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So many people for theoretical works!
(Like an experimental team of particle physics 

with a huge machine)

Our Our ““experimentalexperimental”” machinemachine::
The Earth Simulator The Earth Simulator 

(I(I’’m now using m now using onlyonly 96/5200 vector processors.)96/5200 vector processors.)
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1. TDDFT – Why real-time evolution is necessary?
2. Computational method (Suzuki-Trotter split operator)
3. Application to carbon nanotubes

- photo-induced cleanup
4. Problems for non-adiabatic transition
5. Future work being coupled with TD-Maxwell eq.
6. Summary



within adiabatic XC potential 6

The 20th anniversary of Runge, Gross, PRL 52, 997 (1984)

TDDFT usually means:
Frequency dependent response based on the 

perturbation theory (d/dt →iω)
Our TDDFT work is time evolution on real-time axis.

“Should we call our method as TDDFT?”
“We deal real-time axis so it’s different from the perturbation.”

“OK, how about call this as Real-Time-Dependent DFT?”
“In short, we can call Real-TDDFT.”

“No, no! That’s politically dangerous!”
So we still call our approach as “one of TDDFT”.
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MD under electronic excitation
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Dynamics of an IBr molecule with π4π3σ excitation
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Level crossing among differently occupied states!
→ Careful analysis of orbital characteristics is necessary to 
avoid miss-assignment of the occupations and to follow right 
potential energy surface.

Dynamics of a CO molecule with π→π* excitation
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What should we do with too many states!

holehole

electronelectron

exp()( idttn )() tH nψ h−=+ ψTime-dependent method can follow 
with no need of occupation assignment at every time-step.
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Ground state theory!
Solving the eigenvalue problem

nnnH ψεψ =

Many software packages (VASP, 
CASTEP, GAUSSIAN, etc.)

Excited state dynamics
Solving the time-dependent problem

n
n H

dt
di ψψ

=h

First-Principles Simulation tool for 
Electron-Ion Dynamics
First-Principles Simulation tool for 
Electron-Ion Dynamics

TM

What code is used?

Sugino & Miyamoto PRB Sugino & Miyamoto PRB 5959, 2579 (1999) , 2579 (1999) ; ; ibid, B ibid, B 6666, 89901(E) (2002)., 89901(E) (2002).

Computational conditions (on the basis of standard 
band structure calculation

1. TDLDA (with adiabatic xc potential)
2. Troullier-Martins type separable pseudopotentials
3. Plane wave Cutoff energy: 40 Ry, 60 Ry
4. Time step: 0.08 a.u. (=0.0019 fs), 0.05 a.u.(=0.0012 fs)
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t = 0:  Promote the electronic occupations to mimic the 
excited states. Then perform the static SCF calculation.  

t > 0: Solve ψn(t+Δt)=exp{- i ΔtH(t)} ψn(t).

No 
Observation of the nonradiative decay!

lifetime, 
decay path

Yes
Do MD.

Hellmann-Feynman theorem 
works

How to simulate excited state dynamics?How to simulate excited state dynamics?

|g>

Reaction coordinate

P
ot

en
tia

l |e>

Is the matrix of HKohn-Sham
diagonal?

2.  Automatic monitoring of the nonradiative decay (lifetime, 
decay path) without experiences.

1. No need of level assignment for a hole and an excited electron 
except at the beginning.
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How to treat exp(-idtH)ψ?

Taylor expansion: 1 -idtH +     (-idtH)2 +     (-idtH)3 +      (-idtH)4 + ….2!
1

3!
1

4!
1

Numerical instability beyond 100 fs.

Use of eigen vectors and eigen values:

exp(-idtε1)
exp(-idtε2)

exp(-idtεn)

...0

0 UU†

Diagonalization at every time step is needed



The fourth order decomposition is

Here, and

.
.

Suzuki-Trotter split operator formula for e-iΔtH

M. Suzuki, and T. Yamauchi, J. Math. Phys. 34, 4892 (1993).

The second order decomposition of exponential of H is

.

Suppose H consists of non-commutable operators as

.

Our choice
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Adapted Hamiltonian(Kohn-Sham - Pseudopotentials)
< Application for the plane-wave method >

Wavefunction expression is

or
.

FFT

Exponential of each operator of H acts as

???????? .

,

,



Here the nonlocal pseudopotentials are adopted as

(separable K-B type) .

Then we know

and .

So the exponential is

which can directly be operated to .

,
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∑Gρ(G)exp(iGr)=∑G,G’ψ*(G)ψ（G‘)exp{-i(G-G’)r}: 
convolution

Gcut

Gcut

Gcut: for charge

Gcut: for Wfs

Full grid is necessary for time-
evoluving WFs to avoid 
numerical noise.

or FFT exp(-iΔ/2dt)exp(-iV/2dt).....ψ(r)
FFT
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Another technique to avoid numerical noise given by 
O Sugino

Car-Parrinello-like smoothing technique in G-space

For kinetic energy operator

- ∆/2 = max { G2/2, Gcut
2/2 }.

Ekin

G
Gcut

For charge density and local potential

ρ(G) → ρ(G)f(G,Gcut)
and

V H xc(G) → V H xc(G) f(G,Gcut).

G2-Gcut
2

f(G,Gcut)=  1/［ 1  +  exp(                       ) ］.
Gcut

2/10
G2

f

Gcut
2

Similar smoothing on Vnl
ps in G-space.
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Railway curve interpolation scheme for SCF 
predictor-corrector routine.

t+Δt

t-Δt

s
t

VH xc(s)=(                )2 [3VHxc(t)+ΔtVH xc(t)+                     ( 2VHxc (t)+ΔtVHxc (t)  )]Δt Δt
s -t-Δts -t-Δt ..

+(         )2 [ 3VHxc (t+Δt)-ΔtVHxc (t+Δt) - ( 2VHxc (t+Δt) - ΔtVHxc (t+Δt)  )]
. .s - t

Δt Δt
s - t

Iri and Fujimoto, Common sense for numerical calculations(Kyoritsu, Tokyo, ‘85), p116 (Japanese)
H. Akima, J. Assoc. Comput. Machinery, Vol. 17, 589 (1970).

Repeat this part until the
self-consistency between
ψn,k and VHxc is achieved.

Eq. 14 in Sugino Miyamoto (PRB) was mistyped!
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Force calculation at every time-step 
for stability of simulation

Forces show tiny Rabi-oscillations

Reasonable trajectory of an ion
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Numerical stability is our first priority!
1. Choice of plane-wave basis
2. Choice of Suzuki-Trotter formalisms
3. Choice of norm-conserving pseudopotentials
4. Choice of frequent force calculation
5. Choice of computers available with large-core-

memory (full FFT grid for wave functions)
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Why plane waves?

Br
0 fs

Br
16.4 fs

Rapid decay of localized state into delocalized state

Flexible representation of wave function is needed.Flexible representation of wave function is needed.
Plane wave is one of preferred basis.Plane wave is one of preferred basis.

Br on Si(111) √3x √3
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How stable?

96 atoms/cell
240 wave functions
dt=0.08 a.u.=0.00193 fs
Total time steps>290000
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Parallel computing with respect to each wave function

CPU 0:

ρ(t+Δt)=Σ|Ψi(t+Δt)|2

HKS (t+Δt)=HKS{ρ(t+Δt)}

CPU 1:
Ψ1(t+Δt)=exp{-i/ħΔtHKS(t)} Ψ1(t)

CPU 2:
Ψ2(t+Δt)=exp{-i/ħΔtHKS(t)} Ψ2(t)

CPU n:
Ψn(t+Δt)=exp{-i/ħΔtHKS(t)} Ψn(t)

|Ψ1(t+Δt)|2

|Ψ2(t+Δt)|2

|Ψn(t+Δt)|2

HKS (t+Δt)

HKS (t+Δt)

HKS (t+Δt)

MPI_ReduceMPI_Reduce & & MPI_BcastMPI_Bcast
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Applications of the TDDFTApplications of the TDDFT--MD schemeMD scheme
1. Re-activation of Si donor in GaAs by electronic excitation –

Miyamoto, Sugino, and Mochizuki, Appl. Phys. Lett. 75, 2915 
(1999).

2. H-desorption from Si(111) by electronic excitation - Miyamoto, 
and Sugino, Phys. Rev. B 62, 2039 (2000).

3. Si-H bond weakening around defects in SiO2 by electronic 
excitation – Yokozawa and Miyamoto, J. Appl. Phys. 88, 4542 
(2000).

4. Br-desorption from Si(111) by photoemission – Miyamoto, 
Solid State Comm. 117, 727 (2001). (TDLDA and TDGGA, 
Cutoff 8 Ry, ∆t=0.5 a.u.=1.21x10-2 fs)

5. Self-healing of vacancies in nanotubes, Miyamoto, Berber, 
Yoon, Rubio, and Tománek, Chem. Phys. Lett. 392, 209 (2004).

6. Induction of localized vibration on SW defects in nanotubes, 
Miyamoto, Rubio, Berber, Yoon, and Tománek, Phys. Rev. B69, 
121413(R ) (2004).
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Application to carbon nanotubes
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Carbon nanotubes
Chilarity → Band structure
Extreme strength with flexibility
High conductivity
Chemically inert
etc……

TopTop--Gate CNTFETGate CNTFET

SWNT

But reality has many problems in nanotube performance.
Presence of defects, impurities
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Vacancies in nanotubes:
stable in vacuum

O

M. S. C. Mazzoni, et at., PRB 60, 
R2208 (1999)

but oxidized under air

©Dr. Savas Berber
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O

Potential Profile (Oxidized)-(O-free)(3,3) defected tube with O

NEXAFS

A. Kuznetsova, et al., J. Am. Chem. Soc. 123, 
10699 (2001)
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How to remove oxygen impurities?
Heat treatment E. Bekyarova, et 
al., Chem. Phys. Lett. 366, 463 
(2002).

H
O

Chemical treatment with H
radical.
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Electronic excitation as a tool of cleaning! Electronic excitation as a tool of cleaning! 
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O
CNT 
V.B.

CNT 
C.B.
O-related 
electronic 
levels

O 2p

O 2s
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O 2s

O 2p

CNT 
V.B.

C.B.

hopeless
Excitation from O 2s to O 2p (33 eV)
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Auger decay after O 1s to 2p excitation (~520 eV)

30 fs

60 fs

126 fs

H2

CNT 
V.B.

O 1s

O 2s

O 2p

C.B.

CNT 
V.B.

O 1s

O 2s

O 2p

C.B.

Nanotube can heal its wound!

Atomic scale surgery of O-extraction from NT.

A gaping wound

Combination of H2 introduction and electronic excitation: 
Post fabrication processing
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Technical note: time evolution of expectation values 
through de-oxidation

Level alternations among 
differently occupied 
states.

Non-adiabatic transition is prevented 
because wave function overlap 
between CNT and an ejected O atom 
becomes smaller and smaller.
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Problems in non-adiabatic transition
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In cases of quantum chemistry methods (like as CI):
The Hamiltonian is independent on electronic occupations.The Hamiltonian is independent on electronic occupations.

So ΦI(R(t)) and ΦJ(R(t)) are in a common Hilbert space.

ext
ji

jiii V
r

H +Σ+∆Σ= <
,

1

While, in cases of density functional theory approaches:
The KohnThe Kohn--Sham Hamiltonian depends on electronic occupations.Sham Hamiltonian depends on electronic occupations.

extHXCii VrVH ++∆Σ= ))((ρ

So ΦI(R(t)) and ΦJ(R(t)) belong to different 
Hamiltonians and thus to different Hilbert spaces!

|Ψ(t)>=ΣICI(t)|ΦI(R(t))>.
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How to continue the simulation 
after the decay of excitations?after the decay of excitations?

Cf. Chemistry people use the Cf. Chemistry people use the ‘‘surface hoppingsurface hopping’’ scheme (Tully et al.)scheme (Tully et al.)

1. Necessity of preparing many PESs of different electronic 
configurations. (Practically difficult in condensed matters.)

2. This scheme does not match the density functional theory.

|Ψ(t)>=ΣICI(t)|ΦI(R(t))> : linear combination of adiabatic 
states

Time dependent Schrödinger equation turns out to 
be a chain equation, which gives transfer matrix 
from PES I to J as

- i R(t)•< ΦJ(R(t))|  — | ΦI(R(t))>∂
∂R(t)
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Time-evolution 
of hot-electron 
and hot-hole 
in (3,3) 
nanotube

Appearance of off-
diagonal elements 
followed by Rabi-
oscillation

Disappearance of the off-
diagonal elements 

But practically…….what happening in TDDFT-MD 
of large systems

electronelectron

holehole

Maybe non-adiabatic problem is marginal 
when stochastic approach is made. (tentative)
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Future work
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Couple of the time-dependent Schrödinger equation
with the time-dependent Maxwell equation.

Nano-devices running with High-frequency

RL
J(t)

Dynamical conductance

Self-inductance
(Induced EM field 
usually disturbs the 
current.)
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Nano sized material

Nano electro magnetic theory! (not QED)

Coherent response in entire of 
the nano-material
Couple of the induced electro-
magneti field with the incident 
one. (Incident light is different 
from the effective light!）
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For instance, with use of Lorentz gauge

H=        (P-A)2 + V2m
1

Δ Aind - =  - J1
c2

∂2Aind  
∂t2

4π
c

i ħ = H ψdψ
dt

J =-e {ψ*(P-A)ψ + C.C. }2m
1

(div J +            = 0 is satisfied.)
dρ
dt

Scalar potential is 
included in V.
While A→A+Aind
While gauge Λ should 
also be solved. (A→grad
Λ)
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Pioneering work for dynamics of A

A(r,t)=A(t)=A0costωt

J=<ψ|p-A|ψ> not J(r,t) but J(t)
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Practical problems
1. In case of A(t),=A(r,t), care is necessary for non-local 

pseudopotentials. (Inhomogeneous systems require 
A(r,t), and J(r,t) )

2. Self-consistent relation between J(r,t) and A(r,t), and 
between A(r,t) and ψ(r,t) should be kept on real-time 
axis.

3. Choice the gauge. (divA = 0 is too much restrictive for 
time-evolution problem.)

4. Boundary conditions for far-field propagation (light 
emission)

5. Numerical stability.
6. Definition of current J (QED vs Semi-classical).
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+

e-

We never combine classical Maxwell eq. and 
Shrödinger eq. in atomic cases.

Quantized conductance:
ψ*ψ should be interpreted as probability density.
J should interpreted as flow of probability density.

e-e- e- e- e-e-
Classical condition, where many electrons frequently flow:
ψ*ψ should be interpreted as charge density and J should interpreted as 
current.

Interpretation of J! Schrödinger said ’current’, Born said ‘flow of probability’
– Feynman’s textbook
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1. Numerically stable method for solving TDDFT on real-
time axis is given.

2. Assignment of occupation # at every time-step is non-
necessary because every state can be traced on the 
time-axis by ψn（t+dt)=exp(-iħHdt)ψn(t).

3. Application to carbon nanotubes.
4. Problem in cases of non-adiabatic transition. But is it 

serious for large system? (Still under discussion.)
5. Future: Coupling with time-dependent Maxwell equation.



Our approach is still Our approach is still 
under constructionunder construction


