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System-bath dynamics

@ System: relevant part, exerimentally System
probed Tl Xys % 0¥,
= Few, important DOFs s

@ Bath: irrelevant part, but responsible
for decoherence and energy
transfer
= Large number of DOFs of no
direct relevance

Quantum description is mandatory for inherently quantum
systems and/or low-temperature baths..
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System-bath dynamics

.e.g.

@ sticking, vibrational relaxation, and diffusion of hydrogen
atoms on cold surfaces

@ non-radiative decay of photoexcited molecular systems
@ excitation energy and charge transfer in condensed phase




System-bath dynamics

@ wy and ¢, can be obtained from atomistic (first principles)
potentials

@ wi and ¢, can be used to model environments which are
known from e.g. spectroscopic data or molecular dynamics
simulations

@ the Hamiltonian suits well to high-dimensional quantum
dynamics calculations, e.g. MCTDH and its variants
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Calculations

Generalized Langevin Equation

ME(t) + M / Tt - )& + V/(s(1)) = (1)

@ V’(s): deterministic force
@ ~(1): dissipative memory kernel
@ £(t): Gaussian, stationary stochastic noise
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GLE: causality

v(t)=0 fort <0 J

H(w) = /0 L (hetat

w — Z in the upper half complex plane (Imz > 0)

I

General Kramers-Kronig relation

™

(z) = l /+°° 7|m:y(w)dw = l /+<>o Le:y(w)dw

e W—2Z ) e w—2Z
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GLE: positivity

Rej(w) > 0 ]

f external force, u = (v) average velocity
Mu(t) + Mf_":o ~y(t = yu(t)dt' = f(t)

¥ = u(t)f(t): power of the force f
W= [ u(t)Tf(t) 21r 1= i(w)TF(w)dw

Second Law of Thermodynamics: W > 0

I
w=»xu 72, U(w)'Re(w)i(w)dw > 0
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GLE: Fluctuation-Dissipation

() = 2Mks TRe(w) |

@)= [ tewgon etar

—00

For a free particle (V' = 0) in a stationary state (i.e. t — c0)

+oo w .
C(t) = (v(t)v(0)) = 27r1M2/_ we_lwtdw

Equipartition Law: C(0) = %I

o
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GLE: Spectral density

Jo(w) = MwReF(w) |

@ Jy(w) is a real, odd function of w
w)

@ J(w)>0forw>0 Positivity
@ 1(t) = % [t JE:")e*"Wtdw Kramers-Kronig
@ (£(1H)€(0)) = MkgT~(|t]) Fluctuation-Dissipation

o



Basics Effective modes

Calculations
00000 0000 000000000
®00 00000000000
000

(e]e]
00000

IO Hamiltonian

2
2 2 2
_ P 3 Pk | “k _ kS
H—2M+V(S)+ . 5 5 Xk w[g

H=H + AV(s) + H" 4 Hbath

Hsys = 527// + V(s): system Hamiltonian
2

AV(s)=1} <Zk %) s? = IM5Q2s? : "renormalization" potential
k

Hint = — S~ ckXks: interaction term

2
Hbah =%~ %‘2‘ + %k x2: "bath " Hamiltonian
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IO Hamiltonian

MS(t) + M [ (t =~ )3(1)al + V/(s() = £(1) |

1 _ Henv
P(X17X27~~-p17p2:~~-):*e . i

5 2
Hze()nVIXk:{Zi—i_;(k Ckifgfo)) }

(€0 =0, (&(e©) = "L k(t)




Basics

ooe

IO Hamiltonian
Conversely..

Jo(w) = wi = kDw and ¢ = |/ 2eBwh(n) (k:1,...N)J

7x10°
6x10°
5x10°
3 ax10”

Taxi0?
2x10°
1x10° - &7

NS

L1
40 60 80 100
s

, o> H

..discretized model which is equivalent to the GLE for times less than the Poincaré
recurrence time,

t<Trec:§%:%ZN
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SD: torsional dynamics in PPV oligomers

4-Phenylene-Vinylene

Canonical Molecular Dynamics at temperature T 207

:> g(t) 0O 20‘00 4000 -
F. Sterpone et al., Z. Phys. Chem., 225 (2011) 441 orem
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SD: H chemisorption on graphene

Canonical MD (AIMD in the near future): éz;;,(t)

7 82} (w) = [T2° etsz],(t)at
©) g

Clw) = 3 I 1825 (w) P

n(w) = ke T 52 Sfj((fj)‘z o(w) = C(w)w/2

et

> Jc(w)

&
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SD: H chemisorption on graphene

) A
500 1000 1500

-1
w/cm
L e e
— T=5K
—— T=50K =
— T=100K
= T=300K |:
R B |
500 1000 1500
-1
w/cm
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Effective modes

Hint — — Z CkXkS = —DoXis

@ D2 =3, c2: effective mode coupling

Q@ Xy =3, xkTk1, (Tk1 = cx): effective mode
@ (Xi,Xz,..,Xn) = (X1, X2, .., Xn) T: (quasi-arbitrary) orthogonal transformation
0 (T'w? T)I.]. = Q,?I. i,j = 2, N: frequency matrix of the “residual” bath

= T can be fixed by requiring Q% = 5;Q?

o
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0@00 000000000
00000000000 [e]e)
00000
S X1 Xo X3 Xk
S —C4 —C —C3 —Cx
X1 —C4 Lu12 0 0 0
X | =z 0O w2 0 0
X3 | —c3 0 0 uf 0
Xk —Cxk 0 0 0 wi
B X Xa X3 Xi
s —Dy 0 0 0
Xi | -Dp 92 -G -C3 —Cx
Xp 0 —C, 0B 0 0
X3 0 —Cs 0 a2 0
X 0 —Ck 0 0 a2
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Effective modes

H:(%+V(s)>+AV(s)—DosX1 (”1+ X

+30e ( szz)

)—X1Zk 2 Ck Xk +

In the continuum limit N — oo (with NAw = w):

Dz — * D (w)wdw
f Jw3dw

..and the procedure can be indefinitely iterated
without knowing the eigenfrequencies at each step 5 E
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Effective modes

2 P2 QZXZ
H = (£ + V() + V() ~ DusX — Ti2 DXy + 532 (5 + %) J

Dl

@ How to obtain Jp;1(w) from Jp(w)?
@ What is the limiting spectral density?

o
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A recursive relation

2 2 y2
H= (% + V(s)) + AV(s) — DosX; + (’%1 + %) — X N, CeXi +

N P2 02 x2
+oi, (F+ B

ﬁ\é g iCz/ We can use the Leggett’s trick! to
N? {L obtain Jy(w) from J;(w)

A Leggett, Phys. Rev. B 30, 1208 (1984); A. Garg, J.N. Onuchic and V. Ambegaokar, J. Chem. Phys. 83, 4491
(1985); K.H. Hughes, C.D. Christ, and |. Burghardt, J. Chem. Phys. 131, 024109 (2009); ibid. 131, 124108 (2009)

o
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A recursive relation

3.0
2ol Jo(w) = lime_0 IMWp(w + ie)
_ D5
1.0 WO(Z) —_— m
h: where
-1.0
i ] J
] Wi(z) = 1 [t d) g, |
390 o‘.z ‘ 0‘.4 ‘Z o‘.s T8 10
’ (J1(w) = im0 IMW (w + ie))
Wl <2 <wE <02 0% < W

Lo
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A recursive relation

Jo(w) = lim_0 IMmWp(w + ie)
_ 2
Q22— Wi(z2)
U
Wo(z) is analytic in the u.h.p
and vanishes as z 2

Wo(2)

P4

J

Wo(2) = 7 [15 29 dw |

—0o0 w—2

f(Z) — 1;‘[‘1—00 |mf(w)dw

0o w—Z




Effective modes

5 6.0x10° [ D,= 1.01107 au
r 3
40x10°F Q,= 950107 em o > o+
[ ] 00
© 2.0x107 - B Dn =% Jo Jn(w)wdw
e L
0.00 2000 4000

Qn—H D2 0 J”( ) *duw

Wn(Z) — 1 +oo Jn(w)d

C LY
0 2000 4000

—o0 w—2
10— _ 02 2 _ _Df

N T Woir(2) = Ry — 22— s

r Q,= 153107 em’”
@ 1.0x10" [ 3l . .
- Soxlgoj ) 7 Jn+1 (W) = I|m€_>0 Im Wn+1 ((,d =+ IE)

0 2000 4000

w/em™

R. Martinazzo, B. Vacchini, K.H. Hughes and |. Burghardt, J. Chem. Phys. 134, 011101 (2011) s E
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A recursive relation
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A recursive relation

Ny
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A recursive relation

Ny

Yot

/
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A recursive relation

. v .%.
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A recursive relation
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A recursive relation

E 7 4x10°f 9
2x10™ E Sf o
WF EI- T
2x10™ E o
210 4 2x10%f
1x10*F E N ]
oF 1 1x10 =
5x10° E ]
E | | 3 0 1
800 003 o006 009 0 30
o (a.u.)
i ‘ =5 : ]

30 —J pum— , E
2x10° — i = ¥ J2x10®
F — ¥ = jg 1
: T =% :
1x10° E F J1x10°
C | L, | | |
800 003 o006 009 000 003 006 009
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Limiting behaviour

Provided D,,Q, — D,Q
the limiting chain is uniform

210 T T ,
D
r 1 WOO(Z):Q2_22_W(Z)
2x10™ - B
. i i.e. if J(w) > 0in (0,+wc) one
s o i gets the Rubin SD
§1X10
ol Joo(w) = 2521 /1 = £0(we — w) J
A where Q2 = 2D = % and the
0 1000 2000 3000 4000 5000 chain is translationally invariant

-1
w/cm

(Quasi)-Ohmic behaviour!

Lo

R. Martinazzo, B. Vacchini, K.H. Hughes and I. Burghardt, J. Chem. Phys. 134, 011101 (2011)
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Short-time behaviour

Jni1(w) = dn(w), -+ = Jo(w)
K.H. Hughes, C.D. Christ, and |. Burghardt, J. Chem. Phys. 131, 024109 (2009); ibid. 131, 124108 (2009)

0§

W =
O(Z) D12

1 2
D2

Q2 — 22 — Wy(2)
What if truncating or closing the chain after introducing n modes?

Wn+1 — .= Wo(Z) — Wo(Z) + 5W0(2) %

2_ 52
Q5 -z
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(o] Jelele]

Short-time behaviour

For z — oo where W,(z) — 0, ‘errors’ propagate as
1 4
SWh_1(2) = D?_, (z) SWp(2)

i.e. with n modes Wo(2) = a (1)® + a4 (1)* + .. is correct up to the
4n-th order

Lo
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Short-time behaviour

2m
(12] > we) Wo(2) =352, ud_ 1(;) where p® = 2 [ Jy(w)wkdw J

(149, 1P} < (Do, 2}

{u(o),ué ),us s 1y Oy < (Do, 24; Dy, 2}

0
{Hgn),_1 2n =1 = {Dm’ Qm+1}m_

R. Martinazzo, K.H. Hughes and |. Burghardt, Phys. Rev. E 84, 030102(R) (2011) &
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Short-time behaviour

F ] 003 |
6x107 - b E m}0.02 &
5x107 bl [ Joo1g
2L 1 I PO
3 ax107 ] L o 5 1 10% a L% 0 a
£ 3107 b % z DHD‘ DEDJ
2x10° [ bl [
1x10°% N [ 1
ot 1 . [Py E R B I
2000 4000 0 20 40 60 80 100
w/em? tlfs
5x10° T 0.00 (o
. - C T Lo 3
4x107 oD, | . F ¥0.02
; 3 E Joo1g
3 0.01] r jo01g
S 30T ~4 2 L 000~
I~ s I F 0 5 ] 10
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R. Martinazzo, K.H. Hughes and I. Burghardt, Phys. Rev. E 84, 030102(R) (2011) i g
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Short-time behaviour

k(1) — K(0) = rn(t) — kn(0) + O(t4™) J

Sp(t) = Re (£(1)£(0)) = Im (£(1)£(0))
O e T T T 7T ]
6x10° i r ]

. #10° — r ]
g 5 n=5 [ -
= 2x10 i L B
5 o A - qp Vi
2x10° ] ]
0" ] Vo ]
0 20 40 60 80 100 0 20 40 60 80 100
t (fs) t(fs)

R. Martinazzo, K.H. Hughes and I. Burghardt, Phys. Rev. E 84, 030102(R) (2011) 3ﬁ
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Quantum dynamics with MCTDH

WXt X2, oo XN) = S oo Civigsig 05 (X)) (X2) . ) ()

it in

@ Cj j,...iy = Ci,.in,...iy(f) are time-evolving amplitudes for the
configurations

° ¢,(.k)(x) = gb,(.k)(x, t) are time-evolving single-particle
functions
° <¢,(.k)]<z>j(.k)> =gjforany k =1,.N

Equations of motion from DF variational principle

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000) E :
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A simple MCTDH ansatz

System + Primary + Secondary modes

V(X,Y,2) = >y Cu o (X1)- b, (y1)-- 1 (21 )1p2(22). . 0n(2N) J

@ Linear scaling
@ Accuracy depends on the primary modes only
@ Recurrence times can be enormously increased

o Effective-mode based variants for G-MCTDH', LCSAZ, etc.
are possible

[1] I. Burghardt et al., J. Chem. Phys. 111 29727 (1999)
[1] R. Martinazzo et al., J. Chem. Phys. 125 194102 (2006)
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Model systems

e Ve e F e F (o))

o f(s)=1"2"  sfors—0

@ V(s) = Dee 3 (e7° —2),
with D, = 1.55eV

o M=my

@ Several J(w)s

o
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Model systems

Vibrational relaxation Sticking

pi(s[s) pi(sls)

t/fs

5 05.
x*10/a0"

P =
% s 87 iy w2 17a 20

x*10/ a0

o
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Chain dynamics: an example

. 1
WaveFunction
3 0.00 fs Morse Potential
0.5
>
[N
5 ~
o —
L o
i IS
o
o
a
0
-2
1 05 05 1 15

0 .
Z/Ang
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A simple MCTDH ansatz: vib relax

Non-Markovian SDs, N = 100

-1.300 T T T -1.300
— normal bath
- ncovr:5
Moo =10 normal bath
— Mo =15 Mg =
-1.350 — -1.350
> >
(] [}
i1} wl
-1.400 -1.400
R PR R R B B R P R U T B
1'4500 100 200 300 400 500 1'4500 100 200 300 400 500
t/fs S

M. Bonfanti, G.F. Tantardini, K.H. Hughes, R. Martinazzo and |. Burghardt, J. Phys. Chem. A, 11406 116 (2012) %2
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A simple MCTDH ansatz: vib relax

Non-Markovian SDs, N = 100

o 015 5 015

s E|

& 010 4 o010

A E

S 005 — 005

2 o000 £ 000

¥ 3

b -0.05 < 0053
7o) T N Y U ENO NI Loy U N I N RPN
01% 50 100 150 200 250 300*'% 50 100 150 200 250 300

t/fs t/fs

0.10 5 0.10p 3

~ E ] E ]

< E E| £

~ 005F 4 oo0sF

A E ] E

3 f f

& -0.05 —; -0.05

= E.1 | | | L B | | | L
010556100 150 200 250 300 % 50 100 150 200 250 300

t/fs t/fs

M. Bonfanti, G.F. Tantardini, K.H. Hughes, R. Martinazzo and |. Burghardt, J. Phys. Chem. A, 11406 116 (2012)
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A simple MCTDH ansatz: sticking

1.0 [ 5—5 normal bath 10— a 10¢ ]
r oo N, = [ ] [ ]
[ o—o N, =10 [ ] [ ]
0.8[ eeN_. =15 08f . 0.8 3
L 08F 1 5 osf 1 4 osf 3
2 r 108 r 108 r ]
2 4 o E 4 o L ]
0.4 B 0.4 b 0.4~ -
0.2F B 0.2F 3 0.2F ]
I . I R T, b
O'%.O 0.5 1.0 0'00.0 0.5 1.0 0'%40 0.5 1.0
eV E /eV E eV
inc inc inc

M. Bonfanti, G.F. Tantardini, K.H. Hughes, R. Martinazzo and |. Burghardt, J. Phys. Chem. A, 11406 116 (2012)



Basics Effective modes Calculations

00000 0000 0O0000000e
000 00000000000 (e]e]
000 00000

A simple MCTDH ansatz: timings

-1.30 25.0

%) ]
= 200} 3
135 B @ L ]
> N =200 N =300 > L ]
° 81500 B
) [ ]
"” £ r 1
-1.40 4 £ 1000 E
5.0 A
145 | | | | | | 5 / ]
0 200 400 600 800 1000 1200 1400 b ]
t/fs 0.0C | e—r——0—— T 9]

o 300 600 900 1200

M. Bonfanti, G.F. Tantardini, K.H. Hughes, R. Martinazzo and |. Burghardt, J. Phys. Chem. A, 11406 116 (2012)
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Summary

@ The IO model can be handled with high-dimensional
quantum methods

o Effective modes considerably enlarge the range of
applicability of quantum IO models

@ Classical mechanics can be used to build a quantum IO
model

@ No need to build a potential: (equilibrium) AIMD can be
used to obtain the necessary correlation functions

&
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