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Utilizing the time-dependent Lanczos method, we investigate the photoexcitation dynamics of the one-dimensional
(1D) extended Peierls—Hubbard model at quarter filling. In equilibrium, it is well established that introducing the nearest-
neighbour interaction V into the 1D Peierls—Hubbard model can lead to the formation of Mott—Hubbard excitons, which
exhibit a characteristic frequency in the optical conductivity that is lower than the Mott gap. Ultrafast photoexcitation of this
model gives rise to a transient metallic state for V < 2, characterized by several features, including a zero-frequency Drude
peak in the post-pump optical conductivity, an increase in the density of charge carriers, and enhanced electron hopping
between dimers. In contrast, when V > 2, this metallic state is no longer observed, as photoinduced carriers bind to form
excitons, thereby inhibiting metallic behavior. These results highlight a parallel between the optical excitation of the 1D
extended Peierls—Hubbard model at quarter filling and that of the 1D extended Hubbard model at half filling, suggesting a

universal mechanism governing their photoinduced responses.
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1. Introduction

Ultrafast optical techniques have opened a route to
track and manipulate the dynamics of strongly correlated
electrons on femtosecond timescales.!!?! Such approaches
have revealed a variety of nonequilibrium phenomena, rang-
ing from light-induced metallicity in Mott insulators, 5!
carrier redistribution in charge-density-wave materials,!® to
superconducting-like responses triggered by strong optical
fields.”-19 Recent ultrafast spectroscopy studies have also ex-
plored strongly correlated materials under high pressure.[!!-1%]
These observations underscore the importance of understand-
ing how photocarriers are generated, interact, and reorganize
the underlying electronic background, thereby motivating ex-
tensive theoretical work based on Hubbard-type models to un-
ravel the mechanisms governing these transient states.!!3-2%]

Organic charge-transfer salts constitute a class of materi-
als whose low-energy electronic behavior is often effectively
one-dimensional (1D) and highly susceptible to lattice mod-
ulations. In compounds such as (EDO-TTF),PFg, ultrafast
spectroscopy has revealed rapid switching between competing

30,31

charge-ordered configurations,?%3!] thereby motivating the
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fCorresponding author. E-mail: shaocan@njust.edu.cn
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use of quarter-filled Peierls—Holstein variants of the Hubbard

s.327341 Even in the

model to capture their underlying physic
absence of Holstein coupling, the Peierls—Hubbard framework
successfully describes the dimerized Mott-insulating ground
state characteristic of several related materials.>> A re-
cent study further reported a photoinduced metallic phase in
this model, where photoexcitation generates empty and dou-
bly occupied dimers,** which serve as analogs of holons and
doublons in standard Hubbard systems. Equilibrium stud-
ies on the extended Peierls—Hubbard model further reveal
that the nearest-neighbor interaction V substantially reshapes
the excitation spectrum by stabilizing Mott—Hubbard exci-
tons and inducing pronounced shifts in the optical-absorption
peak.[*?] These features parallel those in the extended Hub-
bard model at half-filling, where equilibrium calculations
identify a crossover between unbound holon—antiholon exci-
tations and bound excitons as V increases.*!

Despite the detailed equilibrium understanding of these
models, comparatively little is known about how excitonic ef-
fects and dimerization influence the real-time evolution after
photoexcitation. In this work, we examine the nonequilib-

rium dynamics of the 1D extended Peierls—Hubbard model at
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quarter filling, focusing on the evolution of energies, photoin-
duced carriers, and optical conductivity following an ultrafast
pump. Our analysis employs a nonequilibrium linear-response
approach that captures the zero-frequency component of the
optical conductivity under periodic boundary conditions. We
show that for moderate nearest-neighbor interaction (V = 1),
the photoinduced dynamics resemble those of the Peierls—
Hubbard model without intersite repulsion, yielding clear sig-
natures of transient metallic behavior. By contrast, for V > 2,
the system fails to develop a metallic response, consistent with
the persistent binding of photoinduced empty and doubly oc-
cupied dimers into excitonic pairs. These results demonstrate
that the nonequilibrium response of the quarter-filled extended
Peierls—Hubbard model exhibits a dynamical analog of the ex-
citon crossover known from the half-filled extended Hubbard
model, thereby establishing a direct link between equilibrium
excitation structure and ultrafast photoinduced behavior.

The paper is organized as follows: in Section 2 we dis-
cuss the Hamiltonian model and the time-dependent optical
conductivity relevant to the photoinduced dynamics; in Sec-
tion 3 we present the results for the time-dependent behavior
of the optical conductivity and other properties; and finally in
Section 4 we close with the conclusions.

2. Model, method, and measurements

The 1D extended Peierls—Hubbard model takes the form
H = Hy + Hy + Hy, where the kinetic Hamiltonian reads

H, = —Z{(zh [14+8(=1)] ¢l geir10 +H.c.} e

i,o
and the interaction terms are

Hy = UZ”i,Tni,w Hy = Vznini+1- )
; ;

i
Here ¢; 5,

number operators of an electron at site i with spin &, respec-

Cio,» and n; s are the creation, annihilation, and

tively. The operator n; = n; 1 +n; | denotes the total number of
electrons at site i. The quantity ,[1 + 8(—1)’] represents the
staggered hopping amplitude, and Eq. (1) corresponds to the
Peierls term that describes a dimerized chain. U and V repre-
sent the strengths of the on-site and nearest-neighbor Coulomb
interactions, respectively.

In the Weyl (temporal) gauge, the effect of the external
electric field is incorporated via the Peierls substitution

{th[l+6(71)i]czcci+1,g+H.c.}
— MO L [148(-1)]c]oeir10+He ), G
where the vector potential is given by

~(i-19)*
22

i @)

A(t) =Agcos[ay (t —19)] e

Here, 7 denotes the pulse center, while ¢4 and @ determine the
temporal width and central frequency of the Gaussian enve-
lope, respectively. The time-dependent wave function is com-
puted using the time-evolving Lanczos method,*®! based on

the following central formula:

M

Z 71815t|¢1 ( ) 5)

(t+or))

Here, g and |¢) denote the eigenvalues and eigenvectors,
respectively, in the Krylov subspace constructed during the
Lanczos procedure. For the numerical simulations, we adopt a
time step of 8¢ = 0.02 and take M = 30 to ensure the accuracy
and reliability of the results.

To compute the time-dependent optical conductivity, we
employ an approach formulated within the framework of
nonequilibrium linear-response (NLR) theory,*”! whose va-
lidity has been discussed in detail in Refs. [19,44]. The key
expressions used in this work are summarized in Appendix A.
While the NLR approach provides optical conductivity both
in and out of equilibrium, it is instructive to compare it with
the standard Kubo formula, which applies only in equilibrium.
We thus compute the equilibrium optical conductivity via the
Kubo formula as a reference for the NLR results. The Kubo

formula is written as

1

Re 6(w) = 7 ; ﬁ|<lgn|]|%>|
m#0
<80 — (Ey — Eo)]. ©)

The key distinction between the two methods lies in the fact
that the Kubo formula circumvents the need for time evolu-
tion; however, it fails to capture the zero-frequency (Drude)
weight since m # 0 in Eq. (6).

Additionally, we define the time-dependent order param-
eter of the spin-density-wave (SDW) order as

Ospw (1) = (¥(1)|Ospw (1)), ™

where the operator Ospw reads

L—-1L-1

— é Y Y (=0 (i —niy) (njg — ).

i=0 j=0

Ospw

Note that the indices i and j refer to the unit cells, i.e., the
dimers, rather than individual sites.

In what follows, we set U =9 and 6 = 0.5, and consider
a periodic chain of L = 12 sites, corresponding to L/2 = 6 unit
cells (dimers). Energy and time are measured in units of #, and
-1

', respectively. Our analysis focuses on the real part of the

optical conductivity, i.e., Re o (w,?).
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3. Results

We first present the equilibrium optical conductivity of
the extended Peierls—Hubbard model at quarter filling, Re
o (w), as shown in Fig. 1 for various V. Results obtained from
the NLR method (blue lines) are compared with those from
the Kubo formula (black lines). The NLR method reveals that
the zero-frequency optical conductivity (the Drude peak) does
not completely vanish for V = 0 in Fig. 1(a), even though the
system is in an insulating state. As reported in Ref. [48], the
Peierls—Hubbard model at quarter filling with V = 0 exhibits a
small single-particle gap even for sufficiently large U. There-
fore, the non-vanishing Drude peak observed at V = 0 arises
from finite-size effects!! 4! in systems with a small gap. On
the other hand, the Drude peak gradually decreases and even-
tually vanishes as V increases, as shown in Figs. 1(b)-1(f) for
V=1,V=2,V=3,V =4,and V =5, respectively. This be-
havior reflects the fact that the nearest-neighbour interaction V
can significantly enhance the single-particle gap, as illustrated
in Fig. 4 of Ref. [48].

4 4
(a) V=0 (b) V=1
’3\3 ——Kubo 3
® 9 —NLR 9
]
ot
1 1
"2 4 6 8 0% 2 41 6 8 10
4 4
(c) V=2 (d) v=3
—~ 3 3
3
& 2 2
(]
ot
1 1
% 2 4 6 s 10% 2 4 6 8 10
4 4
(e) V=4 (f) v=5
—~ 3 3
3
& 2 2
]
&
1 1
O 0 L —
b 2 4 6 s 100 2 4 6 8 10
w w

Fig. 1. Equilibrium optical conductivity Re o (®) of the quarter-filled ex-
tended Peierls—Hubbard model (L =12, U =9.0, § = 0.5) for (a) V = 0.0,
(b)V=1.0,(c)V=2.0,(d)V=3.0,()V=4.0,and (f) V =5.0. Black
lines denote results obtained from the Kubo formula, while blue lines rep-
resent those from the nonequilibrium linear-response (NLR) approach.

In addition to the Drude peak, the main absorption peak
shifts slightly toward higher frequencies as V increases from
0 to 1. Note that the position of the main absorption peak is
commonly defined as the optical gap. However, as V further
increases from 1 to 5, the optical gap decreases, in contrast to
the behavior of the single-particle gap reported in Ref. [48].
This phenomenon has also been observed and discussed in

Ref. [42] using the dynamical density matrix renormalization-
group (DDMRG) method. Their study found that, in the limit
of an infinite chain, the optical gap extrapolates to a smaller
value than the Mott gap due to the formation of Mott—Hubbard
excitons, which become more tightly bound as V increases.
Consequently, the optical gap gradually shifts from a value
above the Mott gap to the excitonic peak (5-peak) below the
Mott gap.

Meanwhile, the spectral structures located at @ € [2,4] in
Fig. 1(a) — which, as discussed in Ref. [44], can be associated
with energy differences between various single-particle bands
(see also Ref. [48]) — gradually lose spectral weight as V in-
creases from 0 to 3. We attribute this behavior to the increas-
ing dominance of excitonic excitations, which suppress the
contributions from single-particle excitations. As V increases
to 5 and 6, these spectral features shift to higher frequencies
(@ Z 4) due to the further enlargement of the single-particle
gap (see Ref. [48]) and begin to regain spectral weight, while
the &-like exciton peak correspondingly loses weight. This
behavior arises because a larger single-particle gap makes it
increasingly difficult to generate empty and doubly occupied
dimers, thereby weakening their binding and suppressing ex-
citon formation. Note that the results reported in Refs. [44,48],
which primarily focus on U = 10, are qualitatively similar to
those obtained with U = 9. In this work, we choose U = 9 to
avoid redundancy.

To explore the formation of excitons, we apply a pump-
ing pulse to excite the system and analyze its nonequilibrium
dynamics. We define At =t —ty as the time interval between
the probing time and 7y, where 7y denotes the peak time of
the pumping pulse. The parameters of the pumping pulse are
specified as follows: the amplitude is set to A9 = 0.2, the pulse
width is determined by 7q = 2.0, and the frequency y is cho-
sen to align with the optical gap, i.e., the frequency of the pri-
mary absorption peak in the equilibrium optical conductivity.

Setting the nearest-neighbor interaction V =1 (6 = 0.5
and U = 9), Fig. 2(a) displays the results of Re o(w,Ar) for
At = —oo, 10, 20 and 30, represented by different colors. Here,
At = —oo corresponds to the system’s equilibrium optical con-
ductivity, i.e., before the arrival of the pump pulse. After pho-
toirradiation, a positive peak emerges at very low frequencies,
while a negative peak appears at zero frequency. For clarity,
we refer to the former as the in-gap peak, as it lies below the
original optical gap, and the latter as the Drude peak. Interest-
ingly, in Fig. 2(a) of Ref. [44] (6 = 0.5, U =10 and V =0),
the Drude peak is positive and the in-gap peak is negative. We
have verified that the case of U =9 and V = 0 yields results
similar to those of U = 10 and V = 0, which are not shown here
to avoid redundancy. The underlying mechanism has been
thoroughly analyzed in Refs. [44,49]. It stems from an excita-
tion transition from an odd-parity excited state (whose energy
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corresponds to the primary absorption peak) to an even-parity
excited state following the pump. If the energy of the even-
parity excited state is higher (lower) than that of the odd-parity
excited state, the in-gap peak manifests as a positive absorp-
tion peak (negative emission peak). As a result, we speculate
that the nearest-neighbor interaction V increases the energy
of the even-parity excited state, making it higher than that of
the odd-parity excited state. This interpretation is further sup-
ported by the results for V = 2, as shown in Fig. 3(a) below.
Regardless of whether the in-gap peak is positive or negative,
it is a consequence of finite-size effects and can be interpreted
as an indicator of a metallic state.[**%1 On the other hand, the
prominent absorption peak at @ = 1.94 in the optical conduc-
tivity not only diminishes in intensity but also transitions into a
negative weight after photoirradiation. This phenomenon oc-
curs because the excited state associated with this peak sig-
nificantly contributes to the time-evolving wave function. As
a result, the optical conductivity at this frequency weakens in
intensity or even inverts into a negative emission peak.

T T 0.8
8f () Re o(w,A0) 15
—— At=—o
6 ; -8.0
4 »l — At=10 0.6
|\ At =20 —8.5
21 fzf,,At:go 0.4 -9.0
0 ‘ -95
-2 0.2
0 2 4 6 —20 0 20 40 60 80 100
w At
0.5 T T T T T 1.0 T
(c) 0f(d)
0.8
0.4 -2
0.6
_— —4 E,(At) inter dimer
0.4 ——— E\(At) intra dimer
0.3 —6 1\,1(,’\!1&‘“_,-\.4"--1-\—-_,"\G‘w.l\,.p
— w0 los i
Ospw(At) -8 )
0.2 Q e
—20 0 20 40 60 80 100 —20 0 20 40 60 80 100
At At

Fig. 2. (a) Optical conductivity Rec(®,At) at At = —eo, 10, 20, and 30;
(b) kinetic energy Ey(Ar) and interaction energy Ey (Ar); (c) number of
doubly occupied dimers Np; and (d) inter- and intra-dimer kinetic ener-
gies as functions of time. Model parameters: L = 12, 6 = 0.5, U = 9.0,
and V = 1.0. Pump pulse parameters: Ag = 0.2, g = 2.0, and @y = 1.94.
Other features of the photoexcitation dynamics in the ex-
tended Peierls—Hubbard model closely resemble those of the
Peierls—Hubbard model described in Ref. [44]. For instance,
the interaction energy Ey increases from 0.22 to an average
value of approximately 0.65 after the application of the pump
pulse, as illustrated in Fig. 2(b). From Eq. (2), which gives
Ey = Ung, where ny represents the number of doubly occu-
pied sites and U = 9, we find that nq increases from 0.024 to
approximately 0.072 in a 12-site chain. We consider this in-
crease too small to generate a metallic state.
If we define Np as the number of doubly occupied dimers
— specifically, dimers containing one spin-1 electron and one
spin-| electron — we find that the increase in Np is about 0.2
for the 6-dimer chain, as shown in Fig. 2(c). As discussed in

Ref. [44], empty and doubly occupied dimers play the role of
photoinduced charge carriers. On the other hand, the increase
in kinetic energy E is significantly larger than that of the in-
teraction energy Ey, as shown in Fig. 2(b). The kinetic energy
comprises two components: the intra-dimer and inter-dimer
contributions. These are displayed in Fig. 2(d), where we ob-
serve that the intra-dimer kinetic energy increases, whereas the
inter-dimer kinetic energy decreases. This behavior suggests
that the pump pulse enables electrons to overcome the barriers
between dimers, thereby increasing the number of empty and
doubly occupied dimers.[#4]

Additionally, we observe the collapse of the original
SDW state (an antiferromagnetic Mott insulator in units of
dimers), as shown in Fig. 2(c).

. T 0.8
8t (a) Re o(w,At)
6 At = —o 0.6 -7
At=10
4 At=20 0.4 -8
2 —-—At=30
0 0.2 By(ar) -9
E,(At)
_92 . . . .
0 2 4 6 —20 0 20 40 60 80 100
w At
0.5 1.0
() o} (d)
0.8
0.4 0.6 2 E,(At) inter dimer
0.4 4r ——— E\(At) intra dimer
0.3 ’ 6 A I
—— Np(A) 0.2 !
Ospw(At) 8r 1
0.2 0
—20 0 20 40 60 80 100 —20 0 20 40 60 80 100

At At

Fig. 3. Same properties as those shown in Fig. 2. Model parameters:
L=12,6=0.5,U =9.0,and V = 2.0. Pump pulse parameters: Ag =0.2,
tq = 2.0, and @y = 1.78.

We now examine the nonequilibrium dynamics for V = 2,
as illustrated in Fig. 3. Similar to the case of V = 1, a negative
Drude peak and a positive in-gap peak appear after the pump.
However, the frequency of the in-gap peak is higher than that
for V =1, as shown in Fig. 3(a) and compared with Fig. 2(a).
This shift occurs because the increased nearest-neighbor inter-
action V further raises the energy of the even-parity excited
state. Additionally, the intensity of the in-gap peak is lower
than that for V = 1, suggesting a suppression of the photoin-
duced metallic state.

Meanwhile, both the number of doubly occupied sites n4
(as inferred from the interaction energy Ey in Fig. 3(b)) and
the number of doubly occupied dimers Np (see Fig. 3(c)) show
only slight increases. Furthermore, the collapse of the SDW
state is less pronounced compared to the case of V = 1. The
kinetic energy Ey increases more significantly than in the case
of V =1 (see Figs. 2(b) and 3(b)), primarily due to the increase
in intra-dimer kinetic energy. In contrast, the change in inter-
dimer kinetic energy is minimal compared to that for V =1
(see Figs. 2(b) and 3(b)). Note that a decrease in inter-dimer
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kinetic energy typically indicates enhanced electron mobility
between dimers.

Taken together, these features — reduced in-gap peak in-
tensity, limited increases in nq and Np, a less pronounced col-
lapse of the SDW state, and minimal changes in inter-dimer
kinetic energy — collectively indicate a suppression of the
photoinduced metallic state for V = 2. Based on optical exci-
tations in the 1D extended Hubbard model (without the Peierls
term),*>! where unbound holon—antiholon pairs dominate for
V < 2 and excitons (bound holon—antiholon pairs) form for
V > 2, we attribute the suppression of the photoinduced metal-
lic state to the emergence of exciton formation at V = 2, where
the binding of empty and doubly occupied dimers reduces
charge carrier mobility.

0.8

8l (a) Re o(w,At) (b)
6t — At=—» 0.6 7
— At=10
At At =20
——At=30 0.4 -8
M
ol A 0.2 — N -9
‘ — E(At)
—2 0
0 2 4 6 —20 0 20 40 60 80 100
w At
0.5 1.0 D
c 0
(¢) 0.8 (
—2
0.4 0.6 E,(At) inter dimer
0.4 —4
: ———E(At) intra dimer
r " g ’ 1 Y L L
03 —— Np(AD) 3'2 —6 F|'~‘« ‘w\l’\«‘n w"mf"/,m“ﬁs‘w.,.lm“f.',,."v vl’(d
Ospw(At) -8k
0.2
—20 0 20 40 60 80 100 —20 0 20 40 60 80 100
At At

Fig. 4. Same properties as those shown in Fig. 2. Model parameters:
L=12,6=0.5,U =9.0,and V = 3.0. Pump pulse parameters: Ay = 0.2,
tqg =2.0,and wp = 1.4.

For V = 3, where excitonic binding is expected to be par-
ticularly robust, our time-resolved optical conductivity mea-
surements (Re o (w,Ar)) reveal transient spectral features at
delay times Ar = 10, 20, and 30, as shown in Fig. 4(a). We
observe that the features below the optical gap (w ~ 0.8) ex-
hibit significant temporal fluctuations, oscillating between ab-
sorption (positive) and emission (negative) character. This os-
cillatory behavior contrasts with the stable in-gap signatures
observed at V =2 and V = 1, and precludes their interpre-
tation as signatures of a metallic phase. Other quantities of
the system — including the kinetic energy, interaction en-
ergy, number of doubly occupied dimers, the order parame-
ter of the SDW state, and inter-/intra-dimer kinetic energies
(Figs. 4(b)-4(d)) — maintain similar average values to the
V =2 case (Figs. 3(b)-3(d)).
quantities exhibit regular oscillations after the pump. We at-

However, for V = 3, these

tribute these dynamical features to a quantum superposition
between bound excitonic states (comprising empty and dou-
bly occupied dimers) and dissociated configurations (consist-
ing of singly occupied spin-{ and spin-| sites). This coher-

ent mixing enables periodic restoration of the original antifer-
romagnetic order through quantum tunneling between these
competing states. This interpretation is strongly supported by
the antiphase oscillations between Ospw(At) and Np(Af) in
Fig. 4(c), as well as the temporal fluctuations of the in-gap
structures in the optical conductivity in Fig. 4(a). This dy-
namical picture naturally explains the suppression of metal-
lic behavior while accounting for all observed oscillatory phe-
nomena in the strong-coupling regime (V = 3 > 2). The quan-
tum coherence between these distinct electronic configurations
represents a novel manifestation of the competition between
charge and spin degrees of freedom in correlated electron sys-
tems.

4. Conclusion

To summarize, we investigate the photoexcitation dynam-
ics of the one-dimensional (1D) extended Peierls—Hubbard
model at quarter filling using the time-dependent Lanczos
method. In equilibrium, the introduction of nearest-neighbor
interaction V' leads to the formation of Mott—Hubbard exci-
tons, which are characterized by an optical conductivity peak
below the Mott gap. Under ultrafast photoirradiation, we ob-
serve a photoinduced metallic state for V < 2, evidenced by
the Drude and in-gap peaks, an increase in charge carrier den-
sity (empty and doubly occupied dimers), and enhanced inter-
dimer electron mobility. However, for V > 2, this metallic
state is suppressed as photoinduced carriers bind to form exci-
tons, thereby inhibiting metallic behavior. These results draw
a parallel between the photoexcitation dynamics of the 1D ex-
tended Peierls—Hubbard model at quarter filling and the 1D
extended Hubbard model at half filling. This work highlights
the critical role of exciton formation in modulating nonequi-
librium dynamics and provides insights into the interplay be-
tween interactions and photoexcitation in low-dimensional
correlated systems.

Appendix A: Key formulas of the nonequilib-
rium linear-response theory

In the nonequilibrium linear-response theory, the two-
time response function o(¢',¢) with the restriction ' > ¢ can
be obtained from

!/ 1 t/ U/ " !/ !
o) =1 | [ 2o+ w el an
where

=) {theiA(’) [1+68(-1)] czccl'+1,g +H.c.} . (A2)

io

x (1) = =i0(t = ") (w(O)|[J' (), /' ")y (). (A3)
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In the interaction representation, the current operator is given
by ji(t') = UT(¢',t) jU(t',t), where U(t',t) is the time-
evolution operator, and

j=—i} {theiA(’) [14+8(=1)] ¢l yeitio— H.c.} (A4
i,o
Finally, the time-dependent optical conductivity is obtained as

oo . ,
o(o,1) :/ o(t +s,0)e (@M g, (A5)
0

where the integration cutoff for s is taken to be one hun-
dred time units and the broadening factor is 1 = 0.1. Fur-
ther details of these formulas, derived within the framework
of nonequilibrium linear-response theory, can be found in
Refs. [19,44,47].
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