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2 Theoretical Background

2.1 Density Functional Theory
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2.4 Linearized Augmented Planewave Method
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2.5 Local Orbital
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2.7 Relativistic Treatment

Uger; » @ (17) x s w ws rooan ™MW W » j pwmow ros

Uger » @« (1) xr s w ws »S aqu wm W xr wm [ pwm w

WP wNgx we WS x x r W r e W™ x » s
»r wmx wr X pr s W » X WM s X W j MR w
x wpr  wNg srp ™ srwmgS mwm r s[ 1 1]

2.7 Relativistic Treatment

s pr S S wss wr e wg rr S ff - spr wor spwm x
wp wg S ¥ x pr S srp » TR STy wr W™ i 20 IS
MR WX S SPp S n RNnRg ms T s xwmgp ™ xm xpr =g

s ff s » S mrmwm  xr s » R W »mS wm oaqu W

» W OSSP WP RRMS Tr g WoP AR W CIS no s eu w»

» r WS

Z ﬁoa’(k>\1/nka’(r) = 6'rLk\Ijnko(r) ( 1 )
a'=1{

r Uuko(r)r pr s ms oSpR WP WW WP WM SPR X we w
Uok(r) = > Yok (r)|0) ® €nx s rrspwm o mg mS m ogwm ow T w
oo rﬁwf(k) ®ow S s rrx s (S) wmr w ws w spmw x

wp wg (S ) wwa[ ]

H,o(K) = 050 Hy (k) + H3, (K) ()

] RS WR W . ® s s ™ ppr S » »

IR ] ™ Sty o wr .1 RS B Xpr WX s ff s[1]T s m S

room x . 2O < BED N Ry » s m S uss m

ng S S CH

2.7.1 Non-Perturbative Treatment

T mwms =« mORMPrWm P WS wr e s wng &« ( 1)s n oW
»rour (P)r mmn T sm » S x g W znNg o P R w
MW omg W «( ) «x r ®Wg S rr s s W S 3.5}
nownoqu ne » now N SpR WP MRS X owg W u »
S Z sss ff W s wapx SPR X SK s rx S
o m rwmlN, 2N, ss ww ws rem SS Wm Mg SIS
SpR WP M WS NS qu W P » S & " zZwg nS m
moR W » s s 1 sss sz mr sssgnfi m
e W O((2N,)?) = O(8NP) »r g ms wr r mwmm S
S &  mwmpu » R R P o wSs 1pr r o re X WP

s s ms[1” 1]



2 Theoretical Background

2.7.2 Scalar-Relativistic Treatment
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2.7 Relativistic Treatment

» s xj m wp S s s(N )r m w » )
mawa x wwm ww S s s(Nuy ) r ws eC| ss x S s p T
nous w wp s SS wWmoru roowr purng ff s w rom
xR rx @ WS S Ss m s S r gm enm w pr wox
pwes »  fi wsCy,
Z<\I];ka’ﬁoa’(k)‘q];’ka’>clsca’j/n = Z<\Ij;ka’\1];’ka’>cls<a/j’n ( 4
o'j! o' g’
T wpr W s s s pprwr s s s ON?) + O((2Ns )?) r
Ns =N + Ny s Sz S gwmnwum wmsusp ws W S ™ s p»
Ng <Ny, sm » sgnfi m mrx fi w » P e [ 17 1]

2.7.4 Second Variation with Local Orbital Method

Sp P » ngs S m TR W S S ®s px s w
s ®r W r ®m S S ST wg wr x S swa P rowr »
» s S S g W rg W S m Me reaur W oW W M S
we  wp S s s Ny =N,—N m wglNs ®p x Ny T s mwms s

vpu wn fiom g wm  x P Tar rma s ®m r S m
r mgs »S g W oum nS WL W fl »oug o XK s m

ng S W W om X rmow S oW ox x x s
®or R “r s r s ws s x » x s (S )
m swmr ow [ ]

T wm wamw S S now Sss ws W s w x nos®

» now Ng X s m » S gwmwuw wms T spr ser ¥

x mox % Sp r sr wgS ff s r St we Z W x

LA YT T S »x wrw U S S

1 %xs s w S m S »S wm au w( 1) ss us Ng

() P Ss S gmuw  wsU, (r)( fim » «( )
T ® X P®W® W ssu ® % WwNgS g mwWm WS g m
s R W WS I X W r W S gmuwm wsws W S
ssT srsusnmm fi * we  ws WO (r) xR T noow
() P rooox
Vo (r) = D Ciogjdaix(r) ()
G
» » SSS r s ™ x ®m S PSS Mm wWSrM " RN
swm fi S gwmum ms \Tl;ka(r) rgm s r s ¢,(r)
(m « wgs » « s mp W x » S s swss WS » T

11



2 Theoretical Background

S spw T we w0 (r)s m prss s
s _ Z ST Z S
\I/nk (r> - Ckcrjnqjjka(r)’0-> + Cko-unqb#(r”g) (
] oy
S
ng S nUw X ss ww  ws N, (us  w s msp x S
CIEN w s w wp x
N + N, xS
S ( ) - L)
Ny L) = (
N + Ny +N ©S
» 1 ®S Ny s Y noprm x m S n rg x
" sT S " was n rg W waw s Ny
» mus »m N » s x » x s x SW mama X
S®™m spPpr wrx x » s wr PUr W X RE WS T s
x S " » ® o rg W waw S T w » roowx
» mom owm S m S rT® xS sr wngS x s
mrx rmawm wmosp i wmsra 0w s »S L » x
» []
2.8 Many-Body Perturbation Theory
s Suwm owm T r ( "T)pr swmnfi » srp®p »m gruw s
r o Swmur nSs W rom- ®mox ® T OWS W TR
noow P x wr T x ( PT)wusng st W oW W or now
wm ff r om— o [1 ]
2.8.1 Screened Coulomb interaction in MBPT
T » PT au » » R XRg W P el I sr m % W
mox n W fim T oug ®m xS r o wwm moswm oa( 1) mpr
s wm W(w=0)s mp rm rgmwsp r [ 1] » x
-S» r aqu wn(S) mox m IR swus W s m r s W
®p s 0w
K = Kdlr + K:E’
r K9 s »  x o xwmaW o om K% s xopus ®g W WS ru
r w T W W mox ® U [ ] T s %P S muwm r S ™ m—
m o omowmw fis Sg" M WM RS W W nus 0w wg S KR
[1] sgn ®m wm ws rKW m K » ffraw rowr X
noww s [ ]



2.8 Many-Body Perturbation Theory

SwuS w W ®mg S S m S rom x X S Xroxm roug W
() L I IR N »owr K=0() rm mp s ppr m ®Nr nwng
fi ff s K* s wg KW =0 » () u s wg S » u wng
Kd » K* »urs  ww ws mom or g wms mws[ ]
wox WS mgr WS r S w» rwg K » K% x 1 us ng
Spw we  MS WSS W S roOom W W » P W W w[ ]

T W r r s » o) r fi S wm W W g W s
r o wpcwr o s[] » m XrSp ws x x sp wmwm fi
D(r,w) » m x sprpr wm v} e r i E(rw) T
PR oW S rva M r ws xey;(rr,w) s fim s
_ 3. / /
Di(r,w) = /d r'e;(r, v, w)E;(r,w) ( )
S S qu w » WS X M Xx Sp ms S S m 4 r W oe
morowr » T rOmMS X SWSM X rww ®  rWas ® rz W
we  m Pj(r,r',w) srm W e W re WS WX SP WS
m » T m xs r o WS x e;jl » Ppr ss W rwas » rz wnb;
» roowwm o mor mu(r—r') s
—1 / _ / 3.0 " 1/
€ (r,r,w)—éijé(r—r)—l—/drvc(r—r)R-(r,r,w) ( )
sus w XS S wWas Mg rWS M S MWL X SM S XS S IrWS Iwm
r WS T x px S| Swr or orows rwa T r WS T WX SPp
w r ™ W rws sTur r W WS Eige(qw) r qs T
m  firs r wwzwmn w» GG rr pr rs
/ _ 1 i(q+G)r —i(q+G’)-r’
€i(r, 1’ w) = Q e €j,aa (q,w)e « )
q GG
r Qs awwa we
T m rs p roowm mey(w) s moor® s mrSsS P W™ S
usw s r (G=0,G'=0) mn ®m TS rowar W
ne e m (q—0) T mwmgmr pr ey(w) ssr g r x e
» SXP WMSP rXUWA W SKX P X ST SP WS r sprs mowm xfl »
fff s faxr rmar mwmw r sr nwng ff osw Ly I rom
nox » » g M r S S X i 2R x® Xz X WS
m m r T ss s » W SR wwm owor wW(rrw)



2 Theoretical Background

( W o W x MU W ® xS

Wir,r',w) = /d3r”61(r, " w)v.(r" — 1)

x W s m ssw ner W

mox ns S [ 1]

s 2

wn
=
=

2.8.3 Bethe-Salpeter equation

"e r W8 Wmg S W rs P sty w » T sp WS wax
» x 0] S ws sr Pr wr s s ms
T » P X Sm x st » 8 L X S r wsw L w
NS qu S ¥ s r u oW WX » » TR W
X su wg » S IO NS N b PPr WA WS RIA »
s rm mox mS -Sp» rau w(S)s L)
x neg S M X ns W X oox xS W PT «x S W
» ms[]T S s »r S r wmgr au ®m 1 W W
mrS wg g s » mrg sO w X s » ww
mp o sAN, ™ s v owm ocox oW Y WM WM W S TSP k
S r ™ AS ® S » T S sw il ne
» g™ wu pr "
Z H'chk,v’c’k’Af)\’c’k’ - Q)\A’L)}\Ck ( )
v/ 'k’
‘ Eclf » Evlf » Ry R W » ® oauSpr mrXg S W
»r w@ o ®S T ppr  wma r . ST mS wma wmrg s rwg S SSX
xx T s w»  xow Kykpok S mox mOTM W TP S WS x
S sw sp S X m nox »n T o)
nr oW WS

» wPr S S

chk,v’c’k’ = Kvéi(,v’c’k’ + chk,v’c’k’

r o sr m w ow W ox »ow w

(rw «a( 1) rsp ws x » »m wg T s »m K s o TS x
U] ng WM X MU, rswmg rmwm P us WPrw P s s rwm

S UL x S ne i) nSp  wNg W

X o sr w m
nWMrXg S M gm

R XS M Wg » rspws [ 1]

14



2.8 Many-Body Perturbation Theory

2.8.3.1 BSE Hamiltonian

Ss nw oa( 4 S M O®m WS ¥ WS S g " R oW W
nORRoX m W
HBSE _ f{diag + [A( ( 4)
T gnm Pr s Qu sy wmrg fFrwm s
Frdi p P
(H lag)vck7 ok 6””, 680/ 5kk/ (Etg( - E'L?k ) ( )
T » x m I8 sus  W S ™ x s R W wmp s W[ ]
K _ Kdir + K= ( )

2.8.3.2 Independent Particle Approximation

8 r mox noom K S swmp fis nopRow
P r (P) mpr wm = x » wrg s r ws noow W
P hod
» oauspr wrg fFrm sQ =FE —E, T s s we  r o oww
®m s s «uspr gP ™ mS S S ® W™ W™ WS
» sp ruwa  wsw  xs wm oswm wmow rxs[ 1]

T rm mox » m K s ra ner M W nopprpr
sxm w » -Sp» r© au w»(S) ppr ®pPrs s W x
x ma K T om x opus g K T x RS W rwm Sr W
oW W ox n W oswm a( 1) mox WS

Kka,v’c’k’ == Z (Mc?quk(_co)* WGG'(q;w = O)Mfl;’,c’k’(_q)7 q= k' —k ( )

G,G’
MG (@) = (Ve @DV ) 1o W W x m S »
s s » Wga(qw=0)s s sx m wow W oT ®oRr o wr s
m ORrS g () s s rgm w rowowmop m v(r; —ry)
NS WP X oW S x x® sSwg noSp  wg W S » st W
wp sSm W Sp W S wg RS AR MR SN mor s S ng W
ros
Kowrene = 2 Z (M (k= K)) ve(k — K + G) M 5 (k — K), C )
G
r v.(Q) s oar roxr mS W rooowwmpe o »  []



2 Theoretical Background

2.9 Optical properties from the BSE
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3.3 Assembly of the interaction kernel and effective Hamiltonian
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4.3 Optical Spectra
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4.4 Exciton Energy
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