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Model for a photoinduced insulator-metal transition in a one-dimensional quarter-filled
organic salt: Evidence for a nonadiabatic charge-phonon coupling
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We study the photoinduced nonequilibrium dynamics of a one-dimensional quarter-filled organic salt.
Cooperative onsets of charge-order melting and coherent phonon generation are found in the early stage to
7~ 7oy (Where 7,: the pulse length of the pumping laser), which signifies that they are mutually driven. Later,
at 7=r7,,, there is nonadiabatic decoupling of the charge-order melting and coherent phonon generation.
Calculation of optical conductivity and time-resolved photoemission spectra at 7= 7., is consistent with the
recent experimental observations, which confirms a nonadiabatic charge-phonon interaction in the ultrafast

time span.
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I. INTRODUCTION

Novel optically driven transient changes in electronic,
magnetic, and lattice structures incorporating an instability
due to cooperative interaction among corresponding degrees
of freedom are classified as photoinduced phase transitions
(PIPTs).'=* Insulator-metal transition (IMT), one of the most
intriguing phenomena in condensed-matter physics,” can be
also triggered by the simultaneous introduction of electron
and hole through the photoirradiation of an insulator. The
photoinduced insulator-metal transition (PIIMT) may be cat-
egorized depending on whether or not it accompanies the
structural changes. One-dimensional (ID) halogen-bridged
Ni complex, known as the Mott insulator, undergoes PIIMT
without structural changes.®® There are broader classes of
examples for which PIIMT accompanies the structural
changes in a cooperative manner through ultrafast charge-
lattice-coupled dynamics after photoexcitation.!=*

The 1D quarter-filled (with holes; three quarter filled
with electrons) organic salt (EDO-TTF),PFs(EDO-TTF
=ethylenedioxy-tetrathiafulvalene) shows IMT from the low-
temperature (LT) phase of the (0110) charge order (CO) to a
high-temperature (HT) metallic phase,”! where (0110) rep-
resents an array of neutral and ionic EDO-TTF molecules
(D); i.e., D°D*D*DO. T, is 278 K for (EDO-TTF),PF,. The
observed photoresponses together with the PIIMT originate
presumably from the underlying electron-phonon interaction.
However, a proper understanding of the driving forces of
such photoresponses in the femtosecond time range is still
unclear. Intriguingly, in a system with strong electron-
phonon coupling, the ultrafast dynamics show unexpected
nonadiabatic behaviors of electrons and phonons depending
on the photoexcitation conditions,>!! which differs from the
case of a standard solid for which the electrons obey the
Born-Oppenheimer approximation (BOA).'? This nonadia-
batic behavior might be an essential criterion for cooperative
PIPT induced by ultrafast charge-lattice-coupled dynamics.

In this paper, we investigate the underlying dynamics of
charge and phonon in PIMT for (EDO-TTF),PFs. Two
kinds of phonons are considered to obtain the correct ground
state of the (0110) CO to which two kinds of orders (bond
and charge orders) are attributed.'> General nonadiabatic in-
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teraction between charge and phonon is explored by treating
both within a single-quantum-mechanical framework. We
find that the cooperative onset of CO melting and coherent
phonon generation occurs in 7< 7., (where 7, is the pulse
length of the pumping laser). This implies that they could be
driving forces for each other. Later, at 7= 7,,, there is the
photoinduced decoupling of the interaction between them,
which is a purely nonadiabatic feature. Our study of optical
conductivity and time-resolved photoemission spectra
(TRPES) at 7= 7., shows a reasonable agreement with the
recent experimental observations. This gives an evidence for
the importance of a nonadiabatic charge-phonon coupling of
the system in the ultrafast time span.

The paper is organized as follows. In Sec. II, we give a
model of the system and describe the formulation. In Sec. III,
we discuss the results of the study in three different direc-
tions: (i) the nonadiabatic decoupling between charge density
and coherent phonon oscillation, (ii) the optical conductivity,
and (iii) the time-resolved photoemission. Finally, in Sec. IV,
we provide a summary and conclusion.

II. MODEL AND FORMULATION

We consider that interacting holes by the Hubbard U on a
1D chain are coupled with two different kinds of phonons.
The resulting Hamiltonian H,, is a Peierls-Holstein-Hubbard-
type one.'* Combining 7, with the light-matter interaction,
the total Hamiltonian H(=H+ V) reads

H0= tE [1 _ga(bjaf-'_bia_ b:'r+la_bi+1a)]

o

t +
X (CigCir1o+ Clr10Cio) + UE_ nin;

1

- 8/32 (b,TB +bip)CiyCic+ ®,2 blybio+ O’BE bZBbiﬁ’
io i i

V=JjA,e"0(7) + Hee., (1)

where ¢] (c;,) is the operator of a hole with spin o at site i
(i.e., at the site of the EDO-TTF molecule) and n,, is the
number operator of the hole, given by n;,=c c;,. t is the

oo
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hopping parameter and U the on-site Coulomb repulsion.
b! (b;s) and bZB(b,-B) are operators for two different kinds of
phonons, @ and B, the energies of which are w, and wg,
respectively. The ionic displacement uf(ﬁ) is proportional to
bfa(ﬁ)+bm(,3) for each phonon. According to H, for the a
phonon, u{—uf,, couples with the bond strength while for
the 8 phonon, u,ﬁ couples with the hole charge density. g,
and gz are the hole-phonon coupling constants for the « and
B phonons. V is the light-matter interaction due to the optical
pumping pulse. Its field strength and energy are A, and w,,,
respectively. ©(7) simulates the pulse shape, O(7)=0(7)
—0O(7=1,,). O(7) is the Heaviside step function. Finally, J is
the current operator expressed as f:itEiU(clTH(,cia—c;rlrcmg).

Exact diagonalization using the Lanczos method with N
=8 (where N is the number of sites; i.e., N/2 holes are in-
troduced) gives the many-body ground state |¥(0)). The Hil-
bert space necessary for the Lanczos method would be writ-
ten as T1{ /) @ [T |nf) @ [1|nk). [ is the hole state at site i;
ie., [0), [T), |1), and |T]) according to /=0, 1, 2, and 3,
respectively. |nff) and |nﬁ,) are the phonon states with phonon

numbers 7, and nff,(zO,l,Z,...) at sites i’ and i, respec-
tively. Here, we simplify the Hilbert space by cutting the
phonon number hierarchy and restricting the phonon num-
bers to only O or 1 per mode and per site."> The adopted
parameters for a given charge-phonon-coupled system are
U=1.5, g,=0.5, gﬂz0.0l, 0,=0.01, and wB:O.OS unless
stated otherwise. All energy quantities are given in a unit of
t. We find the ground-state charge density (S,c] ¢;,) from
(W(0)[Z,cf cis|W(0)) to be 0.36, 0.64, 0.64, and 0.36 at sites
i=0, 1, 2, and 3 repeating with four-site periodicity. This
reproduces the LT phase of the (0110) CO observed in
(EDO-TTF),PF,.'® In the same way, the static phonon am-
plitudes are calculated. We find (b +b;,) to be =0.56, —0.56,
0.56, and 0.56 at sites i=0, 1, 2, and 3 with four-site period-
icity, which gives a bond order of D’~D*=D*-D° (where
“=" indicates a strong bond and “-” a weak bond). B
phonons are coupled to the charge density so that their dis-
tortions relate to the (0110) CO. That is, with the same peri-
odicity, values of <b,TB+bi,3> are —0.12, 0.12, 0.12, and -0.12
at sites i=0, 1, 2, and 3.

In (EDO-TTF),PF,, as shown in our calculation, the
(0110) CO [called bond-charge-density wave (BCDW)] is
stabilized by two types of phonons, i.e., transfer-integral-
modulating displacement [the first term of Eq. (1)] and the
site-energy-modulating deformation [the third term of Eq.
(1)]. According to the extended study on the 1D quarter-filled
itinerant charges coupled to classical phonons, the BCDW is
found to compete with the (1010) charge-density wave
(CDW) spin-Peierls (SP) state at LT.'* However, for
(EDO-TTF),PF,, Drozdova et al.'” confirm that almost all
charge density is localized on the strongly bound central pair
of (0110) tetramer. It is also interesting to compare the
present phase with various charge-phonon-coupled phases in
other 1D organic compounds. The mixed-stack organic
charge-transfer (CT) complex, TTF-CA (=tetrathiafulvalene-
p-chloranil), shows the PIPT from the ionic to neutral state
by the photoexcitation.'® This would be described by the 1D
half-filled extended Peierls-Hubbard model.'” In the ionic
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state, molecules are dimerized due to the SP mechanism,
which implies that the charge-phonon interaction leading to
the renormalized Coulomb interaction due to the bond defor-
mation is crucial in the PIPT. Another PIPT accompanying
the structural changes would be the transition from the CDW
to the Mott insulator, which is observed in the 1D Br-
bridged Pd-chain  compound, [Pd(chxn),Br]|Br,(chxn
=cyclohexanediamine).?’ This would be described by the
model similar to the TTF-CA but alternating Pd 4d> and
Br 4p_ orbitals should be taken into account.?! In the sense,
the relevant model would be called the dp model. For vari-
ous examples and detailed discussion, see, for example,
Ref. 1.

With the Lanczos ground state |¥(0)), we solve the time-
dependent Schrodinger equation in the nonperturbative
many-body time-dependent approach.”-*? The time evolution
of |¢(7)) should be done within the same many-body Hilbert
space as used for the Lanczos diagonalization. We can write
the quantum state of the whole system at time 7 as |¥(7))
=300y Cpinansy (DKL % nPY. [{1,n*,nP}) corresponds to
Hi|¢ﬂi)Hir|nff)Hin|nﬁ). Dynamics that begin with the turning
on of the optical pumping at 7=0 can then be described by
solving the coupled differential equations for Cy; e ,8/(7) re-
sulting from the time-dependent Schrodinger equation
id/97W(7))=H|¥(7)). The initial condition |¥(0)) should
be the ground state. We treat the charge-phonon-coupled
chain of N=8 (i.e., four holes) with the periodic boundary
condition imposed.

III. RESULTS

A. Nonadiabatic decoupling of charge density and coherent
phonon oscillation

Figures 1 and 2 illustrate the dynamics of charges and
local phonons (B phonons) at sites i=0, 1, 2, and 3 with
respect to the field strength A., or the pulse length 7,,. The
dynamics begin at |[¥(0)) with the switching on of the opti-
cal pumping laser. Time is given in a unit of 1/¢. For in-
stance, if taking r=0.2 eV, 1/t corresponds to 3.3 fs. Figure
1 shows the early dynamics just after photoexcitation. It
shows the simultaneous onset of CO (or collapse) and coher-
ent phonon generation. In Fig. 1(a) with 7,,=30, for A,
=0.5, CO melting is not complete and coherent phonon os-
cillation is not fully relaxed. For higher A.,, however, there
is complete melting of the CO and full relaxation of coherent
phonons within ~ 7. This incorporates the coherent and co-
operative interplay between charges and phonons in the early
stage to 7~ 7,,. Such interplay during photoirradiation is fur-
ther confirmed by comparing the dynamics of 7.,=30 [sec-
ond panel of Fig. 1(a)] with those of 7.,=10 [Fig. 1(b)] for a
fixed value of A,,=1. Dynamics for a shorter photoirradia-
tion time (7.,=10) cannot fully induce CO melting and co-
herent phonon generation. On the other hand, as shown in
Fig. 2, considering the long timespan of 7= 7,,, we do not
find any phonon-related dynamical scale in the time-
dependent behavior of the charges. This is interesting be-
cause it sharply contrasts with the dynamics of charge de-
grees of freedom under the adiabatic potential based on the
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FIG. 1. (Color online) Dynamics of charges and local phonons (8 phonons); i.e., (Egcjgcw) and <bjb+bi5> at molecular sites i=0, 1, 2,
and 3 on a 1D chain with respect to parameters of the optical pumping laser. Quantities of energy and time are given in units of ¢ and 1/¢,
respectively. (a) Dynamics with respect to the field strength A, for 7.,=30. (b) Dynamics with 7.,=10 and A.,=1. Both (a) and (b) adopt

W =1.5.

BOA.'? In fact, if considering the BOA, the charge system
reacts instantly to the lattice configuration so that its dynam-
ics should incorporate characteristic time scales of the lattice
motion.'®?3 Remembering that we handle charge and phonon
in a single-quantum-mechanical framework without taking
the BOA, we find that the dynamics in the long time range of
T7=1, in Fig. 2 signify the photoinduced decoupling be-
tween charge density and phonon oscillation, which would
be a purely nonadiabatic feature.!!

Interestingly, for the weak-field intensity of the pump
pulse, the dynamics of charge density are found to undergo
the nonadiabatic-adiabatic transition. In Fig. 3, the temporal
motion of the charge density at the site 1 is displayed. For
A=0.25, we clearly find that the dynamics incorporate the
time scale of the phonon, i.e., the charge density oscillates
with ~2wg. This means that the charge and phonon move
adiabatically for weaker field intensities, consistent with the
recent experiment on the electronic conductivity of VO, de-
coupled from the coherent lattice motion.> However, for the
weak-field intensity of A.,=0.25, the charge density at the

site 1 starting from 0.64 at 7=0 hardly changes as 7 elapses
in an average sense, that is, the CO hardly melts. The mini-
mum field intensity would be necessary to obtain the PIIMT.
Incidentally, for a situation clearly undergoing the PIIMT, it
need be considered that the nonadiabatic charge-phonon cou-
pling would be important.

B. Optical conductivity

Metallic nature associated with coherent phonon genera-
tion due to ultrashort laser excitation can be probed from
optical transport measurements. The reflectivity’ or optical
conductivity'? before and after the photoexcitation has been
argued to monitor the metallic nature of (EDO-TTF),PF;. In
the present study, the time-dependent current J(7) is calcu-
lated from the solution of the time-dependent Schrodinger
equation; i.e., J(7)=(¥(7)|j|¥ (7). Here, the optical conduc-
tivity o(w) is obtained from the Fourier transformation,
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FIG. 2. (Color online) Same as in Fig.

Teutoff )
o(w) =f dre'7J(71), (2)

where 7., 1S practically arbitrary in the calculation and
taken to be 120. In Fig. 4, the optical conductivity o(w) after
photoexcitation (in fact, the photoresponse during 7.,<T7
< Teuofr) 18 presented with respect to the field strength Ag,.
There are two observed distinct CT bands in the optical con-
ductivity. One band (CT1) near 0.9 corresponds to excitation
from (0110) to (1010) and the other band (CT2) near 3.9
from (0110) to (0200); i.e., D*D* — D>**DP. In particular, the
CT?2 band directly reflects the presence of CO so that a de-
crease in its strength with increasing A., indicates CO melt-
ing (i.e., a metallic nature), which is clearly displayed in the
inset of Fig. 4. This is consistent with the time-dependent
behaviors of charge and phonon (Fig. 1) and also with ex-
perimental observation.>!? In the experiment,’ the weight
suppression of D*D*— D**D° was found not only in PIIMT
but also in thermally induced insulator-metal transition (TI-
IMT) from the LT (T<T,) to the HT phase (T>T). Ac-
cording to Fig. 4, as A, increases, both CT1 and CT2 are
suppressed and an appreciable weight is developed in the
low-energy range ~0.4. However, the Drude-type low-
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FIG. 3. (Color online) Nonadiabatic-adiabatic changes in the
dynamics of charge density at the site 1 with respect to Ag,.
wex=1.5 and 7,,=30 are used.
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FIG. 4. (Color online) Optical conductivity o(w) with respect to
the field strength A,. we,=1.5 and 7,,=30 are used. The inset mag-
nifies the behavior of o(w) (belonging to an ellipse). (1010) and
(0200) represent excitations from (0110) to (1010), i.e., the CT1
band and from (0110) to (0200), i.e., the CT2 band, respectively.

energy feature is not clearly shown in the figure. This has
been in fact experimentally observed and pointed out to dif-
fer from TIIMT by Onda et al.'® However, no direct evi-
dence has been found to support their proposal regarding the
nonequilibrium (1010) charge-disproportionate state.

C. Time-resolved photoemission

TRPES would probably be the most direct way to observe
what happens to the electronic structure after
photoexcitation.?* Theoretical calculations for TRPES are in
fact rare due to a lack of the established formalism. How-
ever, the present many-body time-dependent approach has
merit.” We extend our model Hamiltonian H to include pho-
toemission terms and obtain

H=Hy+V(7)+ E skc]igckg + Vpes(T= Tex)
K

Voo ) = Apes > ch oo™ rs"0(7) + Hoc, (3)
kio

where ¢ (cy,) is the photoelectron®> with kinetic energy

e =k?/2. Wy and Ap., are the energy and strength of
the photon source adopted for the photoemission.
It is now necessary to extend the Hilbert space to
include the degree of freedom of the photoelectron. Ac-
cordingly, the quantum state of the whole system
|\P(T)> is given by |‘P(T)>=Z{l,n“,nﬂ}c{l,n“,nﬁ}(T)|{l’na?nﬁ}>
+2k02{,3na,nﬂ}c}‘,; w s DIKO){L,n%,nP}). ko) is the state of
the photoelectron. TRPES can be simply obtained as I(E)
:EUE{l’na’nﬁ”C?]f;a’”ﬁ}(T)P from the solution of the time-
dependent Schrodinger equation id/d7W(7))=H|¥ (7)) for
the limit of Ay.,—0 when 7>7.,. E is the binding energy
given by &y~ wpe.

Figure 5(a) presents the TRPES of the system with respect
to the field strength A, together with the photoemission
spectra (PES) for the case without photoexcitation (i.e., Agy
=0). wpe,=10 is used. PES without photoexcitation shows a
clear gap at the Fermi level but by switching on the photo-
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FIG. 5. (Color online) (a) Time-resolved photoemission spectra
with respect to the field strength A.,. All spectra are taken at 7
=50. we=1.5 and 7,,=30 are used. (b) Sketch of photoemission
spectra showing the transition from the LT (T<T; solid line) to
HT phase (T>T(; dashed line) by thermal fluctuation. E is the
Fermi level.

excitation, weights of the TRPES spread above the Fermi
level. Clearly, the metallic nature strengthens as A, in-
creases, which is consistent with our previous findings in
Figs. 1, 2, and 4. From the TRPES in Fig. 5(a), we can
estimate the energy CEcpae absorbed from the external
photoexcitation  as  EqpareelAex) =N/2 X [JdEEI(E,Ay)
—JdEEI(E,0)]: Eparee(Aex) =0.6, 1.68, and 2.92 are esti-
mated for A.,=0.5, 1, and 2, respectively.?® This means that
0.1, 0.28, and 0.49 photons are absorbed per charge (or 0.05,
0.14, and 0.25 per EDO-TTF molecule).

TRPES in Fig. 5(a) illustrate that the energy gap immedi-
ately closes in this charge-lattice-coupled system, which is
consistent with recent TRPES experiment for TbTe; showing
the melting of CDW.?” This is different from the Mott insu-
lator. In the Mott insulator, for photoexcitation with @,y
>E, (where E, is the Mott gap), photoexcited charges tran-
siently reside only at the bottom of the upper Hubbard band
so that the gap itself survives.” This difference would be due
to continuous changes in electronic structures made possible
by cooperative interplay between phonons and CO melting.
However, in the Mott insulator, there are no degrees of free-
dom to induce such a continuous change.

It is interesting to discuss differences between PIIMT and
TIIMT of the present system. Figure 5(b) gives a sketch of
the PES for TIIMT from the LT phase to HT phase. In the
sketch, it is understood that only the tail due to the Fermi-
Dirac distribution is ~kzT (where kg: the Boltzmann con-
stant) above the Fermi level in the HT phase. In contrast, in
Fig. 5(a), there is a wide and appreciable distribution of pho-
toexcited charges above the Fermi level depending on A.,. In
thermal equilibrium, the distribution of energy, mode, or
number of phonons in the thermal phonon gas is completely
governed by temperature. For PIIMT, however, the energy,
mode, or number of generated coherent phonons is con-
trolled by the external ultrashort laser pumping. The weight
of the TRPES near the Fermi level depending on A, would
be due to the charge response coupled with the coherent
phonon.

IV. SUMMARY AND CONCLUSION

In summary, we studied the photoinduced insulator-metal
transition of a 1D quarter-filled organic salt by examining the
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underlying ultrafast dynamics of charge and phonon within a
general nonadiabatic framework. We found that in the early
stage to 7~ 7,,, there are cooperative onsets of CO melting
and coherent phonon oscillation and interplay between the
two while later at 7= 7., CO melting and coherent phonon
oscillation decouple nonadiabatically. Our study of optical
conductivity and TRPES at 7= 7, reasonably reproduces
the recent experimental observations. This provides an evi-
dence for the importance of a nonadiabatic charge-phonon
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coupling. Finally, we briefly discussed the differences be-
tween PIIMT and TIIMT for the present system.
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