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Abstract

Femtosecond-laser-induced evolution of α-quartz bandgap was calculated using first principles. First,
Time-Dependent Density Functional Theory (TDDFT) was used to describe excited electron dynamics
during the laser pulse irradiation. Then the temperature of excited electrons was estimated using
Finite-Temperature DFT. Finally, the GW approximation was applied to calculate the electronic
structure modification driven by hot electrons. As a result, an ultrafast decrease of the bandgap is
observed during a 15-fs laser pulse with a drop of 35 % at laser intensities near the damage threshold.
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1 Introduction

The studies of ultrafast laser-matter interaction
in wide-bandgap insulators govern the progress of
modern technologies such as optical data storage,
integrated photonics, ultrafast signal processing
etc [1–3]. The main challenge in optimizing exper-
imental processes consists in a proper estimation
of laser energy redistribution and photoexcitation
rate as exotic strong-field phenomena appear on
ultrashort timescales [4].

The main theory of strong-field ionization
was developed by Keldysh in 1964 [5]. His non-
perturbative method is now widely used to cal-
culate the photoionization rates in wide-bandgap
solids under ultrafast laser irradiation. Addi-
tional improvements were made by including non-
parabolic band structure and collisional ionization
process [6, 7]. These approaches consider unper-
turbed electronic states during the laser pulse. The
strong photo-excitation can however affect the

band structure stability on ultrashort timescales
with consequences for transient photoabsorption.

The attosecond bandgap dynamics was already
observed in semiconductors [8] where electronic
structure followed the laser electric field oscil-
lations. The bandgap shrinkage of several elec-
tronvolts was also hypothesized to take place
in photoexcited fused silica according to the
experiments [2]. High electron temperature and
thus high excited electron density leads to the
bandgap decrease as predicted theoretically for
various semiconductors and insulators [9]. In
this paper, we combine Time-Dependent Density
Functional Theory (TDDFT), finite-temperature
DFT and GW approximation to show that in
α-quartz excited at damage-threshold intensities,
the bandgap is drastically modified, confirm-
ing the previous hypotheses [2]. The obtained
bandgap evolution can be used to further improve
the photoionization control and better understand
the transient optical properties.
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2 Methods

Three different first-principles methods were com-
bined to obtain the bandgap dynamics during a
laser pulse: TDDFT, finite-temperature DFT and
GW approximation. The details of each calcula-
tion are given below.

2.1 Real-time TDDFT

The real-time electron dynamics in α-quartz is cal-
culated using TDDFT implemented in SALMON
(Scalable Ab-initio Light-Matter simulator for
Optics and Nanoscience) [10]. The evolution of
the system is obtained by solving time-dependent
equations for lattice-periodic Kohn-Sham orbitals
ψi(r, t):

i~
∂

∂t
ψi(r, t) =

[
1

2me

(
−i~∇+

e

c
A(t)

)2

+ V (r, t)

]
ψi(r, t),

(1)

where V (r, t) includes ionic, Hartree and
exchange-correlation potentials. A meta-
generalized-gradient approximation (meta-GGA)
of Tran and Blaha is employed for exchange-
correlation potential [11]. This potential is known
to better reproduce the bandgaps of semiconduc-
tors and insulators. The spatially-uniform electric
field of the laser pulse is introduced through
vector potential A(t):

A(t) = −cE0e

ω
sin2

(
πt

τL

)
cos(ωt) (2)

if 0 < t < τL and 0 otherwise. The pulse dura-
tion τL is related to the usual full width at
half-maximum intensity (FWHM) as τFWHM =
0.364τL. The peak electric field inside the crystal
E0 depends on peak electric field in vacuum Ev

as E0 = 2Ev/(n + 1) where n is the refractive
index at laser frequency ω. The refractive index is
assumed to change negligibly at given excitation
levels [12]. The polarization unit vector e is paral-
lel to the c-axis of the crystal that coincides with
z direction.

A uniform Cartesian grid with dimensions 20×
36× 52 is applied to the rectangular unit cell con-
taining 6 silicon atoms and 12 oxygen atoms. The

k-space is discretized into 43 grid points and a
time step of 1 as is used.

The density of excited electrons ne(t) is defined
from the projection of the time-dependent states
ψi(t) on the initial states ψi(0) :

ne(t) =
1

Ω

∑
ii′=occ

(
δii′ − |〈ψi(0)|ψi′(t)〉|2

)
, (3)

where the sum runs over initially occupied states
and Ω is the unit cell volume.

The excited electrons thermalize rapidly and
their thermal distribution follows Fermi-Dirac
statistics [13]. The TDDFT with meta-GGA func-
tional however does not treat properly electron-
electron relaxation and only partial thermalization
is possible due to ion-electron interaction under
laser field [14, 15]. Moreover, the excited elec-
tron screening effects leading to the bandgap
renormalization are underestimated. To overcome
these limitations, we used a finite-temperature
DFT with GW bandgap correction [9]. Similar
approach was used previously to describe the
silicon bandgap dynamics [8].

2.2 Finite-temperature DFT

Finite-temperature DFT was used to obtain a
relation between electron temperature and excited
electron density. In case of the DFT calculations
with a thermal ensemble of electrons, the Kohn-
Sham equations for static orbitals φi(r) are given
by [

− ~2

2me
∇2 + V (r)

]
φi(r) = εiφi(r). (4)

The potential V (r) is a function of electron density
defined by Fermi-Dirac distribution of electrons
over orbital energies εi:

fi =
1

1 + e(εi−µ)/kBTe
(5)

where µ is the chemical potential and kBTe is the
electron temperature in energy units. At Te = 0
the conduction band is empty. Higher Te corre-
sponds to the electron excitation and the conduc-
tion band becomes filled with electrons. Thus, a
dependence of the excited-electron density as a
function of Te can be found.

Equations 4 are solved using the SALMON
package with the same unit cell parameters and
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meta-GGA potential as in section 2.1. The k-space
grid is denser with 83 points.

The DFT does not properly take into account
many-body effects due to electron-electron inter-
actions. It thus shows a universal increase of the
bandgap as a function of electron temperature [9].
The bandgap narrowing is however expected with
the increase of conduction electron density [16, 17]
and can be reproduced using GW formalism [9].

2.3 GW approximation

The bandgap of α-quartz as a function of electron
temperature is calculated using GW approxima-
tion of the many-body perturbation theory imple-
mented in the ABINIT software [18]. The quasi-
particle self-consistent GW method is applied in
the calculation. In this method, the quasi-particle
energy εQP is expressed as the energy eigen-
value ε obtained from DFT Kohn-Sham equations
(Eqs. 4) plus a many-body correction:

εQP = ε+
〈φ|Σ(ε)− vxc|φ〉[
1− 〈φ|∂Σ(ε)

∂ε |φ〉
] (6)

where vxc is the exchange-correlation potential
and self-energy Σ(ε) is calculated from the Green’s
function G and screened Coulomb interaction W .
The screening is described by a plasmon-pole
approximation of the dielectric response func-
tion [19]. The initial hamiltonian used in Eqs. 4
is then further improved through a GW self-
consistent procedure.

The initial energy eigenvalues are calculated
using DFT with Perdew-Burke-Ernzerhof GGA of
exchange-correlation functional and PAW atomic
data treating 3s23p2 and 2s22p4 valence electrons
for Si and O, respectively. A plane-wave cutoff
energy of 816 eV and a 43 k-point grid is used. The
number of bands and cutoff energy for self-energy
calculations are set to 200 and 272 eV, respec-
tively. The cutoff energy for screening calculations
is set to 408 eV.

3 Results

The material is irradiated by a 15-fs (FWHM)
laser pulse at 800 nm wavelength (1.55 eV pho-
ton energy) and near-damage fluence of 2.2 J/cm2.
Such fluence corresponds to the intensity inside
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Fig. 1 Evolution of excited electron density (solid line)
and normalized squared laser electric field E2 (dashed
line) inside α-quartz irradiated by a laser pulse with 15-fs
pulse duration, fluence 2.2 J/cm2 and wavelength 800 nm,
calculated using TDDFT.

material of 9×1013 W/cm2 considering the refrac-
tive index n = 1.45 at 800 nm. The density of
electrons excited into the conduction band pre-
dicted by TDDFT calculations is shown in Fig. 1.
The excited electron density increases in time fol-
lowing the oscillations of squared field E2(t) and
reaches about 7×1021 cm−3 in the end of the laser
pulse.

The density of the excited electrons is directly
related to their temperature as shown in Fig. 2.
This dependence results from Fermi-Dirac distri-
bution (Eq. 5) used in finite-temperature DFT and
can be fitted by the Boltzmann approximation :

ne = Ae−Ea/kBTe (7)

with fitting parameters A = 140.7×1021 cm−3 and
Ea = 5.8 eV. Although, the electrons in TDDFT
are not perfectly thermalized to Fermi-Dirac dis-
tribution during the laser pulse [15], the equation 7
can be used to obtain an effective electron tem-
perature from TDDFT excited electron density
shown in Fig. 1. The evolution of the effective elec-
tron temperature, obtained in this way, recovers
the oscillations of the electron density observed
in TDDFT results (Fig. 3). Such sub-femtosecond
dynamics of electron temperature is however ques-
tionable because excited electrons need time to
reach thermal equilibrium [13]. To reproduce the
delayed response of electron temperature the oscil-
lations are smoothed using a moving-average fil-
ter. The maximum electron temperature reached
after the laser pulse is thus 1.9 eV.
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Fig. 2 Excited electron density ne as a function of elec-
tron temperature Te predicted by finite-temperature DFT
and an Arrhenius fit (Eq. 7).

0 5 10 15 20 25 30 35 40
Time (fs)

0.5

1.0

1.5

2.0

E
ff

ec
ti

ve
el

ec
tr

on
te

m
p

er
at

ur
e

T
eff

(e
V

)

original

smoothed

Fig. 3 Effective electron temperature evolution during the
laser pulse shown in Fig. 1 with superimposed original and
smoothed data.

Previously, the bandgap reduction with
increasing Te and slower behavior at larger Te

was observed for different semiconductors and
insulators [9]. The same behavior is obtained for
α-quartz using GW approximation and shown in
Fig. 4. The calculated bandgap decreases by more
than 3 eV at Te = 3 eV. Note that a bandgap
of 8.4 eV is obtained at zero temperature close to
the previous GW results and experiments, report-
ing values around 9 eV [20, 21]. The following
equation is fitted to the GW data to obtain a
smooth interpolation:

Eg = 5.15 +
3.34

1 + e(Te−1.29)/0.25
(8)

The equation 8 is then combined with Te time-
dependence shown in Fig. 3 and the bandgap
evolution during the laser pulse is finally obtained
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Fig. 4 Bandgap as function of electron temperature pre-
dicted by GW approximation with interpolation curve
obtained using Eq. 8.

(Fig. 5). The bandgap decreases rapidly during the
laser pulse and drops down below 5.5 eV from ini-
tial 8.4 eV at a fluence of 2.2 J/cm2. A decrease
of 1 eV is observed after the laser pulse with
1 J/cm2 fluence. Note also that at lower fluence
the bandgap has a small minimum just after the
laser peak. It is related to a transient peak of elec-
tron density caused by a virtual energy transfer
from the laser pulse to electrons of transparent
insulators at low laser intensities [22].

One should keep in mind that the relation
between excited electron density and electron tem-
perature, obtained from DFT, can be slightly
different due to GW corrections of the band struc-
ture. Due to the task complexity, we did not
extract this information from GW calculation and
thus a certain error is expected when the electron
temperature is used to relate the electron densities
in GW and TDDFT calculations.

Despite certain limitations of the presented
methods (non-equilibrium electrons in TDDFT
and excited electron density uncertainties due to
GW correction), the bandgap drop obtained at
the end of the laser pulse is on the same order
of magnitude as the one predicted by the experi-
ments on fused silica (see supplementary materials
of Ref. [2]). In Ref. [2], the bandgap decrease from
9 eV to 6 eV is expected after the irradiation
by a 30-fs laser pulse at 800-nm wavelength and
1.2 J/cm2 fluence.

The bandgap narrowing observed in this work
is caused purely by the change of electron-
electron interaction at high electron temperatures.
Additional bandgap decrease is expected from



Springer Nature 2021 LATEX template

Article Title 5

0 10 20 30 40
Time (fs)

5.5

6.0

6.5

7.0

7.5

8.0

8.5
B

an
dg

ap
(e

V
)

1 J/cm2

2.2 J/cm2

Fig. 5 Bandgap evolution during 15-fs (FWHM) laser
pulse at 800-nm wavelength and two fluences 2.2 J/cm2

(solid line) and 1 J/cm2 (dotted line).

excitation-induced atomic displacements [23, 24]
but might happen at longer time delays. Moreover,
the laser-dressed electronic structure can experi-
ence a bandgap collapse, although this process is
transient and is not maintained after the end of
the laser pulse [25].

4 Conclusions

The α-quartz bandgap evolution during fem-
tosecond laser irradiation is calculated using
first principles. The initial bandgap of 8.4 eV
decreases rapidly down to 7.6 eV (10 % drop)
at 1 J/cm2 fluence and down to 5.4 eV (35 %
drop) at 2.2 J/cm2 on a timescale of a 15-fs laser
pulse. The bandgap narrowing is caused by a
strong increase of conduction electron density and
their high temperature during laser excitation.
This result highlights the importance of taking
into account the transient electronic and optical
properties when estimating laser energy transfer
in wide-bandgap solids after the laser pulse. The
bandgap decrease of several electronvolts is com-
parable to the photon energy and thus changes
drastically the photoexcitation rate as strongly
nonlinear multiphoton ionization processes are
involved.
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