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Coherent control of the photoinduced transition in a strongly correlated material
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The use of intense tailored light fields is the perfect tool to achieve ultrafast control of electronic properties
in quantum materials. Among them, Mott insulators are materials in which strong electron-electron interactions
drive the material into an insulating phase. When shining a Mott insulator with a strong laser pulse, the electric
field may induce the creation of doublon-hole pairs, triggering a photoinduced transition into a metallic state. In
this paper, we take advantage of the threshold character of this photoinduced transition and we propose a setup
that consists of a midinfrared laser pulse and a train of short pulses separated by a half period of the midinfrared
with alternating phases. By varying the time delay between the two pulses and the internal carrier envelope phase
of the short pulses, we achieve control of the phase transition, which leaves its fingerprint at its high harmonic
spectrum.
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I. INTRODUCTION

The desire for controlling the quantum properties of mat-
ter is a common trend between many scientific disciplines,
with the field of femtochemistry being the most well-known
example [1]. Modern advances both in laser technology,
which make it possible to control the laser properties within
each laser cycle [2–4], alongside improvements in materi-
als science, have paved the way to obtain coherent control
over quantum materials. Prominent examples include con-
trolling the valley degrees of freedom [5] and topological
properties [6] of two-dimensional (2D) materials, inducing
coherent spin switching [7] and structural phase transitions
[8,9], and lastly, the possibility of accomplishing petahertz
electronics [10,11].

Light sources may not only give us control over quan-
tum properties, but also induce exotic and novel states of
matter which are the result of purely nonequilibrium phe-
nomena, and hence their mechanisms are radically distinct
from those in equilibrium [12,13]. For instance, there has
been a lot of recent interest in photoinduced insulator-to-
metal transitions in a variety of strongly correlated materials
[14–17]. Their common underlying physical phenomenon is
photodoping, i.e., an abrupt change in the concentration of
charge carriers due to the presence of a strong laser field,
without any modification to its chemical composition. In the
case of Mott insulators, the ground state is photoinduced into
an excited one, characterized by the presence of pairs of
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doublons (double occupation in a given site) and holes (no
occupation).

This dielectric breakdown of Mott insulators has not only
been studied theoretically using various methods such as ex-
act diagonalization [18,19], time-dependent density matrix
renormalization group [20–23], and nonequilibrium dynam-
ical mean-field theory [24–28], but it has also been confirmed
experimentally [29,30]. Owing to those works, it was revealed
that the dielectric breakdown has a pronounced threshold
character. In the case of one-dimensional Mott insulators, it
was shown that the final metallic state was a photoinduced
Tomonaga-Luttinger-like liquid [20,21].

More precisely, the laser can break the short-range an-
tiferromagnetic order of the Mott insulator by favoring the
appearance of the above-mentioned doublon-hole pairs. The
mechanism behind this phenomenon is analogous to that
present in strong field ionization in atoms [2]. In fact, one
could define an adiabaticity parameter γK which plays the
same role as the Keldysh parameter in atoms [31,32], de-
fined as γK = h̄ωL/ξF0, where ξ is the correlation length
[21] and ωL is the frequency of the laser. In the tunnel-
ing regime, γK � 1, an electron can tunnel through the
interaction repulsion over a distance ∼ξ due to the pres-
ence of the laser. Thus, a doublon-hole pair is formed,
which leads to the melting of the insulator state [see
Fig. 1(a)]. However, and due to its threshold character, this
will only happen if the field goes higher than a certain
value Fth [19,21]. In Mott-like systems, this threshold is
given by Fth = �/2eξ , where � is the Mott gap. Recent
works have shown that this ulfrafast photoinduced transition
can be time resolved owing to its high harmonic emission
[19,33,34].

In this paper, we propose the use of a setup that consists of
two lasers (a femtosecond pulse train and a midinfrared pulse)
with a varying time delay between them [see Fig. 1(b)], that
enables us to control the ultrafast photoinduced transition by
taking advantage of its threshold behavior.
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FIG. 1. (a) Schematic representation of the tunneling phe-
nomenon in the 1D Fermi-Hubbard model. (b) Representation of
the two different lasers. The red line denotes the mid-IR laser while
the blue line corresponds to the train of short pulses with φCEP = 0.
Lighter blue lines show how a ±δ delay affects the train.

II. THEORETICAL FRAMEWORK

We will focus on the one-dimensional Hubbard model and
we will use parameters to mimic Sr2CuO3. The main purpose
of the present paper is to show that one can take advantage
of this tunneling phenomenon, to acquire a coherent control
over the photoinduced transition from an insulating state into
a metallic one in a strongly correlated material.

In order to model the dynamics, we consider the one-
dimensional Hubbard model,

H = −τ

L∑
j=1,σ

(e−i
(t )c†
j,σ c j+1,σ + H.c.) + U

L∑
j=1

n j,↑n j,↓,

(1)

where c†
j,σ (c j,σ ) is the fermionic creation (annihilation) op-

erator for site j and spin σ and n j,σ = c†
j,σ c j,σ is the number

operator. The physical parameters τ and U have been set to
τ = 0.52 eV and U = 5.96τ to mimic Sr2CuO3 [21], which
also ensures us that we are in the strong-coupling limit, i.e.,
U � τ . We will focus on the half-filling case (one electron per
site). In this case, the ground state (also referred to as the Mott
insulator) has a short-range antiferromagnetic order [35]; the
electrons become localized in position space with antiparal-
lel spins respective to their adjacent sites. The laser electric
field F (t ) is taken into account through the Peierls phase
[35]: d
(t )/dt = −eaF (t ), where a = 7.56 a.u. is the lattice
constant of Sr2CuO3 and e is the electron charge. We will
solve it using N = L = 12, setting periodic boundary con-
ditions (c j+L,σ = c j,σ ) and focusing on the Sz = 0 subspace.

Our approach consists of exactly solving the time-dependent
Schrödinger equation (TDSE) using a time step of dt = 0.5
a.u. In order to check for possible finite-size artifacts, we
have calculated ξ for our system [36]. We obtained a value of
ξ � 2a, which therefore implies that finite-size corrections are
negligible. Furthermore, convergence with the number of sites
was checked by performing calculations for N = L = 10,
12, 14.

As previously mentioned, we will use two different lasers
and tune the time delay δ between them in order to obtain
control. The first will consist of a mid-IR laser with frequency
ωIR = 32.92 THz and an amplitude of F0,IR = 5 MV/cm. The
second laser will be a train made up of four short pulses
(their total duration is roughly 6 fs) equally split. The time
delay between two consecutive short pulses is a half period
of the mid-IR laser pulse and they have alternating phases,
in accordance to what is obtained by means of high har-
monic generation [resembling a reconstruction of attosecond
beating by interference of two-photon transitions (RABBIT)
scheme [37–39]]. The parameters for the short pulses are
ωpul = 5ωIR = 164.6 THz, having a central frequency that
corresponds to the fifth harmonic, and an amplitude of F0,pul =
8 MV/cm. Both lasers are modulated by a cos2 envelope [40]
as it can be appreciated in Fig. 1(b). Nevertheless, we found
that the physics described here are robust to changes in the
envelope function. If one defines a single laser pulse as

E (t, t0, T, ω, E0, φ)

= E0 cos2[π (t − t0)T −1]

×θ (0.5T − |t − t0|) cos [ω(t − t0) + φ], (2)

the two-laser setup used is given by

F (t ) = E (t, 0, 20TIR, ωIR, F0,IR, π/2)

+
4∑

n=1

E (t, t0,n, Tpul, ωpul, F0,pul, φCEP − nπ ), (3)

where ωIR = 32.92 THz is the frequency of the mid-IR
pulse (TIR = 2π/ωIR), ωpul = 5ωIR is the central frequency of
the single-cycle femtosecond pulses (Tpul = 2π/ωpul), F0,IR =
5 MV/cm is the amplitude of the mid-IR pulse, F0,pul =
8 MV/cm is the amplitude of the single-cycle femtosecond
pulses, t0,n = [(2n − 5)/4]TIR + δ/ωIR, δ is the delay between
the two pulses in radians, and φCEP is the carrier envelope
phase of the single-cycle femtosecond pulses. The threshold
field [21] for Sr2CuO3 takes a value of Fth = 9.1 MV/cm so
neither of the fields can surpass it on their own; only when
the two amplitudes sum in a coherent way, namely when the
short pulses land right on the peaks of the mid-IR, will the
electric field break the threshold, and thus the transition will
take place. The specific delays in which this will occur will
heavily depend on φCEP of the short pulses. For example, by
looking at Fig. 1(b) one can easily guess that for φCEP = 0, the
two lasers will sum coherently at δ = 0. As a result, we can
control the photoinduced transition by light-wave engineering
of the two parameters δ and φCEP. It must be emphasized that
these laser parameters are well within experimental reach.

To characterize the photoinduced transition, one must pay
attention to both charge and spin degrees of freedom. To do so,
we will compute the following observables in the Schrödinger
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FIG. 2. (a) Average number of doublon-hole pairs D(t ) and (b) next-neighbor spin-spin correlation function η(t ), as a function of time and
δ, for different values of φCEP. The values shown are convoluted with a normal distribution function with σ = 1 fs. The orange line shows the
total production rate � obtained for the corresponding delay. The carrier envelope phase (CEP) of the laser is shown inside each figure.

picture: first, the average number of doublon-hole pairs

D(t ) = 1

L

∑
j

〈n j,↑n j,↓〉, (4)

and second, the next-neighbor spin-spin correlation function

η(t ) = 1

L

∑
j

〈
S j · 
S j+1〉, (5)

where 
S j is the vector of spin matrices for spin-1/2 and site j.
At first, it may seem that predicting for which values of

δ and φCEP the phase transition takes place can be quite a
task. However, we can accomplish this by just computing the
maximum production rate � of the doublon-hole pairs in the
tunneling regime. Following Ref. [21], we take the production
rate as

� = exp

(
−π

Fth

max |F (t )|
)

. (6)

Therefore, only by knowing the shape of the laser and the
threshold amplitude (which depends solely on the material)

can we make a very confident guess of the nonequilibrium
behavior of the material. It must be noted that this rough
estimation is only valid when we are in the tunneling regime.
By calculating the adiabaticity parameter for both pulses sep-
arately, we found that γK,pul = 1.03 and γK,IR = 0.33. The
mid-IR pulse is well in the tunneling regime and the train
pulse is in the frontier between the multiphoton and tunneling
regime. However, when calculating γK,pul, summing the two
field strengths we get γK,pul = 0.63, which is indeed in the
tunneling regime. Consequently, � as defined in Eq. (6), for
our laser parameters, can be used as a good number, indicating
whether or not we are inducing the dielectric breakdown.

III. RESULTS

To prove the above assumptions, we have performed sev-
eral numerical calculations. In Fig. 2(a) we can see that the
profile of D(t ) coincides almost perfectly with the prediction
given by �. When the production rate starts to increase, i.e.,
when the delay δ (and the φCEP) causes the field to fulfill
max |F (t )| > Fth, doublon-hole pairs begin to appear due to

FIG. 3. (a) Total production rate �. Phase diagrams of (b) D(t ) and (c) η(t ). Both of these phase diagrams are obtained as the mean value
of a 30 fs period of time after the end of the laser pulse.
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FIG. 4. Harmonic spectra in arbitrary units (a) for φCEP = 0 and (b) for φCEP = 90. We have included only five different delays in each plot
for the sake of clarity. (c) Integrated spectrum S computed for the same range of δ and φCEP as in Fig. 3.

the tunneling mechanism, and so the insulator state breaks
down, leaving the system in a photoinduced saturated state
[20,21]. On the other hand, when δ and φCEP are such that the
field does not surpass the threshold, the initial ground state is
kept intact. The same trend can be appreciated for η(t ): The
antiferromagnetic order of the Mott state begins to decrease
when � becomes maximum and is conserved in the opposite
case [Fig. 2(b)]. Both D(t ) and η(t ) display the same behavior
because they are both signaling the appearance of a photoin-
duced transition. When doublon-hole pairs begin to populate
the system, electrons will be less likely to have neighbors with
an antialigned spin, because doublon-hole pairs are spinless
excitations [35]. Despite the simplicity of Eq. (6), it does
capture the physics of the system in a remarkable manner,
predicting even abrupt changes in the phase of the system
[Figs. 2(a) and 2(b) corresponding to the case φCEP = 90◦].
This resemblance between � and the physical observables
reaffirms that the dynamics of the system are heavily domi-
nated by the tunneling mechanism.

The possibility of making accurate predictions, along with
the tunability of the two parameters δ and φCEP, is what gives
us control over the transition as shown in Fig. 3, where we
have included � alongside a phase diagram of the system for
a range of δ and φCEP. Comparing Fig. 3(a) with Fig. 3(b),
one can see the clear correspondence between the theoretical
prediction of the production rate and the obtained phase. As
stated previously, when the production rate reaches a maxi-
mum, the system undergoes a dielectric breakdown, and if not,
the system stays in the Mott insulator state. Nevertheless, and
in spite of the similarities between these quantities (namely �

vs D and η), they do not show exactly the same behavior. This
is because tunneling is not a deterministic process but rather
a probabilistic one; the electron is not guaranteed to tunnel
over the potential barrier. Also, is worth noting the expected
periodicity both in the delay and in the CEP.

However, measuring correlations in Mott-like systems is
not an easy task [41]. Therefore, if we want to engineer the
phase transition it is almost mandatory to find a more suit-
able figure of merit. Naturally, and since we are generating
optical charge excitations, this process must manifest itself in
the optical response of the system. Indeed, previous works
have shown that a dielectric breakdown induced by strong
laser fields leaves a fingerprint in the corresponding harmonic
emission [19,33]. To compute the optical emission, we first

obtain the electric current operator [35]

Ĵ (t ) = −ieaτ
∑
j,σ

(e−i
(t )c†
j,σ c j+1,σ − H.c.). (7)

Afterwards, the harmonic spectra are computed through the
Larmor’s formula I (ω) ∝ ω2| 〈Ĵ (ω)〉 |2, where Ĵ (ω) is de-
fined as the Fourier transform of the current operator using
a limited-time window with a width of 1 fs. The spectrum
(Fig. 4) displays the same features presented in Ref. [19]. The
low intraband harmonics are mostly suppressed while the high
harmonics are the most prominent. Furthermore, these are
centered around the harmonic N = U/ωL ∼ 21 as expected.
However, if we compare the emission between different CEPs
[Figs. 4(a) and 4(b)] there is no significant difference between
φCEP = 0◦ and φCEP = 90◦. Additionally, varying the delay
does not give a different spectra either.

However, if one now computes the integrated spectrum

S =
∫ ω+

ω−
dω I (ω), (8)

a different behavior can be appreciated. We first note that the
frequencies ω+ and ω− correspond to the upper and lower
limits of the energy of the first allowed optical excitations
[21,35], namely ω− = � and ω+ = � + 8τ . In Fig. 4(c) we
have obtained S for the whole range of CEPs and delays,
where we can see a noteworthy resemblance between that
quantity and the prediction made in Fig. 3(a) using �. There-
fore, we can also characterize the phase of the material owing
to its optical response.

IV. CONCLUSION

One of the underlying assumptions of this paper is that
electrons will maintain their coherence during the whole pro-
cess. It has been shown that for bulk crystals, fast decoherence
processes must be taken into account to match the experiments
[42]. In those systems, dephasing is included ad hoc, so as to
account for the many-body effects that go beyond the single-
particle picture [43,44]. However, since the electron-electron
interaction is one of the major causes of decoherence, which
has been exactly included since the beginning, we hope that
this phenomenon should be somewhat robust under dephasing
effects.
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Even though a dielectric breakdown also happens in un-
correlated semiconductors [45], the results presented in this
paper are unique to strongly correlated systems. Although the
emission spectra from both systems are already quite different
[43], the major differences arise in the final state of the system.
As mentioned before, the final state of the system is a pho-
toinduced Tomonaga-Luttinger liquid [20,21], a completely
distinct state when compared to a Mott-like one. There is no
analog of this phenomenon in uncorrelated semiconductors.

As a prospect of future research, it could be interesting
to see how the inclusion of dissipative degrees of freedom
affects this process. Nevertheless, their effect should not af-
fect the physics described here, essentially because relaxation
processes (due to dissipation) and the photoinduced phase
transition operate in different timescales; the former has a
typical timescale of picoseconds [11,46] while the latter takes
place in a few femtoseconds.

Our work has shown that it is possible to acquire control
of a photoinduced transition in one-dimensional systems us-
ing electric fields. More specifically, we have shown that by
superposing two different lasers, a mid-IR and a train of short
pulses, the transition can be engineered by tuning the internal
parameters of the lasers, the time delay between them and the
internal carrier envelope phase of the short pulses (δ and φCEP

in our case). Alongside this tunability, we proved that the total
doublon-hole production rate � gives a simple, yet accurate,

method of predicting the transition. Lastly, we found the exis-
tence of a more appropriate figure of merit to characterize the
transition experimentally, by looking at the nonlinear optical
response of the system. Accordingly, we can also characterize
the photoinduced phase of the material using only its optical
response, as opposed to other more sophisticated experimental
setups, such as time-resolved angle-resolved photoemission
spectroscopy [47].

This work may pave the way to experimental efforts in
which a photoinduced transition in strongly correlated sys-
tems can be achieved in a coherent way using tailored laser
pulses. Moreover, we expect that this coherent control can
be also applied to systems with higher dimensions, since the
dielectric breakdown of the material has exactly the same key
properties in those systems [30,33].
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