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IMPRS-UFAST focus course “Time-dependent density- S
functional theory (TDDFT) and Many-Body Techniquass’d‘

Time dependent DFT

1) Spectroscopy
2) Real Time dynamics
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OUTLINE mpsd OV

sIntroduction:
~ Framing the lectures:
~ Excitations; response concepts

lllustration: Some applications
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Time and size

Predictive
modeling and
simulations must
address all time
density- and space scales

functional

Setting up the stage
scales for REAL systems

Continuum Equations,
Rate Equations
and Finit_e Element

WFunction-
based methods

DFT methods/
Ab initio MD

Parameterized H,
Classical MD
simulations
Hybrid QM/MM
Hamiltonians

Coarse Grained
models

s hours years

We need robust, error-controlled links with knowledge of
uncertainty between the various simulation methodologies

Pump

Probe

|| ]

ns|

Electron

Vibration

Rotation

Femtochemistry

# atoms

time (s)
1012 10°

Electron-transfer

+
environment

(photons, reservoirs..)

“Open Quantum Systems”
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Excited State
Structure

S ~~~._Reactive _

Precursor / 4 /

reaction 2

selective product formation using
optimally-tailored, strong-field laser

' Structural
Intermediate

pulses: ~fs
Ground State
Structure R. J. Levis et al, Science 292, 709(2001)
Dark Structures in Molecular Radiationless Transitions Determined Qu d ntu m
by Ultrafast Diffraction, Science, Vol 307, 558-563 (2005) CcO ntr0| Th eo ry
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Excitations in bio-systems: encouraging results!!
Green fluorescent protein and their mutants
(2008, Nobel prize in Chemistry)

n Excitation n Emission

EBFP ECFP EGFP  EYFP  DsRed EBFP ECFP  EGFP EYFP DsRed

Excitation
Emission

- " B
325 350 375 400 &X5 450 475 500 525 550 575  EOO s

Wavelength {nm) Wavelength (nm)

Blue

M.A.L Marques, X. Lopez, D. Varsano, A. Castro, and A. R.
Phys. Rev. Lett. 90, 158101 (2003)
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Carbon-Nanotube-Based
Optoelectronic Devices
Lasers, Light Emitting Diodes,

Detectors, Modulators,
Waveguides .. Compatible with Si

Source

NEW CONCEPTS
Small is different. atoms and molecules as our building blo

\
W

Nanoelectronics + Nanoptics + Nanophononics

Si waveguide or Carbon
micro-cavity

//

Thermal Transport
coherent phonon
generation,

propagation, and 358
detection in carbon
< nanotubes

Gate .

Wy
nanotube Drain \

.........

%

/'/'/S.iﬁ?_ .

Si substrate

Exciton Physics
dark excitons,
exciton
condensation,
exciton-exciton

annihilation,

excitonic gain
A\ 4
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Carbon nanotubes: mass transport

mpsd‘\"\

Nanotube

+|| |~
ut
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Why Theoretical
Spectroscopy?

Max Planck Institute for the Structure and Dynamics of Matter



***Seeing is believing**** &

'y

A A AA s
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***kGeeing is believing**<* O

if you understand what you see'
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Transient Absorption and Photoelectron Spectroscopi

mpscﬁ\

Laser field Electrons

Hole states time evolution

T. Remetter et al., Nat Phys 2, 323 (2006) P. Puschnig et al. Science 326, 702 (2009).

A. Wirth, et al. Secience 334, 195 (2011).

Time resolved pump-probe spectroscopy
Image reconstruction, monitoring electron-ion dynamics,
time-dependent band-structure (“light induced topological states”)
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Theoretical Spectroscopy
Framework
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Physical Processes: Spectroscopies

IR
VIS-UV
X-Ray

slow electro
fast electr

Electronic excitations:

@ Optical absorption @ Photoemission
@ Electron energy loss @ Inverse photoemission
@ Inelastic X-ray scattering ¥
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—v+—— Screening

due to

namure

A
o

Bare par ticled gel dressod

mr | ‘Bare particles get dressec

Time required
for building up
of screening?

Huber et al.,
Nature 414, 286 (2001)

on(7) = [ dr; 77,7 )u(F,)

Introduding a negative bare charge

d=-1 in a nanostructure: monitorise

the time evolution of the electronic
density (TDDFT calculation)

where y(ry,ry) 1s the density-response function. In general, the external perturbation
can be time-dependent. Using the frequency representation, we have that

on(Fs )= [ dF (7, 7, 0)on(F,; )



mr\r

Photoexcitation and relaxation

Molecular ray

. 1. Laser flash
" stimulates reaction

N
2. Laser flash
takes a snapshot

Photoemission Inverse Photoemission Absorption

\
> b

S >“N\r'hv

“pump-probe”
Time-dependent phenomena!

2nd nise
(prrabe =tg+T, o

BSE
TDDFT
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mpsdw

Electronic Structure: Properties of a many—body electron system

Property Non—interacting Interacting system
system
Ground—state total EQ
energy, E0 ("potential -— from DFT, QMC or G
energy" for nuclear -
motion)
Electron addition B — g
CNeIgy (e:.g: inverse '.'.'._._ '.'.'_._._ — |quasiparticle energy (electron—
photoermission) -0 — 00 - — like), from G
Electron removal £
energy (e.g. e oY & |quasiparticle energy (hole-like),
photoemission) 3¢ _e- == from G
Electron excitation - -4— | Excitation energy, from G2
energy (e.g. optical o o0 j
absorption) e 33—

G = one—particle Green’s function; G2 = two—particle Green’s function;
"Band structure” = €i(k)
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Electronic properties of a many body system

Scheme

DFT

TDDFT

MBPT

QM

See review:

Ground state

density n(r)
yes, LDA, GGA's

n(r,t) and/or j(rt)

G, total energy

G

2

yes

Excited states

Corrections to
KS eigenvalues?

Yes, non-linear
phenomena and
time-resolved
spectroscopies

Quasiparticle
excitations
IP and EA

optical absorption

yes, in some cases!

mpsd‘\\

Disadvantages

XC-func.

(r,r') (w)
dependence

Comput.

G. Onida, L. Reining and AR, ReV2VRstPtijps 7460 2o



Pros and Cons

Method

Advantages

Disadvantages

DFT / TDDFT

[Intermediate approz
(KSIGKS)

GW (+ MBPT)

Inexpensive (esp.
density-based
functionals)

ches such as GW-based orbital functionals

Description of XC

explicit diagrammatic
series, better behaved

XC functional and
f..(r,r, o) pathological
and can be difficult to
approximate

sufficiently accurately

Can be expensive

Max Planck Institute for the Structure and Dynamics of Matter



What is a spectrum? s

v

Two-particle excitations — poles of two-particle Green'’s function L
Excitonic effects = electron - hole interaction

Max Planck Institute for the Structure and Dynamics of Matter



\ext Mmacroscopic d ‘\\

e}

Vind macroscopic and microscopic

T

on = X Vext

X = XKS + xks (V + fic) X

v = Coulomb potential, related to local field effects
fre = quantum exchange-correlation effects

V

induced

onv + fxcén
Hartree

Max Planck Institute for the Structure and Dynamics of Matter



mpsdw

Different perturbations = different terms but similar equations!

@ Electric
Vilr ) — ¢

(e.g., polarizabilities, absorption,

luminescence ...)
e Magnetic

V(I’) — L;‘

(e.g., susceptibilities, NMR ...)
@ Atomic Displacements
v(r)
V(r) = —
(r) OR;

(e.g., phonons ...)

%90
:

."-.'!.;u.@
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External perturbation Vg applied on the sample
— Viot acting on the electronic system

Dielectric function

] Vm 5Vext
g = =1 —VvP
& Viot
aV,
\,rmt=1.,;m+'“j;; = PP Vx

P = xo0 + xofcP
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Theoretical Framework
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Theoretical Framework(s) DFT & TDDF ¥

Nobel Prize C hemzstry 1 998

The ground state energy of a many body system is a unique functional of
the density i.e, can be inverted Hohenberg-Kohn (1964)

n(r):n[‘P]:<Zi6(r—ri)>

W(r,,ry,...,ry)=¥[n(r)]» E[R

ions]

=min,|W H,¥ =min, E[n]

The functional has a minimum at the 'equilibrium' density

DFT Success “~chemical accuracy”

TDDFT: All observables are functionals of n(r,t) (Runge&Gross 1984)

’3_ Linear and non linear phenomena accessible
— Octopus Code http.//www.tddft.org

<

Time-Dependent Density Functional Theory, Lecture Notes in Physics, Springer Vols. 837, 706 (2012, 2006)
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http://www.tddft.org/

Theoretical Framework(s) DFT & TDDF ¥

Nobel Prize C hemzstry 1 998

The ground state energy of a many body system is a unique functional of
the density i.e, can be inverted Hohenberg-Kohn (1964)

n(r):n[‘P]:<Zi6(r—ri)>

W(ry,ry,....,ry)=¥[n(r)]»> E[R,,,]=min,¥ H,¥ =min, E[n]

ions

The functional has a minimum at the 'equilibrium' density

DFT Success “~chemical accuracy”

Total-energy functional

Eln] = T[n] +E¥[n] + E*n] + /V(F)H(F)dSr

Max Planck Institute for the Structure and Dynamics of Matter



Many Body Perturbation Theory (MPBT) mpsd‘\\

H(r, v’ €) = ho(r) + Z(r,r';¢) G(r.r'e) = (F[[H(e) = ] HF)

GW approximation

2 =IiGWT
G—=—0Gp+ G2 G
=
P=—iGGrl

W =v+ vPW

= \ e V4

Disucussed in detail by G. Kresse this morning

Max Planck Institute for the Structure and Dynamics of Matter



Time Dependent Density Functional Theory \
(Runge and Gross 1984): mpsd‘\

All observables are functionals of the TD density

One-to-one correspondence between the time-dependent
density and the external potential,

Fully interacting system Non interacting system

Hohenberg-Kohn O Cp
Theorem O

density n(r,t)

Same time-
dependent O O O

O = particle O = Kohn-Sham particle

Time-Dependent Density Functional Theory, Lecture Notes in Physics, Vol. 706 (Springer, Berlin, 2006)

Max Planck Institute for the Structure and Dynamics of Matter



TDDFT: Ehrenfest dynamics (non adiabatic) s

All observables are functionals of the TD density (Runge and Gross 1984)

Lod Ld .
ih o ®=H® > ih—y=Hg| |y, i=1-N ?

2 2
H —— +
ks Zm( A% Ch(

M/R/:_V/E[WrR]

Linear and non linear phenomena accessible
_g— — Time-Dependent Density Functional Theory, Lecture Notes in Physics, Vol.
. — 706 (Springer, Berlin, 2006) and
<

Fundamentals of Time-Dependent Density Functional Theory; Springer
Lecture Notes in Physics, Vol. 837 (2012)

vV +V +V +V

external hartree exchange correlation

Octopus Code http.//www.tddft.org

Max Planck Institute for the Structure and Dynamics of Matter


http://www.springerlink.com/content/u6369758576n/?MUD=MP

Ehrenfest's dynamics (non-adiabatic)

Electron dynamics

Yoy (ho=go L
0t ,
MD
F=ma
potential
= + 9>



First principles molecular dynamics st

@ Ground State Born-Oppenheimer Molecular Dynamics (gsBOMD):

i
Mad }i& = — V. min(Ug|He(R)| Vo)
dr- by

T o N | Ly 4
T ZM BRI ey y P

i<l o R1| il |F,- i li_%f|

@ Car-Parrinello MD (CPMD) is an algorithm for performing gsBOMD.

o Recently, an alternative to CP has been proposed [PRL 101 096404 (2008);
JCTC 5, 728 (2009)]

@ No electronic excited states, no temperature, no external fields. It is an
adiabatic MD.

Max Planck Institute for the Structure and Dynamics of Matter



TDDFT formulation for BO-MD dynamics: Ehrenfest

: . . \
dynamics (non adiabatic) rosd W)
The equation of motion without external field for simplicity
0 —r
, ) .
luawi: EV +Vion+VH+ch wi MIRI:_VIEI:IPIR]

J.L. Alonso, X. Andrade, P. Echenique, F. Falceto, D. Prada, AR PRL (2008), JCTC (2009), NJP (2010)

classically Non-adiabatic couplings:
forbidden

See for example review by N.L Doltsinis and D. Marx,
J.Theo.Comp.Chem 1, 319 (2002) and the books on
TDDFT Springer Lecture Notes in Physics Vol. 706
(2006) and Vol. 837 (2012)

Max Planck Institute for the Structure and Dynamics of Matter



TDDFT formulation for BO-MD dynamics: performan‘g\e
mpsd

Throughput [teraflops]

16

1024

-
-

N\
N A

2048

4096 8192

16384 32768 65536

Number of processor cores

IVIGX FIdlNCK ITISUWLe 101 e Suruclure dna vyraimics o |1

Viatter


file:///Users/angelrubio/Dropbox%20(Simons%20Foundation)/alberto/V.s2.1.flv

Femtosecond dynamics: test photodissociation of a dimer (Na, h

N\
mpsd‘
w =2.5eV
5.5
__ o= 2526V .
1= 1210 " Wiem”
S5 o= 320eV .
T 1= 2110 > Wiem”

o= lSTeV R
I 2110 W!cm'

0 50 100 150 200 250
w=3.2eV Time (fs)

Time resolved Vibrational Spectroscopy: Raman
A. Castro, M.L. Marques. J.A. Alonso, G.F. Bertsch and AR Y23 o the Structureand Dynamics of Matter



Linear response o)

tickle the system

o bserve how the
o system responds
o at a later time
(r,t) d
(r’,t’)
! / P! P!
n, (r,t) =fdrfdt xle,t,r vV (et
density density-density perturbation
respons response functio

Max Planck Institute for the Structure and Dynamics of Matter



Linear Response

Lehmann representation of the density response function:

[ (O] A(r) [m) {m| A(r') |0) (O] A(r') |m) {m| A(r) |0
W — (En-] Eﬂ) _|_ l” L) —l_ (E”-] . Eﬂ) _|_ 1”'

y (for a finite system) has poles at the excitation energies, Q2 = E,, — Eo,
while Yks has poles at the KS eigenvalue differences, wjx = €j — €.

O N(w) = X(W)V_ (W) however the KS system O N(w) = X (W)V (W)

X (W)= (w)+xp(w) (v (w))x (w)

Wi (r)w (r)w,(r"wi(r') fo(rr o)=—
€,—€,~W

Yo7, 7 ':W):Zij(fj_fi)



How to solve the linear
response equations

(2) Time propagation

Propagation Scheme:
Apply a perturbation of the form év__ (r,t) = —x 6@) to

the ground state of the system
At t = 0 the Kohn-Sham orbitals are ¢ (r,t=0")= e ¢ (r)

*Propagate these KS wave-functions for a (in)finite time.
*The dynamical polarizability can be obtained from

a(w)=-K*3 <¢| z|¢>



(1) Sum over states: xo(r,r',W):Zi(fj_fi)“"i<’”)"’j<’”)%<"’>%('”’)

X <w>:XO<w>+XO<w><V__fxc (w))x (w)
14, (0], )\ 0]=0
-2(5 1)(¥)

Li’ﬂ-:r.i"ﬂ'-:r' — ai’i'aim'a-:r-:r'{éﬂﬂ — €ig j _|' JF‘:-i':'z-:r.i":'l'-:r'

Cassida's approach ( L R ) (1)
K* L*J\Y,



How to solve the linear
response equations

(3) Density Functional Perturbation Theory

Monochromatic electric field (finite systems)

" = '5,| -;r::_"'i"-’ COS |u'f| _— ? ‘..r._—-.-_i'- r ! | it

Wave function expansion

Sternheimer equations

| ()} SEOre L i;,.l-.,_
(2O —extw+i

Density variation

n(r,w) =Y fid (¥ (7)
P \ 1 I,
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Transient Absorption Spectroscopy

“Unperturbed”Time-dependent Hamiltonian

o Lt

Hole](t) = H + €(t)V

H :static Hamiltonian
e(t)V :“pump” laser pulse couple

[?:Z?ﬁieq] = 0 :initially the system is at an equilibrium
state



Response

Measured by the variation of the
expectation value of some observable A.

o

Apply a weak probe pulse: f(t)(V)

The non-equilibrium response function is:

XA vlel(t,t) =it —t)Tr {ﬁlﬁ](t) [;ae](t’), ﬂ }

The response will be a functional of both pump and probe
pulses

oo

5Ale, f](t) = / dt' £(t') x4 ¢t )

— OO



Model System

Two excited states, for which the absorption spectrum
shows two spectral features wp, and weq

[Eanahe

“ac @ @ | " Diagonal Peak

/\ /\ ) @ | Crosspeak

T
n}hu mL‘ll (1

; {
Urab ae ' PUTP

._q___\\-‘__-/f.;:l'

Diagonal peaks: same resonance is pumped and probed.
Cross peaks:indicate a cross-correlation

The on/off-resonance excitation induces change of absorbance



mpsd‘\\

Problems with extended
systems in finite fields?

Max Planck Institute for the Structure and Dynamics of Matter



Macroscopic Polarisation Theory and real-time smulatuap
mpsd

2
= 1 ([3+§A)+V +V  +V |y,

71
l 2m

0
ot
Alt) = A_ (1) + A (1) E  =4xP(t) cocooo000 0w

ext ind mac

H=H+H__ P=polarisation \NV\NV\N\N

€2 DD D O D D O €D Cnxthn

1 dZA o n = e _ﬁ 2 .
=—e —A-c— ) <Y |=|Y.>=cC t )=
43'5 dtZ m Vzl w1|m|1P1 ]mac( )

_CzdP(t)
dt

What is the link to the “modern theory of polarisation”?
(see the recent review by Vanderbilt, Resta)
t Zpl/dzrznkft (7, 1)
Q

—

G.F. Bertsch, J.l. Iwata, AR, K. Yabana, PRB62, 7998 (2000) nk

Max Planck Institute for the Structure and Dynamics of Matter



Macroscopic Polarisation Theory <-->real-time A(t)

mpsd‘\\\

5 . hi® . B, 2
dP_(t) e Ei / dr {aunk‘ Ounks 1L gy Aa U,z }
QO ~ i It

Max Planck Institute for the Structure and Dynamics of Matter



H, molecular chains (infinite long case)

Metallic
Versus

semiconducting

_ -')

Ener rgy |eV]

-

s lclolcloloe LT Dimerised

B QOO0 0O0000000002200020820 equidistant
D. Varsano, A. Marini, AR PRL (2008)



Optimal control
(quantum)



What makes experimental “control” possible

e Existence of laser sources, since the 1960°s.

» Femto-second laser sources, which allow for fast processes
(avoiding decoherence), and extending the band-width.

e High-intensities.

 Laser shapers.

e Learning-loops algorithms.

Interrogating Molecules? |
Science, Nov. 2008 [H. Rabitz et al, Science 288, 824 (2000)]




Optimal control theory

Key question:  What is the laser pulse that drives the system into
a predefined goal?

Procedure: Define a target operator O and at the end of the
laser interaction (t = T) maximize the functional

J 1 [1.[1'} — :: s [ T 1 ‘ ( ) ‘ [ {. T ) :} — :: s [: T 1 ‘ ':I’F ::

O =1ld.><q | target state
W. Zhu, J. Botina, H. Rabitz, JCP 108, 1953 (1998)

Example: High harmonic generation and selective bond-breaking



Tailoring HHG

HHG consists of the emission of integer multiples of the carrier frequency of a

recombination

field/tunnel ionization acceleration inthe and photoemission
laser field

Typically, the HH spect jtactas e et et a o gequency) consists of a

rapid intensity decreascysmmens
regime

plateau

10 20 30 40
harmonic order



HHGinwg)

mpsd‘\\

8
el
c
[}
G
o 4
c
(43
E =
=
L
0 .
" Optimized

[R. Bartels et al, Nature 406, 164 (2000)] s »  » W
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Design of bond-breaking laser pulses

THE JOURNAL OF CHEMICAL FPHYSICS 127, 200101 (2007)

Coherent control of bond breaking in amino acid complexes with tailored
femtosecond pulses

T. Laarmann,® I. Shchatsinin, P. Singh, and N. Zhavarankoy

Mo Born Bastirwie .I':'l." Nardirear r.;'p.'.'c'\ il Sharr Pulse .S'Iuc'c'.'.'rm'pJ.'n'_ My Bor-Sre 2o, 012489 Beriin,
Loy

M. Gerhards

”‘l'llllll'.'r.l.'f'rl.' ulf'lf'lllr'll.'.'llr'. T Kosseoslaurers, Erwin-Sehrddingemtegle 52, D606403 Nalsersfaurern,
Crermniy

C. P. Schulz

M Born Iestitate for Nonlinear Cptics and Short Pulse Spectroscopy. Max-Barn-Ste 2o, D-12459 Berdin,
Lermany

I. V. Hertel
M Born Instfnte por Nondinear CQpdics and Short Pulse Spectrovcopy, Max-forn-5re 2o, D-12459 Beriin,
Cermiaiy o .f).r“.u.l.'n.'.'w.'.' r.ll" Plvsics, Free n'_='J.'.'.'.:'J'\||’_1' af Berlin, Arimallee 14, D214105 Besli,

Ciermany

(Received O August 2007 accepted 15 October 2007; published online 30 hovember 2(K17)

Intense femtoseeond laser pulses, judiciously ilored in an adaptive, optimal control feedback loop
were used 1o break preferentially the acyl-N (Mpeptide™ bond of” Ac-Phe-NHMe that may e
regarded as a dipeptide model. We show that coherent excitation of complex wave packets in the
strong-field regime allows o cleave strong backbone bonds in the molecular system preferentially,
while keeping other more labile bonds intact, These results show the potential of pulse shiping as
a powerful complementary analvtical wol for profein sequencing of large bropolymers in additon w
the well-known mass spectrometry and chemical analysis. € 2007 American Institute of Plhvics.

4
.L 5N

&L

FIG, 1, {Color online) Optimal tailoring of intense femtosecond light can be
used to preferentially break peptide bonds, such as the indicated NI-C3
hond in the amine acid complex Ac-Phe-NHMe,

K. Kriger, A. Castro, E.K.U. Gross, (unpublished)

Max Planck Institute for the Structure and Dynamics of Matter



Design of bond-breaking laser pulses (1)

I'sa - Fg — I'pa - Fa

@ |f the AB bond is breaking,

5 (=
I'pa Fpa > 0

(Fpa = Fp — Fa)

Max Planck Institute for the Structure and Dynamics of Matter



mpsdw

Design of bond-breaking laser pulses (lll)

@ Bond-breaking target:

| i B 2 _ 1 =
Ji[] = r,«—m/ dr (U (t)||Fea||[Fpa(?) (l+rBA -FBﬁ{r)) (1)) .
2 : !g

@ Within TDDFT, F. is a local density operator: the necessary expectation
values can be written as simple density integrals.

ﬁ,q (.") = /.(ijf‘ f:’(l‘) ‘G,.;,; VKS (I‘.i’) ;

@ During the time of the pulse, the nuclei are fixed. The photo-reaction
occurs afterwards, driven by the excited electronic system.

Max Planck Institute for the Structure and Dynamics of Matter



Design of bond-breaking laser pulses (1V)

@ Case study: selective photo-dissociation of H; into H, and H™.

@ For this case, we used a gradient-free optimization scheme, which only
necessitates forward propagations.

@ The field is expanded as a Fourier series:

N/2

A '.'

7,
/

e(t) =Y a \ 7 cos(Zont) + buy 7 Sin(=-nr)

n=|

2

Max Planck Institute for the Structure and Dynamics of Matter


file:///Users/angelrubio/Dropbox%20(Simons%20Foundation)/talks/alberto/H3+.avi
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