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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 a-(BEDT-TTF)sl3 by numerically solving the time-
dependent Schrodinger equation in the quarter-filled extended Hubbard model for the material.
Around eaA™a®) = 1 where ea A™®) ig 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 ea Amax) 2 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™@%) and the

polarization direction.



I. INTRODUCTION

Photoinduced phase transitions!® 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

6-8 10-12

electronic order of a charge density wave,%® a spin density wave,” superconductivity,

14718 js enhanced by photoexcitation. We investigate one

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

ferroelectricity,'® and charge order

tetrathiafulvalene).

The charge transfer salts (BEDT-TTF),X (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, a-(BEDT-TTF),I;
exhibits charge-ordering transition. As a horizontal charge order, it has been shown to

22283031 The photoinduced phase transition

be formed below the transition temperature.
from the charge-ordered insulator to a metallic state has been observed in various materials
by femtosecond pump-probe spectroscopy.®> ! In a-(BEDT-TTF),l3, 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,?? 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 a-(BEDT-

17,18

TTF),l3 just above the transition temperature, and the localization of holes has been

4244 related effect cooperated with the

proposed as resulting from dynamical localization
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



(TMTTF),AsFg (TMTTE: tetramethyltetrathiafulvalene).?® 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.#6®! 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.*? 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

53,54 He found that the photoinduced changes in time-

states from the metallic ground state.
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 a-(BEDT-TTF),I3 is known as electronic ferroelectric.?®?° 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 Schrodinger equation
in the quarter-filled extended Hubbard model for a-(BEDT-TTF)sI;. 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



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) = Y ABum(t)cl, semo + hc}

<n,m>,0

+ UZnn,Tnn,¢+ Z Vn,mnnnm- (1)

<n,m>

The first term describes the hole transfer between neighbor sites, where f, , (¢,,) creates
(annihilates) a hole of spin o at site n, (,,,(f) is the transfer integral between the sites n
and m at time ¢, and < n,m > denotes neighbor site pairs. The electron—light coupling
is introduced in this term; the explicit formula for j, ,,(t) is given later. The second term
describes the on-site Coulomb interaction, where U is the on-site Coulomb interaction energy,
and n,, = CIMCWI. The third term describes the Coulomb interaction between neighbor
sites, where V,, ., is the Coulomb interaction energy between the sites n and m, and n,, =
Y oMo To take account of strong correlations, we calculate the exact dynamics of the
photoexcited state on a small cluster. We consider a 4 x 4 cluster (system size N = 16)

shown in Fig. 1; periodic boundary conditions are used.

FIG. 1: (Color online) Anisotropic triangular lattices of a-(BEDT-TTF)3I3. The red square en-

closes the 4 x 4 cluster.



We assume the light-pulse excitation is described by a vector potential A(t) with a

Gaussian profile at time ¢ given by
A(t) = A oxpl— (5] cos(wh) 2)

where A™2%) ig the maximum amplitude, D is the pulse duration time, w is the center
frequency, and A is the unit polarization vector.
The electron—light coupling is introduced as a Peierls phase into the transfer integrals,

and [, ,,(t) is given by
Brm(t) = ﬁ,(f,)n exp[—ieaA(max) exp{—(%)z} cos(wt) cos(f — Op,.m)], (3)

where ﬁ,ﬁ?}n is the transfer integral between sites n and m when A(t) is 0, e is the elementary
charge, 6 (6,,.,) is the angle between A (7, —r,,) and the b—axis (see Fig. 1), and 7, is the
position vector of site n. For simplicity, an equilateral triangle lattice of lattice spacing a is
assumed.

If the period T' = 27 /w 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 3, (%),

- t+T/2
@mwz—[ Bum(7)dr. (4)

—T/2
In the present case, D is much larger than 7' (to be shown later) and the effective transfer

integral is approximately given by
_ t
Bum(t) = B Jolea A" exp{—(5)"} cos(0 = bnm)], (5)

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

The function Jy(z) is a decreasing function of x for # < 4, and Jy(z) approaches zero
around z = 2.4. Therefore, |3,.,,(0)| becomes much smaller than |80, 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.!"-!8

The photoexcited state [¢(t)) at time ¢ is obtained by numerically solving the time-
dependent Schrédinger equation with the initial condition |¢)(—00)) = |¢g). Here |¢g) is the

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



numerically calculate |@g) using the Lanczos method. To investigate the adiabatic nature of
photoexcited state, we also consider the effective Hamiltonian H(t) given by

Hit) = Y Bum{cl semo+hc}

<n,m>,0

-+ UZnn,Tnn,¢+ Z Vn,mnnnm. (6)

<n,m>
Here the transfer integrals 3,,,(t) in H(t) are replaced by effective integrals f3,.,,(t). We
have calculated the ground state |®(¢)) of H(t) using the Lanczos method.
To investigate the physical properties of the photoexcited state, we analyze the charge

density p,(t), bond order p,, ., (t) for |¢(t)) defined by

pu(t) = ((t)|nnlv(t)), (7)
Prm(t) = Re[(D ()] D ch pemolt(1))]: (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 |¢g), these quantities are denoted by barred symbols,

Pn = <¢0|nn‘¢0>7 (9>
Prm = Re[(do] Y ch oCm.oldo)]: (10)
Those for the ground state |®(t)) of the effective Hamiltonian H(t) are denoted as
pu(t) = (Po(t)[nn|Po(t)), (11)
Prm(t) = Re[(@o(t)] Y ch omo| Po(t))]. (12)

There are four nonequivalent sites and twelve nonequivalent bonds in H(¢) 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 p,(t) at the A site is denoted by
pa(t), and the bond order p,,,(t) at the bl bond is denoted by pyi(t). Those at the other
sites or bonds, and the other quantities are denoted in the same manner. In regard to H,
and H (t), both have inversion symmetry, and A and A’ sites (Y and Y’ bonds, where Y=b1,
b2, b3, b4, or al) become equivalent in H, and H(t). Therefore, when we refer to px, py,
px (1), py(t), ﬁg]), and Sy (t), we do not distinguish them, and both A and A’ sites (Y and
Y’ bonds) are denoted as A sites (Y bonds).

6



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, bl’, b4 and
b4’) bonds is classed as H1 type (H2 type). There are two inequivalent Hl-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

W)= > 1) H Chatiyotiy V), (13)

where |vac) is the vacuum state, and n,(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 Wy (t), ...,
and W, (t) are defined in the same way. The probability of the Hl-type charge-ordered state
Wi (t) is given by Wiy (t) = 2W,(t) + 2W,,(¢). 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 obtain Wyy(t) =
W, (1) + 2Wq(t), Wiy (t) = 2Wo(t), Wpa(t) = 2Wi(t), Wi (t) = Wy(t), and Wiy (t) = Wi (t).
We further consider the sum Wi (t) = Wiy (¢) + W (t) + Wi (t) + Wia(t) + Wi (8) + Wia(t)

over all the charge-order types.

III. RESULTS

We adopt the transfer integrals deduced from the extended Hiickel calculation: Bﬁ) =
0.035, 819 = 0.0461, 89 = —0.0181, 89 = —0.1271, B9 = —0.1447, B9 = —0.0629,



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.



and A = —0.0245.27 Hereinafter, we use eV as the unit of energy and eV~! as the unit of
time, where 1 eV~! equals 0.658 fs. We adopt the following Coulomb parameters: U =0.9,
Vv =0.22, and Vp =0.18, where V,,,, = Vi (Vp) 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 phase?”) are: py =0.53 (0.49),
pe =0.53 (0.57), and pc =0.42 (0.41).

As a result of strong Coulomb interaction, the sum of the weights for the metallic ground
state Wiy = 1.1 x 1072 is much larger than that W (FH) = 1.1 x 1073 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.®?> In the charge-
ordered ground state, the weight of the H1-type charge ordered state Wy (CO) = 4.3x1072 is
slightly smaller than the sum of the weights W (CO) = 4.8 x 1072, and the H1-type charge-
ordered state has dominant weight. The weight W, (CO) can be regarded as the criterion
for charge-order generation; it is much smaller than unity because of charge fluctuations,
and that W, for the metallic ground state is much smaller than W, (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 w = 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™) = 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 px(t) (X=A, B, and C),
py(t) (Y=bl, b2, b3, b4, al, a2, and a3) and Wy(¢t) (Z=H1, H2, D1, D2, V1, V2, and tot)
for # = —50° and those for = 50° in Figs. 3 and 4, respectively. In these figures, px(t) are
strongly changed by photoexcitation. The charge density px(¢) and the bond order py(t)
can be decomposed into a slow-varying component and rapidly oscillating component with

frequency w; the latter component is significant in pa(t) and pa/(¢) but is small in other



quantities. Because the slow-varying components of pa(t) and pa/(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 pa(t) (py(t)) in the figures that following.

We also show the charge density px(t) and the bond order py(t) for the ground state
of the effective Hamiltonian H(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 px(t) (py(t)) roughly agree
with px(t) (py(t)). We conclude therefore that the photoexcited state |1)(t)) changes nearly
adiabatically with the time variation of effective transfer integrals 3,,,(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 # = 50°; the delay is negligible for § = —50°. This
shows that the time scale for hole motion is comparable or slightly larger than D.

The temporal profiles of px(t) and py(t) for § = —50° are quite different from those for
50°. We here consider the origin of the strong € 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 pg is
significantly larger than pc. The charge disproportionation arises from the anisotropy in
ﬁg] ). The absolute value | ﬁg] )| is the largest for the b2 bond and the second largest for the
bl 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 —ﬁg] )ﬁy. To maximize the energy gain,
py is also the largest for the b2 bond and the second largest for the bl bond. In Fig. 1,
the strongest b2 bonds are drawn in green, the second strongest bl bonds are drawn in
blue, and the B (C) site is connected by two b2 (bl) bonds. Because holes that contribute
to stronger bonds are more stable, pg becomes significantly larger than pc. The charge
disproportionation in the metallic ground state |¢y) can be understood from the ratio of
| ﬁé(m to | ﬁég)|. Furthermore, as the A site is connected by one b2 bond and one bl bond, pa
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.%*-

Next, we consider the charge disproportionation in |®g(¢)), which is also the metallic
ground state of the effective Hamiltonian H(¢). From this, we can understand the origin
of the photoinduced dynamics because of the adiabatic nature of |¢(t)). At 6 = —50°,
cos(f) — f) > cos(f — Oy;) holds, and the photoinduced reduction in |Bpz(t)| is much larger
than that in | By ()| as indicated by Eq. (5). As a result, |5y1(¢)| becomes larger than |Sys(t)]

10
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FIG. 3: (Color online) Time variation of (a) px(t) (solid lines) and px(t) (dotted curves), (b) py (t)

(solid lines) and py(t) (dotted curves) for diagonal bonds, (c) py(t) (solid lines) and py(¢) (dotted
curves) for vertical bonds, (d) Wz(t), and (e) By (t), for eaA™) =1 6§ = —50°, and D = 60.
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12



for =30 <t < 30 [Fig. 3(e)]. In the time interval where magnitude reversal occurs, pp; (%)
becomes larger than pha(t), and the C (B) site becomes charge-rich (charge-poor) in |®g(¢))
[Fig. 3(a) and (b)]. In contrast to this, the slow-varying component of pa(t) stays nearly
constant all through the time interval. These results show that the charge disproportionation
in |®y(t)) is determined mainly from the ratio between |By1(t)| and |Bua()|.

At 0 = 50°, cos(f — 01,1) > cos(f — byz) holds, and the reduction in |3y, (¢)| from photoex-
citation is much larger than that in |By(t)| [Fig. 4(e)]. As a result, pna(t)/Pp1(t) becomes
significantly larger than pns/py1, and pg(t) — pc(t) becomes significantly larger than pg — pe
during excitation by the light pulse [Fig. 4(a) and (b)]. The charge disproportionation in
|®o(t)) is determined mainly from the ratio also at § = 50°.

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

tail, we considered the charge density pgimax) when the deviation from that of the ground

(max (max)

state becomes largest. Specifically, py ) is defined by px ' = px(tmax), Where |px(t) — px]|
becomes largest at t = tpax, for X=B and C. For p&max), we considered the average
charge density over the sites A and A’ defined as ,oxnax) = {pa(tmax) + par(tmax) /2, where
{pa(t) + pa(t)}/2 — pa| becomes largest at ¢ = t,,.. Because the phase of the rapidly os-
cillating components of pa (t) is opposite to that of pa/(t), the average is their slow-varying
component. At 6 = —50° (50°), tmax >~ 0 (20) for all these values; see Fig. 3(a) (Fig. 4(a)).

max

We present the # dependence of p§< ) and the effective transfer integral By(0) at the

peak of the light pulse in Fig. 5(a) and (c), respectively. For —70° < 6 < —20°, where
|Bp1(0)] is larger than |Bye(0)], pU"™ becomes larger than pi"™. The charge distribution
in the region results from the magnitude reversal as evident when 6 = —50°. For 20° <
6 < 80°, where the ratio |By2(0)|/|Bp1(0)] is significantly larger than [89]/|8%], pim™) —
pémax) becomes significantly larger than pg — pc. The charge distribution in the region
results from the photoinduced increase in the ratio |By2(t)|/|Bw1(t)| as obtained for § = 50°.
Despite the significant change in the ratio, p&max) is nearly constant with #. From these
results, we conclude that photoinduced dynamics is mainly driven by the change of the
ratio |Bp2(t)|/|Bp1(t)] throughout the @ region, and the characteristic § dependence of the
dynamics can be explained from the 6 dependence of the ratio.

We also consider Wz(max), which is the maximum value of Wy(t), and show the 6 de-
pendence of Wz(max) in Fig. 5(b). Around 6 = 50°, photoexcitation increases Wi, nearly

3-fold. However, Wz(max) is significantly smaller than that W, (CO) of the charge-ordered
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FIG. 5: (Color online) The 6 dependence of (a) p%max), (b) Wz(max), and (c) By (0), for ea A™¥) = 1
and D = 60.

ground state. Furthermore, the ratio |ppa(t)|/|pp1(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(™) = 1 is not because of dynamical localization but from
a photoinduced change in the ratio between |3y, (t)| and |Bpa(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 px(?),
px(t) and Wy(t) for 6§ = 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 pg(t) and pc(t) are much smaller than encountered in
the latter. Therefore, the photoinduced charge dynamics is driven by the photoinduced
change in the ratio between |By1(t)| and |Bp2(t)| also for D = 10. Much smaller changes
of pp(t) and pc(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 |®y(0)) at
the peak of the pulse is generated, and therefore photoinduced changes of pg(t) and pc(t)
become much smaller. This can be confirmed from the significant deviation between pg(t)

and pp(t) and between pc(t) and pc(t).
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FIG. 6: (Color online) Time variation of (a) px(¢) (solid lines) and px(t) (dotted curves), and (b)
Wy(t), for eaA™>¥) =1, 6 = 50°, and D = 10.

In the time interval after the pump pulse has decayed, pg(t), pc(t) and Wi (t) exhibit
complicated oscillations. To investigate the origin of these characteristic oscillations, we

have calculated the discrete Fourier transformations F|px|(E;) (F[Wz](E;)) of px(t) (Wx(t))
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defined by

FloxI(E;) = px(t) expliEjt],

=1

where t; = to + Atl, tp = 40, At = 0.03, L = 24000, E; = (2n/Tpr)j, Tyr = AtL, and
J is an integer in the range —L/2 < j < L/2. We considered the polarization directions
8 = —50°, —10° and 50°, where quite different photoinduced dynamics are seen. We show E;
dependence of | F[pg](£;)| and |F[pc](E;)| for 6 = 50° [Fig. 7(a)], and that of |F[Wie|(E;)

for § = —50°, —10° and 50° [Fig. 7(b)].
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FIG. 7: (Color online) The E; dependence of (a) |F[pg](E;)| and |F|pc](£;)| for § = 50°, and (b)
that of | F[Wiet](E;)| for 6 = —50°, —10° and 50°. The maximum amplitude eaA™?*) = 1 and the

duration time D = 10 are used.
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As seen from this figure, there are large peaks at £; = 0.070, 0.14 and 0.20 eV for all these
quantities, and the peak energies are almost independent of 6 despite the strong 6 dependence
of the photoinduced dynamics; only their absolute values and phases at peak energies depend
strongly on #. This shows that there are three collective modes that dominate the dynamics
after the pump pulse has decayed. Time variations of the bond orders pyo(t) and ppi(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, pg(t) (pc(t)) becomes larger
when pua(t)/pp1(t) becomes larger (smaller). The probability Wi (t) becomes significantly
larger than Wi, around the time when |pg(t) — pg| and |pc(t) — pc| 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 H (¢) 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 [¢)(t)) changes
almost adiabatically with H(t).

B. Dynamical localization

We now show the results for ea A™¥) = 2.3, where the dynamical localization is observed
clearly, as will be demonstrated. We show the time variation of px(t), px(t), py(t), py(t),
Wy(t), and By(t), for # = —10° and 50° in Figs. 8 and 9, respectively.

With the present strong pulse, the effective transfer integrals diminish significantly. For
0 = —10°, |By(t)|/|ﬁ$))| for b2 and b4 (bl 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 Wi (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 6 = 50° |Bui(t)|/| ﬁéol)| is reduced significantly to 0.13 but the reduction in
|Bb2(t)|/|ﬁ$)| is 0.96 at the peak time of the light pulse. As a result, pyo(t) and pyy(t)

become even larger than pyy but px(t) for the other bonds approach zero around ¢ = 0. This
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FIG. 8: (Color online) Time variation of (a) px(t) (solid lines) and px(t) (dotted curves), (b) py (t)
(solid lines) and py(t) (dotted curves) for diagonal bonds, (c) py(t) (solid lines) and py(¢) (dotted
curve) for vertical bonds, (d) Wy(t), and (e) By(t), for eaA™#) =23 9 = —10°, and D = 60.
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shows that holes are localized on the b2 bonds. The weight Wi, (t) is increased by about
10 times and becomes much larger than that for the charge-ordered ground state. Further-
more, Wy (t) is much larger than Wy(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 6 = —10°, for which Wp,(¢) and Wy (t) are comparable.

Under the intense excitation, deviations of px(t) from px(t) and those of py(t) from
Py (t) are significant, showing that |¢(t)) does not change adiabatically with H (¢). However,
the characteristic photoinduced dynamics from an intense excitation is also induced by the
change in By (t). We confirmed this by calculating the photoinduced dynamics using different
w. For w 2 2, px(t), py(t) and Wy(t) are nearly independent of w except for the rapidly
oscillating components with frequency w. Note that the effective transfer integrals given by
Eq. (4) do not depend on w. This very weak w 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 # = —10° and that for § = 50° are quite different. To see
the 6 dependence of the photoinduced dynamics in more detail, we present the # dependence
of p&max) and Wz(max) in Fig. 10. The maximum value W™ and Wz(max) strongly depend
on 6, and Wt(OTaX) is larger than that of the charge-ordered ground state; the charge order is
photo-generated except for the narrow region near # = £90°.

We here consider the origin of their strong 6 dependence. In the strong interaction
limit, where transfer term is neglected, the horizontal and diagonal charge-ordered states
are degenerate in energy. Because Vy is larger than Vp, the vertical charge-ordered states
have larger Coulomb interaction energies than the horizontal and diagonal charge-ordered
states. As a result, W™ and W™ 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.?® 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 6 dependence of (a) p&max), (b) Wz(max), and (c) By (0) for ea A(™a%) =

2.3 and D = 60. The horizontal line shows W;.(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 bl 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 bl bonds. This is because two holes contribute to the 1-1 bond, but
the virtual excitation energy in forming a 1-0 bond (2V4, — Vp) is smaller than that for a 1-1
bond (U — Vp). As a result, the inequalities Gpa(H1) > Gpa(D2) > Gpa(D1) > Ghe(H2) and
Gp1(H2) > Gp1(D1) > Gy1(D2) > Gy (H1) hold, where Gye(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 b1l bond are denoted in the same way.

We show the § dependence of By (0) in Fig. 10(c). For 10° < 6 < 70° (=70° < 0 < —30°),
Bp2(0)] (|Bp1(0)]) is significantly larger than |3y (0)| for the other bonds, and the energy gain
from the b2 (b1l) bond formation dominates the energetical order between various charge-
ordered states. As a result, W™ (W) is the largest in the region. Furthermore,
|B52(0)] > |Bo1(0)] holds, and WT™ is much larger than those for other charge-ordered
states around # = 60°. The specific charge-ordered state of H1-type can be photo-generated
in the region.

For —20° < 6 < —10°, |Bp1(0)] is the largest but |By2(0)| and \Bég)\ are comparable
to [Bp1(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, and W™ is the largest in the region. Around 6 = 0°, W™ becomes
largest. This is because both |By2(0)| and |51 (0)| are significantly smaller than | B}(ﬁ)\ and
8311

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 6 region, where the Hl-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° < 6 < 70° and that for
—70° < 6 < —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° < 6 < —10° can be attributed to that of the D1-type

*) presented in Fig. 10(b) can

charge-ordered state. The characteristic # dependence of p;ma
be explained as changes in the dominant charge-ordered state with 6.
We have investigated the eaA™) dependence of the dynamics for # = 90, 30, 0, and

max

—30°. Except for when 6 = 90°, W™ increases rapidly with increasing eaA™™) for
1.5 < eaA™) < 25 and W/t(or?ax) becomes much larger than that of charge-ordered ground
state. For 0 = 0°, Wt(OTaX) becomes a maximum around eaA™*) = 2.5 and decreases with
increasing ea A™™ for e A™™ > 2.5, For 6 = 30 and —30°, W %™ increases slowly with
increasing ea A1) for eq AMa%) > 9 5 and becomes a maximum around eqA™a%) = 4.

We have succeeded to photo-generate the D1-type charge-ordered state also. We present
in Fig. 11(d) the time variation of Wy(t) for eaA™*) = 3.87 and # = —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 ea A®™)(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™®) = 2.3 shown in Fig. 10(b). The averaged
transfer integrals increase with increasing ¢ for ¢+ > —50, and By (t) approach zero, By (t)
become positive, and |Bua(t)| > |Byi(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 ¢ = 0.

The remarkable increase in Wi, is not observed when eaA™?) is increased to around
2.3 for D = 10. For D = 60, the peak of Wi, (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) px(t), (b) py(t) for diagonal bonds, (c) py(t) for
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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 £ used
in the experiment is about 10 MV /cm. From the relation E™m®) = AMa) and using the
lattice spacing a = 5A  and the center frequency used in the experiment (w = 0.9), the
light pulse used in experiments corresponds to eaA™®) = 0.625. The excitation inten-
sity range eaA™®) > 2.3 where dynamical localization occurs, corresponds to the range
Emax) > 37 MV /cm. As mentioned in the previous section, photoinduced changes in px(t),
py(t) and Wy(t) increase slowly with increasing ea A™*) around eaA™>) = 1, and quali-
tatively the same results are obtained regarding the photoinduced dynamics in the range.

Therefore, we compare the results for eq A

= 1 and D = 10 with the experimentally
observed photoinduced dynamics.

We show the results when the center frequency w = 2 is used in this paper, and this value
is much larger than that used in the experiment (w = 0.9). As mentioned before, px(t),
py (t) and Wy(t) are nearly independent of w except for the rapidly oscillating components
for w 2 2. This shows that a center frequency is far-off resonance for w 2 2. Despite the
light absorption spectrum «(w) being very small around w = 0.9 with the present parameter
set, the dynamics significantly depends on w, showing that a real excitation to high-energy
excited states is not negligible around w = 0.9.

To investigate the weak resonance effect, we here compare the results for w = 2 and
those for w = 0.9. The following results hold irrespective of polarization directions 6. The
main features in the time profiles of px(t), py(t) and Wy(t) for w = 2 remain for w = 0.9.
This shows that the photoinduced dynamics is mainly driven by the photoinduced changes
in the ratio |Bp2(t)|/|Bp1(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 p, (t) for w = 0.9, is much
larger than that for w = 2. In the time interval after the pump pulse has decayed, the time
averages of px(t) for w = 0.9 are closer to 0.5 than those for w = 2; also, the time averages
of py(t) for w = 0.9 are closer to 0 than those for w = 2. These results also show that real
excitations, which weaken the charge disproportionation and bonds, are more significant

for w = 0.9. Furthermore, the amplitudes of photoinduced oscillations in pg(t), pc(t), and
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Wiot(t) for w = 0.9, are smaller than those for w = 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™®) = 2.3
for w = 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.'1®, it is believed that an increase
in the transient reflectivity AR/R for w > 0.6 eV shows a local charge-order generation,
and AR/R shows the magnitude of the photo-generated charge order. AR/R > 0 has been
shown to survive for about 40 fs after photoexcitation, and AR/R oscillates with a period
of 20 fs.

In our theoretical results, a periodical increase in the weight of charge-ordered states
Wiot () 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 AR/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.

AR/R at the delay time of 30 fs after the excitation has been shown experimentally to
be largest around # = 0°. The conclusion from this observation is that a short-range charge
order is induced efficiently from the metallic phase for the pump polarization 6 ~ 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 € = 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, Wi, (t)
exhibits a complicated oscillation after the pump pulse has gone off. The peak values in the

time interval also strongly depend on 6, and their 6 dependence is roughly the same as that
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of W) Specifically, for eaA™™) = 1, the peak values of Wiot(t) in the time interval are
the largest around 6 = 50°.
To address the discrepancy, we investigated the dynamics with various pulse parameters.

max) — 1 and considered photon

We fixed the maximum amplitude to its realistic value ea A
energies w = 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 w = 0.9 and D = 5. The
characteristic # 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 (w = 0.9 and D = 5). The characteristic # dependence is not
observed in the weak resonance case (w = 0.9) with the duration time D = 10 close to that
used in the experiment and also for far-off resonance (w = 2) with D = 5. In contrast, the
main features in the time profiles of px(t), py(t) and Wy(¢t) remain regardless of w and D.
For ea A(™) = 2.3, where dynamical localization occurs, the peak values are largest and

charge order is induced most efficiently around # = 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 a-(BEDT-TTF),l;. Around eaA™®) = 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 bl and b2 bonds. For eaA®™>) > 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™#) and the polarization direction.
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