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Classifications of TDDFT calculations for optical responses
that can be done in current SALMON

Isolated Systems | Periodic Systems Light propagation

(Molecules, (Crystalline solids) | in bulk materials
Nano-particles) (Maxwell + TDDFT)
Weak fields Polarizability Dielectric function
(Linear response) o(w) e(w) 1D light
Strong fields Excitation energy  Excitation energy F:Er(?ﬁ;gf&(;;‘
(Nonlinear dynamics)  Atomic motion Carrier density P

Atomic motion

To be developed:

spin degrees (at present, only spin-saturated system: LSDA, spin-orbit,...)
1D, 2D systems

Electromagnetic field analyses with various options of electron dynamics




Basic features of light-matter interactions

- Interaction dominates between light electric field and electrons.
- For ordinary (weak) light, one may use perturbation theory in quantum mechanics.

- There are two spatial scales and single time scale => Dipole approximation

Laser pulse Electron dynamics
‘_‘/\/\/\ ‘/‘v~——
hw ~ 1.55 eV Egap = 1~10 eV
A~ 800 nm Ax~1 A
(Ti:Sapphire laser) (Typical dielectric)

Linear optical response of molecule is characterized by polarizability
in dipole approximation

Electric field E.(t) Polarization

pu(O]= [ dr(=en) o7,
— # R .
Polarizability (time domain)
ho~155eV  Egap ~1~10eV  p (1) =) / dt{ v, (t — B, (1)
A~ 800 nm Ax~1A v

Relation to frequency-dependent polarizability
(polarizability for fixed-frequency field)

(W) = J dte*'p,(t)
m [dtetE,(t)




Polarizability: a classical spring-mass model

Newton equation mI + g& + kx = —eE(t)

Polarization and p(t) = —ex(t) = /dt’a(t - t’)E(t’)

Polarizability

We can solve the equation for

Sinusoidal field Impulsive field

E(t) = Ege™*" E(t) = _iea(t)
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Sinusoidal external field (forced oscillator)

twt

mx + gt + kx = —eFge™

m,—e
__ € 1 1w N E(t
z(t) = m —w? — iyw + w3 Boe” \i'\QQQQQQQQ)" ®)
k,g X
ok _ 49
wog=— 7=
m m
Polarization and polarizability
p(t) = —ex(t) = a(w)E(t) 2 S me(o)
k
e? 1 >
a(w) = ——5— o W
m —w 1YW + Wy Rea(o)




Impulsive external field (Damped oscillation)

mi + gt + kx = 1(t)

w0 =0 30)= L7 ™ 00000000,/@ £
,}/2

k X
z(t) = IeﬁﬂmnVM) /4 w32517=*2 '8
m w —~2/4 m m
Polarization and polarizability a(t)
p(t) = —ea(t) = / dt'a(t — t)E(t') N

A\/Av/\\/\v
(1) = Co(tye—rr2 SVl =7t VoV r

m wg — /4

A classical spring-mass model: Compare two descriptions

Polarizability as a function of time Polarizability as a function of frequency
= damped oscillation induced by an impulse = forced oscillation
2 ~2 2
e sin \/w t/4 e 1
alt) = So0e LI | et = T
m — 1YW + W

~

1
a(t) = —/dwa( Yot
2 C

s

Time and frequency domain Ima

Polarizabilities are related by Contour for integral and poles
Fourier transformation. Rew

Two description involves

the same physical information 2
_ i N
4 8




A classical spring-mass model: Photoabsorption cross section

m,—e
Fuu(t) = —eE (1) R00000000/@ 20
k,g X

p(t) = —ealt) = / dta(t — 1)E()

Work done by light electric field = Energy absorbed by the spring

W= / (1) P (1) = / dtp()E(t) = © /O " dwwTma(w)|Ew)|?

s

Photoabsorption cross section is given by
imaginary part of the polarizability
4w

o(w) = 7Ima(w)

A general (accurate) formula of polarizability for molecules

Electronic description for a molecule

h? Zqe? e
iltoni H=) {-—Vi-> Y
Hamiltonian i { om AT ‘} R

Schroedinger eq. H®, = F,9,

Dipole operator D = Z Zi
i

1

2
Polarizabilit == n
y a(w) m;f 0_w2—i’yw+(E"gE")2

2
Oscillator strength fno = h—’? (En — Eo) [(@,]D|®o)[*

Each excited state contributes as a classical oscillator.

1
—w? — iyw + wi

Polarizability of
classical oscillator

a(w) =

3%
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Polarizability for molecules in TDDFT

TDDFT provides time-dependent density for a given external potential

Vvext(f’v t) - p<777 t)

External potential of uniform electric field Induced polarization in molecule

Vext (73 t) = eE(t /dfrfrup(r t)
V\/V\/v-— I}H

Polarizability is given by

p,u(t) = /dt/aw/(t — t’)E(t/) Oé;w(w) — fjfj::tzl:i?)
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Calculation of Polarizability in TDDFT
Time-domain method

Time-Dependent Kohn-Sham equation

had) (_,t) h2 vz Za€2 _}_/d_‘/ 62 (_4 t)+ [ (_,t)] d} (—»t)

o, P\l =N\ "5 - = = r, zCc ) i\

Mo 2m Za 7 — R,| T ettt '
)|

Z’%’(Ft 2

Computational procedure
Prepare ground state  hixg¢:(7) = €;¢:(T)

Apply impulsive external potential V(7 t) = Id(t)z

Newton mechanics

Orbitals immediately after the impulse  ¥i(7,t = 04) = "7*/"¢;(7) «= #(t=0,) = L
m

Calculate polarization ~ p(t) = —e

Fourier transformation

1
Frequency-dependent polarizability I 12




An example:
photoabsorption in ethylene molecule

Electron density —
in the ground state

/

3

Electron density change
in ethylene molecule 13

Real-time response: Optical response of Ethylene (C,H,) molecule

Dipole moment

0.4 T T T T

Electron density after impulsive kick
0.2 n—1t* oscillation

dt)

0.4 | | 1 |

t [ev] time

Oscillator strength
2.0 T T T T

" n—nt* oscillation

: o electron
/emission
0.5 —

0.0 1 L L 1
0 10 20 30 40 50

Energy [eV] 14
Excitation energy

Oscillator strength (arb. unit)
o
T




Photoabsorption cross section of typical molecules

K. Yabana et.al, Chap.4, Chareed Particle and Photon Interactions with Matter. CRC Press. 2010.
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Surface plamons (Mie plasmon): Collective excitation in metallic cluster
K. Yabana, G.F. Bertsch, Phys. Rev. B54, 4484 (1996).

Assume icosahedral geometry
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Dipole strength

Time-dependence of dipole moment

Dipole momentu
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Dynamical screening effect:
Time-dependence of the Kohn-Sham Hamiltonian

ihgw-(Ft)— —h—2V2—Z Zae” +/dF' ¢ (7 t) + taep(Fy8)] + Vext (7, ) ¢ (7, 1)
8t 1\ - om = ‘F—F’|p ) Haxc|PT, ext\! A

a ’F_ Ra’

p(7,t) = Z i (7, 1) \ * /d
Change of Hartree potential

by the motion of electrons

Photoabsorption of rare gas atom
Zangwill, Soven 1980

()5 gy T Without dynamical screening
(Mb) 40K, x . . . .
i \\‘\\‘ CRvPTON J/ (Time-independent Hamiltonian)
30, \ \
25} \\ \ - D . I . ff . .
ok \ 1 ynamical screening effect is important
15| N4 \\\ 1 even for very small system (atom).
10+ \\\\ )\"Q
s T~

1 U I 1 1L 1 i I
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fw (eV)

Calculation of large systems using massively parallel supercomputers
Surface plasmon resonance of Au clusters
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K. lida, M. Noda, K. Ishimura, K. Nobusada, JPCA, 118, 11317 (20}?)




Thomas-Reiche-Kuhn (TRK) sum rule

Sum of oscillator strength over all excited states is equal to the number of electrons.

B 4 2722

/O " dwol(w) = /0 " dwwIma(w) = SN,

C mc \

Number of electrons

TRK sum rule is related to the initial velocity after impulsive excitation

1 o0
= — / dwwlma(w)
0

™

a(t) :/g—fre_i“ta(w) do(;—it)

Velocity immediately after the kick

\ D(t)

t 19

Computational Schemes for linear response calculations

Orbital representation SALMON adopts
Real-space grid +

- Real space grid with pseudpotential ) _
norm conserving pseudopotential

- Plane wave with pseudopotential
- Basis functions referring to atomic positions

0

)
)

Solve linear response problem !"!}Hfl:ﬁ’ii T
- Time domain method \ Eﬂiﬂiﬁ"
solve TDKS equation in real time Eiﬂiiﬂiﬁ
- Frequency domain method (Sternheimer method) EEEEEEE’
J

linear algebraic equation
- Eigenvalue method
an option of quantum chemistry methods

Merit of real-space + real-time

- Easy to parallelize by space division (real space)

- Good for excitations involving huge number of
particle-hole excitations (real time)

- Only choice for nonlinear dynamics (real time)

20




Classifications of TDDFT calculations for optical responses
that can be done in current SALMON

Isolated Systems | Periodic Systems Light propagation

(Molecules, (Crystalline solids) | in bulk materials
Nano-particles) (Maxwell + TDDFT)
Weak fields Polarizability Dielectric function
(Linear response) o(w) e(w) 1D light
Strong fields Excitation energy'\ Excitation energy F:E"(())(Fli)igf(t(l?c;l
(Nonlinear dynamics)\ Atomic motion Carrier density T

Atomic motion

21

Interaction of intense and ultrashort laser pulses with matters

What is strong? What is ultrashort?

Intensity

duration

To be compared: atomic unit

- Time: period of hydrogen atom = 2%

- Field strength: electric field felt by electron

in classical hydrogen atom
Bohr model for hydrogen atom ydrog

22




Development of Intense Laser Pulses

10"

Vacuum Polarization
Ultra Relativistic Optics

p—

[}
N
wn

Relativistic Optics
E{,:m(,(,'z

Bound electrons

Focused Intensity (W / cm’)
=

<«——mode locking mJ

¥ /<— Q-switching

1960 1970 1980 1990 2000 2010 2020

G. Mourou and T. Tajima, SPIE News

QED Vacuum breakdown

Nuclear reaction,
Acceleration

Relativistic
Classical

Nonlinear ‘
electron

Nonrelativistic
Quantum

dynamics

2030
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Extremely nonlinear optics --- Intense laser pulse ---

1 atomic unit I.-;: 3.51x10W/cm?

Solar constant

Strongest laser pulse

0.1366 W/cm® 10"” =10 W/cm> 102 W/cm®
Linear Nonlinear Nonlinear Laser Vacuum
optics Optics (Non-perturbative) acceleration breakdown

(Pertu rbatlve)
Z(z)(w“ a)z)

#(o)

High harmonic generation

10

t 4
@

PN

°
>

Ar HHG [arb. units]
°
s

H|i! - plateau
| Mﬁ\wwv\ﬁﬂﬂ“WWWW““’“
S ERe e i

Takahashi et.al,
Appl. Phys. Lett. 93, 041111 (2008)

o
o

Ny, 0,, 0, / \

femtosecond
laser processing

B.N. Chichkov et.al,
Appl. Phys. A63, 109 (1996)
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Extremely nonlinear optics

Picosecond
107"%s

Femtosecond
105

! T+

- Period of electron
Period of 17
. orbital in Hydrogen,
Optical phonon 150
(Si, 64 fs) I""S |
Period of Shortest laser
Ti-sapphire pulse
laser pulse 67as
1.55eV

--- Ultrashort laser pulse ---

Attosecond
107"%s

Time
1055

1

Nucleon motion
in nucleus

P.B. Corkum, F. Krausz,
Nature Phys. 3, 380 (2007)

Pulse duration (fs)
2

1970 1980 1990 2000
Year

25

2010

High harmonic generation spectrum from atom

T

-
(=3

Boam div. [x10° rad] ]

% 04)-.', 1‘ plateau
B cutoff |
{ J’M i WY /\f\ﬂ%
“1° m:zenerg:.iew R

Takahashi et.al,
Appl. Phys. Lett. 93, 041111 (2008)

=1.5x 10 W/cm?
Red: 1400nm (0.88 eV)
Blue: 800nm (1.55 eV)

Three step model (Rescattering)
P.B. Corkum, Phys. Rev. Lett. 71, 1994 (1993)

=~

26
Figure taken from P.B. Corkum, F. Krausz, Nature Phys. 3, 380 (2007)




Rescattering by TDDFT Ethylene molecule (C;H, )

ab() d ¢ ..
o —dtjdrzp(r,t)

A
10 20 30 40 50

Coulomb explosion of molecules
under intense and ultrashort laser pulse

"NZ_dens_iter00l.out" using 1:2:(1og($3))

Nz

N, molecule
[=3.35x10"W/cm?, 27fs

Electron dynamics +
Atomic motion
(Ehrenfest dynamics)

Final charge states are
fractional, and not simple
to compare with
measurements.
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Collision of highly charged ion with atom
Ar8*- Ar at 18 keV v=2.5au

Ar

Neutral
atom

—

Ar8+
Highly-
charged
ion

{3

29

Ar®* - Ar Collision

Nagano, Yabana, Tazawa, Abe, Phys. Rev. A62(2000)062721

E=18.4keV  v=2.5au E=400kev  v=11.7 au E=3200keV v=33 au
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Electron transfer to highly excited orbitals:
Classical Overbarrier Model

g

Neytral atom
T

<

lon (+q charge)
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Classifications of TDDFT calculations for optical responses
that can be done in current SALMON

Isolated Systems | Periodic Systems
(Molecules, (Crystalline solids)

Light propagation
in bulk materials

Nano-particles) (Maxwell + TDDFT)

Weak fields

Polarizability Dielectric function
(Linear response) o(w) e(w) 1D light
Strong fields Excitation energy  Excitation energy F:;r(?ﬁ;gf(t(l?c;]
(Nonlinear dynamics)  Atomic motion Carrier density T

Atomic motion
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Schrodinger equation in a periodic potential: Bloch’s theorem

h? d?
{_%@ + V(w)} ¢i(z) = €igi(z) Viz+a)=V(2) 1
‘

0i(2) = oy () \f \( \[ \/ |
Unk (T + @) = upk()
{5%2(—4&5%—%hk)Q_FVXx)}qhm(x)::Qmunkgd

T T
——<k< -
a a

Brillouin zone (k-points)

Energy band of

crystalline silicon




Using potential (“length gauge”), lattice periodicity is violated

V(z)

1

VVIVY e

a

V(z+a) #V(x)

We make use of gauge freedom to overcome the problem.

35

A general scheme of gauge transformation

0 (1 o e o = { o (cin® + A 4o
ih ) = {% (—mv + EA) + qS} " ot 2m c
A7) = A(F,t) — V f(7,t)

§ (71 = o7 t) — <2 (7 1)

S50 = e 100 w0

Physical quantities are invariant under the transformation.
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Gauge transformation: from “length gauge” to “velocity gauge”

()

YYIVV

T G R S O &
Length gauge i alﬁ—{%(—z ) +V(F)+e ()-r}¢
! X< 7;_6—’ — — ldA(t)

Veloci indy = {1 (—ﬂﬁ + Eff(ﬁ))Q TV S
elocity gauge %Y =\om -

Expressing the spatially-uniform electric field by a vector potential,
Hamiltonian has the lattice periodicity.

h(F + @) = h(P)
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Time-Dependent Kohn-Sham equation

0 1 - e o 2 Z,e?
i (7t) = § — (—in¥V + SA@)) =Y 225 .
zhatw (7, t) {2m< ih + (t)) i a|—|—/d7“

a

|7

62
— P 1) + paelp(7, t)]} bi(7 1)
p(Ft) = Y a7 )

=

At each time, we may apply the Bloch’s theorem

-,

i(7, 1) = eFy_-(Ft) i — (nk)

0 Lo 1 i - e o \2 Z
ihst, o (7, 1) = {2m (—th+hk+ EA(ze)) -3 -

2
5 € — o (=
+/dr 7“7_ mp(r ,t) +urc[p(r,t)]}unk(r,t
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Electron dynamics in a unit cell of solid (bulk silicon)

Ground state band structure

static Density Functional Theory (DFT) Time-dependent DFT (TDDFT)

Epns 1) = [ 0 + 12 + Vg (1) + Voo )] () . 0= [W(p +hk LAQ) V(0 + Vel t)] Uy (7,0)

Energy band of silicon

Electron dynamics in a unit cell

A(t) = —c [T E(t)dt’

Change of electron density in crystalline silicon

hw=1.55eV
I=1.0x10" W/cm?

user: yobana
ThuAug 2101:09:322014
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Further gauge transformation is possible: “length gauge” in k-space

Already discussed P

Length gauge ot

0

ind = {i (~in%) + V() + eE () -F} ¥

0
Velocity gauge ih&” = {

: N T -
’Lhaunﬁ = {— (— hV + hk + EA(t)) + V(r)}unk

— _ 1dA®)
1 W e - \2 E(t) = o dt
5 (—ihV + EA(t)) + V(F)} Y

S

Time-dependent Bloch equation
1

2m

Length gauge e
in k-space ot

1 S a2 ——
u .= {— (—ihV + hk:) + V(7)) +ieEl)Vy ¢ u -

‘-V e -

W (7, 1) = exp {—h—CA(t)Vk] u, (7, t)

2m k

Coordinate operator in Bloch space 7 — iV, eE(t) T
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Modern theory of polarization using Berry’s phase

R.D. King-Smith, D. Vanderbilt, Phys. Rev. B47, 1651 (1993)

P= —eW zn: /BZ dk{u_z|iVi|u, ;) 7 — iV
. ) o
Dynamical j 2u’ P = { ( ihV + hk) + V(7) + ieE(t)Vy p P
Berry theory ot n 2m "
Coordinate operator in Bloch space 7 — iV, eﬁ(t) T

I. Souza, J. Iniguez, D. Vanderbilt, Phys. Rev. B69, 085106 (2004)
C. Attaccalite, M. Gruening, Phys. Rev. B88, 235113 (2013)
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Time-dependent Kohn-Sham equation for Bloch orbitals
(implemented in SALMON)

1 2

1o} o - e \2 Zq.€? L, € o . R
ih s, 1 (7, ) = {2m (=in¥ +nE+ ZA(1)) " - Z E /dr TR PO+ el O] g w7 )

- Calculation of dielectric function in real time

- Electron dynamics in crystalline solids
under intense and ultrashort light pulse
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Electric field, Electric current density, Polarization density,
Conductivity, Dielectric function
E(t)
Current density from Microscopic to Macroscopic
1 o Al
J(t) = = / dr’j(r,t)
vy

Electric field inducg‘:s electric current in a unit cell of solid

J(t) = / dt'o(t — V) E(t')

conductivity

Polarization is giv%n as time-integral of the current
P(t) = / dt' J(t")

Dielectric function .
D(t) = E(t) + 47 P(t) = / dt'e(t — ') E(t)

Dielectric function

43

Classical spring-mass model for dielectric function

m,—e
Impulsive force 00000000 @ E®  sinusoidal field
N | é
k,g X
Newtonian dynamics Newtonian dynamics
mi + kx = 15(t) mi + kx = —eEpe !
I
2(0)=0 #(0)= — e 1 it
t - -
m x(t) m o? L g0
t)=0(t 1 t k
x(t) ( )mwo sinwot 2 _ K o
Polarization
. 2 1
Electric current P(t) = —ena(t) = e’n i _E(1)
. oscillator m—w? A+ Wy
J(t) = —eni(t) n density
Conductivity and dielectric function
5 Dielectric function
o(t) H(t)ﬂcosw t
- 0

D=F+47P =¢(w)E

4drren 1
e(w)=1+ 5 5
m  —w 4+ wj

(1) = 6(1) + 8(t) T

sin wot
mwo
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Calculation of Dielectric function in TDDFT
Time-domain method

Time-dependent Kohn-Sham equation for Bloch orbitals (implemented in SALMON)

0 . 1 — 2 Z,e> L, e S . .
zhaung(ﬂt) = {Qm (*Zhv + ﬁ — ; e §a| + /dr mp(r )+ prae[p(Fi1)] o w, 7 (7, 1)
S - = 1dA(t
u, p(F+d,t) =u i (7,1) E(t) = 7;%

Computational procedure
Prepare ground state  hxs®i(7) = €;¢:(T)

Apply impulsive external potential E(t)
= shift of k-value

Calculate electric current J(t) = v /dfj(ﬁ t) = ko(t)

Fourier transformation o(w), e(w)=1+
Conductivity and dielectric function w

a(t) [a.u.]

Dielectric function for bulk Si (TDDFT-ALDA)

50
E(t) = k(g(t) A(t) = —kc@(t) 40 b I;‘,\l I Icaltlzulation. I
0.02 - — 30 /
300 3 2 -
=392V eeee- [©) =
0.01 | € 10F
0
0 lf” MihAAAA Mt et » -10
| 0.02 -
-0.01 ol ~ | i 50
7 40
002 | -0.02 ¢ 1 - = 30
-0.04 . €
. .0 .05 1 = 2
-0.03 10
0 5 10 15 20 25 30 0 |
Time [fs] _10 1 1 1 1 1 1 1 1 1

01 2 3 4 5 6 7 8 9 10
Frequency [eV/h]

Results using LDA is rather poor.
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Classifications of TDDFT calculations for optical responses
that can be done in current SALMON

Isolated Systems | Periodic Systems Light propagation

(Molecules, (Crystalline solids) | in bulk materials
Nano-particles) (Maxwell + TDDFT)
Weak fields Polarizability Dielectric function
(Linear response) o(w) e(w) 1D light
. o .. tion
Strong field Excitat tat propaga
rong fields xcitation energy Excitation energ E(x.t), J(x.t)

(Nonlinear dynamics)  Atomic motion Carrier density

Atomic motion

a7

Electron dynamics in a-quartz (SiO,)

Electron density in the ground state
In a plane containing two O atoms

DB: SiO2_1d14_0000000
Cycle:

00

X-axis

aaaaaaaaaaa
Thu Aug 21 21:65:39 2014
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Multiphoton/Tunneling excitation

Conduction band

Valence band

02 1d14_0000000.vik

;;;;;

user: yabana
Thu Aug 21 21:55:39 20

Electron density change
Laser pulse: 10> W/cm?, 800nm (1.55eV)

-

200

150

100

50 100 150 200
X-Axis

L . user: yaba
Red: Increase, Blue: decrease Thu Aug 2
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Multiphoton/Tunneling excitation

Conduction band

bandgap

*
10 oy 1.55eV*7

Valence band

Og_]dld 0000000.vtk

xxxxx

user: yabana
Thu Aug 21 21:55:39 20

Electron density change
Laser pulse: 10** W/cm?, 800nm (1.55eV)

200

150

100

50

50 100
X-Axis

150 200

s . :yab
Red: increase, Blue: decrease s
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Energy transfer from a pulsed electric field to electrons in solids

Multiphoton/Tunneling excitation _
Pulse duration (FWHM) 5.5 fs
E a» )
2 0
gho (c) S10,
3 T10 o
Lu!: ho=10.0eV
=107 1107
)
bandgap 5104 10
1.55ev*7 210 ©=5.0 eV
~10 eV & fem2 ey har=1.55eV
g10° ocp’ {10°
E 3! 1108
E 10 \L .
]0 1010 10]] lOlZ 10I3 10I4 lOIS
Valence band Intensity / [W/cm?)
A. Yamada, K. Yabana, arXiv:1807.02733
51
Possible applications in forefront optical sciences
Optical field induced current in SiO,
b I, (10™ W cm?)
0 0.1 05 1.2
2_- o Expslrmnul.ldlnl t-.:ﬁ—c
_---Mode ,'
Experiment 21 !
Xperiment: = 1 53
Schiffrin et.al, RIS &
Nature 493, 70 (2013). 2 T \:\
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TT. Luu et.al, Nature 521, 498 (2015) 52




Possible applications in forefront optical sciences

Ultrafast energy transfer
from laser pulse to electrons
in SiO,

A. Sommer et.al, Nature 534, 86 (2016)

Wi (10° &V pmv)

Creation of crator by strong laser pulse:
Initial stage of nonthermal laser processing
B. Chimier et al, Phys. Rev. B84, 094104 (2011)
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Classifications of TDDFT calculations for optical responses
that can be done in current SALMON

Isolated Systems | Periodic Systems Light propagation

(Molecules, (Crystalline solids) | in bulk materials
Nano-particles) (Maxwell + TDDFT)
Weak fields Polarizability Dielectric function
(Linear response) o(w) e(w) 1D light
Strong fields Excitation energy  Excitation energy Féiiiigf(gi;‘
(Nonlinear dynamics)  Atomic motion Carrier density P

Atomic motion
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“Calculations”

of light-matter interaction

Macroscopic Electromagnetism (EM) Quantum Mechanics (QM)
Light propagation description by Maxwell First-principles calculations for dielectric
equations. Materials’ properties comes into  function.
through constitutive relations (dielectric Perturbation theory in quantum mechanics.
constant).
A2
VB 2Ne v @50[(O}x]7)
o8 D=¢E "2ty
VxE+7 =0 &h T 0, —(w+iy)
V-D=p
oD Constitutive relation
VxH - Bt = connects two theories
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Constitutive

D(r,t)

Relation bridges EM and QM
= E(r,t) + 4nP(r,t)

Ordinary assumption: Local + Linear

P(r,t) = j 'y D (t — YE(rt) e P(r,0) = O (@)ET o)

P(r,t) = P[E(r', t)]
= [dt'dr'y® (r,r',t

General form (nonlocal, nonlinear)

+ f at'dt"dr'dr” yD @, r', "t —t', t —t"VE@, tYEQ",t") + -

—tHYE([',t")

In recent optical sciences,

Nano-structure —— nonlocal ‘ Require unified approach

Intense laser pulse— nonlinear

of EM and QM.
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Propagation of light electromagnetic fields

Maxwell eq. + “"modelling for electron dynamics”

Empirical,
computationally Drude or Lorentz model for dielectric function
cheap electron dynamics = classical Newtonian motion
Empirical models
Rate equation for carriers, Two temperature model
Semiconductor Bloch Equation (SBE)
Time evolution of density matrix, with (ab-initio) band structure,
empirically introducing dephasing, exciton, e-phonon,...
Ab-initio,
computationally TDDFT in real time
expensive
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Light propagation using dielectric constant

Incident pulse Alc — .
A= Soonm, 0.015 | o1 Si 16 ]
= om
how =1.55eV (below direct gap) oot

u]

Wave equation

ector potential [a.

ez 82 az g -0.005
Pt St
16 1 -0.015 |-
(2)- { (Si)
1 (Vacuum) 002 - = = " " " > o 2 4

Z [micro meter]

When light pulse is very strong, we cannot use dielectric function.
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Maxwell + TDDFT multiscale simulation

Weak pulsed light irradiating on a surface of bulk Si
[=101%W/cm?

A/C 0.02
Vacuum Si |
Frequency: 1.55eV

Direct bandgap: 2.4eV(LDA)

200 macroscopic grid ponts
=200 electron dynamics in parallel

-0.02

‘.14/.1%0 8 & -df 0 2 \[pm]

Z=0 [um] Z=0.8 [um] Z=1.6 [um]
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