Time-Dependent Density Functional Theory
for Open Systems
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Open Systems

H=HS+HB+HSB

_ particle

Quantum Dissipation Theory / Master Equation /
Liouville-von Neumann Equation: model systems



Open Systems

_ particle

ES¢ —Hg  ESgp — HSB] [ GSB] _ [ ]
ES;_B — H;_B ESB GBS 0

Green’s function: Ggs(E) = {ESs — [Hs + Z5(E)]} 1
Self-energy: Zgp(E) = (ESsg — Hsp)" Gg(ESsg — Hsg)



Environment

Green’s Function (G) : Self-energy (2) :

* Charge density * Current
i 2e rdE
=— | dE|G°(F = < g > <
p=5- G*(E)] == [ TS ()G (E)- X (E)G™(E)]
« DOS  Transmission

D(E) = —%Im[Gr(E)] T(E) = Tr[ T (E)YGH(E)TR(EYGH(E)]

e Potential

VYV =-4mp



Environment
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Environment

(w—Hy)Goo =1+ Hy G
(CU:—Hoo)Gxo =HgGoo + Ho Gy
(W—Hy)Gpw=Hg Gy o0+ Hy Gyyy0

(®pi1 = &y —ﬂnlﬁlyn,
ﬁn+1 = _ﬂnA’Ilﬁn’

Vet = ~Vihn ¥
n+1 n’'n n’
(w—€1,)Goo=1+a,;Gy At = A=y A B — B ALY,
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_ _ -1
(@ —8)Gn0=P1Gon-1),0 + 21Grnsnpo et = Mn =Pl

(w—al)GZn,Zn =I+ﬂlG2(n-l),2n + alG2(n+ 1), 21



Quantum Transport

]=% d—ETr[Z<(E)G>(E)—Z>(E)G<(E)]
h* 2x




Quantum Transport

]=% d—ETr[Z<(E)G>(E)—Z>(E)G<(E)]
h* 2x

V<0




Quantum Transport

7=2¢

h

dE

—Tr[2°(E)G™(E£)-27(E)G(£)]

27

Xg: level shift, broadening
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V<0




Molecules on Surface

“environment |

electron nof conserved

e tight-binding Hamiltonian
* an excess electron 1s injected onto atom A

Wang, Hou, Zheng Phys. Rev. B (2013)
Wang, Zheng, Chen and Yam. J. Chem. Phys. (2015)



Molecules on Surface

environment

G (R1,Ry;€) = Go(R,— Ry;€) — AGg (R1,R;;€),

AGRO(RlaRZ; €) =Gy(Ry—R; €)G(0; e)]™!
XGy(Ry—Ry;e),



External Field
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e - = s —iwt * oot *
H = E#W plv)d.d, =Y M, (be™ +b'e™)d'd,
uv uv
2, (t,7)=iM|D(z,T")G(z,T")|M
Photon Green’s Function:  J)> (t,t") = [Neiw(f—f') +(N + 1)e—iw(f—f')]
D< (t_,l_v) _ [Ne—ia)(t—t') + (N + l)eia)(t—t')]
Fourier transform:

57 (E) = M[NG<>(E+ha))+(N+1)G<>(E hw)]

absorption emission



External Field

F(0)=~ [ =Te[34E)G (B)-X, (E)G"(E)] ’WW\.\‘

---/ ®

/é

S (E) = M[NG<°>(E Tho)+(N +1)G(E = ha))]M

Absorption of photon .
hole density at £

1 f_TrN[MG - ha))MG>ﬁ
electron density at £ - e

Emission

- f _Tr[MG (E - haoo) MG* (E)]

Absorption flux:

F (ha))—z [ ;l—ETrN[MG (E - hw)MG (E) - MG (E - ha)MG" (E)]



External Field

%%ﬁ)hoton
D

» H,

L

Self-energy: ;
G'(E) = [ES-H-EQ(E)-E;(E]

* clectronic structure includes effect from e-p interaction

{elastic part: 9 = 2; f dE ( 1 - f)Tr[r (E)G'(E)T ,(E)G" (E)]
Current:

[ 2e dE

inelastic part: I
21

Tl (E)G (E)T, ;' (E)G(E)]



Harmonic

calculation

Workflow

Relaxed atomic structure

;

2nd and 3nd FC @7, @57
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Self-energy of lead X , X,

'

Non-interacting GF G, G,

'
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Interacting GF G ,G~ |-

Converged?

Transport properties
optical properties
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Time-Dependent Case

VOLUME 52, NUMBER 12 PHYSICAL REVIEW LETTERS 19 MARCH 1984

Density-Functional Theory for Time-Dependent Systems

Erich Runge and E. K. U. Gross
Institut fiir Theoretische Physik, Johann Wolfgang Goethe-Universitit, D-6000 Frankfurt, Federal Republic of Germany
(Received 16 August 1983)

Theorem — With a fixed 1nitial state O(z,) = ©,, the time-dependent
electron density p(r, ) uniquely determines the external
potential v(r, ) [apart from a time-dependent constant C(7)] .

Runge-Gross Theorem

p(r, t) Runge-Gross >V(r, t) Schrodinger Eq. S lp(rl . 'rN,t)

Time-dependent Kohn-Sham Theorem

Vext ( r, t) < interacting > ,0 ( r, l’) < non-interacting > VKS ( r, t)

true system Kohn-Sham system



TDDFT in time domain

Time-dependent Kohn-Sham equation:

o
ih =t = sty = (

1
—3 V2 + Ueff(t)) (I

EOM for one-electron density matrix:

inp = [h,p]



TDDFT in time domain

ol - N

Ty _ ' PL PLD PLR
hp©) =@ 10 5 pDR‘
pij(t) = (afr (t)a;(t)) PRL #/PRD PR

Lonm () = Z(hnlplm — Pnihim) — 1 Qanm

leD a=L,R

Qa,nm =1 2 (hnkapkam - pnkahkam)

koEa



TDDFT in time domain

D '
Qanm =1 Z (hnkapkam - pnkahkam)

ko€Ea

d
Jo(t) = — 2 apkaka(t) = iz 2 (hkalplka - pkalhlka)

ko EQ €D kyEQ

= —z Qeu = —TrlQ,(t)]

leD



Time-dependent Quantum Transport

ol - N

P PLp PILR "h;, hyp hpg-
p=|PpL Pp PDR H = |hp, hp hpg
PR, PRD PR . hp; hgp hg |

ipp () = [hop(0), pp(O] — 1 ) Qo

Qunm () = — z j dz[GT,(t, DS (T, 8) + 65 (6, D, (2, 8) + Hoc.]
leD "~



Keldysh Formalism

-
1
-

? P
Gy, m(t, ') = _i<TC{aka (B)an (t)})

Grm(t,t") = —i{af (tDag, (1))

Zm®t) = ) hiey (g, (6 Dhiyn (D)

kg€



Time-dependent Quantum Transport

67 (11, t2) = G (e, 02) + [ desdts 63 (e0,t) ) Valts, 04) 67 (00 1)
a

G=(ty, tp) = ff dtzdt, G"(ty,t3) z 25 (t3,t4) G(ty, ty)
a

. rt2
Vo(ts, t2) = Eha(ty — tp) (et e _4)

time meshs: ~200-600 points
Ke et al. J. Chem. Phys 132, 234105 (2010)



Time-dependent Quantum Transport
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TDDFT-NEGF

ipp (8) = [hp (D), P (O] = 1 ) [pa(®) = 03 ()]

a

auxiliary density matrix:

5
v =i [ dTIG=(DZ; (00— G (DB w0
- outgoing incoming
self energies:

de

Efa:l:(e)ei frt[e_*_A“(tl)]dtlAa(E)

X7 (r,t) = £2i
A, (€): line width function

L,(t) = iTrlpa(t) — ¢l (2)]



TDDFT-NEGF

Qa(t) - = i[¢a(t) - QDZ(ZL)] - = lf d€[¢a(€9 t) - 902(69 t)]

equation of motions of auxiliary density matrix:

ipg(€,t) = [h(t) — € — Ag(D)]pa (€, t)
Hfo() = pMa(© + ) [ de’ poalee’,t

iPgar(6,€,t) =—le+A,(t) —€ — Ay ()] Paar(e €,t)
A4 (€) Qo (€, 1) — @ (€', 1) Ay (€)

solve: p, 9q, Vg



Wide Band Approximation

de 7
o e

S5 (T,t) = £2i (€)e' iletaat@ldn g

Padé¢ expansion of Fermi-Dirac distribution:

- Mk "Mk ]
o) A —
Ja (€) Zq:Xk:[,B(G—Ma)‘Fi{k " Ble— pa)— it



Wide Band Approximation
N
0a(®) = lp() = 1/200e + ) Pse(t)
k

P () = —i f dt G7(t, )2, (7, £)

2 .t +
Z:Z_k (T, t) — Enkel fr Eak(tl)dtlAa

E;—rk relates to kth Padé poles and time-dependent external bias voltage

equation of motion for the auxiliary density matrix:

. . 2”7k + .
LPak (t) = — B Ny — [Eak(t) — h(t) + lA]QDak (t)
with initial condition:
. 2”7k + ;
0=-— Ay — €45 (0) — h(0) + iA]@q (0)

p



Wide Band Approximation

NEGF self-consistent calculation of
equilibrium state to obtain

- -1
6,(0)= IEI +2Re Y R, {1,‘0.”(0) ~h, +é,\:l

a.p

N -1
9,,0)=—iR, [s”(O) =h IEA} A

v

( Propagate equations of motion \

j 1
i6,5(1) = 1,10, (0] =X {{Q(GDU)—;)AwZ %.J:)}—Hr}
a = & P

. i
9, ,(1) = —iRpAa +|:/ID _EA —8(,_‘,(/)}%_!,(/)

- J
10

Calculate current J,(t)

op(t) |

Update Hamiltonian hp(t)

Shp(t) = dvh(t) + dvx(t)
V25V (r,t) = —4ndpp(r,t)




Lorentzian Decomposition

0, ()= J‘dg_"_:odtl Z {[G;u'(tﬂtl)z;u(tlat;g)_G;u'(tﬂtl)z;'u(tlat; g)|-H.c.}

v'eD

=i Ag(&)as
7(t 1) =tie 1

e L (@A, ()

fe (e): Fermi distribution function A, (€): Linewidth function due to a lead
f=(£): Padé expansion Lorentzian Decomposition
14 T . T T T T T T T
2] oo
L. 5 0 0]
S (o)~ R ]
2 ; pe— ﬂa)+lé/k ,3(5—/1&)—1@( 8-

DOS

Energy(eV)
Zheng, Chen, Mo, Koo, Tian, Yam & Yan, JCP 133, 114101 (2010)



Zheng et. al. JCP 133, 114101 (2010)

Lorentzian Decomposition
i6,=|hy0,]-i Y 0.0 QO ()=i Ek[qvak(t) —cp;Zk(t)]

a=L,R k=1
i, = hy(O) =iy, = A (D]@,. 0
/ +i [O’D (A, +0, (t)A;k]
1%t-tier

auxiliary matrix Ny

3D Pt (D
o k=l
i(pak,a'k' = _[iyak +A () =1y, - Aaf(t)]Q%k,a/k/(f)
2Md _tjer / + (A;’k' - A;’k’ ) P ok (t)

auxiliary matrix

_i(p;k' (2) (A;k -4y, )

Self-energy: Lorentzian expansion
Fermi function: Padé expansion



Lorentzian Decomposition

Squared-Lorentzian decomposition

Ny Ny

Ma TN
A X — A A
U= ;;(U—Q)+W2 U-Q,) +W,’ adad

= PLD
0.8 - —sqaure Lorent

maintain the positivity of g
spectral function =

0 5 10 15 20 25 30
time(fs)

Wang, Zheng, Chen and Yam. J. Chem. Phys. (2015)



Complex Absorbing Potential

B (2m)\* 4 r} ry
W(r) = 2
(r) Zm( 11 ) c? [ (r—r)? * (r1+71)? ]

Y Hppgcdp! Hep _ < B

2'(e) = 2, 2

c=1 €~ € =1 €~ €

11 : define the size of absorbing region



CNT Molecular Electronics

Open System

Particle o1z @) | | | .
§ 0.06 :g
Energy ey
Environment ooz |
inpy(1) =[hy (0, p,O1=i Y 0, ()
a z g
:é) 006 | -§
IO! (t) = _Tr[Qa (t)] . 0.04 i




Voltage (mV)

Voltage (mV)

012
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0.02
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0.08 +
0086 -
004 +

002 +

Dynamic Admittance

a) ' ' right current

eftcurrent W
voltage

T T T T T

b) right current
eft current W

voltage

Time (fs)

18

1 16

1NN 7N O % N N

-’..xax/ﬁﬁwf\av.x-'

\*%X-/\f\,!,’;!,&;‘/axd.\/’

Current (nA)

Current (nA)

-

0.002
0.00186
0.0012
0.0008
0.0004

0.02 fs

01
0.08
0.06
0.04 +
0.02

1fs

0.1
0.08
0.06
0.04
0.02

Potential Energy (meV)

Yam, Mo, Wang, Li, Chen, Zheng, Matsuda, Tahir-Kheli & Goddard (2008)



Voltage (mV)

Voltage (mV)

Dynamic Admittance

.
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a ' ' Tight current ——
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fit ——
01
, ; : ; — : 0.18
Fitted result
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0.08 z 2} Sin bias voltage 4 0.16
=
= 0.14
0.08 o
3 - 012
= i\
0.04 Ng 01 g
0.02 % 0.08 ‘g
3] 3
§ 006 B
0 : 8 8
b) right current 0.04
eftcurrent W ] 49
voltage 0.02
01
0
1 8
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g <
0.06 _g Freq (THz)
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o
0.04 4
Switch ime: ~ 10 f
~
: 1tch-on time: S
0

Time () Yam, Mo, Wang, Li, Chen, Zheng, Matsuda, Tahir-Kheli & Goddard (2008)



Voltage (mV)

Voltage (mV)

Equivalent Circuit

-

Bt ::o\. o O Sl

XXX?Y "."’i"?:Sﬁ%Y’/YZ

/.‘ &

vxx/’a’ﬁ_,.v‘.;a/xzx

o~

. ---(0 a7,
S 2N % N ONIXING 2NN

RAATR IR
a ' ' ' right current
0.12 ) eft current W
voltage ——— 1 16
fit ——
01 + a)
008 - —_
<
£
T
0086 |- g
-
[ &]
004 + |
002
0
b) right current
eft cu'rrenl " ]
voltage
01} ag
8
008 +
<
g <
008 |- =
e
3
004 + 4 4
Switch ime: ~ 10 f
' ~
oaz| | I 1tch-on time: S
0

Yam, Mo, Wang, Li, Chen, Zheng, Matsuda, Tahir-Kheli & Goddard (2008)

Time (fs)



Organic Solar Cell: Model

* six-ring oligothiophene (T6) as donor and Cg, as acceptor

* simulation region 1s sandwiched between semi-infinite T6 and
C¢o molecular units
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Environment
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Surface S.
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Environment

Surface Sg
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Absorption
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— T6 ] 5 10F I I '— Coo
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Organic Solar Cell: Model

* six-ring oligothiophene (T6) as donor and Cg, as acceptor

* simulation region 1s sandwiched between semi-infinite T6 and
C¢o molecular units

Absorption

exp. P3HT:PCBM
‘- - - - theory 4T:C,,

-
o

®
m

Moving Region (M)

1 v
¥ | 8 In ¥
\.[ ;r: |f’l'| ’xT‘
Blg 18! 3
¥ € jel =
gl x gl g w*"~
SIREL D B4
f 3 | AL u‘:'-';-;'
17 '81 §
AR
Y o |J",
| 31 % |’f-’ i)
X " b ‘:} .

T6-1 T6-2 T6-3 Ceo-1 Ceo-2  Coo-3

Environment Environment
“ Simulation Region (D) —

Absorption cross section
o
Ul

0| T T . o
300 400 500 600 700 800
Wavelength (nm)
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Organic Solar Cell: Model

* six-ring oligothiophene (T6) as donor and Cg, as acceptor
* simulation region 1s sandwiched between semi-infinite T6 and
C¢o molecular units

DOS

/ \T E /\e" E ——  Simulation Region
2 1.0
/ Movmg Region (M) T
(i)
% g :zl‘ g ] o.a:w‘
b3 {(" 15 1 ,A"Z'\"’*» <) E
A : I 81k o 6(.‘,'-'—_1;@ ~ 0.6 _Q
11508 % " L > e
1110t 1 =4 c
e | ' B [} £
Y % % li’" ? c 040N
e & tar Ll )
| 5 X ils \o % -1 -
1 < ' C —I
0.3
T6-1T6-2 T6-3 Cso-1 Ceo-2  Ceo-3
Environment Environment
. Simulation Region (D) — 2, 10 30 0.0

20
Surface S, Surface S Distance (A)



Light-induced charge carrier dynamics

T T

—~ 005
|
<
[
m
- 0.00
>
@
L

-0.05 . . .

1 1 ]
20 25 30

Time: 0.0 fs Time (9
e Red: induced electron
't . - e Blue: induced hole
AP st s .
L0 40 '.3 fon -5 * External field applied on T6-2 only.
TR oo P N %

cp e 6 i e 0}/ 1
beed Tl NMa * The ground state Mulliken charge

is deducted to illustrate charge

¥
¢
e
s
]
3
3
1]
z . . .
; dynamics due to the excitation.

P (S0 @ul o VO TO6 o lep 6908 o Gop
((’T‘l e o QLo eb W“’(“‘“(.’(

* The induced Mulliken charge is
e e Croras integrated within a 0.4 fs time
. — | — interval to properly display the the

I i : - 1tati ffect.
Dynamics of induced Mulliken charge in real space excitation etice



Light-induced Charge Dynamics in Blend

2.0xCg0-3
2.0xCgo-2
2.0x Cgo-1
T6-3
- T6-2
T6-1

2.0xCg0-3
2.0xCgo-2
2.0x Cgo-1

T6-3
- T6-2

T6-1

with moving ions

with clamped ions

0 50 100 150 2000

Time (fs)

1101
L1110
1110

0 50 100 150 2000

Time (fs)

111001
IH1INN
1| I T

Identical dynamics
of the electron and
hole in the donor
region;

Same oscillations of
the electron and
hole: excitonic
nature of the
transport of optical
excitation.

Hole transfer from
T6 to Cgy1s mostly
suppressed



Light-induced Charge Dynamics in Blend

IFTI (arb. unit)

X102 16-2 x10-4 Donor region x10-3 Ce0-2 x 10~ Acceptor region
I ! I I ! I ! ! I I ' I .
i i i —— moving _
1.0 6.0 7/\ 6.0 clamped
4.0 F A 110F 1 40 /\ I
0.5 .
20 \/\ ; 20\ /\
/\— LN\ A
OO0k 1‘_/. I 49 0.0 b— : I 4 0.0 b 1 0.0 b— : I A—
1000 2000 3000 1000 2000 3000 1000 2000 3000 1000 2000 3000

Wavenumber (cm™1)

Fourier transform (FT) of An"P for T6-2, donor region (all three T6 molecular units), C¢,-2, and acceptor region
(all three C4, molecular units) with moving (blue) and clamped ions (orange), respectively.

Wavenumber Region Moving/Clamped Attribution
2500 cm-1 T6-2 Both Electronic couplings between neighboring T6-units
1800 cm-" T6-2 Clamped ions Electronic couplings between neighboring T6-units
1600 cm-1 Donor Moving ions The C=C stretching vibrational mode
1000 cm-? Ceo-2 Both Electronic couplings between neighboring Cgp-units
1600 cm" Cgo-2, Acceptor Moving ions Vibronic-enhanced charge transfer




Induced Charge Dynamics in ordered T6

l — Simulation Region(D) —
i
QE . 04 :‘E
¥ 3 5
‘if ‘é 03 g
amm = 0 3
g ; 2
% 0.2 a
1 -
1 -1
Y }{q' -1 0.1
‘ 3 2 . 0.0
X 0 5 10 15 20
T6-1 T6-2 T6-3_T6-4 T6-5 T6-6 )
Environmentle— Simulation Region (D) Environment Distance (A)

Surface S, Surface Sg

Well-ordered: Molecular structures are exactly same and highly
ordered along the transport direction

LDOS: Occupied and unoccupied states span the entire simulation
region



Induced Charge Dynamics in ordered T6

with moving ions
I 1

1N

1
I
1
)
1
I
1
I

L

with clamped ions
I

T6-5 |

0 30

%

T

60 90 120 150
Time (fs)

0.30

91 0.20

AnYP

10.10

0.00

* Occupation oscillations over the entire
simulation region and time interval;

* More pronounced oscillation in the
case of clamped 10ns;

I, I
o4l moving 1
- clamped
a©
& 02 -
<
0.0 . . .
0 50 100 150
Time (fs)

0 - 20 fs: identical oscillations

for both cases;

o 20 - 150 fs: vibrational motions

set in, wash out the oscillation
periodicity in the case of
moving ions;

* Occupation oscillations over

the entire simulation region
and time interval;

* More pronounced oscillation in

the case of clamped ions;



Light-induced Charge Dynamics in Blend

Well Ordered T6 Stacks

Clamped Moving
()
—— ——
T6-1 T6-2 T6-3 T6-4 T6-5 T6-6 T6-1 T6-2 To6-3 T6-4 T6-5 T6-6
Disordered T6 Stacks
()
e —_— s am —_—
T6-1 T6-2 T6-3 T6-4 T6-5 T6-6 T6-1 T6-2 T6-3 T6-4 T6-5 T6-6
T6:C60 Blend
()
 —e  —e
T6-1 T6-2 T6-3 Ceo-1 Cgo02 Ce0o-3 T6-1 T6-2 T6-3 Ceo-1 Cg02 Ce0-3

Vibrational mode
(C=C) modulates
the electronic
couplings between
the donor units by
detuning the
electronic states

In disordered
systems: the
coupling of
electrons to selected
vibrational modes
may promote
coherent charge
transport



Interference and Molecular Transport
¥ N0 iﬁ\?

Source

A —3x T 3t
Constructive Interference
mEN U
Na A =3 X T ST
Pp = 2~ 2

Ng
Destructive Interference
\_/‘

Ach—Zx——n



Model

Tight-binding Hamiltonian:

H-= Eed’fd + Y ydld, +Eek cle, + >V, cerd +Hc)

u,v=u=l ak,.u

v
ol

Meta: A

—ji2 3 6 7 12 13

Alkene: L/ \_/\_/\il

=
I~

S
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Chen, Zhang, Koo, Tian, Yam, Chen, Ratner JPCL (2014)



Transient Current — meta
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Transient Current — meta
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Interference
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Transient Current — para case
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Buttiker probe - Decoherence
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Decoherence
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Photoinduced Charge Transfer

Charge flow results in coherent peaks in 2-D electronic spectra
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Phonon-Assisted Charge Transfer

* Equations of motion
iha(t)

= (0,01 = ) [0a(®) = 95 O] = [0rn(®) - 9}, ()]
a=L,R
* Electron-Phonon Interaction (EPI) Self-Energy

Zpn(t,1) = i) Yado g (6, DGop (DY,
q

@pp(t) = i f dt [G5 (6, D)Zp, (7, t) — G5 (£, T)Zp, (1, V)]

J. Chem. Phys. 2013. 138, 164121



Phonon-Assisted Charge Transfer

* Energy transmission between phonon and excited electrons
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Two-dimensional Photocurrent

Spectra
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Two-dimensional Photocurrent
Spectra

Pulse Frequency and System-Electrode Coupling
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Thank you for your attention



