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Owning to their high controllability, laser pulses have contributed greatly to our understanding of strongly cor-
related electron systems. However, typical multicycle pulses do not control the symmetry of systems, which plays
an important role in the emergence of novel quantum phases. Here, we demonstrate that subcycle pulses whose
oscillation is less than one period within a pulse envelope can control inversion and time-reversal symmetries in
the electronic states of the one-dimensional extended Hubbard model. Using an ultrashort subcycle pulse, one can
generate a steady electric current (SEC) in a photoexcited state due to an Aharonov-Bohm flux instantaneously
introduced through the phase of an electric field. Consequently, time-reversal symmetry is broken. In contrast,
a broad subcycle pulse does not induce SEC but instead generates electric polarization, thus breaking inversion
symmetry. Both symmetry breakings in a photoexcited state can be monitored by second-harmonic generation.
These findings provide a new methodology for designing the symmetries of electronic states and open up a new
field of subcycle-pulse engineering.
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I. INTRODUCTION

Inversion- and time-reversal-symmetry breakings can in-
duce novel properties such as magnetoelectric effects, which
are significant for applications. Multiferroic magnets [1–3],
Weyl semimetals [4,5], and quantum liquid crystals [6–9] that
break these symmetries have attracted much attention. On
the other hand, there have been several attempts to control
these symmetries with external electric fields: time-reversal
symmetry can be broken by inducing an electric current in
semiconductors, semimetals, and superconductors with dc and
terahertz electric fields [10–16]. In addition, the development
of pulse lasers has opened up a new paradigm in strongly
correlated electron systems. Ultrashort pulses of 6 fs compa-
rable to a timescale of electron hopping induce a current in
a superconductor usually hindered by thermalization due to
electron scattering [17].

With typically used multicycle pulses, inversion and time-
reversal symmetries are difficult to control. Here, we address a
question of whether high-field and ultrashort subcycle pulses
having oscillations less than one period within a pulse enve-
lope can change these symmetries.

To answer this question, we investigate inversion- and
time-reversal-symmetry breakings in the one-dimensional
(1D) extended Hubbard model (1DEHM) with a subcycle
pulse being applied. We numerically demonstrate that steady
electric current (SEC) is induced, thus time-reversal sym-
metry is broken, in a photoexcited state when the ultrashort
subcycle pulse introduces an instantaneous change in flux.
This is because, unlike a multicycle pulse, the subcycle
pulse has the ability to generate Aharonov-Bohm flux [18].

Since the SEC found is proportional to the Drude weight
in the long-time limit, time-reversal symmetry can be bro-
ken not only in metals but also in photon-absorbed Mott
insulators. Therefore, we can control time-reversal-symmetry
breaking by tuning the flux generated through the phase of
an electric field within a pulse envelope, i.e., carrier-envelope
phase (CEP) φCEP. The symmetry breaking is evinced by
the emergence of current-induced second-harmonic genera-
tion (SHG) and optical rectification (OR). Furthermore, we
find that a broad subcycle pulse with large intensity, i.e.,
a high-field terahertz pulse, not only induces quantum tun-
neling but also produces a polarization in a Mott insulator.
Therefore, inversion-symmetry breaking associated with the
induced polarization and the resulting glassy dynamics [19] is
maintained after pulse irradiation, leading to the emergence of
polarization-induced SHG (PSHG) and OR.

The rest of this paper is organized as follows: In Sec. II, we
introduce the 1DEHM and briefly explain the time-dependent
density-matrix renormalization group (tDMRG) method. We
show the numerical results for the 1DEHM excited by a
subcycle pulse in Sec. III. In Sec. III A, we numerically
demonstrate that SEC is induced by a ultrashort subcycle
pulse. The consequent time-reversal symmetry breaking is
monitored by SHG in Sec. III B. In addition, we demonstrate
in Sec. III C that the inversion symmetry is broken by a broad
subcycle pulse, which is contrasted with the case for photoex-
citations with a milticycle pule in Sec. III D. Finally, we give
a summary in Sec. IV. The SEC induced by a flux quench,
in a 1D superconducting state, and in a photo-absorbed Mott
insulator is also discussed in the Appendixes.
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II. MODEL AND METHOD

To investigate nonequilibrium properties of a 1D Mott in-
sulator, we consider the 1DEHM with a vector potential A(t )
described by the following Hamiltonian:

H = − th
∑
i,σ

Bi,σ + U
∑

i

ni,↑ni,↓ + V
∑

i

nini+1, (1)

where Bi,σ = eiA(t )c†
i,σ ci+1,σ + H.c., c†

i,σ is the creation oper-
ator of an electron with spin σ (=↑,↓) at site i, and ni =∑

σ ni,σ with ni,σ = c†
i,σ ci,σ . Unless otherwise noted, we set

(U,V ) = (10, 3), taking the nearest-neighbor hopping th to
be the unit of energy (th = 1), which is a typical value
for describing 1D Mott materials such as ET-F2TCNQ [20]
and Sr2CuO3 [21]. Spatially homogeneous electric field
E (t ) = −∂t A(t ) applied along a chain of L sites is incorpo-
rated via the Peierls substitution in the hopping terms [22]. In
this paper, we consider two kinds of subcycle pulses. One is
an ultrashort subcycle pulse and the other is a broad one. The
former and latter pulses lead to a phase twist in momentum
space and a potential tilt in real space, respectively.

The current density is given as

j(t ) = ith
L

∑
j,σ

〈eiA(t )c†
j,σ c j+1,σ − e−iA(t )c†

j+1,σ c j,σ 〉t , (2)

where 〈· · · 〉t = 〈ψ (t )| · · · |ψ (t )〉 and |ψ (t )〉 is the time-
dependent wave function at time t . We employ the tDMRG
method implemented by the Legendre polynomial [19,23,24]
under open boundary conditions (OBCs) and keep at most
the χ = 3000 largest density-matrix eigenstates. To reduce
finite-size effects, a potential term V ni at the edges of the
system at i = 1 and L is also introduced to the 1DEHM in
Eq. (1). We set the light velocity c, the elementary charge e,
the Dirac constant h̄, and the lattice constant to 1.

III. RESULTS

A. Current generation

The simplest system with electric current is a noninter-
acting metal with a dc electric field E (t ) = E0. In this case,
the induced current density exhibits Bloch oscillations [25]
characterized as j(t ) ∝ cos(E0t ). The problem consider here
is rather opposite to this. Namely, we apply an ultrashort pulse

E (t ) = E0e−(t−t0 )2/(2t2
d ) cos [�(t − t0) + φCEP] (3)

with small td. We can generate a subcycle pulse by tuning
td = 0.5 and � = 3 as shown in Fig. 1(a), where red and
black solid (broken) lines indicate A(t ) [E (t )] for φCEP = 0
and π/2, respectively. The time duration of the electric pulses
is about two. This corresponds to 2 × h̄/th ≈ 13 fs and 4.3
fs for th ≈ 0.1 eV in ET-F2TCNQ [26] and th ≈ 0.3 eV in
Sr2CuO3 [27,28], respectively. Tuning φCEP away from π/2,
we can instantaneously twist the phase of wave functions by
introducing A(t ) �= 0 after the pulse application, as schemati-
cally shown in Fig. 1(b).

Figures 1(c)–1(e) show the results of j(t ) evaluated af-
ter the ground state at t = 0 is excited by a pulse shown
in Fig. 1(a), for three different concentrations (x) of elec-
tron doping, i.e., x = 0 (half filling), 1/16, and 1/8. At half

FIG. 1. (a) A(t ) and E (t ) with td = 0.5, � = 3, t0 = 3, and
E0 = 0.1 shown by solid and broken lines, respectively. Red
and black lines are for φCEP = 0 and φCEP = π/2, respectively.
(b) Schematic figure of instantaneous phase twist introduced by a
ultrashort subcycle pulse. Blue and purple arrows represent anti-
ferromagnetically arranged spins. (c)–(e) j(t ) for the 1DEHM with
(U,V ) = (10, 3) on L = 32 at the concentration of electron doping
x = 0 (half filling), 1/16, and 1/8 evaluated after the ground state at
t = 0 is excited by the pulse shown in panel (a). Red (black) lines
denote the results for φCEP = 0 (π/2).

filling, an oscillating current with a period 2π/	 is generated,
where 	 	 6 is the Mott gap for (U,V ) = (10, 3). Similar
oscillations remain even in finite x, although their ampli-
tudes are small. The amplitude is proportional to E0 as far
as j(t ) is small. This oscillation is called Umklapp oscillation
(UO) because of the following reason: The Hamiltonian of
the 1DEHM with a flux A(t ) = φ, denoted as Hφ , is given
from Hφ=0 by a unitary transformation Hφ = UφHφ=0U

−1
φ

with a twist operator Uφ = eiφP [29], where P = ∑
j jn j

is a polarization operator. Since Uφc†
j,σU −1

φ = eiφ jc†
j,σ indi-

cates a momentum shift Uφ c̃†
q,σU −1

φ = c̃†
q+φ,σ with c̃q,σ =

1√
L

∑L
j=1 c j,σ e−iq j , a flux quench induces an oscillation due

to momentum shift picking up the effect of the Umklapp
scattering [30].

As shown in Fig. 1(c), we do not find a qualitative dif-
ference in j(t ) between φCEP = 0 and π/2 at half filling,
except for a phase shift of the UO. However, for electron-
doped systems shown in Figs. 1(d) and 1(e), we find distinct
properties: the center of the UO is zero for φCEP = π/2, but
not for φCEP = 0 leading to SEC. At the time immediately
after applying a pulse, j(t ) < 0 is kept for φCEP = 0. After
a certain time, the current reverses its direction leading to
j(t ) > 0. In OBCs, the flow direction of SEC alternates with a
long periodicity T ∝ 1/L, which forms a triangle-shaped slow
oscillation in j(t ) [31]. We note that only a quarter (half) of the
triangle-shaped oscillation is shown by the red line in Fig. 1(d)
[Fig. 1(e)]. This long periodicity corresponds to the fact that
the Drude weight in Re[σ (ω)] appears at ω �= 0 under OBCs
and its position approaches ω = 0 as L increases [32,33].
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The SEC can be characterized by, e.g., a root mean square
[ 1

T

∫ T
0 dt j(t )2]1/2.

Figures 1(d) and 1(e) indicate that an instantaneous phase
twist making A(t ) �= 0 induces current when mobile carriers
are already present in the initial ground state before the pulse
irradiation. Flux has been quenched in cold atoms with an arti-
ficial gauge field [31] and with a sudden momentum shift [34],
but here we show that an ultrashort subcycle pulse with td �
1/th introduces a sudden change of flux in solids by tuning
φCEP. We call this suddenly changed flux a flux pulse. Since
an electric field of a flux pulse introduced by A(t ) = −φθ (t )
reads E (t ) = φδ(t ), i.e., Ẽ (ω) = 1

2π

∫ ∞
−∞ dteiωt E (t ) = φ/2π ,

the linear response [35,36] of j(t ) to Ẽ (ω) is given by

j(t ) 	
∫ ∞

−∞
dωe−iωt Ẽ (ω)[σsing(ω) + σreg(ω)], (4)

where the optical conductivity σ (ω) is decomposed into the
regular part σreg(ω) and singular part σsing(ω) = 2σDi/(ω +
i0+) with the Drude weight σD. In the long-time regime,
where the regular part of conductivity is irrelevant, we

obtain j(t )
t→∞−−−→ 2σDφ [30,31,37,38]. This is a real-time

representation of the Drude weight obtained by first tak-
ing the thermodynamic limit and then taking t → ∞, which
corresponds to the Drude weight obtained from Kohn’s the-
orem [37,39–42]. Note that this expression characterizes the
SEC only when j(t ) is small, as in Figs. 1(d) and 1(e), and
thus nonlinear effects beyond the linear response regime are
not dominant. We have also confirmed that a flux pulse indeed
plays the same role as a flux quench in inducing SEC (see
Appendix A).

Notice also that the current expression obtained above is
the same form as the London equation, although here we
are dealing with a nonequilibrium state where A(t ) varies in
time. This implies that even at half filling, it is possible to
induce SEC by applying a flux pulse to a superconducting
state with U < 0, where a superfluid weight σS �= 0. Since σD

and σS are indistinguishable in 1D systems, we can still use
the expression of the SEC obtained above by simply replacing
σD with σS. However, in this case, UO does not appear (see
Appendix B). Moreover, it is also possible to induce SEC in
a Mott insulator if a photoexcited metallic state with σD �= 0
is achieved before applying an ultrashort subcycle pulse (see
Appendix C).

B. Second-harmonic generation and optical rectification

The induction of SEC breaks the time-reversal symmetry,
which can change fundamental properties of electronic states
such as the degeneracy of a Kramers pair [43] and nonlin-
ear optical responses [44]. Here, we detect the time-reversal
symmetry breaking by SHG and OR, as schematically shown
in Fig. 2(a). In the 1DEHM, we numerically demonstrate
that current-induced SHG (CSHG) actually emerges by ap-
plying a φCEP = 0 flux pulse at t0 = 1 with td = 0.2, � = 0,
and E0 = 0.1. After completing the application of this sub-
cycle pulse, we irradiate a multicycle pulse at t0 = 10 with
td = 2 and E0 = 2. Figures 2(b)–2(d) show the resulting har-
monic generation |E (ω)| = |ω j̃(ω)| evaluated from j̃(ω) =

1
2π

∫
dteiωt j(t ).

FIG. 2. (a) Schematic figure of the CSHG in the 1DEHM. (b)–
(d) Harmonic generation |E (ω)| for the 1DEHM with (U,V ) =
(10, 3) on L = 32 at the concentration of electron doping (b) x = 0
(half filling) and (c), (d) x = 1/8 after the initial ground state at
t = 0 is excited by a φCEP = 0 flux pulse with td = 0.2, � = 0,
and E0 = 0.1 applied at t0 = 1. The harmonic generation |E (ω)| in
(b), (c) [(d)] is evaluated from the current density j(t ) in 2 < t <

18 induced by a multicycle pulse with td = 2, E0 = 1, and � = 6
(� = 10) applied subsequently at t0 = 10. (e) Schematic diagrams
representing χ (3)(2ω; ω, 0, ω) and χ (2)(2ω; ω,ω) in the 1DEHM.
The ground state |0〉 and two excitonic states |1〉 and |2〉 of the
1DEHM are indicated.

Figures 2(b) and 2(c) show harmonic generation by
� = 6 photons for half filling and x = 1/8, respectively.
When the CSHG emerges, spectral weights should appear
at ω = 2� = 12 in the spectra. This is indeed the case for
x = 1/8 in Fig. 2(c), but not for half filling in Fig. 2(b).
These results are consistent with those shown in Figs. 1(c)
and 1(e), where the SEC is absent at half filling but present at
x = 1/8. Figure 2(d) shows the same results as in Fig. 2(c),
but a � = 10 pulse is used, resulting in a structure appearing
at ω = 2� = 20 due to the CSHG. We have confirmed that the
CSHG signals emerge also with other �, but their intensities
are smaller than that with � = 6. This is understood because
of a relation [10–12] χ (2)(2ω; ω,ω) ∝ χ (3)(2ω; ω, 0, ω) j(t ),
where χ (l ) is the lth order nonlinear optical susceptibility [44].
Schematic diagrams for these susceptibilities are shown in
Fig. 2(e), assuming that the Mott-gap excitation remains for
x = 1/8. There are excitonic levels |1〉 and |2〉, which are
transited from the ground state |0〉 of the 1DEHM with
one- and two-photon processes, respectively. Since the tran-
sition dipole moment 〈1|x|2〉 is anomalously large [21,45,46],
χ (3)(2ω; ω, 0, ω) is enhanced by tuning ω to the gap energy
	 	 6. Moreover, we find spectral weights due to the OR
at ω ≈ 0 for x = 1/8 in Figs. 2(c) and 2(d), but not for half
filling in Fig. 2(b).

C. Inversion-symmetry breaking

As shown above, an ultrashort subcycle pulse can-
not induce a photoexcited state with broken inversion- or
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FIG. 3. (a) j(t ) and p(t ), denoted by black and red lines, respec-
tively, for the half filled 1DEHM with (U,V ) = (10, 3) on L = 32
after the initial ground state at t = 0 is excited by a monocycle � = 0
pulse with td = 2 and E0 = 2 applied at t0 = 10. The yellow shade
is a guide to the eye to indicate the time during which the pulse is
applied. (b) Harmonic generation |E (ω)| for the photoexcited state
prepared in panel (a) evaluated from j(t ) in 20 < t < 40 that is
induced by an � = 6 pulse with td = 2 and E0 = 1 applied subse-
quently at t0 = 30.

time-reversal symmetry if the initial state is a Mott insulator.
However, changing the shape of a subcycle pulse to a broad
and strong one (i.e., a pulse with larger td and E0, respec-
tively), we can induce inversion-symmetry breaking in a Mott
insulator. Figure 3(a) shows j(t ) and the polarization density
p(t ) = ∫ t

0 ds j(s) for the half filled 1DEHM on L = 32. Here,
a broad monocycle � = 0 pulse with td = 2 and E0 = 2 is
applied at t0 = 10, which breaks down a Mott insulating state
via quantum tunneling [19,47]. Current is induced only during
the pulse irradiation, indicated by a yellow shade in the figure,
and is strongly suppressed afterward. In contrast, polarization
changes before and after the pulse irradiation and remains
finite, p(t ) �= 0, even after the pulse disappears. As discussed
in Ref. [19], the sum of doublon density and polarization is
effectively conserved in a strong electric field. After terminat-
ing the pulse irradiation, a doublon is essentially no longer
generated (although the number of doublons still slightly
fluctuates), thus leading to j(t ) = ∂t p(t ) ∝ [H, P] ≈ 0.
The effective conservation of polarization causes glassy dy-
namics, and hence the inversion-symmetry breaking with
p(t ) 	 p0 �= 0 is not extinguished by thermalization for a
certain time.

Consequently, as shown in Fig. 3(b), we find spectral
weights at ω = 2� = 12 in |E (ω)|. This is the PSHG, sig-
naling inversion-symmetry breaking in a 1D Mott insulator.
In addition, we find spectral weights at ω 	 0 due to the OR
in Fig. 3(b). These results suggest that it is possible to control
the inversion symmetry by a terahertz pulse in Mott insulators,
as has been done in ferroelectrics [48–50]. We should note
that spectral peaks of harmonic generations are broader in
Fig. 3(b) than in Fig. 2(c). This behavior may be due to a large
number of photoinduced carriers in Fig. 3(b), which makes
the optical conductivity of the photoexcited state significantly
different from that of the ground state [19].

We note that A(t ) �= 0 can be introduced after applying a
broad subcycle pulse as well as an ultrashort subcycle pulse.
However, the effect of a phase twist becomes smaller as the
width of a pulse becomes broader. Given the broad limit of
a subcycle pulse, an adiabatic introduction of A(t ) causes
nothing physically since A(t ) is removed by a gauge trans-

FIG. 4. Same as Fig. 3 but for a pump pulse with � = 8.

formation under OBCs. Thus, the broad subcycle pulse hardly
induce SEC in 1DEHM near half filling. It is interesting to
further investigate the effect of a phase twist due to a broad
subcycle pulse as also examined in Ref. [51], which is left for
future work.

D. Multicycle-pulse excitation

In contrast to a subcycle pulse, a multicycle pulse cannot
break inversion symmetry in a Mott insulator, leading to the
absence of SHG and OR. Figure 4(a) shows j(t ) and p(t ) for
the half filled 1DEHM excited by a multicycle � = 8 pulse
with td = 2 and E0 = 1 applied at t0 = 10. This pulse with
a photon energy larger than the Mott gap is absorbable and
induces a metallic state. However, as shown in Fig. 4(b), we
find no signal of SHG and OR at ω = 2� = 12 and ω ≈ 0
in harmonic generation |E (ω)|, respectively, where SHG and
OR are evaluated from j(t ) in 20 < t < 40 induced by an
� = 6 pulse with td = 2 and E0 = 2 applied at t0 = 30. The
absence of SHG and OR indicates no breaking of inversion
and time-reversal symmetries. Note that the harmonic gen-
eration |E (ω)| in both Figs. 3(b) and 4(b) is obtained for
the photoexcited 1D Mott insulators with the same induced
doublon density 	nd = 0.1, but there is significant difference
in their symmetries. Here, the induced doublon density 	nd

generated by a pump pulse is evaluated by 	nd := 1
L [〈I〉t −

〈I〉0], where I = ∑
j n j,↑n j,↓ and 〈I〉t is the time average of

〈I〉t = 〈ψ (t )|I|ψ (t )〉 taken from t = 21 to 22.

IV. SUMMARY

We have investigated photoexcited states of the 1DEHM
with a subcycle pulse. We have found that the SEC is in-
duced in a photoexcited state of the 1DEHM by the flux
pulse, i.e., an ultrashort subcycle pulse with a properly chosen
CEP, instantaneously twisting the phase of a many-body wave
function. Since the induced SEC is proportional to the Drude
and superfluid weights, we can generate the SEC not only in
metals, but also superconductors and photon-absorbed Mott
insulators. Although the SEC does not permanently flow due
to thermalization in metallic states of nonintegrable systems,
we expect that the SEC can still be observed because the ultra-
fast dynamics considered here is of a few femtoseconds before
thermalization eventually occurs due to electron scattering.
This implies that we can transiently control the time-reversal
symmetry in photoexcited states by tuning the CEP of a flux
pulse. The symmetry breaking can be detected by the emer-
gence of CSHG.
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FIG. 5. Electric current j(t ) for the 1DEHM with (U,V ) =
(10, 3) induced by a flux quench A(t ) = φθ (t ) with φ = 0.01 applied
to the initial ground state at t < 0. (a) j(t ) for L = 32 at the concen-
tration of electron doping x = 0 (half filling) and x = 1/8, indicated
by the black and blue lines, respectively. (b) L dependence of j(t ) at
x = 1/8. The blue line is the results for L = 32, which are the same
as those shown by the blue line in panel (a), and the magenta line is
the results for L = 64.

Furthermore, we have found that polarization is induced
in a Mott insulator by a high-field terahertz pulse, i.e., a
broad subcycle pulse, which induces quantum tunneling. The
induced polarization is the origin of glassy dynamics [19],
and thus is not extinguished by thermalization for a certain
time. This suggests that we can also transiently control the
inversion symmetry in 1D Mott materials, which leads to
the emergence of PSHG. The proposed method of controlling
the time-reversal and inversion symmetries in a photoexcited
state by using a subcycle pulse provides a useful tool to
investigate the effects of these symmetry changes on strongly
correlated electron systems.
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APPENDIX A: STEADY ELECTRIC CURRENT INDUCED
BY A FLUX QUENCH

Figure 5 shows the numerical results of j(t ) after quench-
ing a flux A(t ) = φθ (t ) with φ = 0.01 for the initial ground
state of the 1DEHM at t < 0. At half filling, j(t ) shows the
UO with a period of 2π/	 around j(t ) = 0, as plotted by
the black line in Fig. 5(a), where 	 	 6 is the Mott gap
for (U,V ) = (10, 3). On the other hand, for carrier density

FIG. 6. (a) Same as Fig. 1(c) but for the negative-U Hubbard
model with U = −10 at half filling. (b) Same as panel (a) but with
E0 = 0.5.

x = 1/8 introduced by electron doping, the center of the UO
deviates from j(t ) = 0, leading to the SEC [see the blue line
in Fig. 5(a)]. Comparing these results in Fig. 5(a) with the red
lines in Figs. 1(c) and 1(e), we find that a flux pulse plays the
same role as a flux quench in inducing the SEC. We note that
a flux pulse can be regarded as a flux quench only when the
duration of the flux pulse td is small compared with a timescale
of the electron hopping th. For large td, the generation of
the SEC becomes unclear since the change of the flux in
time is gradual. Furthermore, we show in Fig. 5(b) the L
dependence of the SEC induced by quenching a flux φ = 0.01
for the 1DEHM at x = 1/8. The SEC has a long periodicity in
time proportional to 1/L due to the OBCs.

APPENDIX B: STEADY ELECTRIC CURRENT IN A
ONE-DIMENSIONAL SUPERCONDUCTING STATE

Here, we demonstrate numerically that the SEC is induced
in a superconducting state of the 1D half filled negative-U
Hubbard model by applying a subcycle pulse. Figure 6(a)
shows the results of j(t ) for the 1D half filled Hubbard model
with U = −10 after the ground state at t = 0 is excited by
the same subcycle pulse as in Figs. 1(c)–1(e). Since there is a
finite superfluid weight for the ground state of the 1D Hubbard
model even at half filling, the SEC can be induced in the same
way as in the 1DEHM with (U,V ) = (10, 3). The induced
SEC becomes larger by applying a pulse with larger E0, as
shown in Fig. 6(b). Notice also that the UO is absent in a
photoexcited superconducting state, while it is present for the
case of the 1DEHM with (U,V ) = (10, 3).
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FIG. 7. (a) j(t ) for the half filled 1DEHM with (U,V ) = (10, 3)
on L = 48 evaluated after the ground state at t = 0 is excited by
a multicycle photon-absorbable pump pulse with � = 8, E0 = 1,
and td = 2 at t0 = 10. The yellow shade is a guide for the eye to
indicate the time during which the pump pulse is applied. After
metallization by the pump pulse, a flux pulse with � = 0, E0 = 0.1,
and td = 0.2 is subsequently applied at t0 = 21. The black and red
solid lines are obtained with the pump and flux pulses for φCEP = 0
and π , respectively. For comparison, j(t ) obtained without applying
the pump pulse but only by applying the flux pulse with φCEP = 0
is also shown by the black dotted line. (b) Magnified view of panel
(a) for 20 < t < 30.

APPENDIX C: STEADY ELECTRIC CURRENT
IN A PHOTON-ABSORBED MOTT INSULATOR

Here, we demonstrate numerically that it is possible to
induce the SEC in a Mott insulator if a photoexcited metallic

state with σD �= 0 is achieved before applying an ultrashort
subcycle pulse. For this purpose, we first apply a multicy-
cle photon-absorbable pump pulse with � = 8, E0 = 1, and
td = 2 at t0 = 10 to the initial ground state of the half filled
1DEHM with (U,V ) = (10, 3) prepared at t = 0, and then
subsequently apply a φCEP = 0 (or π ) flux pulse with � = 0,
E0 = 0.1, and td = 0.2 at t0 = 21. Without the application
of the pump pulse, the flux pulse alone cannot induce net
current, but only the UO, as indicated by the dotted line in
Fig. 7.

In contrast, when an insulator-to-metal transition is in-
duced by the pump pulse, the center of the UO is shifted
from zero after applying the flux pulse, as shown by the
black and red solid lines in Fig. 7. The center of os-
cillating j(t ) for φCEP = 0 (black solid line) is positive
for 22 < t < 27 and that for φCEP = π (red solid line)
is negative. This is because the applied flux has the op-
posite signs for φCEP = 0 and π . j(t ) exhibits a more
complicated structure than j(t ) obtained for the electron-
doped systems, showing a triangle-like wave associated with
current inversion [see Figs. 1(d) and 1(e)], which is not clearly
observed in Fig. 7(b). This is due to the presence of low-
energy spectral weights other than the Drude weight in the
optical conductivity for the photon-absorbed Mott insulator of
the half filled 1DEHM excited by a near-infrared multicycle
pulse [19,52,53].
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