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Photoinduced correlated electron dynamics in a two-leg ladder Hubbard system
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Photoinduced carrier dynamics in a correlated electron system on a coupled two-leg ladder lattice are studied.
The two-leg ladder Hubbard model is analyzed utilizing the exact diagonalization method based on the Lanczos
algorithm in finite-size clusters. In order to reveal the transient carrier dynamics after photoirradiation, we
calculate the low-energy components of the hole kinetic energy, the pair-field correlation function, the optical
conductivity spectra, and other characteristics. It is shown that the photoinduced metallic-like state appears in
a half-filled Mott insulating state, while the low-energy carrier motion is suppressed by photoirradiation in the
case of hole-doped metallic states. These photoinduced changes in the electron dynamics are associated with
changes in the carrier-pair coherence; they are not attributed to a naive thermalization, and are associated with
a ladder-lattice effect instead. Based on the numerical results, optical control of hole pairs using double-pulse
pumping is demonstrated. Implications for recent optical pump-probe experiments are presented.
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I. INTRODUCTION

Optical manipulations of macroscopic phenomena in solids
have recently become very attractive research subjects in the
field of condensed matter physics [1,2]. Techniques for the
ultrafast control of magnetism [3,4], ferroelectricity [5,6],
electrical conductivity [7-14], and superconductivity [15,16]
have been examined for a wide variety of materials, utilizing
recently developed laser-pulse technology. Strongly correlated
electron systems, such as transition-metal oxides, organic
molecular solids, and rare-earth compounds, in which a
number of degrees of freedom are entangled with each other
under strong electron-electron and electron-lattice interac-
tions, are plausible candidate materials for the application of
such control techniques. Observations of transient changes in
macroscopic quantities and elucidation of the corresponding
microscopic mechanisms are desired for both improved fun-
damental understanding and practical applications.

Low-dimensional correlated electron systems are attractive
targets for the realization of ultrafast optical control of
electronic states. Quasi one- and two-dimensional cuprate
oxides [7,10,11,15-19], halogen-bridged complexes [8,12],
and quasi two-dimensional molecular solids [13,14] are of
examples of such systems, because of their rich variety
of equilibrium states and simple lattice structures. From
the theoretical viewpoints, transient electron dynamics have
been examined numerically and analytically in the one- and
two-dimensional Hubbard [20-23] and r — J [18,19] models,
which are accepted as minimal models for low-dimensional
correlated electron systems.

Correlated electrons on a ladder lattice are recognized to
constitute an intermediate configuration between one- and two-
dimensional systems. The superconductivity observed in the
two-leg ladder cuprates, Sris_,Ca,Cuy4Oy4;, suggests unique
electronic structures on a ladder lattice. In these materials, the
insulating state associated with the charge order at x = 0 is
transformed into a metallic state through substitution of Ca for
Sr, and superconductivity appears under high pressure [24-27].
Short-range singlet spin correlation and the spin excitation gap
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have attracted considerable attention owing to the supercon-
ductivity caused by the doping of holes into the ladders [28]. A
number of theoretical examinations of equilibrium electric and
magnetic structures, as well as investigations of doublon-holon
dynamics, have been performed to date, for both the two-leg
ladder Hubbard and ¢ — J models [29-36]. Recently, the
photoinduced transient states in the insulating (x = 0) and
metallic (x = 10) two-leg ladder cuprates were examined
utilizing the ultrafast optical pump-probe method [37-39].
Such transient optical measurements provide indications of
the unique spin and charge dynamics of these materials, as
well as their influence on the superconductivity of two-leg
ladder cuprates.

In this paper, the photoinduced carrier dynamics in a
correlated electron system on a two-leg ladder lattice are
studied. The two-leg ladder Hubbard model is analyzed utiliz-
ing the exact-diagonalization method, based on the Lanczos
algorithm in finite-size clusters. In order to reveal the transient
dynamics, we calculate the low-energy components of the
kinetic energy, the pair-field correlation function, the optical
conductivity spectra, and other characteristics as functions of
time. It is found that the low-energy carrier dynamics in the
metallic states are distinguishable from those in the insulating
states; the photoinduced metallic-like state appears at the
half-filled Mott insulating state, while the low-energy carrier
motion is suppressed by photoirradiation in the hole-doped
metallic states. These photoinduced changes in the dynamics
are associated with the changes in the carrier pair coherence.
Based on the calculated results, optical control of the hole
pairs through use of double-pulse pumping is demonstrated.
Implications for recent optical pump-probe experiments are
also presented.

In Sec. 11, the theoretical model and the numerical cal-
culation method are introduced. In Sec. III A, numerical
results for the photoinduced carrier dynamics are presented.
In Sec. III B, numerical demonstrations of the photocontrol
carrier dynamics obtained utilizing the double-pulse pump-
ing are shown. Section IV is devoted to a discussion and
summary.
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II. MODEL AND METHOD

The Hubbard model on a two-leg ladder lattice is defined
by

H=— Z (tcjwcjw + H.c.)

(ij)oac
— Z(l‘/legCiza +Hc)+U Z NigrMia|, (1)
io ia

where ¢}, and ¢;q, are the creation and annihilation operators

for an electron at the ith rung and the right (o« = 1) or left
(¢ = 2) leg with spin o (= 1,]), and n;4; = ciTwc,-M is the
number operator. The first and second terms represent the
electron hopping along the leg and rung in the two-leg ladder
lattice, respectively, while the third term describes the on-site
Coulomb interaction. The (ij) symbol represents the nearest-
neighbor ij pair along a leg. We introduce the anisotropy
of the hopping integral as r, = ¢’/¢, which is almost equal
to 1 for ladder cuprates. The model with r, = 1 has been
analyzed both intensively and extensively since the discovery
of superconductivity in ladder cuprates [29,34,40—45]. Hence,
ithas been found that a Mott insulator at half filling, where both
the spin and charge gaps exist, is transformed via doping into
a correlated metal in which the spin gap remains. Long-range
pair correlation is developed in weakly doped systems. The
spin and charge excitation spectra and the transient holon-
doublon dynamics have also been examined using numerical
simulations. The same model with r, removed from 1 has
also been studied, both numerically and analytically. Note that
both the spin gap and the pair correlation in the weakly doped
system tend to disappear as r, decreases from 1.

The photoinduced dynamics are examined by introducing
the pump-pulse photons in the first term in Eq. (1) as the Peierls
phase given by

t — 1@, 2)
where the lattice constant, light velocity, and elementary
charge are taken to be units, and the light polarization is parallel
to the leg direction. The vector potential of the pump-photon
pulse at time 7 is taken to have a Gaussian form, where

A(T) = A,e ") cos w, T, 3)

with amplitude A, frequency w,, and pulse width y,. The
center of the pump-photon pulse is located at T = 0.

The electronic states before and after the photon pumping
are calculated using the exact-diagonalization method based
on the Lanczos algorithm. The time evolutions of the wave
function under the time-dependent Hamiltonian are calculated
as [46,47]

|W(r 4 87)) = e O (1)),

M .
=3 Gv@), @

where |¢;) and ¢; are the eigenstate and the eigenenergy in the
order-M Krylov subspace in the Lanczos process, respectively,
8t is a time step, and H(7) is the time-dependent Hamiltonian,
where the pump pulse is introduced using Eq. (2). For the
majority of the numerical calculations in this study, we choose
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M = 15and §t = 0.01/¢, which yield results with sufficiently
high accuracy. We adopt finite-size clusters of N (=2 x N/2)
sites, up to N = 14, where periodic- and open-boundary
conditions are imposed along the leg. A cluster of N = 16
is also adopted, in order to examine the size dependence of the
ground state and the optical spectra. We qualitatively confirm
that the numerical results presented in Sec. III are robust, by
changing N and the boundary conditions. Detailed results for
several N values are presented in Figs. 2 and 6(b), and almost
all the numerical results presented in Sec. III are calculated for
a cluster with N = 12.

All the energy and time parameters in the numerical
calculations are given in units of # and 1/1, respectively, which
correspond to approximately 0.5 eV and 8 fs, respectively, in
the ladder cuprates. In the majority of the calculations, we
employ U/t =6 and y,t = 5. The hole density measured
from the half filling is denoted x;(=1 — N,/N), where N,
is the number of electrons.

III. RESULTS

In this section, the transient electronic states after the
photon pumping are studied. The ground states before the
photon pumping are studied by calculating the spin-gap energy,
the holon-binding energy, the optical conductivity spectra,
the one-particle excitation spectra, and other characteristics.
The majority of the results are consistent with the previous
calculations for the two-leg ladder Hubbard models [29-31].
In Fig. 1, the optical conductivity spectra before pumping at
half filling (x, = 0) and away from half filling are shown. The
optical gap at half filling collapses as a result of hole doping.
Further, a sharp low-energy peak in the vicinity of w/f = 0.5,
which corresponds to the Drude component, appears. We
have confirmed that the energy of this peak decreases with
increasing cluster size up to N = 16 (not shown in this figure).
Thus, the finite, but small, energy of the “Drude” peak is due to
the finite size effects in the open boundary condition. The w,,
are tuned to the optical gap energy in the half-filling case, and to
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FIG. 1. Optical conductivity spectra before photon pumping. The
dashed, solid, and dotted curves represent the spectra at x;, = 0 (half
filling), 1/6, and 1/3, respectively. A finite size cluster of N = 12 sites
with an open boundary condition is adopted. The parameter values
are chosen to be U/t = 6 and '/t = 1. The bold arrows represent
the pump-photon energies adopted in the numerical calculations of
the real-time photoinduced dynamics.
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FIG. 2. Low-energy weights of optical conductivity spectra after
photoirradiation as functions of absorbed photon density n,. Results
for the insulating and hole-doped cases with N = 10 and 12 are
shown.

the energy of the remnant gap in the hole-doped metallic state,
as shown by the bold arrows in Fig. 1. We define the absorbed
photondensity asn,(t) = [E(t) — Eol/(Nw,), where E(7)is
the total energy at time 7 and Eg = E(r < 0). This measures
the weight of the photoexcited-state wave function relative to
that of the ground state. The numerical values of A, are chosen
in order to satisfy the condition n,(t > y,) ~ 0.05, which is
comparable to the absorbed photon densities in pump-probe
experiments for systems in which the photoinduced phase
transition emerges [8,9,11,37-39]. In Fig. 2, the low-energy
weights of the optical conductivity spectra after photon
pumping at ¢ = 20 are presented as functions of n, [note
that a definition will be given in Eq. (9)]. As will be explained
in greater detail in Sec. III A, the integrated spectral weight D
increases and decreases under the influence of photoirradiation
in the insulating and hole-doped systems, respectively (see
Fig. 4). It is worth noting that D varies smoothly as a
function of n, up to approximately 0.12 (corresponding to
the strong-excitation case) in both the N = 10 and 12 clusters,
and does not exhibit any abrupt changes at a certain value of
n,. That is, the photoinduced phenomena introduced in this
section appear commonly for a wide range of A, within the
present numerical calculations.

A. Photoinduced change in carrier dynamics

First, we show the photoinduced changes in the carrier
dynamics. In order to measure the low-energy dynamics of
the carriers, the projected kinetic-energy expectations are
introduced as [48]

) _ (h) (h)
E Z I)letO' zomcja” Ptjow +Hec. > (5)
(ij)ao
and
(d) p@D pD
—t Z ijoad taoclom ijas +Hec. > (6)
(ij)ac

where & = 1(]) for o = | (1). We define the projection oper-
ators as Pl(j()(a = (1 = nige)(1 — nj4e) and PUO?J Nigo M jac
which project onto the states in which both the i and j
sites are unoccupied and occupied by electrons with o,
respectively. The projected kinetic energies E( ) and E(d)
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FIG. 3. (a)-(c) Increments of several energies for several hole
densities. The Coulomb-interaction energy (Ey ), the kinetic energy
(E,), and the kinetic energy for the low-energy hole motions (£ ,(h)) are
plotted. The Coulomb interaction parameter is chosentobe U/t = 6.
(d) Time dependences of Ey at x, = 1/6 for several values of U. A
finite size cluster with N = 12 sites under an open boundary condition
is adopted. The parameter value is chosen to be '/t = 1. The shaded
areas represent the time interval during which the pump pulse is
introduced.

measure the kinetic energies of holes and doublons along the
leg, respectively, where the number of double occupancies are
unchanged, for example, |(1);) — [(1);) and [(1{)i(});) —
(D))

In Fig. 3, several components of the energies are plotted as
functions of time. The Coulomb interaction energy (Ey) and
the kinetic energy (E;) are defined as the expectation values of
the third and first terms in Eq. (1), respectively. We define the
energy differences as AEy = Ey(r) — Ey(t < 0) and oth-
ers. As shown in Fig. 3(a), Ey increases in response to photon
pumping for all values of x;, which implies that the number
of doubly occupied sites increases. The time dependence of
Ey after photon pumping is strongly dependent on xj,: large
Ey is maintained at half filling, whereas this energy gradually
decreases with time in the case of hole doping. The reductions
in Ey imply recombinations of the photogenerated doublons
and holons, with the excess Ey due to the photon pumping
being transferred into E,. In the vicinity of the half filling, no
channels exist through which the large excess Ey is released.
This is shown clearly in Fig. 3(d), where Ey at x, = 1/6 is
plotted for several values of U. Reduction of Ey is observed
for small U. The lifetimes of the photogenerated doublons and
holons are prolonged by increasing U, which is suggested to be
~e*U with a positive constant o in Ref. [49]. The numerical
results of E; and Et(h) are presented in Figs. 3(b) and 3(c),
respectively. Note that E ,(h) + E,(d) (not shown) exhibit similar
behavior to E,(h). At half filling, both E, and Et(h) decrease,
implying increment of the carrier motion through photon
pumping. Opposite changes can be seen in the hole-doped
cases where both E; and E,(h) increase. That is, the carrier
motions are suppressed by photon pumping.
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FIG. 4. (a)-(c) Kinetic energies of low-energy hole motions
for several values of #'/t. (d)—(f) Low-energy weights of optical
conductivity spectra for several values of #/¢. The hole densities
are chosen to be x, = 0 in (a) and (d), 1/6 in (b) and (e), and 1/3 in
(c) and (f). A finite size cluster of N = 12 sites with an open boundary
condition is adopted. The parameter value is chosen to be U/t = 6.
The shaded areas represent the time interval at which the pump pulse
is introduced.

Let us focus on the photoinduced dynamics of the low-
energy carrier motion. In Figs. 4(a)-4(c), the transient kinetic
energies for the low-energy hole motion, E,(h), are presented
for several values of r, = t//¢. At half filling [Fig. 4(a)], |E,(h)|
increases in response to the photon pumping for all values
of ¢/t. Remarkable ¢'/¢t dependence is apparent for the hole-
doped cases of x;, = 1/6 [see Fig. 4(b)]. Monotonic reduction
of |E,(h)| after photon pumping is observed in the vicinity of
r, = 1. For the two weakly coupled chains corresponding to
small ry, |Et(h)| increases in response to the photon pumping,
similar to the results at half filling. The reductions of |E,(h)|
are more pronounced in x, = 1/3, as shown in Fig. 4(c).
Therefore, the two-leg ladder lattice plays an essential role in
the suppression of the low-energy carrier dynamics induced by
the photon pumping. Qualitatively E ,(h) behavior is confirmed
in the calculations, in which the cluster sizesare N = 5 x 2 to
7 x 2 with periodic and open boundary conditions, and U/t is
chosen to be 6 and 8.

The carrier dynamics after photon pumping are also
examined by calculating the transient excitation spectra. The
transient optical responses are simulated using the formula
based on the linear response theory, where the wave functions
at time 7 are used. This approach has been widely applied
in order to examine the transient electronic structures in
correlated electron systems [50,51], and its validity has been
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FIG. 5. Optical conductivity spectra for several times at (a) x, =
0 and (b) 1/6. A finite size cluster of N = 12 sites with an open
boundary condition is adopted. The parameter values are chosen to
be U/t =6andt'/t = 1.

confirmed in Ref. [52]. The regular part of the optical
conductivity spectrum is given by

1
Oreg() = ———Imx (@), )

with

L (WD) D) (Pl J | D) (D] J W (T))
x(w) = Z( w— ey + eyt i1

mn

_ (‘I’(T)|j|¢n><¢n|j|¢m)(¢m|‘1"(f)>) ®)
®— &y +6n+in ’

where we introduce the current operator along the leg defined
by j=it) . cjmciﬂw -+ H.c. and a small positive con-
stant 1. The calculated optical conductivity spectra at x;, = 0
and 1/6 are shown in Figs. 5(a) and 5(b), respectively. At half
filling, new peaks appear inside the optical gap in response to
the photon pumping and grow with time. This is consistent with
the Et(h) results shown in Fig. 3(b). This change in the optical
conductivity spectra implies emergence of the photoinduced
metallic-like state in a Mott insulator.

On the other hand, in the hole-doped case, a sharp low-
energy peak observed before pumping is diminished immedi-
ately after the photon pumping, and its intensity decreases with
time. Weak changes are apparent in the high-energy excitation
spectra, which are identified as remnants of the Mott gap
excitations. We note that the negative values around w/t = 3
in Fig. 5(a) are attributable to the optical emission from the
photoexcited states.
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FIG. 6. (a) Time dependences of low-energy weights of optical
conductivity spectra (D) for several hole densities. A finite size
cluster of N = 12 sites with an open boundary condition is adopted.
(b) Changes in low-energy weights of optical conductivity spectra
for several cluster sizes and hole densities in hole-doped cases.
(N,x;,) = (10,1/5), (12,1/6), (12,1/3), (14,1/7), and (14,2/7). The
parameter values are chosentobe U/t = 6,1/t = 1,and w./t = 2.
The shaded areas represent the time interval at which the pump pulse
is introduced.

In order to examine the photoinduced changes in the
low-energy spectral weight, we define the integrated spectral
weight [53,54]

nE,
N

oo
D=— — 2/ dw oreg(w), ©)]
wc
in the calculations with the open boundary condition, where
w. is the cutoff energy. In Fig. 6(a), the D values are
shown for several hole densities. We choose w./t = 2, and
do not observe any qualitative differences from the results
with 1 < w./t < 3. The increase in D from zero at half
filling implies the appearance of photogenerated metallic-like
carrier motions. Contrasting behavior is observed for x;, = 1/6
and 1/3; that is, D is reduced after photon pumping. The
low-energy intensities decrease continuously, at least up to
T =50/¢t. As shown in Fig. 6(b), the characteristics of the
hole-doped cases, i.e., reduction of D by photoirradiation,
are observed for a wide range of cluster sizes and hole
densities. That is, this result is made robust by changing
the cluster size and the parameter values. We confirm that
the reduction of D monotonically increases with A, and is
qualitatively insensitive to the parameter values of the photon
energy between 4.9 < w,/t < 7.51in (N,x;) = (12,1/6). The
low-energy spectral weights for several x;, and r, = t'/t are
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summarized in Figs. 4(d)—4(f). The results are qualitatively
similar to the kinetic energies for the low-energy hole motion
shown in Figs. 4(a)-4(c).

Photoinduced changes in the electronic structures are
directly observed by calculating the one-particle excitation
spectra. We calculate the transient electronic density of states
(DOS), employing the wave function at time 7. This is given
by

p(w) = % Y AZ(k,w),

k

(10)

where p~ (w) and p=(w) are the DOS for the electron and hole
parts, respectively, and are given by the one-particle excitation
spectra defined by

A (k,w) = —%Imz >

mn oo

y (W (D) D) (| Charo [hn) (PnlChy |9 (D))
w—¢&,+éen+in

(1)
and

A (k,w) = —%Imz Z

mn oo

y <\I’(t)|cltm,|¢n><¢n|Ckaw|¢m><¢m|\lj(r)>
®—&n+&x+in ’

12)

The calculated DOS and one-particle excitation spectra are
shown in Fig. 7. We assign the x and y axes parallel to the
leg and rung directions, respectively. In the isotropic ladder
lattice [Fig. 7(a)], the sharp peak in the vicinity of the Fermi
level (FL) before pumping is attributed to the two quasiparticle
bands originating from the bonding (k, = 0) and antibonding
(ky = m) bands [31], which cut the FL at approximately
ky = 0.6 and 0.37, respectively [see Figs. 7(c) and 7(d)].
After pumping, as shown in Figs. 7(a), 7(e), and 7(f), the sharp
quasiparticle peaks are more widely spread and have merged
into incoherent parts. Remarkable changes in the high-energy
structure are not apparent, although the electronic and hole
parts are distributed to the high- and low- energy regions,
respectively. On the other hand, at r, = ¢'/t = 0.2, i.e., the
weakly coupled chains case, the sharp peak around the FL
before pumping remains and shifts toward the low-energy
region after the photon pumping. In the numerical calculation
showninFig.7(b), A, is setto a value in whichn , is taken to be
approximately 0.08, in order to demonstrate the characteristics
clearly. The differences between the results for r, = 1 and 0.2
shown above are consistent with the r, dependence of the
low-energy E; as well as the low-energy weight of the optical
conductivity spectra shown in Fig. 4.

Finally, we show the paring properties of the charge carriers
and the photon pumping effect [29,30,32]. We introduce the
pair-field correlation function between sites i and j, which is
defined by

P(li = jh = (w(f)l(A];Ai +Hce)W(r),  (13)
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FIG. 7. (a) One-particle DOS at r, = 1 and (b) those at r, = 0.2 before (¢ = —20) and after (¢ = 20) pumping. The dashed and solid
lines represent the total DOS [p=(w) + p~ (w)] before and after pumping, respectively, and the black and red shaded areas correspond to the
electron parts of the DOS [p=(w)] before and after pumping, respectively. The dotted lines denote the Fermi level before pumping. (¢) and
(d) One-particle excitation spectra A~ (k,w) (solid lines) and A=(k,w) (dotted lines) before pumping, and (e) and (f) those after pumping for
r, = 1. A finite size cluster of N = 12 sites with an open boundary condition is adopted. The parameter value is chosen to be U/t = 6.

where the pair-field operator is given by

A = CinyCitp — CiatCily- (14)
This function measures the correlation between the carrier
pairs created at sites j and annihilated at i. Previous cal-
culations [29,30,32] have shown that the pair correlations
at zero temperature are damped within a few sites at half
filling, and are long-ranged in the doped cases. This is
confirmed in the present calculation (see the regions of
7 « 0 in Fig. 8), where P(|i — j| = 1) is only dominant at
x, =0 and P(]i — j| > 3) increases with hole doping. After
pumping at half filling [see the regions of T > 0 in Fig. 8(a)],
P(li — j| = 1)isreducedslightly and P(|i — j| > 3) exhibits
oscillatory behaviors with large amplitude. Away from the
half filling presented in Figs. 8(b) and 8(c), the P(|i — j|) for
all distances decrease monotonically in response to photon
pumping, while the oscillatory behaviors observed at x;, = 0
are weak. The reductions in P(]i — j|) are not pronounced in
the case of small r, = '/, as shown in Figs. 8(d). These results
can be summarized as indicating that (i) coherent oscillations
of the carrier pairs are induced by the photon pumping at half
filling, and (ii) the pair correlations with |i — j| > 3 almost
disappear following the photon pumping of the hole-doped
cases. Based on these results, optical control of the carrier pair
coherence is demonstrated in Sec. III B.

B. Double-pulse pumping

In this section, we demonstrate the electronic state changes
induced by double-pulse pumping, where two photon pulses
are introduced with a time interval in the two-leg ladder
Hubbard model. The vector potential for the double-pulse

pumping is given by
Ay(r) = Ale_fz/(zylz) cosw)T + Age_(’_“’)z/(z”;) COS Wy T,
15)

where 7, is the time interval between the first and second
pulses, and Aj(2), wi(2), and yy(o) are the amplitude, frequency,
and the damping factor for the first (second) pulse, respectively.
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FIG. 8. Time dependences of pair-field correlation functions for
several distances |i — j|. The hole densities are (a) x, = 0, (b) 1/7,
and (c) 1/6. A finite size clusters of N = 12 and 14 sites with an open
boundary condition are adopted. The parameter values are chosen to
be U/t =6 and ¢/t = 1. The results at x, = 1/6 and r, = 0.2 are
shown in (d). The shaded area represents the time intervals at which
the pump pulses are introduced.
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FIG. 9. Optical conductivity spectra in double-pulse pumping at
half filling (x, = 0). The dotted, solid, and dashed lines represent
the spectra before pumping (¢ = —20), between the first and second
pulse pumpings (t¢ = 12), and after the second pulse pumping (¢ =
28), respectively. A finite size cluster of N = 12 sites with an open
boundary condition is adopted. The parameter values are chosen to
be U/t=6,1t/t=1, A, = A, =0.6, v, =w, =4, and 7, = 15.
The bold arrow represents the energy of the first and second photon
pulses.

In the following calculations, we take y; =y, = 1/t. The
photon energies in both the first and second pulses are chosen
to be the optical gap energy at x;, = 0 before the first pumping,
as w; = wp = 4t.

The optical conductivity spectra at half filling before the
first pulse, between the first and second pulses, and after the se-
cond pulse are shown in Fig. 9. Following introduction of the
first pump pulse, the D appears inside the optical gap. After
the second pump pulse, reduction of the D occurs. In brief,
this is a sequential change of the electronic structures, where
a Mott insulator — a metallic-like state — a suppression of
the metallic character. In this sense, the photodoped carriers
induced by the first pump pulse play similar roles to the
chemically doped carriers.

We calculate D as functions of time and show the results
in Fig. 10(a), in which A are varied and A, is fixed. The D
induced by the first pulse increases with increasing A;. On the
other hand, the second pulse induces non-monotonic changes
in D; when A; is small (large), the second pulse increases
(decreases) D. The n, and Ey are shown in Figs. 10(b)
and 10(c), respectively. Not only the first pulse pumping, but
also the second pulse pumping induces increases in both 7,
and Ey, in contrast to the D results shown in Fig. 10(a). This
implies that, even in the case of large A, the second pumping
realizes a higher energy-excited state than the state before the
second pumping, but suppresses the low-energy carrier motion.
In Fig. 10(d), we show the D(7) in the case of large A, where
the time interval between the first and second pulses is varied.
The characteristic reduction of D after the second pumping
is commonly observed in all cases of 7;. Thus, the observed
phenomena are not due to the interference effects between the
first and second pulse excitations.

The pairing characteristics under the influence of double-
pulse pumping are examined. The time dependences of the
pair-field correlation functions, P(|i — j|), for |i — j| =1,
3, and 5 at half filling are plotted in Fig. 11(a). Before the
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FIG. 10. Calculated results for double-pulse pumping at half
filling. (a) Low-energy weights of optical conductivity spectra,
(b) absorbed photon density, and (c) Coulomb interaction energy.
The first pulse amplitudes are varied in the range A; = 0.2-0.6, and
the second pulse amplitude is fixed to A, = 0.6. (d) Low-energy
weights of optical conductivity spectra for several values of 7,. The
first and second pulse amplitudes are fixed to a A; = A, =0.6. A
finite size cluster of N = 12 sites with an open boundary condition is
adopted. The parameter values are chosentobe U/t = 6andt’/t = 1.
The shaded areas represent the time intervals at which the two pump
pulses are introduced.
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FIG. 11. (a) Time dependences of pair-field correlation functions
in double-pulse pumping at half filling. The upper, middle, and
lower panels show P(|i — j|) for |i — j| =1, 3, and 5, respectively.
(b) Time-averaged pair-field correlation functions in single-pulse
pumping at half filling (x;, = 0) and for the hole-doped case (x, =
1/6). The dashed and solid lines represent P(|i — j|) before and
after the photon pumpings, respectively. (c) and (d) Time-averaged
pair-field correlation functions in double-pulse pumping at half filling.
The first pulse amplitudes are takentobe A; = 0.2in(c)and A; = 0.5
in (a) and (d). The second pulse amplitude is A, = 0.6 in (a), (c), and
(d). The dashed, dotted, and solid lines represent P(|i — j|) before the
first pulse, between the first and second pulses, and after the second
pulse, respectively. A finite size cluster of N = 12 sites with an open
boundary condition is adopted. The parameter values are chosen to
beU/t =6and?'/t = 1.
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first pulse, P(]i — j| > 3) is less than 5% of P(]i — j| = 1).
After the first pulse pumping, coherent oscillations appear in
P(|i — j]) forall |i — j|, and the maximum amplitudes of the
oscillations are larger than 10% of P(]i — j| = 1) before the
first pumping. After the second pulse pumping, suppressions
of the oscillation amplitudes are remarkably seen in P(|i — j|)
for [i — j| = 5.

We analyze this characteristic change in the pair-field
correlation function by introducing an averaged absolute value
of P(|i — j|) after the first and second pulse pumpings, which
is defined by

_ 1 to+At
P(i —jh = A_/ dt|P(li — jDI, (16)
tJsy

where the parameters (f, At) are chosen to be (0, 15) after the
first pulse, and (15,35) after the second pulse. The results for
the large and small A;’s are shown in Figs. 11(c) and 11(d),
respectively. For comparison, we show the calculated results
for single-pulse pumping at x, =0 and 1/6 in Fig. 11(b),
where we take (#p, At) = (15,35). After the first pulse pumping
[see the blue dotted lines in Figs. 11(c) and 11(d)], the P(]i —
j)for|i — j| > 3 are enhanced. These results are qualitatively
similar to that in the single pumping case at x; = 0 indicated
by the red line in Fig. 11(b). The stronger the first pump
amplitudes, the larger the change in P(|i — j|). The results
after the second pulse pumping are qualitatively different for
the cases with the large and small A,’s; the P(|i — j|) with
li — j| > 3 increase in the small A; case, but decrease for
large A;. In short, the second pulse promotes pair correlation
in the small A; case, while it suppresses pair coherence in
the large A; case. This change in P(Ji — j|) for the second
pulse pumping in the large A case is similar to that induced
by the single pumping in the hole-doped case, as shown in
Fig. 11(b), where the pair correlation is shortened via pumping.
These results suggest that some similarity exists between the
chemically doped and photodoped hole carriers.

IV. DISCUSSION AND SUMMARY

In this section, we discuss the relationship between the
present theoretical calculations and the recent optical pump-
pulse experiments in the ladder cuprates. The photoinduced
electronic state transition has been observed using
time-resolved optical spectroscopy in insulating Sry4Cuy4QOyy,
in which the nominal valence of Cu ion is +2.25 and 0.25
holes exist per Cu ion [37]. The insulating nature confirmed
from the transport and optical measurements is attributable
to the hole-carrier localization in the charge-density wave
state. The pump-pulse energy was tuned around the insulating
gap energy (1.58 eV). After the photon pumping, Drude-like
metallic reflectivity appeared within 1 ps and was maintained
for more than 50 ps. The photoinduced metallic reflectivity
increased with increasing pump-photon fluence. These results
are attributable to the photo-doping carriers and collapse of the
carrier localization. Similar photoinduced transitions from an
insulating state to a metallic state have been widely confirmed
via experimental analyses of correlated insulating states [7—
14], such as La,CuQy. Photoinduced emergence of a metallic
feature is demonstrated in the present calculations, although
the carrier concentration is set to x; = 0, which is different
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from that of Sri4Cuy4Oy4;. As shown in Fig. 5(a), immediately
after the photon-pulse pumping, the D appears inside the
insulating gap, which produces the metallic reflectivity
spectra. This characteristic photoinduced change of the
electronic structure in the insulating state is insensitive to the
anisotropy in the transfer integrals (r;), as shown in Figs. 4(a)
and 4(d), and may be common to a wide class of insulating
states realized by electronic interactions [18,20,23,55]. It is
thought that the interladder coupling, which is not considered
in the present model, stabilizes the charge-density wave state
in the insulating Sr14Cuy4Oy4;. This coupling may also enhance
the Mott insulating character of the present initial state, and
may tend to quantitatively suppress the photoinduced metallic
character.

Time-resolved optical experiments have also been per-
formed for metallic ladder cuprates, Sris—,Ca,Cuy4O4; with
x =10 [38,39]. The pump-photon energy was tuned to
1.58 eV, corresponding to the charge-transfer excitation energy
in the ladder plane. Immediately after the photon pumping, the
low-energy optical reflectivity at 0.5 eV exhibited a reduction,
which implies suppression of the initial metallic character.
The experimental reflectivity exhibited a slow increase after
approximately 0.5 ps, which was interpreted as thermalization
through the lattice degrees of freedom. The present theoretical
calculations provide a possible interpretation for this exper-
imental observation of the photoinduced suppression of the
metallic state. This photoinduced suppression is confirmed
not only through calculations of the pump-probe spectra,
but also using the calculations of the low-energy component
of the kinetic energy, the one-particle excitation spectra,
and other characteristics. As shown in Figs. 4(b)—4(f), we
reveal that the ladder lattice effect plays an essential role in
this suppression, in contrast to the photoinduced emergence
of a metallic feature in the Mott insulating state. It has
been reported experimentally that the transient suppression
of the initial metallic character by photon pumping barely
reflects the temperature dependence. Thus, we expect that
the present calculations at zero temperature are applicable to
the interpretation of the experimental observations reported in
Refs. [38,39].

The double-pulse pumping case reinforces the validity of
the present scenario for the photoexcited state in metallic lad-
der cuprates. Time-resolved spectroscopy under double-pulse
pumping has been performed experimentally in insulating
Sr14Cuy404; [39]. The first pump-pulse fluence was varied
and the second pulse fluence was fixed, similar to the present
theoretical calculation introduced in Sec. III B. Increases in the
reflectivity at 0.5 eV were observed monotonically as functions
of the first pulse fluence. On the other hand, the change in
the reflectivity induced by the second pulse pumping was
qualitatively dependent on the first pulse fluence; the reflectiv-
ity within 0.5 ps after the second pulse pumping increased
(decreased) for the weak (strong) first pulse fluence. This
reflectivity variation behavior is well reproduced qualitatively
by the present calculations, as shown in Fig. 9. Note that, in the
experiments, the reflectivity began to increase over 0.5 ps after
the second pulse pumping, being independent of the second
pulse fluence. This is attributable to the relaxation to the other
degrees of freedom, which are not considered in the present
theoretical calculations.
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In conclusion, we have studied photoinduced carrier dy-
namics in a correlated electron system on a two-leg ladder
lattice. The ladder Hubbard model was analyzed utilizing the
numerical exact diagonalization method in finite size clusters,
based on the Lanczos algorithm. Through calculations of the
transient low-energy kinetic energy, optical conductivity spec-
tra, one-particle excitation spectra, and other characteristics,
we found that the initial metallic state is suppressed by the
photon-pulse pumping. This is in contrast to the photoinduced
metallic state in the Mott insulating state. The ladder lattice
effect plays an essential role in this photoinduced suppression
of the metallic character. Calculations for the double-pulse
pumping case and comparisons with the corresponding pump-
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probe experiments confirm the nature of the characteristic
photoinduced excited states in this correlated electron system
on a two-leg ladder lattice.
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