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Abstract

We investigated the dielectric properties of the charge-ordered phase of a-(BEDT-TTF )23 using
exact numerical calculations of an extended Hubbard model. The electronic contribution to the
electric polarization (electronic polarization) P of the charge-ordered ground state is obtained by
directly calculating the current when transfer integrals were changed adiabatically from symmetric
integrals to integrals for the charge-ordered phase without inversion symmetry. The angle of
P from the positive b—axis is 36°, which is consistent with experimental results and previous
theoretical results based on density functional theory. Furthermore, we numerically calculated the
dynamics induced by terahertz (THz) pulse excitation. Both the THz-pulse induced variation of
the electronic polarization magnitude and that of the charge disproportionation that shows the
charge-order amplitude, are largest when the electric field of the THz pulse and P have almost
the same direction. This originates from the charge transfer through bond b2’ being dominant in
both the adiabatic flow of current and THz pulse excitation. These results reproduce important

features of experimental results of THz-pulse induced dynamics.



I. INTRODUCTION

Ferroelectric materials are widely used in various devices, such as random-access memory
devices, capacitors, sensors, piezoelectric actuators, and optical devices.! ™ In conventional
ferroelectrics, electric polarization is governed by the rotation of polar molecules (order—
disorder type) or the displacement of ions (displacive type), and the typical time constants of
polarization change vary from microseconds to milliseconds. If the ferroelectric polarization
could be controlled in the picosecond time domain, ferroelectric materials could be used
for advanced switching devices. Recently, ferroelectricity that arises from electron transfer,
which is termed electronic ferroelectricity,® ® has been observed in various materials, such

1517 and organic molecular compounds,'®37 and

as multiferroics,” ' transition metal oxides,
much faster polarization switching is expected for the new type of ferroelectricity.?%

This paper focuses on a-(BEDT-TTF)yl; (BEDT-TTF: bislethylenedithiol-
tetrathiafulvalene) among various electronic ferroelectrics.  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),l3 exhibits charge-ordering
transition and a horizontal charge order forms below the transition temperature.2628:3846
We show the lattice structure of a-(BEDT-TTF),I3 in Fig. 1. In the charge-ordered phase,
the crystal symmetry is P1 with no inversion symmetry, and there are crystallographically
4 nonequivalent sites and 12 nonequivalent bonds. They are labeled as indicated in Fig. 1.
Sites A and B (A’ and C) are charge rich (charge poor) in the horizontal charge-ordered
state.

The generation of ferroelectric polarization in the charge-ordered phase has been shown
by optical second-harmonic-generation (SHG) measurement.?®-?” In the metallic phase above
the transition temperature, the lattice structure has an inversion symmetry, and sites A and
A’ bonds bl-b4 and b1’—b4’, and bonds al and al’ are equivalent. Because site A (A’)
becomes charge rich (charge poor) as a result of transition to the charge-ordered phase,
it has been considered that ferroelectric polarization is parallel to the a—axis.?6 However,
the polarization direction cannot be determined from the second-harmonic measurement.

The dielectric response to the electric field perpendicular to the two-dimensional planes

has been investigated, providing evidence for ferroelectricity of the charge-ordered phase.?®



FIG. 1: (Color online) Anisotropic triangular lattices of the charge-ordered phase of a-(BEDT-

TTF)oI3. The blue square encloses a 4 x 4 cluster.

However, it is difficult to investigate the in-plane dielectric response because of the low
in-plane resistivity,*” and in-plane dielectric properties including the polarization direction
have not been clarified.

It has been shown, in the case of tetrathiafulvalene-p-chloranil (TTF-CA), that a tera-
hertz (THz) pulse is a powerful tool to investigate the ultrafast dielectric response of elec-
tronic ferroelectrics.*® Yamakawa et al. recently carried out THz-pump optical-probe and
SHG-probe measurements on the charge-ordered phase of a-(BEDT-TTF),l3 and obtained
the following results.?® The time profile of the THz-pulse-induced changes Alsug/Isug of
the SHG intensity Isgg is in good agreement with the normalized THz waveforms. The
nonlinear current flow is induced by static electric fields larger than about 100 V/cm, %!
but the linear response occurs to THz fields at least up to 60 kV/cm. This sub-picosecond
change in Algyg is much faster than relevant lattice motions, which have the time scale of
1 picosecond,’® and this shows that Algyg originates from the pulse-induced modulation
AP of the magnitude of ferroelectric polarization per unit cell P. The reflectivity spectral
shape sensitively reflects the charge-order amplitude. The differential reflectivity spectrum

ARco-m/R = [Ry — R]/R between the metallic and charge-ordered phases exhibits a char-



acteristic spectrum for 0.5 eV < w < 1.05 eV, where Ry; and R are the reflectivity spectra for
the metallic and charge-ordered phases, respectively, and w is the photon energy. Since the
THz-pulse-induced change AR/R of R agrees well with normalized ARco_m/R, AR/R in
the w range reflects the pulse-induced modulation of the charge-order amplitude. Because
ferroelectric polarization is generated by the charge order, it is natural to consider that
AR/ R reflects the pulse-induced modulation of ferroelectric polarization. Yamakawa et al.
investigated how the initial AR/R depends on the direction of the THz field and found that
the AR/R is initially largest at § = 27°, where 6 is the angle between the electric field E
of the THz pulse and the positive b—axis (see Fig. 1). This strongly suggests that the angle
of P with respect to the positive b—axis is 27°. This is consistent with the calculation of
ferroelectric polarization based on density-functional theory.’

However, there are still open problems. The determination of the P direction assumes
that AR/R is a maximum when E and P have the same direction. However, there is no di-
rect evidence that justifies the assumption. Furthermore, the charge transfer that dominates
the pulse-induced modulation of ferroelectric polarization, and the origin of the ferroelec-
tricity of the charge-ordered phase including the direction of polarization, have not yet been
revealed. To consider these problems, we theoretically investigate the dynamics induced by
THz pulse excitation from numerical calculations made using the extended Hubbard model
for a-(BEDT-TTF),l3. The present work finds that the main features of experimental re-
sults are reproduced well by the numerical calculations. The charge transfer through the
strongest b2 bond is dominant both for the adiabatic flow of current and for THz pulse
excitation, resulting in the characteristic § dependences of AR/R and AP and the dielectric

properties of the ground state.

II. MODEL

For holes on a two-dimensional anisotropic triangular lattice, we consider the quarter-

filled extended Hubbard Hamiltonian given by

H= > {Bumt)c)  cmo+he}

<n,m>,o

+ UZnn,Tnn,¢+ Z Vn,mnnnm- (1)

<n,m>



The first term describes the hole transfer between neighboring sites, where ciw (€n,o) creates
(annihilates) a hole of spin ¢ at site n, (., (t) is the transfer integral between sites n and
m at time t, and < n,m > denotes a pair of neighboring sites. The explicit formula for
Bnm(t) is given later. The second term describes the on-site Coulomb interaction, where
U is the on-site Coulomb interaction energy and ny,, = cl, ,¢5,. The third term describes
the Coulomb interaction between neighboring sites, where Vn,m is the Coulomb interaction
energy for sites n and m, and n, = Y _n,,. To take account of strong correlations, we
calculate the exact dynamics of the THz-pulse excited state on a small cluster. We consider
the 4 x 4 cluster (system size N = 16) shown in Fig. 1; a periodic boundary condition is
used. We assume that V,, ,, = Vi (V) if the pair of neighboring sites < n,m > is on vertical

(diagonal) bonds.
The current operator for bond Y (Y=al, al’, - - -, or b4’) is defined by

() = i) = i€ S Brm(t)eh oCms = Bnan(B)chy o). (2)

g

Here, sites n and m are connected by bond Y and satisfy the condition 7, ,, - & > 0
(Ppm - €4 > 0) if Y is a diagonal (vertical) bond, where 7, is a bond vector from site n to
site m and the unit vector €, (&,) points in the positive a (b) direction. The positive current
direction through a diagonal (vertical) bond is therefore from left to right (from bottom to
top) in Fig. 1. It is easily shown from the Heisenberg equation of the charge density operator

that the equation of charge conservation is satisfied with the current operator.

III. RESULTS

The transfer integrals for the Charge—ordered phase are deduced from the extended Hiickel
calculation: 87 = 0.0308, 8% = 0.0495, 815 = 0.0544, 55 = —0.0329, p{{* =
—0.1212, B = —0.1652, A5 = —0.1577, B0 = ~0.1773, 5O = ~0.0673, 5@30 =
—0.0656, (CO = —0.0039, and BS,O — —0.0323,% where the transfer integral S\oe’ for
bond bl is denoted ﬁb(fo . Those at the other bonds and other quantities are denoted in the
same manner. Hereinafter, we use eV as the unit of energy and its reciprocal as the unit of
time, where 1 eV~! is equal to 0.658 fs. We adopt these transfer integrals for the electronic

Hamiltonian H, without electron-light interaction. In other words, Sy (t) = @CO’ holds for

H,.



We calculate the ground state |¢g) for H, using the Lanczos method with various Coulomb

parameters, and calculate the charge density

Pn = {Po|nn|P0). (3)

We adopt Coulomb parameters that reproduce experimentally obtained charge densities well:
U =0.9, Vi, =0.44, and Vp =0.40. The calculated charge densities for the charge-ordered
ground state are pp =0.81, par =0.28, pg =0.70, and pc =0.22, and the experimentally
obtained charge densities in the charge-ordered phase are py =0.82, par =0.29, pg =0.73,
and pc =0.26.4* The charge density p, at site A is denoted p, while densities at the other

sites and other quantities are denoted in the same manner.

A. Electronic polarization of the charge-ordered ground state

In this section, we calculate the electronic contribution to the electric polarization (elec-
tronic polarization) per unit cell P of the charge-ordered ground state. It is emphasized
that P cannot be determined from the charge distribution in the unit cell but can be de-
termined from the adiabatic flow of current.?* % Using the approximation based on density

53,54,57 and

functional theory (DFT), the current can be calculated from the Berry phase,
different methods have been proposed .°®% This paper directly calculates the current for
the many-body wave function to fully consider the strong correlation effect.

We introduce an adiabatic parameter A and consider the Hamiltonian Hac(\) with the

transfer integrals
Br(N) = 2877 + (1= 080", (4)

Here, ﬁé(M) denotes the transfer integral for the metallic phase deduced from the extended
Hiickel calculation: 5" = g4V = 0.035, 85" = 0.0461, 5" = —0.0181, &} = g =
—0.1271, ByY = B0 = —0.1447, g5V = 8% = ~0.0629, and g}’ = g} = —0.0245.1
The Hamiltonian Hac(0) has inversion symmetry, and Hac(1l) = H, holds. The ground
state of Hac(\) is denoted |Pg(A)).

We adiabatically change A(t) from 0 to 1 with large time interval T by assuming the

relation A(t) = t/T", and solve the time-dependent Schrédinger equation
0
i3 V() = Hac(A0) ¥ (1)), ()

6



with the initial condition [¥(0)) = |®o(0)). As T" increases, the solution |W(t)) converges to
|®o(A(t))). The used time interval (T =6000 eV~!) is large enough that the differences in
the charge densities between |W(t)) and |Py(A(t))) are less than 1%.

The net charge AQy(\) that transfers through bond Y when the adiabatic parameter

increases from zero to A\ is given by the time integration of the adiabatic current flow as

AOy(N) =T /0 S (TAYN. (6)

where

iv(t) = (U(t)]iv (D) 2(1)). (7)

As seen from the definition of iy, AQy()\) > 0 holds when charge is transferred from left
to right (from bottom to top) in Fig. 1 for a diagonal (vertical) bond. Because Hxc(0)
has inversion symmetry, the electronic polarization is zero for |®(0)). On this basis, the

electronic polarization P(A(t)) for |®y(\(t))) is obtained from AQy () as
PuA(1) = a)_sin(By)AQv (),
Py(A(1)) = a > cos(fy)AQy(N), (8)

where Py(A(t)) (P.(A(t))) is b—axis (a—axis) component of P(\(t)), fy = 30° holds for
bonds b2, b2’, b4, and b4’, y = —30° holds for bonds bl, bl’, b3, and b3’, and Ay = 90°
holds for bonds al, al’, a2, and a3. Here, an equilateral-triangle lattice with lattice spacing
a is assumed for simplicity. The electronic polarization of the charge-ordered ground state is
given by P = P(1). As T increases to 6000 eV~!, P = | P| converges to 0.27ea within error
of 1%. Adopting the average lattice spacing a = 7.0 A, which is the length of a dominant
diagonal bond,* and using a unit cell volume of 1639.5 A3 %4 we obtain P = 1.8,:C/cm?. This
value is consistent with that calculated from the Berry phase using the DFT (1.2uC/cm?).%
Furthermore, the angle 65 of P from the positive b—axis is 36° as shown in Fig. 2, and
P is not parallel to the a—axis. The numerically obtained angle §p = 36° is consistent
with the experimental result (0p = 27°) and the previous theoretical result (0p = 16°)
based on DFT.* The difference between the present numerically obtained angle and the
experimentally obtained angle is attributed mainly to the difference between equilateral-
triangle lattice considered here and the real lattice structure. This point will be mentioned

later.



FIG. 2: (Color online) Direction of charge transfer for the five largest bonds by |AQvy ()], and the

direction of electronic polarization P of the charge-ordered ground state.

To understand the direction of P, we consider charge transfer AQy(T) through each
bond and the change in charge density from that of the symmetric initial state |®o(0)) given

by

Apn(A) = pn(A) = n(0), ‘ (9)

where

Pr(A) = (Lo (A)[12|Po(A))- (10)

From charge conservation, Ap,(A) is given using AQy(A). For example, Ap,(A) at site A

is given as

ApAY) = ~[AQu(N) + AQur(Y) + AQur(N) ~ AQu(N) — AQus(Y) — AQuAL. (11

Here we use the fact that the A site is connected by bonds a2, a3, bl’, b2’, b3, and b4 as
seen from the bond structure shown in Fig. 2. We show the A dependence of Apx (), where
X =A, A’, B, or C, and P,(\) and P,()\) in Figs. 3 (a) and (c), respectively.

The relation pa (0) = pas(0) holds for the initial state |$o(0)) with the inversion symmetry.
As X increases, Apa(\) increases and Apa/(\) decreases appreciably, and the symmetric

state changes to the charge-ordered ground state |¢g) without symmetry, where sites A and



B (A’ and C) are charge rich (charge poor) and a horizontal charge order is generated. As
mentioned in the previous sections, electronic polarization cannot be determined from the
charge distribution in the unit cell.?* %% The dominant changes in the charge densities at

sites A and A’ do not show that P is nearly parallel to the a—axis.
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FIG. 3: (Color online) A dependence of (a) Apx(A), (b) AQy(\) for Y=b2', b2, bl’, a2, and al,

and (c) Py(A(t)) and P,(\(t)).

We next consider the origin of the changes in charge density. Because Vy is larger
than Vp, the vertical charge-ordered states have greater Coulomb interaction energies than
the horizontal and diagonal charge-ordered states, and the horizontal and diagonal charge-
ordered states are degenerate in terms of the Coulomb interaction energy. Bonds form
between the neighboring sites as a result of charge fluctuations induced by the transfer term

even in the charge-ordered states. The energy gain arising from the formation of bond Y is



given by — By (A)py(A), where
Brm(A) = Re[(@o(A)] D _ ch oCmo|Po(N)] (12)

is the bond order for |®¢(A)) and |p,,m(A)| is the magnitude of the bond. The degeneracy
between the horizontal and diagonal charge-ordered states is lifted by the energy gain, and
the charge distribution is mainly determined from the bond structure.50 62

To maximize the energy gain, p,..(A) is larger for the bond with larger |Sy(A)|. The
absolute values |Gy (\)| and therefore the energy gains for bonds b1, b1’, b2, and b2’, shown
by thick lines in Fig. 1, are much larger than those for other bonds. As a result, the charge
distribution is mainly determined from |By(\)| for these four dominant bonds as will be
shown later. As seen from Fig. 1, site A is connected by bonds bl’ and b2', site A’ is
connected by bonds bl and b2, site B is connected by bonds b2 and b2', and site C is
connected by bonds bl and bl’. At A =1, [Buy (1) > |Bp2(1)| = |Bprr(1)] > |Bp1(1)] holds.
Because the holes that contribute to the stronger bonds are more stable, sites A and B
(A’ and C), which are (are not) connected by the strongest bond b2', become charge rich
(charge poor), and the horizontal charge order is generated in the ground state |¢g). At
A =0, |Fu2(0)] = |Bp2r(0)] > |Bb1(0)| = |Bp1/(0)] holds. As a result, site B (C) is charge rich
(charge poor), and pa(0) = pas(0) ~ 0.5 holds for the symmetric initial state. As A increases
from 0 to 1, | By (A)| and |y ()] increase, and |Bpa(N)| and |51 (A)| decrease, which results
in the charge transfer from site A’ to site A.

The five bonds with the largest |AQy(1)| are bonds b2’, b2, b1’, a2, and al in descending
order. We show AQvy () for these five bonds in Fig. 3 (b) and their charge transfer directions
in Fig. 2. The absolute values |[AQy(T")| for bonds a2 and a3 are much smaller than those
for bonds b2’ and b2. The indirect charge transfer A’—+B—A along the path that consists
of bonds b2’ and b2 with the largest and second largest |Sy(\)| is dominant whereas the
direct transfer A’—A through bond a2 and that through bond a3 are not. As a result, P
is nearly parallel to bonds b2" and b2. The direction of P is mainly determined from the

anisotropy of the transfer integrals.
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B. THz-pulse-induced dynamics

This section shows the time variation in charge density and electronic polarization induced
by a THz pulse. We consider the excitation produced by a half-cycle THz pulse. This pulse
is described by a vector potential A(t) at time ¢ given by

A(max)

At)=A 5

{1+ tanh(%)}, (13)

where A2 ig the maximum amplitude, D is the pulse duration, and A is the unit polar-

ization vector. The electric field of the pulse is given by

E(t) = —AE(t) (14)
1 -2 t
E(t) = EA(max) cosh (5)

We adopt the duration D = 300, where the full-width at half-maximum (330 fs) is about the
same as that used in the experiment, and consider the weak-excitation case ea. A™*) = 0.001,
where e is the elementary charge.

In the Hamiltonian H(t) coupled with the field of the THz pulse, the electron—field
coupling has been introduced into the transfer integrals as a Peierls phase, and (, () is

given by
Bnm(t) = 5,(1%)) exp|—ier,, , - A(t)]. (15)

The THz-pulse-excited state [¢(t)) at time ¢ is obtained by numerically solving the time-

dependent Schrodinger equation

i1V (t) = H{B)[U(2)), (16)

with the initial condition |¢)(—00)) = |¢y).
The time variation of charge density Ap,(t) induced by the THz pulse excitation is given
by

Apn(t) = (@) |nn](8)) = pn- (17)

The time variation of the electronic polarization per unit cell AP(t) = P(t) — P induced
by the THz pulse excitation, where P(t) is the electronic polarization for [i(t)), is given

11



by the time integration of current flow. The net charge transfer Agy(t) through bond Y
induced by THz pulse excitation is given by
t
Agy(t) = / iy (T)dr, (18)

where

iv(t) = (W(O)|ey (£)[e(2)). (19)

The sign of Agy(t) is determined so that Agy(t) > 0 holds when charge is transferred from
left to right (from bottom to top) in Fig. 1 for a diagonal (vertical) bond as in the case of
adiabatic current. The a [b]-component AP, (t) [AB(t)] of AP(t) is given by

AP,(t) = aZsin(Qy)AqY(t),
Y
APy(t) = a_ cos(fy)Agy(t). (20)
Y
The time variation of charge density, for example, at site A, is given using Agy (t) as
Apa(t) = E[A%s(t) + Ago1r(t) + Aqua (1) — Agaa(t) — Ags(t) — Agua(t)]- (21)

As mentioned before, the THz-pulse-induced reflectivity change AR/ R reflects the pulse-
induced modulation of the charge-order amplitude.* Since charge-order generation results in
the charge disproportionation between A and A’ sites, Apa (t)—Apa(t) can be regrded as the
quantity that shows the pulse-induced modulation of the charge-order amplitude. The charge
density changes Apa (t) and Apa/(t) are the quantities that can be directly compared with
AR/R. Since the THz-pulse-induced changes Alsyg/Isug of the SHG intensity originates
from the pulse-induced modulation of ferroelectric polarization, AP(t) = |P(t)| — |P| can
be directly compared with Alsyg/Ispg. Furthermore, because ferroelectric polarization is
generated by the charge order, AR/R also reflects AP(t).

As shown in the Appendix, the adiabatic approximation holds well for |¢(¢)) with the
present parameters, and the finite-size effect in the zeroth-order term of €, where € is a small
parameter of the adiabatic approximation, seriously affects these quantities, which are the
first-order terms of €. We therefore show Ap,(t) and AP,(t) (x = a or b) calculated using
Egs. (39) and (40), where the finite-size effect is removed, in the following.

We show in Fig. 4 the time profiles of (a) Apx(t) and (c) AP, (t) for 6 = 230°, where 6
is the angle between E(t) and the positive b—axis (see Fig. 1). The four bonds with the

12



largest |Agy(t)| are bonds b2, bl’, bl, and al in descending order for § = 230°, and we
show Agy (t) for these four bonds in Fig. 4 (b). There are almost linear relationships between
Apx and E(t), between AP, (t) and E(t), and between Agy(t) and E(t), showing that these
variables respond to the electric field instantaneously. These almost linear relationships
hold irrespective of the polarization direction 6, resulting in the good reproduction of an
important experimental result that both initial AR/R and Alsyg/Isug are reproduced well
by the THz waveform.*® The instantaneous charge and dielectric response results from the

adiabatic nature of |¢(¢)) as in the case of TTF-CA% as shown in the Appendix.
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FIG. 4: (Color online) Time profiles of (a) Apx(t), (b) Agy(t) for bonds b2’, b1/, bl, and al, and
(c) AP,(t) and APy(t) at 8 = 230°.

We next consider how the THz-pulse-induced dynamics change with 6, which can be seen
from the 6 dependence of the peak values of the considered physical quantities because of
the linear relationships. We show the 6 dependences of the peak values Apx(0), AP(0), and
Agy(0) in Fig. 5, and compare the 6 dependence of AR/R at w =0.65 eV, where ARco_nm/R

13



is a maximum, and at the delay time tq = 0 experimentally obtained in Ref. 49 with the 6
dependence of Apx(0) [AP(t)] in Fig. 5 (a) [(c)].

We consider a function S cos(f — ©) and calculate the constants S and —90° < © < 90°
that best fit the  dependences of AP(0), Apx(0), Agy(0), and AR/ R, which are respectively
denoted AP®™2)(0) and Op, Ap™(0) and Ox, Ag™(0) and Oy, and (AR/R)™) and
Or. We give these values in Table I.

TABLE I: APM2)(0), ©p, Ap{™™(0), Ox, A¢™™(0), Oy

, (AR/R)™) and Oy

AP™a)(0) /(e2a? AMmax)) 0.0104 (AR/R)(max) 0.00539
Op [deg] 32.6 Or [deg] 26.8
X A A B C
AP (0)/(ea Ama)) 0.00632 -0.00369 -0.00728 0.00541
Ox [deg] 26.3 30.3 58.0 75.3
Y b1 b1/ b2/ al
AP (0)/(e2a Ama) 0.00277 -0.00780 0.0115 10.00216
Oy [deg] 31.2 79.2 52.4 66.1

We show the fitting curves in Fig. 5. The fitting curves reproduce the numerical results
almost exactly, and the experimental data of AR/R are reproduced well by the fitting curve.
The relations O ~ O, and O ~ O, hold, showing that the characteristic # dependence of
AR/R is reproduced well by our numerical result. Furthermore, ©p, ©, and ©: are nearly
equal, showing that there exists strong positive correlation between the change of the charge-
order amplitude [Apa(0) — Apas(0)] and the change of ferroelectric polarization magnitude
[AP(0)]. The relation ©p ~ 6p holds, and AP is therefore largest (smallest) when the
electric field E(t) of the THz pulse and the electronic polarization P of the charge-ordered
ground state have approximately the same (opposite) directions. In Ref. 49, the direction 65
of ferroelectric polarization is obtained based on the assumption that the relation 8 ~ ©g
holds. This assumption is justified by the present numerical result, and this most important
experimental result can be interpreted on this basis.

In the present formalism based on the time-evolution calculations, the physical quantities

of interest AP(t) and Ap,(t) are both given by the charge transfer Agy(t) for each bond,

14
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FIG. 5: (Color online) 6 dependences of (a) Apx(0) and AR/R at tq = 0, (b) Agy(0) for Y=Db2',
bl’, bl, and al, and (c) AP(0) and AR/R at tq = 0 (dotted lines) and fitting curves (solid lines).

which provides an important view into the origin of the ferroelectricity of the charge-ordered
phase, and the origin of the characteristic 8 dependence of THz-pulse induced dynamics, as
will be shown later. The absolute value |Agy(0)| is largest for bonds b2’, bl’, b2, and al in
descending order in most of the 6 region. We show the 6§ dependence of Agy(0) for these
four bonds in Fig. 5 (b). The absolute value |Agyy (0)| is larger than absolute values for the
other bonds in most of the 6 region. Furthermore, |©y — fy| for bond b2’ is much smaller
than those for the other bonds. This shows that Agpy(0) is roughly proportional to the
component of E(0) along the direction of bond b2’ (Eyy ), but this holds only for bond b2'.
For example, in the case of bond b1’ with the second largest \Aq](orln,ax) (0)], Opyrr = 79.2° is
far from 6,,» = 150°. We show the charge transfer directions of these four bond at # = 210°
in Fig. 6. The direction of charge transfer through bond b1’ is toward the side opposite
the electric field. These results show that the charge transfer from site A to site B through
bond b2’ is induced by the electric field, but charge that transfers through other bonds are

induced to compensate for the excess charge at site B and the deficient charge at site A
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generated by the charge transfer through bond b2’

The difference between Oy and 6,5 can be attributed to the compensation. For § = 210°,
| Epyr| is the largest, but charge compensation is prohibited by the electric field E(t). As
0 increases from 210° to 240°, both |Eny| and |E) /| decrease, with the decrease in the
latter being greater than that in the former. The charge transfer Ag,,/(0) is increased by
the larger decrease in |Eyy/|, and this increases |Ag,y(0)]. As a result, |Agpy (0)] is largest
not at § = 210°, where |FE}| is largest, but at § = 232.4°. Consequently, charge transfer
through the strongest bond b2’ is dominant, and AP(t) is thus largest (smallest) near
0 = Oy (0 = 6,y + 180).

FIG. 6: (Color online) Directions of charge transfer for the four largest bonds by |Aq§,max) (0)]

shown by arrows.

IV. DISCUSSION

We discuss the implications of the present results of experimentally observed THz-pulse
induced dynamics. As shown in the previous sections, the electronic polarization P of the
charge-ordered ground state is nearly parallel to bond b2’. Furthermore, the THz-pulse-
induced variation in magnitude of the charge-order amplitude |Apa(t) — Apas(t)| and that
of electronic polarization |AP(t)| are both largest when the polarization direction of the

THz pulse is nearly parallel to bond b2'. Therefore, the direction of P is approximately
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given by the polarization direction of the THz pulse when AR/R, which shows the THz-
pulse-induced variation of the charge-order amplitude, is largest. Experimental results can
be interpreted on this basis,* shown for the first time in this paper. This result originates
from the fact that charge transfer through bond b2’ is dominant among all the bonds despite
the difference between the largest transfer integral |5,»| and the second largest integral |Syy/|
being less than 10%.

In the present numerical calculations, an equilateral-triangle lattice is assumed, and the
angle .o between the dominant b2’ bond and b—axis is 30°. However, it is 23° in the real
lattice. The difference 6 — 6,5,y = 6° obtained in the present numerical result is very close to
the experimentally obtained value of 4°. The difference in 6 between the present theoretical
and experimental results is attributed mainly to the difference in the lattice angles between
these two cases.

The magnitude of the polarization change AP/P is evaluated to be 1.31% from
Alspc/Isug, and the change in the charge-order amplitude, which corresponds to (Aps —
Apar)/(pa — par), is evaluated to be 1.68% from AR/R for E =60 kV/cm and 6 = 0.%
Our numerical results give AP/P =6.5 % and (Apa — Apar)/(pa — par) =4.2 % for E =
60kV/cm and 6 = 0, where we adopt the average lattice spacing a = 7 A and assume linear
relationships between Apx and E(t) and between AP, (t) and E(t). These two theoretically
obtained values are comparable, which is consistent with experimental results, but these
theoretically obtained values are several factors larger than those obtained experimentally.
a-(BEDT-TTF),I3 has a large dielectric constant.?®*” The transfer of the valence electron
makes a dominant contribution to the dielectric constant, but the other contributions that
are not considered here are not negligible. The difference of several factors can be attributed

to the screening of the electric field.

V. CONCLUSION

We investigated the dielectric properties of the charge-ordered phase of a-(BEDT-
TTF)sI53 using exact numerical calculations of an extended Hubbard model. The electronic
polarization P of the charge-ordered ground state was obtained by directly calculating the
current when transfer integrals were changed adiabatically from symmetric integrals to in-

tegrals for the charge-ordered phase without inversion symmetry. The angle of P from the
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positive b—axis was 36°, which is consistent with experimental results and previous theoret-
ical results based on DFT. Furthermore, we numerically calculated the dynamics induced
by THz pulse excitation. There are almost linear relationships between the charge density
variation induced by the THz pulse Apx(t) and the amplitude E(t) of the electric field
E(t) of the pulse and between the time variation of the electronic polarization magnitude
induced by the THz pulse AP and E(t) in the case of weak excitation. These properties
are found to originate from the adiabatic nature of the THz-pulse excited sate. Further-
more, the THz-pulse induced variation of charge disproportionation between A and A’ sites,
Apa(t) — Apas(t), which shows the modulation of the charge-order amplitude, and AP(t)
are largest when E(t) and P have almost the same direction. This originates from the
fact that the charge transfer through bond b2’ is dominant both in the adiabatic flow of
current and in the THz-pulse excitation case. These results reproduce important features

of experimental results of THz-pulse induced dynamics.

VI. APPENDIX

In Ref. 63, the physical properties arising from the adiabatic nature of THz-pulse excited
state were shown for the one-dimensional extended Hubbard model. This result can be
easily extended to the two- and three-dimensional cases as shown below.

Up to the first order of the small parameter € of the adiabatic approximation, which will
be explicitly given later, the solution |1(t)) of the time-dependent Schrédinger equation can

be written as

(1)) = eXp[—i/t drEo(7)]|¢o(t)) + [99(1)), (22)

140 ’ ;
poiey = S atenl-i [ arEla ) (23)
where |¢;(t)) is the energy eigenstate of H(t) with an energy eigenvalue Ej(t), and |¢o(t))
and Ey(t) are respectively the ground state and ground state energy. The first-order term
|01(t)) is given by the linear combination of |¢;(t)) with the coefficient ¢;(¢). We divide
the Hamiltonian H(t + At) into the unperturbed part Hy(t) = H(t) and perturbed part

Hy(t) = H(t+ At) — H(t). Up to the first order of At, H,(t) can be written as
Hi(t) = J()E(t)At, (24)
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where J(t) is given by

Jt)= > Tam - Aipn(t). (25)

<n,m>

This formula for .J(¢) is applicable not only to the one-dimensional case but also to the two-
and three-dimensional cases. Replacing the formula for J (t) given in Ref. 63 by this more
general one, the results derived in Ref. 63 can be used also in the two- and three-dimensional
cases. From time-dependent perturbation theory, ¢;(t) satisfies the differential equation

d Jio(t)

ﬁcl(t) = exp[z'/o drw(7)]|E(t) o) (26)
where J;(t) is the transition dipole moment given by
Tio(t) = (@) (1)|do(t)), (27)

and wy(t) = Ei(t) — Eo(t). As shown later, in the thermodynamic limit, J;o(¢) and w(t)
are constant with time, and J;o(t) = J;o and w;(t) = w; hold, where J; o and w; are the
transition dipole moment and the excitation energy when A(¢) = 0. We can then solve the
differential equation (26) and obtain ¢;(t) as

a(t) = —i% expliwt| E(t), (28)

where the terms of second order or higher in 1/(w; D) are neglected. In the case of THz pulse
excitation, 1/(AED) < 1 holds, where AFE is the optical energy gap, in the charge-ordered
ground state. This approximation holds well for almost all insulators. The small parameter
e for the adiabatic approximation is therefore given by

|Jl70|)A(max)
w? D’

(29)

€ = max(

and the adiabatic approximation is good if € < 1 holds.
The expectation value of, for example, charge density p,,(t) = (¢¥(t)|n,|¥(t)) is expanded

into a power series of € as

palt) = P (&) + PO (1) -+, (30)

where pg )(t) is the ith-order term. The zeroth- and the first-order terms are given by

pP(t) = (Go(t)[nnleo(t)), (31)
pO(t) = 2Re[eXp[i/0 dr Eo(7)]{¢o(t)[nn|09(1))]. (32)
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Substituting Eq. (28) into Eq. (31), the first-order term is given by

AD(E) = GueaB(t), (33
1£0
G, = 2l TR onlnnfon) (34)

l

We consider the unitary transformation

Cno = Cnoexp[—ier, - A(t)], (35)

where 7, is the position vector of site n. When the bond connecting sites n and m does not

cross the periodic boundary, v, ,, = 7, — 7, holds and it can be written as
6n,m(t)ciz,acm70 = ﬁr(z?n?)éjz,aémﬂ‘ (36)

When the bond connecting sites n and m crosses the periodic boundary, a phase factor
is added to the transfer integral. Thus, the time- and space- invariant vector potential
introduces a twist in the boundary condition, but does not change H(t) and J(t) except
for this. The finite-size effect induced by the twist is of the order of 1/v/N in the present
two-dimensional case. Therefore, p®(¢) = p and Ap,(t) = p,(ql)(t) hold up to the first order
of € in the thermodynamic limit. The time variation Ap,(t) is proportional to E(t) in this
instance.

In the present numerical calculation with the small-size cluster, the artifact p(®(t) — p
caused by the finite-size effect is of zeroth order in € and is therefore comparable to p,(ql)(t).
It is essential to remove the artifact. We remove p(®(t) — p using the numerical method
shown below. We consider the time variation of charge density induced by a pulse with

renormalized duration rD given by

. A(max) t
) () = _
A (t)=A 5 {1+tanh(rD)}.

Because H(™(rt) = H(t) holds, where H(™)(t) is the Hamiltonian with the pulse described
by AM(t), the time-dependent solution [/ (¢)) of H")(t) can be written as

(37)

[ (rt)) = exp[—ir /0 dr Eo()]|¢o(t)) + 69 (rt)), (38)

up to the first order of ¢/r, where |51/ (¢)) is the first-order term of ¢/r. The zeroth-order

term can be removed using Eqgs. (22) and (38), and Ap, is given by

Apalt) = - E AWl () = W () a0 (1))} (39)
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where the contributions from the terms higher than first order are neglected, and we use
the fact that the leading term of () (rt)|n, |0 ™ (rt)) — (¢o(t)|nn|po(t)) is of the first order
of €/r, which can be derived from Eq. (33). The contributions from the terms higher than
first order are negligible with the present small eaA(™*) . This can be confirmed from the
differences between the values of Ap(t) calculated with » = 2 and 3 being less than 1%.

In the same manner, we can remove the artifact caused by the finite-size effect from

electronic polarization AP(t):

r

AP,(t) = a

r2 —

- > sin(by) /_ (& (D)o (T (7)) = (@ () oy (1) [0 (7)) dr,

r

APb(t) = a

r2 —

12008(9y) /_ [ (n)lay (D7) = (@ (7)o ()] (r7))]dr(40)

We here use the fact that the leading term of () (rt)[iy (£)[1)™) (1)) — (do(t) iy (t)| o (1)) is
of the second order of €/r. We also check this on the basis that the difference between the
values of AP,(t) calculated with » = 2 and 3, and that of AP,(t) are both less than 1%.
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