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Ultrafast pump-probe spectroscopy with high temporal and spectral resolutions provides a new
insight into ultrafast nonequilibrium phenomena. We propose that transient interference between
pump and probe pulses is realized in pump-probe spectroscopy of band and Mott insulators, which
can be observed only after recent developments of ultrafast spectroscopic techniques. A continuum
structure in excitation spectrum of band insulators is found to act as a medium for storing the
spectral information of pump pulse, and spectrum detected by probe pulse is interfered with the
medium, generating the transient interference in energy domain. We also demonstrate the transient
interference in the presence of electron correlations in one-dimensional half-filled Hubbard model.
Furthermore, bosons coupled to electrons additively contribute to the interference. Our finding will
provide an interpretation of probe-energy dependent oscillations recently observed in pump-probe

spectrum for a two-dimensional Mott insulator.

PACS numbers: 42.50.Md, 42.50.Dv, 71.10.Fd, 78.47.J-

I. INTRODUCTION

Ultrafast pump-probe spectroscopy is a good tool to
investigate nonequilibrium properties of a given system,
since a pump pulse triggers ultrafast processes, and a
subsequent probe pulse monitors the pump-induced dy-
namical processes [1-4]. Especially, by using femtosecond
pulses, nonequilibrium dynamics of electrons can be de-
tected, since the timescale of motion of electrons is of the
order of femtosecond. However, increasing resolution of
optical measurement in both time- and energy-domain is
difficult and limited by the uncertainty principle.

Recently, ultrafast spectroscopic techniques have been
advanced by using a transform-limited pulse, i.e. a pulse
that has the minimum possible duration for a given spec-
tral bandwidth, and have opened a new door to make
both temporal and spectral resolutions as high as pos-
sible [2]. These techniques can disclose new ultrafast
nonequilibrium phenomena. In fact, by applying these
techniques, interference in energy domain has been ob-
served in atomic systems and nanometric tips [5-9]. This
interference is applied to control atomic storage medium
for recording information of optical pulses [10-14]. How-
ever, as far as we know, there has been no such a report
on transient interference of pump-probe spectroscopy of
band and Mott insulators both experimentally and the-
oretically.

In this paper, we investigate ultrafast pump-probe
spectroscopy of band and Mott insulators, and propose
transient interference between temporary well-separated
pulses in electron systems as in the case of atomic sys-
tems. We formulate such transient interference in pump-
probe spectroscopy of a two-band model. We find that
the existence of a continuum structure in excitation spec-
trum is important for generating the transient interfer-
ence, since the continuum structure acts as a medium for
storing the spectral information of pump pulse and for

creating interference between temporary well-separated
pump and probe photons. The information persists due
to a memory effect, i.e. a relaxation process of electron
systems. As a result, the time-domain pump-probe spec-
trum depends on both probe energy w and the central
frequency of the pump and probe pulses €2, and thus os-
cillates with a frequency

wo =w — . (1)

In order to demonstrate the transient interference in the
presence of electron correlation, we perform numerical
calculations of pump-probe spectrum in a one-dimensinal
(1D) half-filled Hubbard model. Moreover, we find that
bosons coupled to electrons in the two-band model make
additional contribution to the interference. Based on
the result, we speculate that the transient interference
will be observed in Mott insulators strongly correlated
to magnons. For the observation of the proposed tran-
sient interference, high resolution of measurements of
both time and energy is required in ultrafast pump-probe
spectroscopy. Recently, oscillations of electronic states
above the charge-transfer gap in a two-dimensional (2D)
Mott insulator Nd2CuO4 have been observed on the re-
flectivity changes detected by pump-probe measurement
with ultrashort pulses [15]. The time and energy resolu-
tion of the measurement is as high as 10fs and 0.01eV,
respectively. By extracting the oscillatory components
from the pump-probe spectrum, the oscillation compo-
nent with the frequency indicated by Eq. (1) has been
found [15]. We propose that the transient interference
will be one of possible origins of the observed oscillations.

This paper is organized as follows. We introduce a two-
band model, which is a minimal model to describe the
interference effect by two photon pulses through an elec-
tron system, and show pump-probe absorption spectrum
in Sec. II. In Sec. I1I, we calculate the time-dependent op-
tical conductivity at half filling just after pumping. The
effect of bosons coupled to electrons on the pump-probe



spectrum is discussed in Sec. IV. Finally, a summary is
given in Sec. V.

II. TWO-BAND MODEL

We firstly introduce a two-band model, which is a min-
imal model to describe the interference effect by two
photon pulses through an electron system, and analyt-
ically calculate pump-probe absorption spectrum. With
assuming dipole transitions, the Hamiltonian of the two-
band model under the time-dependent electric field reads

H= Z exc, ek Cck T Z gkc ok Cvk
_ Z (dcvc‘? et oo + A2 E(1) chck)

where c(y)k is an annihilation operetor for fermions in

conduction (valence) band with momentum k. The ener-
h2k2

gies of the conductlon and valence band are ¢, = e+3

and o = 0+ L 2m , where € and p are the minimum and
maximum of the conduction and valence band, respec-
tively, and m. and m,, are the effective mass of electrons
in the conduction and valence bands, respectively. We
introduce the interband dipole matrix element d., and
external electric field £(t). Hereafter, we set h = 1.

With taking the long-wave length limit of electric field,
optical Bloch equation is written as [16]

( 9t ifen—on- w}> P (k) = dun (1) {1 — 2/,(k)}
@)

and
<% + r> felk,t) = —2Im [de E(O)poz (k,0)], (3)

where f.(k) = <Cik0ck> and pY. (k) = <C-\rszCk> with
(---) representing the expectation value. We intro-
duce phenomenological damping rate I' for f., and
dephasing rate v for pJ. We consider an electric

field £(t) = %(g(t)e_mt +5~*(t)emt), where E(t) =
2 {gp(t)eikP'T + gt(t)eikf'T}, and electric field and wave

vector of pump (probe) pulse are &, and k, (& and
k), respectively. Introducing an expansion parameter A
through £(t) — AE(t), we obtain p®, = Apo) + A2p2H +
NP0 o fo= MY 2P 4 NP 4 The
shape of probe pulse is represented by the delta funet1on
E(t) = &E(t—7) (7 > 0), where 7 is delay time between
the pump and probe pulses. The pump-induced absorp-
tion change is given by o = —Im|[d}, x(k,w)]. Taking
Ep(t) = Epe 1M and with the rotating-wave approxima-
tion, the probe susceptibility is given by (see Appendix

A)
0(3)
Pve (k,w)
kw)~—" 2"
x(k;w) =~ £ ()
8y |dcv| 2 gp 26—((7'—’7)Te7:7'(—9+5k_9k)1—‘0-
- + cee
(iv +w — e + ok) (iT +i0 +w — Qv ufuy
(4)
where uk iyt ioc+ Q — ek + ok and ’Uk iy 44l —

10+ Q — e + ok. In the limit v+ — 0, the pole of the
energy denominator w = e — gg in the third term of
x(k,w) gives rise to an oscillatory behavior of ¢!« =7
with decay e~ (°=7)7. This is the oscillation component
indicated by Eq. (1). Since the time scale where the oscil-
lation persists is on the order of y~!, real-time ultrafast
dynamics should be observed with high accuracy [17].
In order to maintain the oscillation in the two-band
model, we have to select a proper set of parameters that
lead to the coherence and memory effect in energy do-
main. First of all, we examine the coherence in energy
domain. When o > 1/7, i.e. the pulse duration is much
shorter than the time delay 7, we obtain At ~ 0, where
At is the uncertainty in time domain. Simultaneously,
the energy uncertainty AE ~ oo, leading to low en-
ergy resolution. As a result, the interference in energy
domain is invisible. This corresponds to the fact that
interference pattern vanishes in Young’s double-slit ex-
periment if the path of light is measured [18, 19]. In
fact, if the electric field of the pump pulse is represented

by the delta function, pgg)(k,w) completely cancel out
&i(w), which means that x(k,w) does not have interfer-
ence term e/“~7 (see Appendix A). In contrast, when
o < 1/7, the coherence in energy domain is obtained,
which leads to the interference in energy space.

Second, we examine the memory effect. When o < 7,
i.e. the pulse duration is longer than the dephasing time,
At ~ oo and AFE ~ 0 are simultaneously obtained. This
leads to the relaxation that holds true as long as electrons
have well-defined energies, and their energy changes are
slow with the time scale of 1/Ae, where Ae is the char-
acteristic energy exchange in a scattering event [20-24].
When o 2 =, the relaxation involving electrons with ill-
defined energies starts to contribute to the memory effect.
Therefore, if o and 1/7 are carefully controlled so as to
realize 1/7 2 o 2 +, both coherence in energy domain
and memory effect are relevant, and the interference in
energy domain is maintained for the time y~!. Usually,
~v of a given system cannot be changed. However, if we
make use of the quantum Zeno effect [25-28], we might be
able to control «, which can help to observe our finding.

III. HUBBARD MODEL

Pump-probe spectroscopy has been performed in
strongly correlated systems to investigate exotic phe-
nomena [4, 15, 29-39]. Even in correlated electron sys-



tems, there is a continuum structure in excitation spec-
trum. This indicates that the interference effects similar
to those in the two-band model may be realized as will be
demonstrated by using a 1D half-filled Hubbard model,
which is given by

H=—ty Z (C;UCH_LU + HC) + UZ”i,Tni,,I,a (5)

1,0 7
f
10
o at site i, n; , = c;f_rgciyg, ng =y, Nio, and ty, U are
the nearest-neighbor hopping, the on-site Coulomb inter-
action, respectively. Taking ¢, to be the unit of energy
(tn = 1), we use U = 10.

We investigate the probe-energy dependence of the op-
tical conductivity of a Hubbard open chain with L = 10,
where L is the number of sites. We assume that both
the pulses have the same shape of the vector potential
given by A(t) = Age(t=10)"/(2t) cos[Q(t — t)]. We set
Ap = 0.1, tp = 3.0, tq = 0.5, and Q = E;, = 7.1 for
pump pulse and Ayg = 0.001, ty = 7+ 3.0, tq = 0.02,
and 2 = E, = 7.1 for probe pulse without being oth-
erwise specified, where F, is the energy of the Mott
gap. An external spatially homogeneous electric field ap-
plied along the chain in the Hamiltonian can be incorpo-
rated via the Peierls substitution in the hopping terms
as c;f)acl-ﬂ_ﬁ — eiA(t)cj)aciH_ﬁ. Using the method dis-
cussed in Ref [40, 41], we obtain optical conductivity in

Jprobe (W,T)
i(w+in) LAprobe (w)?
where jprobe(w, 7) is the Fourier transform of the current
induced by probe pulse, Apobe(w) is the Fourier trans-
form of the vector potential of probe pulse (see Appendix
B for details).

To trace the temporal evolution of the system, we
employ the time-dependent Lanczos method to evaluate
(). [(t + 61)) = 35125 e |gn) (@n] (1)), where &
and |¢;) are eigenvalues and eigenvectors of the tridiag-
onal matrix generated in the Lanczos iteration, respec-
tively, M is the dimension of the Lanczos basis, and 6t is
the minimum time step. We set M = 50 and ¢ = 0.02.

Figure 1 shows the real part of time-dependent optical
conductivity Reo(w, 7) of the Hubbard model. Photoin-
duced decreases of spectral weights at absorption peaks
above the Mott gap are small, since the system is weakly
excited. Pump photon excites carriers into an optically
allowed odd-parity state. Probe pulse couples in part to
the the odd-parity state, resulting in an excitation from
the optically allowed state to an optically forbidden even-
parity state. In 1D Mott insulators with open boundary
condition, the optically forbidden state is located slightly
above the optically allowed state [42]. Low-energy in-
gap excitation comes from the excitation from the op-
tically allowed to forbidden state [40]. Inside the Mott
gap, we find photoinduced low-energy spectral weights at
w =~ 1.2, 2.2, and 3.3. These energies correspond to the
energy differences between the optically allowed popu-
lated state at w = 7.1 and the optically forbidden states.

where ¢,  is the creation operator of an electron with spin

the nonequilibrium system, o(w,7) =
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FIG. 1. Reo(w,7) in the 1D half-filled Hubbard chain with
L =10 and U = 10, before pumping (7 < 0) and after pump-
ing (r = 10, 20, 30, and 40). Since the system is weakly
excited, the broken line for 7 < 0 is almost overlaped with
solid lines above w = 7.

Figures 2 (a)-(e) show the T dependence of Reo(w, 7)
above the Mott gap with probe energy w = 7.10, 7.92,
8.98, 10.08, and 11.18, respectively, whose energies agree
with the peak energies of the absorption spectrum in
Fig. 1. We find that the frequencies of the oscillations
depend on w. The larger w is, the larger the frequency
is, which is consistent with our argument in the two-band
model discussed above.

In order to further examine the probe-energy depen-
dence, we show the power spectra of Reo(w, ) with re-
spect to 7 in Figs. 2 (f)-(j) for w = 7.1, 7.92, 8.98, 10.08,
and 11.18, respectively. We discuss two possible contri-
butions to the power spectra. First one is the contri-
bution from the Rabi oscillation, whose frequencies are
related to the low-energy in-gap states at w =1.2, 2.2,
and 3.3. In fact, we find the Rabi-oscillation contribu-
tions to the spectral weights at wy =1.2, 2.2, and 3.3
in Figs. 2 (f)-(j). Since our system is of finite size, en-
ergy levels are discretized. Therefore, there are oscilla-
tions with resonant frequencies between the levels. In the
thermodynamic limit, the number of the levels is infinite,
and thus we expect that the contributions from a huge
number of such resonances with various frequencies can-
cel out, giving rise to an inifinite number of infinitesimal
weights in the power spectra. Thus, we consider that
the Rabi-oscillation contribution to the power spectra is
only visible in finite-size systems and negligible in the
thermodynamic limit.

Second one is the contribution from the interference
effect, which gives rise to the w dependence of the pump-
probe spectra as discussed in the two-band model. The
oscillations with the frequencies w — ) appear at wg =
7.92—-7.10 = 0.82,8.98—7.10 = 1.88, 10.08 —7.10 = 2.98,
and 11.18 — 7.10 = 4.08. These energies correspond to
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FIG. 2. Reo(w,7) in the 1D half-filled Hubbard chain with
L=10and U =10 for (a) w = 7.1, (b) w = 7.92, (c) w = 8.98,
(d) w = 10.08, and (e) w = 11.18. The power spectra of
Reo(w,7) for (f) w = 7.1, (g) w = 7.92, (h) w = 8.98, (i)
w =10.08, and (j) w = 11.18.

the energy difference between the levels at w = Q = 7.1
and the excited states above the Mott gap, all of which
belong to the same electronic states with odd parity. We
consider that this origin makes dominant contribution to
the power spectra in the thermodynamic limit. In order
to induce the transient interference, we should use the
pump pulse whose spectrum covers some energy levels.
Then we can store the information of pump pulse in elec-
tronic states with wide range of energies above the Mott
gap.

According to the two possible contributions to the
power spectra, in Fig. 2 (g), for example, we find peak
structures at wy = 0.82, 1.2, and 2.2. The peak structures
at wg = 1.2 and 2.2 come from the Rabi oscillation of the
two odd- and even-parity states. On the other hand, the
origin of the structure at wy = 0.82 is the interference
because wy = 0.82 corresponds to one of the energy dif-
ferences between odd-odd states mentioned above. Sim-
ilarly, Figures. 2 (h)-(j) are understood in the same way
(see Appendix B for details).

IV. ELECTRON-BOSON COUPLING IN THE
TWO-BAND MODEL

Finally, we discuss the effect of bosons coupled to
electrons on the probe-energy dependent oscillation.
Nonequilibrium electron dynamics coupled to boson
driven by laser has been extensively studied. Further-
more, since non-Markovian relaxation is important in
electron systems coupled to bosonic environment, open

quantum systems with non-Markovian properties have
been studied for long time [43-51]. The additional Hamil-
tonian due to boson degrees of freedom is

Hpn = qual;aq + Z gq(aT_q + aq)(cik+qcck + Cik+chl)v

q k,q

(6)

where a4 is an annihilation operator for bosons with mo-
mentum g, wq is boson frequency, and gq is an electron-
boson coupling constant.

We examine the two-band model with electron-boson
coupling under the application of exponential pump
pulse.  Total polarization is given by p,.(k,t) =
O (k,t) + pb.(k,t), where pO (k,t) is from one-particle
contribution as discussed above, and p%.(k, t) is from the
electron-boson coupling. Solving the kinetic equation
with Hpn (see Appendix A), the probe susceptibility is
given by

P2 (ke w

b ~ ) _ 20 s 2 ’ & ’2
X' (k,w) ~ A ;gq./\/q diodey |dev] © |Ep

e_T(U_'Y)eiT(_Q"'Ek;_Qk) (_1'7 — 221—‘ —w + €k — Qk)
(Ivy+w—ek+ 0k)? (7 +w — Ektq —I—Qk—i—wq)v,j

. (207 + 2w — ep — Eptq + Ok + Ok—q + 2wWq)
(iT +io +w— Q) (i7 + w — €k + 0k—q + Wq) Ui uy,

+ e (7)

where Ny = m In the limit v — 0, the pole of
the energy denominator w = e — g gives rise to an oscil-
latory behavior of e/“~7 with decay e~ (=77 which is
the same behavior as the third term in Eq. (4). Therefore,
the information of pump and probe pulses is transmitted
with the help of boson-assisted electron scattering, which
gives one of possible origins of the transient interference.

In Mott insulators, magnons are strongly coupled to
photo-excited electrons in 2D Mott insulators, in con-
trast to the 1D Mott insulator where spin and charge
degrees of freedom are separated. Therefore, the inter-
ference proposed in this work will be easily realized in the
2D Mott insulators. We thus speculate that the oscilla-
tions observed by the pump-probe spectroscopy of the
2D Mott insulator NdaCuOy [15] come from the interfer-
ence effect. In order to confirm this speculation, we need
to investigate theoretically the pump-probe spectrum of
2D half-filled Hubbard model, but it remains as a future
work.

V. SUMMARY

In summary, we suggested the transient interference in
energy domain between temporary well-separated light
pulses using electronic states of band and Mott insulators
as a medium, which manifests as the oscillation of the
pump-probe spectrum whose frequency is indicated by



Eq. (1). This interference can be observed only after re-
cent developments of ultrafast spectroscopic techniques.
The transient interference reflects the universal property
of interference between two photon pulses mediated by
electron systems, which does not depend on the details
of the electron systems. Therefore, the interference is
also realized in the presence of electron correlation, since
there is the continuum structure. We examine this by
culculating pump-probe spectrum in the 1D half-filled
Hubbard model. To verify our prediction, we suggest an
experiment for NdyCuQOy4 changing pump-pulse duration
and delay. Since our theory predicts the transient os-
cillation even in the 1D Mott insulators, we propose a
pump-probe experiment in SroCuOjs. Furthermore, we
found that bosons coupled to electrons in the two-band
model make the additional contribution to the transient
interference. Based on the result, both magnons coupled
to electrons and the continuum structure in electronic
excitation spectrum would be possible origins of the os-
cillation observed in NdyCuOy.
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Appendix A: Pump-probe absorption spectrum of
the two-band model

We provide the solution of the optical Bloch equation
Eq. (2)-(3) and derive the pump-probe absorption spec-
trum. With assuming dipole transitions, the Hamiltonian
Eq. (5) of the two-band model under the time-dependent

t

ﬁgﬁﬁ(k, t) = — i2dey|dey 2T /

— 00

electric field reads

H= Z Ekcckcck + Z chvkcvk

- Z (deve(t)e

where c(y)k is an annihilation operetor for fermions in
conduction (valence) band with momentum k. The en-
ergies of the conduction and valence band are g =
e+ ’Zm , 0k = 0+ 3 Rk? , where ¢ and o are the mini-
mum and maximum of the conduction and valence band,
respectively, and m, and m,, are the effective mass of elec—
trons in the conduction and valence band, respectively.
We introduce the interband dipole matrix element d..
and external electric field £(¢). Hereafter, we set h = 1.
With taking the long-wave length limit of electric field,
optical Bloch equation Eq. (2)-(3) is written as

¢t e + diE(t)e kcck) (A1)

((r“()?t +i{er — ok — VY}> Pec(k,t) = dev E(H){1 — 2fc(k)}
(A2)

and
)
<_8t+r> fe(k,t) = —2Im [devE (t)poe (k. 1)), (A3)

where fo(k) = (c! cox) and pO.(k) = (¢l cer), where
(---) represents the expectation value.  We intro-
duce phenomenological damping rate I' for f., and
dephasing rate v for pJ. We consider an electric

field £(t) = 3 (é(t)e—mf + é*(t)emt), where &(t) =
2 {gp(t)eikp"‘ + c‘:'t(t)e““f*}, and electric field and wave

vector of pump (probe) pulse are &, and k, (& and
ki). Introducing an expansion parameter A\ through
E() — XE(t), we obtain pl. = /\pggl) + )\Qp?,g) +
NP0+ o= MY XD NP 4 The
shape of probe pulse is represented by the delta funct1on
E(t) = &E(t—7) (7 > 0), where 7 is delay time between
the pump and probe pulses. With the rotating-wave ap-
proximation, 13%3)(1@, t) = [)%2(1@ t) —l—pvgz%(k: t) is given
by
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and
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where we are interested in contributions with a phase pggg)(k,t) is given by

factor e’*t'" i.c. in the direction of the probe beam. We

include only terms which are linear in &, anc~1 ignore all po(?’)(k: o) = /oo dteiwtp0(3)(k )
terms that are higher than second order in &,. We use ve v ve A
the delta function & (t) = £(t — 7) to represent a probe

— 00

c & | 2 i(ker+ T(iIM+w—Q))
pulse. _ 2d0(7)& |devEp| e A
< 5 iy — ek + 0k +w
Taking &£,(t) = £,0(t), f Eq. (A4)-(A5 btai
aking &(1) pO({), from Eq. (A4)-(A5), we obtain The probe susceptibility reads
P2 (e w)  2det(T) dey&p| 2e7 17
~0(3) ~0(3) X(k,w) ~ 5 - — . (AS8)
Pye (kv t) = pVC)B(ka t) t(w) vy €k + 0k +w

= — 2ide 0(7)E; |dey] % |E,p| 20(t — 7)e T HiRe (=T =iAR(E=T) oy ore Er(w) = [ dt&(t)e™! ~ Erel@=DTeiker Gince
(A6) the oscillatory term e!@ =7 of pg?)(k,w) cancels out
that of the probe electric field & (w), x(k,w) does not
have terms depending on e*(“ =7,
However, if we consider a pump pulse written by

where Ag = ep — ok — 2. The Fourier transformation of gp(t) = gpe*"m, we obtain
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The probe susceptibility is given by

-~ pggg)(kvw)

k,w)~
A )
idey |dev] 2 |Ep| 2 [ go-(rHo)rgir(-citor) g fo—(0—1)7giT(~er—ei) o Sie— (0= iT(~Oten—0k) Ty
B uduy, (17 +w — ek + oK) Vg ; (il +io +w — Q) _(i'y—l—w—Ek—i-gk)(iF—l—ia—i-w—Q)vZ

+e () e (...)],

where ui'; =1y xi0+ Q — ek + 0k, v,f =iy £l Fio+
O — ek + ok, and (---) represents an abbreviation of
independent part of the corresponding term. The third
term is shown in Eq. (4).

Next, we consider the contribution from electrons cou-
pled to bosons to the interference. The additional Hamil-
tonian Eq. (6) due to boson degrees of freedom is

(A10)

and

(% + r) fe(k,t) = — 2Im [dev E(t)pyc (K, 1)), (A13)

where P (k,k + g,t) is boson-assisted excitonic transi-
tions, v accounts for all dephasing processes other than

electron-boson scattering, and Ny = m is a ther-

Hpn = qu@j;aq + qu (aT—q + aq)(cik+qcck + Cik+q0vq)amal magnon distribution [20, 52]. Solving the equation

q k.q

where aq4 is an annihilation operator for bosons with mo-
mentum g, wq is boson frequency, and g4 is an electron-
boson coupling constant. Total polarization is given
by pu(k,t) = plo(k,t) + plc(k,t), where p).(k,t) is
from one-particle contribution as discussed above, and
pb.(k,t) is from the electron-boson coupling.

If carriers are created by optical pulses, the wave func-
tion is a superposition of states in the conduction and
valence bands. As long as this phase coherence is main-
tained, i.e., at times shorter than the dephasing time, the
carriers are not in definite-energy eigenstates, which re-
quires the non-Markovian description of relaxation. To
obtain the quantum kinetic equation with non-Markovian
relaxation, we use the Keldysh nonequilibrium Green’s
function that is two-time generalization of the density
matrix. Two characteristic timescales of the scatter-
ing time and the duration of the interaction process de-
termine the dynamics of carriers. Optical Bloch equa-
tion with electron-boson coupling is given by using the
nonequilibrium Green’s function and reads

(% +i{en — ok — M) pe(k:t)
=de E(r, ) {1 — 2f.(k)}
(=) Y [03Nal P e + a.8) = PGk — a. k. 0)]

q

+ (—1) Z[Nq — Ng + 1,wg ¢ —wgl,

q

(A1)

0 . )
(—%%&mq—%—wq—wgfﬁ®&+ﬂ¢)

ot
=i{pvc(k + q,t) — pyc(k, 1)}, (A12)

of motion, we obtain

Phe(k,t)

t
:/ dt/e*i{ak*.@k*i’v}(t*t,).

’ (—Z) lz [gtleq{P\;t(kv k+ q, t/) - P\I(k -9, k, t/)}}

q

+ Z[Nq o Ng+1wg < —wq]l , (A14)
q

where the last term means the replacement of Ny
with Ng + 1 and wg with —wg on the previous terms.

P;E(3)(k:, k4 q,t) and p?,?)(k:, t) are written by

t
dueii(tiu) (5k+q —iY—wgq *Qk)

fﬁ@@%+mU:/

— 0o

i[pS (k + q.u) — plY) (K, u)]

t
~ / due*i(tfu)(sk_’_qfi'yqufgk)
S

-i[pS) (k + q.u) — pOP (K, u)]
(A15)

and
t
pg(f) (k, t) :(—’L) Z gg./\/'q / duefi(sk*.‘]k*i’y)(tfu)
q — 00

+ WNg & Ng + 1wg & —wg,
(A16)



respectively. If £,(t) = £,0(t) is used, we obtain

b(3)
k,w)

bk, w ~ Pve 5 W) (k,

X' (k,w) A

2dev0(7) |dev| 2 | €y
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+ Wg ¢ Ng + Lwg < —wg. (A17)
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pod) (K, w)
Er(w)

=37 2N - diodey |dey|? ’z»:p’ 2
q

V' (k,w) ~

When the pump pulse is represented by the delta func-
tion, we cannot obtain the oscillating term =7 even
if we take into account the boson-assisted transition.

If pump pulse is written by &,(t) = £,e~71*l, we obtain

e T eim(=Oter—on) (—jy — UT — w + eg — 0k) (207 + 2w — €k — Ektq + Ok + Ok—q + 2Wq)
(i0 +i0 +w — Q) (17 +w — e + 0k) 2 (17 + W = Epeq + 0k +wq) (i7 + W — ek + Ok—q + Wq) vy UL Uy

e*(a’f'y)‘rei‘r(—ﬂ'i'&k-f-q_Qk+<I) (2'7 + 2@I‘ _|_ w — Ek—i-q + Qk—i—q)
(T +ioc+w—Q)(Iy+w—er+ 0k) (i7+w—Ektq+ Oktq) (I7+ W — Ektq+ 0k + wq) v,:+quz+qu,;+q

e (o= eim(~2ten—q—er-aq) (iv+ 20+ w — €k—q + Ok—q)

+ —

+ = - X X X
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— Wq) Uy, Uy, Uy,
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+ Ng < Ng+1,wg < —wg] + (- ).

The first term is shown in Eq. (7).

Appendix B: Time-dependent optical conductivity
in nonequilibrium state

Using the method discussed in Ref [40, 41], we obtain
optical conductivities in nonequilibrium system. In or-
der to identify the response of the system with respect
to later probe pulses, a subtraction is necessary, i.e., two
successive steps are involved in order to calculate the
optical conductivity in nonequilibrium. First, a time-
evolution process that describes the nonequilibrium de-

(A18)

velopment of the system in the absence of a probe pulse is
evaluated, which gives rise to jpump(t). Secondly, in the
presence of an additional probe pulse, we get jiotal (t, 7).
The subtraction of jpump(t) from jiotar (£, 7) produces the
required jprobe(t, 7), i.€., the variation of the current ex-
pectations due to the presence of the probe pulse. Then,
the optical conductivity in nonequilibrium is proposed to
be

- jprobc (w; T)
)= i(w~+ i) LAprobe(w)’ (B1)

where Aprobe(w) is the Fourier transform of the vector
potential of probe pulses, and L is the number of sites.



We find photoinduced spectral wights at w ~ 1.2, 2.2,
and 3.3 inside the Mott gap as shown in Fig. 1. Low-
energy in-gap excitation comes from the excitation from
the optically allowed to forbidden state [40]. These en-
ergies correspond to the energy differences between the
optically allowed populated state with the odd parity at
w = 7.1 to the optically forbidden states with the even
parity.

Figure 2 (h)-(j) can be understood as discussed in
Sec. ITI. In Fig. 2 (h), we find peak structures at wy = 1.2
and 1.88. The frequency wy = 1.2 corresponds to the en-
ergy of photoinduced low-energy state, which comes from
the Rabi oscillation of the odd- and even-parity states.
The origin of the structure at wy = 1.88 comes from
the interference effect that gives rise to the energy dif-
ference between the two states with the odd parity, i.e.
w—0 =898 —7.10 = 1.88. In Fig. 2 (i), we find peak
structures at wyp = 1.2, 2.2, and 2.98. The frequencies
wp = 1.2 and 2.2 correspond to the energy of photoin-
duced low-energy states. The origin of the structure at
wo = 2.98 comes from the interference effect. In Fig. 2 (j),
we find peak structures at wy = 2.2, 3.3, and 4.08. The
frequencies wy = 2.2 and 3.3 correspond to the energy of
photoinduced low-energy states. The origin of the struc-
ture at wg = 4.08 is comes the interference effect.

If we take Q) = 7.92, which is larger than the Mott gap
7.10, we also find the peak structures that come from
the interference effect. We find the oscillations with the

frequencies |w — Q| appear at wy = |7.10 — 7.92| = 0.82,
8.98—7.92 = 1.06, 10.08—7.92 = 2.16, and 11.18 -7.92 =
3.26. Therefore, the oscillation due to the transient inter-
ference appears even when w— < 0. This property may
give a useful information for experiments on the transient
interference in pump-probe spectroscopy of the Mott in-
sulators [53].

In order to obtain the contribution from the interfer-
ence, three conditions are needed. First, we should not
impose a step function on the vector potential, but the
Gaussian function to give the electric field of the probe
pulse. Although the the same optical conductivity is ob-
tained in equilibrium by using the two kinds of vector
potentials of the probe pulse, it is not true in nonequilib-
rium [41]. If we impose the step function on the vector
potential of the probe pulse, we cannot obtain the spec-
tral weights originated from the interference. An oscillat-
ing probe field with a central frequency will be needed to
interfere with a pump pulse. Second, in order to generate
the interference, the frequency of a pump and probe pulse
should be (nearly) the same. Third, the spectral width
of the pump pulse should not be too small. The cooper-
ation of electronic states in band structure is important
for persisting the information of the pump pulse. To ex-
cite electronic states with wide range of energy above the
Mott gap, we have to use the pump pulse whose spectrum
covers some energy levels.
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