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H on Graphene: technology and astrochemistry

Hs in the Interstellar Medium
is formed at the surface of
carbonaceous particles

Chemical
functionalization of
graphene:
band-gap opening
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Chemisorption of a H atom

o
152 A

o
0.40 A

mmmmmm

PRSI IR B
2 3

z/A

L. Jeloaica and V. Sidis, Chem. Phys. Lett. 300, 157 (1999)
X. Sha and B. Jackson, Surf. Sci. 496, 318 (2002) =] F = =
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H sticking dynamics on graphene

Challenging problem...

@ fast surface reconstruction induced by the
sp?—sp® rehybridization
= C and H strongly coupled

@ steering mechanism
= importance of non-collinear geometries

e fast dissipation to graphene phonons
= explicit thermal bath exchanging an
arbitrary amount of E

w tunneling for Ecoy < 0.2

5 %’/1\ = quantum dynamics is needed

= high dimensional
quantum model

L
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@ Dissipative dynamics with Independent Oscillator Models
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@ Modeling of Graphene-H
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© High-Dimensional Quantum Dynamics
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Outline

a System-bath Dynamics
@ Dissipative dynamics with Independent Oscillator Models
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System-bath dynamics

@ System: relevant part,
experimentally probed

= Few, important DOFs

@ Bath: irrelevant part, but
responsible for energy
transfer

= Large number of DOFs
of non-direct relevance

Quantum description is mandatory for inherently quantum
systems and/or low-temperature baths..
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Independent Oscillator (10) Model

@ system coupled to a thermal bath of HO
@ simple but general model of system bath dynamics
@ energy fluctuation and dissipation

. 1
WaveFunction
3 0.00 fs Morse Potential
0.5
>
[))
2 ~
o —
L o
K €
o
o
o
0
-2
B 0.5 0.5 1 1.5

0
Z/Ang

©0000000000000000000000000000000000000000000000000 E:



Introduction  System-bath Dynamics  H-Sticking Model Construction ~ High-Dimensional Quantum Dynamics ~ Conclusions

[e]e] le]ele] 00000000 000000 000000
[e]e]e} 000000

Independent Oscillator (10) Model

Independent Oscillator Hamiltonian

H= Hsys_l_ Hbath_l_ Him-l-AV(S)

Hsys = é’iM + V(s) : system Hamiltonian

Hbath = 5~ A + “’ixz : "bath " Hamiltonian
=2k 2 %k

Hint = — S~ ckXks: interaction term

2
AV(s)=1 (Zk :—’%) s? = IM5Q?s? : "renormalization" potential

2 2 2

A.O. Caldeira and A.J. Leggett, Phys.Rev.A 31, 1059 (1985) &

G.W. Ford, J. T. Lewis and R. F. O’Connell Phys.Rev.A 37, 4419 (1988)
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Generalized Langevin Equation (GLE)

Ho is equivalent to the GLE in the limit N— oo

M = —V'(s)+ Fen
Fem = (1) =M [,7 y(t = t)5(t") at’

where

Xi()

sin(wgt) p ¢
o (wk )} Kk

=3 { {Xk(to) - Cks(to)} cos(wit) +
k

2
Wk

2
vty =0ty Ma(t)=Y %% cos(wkt)
k

L

R. Zwanzig, J.Stat.Phys. 9, 215 (1973)
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Spectral Density J(w)

density of state of the environment “weighted” by the coupling
with the system

J(w) = GLE fluctuation-dissipation J(w) = 10 model parameters
11 e Jw) _;
~(It) = — — eflw[d _

(1) = [ et k= kB
oy 2 BT o — 1/ 2B d ()
\L\s(f)\(o)n’:;/_oo ‘I—GTE“’G dle /) k T

20-
Ohmic SD

-
o
T

J(w) / au 10"

Non-Ohmic SD k
| | | |
00 200 400 600 800 1000 1200

w/ecm!
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Recurrence Time

In simulations, we adopt a finite set of HO

U

Poincaré’s recurrence
After Trc the energy gets back to the system

Ohmic-50 |

10 oscillators bath 4

Ll Ll Ll ]
0 50 100 150 200 250 %
t/fs
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Outline

@ H-Sticking Model Construction
@ Modeling of Graphene-H
@ Spectral Density
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System-bath modeling: our strategy

Fully atomistic models z

@ Accurate representation of 2R
adsorbate-lattice interactions and of Hiatt = 2y + 2mg +
lattice dynamics

@ Complicated form of the potential,
inadequate for HD Quantum Dynamics

2
VXK, 20, @) + i am;

System-bath models 2
@ Limited applicability, though fine iff a W o2 2 Fioo =
Generalized Langevin description of ° Zmy 3+ V(xH, 20,49 +
h ics hol 2 2
t le dynamics .ods .msﬁ' SN T %ZC)Z]
@ Simplest possible form for an %%_' “k
environment, suited to HD QD &’9& %"%

1t) & J(w) S wk, x|

L
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System-bath modeling: our strategy

ab initio

+ lattice model
Classical MD %%

Environment
Je(w)

4

Quantum Dynamics

Conclusions
000000
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Atomistic model of Graphene-H: System

System

Hsys = 5+ 5 p% + V(XH, zc, q%9)

2mH

Plane-wave DFT PW91

Dense grid on xy, y4, ZH, Zc, for fixed
coordinates of the remaining lattice atoms

12-parameter fit to LEPS functional form

normal modes

CH-surface stretching, 466 cm—"
C-H bending, doubly degenerate,

§ C-H stretching, 2550 cm—!
1170 cm—!

J. Kerwin, X. Sha and B. Jackson, J. Phys. Chem. B, 18811 110 (2006)

Conclusions
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Atomistic model of Graphene-H: Lattice

Graphite § g&
200} = ., B S |
N Lattice
ol N P
o ) Hatt = >°;" o5 + Viaw(21, 22, ...2n)
L SF — 1
?;‘ — ) @ Lattice model of graphene (Force Field)
Bl TN EE 1 @ ZA, ZO branches only
NG|
o Coupling
T 1 T ] V(XH7 Zc, qeq) =
K
sel V(XH, Yr, 20 — Q, 2c — Q, q%%) — £ (zc — Q)?
o ) O bronon 588 Q= (21 + 22+ 23)/3

T
Wave Number (A")

T. Aizawa et al., Phys. Rev. B, 11469 42 (1990)
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System-bath modeling: our strategy

ab initio

+ lattice model
Classical MD %%

Environment
Je(w)

4

Quantum Dynamics

Conclusions
000000



H-Sticking Model Construction
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Classical Molecular Dynamics

Canonical MD

Finite slab with 120 carbon atoms
Equilibration at different T

1000 trajectories with Langevin
atoms at the slab edges

tin = 10 ps
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Je(w) from Molecular Dynamics

= Canonical, classical dynamics:
oz[,(1)
Coz(t) =< dz(t)6z(0) >
(Cw(t) =< z(t)z(0) >)

(@

Environment

@ dissipation mainly occurs at near-equilibrium
| configurations

?{5 gj{\\ zy couples only to zg

H — C — lattice
C(w) = Jn(w) = Jo(w)

L
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Je(w) from Molecular Dynamics

Conclusions
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(@

Environment
6ZH w) =

[ etsz) (tat
C(w) = 4 N4 162](w)?
o(w)

Clw)w/2
Jpy(w) = kg T2
B IsF(w)2
2 f > Iy (w)wdw
Jo(w) = mg Z2)

IW+(w)\2
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Je(w) from Molecular Dynamics

<

Clw) T /au.
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Both 2D and 4D models give the same results
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Je(w) from Molecular Dynamics

T-dependent broad band at high w ?

[ T
03f
V(XH, zc) 02
. J _ 501
harmonic expansion S ook MMV
3 et
=< 03f B
@ not a spectral property of 0.2p E
the bath 01l E
@ decay of the C(t) due to 0.0 MV e
) 1000 2000 3000

system anharmonicity [t
w/cm
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Je(w) from Molecular Dynamics

inversion procedure 10 model MD_ -
) P s Jy(w) =% Crew(w)

5

—— bath model, T= 300 K

\ \ \
0 1000 2000 3000
w/ecm™

10 Bath with Jsx(w) and weyrosf = 1000 cm~!

L
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Outline

© High-Dimensional Quantum Dynamics
@ Vibrational Relaxation
@ Sticking

Conclusions
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Vibrational relaxation @ Ts = 0 K

Multi Configurational Time-Dependent Hartree

I Initial Excited State | \U(XH’ZC’Q(J)7 ” QN) :(N)
0o >0 a i (X4, 20)9; " (Q1) - .. 4; 7 (Qn)
3-0.5— . ,
K @ Hermite-DVR for system’s spfs
W 0; i, (X, Z¢)
' @ Mode combination & Hermite-DVR for
I bath spfs qﬁfk)(Qk)
1'5f| ] @ Product initial state,
-05 0.0 2/A 05 1.0 VX, 26) - - du=0(Qk) - - -

@ Lanczos diagonalization to obtain the 4D

eigenvalues and eigenfunctions

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Vibrational relaxation @ Ts = 0 K

Multi Configurational Time-Dependent Hartree

r 1 \U(XH7ZC)Q17“’QN):

Energy Dissipation
00- nergy Fissipation v, (xm 20)68 Q1) ... 4\ (Qp)
>-05F ; ,
i @ Hermite-DVR for system’s spfs
w [ i, (X, Z¢)
o @ Mode combination & Hermite-DVR for
I bath spfs qﬁfk)(Qk)
151
] @ Product initial state,
-05 0.0 2/A 05 1.0 VX, 26) - - du=0(Qk) - - -

@ Lanczos diagonalization to obtain the 4D

eigenvalues and eigenfunctions

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Vibrational relaxation @ Ts = 0 K

Multi Configurational Time-Dependent Hartree

I Final Ground State | \U(XH’ZC’Q(J)7 ” QN) :(N)
0o >0 a i (X4, 20)9; " (Q1) - .. 4; 7 (Qn)
3-0.5— . ,
K @ Hermite-DVR for system’s spfs
W 0; i, (X, Z¢)
' @ Mode combination & Hermite-DVR for
I bath spfs qﬁfk)(Qk)
1'5f| ] @ Product initial state,
-05 0.0 2/A 05 1.0 VX, 26) - - du=0(Qk) - - -

@ Lanczos diagonalization to obtain the 4D

eigenvalues and eigenfunctions

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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High-Dimensional Quantum Dynamics

Vibrational relaxation - 2D collinear

10.40

10.00

(VeH, Vsurf)

100

t/

metenrd®
1000 2000 300
fs

vecy — C—H stretching
veurf — surface—CH stretching

0

Conclusions
000000
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Vibrational relaxation - 4D with bending

2500F T ]
[ B33C 0.30
[ 6002
[ 0192
2000} @027
0,0~
7 1500 " >
€ RN ()
C oag- 10.15 <
~ i N
w 1000 - w
(200 0.10
500 F o5 05
Ob 1 B, = t“‘l:'“"}“ v . ... .40.00
0 50 100 1000 2000 3000
t/fs
veHy — C—H stretching
(VCHa Vsurf, Vb) vsurf — surface—CH stretching

vp — C—H bending

Conclusions
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Vibrational relaxation

bath oscillators (v) over time

-1
frequency / cm frequency / cm'
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& -
- - H
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| i L J " " "
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C—H stretching surface—CH stretching 3 E
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What makes vy relaxing..?

No graphene phonon mode is present at the stretching
frequency..

@ Phonon bath is not graphene, rather vacant (and distorted)
graphene..However, no significant change found

@ Anharmonic coupling to bending might be at work in real
world, but not in our model

= check of the numerics (computing correlation functions in
practice)

L
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What makes vy relaxing..?

"More controlled" molecular dynamics and spectral analysis

r
o
o

"

10° =
E 0,4 =
5 1o 45 k 3
s 10 ! S 03f 3
@ 102 3 f@,\ 02 E E
&) E o TE 3
- 3 1 7 E 3
108 3 01 E
10’4 H\HH‘HHHH\‘\HHHH‘HHHH\: Au‘ i o ALY - 3

0 1000 2000 3000 4000 0 1000 2000 3000 4000

o/cm’ w/cm’

. high-w background comes from numerics of Js(w) inversion!

L
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Sticking@ 7T, =0K

Multi Configurational Time-Dependent Hartree

\U(XH, Zc, 01 30y QN) =
1 ais(xu, 20)84) (Q1) - 60 (Qw)

@ Fourier grid representation of system’s
spfs ¥, (Xn, 2¢)

@ Mode combination & Hermite-DVR for
bath spfs ¢§k) (Qk)

@ Product initial state,
Yscatt(XH, 2¢) - - - Pu=0(qk) - - -

@ Time—energy mapping and flux analysis

L

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Sticking@ T, =0K

Multi Configurational Time-Dependent Hartree

05" V(xn, 2c, Q1 .., Qn) =
ool S ati(xm, 20)95(Q1) .. 4 (Qn)
>
5'0-5’ @ Fourier grid representation of system’s
1_0’_ spfs ¥, (Xn, 2¢)
L Energy | @ Mode combination & Hermite-DVR for
15l Dissipaction 1 bath spfs ¢/(‘k)(0k)
05 00 05 1o, 15 20 25 @ Product initial state,
' Z/A Yscatt(XH, 2¢) - - - Pu=0(qk) - - -

@ Time—energy mapping and flux analysis

L

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Sticking@ 7T, =0K

Multi Configurational Time-Dependent Hartree

091 w(xHyzC7Q17"7QN):
L 1 N
ool S ati(xm, 20)95(Q1) .. 4 (Qn)
>
S0 VN L @ Fourier grid representation of system’s
Lol spfs ¥, (Xu, 2¢)
ol Trapping | @ Mode comb(ikr;ation & Hermite-DVR for
15l of the WP | bath spfs ¢; "’ (Qk)
L L @ Product initial state,
-05 00 05 5 20 25

Yscatt(XH, 2¢) - - - du=0(k) - - -
@ Time—energy mapping and flux analysis

L

L 1 L
1.0, 1
Z/A

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Sticking@ 7T, =0K

Multi Configurational Time-Dependent Hartree

091 w(xHyzC7Q17"7QN):
ool Sr o, (xu. 20), Q1) ¢{ (Qw)
>
5-0-5* @ Fourier grid representation of system’s
ol spfs ¥, (Xu, 2¢)
| Final state @ Mode combination & Hermite-DVR for
45k ] bath spfs ¢>§k)(0k)
G5 5o s St @ Product initial state,

Yscatt(XH, 2¢) - - - du=0(k) - - -
@ Time—energy mapping and flux analysis

L

M.H. Beck, A. Jackle, G.A. Worth, H.-D. Meyer, Phys. Rep. 324 1 (2000)
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Minimum Energy Path

2 limiting definitions of
the 4D system potential
@ sudden potential

V(XH) Zc, qasy)
q? = planar graphene

zc /A

oot @ adiabatic potential
?’Zj mingV(XH, Z¢, q)
ool substrate in minimum
o8l configuration at fixed
1.0 1.5 2.0 2.5 3.0

24 /A XH,Zc

L
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Classical sticking (2D + bath)

classical molecular dynamics

@ atomistic model vs IO
model (adiabatic/sudden)

@ 500/1000 microcanonical
trajs per Ejnc
@ bath/lattice initially in

zosf 7 ] thermal equilibrium at
o oal N ] given T
4
o2 ] — good agreement at Ejne ~ Eparrier
0.0e? s ‘ ‘ — complex comparison at high Ej¢
: 0.2 0.3 E 0.;1ev 0.5 0.6

L
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Quantum sticking (2D + bath)

L o e Eaa
10 [ classical, T = 50 K[|
i —— quasi-classical
B —— quantum 1
0.8} .
2 0.6 i
2 L
<
=
ﬂ_m
0.4 1
0.2 .
|

L AL L Lo T .
083102 03 04 05 06 07 08
E./eV

mc

classical @ T=50K quasi—clil‘;si,tsrlc;::igitial bath quantum dynamics sf
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Quantum sticking (2D + bath)

L s B B s s B L B B B B B

100 H— 10 adiabatic, quantum E
H@® —@ carbon slab, classical v = 1 ps
[|@—@ 10 adiabatic, classical
H@—@ 10 sudden, classical
@ —@ 10 adiabatic, quasi-classical
-1
10

Psticking
=
o
IN)

10°

P R I RS R
0.18 0.21 0.24 0.27 0.30
Einc / eV

s

-4 PR
100127 0.15

Conclusions
000000
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Quantum sticking (2D + bath)

1

zy/ A w/cm®

0.8 20 40 6.0 8.0 200 400 600 800 '
' system potential spectral density | 04 5
03®

~ 0.4 N
N 025
0.0 01=
600 . &k,
) GE
500 -
'
400 E
" »
< 300 :
* o
200 :
100 :
i Bath
0 2.0 40 6.0 8.0 5 10 15 20 25
24/ A bath oscillator #

Conclusions
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Summary

Mapping of a fully atomistic model to a system-bath IO
model, by computing environmental spectral density J(w)

Fast vibrational relaxation of low frequency surface
surface—CH mode

Classical, quasi—classical and quantum dynamics of
collinear sticking
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Inclusion of p

T T T T T L e o o e e
1.0r —— quantum, p = 0. au

[ —— quantum, p = 0.25 au [|

[ —— quantum, p=0.5au ||

H H 0.8 L —— quantum, p=075au ||
evidence for steering ol — quantum, p = 1. au

in previous theoretical

2060
modes |
U o’

I
~

explicit inclusion of p
in the quantum
dynamics

o
[N

o
_@
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Environment from AIMD

ab initio

Environment

Je(w)

Quantum Dynamics

High-Dimensional Quantum Dynamics ~ Conclusions

00@000

ab initio MD

8 x 8 supercell (129
atoms)

Atomic Orbital DFT
PBE, Double-¢ + P

Equilibration at several
T (velocity rescaling)

128 trajectories in NEV
tin = 2.5 ps

...In progress
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Improved 4D system PES

®—® PBE/DT+P

@@ VAW(DF1) /DC+P

®-—® VdW(C09) /DG+P

®—e VAW(KBM) /DT+P

©—@ VAW(BH) /D{+P

@@ VAW(VV) /DT+P
T

T
3.0 3.5

4.0

self-consistent VdW
potentials

@ 8 x 8 supercell (129
atoms)

@ Atomic Orbital DFT,
Double-¢ + P

@ VdW corrected
functionals

@ full system (ry, z¢)
dependence

L
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Conclusions

Linear Chain Representation of the Bath
%gg@ N;r;;l Linear Chain
g/ S/ Q09 9
e — eReade
fully correlated mean field level 1-0; w (\)h"w"c;oo\ ,, T :w:z\;\sbam
@\ e/e/0e/0\¢\a/\00/)0 1 ommiom

Advantage: stronger approximation on the
oscillators "far" from the system

King
= B
o
J\H‘H

o
i
T

[ PPV-Bump

inc inc

R. Martinazzo, K. H. Hughes and |. Burghardt, Phys.Rev.E 84, 030102 (20111)

1 1 1 1 1 1 1 1 1 1
0.2 04 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
/e /eV
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System-bath modeling: our strategy

f+°° (t = 7)z(T)dT + woz( ) =&(t)/m

A3
. 1 E(w
82(w) = m wgfw —iwH(w)
i
1,8(w) = k8T 1
2wC(w) m wd —wl—iwF(w)
(3
S(z) = izC> (2) + C(0) = L [T %d“
{4
kT 1
82 = 22 i23(2)
{4
kgT wCh(w)
Jh(w) = BT ‘S+)(-Iw)‘2

B B b B "

D% = 2TC [0y (w)wdw

Wi(z) = + [+ g,

w—2z

Wi (w) = lim__, o4 Wy(w + ie)
4

D2y ()

el = T
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System-bath modeling: our strategy

..justifying out choice of the system potential

Vs(s1,82,..5n) = Ming, ¢,..¢- V(S1, 82, 5N, €1, &2, --EF)

In our case,

§i=2Z, S1=Xd, 2 =YW, S3 =21~ Q, 54 =2c—-Q
where Q = 3, z; and

V = Vup($1, S2, 83, 84) + Viart(Sa + Q, 21, 22, ..2F) — Vpuck(S4)

4
Vs(s) = Vup(S) — Vpuok(Sa) + Minz, zy,..2¢ Viarr (54 + Q, 21, 22, ..ZF)

. . K,
if Vouck(S) := Minz, 2,z Vian(s + Q, 21, 22, ..2F) =~ 7§ 52

Ve(s) = Vao(s) |
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What makes vy relaxing..?

Isotopic substitution

0

10

Jo(w) /a.u.

s
0 1000 2000 3000 4000
w/cm™t

..high-w background is artificial! g
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Sticking (2D + bath)
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