Theoretical Spectroscopy of Ga,03

Dissertation
zur Erlangung des akademischen Grades
doctor rerum naturalium
(Dr. rer. nat.)
im Fach Physik

Spezialisierung: Theoretische Physik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat

der Humboldt-Universitat zu Berlin
von
M.Sc. Christian Wolfgang Vorwerk

Prasidentin der Humboldt-Universitat zu Berlin

Prof. Dr. Sabine Kunst

Dekan der Mathematisch-Naturwissenschaftlichen Fakultat

Prof. Dr. Elmar Kulke

Gutachterlnnen: 1. Prof. Dr. Dr. hc Claudia Draxl|
2. Prof. Dr. Giulia Galli

3. Dr. Francesco Sottile

Tag der miindlichen Priifung: 01.10.2020






X oox Ss SS x MS S B guR RNurwm r r W weg r mmr
g ma B§ S xPr WS x numg X CA wr SS WS O
.1 r ffw Ww » ungs rowe ® XS za r W ¥
4/ 1 wmll 1 ngg wmw swa ng I 8
r WX ox ss  wma m r S ® ¥ rsusm m W xgr  waPr
LN P s rom Z WRgS S MW W Spr CI ) rgr
S z
meRms r wmPrwm mS r X Wzagruw g® »Prwm WS r nuwg
x S wr Ss WS Y oow r ffm oW »
nRgs oW m orxs za rxm r4/ 1 mll 1
rmo o wml Z W x






Mathematisch-Naturwissenschaftliche Fakultat
Institut fur Physik

Theoretical Spectroscopy of Ga,03

Electronic Excitations from the UV to the Hard X-ray Regime

Ph.D. Thesis
by Christian Wolfgang Vorwerk

Supervisor:  Prof. Dr. Claudia Drax|






To Mariella.






Zusammenfassung

R oW o mwm Ze W CRUEY fliz »z r s s rwm rzu
X SS XM WSS WM W W x nOXowm wRwm XS R TSrom owmoum
g nw S wRgs LD I » X m ¥ AR MR W b
W x rom X xS S mx W w4 s G » x
Sipr noroW s 1 Grupp » x RS R O®m B wuRg M S MR W
R R e S WRgSs X om LA S® W W rss w
S AR WR WM W X¥WMS ®NwWm P S WM g WS ng . r S Ss x
S m wwa ss ®» abinitio wm rsu wwg ¥ RS W RN gURg B W
G X OWRLZE R XS WM WS Sr Wwem mWam n g ®ms » Zur @ m
Ss x mos ws Z T w
wmars T mprswm rm 1 Zur WSS WM OM X  Nuwmg IR wMr m
nr o guRg B W RZ W m rRR® W™ XS ®Bw e S s r
» S T wwmg ™ WM T s mmws x » S ruwgs x
we @ S i A X Wumg W®  Sxp wWs wwm W S S wmSr wawgs
Sp rm o pps 0w "R negmwm r X m S Sp xs m®s ®
now X nzZ X IRORX gURE W WR XSy W rsmmm
s s mng nsr wawg (S) S TreuegwzZ S W W B R gum
8" wu XPESM XM RMARR WL g®n WS ry Jxow S r wegsew rs wm s
R WRS I S ® T orm swws  r W x oS S x S
roung mox oW wsg » Sp W WM wmSxr rm x SP 0w WRS rox
p R R » Sp w Sx xS mMRSP xXs ®s W n oz

x R ZH R S X Rum Zu W XPr rm

"z »nT r ssr moX ® R Xwms x U] X gung W ¥
nzZ TR ms rG 1s G p ww Swrs ffis rawwG zu

LU W rfin ®m wsg pr g ® xS now XS®M Mg ® S Ip WSSP
o m@ P owmxp w» ® rwm xS » » rwms wSru
wr s W W XS Wm W US WK WS Zuwg X nZ W ORX gung W
m s xtm x Sgm wrm m x5 MR ST WS WM Sx owuegssp  r W owwm
we rsw W x x X W x r®ms WSry wrzas wama B wg s

Bm mwawmsr rwm x S mwmzus z » » Ul nZ uw x

B OAr gURE W W rm S rowng ™ IR g







Summary

T

PR S® mw ¥ S ™ wpx PX X W S g WS
X R R WR XS WM Mg W B X S SKX @qurx T graup wrx
R oE@PSwH MW XS X wrxr m ng ™ S @ . ;) nRp x
rm s m » rm s noasn roum 4 G S pr msnwng
) W Sgrwp WM X S S B RS RS r W XS ®mom» X
X m S RAX SRg WM XS B S WM Ww TR i 2
r s ®m s S8 Pr S W wpr  wms  firs prm P ssw X m
ns G mrow W rs W e S WM W™ Pprwr s
T SS WSSS i IR
» firs 1 PSR W oW e r WSS W Ut mS W owr
X om » wS S ™ wrx srp w OIS N wS
» rwmox o ® rowr » r( PT) » ws » s w
x w » SIp ™M W™ ®m S S rRgsp r ®m » X
rg W S Sp xrs »aw smpr x » xoox »s
rsSm®M®™ m S ros reg(  S)r S o » »r s m
» PSS WX S r sss » »oowr X MW m L SW
s x " SS S ® xp ®WS x » wr
P WA W » wUpY mOZ WM M XX ffrmsp rs p »au s
S wp s px » ORI ¥
» S ®mopr »y  wx ppx S » ®s S S
o ¢ WS r s S ie g whlsg wa p w» gmlss s w»n@G
) R T r sp x G 1 I By I fim s w ffrwm s e
» X w x M OX R WS XM P S W » » x
RS WMOm oz rsgm wr s m X WS STIp W™ W S rRgsSp x
n oS g rooox X WS » RS P RS W rmo sy
e Tw WS x S » wayp »r ffrw | I
» rom » NS W wwx noxp nom







Preface

MS M Wmow X ®» g s X WS 1w we WS LU 3
» S S ™ nowRow X WSS rm14'T i s rm s
I r®m s S » w rom s G S » G s
S S W xr S ¥ x Xz Xx swa g ®»s
i J SO [ ssu spr w S ma x s s r m
nS LS W g ™ ™ W SrS W W WoRewx
PR R S s R SH m W mg Wp wm S e X W
s S sSpr vgng ®» 1 s wm 1 s ru m r 1 v ug s [ | 4]
»w fi " g psSw Wmw ¥ » & S S »n G n wnG
s W fixs PR W wog W wNg ( ) S r s
x roug S ] mwe W waar rr oox Pz W
14[]:[] Swm » 2 o r nogpPsSwm ®mw rs s ol
» XWX pr masSwmg W rsws mw S pw i R nop RNg
» rs » rwm s[]S x wm r ssu s mw G
noow n o8 »s no 4 x g ™ S g x x
» i Ji AR B gmRr m S X Ne i Jid CH |]:|
1 s s s xs » sl » g x rw s
G S Pr WsSwg M ® st owp wr wogpwm r s[H] w
S rg W™ ogp xroum 4 S ™ WP mS r W rs [1 ]
1] »ow » wmowsre owr [17 xS s mrg S T
1D S T | rmos w wfio ][] » s
S » G » r wmfi G s »ogr ®m rg SWP SzZS
» L] » wap x ow ®m g T W WST r w wmT s
ngs MRX SR MW XS M S wWR mm rmoowmp . 2 ]
r s T g wmsg s rm x » W wuw r  ab initio
su s S g rm osrxu owr [ H ] s pes [ | H

® sur s |[4] » s p» wewr s ] r SS SS W » W

S
Qr S WS KXW W X 8S rwafixs prm s W™ s Ss us m
eC WPpS eu S WS

T firs » » WS wfle m sre wr W » » X ws
w G MSSS W xS X S x xr r X X X
® XS e e W s W X XM XS ne egm ms W wmRg S S

rom r W™ X wsr s ffxm sru wr P ss xrsu wg wm Pr




noum P W Ip SW S® r sSwWa ¥ x S s s [
T w [ ] » S (4] = S wama x G ® WP S
W osre o wr m » ff rm gn ms ffrs pwn wng
» R x » S S r o r x x X & WK S
mE®LY S W™ S O - N i ) g wwa mwms Pr ws ab
initios w S R r W rm sre owr | 4, 41) 4 | »
ws| |4 |[44] x x ws4]] s O WIS PIrMW
x sxp mnm r g sp r ( S) S T W wW Sem wr s
TR STy wr m ws s ww[4H1] » gn® r s s[4
] S Ss m ab initio s w x ns m G » WA XP S SS
msswg T P REQE S WS X roox

What are the signatures of the local geometry in the absorption and scattering spectra? Do
they allow us to distinguish the spectra of different structural phases?
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What is the nature of the valence and core excitations in Ga;O3? How strongly are excitons
bound in this material? How are they formed and what is their signature in excitation spec-
tra?
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CHAPTER 1

Electronic Structure Theory

1.1 The Many-body Problem
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1.3 Many-body Perturbation Theory
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1.3.3 The Bethe-Salpeter Equation
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CHAPTER 2

X-Ray and Optical Absorption
Spectroscopy
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2.1 Microscopic Dielectric Theory
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CHAPTER 3

Inelastic X-ray and Electron Scattering
Spectroscopy
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CHAPTER 4

A Brief History of BSE Calculations
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CHAPTER 5

Many-body Approach to Resonant
Scattering
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CHAPTER 6

Absorption and Non-resonant
Scattering in exciting
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CHAPTER 7

Resonant Inelastic Scattering in BRIXS

T wp mawm W Sm m reowm T r reurs W x
» rz s w r®m s W W S » a 4w »r Ss W
« | r S r sss » T w ffrw r sss »ox Spr ss

o 4
=at () w0 D> > Y
Q w
CC C C/I/Illl Il ll/l/ ,UU kk/k//k/l’

k

He* . Pyvk] Xepk.e'prk (@1) [31 'Pc’u’k’H Xevk.co'k (@)X
X

%
|:|:e . P'u//,ulkui| Xc”y”k",c”’y”’k"’ (C{)]) |:e] . Pcr//'u///kn/i|:|

k

= 0{4 (—) ’i‘:\Z Z Z Z [ pvk] Xepk,e! ,u'k'(a)l) [ Pc’y’k’} )(cvk,c”v’k”(w)><
e

cvk ¢”"v'k” | ¢’p'k!

| 2
Ill

E |: ur/v/k//] Xc”ﬂ"k" CINIJNIk//I (C()] ) |:e1 . Pcluuulk//r]
u’

m
1)
T mnw ®oowr r W ®m W WSS WmpPr SS W S w
» » mLx m S)(cyk,c’,u’k’(wl) » Xcvk,c”v’k”(w) noow SumAS X
MSS mWmwr ws W ss m( mpr as[ | w[ )T
P W W » « r aurs ss mor RS Xeoke'v'k (@)
» Ss » "W WM FXWS WS W W ¥ MRS Yeuk ok (01) W
Ss ¥ ™% WM XMWS WS W W XSS IWS ™R Yeokepk (01) T s
R W ®x WS ® rz m Sprx »
PR oW o ®S WX T W mS ®mOm X »
AU M RS TMr IR X R ROR oW R X mows P ®oor W »
w ms s m Py » » » ¥ $ S S§*x "W
mpr ss r sp T rom I S » nS W
Spr sss pprm m q 1 W W SWRR RS rk » kK7




sm®m m s S r mg W BRIXS
®or rom » S o » swm {k}gr s T
rm urs s m SXP W WM WSS MPr SSS WS rs wm
mwumk [ 4]
7.1 Polarizability Matrix Elements
»ox urm PSS mox S x sss »pr m S xr x
rsSmm WX WS (mg w » )p rz W R
» rowr » r Srs wmr o » » r[]w qs|:| |:| x
» »r SS W m X WS W WS S sg W «| 1|w r WS
» S|P ss » Twwa w» ff ppr m  w TS MR W X WS
Xf;kR,}/k/( q=) L reg W
k
RR o [Xijk,/l] i’k A '
Xijk,i/j/k/(w’q =)= w-E'+ )
r Xika ® E} x S gms s w oS ] |:| RS X N » Xz
» Twwa w» ff ppr ma wm s wss w e » T
s fim m «fl_|w 1 » S xsss won a1 »
7z w a[ |srowsps r sp mor 0w rz n oa 4]
r ®mS  rm ¥ WS retarded polarizability w oo r[]wm ox
WS W X r WS r pr S ®morm W ORR K OPr S W
» r sp M = x LRI ) ® WS W D ss
s wuss  ®wS m i I/ S w » S r sss ®oox
x ffrm mwmrxg s s m x n W Xg W1 s » »
X r rg®m m ®mor nrg SSW=w—w s » ) X N
r ms Sm rwms wsm®m W Sp r ao w» w rooom
r ne mre [ ] . wg r rwmns wspk —ck w m X WS WS
k — ck rom S I s r wmx n mg T s
sus  m sSPr rws wmsw o« 1w m ® r X®S WS
w »r R R WRARA X wmwsP,w o« . PrSS WX
S S ww roRm X WS WSpP S R RS W
W owr rRmr M WS KWS e sp S




s rSrwng W » P s

7.2 Oscillator Strength and Excitation Pathways
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CHAPTER 8

Examples
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CHAPTER 9

Geometry and Electronic Structure

9.1 Geometry of Ga;O3; Polymorphs
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CHAPTER 10

Optical Spectroscopy

10.1 Absorption Spectroscopy
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CHAPTER 11

Oxygen Edge Spectroscopy

11.1 Absorption Spectroscopy
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CHAPTER 12

Gallium Edge Spectroscopy

12.1 Absorption Spectroscopy
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CHAPTER 13

Gallium Edge Spectroscopy

13.1 Absorption Spectroscopy
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APPENDIX A

Fourier Transforms

A.1 Fourier Transform in Time
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APPENDIX B

Lehmann Representations

B.1 Lehmann Representation of L
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APPENDIX C

Numerical Convergence
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