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CONSPECTUS: Photovoltaic devices, electrochemical cells, catalysis processes, light
emitting diodes, scanning tunneling microscopes, molecular electronics, and related devices
have one thing in common: open quantum systems where energy and matter are not
conserved. Traditionally quantum chemistry is confined to isolated and closed systems,
while quantum dissipation theory studies open quantum systems. The key quantity in
quantum dissipation theory is the reduced system density matrix. As the reduced system
density matrix is an O(M! × M!) matrix, where M is the number of the particles of the
system of interest, quantum dissipation theory can only be employed to simulate systems of
a few particles or degrees of freedom. It is thus important to combine quantum chemistry
and quantum dissipation theory so that realistic open quantum systems can be simulated
from first-principles.
We have developed a first-principles method to simulate the dynamics of open electronic
systems, the time-dependent density functional theory for open systems (TDDFT-OS).
Instead of the reduced system density matrix, the key quantity is the reduced single-electron density matrix, which is an N × N
matrix where N is the number of the atomic bases of the system of interest. As the dimension of the key quantity is drastically
reduced, the TDDFT-OS can thus be used to simulate the dynamics of realistic open electronic systems and efficient numerical
algorithms have been developed.
As an application, we apply the method to study how quantum interference develops in a molecular transistor in time domain.
We include electron−phonon interaction in our simulation and show that quantum interference in the given system is robust
against nuclear vibration not only in the steady state but also in the transient dynamics. As another application, by combining
TDDFT-OS with Ehrenfest dynamics, we study current-induced dissociation of water molecules under scanning tunneling
microscopy and follow its time dependent dynamics. Given the rapid development in ultrafast experiments with atomic
resolution in recent years, time dependent simulation of open electronic systems will be useful to gain insight and understanding
of such experiments. This Account will mainly focus on the practical aspects of the TDDFT-OS method, describing the
numerical implementation and demonstrating the method with applications.

1. INTRODUCTION
Quantum chemists solve the Schrödinger equation where the
number of electrons are conserved and integer.1 Much has been
achieved over the past few decades as computers are ever fast
and numeric algorithms are increasingly efficient and accurate.
First-principles calculations are now routinely carried out to
determine the electronic structures of systems containing
hundreds of atoms.2 With an O(N) algorithm, density-
functional theory calculations have been reported to be
performed on systems containing millions of atoms.3,4 With
these successes, first-principles methods have been used to
study realistic systems and devices beyond simple molecules.
On the other hand, in open quantum systems, such as solar
cells, light emitting diodes (LEDs), molecular electronic
devices, batteries, fuel cells, and photoinduced catalysts, the
numbers of electrons are not fixed, are often fractional, and are
thus difficult, if not impossible, to model with the conventional
quantum chemistry methods.1,2 The theory of open quantum
systems,5 quantum dissipation theory (QDT), has been well
established. Bloch−Redfield theory,6,7 Lindblad equation,8

Fokker−Planck equation,9,10 Feynman−Vermon formalism,11

Caldeira−Leggett model,12 and hierarchical equation of

motion13,14 have been developed to investigate open quantum
systems and simulate their dynamics. The key quantity in
quantum dissipation theory is the reduced density matrix
(RDM), which is an O(M! × M!) matrix, where M is the
number of the particles of the system of interest, and in the case
of an open electronic system, M is the number of the electrons
of the system. To simulate the dynamics of an open quantum
system, one needs to solve O[(M!)2] differential equations.
Therefore, traditionally quantum mechanical simulations of
open systems are limited to a few particles or to systems of a
few energy levels.
The nonequilibrium Green’s function (NEGF) formalism

has been employed to study quantum transport of molecular
electronic devices.15,16 First-principles NEGF method has been
routinely employed to evaluate the steady state currents
through electronic devices. However, the dynamic processes
of open electronic systems had not been simulated from first-
principles until recently.17 The key quantity in NEGF is the
single-electron Green’s function G(r,⃗ t, r′⃗, t′). Time-dependent
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density-functional theory (TDDFT) is used to calculate the
excited state properties of electronic systems,18 and real time
TDDFT (RT-TDDFT) has been employed to simulate the
dynamic processes of electronic systems.19 RT-TDDFT
simulates usually the real time dynamics of isolated electronic
systems subjected to electromagnetic fields. In 1998, we
reported our linear scaling O(N) time-dependent Hartree−
Fock (TDHF)20 method for excited states. The key quantity is
the reduced single-electron density matrix (RSDM), and the
equation of motion for the RSDM is derived and integrated in
the time domain to model the dynamics of the electronic
systems. Because the RSDM is an N × N matrix, we need solve
only O(N2) differential equations, and thus the computational
time of the RT-TDHF20,21 scales as O(N3). When the system is
large enough, the RSDM becomes a sparse matrix, the
corresponding computational time is O(N) only. Consequently,
the RT-TDHF can be applied to systems containing thousands
of electrons. Subsequently we extended the O(N) method to
TDDFT and applied the resulting O(N) TDDFT to study the
excited state properties of polyacetylene, carbon nanotubes
(CNTs), and water clusters.22,23 As early as in 2002, we
attempted to combine quantum chemistry and quantum
dissipation theory by developing a formalism to simulate the
dynamics of the electronic systems subjected to phonon
baths.24 We start from the RT-TDHF method and write down
the corresponding equation of motion for the RSDM. By
assuming that the phonon bath is in thermal equilibrium, we
integrate out the phonon degrees of freedom and derive the
closed equation of motion for the RSDM. In the resulting
formalism, the energy of the system is not conserved as the
electrons and phonons exchange energy. However, there is no
exchange of electrons with the external bath and thus the
system is still a closed system. As the RSDM is an N × N
matrix, the corresponding computational time of the RSDM-
based RT-TDHF scales as O(N3) and is much less expensive
than the conventional QDT, which is based on the equation of
motion for the RDM [an O(M! × M!) matrix]. As a result, the
RSDM-based RT-TDHF method was employed to simulate
successfully the photoexcitation and subsequent nonradiative
decay of a butadiene molecule. Recently, there are also works
that apply TDDFT for a canonical open system to study
thermalized electronic systems.25,26 Based on our earlier work
in 2002,24 we conjectured that combining RT-TDDFT and
NEGF may lead to a generalized TDDFT for open electronic
systems. The key quantity would be the RSDM and the key
equation is thus the equation of motion of the RSDM.
In 2007, we reported our work extending RT-TDDFT to

simulate open electronic systems by combining TDDFT and
NEGF. The resulting TDDFT-OS is based on the equation of
motion for the RSDM of the system of interests, and its
computational time scales as O(N3). Moreover, the number of
electrons in the system of interests is not conserved and often
fractional. For the first time, the real time simulation of the
realistic molecular electronic device was carried out from first-
principles quantum mechanics.17

There are also other research teams working on the
implementation of TDDFT for open systems, and their
approaches include solving the double time-integral Dyson
equation,27 Green’s function,28 the Kadanoff−Baym equa-
tions,29,30 and the Kohn−Sham Master Equation.31,32 In this
Account, we outline the theoretical foundation of the TDDFT-
OS theory, the resulting equation of motion for RSDM, and its
numerical implementation and review the subsequent applica-

tions in molecular electronics33,34 and scanning tunneling
microscopy (STM).35

2. THEORY

2.1. Theoretical Foundation: Holographic Electron Density
Theorem

The theoretical foundation for DFT lies in Hohenberg−Kohn
theorem,36 which states that the ground state electron-density
function determines uniquely the external potential and thus all
electronic properties of the system. Similarly, TDDFT is based
on Runge−Gross theorem,18 which shows that time-dependent
electron density ρ(r,⃗t) determines the electronic properties of a
time-dependent system. To apply TDDFT to an open system,
we ask whether the electron density in a subsystem of interest
can determine the electron density of the entire system and
thus the physical properties of the subsystem of interest. It
turns out for real physical systems made of atoms and
molecules, the electron density of any eigenstates (including
the ground state) is a real analytic quantity. This is known as
the holographic electron density theorem (HEDT), first
conjectured by Riess and Münch37 and proved by Fournais et
al.38,39 The analyticity of electron density means that given a
piece of electron density on a finite subspace, we can in
principle perform analytical continuation to determine the
electron density of the rest of the entire system and thus further
determine the external potential and electronic properties of
the entire system according to Hohenberg and Kohn theorem.
HEDT can be extended to the time-dependent case.17 If the

initial electron density ρ(r,⃗ t = 0) and the time-dependent
external potential ν(r,⃗ t) are real analytic quantities in real
space, then the electron density on any finite subsystem at any
time ρD(r,⃗ t) has one-to-one correspondence with ν(r,⃗ t) of the
entire system and determines uniquely the electron density of
the entire system. Therefore, in principle, we can extract all
electronic properties of the system from the electron density of
the subsystem of interest, which is the open electronic system
that we are interested in. This time-dependent holographic
electron density theorem (TD-HEDT) provides the theoretical
foundation to apply TDDFT for open system. TDDFT-OS
may be extended to include the current density as an additional
basic variable, just as is included as the basic physical quantity
of interest, the stochastic time-dependent current-density
functional theory (TDCDFT).40

2.2. Formulation: TDDFT for an Open System

Figure 1 shows a typical open electronic system, in which the
central region D is coupled to two electrodes L and R. Region
D is the open system of our interest while regions L and R are
often of macroscopic sizes and treated as the environment.

Figure 1. Schematic diagram showing a molecular junction.
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The Liouville−von Neumann equation for the RSDM, σD, of
the open system can be written as

∑σ σ= −
α

α
=

i
t

t t t i th Q
d
d

( ) [ ( ), ( )] ( )D D D
L,R (1)

where hD(t) is the KS Fock matrix of the device region D and
Qα(t) is the dissipative term, which characterizes the dissipative
interactions, including the exchange of electrons and energy
between the device region D and environment α. Its trace gives
time-dependent electric current passing from environment α
into the device region.

= −α αJ t eTr tQ( ) [ ( )] (2)

Equation 1 is in principle a closed equation of motion for
RSDM since hD(t) and Qα(t) are both functionals of electron
density in the device region according to TD-HEDT. In
practice, we can follow the NEGF formalism to evaluate Qα(t).
To track Qα(t) in time, we introduce the dissipation matrices
whose dynamics can be solved via the additional sets of
equations of motion (EOM), which are elaborated in next
section.
The procedures for simulating time-dependent open systems

are summarized as a flowchart in Figure 2. First, the initial state
of our system of interest needs to be determined. We assume
that at t = 0, the system is in equilibrium with its environment.
In this case, we can apply DFT-NEGF method15,16 to obtain
self-consistently the equilibrium KS Fock matrix hD(0) and the
equilibrium density ρD(r,⃗ 0) . Once hD(0) is known, the initial

values of the RSDM and dissipation matrices can be
constructed. Next, we propagate the EOM while updating the
KS Hamiltonian for every time step. The change of the KS
Hamiltonian induced by bias voltage has two terms, namely, the
Hartree and XC components.

δ δ= + +t t th h V V( ) (0) ( ) ( )D D H XC (3)

The change in XC potential δVXC(r, t) is updated according to
the change of the electron density δρ(r, t). The exchange-
correlation potential δVXC[δρ(r, t)] is in principle nonlocal in
both space and time. In practice, we employ adiabatic
approximation such that the time-dependence is local.
Induced Hartree potential δVH(r, t) is solved via the Poisson

equation,

δ πδρ∇ = −V r t r t( , ) 4 ( , )2
H (4)

which is subjected to the boundary conditions,

δ | = ΔV r t t( , ) ( )SH LL (5)

δ | = ΔV r t t( , ) ( )SH RR (6)

where SL and SR denote the interfaces between the device and
the electrodes L/R (as indicated in Figure 1). ΔL/R(t) are the
bias voltages applied on them.
2.3. Numerical Schemes

In this section, we discuss three numerical implementation
schemes. The first one is the Lorentzian−Pade ́ decomposition
scheme,41−43 which approximates the self-energy of the
electrodes and Fermi−Dirac distribution via Lorentzian and
Pade ́ expansions, respectively. The second one is the
Chebyshev decomposition scheme,44 which is very accurate
and applicable to both finite and zero temperature. However, it
can be computationally expensive since the number of
expansion terms is proportional to the simulation time. The
last scheme is the wide band limit (WBL) approximation,45

which neglects the energy-dependence of electrodes’ self-
energies. This approximation greatly simplifies the EOM and
therefore allows simulations of larger systems. We describe
briefly the three schemes below.

2.3.1. Lorentzian−Padé Decomposition Scheme. The
Lorentzian−Pade ́ decomposition scheme involves approximat-
ing the line-width function, Λα(E), by a summation of
Lorentzian functions and the Fermi−Dirac distribution by
Pade ́ spectrum decomposition:46

∑ε
ε

Λ Λ≈
− Ω +

̅α α
=

w
w

( )
( )d

N
d

d d
d

1

2

2 2 ,

d

(7)

∑ε μ
ε μ ε μ

− ≈ −
− +

+
− −α

α α=

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟f

R

iz

R

iz
( )

1
2 p

N
p

p

p

p1

p

(8)

Practically, the Lorentzian approximation can be obtained by
least-squares fitting of the self-energies42 or evaluating the self-
energies with complex absorbing potential.43 The number of
Pade ́ expansion, Np, is chosen such that the error of the
approximated Fermi−Dirac function within the bandwidth of
the system is less than a given tolerance. With these two
approximations, the following closed set of EOM can be
derived.

Figure 2. Flowchart for a TDDFT-OS calculation (under WBL
approximation).
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∑σ σ φ φ̇ = − −
α

α α
†i t t t t th( ) [ ( ), ( )] ( ( ) ( ))

k
k kD D D

,
, ,

(9)

∑
φ φ σ

φ

ε Λ̇ = − − +

+
α α α α α

α
α α

<

′ ′
′ ′

i t t t t i

t

h A( ) [ ( ) ( )] ( ) [ ]

( )

k k k k k

k
k k

, D , , , D ,

,
(10)

φ φ φ

φ

ε ε Λ

Λ

̇ = * − +

−
α α α α α α α α

α

′ ′ ′ ′ ′ ′ ′ ′

′ ′
†

i t t t t t

t

( ) [ ( ) ( )] ( ) ( )

( )

k k k k k k k k

a k k

, , , , , ,

, , (11)

where φα,k(t) is the first tier dissipation matrix, resulting from
the decomposition of the dissipative term, that is, Qα(t) =
−i∑k[φα,k(t) − φα,k

† (t)], and φαk,α′k′(t) is the second-tier
dissipation matrix, which emerges from the EOM of φα,k(t).
Initial conditions of the RSDM and dissipation matrices can be
constructed for the initial equilibrium.41,42

2.3.2. Chebyshev Decomposition Scheme. Since the KS
Fock matrix of the electrode is bounded both from below and
above, the spectral function of electrode, Aα(E), is only nonzero
for a finite interval, let us say [ω̅ − Ω,ω̅ + Ω]. The key of the
Chebyshev decomposition scheme44 is to make use of the
Jacobi−Anger identity to expand the time-dependent phase eiEt

into Chebyshev polynomials.

∑ δ= − ΩΩ

=

i J t T xe (2 ) ( ) ( )i xt

n

M

n
n

n n
1

,0
(12)

where Jn is the Bessel function of the first kind of integer order
and Tn is the Chebyshev polynomial of the first kind. It is noted
that |Tn(x)| is bounded by 1 within the interval [−1,1] and
Jn(x) decays to zero spectrally as n increases for fixed x,

π
≈ → ∞⎜ ⎟⎛

⎝
⎞
⎠J x

n
xe

n
n( )

1
2 2

asn

n

(13)

Therefore, given the simulation time tmax and Ω, we can
truncate the series after M terms such that JM+1(Ωtmax) is
smaller than the desired tolerance.
After some algebraic manipulations, we can arrive at the

following EOM:

∑σ σ φ̇ = − Ω Ω −

−

α
αi t t t i J t t th( ) [ ( ), ( )] [ ( ( )) ( )

Hc]

n

n
n nD D D

,
0 ,

(14)

∑

φ φ

σ

φ

ω δ

Ξ Π

̇ = − ̅ − Δ + −

−

+ − Ω Ω −

α α α

α α

α
α α

′ ′

′
′ ′ ′

i t t t t

t t t

i J t t t

h( ) [ ( ) ( )] ( ) (2 )

[ ( ) ( ) ( )]

( ) ( ( )) ( )

n n n

n n

n

n
n n n

, D , ,0

, D ,

0 ,
(15)

φ φ

φ

φ

δ

δ

Π

Π

̇ = Δ − Δ

+ − *

− −

α α α α α α

α α

α α

′ ′ ′ ′ ′

′ ′ ′

′ ′
†

i t t t t

t t

t t

( ) [ ( ) ( )] ( )

(2 ) ( ) ( )

(2 ) ( ) ( )

n n n n

n n n

n n n

, ,

,0 ,

,0 , (16)

where

∫Ξ Λ= ̃ ̃
α α α

−
xT x f x xd ( ) ( ) ( )n n,

1

1

(17)

∫Π Λ= ̃
α α

−

− Ω −t xT x x( ) d ( )e ( )n n
i x t t

,
1

1
( )0

(18)

fα̃(x) = fα(Ωx + ω̅) and Λ̃α(x) = Λα(Ωx + ω̅) are the rescaled
Fermi−Dirac function and spectral function.

2.3.3. Wide Band Limit Approximation. The WBL
approximation assumes the the electrodes have infinitely large
band widths and energy-independent broadening, that is, Λα(ε)
≈ Λα. In practice, Λα is usually the line width matrix evaluated
at Fermi energy μ of the unbiased equilibrium system because
electrons near Fermi energy are responsible for transport
phenomenon and it gives correct steady state current at small
bias limit. And the Fermi−Dirac distribution is again expanded
by Pade ́ decomposition. The resulting EOM are written as

∑

∑

σ σ σ

φ

Λ̇ = − −

+ −

α
α

α
=

⎜ ⎟
⎧
⎨⎪
⎩⎪

⎡
⎣
⎢⎢

⎛
⎝

⎞
⎠

⎤
⎦
⎥⎥

⎫
⎬⎪
⎭⎪

i t t t
i

t

t

h( ) [ ( ), ( )]
2

( )
1
2

( ) Hc
p

N

p

D D D D

1
,

p

(19)

φ φεΛ Λ̇ = − + − −α α α α
⎡
⎣⎢

⎤
⎦⎥i t iR

i
t th( )

2
( ) ( )p p p p, D , , (20)

where εα,p(t) = μα + Δα(t) + izp and Λ =∑αΛα. We can see the
EOM are closed without the need to introduce second-tier
dissipation matrices. Therefore, the WBL scheme is much less
computationally expensive compared to the previous two
schemes.
The initial values of σD and φα,p can be evaluated by

∑σ ε Λ= + − +
α

α

−⎡
⎣⎢

⎤
⎦⎥R

i
I h(0)

1
2

2Re (0)
2p

p pD
,

, D

1

(21)

φ ε Λ Λ= − − +α α α

−⎡
⎣⎢

⎤
⎦⎥iR

i
h(0) (0)

2p p p, , D

1

(22)

2.4. Electron−Phonon Interaction

Inelastic scattering and energy dissipation due to electron−
phonon interaction (EPI) can play important roles in charge
transport and transfer, for instance, phonon-mediated charge
transfer and local heating. The effects of EPI in molecular
electronics have attracted extensive attention both experimen-
tally and theoretically. But most studies focus on steady state
properties, while transient effects are also important. Our EOM
approach can be extended to take into account EPI by
including the corresponding self-energies. In the weak EPI
regime, the lowest order expansion (LOE) is employed.47 In
the strong EPI regime, the polaron transformation can be
used.48

For the LOE, we expand the EPI dressed Green’s function to
the lowest order with respect to electron−phonon coupling
matrix, γq, starting from the bare electron Green’s function
G0(t,t′).

′ = ′ + Σ ′t t t t t tG G G G( , ) ( , ) [ ]( , )r r r r r
0 0 ep 0 (23)

Furthermore, since the characteristic time scale of electronic
processes is much smaller than that of phonon processes, the
phonon is assumed to be in equilibrium and unperturbated by
the electron. Under these two approximations, the EPI self-
energy becomes
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∑ γ γΣ ′ = ′ω<

±

± ± − ′ <t t N t tG( , ) e ( , )
q

q q
i t t

qep
,

( )
0

q

(24)

where = + ±±N Nq q
1
2

1
2
. ωq and Nq are the phonon

frequency and occupation number (following the Bose−
Einstein distribution) of the phonon mode q. This is also
known as the extreme damping limit where heating of the
phonon system is ignored. If nonequilibrium heating of the
phonon system is considered, the number of phonons, Nq, has
to be time dependent. One way to include it is to give a rate
equation for Nq, including an external damping rate of phonons.
With the EPI self-energy, the dissipative term now contains

two parts. One is QL/R(t), which is responsible for the electron
exchange between the device and electrodes. Another one is
Qep(t) responsible for inelastic scattering and energy dissipation
of electrons due to EPI, Since EPI does not cause any particle
dissipation, Tr[Qep(t)] should be zero in order to ensure the
current continuity.
We assume WBL approximation and Pade ́ decomposition of

the Fermi−Dirac function. And for simplicity, we will use bold
letter a to denote the index pair (α, p), where α = L, R and p
corresponds to the Pade ́ terms, and q to denote (q, x) in the
subscript, where q corresponds to each phonon mode and x =
±.
The EOM under WBL approximation with EPI are

∑σ σ̇ = −
α

α
=

i t t t i th Q( ) [ ( ), ( )] ( )D D D
L,R,ep (25)

∑

φ φ

γ φ

εΛ Λ̇ = − + − −

+

α α
⎡
⎣⎢

⎤
⎦⎥i t iR

i
t t

t

h( )
2

( ) ( )

( )

p p

q x
q

a a

a q

D ,

,
,

(26)

∑
φ φ

σ γ φ φ

ε ω̇ = − +

+ + −

α
−

−

′
′

i t t x t

N x t t x t

G( ) [ ( ( ) )] ( )

[ ( )] ( ) ( )

r
p q

q
x

q
a

a q a q

a a ,a,q

, ,
1

,

0 0

(27)

φ φ

φ γ φ

ε ω ε̇ = * − −

−

α α

†

′ ′ ′ ′

′

i t t x t t

t t

( ) [ ( ) ( )] ( )

( ) ( )

p q p

q

a ,a,q a ,a,

a
0

a
0

, , q

(28)

We can see that the first-tier dissipation matrices φa(t), dressed
by EPI, now have an additional term, ∑q,xγqφa,q(t), in their
EOM. This introduces the second-tier and third-tier EPI
dissipation matrices, φa,q(t) and φa′a,q(t), respectively. σ

0(t) and
φa

0(t) are the RSDM and first tier auxiliary matrices undressed
by EPI. They follow the EOM 19 and 20, respectively.
Finally, the EPI dissipation term Qep(t) can be decomposed

into auxiliary matrices corresponding to each phonon mode,
Qep(t) = −i∑q,x[φq(t)γq − Hc]. The EOM of these auxiliary
matrices are

∑φ φ φ φ

σ γ σ σ γ σ

ω̇ = − + −

− ̅ − ̅

̅
†i t x t t t

N t t N t t

( ) [L ] ( ) [ ( ) ( )]

[ ( ) ( ) ( ) 0( )]

q q
a

a q a q

q
x

q q
x

q

a q, , ,

0 0 0
(29)

where σ̅0 = 1 − σ0, q = (q, −x) and Liouville operator L is
defined as LA = [h(0) − iΛ]A − A[h(0) + iΛ).

3. APPLICATIONS

3.1. Time-Dependent Quantum Interference in
Meta-Linked Benzene System

We have studied the quantum interference (QI) in the meta-
linked benzene system. When a ring component is included in
molecular circuits, QI may occur due to the multiple charge
transport pathways. As shown in Figure 3, the way in which the

ring is connected determines the conducting feature of the
molecular device. For example, a para-linked benzene molecule
with two equal pathways induces constructive QI and reinforces
the current through the molecule. By contrast, a meta-linked
benzene ring has two pathways with a π phase difference, which
forbids the current from passing through the molecule. Many
related works have been done in the past decade to investigate
the QI in steady state,49−51 while the dynamical features of QI
in time domain have rarely been addressed. Moreover,
theoretical studies suggest that QI may be utilized to construct
molecular quantum interference effect transistors (QuIETs).
However, its practicability depends on the survivability of the
quantum interference under real conditions such as nuclear
vibration. In this section, by employing the TDDFT-OS
method, we explore two questions: (1) How does QI arise and
develop with time? (2) How robust is the QI against nuclear
vibration?
To figure out how quantum interference forms and evolves

in time domain, we apply the TDDFT-OS method to a
molecular strand with a linear chain of carbons either alone or
enclosing a benzene ring, in the para or meta configuration.
The systems are described by tight-binding models with 2 eV
hoppings. The bias voltage is set as 0.01 V and is applied
instantaneously at the initial time.
The simulation results are shown in Figure 4. In all three

cases, we observe linearly increasing currents with respect to
time at the beginning, which is consistent with our earlier
work.52 At time τ, the currents for para- and meta-linked
benzene systems start to deviate from linear increase, where τ is
exactly the time for electrons to travel at the Fermi velocity
from the benzene ring to the left end (from site 1 to site 5)
where the measurement takes place. After τ, the electrons from
the ring reach the end of the molecular strand and the
constructive and destructive interferences kick in, which result
in the deviation of the currents and the difference in steady
state values. The most important information drawn from the
simulations is that QI requires time to develop rather than
establishes instantaneously.
Having learned how QI develops in time domain, we turn to

the topic of the robustness of QI against nuclear vibrations.

Figure 3. Quantum interference in molecules with multiple charge
transport ways.
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Density functional tight-binding (DFTB) calculations are
carried out on a benzene molecule attached to two semi-
infinite extended alkene chains of equal bond lengths through
the meta positions. The 10 atoms in the benzene ring are set to
be movable, which is a reasonable simplification since it covers
the two complete paths needed for the destructive QI. Bias
voltage is applied exponentially with respect to time with an
amplitude of 0.1 V, that is, V(t) = 0.1 V(1 − e−t/a), where the
time constant a is set to 0.5 fs. All phonon modes are included
in the calculations except the one with the lowest frequency,
whose characteristic motion time is much longer than that of
the electrons and therefore would not affect the transport
process of the latter.53 Temperature is set as 300 K for both the
electrons in the electrodes and the phonons in the device
region.
Figure 5 shows the comparison between the time-dependent

current with the inclusion of electron−phonon interaction at

LOE level and the one in which the nuclei are fixed. The two
currenttime curves are aligned perfectly without any
observable phase difference. More importantly, the times for
the currents to reach their maximum values in the two methods
are almost the same (∼1.3 fs). This is very crucial for the
dynamics of the meta-linked benzene system, since it represents
the time for charge carriers to travel at the Fermi velocity from
the converging point of the two paths to the electrode where
measurement takes place. In steady state calculations, the
phonon self-energy is accounted for at both self-consistent
Born approximation (SCBA) and LOE levels. The results
suggest that the influence of the nuclear vibration on steady

state current is insignificant. For example, the inclusion of
electron−phonon interaction at LOE level only slightly
enhances the steady current from 1.2 to 2.8 nA. As a
comparison, under the same bias voltage, the steady state
current of the para-linked benzene system is 6400 nA.
Therefore, conclusion can be made that QI is robust against
nuclear vibration not only in steady state but also in its
transient dynamics, and thus the molecular quantum
interference effect transistors can be realized.
3.2. Current-Induced Dissociation of Water Molecule on
Metal Surface

Another application of the TDDFT-OS method is to study the
current-induced single molecule chemical reaction under STM
tips. Electrons injected from the STM tip can be used to
control the formation or breaking of a chemical bond.54 Few
theoretical works were able to simulate such dynamics.
TDDFT-OS coupled with Ehrenfest molecular dynamics
(EhMD) can be employed to simulate such a problem. As a
demonstration, we study the STM-induced dissociation of a
water molecule. In simulation, the STM tip is placed over a
water molecule on aluminum substrate with a separation of 5.5
Å. The geometry is optimized before a bias voltage of 4 V is
applied.
From the simulation results, we observe a sudden surge in

the time-dependent current measured at the STM tip, as shown
in Figure 6. Such surge of current at ∼125 fs is associated with

the breaking of chemical bond.55 To confirm, we plot the
snapshots of the structures along the EhMD trajectory in Figure
7, which suggests that the peak of the current around 125 fs in
Figure 6 corresponds to the dissociation of a hydrogen atom
from the water molecule. During the first 122 fs, the lengths of
both the O−H and O−Al bond increase due to the electric
field. After that, the H−O bond breaks, and the hydrogen atom
flies off. Figure 8 shows the Mulliken charges of the two
hydrogen atoms, where the hydrogen atom dissociated is
labeled as H1 and the one remaining is labeled as H2. At the
beginning, both the hydrogen atoms are positively charged due
to the larger electronegativity of the oxygen atom. At ∼125 fs,
the charge on H1 decreases rapidly from positive to negative,
while it remains almost the same for H2. The increase in
Coulomb repulsion between H1 and the oxygen atom leads to
the dissociation of H1 atom. To confirm, we check the local
density of states (LDOS) of the two hydrogen atoms at t = 120

Figure 4. Time-dependent currents through the left electrodes of the
meta, para, and alkene systems. The device region contains 14 carbon
atoms for meta or para, and 12 carbon atoms for the single chain
alkene. Reprinted with permission from ref 33. Copyright 2014
American Chemical Society.

Figure 5. Comparison between the time-dependent currents through
the electrodes of the meta-linked benzene molecule with and without
phonon. The green solid line is the result without phonon; the red
dots represent the result with phonons included at 300 K. Reprinted
with permission from ref 34. Copyright 2017 American Chemical
Society.

Figure 6. Time-dependent current measured at the STM tip.
Reprinted with permission from ref 35. Copyright 2015 Zhang.
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fs and find the unoccupied peaks of H1 above 4 eV when no
bias voltage is applied. When a bias voltage larger than 4 eV is
applied, these states enter the bias window and the Mülliken
charge increases accordingly. By contrast, H2 has no LDOS in
the bias window, and therefore its charge remains almost the
same.

4. CONCLUSION AND OUTLOOK
TDDFT-OS combines the RT-TDDFT and NEGF formalisms
and is applicable to simulate open electronic systems whose
energy and number of electrons are not conserved. Efficient
numerical algorithms have been developed to simulate realistic
open systems and then applied to simulate the dynamics of
molecular electronic devices and STM induced chemical
reaction. TDDFT-OS can be further extended to include the
effects of radiative decay by introducing a self-energy to account
for the interaction between electromagnetic vacuum and
electrons. It can be further extended to account for additional
electron−electron correlation beyond the conventional ex-

change-correlation functionals, for instance, GW approxima-
tion.56 The corresponding self-energy due to electron−electron
interaction is a complex function whose real part is the usual
correlation energy and the imaginary part corresponds to the
inverse of the quasi-particle’s lifetime due to electron−electron
interaction. TDDFT-OS is well suited to simulate optoelec-
tronic devices or processes by explicit or implicit inclusion of
electromagnetic fields. Application of attosecond spectroscopy
has led to sub-femtosecond resolution of electronic dynamics,
and in particular, sub-nanometer spatial resolution if coupled to
STM.57 TDDFT-OS is perfect for modeling such experiments.
Due to its complexity, the electrochemical process has eluded
largely the attention of quantum chemists. An electrochemical
cell is a typical open system and can be investigated with
TDDFT-OS. The key challenge is the computational time as
the dynamic processes of vast time scale differences are
involved, electronic dynamics and ionic dynamics, and as such,
further efforts are required to improve the computational
efficiency of TDDFT-OS, which may be achieved via massive
parallelization. Another important area of application of
TDDFT-OS is quantum measurement theory. As TDDFT-
OS is applicable to open systems containing thousands of
electrons, it may be employed to simulate realistic measure-
ment operations by including some portion of instrument as a
part of open system of interest. A key issue in quantum
computing is the coherence time of qubit. The longer the
coherence time of qubit is, the more feasible the quantum
computer is. This is another area where TDDFT-OS may be
applicable.
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