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Abstract

From theory, we investigate charge localization induced by higher-frequency off-resonance light-

pulse excitation in the metallic phase of α-(BEDT-TTF)2I3 by numerically solving the time-

dependent Schrödinger equation in the quarter-filled extended Hubbard model for the material.

Around eaA(max) = 1, where eaA(max) is the maximum amplitude of the dimensionless vector po-

tential of the pump pulse, the charge distribution is significantly changed by photoexcitation, and

the light-pulse-induced collective charge oscillations continue after photoexcitation. Furthermore,

the charge dynamics depend strongly on the polarization direction of the pump pulse. These re-

sults are consistent with experiment. The magnitudes of the effective transfer integrals are reduced

by strong photoexcitation, and this precursory phenomenon for dynamical localization is mainly

driven by a photoinduced change in the ratio of the effective transfer integrals between the two

strongest bonds. For eaA(max) & 2, the photoinduced transition to the charge-ordered state, which

can be regarded as a light-dressed state, occurs because of dynamical localization. Furthermore,

the type of photo-generated charge-ordered state can be controlled by choosing eaA(max) and the

polarization direction.
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I. INTRODUCTION

Photoinduced phase transitions1–5 have been observed in various materials, and it is ex-

pected that the investigation of the phenomena will lead to ultrafast control of material

phases and discovery of new nonequilibrium phases. The transitions investigated so far

have been towards destroying the order of the ground state, but photoinduced phenom-

ena in the reverse direction have been observed recently. It has been reported that the

electronic order of a charge density wave,6–8 a spin density wave,9 superconductivity,10–12

ferroelectricity,13 and charge order14–18 is enhanced by photoexcitation. We investigate one

of these counterintuitive phenomena in α-(BEDT-TTF)2I3 (BEDT-TTF: bis[ethylenedithio]-

tetrathiafulvalene).

The charge transfer salts (BEDT-TTF)2X (X: a monovalent anion) can be described

as quasi-two-dimensional strongly correlated electron systems with a quarter-filled valence

band in the hole picture. As a result of the strong Coulomb interaction, α-(BEDT-TTF)2I3

exhibits charge-ordering transition. As a horizontal charge order, it has been shown to

be formed below the transition temperature.22–28,30,31 The photoinduced phase transition

from the charge-ordered insulator to a metallic state has been observed in various materials

by femtosecond pump-probe spectroscopy.32–41 In α-(BEDT-TTF)2I3, the metallic state is

generated in about 100 fs, and as many as about 250 molecules are converted to a metallic

phase by one photon excitation,32 showing the strong cooperative nature of the phenomena.

Recent pump-probe spectroscopy experiments have revealed that a short-range charge

order is induced by an intense infrared pulse excitation from the metallic phase of α-(BEDT-

TTF)2I3 just above the transition temperature,17,18 and the localization of holes has been

proposed as resulting from dynamical localization42–44 related effect cooperated with the

Coulomb interaction and the characteristic lattice structure of this compound. An electron–

light coupling has been introduced into the transfer integrals as a Peierls phase, and their

phases have been modulated by light excitation. If the time period of light is much smaller

than the characteristic time scale of hole motion, the holes then respond approximately to

the effective transfer integrals, which are given by the time average of the photo-modulated

transfer integrals. For strong excitation, the effective transfer integral magnitudes are sig-

nificantly reduced by light excitation, and this stabilizes the charge-ordered phase. The re-

duction of transfer integral has been observed as a redshift of plasmalike reflectivity edge in
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(TMTTF)2AsF6 (TMTTF: tetramethyltetrathiafulvalene).45 This proposed mechanism for

the photoinduced transition is essentially different from conventional photoinduced melting

of charge order. Specifically, the photoinduced melting of charge order is triggered by a real

excitation, but the photoinduced charge-ordered state is a light-dressed state induced by a

virtual excitation, which results in parameter modulation of the effective Hamiltonian.

There has been a rapid development on correlated systems far from equilibrium that

are driven by a strong alternating current electric field.46–51 The dynamical localization is a

representative example of exotic phenomena realized in them. The dynamical localization

has been originally proposed to occur under continuous light excitation.42–44 However, the

pulse duration time is long enough and the localization from the reduction of effective

transfer integral magnitudes is also induced through pulse excitation in the present case.

We therefore hereafter refer to the localization induced by pulse excitation as dynamical

localization.

Recently, Yonemitsu has investigated the physical properties of the light-pulse excited

states from the metallic ground state.53,54 He found that the photoinduced changes in time-

averaged double occupancy and intersite density-density correlations can be interpreted as

arising from changes in the effective on-site and intersite repulsive interactions, respectively,

relative to the transfer integrals, and that these results are consistent with experimental

results. However, the photoinduced phase transition to the charge-ordered states does not

occur in the excitation intensity range considered in the work. Furthermore, by analyzing not

the time-averaged quantities but the dynamics of the charge-order generation, new insights

into the underlying physics of the charge-ordered state are gained. The charge-ordered phase

of α-(BEDT-TTF)2I3 is known as electronic ferroelectric.28,29 The analysis of the dynamics

also leads to an ultrafast control electric polarization.

Considering these points, we investigated the dynamics of light-pulse excited state from

the metallic ground state by numerically solving the time-dependent Schrödinger equation

in the quarter-filled extended Hubbard model for α-(BEDT-TTF)2I3. We found that the

photoinduced changes in charge density mainly derive from the change in the ratio of the

transfer integrals between two dominant bonds in the excitation intensity range where a

precursory phenomenon for dynamical localization occurs. For intense excitation, the tran-

sition to the charge-ordered state occurs because of dynamical localization, and the photo-

generated charge-ordered states can be controlled by changing the maximum amplitude and
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the polarization direction of the pump pulse.

II. MODEL

For holes on a two-dimensional anisotropic triangular lattice coupled to a light field, we

consider the quarter-filled extended Hubbard Hamiltonian given by

H(t) =
∑

<n,m>,σ

{βn,m(t)c
†
n,σcm,σ + h.c.}

+ U
∑
n

nn,↑nn,↓ +
∑

<n,m>

Vn,mnnnm. (1)

The first term describes the hole transfer between neighbor sites, where c†n,σ (cn,σ) creates

(annihilates) a hole of spin σ at site n, βn,m(t) is the transfer integral between the sites n

and m at time t, and < n,m > denotes neighbor site pairs. The electron–light coupling

is introduced in this term; the explicit formula for βn,m(t) is given later. The second term

describes the on-site Coulomb interaction, where U is the on-site Coulomb interaction energy,

and nn,σ = c†n,σcn,σ. The third term describes the Coulomb interaction between neighbor

sites, where Vn,m is the Coulomb interaction energy between the sites n and m, and nn =∑
σ nn,σ. To take account of strong correlations, we calculate the exact dynamics of the

photoexcited state on a small cluster. We consider a 4 × 4 cluster (system size N = 16)

shown in Fig. 1; periodic boundary conditions are used.
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FIG. 1: (Color online) Anisotropic triangular lattices of α-(BEDT-TTF)2I3. The red square en-

closes the 4× 4 cluster.
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We assume the light-pulse excitation is described by a vector potential A(t) with a

Gaussian profile at time t given by

A(t) = ÂA(max) exp[−(
t

D
)2] cos(ωt), (2)

where A(max) is the maximum amplitude, D is the pulse duration time, ω is the center

frequency, and Â is the unit polarization vector.

The electron–light coupling is introduced as a Peierls phase into the transfer integrals,

and βn,m(t) is given by

βn,m(t) = β(0)
n,m exp[−ieaA(max) exp{−(

t

D
)2} cos(ωt) cos(θ − θn,m)], (3)

where β
(0)
n,m is the transfer integral between sites n and m when A(t) is 0, e is the elementary

charge, θ (θn,m) is the angle between Â (rm − rn) and the b−axis (see Fig. 1), and rn is the

position vector of site n. For simplicity, an equilateral triangle lattice of lattice spacing a is

assumed.

If the period T = 2π/ω of the pump light photon is much smaller than the characteristic

time scale of hole motion, the holes respond approximately to the effective transfer integral

given by the time-average of βn,m(t),

β̄n,m(t) =
1

T

∫ t+T/2

t−T/2

βn,m(τ)dτ. (4)

In the present case, D is much larger than T (to be shown later) and the effective transfer

integral is approximately given by

β̄n,m(t) = β(0)
n,mJ0[eaA

(max) exp{−(
t

D
)2} cos(θ − θn,m)], (5)

where J0(x) is the Bessel function of order zero.

The function J0(x) is a decreasing function of x for x . 4, and J0(x) approaches zero

around x = 2.4. Therefore, |β̄n,m(0)| becomes much smaller than |β
(0)
n,m| for strong excitations,

which induces a transition from the metallic phase to the charge-ordered phase. This is the

proposed mechanism of photoinduced phase transition via dynamical localization.17,18

The photoexcited state |ψ(t)〉 at time t is obtained by numerically solving the time-

dependent Schrödinger equation with the initial condition |ψ(−∞)〉 = |φ0〉. Here |φ0〉 is the

ground state of the electronic Hamiltonian He, which is given by H(t) for A(t) = 0. We

5



numerically calculate |φ0〉 using the Lanczos method. To investigate the adiabatic nature of

photoexcited state, we also consider the effective Hamiltonian H̄(t) given by

H̄(t) =
∑

<n,m>,σ

β̄n,m(t){c
†
n,σcm,σ + h.c.}

+ U
∑
n

nn,↑nn,↓ +
∑

<n,m>

Vn,mnnnm. (6)

Here the transfer integrals βn,m(t) in H(t) are replaced by effective integrals β̄n,m(t). We

have calculated the ground state |Φ0(t)〉 of H̄(t) using the Lanczos method.

To investigate the physical properties of the photoexcited state, we analyze the charge

density ρn(t), bond order pn,m(t) for |ψ(t)〉 defined by

ρn(t) = 〈ψ(t)|nn|ψ(t)〉, (7)

pn,m(t) = Re[〈ψ(t)|
∑
σ

c†n,σcm,σ|ψ(t)〉]. (8)

The bond order determines the magnitude of the bond, and is closely related to the local-

ization of holes. If holes are localized as a result of charge-order formation, the bond orders

approach zero. For the ground state |φ0〉, these quantities are denoted by barred symbols,

ρ̄n = 〈φ0|nn|φ0〉, (9)

p̄n,m = Re[〈φ0|
∑
σ

c†n,σcm,σ|φ0〉]. (10)

Those for the ground state |Φ0(t)〉 of the effective Hamiltonian H̄(t) are denoted as

ρ̄n(t) = 〈Φ0(t)|nn|Φ0(t)〉, (11)

p̄n,m(t) = Re[〈Φ0(t)|
∑
σ

c†n,σcm,σ|Φ0(t)〉]. (12)

There are four nonequivalent sites and twelve nonequivalent bonds in H(t) without inver-

sion symmetry, just as for the charge-ordered ground state with a deformed lattice structure.

They are labeled as indicated in Fig. 1. The charge density ρn(t) at the A site is denoted by

ρA(t), and the bond order pn,m(t) at the b1 bond is denoted by pb1(t). Those at the other

sites or bonds, and the other quantities are denoted in the same manner. In regard to He

and H̄(t), both have inversion symmetry, and A and A′ sites (Y and Y′ bonds, where Y=b1,

b2, b3, b4, or a1) become equivalent in He and H̄(t). Therefore, when we refer to ρ̄X, p̄Y,

ρ̄X(t), p̄Y(t), β
(0)
Y , and β̄Y(t), we do not distinguish them, and both A and A′ sites (Y and

Y′ bonds) are denoted as A sites (Y bonds).
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In the charge-ordered states, two neighbor sites are charge-rich and the other four neigh-

bor sites are charge-poor for every charge-rich site to minimize the Coulomb interaction

energy between the neighbor sites. There are various types of charge-ordered state, which

we categorize as H1, H2, D1, D2, V1, and V2 (Fig. 2), where the charge-rich and charge-poor

sites are indicated using dark and light colors, respectively. The horizontal charge-ordered

state where the charge-rich sites are connected by the b2, b2′, b3 and b3′ (b1, b1′, b4 and

b4′) bonds is classed as H1 type (H2 type). There are two inequivalent H1-type (H2-type)

charge-ordered states; see Fig. 2(a) and (b) [(c) and (d)]. There are two types of diagonal

(vertical) charge-ordered states denoted by D1 and D2 types (V1 and V2 types), respectively;

see Fig. 2(e) and (f) [(g) and (h)].

It is difficult to determine the type of photo-generated charge-ordered state from the

charge density or the charge correlation function. Therefore, we consider the probability

that all holes exist at the charge-rich sites of each type charge-ordered state. We first define

Wa(t) by

Wa(t) =
∑

σ(1),...,σ(8)

|〈ψ(t)|

8∏
i=1

c†na(i),σ(i)
|vac〉|2, (13)

where |vac〉 is the vacuum state, and na(i) for i = 1, . . . , 8 are the site numbers of eight

charge-rich sites of the charge-ordered state shown in Fig. 2(a). The weights Wb(t), . . . ,

and Wh(t) are defined in the same way. The probability of the H1-type charge-ordered state

WH1(t) is given by WH1(t) = 2Wa(t) + 2Wb(t). The A and B sites are charge-rich and the

A′ and C sites are charge-poor in the charge-ordered state shown in Fig. 2(a). There is an

equivalent charge-ordered state to this one, where the A′ and B sites are charge-rich and the A

and C sites are charge-poor. There is also an equivalent charge-ordered state to that shown in

2(b). The factor 2 comes from these equivalent states. In the same way, we obtainWH2(t) =

2Wc(t)+2Wd(t), WD1(t) = 2We(t), WD2(t) = 2Wf(t), WV1(t) =Wg(t), and WV2(t) = Wh(t).

We further consider the sumWtot(t) = WH1(t)+WH2(t)+WD1(t)+WD2(t)+WV1(t)+WV2(t)

over all the charge-order types.

III. RESULTS

We adopt the transfer integrals deduced from the extended Hückel calculation: β
(0)
a1 =

0.035, β
(0)
a2 = 0.0461, β

(0)
a3 = −0.0181, β

(0)
b1 = −0.1271, β

(0)
b2 = −0.1447, β

(0)
b3 = −0.0629,
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FIG. 2: (Color online) The charge structures of two inequivalent H1-type charge-ordered states [(a)

and (b)], of two inequivalent H2-type charge-ordered states [(c) and (d)], and those of D1, D2, V1,

and V2 type charge-ordered states [(e), (f), (g), and (h), respectively]. A and A′ sites are marked

by red ovals, B and C sites by blue and green ovals, respectively, and charge-rich (charge-poor)

sites by dark-color (light-color) ovals.
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and β
(0)
b4 = −0.0245.27 Hereinafter, we use eV as the unit of energy and eV−1 as the unit of

time, where 1 eV−1 equals 0.658 fs. We adopt the following Coulomb parameters: U =0.9,

VV =0.22, and VD =0.18, where Vn,m = VV (VD) if the neighbor site pair < n,m > is on

the vertical (diagonal) bonds. This set of parameters reproduces well the charge densities

obtained from experiments. The calculated charge densities for the metallic ground state

(the experimentally obtained charge densities in the metallic phase27) are: ρ̄A =0.53 (0.49),

ρ̄B =0.53 (0.57), and ρ̄C =0.42 (0.41).

As a result of strong Coulomb interaction, the sum of the weights for the metallic ground

state W̄tot = 1.1×10−2 is much larger than that W̄tot(FH) = 1.1×10−3 for free holes, where

holes are distributed randomly. We have calculated the ground state of charge-ordered phase,

which reproduces the experimentally obtained charge densities very well.52 In the charge-

ordered ground state, the weight of the H1-type charge ordered state W̄H1(CO) = 4.3×10−2 is

slightly smaller than the sum of the weights W̄tot(CO) = 4.8×10−2, and the H1-type charge-

ordered state has dominant weight. The weight W̄tot(CO) can be regarded as the criterion

for charge-order generation; it is much smaller than unity because of charge fluctuations,

and that W̄tot for the metallic ground state is much smaller than W̄tot(CO).

As for the light pulse parameters, we adopt the pulse duration time D = 60, where the

full-width at half-maximum (66 fs) is much larger than that used in the experiment (7 fs),

and the center frequency ω = 2, which is much larger than that used in experiment (0.9).

This is because dynamical localization clearly occurs with these parameters under intense

excitation. How the results depend on these parameters will be discussed later.

A. Precursory phenomena for dynamical localization

We show the results for eaA(max) = 1 in this section. The magnitude is comparable

with that used in experiment, and precursory phenomena for dynamical localization were

observed as we shall describe later. We show the time variation of ρX(t) (X=A, B, and C),

pY(t) (Y=b1, b2, b3, b4, a1, a2, and a3) and WZ(t) (Z=H1, H2, D1, D2, V1, V2, and tot)

for θ = −50◦ and those for θ = 50◦ in Figs. 3 and 4, respectively. In these figures, ρX(t) are

strongly changed by photoexcitation. The charge density ρX(t) and the bond order pY(t)

can be decomposed into a slow-varying component and rapidly oscillating component with

frequency ω; the latter component is significant in ρA(t) and ρA′(t) but is small in other
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quantities. Because the slow-varying components of ρA(t) and ρA′(t) (pY(t) and pY′(t)) are

the same, and the corresponding rapidly oscillating components have opposite phase in all

instances considered, we only show ρA(t) (pY(t)) in the figures that following.

We also show the charge density ρ̄X(t) and the bond order p̄Y(t) for the ground state

of the effective Hamiltonian H̄(t) at t = ±60, ±50, ±40, ±30, ±20, ±10, and 0 in Figs. 3

and 4. These figures show that the slow-varying components of ρX(t) (pY(t)) roughly agree

with ρ̄X(t) (p̄Y(t)). We conclude therefore that the photoexcited state |ψ(t)〉 changes nearly

adiabatically with the time variation of effective transfer integrals β̄n,m(t) during the light

pulse excitation. The peaks of the photoinduced changes in these quantities are delayed

from the pulse peak by about 20 for θ = 50◦; the delay is negligible for θ = −50◦. This

shows that the time scale for hole motion is comparable or slightly larger than D.

The temporal profiles of ρX(t) and pY(t) for θ = −50◦ are quite different from those for

50◦. We here consider the origin of the strong θ dependence of the photoinduced dynamics.

For this purpose, we first consider the origin of charge disproportionation in the metallic

ground state. Even in the metallic phase, the charge density is not uniform, and ρ̄B is

significantly larger than ρ̄C. The charge disproportionation arises from the anisotropy in

β
(0)
Y . The absolute value |β

(0)
Y | is the largest for the b2 bond and the second largest for the

b1 bond; they are much larger than those for other bonds. From Eq. (1), the energy gain

arising from the formation of Y bond is given by −β
(0)
Y p̄Y. To maximize the energy gain,

p̄Y is also the largest for the b2 bond and the second largest for the b1 bond. In Fig. 1,

the strongest b2 bonds are drawn in green, the second strongest b1 bonds are drawn in

blue, and the B (C) site is connected by two b2 (b1) bonds. Because holes that contribute

to stronger bonds are more stable, ρ̄B becomes significantly larger than ρ̄C. The charge

disproportionation in the metallic ground state |φ0〉 can be understood from the ratio of

|β
(0)
b1 | to |β

(0)
b2 |. Furthermore, as the A site is connected by one b2 bond and one b1 bond, ρ̄A

is nearly independent of the ratio. The importance of anisotropy of the transfer integrals in

the charge distribution has been pointed out in several previous works.55,56

Next, we consider the charge disproportionation in |Φ0(t)〉, which is also the metallic

ground state of the effective Hamiltonian H̄(t). From this, we can understand the origin

of the photoinduced dynamics because of the adiabatic nature of |ψ(t)〉. At θ = −50◦,

cos(θ− θb2) ≫ cos(θ− θb1) holds, and the photoinduced reduction in |β̄b2(t)| is much larger

than that in |β̄b1(t)| as indicated by Eq. (5). As a result, |β̄b1(t)| becomes larger than |β̄b2(t)|
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FIG. 3: (Color online) Time variation of (a) ρX(t) (solid lines) and ρ̄X(t) (dotted curves), (b) pY(t)

(solid lines) and p̄Y(t) (dotted curves) for diagonal bonds, (c) pY(t) (solid lines) and p̄Y(t) (dotted

curves) for vertical bonds, (d) WZ(t), and (e) β̄Y(t), for eaA
(max) = 1, θ = −50◦, and D = 60.
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for −30 . t . 30 [Fig. 3(e)]. In the time interval where magnitude reversal occurs, p̄b1(t)

becomes larger than p̄b2(t), and the C (B) site becomes charge-rich (charge-poor) in |Φ0(t)〉

[Fig. 3(a) and (b)]. In contrast to this, the slow-varying component of ρ̄A(t) stays nearly

constant all through the time interval. These results show that the charge disproportionation

in |Φ0(t)〉 is determined mainly from the ratio between |β̄b1(t)| and |β̄b2(t)|.

At θ = 50◦, cos(θ−θb1) ≫ cos(θ−θb2) holds, and the reduction in |β̄b1(t)| from photoex-

citation is much larger than that in |β̄b2(t)| [Fig. 4(e)]. As a result, p̄b2(t)/p̄b1(t) becomes

significantly larger than p̄b2/p̄b1, and ρ̄B(t)− ρ̄C(t) becomes significantly larger than ρ̄B− ρ̄C

during excitation by the light pulse [Fig. 4(a) and (b)]. The charge disproportionation in

|Φ0(t)〉 is determined mainly from the ratio also at θ = 50◦.

To investigate the polarization angle dependence of photoinduced dynamics in more de-

tail, we considered the charge density ρ
(max)
X when the deviation from that of the ground

state becomes largest. Specifically, ρ
(max)
X is defined by ρ

(max)
X = ρX(tmax), where |ρX(t)− ρ̄X|

becomes largest at t = tmax, for X=B and C. For ρ
(max)
A , we considered the average

charge density over the sites A and A′ defined as ρ
(max)
A = {ρA(tmax) + ρA′(tmax)}/2, where

|{ρA(t) + ρA′(t)}/2− ρ̄A| becomes largest at t = tmax. Because the phase of the rapidly os-

cillating components of ρA(t) is opposite to that of ρA′(t), the average is their slow-varying

component. At θ = −50◦ (50◦), tmax ≃ 0 (20) for all these values; see Fig. 3(a) (Fig. 4(a)).

We present the θ dependence of ρ
(max)
X and the effective transfer integral β̄Y(0) at the

peak of the light pulse in Fig. 5(a) and (c), respectively. For −70◦ . θ . −20◦, where

|β̄b1(0)| is larger than |β̄b2(0)|, ρ
(max)
C becomes larger than ρ

(max)
B . The charge distribution

in the region results from the magnitude reversal as evident when θ = −50◦. For 20◦ .

θ . 80◦, where the ratio |β̄b2(0)|/|β̄b1(0)| is significantly larger than |β
(0)
b2 |/|β

(0)
b21|, ρ

(max)
B −

ρ
(max)
C becomes significantly larger than ρ̄B − ρ̄C. The charge distribution in the region

results from the photoinduced increase in the ratio |β̄b2(t)|/|β̄b1(t)| as obtained for θ = 50◦.

Despite the significant change in the ratio, ρ
(max)
A is nearly constant with θ. From these

results, we conclude that photoinduced dynamics is mainly driven by the change of the

ratio |β̄b2(t)|/|β̄b1(t)| throughout the θ region, and the characteristic θ dependence of the

dynamics can be explained from the θ dependence of the ratio.

We also consider W
(max)
Z , which is the maximum value of WZ(t), and show the θ de-

pendence of W
(max)
Z in Fig. 5(b). Around θ = 50◦, photoexcitation increases Wtot nearly

3-fold. However, W
(max)
Z is significantly smaller than that W̄tot(CO) of the charge-ordered
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FIG. 5: (Color online) The θ dependence of (a) ρ
(max)
X , (b) W

(max)
Z , and (c) β̄Y(0), for eaA

(max) = 1

and D = 60.

ground state. Furthermore, the ratio |pb2(t)|/|pb1(t)| is largely changed by photoexcitation,

but overall the reduction in |pY(t)| is not seen in Fig. 3(b) and (c), and Fig. 4(b) and (c),

which show that holes are not localized in this instance. Therefore, the large photoinduced

change in charge density for eaA(max) = 1 is not because of dynamical localization but from

a photoinduced change in the ratio between |β̄b1(t)| and |β̄b2(t)|.

The duration time D = 60 used to obtain these results, is much larger than that used in

experiments. We have numerically calculated the dynamics using different duration times

D = 10 and 300. The full-width at half-maximum for D = 10 is equal to 11 fs, and is about
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the same as that used in the experiment (7 fs). We show in Fig. 6 the time variation of ρX(t),

ρ̄X(t) and WZ(t) for θ = 50◦ when the duration time D = 10 is used. The photoinduced

dynamics for D = 10 under pump light excitation is basically the same as that for D = 60

except the photoinduced changes of ρB(t) and ρC(t) are much smaller than encountered in

the latter. Therefore, the photoinduced charge dynamics is driven by the photoinduced

change in the ratio between |β̄b1(t)| and |β̄b2(t)| also for D = 10. Much smaller changes

of ρB(t) and ρC(t) can be attributed to the fact that the time scale of hole motion, which

is comparable or slightly larger than 60 as fore-mentioned, is much larger than D. In this

case, the light pulse decays before the charge distribution for the adiabatic state |Φ0(0)〉 at

the peak of the pulse is generated, and therefore photoinduced changes of ρB(t) and ρC(t)

become much smaller. This can be confirmed from the significant deviation between ρB(t)

and ρ̄B(t) and between ρC(t) and ρ̄C(t).
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FIG. 6: (Color online) Time variation of (a) ρX(t) (solid lines) and ρ̄X(t) (dotted curves), and (b)

WZ(t), for eaA
(max) = 1, θ = 50◦, and D = 10.

In the time interval after the pump pulse has decayed, ρB(t), ρC(t) and Wtot(t) exhibit

complicated oscillations. To investigate the origin of these characteristic oscillations, we

have calculated the discrete Fourier transformations F [ρX](Ej) (F [WZ](Ej)) of ρX(t) (WZ(t))
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defined by

F [ρX](Ej) =
L∑
l=1

ρX(tl) exp[iEjtl], (14)

where tl = t0 + ∆tl, t0 = 40, ∆t = 0.03, L = 24000, Ej = (2π/TFT)j, TFT = ∆tL, and

j is an integer in the range −L/2 < j ≤ L/2. We considered the polarization directions

θ = −50◦, −10◦ and 50◦, where quite different photoinduced dynamics are seen. We show Ej

dependence of |F [ρB](Ej)| and |F [ρC](Ej)| for θ = 50◦ [Fig. 7(a)], and that of |F [Wtot](Ej)|

for θ = −50◦, −10◦ and 50◦ [Fig. 7(b)].
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FIG. 7: (Color online) The Ej dependence of (a) |F [ρB](Ej)| and |F [ρC](Ej)| for θ = 50◦, and (b)

that of |F [Wtot](Ej)| for θ = −50◦, −10◦ and 50◦. The maximum amplitude eaA(max) = 1 and the

duration time D = 10 are used.
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As seen from this figure, there are large peaks at Ej = 0.070, 0.14 and 0.20 eV for all these

quantities, and the peak energies are almost independent of θ despite the strong θ dependence

of the photoinduced dynamics; only their absolute values and phases at peak energies depend

strongly on θ. This shows that there are three collective modes that dominate the dynamics

after the pump pulse has decayed. Time variations of the bond orders pb2(t) and pb1(t)

for the two strongest bonds and the charge density oscillations are strongly coupled in the

collective mode similar to when the pump pulse is on; that is, ρB(t) (ρC(t)) becomes larger

when pb2(t)/pb1(t) becomes larger (smaller). The probability Wtot(t) becomes significantly

larger than W̄tot around the time when |ρB(t)−ρ̄B| and |ρC(t)−ρ̄C| exhibit a local maximum.

Therefore, these collective modes are closely related to the charge order generation.

These oscillations come from a deviation from adiabatic motion. When D is significantly

smaller than the time scale of hole motion, the holes cannot follow the time variation of the

effective Hamiltonian H̄(t) adiabatically, which induces these collective motions. Actually,

the amplitudes of these oscillations in the time interval are largest for D = 10, and the

oscillations are almost negligible for D = 300, where the pulse excited state |ψ(t)〉 changes

almost adiabatically with H̄(t).

B. Dynamical localization

We now show the results for eaA(max) = 2.3, where the dynamical localization is observed

clearly, as will be demonstrated. We show the time variation of ρX(t), ρ̄X(t), pY(t), p̄Y(t),

WZ(t), and β̄Y(t), for θ = −10◦ and 50◦ in Figs. 8 and 9, respectively.

With the present strong pulse, the effective transfer integrals diminish significantly. For

θ = −10◦, |β̄Y(t)|/|β
(0)
Y | for b2 and b4 (b1 and b3) bonds are reduced to 0.13 (0.36) at the

peak time of the light pulse. As a result, |pX(t)| for all the b bonds decrease significantly

around t = 0, indicating that a hole becomes much more localized at a charge-rich site.

Furthermore, the total weight of the charge-ordered states Wtot(t) is increased by about 30

times and becomes much larger than that for the charge-ordered ground state. These results

show that charge order is photo-generated in this instance.

For θ = 50◦, |β̄b1(t)|/|β
(0)
b1 | is reduced significantly to 0.13 but the reduction in

|β̄b2(t)|/|β
(0)
b2 | is 0.96 at the peak time of the light pulse. As a result, pb2(t) and pb2′(t)

become even larger than p̄b2 but pX(t) for the other bonds approach zero around t = 0. This
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FIG. 8: (Color online) Time variation of (a) ρX(t) (solid lines) and ρ̄X(t) (dotted curves), (b) pY(t)

(solid lines) and p̄Y(t) (dotted curves) for diagonal bonds, (c) pY(t) (solid lines) and p̄Y(t) (dotted

curve) for vertical bonds, (d) WZ(t), and (e) β̄Y(t), for eaA
(max) = 2.3, θ = −10◦, and D = 60.
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shows that holes are localized on the b2 bonds. The weight Wtot(t) is increased by about

10 times and becomes much larger than that for the charge-ordered ground state. Further-

more, WH1(t) is much larger thanWZ(t) for the other charge-order types. These results show

that the H1-type charge order is photo-generated in this instance. This contrasts with the

situation when θ = −10◦, for which WD1(t) and WH1(t) are comparable.

Under the intense excitation, deviations of ρX(t) from ρ̄X(t) and those of pY(t) from

p̄Y(t) are significant, showing that |ψ(t)〉 does not change adiabatically with H(t). However,

the characteristic photoinduced dynamics from an intense excitation is also induced by the

change in β̄Y(t). We confirmed this by calculating the photoinduced dynamics using different

ω. For ω & 2, ρX(t), pY(t) and WZ(t) are nearly independent of ω except for the rapidly

oscillating components with frequency ω. Note that the effective transfer integrals given by

Eq. (4) do not depend on ω. This very weak ω dependence is the characteristic feature of the

dynamics in the higher-frequency off-resonance case, which is induced by the change in the

effective transfer integrals. The photoinduced dynamics is induced by a virtual excitation,

which changes the effective transfer integrals. Therefore, the photo-generated charge-ordered

states can be regarded as a light-dressed state.

The photoinduced dynamics for θ = −10◦ and that for θ = 50◦ are quite different. To see

the θ dependence of the photoinduced dynamics in more detail, we present the θ dependence

of ρ
(max)
X and W

(max)
Z in Fig. 10. The maximum value W

(max)
tot and W

(max)
Z strongly depend

on θ, and W
(max)
tot is larger than that of the charge-ordered ground state; the charge order is

photo-generated except for the narrow region near θ = ±90◦.

We here consider the origin of their strong θ dependence. In the strong interaction

limit, where transfer term is neglected, the horizontal and diagonal charge-ordered states

are degenerate in energy. Because VV is larger than VD, the vertical charge-ordered states

have larger Coulomb interaction energies than the horizontal and diagonal charge-ordered

states. As a result, W
(max)
V1 and W

(max)
V2 are much smaller than those of the other charge-

ordered states. We therefore focus on the horizontal and diagonal charge-ordered states in

the following.

The degeneracy between the horizontal and diagonal charge-ordered states is lifted by

introducing the transfer term.56 Bonds are formed between the neighboring sites as a result

of charge fluctuations induced by the transfer term, even in the charge-ordered states. In

the following, a bond that connects two charge-rich (charge-poor) sites is denoted by a 1-1
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FIG. 10: (Color online) The θ dependence of (a) ρ
(max)
X , (b) W

(max)
Z , and (c) β̄Y(0) for eaA

(max) =

2.3 and D = 60. The horizontal line shows W̄tot(CO) for the charge-ordered ground state.

(0-0) bond, and a bond that connects a charge-rich site and a charge-poor site is denoted

by a 1-0 bond. The charge patterns of the diagonal bonds in the horizontal and diagonal

charge-ordered states are listed in Table I. Since there are two nonequivalent bonds for

each diagonal bond in the unit cell in each charge-ordered state, we list two charge patterns

in the Table. Because the charge patterns of the vertical bonds are all 1-0 pairs for these

charge-ordered states, we do not list them.

The bond order for the 1-1 bond (p(1−1)) is the largest, that for the 0-0 bond (p(0−0)) is

the smallest, and 2p(1−0) > p(1−1) holds, where p(1−0) is the bond order for the 1-0 bond,
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TABLE I: Charge patterns of diagonal bonds in the horizontal and diagonal charge-ordered states

Type b1 b2 b3 b4

H1 1-0, 0-0 1-1, 1-0 1-1, 1-0 1-0, 0-0

H2 1-1, 1-0 1-0, 0-0 1-0, 0-0 1-1, 1-0

D1 1-0, 1-0 1-1, 0-0 1-0, 1-0 1-1, 0-0

D2 1-1, 0-0 1-0, 1-0 1-1, 0-0 1-0, 1-0

in the dominant b2 and b1 bonds. This is because two holes contribute to the 1-1 bond, but

the virtual excitation energy in forming a 1-0 bond (2VV−VD) is smaller than that for a 1-1

bond (U − VD). As a result, the inequalities Gb2(H1) > Gb2(D2) > Gb2(D1) > Gb2(H2) and

Gb1(H2) > Gb1(D1) > Gb1(D2) > Gb1(H1) hold, where Gb2(H1) is the energy gain from the

b2 bond formation in the H1-type charge-ordered state; those of other charge-order types

and those for the b1 bond are denoted in the same way.

We show the θ dependence of β̄Y(0) in Fig. 10(c). For 10◦ . θ . 70◦ (−70◦ . θ . −30◦),

|β̄b2(0)| (|β̄b1(0)|) is significantly larger than |β̄Y(0)| for the other bonds, and the energy gain

from the b2 (b1) bond formation dominates the energetical order between various charge-

ordered states. As a result, W
(max)
H1 (W

(max)
H2 ) is the largest in the region. Furthermore,

|β̄b2(0)| ≫ |β̄b1(0)| holds, and W
(max)
H1 is much larger than those for other charge-ordered

states around θ = 60◦. The specific charge-ordered state of H1-type can be photo-generated

in the region.

For −20◦ . θ . −10◦, |β̄b1(0)| is the largest but |β̄b2(0)| and |β
(0)
b3 | are comparable

to |β̄b1(0)|. As a result of the contribution from the energy gain from b2 and b3 bond

formation, the energy of the D1-type charge-ordered state drops below that of the H2-type

charge-ordered state, andW
(max)
D1 is the largest in the region. Around θ = 0◦,W

(max)
tot becomes

largest. This is because both |β̄b2(0)| and |β̄b1(0)| are significantly smaller than |β
(0)
b1 | and

|β
(0)
b1 |.

There exists an equivalent charge-ordered state to each of the horizontal charge-ordered

states shown in Fig. 2(a)–(d), where all the charge-rich A or A′ sites and the charge-poor

A or A′ sites are exchanged. In the θ region, where the H1-type (H2-type) charge-ordered

states have dominant weights, the B (C) site is charge-rich, and the C (B) site is charge-

poor; the charge density at the A site is close to 0.5 because these two equivalent states
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have equal weight. The characteristic charge distribution for 10◦ . θ . 70◦ and that for

−70◦ . θ . −30◦, can be explained from this. There exists an equivalent charge-ordered

state to each of the diagonal charge-ordered states shown in Fig. 2(e) and (f), where all

the charge-rich sites and charge-poor sites are exchanged. Therefore, the charge density is

nearly uniform when the diagonal charge-ordered states have dominant weight. The nearly

uniform charge distribution for −20◦ . θ . −10◦ can be attributed to that of the D1-type

charge-ordered state. The characteristic θ dependence of ρ
(max)
X presented in Fig. 10(b) can

be explained as changes in the dominant charge-ordered state with θ.

We have investigated the eaA(max) dependence of the dynamics for θ = 90, 30, 0, and

−30◦. Except for when θ = 90◦, W
(max)
tot increases rapidly with increasing eaA(max) for

1.5 . eaA(max) . 2.5, and W
(max)
tot becomes much larger than that of charge-ordered ground

state. For θ = 0◦, W
(max)
tot becomes a maximum around eaA(max) = 2.5, and decreases with

increasing eaA(max) for eaA(max) ≥ 2.5. For θ = 30 and −30◦, W
(max)
tot increases slowly with

increasing eaA(max) for eaA(max) ≥ 2.5 and becomes a maximum around eaA(max) = 4.

We have succeeded to photo-generate the D1-type charge-ordered state also. We present

in Fig. 11(d) the time variation of WZ(t) for eaA
(max) = 3.87 and θ = −26.7◦. The D1-type

charge-ordered state has dominant weight, showing that this specific charge-ordered state

can be photo-generated in this instance. Around t = −50, where eaA(max)(t) increases to

about 2.3, both the H2-type and the D1-type charge-ordered states have dominant weight,

which is consistent with the results of eaA(max) = 2.3 shown in Fig. 10(b). The averaged

transfer integrals increase with increasing t for t ≥ −50, and β̄b1(t) approach zero, β̄b2(t)

become positive, and |β̄b2(t)| ≫ |β̄b1(t)| holds around t = 0. As a result, the H2-type

charge-ordered state is strongly destabilized and the D1-type charge-ordered state becomes

dominant around t = 0.

The remarkable increase in Wtot is not observed when eaA(max) is increased to around

2.3 for D = 10. For D = 60, the peak of Wtot(t) is delayed from the pulse peak by about

0 ∼ 20, showing that the time scale for charge-order generation is comparable or slightly

larger than 60. The light pulse decays before charge order is generated for D = 10.
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FIG. 11: (Color online) Time variation of (a) ρX(t), (b) pY(t) for diagonal bonds, (c) pY(t) for

vertical bonds, (d) WZ(t), and (e) β̄Y(t) for eaA
(max) = 3.87, θ = −26.7◦ and D = 60.
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IV. DISCUSSION

We discuss the implications of the present results for the experimentally observed pho-

toinduced dynamics. The peak magnitude of the electric field of the light pulse E(max) used

in the experiment is about 10 MV/cm. From the relation E(max) = ωA(max) and using the

lattice spacing a = 5Å and the center frequency used in the experiment (ω = 0.9), the

light pulse used in experiments corresponds to eaA(max) = 0.625. The excitation inten-

sity range eaA(max) & 2.3, where dynamical localization occurs, corresponds to the range

E(max) & 37 MV/cm. As mentioned in the previous section, photoinduced changes in ρX(t),

pY(t) and WZ(t) increase slowly with increasing eaA(max) around eaA(max) = 1, and quali-

tatively the same results are obtained regarding the photoinduced dynamics in the range.

Therefore, we compare the results for eaA(max) = 1 and D = 10 with the experimentally

observed photoinduced dynamics.

We show the results when the center frequency ω = 2 is used in this paper, and this value

is much larger than that used in the experiment (ω = 0.9). As mentioned before, ρX(t),

pY(t) and WZ(t) are nearly independent of ω except for the rapidly oscillating components

for ω & 2. This shows that a center frequency is far-off resonance for ω & 2. Despite the

light absorption spectrum α(ω) being very small around ω = 0.9 with the present parameter

set, the dynamics significantly depends on ω, showing that a real excitation to high-energy

excited states is not negligible around ω = 0.9.

To investigate the weak resonance effect, we here compare the results for ω = 2 and

those for ω = 0.9. The following results hold irrespective of polarization directions θ. The

main features in the time profiles of ρX(t), pY(t) and WZ(t) for ω = 2 remain for ω = 0.9.

This shows that the photoinduced dynamics is mainly driven by the photoinduced changes

in the ratio |β̄b2(t)|/|β̄b1(t)| also in the weak resonance case with the photon energy used

in the experiment. However, there are minor differences between these two cases. During

excitation by the light pulse, the rapidly oscillating component of ρA(t) for ω = 0.9, is much

larger than that for ω = 2. In the time interval after the pump pulse has decayed, the time

averages of ρX(t) for ω = 0.9 are closer to 0.5 than those for ω = 2; also, the time averages

of pY(t) for ω = 0.9 are closer to 0 than those for ω = 2. These results also show that real

excitations, which weaken the charge disproportionation and bonds, are more significant

for ω = 0.9. Furthermore, the amplitudes of photoinduced oscillations in ρB(t), ρC(t), and
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Wtot(t) for ω = 0.9, are smaller than those for ω = 2. It is difficult to determine from

the present result whether the reduction is attributable to the real excitation or another

weak resonance effect. Dynamical localization does not occur even around eaA(max) = 2.3

for ω = 0.9. A real excitation to high-energy excited states is significant under intense

excitation, and such excitations destroy the charge order and hinder dynamical localization.

In the experimental work reported by Kawakami et al.17,18, it is believed that an increase

in the transient reflectivity ∆R/R for ω > 0.6 eV shows a local charge-order generation,

and ∆R/R shows the magnitude of the photo-generated charge order. ∆R/R > 0 has been

shown to survive for about 40 fs after photoexcitation, and ∆R/R oscillates with a period

of 20 fs.

In our theoretical results, a periodical increase in the weight of charge-ordered states

Wtot(t) is observed after the pump pulse has gone off. The increase results mainly from pho-

toinduced three collective modes, and the period of the highest energy mode (31 fs) roughly

agrees with that of ∆R/R. Therefore, this experimental observation can be attributed to

the collective motion of precursory phenomena for dynamical localization. The mode does

not decay in our numerical calculations. This is because the decay mechanism such as the

interaction with the heat bath is not included in the present model.

We have not considered the lattice motion in the present work despite the charge-ordered

states being stabilized through lattice deformation. However, because lattice deformations

require time scales of intermolecular vibrations, which are estimated to be about 100 fs, the

effect of deformation is not important in the time interval considered here.

∆R/R at the delay time of 30 fs after the excitation has been shown experimentally to

be largest around θ = 0◦. The conclusion from this observation is that a short-range charge

order is induced efficiently from the metallic phase for the pump polarization θ ≃ 0◦. The

dynamics after the excitation of a weakly resonant single-cycle pulse has been theoretically

analyzed in Ref. 18. It has been shown that the reduction of the time-averaged density-

density correlation for the a2 or a3 bond, which indicates 1010 charge order generation

along these bonds, is the largest at θ = 0 ∼ 10◦, and this result is consistent with the exper-

imentally observed dynamical localization related phenomena cooperated with the Coulomb

interaction and the characteristic lattice structure. As shown in the previous section, Wtot(t)

exhibits a complicated oscillation after the pump pulse has gone off. The peak values in the

time interval also strongly depend on θ, and their θ dependence is roughly the same as that
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of W
(max)
tot . Specifically, for eaA(max) = 1, the peak values of Wtot(t) in the time interval are

the largest around θ = 50◦.

To address the discrepancy, we investigated the dynamics with various pulse parameters.

We fixed the maximum amplitude to its realistic value eaA(max) = 1, and considered photon

energies ω = 0.9 and 2, and duration times D = 5, 10, and 60. A single-cycle pulse used

in the theoretical part of Ref. 18 can be roughly reproduced for ω = 0.9 and D = 5. The

characteristic θ dependence of the time-averaged density-density correlation for the a2 or

a3 bond obtained in Ref. 18 can be reproduced only under weak resonance excitation case

by nearly a single-cycle pulse (ω = 0.9 and D = 5). The characteristic θ dependence is not

observed in the weak resonance case (ω = 0.9) with the duration time D = 10 close to that

used in the experiment and also for far-off resonance (ω = 2) with D = 5. In contrast, the

main features in the time profiles of ρX(t), pY(t) and WZ(t) remain regardless of ω and D.

For eaA(max) = 2.3, where dynamical localization occurs, the peak values are largest and

charge order is induced most efficiently around θ = 0◦. This is because effective transfer

integrals are strongly reduced for all the b bonds in this instance.

V. CONCLUSION

We investigated charge localization induced by higher-frequency off-resonance light-pulse

excitation in the metallic phase of α-(BEDT-TTF)2I3. Around eaA(max) = 1, the charge

distribution is significantly changed by photoexcitation, and the light-pulse-induced collec-

tive charge oscillations continue after photoexcitation. Furthermore, the charge dynamics

depend strongly on the polarization direction of the pump pulse. These results are con-

sistent with experiment. The magnitudes of the effective transfer integrals are reduced

by strong photoexcitation, and this precursory phenomenon for dynamical localization is

mainly driven by a photoinduced change in the ratio of the effective transfer integrals be-

tween the two strongest b1 and b2 bonds. For eaA(max) & 2, the photoinduced transition

to a charge-ordered state occurs because of dynamical localization, and the photo-generated

charge-ordered state can be regarded as a light-dressed state. The type of photo-generated

charge-ordered state can be controlled by choosing eaA(max) and the polarization direction.

27



VI. ACKNOWLEDGMENTS

This work was supported by JSPS KAKENHI Grant Number JP16K05402. We thank

Richard Haase, Ph.D, from Edanz Group (www.edanzediting.com/ac) for editing a draft of

this manuscript.

∗ Corresponding author: takahashi.akira@nitech.ac.jp

1 Y. Tokura, J. Phys. Soc. Jpn. 75, 011001 (2006).

2 K. Yonemitsu and K. Nasu, J. Phys. Soc. Jpn. 75, 011008 (2006).

3 K. Yonemitsu and K. Nasu, Phys. Rep. 465, 1 (2008).

4 K. Nasu, Eur. Phys. J. B 75, 415 (2010).

5 D. N. Basov, R. D. Averitt, D. van der Marel, M. Dressel, and K. Haule, Rev. Mod. Phys. 83,

471 (2011).

6 H. Matsuzaki, M. Iwata, T. Miyamoto, T. Terashige, K. Iwano, S. Takaishi, M. Takamura, S.

Kumagai, M. Yamashita, R. Takahashi, Y. Wakabayashi, and H. Okamoto, Phys. Rev. Lett.

113, 096403 (2014).

7 L. Rettig, R. Cortés, J.-H. Chu, I. R. Fisher, F. Schmitt, R. G. Moore, Z.-X. Shen, P. S.

Kirchmann, M. Wolf, and U. Bovensiepen, Nat. Commun. 7, 10459 (2016).

8 A. Singer, S. K. K. Patel, R. Kukreja, V. Uhlir, J. Wingert, S. Festersen, D. Zhu, J. M. Glownia,

H. T. Lemke, S. Nelson, M. Kozina, K. Rossnagel, M. Bauer, B. M. Murphy, O. M. Magnussen,

E. E. Fullerton, and O. G. Shpyrko, Phys. Rev. Lett. 117, 056401 (2016).
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