al. (2006), J. Appl. Phys. 100, 014310; A. Zimina et al. (2006), Appl. Phys. Lett. 88, 163103.2 V. Kapaklis et al. (2005), Appl. Phys. Lett. 87, 123114; M. Mamiya et al. (2001), J. Cryst. Growth 229,457; M. Za
harias et al. (2002), Appl. Phys. Lett. 80, 661.3 S. Balakumar et al. (2007), Appl. Phys. Lett. 90, 032111; D.R. Hamann (2000), Phys. Rev. B 61, 9899.4 C.L. Condron et al. (2005), Inorg. Chem. 44, 9185; H. Kawaji et al. (1995), Phys. Rev. Lett. 74, 1427;Y. Mudryk et al. (2002), J. Phys.: Condens. Matter 14, 7991.5 J.P. Connerade and M.W.D. Mans�eld (1982), Phys. Rev. Lett. 48, 131; D. Connétable (2007),Phys. Rev. B 75, 125202.6 G.B. Adams et al. (1994), Phys. Rev. B 49, 8048; D. Kahn and J.P. Lu (1997), Phys. Rev. B 56, 13898;G.S. Nolas et al. (2001), Semi
ond. Semimet. 69, 255.



2 Introdu
tionThe growing variety of novel 
ompounds for ele
troni
 appli
ations exhibits the need forstudies of internal interfa
es and bulk properties. A favorable method sensitive to lo
al andele
troni
 stru
ture in bulk samples is non�resonant inelasti
 x�ray s
attering (NRIXS).Study of 
ore ele
trons by NRIXS � often also referred to as x�ray Raman s
attering(XRS) � is a unique tool to a

ess shallow absorption edges with high�energy x�rays.7Hen
e, it is an important te
hnique with a growing rate of appli
ations to study bulk prop-erties,8 liquids9 or systems in extreme environments10 where soft x�rays or ele
trons aredisadvantageous as probe. Sin
e NRIXS is a s
attering pro
ess, a �nite momentum transfer
q a

ording to the s
attering angle φ is employed.11 Thus, the sele
tion rules for ex
itation
hannels 
an be freely 
hosen and �nal states of di�erent orbital momenta 
an be stud-ied.12 Soininen et al.13 showed that the proje
ted uno

upied density of states is a

essiblewith q�dependent NRIXS. The de
omposition of the spe
tra would allow a dire
t 
om-parison between theory and experiment for the angular momentum dependent transition
hannels. Re
ently, the ba
kground proportional enhan
ement of the extended �ne stru
-ture in NRIXS was demonstrated for magnesium, aluminum,14 and i
e15 by variation ofthe momentum transfer. Moreover, both the orientation of the momentum�transfer ve
tor
onsidering the symmetry axes of a 
rystalline sample and the dependen
e on its absolutevalue were essential to study dire
tionally dependent ex
itations, e.g. for the hexagonalMgB2 and Be.16 Therefore, employing the q�dependen
e of NRIXS is of signi�
ant impor-tan
e in su
h studies. The appli
ations of NRIXS spe
tros
opy strongly in
reased with theadvent of syn
hrotron radiation and during the re
ent years, various experimental setupshave be
ome a

essible at third generation syn
hrotron sour
es. Inter alia, these are spe
-7 A 
omprehensive overview on the history of NRIXS and its re
ent developments is given by W. S
hülke(2007), Ele
tron dynami
s by inelasti
 x�ray s
attering, Oxford University Press.8 M. Balasubramanian et al. (2007), Appl. Phys. Lett. 91, 031904; U. Bergmann et al. (2002), Mi-
ro
hem. J. 71, 221; A. Mattila et al. (2005), Phys. Rev. Lett. 94, 247003; C. Sternemann et al.(2005a), Phys. Rev. B 72, 035104; C. Sternemann et al. (2005b), Phys. Rev. Lett. 95, 157401; H.Sternemann et al. (2007a), Phys. Rev. B 75, 075118; H. Sternemann et al. (2007b), Phys. Rev. B 75,245102.9 U. Bergmann et al. (2007a), Phys. Rev. B 76, 024202; Y.Q. Cai et al. (2005), Phys. Rev. Lett. 94,025502; Ph. Wernet et al. (2004), S
ien
e 304, 995.10D.A. Arms et al. (2005), Phys. Rev. B 71, 233107; R.S. Kumar et al. (2007), Diamond Rel. Mat. 16,1136; S.K. Lee et al. (2005), Nature Materials 4, 851; S.K. Lee et al. (2007), Phys. Rev. Lett. 98, 105502;W.L. Mao et al. (2003), S
ien
e 302, 425; W.L. Mao et al. (2006), S
ien
e 314, 636; Y. Meng et al.(2004), Nat. Mater. 3, 111; Ph. Wernet et al. (2005), J. Chem. Phys. 123, 154503.11M.H. Kris
h et al. (1997), Phys. Rev. Lett. 78, 2843; H. Nagasawa et al. (1997), J. Phys. So
. Jpn.66, 3139; J.A. Soininen et al. (2001), J. Phys.: Condens. Matter 13, 8039; C. Sternemann et al. (2003),Phys. Rev. B 68, 035111.12Y. Feng et al. (2004), Phys. Rev. B 69, 125402; K. Hämäläinen et al. (2002), Phys. Rev. B 65, 155111;C. Sternemann et al. (2003), Phys. Rev. B 68, 035111.13J.A. Soininen et al. (2006), J. Phys.: Cond. Mat. 18, 7327.14T.T. Fister et al. (2006a), Phys. Rev. B 74, 214117.15U. Bergmann et al. (2007b), J. Chem. Phys. 127, 174504.16A. Mattila et al. (2005), Phys. Rev. Lett. 94, 247003; C. Sternemann et al. (2003), Phys. Rev. B 68,035111.



3trometers at beamline ID16 of the European Syn
hrotron Radiation Fa
ility (ESRF),17the Taiwan beamline BL12XU of the 8 GeV Super Photon Ring (SPring�8),18 and thebeamlines 13�IDD,19 16�IDD,20 18�IDD21 and 20�ID22 of the Advan
ed Photon Sour
e(APS).Despite the advan
e of experimental setups and the possibility of highly sophisti
atedexperiments, the analysis of the momentum�transfer dependent NRIXS spe
tra is still a
hallenge. This is due to the la
k of universal algorithms for the separation of the element�sele
tive signal of a 
ertain absorption edge from the undesirable Compton s
attering ofother ele
trons in the system. An experimentally self�
onsistent approa
h for su
h a uni-versal algorithm has been developed and is presented in this work.The interpretation of NRIXS spe
tra by 
omputational methods has made greatprogress in re
ent years. For simple bulk 
rystalline elements, an approa
h based on theBethe�Salpeter equation (BSE) leads to a remarkable agreement between experiment andtheory.23 However, the 
omputational 
ost of this approa
h qui
kly be
omes unfeasiblefor amorphous systems24 or systems with large unit 
ells, e.g. 
lathrates or fullerenes. Anadaptation of the real spa
e multiple s
attering (RSMS) approa
h FEFF8.225 for NRIXSspe
tra26 
an over
ome this 
omputational bottlene
k. It has been shown that this ap-proa
h yields very good results for the K�edge of bulk 
rystalline beryllium when 
omparedto experiments. For the study of medium� and high�Z materials, it is important to ex-tend 
al
ulations also to L�, M�, and higher edges. The experimental a

essibility of su
hshallow absorption edges by NRIXS has already been shown.27 For a thorough appli
ationof the RSMS method on 
omplex samples, espe
ially for the 
al
ulation of non�K edges, a
riti
al study on the 
apabilities and limitations of this approa
h is eligible. In this work,a 
omparison of RSMS L�edge 
al
ulations with experiment and theory will be dis
ussedwith fo
us on the near�edge regime.The bulk sensitivity of NRIXS is advantageous for the examination of internal interfa
ialdomains. The advan
es in the experimental analysis of NRIXS spe
tra allow a momentum�transfer dependent study on the disproportionation of bulk amorphous sili
on monoxide17M.H. Kris
h et al. (1997), Phys. Rev. Lett. 78, 2843.18Y.Q. Cai et al. (2004), AIP Conf. Pro
. 705, 340.19W.L. Mao et al. (2003), S
ien
e 302, 425; Y. Meng et al. (2004), Nat. Mater. 3, 111.20R.S. Kumar et al. (2007), Diamond Rel. Mat. 16, 1136.21U. Bergmann and S.P. Cramer (1998), SPIE Pro
. 3448, 198.22T.T. Fister et al. (2006b), Rev. S
i. Instr. 77, 063901.23J.A. Soininen and E.L. Shirley (2001), Phys. Rev. B 64, 165112; J.A. Soininen et al. (2001),J. Phys.: Condens. Matter 13, 8039.24C. Sternemann et al. (2005
), J. Phys. Chem. Solids 66, 2277.25A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565.26J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.27W.A. Caliebe (1997), �Inelasti
 X�Ray S
attering with High Energy Resolution�, PhD thesis, Christian�Albre
hts Universität zu Kiel; C. Sternemann et al. (2005a), Phys. Rev. B 72, 035104.



4 Introdu
tionand on the spe
tral 
ontribution of the suboxide interfa
e. The degree of disproportionationand its temperature dependen
e will be analyzed in this work and brought into 
omparisonwith results of amorphous germanium monoxide. The extra
ted dynami
 stru
ture fa
torof the suboxides will be presented and viewed together with �rst ab�initio 
al
ulations.The inter
alation of guest atoms into nanostru
tured sili
on based 
ompounds to inten-tionally 
hange physi
al properties of the material requires an insight into the stru
turaland ele
troni
 environment of the guests. The giant resonan
e is an a

ess to the lo
alsurrounding of 
ertain guest atoms. A study of the barium giant dipole resonan
e in
omplex sili
on surroundings, su
h as 
lathrate stru
tures, will be presented in this work.Modulations of the giant resonan
e will be extra
ted and 
ompared to RSMS 
al
ulations.This work is organized as follows:Chapter 2: The theoreti
al framework for non�resonant inelasti
 x�ray s
attering is out-lined with spe
ial fo
us on a numeri
al real spa
e multiple s
attering approa
h.Chapter 3: Experimental requirements and details of the beamlines, at whi
h the exper-iments have been a

omplished, are dis
ussed.Chapter 4: A 
onsistent ba
kground�removal algorithm is presented for momentum�transfer dependent inelasti
 x�ray studies. It is exempli�ed on the study of the sili
onLII,III�edges in Si and SiO2.Chapter 5: A real spa
e multiple s
attering approa
h is applied to the study of elementalsolids' L�edges and its prospe
ts as well as its limitations are dis
ussed in detail.Chapter 6: A study of the disproportionation pro
ess of bulk amorphous sili
on monoxidedepending on the annealing temperature will be presented. The results of the tempera-ture behavior are 
ompared with a re
ent study of bulk amorphous germanium monoxide.Furthermore, the spe
tral 
ontribution of sili
on suboxides is extra
ted from the total spe
-trum and 
ompared with 
al
ulations from an ab�initio DFT approa
h.Chapter 7: Bulk nanostru
tured barium doped sili
on 
ompounds are analyzed utilizingthe barium giant dipole resonan
e. Theoreti
ally predi
ted 
hanges in the �ne stru
tureof the resonan
e for di�erent 
ompounds have been experimentally found and are 
om-pared to ab�initio 
al
ulations. A �rst high�pressure experiment for barium doped sili
on
lathrates is presented and the prospe
ts of future high�pressure studies are emphasized.An experimentally observed 
omplex momentum�transfer dependen
e is presented for aniodine�doped sili
on 
lathrate.Chapter 8: The results of this work are summarized and an outlook on possible 
on-se
utive studies based on this work will be given.
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Chapter 2Theory of non�resonant inelasti
 x�rays
atteringIn this 
hapter the theoreti
al prin
iples for non�resonant inelasti
 x�ray s
attering shallbrie�y be outlined. Numeri
al approa
hes for the 
al
ulation of NRIXS spe
tra will beemphasized besides the dis
ussion of the physi
al pro
ess in the light of Fermi's goldenrule.1Inelasti
 x�ray s
attering (IXS) is a powerful and versatile tool for studying the ele
-troni
 stru
ture of matter.2 Most generally, an inelasti
 x�ray s
attering pro
ess 
an bedisplayed as shown in Fig. 2.1. A photon of energy3 ω1 and wave ve
tor k1 is s
atteredby the sample into a photon of energy ω2 and wave ve
tor k2. As in elasti
 s
attering ex-periments, the probed length s
ale is determined by the momentum transfer q = k1 − k2,whi
h is dependent on the s
attering angle φ. Ex
itations are probed via an energy transfer
ω = ω1 − ω2.The inelasti
 s
attering pro
ess is represented by the Hamilton operator Hint des
rib-ing the intera
tion between the ele
tromagneti
 �eld and the ele
trons in the s
atteringsystem. Within Born�Oppenheimer approximation and for the non�relativisti
 
ase it 
anbe written as a sum over the ele
trons involved:4

Hint =
∑

n

e2

2m
A2

n +
∑

n

e

m
pn · An, (2.1)where pn is the momentum of the nth ele
tron, An is the ve
tor potential of the ele
tro-1 Spe
ial theoreti
al details important for the extra
tion of experimental spe
tra are dis
ussed separatelyin 
hapter 4.2 For a 
omprehensive overview see: W. S
hülke (1991), �Inelasti
 s
attering by ele
troni
 ex
itations�,Handbook on syn
hrotron radiation, Vol. 3, ed. by G.S. Brown and D.E. Mon
ton, North�Holland,Amsterdam; W. S
hülke (2007), Ele
tron dynami
s by inelasti
 x�ray s
attering, Oxford UniversityPress.3 Natural units with ~ = c = 1 are used for the derivation of the dynami
al stru
ture fa
tor (c is the speedof light). However, for 
onvenien
e, energies will be given in eV (1 eV ≈ 1.602 × 10−19 J) and momentain atomi
 units (1 a.u. ≈ 1.89 Å−1).4 K. Hämäläinen and S. Manninen (2001), J. Phys.: Condens. Matter 13, 7539.
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1ω k1ω2 k2

q

,,

φ

Figure 2.1: Inelasti
 x�ray s
attering pro
ess. X�rays of energy ω1 and wave ve
tor k1 ares
attered to an energy ω2 and wave ve
tor k2 so that an energy ω and a momentum q istransferred to the s
attering system.magneti
 �eld, e is the ele
tron 
harge, and m its mass. In �rst order perturbation theory,the left term gives rise to elasti
 and non�resonant inelasti
 s
attering whereas the se
-ond des
ribes absorption and emission. Inelasti
 x�ray s
attering is a two�photon pro
ess.Therefore resonant inelasti
 x�ray s
attering5 originating from the p · A term 
ontributesonly in se
ond order perturbation theory.The double di�erential 
ross se
tion d2σ
dΩdω2

is the quantity measured in an IXS experi-ment and 
an be expressed by means of the Kramers�Heisenberg formula6 employing theintera
tion Hamiltonian (2.1). The non�resonant part is given in the Born approximationby
d2σ

dΩdω2

∣

∣

∣

∣

NR

= r2
0

ω2

ω1
(ǫ1 · ǫ2)

2
∑

f

∣

∣

∣

∣

∣

〈f|
∑

n

eiq·rn|i〉

∣

∣

∣

∣

∣

2

δ (Ef − Ei − ω) , (2.2)where |i〉 is the initial state and |f〉 are the �nal states, respe
tively, ǫ1, ǫ2 are the photonpolarizations of the in
oming and s
attered x�rays, and r0 = e4/m2 is the 
lassi
al ele
tronradius. It 
an be written as
d2σ

dΩdω

∣

∣

∣

∣

NR

=

(

dσ

dΩ

)

Th

ω2

ω1

S(q, ω). (2.3)In a single parti
le theory the dynami
 stru
ture fa
tor S(q, ω) is given by
S(q, ω) =

∑

f

∣

∣〈f|eiq·r|i〉
∣

∣

2
δ(ω + Ei − Ef) (2.4)a

ording to Fermi's golden rule. (

dσ
dΩ

)

Th
is Thomson's s
attering 
ross se
tion, i.e. the
oupling between photon and ele
tron. A full knowledge of the dynami
 stru
ture fa
tor forarbitrary momentum transfer and energy loss would 
ome along with a full understandingof all ex
itations on all length s
ales within the sample. However, experimentally, S(q, ω)5 I.e. ω1 is 
lose to an absorption edge.6 H.A. Kramers and W. Heisenberg (1925), Z. Phys. 31, 681.



7
an only be measured for a �nite number of q and range of ω. Following S
hülke7 NRIXS
an be partitioned into three limiting 
ases depending on the momentum transfer andenergy loss:81. For q · rc ≈ 1 and ω/ωp ≈ 1, valen
e ex
itations su
h as plasmons or parti
le�holepair ex
itations are probed. rc is the typi
al inter�parti
le distan
e in the sampleand ωp is the plasmon frequen
y.2. For ω ≈ EB, ele
trons from inner shells are ex
ited. EB is the binding energy of a
ore ele
tron. These kind of experiments are often 
alled non�resonant x�ray Ramans
attering (NR�XRS) experiments.3. q · rc ≫ 1 and ω ≫ EB is the limit of Compton s
attering probing the ground stateof the ele
tron�momentum distribution.This work fo
usses on the se
ond 
ase, i.e. on 
ore�shell ex
itations studied by NRIXS.9Thus, the theoreti
al des
ription and approa
hes to 
al
ulations will be dis
ussed in thefollowing.In a 
ore level non�resonant inelasti
 x�ray s
attering pro
ess, the energy transfer ω isin the range of the binding energy of a tightly bound dis
rete 
ore state, e.g. of K�, L�,and higher shells. Thus, an ele
tron from this level 
an be ex
ited into an uno

upied stateabove the Fermi energy EF of the system. For an atom, the probability of the ex
itationdepends on the density of (uno

upied) states (DOS) and on the matrix element for theex
itation 
hannel. A

ording to Eqn. 2.4, the ex
itation operator is a 
omplex exponential,whi
h 
an be expanded in the Taylor series10
〈f|eiq·r|i〉 = i〈f|q · r|i〉 −

1

2
〈f| (q · r)2 |i〉 + O((q · r)3). (2.5)For small q · r, the �rst term dominates giving rise to dipole transitions. It 
orresponds tothe dipole term ǫ · r in x�ray absorption spe
tros
opy (XAS) with the photon polarizationve
tor ǫ.11 Thus, in the dipole limit, NRIXS formally yields the same information for

ω ≈ EB as XAS for ω1 ≈ EB. However, NRIXS allows a free 
hoi
e of the in
ident energywhereas in XAS it is determined by the absorption edge. An in
rease of the momentumtransfer leads to an ampli�
ation of the higher�order terms and thus of the multipole�transition 
ontribution to the ex
itation spe
trum.7 W. S
hülke (1991), �Inelasti
 s
attering by ele
troni
 ex
itations�, Handbook on syn
hrotron radiation,Vol. 3, ed. by G.S. Brown and D.E. Mon
ton, North�Holland, Amsterdam.8 On an meV�s
ale also phonons 
an be probed by NRIXS. However, this is not dis
ussed here.9 For simpli
ity, the study of 
ore�shell ex
itations by NRIXS will be just addressed as NRIXS in thefollowing.10 |i〉 and |f〉 are assumed to be orthogonal.11Y. Mizuno and Y. Ohmura (1967), J. Phys. So
. Jpn. 22, 445; T. Suzuki (1967), J. Phys. So
. Jpn. 22,1139.



8 Theory of non�resonant inelasti
 x�ray s
attering2.1 Introdu
tion to the theory of non�resonant inelasti
x�ray s
attering from 
ore levelsBe
ause the ex
itation of an ele
tron indu
es a hole in the a

ording 
ore level, the dynami
stru
ture fa
tor is moreover in�uen
ed by the intera
tion of the ex
ited ele
tron with the
ore hole. In a single�parti
le theory, the �nal state |f〉 
an be interpreted as an ele
tronabove the Fermi level in the presen
e of a 
ore hole, i.e. in a modi�ed potential (�nal�staterule).12 It will be dis
ussed later13 that, espe
ially for ω 
lose to EB, the 
ore hole�ele
tronintera
tion is of importan
e and eventually should be treatened in a two�parti
le theorylike the BSE formalism.14In a solid, the lo
al potential and therewith the DOS is in�uen
ed by the atoms in theenvironment of the ex
ited atom. Thus, the potential is di�erent from an isolated atom anda single atomi
 orbital is a poor approximation for a �nal state. Instead, the use of realisti
s
attering states for ex
itations is ne
essary. This 
an be ful�lled, e.g., by employing thedensity�fun
tional theory (DFT).15 Moreover, the wave fun
tion of the ex
ited ele
tronpropagates from the ex
ited atom into the solid and is s
attered by the lo
al potentialof the neighboring atoms. This results in an auto�interferen
e of the wave fun
tion andthus leads to a modulation of the ex
itation probability, i.e. of the NRIXS spe
trum. Thisphenomenon is similar to the x�ray absorption �ne stru
ture (XAFS), though in NRIXSalso non�dipole ex
itation 
hannels have to be 
onsidered.In the following, two di�erent approa
hes to the numeri
al 
al
ulation of S(q, ω) forNRIXS will be outlined.2.2 Real spa
e multiple s
attering approa
hThe program FEFF16 provides an implementation for the 
al
ulation of the absorptionfun
tion µ(ω) ∝ ωS(ω) for XAFS.17 An adaptation to 
al
ulate S(q, ω) for non�resonantinelasti
 x�ray s
attering has been presented by Soininen et al.18 Both s
hemes are basedon a multiple s
attering Green's fun
tion formulation in real spa
e.12U. von Barth and G. Grossmann (1982), Phys. Rev. B 25, 5150.13See 
hapter 5.3.14For a detailed dis
ussion of the formalism, see: J.A. Soininen (2001), �Final�state intera
tions in inelasti
x�ray s
attering�, PhD thesis, University of Helsinki; J.A. Soininen and E.L. Shirley (2001), Phys. Rev. B64, 165112; J.A. Soininen et al. (2001), J. Phys.: Condens. Matter 13, 8039; J.A. Soininen et al. (2005),Phys. Rev. B 72, 045136).15W. Kohn and L.J. Sham (1965), Phys. Rev. 140, A1133.16FEFF�proje
t home page: leonardo.phys.washington.edu/feff, see also A.L. Ankudinov et al.(2003), Phys. Rev. B 67, 115120.17See W. S
hülke (2007), Ele
tron dynami
s by inelasti
 x�ray s
attering, Oxford University Press,Eqn. (3.40).18J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.



2.2 Real spa
e multiple s
attering approa
h 92.2.1 Green's�fun
tion formulationThe Green's�fun
tion approa
h19 is advantageous for the multiple�s
attering problem sin
ethe expli
it 
al
ulation of the �nal ele
tron wave fun
tion |f〉 is transformed into a moree�
ient 
al
ulation of the Green's fun
tion G(E).20 The dynami
 stru
ture fa
tor for a 
orestate |i〉 
an be expressed as a sum over the angular momenta L = (l, m) and L′ = (l′, m′)of the initial and �nal states:21
S(q, ω) =

∑

L,L′

ML(−q, E)ρL,L′(E)ML′(q, E), (2.6)where ML(q, E) = 〈RL(E)|eiq·r|i〉 are the transition matri
es with s
attering states RL(E)of the embedded atom. ρL,L′(E) = − 1
π
ℑ (GL,L′(E)) is the multiple�s
attering matrixin terms of the �nal�state ele
tron Green's fun
tion G(E) = (E − H + iΓ)−1.22 H =

H0 +
∑

n

vn is the one�ele
tron Hamiltonian with the free ele
tron Hamiltonian H0 andthe s
attering potentials vn at atomi
 site n. Γ is the inverse lifetime of the 
ore state.
G(E) 
an be 
al
ulated from the Green's fun
tion of a free ele
tron G0(E) by an impli
itfun
tional Dyson equation:

G = G0 +
∑

n

G0vnG (2.7)
= G0 +

∑

n

G0tnG0 +
∑

n 6=m

G0tnG
0tmG0 + . . . ,where all multiple s
attering at a given site n is summed up in the s
attering matrix

tn = vn + vnG0tn.2.2.2 Full multiple s
attering and the path expansionFor ex
itation energies well above the absorption threshold,23 whi
h in XAFS is the regionof the extended x�ray absorption �ne stru
ture (EXAFS), the energy of the ex
ited ele
tronis high and therefore the s
attering intera
tion between the photons and the ele
trons inthe system is weak, i.e., the eigenvalues of G0T are small.24 The expansion of the Dysonequation (2.7) then qui
kly 
onverges and 
an be stopped after a �nite number of iterations:
G =

[

N
∑

n=0

(

G0T
)n

]

G0 + O
(

(

G0T
)N+1

)

. (2.8)19See, e.g., S. Donia
h and E.H. Sondheimer (1998), Green's fun
tions for solid state physi
ists, ImperialCollege Press, London.20 It is ℑ(G(E)) =
∑

f

|f〉〈f|δ(E − Ef). Ef is the energy of �nal state |f〉.21J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.22For simpli
ity, the angular momenta are omitted here and in the following.23EB will be 
alled absorption edge or absorption threshold even though a s
attering and not an absorptionpro
ess is 
onsidered.24 It is T =
∑

n

tn the total s
attering matrix, where the diagonal elements of G0 are assumed to be zero.
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 x�ray s
atteringThis is 
alled the path expansion. Close to the absorption edge, the s
attering of the ele
tronwave fun
tion is strong and multiple s
attering of high orders be
ome important. The fullmultiple s
attering (FMS) Green's fun
tion 
an then be 
al
ulated using the relation
G =

(

1 − G0T
)−1

G0, (2.9)whi
h 
omes along with a numeri
ally extensive matrix inversion. However, due to thesmall kineti
 energy of the ex
ited ele
trons, the mean free path of their wave fun
tion intothe solid is small and only a rather small number of surrounding atoms has to be takeninto a

ount.25 Both methods have to be applied for large energy range 
al
ulations. Forenergy points within about the �rst 40 eV above the absorption edge, the full matrix hasto be inverted. For energy losses of 100�1000 eV, path expansion is the method of 
hoi
e.In between, both approximations should show an overlap.2.2.3 Key approximationsWith the ab�initio 
ode FEFF and its adaptation to NRIXS, 
al
ulations of theoreti
alspe
tra 
an be performed from arbitrary atomi
 
oordinates without periodi
 boundary
onditions. The implementations 
ontain several numeri
al simpli�
ations for the absorp-tion and s
attering problem. A brief overview of the key approximations and their e�e
ton the results will be given now.Finite atomi
 
lustersDue to the abdi
ation of periodi
 boundary 
onditions, the theoreti
al spe
tra 
an only be
al
ulated for a �nite 
luster of atoms. This typi
ally only leads to a broadening of thespe
tra, but it 
an also result in a mis
al
ulation of the �ne stru
ture. The error 
an beestimated by a su

essive 
al
ulation of a spe
trum, beginning with a small and endingup with a larger 
luster where the spe
tra show 
onvergen
e. Cal
ulations of the sili
onLII�edge for di�erent 
luster sizes are presented in Fig. 2.2 as an example. However, thenumeri
al e�ort for the 
al
ulations typi
ally s
ales as N2.5, where N is the number of atomsin the 
luster.26 Also the 
omputer memory needed for the 
al
ulations grows strongly within
reasing 
luster size. Thus, the 
luster size is a 
ompromise between �nite�size errors,memory demand and 
omputing time. This 
an make the 
al
ulation with FEFF unfeasiblefor 
ertain 
ompounds. J.J. Kas et al.27 report that for diamond, the spe
tra 
al
ulatedby FEFF are not fully 
onverged for 
lusters up to even 500 atoms.25Anyway, one should note that espe
ially for the very near edge stru
ture a su�
ient size of the 
lusteris 
ru
ial.26A.L. Ankudinov et al. (2002), Phys. Rev. B 65, 104107.27J.J. Kas et al. (2007), Phys. Rev. B 76, 195116.
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Figure 2.2: Convergen
e of FEFF 
al
ulations for di�erent 
luster sizes in the 
ase of thesili
on LII�edge. The spe
tra are shifted verti
ally for 
larity.Self�
onsistent mu�n�tin potentialWhereas the use of atomi
 orbitals as s
attering potential 
an be su�
ient for EXAFS 
al-
ulations, Ankudinov et al.28 have shown that a self�
onsistent 
ore�potential 
al
ulationis ne
essary for the proper des
ription of the near�edge stru
ture of XAFS. FEFF supportsan iterative 
al
ulation of the 
ommon potential for a given 
luster of atoms to a
hieveself�
onsisten
y. However, the mu�n�tin approximation29 is used so that the basis forthe 
al
ulation is not a spa
e��lling full atomi
 potential. The potential is expanded intospheri
al harmoni
s in a sphere around ea
h atom and the potential in the interstitial spa
ebetween the partly overlapping spheres is approximated by a 
onstant. Phase fa
tors aredetermined so that the wave fun
tions are 
ontinuous at the boundaries of the spheres. Thestrong simpli�
ation of the interstitial potential leads to ina

ura
ies, espe
ially for 
om-pounds with large atomi
 distan
es su
h as tetrahedrally 
oordinated oxides.30 Alternativeapproa
hes for the 
al
ulation of XAFS spe
tra beyond the mu�n�tin approximation havebeen developed.3128A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565.29A. Gonis and W.H. Butler (2000), Multiple S
attering in Solids, Springer, New York, 
hapter 5.30A.R. Williams and J. van W. Morgan (1972), J. Phys. C: Solid State Phys. 5, L293.31K. Hatada et al. (2007), Phys. Rev. B 76, 060102(R); Y. Joly (2001), Phys. Rev. B 63, 125120; J.A.Soininen and E.L. Shirley (2001), Phys. Rev. B 64, 165112; M. Taillefumier et al. (2002), Phys. Rev. B66, 195107.



12 Theory of non�resonant inelasti
 x�ray s
atteringFinite angular momentumA

ording to the intera
tion operator ǫ · r, only dipole ex
itations are allowed in an x�rayabsorption pro
ess. Therefore, if the 
ore state of an ex
ited ele
tron is of the angularmomentum l′, only �nal states |l = l′ ± 1〉 are allowed. In NRIXS, the multipole ex
itationoperator 
an be expanded into spheri
al harmoni
s
eiq·r = 4π

∑

l,m

iljl(qr)Y
∗
lm(eq)Ylm(er), (2.10)where eq = q/q and er = r/r. Hen
e, for any �nite momentum transfer all ex
itation
hannels 
an 
ontribute. However, depending on the atomi
 number Z of the studiedelements, the 
ontributions of terms with l > 2 are often negligible.32Self�energy and 
ore hole�ele
tron intera
tionThe ele
tron�ele
tron intera
tion is des
ribed by the self�energy term. In the FEFF pro-gram, di�erent approximations are implemented. The most important are the Hedin�Lundqvist33 and the Dira
�Hara34 approximation and a partially non�lo
al model, in whi
h
ore ele
trons are treated within Dira
�Fo
k and valen
e ele
trons within Hedin�Lundqvistapproximation.35The 
ore�hole intera
tion 
an be taken into a

ount by the �nal�state rule,36 i.e., theele
tron ex
itation is 
al
ulated for a potential with a stati
 
ore hole. Alternatively,the 
ore hole 
an be negle
ted, whi
h is also 
alled the initial�state rule.37 Dynami
altwo�parti
le or 
olle
tive e�e
ts, whi
h are disregarded in the �nal� and initial�state rule,require a treatment in, e.g., time dependent lo
al density approximation (TDLDA).38 Su
han implementation in TDLDA is in
luded in the 
urrent version39 of the RSMS approa
hFEFF8.4. However, it is not available for the q�dependent RSMS 
ode for the 
al
ulationof NRIXS spe
tra.2.3 De
omposition of experimental NRIXS spe
traThe measurement of the ele
tron density of states 
an yield substantial information on theele
troni
 properties of a material. Re
ently, Soininen et al.40 showed that the 
ore�ex
ited32 It is referred to the de
ompositions of 
al
ulated NRIXS spe
tra shown in 
hapter 5.3.33L. Hedin (1965), Phys. Rev. 139, A796.34P.A.M. Dira
 (1930), Pro
. Camb. Phil. So
. 26, 376.35A.L. Ankudinov and J.J. Rehr (1997), J. Phys. IV Fran
e 7, C2.36U. von Barth and G. Grossmann (1982), Phys. Rev. B 25, 5150.37J.J. Rehr et al. (2005), Physi
a S
ripta T115, 207.38A. Zangwill and P. Soven (1980), Phys. Rev. A 21, 1561.39A.L. Ankudinov et al. (2003), Phys. Rev. B 67, 115120.40J.A. Soininen et al. (2006), J. Phys.: Cond. Mat. 18, 7327.



2.4 Con
lusions and outlook 13ele
tron l�DOS41 ρl(E) 
an be 
al
ulated from experimental NRIXS spe
tra for di�erentmomentum transfers employing equation (2.6). After dire
tional averaging it is
S(q, ω) =

∑

l

(2l + 1) |Ml(q, E)|2 ρl(E). (2.11)The matrix elements Ml(q, E) 
an be approximated numeri
ally, e.g. as done in the q�dependent adaptation of FEFF.42 ρl(E) 
an therefore be 
al
ulated by solving 
oupledlinear equations for a set of spe
tra measured for di�erent momentum transfer qn. A
omparison of the extra
ted ρl(E) for the boron K�edge in MgB2 to a 
al
ulated l�DOSshows very good agreement.432.4 Con
lusions and outlookIn the view of ab�initio s
hemes, the 
al
ulation of q�dependent NRIXS spe
tra has madeenormous progress during the past years. The interpretation of experimental spe
tra fromsolids pro�ted signi�
antly by the development of the FEFF adaptation and the BSEapproa
h as, e.g., for beryllium,44 or pure45 and aluminum�doped46 MgB2. Another ap-proa
h based on the StoBe�deMon 
ode47 employing transition potential approximationand Gaussian�like basis set within Kohn�Sham DFT has been developed for mole
ulesand was su

essfully applied to 
al
ulate spe
tra of aromati
 hydro
arbons and poly�uo-rene.48 Comparisons of su
h 
al
ulations with experimental results allow the distin
tionbetween di�erent ex
itation 
hannels and therefore 
an give insight into the lo
al ele
troni
stru
ture of the ex
ited atom 
on
erning, e.g., hybridization or 
harge transfer. Also theex
itation pro
ess itself 
an be studied by 
omparison with theory, for instan
e regardingthe 
ore�hole s
reening.However, 
ertain appli
ations are not yet feasible with today's available software. Themu�n�tin approximation in the RSMS approa
h does not yield good results for 
ompoundswith large interatomi
 distan
es as it is the 
ase for, e.g., tetrahedrally 
oordinated oxides.Full�potential approa
hes exist but are not feasible for NRIXS49 or for large unit 
ells.5041Proje
ted density of states with respe
t to the angular momentum of the �nal state.42J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.43J.A. Soininen et al. (2006), J. Phys.: Cond. Mat. 18, 7327.44C. Sternemann et al. (2003), Phys. Rev. B 68, 035111.45A. Mattila et al. (2005), Phys. Rev. Lett. 94, 247003.46A. Mattila (2007), �Studies of ele
troni
 stru
ture by x�ray Raman and emission spe
tros
opy: appli-
ations to MgB2 super
ondu
tors and high pressure physi
s�, PhD thesis, University of Helsinki; A.Mattila et al., �Ele
tron hole 
ounts in Al substituted MgB2 from x-ray Raman s
attering�, submittedto Phys. Rev. B.47K. Hermann et al. (2005), StoBe Software, 2005.48A. Sakko et al. (2007), Phys. Rev. B 76, 205115.49E.g., the FDMNES 
ode: Y. Joly (2001), Phys. Rev. B 63, 125120.50This is the 
ase for the BSE approa
h.



14 Theory of non�resonant inelasti
 x�ray s
atteringMoreover, the study of giant resonan
es with NRIXS, as presented in 
hapter 7, 
alls fora q�dependent FEFF approa
h a

ounting for dynami
al e�e
ts.For a meaningful 
omparison of 
al
ulated spe
tra with an experiment for 
omplexmaterials, the 
omputational approa
hes have to be tested for simple and well�knownsystems to give an appropriate interpretation of the spe
tra. Therefore, a detailed analysisof 
al
ulations for elemental sili
on, magnesium and sodium is presented in 
hapter 5espe
ially dis
ussing the limits and advantages of the RSMS approa
h. This survey is aprerequisite for the study of 
omplex 
ompounds as presented later on in this work. Firstand foremost, experimental issues are addressed in the two following 
hapters, i.e. theprin
iple layout of an NRIXS experiment and an algorithm for the proper extra
tion of
q�dependent NRIXS spe
tra.
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Chapter 3Experimental setups for non�resonantinelasti
 x�ray s
atteringThis 
hapter deals with the experimental setups employed for the experiments presentedin this work. At �rst, the key 
omponents of a general NRIXS�experiment setup aredis
ussed. The spe
ial setups for beamlines ID16 (ESRF), BL12XU (SPring�8), and 20�ID (APS), at whi
h the experiments have been performed, are presented next. Finally,the diamond�anvil 
ell used for the high�pressure experiments will be introdu
ed. A tableof the experimental parameters of all measurements presented in this work is given inAppendix A. Details for the preparation of the samples and the sample environments aregiven in 
hapters 4�7, in whi
h the a

ording experiments are dis
ussed.3.1 General remarksFor the a

omplishment of NRIXS experiments, the x�ray sour
e and the experimentalsetup have to ful�ll 
ertain requirements. Due to the low total 
ross se
tion of NRIXS,a high photon �ux at typi
al energies around 6�15 keV is required. The energy of thein
ident x�ray beam (or the energy of the analyzer unit) and the s
attering angle have tobe tunable to a

ess di�erent energy and momentum transfers respe
tively. In addition tothat, a small fo
us1 of the x�ray beam at the sample position is ne
essary for experimentsin spe
ial sample environments. Third generation syn
hrotron sour
es mat
hing theserequirements are ESRF in Grenoble, Fran
e, SPring�8 in Nishi�Harima, Japan, and APSin Argonne, US.The total energy resolution of standard experiments ranges between 0.7 and 1.5 eV.Nowadays, one 
an even a
hieve an energy resolution below 200 meV2 or below 30 meV,3the latter by means of dispersion 
ompensation using a pixel dete
tor. The experimental1 Typi
ally less than 100 × 100 µm2 spot size.2 Y.Q. Cai et al. (2004), AIP Conf. Pro
. 705, 340; J.P. Hill et al. (2007), J. Syn
h. Rad. 14, 361.3 S. Huotari et al. (2005), J. Syn
h. Rad. 12, 467.
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θ

φ
from x−ray source

monochromator sample detector

analyzer

Figure 3.1: Rowland setup: The x�ray beam from the syn
hrotron is mono
hromatizedby the mono
hromator (magenta) before impinging the sample (brown). The momentumtransfer is determined by the s
attering angle φ. In Rowland geometry, the sample, theanalyzer 
rystal (red) and the dete
tor (green) are lo
ated on the so�
alled Rowland 
ir
le.energy broadening ∆E has to be smaller than the width of the expe
ted �ne stru
ture.For the ex
itations studied in this work, an energy resolution of about 1 eV is typi
allyappropriate.A widely used analyzing s
heme for NRIXS experiments to a
hieve high resolution withsu�
ient �ux is the so�
alled Rowland 
ir
le geometry shown in Fig. 3.1. Here, the sample,the analyzer 
rystal, and the dete
tor are positioned on a 
ommon 
ir
le. The analyzeris a bent 
rystal fo
ussing the x�rays into the dete
tor under a 
ertain s
attering angle.For a better energy resolution, the analyzer Bragg angle θ is usually 
hosen 
lose to 90◦.However, di�erent energies 
an ful�ll the Bragg 
ondition for s
attering originating fromdi�erent parts of the sample. In the Rowland geometry, these 
ontributions are proje
tedon di�erent spots on the Rowland 
ir
le so that energy resolution 
an be in
reased furtherusing a position�sensitive dete
tor. The momentum transfer q is determined by the angle
φ between the in
ident and the s
attered beam towards the position of the analyzer. Themeasurements themselves 
an be performed in two ways. Either the analyzer energy is
hanged for a �xed in
ident energy or the in
ident energy is s
anned with a �xed analyzerenergy. The latter setup is the so�
alled inverse geometry, whi
h has been used in allexperiments presented in this work.3.2 Spe
ial beamline setupsThe experiments presented in this work have been 
arried out at the beamlines ID16 ofESRF, BL12XU of SPring�8 and 20�ID of APS. An overview of the respe
tive setups ofthese beamlines will be given in the following.



3.2 Spe
ial beamline setups 17

Figure 3.2: Image of the Medipix pixel dete
tor in the 
urrent ESRF NRIXS setup. Thenine spots of the analyzer 
rystals are fo
ussed on di�erent positions of the dete
tor. Thewhite pixels in 
olumn 198 are defe
tive.3.2.1 ID16 at ESRFThe x�ray sour
e of beamline ID16 at the ESRF 6 GeV storage ring is a row of threeU35 undulators. The white beam is mono
hromatized by a Si(111) 
rystal, whi
h 
an be
ombined with a Si(220) 
hannel�
ut 
rystal. In 2006, a new NRIXS multi�analyzer setupin Rowland geometry was installed. It 
onsists of nine analyzer 
rystals on a 1 m diameterRowland 
ir
le fo
ussing the x�rays to nine spots on a 256×256 Medipix4 pixel dete
tor asshown in Fig. 3.2.5 Sin
e bending leads to strain within the 
rystal latti
e and therefore toa broadening of the Bragg re�e
tion for high energy resolution experiments, di
ed analyzer
rystals 
an be used.6 However, in the experiments presented in 
hapter 7, an energy4 X. Llopart et al. (2002), IEEE Trans. Nu
l. S
i. 49, 2279.5 This setup will be referred to as the Medipix setup.6 These 
rystals 
onsist of matri
es of small unbent 
rystal di
es. The di
es are oriented with a small tilttowards ea
h other leading to an overall 
urvature and a fo
ussing of the beam. The 
rystals themselfremain undistorted and show very narrow Bragg re�e
tions.
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6.5o

5

8

1

234

9 7 6Figure 3.3: ESRF ID16 analyzer arrangement. Five s
attering angles are 
overed with anangular distan
e of 6.5◦ ea
h.resolution of 1 eV was su�
ient and regular bent Si(660) analyzer 
rystals were used. Thespot size of the in
ident x�ray beam was 50 × 100 µm2 (V×H). The nine analyzers arearranged as shown in Fig. 3.3 
overing �ve s
attering angles of 6.5◦ distan
e ea
h, i.e. witha total angular spread of 26◦. For four angles, the signal from two dete
tors ea
h 
an beadded to in
rease the e�e
tive solid angle of dete
tion without loss of q�resolution. Theenergy� and q�resolution 
an be in
reased by partly 
overing the analyzer 
rystals andtherewith redu
ing the a

epted solid s
attering angle. However, this also de
reases thesignal so that an optimum has to be found 
on
erning resolution and 
ount rate.In addition to the simultaneous a
quisition of �ve momentum transfers and high energyand q�resolution, the setup also supports a real�spa
e resolution in terms of the s
atteringvolume. As illustrated in Fig. 3.4, the s
attering from di�erent parts within the sample
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from monochromator

analyzer

sample position−sensitive detector

Figure 3.4: Dis
rimination of signals from di�erent sample positions using the Medipix de-te
tor. The in
ident x�ray beam (blue) is s
attered while penetrating the sample (brown).Thus, s
attering from di�erent parts of the sample falls onto the analyzer and is �nallydete
ted by the Medipix with spatial resolution.is dete
ted by di�erent pixels on the dete
tor. Thus, the s
attering volume 
an be dis-
riminated by software masking only the pixels of the s
attering volume of interest. Su
ha spatial resolution allows the study of inhomogeneous samples and the dis
riminationof the sample in 
omplex environments. In high�pressure experiments for instan
e, theparasiti
 s
attering from the gasket 
ompli
ates the study of the sample spe
trum. Withthe presented setup, the gasket signal 
an be separated from the sample s
attering. Theimportan
e of su
h a dis
rimination will be dis
ussed further in 
hapter 7.Some of the experiments7 at ID16 have been performed using the former 1 m Rowlandsetup with a point dete
tor. These experiments have been 
arried out at 9.89 keV using aSi(555) analyzer and at 12.4 keV using a Ge(880) analyzer. With the Si(111) mono
hroma-tor the e�e
tive energy resolution of both setups is about 1.5 eV. An energy resolution of0.8 eV 
ould be a
hieved by means of the se
ondary Si(220) 
hannel�
ut mono
hromator.The in
ident beam was 
ollimated to di�erent spot sizes as listed in Tab. A.2.3.2.2 BL12XU at Spring�8The x�ray sour
e of the Spring�8 8 GeV storage ring beamline BL12XU is a 4.5 m longU32 undulator. A Si(111) double 
rystal is used as mono
hromator. The setup used forthe high�pressure experiments 
onsists of a 2 m Rowland 
ir
le with a 15�element multipleanalyzer system arranged in �ve 
olumns with three analyzer mounts ea
h so that forone s
attering angle the signal from three analyzers 
an be summed up. However, dueto the geometry of the diamond�anvil 
ell8 used during the experiment, only the 
entral7 See setup d in Tab. A.2.8 See 
hapter 7.5.
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 x�ray s
atteringanalyzer 
ould be used. Sin
e a spatial resolution as in the Medipix setup at ESRF ID16is not yet available at BL12XU, fo
ussing of the in
ident beam and 
ollimation of thes
attering is 
ru
ial for high�pressure experiments. The in
ident beam was fo
ussed to aspot of 20×25 µm2 (V × H) using Kirkpatri
k�Baez (KB) mirrors9 and a pinhole of 50 µmdiameter. The signal from the sample 
ould be dis
riminated in parts from the s
atteringof the beryllium gasket in whi
h the sample was embedded by a 50 × 500 µm2 tungstenslit between the sample and the analyzer. Fig. 3.5 shows the top and side view of thehigh�pressure setup and the path of the beam. With the Si(777) analyzer at 13.9 keV andthe Si(111) double 
rystal mono
hromator, an energy resolution of 2 eV 
ould be a
hieved.3.2.3 XOR/PNC 20�ID at APSAt the 20�ID beamline of APS, a setup employing di�erent s
attering angles is installedfor the simultaneous measurement of NRIXS spe
tra for multiple q. A detailed overviewon this so�
alled LERIX10 spe
trometer is given by Fister et al.11 In the a
tual stage ofexpansion, 19 Si(555) analyzers are arranged on a semi
ir
le of 1 m radius with s
atter-ing angles between 9◦ and 171◦ and a �xed analyzer energy of 9.89 keV. A photo of thespe
trometer is shown in Fig. 3.6. The Rowland�
ir
le plane is perpendi
ular to the po-larization of the x�ray beam so that the measured intensity is independent with respe
tto the linear polarization fa
tor. Therefore, also s
attering angles 
lose to 90◦ 
an be em-ployed. Originating from an undulator sour
e, the x�ray beam is mono
hromatized by aSi(111) double 
rystal mono
hromator so that in total an energy resolution of 1.5 eV 
anbe a
hieved. The spot size of the in
ident beam at the sample position is 400 × 100 µm2(V×H). The spe
trometer is designated for studies of the momentum�transfer dependen
eof NRIXS spe
tra with medium energy resolution. Sin
e all spe
tra are 
olle
ted at thesame time, artefa
ts due to transients or beam damage 
an be ex
luded in the 
omparisonof di�erent q. However, the study of the q�dependen
e has been limited insofar that theNRIXS spe
tra have to be extra
ted from underlying parti
le�hole 
ontributions or Comp-ton s
attering. In 
hapter 4, an algorithm will be presented, whi
h has been developedduring this work to systemati
ally subtra
t these 
ontributions from the spe
tra.
9 P. Kirkpatri
k and A.V. Baez (1948), J. Opt. So
. Am. 38, 766.10Lower energy resolution inelasti
 x�ray s
attering spe
trometer.11T.T. Fister et al. (2006b), Rev. S
i. Instr. 77, 063901.
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from KB mirrors analyzer(a) High�pressure setup at SPring�8 BL12XU, top view.
from KB mirrors analyzer

d

(b) High�pressure setup at SPring�8 BL12XU, side view.Figure 3.5: SPring�8 BL12XU high�pressure setup. The mono
hromatized and fo
ussedbeam (red) is passing a pinhole before impinging the sample. The s
attered beam (blue) is
ollimated by a tungsten slit 
lose to the beryllium gasket to minimize parasiti
 s
atteringfrom the beryllium. The analyzer 
rystal re�e
ts the beam (green) by a Bragg re�e
tionat an angle 
lose to 90◦. The distan
e d between sample and analyzer (orange) is 2 m.
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Figure 3.6: APS 20�ID LERIX spe
trometer. The mono
hromatized beam enters thehelium �lled vessel on the right and impinges on the sample in the 
enter. 19 analyzer
rystals are aligned on a semi
ir
le with Bragg angles 
lose to 90◦. The dete
tors are alignedon a smaller semi
ir
le below the sample. (Photo: http://www.pn
.aps.anl.gov)
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Chapter 4A ba
kground�removal algorithm fornon�resonant inelasti
 x�ray s
atteringspe
traThe experimental setups for q�dependent NRIXS studies have be
ome very sophisti
atedby using multiple analyzers in verti
al s
attering geometry or multiple�analyzer arraysin horizontal s
attering geometry as presented in 
hapter 3. However, the distillation ofthe 
ore 
ontribution to S(q, ω) from the raw experimental spe
tra is still a 
hallenge.This is due to the fa
t that the 
ore ex
itations of interest are usually superimposed by
ontributions of valen
e ele
trons or other 
ore ele
trons. Therefore, an algorithm forsubtra
tion of the s
attering ba
kground to extra
t the relevant 
ore�ex
itation spe
trumhas been developed and will be presented in this 
hapter. It is likely to be appli
ableto various samples be
ause no theoreti
al 
al
ulations apart from tabulated Hartree�Fo
k
ore ele
tron Compton pro�les1 are required. As an example, the algorithm is applied toextra
t the sili
on L�edges in pure Si and the 
ompound SiO2 from a multiple�q NRIXSexperiment 
ondu
ted at beamline XOR/PNC 20�ID of the APS.The 
hapter is organized as follows: After a brief overview on the measurements of the
q�dependen
e in Si and SiO2 NRIXS spe
tra, the theory important for the algorithm willbe dis
ussed. Energy�dependent 
orre
tions due to the experimental setup and the 
ross�se
tion 
orre
tion will be applied to the raw spe
tra. The experimental determinationof the valen
e�ele
tron 
ontribution and the extra
tion of the sili
on L�edges are thenpresented and exempli�ed for Si and SiO2. Furthermore, the obtained sili
on L�edges ofSi and SiO2 are 
ompared with q�dependent 
al
ulations. A summary and a short outlookare given at the end of the 
hapter.
1 F. Biggs et al. (1975), Atomi
 Data Nu
lear Tables 16, 201.



24 A ba
kground-removal algorithm for NRIXS spe
tra4.1 Experimental detailsFor the appli
ation of the ba
kground�removal algorithm, whi
h will be presented in this
hapter, NRIXS spe
tra have been re
orded of the sili
on L�edges in Si and SiO2 for abroad range of momentum transfers. The experiment has been a

omplished with theLERIX setup of the APS 20�ID.2 The Si and SiO2 powder samples3 were pressed intopellets and aligned to the 
enter of the analyzer 
ir
le. The in
ident angle was set to
φi = 10◦ in re�e
tion geometry so that the �rst two analyzers at θ = 9◦ and θ = 18◦were partly or fully shadowed by the sample. The experimental parameters for the Si andSiO2 experiment are given in Tab. A.2 (keys Bn). Spe
tra for a q�range from 1.25 a.u. to
5.34 a.u. have been re
orded. For ea
h sample, several single s
ans were performed andadded up subsequently to ex
lude systemati
 errors during the measurement.4 The addedraw data of Si and SiO2 for di�erent s
attering angles are shown in Fig. 4.1. The energyloss positions of the sili
on LII,III� (99.82/99.42 eV), LI� (149.7 eV), and oxygen K� (543.1eV) and LI� (41.6 eV) edges are indi
ated by verti
al lines. All spe
tra are verti
ally shiftedwith respe
t to their absolute value of momentum transfer 
al
ulated for the energy�losspositions of the sili
on LII,III�edges. The spe
tra are normalized to their peak�value.4.2 Extra
tion algorithm for 
ore ele
tron ex
itationsIn 
hapter 2, the prin
iples of NRIXS theory have been outlined. Now, theoreti
al detailsshall be restated on a framework ne
essary for the algorithm. The double di�erentials
attering 
ross se
tion (DDSCS) 
an be expressed in terms of the dynami
 stru
turefa
tor S(q, ω) as done in equation (2.3). In the limit of high momentum transfers, it 
anbe expressed in terms of the so�
alled Compton pro�le J(pz):

d2σ

dΩdω
= r2

0(ǫ1 · ǫ2)
ω2

ω1

m

q
J(pz), (4.1)where pz = m/q ω − q/2 is the 
omponent of the s
attered ele
tron's momentum in theground state parallel to the momentum transfer q. Compton s
attering provides a

ess tothe ground state ele
tron momentum density distribution.5Valen
e�ele
tron ex
itations manifest themselves in the dynami
 stru
ture fa
tor andtransform from the typi
al plasmon and parti
le�hole ex
itation spe
trum for low mo-mentum transfer to the valen
e ele
tron Compton pro�le at high momentum transfer. A2 See 
hapter 3.2.3.3 All samples were provided by A. Hohl, Institut für Materialwissens
haft, TU Darmstadt.4 This has also been done for all spe
tra shown in other 
hapters of this work.5 See, e.g., (2004), X�ray Compton S
attering, ed. by M.J. Cooper et al., Oxford University Press or W.S
hülke (2007), Ele
tron dynami
s by inelasti
 x�ray s
attering, Oxford University Press for a review onCompton s
attering.
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Figure 4.1: Raw NRIXS data of Si (top) and SiO2 (bottom) for di�erent momentumtransfers. The spe
tra are verti
ally shifted with the axis of ordinates inter
ept at thea

ording momentum transfer. For Si, the sili
on L�edges are indi
ated by verti
al lines.For SiO2, also the positions of the oxygen K� and LI�edges are shown.
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tra
al
ulation of the valen
e�ele
tron 
ontribution is di�
ult and not appropriate for an all�purpose extra
tion algorithm. Here, a model fun
tion has to be used to approximate theshape of the underlying valen
e�ele
tron 
ontribution. Within the Compton limit, thevalen
e Compton pro�le 
an usually be extra
ted from the experimental data for a 
er-tain momentum�transfer value. This pro�le then properly re�e
ts the valen
e�ele
tron
ontribution to the NRIXS spe
trum for higher momentum transfers. The 
ore�ele
tron
ontribution to the total NRIXS spe
trum of an element or a 
ompound is well des
ribedby atomi
 Hartree�Fo
k Compton pro�les, whi
h exist within impulse approximation6 (IA)in tabulated form.7 Su
h pro�les 
an straightforwardly be in
luded into a subtra
tion al-gorithm. Nevertheless, 
lose to an absorption edge, where the 
orresponding 
ore�ele
tron
ontribution sets in, the spe
trum is dominated by dynami
al e�e
ts, the lo
al environ-ment of the ex
ited atoms, and by their ele
troni
 stru
ture. Thus, it shows signi�
antdeviations from the onset of a Hartree�Fo
k 
ore ele
tron Compton pro�le in the non�IAregime.An algorithm s
heme for the extra
tion of 
ore�ele
tron 
ontributions to the NRIXSspe
trum was developed and will be des
ribed in the following. Before su
h an absorptionedge 
an be extra
ted, various energy�dependent 
orre
tions related to the experimental
onditions have to be taken into a

ount. These 
orre
tions will be shortly dis
ussed, thenthe extra
tion of the valen
e ele
tron Compton pro�le is des
ribed followed by a detaileddemonstration of the sili
on LII,III absorption edge extra
tion for the measured systems Siand SiO2.4.2.1 Energy�dependent 
orre
tionsThe intensity measured in the dete
tor has to be 
orre
ted for the ba
kground s
attering,energy�dependent absorption of the in
oming and s
attered x�rays within the sample,and absorption of the in
oming x�rays by, e.g., windows, foils, or air paths. Moreover,a 
ross�se
tion 
orre
tion has to be applied. Absorption and e�
ien
y 
orre
tions mightbe ne
essary also for the monitor�dete
tor signal. The appropriate energy�dependent
orre
tions related to the LERIX setup are dis
ussed in the following.Absorption and self�absorptionIn re�e
tion geometry the 
orre
tion for self�absorption of the in
oming and s
atteredx�rays within a sample of thi
kness d is given by
IRe ∝ I0

1 − e−d(µi/ cos φi+µf/ cos φf)

µi/ cos φi + µf/ cos φf

, (4.2)6 P. Eisenberger and P.M. Platzman (1970), Phys. Rev. A 2, 415.7 F. Biggs et al. (1975), Atomi
 Data Nu
lear Tables 16, 201.
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ore ele
tron ex
itations 27where µi/f are the absorption lengths for the in
ident and the analyzer energy, respe
tively.
φi/f are the 
orresponding s
attering angles relative to the normal of the sample surfa
e.For transmission geometry, the 
orre
tion is

ITr ∝ I0
e−d(µf/ cos φf ) − e−d(µi/ cos φi)

µi/ cos φi − µf/ cosφf
. (4.3)Further absorption, e.g. due to air, Be� or Kapton�windows in the beampath, 
an bea

ounted for by the simple transmission�
orre
tion fa
tor

ITr = I0e
−dµi/f . (4.4)This energy�dependent absorption 
orre
tion has to be applied for the beampaths of thein
ident beam between the sour
e of the normalization signal and the sample, be
ause onlythe in
ident energy is varied in inverse geometry and the analyzed energy is kept 
onstant.Corre
tions for the normalization dete
tor itself have to be 
onsidered separately.Compton 
ross se
tion 
orre
tionFor the extra
tion of the valen
e Compton 
ontribution, the experimental Compton pro�le

J(pz) has to be 
al
ulated from the DDSCS. In the non�relativisti
 limit, the Comptonpro�le J(pz) is dire
tly proportional to the DDSCS.8 In the relativisti
 
ase, it needs to be
orre
ted a

ording to9
d2σ

dΩdω
=

r2
0

2

ω2

ω1

χ(pz)
m

q
J(pz) (4.5)by the pz�dependent10

χ(pz) =
R

R′
+

R′

R
− sin2 θ, (4.6)where θ is the s
attering angle and the parameters R and R′ are given by

R = ω1

(

m − (ω1 − ω2 cos θ)
pz

q

)

, (4.7)
R′ = R − ω1ω2(1 − cos θ).Fig. 4.2 shows the 
orre
tions due to the relativisti
 Compton 
ross se
tion and the self�absorption in the sample. As typi
al for inverse geometry, both 
ontributions 
ompensatein parts. Fig. 4.2 further shows the absorption 
orre
tion due to air and Kapton foils inthe beampath.8 See Eqn. (4.1).9 P. Holm (1988), Phys. Rev. A 37, 3706; R. Ribberfors (1975), Phys. Rev. B 12, 2067.10This is an approximation to R. Ribberfors (1975), Phys. Rev. B 12, 2067, Eqn. (49).
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Figure 4.2: Energy�dependent 
orre
tion fa
tors due to absorption and relativisti
 Comp-ton 
ross se
tion 
orre
tions. The DDSCS has to be divided by the total 
orre
tion toobtain the Compton pro�le J(pz).Ba
kgroundParasiti
 s
attering, e.g. from helium in the analyzer s
attering path, leads to a ba
kgroundin the spe
tra, whi
h in �rst approximation is assumed to be 
onstant. For the estimationof the ba
kground level, s
attering is re
orded for energies below the quasi�elasti
 line.However, this often only yields an order of magnitude of the a
tual ba
kground. Sin
e forenergy losses far away from absorption edges in the system, the Hartree�Fo
k Compton
ore pro�les should mat
h the experimental s
attering intensity very well, the ba
kground
an be re�ned by adjusting the spe
tra to the 
al
ulation in that energy regime.4.2.2 Determination of the experimental valen
e ele
tron Comp-ton pro�leThe 
ontribution of 
ore ele
trons to the Compton pro�le 
an be approximated well byatomi
 Hartree�Fo
k 
al
ulations. However, to model the valen
e ele
tron Compton pro�le
ontributions adequately, more sophisti
ated 
al
ulations have to be used as dis
ussedbefore. Nevertheless, this 
ontribution 
an also be extra
ted from the experimental spe
tra,if � at a 
ertain momentum transfer � the valen
e regime is not 
overed by an absorptionedge. This should be possible for multi�q datasets as obtained with the LERIX setup.Fig. 4.3 shows the spe
tra of Si and SiO2 for a momentum transfer of q = 5.21 a.u., at
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itations 29whi
h the energy range of the valen
e�ele
tron 
ontribution extends beyond the onset ofthe sili
on L�edges. For the separation of the valen
e pro�le from the 
ore signal of thesili
on L�edges (and the oxygen K�edge for SiO2), an adequate des
ription of the latter
ontribution is ne
essary. In the following, a s
heme for modeling the 
ore pro�le in
ludingits asymmetry will be dis
ussed. Furthermore, the valen
e ele
tron Compton pro�le alsoshows an asymmetry, whi
h has to be taken into a

ount for the �nal extra
tion of theNRIXS signal.The 
ore 
ontributions of the sili
on L�shell have been modeled by 
orre
ted Hartree�Fo
k 
al
ulations: The non�relativisti
 Compton 
ross se
tion in impulse approximationis a symmetri
 fun
tion in pz�spa
e with its maximum at pz = 0. However, Holm etal.11 have 
al
ulated the �rst 
orre
tions for the 1s�, 2s� and 2p�shells showing asymme-tries in terms of pz. Widths and strengths of the 
orre
tions12 J1s
1 (pz), J2s

1 (pz) and J2p
1 (pz)have been normalized by 
omparing the maximum of the non�relativisti
 expression13 withthe maximum of the Hartree�Fo
k pro�le of the a

ording shell. The q�dependent 
oreasymmetry 
orre
tions (CA) for Si are then added to the symmetri
 Hartree�Fo
k pro�les.The 
orre
ted 
ore pro�le for Si shown in the top part of Fig. 4.3 shows good agreementboth at the onset of the sili
on L�edges and for an energy loss beyond 600 eV, at whi
h thevalen
e 
ontribution has vanished. However, the asymmetry 
orre
tion 
al
ulated by Holmet al. 
an lead to deviations in magnitude and overall shape between the experiment andthe model for the 
ore pro�le.14 Thus, within the presented extra
tion s
heme, a s
alingfa
tor 
an be applied to the 
ore asymmetry to yield better agreement with the experi-ment. In 
ase of Si and SiO2, a value of 1.5 is used. More sophisti
ated theories for the
ore asymmetries, as presented by S. Huotari et al.,15 yield a better des
ription but are notsuitable to be used in a straightforward extra
tion algorithm. For samples, for whi
h sim-ple asymmetry theories fail to des
ribe the experimental observation, the 
ore asymmetry
an also be dire
tly extra
ted from the experiment and parameterized by a phenomeno-logi
al fun
tion. The question of q�dependen
e of su
h an ad�ho
 extra
tion then remainsunanswered. After normalization of the experimental spe
trum and the 
orresponding
ore�ele
tron 
ontribution to the number of ele
trons in pz�spa
e, the valen
e 
ontributionof the Compton pro�le 
an be extra
ted from the spe
trum without free parameters apartfrom the 
onstant ba
kground. Artefa
ts in the tail of the extra
ted valen
e pro�le due tothe onset of the sili
on L�edges 
an be smoothly removed by �tting a Pearson fun
tion16in this energy regime. For SiO2, the 
ore 
ontribution 
onsists of the sili
on LI�, LII,III�11P. Holm and R. Ribberfors (1989), Phys. Rev. A 40, 6251.12 ibid., Eqns. 54&55.13 ibid., Eqns. 51&52.14S. Huotari et al. (2001), J. Phys. Chem. Solids 62, 2205.15 ibid.16See Eqn. (4.9).



30 A ba
kground-removal algorithm for NRIXS spe
tra

 0

 2

 4

 6

 8

 200  400  600  800  1000  1200

S
(q

,ω
) 

[a
rb

. u
ni

ts
]

energy loss [eV]

SiO2
experiment

CA-corrected HF core profile
(Si contribution)
(O contribution)

extracted valence profile
CA Si

 0

 1

 2

 3

 4

Si
experiment

CA-corrected HF core profile
extracted valence profile

CA Si

Figure 4.3: Extra
tion of the valen
e 
ontribution to the Compton pro�le for Si (top)and SiO2 (bottom) at q = 5.21 a.u. The asymmetry�
orre
ted Hartree�Fo
k (HF) 
ore
ontributions for sili
on and oxygen are shown separately. For sili
on, the 
orre
tion tothe non�relativisti
 Compton 
ross se
tion (CA) is taken into a

ount. The experimentalspe
tra and the 
ore pro�les are normalized to the a

ording number of ele
trons.
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Figure 4.4: Asymmetry determination of the valen
e Compton pro�le. The spe
trum ismirrored at pz = 0. The asymmetry is then modeled as explained in the text. The resultingsum of the symmetrized valen
e pro�le and the modeled asymmetry is shown as well.and oxygen LI�edges. Thus, eight oxygen and four sili
on valen
e ele
trons are assumed to
ontribute to the SiO2 valen
e Compton pro�le. The valen
e pro�les are then symmetrizedwith respe
t to pz = 0 and smoothed by 
onvolution with a Gaussian fun
tion. This leadsto a further redu
tion of artefa
ts, espe
ially in the tails of the pro�le. Employing thede�nition of pz, the valen
e pro�les 
an now be 
al
ulated for all momentum transfers.The asymmetry of the valen
e Compton pro�les17 is modeled in pz�spa
e by the phe-nomenologi
al fun
tion18
A(pz) = α1 tanh(pz/α2)e

−(pz/α3)4 , (4.8)as shown in Fig. 4.4 for Si. In a �rst approximation, this asymmetry is assumed to beindependent of the momentum transfer and added to the symmetrized valen
e 
ontributionsfor all q. A q�dependent modeling of an asymmetry of the valen
e pro�le is out of s
ope ofthis data treatment. The asymmetry�
orre
ted valen
e pro�les whi
h are obtained fromthe extra
tion algorithm 
an now be used to dis
riminate the pure NRIXS spe
trum of thesili
on L�edges from the experimental spe
tra.17S. Huotari et al. (2001), J. Phys. Chem. Solids 62, 2205; C. Sternemann et al. (2000), Phys. Rev. B 62,R7687.18αn are �tting parameters.
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tion of the sili
on L�edges in Si (top) and SiO2 (bottom) for q = 3.15 a.u.by subtra
tion of the valen
e asymmetry (VA) 
orre
ted symmetrized valen
e pro�le (VP).
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on L�edges in Si (top) and SiO2 (bottom) for q = 5.10 a.u.
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kground-removal algorithm for NRIXS spe
tra4.2.3 Extra
tion of the sili
on LII,III�edgesIn the following, the extra
tion of the absorption edges of interest from the total signalwill be dis
ussed separately for high and intermediate momentum transfers and for lowmomentum transfers. Finally, the quality of the resulting spe
tra will be reviewed.Intermediate and high momentum transfersWith the asymmetry�
orre
ted symmetrized valen
e Compton pro�le the absorption edges
an be distilled from the underlying ba
kground signal. In general, also the 
ore�ele
tronba
kground 
an be subtra
ted as will be demonstrated later for SiO2. The top parts ofFigs. 4.5 and 4.6 show two examples for the extra
tion of the sili
on L�edges in Si for anintermediate and a high momentum transfer respe
tively. The spe
tra are sele
ted to showboth the performan
e and the limitations of the presented algorithm. For intermediatemomentum transfer, the sum of the 
orre
ted Hartree�Fo
k 
ore pro�les and the experi-mentally extra
ted valen
e pro�les show adequate qualitative and quantitative agreementwith the shape of the experimental spe
trum on the full energy s
ale while it is nearlyperfe
t for high momentum transfer. This is due to the fa
t that for intermediate and low
q the impulse approximation is not valid and the approximations used in this approa
h arenot ful�lled. It 
an be seen in Fig. 4.5 that the 
ore asymmetry 
orre
tion by Holm 
annotgive a proper des
ription for the near�edge region of the sili
on LII,III�edges in Si. How-ever, a treatment without the asymmetries does not yield better results. These deviationsare not obvious in the 
ase of SiO2, in whi
h the oxygen LI�edge 
ontribution dominatesthe spe
trum. In this pro
edure, the 
onstant s
attering ba
kground value is re�ned toa
hieve the best agreement with the experiment. The sili
on L�shell ele
tron 
ontribu-tions 
an then be obtained by subtra
ting the 
orre
ted valen
e 
ontributions from thespe
tra. Likewise, the extra
tion 
an be performed for the di�erent momentum transfers.For other materials, the ba
kground may 
ontain 
ontributions from further 
ore levels.They 
an, in general, be subtra
ted by the a

ording 
orre
ted Hartree�Fo
k pro�les. The
omparison of the 
orre
ted sum of valen
e and 
ore 
ontributions with the experimentexhibits a measure for the quality of the NRIXS extra
tion. This is strongly depending onthe relative position of the edge onset to the Compton spe
trum. For the spe
tra above
q = 3.7 a.u., the onset of the sili
on LII,III�edges (≈ 100 eV) is su�
iently far away fromthe Compton maximum. Therefore, only the spe
tral weight of the full pro�le is a�e
tedby the ba
kground re�nement and the quality of the valen
e pro�le, whereas the near�edgestru
ture shows only low sensitivity. For intermediate q (2.4 a.u. < q < 3.2 a.u.), the edgeonset is very 
lose to the maximum of the valen
e 
ontribution. Espe
ially the near�edgeregime of the sili
on LII,III�edges is rather sensitive to the shape of the valen
e pro�leand the parameterization of its asymmetry 
on
erning the �ne stru
ture and to the 
ore



4.2 Extra
tion algorithm for 
ore ele
tron ex
itations 35ele
tron Compton pro�le 
on
erning spe
tral weight. For q < 2.4 a.u., the subtra
tion ofa Pearson fun
tion yields better results than the valen
e subtra
tion as will be dis
ussedin the next paragraph. For SiO2 (lower parts of Figs. 4.5 and 4.6), the overall agreementbetween the total sum of the 
orre
ted Compton pro�les with the experiment is of goodquality. However, in Fig. 4.5, the experimental spe
trum shows modulations 
lose to theonset of the sili
on LII,III�edges. They 
an be attributed to EXAFS�like os
illations in thevi
inity of the oxygen LI�edge at 41.6 eV, whi
h 
annot be removed by the subtra
tion ofthe valen
e ele
tron 
ontribution. Thus, the error of the extra
ted NRIXS spe
tra is sys-temati
ally and inherently in
reased 
lose to the edge onset. Though beyond the s
ope ofthis work, an approa
h to 
ompensate su
h os
illations 
ould be a theoreti
al 
omputationof the EXAFS spe
trum, for instan
e employing the ab�initio FEFF 
ode.19 The valen
epro�le and its asymmetry 
orre
tion is very broad for SiO2 sin
e it in
ludes the oxygen
2p ele
trons. Hen
e, the NRIXS extra
tion is 
riti
al be
ause the edge onset lies 
lose tothe Compton maximum for a wider q�range (2.4 a.u. < q < 3.8 a.u.) than for Si. For thespe
tra with the edge onset 
losest to the maximum of S(q, ω) (2.4 a.u. < q < 2.8 a.u.),a proper subtra
tion of the valen
e�ele
tron 
ontribution was not possible. A subtra
tionof a Pearson fun
tion is also inadequate 
lose to the Compton maximum, so that the twospe
tra in this regime were ex
luded from analysis. Above q = 4.2 a.u., the extra
tion isvery robust again.Small momentum transfersFor momentum transfers below 2.4 a.u., the modeled Compton pro�le 
an only poorlyapproximate the parti
le�hole ex
itations/plasmon spe
trum. The slowly de
reasing highenergy loss tail of these 
ontributions, whi
h is strongly in�uen
ed by ele
tron�ele
tron
orrelation and bandstru
ture e�e
ts,20 
annot be modeled by simple theoreti
al ab�initioapproa
hes within the s
ope of an extra
tion s
heme as presented in this work. Hen
e, theextra
tion of the sili
on L�edges is performed by �tting a parameterized fun
tion to theregion before the edge onset as shown in Fig. 4.7. A Pearson�VII fun
tion21 was found tobe a good representation for the slowly de
reasing tail of the ex
itation spe
trum for low
q:22

P (ω) = β1

(

β2
3 (ω − β2)

2 + 1
)−β4

. (4.9)Whereas the near�edge region is hardly a�e
ted by the slope of the ba
kground fun
tion,un
ertainties for the absolute intensity of the extra
ted edges grow espe
ially for high19A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565; J.A. Soininen et al. (2005), Phys. Rev. B 72,045136.20C. Sternemann et al. (2005b), Phys. Rev. Lett. 95, 157401.21H. Wang and J. Zhou (2005), J. Appl. Cryst. 38, 830.22βn are �tting parameters.
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Figure 4.7: Extra
tion of sili
on L�edges in Si for q = 1.66 a.u. by subtra
tion of a Pearsonfun
tion. The �tting range is indi
ated by an arrow on the abs
issa.
urvatures in the ba
kground fun
tion.Lo
al��eld 
orre
tionAn alternative approa
h for the ba
kground subtra
tion would be the modi�
ation of theexperimentally extra
ted valen
e Compton pro�le with the phenomenologi
al lo
al��eld
orre
tion (LFC) fa
tor G(q) in the diele
tri
 fun
tion23
ǫ(q, ω) = 1 +

ǫsym(q, ω) − 1

1 − G(q)(ǫsym(q, ω) − 1)
. (4.10)The 
omplex fun
tion ǫsym(q, ω) 
an be 
al
ulated from the valen
e pro�le employingthe relation S(q, ω) = ℑ(−1/ǫ(q, ω)) and a Kramers�Kronig transformation. The LFCfa
tor introdu
es an additional asymmetry into the valen
e pro�le to model the typi
allyin
reasing skewness of S(q, ω) for lower momentum transfer in a phenomenologi
al way.An example for the e�e
t of G(q) is given in Fig. 4.8. Nonetheless, for the low�q extra
tionof the spe
tra presented in this work, the Pearson method yields the better results and istherefore applied.

23J. Hubbard (1957), Pro
.R. So
. London Ser. A 240, 539.
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Figure 4.8: Phenomenologi
al modi�
ation of S(q, ω) a

ording to the lo
al��eld 
orre
-tion. S(q, ω) is shown for G(q) = 0, 0.1, . . .0.5.ResultFor Si, the extra
tion of the sili
on L�edges 
an be performed as des
ribed in the twopre
eding se
tions for 16 di�erent momentum transfers. For q = 2.41 a.u., the maximum of
S(q, ω) is de
orated by a �ne stru
ture. Therefore the extra
ted valen
e Compton pro�leonly shows poor agreement in the energy region before the edge onset and the spe
trum wastaken out of the analysis. The resulting spe
tra are shown in the top part of Fig. 4.9 andevolve 
onsistently for in
reasing momentum transfer. q�dependent NRIXS 
al
ulationsof the sili
on L�edges have been performed employing the adaptation24 of the real spa
emultiple s
attering 
ode FEFF25 presented in 
hapter 2.2. The results are shown in thebottom part of Fig. 4.9 and exhibit very good qualitative and quantitative agreementwith the experimental spe
tra over the full energy range. As dis
ussed elsewhere26 theintera
tion of the photo�ele
tron with the 
ore hole is important to explain the stru
tureof the near�edge region whereas its negle
t yields better agreement in energeti
 positionsfor higher energy losses. So, 
al
ulations for the full range without a 
ore�hole intera
tionhave been performed, whereas the 
ore hole was taken into a

ount for the near�edge regionpresented in the inset of Fig. 4.9. The broadening of the edge onset in the 
al
ulationsand the absen
e of the peaked white line around 102 eV energy loss 
an be attributed24J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.25A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565.26H. Sternemann et al. (2007a), Phys. Rev. B 75, 075118. See also 
hapters 5.3.2 & 5.3.3.
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Figure 4.9: Top: Extra
ted sili
on L�edges of Si for di�erent q. The spe
tra are normalizedto the full area. The inset shows the near�edge region of the sili
on LII,III�edges normalizedto the area between 95 and 110 eV. Bottom: RSMS 
al
ulations of the sili
on L�edges inSi for the same q and with the same normalization. The wide spe
tra have been 
al
ulatednegle
ting the 
ore hole�ele
tron intera
tion while it has been a

ounted for in the near�edge 
al
ulations presented in the inset.
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Figure 4.10: Extra
ted sili
on L�edges and oxygen K�edge of SiO2 for di�erent q. Thenear�edge region in the top part of the inset is normalized to the area between 100 and120 eV and the pre�edge region is shifted to zero to 
ompensate for the o�set due tothe oxygen LI�edge. The bottom part of the inset shows q�dependent 
al
ulations of thesili
on LII,III�edges employing an ab�initio NRIXS approa
h based on the StoBe�deMon
ode. Corresponding features of experiment and theory are indi
ated by arrows.to approximations used in the RSMS 
omputation as dis
ussed for Si by Sternemannet al.27 For SiO2, the extra
tion is good for 14 momentum transfers. The results areshown in Fig. 4.10. The modulations of the oxygen LI�edge at 41.6 eV lead to systemati
errors in the sili
on LII,III�edges. This results in a q�dependent 
ontribution of the NRIXSspe
trum below the energy onset, whereas it should be zero for perfe
t subtra
tion as itis the 
ase for Si. The 
orre
tion of these e�e
ts is not possible within the algorithmpresented in this arti
le but would require a theoreti
al treatment of the oxygen LI�edge�ne stru
ture. However, the extra
ted NRIXS spe
tra show a 
onsistent q�dependen
e onthe whole energy s
ale. Sin
e the oxygen LI�edge os
illations are assumed to be smoothvery 
lose to the absorption edge, they 
an be approximated by a 
onstant o�set. Theinset of Fig. 4.10 shows the very near�edge region of the sili
on LII,III�edges normalized toits area. The 
onsisten
y of the q�dependen
e 
an also 
learly be seen here. Momentum�transfer dependent 
al
ulations of the sili
on LII,III�edges have been performed employinga density�fun
tional theory ab�initio NRIXS approa
h based on the StoBe�deMon 
ode.28Spe
tra for the 14 momentum transfers were 
al
ulated for an α�quartz SiO2 
luster of27H. Sternemann et al. (2007a), Phys. Rev. B 75, 075118. See also 
hapter 5.3.1.28See 
hapter 2.4 and A. Sakko et al. (2007), Phys. Rev. B 76, 205115.



40 A ba
kground-removal algorithm for NRIXS spe
tra72 atoms.29 The results presented in the bottom part of the inset of Fig. 4.10 show verygood agreement with the experiment 
on
erning the overall shape and espe
ially the q�dependen
e of the features indi
ated by the arrows.4.3 Con
lusions and outlookIn this 
hapter, an algorithm for the subtra
tion of the Compton� and S(q, ω)�ba
kgroundfrom NRIXS spe
tra was presented and shown to be appli
able for a broad q�range. Thealgorithm is universal in a sense that apart from atomi
 Hartree�Fo
k 
ore Compton pro�lesno sample�dependent 
al
ulations are ne
essary to model the ba
kground. The valen
e
ontribution to the Compton pro�le 
an dire
tly be extra
ted from the experiment andused for the extra
tion of the edges of interest. As a proof of prin
iple, the algorithmwas applied to the sili
on L�edges in Si and SiO2, in whi
h the extra
tion proved to bevery su

essful for most of the momentum transfers. The robustness and di�
ulties forthe extra
tion were dis
ussed in detail for the di�erent momentum�transfer ranges. A
omparison of q�dependent NRIXS 
al
ulations for Si and SiO2 show the good qualityof the extra
tion both 
on
erning overall shape and q�dependen
e. Based on this study,the presented algorithm yields a tool for the proper treatment of multi�q NRIXS spe
tra.This is the prerequisite for the studies presented later in this work but it is also of spe
ialimportan
e for, e.g., future studies demanding a detailed study of the q�dependen
e of
ore ex
itation or an extra
tion of the proje
ted density of states.

29The DFT 
al
ulations were performed by A. Sakko, Department of Physi
al S
ien
es, University ofHelsinki. The linewidth for Lorentzian broadening was 0.1 eV below 107 eV and 2.5 eV above 110 eVwith a linear in
rease between 107 and 110 eV energy loss. The Gaussian linewidth was 0.8 eV.
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Chapter 5Study of L�shell ex
itations by NRIXS:di�erent 
omputational approa
hesNon�resonant inelasti
 x�ray s
attering from s atomi
 
ore levels has be
ome a well es-tablished method to study the near�edge stru
ture of shallow absorption edges.1 In
identx�ray energies of about 10 keV are used to measure K absorption edges ranging fromlithium (54.7 eV) to �uorine (696.7 eV). As the atomi
 number Z in
reases, the energy ofthe K�edge be
omes too high for NRIXS measurements with 
urrent experimental meth-ods. Therefore, it is important to extent su
h studies to 
over elements with medium orhigh Z by the measurement of their L�, M� and N�edges.2 For a deeper understandingof the ele
troni
 stru
ture studied by NRIXS, 
omparisons with theoreti
al approa
hesare needed. Most re
ently, the far�edge stru
ture has been dis
ussed in detail by Fisteret al.3 using the RSMS approa
h based on FEFF.4 In this regime, the EXAFS�like �nestru
ture of the absorption edges basi
ally 
ontain information on the lo
al atomi
 stru
-ture and the 
al
ulations show very good agreement with the experiment. Close to theedge onset, ele
troni
 e�e
ts are signi�
antly more important and a proper des
ription bytheory is not straightforward.In this 
hapter, a detailed study of the L near�edge stru
ture for the metals sodiumand magnesium and for the semi
ondu
tor sili
on is presented based on a 
omparison withtwo di�erent 
omputational formalisms. First�prin
iples 
al
ulations performed with theRSMS approa
h and the BSE formalism5 will be 
ompared with ea
h other and experi-1 U. Bergmann et al. (2002), Mi
ro
hem. J. 71, 221; Y. Feng et al. (2004), Phys. Rev. B 69, 125402; K.Hämäläinen et al. (2002), Phys. Rev. B 65, 155111; M. Kris
h and F. Sette (2002), Surf. Rev. Lett. 9,969; A. Mattila et al. (2005), Phys. Rev. Lett. 94, 247003; Ph. Wernet et al. (2004), S
ien
e 304, 995.2 C. Sternemann et al. (2005a), Phys. Rev. B 72, 035104.3 T.T. Fister et al. (2006a), Phys. Rev. B 74, 214117.4 See 
hapter 2.2 and J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.5 See 
hapter 2.1 or J.A. Soininen (2001), �Final�state intera
tions in inelasti
 x�ray s
attering�, PhDthesis, University of Helsinki; J.A. Soininen and E.L. Shirley (2001), Phys. Rev. B 64, 165112; J.A.Soininen et al. (2001), J. Phys.: Condens. Matter 13, 8039; J.A. Soininen et al. (2005), Phys. Rev. B72, 045136.



42 Study of L shell ex
itations by NRIXSments. Espe
ially the q�dependen
e is used to study the performan
e of di�erent 
ompu-tational approa
hes to simulate NRIXS spe
tra. This provides a more stringent test sin
e,in prin
iple, it gives more insight into how the approa
hes work for di�erent 
omponentsof the l�DOS for the same 
ore�hole state. The role of s
reening and the dependen
eof the spe
tra on the momentum transfer will be emphasized. These questions have notbeen studied so far for NRIXS L�edges but they play an important role for evaluatingthe multiple�s
attering approa
h.6 This is fundamental for the study of the near�edgestru
ture of medium�Z elements in general.In the following two se
tions, details will be given on the RSMS 
al
ulations and theexperiment. The 
omparison between experiment and 
omputed spe
tra for the threeelements will be dis
ussed in 
hapter 5.3. A 
on
lusion is given at the end.5.1 Computational detailsIn the experiments presented in this part, the fo
us is set on the near�edge region, i.e. the�rst 50 eV above the edge onset, where multiple�s
attering pro
esses predominate. There-fore, the spe
tra shown in this 
hapter have been 
al
ulated regarding multiple s
atteringto an in�nite order for a �nite 
luster of atoms. Typi
al 
luster sizes of 300 atoms havebeen used in the 
al
ulations. The potential is 
al
ulated self�
onsistently within 
lustersof 70 to 100 atoms. Moreover, 
lose to the edge onset, the intera
tion of the ele
tron withthe 
ore hole as well as the ele
tron's self�energy be
ome important. Cal
ulations havebeen performed, both 
onsidering a 
ore hole and for the 
ase of 
omplete s
reening. Asdis
ussed in 
hapter 2.2.3, the FEFF8.2 
ode allows di�erent treatments of the self�energy.Here, the Hedin�Lundqvist approximation7 has been used in all 
al
ulations ex
ept forsodium. The 
ase of sodium will be dis
ussed in detail in 5.3.3. All results are orientation-ally averaged 
orresponding to poly
rystalline and powder samples.8 Spe
tra for the LI�and the LII,III�edges have been 
al
ulated separately and were weighted with the multipli
-ity of the initial state. Sin
e absolute edge positions are usually estimated with an errorof some eV,9 the 
al
ulations have been shifted to mat
h the edge onsets of the measuredspe
tra. Finally, the 
al
ulations were 
onvoluted with the a

ording experimental energyresolution. The BSE approa
h yields a more realisti
 model for the ele
troni
 stru
tureand two�parti
le intera
tions of the system. However, it assumes periodi
 boundary 
on-ditions so that studying non�periodi
 systems is unfeasible. Moreover, it does not in
lude6 A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565; J.A. Soininen et al. (2005), Phys. Rev. B 72,045136.7 U. von Barth and L. Hedin (1972), J. Phys. C: Solid State Phys. 5, 1629.8 For the RSMS approa
h, the dire
tional averaging is algebrai
ally embedded in the 
ode whereas for theBSE approa
h, 
al
ulations were performed for di�erent orientations of the q�ve
tor and then averaged.9 See, e.g., A.L. Ankudinov et al. (1998b), Phys. Rev. B 57, 7518.
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al 
ore�hole e�e
ts and 
an only address the near�edge region.105.2 Experimental detailsThe experiments were performed at the inelasti
 x�ray s
attering beamline ID16 at ESRF.The magnesium sample was a poly
rystalline metal dis
 of 99.9% purity (Goodfellow). Thesili
on powder sample of 99.999% purity with a parti
le size less than 44 µm (MaTe
K) waspressed to a pellet of about 0.5 mm thi
kness. Both samples were kept under va
uum (1mbar) during the experiment. The poly
rystalline sodium sample of about 10 mm thi
knesswas prepared under argon atmosphere and kept in a sample holder under high va
uum
onditions (10−6 mbar) during that experiment in order to avoid hydroxide formation.Spe
tra for magnesium, sodium and sili
on have been re
orded for two di�erent momentumtransfers ea
h.11 The raw NRIXS data was normalized to a monitor signal and 
orre
tedfor a 
onstant ba
kground, absorption and s
attering 
ross se
tion as des
ribed in 
hapter4. For low momentum transfers, the plasmon 
ontribution to the s
attering signal wassubtra
ted by �tting a Pearson�VII fun
tion12 to the plasmon tail 
lose to the absorptionedge. The ratio between the signal of the plasmon tail and the absorption edge was foundto be 1:1 for sili
on, 1:3 for magnesium and 1:6 for sodium at the edge onset. As dis
ussedin 
hapter 4.2, for high momentum transfers, the 
ontribution of the valen
e ele
tronCompton pro�le has to be a

ounted for in the EXAFS energy regime. However, for thesmall energy range 
lose to the edge, as dis
ussed in this 
hapter, su
h a 
ontribution isfound to be negligible and thus requires no further 
orre
tion. The resulting experimentalNRIXS spe
tra are presented in Figs. 5.1, 5.3, and 5.5 together with the 
orresponding
al
ulations using the BSE approa
h and the RSMS implementation for NRIXS.5.3 Results and dis
ussionCal
ulations for all NRIXS spe
tra have been performed with the q�dependent RSMS 
odeas well as with the BSE approa
h. In the following, the results are presented and dis
ussedin detail for ea
h sample. The parti
ularities of semi
ondu
tor 
al
ulations are emphasizedfor sili
on with the fo
us on the proje
ted density of states. In the 
ase of magnesium,the 
ore�hole e�e
t is dis
ussed and de
ompositions of the 
al
ulations with respe
t to theangular momentum of the �nal state are shown as an example. Di�erent treatments ofs
reening within the RSMS approa
h are 
ompared for sodium.10All BSE 
al
ulations have been performed by J.A. Soininen. For more details of the 
omputationalmethod, see J.A. Soininen et al. (2001), J. Phys.: Condens. Matter 13, 8039.11The experimental parameters are given in table A.2 (key An).12See 
hapter 4.2 or H. Wang and J. Zhou (2005), J. Appl. Cryst. 38, 830.
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Figure 5.1: NRIXS spe
tra of the sili
on LII,III�edges at q = 1.50 a.u. (bottom) and q =
6.42 a.u. (top). RSMS 
al
ulations are shown with and without 
ore�hole intera
tion. Theresult of the BSE 
al
ulations is shown for 
omparison.
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on LII,III�edge onset at
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46 Study of L shell ex
itations by NRIXS5.3.1 Sili
onDue to the general importan
e of sili
on in material s
ien
e, the near�edge stru
ture ofthe sili
on L�edges has been studied extensively in the past.13 Espe
ially, the e�e
t of the
ore hole to the edge onset was dis
ussed 
ontroversially.14 By 
omparing the full potentiallinearized augmented plane wave 
al
ulations with the x�ray absorption spe
tra, Bu
zkoet al.15 emphasize the importan
e of the 
ore�hole treatment to properly des
ribe thevery near�edge stru
ture. In 
ontrast, Weng et al.16 
on
lude that the edge onset 
an bedes
ribed well without 
onsideration of the 
ore hole. These studies were limited to energyranges up to 5 eV above the edge. A re
ent 
omparison of the sili
on LII,III�edge with BSE
al
ulations supports the results of Bu
zko et al.17 Within this work, measurements ofthe sili
on LII,III�edges up to 50 eV above the edge onset are presented emphasizing theparti
ularities of RSMS 
al
ulations.The results of the 
al
ulations for sili
on are shown in Fig. 5.1 for q = 6.42 a.u. and
q = 1.50 a.u. The overall agreement with the experiment is good for all 
al
ulations. Theshape of the edge onset is well reprodu
ed by the BSE 
al
ulations whereas the peak at theedge (the so�
alled white line, indi
ated by A) is signi�
antly underestimated for high mo-mentum transfer using the RSMS method. Besides the edge onset, the multiple�s
attering
al
ulations mat
h the experiment very well for both momentum transfers. The �ne stru
-tures Bn are qualitatively reprodu
ed whereas their position is found more a

urately bynegle
ting the 
ore�hole intera
tion. In the 
ase of low q, this is also true 
on
erning thewidth of the broad feature C between 120 and 135 eV and for the position of D. Yet, theamplitude of feature C is overestimated in the 
al
ulation without the 
ore hole. However,despite these quantitative dis
repan
ies, the experimental �ne stru
ture 
an obviously berelated to features predi
ted by theory (see, e.g., Bn in Fig. 5.1 and 5.2).Con
erning the shape of the edge onset the RSMS 
al
ulations show shoulders in the�rst two eV of the edge onset and a �attened�out white line for both momentum transfersas 
an be seen for low q in the inset of Fig. 5.2. This 
an be explained in view of the
l�DOS, whi
h was 
al
ulated with the RSMS 
ode and is shown in the bottom part ofFig. 5.2. It is also known from other 
al
ulations18 within the lo
al�density approximation(LDA) that the bandgap of semi
ondu
tors is usually underestimated. Instead of 1.1 eV for13See, e.g., P.E. Batson (1993), Phys. Rev. B 47, 6898; R. Bu
zko et al. (2000), Phys. Rev. Lett. 85, 2168;J.R. Dahn et al. (1994), J. Appl. Phys. 75, 1946; H. Ma et al. (1990), J. Appl. Phys. 68, 288; X. Wenget al. (1989), Phys. Rev. B 40, 5694; X. Weng et al. (1990), Solid State Comm. 74, 1013.14R. Bu
zko et al. (2000), Phys. Rev. Lett. 85, 2168; X. Weng et al. (1990), Solid State Comm. 74, 1013.15R. Bu
zko et al. (2000), Phys. Rev. Lett. 85, 2168.16X. Weng et al. (1990), Solid State Comm. 74, 1013.17C. Sternemann et al. (2005a), Phys. Rev. B 72, 035104.18R.W. Godby et al. (1988), Phys. Rev. B 37, 10159; J.P. Perdew and M. Levy (1983), Phys. Rev. Lett.51, 1884; L.J. Sham and M. S
hlüter (1983), Phys. Rev. Lett. 51, 1888.
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on, only about 0.6�0.7 eV is found 
omputationally.19 Moreover, the spe
tra are alsobroadened due to the �nite 
luster size in the RSMS 
al
ulations. Papa
onstantopoulos20has 
al
ulated the DOS for sili
on with a LCAO21 parameterized DFT using the Slater�Koster (SK) method22 (see the top part of Fig. 5.2). While these results show a bandgap of1.1 eV with a sharp onset of the 
ondu
tion band, no band gap is obtained in the l�DOS ofthe 
al
ulations presented here. It shows only a smooth minimum at the Fermi energy EF.Thus, uno

upied states 
ontribute to the NRIXS spe
tra where the gap is expe
ted andthe edge onsets in the spe
tra are smeared out. A part of this dis
repan
y 
ould also be dueto the approximate treatment of ele
tron�hole intera
tions used in the RSMS. Typi
ally,the region 
lose to the edge is most sensitive to the details of the approximations used tomodel the ele
tron�hole intera
tions.The RSMS 
al
ulations in
luding the 
ore hole yield a better des
ription of the edgeonset, whi
h is in line with the results of Bu
zko et al.23 emphasizing the importan
e of
ore�hole e�e
ts. Nevertheless, only the BSE method is able to satisfa
torily reprodu
ethe edge onset. This 
an be attributed to the de�
ien
y of the RSMS 
al
ulations failingto a

ount for the proper bandgap. However, in the energy regime around 10 to 40 eVabove the edge, the agreement between 
al
ulation and experiment with respe
t to energypositions of distin
t spe
tral features is good but it 
an be improved by negle
ting the 
orehole. This e�e
t will now be dis
ussed in more detail for the 
ase of magnesium.5.3.2 MagnesiumSpe
tra of the magnesium LII,III�edges for momentum transfers of 0.61 a.u. and 6.42 a.u.are shown in Fig. 5.3. Re
ently, experimental data of the q�dependen
e of magnesiumNRIXS spe
tra of for eight momentum transfers between 0.42 a.u. and 5.34 a.u. have beenpublished by Fister et al.24 The experimental results of that work are in good agreementwith the results presented here when 
ompared to the 
orresponding momentum transfer.The RSMS 
al
ulations have been performed, both in
luding the 
ore�hole e�e
t and forfull s
reening. For low q, the two 
al
ulations show good overall agreement with theexperiment. The near�edge �ne stru
ture A is well reprodu
ed, whereas the maximum Band the minimum C in the 
al
ulation in
luding the 
ore hole are shifted when 
omparedto the experiment. These shifts are of the order of 1�2 eV towards lower energy losses and19W.G. Aulbur et al. (2000), �Solid State Physi
s�, ed. by H. Ehrenrei
h and F. Spaepen, vol. 54, A
ademi
,New York, 1.20D. Papa
onstantopoulos (1986), Handbook of the Band Stru
tures of Elemental Solids, Plenum, NewYork.21Linear Combination of Atomi
 Orbitals.22J.C. Slater and G.F. Koster (1954), Phys. Rev. 94, 1498.23R. Bu
zko et al. (2000), Phys. Rev. Lett. 85, 2168.24T.T. Fister et al. (2006a), Phys. Rev. B 74, 214117.
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Figure 5.3: NRIXS spe
tra of the magnesium LII,III�edges at q = 0.61 a.u. (bottom) and
q = 6.42 a.u. (top). Cal
ulations as in Fig. 5.1.
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an also be observed for the 
ase of sili
on. Part of the reason for deviations in the energypositions between the experiment and RSMS 
omputations 
ould be the quasi�parti
le shiftdue to the real part of the self�energy when using the Hedin�Lundqvist approximation.Cal
ulations of the 
opper K�edge in Rehr et al.25 show similar shifts of the �ne stru
turesusing a single plasmon�pole model in 
ontrast to more sophisti
ated multi�pole 
al
ulationsand experiments. This 
an also be observed for feature C' in 
ase of the high�q spe
trumof magnesium in Fig. 5.3. Some eV above the edge, the positions of the designated featuresare better estimated ignoring the 
ore hole. Espe
ially for high q, the RSMS 
al
ulationin
luding the 
ore hole shows ex
ellent agreement with the experiment for the pre�edgeregion A'. This regime in the spe
trum is overestimated by the BSE result. Apart fromthat, the general shape and the �ne stru
tures are very well reprodu
ed by the BSE. Thetreatment of the 
ore hole is enhan
ed in this approa
h. Thus, it is plausible that theposition of the experimental maximum at 70 eV energy loss is found more a

urately thanwith the RSMS 
al
ulation in
luding the 
ore hole.Theoreti
al de
ompositions 
on
erning the angular momentum of the �nal state areshown in Fig. 5.4 for the RSMS 
al
ulations in
luding the 
ore hole. The dipole transition
p → d dominates the spe
trum for q = 0.61 a.u. 
orresponding to the expansion of thetransition operator in Eqn. (2.5). By in
reasing the momentum transfer, the weight of thenon�dipole 
ontribution p → p in
reases signi�
antly. The quadrupole transition p → f is
al
ulated to be negligible and not shown in Fig. 5.4. Furthermore, it is apparent that alsothe shape of the de
omposed 
ontributions is modi�ed for di�erent q. So, for example, theweight of the two maxima in the d�proje
tion for magnesium at q = 0.61 a.u. is reversed for
q = 6.42 a.u. These 
hanges are due to the momentum� and energy�transfer dependen
e ofthe matrix elements. De
ompositions of the 
al
ulations for sili
on and sodium are shownin appendix B.5.3.3 SodiumMany e�orts have been made to study the onset of the sodium LII,III�edges by meansof the theory by Mahan, Nozières, and De Domini
is,26 whi
h is dis
ussed extensively inliterature.27 The fo
us of these studies has naturally been to analyze the near edge onlyup to 3�4 eV above the onset. A study of the near�edge region up to 30 eV has been25J.J. Rehr et al. (2006), arXiv:
ond-mat/0601241, 2006. See also J.J. Kas et al. (2007), Phys. Rev. B 76,195116.26G.D. Mahan (1967), Phys. Rev. 163, 612; P. Nozières and C.D. De Domini
is (1969), Phys. Rev. 178,1097.27M. Alouani et al. (1986), Solid State Comm. 60, 657; P.A. Bruhwiler and S.E. S
hnatterly (1990),Phys. Rev. B 41, 8013; T.A. Call
ott et al. (1978), Phys. Rev. B 18, 6622; P.H. Citrin et al. (1979),Phys. Rev. B 20, 3067; R.P. Gupta and A.J. Freeman (1976), Phys. Lett. 59A, 223; W. Häns
h andW. Ekardt (1982), Phys. Rev. B 25, 7815; K. Saito and T. Sagawa (1981), J. Phys. So
. Jpn. 50, 1660.
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Figure 5.5: NRIXS spe
tra of the sodium LII,III�edges at q = 0.65 a.u. (bottom) and
q = 5.22 a.u. (top). Cal
ulations as in Fig. 5.1. The sodium LI�edge is not in
luded inthe BSE 
al
ulations. Moreover, the result of the RSMS 
al
ulation with the non�lo
alex
hange model assuming only the 3s1 ele
tron in the valen
e band is shown (dotted line).
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omplished only re
ently using NRIXS, and the results were dis
ussed in the frameworkof BSE 
al
ulations.28 In the following, the general shape and �ne stru
ture of the sodiumL�edges over an energy regime of 40 eV are dis
ussed using di�erent approa
hes for thetreatment of the self�energy within RSMS 
al
ulations.The results for sodium are shown in Fig. 5.5. For the two momentum transfers, thereis only little di�eren
e between the RSMS 
al
ulations with and without 
ore hole. Thus,it 
an be assumed that the 
ore hole is almost 
ompletely s
reened by the outer ele
tronswithin this approa
h. The energy onset is always underestimated while BSE �ts verywell for low q and even overestimates the white line for high q. For the RSMS approa
h,better results have been a
hieved using a partially non�lo
al model for the self�energy.29 Inthis approa
h, the Hedin�Lundqvist self�energy is used for valen
e ele
trons, whereas 
oreele
trons are treated within the Dira
�Fo
k model.30 The default valen
e 
on�gurationin the FEFF8.2 
ode is 2p63s1. In the 
al
ulations shown here, only the 3s1 ele
tron isde�ned as a valen
e ele
tron. These 
hanges 
ause parts of the ele
tron density to bepushed out of the 
ore region leading to a more attra
tive �nal�state potential. This
auses the enhan
ement of the near�edge features as 
ompared to the 
al
ulation basedon Hedin�Lundqvist ex
hange. Similar 
hanges in the spe
trum due to the non�lo
alex
hange were also observed in Cu by Ankudinov et al.31 The 
al
ulation with modi�edvalen
e o

upation and a non�lo
al ex
hange model shows better agreement for both qwith the experiment at the edge onset as 
an be seen in Fig. 5.5.As presented in Fig. 5.6, for the pure Hedin�Lundqvist 
al
ulation, the proje
ted l�DOS exhibits very good agreement with LCAO 
al
ulations of sodium by von Barth andGrossmann.32 Furthermore, it shows a good qualitative agreement with similar SK�LCAOparameterized DFT 
al
ulations by Papa
onstantopoulos33 not shown here. For the 
al
u-lations using the partially non�lo
al model the l�DOS agrees well with LCAO 
al
ulations34for Na+ assuming a hole in the 2p band. The strong peak of the p�DOS explains the riseof the RSMS 
al
ulation 
lose to the edge. Sin
e p → p is a dipole forbidden monopoletransition it be
omes 
lear why this e�e
t is predominantly visible for high q. The bet-ter agreement within a 
al
ulation showing the l�DOS similar to a Na+ gives rise to theassumption that the s
reening of the 
ore hole is overestimated in the 
al
ulations witha pure Hedin�Lundqvist ex
hange model. For high momentum transfer, all 
al
ulationsshow good agreement with the experiment in range B. The shape and the relative weight28C. Sternemann et al. (2005a), Phys. Rev. B 72, 035104.29A.L. Ankudinov and J.J. Rehr (1997), J. Phys. IV Fran
e 7, C2.30A.L. Ankudinov et al. (1996), Comp. Phys. Comm. 98, 359.31A.L. Ankudinov et al. (1998a), Phys. Rev. B 58, 7565.32U. von Barth and G. Grossmann (1979), Solid State Comm. 32, 645.33D. Papa
onstantopoulos (1986), Handbook of the Band Stru
tures of Elemental Solids, Plenum, NewYork.34U. von Barth and G. Grossmann (1979), Solid State Comm. 32, 645.



54 Study of L shell ex
itations by NRIXSof the sodium LI�edge (feature C) is well reprodu
ed by all RSMS 
al
ulations, espe
iallyfor high q. This seems reasonable sin
e larger s
reening 
an be expe
ted for deep�lyinginitial states.5.3.4 General remarksThe RSMS implementation takes the intera
tion of the ele
tron with the 
ore hole intoa

ount by means of the �nal�state rule.35 The e�e
t of the 
ore hole 
an be estimatedby 
omparison with 
al
ulations assuming full s
reening. Cal
ulations with the 
ore holeshow better agreement near the edge onset. The position of the features far above theedge is better with full s
reening. This might in part be due to the ina

ura
ies of theHedin�Lundqvist quasi�parti
le shift. In magnesium, for example, at large momentumtransfer, the near edge is hardly reprodu
ed negle
ting the 
ore hole, whereas agreement isvery good for higher energy transfer and low q. In 
ase of sodium, the di�eren
e betweenthe two 
al
ulations is negligible. This indi
ates that the 
ore hole is s
reened 
ompletelyand 
an be manually adjusted by using the non�lo
al ex
hange model instead of Hedin�Lundqvist. In the 
ase of semi
ondu
tors, as shown here for sili
on, the edge onset 
anbe broadenend due to the LDA approximation and due to �nite 
luster size. Apart fromthat, the quality of the 
al
ulations is as good as for the metals. Altogether, the BSE
al
ulations show good overall agreement with the measured spe
tra, espe
ially at theedge onset, and also most of the �ne stru
tures are well reprodu
ed. For the edge onset ofsodium, the results are ex
ellent for low momentum transfer. For large q, the 
al
ulationsyield an extra peak not present in the experiment. On the high energy side of the sili
onedge for low momentum transfer, the deviations between BSE and experiment are quitelarge, whereas the agreement is mu
h better at high q.Ex
ept for the details dis
ussed above, the quasi one�parti
le RSMS 
al
ulations agreewith the BSE results, both in the general shape as well as in the �ne stru
ture. Overall one
an 
on
lude that the RSMS yields reliable des
riptions of the non�resonant inelasti
 x�rays
attering spe
tra and 
an be applied to more 
omplex systems, for whi
h other methodsare not feasible. Thus, FEFF 
an be used to study 
omplex systems using NRIXS in amanner similar to XAS.5.4 Con
lusions and outlookIt has been demonstrated that RSMS is 
apable of reprodu
ing the q�dependent non�resonant inelasti
 x�ray spe
tra of L�edges. The general shape of the edges and most ofthe �ne stru
tures agree well with the experiments. However, in the 
ase of sili
on, the35J.A. Soininen et al. (2005), Phys. Rev. B 72, 045136.



5.4 Con
lusions and outlook 55RSMS approa
h is not able to reprodu
e the edge onset, whi
h 
an be related to �nite
luster size broadening and the de�
ien
y of LDA 
al
ulations 
on
erning the bandgap ofsemi
ondu
tors and insulators. Nevertheless, some eV above the edge, the 
al
ulations forsili
on agree well with the experiment. Although di�eren
es between the experiment andthe results from the NRIXS adaptation of the FEFF8.2 
ode have been found as dis
ussedin the text, in general the overall shape along with the q�dependen
e of the spe
tra isreprodu
ed. Thus, this approa
h 
an be applied to systems whi
h are not a

essible withother 
omputational methods. These in
lude amorphous materials as well as systems withlarge unit 
ells.
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Chapter 6Disproportionation of bulk amorphoussili
on monoxideBulk amorphous sili
on monoxide (a�SiO) is a promising material regarding the sear
h fornew materials in (opto�)ele
troni
s and semi
ondu
tor te
hnology. Stru
tures 
ontainingsili
on nano
rystallites in an oxide matrix are valuable alternatives to fragile, porous sili
onon the way towards high�e�
ient photolumines
en
e from sili
on�based materials.1 Amor-phous SiO shows a phase separation (disproportionation) under annealing 
ombined withthe formation of Si 
lusters. Therefore, it has attra
ted great interest as a starting materialfor the produ
tion of photolumines
ent stru
tures.2 By phase separation within superlat-ti
es of SiO/SiO2, even a size�
ontrolled growth of Si nano
lusters 
ould be a
hieved.3Another appli
ation of SiO2 embedded Si nano
rystals prepared from SiOx/SiO2 multi-layer stru
tures has been dis
ussed by Lu et al.4 Due to the small size of the Si 
rystalsand their 
harge�storage stability, these stru
tures are important 
andidates for advan
ednon�volatile �ash memories. The 
ompatibility of SiO/SiOx to the prevailing sili
on te
h-nology in mi
roele
troni
s makes SiO the favorable material for su
h appli
ations. SiO2is the most important insulator for sili
on integrated 
ir
uits. With the still ongoing gateminiaturization, oxide layers nowadays have a thi
kness of only a few nanometers. Due tothe latti
e mismat
h, SiO2 
annot dire
tly grow on sili
on in a 
rystalline phase but hasto be amorphous.5 The stru
tural 
hara
terization of amorphous sili
on/oxygen systemsis therefore of parti
ular relevan
e. The dependen
e on the Si and SiO2 
luster sizes is ofspe
ial interest and not well understood yet. For the development of theoreti
al des
rip-tions of the SiOx stru
ture, mainly for the suboxide region, bulk�sensitive experiments arene
essary. They, however, are still a 
hallenge.1 A. Zimina et al. (2006), Appl. Phys. Lett. 88, 163103.2 V. Kapaklis et al. (2005), Appl. Phys. Lett. 87, 123114; M. Mamiya et al. (2001), J. Cryst. Growth 229,457.3 M. Za
harias et al. (2002), Appl. Phys. Lett. 80, 661.4 T.Z. Lu et al. (2006), J. Appl. Phys. 100, 014310.5 D.R. Hamann (2000), Phys. Rev. B 61, 9899.



58 Disproportionation of bulk amorphous sili
on monoxideSin
e sili
on/germanium alloys moved into the fo
us for nanoele
troni
 appli
ations,6also the study of amorphous ternary SixGeyOz 
ompounds be
ame important, espe
iallyat the SiGe/oxide interfa
e. An approa
h to their stru
ture 
an result from a 
omparisonof a�SiO and a�GeO.In this 
hapter, a study of the disproportionation pro
ess of bulk a�SiO by means ofNRIXS will be presented. NRIXS is sensitive to the 
hemi
al environment, i.e. the di�erentoxidation states of the sili
on atoms. The momentum�transfer dependen
e allows thesele
tion of ex
itation 
hannels and therewith a maximization of the spe
tral di�eren
esbetween Si/SiO2 and SiOx. As dis
ussed in 
hapter 4, in general, also the retrieval ofthe proje
ted density of states is possible for multi�q experiments. This would yield adeeper understanding of the lo
al ele
troni
 and 
hemi
al stru
ture in SiO. Furthermore,in 
ontrast to soft x�ray absorption, the high in
ident energy in NRIXS 
omes along witha high bulk sensitivity so that surfa
e e�e
ts, as e.g. oxidation, 
an be negle
ted.The 
hapter is organized as follows: First, di�erent stru
ture models for a�SiO willbe outlined, then the experimental results will be presented and 
ompared for di�erentannealing temperatures. The �ndings on the disproportionation pro
ess will be dis
ussedand 
ompared with results of a similar experiment on bulk amorphous GeO by means ofRIXS. A summary and a short outlook will be given at the end.6.1 Models for bulk amorphous sili
on monoxideBulk 
rystalline Si and SiO2 
onsist of tetrahedrally 
oordinated Si atoms with four neigh-boring sili
on or oxygen atoms respe
tively. The sili
on atoms are therefore all in the sameoxidation states, Si0 for Si and Si4+ for SiO2. In prin
iple, sili
on atoms in bulk a�SiO
an be surrounded by four arbitrary sili
on or oxygen atoms in the �rst 
oordination shell,i.e. Si(Si4−nOn) 
lusters with 0 ≤ n ≤ 4. Therefore, all �ve oxidation states Si+n with
0 ≤ n ≤ 4 are possible. Depending on 
on�guration and oxidation of the neighboringatoms, the 
lusters vary in their bonding distan
e so that in total 75 di�erent 
oordina-tions are possible. Also 
onsidering a random distribution of the se
ond 
oordination shelland therewith a random distribution of bonding angles, sili
on atoms in a�SiO 
an appearin a vast number of di�erent surroundings.In the past de
ades, the atomi
 stru
ture of bulk amorphous sili
on monoxide has beenstudied by various te
hniques and several stru
ture models have been proposed.7 However,so far, there has been no unambiguous experimental eviden
e for a 
ertain model. The6 S. Balakumar et al. (2007), Appl. Phys. Lett. 90, 032111; T. Busani et al. (2001), J. Non�Cryst. Solids280, 177; M. Za
harias et al. (1997), J. Appl. Phys. 81, 2384.7 For a 
omprehensive overview see: A. Hohl et al. (2003), J. Non�Cryst. Solids 320, 255, and referen
estherein.
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−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
TannealFigure 6.1: Illustration of the a�SiO disproportionation for in
reasing annealing temper-atures Tanneal within the ICM model. Si (blue) and SiO2 (red) domains are separated bya suboxide SiOx interfa
e (gray). For in
reasing annealing temperature, the Si and SiO2domains grow in size and the volume fra
tion of the suboxides de
reases.limiting theories for the a�SiO stru
ture are the random�bonding (RB) model by Philipp8and the random�mixture (RM) model by Temkin.9 The RB model des
ribes a 
ontinuousrandom network with a binomial distribution of Si(Si4−nOn) tetrahedrons. Within theRM model, instead, a disproportionation into separate phases of Si and SiO2 is assumed.However, the proposed grain size of the di�erent phases is in the nanometer�length s
aleand leads to a signi�
ant interfa
ial region between Si and SiO2, whi
h is negle
ted in theRM model. NMR10 and XANES studies by Friede et al.11 and Belot et al.12 indi
ate thatnone of these models 
an fully explain the experimental results.Re
ently, Hohl et al.13 proposed an interfa
e 
lusters mixture (ICM) model similar tothe RM model but also taking the suboxide 
ontribution14 between domains of Si and SiO2into a

ount. Native bulk amorphous SiO is assumed to be a frozen non�equilibrium systemof a disproportionation in the initial state. Depending on the produ
tion 
onditions, it
onsists of amorphous SiO2 
lusters, amorphous nanometer�sized Si 
lusters, and suboxideinterfa
es (approx. 10 at.%) between these 
lusters. The stru
ture of a�SiO is thereforebetween the limits of the RB (almost only suboxides) and the RM model (no suboxides).Therefore, these two limits de�ne a range of possible degrees of disproportionation for8 H.R. Philipp (1971), J. Phys. Chem. Solids 32, 1935; H.R. Philipp (1972), J. Non�Cryst. Solids 8�10,627.9 R.J. Temkin (1975), J. Non�Cryst. Solids 17, 215.10Nu
lear magneti
 resonan
e.11B. Friede and M. Jansen (1996), J. Non�Cryst. Solids 204, 202.12V. Belot et al. (1991), J. Non�Cryst. Solids 127, 207.13A. Hohl et al. (2003), J. Non�Cryst. Solids 320, 255.14A suboxide phase 
onsists of Si(Si4−nOn) tetrahedra with 1 ≤ n ≤ 3.



60 Disproportionation of bulk amorphous sili
on monoxidea�SiO.The disproportionation pro
ess 
an externally be indu
ed by temperature exposure.The growth of the Si and SiO2 domains with in
reasing annealing temperature is illus-trated in Fig. 6.1. In the low temperature initial state the small size of the grains leads toa large internal surfa
e and thus to a signi�
ant suboxide volume fra
tion. If the dispropor-tionation is more advan
ed at higher annealing temperatures, this 
ontribution be
omesless and less signi�
ant until it is fully negligible in the limit of the RM model.For a quantitative study of the interfa
ial suboxide 
ontribution, NRIXS is a suitablemethod due to its high bulk sensitivity. The existen
e of suboxides in the bulk has alreadybeen proven by this te
hnique.15 In the following, two experiments will be presented tostudy the disproportionation pro
ess of a�SiO and a�GeO by 
omparing the Si L�edgesand Ge K�edge respe
tively, for samples annealed at di�erent temperatures.166.2 Experiment6.2.1 Amorphous sili
on monoxideThe a�SiO experiment has been 
arried out at the APS beamline XOR/PNC 20�ID em-ploying the LERIX setup.17 NRIXS spe
tra have been re
orded at 19 di�erent momentumtransfers for native a�SiO,18 a�SiO after annealing at 800� and 1000�, and for the ref-eren
es Si and SiO2. The important experimental parameters are given in table A.2 (keysBn). The powder samples were pressed into pellets and the experiments were performedin re�e
tion geometry with an in
ident angle of 10°. Thus, the two smallest momentumtransfers at s
attering angles φ = 9° and φ = 18° were partially or fully shadowed by thesample. All a�SiO NRIXS spe
tra were extra
ted from the raw data sets as for Si and SiO2utilizing the algorithm presented in 
hapter 4. The q�dependen
e of the near�edge regionof the three a�SiO samples are shown in Fig. 6.2. As dis
ussed in 
hapter 4.2.3 for SiO2,the sili
on LII,III�edge spe
tra in a�SiO are superimposed by EXAFS�like os
illations of theoxygen LI�edge (41.6 eV). Sin
e only the �rst 15 eV above the sili
on LII,III�threshold willbe 
onsidered in the following, the oxygen LI�
ontribution is approximated by a 
onstantso that below the sili
on LII,III�threshold, the spe
tra are set to zero. For high momentumtransfer, i.e. when the maximum of the Compton pro�le is at higher energy losses than15C. Sternemann et al. (2005
), J. Phys. Chem. Solids 66, 2277.16The a�GeO experiment has been performed with RIXS at the germanium K�edge instead of NRIXS.The bulk sensitivity is ensured by the high in
ident energy 
orresponding to the ele
tron binding energyof 11103 eV.17See 
hapter 3.2.3 for details of the beamline and experiment setup.18All a�SiO samples were prepared by A. Hohl, Institut für Materialwissens
haft, TU Darmstadt. Nativea�SiO is 
ondensed from a gas phase and has a 
orresponding annealing temperature of about 600�due to this pro
ess.
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Figure 6.2: Extra
ted NRIXS spe
tra of the sili
on LII,III�edges in native a�SiO (top), afterannealing at 800� (middle) and at 1000� (bottom). All spe
tra are normalized to theirarea between 95 eV and 120 eV.
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on monoxidethe sili
on LII,III�edge onset, absolute normalization of the full spe
trum to the number ofele
trons shows good results for the a�SiO spe
tra with di�erent annealing temperatures.For low q, this normalization is impossible sin
e a Pearson fun
tion is used for ba
kgroundsubtra
tion instead of normalized Compton or parti
le�hole pro�les. For intermediate mo-mentum transfer, the ba
kground subtra
tion is performed as for high q, but systemati
errors are larger. Thus, for the determination of spe
tral di�eren
es, the full spe
trum upto an energy loss of 1200 eV was used for normalization of the four largest momentumtransfers and the area between energy losses 95 eV and 120 eV for the others. In Fig. 6.2,however, all spe
tra are normalized to the same area as the smaller momentum transfersto give a 
omparable pi
ture of the data quality and q�dependen
e.6.2.2 Amorphous germanium monoxideThe study of the disproportionation of bulk amorphous GeO has been a

omplished19 bymeans of Resonant Inelasti
 X�ray S
attering (RIXS) at the 1 m Rowland 
ir
le setupof BL9 at the Dortmunder Elektronenspei
herring�Anlage DELTA.20 The x�rays from asuper
ondu
ting asymmetri
 wiggler sour
e were mono
hromatized using a Si(311) double
rystal mono
hromator. With the Si(553) analyzer 
rystal, a total energy resolution of3.1 eV 
ould be a
hieved. The RIXS spe
tra were re
orded in partial �uores
en
e yieldby s
anning the in
ident energy with a �xed analyzer at the germanium Kα1
��uores
en
e(9.886 keV for atomi
 germanium). The s
attering angle φ was 
hosen to be 90° to redu
ethe ba
kground from elasti
 s
attering.The Ge powder sample (Goodfellow, 99.999% purity) was pressed into a pellet andbrought into the beam in re�e
tion geometry. The amorphous GeO samples were 
ondensedas a µm�thi
k �lm on a molybdenum substrate.21 The wafer was sli
ed into 10 × 10mm2 pie
es whi
h were then annealed under high va
uum 
onditions (10−7 mbar) for30 minutes at di�erent temperatures Tanneal up to 400�. During the experiment, someof the samples were annealed ex�situ under va
uum (5 · 10−6 mbar) for temperaturesup to 720�. However, for Tanneal>500�, a 
hange of the stoi
hiometry was observed aposteriori by energy dispersive x�ray analysis.22 For the highest annealing temperature,the stoi
hiometry was determined to be GeO2. Thus, the a

ording RIXS spe
trum is usedas GeO2 referen
e for the analysis. All measured spe
tra were 
orre
ted for ba
kgrounds
attering. The absorption 
orre
tion 
ould not be in
luded due to the la
k of absorptionfa
tors for the sample. The spe
tra for a�GeO with Tanneal<500� and for Ge and GeO219A. S
ha
ht (2007), �Untersu
hung der Disproportionierung von massivem amorphen Germanium-monoxid�, diploma thesis, Universität Dortmund.20C. Krywka et al. (2006), J. Syn
h. Rad. 13, 8.21All a�GeO samples were prepared by A. Hohl, Institut für Materialwissens
haft, TU Darmstadt.22J.C. Russ (1984), Fundamentals of energy dispersive x�ray analysis, Butterworths, London.
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Tanneal [�℄ suboxide 
ontribution [%℄native: 600 15.5±0.5800 12.5±0.51000 6±1Table 6.1: Suboxide 
ontribution in a�SiO for di�erent annealing temperatures.were normalized to the area between in
ident energies of 11100 eV and 11150 eV and areshown in the top part of Fig. 6.5. By x�ray di�ra
tion for Tanneal>500� a re
rystallizationof the sample 
ould be observed as well. This leads to additional �ne stru
ture in thea

ording RIXS spe
tra as indi
ated by the arrow in Fig. 6.5 for GeO2. However, thissample turned out to be favorable as referen
e 
ompared to a 
ommer
ially available GeO2
rystalline powder.6.3 Results and dis
ussionThe extra
ted sili
on LII,III�edges for Si, SiO2 and three a�SiO samples are presentedfor three momentum transfers in the left part of Fig. 6.3. The quality of the spe
trais best for higher momentum transfers sin
e the Compton ba
kground is lower and 
anbe removed with higher a

ura
y. It also turns out that the feature�ri
h shape of thehigh�q absorption edge yields higher sensitivity for the suboxide 
ontributions. For risingannealing temperatures, the near�edge stru
ture of the sili
on LII,III�edges in a�SiO showsvarious spe
tral 
hanges. Around an energy loss of 104 eV (verti
al line B), a de
rease ofweight is observed. At this energy loss, 
ontributions from the Si suboxides are expe
teddue to their smaller 
hemi
al shifts 
ompared to SiO2. In 
ontrast to that, the weight ofthe pure Si 
ontribution (see verti
al line A in Fig. 6.3) and that of the 
hara
teristi
 SiO2white line (verti
al line C) in
reases.For in
reasing Tanneal, the a�SiO spe
tra approa
h the 1:1�superposition of the Si andSiO2 spe
tra, whi
h is the expe
ted edge shape for a�SiO after full disproportionation,i.e. when no signi�
ant amount of suboxides is left. The di�eren
es between the a�SiOspe
tra and this (Si+SiO2)�model are presented in the right part of Fig. 6.3 showing thedisappearan
e of di�eren
es to the 1:1�model.The spe
tral 
ontribution from the suboxides, i.e. the signal from Si(Si4−nOn) with

1 ≤ n ≤ 3 
an also be extra
ted dire
tly from the a�SiO spe
trum at q = 5.34 a.u. bysubtra
tion of the 
orresponding signal from Si and SiO2. For the suboxide 
ontributionspresented in Fig. 6.4, before subtra
tion, the (Si+SiO2)�spe
trum was normalized to theedge onset of the a�SiO spe
trum, to whi
h only Si(Si4O0) 
ontributes. The 
omparison ofthe integral between 95 eV and 120 eV of these spe
tra to the full a�SiO spe
trum reveals
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Figure 6.3: Tanneal�dependen
e of the sili
on LII,III�edges in a�SiO for three di�erent mo-mentum transfers. The extra
ted spe
tra are 
ompared to a 1:1�superposition of pure Siand SiO2 (left). The di�eren
es to this spe
trum show a progressive de
line for higherannealing temperatures Tanneal (right). The di�eren
es are given relative to the maximumvalue of the (Si+SiO2)�spe
trum. Considering the q�dependen
e of the absorption�edgeshape, the spe
tra for high momentum transfer prove to be most sensitive to suboxide
ontributions, i.e. to the disproportionation pro
ess. The verti
al lines indi
ate the signalfrom pure Si (A), the maximum of the suboxide 
ontribution (B) and the 
hara
teristi
sharp white line of SiO2 (C).
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Figure 6.4: Suboxide 
ontribution extra
ted from the a�SiO spe
tra (q = 5.34 a.u.) bysubtra
tion of the Si(Si4O0)� and Si(Si0O4)�signal. The results are 
ompared to ab�initioDFT 
al
ulations based on the StoBe�deMon 
ode. Prominent spe
tral features of the
al
ulations are assigned by A�C.an atomi
 proportion of (15.5 ± 0.5)% for native a�SiO, (12.5 ± 0.5)% after annealing at800� and (6±1)% after annealing at 1000�. The errors are estimated by the dependen
yon the upper integration limit.23 The results are also summarized in Tab. 6.1.The spe
tra in Fig. 6.4 are 
ompared to 
al
ulations whi
h have been performed byA. Sakko employing an ab�initio NRIXS approa
h based on the StoBe�deMon 
ode.24NRIXS spe
tra were 
al
ulated for suboxide forming tetrahedra, 
onvoluted with the ex-perimental energy resolution and then added a

ording to an assumed binomial distributionfor the suboxides a

ording to the RB model.25 The qualitative agreement between theoryand experiment is good. The broad onset with the two maxima assigned by A1,2 is well re-produ
ed in width and maxima spa
ing. Also widths and position of the maxima assignedby B and C seem to be in agreement, although �ne stru
ture at this energy regime abovethe ex
itation threshold 
an be signi�
antly in�uen
ed by the se
ond or third 
oordinationshell and thus de�nitive 
on
lusions demand 
al
ulations for larger 
lusters. This is alsothe 
ase for spe
tral weights of the �ne stru
ture. However, the 
al
ulations indi
ate theproper experimental extra
tion of the suboxide 
ontributions in a�SiO. Therefore, a studyof the signal originating only from the suboxide interfa
es is worthwhile. Moreover, theStoBe�deMon approa
h yields a promising tool to understand the suboxide 
ontributionsof a�SiO from a theoreti
al point of view.23This, however, might not be the only sour
e of systemati
 errors. Statisti
al errors for the integral arenegligible 
ompared to systemati
 errors.24See 
hapter 2.4 and A. Sakko et al. (2007), Phys. Rev. B 76, 205115.25See 
hapter 6.1.
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Figure 6.5: Tanneal�dependen
e of the germanium Kα1
�edge in a�GeO. The RIXS spe
traare 
ompared to a 1:1�superposition of pure Ge and GeO2 (top). The arrow indi
ates�ne�stru
ture due to re
rystallization in the GeO2 referen
e.The germanium Kα1

�edge in a�GeO shows a Tanneal�dependen
e very similar to thea�SiO results. It 
an be seen in the top part of Fig. 6.5 that, for rising temperature, thespe
tra show a 
onvergen
e towards the 1:1�superposition of the Ge and GeO2 spe
tra. Fornative a�GeO, the 
hara
teristi
 sharp GeO2 white line is strongly suppressed (verti
al lineB) but gains weight during the disproportionation pro
ess. Simultaneously, the spe
tralweight below the GeO2 onset (verti
al line A) de
reases. As for a�SiO, this is the energyregime, at whi
h the onsets of the suboxide 
ontributions are expe
ted. The bottom partof Fig. 6.5 shows the di�eren
es between the a�GeO spe
tra and the (Ge+GeO2)�model.The stru
ture indi
ated by the arrow origins from the GeO2 referen
e spe
trum showing a
ertain degree of re
rystallization.To quantify the temperature dependen
e of the disproportionation pro
ess of a�SiOand a�GeO, a parameter A for the degree of disproportionation will now be derived. Thespe
tral weight of the germanium Kα1
�edge in a�GeO 
an be assumed to be a linear
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Figure 6.6: Disproportionation of a�SiO (top) and a�GeO (bottom). The results of theintegral A for di�erent q are shown for a�SiO (open squares). The shadowed region yieldsthe a

ording un
ertainty for the onset temperature and the disproportionation 
ourse. Thesuboxide fra
tions from Fig. 6.4 were normalized to the result for native a�SiO and areshown for 
omparison (�lled triangles). For a�GeO, samples in the shadowed temperatureregion showed a 
hange in stoi
hiometry due to the annealing pro
ess and also partialre
rystallization.
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on monoxide
ombination of the 
ontributions from Ge(Ge4−nOn) with 0 ≤ n ≤ 4. For a fra
tion x ofgermanium atoms in suboxide surrounding (i.e. 1 ≤ n ≤ 3), the total intensity IGeO(ω)
an be written as
IGeO(ω) = (1 − x) · [IGe(ω) + IGeO2

(ω)] + x · Isub(ω), (6.1)where Isub is the 
ontribution from the suboxides. The di�eren
es shown in the bottompart of Fig. 6.5 
an then be expressed as
d = IGeO(ω) − [IGe(ω) + IGeO2

(ω)] = x · (Isub(ω) − [IGe(ω) + IGeO2
(ω)]) . (6.2)Sin
e the di�eren
e is proportional to the suboxide fra
tion x, the integral A of the absolutedi�eren
e |d| is a reasonable measure for the degree of disproportionation:

A =

E2
∫

E1

|IGeO(ω) − [IGe(ω) + IGeO2
(ω)]| dω, (6.3)where E1 =11098 eV and E2 =11113 eV to ex
lude the GeO2 EXAFS�like stru
ture indi-
ated by the arrow in Fig. 6.5. For native a�GeO, A is normalized to one and it is shownfor di�erent annealing temperatures in the bottom part of Fig. 6.6. Up to Tanneal = 240�,no 
hanges in the absorption edges are observed, then A shows a linear de
rease till

Tanneal ≈ 500�. For full disproportionation, A should approa
h zero sin
e the germa-nium Kα1
�edge in fully disproportionated GeO is expe
ted to be a linear 
ombination ofthe germanium Kα1

�edge in Ge and in GeO2. Thus, an extrapolation of the linear �t in thebottom part of Fig. 6.6 predi
ts Tanneal = 600� as end�temperature for the disproportion-ation pro
ess. By 
ontrast, the experimental results show a rising of A for temperaturesabove 500�. This is due to the 
hange in stoi
hiometry during the annealing pro
essfrom a�GeO to GeO2. For a study of the disproportionation behavior in this temperatureregime, an experiment with optimized annealing 
onditions, espe
ially with better va
uumduring the annealing pro
ess, is required.The 
onsiderations for a�GeO 
on
erning disproportionation parameter A are also validfor the 
ase of a�SiO. A has been 
al
ulated in analogy to Eqn. (6.3) for di�eren
es of thesili
on LII,III�edges as presented in Fig. 6.3. The integration has been 
arried out betweenenergy losses E1 = 100 eV and E2 = 110 eV. In the top part of Fig. 6.6 the results areshown for the �ve largest momentum transfers between 4.95 a.u. and 5.34 a.u., where the
hanges in the spe
trum for di�erent temperatures are the strongest. The behavior of
A as a fun
tion of Tanneal is very similar for the di�erent q and give a 
onsistent generalview. A mean start temperature of (660 ± 50)� was found for the disproportionationpro
ess. A

ording to the linear �ts for ea
h q�value, the end�temperature lies between1100� and 1200�. For smaller q, the results show larger deviations from the shadowed
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lusions and outlook 69area in Fig. 6.6. This 
an be due to the larger errors be
ause of worse statisti
s and smaller
hanges of the spe
tra during the disproportionation pro
ess. However, Fig. 6.6 also showsthe relative suboxide 
ontributions to the full a�SiO spe
tra presented in Tab. 6.1 (redtriangles). The good agreement with the temperature dependen
e of parameter A supportsthese results. In 
on
lusion, the disproportionation behavior of a�SiO is 
omparable to thebehavior of a�GeO, but the a

ording temperature regime is signi�
antly higher. For a�ner determination of the disproportionation onset and the �nal temperature point, asimilar study is required for several annealing temperatures between Tanneal = 600� and
Tanneal = 1200�.6.4 Con
lusions and outlookThe disproportionation pro
ess of amorphous sili
on monoxide has been studied by meansof NRIXS. At di�erent momentum transfers, spe
tra for native a�SiO and for a�SiO afteran annealing pro
ess at 800� and 1000� were 
ompared to a Si+SiO2 referen
e. For risingannealing temperatures, the spe
tra show a 
onvergen
e towards the assumed spe
trum fora�SiO after full disproportionation. The remaining deviations to this referen
e spe
trum
ould be used as a measure for the degree of disproportionation. The results for thedi�erent momentum transfers yield a 
onsistent temperature behavior. The onset of thedisproportionation pro
ess 
ould be determined to be (660 ± 50)�. The temperature offull disproportionation 
ould be extrapolated to a temperature regime between 1100� and1200�.Furthermore, for the �rst time, the spe
tral 
ontributions of the suboxides to the fullspe
tra 
ould be extra
ted for di�erent annealing temperatures. The results were 
omparedto ab�initio DFT 
al
ulations showing a good agreement. From the spe
tral weight of thesuboxide 
ontribution the proportion of SiOx in a�SiO 
ould be quantitatively estimated.The results are in very good agreement with the disproportionation behavior studied bythe di�eren
es of the spe
tra. A 
omparison with a similar RIXS study on the dispro-portionation of bulk amorphous germanium monoxide shows the similarity in behavior forrising annealing temperatures. The results of both studies are in line with the assumeddisproportionation behavior a

ording to the ICM model. The temperature regime fora�SiO, however, is mu
h higher than for a�GeO.A

ording to the presented studies, the a�SiO disproportionation pro
ess is determinedto take pla
e between 600� and 1200�, whereas the temperature region is 240� to600� for a�GeO. Further studies of a�SiO with a �ner grid of annealing temperaturesin the disproportionation range 
an now be used to improve the a

ura
y of the results.Moreover, a study of the end point of disproportionation 
an answer the question of theminimum amount of suboxides possible in a�SiO.



70 Disproportionation of bulk amorphous sili
on monoxideThe similarities of the disproportionation behavior of a�SiO and a�GeO give also riseto a future study of the disproportionation of ternary SixGeyOz 
ompounds. In the lightof sili
on/germanium nanostru
tures26 and growth of faster metal oxide semi
ondu
tor�eld e�e
t transistors (MOSFETs) on sili
on/germanium alloys,27 these 
ompounds areof spe
ial industrial interest sin
e the oxide �lms 
an strongly in�uen
e the quality ofnanoele
troni
 devi
es.

26M. Za
harias et al. (1997), J. Appl. Phys. 81, 2384.27S. Balakumar et al. (2007), Appl. Phys. Lett. 90, 032111; T. Busani et al. (2001), J. Non�Cryst. Solids280, 177.
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Chapter 7Study of the barium giant dipoleresonan
e in nanostru
tured sili
on
ompoundsFor many de
ades, sili
on has been the most important element for ele
troni
 devi
es. Theele
troni
 properties of sili
on 
an be altered by doping with donors and a

eptors, whi
hmakes it a versatile substrate in semi
ondu
tor industry. In the re
ent years, 
omplexnanostru
tured bulk sili
on 
ompounds revealing attra
tive physi
al properties have be-
ome the fo
us of fundamental resear
h and material s
ien
e. One of the most prominent
lasses of su
h 
ompounds are 
lathrates.Sili
on 
lathrates are networks built up from di�erent sili
on nano
ages, whi
h 
an
ontain guest atoms. These materials have attra
ted mu
h interest in the past years dueto their spe
ial physi
al properties. Depending on the guest atom, the 
lathrates exhibit awide range of behavior from super
ondu
tivity to magneti
 order.1 The guest atom 
an alsoindu
e spe
ial band�ele
troni
 and thermo�ele
tri
 stru
ture in the system.2 For variousdoped 
lathrates surprising high�pressure properties have been revealed.3 Espe
ially thesili
on 
lathrate Ba8Si46 has been studied extensively due to its ri
h high�pressure phasediagram of stru
tural and ele
troni
 phase transitions.4 Ba8Si46 and also Ba24Si100 areprepared from the orthorhombi
 BaSi2 by appli
ation of high�temperature (about 800�)and high�pressure 
onditions (about 1.5�3 GPa).5 Re
ently, it was dis
overed by Yamanaka1 C.L. Condron et al. (2005), Inorg. Chem. 44, 9185; H. Kawaji et al. (1995), Phys. Rev. Lett. 74, 1427;Y. Mudryk et al. (2002), J. Phys.: Condens. Matter 14, 7991.2 G.B. Adams et al. (1994), Phys. Rev. B 49, 8048; D. Kahn and J.P. Lu (1997), Phys. Rev. B 56, 13898;G.S. Nolas et al. (2001), Semi
ond. Semimet. 69, 255.3 See, e.g., A. San Miguel and P. Toulemonde (2005), High Pressure Res. 25, 159 and referen
es thereinfor a 
omprehensive overview.4 T. Kume et al. (2003), Phys. Rev. Lett. 90, 155503; A. San Miguel et al. (2005), Europhys. Lett. 69,556; L. Yang et al. (2006), Phys. Rev. B 74, 245209.5 H. Fukuoka et al., J. Organomet. Chem. 611, 543; S. Yamanaka et al., Inorg. Chem. 39, 56.
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e in nanostru
tured Si 
ompoundset al.6 that at even higher temperatures (1000�) and pressures (15 GPa), a new sili
on�ri
h Ba/Si stru
ture BaSi6 is formed. Its stru
ture is visualized in Fig. 7.1, as are thestru
tures of Ba8Si46 and Ba24Si100.7 Unlike 
lathrates, the BaSi6 
rystal is not 
omposedof 
ages but barium atoms are en
losed in deformed polyhedra of 16 sili
on atoms ea
h.DFT 
al
ulations predi
t metalli
ity for BaSi6.8Questions like the bonding of the barium atoms in 
omplex sili
on networks and theirrole for physi
al properties of the material require an insight into the ele
troni
 and thestru
tural neighborhood of the dopants. Provided that the en
lathrated atoms show atomi
giant dipole resonan
es, as is the 
ase for atomi
 barium, their study 
an be used to obtaina deeper understanding of the lo
al and ele
troni
 stru
ture.7.1 The barium giant dipole resonan
eThe giant dipole resonan
e9 of atomi
 and ionized barium in the 4d − f transition regimeis an extensively studied phenomenon 
aused by 
olle
tive ex
itations of 4d ele
trons.10Connerade11 presents a simple quantum�well model for the potential in the inner region.Below a 
ertain 
riti
al atomi
 number Z, the potential in the quantum well is not strongenough for a bound state of the 4f wave fun
tions in the inner region. For Z ≥ 55 (Cs),the 4f orbitals then 
ollapse and are lo
alized within the quantum well.12 Thus, the spatialoverlap of 4d and 4f orbitals leads to a strong ex
itation 
hannel for 4d→ f ex
itations.In a 
ondensed matter view the giant resonan
e of barium might be understood as asingle damped os
illator of the 4d�shell ele
trons driven by the ele
tri
 �eld of the x�rays.This indu
es a dipole 
harge separation and thus a time�dependent internal ele
tri
 �eld.A

ording to Zangwill,13 the 
harge os
illation is in phase with the external �eld below theresonan
e threshold, so that the indu
ed �eld s
reens the external �eld inside the 4d�shell
harge radius. Above the resonan
e onset, the 
harge os
illates out�of�phase so that the6 S. Yamanaka and S. Maekawa (2006), Z. Naturfors
h. 61b, 1493.7 The stru
tures are visualized by means of a parallel stereos
opi
 �gure, i.e. it 
an be viewed three�dimensionally by looking at the left pi
ture with the left eye and at the right pi
ture with the righteye.8 S. Yamanaka and S. Maekawa (2006), Z. Naturfors
h. 61b, 1493.9 The term �giant resonan
e� was originally introdu
ed in nu
lear physi
s for 
olle
tive ex
itations of thenu
leons as observed by Baldwin and Klaiber: G.C. Baldwin and G.S. Klaiber (1947), Phys. Rev. 71,3; G.C. Baldwin and G.S. Klaiber (1948), Phys. Rev. 73, 1156.10C. Bré
higna
 and J.P. Connerade (1994), J. Phys. B: At. Mol. Opt. Phys. 27, 3795; (1987), GiantResonan
es in Atoms, Mole
ules, and Solids, ed. by J.P. Connerade et al., Plenum, New York; M.Ri
hter et al. (1989), Phys. Rev. A 39, 5666; G. Wendin (1973), Phys. Lett. A A�46, 119.11J.P. Connerade (1987), �Controlled 
ollapse and the pro�les of `giant resonan
es'�, Giant Resonan
es inAtoms, Mole
ules, and Solids, Plenum, New York.12U. Be
ker (1987), �The 4d + 4f giant resonan
e from barium through the rare�earths�, Giant Resonan
esin Atoms, Mole
ules, and Solids, Plenum, New York.13A. Zangwill (1987), �A 
ondensed matter view of giant resonan
e phenomena�, Giant Resonan
es inAtoms, Mole
ules, and Solids, Plenum, New York.
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Figure 7.1: Stereos
opi
 images (parallel) of the stru
ture of Ba8Si46 (top), Ba24Si100 (
en-ter), and BaSi6 (bottom). Barium atoms are 
olored blue, red and green designating thedi�erent symmetry sites of barium for ea
h stru
ture.
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e in nanostru
tured Si 
ompoundsinternal �eld ampli�es the external �eld in this regime.As an intrinsi
 atomi
 feature, shape and strength of the giant resonan
e have shownto be independent of the atomi
 bonding state, i.e. whether it is a single atom, part of amole
ule, or even in the 
ondensed phase.14 However, when su
h an atom is pla
ed inside
omplex surroundings, e.g. 
agelike nanostru
tures, modulations in the �ne stru
ture ofthe resonan
es are predi
ted by theory.15 They 
an be attributed to the symmetry ofthe 
age and the position of the inter
alated atom. This was emphasized by Luberekand Wendin,16 who presented 
al
ulations of the x�ray absorption near�edge spe
tra ofendohedral fullerenes Ba�Cn. Their modeled spe
tra show �ngerprint�like stru
tures inthe shape of the barium giant resonan
e depending on the size and the shape of the 
arbon
ages as well as on the position of the guest atom in a 
age. A strong distortion of the Xe
4d− f giant resonan
e in Xe�C60 was predi
ted re
ently by 
al
ulations of Amusia et al.17The resonan
e �ne stru
ture of a barium trapped in a fullerene is predi
ted to be highlysensitive to 
hanges of the lo
al environment of the barium atom be
ause of modulations
aused by standing waves of the s
attered ele
tron within the 
arbon 
ages. For thetheoreti
al des
ription of the giant resonan
e, dynami
al s
reening of the ele
tromagneti
x�ray �eld has to be a

ounted for. Within the 
al
ulations of Luberek and Wendin orAmusia et al., dynami
al s
reening was 
onsidered employing TDLDA.As dis
ussed in 
hapter 2.2.3, also version 8.4 of the real spa
e multiple s
atteringapproa
h FEFF supports dynami
al s
reening by a TDLDA implementation for XAFS
al
ulations. To probe the quality of this approa
h, in this work, spe
tra were 
al
ulatedwithin random�phase approximation (RPA) for Ba�C60 (with 
entered and o��
enteredbarium atom) and Ba�C90 and were 
ompared with the results of Luberek and Wendin18in Fig. 7.2. In all three 
ases, the spe
tra show good qualitative agreement 
on
erningthe general shape and �ne stru
ture. Quantitative dis
repan
ies are found for positionsand weight of the spe
tral maxima. Nevertheless, the 
omparison allows to 
on
lude thatmodulations of the barium giant resonan
e 
an in prin
iple be 
al
ulated employing FEFF.The 
omparison of the spe
tra for Ba�C60 with 
entered and o��
entered barium makes
lear that only a slight 
hange of the guest atom position 
an lead to dramati
 
hangesin the �ne stru
ture as 
al
ulated by theory. This predi
tion emphasizes the potential ofexperiments on the barium giant resonan
e.Experimentally, the barium giant resonan
e has been observed in a solid for, e.g., La�14So the barium giant resonan
e has an asymmetri
 pro�le of about 40 eV width with a steep onset above100 eV energy loss, a �attened maximum around 110�115 eV and a smooth de
rease up to 140 eV.15G. Wendin and B. Wästberg (1993), Phys. Rev. B 48, 14764.16J. Luberek and G. Wendin (1996), Chem. Phys. Lett. 248, 147.17M.Y. Amusia et al. (2006), J. Exp. Theor. Phys. 102, 53.18The valen
e 
ontribution to the absorption 
ross se
tion in the 
al
ulations of Luberek and Wendin hasbeen subtra
ted by a fun
tion σv(ω) ∝ ω−3.
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Figure 7.2: Photoabsorption 
ross se
tion of the barium giant resonan
e for (a) Ba�C60,(b) o�
enter Ba�C60, and (
) Ba�C90 within TDLDA. The RPA FEFF results (dashed) are
ompared with the 
al
ulations of Luberek et al. (solid). The stru
ture of ea
h inter
alatedfullerene is shown on the right.



76 Study of the Ba giant dipole resonan
e in nanostru
tured Si 
ompoundsand Ce�halides19 or YBa2Cu3O7+x.20 In 2005, Mitsuke et al.21 found �rst experimentaleviden
e in ionized Ce�C82 for the appearan
e of the giant resonan
e with the resonatingatom trapped inside a 
omplex 
age�like environment. However, the latter experimentindi
ates the existen
e of the resonan
e but hardly allows 
on
lusions on its parti
ular shapeand �ne stru
ture. Therefore, the modulation of the resonan
e by the lo
al surroundinghas not been proven so far.Barium�doped sili
on 
lathrates and BaSi6 have 
omparable stru
tures to the Ba�Cnnetwork. Therefore the barium giant resonan
e spe
tra are also expe
ted to be sensitiveto their surrounding. A study of the resonan
e for these 
ompounds 
an therefore helpto answer the questions stated above, i.e. the 
hara
ter of the bonding between dopantand host network and the dopant's role for the physi
al properties of the material and theunderstanding of the giant resonan
e in general. It is also of spe
ial interest in the view ofhigh�pressure studies as 
hanges in the lo
al environment, e.g. o��
enter positions of theguest atoms in the Si 
ages, 
an be indu
ed a
ross phase transitions and would manifestthemselves in the modulation of the resonan
e's shape.This 
hapter is organized as follows: First, details will be given on the experiment andon the RSMS 
al
ulations of the giant resonan
e in di�erent barium/sili
on 
ompounds.Then, the q�dependen
e and �ne stru
ture of the giant resonan
e in NRIXS spe
tra will bedis
ussed. Furthermore, the results of a �rst high�pressure NRIXS experiment of Ba8Si46will be presented. A 
on
lusion and an outlook are given at the end.7.2 Cal
ulation of the barium NRIXS spe
trumCal
ulations of the barium giant resonan
e have been performed within TDLDA for the
lathrates Ba8Si46 and Ba24Si100 and for the 
ompounds BaSi6, BaSi2, and BaSO4 by meansof the RSMS approa
h FEFF, version 8.4. The 
rystallographi
 data of these stru
tures issummarized in Tab. 7.1. Further stru
tural information is given in appendix C. The unit
ells of ea
h system 
ontain barium atoms at di�erent symmetry positions. The 
al
ulationof the resonan
e was hen
e performed for ea
h position separately and the results wereadded up 
onsidering the multipli
ity of ea
h position. An example of the 
al
ulationsshall be given now for Ba8Si46: It is a type I sili
on 
lathrate of spa
e group Pm3n and
onsists of two di�erent types of sili
on 
ages, Si20 and Si24, where ea
h sili
on atom isshared by four 
ages. The unit 
ell 
onsists of 46 sili
on atoms forming two dode
ahedraand six tetrakaide
ahedra, so that the number of the larger 
ages is three times the numberof the smaller ones. With the barium atoms o

upying the eight resulting 
ages, this leads19S. Suzuki et al. (1975), J. Phys. So
. Japan 38, 156.20M. Onellion et al. (1987), Phys. Rev. B 36, 819.21K. Mitsuke et al. (2005), J. Chem. Phys. 122, 064304.



7.2 Cal
ulation of the barium NRIXS spe
trum 77Compound Spa
e group a [Å℄ b [Å℄ c [Å℄ Nsym NBa
symBaSi2 Pnma 8.92 6.75 11.57 5 2BaSi6 Cm
m 4.49 10.38 11.97 4 1Ba8Si46 Pm3n 10.33 � � 5 2Ba24Si100 P4132 14.07 � � 9 3BaSO4 Pbnm 7.15 8.88 5.45 5 1Si Fd3m 5.43 � � 2 �Si136 Fd3m 14.62 � � 3 �Referen
es: J. Evers (1980), J. Solid State Chem. 32, 77 (BaSi2), S. Yamanaka and S. Maekawa (2006),Z. Naturfors
h. 61b, 1493 (BaSi6), S. Yamanaka et al., Inorg. Chem. 39, 56 (Ba8Si46), H. Fukuokaet al., J. Organomet. Chem. 611, 543 (Ba24Si100), S.D. Ja
obsen et al. (1998), Can. Mineral. 36, 1053(BaSO4), N.W. Ash
roft and N.D. Mermin (1976), Solid State Physi
s, Thomson Learning, London (Si),J. Dong et al. (1999), Phys. Rev. B 60, 950 (Si136).Table 7.1: Crystallographi
 parameters for the barium�
ontaining and referen
e 
om-pounds. a, b and c are the latti
e 
onstants, Nsym is the number of di�erent symmetrypositions in the unit 
ell, and NBa

sym is the number of di�erent symmetry positions o

upiedby barium atoms.to the stru
ture formula Ba8Si46. NRIXS spe
tra of the barium NIV,V�edges have beenseparately 
al
ulated for barium in a small and in a large 
age respe
tively, and spe
traof the sili
on LI−III�edges have been 
al
ulated for the three di�erent sili
on symmetrysites in the 
lathrate network. For ea
h spe
trum, the near edge has been 
omputed withfull multiple s
attering and extended energy loss range by path expansion.22 The twopartial spe
tra were then 
omposed by s
aling the latter to the near�edge spe
trum in theenergy range in whi
h the spe
tra show overlap. Finally, the spe
tra were added up forthe di�erent sites with the multipli
ities 2 and 6 for barium, and 6, 16 and 24 for sili
on.This sum is then 
onvoluted with the experimental resolution and 
an be 
ompared withthe experimental spe
tra.The momentum�transfer dependen
e of the NRIXS spe
tra of Ba8Si46 was 
al
ulatedwith the adaptation of the RSMS approa
h for NRIXS in the same manner as des
ribedabove. The measurements were performed at a �nite momentum transfer so that alsonon�dipole transitions appear. Therefore, the 
ontribution of barium 4d → d monopoletransitions to the total Ba8Si46 spe
trum, whi
h appears for energy losses at about 98 eV,was extra
ted from the 
al
ulations. Contributions from other non�dipole transitions werefound to be negligible. Dynami
al s
reening and therefore 
olle
tive ex
itations were nota

ounted for in these 
al
ulations.
22See 
hapter 2.2.2 for 
omputational details.
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Figure 7.3: Experimental NRIXS spe
tra of Ba8Si46 for q = 1.50 a.u. (top) and q = 6.42 a.u.(bottom) with asso
iated RSMS 
al
ulations for the sili
on 
ontribution and the full Ba8Si46spe
trum. The 
ontribution arising from barium 4d → d ex
itations is indi
ated separately.A is the barium NIV,V�edge, C and D are the onsets of the underlying sili
on LII,III�edgesand the LI�edge. The broad feature B, only visible in the dipole limit, 
an be attributedto the barium 4d − f giant dipole resonan
e. Colle
tive ex
itations are not a

ounted forin the 
al
ulations.7.3 Momentum�transfer dependen
e of the giant reso-nan
eThe dipole 
hara
ter of the barium giant resonan
e 
an be studied by NRIXS due toits momentum�transfer dependen
e allowing the sele
tion of ex
itation 
hannels. Theexperiment was performed at ESRF beamline ID16. All important parameters of theexperiment are given in table A.2 (keys C1, C2). The NRIXS spe
tra of Ba8Si46 for the lowand the high momentum transfer are shown in Fig. 7.3. The barium NIV,V�edges (92.6/89.9eV) are indi
ated by A, the onset of the underlying sili
on LII,III�edges (99.8/99.4 eV) andthe sili
on LI�edge (150 eV) of the host latti
e by C and D respe
tively. The intensebroad feature denoted by B only appears for the measurement in the dipole limit with lowmomentum transfer and is absent for large q. At su
h high momentum transfers, singleparti
le�hole rather than 
olle
tive ex
itations are probed and the weight of 
ontributionsfrom multipole transitions is in
reased. Therefore, feature B 
an be attributed to the
4d − f giant dipole resonan
e of barium. It shows good agreement with the experimental
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Figure 7.4: NRIXS spe
trum of Ba8Si46 for q = 1.50 a.u. and 
al
ulated XAS spe
traemploying TDLDA. The spe
tra were 
al
ulated for Ba8Si46 in RPA and with dynami
al
ore hole�ele
tron s
reening (ANR). The ex
lusive 
ontribution from the Si46 is presentedseparately. The result for q = 1.37 a.u. of the Ba8Si46 experiment with the Medipix setupof ESRF ID 16 is shown as well (light gray) for 
omparison.photoabsorption 
ross se
tion of atomi
 barium in energy position and width as dis
ussedby Ri
hter et al.23 These results are 
ompared with 
al
ulations of the q�dependent NRIXSspe
tra in Fig. 7.3. The q�dependen
e of the underlying sili
on edges is reprodu
ed verywell by the 
al
ulations as has been reported earlier.24 Sin
e this approa
h does not a

ountfor dynami
al s
reening, the observed resonan
e (B) originating from 
olle
tive 4d ele
tronex
itations25 
annot be reprodu
ed for low q. The spe
tral weight of the dipole transitionspredi
ted by the 
al
ulations (at A) is transferred to the broad resonan
e peak (B) at higherenergy losses in the experiment. For high q, the qualitative agreement is signi�
antly betterbe
ause the resonan
e is suppressed, but still the weight at the barium NIV,V�edge onset(A) is not fully reprodu
ed. These results emphasize that 
olle
tive e�e
ts have to bea

ounted for.In the dipole limit the TDLDA 
al
ulations for x�ray absorption 
an be 
omparedwith the experimental NRIXS spe
tra of the giant resonan
e for low momentum transfer.Cal
ulations were performed within RPA and with the ex
hange 
orrelation kernel fxc23M. Ri
hter et al. (1989), Phys. Rev. A 39, 5666.24See 
hapter 5.3.1.25M.A. Amusia and J.P. Connerade (2000), Rep. Prog. Phys. 63, 41.



80 Study of the Ba giant dipole resonan
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tured Si 
ompoundsby Ankudinov, Nesvizhskii and Rehr26 (ANR) and are 
ompared with the experiment inFig. 7.4. In RPA, only the external ele
tromagneti
 �eld of the x�rays is s
reened by
ore polarization whereas ANR also in
ludes the frequen
y�dependent s
reening of theintera
tion between the ex
ited ele
tron and the 
ore hole. The overall agreement betweenexperiment and 
al
ulations is very good. The width and the relative strength of the giantresonan
e with respe
t to the 
al
ulated sili
on edges agree very well with the experiment.The 
omparison of both 
al
ulations shows that the general feature of the giant resonan
e
an already be explained within RPA. Nevertheless, the in
lusion of 
ore hole�ele
trons
reening improves the agreement in the steepness of the resonan
e onset. Remainingdi�eren
es between the experiment and the theory above 115 eV might be related to theonset of double ele
tron ex
itations as dis
ussed by Ri
hter et al.27 Similar di�eren
esbetween experiment and 
al
ulation have also been observed for other Ba/Si 
ompoundsas presented in 
hapter 7.4. Moreover, for �nite q, as it is the 
ase for the experimental datain this work, still a 
ertain non�dipole 
ontribution28 is expe
ted, whi
h is not a

ountedfor in the 
al
ulated XAS spe
tra.The quality of the experimental data shown in Fig. 7.4 does not allow the extra
tion ofthe barium giant resonan
e from the underlying sili
on edge. Therefore, the experiment wasperformed again for Ba8Si46 with higher statisti
s and fo
us on the resonan
e modulation.The result for q = 1.37 a.u. (key F3) is also presented in Fig. 7.4. The previous spe
trumshows deviations to the newer study, whi
h in part 
an be attributed to the di�erentmomentum transfer but also to statisti
s and to the quality of ba
kground subtra
tion.In the following, a study on the modulation of the resonan
es for di�erent barium�
ontaining 
ompounds will be presented. It will be shown for the �rst time that it ispossible to extra
t the di�eren
es between the modulations for di�erent systems.7.4 Modulation of the giant resonan
eThe sensitivity of the giant resonan
e �ne stru
ture to the lo
al stru
tural environment ofthe ex
ited atom in 
omplex 
ompounds has been theoreti
ally predi
ted more than tenyears ago.29 However, so far there has been no experimental proof for signi�
ant 
hangesin the �ne stru
ture for di�erent 
omplex 
ompounds. In the NRIXS study presented here,the giant resonan
e 
ould be extra
ted for various 
ompounds and their 
omparison revealssigni�
ant di�eren
es in the �ne stru
ture.26A.L. Ankudinov et al. (2003), Phys. Rev. B 67, 115120.27M. Ri
hter et al. (1989), Phys. Rev. A 39, 5666.28This 
an be, e.g., a monopole d → d 
ontribution as shown in Fig. 7.3.29J. Luberek and G. Wendin (1996), Chem. Phys. Lett. 248, 147.
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Figure 7.5: Extra
tion of the barium giant resonan
e for Ba24Si100 at q = 1.08 a.u. Thesili
on 
ontribution is removed from the raw S(q, ω) by a Si136 spe
trum measured at thesame momentum transfer so that the 
omplete barium spe
trum from 
ore and valen
eele
trons remains. The barium valen
e�ele
tron 
ontribution 
an then be approximatedby a Pearson fun
tion.7.4.1 Experimental extra
tion of the giant�resonan
e modulationsThe experiment has been performed with the Medipix setup at ESRF beamline ID16. Allimportant experimental parameters are given in Tab. A.2 (key Fn). Spe
tra for Ba8Si46,Ba24Si100, BaSi6, BaSi2, and BaSO4 were re
orded as for the referen
e samples Si and Si136.The setup allows the a
quisition of spe
tra for �ve di�erent momentum transfers simulta-neously. However, the barium giant resonan
e 
ould only be extra
ted for three of them.For the lowest q, the 
ounting rate was too low and for the largest q, the parti
le�hole
ontribution obs
uring the giant resonan
e spe
trum 
annot be approximated by a simpleparameterized fun
tion. For the remaining three momentum transfers, the sili
on 
ontri-bution was removed by subtra
tion of an appropriate referen
e spe
trum.30 The remainingbarium valen
e�ele
tron 
ontribution was �tted by means of parameterized Pearson fun
-tions and subtra
ted.31 An example of a typi
al extra
tion is given in Fig. 7.5. For BaSO4,only Pearson fun
tions have been subtra
ted from the spe
tra.The extra
ted barium 
ontributions in the vi
inity of the barium NIV,V�edges are nor-malized to their integral between 101 eV and 150 eV energy loss and are shown in Fig. 7.6.30Si has been used as referen
e for BaSi2, Si136 has been used for Ba8Si46, Ba24Si100, and BaSi6.31For details of the NRIXS extra
tion pro
ess, see 
hapter 4.2.3.
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Figure 7.6: Momentum�transfer dependen
e of the barium giant resonan
e for di�erentbarium/sili
on 
ompounds. The shadowed region on the left marks the energy range beforethe onset of the giant resonan
e, the shadowed region on the right indi
ates the range inwhi
h double ele
tron ex
itations are expe
ted. For BaSO4, this region is shifted to higherenergies due to the ioni
 
hara
ter of the 
ompound.



7.4 Modulation of the giant resonan
e 83The results 
an be partitioned into three energy regimes. Below the onset of the giantresonan
e at about 101 eV (left shadowed region), all spe
tra show a modulated shoulder
orresponding to the barium NIV,V�edge as visible in parti
ular for high q in Fig. 7.3. Thisis also the region in whi
h monopole transitions are expe
ted by theory. The momentum�transfer dependen
e, espe
ially for BaSO4, supports this predi
tion. Sin
e Fig. 7.6 is in-tended to show the momentum transfers of the resonan
e, this regime has been omitted fornormalization. Double ele
tron ex
itations superimposing the giant resonan
e spe
trum,as dis
ussed by Ri
hter et al.,32 are expe
ted to o

ur for energy losses above 110 eV forBaSO4 and above 107 eV for the other 
ompounds (right shadowed region). Basi
ally 
on-tributions from the resonan
e are assumed in between. The general shapes and widths ofthe resonan
es are very similar showing the high quality of the ba
kground subtra
tion bythe Si/Si136 referen
es. Only the resonan
e width of BaSO4 is smaller, as it is an exampleof an ioni
 
rystal.33 The momentum�transfer dependen
e shows a 
onsistent behavior forall 
ompounds.However, in detail, the �ne stru
ture shows strong variation between the 
ompoundsand 
an be extra
ted by subtra
tion of a referen
e spe
trum for ea
h q separately. BaSi2was 
hosen as referen
e sin
e it is the less 
omplex stru
ture from a 
rystallographi
 pointof view. Apart from BaSO4, the modulations of the resonan
es prove to be basi
allyindependent of q as 
an be seen in Fig. 7.7. Thus, the di�eren
es for the three q�values
an be added up to in
rease the statisti
s. The resulting modulations are 
ompared withea
h other in Fig. 7.8. For BaSO4, whi
h shows a strong momentum�transfer dependen
ein the sharp features between 90 eV and 101 eV energy loss, only the di�eren
e for thelowest q is shown.For all 
ompounds, signi�
ant modulations from the referen
e sample BaSi2 
an be ob-served. The spe
tra for the 
lathrates and BaSi6 show similarities in their general behavior
on
erning the position of minimal and maximal deviations, but also di�er from ea
h otherin their �ne stru
ture. The deviations of BaSO4 to the referen
e are larger in amplitude,whi
h is due to the di�erent width of the resonan
e as dis
ussed above. These results for the�rst time show that modulations of the giant�resonan
e spe
trum for di�erent 
ompounds
an be experimentally extra
ted and distinguished.7.4.2 Comparison with RSMS 
al
ulationsRSMS 
al
ulations in dipole limit of the giant resonan
e were performed for the presented
ompounds as dis
ussed in 
hapter 7.2 and are now 
ompared to the experimental resultsfor the lowest momentum transfer q = 1.08 a.u. in Fig. 7.9. The widths and the general32M. Ri
hter et al. (1989), Phys. Rev. A 39, 5666.33A thorough dis
ussion of the BaSO4 spe
trum is given in C. Sternemann et al. (2008a),J. Anal. Atom. Spe
trom. doi: 10.1039/B717441A.
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Figure 7.7: Modulations of the giant resonan
e �ne stru
ture with BaSi2 as referen
espe
trum. The di�eren
es prove to be mainly independent of the momentum transfer.Thus, an average over q 
an in
rease the statisti
s without a quality redu
tion of thedi�eren
es.shape of the resonan
es are very well reprodu
ed. Also the spe
tral 
ontribution for anenergy loss between 90 and 100 eV are present. However, the 
al
ulations reveal strongdi�eren
es above 115 eV. As already found for Ba8Si46 in 
hapter 7.3 and dis
ussed byRi
hter et al.,34 the se
ond maximum in the experiment 
an be attributed to a 4d5p or
4d5s double ele
tron ex
itation for barium. Sin
e su
h pro
esses are not in
luded in theRSMS 
al
ulation, experiment and FEFF 
al
ulations in Fig. 7.9 are normalized to theirintegral between 101 eV and 111 eV energy loss where these ex
itations do not signi�
antly
ontribute. The 
al
ulations are smoother than the experiment, whi
h is espe
ially visiblein the degree of steepness of the giant resonan
e onset between 100 and 105 eV. As dis
ussedin 
hapter 5.3.1, this smoothing of the theoreti
al 
urve is probably an artefa
t due to the�nite 
luster size within the 
al
ulation. The di�eren
es between experiment and theory inFig. 7.10 show that the de�
ien
ies of the 
al
ulations are very similar for all 
ompounds.It may be assumed that similar deviations between experiment and theory for di�erent34M. Ri
hter et al. (1989), Phys. Rev. A 39, 5666.
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Figure 7.8: Modulation of the giant resonan
e as presented in Fig. 7.7 after average over
q. For the BaSO4 di�eren
e, only the result for the lowest q is shown due to the strongmomentum�transfer dependen
e in the energy�loss regime between 90 eV and 100 eV.Smoothened spe
tra are shown as guides to the eye (solid lines).
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Figure 7.9: Comparison of the experimental giant�resonan
e spe
tra (symbols) with RSMS
al
ulations (dashed). Every spe
trum is normalized to its area in the interval 101�111 eV.The spe
tra are verti
ally shifted for 
larity.
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Figure 7.10: Di�eren
es between the experiment and the 
al
ulation of the giant�resonan
espe
tra as presented in Fig. 7.9. The verti
al line indi
ates the expe
ted onset of the doubleele
tron ex
itations for BaSO4.
ompounds indi
ate that the approximations in the RSMS approa
h lead to the samede�
ien
ies in the 
al
ulations. Thus, the relative 
hanges of the theoreti
al spe
tra forthose 
ompounds might yield the proper 
hanges of the experimental �ne stru
ture. The
omparison of 
al
ulated and experimental spe
tral di�eren
es between the 
ompounds andthe BaSi2 referen
e presented in Fig. 7.11 indeed shows a reasonable a

ordan
e for energylosses below 107 eV (110 eV for BaSO4) and above about 120 eV where the 
ontributionfrom double ele
tron ex
itations is suppressed. However, the systemati
 deviations betweenexperiment and theory (Fig. 7.10) are mu
h stronger than the modulation of the giantresonan
e expe
ted purely from the experiment (Fig. 7.8). With 
urrent state�of�the�artapproa
hes for the 
al
ulation of NRIXS spe
tra, it is di�
ult to draw de�nitive 
on
lusionson the ele
troni
 di�eren
es between the 
ompounds by means of the 
al
ulations. ATDLDA implementation for q�dependent 
al
ulations of NRIXS spe
tra and a theoreti
al
onsideration of double ele
tron ex
itations is therefore strongly desirable.7.4.3 SummaryThe barium giant dipole resonan
e has been measured for various barium�
ontaining 
om-pounds. For the �rst time, theoreti
ally predi
ted modulations of the giant�resonan
espe
tra for barium in di�erent stru
tural environments 
ould be experimentally veri�ed.
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Figure 7.11: Comparison of experimental and 
al
ulated di�eren
es of the giant resonan
ewith BaSi2 as referen
e.
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Figure 7.12: Mao�Bell diamond�anvil 
ell used during the high�pressure experiments. Thepi
ture shows a one�
ent 
oin for size 
omparison.Below the threshold of the resonan
e, the spe
tra also show spe
tral weight with a strongmomentum�transfer dependen
e espe
ially for BaSO4. 6 to 9 eV above the threshold, theresonan
e is superimposed by a stru
ture originating from double ele
tron ex
itations. This
ontribution 
annot yet be reprodu
ed with today's 
omputational approa
hes. However,for the study of one 
ompound under di�erent 
onditions, e.g. 
on
erning temperature orpressure, it might be expe
ted that systemati
 errors 
an
el out when 
omparing relative
hanges of the spe
tra. Therefore, the study of the giant resonan
e 
an yield a promisinga

ess to lo
al ele
troni
 and stru
tural 
hanges in 
omplex 
ompounds.7.5 High�pressure sample environmentWith the fo
us on the future potential of high�pressure experiments, NRIXS is the onlymethod to study giant resonan
es under extreme pressure. It is 
omplementary to softx�ray absorption and ele
tron energy loss spe
tros
opy sin
e low energy transitions 
an bemeasured under experimental 
onditions in whi
h ele
trons and soft x�rays are unfeasibleas probes. The in
ident energy 
an be freely 
hosen and thus allows the study of shallowabsorption edges35 using hard x�rays of about 10 keV. This yields a high bulk sensitivityand makes high�pressure experiments using, e.g., diamond�anvil 
ells feasible.36 Varyingthe s
attering angle, i.e. the momentum transfer q, the spe
tra 
an be measured in thedipole limit (low q) or with dominating 
ontributions from non�dipole allowed transitions37(high q) as dis
ussed in 
hapter 2. As long as the dipole approximation is valid, NRIXS35Usually between a few eV and 1 keV.36W.L. Mao et al. (2003), S
ien
e 302, 425; Y. Meng et al. (2004), Nat. Mater. 3, 111.37See, e.g., C. Sternemann et al. (2003), Phys. Rev. B 68, 035111; H. Sternemann et al. (2007a),Phys. Rev. B 75, 075118.
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tured Si 
ompoundsspe
tra measured for energy losses 
lose to a 
ore ele
tron binding energy 
an be 
omparedwith x�ray absorption spe
tra measured with in
ident energies in the regime of the bindingenergy.38 High�pressure NRIXS studies have been restri
ted to K�edges of low�Z elementsup to now. In the study of heavier elements, the 
ore level 
ross se
tion is very low.Therefore, the exploration of alternative edges is ne
essary. It has re
ently been shownthat the barium NIV,V�edges in Ba8Si46 are a

essible using NRIXS.39Interesting pressure�indu
ed phase transitions in solid state matter usually o

ur in therange between 1 and 100 GPa. These pressures 
an be a
hieved within a diamond�anvil
ell (DAC).40 In su
h a 
ell, the sample is pla
ed between the 
oplanar fa
es of two 
utdiamond anvils. The diamonds are glued on stainless steel plates, whi
h are 
onne
tedby s
rews.41 When the s
rews are turned, the metal plates smoothly approa
h ea
h otherand the sample is 
ompressed. To prevent the sample from being squeezed out, it isheld between the diamonds by a gasket material su
h as steel or beryllium. During theexperiments presented in this work, the x�ray beam path was 
hosen through the gasket.Therefore, only beryllium gaskets have been used to redu
e absorption.A gasket has to mat
h the lateral 
ut of the diamond anvils. Thus, gaskets have tobe separately prepared for ea
h 
ell: A beryllium dis
 is pla
ed between the diamondsand pre�intended by the diamonds. With a mi
ro drill, the indentation is 
ountersunkso that its hole �ts the shape of the diamond fa
ets. The powder sample is loaded intothe hole together with a small ruby 
hip as a pressure 
alibrant for the standard lumi-nes
en
e method.42 Fig. 7.12 shows one of the DACs used during the experiment. Dueto the small gap between the steel plates, the s
attering is strongly shadowed. Hen
e,this 
ell only allows the use of one analyzer 
rystal in the BL12XU multi�analyzer setupas already mentioned in 
hapter 3.2.2. The 
ount rate 
an signi�
antly be in
reased bymeans of a panorami
 DAC. Here, the diamonds are rather glued onto steel 
ones so thatthe unshadowed opening angle for the s
attered beam is mu
h wider.7.6 Measurement of the barium NIV,V�edges in high�pressure environmentBarium/sili
on 
ompounds reveal interesting high�pressure properties. Amongst these
ompounds, the Ba8Si46 
lathrate is of spe
ial interest for high�pressure studies showing38H. Nagasawa et al. (1989), J. Phys. So
. Jpn. 58, 710.39C. Sternemann et al. (2005a), Phys. Rev. B 72, 035104.40A. Jayaraman (1983), Rev. Mod. Phys. 55, 65.41This is the des
ription of the Mao�Bell DAC whi
h was used in the experiments. An alternative is, e.g.,the piston 
ell in whi
h the diamonds are glued on the two fa
ing sides of a piston and a 
ylinder.42J.D. Barnett et al. (1973), Rev. S
i. Inst. 44, 1.



7.6 Measurement of the barium NIV,V�edges in high�pressure environment 91three phase transitions under hydrostati
 pressure. Around 5�7 GPa, Kume et al.43 founda reversible 
ollapse of vibrational Raman modes giving a hint to a se
ond order ele
-troni
 phase transition. This result is supported by x�ray absorption near edge stru
ture(XANES) measurements of the barium LIII�edge by San Miguel et al.44 indi
ating an en-ergy shift of the edge�onset position. The transition is attributed to a displa
ement of thebarium dopants45 from the 
enter of the 
ages, whi
h should also lead to ele
troni
 re
on-�guration between the barium and the sili
on atoms of the host latti
e.46 However, byEXAFS analysis, a maximum displa
ement of the dopants of 0.3 Å has been estimated.47Between 11.5 and 14 GPa San Miguel et al.48 observed a drasti
 redu
tion of the latti
e
onstant by x�ray di�ra
tion (XRD) whereas the di�ra
tion pattern shows no 
hange inthe 
rystal symmetries. The me
hanism of this isostru
tural volume 
ollapse is not fullyunderstood. Whereas Yang et al.49 predi
t a dramati
 Fermi surfa
e 
hange in the region ofthe volume 
ollapse by employing band�stru
ture 
al
ulations, Iitaka,50 instead, proposedthat some of the sili
on atoms are released from the sili
on network by pressure leadingto va
an
ies and thus to an in
reased 
ompressibility without a 
hange of the spa
e groupvisible for XRD. Finally, above 40 GPa, Ba8Si46 be
omes irreversely amorphous.51 In orderto determine the me
hanism of the phase transitions, a study of the 
hanges in the lo
alenvironment and the ele
troni
 stru
ture of the guest atom is required. The sensitivity ofthe barium giant resonan
e to the surrounding of the barium atom was demonstrated in
hapter 7.4. Thus, it seems to be a promising approa
h to study pressure�indu
ed phasetransitions by means of the �ne stru
ture of the giant resonan
e. It has also been shownthat 
urrent numeri
al approa
hes feature de�
ien
ies in the 
al
ulation of giant�resonan
espe
tra for di�erent 
ompounds. However, it 
an be assumed that the deviations of 
al
u-lations at di�erent pressures for the same 
ompound are very similar so that the relative
hanges of the spe
tra are reprodu
ed 
orre
tly. Therefore, TDLDA 
al
ulations of Ba8Si46have been performed in the same way as for ambient pressure. The stru
ture was assumedto be un
hanged apart from the latti
e 
onstant whi
h was 
hosen a

ording to San Miguelet al.52 The results of the 
al
ulations are displayed in the right part of Fig. 7.13.The high�pressure experiment was a

omplished at SPring�8 beamline BL12XU. Forthe details of the experimental setup, it is referred to 
hapter 3.2.2. The Ba8Si46 powder43T. Kume et al. (2003), Phys. Rev. Lett. 90, 155503.44A. San Miguel et al. (2005), Europhys. Lett. 69, 556.45T. Kume et al. (2003), Phys. Rev. Lett. 90, 155503; L. Yang et al. (2006), Phys. Rev. B 74, 245209.46A. San Miguel et al. (2005), Europhys. Lett. 69, 556.47 ibid.48 ibid.49L. Yang et al. (2006), Phys. Rev. B 74, 245209.50T. Iitaka (2007), Phys. Rev. B 75, 012106.51A. San Miguel and P. Toulemonde (2005), High Pressure Res. 25, 159.52Latti
e 
onstant from A. San Miguel et al. (2005), Europhys. Lett. 69, 556, Fig. 2: ambient pressure:10.36 Å, 8 GPa: 10.1 Å, 20 GPa: 9.6 Å.
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Figure 7.13: Experiment and 
al
ulations for the high�pressure experiment of Ba8Si46.Left: Comparison of the measured barium giant resonan
e onset in Ba8Si46 at q = 1.29 a.u.for ambient pressure (solid line), 1 GPa and 8 GPa. Right: Cal
ulated XAS spe
tra usingTDLDA (ANR) at ambient pressure, 8 and 20 GPa. All spe
tra are normalized to the areabetween 90 and 115 eV. The arrow indi
ates the energy loss regime of 4d → d monopoleex
itations as predi
ted within LDA 
al
ulations employing FEFF8.2. Both, experimentand 
al
ulations, in
lude the 
ontributions from the sili
on LII,III�edges.was loaded into a drilled hole of 125 µm diameter in a pre�intended 100 µm thi
k berylliumgasket together with a ruby 
hip as a pressure 
alibrant for the standard lumines
en
emethod. This gasket was pla
ed between the 
ut�end fa
e of the diamonds within theDAC. The beam path was 
hosen through the beryllium gasket, and a tungsten slit of
50 × 500 µm2 mounted in front of the analyzer arm was brought 
lose to the gasket toredu
e s
attering from beryllium.53 Pressures of 1 and 8 GPa were applied and the bariumgiant resonan
e was measured in transmission geometry at a s
attering angle of 20° (q =

1.29 a.u.). All measured spe
tra were normalized with a monitor signal and 
orre
ted forthe ba
kground, absorption and s
attering 
ross se
tion a

ording to 
hapter 4.2.1. Theexperimental parameters are summarized in Tab. A.2 (key C3). The results presentedin Fig. 7.13 show the �rst NRIXS measurements of non�K edges under high�pressure
onditions. The 
omparison between these spe
tra at 1 and 8 GPa with the results forambient pressure emphasizes that the signal from the Ba8Si46 
an be properly extra
tedwhen measured in a DAC. These spe
tra are 
onfronted with the 
al
ulations of the giantresonan
e at pressures of 1, 8, and 20 GPa. Within the a
tual a

ura
y of the experiment,it was not possible to subtra
t the sili
on 
ontribution from the spe
trum by a referen
e so53The onset of the beryllium K�edge is at 111.5 eV energy loss.



7.7 The iodine giant resonan
e in I8Si44I2 93that both, experiment and 
al
ulations, in
lude the sili
on LII,III�edges. It is also di�
ult tojudge whether an in
rease of spe
tral weight for 4d → d ex
itations around energy losses of98 eV at high pressure 
an be observed. This 
hange is due to an in
rease of �lled and empty
d�bands near the Fermi level a
ross the phase transition at 7 GPa, whi
h was dis
ussed bySan Miguel et al. and Yang et al.54 A 
on
lusion on the pressure�indu
ed 
hanges of thegiant resonan
e's shape as predi
ted by theory for energy losses above 107 eV 
annot bedrawn within the limits of the experiment. Nevertheless, the statisti
s and the signal�to�noise ratio of the high�pressure signal 
an be signi�
antly improved by using spe
ial DACsoptimized for the use with a multianalyzer setup together with di�erent gasket material sothat detailed di�eren
es between the spe
tra be
ome observable. The new Medipix setup atESRF beamline ID16 is a predestinated setup for su
h high�pressure experiments. Besidesnine available analyzers, the signal from the sample 
an be separated from the gaskets
attering by software slitting due to the spatial resolution of the setup.55 Su
h experimentsallow the study of giant resonan
es under high�pressure 
onditions, whi
h opens a large�eld of appli
ations 
on
erning the stru
tural and ele
troni
 pressure�dependen
e for awide range of materials. The feasibility of this NRIXS appli
ation was demonstrated bythe results presented in this 
hapter.7.7 The iodine giant resonan
e in I8Si44I2Besides the elements with Z ≥ 55, su
h as barium or lanthanum, for whi
h a 
ollapseof the 4f�orbitals 
auses an enhan
ement of the spe
tral 
ontribution above the NIV,V�threshold, also elements with Z ≤ 54 show giant resonan
es56 in a two�well potential ofthe atomi
 
entrifugal barrier.57 Iodine is of spe
ial interest due to its di�erent ele
tro-negativity 
ompared to barium. Connerade and Mans�eld58 show that the 
harge of theresonating atom strongly in�uen
es orbital hybridization. A DFT ab�initio study of sili
on
lathrates exhibits that dopants with elements of higher ele
tronegativity than sili
on 
antune me
hani
al and physi
al properties over a broad range.59 Like barium, also iodine
an be inserted into 
omplex sili
on networks. I8Si44I2 is a stru
ture similar to the Ba8Si46
lathrate. An iodine atom is trapped in ea
h of the eight sili
on 
ages in the unit 
ell and,in addition to that, two sili
on atoms of the host�
age stru
ture are repla
ed by iodineatoms. This leads to a 
ertain distortion of the regular type I 
lathrate stru
ture. An54A. San Miguel et al. (2005), Europhys. Lett. 69, 556; L. Yang et al. (2006), Phys. Rev. B 74, 245209.55See 
hapter 3.2.1 for details of the setup.56As is the 
ase for xenon (R. Haensel et al. (1969), Phys. Rev. 188, 1375) or iodine (A.T. Domondonand X.M. Tong (2002), Phys. Rev. A 65, 032718).57U. Be
ker (1987), �The 4d + 4f giant resonan
e from barium through the rare�earths�, Giant Resonan
esin Atoms, Mole
ules, and Solids, Plenum, New York.58J.P. Connerade and M.W.D. Mans�eld (1982), Phys. Rev. Lett. 48, 131.59D. Connétable (2007), Phys. Rev. B 75, 125202.
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Figure 7.14: Stereos
opi
 images (parallel) of the I8Si44I2 stru
ture. Iodine atoms o

upyingthe two di�erent 
ages are 
olored blue and red, iodine atoms repla
ing sili
on in thenetwork are 
olored green.illustration of the atomi
 stru
ture is given in Fig. 7.14.NRIXS spe
tra for I8Si44I2 have been re
orded at SPring�8 beamline BL12XU andESRF beamline ID16 for low and high momentum transfers.60 As typi
al for a giantdipole resonan
e, the spe
trum for low q is dominated by a broad stru
ture above the
NIV,V�threshold. As shown in Fig. 7.15, the RSMS 
al
ulation within TDLDA shows agenerally good agreement with the experiment. For high momentum transfer, q�dependentRSMS 
al
ulations were performed within LDA and are 
ompared with the experiment inFig. 7.16. The modulations of the spe
trum between 50 and 70 eV and the sili
on LII,III�edges are remarkably well des
ribed by the 
al
ulations. However, the spe
tral weightbetween 70 and 100 eV is signi�
antly underestimated by the LDA 
al
ulations. For small
q, dynami
al e�e
ts 
an be the 
ause for this enhan
ement sin
e this region 
oin
ides withthe maximum of the giant resonan
e. They, however, are not in
luded in the q�dependentRSMS 
al
ulations. The strong momentum�transfer dependen
e of the I8Si44I2 NRIXSspe
trum be
omes even 
learer in Fig. 7.17 showing results obtained with the Medipix setupat ESRF ID16. Here, the sili
on 
ontribution was removed so that the spe
tra only show thesignal from the iodine. For low q, the spe
tra are 
ompared with the iodine 
ontributionof the TDLDA 
al
ulation presented in Fig. 7.15. The good agreement emphasizes thehigh quality of the ba
kground subtra
tion. In analogy to Fig. 7.16, q�dependent RSMS
al
ulations were also performed for q = 4.60 a.u. and are 
ompared with the experiment.The agreement is in line with the results obtained for q = 6.98 a.u. The in
rease of the �rst60For experimental details see Tab. A.2 (keys Dn and En).
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Figure 7.15: NRIXS spe
trum for I8Si44I2 at q = 0.69 a.u. The dipole RSMS 
al
ulationsemploying TDLDA are in
luded for 
omparison.
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Figure 7.16: NRIXS spe
trum for I8Si44I2 at q = 6.98 a.u. The spe
tra are 
ompared withthe q�dependent RSMS 
al
ulations within LDA.
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Figure 7.17: Momentum�transfer dependen
e of the iodine NIV,V�spe
trum. The RSMS
al
ulation within TDLDA in the dipole limit is 
ompared with the results for q = 0.79 a.u.The q�dependent RSMS 
al
ulation in LDA is 
ompared with the experiment for q =
4.60 a.u. The spe
tra are verti
ally shifted for 
larity.maximum around 40�60 eV is the most striking 
hange for growing momentum transfer inthe experiment. This indi
ates the rise of multipole 
ontributions to the NRIXS spe
trum.A TDLDA enhan
ement for the q�dependent RSMS implementation is therefore againhighly desirable to understand the q�dependen
e of giant�resonan
e spe
tra.7.8 Con
lusions and outlookThe 4d − f giant dipole resonan
e of barium was studied for various 
omplex sili
on 
om-pounds with inter
alated barium atoms by means of NRIXS. It has been shown for the�rst time that theoreti
ally predi
ted �ngerprint�like modulations of the resonan
e in su
h
ompounds exist and 
an be measured with su�
ient pre
ision for a dire
t 
omparison. Bymeans of the ab�initio real spa
e multiple s
attering approa
h FEFF, the giant resonan
es
ould be modeled su

essfully within TDLDA. The 
omparison with the experiment ex-hibits that double ele
tron ex
itations superimpose the resonan
e, whi
h are not in
ludedin the RSMS 
al
ulations. Nevertheless, the 
omparison of relative 
hanges of the reso-nan
e for di�erent 
ompounds shows good agreement between experiment and 
al
ulationsfor the energy ranges where double ele
tron ex
itations do not 
ontribute. Moreover, these



7.8 Con
lusions and outlook 97results indi
ate that the study of 
hanges in the giant resonan
e for a 
ompound undervariation of experimental parameters, like temperature or pressure, might be su

essfullydes
ribable within the 
urrent RSMS approa
h. However, for a 
omparison of the fullspe
tra, double ele
tron ex
itations and non�dipole 
ontributions have to be taken intoa

ount.The onset of the giant resonan
e in the vi
inity of the bariumNIV,V�edges in Ba8Si46 wasalso measured under high�pressure 
onditions. Though the statisti
s of the �rst experimentare not su�
ient to draw further 
on
lusions on pressure�dependent 
hanges in the system,the shape of the resonan
e onset for ambient�pressure 
onditions 
ould be well reprodu
ed.In the view of the gain in 
ounting rate and ba
kground dis
rimination with the newMedipix setup of ESRF ID16, this opens a wide �eld of novel appli
ations for high pressureNRIXS studies on medium� and high�Z elements. Measurements of the barium giantresonan
e as a fun
tion of pressure by NRIXS yield enormous potential for a 
ombinedprobe of 
hanges in the ele
troni
 and lo
al stru
ture a
ross phase transitions. This method
an be applied in general for high�pressure studies for a wide range of nanostru
turedmaterials with resonating guest atoms 
aged in, e.g., 
lathrates or fullerenes.Finally, the NIV,V�edges of iodine in the I8Si44I2 
lathrate stru
ture were studiedas an example of an inter
alated resonator with di�erent ele
tronegativity. A 
omplexmomentum�transfer dependen
e was experimentally observed. The spe
trum for low q
ould be explained by RSMS 
al
ulations within TDLDA, whereas the q�dependent 
al-
ulation within LDA for high momentum transfer la
ks spe
tral weight 
ompared to theexperiment. This �nding also stresses the need for a TDLDA implementation in the RSMSapproa
h for NRIXS.
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Chapter 8Summary and outlook
8.1 SummaryIn this thesis, sili
on 
ompounds of industrial and fundamental interest have been stud-ied by means of inelasti
 x�ray s
attering. The major a
hievements of this thesis are:the development of a universal ba
kground�subtra
tion algorithm ne
essary for advan
ed
q�dependent NRIXS studies, the exploration of L�edge studies by an RSMS approa
h,the experimental extra
tion of suboxide spe
tra 
ombined with a study of the dispropor-tionation in bulk amorphous sili
on monoxide, and the experimental proof of theoreti
allypredi
ted modulations in the barium giant dipole resonan
e by means of NRIXS.An experimentally self�
onsistent ba
kground removal algorithm was developed formomentum�transfer dependent NRIXS studies. Apart from tabulated Hartree�Fo
k 
oreCompton pro�les, no theoreti
al input is ne
essary to distill the absorption edges of interestfor a wide energy� and momentum�transfer range from the s
attering of other ele
tronsin the system. The quality of the algorithm was demonstrated on the sili
on L�edges inSi and SiO2. The results show very good agreement with momentum�transfer dependentab�initio 
al
ulations.The performan
e and limitations of an RSMS approa
h for the 
al
ulation of q�dependent NRIXS spe
tra were dis
ussed for the near�edge regime of sodium, magnesiumand sili
on L�edges. The general shape and most of the �ne stru
ture in the 
al
ulationsshow very good agreement with experiment and 
al
ulations within an approa
h based onthe Bethe�Salpeter equations. Deviations between experiment and theory were dis
ussedreferring to approximations in the RSMS approa
h, e.g. 
on
erning �nite�size e�e
ts andthe 
ore�hole treatment. In general, the RSMS approa
h was found to well explain theexperimental data, so that it is a good alternative for systems for whi
h 
al
ulations em-ploying di�erent approa
hes, like the BSE, are unfeasible.The disproportionation of bulk amorphous sili
on monoxide was studied by NRIXS.The de
rease of the suboxide interfa
e domain due to the phase separation of lo
al Si



100 Summary and outlookand SiO2 regimes 
ould be observed in the spe
tra for di�erent annealing temperaturesand momentum transfers. The results yield a 
onsistent overall pi
ture in line with theICM model. The temperature range for the disproportionation 
ould be determined andwas 
ompared with results of an analogous RIXS experiment on the disproportionation ofbulk amorphous germanium monoxide. For the �rst time, the spe
tral 
ontributions of thesuboxides to the sili
on LII,III�edges 
ould be extra
ted dire
tly from the NRIXS signal. A
omparison with an ab�initio 
al
ulation based on the StoBe�deMon 
ode yields a goodgeneral agreement.The barium giant dipole resonan
e was studied for barium atoms in 
omplex sur-roundings, espe
ially in 
omplex sili
on network stru
tures, by means of NRIXS. Themomentum�transfer dependen
e of the barium NIV,V�edges was analyzed showing thestrong suppression of the resonan
e for large momentum transfer. For the �rst time,theoreti
ally predi
ted modulations of the barium giant resonan
e spe
trum for di�erentlo
al surroundings 
ould be experimentally veri�ed. The modulations were 
ompared toab�initio RSMS 
al
ulations in the dipole limit employing TDLDA. Deviations betweenexperiment and theory 
ould be explained by multi�ele
tron ex
itations and multipole 
on-tributions, whi
h are not a

ounted for in the 
al
ulations. The importan
e of the giantresonan
e for the study of pressure�indu
ed phase transitions was emphasized and the fea-sibility of this approa
h was shown in a �rst experiment. The iodine giant resonan
e wasstudied for iodine atoms in a type I sili
on 
lathrate and a 
omplex momentum�transferdependen
e was experimentally found, whi
h in part 
ould be explained by dipole and
q�dependent RSMS 
al
ulations.The thesis advan
es the experimental treatment of q�dependent NRIXS studies as wellas the interpretation of experimental results when 
omparing to ab�initio 
al
ulations ingeneral. On the basis of these results, the thesis 
ontributes to the understanding of thephysi
s in two important material 
lasses: amorphous sili
on oxides and sili
on 
lathrates.8.2 OutlookWith the installation of NRIXS spe
trometers designated for multi�q experiments, as theLERIX setup at APS beamline 20�ID or the multi�analyzer setups at ESRF beamlineID16 and the Taiwan beamline BL12XU at SPring�8, the number of momentum�transferdependen
e studies is in
reasingly growing. The algorithm for ba
kground subtra
tiondeveloped in this thesis now allows a 
onsistent analysis of the experimental data. Thea

ess of 
ore ex
itations and the possible extra
tion of the proje
ted density of states frommulti�q NRIXS spe
tra opens a wide �eld of appli
ations for a 
ombined ele
troni
 andstru
tural study of 
omplex bulk systems.The 
omparison of the novel RSMS approa
h for NRIXS spe
tra with the experiment



8.2 Outlook 101and with BSE 
al
ulations supports the appli
ability of this approa
h to systems, whi
hare not a

essible with other 
omputational methods. These are espe
ially materials in thefo
us of 
urrent resear
h, su
h as amorphous materials and systems with large unit 
ells.The results from the NRIXS study of the disproportionation of bulk amorphous sil-i
on monoxide en
ourage further experiments for a �ner grid of annealing temperaturesto in
rease the a

ura
y of the temperature regimes. In order to determine the minimumpossible amount of suboxides in the sili
on monoxide, i.e. the state of full disproportiona-tion, a study for annealing temperatures higher than 1000� is required. The agreementof the results for sili
on and germanium monoxide gives rise to future studies on ternarySixGeyOz 
ompounds. These materials are of spe
ial industrial importan
e 
on
erningfaster metal oxide semi
ondu
tor �eld e�e
t transistors on Si/Ge alloys. The study ofsili
on/sili
on oxide interfa
es is 
ru
ial sin
e they 
an have a signi�
ant in�uen
e on thequality of nanoele
troni
 devi
es. The su

essful experimental extra
tion of the spe
tral
ontribution of sili
on suboxides exhibits an a

ess to the lo
al ele
troni
 stru
ture. Theagreement with �rst ab�initio 
al
ulations asks for 
al
ulations on larger suboxide 
lustersfor the re�nement of stru
tural models for the suboxides.The experimental eviden
e found for the modulations in the barium giant dipole res-onan
e yields a promising approa
h to the study of pressure� or temperature�indu
edphase transitions. Sin
e in su
h experiments, spe
tral 
hanges are observed for the same
ompound, it might be assumed that already with the present theoreti
al approa
hes an in-terpretation of relative 
hanges in the spe
tra 
ould be possible. The 
omplex momentum�transfer dependen
e of the iodine giant resonan
e requires further theoreti
al 
al
ulations.With an appropriate theoreti
al framework this q�dependent study is promising to giveinsight into the 
oupling of guest atoms to the host latti
e and on angular momentum re-solved hybridization. These results on
e more emphasize the need for advan
ed theoreti
alapproa
hes, for instan
e a TDLDA implementation for the RSMS approa
h of NRIXS.
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Appendix ASupplement to 
hapter 3NRIXS experiments have been 
arried out with four di�erent setups at three beamlines aslisted in Fig. A.1.Setup Fa
ility Beamline Des
ription Chaptera ESRF ID16 single�dete
tor Rowland setup 3.2.1b APS 20�ID multi�dete
tor LERIX setup 3.2.3
 SPring�8 BL12XU high�pressure Rowland setup 3.2.2d ESRF ID16 multi�dete
tor Medipix setup 3.2.1Table A.1: Setups of the NRIXS experiments presented in this work.The important experimental parameters for all spe
tra measured with these setups andpresented in this work are summarized in table A.2. The spe
tra are referen
ed by theletter given in the �rst 
olumn of the table. For a detailed des
ription of the setups, it isreferred to the a

ording 
hapter.
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hapter 3Key φ [◦℄ q [a.u.℄ E0 [keV℄ ∆E [eV℄ V ×H [µm2℄ SetupSi A1 26.0 1.50 12.398 0.8 50×120 aA2 150.0 6.42 12.398 1.5 50×120 aMg A3 13.3 0.61 9.886 1.5 1500×1500 aA4 150.0 6.42 12.398 0.8 50×120 aNa A5 14.0 0.65 9.886 1.5 70×120 aA6 160.0 5.22 9.886 1.5 70×120 a
Si, SiO2,SiO (nat.),SiO (800◦),SiO (1000◦)

B1 9.0 0.42 9.893 1.5 400×100 bB2 18.0 0.84 9.893 1.5 400×100 bB3 27.0 1.25 9.893 1.5 400×100 bB4 36.0 1.66 9.893 1.5 400×100 bB5 45.0 2.05 9.893 1.5 400×100 bB6 54.0 2.43 9.893 1.5 400×100 bB7 63.0 2.80 9.893 1.5 400×100 bB8 72.0 3.15 9.893 1.5 400×100 bB9 81.0 3.48 9.893 1.5 400×100 bB10 90.0 3.79 9.893 1.5 400×100 bB11 99.0 4.08 9.893 1.5 400×100 bB12 108.0 4.34 9.893 1.5 400×100 bB13 117.0 4.57 9.893 1.5 400×100 bB14 126.0 4.78 9.893 1.5 400×100 bB15 135.0 4.95 9.893 1.5 400×100 bB16 144.0 5.10 9.893 1.5 400×100 bB17 153.0 5.21 9.893 1.5 400×100 bB18 162.0 5.29 9.893 1.5 400×100 bB19 171.0 5.34 9.893 1.5 400×100 bBa8Si46 C1 26.0 1.50 12.398 1.6 50×100 aC2 150.0 6.42 12.398 1.6 50×100 aC3 20.0 1.29 13.854 2.0 20×25 
I8Si44I2 D1 10.0 0.69 13.854 2.0 20×25 
D2 140.0 6.98 13.854 2.0 20×25 
I8Si44I2 E1 111.5 4.29 9.687 1.1 50×100 dE2 118.0 4.45 9.687 1.1 50×100 dE3 124.5 4.60 9.687 1.1 50×100 dE4 131.0 4.73 9.687 1.1 50×100 dE5 137.5 4.84 9.687 1.1 50×100 dBa8Si46,Ba24Si100, BaSi6,BaSi2, BaSO4,Si, Si136, I8Si44I2 F1 17.5 0.79 9.687 1.1 50×100 dF2 24.0 1.08 9.687 1.1 50×100 dF3 30.5 1.37 9.687 1.1 50×100 dF4 37.0 1.65 9.687 1.1 50×100 dF5 43.5 1.93 9.687 1.1 50×100 dTable A.2: Experimental parameters of all NRIXS spe
tra presented in this work. φ is thes
attering angle, q the absolute value of the momentum transfer. E0 is the analyzer energy,
∆E the 
orresponding total energy resolution. V and H are the verti
al and horizontalbeam sizes. The setups used for the a

ording experiments are indi
ated in the last 
olumnreferring to table A.1.
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Appendix BSupplement to 
hapter 5The de
omposition with respe
t to the angular momentum of the �nal state is shown inFig. B.1 for the RSMS 
al
ulation of sili
on presented in 
hapter 5.3.1 (see Fig. 5.1). Asexpe
ted by the ex
itation operator eiq·r, dipole p → d pro
esses dominate the spe
trumfor low momentum transfer whereas the 
ontribution of the monopole transition p → p issigni�
antly in
reased for q = 6.42 a.u.For sodium, de
ompositions of the LII,III�edges were 
al
ulated both for lo
al Hedin�Lundqvist ex
hange and for partially non�lo
al ex
hange and are presented in Figs. B.2and B.3. As dis
ussed in 
hapter 5.3.3, in the latter 
ase, the ex
hange 
ontributions are
al
ulated within Dira
�Fo
k for the 
ore ele
trons and within Hedin�Lundqvist self�energyfor the valen
e ele
trons. Unlike the FEFF standard 
on�guration 2p63s1 for the valen
eele
trons within the 
al
ulations shown in Fig. B.2, only the 3s1 ele
tron was treated as avalen
e ele
tron. It 
an be seen in Fig. 5.5 that su
h a treatment leads to better agreementwith the experiment espe
ially for small momentum transfer. A possible explanation forthis e�e
t is given in 
hapter 5.3.3.
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Figure B.1: De
omposition of the RSMS 
al
ulations of the Si LII,III�edges at q = 1.50 a.u.(bottom) and q = 6.42 a.u. (top) with respe
t to the angular momentum of the �nal state.
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Figure B.2: De
omposition of the RSMS 
al
ulations of the Na LII,III�edges at q = 0.65 a.u.(bottom) and q = 5.22 a.u. (top) with respe
t to the angular momentum of the �nal state.
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Figure B.3: De
omposition of the RSMS 
al
ulations of the Na LII,III�edges as in Fig. B.2but with non�lo
al ex
hange.
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Appendix CSupplement to 
hapter 7
C.1 X�ray di�ra
tion of the 
omplex barium/sili
on
ompoundsDi�ra
tion patterns of the 
omplex barium/sili
on 
ompounds were re
orded at ESRFbeamline ID 15 (Ba8Si46 and Ba24Si100) at E0 = 70 keV and at DELTA BL9/SAW (BaSi6)at E0 = 27 keV by means of a 2D image plate dete
tor1 to verify the good powder qualityand purity of the samples. All di�ra
tion patterns show uniform Debye rings with littletexture. The patterns have been 
ir
ularly integrated and are presented in Figs. C.1�C.3.The 
al
ulations have been performed with the program POUDRIX.2Due to the small amount of sample, the BaSi6 sample was kept inside a sample tube ofpartially 
rystallized polymer during the di�ra
tion experiment. The di�ra
tion from thetube dominates the pattern for q < 0.9 a.u., thus in Fig. C.3 it is only shown for q ≥ 0.9 a.u.C.2 Input �les for ATOMSFor RSMS 
al
ulations with the FEFF program, the 
artesian 
oordinates of atoms in a�nite atomi
 
luster are required as input parameters. The atomi
 position for 
rystals 
anbe 
al
ulated with the program ATOMS.3 The ATOMS input �les for the 
orrespondingFEFF 
al
ulations presented in 
hapter 7 are given in tables C.1�C.7.
1 mar345 image plate dete
tor (Marresear
h GmbH)2 J. Laugier and B. Bo
hu (2001), POUDRIX V2, Laboratoire des matériaux et du génie physique, 2001,url: http://www.lmgp.inpg.fr.3 Bru
e Ravel (1998), ATOMS 2.50, University of Washington / ANL, 1998, url: 
ars9.u
hi
ago.edu/~ravel.



viii Supplement to 
hapter 7

0.00

0.25

0.50

0.75

1.00

 0.5  1  1.5  2  2.5  3

in
te

ns
ity

 [a
rb

. u
ni

ts
]

q [a.u.]

Ba8Si46

experiment
calculation

Figure C.1: XRD of Ba8Si46. E0 = 70 keV. The theoreti
al spe
trum shows very goodagreement with the experiment.
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Figure C.2: XRD of Ba24Si100. E0 = 70 keV. The agreement between theory and experimentis 
omparable to Fig. C.1.
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Figure C.3: XRD of BaSi6. E0 = 27 keV. The agreement between theory and experimentis reasonably good. The additional 
ontributions in the di�ra
tion pattern are probablydue to the polymer sample tube.
�t i t l e BaSi2 I ( orthorhombi
 )spa
e P n m armax=20 a 8 .920 b 6 .750 
 11.570
ore=Ba0edge=N4output BaSi_I_feff . inpatomsBa 0.014 0 .250 0 .694 Ba0Ba 0 .893 0 .250 0 .095 Ba1Si 0 .424 0 .250 0 .091 Si0S i 0 .205 0 .250 0 .969 Si1S i 0 .190 0 .078 0 .147 Si2

� �Table C.1: ATOMS 2.50 input �le for the orthorhombi
 BaSi2 stru
ture.
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�t i t l e BaSi6spa
e C m 
 mrmax=20 a 4 .485 b 10.375 
 11.969
ore=Ba0edge=N4output BaSi6_fe f f . inpatomsBa 0.000 0 .273 0 .250 Ba0Si 0 .000 0 .250 0 .537 Si0S i 0 .000 0 .559 0 .351 Si1S i 0 .000 0 .024 0 .599 Si2

� �Table C.2: ATOMS 2.50 input �le for the BaSi6 stru
ture.
�t i t l e Ba8Si46spa
e P m −3 nrmax=18 a 10 .35
ore=Ba0edge=N4output Ba8Si46_fef f . inpatomsSi 0 .2500 0.5000 0.0000 Si0S i 0 .1837 0.1837 0.1837 Si1S i 0 .0000 0.1170 0.3080 Si2Ba 0.0000 0.0000 0.0000 Ba0Ba 0.2500 0.0000 0.5000 Ba1

� �Table C.3: ATOMS 2.50 input �le for the Ba8Si46 stru
ture.



C.2 Input �les for ATOMS xi
�t i t l e Ba24Si100spa
e P 41 3 2rmax=20 a 14.0685
ore=Ba0edge=N4output Ba24Si100_fef f . inpatomsBa 0.1887 0.1887 0.1887 Ba0Ba 0.8750 0.8750 0.8750 Ba1Ba 0.1250 0.8072 0.0572 Ba2Si 0 .0362 0.0362 0.0362 Si0S i 0 .2038 0.0427 0.0000 Si1S i 0 .1250 0.1696 0.4196 Si2S i 0 .2387 0.9394 0.8752 Si3S i 0 .4156 0.8605 0.0769 Si4S i 0 .3256 0.3256 0.3256 Si5

� �Table C.4: ATOMS 2.50 input �le for the Ba24Si100 stru
ture.
�t i t l e BaSO4 ( Bar i te )spa
e P b n mrmax=15 a=7.1540 b=8.8790 
=5.4540
ore=Ba0edge=N4output BaSO4_feff . inpatomsBa 0.1584 0.1845 0.2500 Ba0S 0.1908 0.4375 0.7500 S0O 0.1072 0.5870 0.7500 O0O 0.0498 0.3176 0.7500 O1O 0.3118 0.4194 0.9704 O2

� �Table C.5: ATOMS 2.50 input �le for the BaSO4 stru
ture.
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�t i t l e XANES Si136spa
e F d −3 msh i f t 0 .125 0 .125 0 .125rmax=20 a 14 .62
ore=Si0edge=L2output S i 136_ f e f f . inpatomsSi 0 .000 0 .000 0 .000 Si0S i 0 .094 0 .094 0 .094 Si1S i 0 .058 0 .058 0 .246 Si2

� �Table C.6: ATOMS 2.50 input �le for the Si136 stru
ture.
�t i t l e XANES Sispa
e F d −3 msh i f t −0.125 −0.125 −0.125rmax=20 a 5 .431
ore=Si0edge=L2output S i_ f e f f . inpatomsSi 0 .00 0 .00 0 .00 Si0S i 0 .25 0 .25 0 .25 Si1

� �Table C.7: ATOMS 2.50 input �le for the Si stru
ture.
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