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Ultrafast transient absorption spectroscopy of the charge-transfer insulator
NiO: Beyond the dynamical Franz-Keldysh effect
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We demonstrate that a dynamical modification of the Hubbard U in the model charge-transfer insulator
NiO can be observed with state-of-the-art time-resolved absorption spectroscopy. Using a self-consistent time-
dependent density functional theory plus U computational framework, we show that the dynamical modulation
of screening and Hubbard U significantly changes the transient optical spectroscopy. Whereas we find the well-
known dynamical Franz-Keldysh effect when the U is frozen, we observe a dynamical band-gap renormalization
for dynamical U . The renormalization of the optical gap is found to be smaller than the renormalization of
U . This work opens up the possibility of driving a light-induced transition from a charge transfer into a Mott
insulator phase.
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Counterintuitive phenomena occur when a crystalline solid
is exposed to time-dependent electromagnetic fields. A promi-
nent example is the prediction by Bloch [1] and Zener [2,3]
that electrons in a perfect crystal under a strong DC elec-
tric field undergoes a periodic motion instead of a uniform
one, a phenomenon now referred to as Bloch oscillations. A
second example is the prediction of the modification of the
band gap of a semiconductor under an intense electric field,
resulting in a redshift of the absorption edge with the electric
field, independently by Franz [4] and Keldysh [5], nowadays
referred to as the Franz-Keldysh effect. Common to both
phenomena is that they occur for weakly interacting electronic
quasiparticles. A natural question to pose is therefore how
these textbook strong-field phenomena are affected by strong
electron correlations, and whether new effects emerge due to
them.

Correlated quantum materials exhibit spectacular emer-
gent phenomena already in thermal equilibrium, such as the
fractional quantum Hall effect [6], anomalous magnetic [7]
and thermal conductivities [8], metal-insulator transitions [9],
and high-temperature superconductivity [10]. Their out-of-
equilibrium behavior, triggered by intense and ultrashort laser
pulses and monitored by pump-probe spectroscopy, shows
similarly diverse phenomena, such as light-induced magnetic
systems [11–17], metal-to-insulator transitions [18–20], or
superconductivity [21–23]. In laser-excited semiconductors
the effects of a dynamically screened Coulomb interaction are
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typically taken into account self-consistently on a semiclas-
sical level through the semiconductor Bloch equations [24].
The band gap renormalization due to the creation of charge
carriers upon light excitation has been widely investigated in
the past, mainly in semiconductors and insulators [25–28].
However, this simple picture of carrier-induced band-gap
renormalization does not incorporate effects due to strong
electronic correlations. The investigation of how strongly
correlated materials react to strong laser excitations is still at
a relatively early stage, and there are plenty of open questions
to address.

We recently predicted that in the prototypical charge-
transfer insulator NiO strong electronic correlations sig-
nificantly affect the material’s nonlinear optical response,
highlighted by the contribution of dynamical correlation
effects on the high-harmonic generation spectrum [29].
We found that the on-site electron-electron interaction,
parametrized by Hubbard U , is strongly renormalized (by
about 10%) under the presence of an intense electromag-
netic field [29], even when the conduction-band photodoped
carrier is relatively small due to a large, factor of 10, mis-
match between pump photon energy and optical band gap.
Similarly model calculations revealed intriguing effects in
the high-harmonic generation from a Mott insulator [30]
and in the band renormalization of charge-transfer insulators
[31,32]. It is therefore legitimate to ask how the predicted
renormalized on-site interaction U (t ) and concomitant elec-
tronic band-gap renormalization could be experimentally
measured, and more importantly, if the fingerprints of a
dynamical U are distinguishable compared to other ef-
fects. Moreover, the recent observation of superconductiv-
ity in infinite layer nickelate [33] is a further motivation
to investigate light-induced control of correlations in NiO.
Here pump-probe transient absorption with subcycle time
resolution comes to mind as a natural and unambiguous
tool to probe this dynamical change in strongly correlated
materials. Recent experimental advances have permitted us
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to measure in GaAs and diamond the time-dependent ex-
tension of the Franz-Keldysh effect, the dynamical Franz-
Keldysh effect (DFKE), using attosecond transient absorption
spectroscopy (ATAS) (see Ref. [34] and references therein). In
the static limit, the Franz-Keldysh effect on the below band-
gap absorption can be viewed as a photon-assisted tunneling
of the valence electrons. This picture also applies to the dy-
namical case in the limit of the tunneling regime, correspond-
ing to long-wavelength excitations. For shorter wavelengths,
a multiphoton dressing can also be observed [35], possibly in-
cluding excitonic states [36]. In all these cases, the DFKE fol-
lows the profile of the laser field and vanishes at the end of the
laser pulse. Using a similar pump-probe procedure, the band-
gap renormalization in transition metal dichalcogenides was
recently measured [37–39], demonstrating the importance of
excitonic effects in the transient absorption of transition metal
dichalcogenides on the observed band-gap renormalization.

We now turn our attention to a specific class of strongly
correlated materials, which is the transition metal oxides.
They are traditionally sorted as a charge-transfer insulator or
Mott insulator, according to a classification scheme due to
Zaanen, Sawatzky, and Allen [40]. Two effective electronic
parameters are used to classify these correlated oxides. One
is the Hubbard U of the transition metal ions, and the other
is the charge-transfer energy �CT, which represents the
energy cost for promoting an electron from the 2p band of
oxygen to the unoccupied upper Hubbard band. In the case of
charge-transfer insulators with �CT < U , such as NiO, one
expects the optical gap (�opt) to equal �CT. This is sketched
in Fig. 1. This raises directly the question of the dynamics of
the charge-transfer gap compared to the dynamics of U in a
driven charge-transfer insulator. Indeed, if by using light one
could make U smaller than �CT, one might be able to trigger
a light-induced transition from a charge-transfer insulator to
a Mott insulator. Assessing the transient changes of U and
�CT could, in principle, be resolved via time-resolved and
angle-resolved photoemission spectroscopy [41], as recently
measured in 1T-TaS2 [42]. Instead, here we propose instead
to use ATAS as a probe of light-induced dynamics of the
optical gap, which allows us to access the dynamics of the
charge-transfer gap on the attosecond timescale.

In this article we perform simulations of the transient
absorption in NiO under the presence of a strong driving
field. We drive NiO using a below-band-gap excitation, which
should lead to the DFKE as the strong laser will induce a
polarization in the electronic system. At the same time we get
a renormalized U . We are therefore investing here the relative
importance of both effects in the transient absorption of NiO.
For this, we compute its transient absorption by performing
a series of time propagations. In order to get closer to the
experiment, we extend our previous formalism by coupling
the generalized Kohn-Sham equations to Maxwell equations,
allowing us to capture the effect of the macroscopic induced
transverse electric field. For each time delay, we propagate
the generalized time-dependent Kohn-Sham equations of a
time-dependent density functional theory plus Hubbard U
(TDDFT + U ) framework [44] coupled to the macroscopic
Maxwell equation and we later “kick” the system at the given
time delay to obtain the optical spectra (see Refs. [45,46]).
The induced vector potential Aind(t ) is computed from the
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FIG. 1. Sketch of the relative position of the transition metal 3d
bands and the oxygen 2p bands for a charge-transfer insulator. Due to
the on-site interaction, the 3d bands split into lower Hubbard bands
(LHB) and upper Hubbard bands (UHB). (a) The equilibrium situ-
ation, whereas (b) indicates a light-induced change of the effective
electronic parameters U and �CT. Bottom panel of (c) shows the
typical absorption α of a three-dimensional semiconductor (violet
curve) and the absorption modified due to the Franz-Keldysh effect
(black curve) [43]. The differential absorption profile, shown in the
top panel, displays an increase below the band gap, then a decrease
and oscillations at higher energies. (d) Change in absorption and the
resulting differential profile for a shift in the peak position.

total electronic current j(t ) (atomic units are used throughout
this article):

∂2

∂t2
Aind(t ) = 4πc

V
j(t ), (1)

where V is the volume of the cell. In order to obtain the vector
potential induced by the kick, we subtract from the Aind(t )
a reference calculation obtained in presence of the driving
laser field but no kick [47–50]. This gives, for each time
delay, the induced vector potential, starting from the out-of-
equilibrium states, which is formally equivalent to performing
time-dependent perturbation theory starting from the time-
evolved states. From the external electric field and the total
electric field we obtain the dielectric function of light-driven
NiO [51]. Note that this approach is an alternative to the one
used in Refs. [34,50].

All the calculations presented here were performed for
bulk NiO, which is a type-II antiferromagnetic material below
its Néel temperature (TN = 523 K [52]) [53]. The driving
field is taken along the [100] crystallographic direction in
all the calculations. We consider a laser pulse of 7.5 fs
duration (FWHM), with a sin-square envelope for the vector
potential. The carrier wavelength λ is 800 nm, correspond-
ing to a carrier photon energy of 1.55 eV, which is much
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smaller than the calculated band gap of 4.14 eV. We checked
that similar results are obtained for below-band-gap excita-
tion with a much longer wavelength of 2100 nm [54]. The
time-dependent wave functions, electric current, and Ueff are
computed by propagating generalized Kohn-Sham equations
within real-time TDDFT+U , as provided by the Octopus
package [45,46]. We employed the PBE functional [55] for
describing the semilocal DFT part, and we computed the
effective Ueff = U − J for the O 2p (U 2p

eff ) and Ni 3d orbitals
(U 3d

eff ), using localized atomic orbitals from the corresponding
pseudopotentials [44]. All calculations are propagated for
15 fs after the kick, to avoid spurious numerical effects. A
Gaussian broadening of η = 0.3 eV is obtained by applying a
mask to the time-dependent signal before taking the Fourier
transform, to mimic the experimental broadening. Here we
considered a moderate intensity of Iext = 5.0 TW cm−2 for
the external field in matter, corresponding to an intensity in
matter of Imat ∼ 0.4 TW cm−2 [56].

The time-dependent generalized Kohn-Sham equation
within the adiabatic approximation reads [57]

i
∂

∂t

∣∣ψσ
n,k(t )

〉 =
[

(p̂ − Atot (t )/c)

2
+ v̂ext + v̂H[n(r, t )]

+ v̂xc[n(r, t )] + V̂U
[
n(r, t ),

{
nσ

mm′
}]]∣∣ψσ

n,k(t )
〉
,

(2)

where |ψσ
n,k〉 is a Bloch state with a band index n, at the point

k in the Brillouin zone, and with the spin index σ , v̂ext is the
ionic potential, Atot (t ) is the total vector potential containing
the induced one of Eq. (1), v̂H is the Hartree potential, v̂xc is
the exchange-correlation potential, and V̂ σ

U is the (nonlocal)
operator,

V̂ σ
U

[
n,

{
nσ

mm′
}] = Ueff

∑
m,m′

(
1

2
δmm′ − nσ

mm′

)
P̂σ

m,m′ . (3)

Here P̂mm′ = |φσ
m〉〈φσ

m′ | is the projector onto the localized
subspace defined by the localized orbitals {φσ

m}, and nσ is the
density matrix of the localized subspace. The expressions of
U and J can be found for instance in Ref. [58].

Then we compute the ATAS of bulk NiO under a strong
driving field, focusing on the visible range. The driving vector
potential is shown in the top panel of Fig. 2, and the cor-
responding dynamics of U is shown in the middle panel of
Fig. 2. The calculated transient absorption of NiO is shown
in the bottom panel. Our results show a main feature around
the band gap of the NiO in its ground state, indicated by the
horizontal dashed line. The increase of the spectral weight at
lower energy, together with the decrease of spectral weight at
higher energy, form a differential profile, characteristic of a
shift in energy, here towards lower energy [as expected from
a shift in the main absorption peak position, from Fig. 1(d)].
Clearly our simulations predict band-gap renormalization, in
agreement with the reduction of the Hubbard U due to a
change in the electronic screening [29]. It is now interesting
to come back to the DFKE effect. Indeed, in the picture of
the DFKE, the band gap of the material also changes due
to the presence of an external driving field. However, in
the DFKE, the change in the gap follows the profile of the
driving field and disappears at the end of the pulse. This is in

FIG. 2. Calculated transient absorption of NiO for a 800 nm
driving field. The top panel shows the time profile of the external
driving electric field Eext (t ). The middle panel shows the correspond-
ing time evolution of the on-site U for the 3d orbitals of Ni. A similar
variation is obtained for the 2p orbitals of oxygen atoms. The bottom
panel shows the calculated transient absorption of NiO. The dashed
line indicates the calculated ground-state gap of NiO.

clear contrast with the present results, in which the band-gap
renormalization, similar to the light-induced change of U ,
remains intact at the end of the pulse.

To understand the difference between our results and the
DFKE picture, we perform same calculations, but keeping the
U frozen during the whole time evolutions. It is important
to note that the changes in electronic populations are fully
taken into account, as well as local-field effects and all the
local inhomogeneities that would be accounted for in a usual
TDDFT calculation based on a (semi)local functional. How-
ever, effects due to the change in U , and hence the changes in
the electronic screening, are not accounted for. Put differently,
we suppress effects due to dynamical correlations. Our results
for fixed U are shown in Fig. 3. In clear contrast with Fig. 2,
we do not observe a unique differential profile over the entire
range of time delays, but rather three different features: (i) an

FIG. 3. The same as Fig. 2, but keeping U fixed to its ground-
state value of 6.93 eV during the time evolution.
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increase of the absorption below the band gap, (ii) a decrease
of the absorption starting at the position of the band gap,
and (iii) an increase of absorption at higher energy. These
features can be easily understood in terms of the DFKE, as
presented in Fig. 1(c). Moreover, these changes vanish at the
end of the laser pulse. The extracted dynamics of the optical
gap is shown in the Supplemental Material [54]. Comparing
the scales of the change in the absorption, one observes that
the change in absorption for a fixed U is smaller than for a
dynamical U by a factor of 4.

This gives us some clear insight on how dynamical cor-
relation effects modify the DFKE. Indeed, in the case of a
dynamical U , the dominating feature is the band-gap renor-
malization, which could either originate from the dynamical
U or from the usual dynamical screening from light-induced
charge carriers. As we show below, we found that the band-
gap renormalization originate here mostly from the dynamical
U . Importantly, we find the transient change in the absorption
induces by the exponential tail acquired by the wave functions
in the solid under a strong field, which is the DFKE, appears
here to be almost negligible, as no clear below-band-gap
absorption is observed. This result shows that the band-gap
renormalization related to the dynamical U has a very strong
effect on the transient absorption of NiO, revealing the possi-
bility to measure it experimentally.

It is important to note that the modification of the absorp-
tion spectrum at the end of the laser pulse is of different
nature in the case of dynamical or frozen U . In the case
of frozen U , the change in the absorption spectrum comes
from the carrier-induced broadening and Pauli-blocking ef-
fects. However, as we are considering here a nonresonant,
below-band-gap excitation of moderate intensity, these ef-
fects, which are directly related the excited carrier density,
are not so important here. In the case of the dynamical U ,
the main effect comes from the band-gap renormalization, as
U gets dynamically renormalized, which is a consequence of
the change in dielectric screening. Due to the reduction of
the gap, the excitation of carriers is also increased in the case
of light-reduced U , confirmed by a reduction of the Ni atom
magnetization is observed [29], and the charge dynamics is
also changed.

We now come back to the classification of transition-metal
oxides by Zaanen, Sawatzky, and Allen. In their classification,
Mott insulators and charge-transfer insulators differ by the
fact that in the former case, one has U < �CT with charge-
transfer energy �CT, whereas in the latter case, the charge
transfer energy �CT is smaller than U . The possibility of en-
gineering the effective electronic parameters on the timescale
of the optical cycle could lead to fundamentally very exciting
applications, such as light-driven Mott insulators. However,
this requires not only U to reduce, but also �CT to become
larger than the on-site interaction. From the result of Fig. 2, it
is clear that the charge-transfer gap �CT also gets reduced by
the light pulse.

It is therefore interesting to ask the following question:
How does the light pulse steer NiO in the Zaanen-Sawatzky-
Allen phase diagram? To answer this question, we first extract
from our simulations the value of the charge-transfer gap. As
this is not a well-defined observable, we use instead the optical
gap, extracted directly from the transient absorption spectra

FIG. 4. Calculated variation of the optical gap, extracted from
the calculated transient absorption, that is compared to the variation
of Ueff .

(details in the Supplemental Material [54]). The extracted
optical gap is shown in the top panel of Fig. 4, and compared
with the time profile of Hubbard U .

Clearly U reduces faster than the optical gap �opt (and
therefore than �CT). This result implies that these two quan-
tities are not renormalized equally, a condition necessary to
drive a charge-transfer insulator toward the Mott phase. Our
calculations indicate that the optical gap closely follow the
dynamics of U 3d

eff (t )/2, which is consistent with the usual
picture of charge-transfer insulation (as sketched in Fig. 1), in
which the optical gap is formed by O 2p bands and an upper
Hubbard band, with only the latter affected by the change
in U [hence moving by �U (t )/2]. Deviations originate from
carrier-induced effects such as Pauli blocking and carrier-
induced broadening, as well as dynamics from the O-p band.

In summary, we investigated the ATAS in NiO using
TDDFT+U simulations coupled with macroscopic Maxwell
equations. We found that for a prototypical strongly correlated
material NiO, the picture of the dynamical Franz-Keldysh
effect has to be reconsidered due to correlation effects. Indeed,
the dominant feature in the transient absorption trace becomes
the band-gap renormalization, whereas when we freeze the U ,
we recover the transient absorption structures characteristic
of the dynamical Franz-Keldysh effect. This demonstrates
the predominant role of correlation effects in nonequilibrium
dynamics of correlated materials, on a femtosecond timescale.
From our results, we extracted the time profile of the optical
gap, showing that while it also gets renormalized by the light,
it decreases only half as fast compared to U , namely like
Ueff (t )/2, as expected from the point of view of a charge-
transfer insulator. Our results are general, applicable to other
kind of correlated insulators, and open the door to driving
a charge-transfer insulator to the Mott-Hubbard phase using
intense femtosecond laser fields.

ACKNOWLEDGMENTS

This work was supported by the European Research Coun-
cil (ERC-2015-AdG694097), and the Flatiron Institute, which
is a division of the Simons Foundation. M.A.S. acknowledges
financial support by the DFG through the Emmy Noether
programme (SE 2558/2-1). We would like to thank O. D.
Mücke for fruitful discussions.

115106-4



ULTRAFAST TRANSIENT ABSORPTION SPECTROSCOPY … PHYSICAL REVIEW B 102, 115106 (2020)

[1] F. Bloch, Z. Phys. 52, 555 (1929).
[2] H. Jones, Proc. R. Soc. London Ser. A 144, 101 (1934).
[3] C. Zener, Proc. R. Soc. London Ser. A 145, 523 (1934).
[4] W. Franz, Z. Naturforschung 13a, 484 (1958).
[5] L. Keldysh, J. Exptl. Theoret. Phys. (USSR) 33, 994 (1957)

[Sov. Phys. JETP 6, 763 (1958)].
[6] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett.

48, 1559 (1982).
[7] Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu,

G. Kido, and N. Furukawa, J. Phys. Soc. Jpn. 63, 3931 (1994).
[8] S. Lee, K. Hippalgaonkar, F. Yang, J. Hong, C. Ko, J. Suh, K.

Liu, K. Wang, J. J. Urban, X. Zhang, C. Dames, S. A. Hartnoll,
O. Delaire, and J. Wu, Science 355, 371 (2017).

[9] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phys. 70,
1039 (1998).

[10] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J.
Zaanen, Nature (London) 518, 179 (2015).

[11] A. V. Kimel, A. Kirilyuk, F. Hansteen, R. V. Pisarev, and T.
Rasing, J. Phys.: Condens. Matter 19, 043201 (2007).

[12] A. Kirilyuk, A. V. Kimel, and T. Rasing, Rev. Mod. Phys. 82,
2731 (2010).

[13] M. Först, R. I. Tobey, S. Wall, H. Bromberger, V. Khanna, A. L.
Cavalieri, Y.-D. Chuang, W. S. Lee, R. Moore, W. F. Schlotter,
J. J. Turner, O. Krupin, M. Trigo, H. Zheng, J. F. Mitchell, S. S.
Dhesi, J. P. Hill, and A. Cavalleri, Phys. Rev. B 84, 241104(R)
(2011).

[14] M. Först, A. D. Caviglia, R. Scherwitzl, R. Mankowsky,
P. Zubko, V. Khanna, H. Bromberger, S. B. Wilkins, Y.-D.
Chuang, W. S. Lee, W. F. Schlotter, J. J. Turner, G. L. Dakovski,
M. P. Minitti, J. Robinson, S. R. Clark, D. Jaksch, J.-M.
Triscone, J. P. Hill, S. S. Dhesi, and A. Cavalleri, Nat. Mater.
14, 883 (2015).

[15] J. H. Mentink, K. Balzer, and M. Eckstein, Nat. Commun. 6,
6708 (2015).

[16] T. F. Nova, A. Cartella, A. Cantaluppi, M. Först, D. Bossini,
R. V. Mikhaylovskiy, A. V. Kimel, R. Merlin, and A. Cavalleri,
Nat. Phys. 13, 132 (2017).

[17] G. E. Topp, N. Tancogne-Dejean, A. F. Kemper, A. Rubio, and
M. A. Sentef, Nat. Commun. 9, 4452 (2018).

[18] M. Rini, R. Tobey, N. Dean, J. Itatani, Y. Tomioka, Y. Tokura,
R. W. Schoenlein, and A. Cavalleri, Nature (London) 449, 72
(2007).

[19] A. D. Caviglia, R. Scherwitzl, P. Popovich, W. Hu, H.
Bromberger, R. Singla, M. Mitrano, M. C. Hoffmann, S.
Kaiser, P. Zubko, S. Gariglio, J.-M. Triscone, M. Först, and A.
Cavalleri, Phys. Rev. Lett. 108, 136801 (2012).

[20] L. Stojchevska, I. Vaskivskyi, T. Mertelj, P. Kusar, D. Svetin, S.
Brazovskii, and D. Mihailovic, Science 344, 177 (2014).

[21] D. Fausti, R. I. Tobey, N. Dean, S. Kaiser, A. Dienst, M. C.
Hoffmann, S. Pyon, T. Takayama, H. Takagi, and A. Cavalleri,
Science 331, 189 (2011).

[22] S. Kaiser, C. R. Hunt, D. Nicoletti, W. Hu, I. Gierz, H. Y. Liu,
M. Le Tacon, T. Loew, D. Haug, B. Keimer, and A. Cavalleri,
Phys. Rev. B 89, 184516 (2014).

[23] M. Mitrano, A. Cantaluppi, D. Nicoletti, S. Kaiser, A. Perucchi,
S. Lupi, P. Di Pietro, D. Pontiroli, M. Riccò, S. R. Clark, D.
Jaksch, and A. Cavalleri, Nature (London) 530, 461 (2016).

[24] H. Haug and S. W. Koch, Quantum Theory of the Optical
and Electronic Properties of Semiconductors (World Scientific,
Singapore, 2004).

[25] D. Reynolds, D. C. Look, and B. Jogai, J. Appl. Phys. 88, 5760
(2000).

[26] T. Nagai, T. J. Inagaki, and Y. Kanemitsu, Appl. Phys. Lett. 84,
1284 (2004).

[27] C. D. Spataru, L. X. Benedict, and S. G. Louie, Phys. Rev. B
69, 205204 (2004).

[28] D. Wegkamp, M. Herzog, L. Xian, M. Gatti, P. Cudazzo,
C. L. McGahan, R. E. Marvel, R. F. Haglund, A. Rubio,
M. Wolf, and J. Stähler, Phys. Rev. Lett. 113, 216401
(2014).

[29] N. Tancogne-Dejean, M. A. Sentef, and A. Rubio, Phys. Rev.
Lett. 121, 097402 (2018).

[30] Y. Murakami, M. Eckstein, and P. Werner, Phys. Rev. Lett. 121,
057405 (2018).

[31] D. Golež, L. Boehnke, M. Eckstein, and P. Werner, Phys. Rev.
B 100, 041111 (2019).

[32] D. Golez, M. Eckstein, and P. Werner, Phys. Rev. B 100, 235117
(2019).

[33] D. Li, K. Lee, B. Y. Wang, M. Osada, S. Crossley, H. R. Lee,
Y. Cui, Y. Hikita, and H. Y. Hwang, Nature (London) 572, 624
(2019).

[34] M. Lucchini, S. Sato, A. Ludwig, J. Herrmann, M. Volkov, L.
Kasmi, Y. Shinohara, K. Yabana, L. Gallmann, and U. Keller,
Science 353, 916 (2016).

[35] T. Otobe, Y. Shinohara, S. A. Sato, and K. Yabana, Phys. Rev.
B 93, 045124 (2016).

[36] K. Uchida, T. Otobe, T. Mochizuki, C. Kim, M.
Yoshita, H. Akiyama, L. N. Pfeiffer, K. W. West, K.
Tanaka, and H. Hirori, Phys. Rev. Lett. 117, 277402
(2016).

[37] A. Chernikov, C. Ruppert, H. M. Hill, A. F. Rigosi, and T. F.
Heinz, Nat. Photon. 9, 466 (2015).

[38] E. A. Pogna, M. Marsili, D. De Fazio, S. Dal Conte, C.
Manzoni, D. Sangalli, D. Yoon, A. Lombardo, A. C. Ferrari,
A. Marini et al., ACS Nano 10, 1182 (2016).

[39] L. Meckbach, T. Stroucken, and S. W. Koch, Appl. Phys. Lett.
112, 061104 (2018).

[40] J. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. Lett. 55,
418 (1985).

[41] U. Bovensiepen and P. S. Kirchmann, Laser Photon. Rev. 6, 589
(2012).

[42] M. Ligges, I. Avigo, D. Golež, H. U. R. Strand, Y. Beyazit, K.
Hanff, F. Diekmann, L. Stojchevska, M. Kalläne, P. Zhou, K.
Rossnagel, M. Eckstein, P. Werner, and U. Bovensiepen, Phys.
Rev. Lett. 120, 166401 (2018).

[43] M. Wegener, Extreme Nonlinear Optics (Springer, Berlin,
2005).

[44] N. Tancogne-Dejean, M. J. T. Oliveira, and A. Rubio, Phys. Rev.
B 96, 245133 (2017).

[45] X. Andrade, D. Strubbe, U. De Giovannini, A. H. Larsen,
M. J. T. Oliveira, J. Alberdi-Rodriguez, A. Varas, I. Theophilou,
N. Helbig, M. J. Verstraete, L. Stella, F. Nogueira, A. Aspuru-
Guzik, A. Castro, M. A. L. Marques, and A. Rubio, Phys. Chem.
Chem. Phys. 17, 31371 (2015).

[46] A. Castro, H. Appel, M. Oliveira, C. A. Rozzi, X. Andrade, F.
Lorenzen, M. A. L. Marques, E. K. U. Gross, and A. Rubio,
Phys. Status Solidi B 243, 2465 (2006).

[47] U. De Giovannini, G. Brunetto, A. Castro, J.
Walkenhorst, and A. Rubio, ChemPhysChem 14, 1363
(2013).

115106-5

https://doi.org/10.1007/BF01339455
https://doi.org/10.1098/rspa.1934.0036
https://doi.org/10.1098/rspa.1934.0116
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1143/JPSJ.63.3931
https://doi.org/10.1126/science.aag0410
https://doi.org/10.1103/RevModPhys.70.1039
https://doi.org/10.1038/nature14165
https://doi.org/10.1088/0953-8984/19/4/043201
https://doi.org/10.1103/RevModPhys.82.2731
https://doi.org/10.1103/PhysRevB.84.241104
https://doi.org/10.1038/nmat4341
https://doi.org/10.1038/ncomms7708
https://doi.org/10.1038/nphys3925
https://doi.org/10.1038/s41467-018-06991-8
https://doi.org/10.1038/nature06119
https://doi.org/10.1103/PhysRevLett.108.136801
https://doi.org/10.1126/science.1241591
https://doi.org/10.1126/science.1197294
https://doi.org/10.1103/PhysRevB.89.184516
https://doi.org/10.1038/nature16522
https://doi.org/10.1063/1.1320026
https://doi.org/10.1063/1.1650552
https://doi.org/10.1103/PhysRevB.69.205204
https://doi.org/10.1103/PhysRevLett.113.216401
https://doi.org/10.1103/PhysRevLett.121.097402
https://doi.org/10.1103/PhysRevLett.121.057405
https://doi.org/10.1103/PhysRevB.100.041111
https://doi.org/10.1103/PhysRevB.100.235117
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1126/science.aag1268
https://doi.org/10.1103/PhysRevB.93.045124
https://doi.org/10.1103/PhysRevLett.117.277402
https://doi.org/10.1038/nphoton.2015.104
https://doi.org/10.1021/acsnano.5b06488
https://doi.org/10.1063/1.5017069
https://doi.org/10.1103/PhysRevLett.55.418
https://doi.org/10.1002/lpor.201000035
https://doi.org/10.1103/PhysRevLett.120.166401
https://doi.org/10.1103/PhysRevB.96.245133
https://doi.org/10.1039/C5CP00351B
https://doi.org/10.1002/pssb.200642067
https://doi.org/10.1002/cphc.201201007


TANCOGNE-DEJEAN, SENTEF, AND RUBIO PHYSICAL REVIEW B 102, 115106 (2020)

[48] J. Walkenhorst, U. De Giovannini, A. Castro, and A. Rubio, Eur.
Phys. J. B 89, 128 (2016).

[49] U. De Giovannini, in Handbook of Materials Modeling,
edited by W. Andreoni and S. Yip (Springer, Cham, 2020),
pp. 293–311.

[50] S. Sato, H. Hübener, U. De Giovannini, and A. Rubio, Appl.
Sci. 8, 1777 (2018).

[51] We found that the inclusion of the induced field results in a mild
modulation of U after the end of the laser pulse, but neither to a
further sizable reduction of U nor a change in its dynamics.

[52] A. P. Cracknell and S. J. Joshua, Math. Proc. Cambridge Philos.
Soc. 66, 493 (1969).

[53] We neglected the small rhombohedral distortions and con-
sidered NiO in its cubic rock-salt structure, which does not
affect the result of calculated optical spectra. Calculations were
performed using norm-conserving pseudopotentials, a lattice
parameter of 4.1704 Å, a real-space spacing of �r = 0.293
bohr, and a 16 × 16 × 8k-point grid to sample the Brillouin
zone.

[54] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.102.115106 for more details on the
extraction of the optical gap, and for more calculations on
the bandgap dynamics as well as the transient absorption at a
different driver wavelength.

[55] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[56] This value corresponds to the intensity of the external field, de-
fined without the refractive index. The total field acting on elec-
trons is reduced (due to the local-field effect, i.e., macroscopic
induced field) by a factor of ε2

1 , where ε1 ∼ 5.4 is the dielectric
constant at 800 nm of bulk NiO at equilibrium. The intensity in
matter is thus estimated to be of Imat = 0.4 TW cm−2, this time
taking into account the refractive index in the definition of the
intensity.

[57] The nonlocal part of the pseudopotential is omitted for concise-
ness.

[58] L. A. Agapito, S. Curtarolo, and M. Buongiorno Nardelli, Phys.
Rev. X 5, 011006 (2015).

115106-6

https://doi.org/10.1140/epjb/e2016-70064-0
https://doi.org/10.3390/app8101777
https://doi.org/10.1017/S0305004100045229
http://link.aps.org/supplemental/10.1103/PhysRevB.102.115106
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevX.5.011006

