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Terahertz pulse induced transitions between ionic and neutral phases
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We have investigated the terahertz (THz)-pulse-induced dynamics of tetrathiafulvalene-p-chloranil near the
boundary between the ionic and neutral phases with the use of exact numerical calculations of an extended
Hubbard model coupled with lattice motion. For the ionic phase, when the applied electric field of the THz pulse
opposes the electronic contribution to the electric polarization (electronic polarization) P̄el of the ground state and
the maximum amplitude of electric field is greater than a threshold value, the THz-pulse excited state changes
as IA → N → IB → N → IA → N → · · · (IA ground-state case) or IB → N → IA → N → IB → N → · · · (IB

ground-state case), where N shows the neutral state, IA (IB) shows the ionic state with P̄el < 0 (P̄el > 0), and the
phase of the bond-length alternation of IA is opposite to that of IB. For the neutral phase, when the maximum
amplitude of the electric field is greater than a threshold value, the THz-pulse excited state changes as N → IB →
N → IA → N → IB → · · · (positive electric field case) or N → IA → N → IB → N → IA → · · · (negative
electric-field case). The phase transitions and electronic polarization reversal are driven by time variation of the
lattice order parameter, which indicates the magnitude and phase of the bond-length alternation, and the lattice
motion is induced by THz-pulse excitation through the electron–lattice coupling. Transitions between the ionic
and neutral phases occur and electronic polarization reverses on a picosecond timescale together with the
realizable magnitude of the THz pulse both in the ionic and neutral phases near the phase boundary.
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I. INTRODUCTION

Recently, ferroelectricity arising from electron transfer,
which is termed electronic ferroelectricity [1–3], has been
observed in various materials, such as multiferroics [4–11],
transition-metal oxides [12–14], and organic molecular com-
pounds [15–34]. Ferroelectric materials are widely used in
various devices, such as random access memory, capaci-
tors, sensors, piezoelectric actuators, and optical devices
[35–37]. If ferroelectric polarization could be controlled on
a picosecond timescale, ferroelectric materials could be used
for advanced switching devices. However, in conventional
ferroelectric materials, electric polarization is governed by
the rotation of polar molecules or the displacement of ions.
Therefore, the typical time constants of polarization vary from
micro- to milliseconds. Much faster polarization switching
is expected for electronic ferroelectricity [2,3], which might
open new application possibilities.

TTF-CA is an organic charge-transfer compound com-
posed of an alternately stacked donor (D), tetrathiafulvalene
(TTF), and acceptor (A), p-chloranil (CA) [38]. TTF-CA ex-
hibits a neutral to ionic phase transition at Tc � 81 K [38–44].
The electronic structure of these two phases is schematically
shown in Fig. 1. In the ionic phase, an electron is transferred
from D to A, and the phase is stable when the electrostatic en-
ergy gain overcomes the energy cost of molecular ionization.
Because of orbital hybridization between D and A, the charge
transfer ρ̄ from A to D is not 1 (0), and ρ̄ ∼ 0.6 (ρ̄ ∼ 0.3) in
the ionic (neutral) phase [45,46].

Dimerization occurs in the ionic phase [47–49]. Pairs of D
and A connected by shorter bonds are indicated by the oval

in Fig. 1. As a result of dimerization, inversion symmetry
is broken and TTF-CA becomes ferroelectric. Previously,
TTF-CA in the ionic phase had been regarded as a displacive-
type ferroelectric, where polarization results from displace-
ment of the static point charges of ions [50,51]. However,
recent experimental P − E measurements [15] and theoretical
studies [16–19] have revealed that the direction of the net
polarization is opposite to the ionic displacement and the
absolute value of net polarization is much greater than that
caused by ionic displacement. This result shows that the ionic
phase TTF-CA is an electronic ferroelectric phase with a
polarization that originates from charge transfer between D
and A.

Terahertz (THz) pulses are powerful tools for investigating
the ultrafast dielectric response of electronic ferroelectrics
[52–55]. The THz-pump optical-probe and second-harmonic-
generation-probe measurements in TTF-CA have revealed the
instantaneous response of charge and the electronic contri-
bution to the electric polarization (electronic polarization)
[52]. It has been theoretically shown that the instantaneous
response originates from the adiabatic nature of the THz-pulse
excited state [54].

This research has focused on small changes in charge struc-
ture and electronic polarization. It has been experimentally
shown that in the paraelectric neutral phase, the magnitude
of polarization is increased to about 20% of that in the
ferroelectric ionic phase by intense THz-pulse excitation, and
the large increase is attributed to breathing motions of domain
walls between neutral and ionic domains induced by the THz
electric field [56]. However, ultrafast polarization reversal,
which is required for applications in advanced devices, in
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FIG. 1. Schematic representation of the electronic structures of
(a) neutral phase (N), (b) ionic phases with A phase bond-length
alternation (IA), and (c) ionic phases with B phase bond-length alter-
nation (IB) of TTF-CA. Horizontal lines show the highest occupied
molecular orbital of D and the lowest unoccupied molecular orbital
of A, and arrows represent the electron spins. Neutral (ionic) D and
A are denoted by D0 and A0 (D+ and A−), respectively.

the ionic phase has not been observed in these experimental
and theoretical investigations [52,54,56]. Furthermore, if the
phase transition is induced by THz-pulse excitation, which is
far-off resonance to the optical gap, the mechanism is essen-
tially different from that of a photo-induced phase transition
between the neutral and ionic phases [57–67], which is trig-
gered by real excitation. There has been a rapid development
of correlated systems far from equilibrium that are driven by
strong alternating current electric fields [68–74]. THz-pulse-
induced phase transitions are a key example of this interesting
phenomena.

In a previous investigation, it has been shown that charge
susceptibility is markedly enhanced near the phase boundary
[54]. Furthermore, THz-pulse excitation may induce lattice
motion, which reverses the phase of bond-length alternation
and the electronic polarization. In this paper, we therefore
investigate the THz-pulse-induced dynamics near the phase
boundary, accounting for the effects of electron-lattice cou-
pling, to investigate the possibility of polarization reversal and
THz-pulse-induced phase transitions.

II. MODEL

We adopt the extended Hubbard Hamiltonian for TTF-CA,
which includes coupling with lattice motion and with the
electric field of a THz pulse. We consider a half-filled periodic

1D chain with system size N = 14. The Hamiltonian at time t
is given by

H (t ) =
N∑

n=1

(−1)nα′nn +
N∑

n=1,σ

{βn(t )c†
n,σ cn+1,σ + H.c.}

+U
N∑

n=1

nn,↑nn,↓ + V
N∑

n=1

nnnn+1

+ 1

2
K

N∑
n=1

{un+1(t ) − un(t )}2 + 1

2
M

N∑
n=1

(
dun(t )

dt

)2

,

(1)

where D (A) is placed at odd–numbered (even–numbered)
sites. The first term describes the site energy, where 2α′ shows
the difference in orbital energy between the highest occupied
molecular orbital of D and the lowest unoccupied molecular
orbital of A (see Fig. 1), nn = ∑

σ nn,σ , nn,σ = c†
n,σ cn,σ , and

c†
n,σ (cn,σ ) creates (annihilates) an electron of spin σ at site

n. The second term describes the transfer of electrons, and
the electron–lattice coupling and electron–field coupling are
introduced into the transfer integrals. The transfer integral
between sites n and n + 1 at time t is given by

βn(t ) = {β̄ + un+1(t ) − un(t )} exp[ieaA(t )], (2)

where β̄ is the transfer integral for the uniform lattice, un(t ) is
the displacement along the chain direction from the position
of uniform lattice at site n, A(t ) is the one-dimensional com-
ponent of vector potential, a = 3.6 Å is the average lattice
spacing along the one-dimensional direction, and e is the
elementary charge. We take account of the dependence of
βn on un+1(t ) and un(t ) only to the first order, and the unit
of un(t ) is adopted so the absolute value of the differential
coefficient is 1. The third and the fourth terms describe the
on-site Coulomb interaction and the Coulomb interaction
between neighboring sites, respectively, where U is the on-site
Coulomb interaction energy and V is the Coulomb interaction
energy between neighboring sites. The fifth term describes the
bond deformation energy, where K is the elastic coefficient,
and the sixth term shows the kinetic energy of lattice motion,
where M is the mass of each molecule. We assume that the
masses of D and A molecules are the same for simplicity.

The THz-pulse-excited electron-lattice state is obtained by
numerically solving the time-dependent Schrödinger equa-
tion and classical equation of motion for lattice subject
to the Hellmann–Feynman force simultaneously. The time-
dependent Schrödinger equation,

i
∂

∂t
|ψ (t )〉 = H (t )|ψ (t )〉, (3)

is solved by employing the time-dependent exact diagonal-
ization method with the initial condition |ψ (−∞)〉 = |φ0〉,
where |ψ (t )〉 is the electronic state at time t and the ground
state |φ0〉 is obtained by the the Lanczos method. The classical
equation of motion for lattice is given by

M
d2

dt2
un(t ) = Fn(t ), (4)
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where Fn(t ) is the Hellmann–Feynman force acting on site n,
and is given by

Fn(t ) = [〈ψ (t )〉|
∑

σ

(c†
n,σ cn+1,σ − c†

n−1,σ cn,σ )|ψ (t )〉

× exp[ieaA(t )] + H.c.] + K[un+1(t )

+ un−1(t ) − 2un(t )]. (5)

Because of the translational symmetry, un(t ) satisfies the
relation

un(t ) = (−1)n−1u′(t ). (6)

The lattice order parameter (LOP) u′(t ) is defined by the
alternating component un(t ), and the lattice state is given
by this single quantity. The absolute value and the sign of
u′(t ) represent the magnitude and the phase of the bond-
length alternation, respectively. We impose the initial condi-
tion u′(−∞) = u′

0, where u′
0 is the LOP of the ground state.

The ground state |φ0〉 of the present model is calculated as
follows. We consider the adiabatic Hamiltonian given by

HAP(u′) =
N∑

n=1

(−1)nα′nn +
N∑

n=1,σ

{β̄ + 2(−1)nu′}{c†
n,σ cn+1,σ

+ H.c.} + U
N∑

n=1

nn,↑nn,↓ + V
N∑

n=1

nnnn+1

+ 2NK (u′)2, (7)

where the electron–field coupling is not considered and the
lattice displacements are fixed to that given by the LOP u′. The
electron and lattice structures are determined consistently so
the force equilibrium condition FAP(u′) = − ∂

∂u′ E0(u′) = 0 is
satisfied, where E0(u′) is the energy eigenvalue for the ground
state |φ0(u′)〉 of HAP(u′). From the Hellmann–Feynman the-
ory, FAP(u′) is given by

FAP(u′) = 4
N∑

n=1,σ

(−1)n−1〈φ0(u′)|c†
n,σ cn+1,σ |φ0(u′)〉 − 4NKu′.

(8)

Because of the inversion symmetry, the force equilibrium is
always satisfied at u′ = 0. Furthermore, if the force equilib-
rium is satisfied at u′ = u′

eq > 0, then force equilibrium is
also satisfied at u′ = −u′

eq, and E0(u′
eq ) = E0(−u′

eq ) holds.
If E (0) < E (u′

eq ) holds, the ground state |φ0〉 is given by
|φ0(0)〉 and the LOP for the ground state is given by u′

0 = 0. If
E (0) > E (u′

eq ) holds, the ground state is twofold degenerate,
and |φ0〉 = |φ0(±u′

eq )〉 and u′
0 = ±u′

eq hold.

III. RESULTS

It has been shown that the light absorption spectrum α0(ω)
of the neutral phase, where u′

0 = 0 holds, can be reproduced
well with the following parameters: β̄ = −0.17, α′ = 0.15,
U = 2.41, and V = 1.07 [57]. Here and hereafter, we use eV
as the unit of energy. The above values of β̄, U , and V are
adopted for both the neutral and ionic phases. The parameter
α′ is used to control the distance from the phase boundary.
We mainly consider the THz-pulse-induced dynamics at the
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FIG. 2. The α′ dependence of ρ̄ for the ground and metastable
states are shown by solid and dashed lines, respectively.

phase boundary between the ionic and neutral phases, and
adopt α′ = 0.143 at which these two phases are degenerate
in energy, as will be discussed later. In the ionic phase, bond-
length alternation occurs (u′

0 �= 0 holds), and α0(ω) depends
on K through u′

0. The light absorption spectrum α0(ω) of the
ionic phase can be reproduced reasonably around |u′

0| = 0.01
in the realistic region of α′ with these adopted β̄, U , and V .
The value is consistent with the length difference between
the longer and shorter bonds [47]. Therefore, K is determined
from Eq. (8) so |u′

0| = 0.01 holds. The mass M is determined
so that the bare phonon frequency 2

√
K/M is equal to that of

the THz-pulse-induced coherent oscillation of 
R/R (6.70 ×
10−3), which is associated with the dimerization mode [52].
These parameters are consistent with previous theoretical
works [16,44,75–79].

Because of the translational symmetry, the charge distri-
bution of the ground state is given by the single quantity ρ̄,
which is the charge transfer from A to D for the ground state,
and given by

ρ̄ = 〈φ0|n2|φ0〉. (9)

In the ionic (neutral) phase ρ̄ � 1 (ρ̄ � 0) holds. As shown
before, between the two electron lattice states |φ0(0)〉 with
u′ = 0 and |φ0(±u′

eq )〉 with u′ = ±u′
eq, one is the ground

state and the other is a metastable state. We calculated the
ground state and the metastable state for various α′ with the
interval of 0.0005, and show the α′ dependence of ρ̄ for these
two states in Fig. 2. Note that different K is adopted for
different α′ to give u′

eq = 0.01. The relation E (0) = E (u′
eq )

holds at α′ = 0.143. For α′ < 0.143 (α′ > 0.143), |φ0(±u′
eq )〉

with u′ = ±u′
eq (|φ0(0)〉 with u′ = 0) is the ground state

and ρ̄ � 1(ρ̄ � 0) holds, showing that the ground state is
ionic (neutral). We mainly consider the THz-pulse-induced
dynamics at the phase boundary (at α′ = 0.143, where K =
17.496 gives |u′

0| = 0.01) in the following. The characteristic
features shown below are commonly observed near the phase
boundary, as will be discussed later.

The ground states are twofold degenerate in the ionic
phase, and they have the same amplitude but opposite phases
of bond-length alternation as shown in Figs. 1(b) and 1(c).
These two degenerate ionic phases are denoted by A and B,
and u′

0 > 0 (u′
0 < 0) holds and the odd–numbered bonds are
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FIG. 3. Temporal profiles of (a) ρ(t ) and (b) u′(t ) are shown
by solid lines when the A phase ionic ground state is excited by
the half-cycle pulse with eaA(max) = −2. Horizontal dashed lines in
(a) show the charge transfer ρ̄ = 0.751 for the ionic ground state
and ρ̄ = 0.227 for the neutral ground state at the phase boundary.
Horizontal dashed lines in (b) show the LOP u′

0 = ±0.01 for the
ionic ground state and u′

0 = 0 for the neutral ground state, and
vertical dashed lines in (b) indicate the times when u′(t ) = 0 holds
and those when u′(t ) exhibits local maxima or local minima.

shorter (longer) than even-numbered bonds in phase A (B),
where bond n connects sites n and n + 1. Directly calculating
the adiabatic flow of current of the many-body wave function
has shown that P̄el < 0 (P̄el > 0) holds for the A (B) phase
ionic ground state, where P̄el is the electronic polarization
and P̄el > 0 (P̄el < 0) shows that P̄el points in the direction
of increasing (decreasing) site number [54]. The polarization
direction is consistent with experimental results [15] and
previous theoretical calculations based on density-functional
theory [16–19].

We first consider the electron and lattice dynamics in the
ionic phase induced by the THz pulse given by the vector
potential of a half-cycle pulse:

A(t ) = A(max)

2

{
1 + tanh

(
t

D

)}
, (10)

where A(max) is the maximum amplitude and D is the pulse
duration. The electric field of the pulse is given by

E (t ) = − 1

2eaD
eaA(max) cosh−2

(
t

D

)
, (11)

where E (t ) > 0 (E (t ) < 0) holds when the electric field
points in the direction of increasing (decreasing) site num-
ber. We adopt the duration time D = 300 eV−1 (201 fs),
which is approximately the same as that used in the experi-
ments [52,53] and 1/(2eaD) = 46 kV/cm. We adopt the A
phase ionic ground state as an initial state. For A(max) > 0
(A(max) < 0), the electric field is in the same (opposite)
direction of the electronic polarization of the ground state. The
charge transfer ρ(t ) for the THz-pulse excited state |ψ (t )〉 is
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FIG. 4. Temporal profiles of (a) ρ(t ) and (b) u′(t ) are shown by
the solid lines when the A phase ionic ground state is excited by
the half-cycle pulse with eaA(max) = −2, −1, 2, and 5. Horizontal
dashed lines in (a) show the charge transfer ρ̄ = 0.751 for the ionic
ground state and ρ̄ = 0.227 for the neutral ground state at the phase
boundary. Horizontal dashed lines in (b) show the LOP u′

0 = ±0.01
for the ionic ground state and u′

0 = 0 for the neutral ground state.

given by

ρ(t ) = 〈ψ (t )〉|n2|ψ (t )〉. (12)

We show the temporal profiles of ρ(t ) and u′(t ) when the IA

ground state is excited by the THz pulse with eaA(max) = −2,
where IA (IB) shows the A (B) phase ionic state, in Fig. 3.
In this strong excitation case when the electric field of the
THz-pulse is applied opposite to the electronic polarization,
u′(t ) exhibits a large amplitude oscillation. The center of the
oscillation is located near zero, and the local maximum values
of |u′(t )| are greater than |u′

0| = 0.01. The charge transfer
ρ(t ) has slowly and rapidly oscillating components, and the
amplitude of the former is much greater than that of the latter.
Around times when u′(t ) = 0, ρ(t ) is close to ρ̄ = 0.227 for
the neutral ground state at the phase boundary, and around
times when |u′(t )| exhibits local maximum values, ρ(t ) is
close to ρ̄ = 0.751 for the ionic ground state at the phase
boundary. Therefore, the THz-pulse excited state changes as
IA → N → IB → N → IA → N → · · · , where N shows the
neutral state without bond-length alternation, and the phase
transition between ionic and neutral phases occurs.

We show ρ(t ) and u′(t ) for various eaA(max) in Fig. 4. The
charge transfer ρ(t ) and the magnitude of bond-length alter-
nation |u′(t )| initially increase (decrease) when the electric
field of the THz-pulse is applied in the direction (opposite
direction) of the electronic polarization. This result can be
understood from the balance of the currents between the odd-
numbered and the even-numbered bonds. From the equation
of charge conservation, time variation of charge transfer is
given by the difference between the time integrations of the
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current at the odd-numbered and even-numbered bonds as

ρ(t2) − ρ(t1) = 1

e
[{I2(t2) − I2(t1)} − {I1(t2) − I1(t1)}], (13)

where

In(t2) − In(t1) =
∫ t2

t1

dtin(t ), (14)

is the time integration of the expectation value in(t ) =
〈ψ (t )|în(t )|ψ (t )〉 of the current operator în for bond n
given by

în(t ) = −ie
∑

σ

{βn(t )c†
n,σ cn+1,σ − H.c.}. (15)

In the initial IA state with P̄el < 0, |β1(t )| is considerably
greater than |β2(t )| as a result of A-phase bond-length alter-
nation [see Eq. (2) and Fig. 1(b)]. When E (t ) < 0 (E (t ) > 0),
namely, the electric field is applied to the same (opposite)
direction of the electronic polarization, the time integrations
of in(t ) are negative (positive). Whereas, |i1(t )| is considerably
greater than |i2(t )|, as a result of the considerable difference in
|βn(t )| between odd-numbered and even-numbered bonds [see
Eq. (15)] in both cases, which results in the initial increase
(decrease) in ρ(t ) when the electric field is applied in the same
(opposite) direction of the electronic polarization.

As ρ(t ) approaches 1, the bond orders pn(t ) =
Re[〈ψ (t )|∑σ c†

n,σ cn+1,σ |ψ (t )〉] for shorter bonds increase.
Therefore, the initial increase (decrease) in ρ(t ) induces
the initial increase (decrease) in |u′(t )| as shown by the
Hellmann–Feynman force given in Eq. (8). The D and A
molecules gain momentum as a result of initial lattice motion,
and the oscillation of u′(t ) continues after the pulse has
gone off. This result contrasts with the instantaneous charge
response characteristics of the fixed lattice case.

For eaA(max) = −1, the center of the oscillation in u′(t ) is
located near u′

0 = 0.01 and the sign of u′(t ) is not reversed.
The amplitude of the oscillation in ρ(t ) is much smaller
than that for eaA(max) = −2, and ρ(t ) is constantly much
greater than ρ̄ = 0.227 for the neutral ground state at the
phase boundary. Thus, the phase transition does not occur for
eaA(max) = −1. The phase transition occurs when |eaA(max)|
is greater than a threshold value in the case when the elec-
tric field of the applied THz pulse opposes the electronic
polarization.

Next, we consider the case when the electric field of the
THz-pulse is applied in the direction of the electronic polar-
ization. For eaA(max) = 2 and 5, both u′(t ) and ρ(t ) exhibit
small amplitude oscillations, and the phase transition does not
occur in the realistic eaA(max) region in this case.

We have calculated the THz-pulse-induced dynamics of
charge transfer ρ (fix)(t ), when the lattice is fixed to that of
the ground state, to consider the effects of lattice motion.
In this case, the THz-pulse induced change ρ (fix)(t ) − ρ̄ in
the charge transfer is negligibly small after the pulse has
gone off in all the considered cases. This result also shows
that the phase transitions and also the continuing oscillation
after the pulse are both induced by lattice motion. This
holds also in the THz-pulse-induced dynamics of the neutral
ground-state case.

Finally, we consider the electronic polarization per unit cell
Pel(t ) of the THz-pulse excited state |ψ (t )〉. We emphasize
that Pel(t ) cannot be determined from the charge distribution
in the unit cell of |ψ (t )〉, but can be determined from the
current flow [80–83]. The current can be calculated from the
Berry phase in models based on density-functional theory
[80,84] and other methods have been proposed [85,86]. In this
paper, we directly calculate the current from the many-body
wave function to fully take the strong correlation effect into
account. The electronic polarization variation induced by the
THz pulse is given by the time integration of current flow as

Pel(t ) − Pel(t0) = a[{I2(t ) − I2(t0)} + {I1(t ) − I1(t0)}]. (16)

As shown in our previous paper, in(t ) is strongly affected
by this finite-size effect when A(t ) �= 0 [54,55]. We there-
fore consider the dynamics induced by the double half-cycle
pulses. The vector potential of the double pulses is given by

A(t ) = A(max)

2

{
tanh

(
t

D

)
− tanh

(
t − td

D

)}
, (17)

where td is the delay of the second pulse. In the case of the
double pulses, A(t ) is effectively zero and therefore a finite-
size effect is negligible in calculating Pel(t ) by Eq. (16) in the
time region t 
 td + D.

We show the temporal profiles of ρ(t ), Pel(t ) − Pel(t0),
In(t ) − In(t0), and u′(t ) for eaA(max) = −2 in Fig. 5 in the
time region where A(t ) is effectively zero. We adopt the delay
td = 1900 so the second pulse interferes constructively with
the lattice motion induced by the first pulse. We see that the
phase transition between ionic and neutral phases also occurs
in the double pulse case.

We have calculated the overlap 〈φ0(u′(t ))|ψ (t )〉 between
the THz-pulse excited state |ψ (t )〉 and the ground state
|φ0(u′(t ))〉 of the adiabatic Hamiltonian with the LOP u′(t ).
We consider the time region where A(t ) is effectively zero
in the double-pulse excitation case to exclude the finite-size
effect arising from constant and nonzero vector potential. The
absolute value |〈φ0(u′(t ))|ψ (t )〉| is about 0.98 in the time
region, and this large overlap shows that |ψ (t )〉 changes nearly
adiabatically with the time variation of u′(t ). Therefore, the
phase transitions between the ionic and neutral phases are
induced by the cooperative lattice motion, and the barrier
height in the adiabatic potential connecting the IA − N − IB

states is the determining factor of the threshold for the phase
transition.

The time t0 = 4693.6 is chosen so u′(t0) = 0 holds. Be-
cause of the adiabatic nature, |ψ (t0)〉 is approximately given
by the neutral ground state and Pel(t0) � 0 holds. The elec-
tronic polarization Pel(t ) around times when u′(t ) exhibits
local maxima and those around times when u′(t ) exhibits local
minima have almost the same magnitudes but the opposite
signs. The polarization reversal occurs as a result of the lattice
motion induced by THz-pulse excitation.

Furthermore, the proportional relation −sgn[u′(t )][ρ(t ) −
ρ(t0)] = [Pel(t ) − Pel(t0)]/(ea) holds quite nicely. Because
of the adiabatic nature, |ψ (t )〉 becomes very close to
the neutral ground state at the times t0, t1 = 5738.4,
t2 = 6780.7, and t3 = 7822.9, where u′(ti ) = 0 holds, and
I1(ti+1) − I1(ti ) � 0 and I2(ti+1) − I2(ti ) � 0 hold. In the time
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FIG. 5. Temporal profiles of (a) ρ(t ), (b) Pel (t ) − Pel (t0),
(c) I1(t ) − I1(t0) and I2(t ) − I2(t0) with t0 = 4693.6, and (d) u′(t )
are shown by the solid lines when the A phase ionic ground state is
excited by the double half-cycle pulses with eaA(max) = −2 and td =
1900. Horizontal dashed lines in (a) show the charge transfer ρ̄ =
0.751 for the ionic ground state and ρ̄ = 0.227 for the neutral ground
state at the phase boundary. Horizontal dashed lines in (d) show
the LOP u′

0 = ±0.01 for the ionic ground state and u′
0 = 0 for the

neutral ground state, and vertical dashed lines in (d) indicate times
when u′(t ) = 0 holds and those when u′(t ) exhibits local maxima or
local minima.

region ti < t < ti+1 where |ψ (t )〉 changes as N → IA → N
(N → IB → N), u′(t ) > 0 [u′(t ) < 0] and therefore |β1(t )| >

|β2(t )| (|β1(t )| < |β2(t )|) hold. Charge transfer through bonds
with larger |βn(t )| is dominant, and |I1(t ) − I1(ti )| 
 |I2(t ) −
I2(ti )| (|I1(t ) − I1(ti )| � |I2(t ) − I2(ti)|) hold in most of the
time region as seen from Fig. 5(c). The proportional relation
can be derived from this relation. It is noted that the charge
transfer of stronger bonds is predominant even in the time
region where the difference between the larger one and the
smaller one is only about 10%, and the proportional rela-
tion comes from this property. This result is consistent with
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FIG. 6. Temporal profiles of (a) ρ(t ) and (b) u′(t ) are shown
by the solid lines when the neutral ground state is excited by the
half-cycle pulses with eaA(max) = −2. Horizontal dashed lines in
(a) show the charge transfer ρ̄ = 0.751 for the ionic ground state
and ρ̄ = 0.227 for the neutral ground state at the phase boundary.
Horizontal dashed lines in (b) show the LOP u′

0 = ±0.01 for the
ionic ground state and u′

0 = 0 for the neutral ground state, and
vertical dashed lines in (b) indicate the times when u′(t ) = 0 holds
and those when u′(t ) exhibits local maxima or local minima.

the THz-pulse-induced charge transfer in α-(BEDT-TTH)2I3

[55]. Note that I1(t ) − I1(ti) < 0 and I2(t ) − I2(ti ) > 0 in the
dominant time region because acceptor molecules are placed
at even-numbered sites.

We next consider the electron and lattice dynamics in the
neutral phase induced by the THz pulse given by the vector
potential of a half-cycle pulse. We show the temporal profiles
of ρ(t ) and u′(t ) induced by the half-cycle pulse given by
Eq. (10) for eaA(max) = −2 in Fig. 6. In this strong excitation
case, ρ(t ) and u′(t ) exhibit large amplitude oscillations. From
the same discussion as the ionic phase, we see that the THz-
pulse excited state changes as N → IB → N → IA → N →
IB → · · · . The phase transition between ionic and neutral
phases occurs also in this case. The phase transition due to
breathing motions of domain walls between neutral and ionic
domains [56] is not considered in the present investigation in
the spatially uniform system.

We show ρ(t ) and u′(t ) for various eaA(max) in Fig. 7.
The charge transfer ρ(t ) for A(max) = A0, where A0 is a
constant, coincides with ρ(t ) for A(max) = −A0, and u′(t ) for
A(max) = A0 coincides with −u′(t ) for A(max) = −A0. For
|eaA(max)| = 0.5, the amplitudes of the oscillations in ρ(t )
and u′(t ) are much smaller than those for |eaA(max)| � 1,
and ρ(t ) (|u′(t )|) is constantly much smaller than the charge
transfer ρ̄ = 0.751 (the magnitude of LOP |u′

0| = 0.01) for
the ionic ground state at the phase boundary. This result shows
that the phase transition occurs when |eaA(max)| is greater
than a threshold value. The phase transition and polarization
reversal occur both for eaA(max) � −1 and for eaA(max) � 1
in this case. The LOP u′(t ) initially increases (decreases) for
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FIG. 7. Temporal profiles of (a) ρ(t ) and (b) u′(t ) are shown by
solid lines when the neutral ground state is excited by the half-cycle
pulses with eaA(max) = −2, −1, −0.5, 0.5, 1, and 2. Horizontal
dashed lines in (a) show the charge transfer ρ̄ = 0.751 for the ionic
ground state and ρ̄ = 0.227 for the neutral ground state at the phase
boundary. Horizontal dashed lines in (b) show the LOP u′

0 = ±0.01
for the ionic ground state and u′

0 = 0 for the neutral ground state.

eaA(max) > 0 (eaA(max) < 0). As a result, the IA (IB) phase
with negative (positive) Pel(t ) is initially generated when the
electric field of the THz pulse is negative (positive).

We next consider the rapidly oscillating component of ρ(t )
seen in Figs. 3–7. We perform a wavelet transformation of
ρ(t ) given by

Wρ (t, ω) = 1

s

∫ ∞

−∞
ρ(τ )w

(
τ − t

s

)
dτ, (18)

where s is the scale parameter and w(x) is a mother wavelet.
In the present study, we chose the Morlet wavelet

w(x) = exp(iω0x) exp

(
− x2

2

)
, (19)

where ω0 is the dimensionless frequency and we set ω0 = 6.0.
Then, the frequency ω corresponding to s is given by ω =
2π/(1.05s) [87].

We show |Wρ (t, ω)| for A(max) = −2 in the case of neutral
ground state in Fig. 8. The peak frequency ωmax(t ), where
|Wρ (t, ω)| is greatest at ω = ωmax(t ) for a given t , changes
with time, and ωmax(t ) in the time region of the ionic phase is
considerably greater than that in the time regions of the phase
transitions.

To understand the origin of the oscillation, we show
in Fig. 9 the absorption spectrum α0(ω) for the ground
state |φ0(u′)〉 of the adiabatic Hamiltonian HAP(u′) at α′ =
0.143 for a given LOP u′. Small peaks exist inside the gap
(
E � 0.5) in α0(ω). The frequency ωp(u′) of the lowest
in-gap peak depends on u′, and we also plot ωp(u′) versus
time t that satisfies the relation u′(t ) = u′ in Fig. 8. The peak
frequency ωp(u′) agrees well with ωmax(t ). This result comes
from adiabatic nature of |ψ (t )〉. As shown in the Appendix,
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FIG. 8. |Wρ (t, ω)| for eaA(max) = −2 for the neutral ground state
at the phase boundary. The frequency ωp(u′) of the lowest in-gap
peak versus time t that satisfies the relation u′(t ) = u′ is shown by
dots at u′ = ±0.00250, ±0.005, ±0.0075, ±0.01, and ±0.015.

|ψ (t )〉 is given by the linear combination of energy eigenstates
of HAP(u′(t )), and the coefficient cn(t ) of the excited stated is
given by Eq. (A9) if the adiabatic approximation holds well. In
the considered time region, E (t ) is effectively zero, and cn(t )
is proportional to {du′(t )/dt}ω−2

n (t ). This shows that energy
eigenstates of HAP(u′(t )) are excited by the lattice motion.
Furthermore, since the excitation energies ωn(t ) of the in-gap
states are about 1/10 of 
E , the in-gap states have dominant
weights among the excited states, and the excitation of an
in-gap state induces the oscillation of ρ(t ) with the frequency
of the excitation energy of the state. This is the origin of the
rapidly oscillating term in ρ(t ). The adiabatic behavior can
be attributed to the fact that the period of u′(t ) oscillation is
approximately ten times as long as the inverse of the lowest
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FIG. 9. (a) Absorption spectrum α0(ω) and (b) α0(ω) in the
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in-gap peak energy, which ensures that ε2 � 1 holds, where
ε2 is a small parameter of the adiabatic approximation given
in Eq. (A11), and the adiabatic approximation is valid.

We have discussed the THz-pulse-induced dynamics at the
phase boundary. To investigate how the dynamics depends on
the distance from the phase boundary, we have calculated the
dynamics with various α′ at eaA(max) = −2. The THz-pulse-
induced phase transition occurs in the range 0.1425 � α′ �
0.146 near the phase boundary. The amplitudes of oscillations
in ρ(t ) and u′(t ) decrease rapidly as α′ is decreased from
0.1425 and as α′ is increased from 0.146. As shown in Fig. 2,
the difference between the charge transfer for the ground
state and that for the metastable state is much smaller than
1 for α′ � 0.13 and for α′ � 0.16. In the α′ region, the
instantaneous change dominates in ρ(t ), and ρ(t ) is almost
the same as that in the case of a fixed lattice. The effect
of lattice motion is negligible, and large changes of the
electronic state induced by lattice motion do not occur in this
region.

From numerical calculations, it is shown that the period
of the oscillation of u′(t ) depends not only on the distance
from the phase boundary α′ but also on the amplitude A(max) of
the THz pulse. This can be understood as follows. The lattice
motion can be approximately described as the dynamics on the
adiabatic potential. We numerically calculated the adiabatic
potential and confirmed that the potential strongly depends
on α′. In the phase boundary region, there are three local
minimums corresponding to IA, N, and IB states. The LOP
u′(t ) changes between the three local minimums crossing two
potential barriers when the lattice structure changes as IA →
N → IB. The motion is quite anharmonic and, therefore, the
period depends also on the injected energy by the THz pulse
excitation, which depends on A(max).

IV. SUMMARY AND DISCUSSIONS

We have investigated the THz-pulse induced dynamics
of TTF-CA near the phase boundary using exact numerical
calculations of an extended Hubbard model coupled with
lattice motion. For the ionic phase, when the applied electric
field of the THz-pulse opposes the electronic polarization
of the ground state and the maximum amplitude of the
electric field is greater than a threshold value, which is in
realizable region, the THz-pulse excited state changes as
IA → N → IB → N → IA → N → · · · (IA ground-state
case) or IB → N → IA → N → IB → N → · · · (IB

ground-state case). When the applied electric field opposes
the electronic polarization and the maximum amplitude of
the electric field is smaller than the threshold value, and
when the field of the applied THz pulse is in the direction of
the electronic polarization, neither the phase transition nor
polarization reversal occurs. For the neutral phase, when
the maximum amplitude of the electric field is greater than
a threshold value, the THz-pulse excited state changes
as N → IB → N → IA → N → IB → · · · (E (t ) > 0
case) or N → IA → N → IB → N → IA → · · · (E (t ) < 0
case). The LOP, which shows the magnitude and phase
of bond-length alternation, is considerably changed by
THz-pulse excitation through electron-lattice coupling, and

the phase transitions and polarization reversal are driven by
lattice motion in these strongly excited cases.

We have succeeded in showing that the phase transitions
between ionic phases with different phases of bond-length
alternation and a neutral phase occur and electronic polar-
ization reverses on a picosecond timescale with a realizable
magnitude of the THz pulse both in the ionic and neutral
phases near the phase boundary. However, in the present
results, the electronic polarization oscillates with time and
control of electronic polarization is not realized. The threshold
behavior shows that there exists an energy barrier between
the ionic and neutral phases. As a result of the injection
energy required to exceed the energy barrier, |u′(t )| becomes
greater than |u′

0| = 0.01 for the ionic ground state at the local
maxima, and this overshoot results in the oscillation of u′(t ).
Therefore, there is a possibility that a stable targeted final state
can be realized by applying a second THz pulse that disturbs
the lattice motion after the excited state generated by the first
pulse has passed over the energy barrier. We will consider
designing a pulse shape that can control the final state in our
future study.

There is a possibility that the phase transition is induced
by dielectric breakdown. We have confirmed that the phase
transition shown in this paper is not due to the dielectric
breakdown from the following numerical results. First, we
roughly estimate the threshold Edb of direct current electric
filed for dielectric breakdown. As shown in previous paper,
the threshold is roughly given by Edb = 
E/(2eaξ ), where ξ

is the correlation length [88]. Adopting the maximum distance
in the periodic chain as the correlation length (ξ = N/2),
and 
E = 0.5 eV, we estimate the amplitude A(max)

db of the
vector potential that gives Edb as ea|A(max)

db | = 2eaDEdb ∼
20. The estimated value is much larger than the threshold
amplitude ea|A(max)| ∼ 1 of the phase transition. Second, if
the phase transition is induced by the dielectric breakdown,
then the maximum electric field E (max) = A(max)/(2D) is the
factor determining whether the phase transition occurs or not.
We have compared the THz-pulse-induced dynamics in the
case of neutral ground state for the following three parame-
ter sets: (eaA(max), D) = (1, 300), (1/2, 150), and (1/3, 100),
which give the same E (max). The phase transition occurs only
for (eaA(max), D) = (1, 300), and does not occur in the other
cases, showing that E (max) is not the factor. Third, we have
numerically calculated the adiabatic potential as a function
of LOP u′ at various α′. The adiabatic potential drastically
changes but the optical gap 
E and therefore Edb change
slightly as α′ is changed from the value α′ = 0.143 at the
phase boundary. The THz-pulse-induced phase transition oc-
curs only in the phase boundary region 0.1425 � α′ � 0.146,
which is inconsistent with the phase transition due to dielectric
breakdown.

We have calculated the THz-pulse-induced dynamics up
to the amplitudes nearly equal to the estimated A(max)

db . The
phase transitions occur for eaA(max) = −20, where the ap-
plied electric field opposes the electronic polarization of
the ground state, even outside the phase boundary region.
Outside the phase boundary region, the THz-pulse-induced
variation of the charge transfer ρ(t ) is very small, and the
phase transition between ionic and neutral phases does not
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occur within the realizable amplitude ea|A(max)| � 10. The
variation increases rapidly with increasing |A(max)| around
|A(max)| = |A(max)

db | and the THz-pulse-induced phase transi-
tion occurs for |A(max)| � |A(max)

db | both in the case of ionic
ground state when the electric field of the applied THz-pulse
opposes the electronic polarization and in the case of the
neutral ground state. The characteristic A(max) dependence
of the dynamics suggests that the phase transition arises
from dielectric breakdown. This conclusion is also consistent
with the fact that the phase transition occurs outside the
phase boundary region. Furthermore, we have numerically
confirmed that purely electronic transition phase transition is
induced by the THz pulse for |A(max)| � |A(max)

db | when the lat-
tice is fixed to that of the ground state. The electronic origin of
the transition is also consistent with the conclusion. The phase
transitions does not occur around |A(max)| = |A(max)

db | when the
electric field of the THz pulse is applied in the direction of
the electronic polarization of the ionic ground state. In this
case, an acceptor orbital with higher energy level becomes
doubly occupied as a result of the dielectric breakdown and
the energy cost for the dielectric breakdown is much larger
than 
E .

Recently, a paraelectric ionic phase with a uniform lattice
has been found in the high-pressure and high-temperature
region [89,90], and it has been proposed that bond-length
alternation is destroyed by thermal or quantum fluctuations
of soliton pairs in the phase, where a soliton is a topological
defect between IA and IB domains [89–92]. If a thermally
excited confined pair of oppositely charged solitons exists in
the IA phase, then a IB domain exists between the solitons.
Because solitons are movable, the IB domain can be increased
by translational motion of solitons, and the electronic polar-
ization may be reversed as a result of the charged soliton
motion induced by the electric field of the THz pulse. In the
present paper, we investigated the dynamics when a trans-
lationally symmetric ground state is excited by the spatially
uniform electric field of the THz pulse at zero temperature.
The above-mentioned mechanism of polarization reversal is
not considered. Numerical calculations of dynamics at finite
temperatures are a difficult problem, but we might investigate
this mechanism by analyzing the THz-pulse-induced dynam-
ics from the initial states with charged solitons. Polarization
reversal may arise from quantum fluctuations of charged
soliton pairs. However, the present system size N = 14 is too
small to include soliton pairs as quantum fluctuations. To in-
vestigate these mechanisms for polarization reversal, we need
to establish an effective model where the THz-pulse-induced
dynamics can be calculated taking the effects of soliton pairs
into account in large systems.
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APPENDIX

In this Appendix, we derive the condition under which the
adiabatic approximation holds well by extending the results
obtained in Ref. [54] to the electron–lattice coupled case. Up

to the first order of the small parameters ε1 and ε2 of the
adiabatic approximation, which will be described later, the
solution |ψ (t )〉 of the time-dependent Schrödinger equation
can be written as

|ψ (t )〉 = exp

[
−i

∫ t

0
dτE0(τ )

]
|φ0(t )〉 + |δψ (t )〉, (A1)

|δψ (t )〉 =
n �=0∑

n

cn(t ) exp

[
−i

∫ t

0
dτEn(τ )

]
|φn(t )〉, (A2)

where |φn(t )〉 is the energy eigenstate of H (t ) with an en-
ergy eigenvalue En(t ), and |φ0(t )〉 and E0(t ) are the ground
state and the ground-state energy, respectively. Note that the
magnitude of the coefficient for |φ0(t )〉 is equal to 1 up to the
first order. The first-order term |δψ (t )〉 is given by the linear
combination of |φn(t )〉 with the coefficient cn(t ).

To derive differential equation for cn(t ), we consider the
terms up to the first order of infinitesimal time change 
t
in the following. We divide the Hamiltonian H (t + 
t ) into
the unperturbed part H0(t ) = H (t ) and perturbed part H1(t ) =
H (t + 
t ) − H (t ). Up to the first order of 
t , H1(t ) can be
written as

H1 = Ĵ (t )eaE (t )
t + K̂ (t )
du′(t )

dt

t, (A3)

where Ĵ (t ) is given by

Ĵ (t ) = 1

e

N∑
n=1

în, (A4)

and K̂ (t ) is given by

K̂ (t ) = 2
N∑

n=1,σ

(−1)n{c†
n,σ cn+1,σ exp[ieaA(t )] + H.c.}. (A5)

Here we neglect the term describing the bond deformation
energy because it gives the same phase factor for all the
coefficients cn(t ).

As shown in Ref. [54], from the time-dependent perturba-
tion theory, it can be shown that cn(t ) satisfies the following
differential equation:

d

dt
cn(t ) = exp

[
i
∫ t

0
dτωn(τ )

]{
Jn,0(t )

ωn(t )
eaE (t )

+ Kn,0(t )

ωn(t )

du′(t )

dt

}
, (A6)

where Jn,k (t ) is the transition dipole moment given by

Jn,k (t ) = 〈φn(t )|Ĵ (t )|φk (t )〉, (A7)

Kn,k (t ) = 〈φn(t )|K̂ (t )|φk (t )〉, (A8)

and ωn(t ) = En(t ) − E0(t ) is the excitation energy from the
ground state to the energy eigenstate |φn(t )〉.

The coefficients cn(t ) are given by time integration of the
right-hand side of Eq. (A6), and repeating integration by parts
of on the time integration, we obtain a series expansion of
cn(t ) in terms of small parameters 1/(ωnD) and 1/(ωnT ).
Here T is the timescale of lattice motion, and dnu′(t )/dtn

is the order of (1/T )n. Considering the off-resonant case and
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neglecting the terms of second order or more in 1/(ωnD) and
1/(ωnT ), we obtain

cn(t ) = −i exp

[
i
∫ t

0
dτωn(τ )

]{
Jn,0(t )

ω2
n(t )

eaE (t )

+ Kn,0(t )

ω2
n(t )

du′(t )

dt

}
. (A9)

In the case of THz pulse excitation, 1/(
ED) � 1 holds for
almost all the insulators. If the lattice motion is slow enough
to satisfy 1/(
ET ) � 1, this approximation holds well.

Therefore, the small parameters for the adiabatic approxima-
tion are given by

ε1 = max

( |Jn,0|
ω2

n

)
ea|A(max)|

D
, (A10)

ε2 = max

( |Kn,0|
ω2

n

)∣∣∣∣du′

dt

∣∣∣∣, (A11)

and the adiabatic approximation is good if ε1 � 1 and
ε2 � 1 hold.
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