
Ab-­‐ini&o	
  studies	
  of	
  op+cal	
  excita+ons	
  
in	
  solids	
  and	
  molecules	
  

	
  

Thomas	
  Young	
  Center,	
  	
  
University	
  College	
  London	
  
July	
  3,	
  2014	
  

  Mo+va+on	
  
  Short	
  review	
  of	
  experimental	
  results	
  
  Methodology	
  
  Applica+ons	
  



Motivation: The need for alternative energy sources 

http://www.globalwarmingart.com/wiki/Image:Instrum

http://www.celsias.com/2007/03/20/channel-4-distances-
itself-from-global-warming-documentary/



The challenge of sustainable energy sources 

Report of Intergovernmental  
Panel on Climate Change 
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30%	
  

Time	
  and	
  resources	
  
running	
  out	
  –	
  
fundamental	
  science	
  
can	
  play	
  key	
  role	
  in	
  
enabling	
  technology	
  
	
  



The Principle: separate light-absorption and charge 
collection processes  

Major issues:"
 - stability"
 - efficiency (Inc.Ph.Cur.Eff.)"

The	
  dye-­‐sensi+zed	
  solar	
  cell	
  (M.	
  Graetzel,	
  1991)	
  



  
Charge injection dynamics: 
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T i m e   ( f s )    T=350 K 
δt=0.02419 fs 

Fit: t0 = 32 fs, t1 = 40 fs  
Expt.a) : <100 fs  
a) Cherepy et al., JPCB (1997). 



Design	
  of	
  Dye	
  Acceptors	
  for	
  Photovoltaics	
  from	
  First-­‐Principles	
  Calcula:ons	
  
Sheng	
  Meng,	
  EThimios	
  Kaxiras,	
  Md.	
  K.	
  Nazeeruddin,	
  and	
  Michael	
  Gratzel	
  	
  
J.	
  Phys.	
  Chem.	
  C	
  2011,	
  115,	
  9276–9282	
  



Photocataly+c	
  water	
  spli[ng	
  system	
  	
  
u+lizing	
  Pt/TiO2/IrO2:	
  	
  	
  
TiO2	
  is	
  light	
  absorber,	
  Pt	
  is	
  the	
  hydrogen	
  
evolu+on	
  catalyst,	
  and	
  IrO2	
  is	
  the	
  oxygen	
  
evolu+on	
  catalyst.	
  
	
  (P.	
  Kamat,	
  U.	
  Notre	
  Dame)	
  

Water	
  spli[ng	
  

H2	
  produc+on	
  from	
  organic	
  
molecules	
  using	
  TiO2	
  nano-­‐par+cles	
  
as	
  photo-­‐catalysts	
  
	
  (Argonne	
  Na+onal	
  Lab)	
  



Simulation of photo-oxidation of 
water and methanol on TiO2 (110) 

Dmitry Vinichenko,  
Grigory Kolesov,  
Georgios Tritsaris 
(SEAS, Harvard) 

 
in collaboration with the group of 

 Prof. C. M. Friend 
(Dept. CCB, Harvard) 
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Ru+le	
  bulk	
  crystal	
  structure	
  

  Rutile TiO2 (110) – a model photocatalyst 

Titania	
  (TiO2)	
  –	
  one	
  of	
  the	
  most	
  widely	
  studied	
  materials	
  in	
  transi+on	
  metal	
  
oxide	
  photocatalysis	
  since	
  the	
  seminal	
  publica+on	
  of	
  Fujishima	
  [1]	
  in	
  1972	
  

Model	
  of	
  the	
  (110)	
  surface	
  

Vacancies!	
  

Ti	
  	
  6-­‐fold	
  coordinated	
  
O	
  	
  3-­‐fold	
  coordinated	
  



  Water photooxidation – experimental data 

1	
  –	
  S.	
  Tan	
  et	
  al.,	
  JACS.	
  134:9978-­‐9985	
  (2012)	
  
2	
  –	
  S.	
  Sato,	
  J.	
  White,	
  Chem	
  Phys	
  Lej,	
  72:83	
  (1980)	
  

Water	
  can	
  undergo	
  photodissocia+on	
  under	
  UV	
  illumina+on,	
  
as	
  shown	
  in	
  an	
  STM	
  study	
  [1]	
  

However,	
  it	
  is	
  contradictory	
  to	
  the	
  earlier	
  experimental	
  data:	
  	
  
No	
  hydrogen	
  is	
  formed	
  upon	
  illumina+on	
  of	
  ru+le	
  TiO2	
  in	
  
presence	
  of	
  water	
  vapor	
  at	
  RT	
  [2]	
  



Methanol photochemistry – experimental data 

M.	
  Shen,	
  M.	
  Henderson,	
  JPCC,	
  116:25465	
  (2012)	
  

Next	
  step:	
  methoxy	
  dissocia+on:	
  	
  



Main issue: coupled electron-ion dynamics 

Coupled electron-ion dynamics without empirical parameters 
Meng & Kaxiras, J. Chem. Phys. (2008). 

Previous work: 
-Schroedinger eq. with model Hamiltonian 
Thoss, Miller, Stock, JCP (2000); 
Rego& Batista, JACS (2003);… 
 
-semiempirical Hamiltonian (tight-binding) 
Allen et al., JMO (2003);… 
 
-ground state DFT +  TDDFT 
Prezhdo et al., PRL (2005); JACS (2007)… 
 
Our method:  
TDAP: self-consistent TDDFT with atomic motion 



Kohn-­‐Sham	
  Hamiltonian	
  

(In this work we will assume 
locality in time.) 



Nuclei	
  are	
  propagated	
  classically:	
  

TDDFT	
  Ehrenfest	
  dynamics	
  

Forces	
  are	
  calculated	
  according	
  to:	
  



Finite,	
  localized,	
  atom-­‐centered	
  basis	
  

Overlap matrix: 



Forces	
  

Hellmann-­‐Feinman	
  (HF)	
  forces	
  	
  
(correct	
  when	
  φn are eigenstates!):	
  
	
  

	
  

Energy-­‐conserving	
  (EC)	
  forces:	
  

	
  

	
  



Propaga+on	
  of	
  electronic	
  KS	
  
wavefunc+ons	
  

Solu+on:	
  



Propaga+on	
  :	
  finite	
  +me	
  steps	
  

:	
  obtained	
  self-­‐consistently,	
  
	
  by	
  calcula+ng	
  hamiltonian	
  	
  
at	
  the	
  end	
  of	
  each	
  +me-­‐step	
  



Ehrenfest	
  dynamics	
  scheme	
  
1.   System is heated to desired temperature 

2.   Electronic excitation (using ∆SCF method) 

3.   Electron propagation with TDDFT (to self-
consistency) 

4.   Calculation of forces on nuclei 

5.   Nuclei propagation with Verlet MD 

6.   Go to 3. 



Example:	
  ozone	
  photolysis	
  

•  Excita+on	
  HOMO	
  to	
  LUMO:	
  slow	
  dissocia+on	
  

•  Excita+on	
  HOMO	
  to	
  LUMO+1:	
  quick	
  dissocia+on	
  



Ozone	
  1st	
  excited	
  state	
  trajectory:	
  
	
  HF	
  forces	
  

•  GPAW	
  
computa+on	
  
+me	
  37	
  days	
  (4	
  
cores)	
  

•  TDAP:	
  1	
  hour	
  

•  Time	
  step:	
  5	
  
ajoseconds	
  
both	
  

•  T=0K	
  

	
  



Ozone	
  benchmark:	
  importance	
  of	
  	
  
accurate	
  forces	
  –	
  EC	
  vs.	
  HF	
  



2nd	
  excited	
  state	
  trajectory:	
  ozone	
  
dissociates	
  with	
  either	
  type	
  of	
  forces	
  



2nd	
  excited	
  state	
  trajectory	
  

•  Movie:	
  	
  
o3split.mov	
  



Methoxy	
  spli[ng	
  on	
  TiO2	
  surface	
  
•  Formaldehyde	
  was	
  photochemically	
  produced	
  
from	
  methoxy	
  on	
  TiO2	
  (110)	
  surface	
  



Hole:	
  HOMO-­‐5	
  State	
  



Electron:	
  LUMO	
  state	
  



Computa+onal	
  setup	
  

•  System	
  was	
  heated	
  to	
  200K	
  

•  Excita+on	
  modeled	
  by	
  promo+ng	
  electron	
  from	
  	
  

-  HOMO-­‐5	
  to	
  LUMO:	
  no	
  spli=ng	
  aTer	
  ~200	
  fs	
  	
  

-  HOMO	
  to	
  LUMO	
  :	
  spli=ng	
  aTer	
  ~70	
  fs	
  	
  

•  In	
  experiment	
  3-­‐6	
  eV	
  UV	
  band	
  was	
  used	
  

•  The	
  excita+on	
  was	
  about	
  2.9	
  eV	
  



TDDFT	
  trajectory:	
  	
  
charge	
  density	
  difference	
  from	
  

electronic	
  ground	
  state	
  (iden+cal	
  ionic)	
  



A	
  simple	
  physical	
  picture	
  for	
  excited	
  state	
  dynamics:	
  

the	
  “Birthday	
  effect”	
  



TDDFT	
  trajectory:	
  	
  
dρ/dt	
  of	
  excited	
  	
  state	
  electronic	
  density	
  	
  
(excluding	
  changes	
  from	
  atomic	
  mo+on)	
  



TDDFT	
  trajectory:	
  	
  
dρ/dt	
  of	
  ground	
  	
  state	
  electronic	
  density	
  	
  
(excluding	
  changes	
  from	
  atomic	
  mo+on)	
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