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Ab initio insights on the ultrafast strong-field dynamics of anatase TiO2
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Electron dynamics of anatase TiO2 under the influence of ultrashort and intense laser field is studied using
the real-time time-dependent density functional theory (TDDFT). Our findings demonstrate the effectiveness of
TDDFT calculations in modeling the electron dynamics of solids during ultrashort laser excitation, providing
valuable insights for designing and optimizing nonlinear photonic devices. We analyze the perturbative and
nonperturbative responses of TiO2 to 30 fs laser pulses at 400 and 800 nm wavelengths, elucidating the
underlying mechanisms. At 400 nm, ionization via single photon absorption dominates, even at very low
intensities. At 800 nm, we observe ionization through two-photon absorption within the intensity range of
1 × 1010 to 9 × 1012 W/cm2, with a transition from multiphoton to tunneling ionization occurring at 9 × 1012

W/cm2. We observe a sudden increase in energy and the number of excited electrons beyond 1 × 1013 W/cm2,
leading to their saturation and subsequent laser-induced damage. We estimate the damage threshold of TiO2 for
800 nm to be 0.1 J/cm2. In the perturbative regime, induced currents exhibit a phase shift proportional to the
peak intensity of the laser pulse. This phase shift is attributed to the intensity-dependent changes in the number
of free carriers, indicative of the optical Kerr effect. Leveraging the linear dependence of phase shift on peak
intensities, we estimate the nonlinear refractive index (n2) of TiO2 to be 3.54 × 10−11 cm2/W.

DOI: 10.1103/PhysRevB.108.195149

I. INTRODUCTION

Time-dependent density-functional theory (TDDFT) [1]
describes the quantum dynamics of electrons under the in-
fluence of a time-dependent external potential [2–7]. TDDFT
calculations are used to study ultrashort laser-matter inter-
actions including high-harmonic generation (HHG) [8–11],
nonlinear current injection [12,13], formation of Floquet-
Bloch states [14,15], and laser ablation [16,17]. TDDFT
computations have also been utilized to distinguish between
the purely electronic and phononic contribution to nonequilib-
rium dynamics in metals caused by lasers [18]. Furthermore,
TDDFT has been applied to study the influence of the laser
pulse widths in the formation of nitrogen-vacancy centers in
the diamond lattice [19].

The strong-field response in solids has become an area
of renewed interest due to recent experimental evidence that
dielectrics can survive electric fields approaching their critical
fields when exposed to laser pulses shorter than the electronic
relaxation time scales [20–22]. Initiating, driving, and probing
the nonlinear electron dynamics in crystalline materials is
now possible with optical subcycle resolutions, opening the
door for optical field-effect devices operating within single
optical cycles and petahertz signal processing [21–29]. For
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instance, a reversible energy exchange at sub-30-attosecond
time scales was observed in fused silica by Sommer et al.
[28]. Under the influence of strong electric fields, it has been
shown that the ac conductivity of fused silica increases by
18 orders of magnitude within one femtosecond [24] and is
completely reversible. TDDFT calculations have shown that
electron tunneling is the fundamental mechanism of carrier
injection in silica under few-cycle extreme ultraviolet (XUV)
illumination [27]. Materials undergo dynamic metallization
[23,30–32] when irradiated with optical pulses of amplitude
as large as 1 V/Å. This observation was also supported by
TDDFT calculations [12].

TDDFT calculations of ultrashort laser-induced electron
dynamics for nonlinear photonic applications have so far been
focused on Si [16,27], SiO2 [4,16,32], linear carbon chain
[33], diamond [2,34–36], phospherene [37], and MoS2 [38].
Titanium dioxide (TiO2), commonly used as a saturable ab-
sorber in passively Q-switched fiber lasers [39,40], has great
potential for enabling nonlinear photonics. The nonlinear op-
tical response of anatase TiO2 has a typical recovery period of
approximately 1.5 ps [41]. The nonlinear index (n2) of bulk
and thin film of TiO2 ranges from (0.8–3)×10−14 cm2/W
[42–44], which is greater than the nonlinear index of silica
fiber (2.48 × 10−16 cm2/W [45]). Moreover, the two-photon
absorption of TiO2 at 800 nm is minimal, making it ideal
for waveguides operating near 800 nm [46]. TiO2 can be
formed at low temperatures (<400 ◦C) and offers advantages

2469-9950/2023/108(19)/195149(11) 195149-1 ©2023 American Physical Society

https://orcid.org/0000-0002-6080-2131
https://orcid.org/0000-0001-8679-5905
https://orcid.org/0000-0003-4211-2484
https://orcid.org/0000-0001-9162-262X
https://orcid.org/0000-0002-8218-5744
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.195149&domain=pdf&date_stamp=2023-11-27
https://doi.org/10.1103/PhysRevB.108.195149


SRUTHIL LAL S. B. et al. PHYSICAL REVIEW B 108, 195149 (2023)

over silicon nitride with its higher refractive index (2.4 vs
2.0) and more than three times stronger Kerr nonlinearity
[42,47,48]. These properties enable back-end integration with
silicon microphotonic devices. Existing estimates of n2 of
TiO2 are either from femtosecond z-scan measurements or
by fitting the nonlinear pulse propagation simulations (based
on the nonlinear Schrödinger equation) to the experimental
data [49]. A systematic analysis of ultrafast nonlinear optical
interactions in TiO2 from a microscopic perspective has yet to
be explored.

This study uses first-principle simulations to examine the
microscopic electron dynamics of crystalline anatase TiO2

modulated by an ultrashort and intense laser fields. We employ
TDDFT calculations as implemented in the software package
OCTOPUS [50]. We explore the response of anatase TiO2 to
800 nm and 400 nm laser pulses with intensities spanning
from the perturbative to strong-field regimes (nonperturba-
tive). Different regimes of nonlinear interactions with the
external electric field are characterized, and various underly-
ing mechanisms are analyzed. The evolution of photoinduced
current and energy transfer during the interaction is studied.
We determine the nonlinear refractive index and optical dam-
age threshold of anatase TiO2 and our results are in excellent
agreement with previously reported experimental data.

The paper is organized as follows. Section II describes
the computational methods employed for determining the
photoinduced current and the energy dynamics of TiO2. The
results and analysis of our study are discussed in Sec. III,
where we also compare them with the existing experimental
data. We conclude the paper with a summary in Sec. IV.

II. COMPUTATIONAL METHODS

A. Time-dependent density functional theory

The electron dynamics in a unit cell of a periodic crystal
driven by a time-dependent electric field E(r, t ) is described
in terms of the time-dependent Kohn-Sham (KS) equations

i
∂

∂t
un,k (r, t ) =

{
1

2
[p + AS(r, t )]2 + vS(r, t )

}
un,k (r, t ), (1)

where un,k (r, t ) denotes KS orbitals with the band index
n, the electron wave vector k, and vS[n](r, t ) = vion(r, t ) +
vH[n](r, t ) + vXC[n](r, t ) is the KS potential with vion denot-
ing the external ionic potential, vH the Hartree potential, and
vXC the exchange-correlation (XC) potential. Furthermore, p
is the momentum operator and AS(r, t ) = A(r, t ) + AXC(r, t )
is the vector potential composed of the applied vector po-
tential A(r, t ) and an XC contribution AXC(r, t ) [51]. The
applied vector potential represents an applied electromagnetic
field, such as a laser pulse, and is related to the applied
electric field by E(r, t ) = −(1/c)[∂A(r, t )/∂t]. Note that the
laser pulse can be treated as spatially uniform E(t ) under
the dipole approximation. Solving the time-dependent KS
equations with the exact XC potential and XC vector poten-
tial yields the exact time-dependent electron density n(r, t ) =∑occ

n,k u∗
n,k (r, t ) un,k (r, t ). However, in practice approximations

are used, e.g., a particular approximation is used to express
the XC potential [52], the adiabatic approximation is applied,
and the AXC is often neglected. We follow the general practice

by applying these approximations as detailed below. Note that
we adopt Hartree atomic units, i.e., h̄ = e = m = 1.

Another useful quantity is the microscopic current density
which is determined in the outlined framework as

j(r, t ) =
occ∑
nk

1

2
{u∗

n,k (r, t )[p + A(t )]un,k (r, t )}, (2)

where the summation runs over the occupied bands. The
macroscopic current density J (t ) along the laser polarization
direction E0 is obtained by averaging j(r, t ) over the unit cell
with volume �,

J (t ) = 1

�

∫
�

d3r j(r, t ) · E0/|E0|. (3)

The polarization density corresponding to J (t ) is P(t ) =∫ t
0 J (t ′)dt ′. The time-resolved energy density W (t ) transferred

between the field and the material is evaluated by

W (t ) =
∫ t

−∞
dt ′ E(t ) · J(t ). (4)

Its resultant value at the end of the laser pulse W (t → ∞)
determines the total amount of energy dissipated during the
light-matter interaction. The number of electrons excited from
the valence band to the conduction band Nexc per unit cell is
calculated using [53]

Nexc(t ) =
∑
n,n′,k

[δnn′k− | 〈un,k (0)|un′,k (t )〉 |2]. (5)

Here un,k (0) is the KS orbital of the initial state, un′k (t ) is the
time-dependent KS orbital, and δ is the Kronecker delta.

We use the real-space, real-time code OCTOPUS [50] to
carry out the TDDFT calculations. The laser-induced dynam-
ics of valence electrons are calculated in a unit cell of anatase
TiO2. Anatase TiO2 crystallizes with a tetragonal unit cell
having a lattice spacing a = 3.79 Å and c/a = 2.55 [54–57].
We treat the interaction vion(r, t ) between valence electrons
and the ionic core by the Kleinman-Bylander pseudopotential
[58]. The generalized gradient approximation (GGA) based
on the Perdew-Burke-Ernzerhof functional (PBE) [59] is em-
ployed for the XC potential. KS orbitals are represented on
the discretized real-space grid with �x = �y = 0.12 Å and
�z = 0.20 Å. It is equivalent to a plane-wave cutoff at 900 eV.
The time-dependent KS equations are solved on a uniform
grid with ≈29000 grid points. The Brillouin zone is uni-
formly sampled by 12 × 12 × 4 Monkhorst-Pack grids [60].
The discretization consists of 363 symmetry-reduced k points
for x polarized light. With this setup, the system’s total energy
converges to within 1 meV.

First, the ground state of TiO2 is calculated, which will be
used as the initial state for the time-dependent calculations.
We then time propagate the KS orbital by solving Eq. (1)
in the time domain. The time evolution is calculated with
the approximated enforced time-reversal symmetry (AETRS)
[61] as the time-evolution propagator with a time step �t =
0.02 a.u. The total simulation duration is 30 fs (1240 atomic
units with a step size of 0.02 a.u., i.e., ≈64000 time steps).
Note that, during the time evolution, ions are at their equilib-
rium positions in the ground state. Furthermore, the adiabatic
approximation [62] is used, which means that the time
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FIG. 1. Time-dependent energy exchanged between anatase TiO2 and 30 fs pulses at 800 nm is given for different peak intensities. Panel
(a) represents the nonresonant virtual energy transfer where the transferred energy oscillates synchronously E2(t ) (bottom panel). This occurs
for intensities below 1 × 1011 W/cm2. Panel (b) shows the energy exchange via resonant two-photon absorption for intensities ranging from
2 × 1011 to 7 × 1011 W/cm2. For panels (a) and (b) the dynamics at 1 × 1010 W/cm2 is shown as the reference.

dependence of the XC potential is approximated by evaluating
a ground-state XC functional at the time-dependent density.

We calculate the response of TiO2 to a linearly polarized
laser pulse, which is represented by the spatially uniform
electric field through the corresponding vector potential

A(t ) = E0

ω
exp

[−(t − t0)2

2τ 2
0

]
cos(ωt ), (6)

where ω is the central frequency of the laser pulse and E0 is
the amplitude of the time-dependent electric field E(t ), which
is related to the laser peak intensity I0 = c|E0|2/8π .

III. RESULTS

The following section presents the electron dynamics of
crystalline anatase TiO2 excited by 800 nm and 400 nm laser
pulses represented by Eq. (6). The duration of the pulse is set
to T = 30 fs (≈12 fs at the FWHM of the envelope), while
the amplitude of the pulse is varied from 107 to 1016 W/cm2.
The laser field is polarized along the x axis.

A. Energy transfer dynamics

The energy transferred from the applied electric field to
anatase TiO2 is evaluated by Eq. (4). Figure 1 shows the
resultant energy dynamics for incident laser pulses at 800 nm
(h̄ω = 1.55 eV) with different peak intensities. The central
frequency of the pulse corresponds to energy lower than the
direct gap (2.25 eV) [63], leading to two general types of
temporal energy transfer profiles. The first type is nonreso-
nant excitation. The transferred energy, in this case, oscillates
synchronously with the E2(t ), and the system almost returns
to the ground state at the end of the pulse. This represents a
virtual energy transfer from the laser pulse to the electrons.
Such dynamics is observed in Fig. 1(a) for peak intensities
from 1 × 1010 to 1 × 1011 W/cm2. This behavior is typical

when the frequency is below the band gap and the intensity is
very low.

The second kind of response is resonant excitation, where,
along with the virtual oscillations, the transferred energy grad-
ually increases during the pulse and persists beyond the pulse
width. Given the pulse energy is below the band gap, this oc-
curs when the field is strong enough to induce real excitation
through multiphoton absorption. Figure 1(b) illustrates the
energy transfer W (t ) for this scenario, observed for intensities
ranging from 2 × 1011 to 7 × 1011 W/cm2. The permanent
energy transfer is related to creating electron-hole pairs, cor-
responding to the population transfer from valence bands to
conduction bands.

Figure 2 illustrates the residual excitation energy (�Eex) of
anatase TiO2 following interactions with 800 and 400 nm laser
pulses, each at different peak intensities. The energy absorbed
at 400 nm scales linearly to the intensity of the light, fitting
exceptionally well with the expression �Eex ∝ I governing
single-photon absorption (black dashed line in Fig. 2). This
relation remains valid for light intensities of up to 5 × 1011

W/cm2. The anticipated linear absorption pattern at 400 nm
is because a single photon carrying 3.10 eV of energy bridges
the direct band gap of anatase TiO2. In contrast, single photon
absorption below the direct band gap is unlikely at 800 nm
and, hence, no permanent energy transfer for intensities below
1 × 1010 W/cm2. However, as the intensity increases from
1 × 1010 W/cm2 up to 1 × 1012 W/cm2, the deposited energy
at 800 nm increases, closely following a quadratic dependence
(�Eex ∝ I2) represented by the red dashed line in Fig. 2.

At approximately 1 × 1013 W/cm2 intensity, the excitation
energies of 400 nm and 800 nm wavelengths combine to form
a single curve. Below the intersection point, it displays a
perturbative behavior and can be effectively modeled by IN

as discussed above, where I represents the laser intensity and
N corresponds to the number of photons required to exceed
the band gap energy. At intensities above the intersection
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FIG. 2. Dependence of anatase TiO2’s excitation energy (�Eex)
on the peak intensity during its interaction with 800 and 400 nm
laser pulses: energy exchange at 400 nm is predominantly through
single photon absorption for intensities up to ≈5 × 1011 W/cm2, rep-
resented by a linear fit to the expression �Eex ∝ I . For 800 nm pulse,
no energy is exchanged until peak intensity becomes �1 × 1010,
while energy exchange due to two-photon absorption becomes dom-
inant for intensities ranging from 1 × 1010 W/cm2 up to 1 × 1012

W/cm2 (�Eex ∝ I2). For intensities larger than ≈1 × 1012 W/cm2,
excitation energy no longer follows a quadratic dependence on the
intensity due to the onset of tunneling ionization and absorption by
secondary electrons. Typical intensity ranges of 800 nm pulses over
which the multiphoton absorption (γ > 1) or tunneling ionization
(γ < 1) becomes the dominant process are highlighted.

region, the excitation energy is independent of laser frequency
and the curve’s slope decreases compared to the region below
the intersection [4]. This suggests a saturationlike behavior
occurring in the material’s response. The similarity of the
number density of excited electrons for both 800 nm and
400 nm beyond ∼1013 W/cm2 also indicates the saturation
effects [64]. For intensities higher than 1 × 1014 W/cm2, the
energy transfer exhibits an abrupt increase, indicating the on-
set of material laser-induced dielectric breakdown, as outlined
in Sec. III D.

Next, we analyze the residual energy of excited electrons
at 800 and 400 nm beyond the pulse duration. The residual
energy per excited electron (Ee

res) is obtained by dividing the
energy (Fig. 1) by the number of excited electrons [64] at their
saturation values. The results for 400 and 800 nm are shown
in Fig. 3, highlighting the dominant excitation mechanisms at
different intensity regimes. At 400 nm, Ee

res is approximately
3.10 eV for intensities up to ≈5 × 1011 W/cm2 (region A),
indicating single photon absorption referred in Fig. 2. For
higher intensities in region B, Ee

res increases potentially due
to higher-order multiphoton absorption and secondary excita-
tion of excited electrons [65,66]. In comparison, no excited
electrons are observed at 800 nm until the intensity reaches
1 × 1010 W/cm2 (region I). However, it approaches twice the
photon energy (3.10 eV) for intensities ranging from 1 × 1010

W/cm2 to 1 × 1012 W/cm2 highlighted as region II, indi-
cating ionization by two-photon absorption. Ee

res gradually
increases above a 3.10 eV reference line for intensities larger
than ≈1 × 1012 W/cm2 in Fig. 3, as a result of excitation via
ionized free carriers and ionization due to electron tunneling

FIG. 3. Energy per excited electron (Ee
res) at 800 nm and 400 nm

beyond the laser pulse is shown along with dominant excitation
regimes highlighted in colored boxes. The color gradient at the
boundary between the two regions implies the coexistence of multi-
ple excitation mechanisms. In region A for 400 nm, Ee

res is 3.10 eV for
intensities up to ≈1 × 1012 W/cm2, indicating single photon absorp-
tion. In region B, secondary excitation of excited electrons causes a
substantial increase in Ee

res. At 800 nm, single photon absorption is
unlikely for I0 � 1 × 1010 W/cm2 (region I). For intensities ranging
from 1 × 1010 W/cm2 to 1 × 1012 W/cm2 (region II) energy per
electron lies on the two-photon absorption energy (3.10 eV). Ee

res

gradually increases and becomes frequency independent for inten-
sities larger than ≈1 × 1012 W/cm2, potentially due to higher-order
multiphoton absorption and secondary excitation of excited electrons
(region III).

across the barrier (region III). These observations are consis-
tent with different interaction regimes illustrated in Fig. 2.

The Keldysh parameter, denoted by γ , serves as an approx-
imate measure to determine the type of strong field ionization
[65]. The Keldysh parameter for the interaction of a laser
pulse of frequency ω and field amplitude E0 with a material
of energy gap � is given by

γ = ω
√

m�

eE0
, (7)

where the electric field amplitude E0[V/cm] = 27.44√
I[W/cm2], I is the peak intensity of the laser pulse,

and e and m are the charge and mass of electron, respectively.
The condition γ > 1 represents multiphoton ionization
being the primary mechanism of ionization, whereas γ < 1
indicates that tunneling ionization dominates. As the intensity
of the laser pulse increases, a transition from multiphoton
absorption to tunneling ionization can be observed. The
Keldysh parameter at 800 nm is calculated at different peak
intensities. Based on the value of γ , the intensities over which
multiphoton or tunneling ionization dominate are highlighted
in Fig. 2. When I ≈ 9 × 1012 W/cm2, the Keldysh parameter
assumes a value of 1. It indicates that, for 800 nm, below an
intensity of 9 × 1012 W/cm2, the ionization is predominantly
via multiphoton absorption and tunneling ionization above it.

B. Saturation of photoinduced current at 400 nm

Figures 4(a)–4(e) show the induced current for 30 fs,
400 nm laser pulses in the increasing order of incident peak
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FIG. 4. Current profiles for 400 nm, 30 fs laser pulses showing
the saturation effects. Panels (a)–(e) show the induced current in
the order of increasing peak intensity from I0 = 1 × 1011 W/cm2 to
I0 = 1 × 1014 W/cm2. The blue curves represent the induced current
for I0 � 1011 W/cm2, while the dashed red curve represents the
current at I0 = 1 × 1010 W/cm2 taken as the weak reference current
for comparison. The reference current is multiplied by a factor (given
in braces) such that the difference between currents at weak and
strong field strengths indicates nonlinear effects. The gray solid curve
is the electric field of the laser pulse (normalized with respect to the
magnitude of the current) given as a reference. It is observed that
the photocurrent at 400 nm saturates at higher intensities, which is a
typical nonlinear effect that occurs due to ground state bleaching due
to linear absorption.

intensity from I0 = 1 × 1011 W/cm2 (a) to I0 = 1 × 1014

W/cm2 (e). The electric field of the laser pulse is also shown
in the figure for reference. We take the current at I0 = 1 ×
1010 W/cm2 as the reference (weak) current to discuss the
dynamics at different intensities. For different peak intensities
shown in Figs. 4(a)–4(e), the reference current is multiplied
by a suitable factor so that the difference between currents
at weak and strong field strengths indicates the nonlinear
interaction. When the response is linear, the currents for weak
and strong intensities will coincide and show similar profiles.

In Fig. 4(a), the time evolution of the current at I0 = 1 ×
1011 W/cm2 follows the driving laser field and it coincides
with the reference current, indicating a linear response. The
response is dielectriclike: the current is π/2 phase shifted
with the electric field E(t ). For I0 > 1 × 1011 W/cm2 shown
in Figs. 4(b)–4(e), the current for each peak intensity is ini-
tially very close to that of the reference current. However, as
the electric field of the pulse increases, the current gradually
becomes weaker than expected from the linear response. The
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FIG. 5. Intensity scaling of the phase shift of current at 800 nm
is shown. Phase shift is calculated by taking the current at 1 × 108

W/cm2 as the reference. The phase shift is determined from the
temporal shift of the induced current calculated at the zero crossing
after the peak of the pulse (�φ0

NL), as illustrated in the Supplemental
Material figure [67]. In the inset, the induced current in the region
close to the zero crossing is zoomed in, highlighting the temporal
shift. The phase shift can be related to the optical Kerr effect, accord-
ing to which the increase in phase shift is proportional to the peak
intensity: �φ0

NL = m × I0. From a linear fit of �φ0
NL versus I0 (black

solid line), the nonlinear refractive index n2 = 3.54 × 10−11 cm2/W
is extracted.

deviation from the linear response, qualitatively indicated by
the multiplication factor referred to above, successively in-
creases as the peak intensity is increased through I0 = 5 ×
1011 W/cm2 to I0 = 1 × 1014 W/cm2. This nonlinear effect
of suppression of induced current occurs due to the bleaching
of valence band electrons by absorption at 400 nm [5,7].
The majority of valence electrons are already excited and the
conduction bands are mostly filled, resulting in the suppres-
sion of further electron excitation. Additionally, because the
frequency of the applied laser pulse is higher than the band
gap value, a significant current remains after the incident pulse
has ended.

C. Nonlinear refractive index change

The phase shift of light-induced current at 800 nm is de-
picted for various intensities in Fig. 5 with the current at
1 × 108 W/cm2 taken as the reference. For a pulse of a given
peak intensity, the induced current in the initial part of the
pulse is in phase with the reference current. However, as
the electric field of the pulse increases, the induced current
starts accumulating a phase shift. The accumulated phase shift
calculated from the temporal shift at the zero crossing after
the peak of the pulse (�φ0

NL) [67] in Fig. 5 increases as the
peak intensity is increased. The phase shift can be related
to the optical Kerr effect where the optical material density
is proportional to the intensity envelope of the driving field
[28,68]. Therefore, the increase in phase shift can be described
as a linear rise with intensity, fitting exceptionally well to
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(A) (B) (C)

FIG. 6. Different regimes of the interaction of TiO2 with 30 fs laser pulses at 800 nm with peak intensities 1010 W/cm2 (top), 1013 W/cm2

(middle), and 1014 W/cm2 (bottom). Panel A(I–III) displays the induced current density and electric field (scaled with respect to the current
amplitude to show phase relations). Panel B(I–III) shows the number density of excited electrons per cubic centimeter and panel C(I–III)
represents the excitation energy. Dashed vertical lines in A(I–III) are given as a guide to the eye to show the phase variations.

the equation �φ0
NL = m × I0. The result of the fit is shown

in Fig. 5 with a black solid line, from which we obtain the
slope m = 1.06 × 10−13 cm2/W. Using the relation m = kln2,
where k = 2π/λ and l = 3.79 Å, the propagation length, the
nonlinear refractive index n2 = 3.54 × 10−11 cm2/W, can be
extracted for 800 nm, 30 fs pulses.

D. Onset of dielectric breakdown

In Fig. 6, we present the time evolution of current, energy,
and excited electron density for three different peak intensi-
ties, I0 = 1010, 1013, and 1014 W/cm2. The laser frequency
is ω = 1.55 eV (800 nm) and the pulse duration is T = 30 fs.
The time profiles of the electric field and the induced current
are depicted in Fig. 6 A(I–III). The electric field profile is
normalized with respect to the peak of the induced current at
a given peak intensity to enable a comparison of the relative
phase. Figure 6 B(I–III) presents the number of excited elec-
trons calculated using Eq. (5), while Fig. 6 C(I–III) depicts the
excitation energy defined in Eq. (4) as a function of time.

The induced current at intensities 1 × 1010 W/cm2 [Fig. 6
A(I)] follows the pulse’s electric field with a phase shift
of π/2, indicating a linear dielectric response. The excited
electron density [Fig. 6 B(I)] and excitation energy [Fig. 6
C(I)] at this intensity oscillate synchronously with the electric
field and the ground state conditions are restored after the
interaction. The situation changes significantly at intensities
of 1013 W/cm2 and 1014 W/cm2. The induced current during

the interaction is distorted [Figs. 6 A(II) and A(III)] and the
phase difference between the applied electric field and the
induced current deviates from π/2. For I = 1 × 1014 W/cm2,
the current and the electric field become nearly out of phase,
indicating a strongly nonlinear response of electrons to the
incident field [4]. Starting from about 10 fs, the number of
excited electrons and the excitation energy increase rapidly at
1013 W/cm2 [Figs. 6 B(II) and C(II)] and 1014 W/cm2 [Figs. 6
B(III) and C(III)]. By 20 fs, these quantities reach saturation
values. Even after the laser pulse ends, the oscillation of the
induced current persists, which is a clear indication of the
onset of optical breakdown [53]. This behavior is consistent
with the abrupt increase in energy discussed in Sec. III A due
to resonant energy transfer at the breakdown. However, such
oscillations will eventually decay due to dissipative processes
such as electron-phonon coupling, impurity, and disorder scat-
tering on longer time scales (�100 fs) [12].

Electrons excited into the conduction band exhibit a metal-
lic response, resulting in a collective plasmon mode. The
plasma frequency corresponding to an electron density ne can
be estimated by

ωp =
(

nee2

mε

)1/2

, (8)

where ε is the dielectric constant of anatase TiO2 (ε = 5.82)
[69] and m and e are the mass and charge of the electron,
respectively.
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FIG. 7. Snapshots of electron density difference with respect to
the unperturbed state evaluated for different intensities. The snap-
shots displayed here for various peak intensities are taken at the same
instant of time when the electric field of the pulse reaches zero right
after its peak value. The red and blue colors indicate the gain and the
loss of the density, respectively, with respect to the ground state.

At an intensity 1 × 1013 W/cm2, the final number of
excited electrons [Fig. 6 B(II)] is 1.4 × 1022 cm−3. This
corresponds to a plasma frequency of ωp = 1.82 eV, which
is slightly higher than the frequency of the applied laser
pulse (ωl = 1.55 eV). As the intensity of the applied field
increases, the density of electrons excited via the two-photon
and tunneling mechanisms in the conduction band also gradu-
ally increases. When the electron density reaches a threshold
where the plasma and laser frequencies are in resonance, a
significant energy transfer occurs from the laser to the elec-
trons. The low-amplitude coherent oscillations of the induced
current observed on the trailing edge of the laser pulse [Figs. 6
A(II) and A(III)] result from the partial coherence between
the involved nonstationary states left by the laser field. It is
characteristic of plasmonic metal systems [70]. This ultrafast
and dissipative strong-field transition to plasmonic metal-like
behavior is known as dynamic metallization [23,71,72]. Based
on the dynamics presented in Fig. 2 and in Fig. 6, I0 =
1 × 1013 W/cm2 can be identified as the intensity at which
the laser-induced damage starts. For 30 fs pulses (11.7 fs
FWHM), this intensity corresponds to a damage threshold of
0.1 J/cm2.

The dynamics outlined in the preceding section are repre-
sented by the change in electron density induced by the laser
pulse in Fig. 7. The snapshots displayed here for various peak
intensities indicate the difference in electron density between
the perturbed and unperturbed systems at the instant when
the electric field of the pulse reaches zero right after its peak
value. The positive (increase from the ground state) and the
negative (reduction from the ground state) variations in the
density are denoted in Figs. 7(c) and 7(d) by red and blue,
respectively. When the laser is weak [Figs. 7(a) and 7(b)],
the variation of electron density around ionic cores is uniform
corresponding to a linear and adiabatic response. At higher
laser intensity [Figs. 7(c) and 7(d)], the charge distribution
extends into the interstitial region, indicating the laser-induced
population of delocalized conduction band levels [34].

E. Comparison with experiments

We compare the figures estimated in the current work
for TiO2’s nonlinear refractive index (n2) and laser-induced

TABLE I. Summary of available experimental data for the non-
linear refractive index (n2) of TiO2 measured using ns and fs laser
pulses at different wavelengths. The n2 calculated in this work from
TDDFT simulation is also given in the table for comparison.

n2 (cm2/W) λ (nm) Pulse width Ref.

∼10−14 532, 780 35 fs [73]
6.32 × 10−13 800 50 fs [74]
2.0 × 10−14 800 50 fs [44]
1.0 × 10−15 800 60 fs [75]
2.5 × 10−11 800 250 fs [41]
6.2 × 10−11 800 250 fs [76]
1.2 × 10−13 532 5 ns [77]
1.5 × 10−13 532 7 ns [78]
3.54 × 10−11 800 30 fs This work

damage threshold (LIDT) with those found in the literature.
The experimental literature on the value of n2 and LIDT of
TiO2 are summarized in Table I and Table II, respectively.
The value of n2 calculated in the present work for 30 fs pulses
at 800 nm is about three orders greater than that measured
using identical wavelength and pulse widths [73]. Similarly,
the LIDT calculated from our simulation is smaller than the
corresponding experimental data.

The difference between the experimental and computed
values of n2 and LIDT can be attributed to many factors. The
duration and frequency of the laser pulse significantly impact
the observed value of n2 and LIDT, as implied by the vari-
ability of experimental data. It is important to note that most
of the reported n2 measurements of TiO2 are performed on
thin films, whereas simulations described here are for the bulk
phase of TiO2. The TDDFT formalism used for the present
work considers only the dynamics of the electrons in the
material, whereas the ions are kept fixed at their equilibrium
positions in their ground state. Ionic dynamics induced by
the laser pulse and its role in the collisional relaxation of
the excitation are not considered in the current work. Next,
using the PBE functional as an approximation to the XC en-
ergy can potentially contribute to the discrepancy. We obtain
a direct band gap of 2.25 eV for TiO2 using PBE, which
is underestimated compared to accepted experimental values
[81–85]. Using more accurate functionals leads to a larger
band gap [57,86–88]. This translates to a higher threshold for
two-photon absorption and, hence, the response will be dielec-
triclike for a larger range of peak intensities than observed in
the present work. Consequently, the onset of material damage

TABLE II. Measured value of the laser-induced damage thresh-
old (LIDT) of TiO2 available in the literature. The table also lists the
LIDT calculated in the present work using TDDFT simulations.

LIDT (J/cm2) λ (nm) Pulse width Ref.

0.5 800 50 fs [79]
0.6 800 220 fs [79]
1.43 532 10 ns [80]
2.09 1064 10 ns [80]
0.1 800 30 fs This work
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will shift to higher peak intensities, resulting in a higher dam-
age threshold in agreement with the trend of the experimental
data. In addition, experimental effects originating due to dif-
ferent sizes and volume fractions of synthesized materials, the
effect of structure confinement in the case of nanostructured
compounds, the dispersion of nonlinear refraction dispersion,
etc., can also be significant, which are completely ignored in
our calculations. Improving the agreement with experiments
will require further calculations to understand the effect of
band gap, to disentangle the contribution from ions and elec-
trons [18,27], to incorporate thin-film geometries [6,89], and
also include optical propagation effects [90].

IV. SUMMARY

We presented a systematic investigation of perturbative
and nonperturbative electron dynamics of TiO2 to 30 fs laser
pulses at 400 nm and 800 nm using ab initio time-dependent
density functional theory. The mechanism of nonlinear op-
tical interaction of TiO2 at different intensities is discussed.
We can see the onset of laser-induced material damage and
the accompanying plasmon dynamics from first principles.
The trends of the value of the nonlinear refractive index
(n2) and laser-induced damage threshold obtained from the
simulations are consistent with the experimental data in the

literature. Nonresonant, perturbative interactions at 800 nm
and the accompanying nonlinear phase shift observed in TiO2

well below the damage threshold hold promises incorporating
TiO2 in optical switches. The present study could guide the
further exploration of laser parameters and structural and de-
fect engineering of TiO2 with tailored properties for specific
applications, potentially leading to improved performance in
nonlinear photonics devices. By pursuing these directions,
researchers can advance the understanding and utilization of
TiO2 and similar materials for nonlinear photonics applica-
tions.
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