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Real-time Approaches for Optical and X-ray Spectra

Goals: Real-time response

Talk:

* |. Linear & Non-linear Optical Response RT-TDDFT
* |l. Real-time core-level XAS

* [Il. Many-body Effects



Experiment vs Theory: Fir spectrum
Optical - X-ray Absorption Spectra
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Question: how to calculate the response in real time??



|. Real-Space & Real-Time
Linear and Non-/linear Optical Response

o Difficulty: frequency-space
IS computationally demanding
too-many excited states

* Strategy: extend RT-TDDFT/ SIESTA *

*Sanchez-Portal, Tsolakidis, and Martin, Phys. Rev. B66, 235416 (2002)



Approach |: RT-TDDFT

THE IOURMAL OF CHEMICAL PHYSICS 127, 154114 (3007)

Real-time time-dependent density functional theory approach for
frequency-dependent nonlinear optical response in photonic molecules

Y. Takimoto, F. O, Vila, and J. J. Rehr"
Department of Physics, University of Washington, Seattle, Washington 98105, /54

(Feceived 11 July 2007; accepted 4 September 2007; published online 19 October 2007)

We present ab imifio calculations of frequency-dependent linear and nonlinear optical responses
based on real-time time-dependent density functional theory for arbitrary photonic molacules, This
approach is bassd on an extension of an approach previously implemented for a linear msponsa
using the electronic structure program SIESTA. Instead of calculating excited quantum states, which
can be a bottleneck in frequancy-space calculations, the response of large moleolar systems to
time-varying elecric fields is calculated in real time. This method is based on the finite field
approach generalized to the dynamic case. To speed the nonlinear caleunlations. our approach uses
Ganssian  enveloped quasimonochromatic  extermal fields. We  thereby obtain  the
frequenc y-dependent second harmonic generation @1—2es e, e), the dec nonlinear rectification
B0 —w, ), and the electro-optic effect B(—w  w,0). The method is applied to nanoscale photonic
nonlinear optical molecules, including p-nitroaniline and the FTC chromophome, ie., 2-[3-Cyano-4-
(2-{5 2-(4-diethylamino-phenyl)-vinyl] - thiophen-2-¥l] - vinyl)-5,5-dimethyl- 5H-furan-2-ylidena]-
malononitrile, and yields results in good agreement with experiment. © 2007 American Tnsiifule af
Physics.

[DOI: 10, 106371.2790014]

J. Chem. Phys. 127, 154114 (2007)



Real time L/near Response

op(t) = p(t) — [ip Induced Dipole Moment

opi(t) = [dt'x; ><t - B

Xzy )(w) = 5p@(w)/E (w) = Qj (w) Linear Response Function

€4 (w) =14 47N, j (w) Linear Dielectric Function

o(w) ~w({a(w))/E(w) Optical Absorption
11



RT-TDDFT Formalism

® Yabana and Bertsch Phys. Rev. B54, 4484 (1996)

1
’Laa—\:: — H(t) ) H = —§V2 + Vert(r,t) + Vi lpl(r,t) + Vaclpl(r,t)

® Direct numerical integration of TD Kohn-Sham equations

W(t) = T exp (—z’ /O : H(t’)dt’) W(0)

® The response to external field is determined by applying a
time-dependent electric field  4H(t) = —E(1)x.

® Optical properties determined from total dipole moment:

p(t) = [ p(r,t)r dr

MORE EFFICIENT THAN FREQUENCY -SPACE METHODS !



Numerical Real-time Evolution

Ground state density p,, overlap matrix S, and H(z) at
each time-step evaluated with STESTA

dc(t)

ot
Crank-Nicholson time-evolution: unitary, time-reversible
Stable for long time-steps !

1 —iSTTH@) AL/2
14+iS—1H(@)AL/2

Coefficients of Orbitals

1

— S~ g () e(t)

c(t 4+ At) = c(t) + O(At?), t =t+A412

Adiabatic GGA exchange-correlation (PBE) functional
10



Example: CO Linear Response

p_(t) response due to applied E (1)

® Delta Function
(Unit Impulse at t=0)
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Nonlinear Polarizabilities

P=xWVE4+v@2E24,CB)E3 ...

® Second order nonlinearities

w3

Two

w3 w3

X(Q) (—2w;w,w)  Second Harmonic Generation (SHG)
X(Q) (O; —W; w) Optical Rectification (OR)

X(Q) (_w; Ok w) Electro-Optic effect (Pockel’s effect) 7



Extraction of Static Nonlinear Polarizabilities

® Standard technique: static nonlinearity

pi = 1 + i By + Biji BBy + i By Ex By + - -
Finite-difference or polynomial fitting p,(E) e.g.,

Bijj = [—pi(=2E;) + 16p;(—E;) — 30p;(0) + 16p;(E;) — pi(2E;)] /24 E7

16



Real time Dynamic Nonlinear Response

®* The nonlinear expansion in field strength
P=xWOE 4+ @24 ,B)E3 4 ...

® Accounting for time lag in system response

P = p+ fat (P~ 1) ()

t [dts fdto xG(t— t1,t — 1) Bj(t1) Bi(t)

3
+ [dty [dta [dts XSt — t1,t —to, t — t3)E;(t1) Ey(t2) Ey(t3)

¢ How can we invert the equation to get nonlinear response function?
15



Dynamic Nonlinear Polarizabilities

* Set E(1) = F()E; and define expansion p,1)
pi(t) = -I-pz(j )(t)E —I—p(2)(t)EjEk 4+ ...

where p yields linear response, p first non-linear
(quadratic) response, ....

* Quadratic response (@

P = [dts [ty xG)(t — t1,t — t2) (1) F(t2)

17



E(®)

Dynamic Nonlinear Response with
Quasi-monochromatic Field F 1)

®* Sine wave enveloped by another sine wave or

16
|

14[ | ' XXz —
yyz
L

| ﬁFgaUSS(t) = sin(wt)eXD(—l(t tc)9)

FSNe(t) = sm(wt)sm(wlt)

p\zv TR

0 5 10 15 20 o 5 10 15 20

Time (fs) Tiene¥s) Tlme (fs)
o S ' l 20 | = \\ \
(2)( 5 ) = 2m P@J k (QWO) SHG Linear and
wQ; W, W .
Xijk 0: 0,0 IAAdw’F(wo —W)F(wo+w/) 20 Nonlinear
v - (2). v response
(O —wo, wo) = Wp?’jk (O) of CO
wk " f dw’F* (wo —|— w’)F(wo —|— W) N OéR ] 1

Frequency (eV) Frequency (eV)



Example pNA: Nonlinear SHG

Comparison with other methods

3000 —
Real-time 5Z4P
PBE
2500 B Real-time DZDP
— EFISHG in 1,4-dioxane +—SgF— -|!-

g 2000 | EFISHG in gas phase -—V—- EXpt
~
@ TDDFT OCTOPUS =+ -

8" 1500 B3LYP TDDFT  [-] ay
(% cesb [ - .
\lé 1000+ TDCP HF - |
anl

500 EFF—+F

0 0.2 0.4 0.6 0.8 1 1.2 1.4

25

Energy (eV)



Core-level x-ray Response

1. Time-correlation function approach
2. Dynamic response: adiabatic vs sudden

3. Many-body corrections



|l. Real-time core-level XAS

Local time-correlation approach for x-ray absorption ape-:tra*

J. J. Rehr!

'Dept. of Physics, ['niv. of Washinglton Seattle, WA 98185
[ Dated: Aungust 12, 2010)

We present an approach for calculations of core level x-ray absorption spectra bassd on local
time-correlation functions of the response function, which is formally eguivalent to a Fermi golden
rule calculation. The approach is implementsd in a loml orbital bass uwsing a Crank-MNicholson
time-svolution algorithm and projector augmented weore [ PAW) atomic transition matrix elements.
st rative calculations are presentad based on a real time extension of the SIESTA code.

b w) = %Rﬂ J': T e G () () R 008w + €. — Ep).

4(0)) = dlb)

* UW pre-preprint Aug 2010
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Shifted DOS and XAS (Arb. units)
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I1l. Many-body Effects

Dynamic core-hole screening algorithm

PHYSICAL REVIEW B T3, 075402 (2006)

Dynamical core-hole screening in the x-ray absorption spectra of graphite, Cg,. and carbon
nanstubes: A first-principles electronic structure study

O, Wessaly and O, Eriksson
Depaniment of Physics, Uppsele Usiversity, Box 530, SE-75121, Uppsala, Swederm

M. L. Katsnalson
Instiwmte for Molecwler and Marterials, Radhoud Usiversity Nijmegen, NL-6525 ED MNijmegen, The Metheriands

(Received 14 Septamber 2005; revised manuscript received 23 Movember 2005; published 1 Febnaary 2005

F
Al =iTr ¥V r d | i geper,),  (9)
a —_= W

ala Nozieres & De Dominicis
whem &(e.1) can be found from the matrix integral equation

HeN=1+ "r’f % Im g™ e )L (e.e,.0@0 g . 0).

F
I{w) ~ Re Jr .ﬂf — gtbo—reahiai-i] I(e,.0) — 74 (e,1)
Q T w = :

L*(e.&0.1)
£ —E

x 2 i Im g*(&ple. 0]y (8) = gtk

i Hed=1+V Im G®(g;).  (10)

= W E—E

Also: Grebennikov, Babanov and Sololov, Phys. Stat. Sol. 79, 423 (1977)
and Privalov, Gel'mukhanov & Agren: Phys Rev. B 64, 165115 (2001)



Intrinsic Satellites
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IxsoTume or Peysacs Previsso Jormeal oF Prorscs: Cosoessen Mamm
1. Phys.: Conders. Matter 15 {2003) 25732585 PII: 80657 EBaE 03150457 6

Many-pole Self-energy Algorithm:-

Electron self-energy calculation using a general
multi-pole approximation

J A Soinimen’, J J Rehr! and Eric L Shirley®

! Department of Physics, University of Washingtor, Seattle, WA 95195, US4
2 Dptical Technolesy Division, Physics Laboratory, National Instinbe of Standards and
Technology, Gaithersburg, MD 20899, U154
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Figure 5 The speciral function for 5i at the T poict. This rzsult wee calculated using o 1.0 2¥ A . . .
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Many-pole Self-energy Algorithm=

Plasmon-pole model many-pole model

-Im &/(w) Many-pole Dielectric Function

~ z:igig(m'@i)

Many-pole GW self-energy X(E)

*J. Kas et al. PRB 76, 195116(2008)



Example: Many-pole model for Cu

ab initio g=0 loss function E Sum of single pole
Im &£ Hw) self-energies

http://leonardo.phys.washington/feff/opcons

1.2 v v v
FEFF8 opcons (M. Prange)
Experiment ———
1F .
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0.8 f
i) Cu
£
0.4 f
0.2 f
0
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*J. Kas et al., Phys. Rev. B. 76, 195116 (2007)



Extension to: Extrinsic and Intrinsic losses:

Qu as | -bOSO n MOd el PHYSICAL REVIEW B, VOLUME 65, 064107

Interference between extrinsic and intrinsic losses in x-ray absorption fine structure

L. Campbell,1 L. Hedin,2 J.J. Rehlr,1 and W. Bardyszevvski3
'Department of Physics, University of Washington, Seattle, Washington 98195-1560
 Department of Physics, Lund University, Lund, S22362 Sweden
and MPI-FKF, Stuttgart, D70569 Germany
3Department of Physics, Institute of Theoretical Physics, 00-681 Warsaw, Poland

Energy Dependent Spectral Function A¢kw)
6.0

| Question: How to

A(k,w)

extend theory to

2.0

real-time approach?

0.0




Quasi-Boson Theory of Inelastic Loss*

Excitations - plasmons, electron-hole pairs ... are bosons

Many-body Model: |e”, h , bosons >
e Excitations: H, = EﬂwnaLaﬂ
e Electrons: h' = E;:E;:GLG;:
e e-boson coupling Vi, = X 1w [Vg}zﬂ;f]_ + (Vﬁ:]*aﬂ] cle

e Core-hole-boson coupling: V,. = —X,Vi} (af + a,)

“GW++” Same Ingredients as GW self-energy

V" — -Ime¢l(w,q,) fluctuation potentials

*W. Bardyszewski and L. Hedin, Physica Scripta 32, 439 (1985)



Effective GW++ Green’s Function g ()

L. Campbell, L. Hedin, J. J. Rehr, and W. Bardyszewski, Phys. Rev. B 65, 064107 (2002)

2

guf@= €7 |g/(@) + T () ¢'(w — wn) — 2801Bg (@ — wa)V g ()

t\/vvm/<+ mvm< - :vvvvv< - :vvvvm<
\W -
Extrinsic + Intrinsic = 2 X Interference

Damped gp Green’s function ¢ (W) =lw—h—-3(w)+iy]™?

Spectral function: A(w) =-(1/x) Im geﬁ(a))
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