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> Theory: independent particle approximation

> optic, joint, tetra ....
— Inputs / outputs, examples
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« Electrons respond, screening potential (V,)

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

/ Photon electric field \Screening potential
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» single particle eigenstates (IPA) I:Io ‘ nk )=¢ ‘ nk )

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

» general form of the potential \/(r):% Z VGe—i(q+G)r
q,G

» irreducible of polarizability: P:6_V
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- The screening potential V_ connects

to the induced charge density n by
Poisson equation

Ve=v(g+B)ns(q)
Definition of €__: VgXt:Z R VN
Y

€66 =066~V <q+G)PgG'(q' w)

random phase approximation (RPA)

S. L. Adler, Phys. Rev. 126, 413 (1962)
N. Wiser, Phys. Rev. 129, (1963)



Macroscopic external field V2 (q)=64 oV exe(q)

has no G dependence y _
P Vs t:Z €66V Vo:‘?ocl)VgXt
GI

with local field effects:

1

€00(q, w)

ey(q, w)=

neglecting local field effects:

ewl(d, W)=¢€y(q, w)=1-Vv(q)P,(q, w)



intra-band . *
nira inter-band

Inter-band intra-band
transitions transitions



Find g — O limit of P, use k:p method
(vk|p;|ck){ck|p;|vk)

P°(q»0,0)=4n )

2
veck (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
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vck

transition probability
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im Wi ’ “  character of the state

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
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(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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Refractive index n,,:\/|e,,(m)|+§){e”(zﬂ) k”(w):\/|6,-,-(w)|—i}ie--(m)
Reflectivity R (o _(m-1P+k
) (n+1)°+k;
Absorption ,-,-(m):Z(”/zﬁ(w)
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 ez7
0 Reexy O KK 0 Imexy O
—Re Exy 0 0 . —Im ExXy 0 0
0 0 0 0 0 0



@ Increase k-mesh !!!

compute momentum matrix elements with
optic program (x optic)

compute imaginary part of the dielectric
function with joint program (x joint)

use kram program for computing other optical
constants (x kram)



After running SCF, or restoring old run

* update potental (x lapw0) i
v

¢

v

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

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




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>
. Re <z><z>
7 Im <x><y>
OFF write not-squared matrix elements to file?

» case.symmat
(k| p;|ck)(vk]p;|ck)

o 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>




X joint, computes imaginary part of the dielectric tensor
components, and more

do the BZ integration (x joint -??7?)
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iInput

output

1

0
e
4
1
0

e case.injoint

18
.000 0.001 1.000
'

10.2

e case.joint

lower and upper band index
Emin, dE, Emax [Ry]

output units eV / Ry

switch

number of columns
broadening for Drude terms
choose gamma for each case!

0..

1..

bR wWN

N

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

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

_ _4rNe2 T Twl g
case.epsilon meqs(w)=—0 ww24T12)  ww2+T1?2)
case.sigmak 02
case refraction Re €,5(w) =1~ (wg’ff_g)
case.absorp
case.eloss 5 e2

pap =—55 3 [ dk Ul 8(ei—er)
[
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always check k-point convergence (use dense k-mesh !!!)



165 Kk-points
4735 k-points

4
1 © Experiment /
4 4 - 1

N . [electrons]

OI T "_ r  r 1 I+ 1 T T 1T T T
0O 10 20 30 40 50 60 70 80 90 100
Energy [eV]
« for KK transformation you need Im(g)in a wide energy range
EREUZBU%PT - ~f2€,-,-(0;) )d(”'
0 @O —w
* be aware that LAPW linearization breaks down for high
conduction states !!!
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W. Werner, et al J. Phys. Chem. Ref. Data 38, 1013 (2009)




» absorption (XAS)
* emission (XES)
e core-hole



» X-ray absorption (XAS)

—~ core electrons are excited in to a
conduction band

- each core shell introduces an
absorption edge, (indexed by the
principal number of a core level)

L, Lo
Ly

K

Absorption Coeflicient

Energy(eV)

Incident Photon Energy




[a—
N

o X-ray emission (XES)

- Knock out core electron,
valence electron fills core
level and hvis emitted

[
o

L
A

Energy(eV)
N

N

— total
— — d-eg —
— d-t2g




“Final state” determines the spectrum

« XAS - final state has a “hole” in core state, and additional e- in
conduction band. Core-hole has large effect on the

spectrum > E 1 E 1
E %

P F

W I / ' / o

« XES - final state has filled core, but valence hole, this is
usually well screened, thus one “sees” the groundstate.



* No core hole (ground state)
— usually not a good approximation (maybe in metals ?)
» Z+1 approximation (eg., replace C by N)

- also not very good
» Core-hole (supercell) calculations:

- remove 1 core electron on ONE atom in the supercell, add
1 electron to conduction band

- remove 1 core electron, add 1 electron as uniform
background charge, considers statically screened e-h
coulomb correlation

— fractional core hole (consider different screening)



2x2x2 supercell calculation, with core
hole in one of the Mg atoms. This
allows the conduction state to relax
(adjust to the larger effective nuclear
charge), but also to have static
screening from the environment.

core hole, no supercell:

Z+1 (AlO)

groundstate

Experiment —a—

MgO core hole supercell —
MgO core hole

AlD —

; MgO simple —

| 'l
5 10 15 20
Energy above Fermi [eV]

30



« absorption is proportional to the projected DOS (empty band)

2

WKIplek) s (o)

(Eck_Evk)

SEM((D):Z

A

. branching ratio (eg. L /L) is proportional to multiplicity of involved
core states (2p1/2, 2p3/2)

L.2,3 eldgel of Ca in Ca|F2 |
L L

<== plain DFT

“core hole” DFT
< (supercell with core hole on
excited atom)

346 348 350 352 354
energy (eV)

intensity (arb. units)




CaF

2 f
=
g §
H ﬁ
] L. 5 g L,
) 5
< ; %
& oy . % uj%%n
T S VT 356"’ gl
energy (eV)
ScF
=
©
&
o
402 ad

406
energy (eV)

404

absorption

energy (eV)

energy (eV)

£
= ‘% MnO
8
= ; %‘
y—c.é 1 .;: 2
TN
ocu® ‘ -
635 640 645 650 655
energy (eV)
= g FeO
2 g
3 :
2 &
5]
= § K
quq) ) ﬁ%%
“*705 710 715 __ 720 725
energy (eV)
‘?ﬁ T . T
g 08 LiCoO,
= $ e
= F 3
v—o g ES 2 DD
< g§ %o‘% %%n
GP 'Joac Do Oeqn e
o oou o 0 © 0 9o p@ I ‘
780 800 820 840 860



generate super-cell (x supercell)

Initialize SCF, define core hole/add extra valence
electron

run SCF
remove extra valence electron
execute xspec task in w2web

- calculate eigenstates (x lapwl -up/dn)
- calculate partial charges (x lapw2 -gtl -up/dn)
— execute x xspec

{;’OE;Q . ; |<I“§:}_q\;u?>|2 Dipole approximation




generate super-cell (x supercell) +

f initialize SCF, define core hole/add extra valence electron

run SCF —> remove extra valence electron

\J

execute xspec task in w2web
- calculate eigenstates (x lapw1 -up/dn)
— calculate partial charges (x lapw2 -qgtl -up/dn)
— execute x xspec

Dipole approximation 8(2_59 oC ; |<I ‘gf_é‘ F >|2



XES

NbC: C K
2

1

0
0,0.5,0.5
-20,0.1,3
EMIS
0.35
0.25

0.3
AUTO
-7.21
-10.04
-13.37

(Title)

( atom)

(n core)

(I core)

(split, int1, int2)
(EMIN,DE,EMAX in V)
(type of spectrum)

(S)

(gamma0)

(W)

(band ranges AUTO or MAN
(EO in eV)

(E1in eV)

(E2 in eV)

XAS

NbC: CK (Title)

2
1
0
0,0.5,0.5
-2,0.1,30

(atom)

(n core)

(I core)

(split, int1, int2)
(EMIN,DE,EMAX in eV)

ABS (type of spectrum)

0.5
0.25

Details in user guide

(S)

(gamma0)



« X-ray magnetic circular dichroism (optic program)

— +12 .
2 (‘U)O(wail Sy = Loy = o) Independent particles

approximation
D?:Gi'(wflplwﬂ €41 = €Ex T 1€y o

XMCD Cel XMCD

Intensity [a.u.]

oo
/ﬂ%;.r

——Theory
- Experiment

-10 5 0 & 10 15 20 25 10 -5 O &5 10 15 20 25
Energy [eV] Energy [eV]

L Pardini, et al Computer Physics Communications 183 (2012) 628—636



» X-ray magnetic circular dichroism (x optic)

- case.inop

Sieieielelg
-5.02.0 18
XMCD 1 L23

OO RWN O

FF

: NKMAX, NKFIRST

: EMIN, EMAX, NBvalMAX

. optional line: for XMCD of 1st atom and L23 spectrum
: number of choices (columns in *symmat)
Re<x><x>

Re<y><y>

Re<z><z>

Re<x><y>

Re<x><z>

Re<y><z>

: ON/OFF  writes MME to unit 4

— conduction states are calculated with SOC

— Core states are calculated with Icore program (atomic

Dirac solver)



« X-ray magnetic circular dichroism (x joint)

19999 8
-0.0000 0.00100 2.0000

XMCD

-49.88 -50.80
1.6 0.6

10.10.3

: LOWER,UPPER,upper-valence BANDINDEX
: EMIN DE EMAX FOR ENERGYGRID IN ryd
: output units eV / ryd
: omitt these 4 lines for non-XMCD
. core energies in Ry (grep :2P case.scfc)
. core-hole broadening (eV) for both core states
. spectrometer broadening (eV)
: SWITCH
: NUMBER OF COLUMNS
: BROADENING (FOR DRUDE MODEL - switch 6,7)



« ELNES vs XAS

Electron

momentum transfer q

X-ray
¢ (wave vector)

€ (polarisation vector)
i .

Y

sample

\_‘ |—/ Detector

%,

vo e (1

OF 77
polarization vector

e GR|F)




* Within the dipole approximation the momentum
transfer vector in non-relativistic EELS plays the same
role as polarization vector in XAS

* telnes3 program also handles non-dipole transitions
and relativistic corrections

See details in users guide



e detalils of the band structure matter

- band gap problem
* Independent particles approximation, RPA
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