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Nonadiabatic MD with Kohn-Sham DFT
• Advantages & Validity
• Quantum Backreaction & Branching (Nuclear Dynamics)
• Decoherence & Zero-Point Energy

Carbon Nanotubes & Nanoribbons
• Luminescence Quenching
• Singlet-Triplet Transitions
• Structural Defects



Adiabatic vs. Nonadiabatic MD

electrons treated quantum-mechanically

nuclei treated classically
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Nonadiabatic MD: Coupling 
between potential surfaces 
opens channels for system to 
change electronic states.

transition allowed

weak coupling strong coupling



Time-Domain DFT for 
Nonadiabatic Molecular Dynamics
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Time-Domain DFT 
in Many-Body Kohn-Sham Basis

Craig, Duncan, Prezhdo PRL 95, 163001 (2005)

non-zero only if different in one orbital



Open Theoretical Questions

How to couple quantum and classical dynamics?
quantum influence on classical trajectory

Can one do better than classical mechanics for nuclear motion?
zero-point motion, tunneling, branching, loss of coherence



Nuclear Evolution: Ehrenfest

Total energy of 
electrons and nuclei

0=
dt

dEtotis conserved
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time-dependent Hellmann-Feynman theorem gives Newton equation

quantum force
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“Interfacial ET” Stier, Prezhdo JPC B 106 8047 (2002)



a.k.a., quantum-master equation
with time-dependent transition rates:
- non-perturbative
- correct short time dynamics 

Trajectory branching:
Tully, JCP 93, 1061 (1990); 

Velocity Rescaling:
Tully, Hammes-Schiffer
JCP. 101, 4657 (1994).

Nuclear Evolution: Surface Hopping

Detailed balance: 
Parahdekar, Tully JCP 122, 094102 (2005)

Within TDDFT:
Craig, Duncan, Prezhdo 
PRL 95, 163001 (2005)



1. KS excitations close to LR/TDDFT 
(in contrast to HF and CIS)

2. No bond-breaking, conformational 
changes, etc.

3. Many-electron systems, single 
excitation is a small perturbation

4. Averaging over many initial 
conditions and pathways

Why Kohn-Sham Basis
Works with Our Systems

Electron Transfer Example:



KS and LR
agree

better for

PW91 
(pure DFT)

than 
B3LYP
(hybrid)

Silicon Quantum Dot



Small Molecule With Isomerization

Tapavicza, Tavernelli, Rothlisberger
PRL 98, 023001(2007): LR/TDDFT

KS/TDDFT

works well even in this case ?!

LR/TDDFT



Schrodinger Cat and Decoherence

| B   >0

cat

alive

dead

atom

System - radioactive atom;   Bath - cat

In Nanomaterials
System - electrons, spins;   Bath - phonons



Franck-Condon Factor 
and Decoherence

Bath (vibrational) wave 
functions diverge

 
Σ
B2

B1 B2

2
δ E1 – E2

= ei E 1 – E 2 t/h B1 t B2 t dt
| B   >0

This affects evolution of (electronic) system



Decoherence and Surface Hopping

hopping probability

   
ρ 11 ρ 12
ρ 21 ρ 22

→
ρ 11 ρ 12 B2 B1

ρ 21 B1 B2 ρ 22

 P12~ρ12

Reduced density matrix:
   ρ = B ρS–B B

  ρ12 →0 on decoherence 
time scale



Quantum Zeno Effect

 
0.1 2 + 0.1 2 < 0.1 + 0.1 2

Decoherence makes transitions less likely 

P12 = T 12
2+ T 12

2+ ...With decoherence:
P12 = T 12 + T12+ ...

2
Without decoherence



Stochastic Mean-Field (SMF)

dWLdtLLdtiHd Ψ+Ψ−Ψ−=Ψ + γγ
2

Stochastic Schrodinger equation 
in place of regular SE in Ehrenfest

L – system-bath interaction
γ – decoherence rate

Advantages
1. Includes decoherence
2. Gives branching
3. Infinitesimal velocity rescalings

O. V. Prezhdo J. Chem. Phys. 111, 8366 (1999); Phys. Rev. Lett. 85, 4413 (2000)

MF

SH

MF/SH

SMF



Decoherence Induced 
Surface Hopping (DISH)

Evolve in an adiabatic state.
Hop when a decoherence event occurs.

Rescale velocity as before in SH.

SMF

DISH

Advantages

1. Includes decoherence

2. Gives branching

3. Nuclear evolution in pure states



d < q >
dt

= < p >;
d < p >
dt

= - < q > - < q2 >

d < pq >s
dt

= < p2 > - < q2 > - < q3 >

but and

the infinite hierarchy is 
terminated by a closure

< q2 > ≠ < q > < q >

< q3 > ≈ 3 < q2 > < q > − 2 < q >3

d < q2 >

dt
= < pq + qp > ≡ 2 < pq >s

Quantized Hamilton Dynamics
O. V. Prezhdo, Y. V. Pereverzev J. Chem. Phys. 113, 6557 (2000)

O. V. Prezhdo Theor. Chem. Acc. 116, 206 (2006)

V = q2

2
+ q3

3



Harmonic Oscillator 
in Mapped QHD-2

hbar

mass
hbar

mass

QHD-2 takes care of 
zero-point-energy



Metastable Cubic Potential 
in Mapped QHD-2

hbar

mass
hbar

mass

QHD-2
gives

tunneling



Quantum-Classical Lie Bracket

quantum commutator + classical Poisson bracket

starting point for many methods: 
Ehrenfest, multiconfiguration quantum-classical

O. V. Prezhdo, V. V. Kisil Phys. Rev. A 56 162 (1997) 
O. V. Prezhdo J. Chem. Phys. 124 201104 (2006)

problems with Jacobi identity: 

Alternative definition:



Bohmian Quantum-Classical Mechanics
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Quantum (r) – Classical (R) Advantage

Branching

C. Brooksby, O. V. Prezhdo Phys. Rev. Lett. 86, 3215 (2001); 90, 118902 (2003)
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Highly simplified representation of O2 interacting with Pt
J. Strömquist, S. Gao, J.Chem.Phys. 106, 5751 (1997); D.S. Sholl, J.C. Tully, J.Chem.Phys. 109, 7702 (1998)
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Example
C. Brooksby, O. V. Prezhdo Phys. Rev. Lett. 86, 3215 (2001); 90, 118902 (2003)

1. Bohmian approach fixes asymptotic behavior
2. Bohmian and MF err at short times due to ZPE



KS-SH works well with nanoscale materials, even small molecules
– KS excitations are close to LR/TDDFT (in contrast to HF and CIS)
– Usually no bond-breaking, conformational changes, etc.
– Many-electron systems, single excitation is a small perturbation
– Averaging over many initial conditions and pathways

FSSH gives (approx.) detailed balance, essential in applications

Decoherence effects are essential in many-atom systems

Stochastic Mean-Field (SMF) and Decoherence Induced SH 
(DISH) “derive” a SH algorithm from decoherence

Zero-point-energy, tunneling and decoherence are included in 
Quantized Hamilton Dynamics (QHD)

Bohmian quantum-classical formulation naturally gives branching 

Summary for Kohn-Sham SH







Chiral

θ =0

θ =30

Ch = na1 + ma2

Carbon Nanotubes 
Electronic Structure

Metallic (red dots)
if n-m = 0 (mod 3)



Ma, Valkunas, Dexheimer, Bachilo, Fleming
PRL 94, 157402 (2005)

Electron-Phonon Relaxation
and Phonon Modes

High frequency optical G-modes

Low frequency acoustic 
radial breathing modes (RBM)

* – graphite background



Luminescence Quenching and 
Ground State Recovery

Multiple luminescence 
quenching timescales

in literature:
~20ps, 200ps and 10ns

Luminescence yields are 
generally low <1%, i.e. 
quenching is efficient

Hertel et al. Nano Lett. 5, 511 (2005) 



Defects

Stone-Wales defect
bond rotation

7557 defect
C2 inserts across hexagon

transition
density



Defects and Density of States

Defect states both 
in the gap and 
inside bands

C2 addition creates
a distinct state

-3 -2 -1 0 1 2 3
E - Ef (eV)

bond rotation 
(Stone-Wales defect)

Ideal (6,4) tube

C2 inserts across hexagon
(7557 defect)



Decoherence Times & 
Fluorescence Linewidth

Experiment
10 meV (suspended)
25 meV (surfactant)

Defects create stronger
electron-phonon 

coupling and 
can be detected 
by broader lines



Active Phonon Modes

(8,4)

(6,4)

(7,0)

n-m=1 mod3

n-m=2 mod3

n-m=1 mod3

SW 7557



Fluorescence Decay (FSSH)

Defects notably
decrease lifetime,
explain multiple 

decay components

No T-dependence:
cancellation of 

changes in
NA coupling 

and decoherence150 ps

67 ps

40 ps



Comparison of FSSH with DISH

FSSH
DISH

fixed coherence time

DISH
Poisson coherence time

FSSH and DISH give similar results
DISH uses decoh. as SH algorithm
Poisson and fixed coh. times similar



Triplets & Phosphorescence Decay

Triplets provide new decay pathway

Spin-Orbit (SO) coupling is
on the same order as NA coupling,

but SO coupling fluctuates lessJablonsky diagram



Triplets & Phosphorescence Decay

Triplets decay ~5 times more 
slowly than singlets

Decay rate is proportional 
to square of SO coupling 
and inverse energy gap

Larger tubes – weaker coupling
(due to smaller curvature),

but also smaller energy gaps



Transition Densities

Stone-Wales defect
bond rotation

7557 defect
C2 inserts across hexagon



Phonon Modes

disorder
mode

Opposite to tubes: weaker electron-phonon coupling in defects 
compared to ideal ribbon



Decoherence Time & 
Fluorescence Linewidth

Opposite to tubes: wider lines in ideal ribbon than in defects



Fluorescence Decay (FSSH)

Defects speed up
relaxation,

same as in tubes

Ribbons decay 
more slowly than 

tubes due to smaller
electronic overlaps

110 ps

300 ps



Comparison of FSSH with DISH

FSSH and DISH give similar results
DISH uses decoh. as SH algorithm
Poisson and fixed coh. times similar

FSSH

DISH
fixed coherence time

DISH
Poisson coherence time



Apparent 
Paradoxes

Tubes vs. Ribbons
Ideal ribbons show wider lines, i.e. faster dephasing,

but slower relaxation than ideal tubes ??

Ideal vs. Defects
Defects accelerate relaxation in both tubes and ribbons;

However, defects make lines broader in tubes 
and narrower in ribbons ??



Luminescence quenching – 3 timescales, as in experiment
Tubes: 150ps ideal, 50ps defects, 700ps triplet channel
Ribbons: 300ps ideal, 100ps defects 

Phonons: C-C stretch in ideal systems
low frequency modes with defects

No T-dependence by decoherence correction

DISH and FSSH results are similar, DISH is “more justified”

Phys. Rev. Lett. 96 187401 (2006); Phys.  Rev. Lett. 98 189901 (2007);
Nano Lett. 7 3260 (2007); Phys. Rev. Lett., 100 197402 (2008);

Nature Nanotech. 4 190 (2008); Pure & Appl. Chem. 80 1433 (2008);
Nano Lett. 8 2126 (2008); Nano Lett. 8 2510 (2008);

J. Phys. Chem. C, 113, 14067 (2009); Nano Lett., 9, 12 (2009).

Summary for Carbon Tubes/Ribbons


	CSCAMM – Mar 11, 2010 
	Outline
	Adiabatic vs. Nonadiabatic MD
	Time-Domain DFT for �Nonadiabatic Molecular Dynamics
	Time-Domain DFT �in Many-Body Kohn-Sham Basis
	Open Theoretical Questions
	Why Kohn-Sham Basis�Works with Our Systems
	Silicon Quantum Dot
	Small Molecule With Isomerization
	Stochastic Mean-Field (SMF)
	Decoherence Induced �Surface Hopping (DISH)
	Harmonic Oscillator �in Mapped QHD-2
	Metastable Cubic Potential �in Mapped QHD-2
	Quantum-Classical Lie Bracket
	Bohmian Quantum-Classical Mechanics
	Luminescence Quenching and Ground State Recovery
	Defects
	Defects and Density of States
	Decoherence Times & Fluorescence Linewidth
	Active Phonon Modes
	Fluorescence Decay (FSSH)
	Comparison of FSSH with DISH
	Triplets & Phosphorescence Decay
	Triplets & Phosphorescence Decay
	Transition Densities
	Phonon Modes
	Decoherence Time & Fluorescence Linewidth
	Fluorescence Decay (FSSH)
	Comparison of FSSH with DISH
	Apparent �Paradoxes
	General Questions
	Back to the General Questions
	Outline
	Dependence on Light Intensity
	Dependence on Light Intensity
	DOS of (7,0) vs. (6,4)


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




