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The charge carrier dynamics of doped electronic correlated systems on ladders and chains, subject
to ultrafast photoirradiation, is investigated by the time-dependent Lanczos method. The time-
resolved optical conductivity and the temporal profiles of other relevant quantities including the
doublon number, the kinetic energy and the interaction energy are calculated. Two competitive
factors that can influence the transient charge carrier dynamics are identified as the thermal effect
and the charge effect. We demonstrate that the analysis of their interplay can provide an intuitive
way to understand the numerical results and the recent optical pump-probe experiment on a two-leg

ladder cuprate.

I. INTRODUCTION

Time-resolved ultrafast spectroscopy opens a new vista
for the study of correlated materials, where an additional
dimension on top of energy and momentum is introduced
with the intention of disentangling different degrees of
freedom in a real-time domain! 3. Messages extracted
from out-of-equilibrium dynamics are expected to pro-
vide irreplaceable information for some key questions
such as high-temperature superconductivity in strongly
correlated systems?. Significant progresses have been
made on various low-dimensional correlated systems, e.g.,
on one-dimensional (1D) organic Mott insulators? ¥ and
on cuprates® 14, However, due to the highly intertwined
quantum fluctuations inherent in correlated states and
the nontrivial nature of nonequilibrium processes, it is
usually difficult to provide precise and clear theoretical
understanding on what have been observed in experi-
ments, and thereby many open questions remain.

Recently, it has been reported that on the hole-doped
two-leg ladder cuprate Sry4_,Ca,CugsO4; (SCCOME LT,
the conductivity is suppressed by applying ultrashort
laser pulses within picosecond timescales; while for the
undoped mother compound Sri4Cuz4041 (SCO) that is
an insulator, a photoinduced metallic-like state has been
observed!®. It was suggested that the change of conduc-
tivity induced by the ultrafast photoirradiation in the
doped case can be attributed to the disturbance on the
coherence of the inherent hole pairst®. The argument
is supported by numerical studies of the time-dependent
pair-field correlation functions on the two-leg Hubbard
clusters®:19,

Our study is partially stimulated by the above-
mentioned interesting observations. The purpose of the
present paper is to readdress the charge carrier dynam-
ics of the doped two-leg Hubbard model in the pump-
probe process. The impacts of the pumping pulse on the
subsequent nonequilibrium charge dynamics can be cat-
egorized into two different yet related issues. One is to
shake up the existing charges, leading to an increase of

the kinetic energy. We call it the thermal effect. The
other factor is to create new charge excitations including
photoinduced itinerant charge carriers. We call it the
charge effect. Each factor has its distinctive influence on
the Drude weight, the criterion that distinguishes metals
from insulators2.

There have been a number of theoretical works to
address the photoinduced insulator-to-metal transitions
in the Mott insulators in terms of the Hubbard mod-
els in various spatial dimensions!2127. Important dis-
tinctions between the photo-doped and chemically doped
cases have been identified. The relaxation of the pho-
toinduced charges has been discussed in detail, e.g., see
Refs. , , and , with various decay channels of the
photoinduced metallic states in the Mott insulators. Nev-
ertheless, few discussions have been devoted to the doped
Hubbard(-like) models subjected to ultrafast photoirra-
diation.

In this paper, working numerically on the two-leg lad-
ders and single chains of the Hubbard model with a siz-
able on-site Coulomb interaction, we clarify the nature
of photoinduced charge dynamics in the doped Mott in-
sulators. Two competitive impacts, i.e., the thermal ef-
fect and the charge effect, are identified. Their distinc-
tive influence on the transient charge dynamics can be
clearly demonstrated by varying the inter-leg hopping
constant in the ladder model (denoted as ¢’ through-
out the manuscript, see Eq. (Il)). In the case of small
t' (single chains can be regarded as the limit of ¢ = 0),
we find the enhancement of the Drude weight owning to
the lack of an effective decay channel for photoinduced
charges. This is attributed to the charge effect. On the
other hand, with increasing ¢’ to the value same as the
intra-leg hopping ¢, the Drude weight drops rapidly from
the initial value due to the thermal effect and the fast
decay of photoinduced charges. Actually, as to be shown
in the main text, similar phenomenon can be observed
on the single chain without and with additional nearest-
neighbor interaction.

The outline of the rest of the paper is the following: In
Sec. [Tl after introducing the model Hamiltonian for the



ladder that is subject to a time-dependent electric field,
a description on the numerical method we employ is pre-
sented. Some related technical details are also explained.
In Sec. [[II] we examine the ultrafast charge carrier dy-
namics of several related systems, including hole-doped
ladders and chains. The conclusion is drawn in Sec. [V]

II. MODEL AND METHOD

The main Hamiltonian we are working on is the Hub-
bard model on a two-leg ladder lattice:

H = —t Z (czwcjag + H.c.) —t Z (czlgcizg + H.c.)

(ij)ac io
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where ¢!

oo (Ciao) 1s the creation (annihilation) opera-
tor of an electron with spin ¢ at the i-th rung of a-leg,
a = 1,2; (ij) denotes a pair of nearest-neighbor sites
along one leg; the number operator in the Hamiltonian
1S Nijge = czagcmg; t and ¢ are the hopping constants
along the longitudinal (leg) and transverse (rung) direc-
tions, respectively; their relative strength is defined by a
ratio denoted as r, := t'/t; U(> 0) is the on-site repul-
sive Coulomb interaction. In the following, we set ¢ and
t~! as energy and time units with the Planck constant
h = 1. The lattice constant, the speed of light and the
elementary charge are all taken to be units.

To investigate the photoinduced dynamics under a spa-
tially uniform electric field, the temporal gauge is con-
venient. In the temporal gauge, the scalar potential is
always set to be zero, and the electric field is produced
by the temporal dependence of the vector potential as
E = —0A/0r (in the following discussions we reserve
7 exclusively for the time variable). More specifically,
for an electric field with polarization parallel to the legs
we consider here, a Peierls phase is introduced into the
longitudinal hopping terms of the Hamiltonian (I):

jaacjaa' - eiA(T)C-iroza'cjaU' (2)

c
The vector potential A(7) for an electric pulse takes the
form

A(T) = Ag exp |— (1 — T0)2 /27’3} cos [wy (T —10)], (3)

with a Gaussian-like envelope around 9. The amplitude,
the central frequency, and the pulse width are character-
ized by Ay, wp, and 74, respectively. In the hole-doped
case, wp of the pump pulse is set to coincide with the
energy of the remnant gap!? to activate the charge de-
gree of freedom efficiently; while in the half-filling case,
it simply takes the value of the optical gap.

In order to trace the evolution of the system, a straight-
forward time-dependent Lanczos method is employed as
long as the system size is within the reach of the exact

diagonalization method. The key formula to evaluate the
time-dependent wavefunction |¢(7)) is read

M

[(r +07)) = > e T gy (| (7), (4)
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where ¢; and |¢;) are eigenvalues and eigenvectors of the
tridiagonal matrix generated in the Lanczos iteration, re-
spectively; M is the dimension of the Lanczos basis, and
07 is the minimum time step. Further details can be
found in Ref. 24. In our numerical simulation, we set
M = 30, and 67 = 0.02. The convergence has been
checked by adopting larger M and smaller 7 for com-
parison.

The essential quantity in our investigation is the time-
resolved optical conductivity o(w, 7) (along the longitudi-
nal direction). It is a partial Fourier transformation of the
two-time response function o (7, 7)22, which, in nonequi-
librium, is necessary to describe the real-time current
response with respect to a time-dependent field FE(t).
There is however no unique way to perform the partial
Fourier transformation22:3%:31 " In this manuscript, we use
one of the definitions following Ref. 31

a(w,r):/ o(r +s,7)e/ @t g, (5)
0

In order to obtain o(w, 7) defined in Eq. (&), a numer-
ical pump-probe (PP) method is employed. The method
has been used to investigate the pump-probe optical spec-
tra of BCS superconductors®? and the photoinduced in-
gap excitations in the 1D Hubbard model?¢. More de-
tailed discussions on the method itself can be found in
Ref. [33. We note that the numerical method we emplo
here is somehow different from the one used in Refs. ﬁ
and , where the regular part of the optical conductiv-
ity was estimated directly from the current-current cor-
relations with respect to the time-dependent wavefunc-
tion 1(7) (e.g., see BEgs. (7) and (8) in Ref. [19). We
would like to stress that the time-dependent Drude (in-
gap) weight (will be shown in the main text) obtained by
the two methods show consistent behaviors. Our analy-
sis and conclusions do not depend on which method we
have employed.

The next issue in the method part is to extract the
value of the Drude weight D(7) from o(w,7) with de-
sired precision. In equilibrium, the Drude weight D ap-
pears as the dissipationless component (the coefficient
of §(w)) in the real part of the optical conductivity:
Reo(w) = 21Dd(w) + Re 0reg(w). Analogously, for the
time-resolved optical conductivity in nonequilibrium, the
time-dependent Drude weight D(7) can be defined as3!

Reo(w,7) = 27D(7)6(w) + Re Oreg(w, 7). (6)

If the kinetic energy contributed by the hoppings along
the legs (denoted as E;) and the regular part of the op-
tical conductivity are known, the Drude weight can be



readily obtained from the sum rule:

where D, E;, and Re 0y¢g can be temporally dependent;
L is the system size along the current direction. However,
we cannot use Eq. (@), since the numerical PP method
we employ is specified to calculate o(w, 7) as a whole32
which contains contributions both from the Drude part
and from the regular part.

In order to determine the Drude weight D(7) from
o(w,7), we need to find a proper way to figure out the
scale of the singularity at w = 0. In the PP method,
if the singularity is well separated from the rest of the
spectrum, it can be recognized as a peak or dip centered
at w = 0 after introducing a broadening factor26:33. It
is well known that for the half-filled Hubbard chain Wlth
periodic boundary condition (periodic BC), the Drude
weight D exponentially diminishes with the system size.
We have reproduced the result by the PP method, which
gave us confidence in using the method to evaluate D.
However, in the present numerical simulation, we pre-
fer the open BC rather than periodic BC based on the
following considerations.

First note that for the insulating case at half-filling the
optical conductivity inside the Mott gap vanishes in the
open BC, different from the periodic BC where the Drude
weight D remains nonzero for a ring (with finite length).
On the other hand at dopings, we have prominent Drude
”precursors” (we simply call it the Drude peak and the
corresponding finite frequency as the Drude frequency)
around w ~ 1/L in the open BC, which can be recognized
as the evidence of existence of the Drude component in
the thermodynamic limit3*. Secondly, we observe that
the sum rule check on Re o(w, 7) shows higher degree of
accuracy in the open BC compared to the periodic one.
It might be due to the translational symmetry breaking
in the open BC, which reduces accidental degeneracies
in the periodic BC calculation. The conclusion is that
working in the open BC has the advantage in the estima-
tion of the Drude component whose value can be more
easily extracted and extrapolated to the thermodynamic
limit.

We then suggest that in the open BC, the Drude weight
can be estimated from the integration of Re o(w, 7) over
the low-frequency regime:

D(1) x /OwC Reo(w, ) dw := D(7), (8)

where w, is the cutoff frequency. Regarding the validity
of Eq. ), there is one key conjecture: we say that in
the pump-probe process of the Hubbard chains and lad-
ders, the regular part of Reo(w, 7) is largely confined in
the high-energy regime (the same order as the Coulomb
interaction U, with condition of U > t (and t¢’). The
statement is based upon the observation in the equilib-
rium (zero temperature): at half-filling or small dopings

with large U, Re 0yeq(w) obtained from the calculation of
current-current correlations (see Eq. ([@)) becomes per-
ceptible only after some threshold of w, ~ U, and there
is no observable structure in w € (0,w.)3*. This can be
understood if we recall that

|(mlj]0)[*
-7 Z _Ep

m;ﬁO

0 (w— (BEm —

Reamg EO)) ) (9)

where j is the current operator. At half filling (large U),
the contribution from finite w (i.e., E,, # Ey) induced
by the current j in most cases has to cross some interme-
diate states with an extra double occupancy. The energy
cost is w ~ U. At small doping there are other minor
contributions around w ~ ¢? /U, which only amount to a
tiny percent in the optical spectral weight. These minor
contributions are interpreted as the kink excitations due
to the motion of the doped charges (holons) in the anti-
ferromagnetic background3?. Even in Reo(w,T), we can
identify two well separate structures: the higher part ac-
commodates the contributions from w ~ U, and the lower
part mainly contains the Drude-type contributions. To
be precise, we call the right-hand side of Eq. ([@) with
we < U the in-gap weight, denoted as D(T)

IIT. RESULTS AND DISCUSSION

Before going into the time-evolved analysis, we would
like to first examine the relation between the Drude
weight and the pair-field correlations in the ground state
of the hole-doped ladder. It has been argued that in
the ultrafast photoirradiation on the hole-doped ladder
SCCO, there is a strong connection between the transient
changes of the Drude component and that of the hole-pair
coherence!®. The later can be estimated by the pair-field
functions, which measure the singlet-pairing correlations
between rungs. With respect to a given state |¥(7)), the
correlation between the i-th and j-th rungs is defined

asi®19
P(li—j|,7) = (U(r)|ATA; + He |[¥(r),  (10)

where
A 1= cigyCity — Ci2rCi1y (11)

is the pair-field operator on the i-th rung.

We consider the 1/6 hole-doped case by using an open
6 x 2 cluster with five spin-up and five spin-down elec-
trons. The Coulomb interaction U in the Hamiltonian
([ is set to be 6 always. The resulting r;-dependence of
the in-gap weight and the pair-field correlations (simply
denoted as P(]i — j|)) at the ground state are shown in
Fig.[[l The in-gap weight is estimated by the integration
of Reo(w) over the interval [0, 3] [Eq. ([8)]. The pair-field
correlation P(r) as a function of distance is obtained af-
ter averaging, i.e., for the system size of 6 x 2, P(r = 1)
is the average over five available values: P(i =1, j = 2),
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FIG. 1. The calculated in-gap weight (a) and the pair-field
correlation functions (b) vs 7 in the ground state for the
ladder Hamiltonian () with 1/6 hole-doped in the open BC.
Parameters: 6 x 2 lattice, 10 electrons, U = 6.

Pi=2,j=3),Pi=3,7=4), Pli=4,j =5) and
P(i =5, 7 = 6); on the other hand, P(r = 5) can only
come from P(i =1, j = 6). We note that, as shown in
Fig. M the r;-dependence of P(r > 1) is quite different
from that of the in-gap weight: the prominent pair-field
correlations occur at the interval of 7, € (1,2) but the
in-gap weight displays a rapid drop as r; increases from
0 towards 2. As a matter of fact, the nearest-neighbor
pairing correlation P(r = 1) shows a certain similarity to
that of the in-gap weight. The results indicate that the
connection between the coherence of hole pairs beyond
the nearest neighbor and the Drude weight measured by
the in-gap weight is not clear identified in the ground
state, in contrast to the photoexcited states!®.

A. Hole-doped ladder

In this section we perform simulations to examine the
charge dynamics of the 1/6 hole-doped ladder under a
pump pulse. We first focus on the time-resolved opti-
cal conductivity Reo(w, 7). The results for two typical
values of ry, i.e., 1, = 1 and 0.2, are shown in Fig.
The pumping frequency w,, is tuned to 4.95 and 5.64,
respectively, coinciding with the energy of the remnant
gap? to stimulate the charge excitations efficiently. In
order to produce equal energy increase for both r;, we
use Ag = 0.35 for r, = 1, and Ay = 0.2 for r, = 0.2.
Thus in either case, the energy increment after the pump
is around 6.9.

One of the noticeable features in the time-resolved op-
tical conductivity Reo(w,7) is the general suppression
of the Drude peak (the main peak in the figure) after
the pump, which is largely due to the direct accelera-
tion of the itinerant charges by the pump pulse and the
subsequent increase of the kinetic energy [see also the
E}. curves in the shaded area in Figs. Blc) and Bl(d)]. It
is consistent with the general thermal-effect picture that
has been described in the introduction part.

Nevertheless, besides the suppression of the main peak,
an additional structure emerges in the neighboring region
with energy slightly higher than the Drude frequency (be-
tween w € [1,2]). We call it the side peak and the zoom-in
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FIG. 2. The real part of the time-resolved optical conductivity
Reo(w,7) under a pump pulse for the 1/6 hole-doped open
ladder () with the anisotropic ratio (a) r+ = 1 and (b) r¢ =
0.2. 7 is the time delay between the pump and probe pulses.
The results for various 7 are shown, including ones before
(with negative 7) and after (with positive 7) the pump. (c)
[(d)] The zoom-in view in the side-peak regime of (a) [(b)].
Parameters for the pulse: Ay = 0.35, w, = 4.95 for r, = 1; for
re = 0.2, Ag = 0.2, wp = 5.64 (coincide with the energies of
the remnant gap at the given doping). 74 = 5 for both cases.
Parameters for the model: 6 x 2 lattice, 10 electrons, U = 6.

views are available in Figs.[2l(c) and[2(d). We see that the
behaviors of the side peak are quite distinctive between
the two different inter-leg hoppings. In the isotropic case
(ry = 1) shown in Fig. 2(c), the side peak with small am-
plitude emerges following the application of the pump;
as the pulse drops, it begins to diminish after 7 = 5, and
disappears at 7 ~ 100 (not shown). In the case of weak
inter-leg hopping r; = 0.2 shown in Fig. 2(d), a promi-
nent side peak appears with the magnitude about three
times larger than the r; = 1 case. The side peak remains
without significant decay, up to the maximal time we
have performed (around three hundred time units). We
note that negative weight near w = 0 in Figs. @(a) and
2I(b) is caused by the inverse population of photoexcited
states, whose magnitude decreases with increasing 7.
We note that the distinctive behavior of the side peak
in the weak and moderate inter-leg hopping regimes has
its direct impact on the time dependence of the in-gap
weight D(7). Recall that D(7) is estimated by the inte-
gration of Re o(w, 7) over the interval [0, w.] [see Eq. @],
and as we have mentioned before, the lower and higher
energy parts in Re o(w, 7) are clearly separated. Accord-
ingly, we set the cutoff frequency w., = 3 for U = 6
to include the side-peak structure22. For r, = 1 as
shown in Fig. Bla), D(7) decreases monotonically up to
7 = 100, then a small recovery from the dip. For r; = 0.2
[Fig. B(b)], D(7) increases initially before a continuous
drop takes place around 7 =~ 10. The maximal increment
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FIG. 3. (a) (b) The time dependence of the in-gap weight D of
the 1/6 hole-doped open ladder; (c) (d) the temporal profiles
(for a longer time interval) of the doublon number N4 and the
kinetic energy E%. The settings are identical to Fig. The
shaded areas indicate the short time interval during which
the pump pulse is applied. In (¢) and (d), the colored arrows
on the right-hand sides of the frames indicate the expecta-
tion values of Ny and E}\ obtained from the microcanonical
Lanczos method.

is 0.12. After 7 ~ 130, the value of D(7) is already lower
than the starting value. We note that the contribution
to the in-gap weight below the Drude peak in Fig. Blb)
is small because of the cancellation between positive and
negative weight.

To better understand the interplay of the thermal and
the charge effects on D(7), we calculated the temporal
profiles of the doublon number Ny and the kinetic energy
Ey, as shown in Figs. Blc) and B(d). We note that the
photoinduced charge excitations in the Hubbard model
can be quantified by the increment of the total dou-
blon number Ny with respect to the initial value, where
Ny = Zm NiatNial- Lhe total energy is conserved after
the termination of the pump pulse and can be divided
into two parts when the Hamiltonian () is concerned:
the kinetic energy Ej from the (intra- and inter-leg) hop-
ping terms in Eq. ({Il) and the interaction energy associ-
ated with the U term that is proportional to Ny (up to
a constant energy shift). In comparison to Figs. Bl(c)
and Bl(d), we see that the evolution of the side peak in
Figs.[(c) and [2(d) follows the temporal profiles of Ny: if
Ny decays quickly after pump, the side peak diminishes
as in the case of r; = 1; on the other hand, if the decay
of Ny is slow as in the case of r; = 0.2, the side peak
remains for long time. It corresponds to the charge effect
that we have addressed in the introduction part. This is
the main contribution in the temporary arising of D(7)
found for r; = 0.2.

A close comparison between the upper and lower part
of Fig. [3 shows that the evolution of the in-gap weight

D(7) follows the temporal profiles of Ny and Ej. For
ry = 1, the fast decay of Ny after the pump associated
with the rapid arising of Ej, leads to the drop of D. Note
that Ny has a rebound around 7 = 100 and has a peak
at 7 = 210. Such a slow-paced oscillation is due to the
finite size of the system. Correspondingly, D shows a
small recovery from the dip at 7 = 100. For r, = 0.2,
the significant growth of Ny and the relatively moderate
increase of the kinetic energy during pumping leads to
the enhancement of D. However, following the process of
the subsequent thermalization, i.e., the conversion of the
interaction energy into the kinetic one [see Fig. Bl(d)], the
in-gap weight D drops from its high point steadily. Note
that the scales for the in-gap weight (y-axis) in Fig. Bl(a)
and Fig. Bl(b) are different.

So far we have demonstrated that the evolution of the
Drude weight is controlled by the competition between
the charge effect and the thermal effect. The photoin-
duced charges that usually have positive contributions
to the Drude weight can be recognized as the side peak.
On the other hand, the thermal effect responsible for the
suppression of the Drude weight takes place with the in-
crement of the kinetic energy. The increase can be ei-
ther due to the direct pump stimulus or due to the later
energy conversion from the interaction part. We con-
clude that a key ingredient to keep the enhancement of
the Drude weight after photoirradiation is to prevent the
weight from afterwards decaying or thermalizing, i.e., the
thermal effect.

We can easily comprehend the difference of the dissipa-
tion rate from interaction energy into kinetic one between
small and large r; as demonstrated in Figs.Bl(c) and[B{(d).
Consider the noninteracting model (U = 0) first and sup-
pose two identical unrelated chains (¢ = 0) at the begin-
ning. After turning on t’, the degenerate bands now splits
into two distinct bands: the bonding and the antibond-
ing ones, whose separation in energy is proportional to ¢’.
Turning on U next introduces both intra- and inter-band
scattering events. The efficiency of the inter-band scat-
tering for the doublon-hole recombination should depend
on the relative strength between the band separation and
the interaction energy, i.e., t'/U. In our calculation, we
see that the ladder with 7, = 1 is much more competent
to dissipate the U-energy compared to r; = 0.2 due to
the larger inter-leg hopping constant.

To further access the heating scenario, we present the
expectation values of Ny and Ej obtained by the micro-
canonical Lanczos method (MCLM)28:3¢ as positions of
arrows with different colors in Figs. Blc) and B{d). The
MCLM values can be regarded as the canonical thermo-
dynamic averages of the system under a given thermal
equilibrium energy. They can be used to measure how
far away the nonequilibrium system is from the expect-
ing thermal state. We can see that for r» = 1, Ny and
E}, approaches their MCLM values much faster than in
ry = 0.2, which means more significant thermal effect in
Tt = 1.
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FIG. 4. (a) The real part of the time-resolved optical conduc-
tivity Reo(w, 7) under a pump pulse for the 1/6 hole-doped
open chain ([I2]) without the nearest-neighbor interaction, i.e.,
V =0 and (b) V = 2. 7 denotes the time delay between the
pump and probe pulses. The results for various 7 are shown,
including ones before (with negative 7) and after (with pos-
itive 7) the pump. (c) The temporal profiles of the doublon
number Ny and (d) the kinetic energy Ej. Additionally, the
evolution of the energy of the V' term, denoted as Ey, is also
plotted in (d) for V' = 2 (four times of Ev is drawn for better
visualization). Parameters for the pulse: A9 = 0.2 for V =0,
Ao = 0.3 for V = 2. In both cases, 74 = 5, wp = 5.3 (the ener-
gies of the remnant gap coincide). Parameters for the model:
12 sites, 10 electrons, U = 6.

B. Hole-doped chain

The reasoning mentioned above can be corroborated
by further numerical simulations on a single chain, which
is regarded as the limit of r; = 0. Here we consider the
extended Hubbard model on the chain as:

H = —tz (CZT,UCi"FLU + HC)

1,0

WE o-3) (-}
+VZ (ni —1) (nip1 — 1), (12)

K2

with nearest-neighbor interaction V. We perform simi-
lar calculations on the 12-site open chain with 1/6 hole
doped (i.e., with 10 electrons) as in the case of ladder.
We set Ag = 0.2 for V =0 and Ay = 0.3 for V = 2 to
produce equal energy increase. The energy increments
after the pump are both around 4. The results are sum-
marized in Fig. @

First let us examine the U = 6,V = 0 case (Figs. ll(a)
and [(c)). Around 7 = 0, accompanied by the reduction
of the Drude peak and the appearance of the side peak
in Reo(w,7) as shown in Fig. dla), a surge of both the

doublon number Ny and the kinetic energy FEj induced
by the pump pulse takes place in Fig.@lc). After irradia-
tion, the side peak persists, and Ny and Fj maintain the
enhanced value without observable decrease. Consistent
with these, the in-gap weight is enhanced by the pump
pulse and does not show any decrease up to the maximal
evolution time we have performed (around three hundred
time units; not shown here). This means no thermaliza-
tion. The situation can be regarded as an extremal case
of the ladder with small inter-leg hoppings. The lack of
thermalization is consistent with the expectation from in-
tegrable models, e.g., see Ref. 137 and references therein.
On the other hand, for the case of U = 6 and V = 2,
the side peak is hardly perceived as shown in Fig. @(b).
As a consequence, the in-gap weight decreases monoton-
ically. In this case, the total energy is composed of the
kinetic energy Ej, the U-energy quantified by Ny, and
the nearest-neighbor-interaction energy denoted as Ey .
Their time evolutions in Fig. M(d) indicate that the fast
decay of Ny after the pump is mainly due to the restora-
tion of Ey. The dissipation into the channel of kinetic
energy is quite small.

The study on the chain shows that the doublon-hole
recombinations after the pump can take place rapidly
with the assistance of the additional V-channel, and thus
the thermal effect prevails in the decay channel.

Before closing the subsection, we would like to discuss
the analysis on finite size. We performed similar calcu-
lations on larger systems of 14-lattice sites with 12 elec-
trons (including ladders and chains). Though the doping
is slightly different, the results are in good agreement
with those of 12-site clusters (not shown here). Regard-
ing the issue of using the in-gap weight to assess the
Drude weight, the arguments are following. First note
that the position of the side peak denoted as wgp is in-
sensitive to U. For example, for the ladder with L = 6x 2,
ry = 0.2, and U = 6, wep = 1.52 [see Fig. 2d)]; when U
is increased to 10, wsp = 1.60. This indicates that the
side peak is not from a magnetic origin. Secondly, we
performed a finite size scaling on chains: we calculated
L = 6 with the electron number N, = 5, compared to
that of L = 12 and N, = 10. This is only the way we can
do with the Lanczos method at the given doping level.
We expect less boundary effect for chains compared to
ladders. For U = 6 and V = 0, we observed that the
Drude peak position moves from 0.76 to 0.42 with in-
creasing from L = 6 to 12. At the same time, the side
peak follows with the change from wy, = 1.55 to 0.82
(with Ap = 0.2). Note that the distance between the
two peaks also decreases with the growth of L. Based on
these observations, we conclude that the side peak ap-
pearing in the optical spectrum after irradiation shares
similarities with the Drude peak. Though whether the
two peaks merge into the singularity at w = 0 in the ther-
modynamic limit is still an open question in the present
study, we consider that the contribution from the side
peak should be included in order to estimate the Drude
weight correctly.
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FIG. 5. (a) The average doublon numbers Ng and (b) the ki-
netic energy Fj, vs time 7 for a double-pulse pumping applied
to the ladder Hamiltonian (II) with r; = 1 at half filling. The
center of the first pulse is located at 7 = 10, with Ap = 0.6,
74 = 1; the second one is located at 7 = 25, with Ag = 0.6,
74 = 1. The central frequencies for the pulses are identical
as wp = 3.70. Parameters for the model: 6 x 2 lattice, 12
electrons, U = 6.

C. Double-pulse on undoped ladder

From the previous discussions of the doped systems
on ladders and chains, we conclude that a photo-
enhancement of Drude weight in the metallic state on
ultrafast timescales can be achieved via the generation of
specific photoinduced charge excitations, i.e., the charge
effect, provided that there are no effective channels in the
system for their decay.

The competition between the thermal effect and the
charge effect can also be demonstrated in a double-pulse
setup. We now consider the half-filled ladder Hamilto-
nian () with 7 = 1 subject to a double photoexcitation.
In our simulation, the amplitudes of the both pulses are
tuned to a large value as Ag = 0.6. The temporal profiles
of the doublon number N, and the kinetic energy Ej are
presented in Fig.

From Fig. [l we observe that the main contribution
from the first pulse is to generate charge excitations,
which can be vindicated by the surge of Ny around that
moment (7 = 10). At the same time, the increment of
Ej, is small since the original state is insulating. This
is a typical photoinduced insulator-to-metal transition
and the appearance of nonzero Drude weight is expected.
With the second identical pulse applied after an interval
AT = 15, the leading effect is the increment of Ej, with
little gain with respect to Ny. Accordingly the suppres-
sion of the Drude weight by the second pump takes place
(not shown here). After the double-pulse pumping, a
noticeable decay of Ny is clearly observed, accompanied
with further continued increase of E). We see that the
charge effect and the thermal effect dominate in turns in
this two-stage evolution.

On the other hand, if we apply relatively weak pump
pulses, we have observed the enhancement of the Drude
weight at both stages2®. The reason is that the photoin-
duced charge excitations with weak irradiation of the first
pulse are far from exhausted, leaving plenty of room for

further excitations. Thus the charge effect is dominant
throughout the double-pulse process. These observations
are consistent with the experiment on SCO. Here we
note that the fluence dependence of the charge dynam-
ics under a double-pulse pumping presented in Refs. 14
and can be explained from the point of view of the
competition between the charge and thermal effect.

IV. CONCLUSIONS

To summarize, we carried out numerical simulations
on finite-size clusters to investigate the charge carrier dy-
namics of doped ladders and chains subject to ultrafast
optical pumps. We argued that the charge dynamics is
led by two competitive factors, namely, the thermal ef-
fect and the charge effect. In more detail, the thermal
effect includes a shakeup on itinerant charges during ir-
radiation, together with the energy dissipation into the
kinetic form in the after-irradiation stage. They are usu-
ally characterized by the enhancement of the kinetic en-
ergy. The charge effect is associated with the photoin-
duced charge excitations. A close examination on their
respective impacts can direct to an understanding on the
charge dynamics of the system under various parameter
regimes.

This picture, though quite intuitive, can help to com-
prehend the phenomena observed in the numerical sim-
ulations and the relevant experimental facts, e.g., on
SCCO and its mother compound SCO18. We propose
that in some materials the photo-enhancement of the
Drude weight in metallic phases can be observed if the
decay channels of induced charge excitations are effec-
tively blocked. For this purpose, it is desired to perform
a pump-probe optical measurement for a doped Mott in-
sulator with weakly coupled chains. One of possible sys-
tems will be a cuprate compound PrBa,CuyOg where
there is a metallic Cu-O double chain along the b axis
indicating the presence of holon and doublon3?. It would
be crucial to separate the contribution from the chains.
This will remain as a future work in pump-probe exper-
iments.
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