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 Basics, formalism
« What, how?
- optic, joint, tetra ....

— Inputs / outputs, examples
 Beyond independent particle approximation

- The Bethe-Salpeter equation



* iIndependent particles approximation (IPA)

e |ocal field effects
e matrix elements of momentum operator
e dielectric function, dielectric tensor



« photon propagates, external potential (V)

» Electrons respond, induce screening potential
(Vs)

V(r,t)=V_.(r,t)+V _(r,t)

.

External potential Screening potential

ext
VG — Z Stelel VG' dielectric constant € __
GI

* Dielectric constant (function) contains all
Information about the response



» single particle eigenstates (IPA) I:Io ‘ nk )=¢ ‘ nk )

> Time dependence in the linear regime: V..,V _, N~ e

» general form of the potential V(r):l Z VGe—i(q+G)r

» Definition irreducible of polarizability: P:S—C Ve=v(g+B)n.(q)

n(;(CIr w>:; ng-(q, (D)VG.(C], w)
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€66 =066~ V(q+G)Ps.(q, o)

random phase approximation (RPA)

with local field effects: ex
Ve t(Q>:5G,oVext<Q)

ext __ __—1,/ext
Vs _ZEGG'VG' Vo=tV
GI

€50(q, w)

en(q,w)=

neglecting local field effects:

ew(d, W)=¢€y(q, w)=1-Vv(q)Py(q, w)



ew(q, w)=1-v(q)P,(q, w)

Free electrons:
the Lindhard formula

Bloch electrons:

inter-band

intra-band

e(q,w)=1-lim

(g, w)=1-lim

nt
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T EF
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inter-band



With k-p method we find g — O limit of P
(vk|p;|ck){ck|p;|vk)

P°(q»0,0)=4n )

vck (Eck_gvk_m>(8ck_8vk)

The expression for calculations of single particle excitation spectra
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Key quantity is the momentum matrix (optic program):

(VK| p;|ck)



\/{/ joint density of states

~~~“/)l~' l 26<8kc_8vl<_w)

vck

transition probability
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Y. (# re S The character of the
\sz Im ( )Yim (%), % state is hidden here

Vo(W(r)Yim(t)) = FE(ZW)W-I— (r)Y I+1,m Derivative of the
(r

0 wave function in z
+EZ(Im)W_(r)Yi—1,m direction
o [
Wi(r) = (%W() T‘W(T)
W(r) = S0+ lw)

or r



(vk | p|ck)~Q,, (WH W)

e L character of the valence state couples to L-1 or L+1
character of the conduction band
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triclinic

monoclinic (a, B = 90°)
orthorhombic
tetragonal, hexagonal

cubic




Dielectric tensor

Re; ;=0

16 t°

Qw vck
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Optical conductivity

ij Tt "2 —on
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mo—ij(w):ﬂ‘jeij(w)

Refractive index n,-,-=\/|e,-,-(m)|+9{e”(2£) /<,.,.<w):w€~<w)|-%<w)
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Loss function L (0)=-3(—)




e Cubic, no SOC

Im exx 0 0 KK Re exx 0 0
0 Imex O — Reexx O
0

0
0 Im exx 0 0 Re exx

* Cubic, with SOC and magnetism along z

Im ExX 0 0 KK Re ExX 0 0
0 Im exx 0 0 Re e 0
q XX
0 0 Im ez7 0 0 Re ez>
0 Reexy O KK 0 Imexy O
—Re Exy 0 0 . —Im ExXy 0 0
0 0 0 0 0 0



 Run SCF (to get converged density)

* Generate potential (x lapwO0)
* Generate dense k-mesh (x kgen)
» (Generate eigenvectors (x lapw1 -??72)

» Generate Fermi distribution (x lapw2 -fermi -???)

e Calculate momentum matrix elements (x optic -???)

(VK |p;|ck)(vk|p;|ck)

e compute imaginary part of the dielectric function (x joint)
* (x kram) for computing other optical constants



e case.inop

800 1 number of k-points, first k-point
+— -50 5.0 energy window for matrix elements
8_ 3 number of cases (see choices)
c 1 Re <x><x>
N Re <z><z>
7 Im <x><y>
OFF write unsquared matrix elements to file?

» case.symmat
(k| p;|ck)(vk]p;|ck)

e case.mommat (ON)

(vk|p;|ck)

output

Choices:

1...... Re<x><x>

2......Re<y><y>

3...... Re<z><z>

4..... Re<x><y>
3......Re<x><z>
6......Re<y><z>
7......mM<x><y>
8......Im<x><z>
9......Im<y><z>




e X JoINnt, computes dielectric tensor components

4?1'8

Ime,;(w) = Zfdk (cie|p® | vie) (v [PP | k) 8, —Ev —w)

Switch:

e case.injoint

— 118 lower and upper band index
- 0.000 0.001 1.000 Emin, dE, Emax [Ry]
8— ev output units eV / Ry
-— 4 switch
1 number of columns
0.10.2 broadening for Drude terms

choose gamma for each case!

e case.joint

output

0..

1..

ok W

N o

JOINT DOS for

each band combination

JOINT DOS sum over

all band combinations

..DOS for each band
..DOS sum over all bands
..Im(EPSILON) total
..Im(EPSILON) for each

band combination

..Intraband contributions
..intraband contributions

including band analysis




e case.inkram (metal) e case.lnkram (semiconductor)

0.1
0.0

1
12.6
0.2

Input

output

broadening gamma 0.05 broadening gamma
energy shift (scissors operator) ~ 1.000  energy shift (scissors operator)
add intraband contributions 1/0 O add intraband contributions 1/0

plasma frequency
broadening for intraband part

Intra-band contribution
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always check k-point convergence (use dense k-mesh !!!)
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e for KK transformation you need Im(e) in @ wide energy range
' \se, (")
R €ij= l/ T Pf : 2 do'

(D—(D

* be aware that LAPW Iinearlzatlon breaks down for high
conduction states !!!
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W. Werner, et al J. Phys. Chem. Ref. Data 38, 1013 (2009)



* Hybrid DFT (thanks to F. Tran in wien2k)
H-F Exchange energy included into KS theory

]' (03 a a0 ® a
EM = _EY: Y whwd fQ f Yo ()Y O (1)

& Gl rystal

x v(|r — ¥ DY DY dr'dr,

F. Tran, P. Blaha PHYSICAL REVIEW B 83, 235118 (2011)

* GW method (available for wien2k)

I 1 _ 1 1
ﬂfd(o G(r,r,o—w"YW(r,r', w)

e =Ene —(NK|Z (e )=V Ink )

Self-energy  2(r,r',w)=

M. S. Hybertsen and S. G. Louie, Phys. Rev. Lett. 55, 1418 (1985)
M. S. Hybertsen and S. G. Louie, Phys. Rev. B 34, 5390 (1986)
R.G

omez-Abal, et al, PRL 101, 036402 (2008).



» Effective functionals (mBJ, F. Tran)

F. Tran, P. Blaha PRL 102, 226401 (2009)

(1) = cuBR(r) + (3 —2)— ‘/ ; ‘/Mr)

m V12§ p,(r)
1 |
BR — e N X AT
i () e (1 e 2).:U(r)e )
* scissor shift

QP _ LDA E —-E
Eck TEak — Agcissor <Vk|p|Ck>QP: ECk_g L <Vk|p|Ck>

0P LDA ck “vk

vk = vk Je(w)=Te(w—A)

non-locality of the self energy
operator or scissor shift



hV[ p(r)=W (r)w:(r)
h
Y (r —‘e— V Y C
p(r)=w,(r)¥,(r)
pc( J#p, (1)
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— WienZk calculation

5 Experiment (Benedict
PRL 80, 4514 (1998)




 excitation is a two-particle process (electron-
hole pair is created)

L(12,1°27)=Ly(12;1°2°)+ [ d(3456)x T -
L,(14;1'3")K(35;46)L(62;52)

equation of motion of two particle Green's function ‘

 BSE is simplified into a two particles eigenvalue equation (in a
basis of valence (vk) and conduction (ck) states)

(EC_EV) A1}z\c+z ch v’c’(Ek)Aic':Ek Afc
f / V,M ‘e\xcitation

: d
band energies K=V"+WwW energies e-h coupling coef.
interaction kernel



Exchange:
eV (B )l )= [ drdrpX(r)w, (r)o(r, #)w, (7)) e (r)

Direct term:

<vc|Wd(Ex)|v’c’>=Idrdr’wi(r)wc'(r)wv(r’)w?Mﬁfdwe"“’”W(r,r’,w)

X

1 1
+
E,—w—(E,.—E )+iO" Ex+w—(EC—EV)+i0+] i
screened e-h

interaction
Usual approximation valid for: (E,—E )~E,

e (E)v e V=] drdr ¢} (r)p. (r)w,(r )9 (r )W (r, 7", @=0)



macroscopic dielectric function

)= 2

(Ex—hu))

> ek

vek

oscillator strength are proportional
to coherent sum of the momentum
matrix elements
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LiF (BSE)
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— Wien2k calculation |

another PW calculation

experiment

20 22 24

16 18
o[eV]




 BSE Is computationally very expensive

« available upon request
rolask@ihpc.a-star.edu.sg
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