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Ab initio molecular dynamics simulation of femtosecond laser-induced structural modification
in vitreous silica

S. Sen and J. E. Dickinson
Glass Research Divison, Corning Incorporated, Corning, New York 14831, USA

~Received 9 June 2003; published 24 December 2003!

Femtosecond laser pulse induced structural changes in silica glass and their role in changing the refractive
index of the glass have been investigated usingab initio molecular dynamics simulation methods based on
finite-temperature density functional theory. The average nearest-neighbor Si-O, Si-Si, and O-O distances are
found to increase during laser irradiation due to the weakening of bonds resulting from the thermalization of
electrons. These changes in the nearest-neighbor distances are almost completely recovered during the postir-
radiation evolution of the glass structure. However, persistent structural changes are found to involve the
formation of three-coordinated Si atoms and nonbridging oxygens that correspond to the defect species of Si
E8 centers and nonbridging oxygen hole centers, respectively. These defects give rise to optical absorptions
that increase the refractive index of silica glass through a Kramers-Kronig mechanism.
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I. INTRODUCTION

The interaction of infrared femtosecond laser pulses w
dielectric solids, especially glasses, has received a great
of research attention in recent years.1–6 This is mainly be-
cause of the unique time scale of interaction of such
trashort pulses with matter where the light energy is
sorbed by the electrons and the excitation ends long be
the energy is transferred to the lattice through electr
phonon interaction.7,8 Such ultrashort pulses have been us
recently to change the refractive index of glass with h
spatial precision thereby enabling the fabrication
waveguides without incurring any physical damage to
glass such as ablation or void formation.1,2 However, the
actual mechanism controlling the change in the refrac
index of the glass on interaction with femtosecond la
pulses remains unclear.2

A recent theoretical analysis by Kaiseret al. indicates that
the principal effect of a femtosecond laser pulse is multip
ton ionization in the dielectric material associated with t
strong electric field of a few hundred MV/cm of the las
pulse.7 Such ionization generates a free-electron gas by p
moting a large number of electrons (;1018 to 1022 /cm3)
from valence band into the conduction band of the dielec
material. The absorbed energy is then transferred to the
tice by electron-phonon collisions that result in the relaxat
of the free-electron gas.7 A significant fraction of the ab-
sorbed photon energy is likely to get converted into h
which would then result in a rapid increase in the tempe
ture of the lattice in the laser-exposed regions. Subseq
rapid cooling of these ‘‘hot spots’’ may give rise to regions
high fictive temperatures in the glass characterized by a
fractive index that is different with respect to that of th
surrounding unexposed regions. Moreover, as Glezer
Mazur have pointed out, a rapid rise in temperature withi
constant volume element of exposed material may poss
be accompanied by a tremendous rise in pressure w
would result in significant densification of the glass in t
laser-exposed region.4 Such increases in fictive temperatu
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and/or pressure are expected to increase the refractive i
of silica glass in femtosecond laser-exposed regions as
been observed experimentally in previous studies.2,3

Recent studies have shown an increase in intensity of
D1 and D2 bands at;490 and 605 cm21, respectively, in the
Raman spectra of silica glass on irradiation of the glass w
femtosecond laser pulses.2,3 This result has variously bee
interpreted in the literature to be indicative of an increase
the fictive temperature and/or densification of laser-irradia
silica glass and has been claimed to be responsible for
observed increase in refractive index.2,3 On the other hand,
Streltsov and Borrelli have attempted calculations of
magnitude of rise in the temperature of the lattice of sil
glass on the basis of the assumption that all the abso
energy is converted into heat.2 Their calculations indicate
that the temperature rise of the lattice may not be enoug
cause the observed increase in refractive index in silica g
especially when low pulse energies of a few nJ and h
pulse repetition rates (;80 MHz) are used. Furthermore
calculations of index change from laser-induced densifica
as measured from stress-birefringence patterns indicate
densification alone cannot account for the observed in
change in silica glass.2 Therefore, these results make the co
nection between fictive temperature and/or pressure incr
and index change rather arguable.

In view of this controversy we have carried outab initio
molecular dynamics~AIMD ! simulations of the interaction
of femtosecond laser pulses with silica glass to shed n
light on the origin of the observed changes in the refract
index of the glass.

II. COMPUTATIONAL PROCEDURE

Our AIMD simulation methodology is based on finite
temperature density functional theory and follows the pro
dure outlined in the work of Silvestrelliet al. in their study
of laser melting of crystalline silicon.9 This method treats the
electronic and ionic subsystems separately on the basis o
fact that the electronic relaxation time is;10 fs and is de-
coupled from the electron-ion relaxation time~; a few ps!
©2003 The American Physical Society04-1
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by nearly two orders of magnitude.9 The electronic sub-
system in the simulation thermally equilibrates with the e
cess energy from the femtosecond laser pulse almost
stantly and generates a free electron gas which is taken
account by increasing the electron temperature s
consistently with fractionally occupied states. The ions in
simulation are then allowed to interact with the hot electro
subsystem for 300 fs. In reality, however, the electron te
perature is expected to continuously decrease from s
maximum value at times longer than the laser pulse dura
~; a few tens of fs! due to the relaxation of the hot free
electron gas through electron-phonon collisions.7 No attempt
has been made in this study to simulate the details of
actual relaxation process of the hot free-electron gas thro
electron-phonon collisions. Instead the electron tempera
is kept at its maximum value for times significantly long
~300 fs! than the pulse duration and the whole system
quenched instantaneously once the ions reach thermal e
librium. The system of electrons and ions is then allowed
evolve without any further thermalization of the electrons
mimic the postirradiation evolution of the glass structu
Instantaneous quenching of the electrons after 300 fs ra
than allowing it to equilibrate to the phonon bath is an e
treme assumption. However, the essential physics of
mechanism of structure and index changes caused by fe
second laser irradiation is not affected if one makes such
assumption in the simulation. This is because the spe
heat of the phonon bath is much larger than that of the e
tron bath and therefore the temperature rise of the lattice
electron-phonon equilibration is not going to be large. C
culations of the rise in lattice temperature of vitreous sil
for different experimental conditions by Streltsov a
Borrelli have shown this to be the case.2

The starting structure of the silica glass was created fr
a 72 atom supercell ofb quartz which was subsequent
converted to a cubic cell with dimensions of 10.283 Å
yield a density of 2.20 g/cm3, appropriate for vitreous silica
This cell was melted and quenched using classical MD m
ods with two-body and three-body potentials provided
Feuston and Garofalini.10 The resultant glass was then a
nealed for 1 ps at 500 K using theab initio method described
below. AIMD simulations have been performed using t
commercially available code DMol3~Accelrys, Inc.! within
an NVE ensemble with cubic periodic boundary conditio
and with G-point-only sampling of the Brillouin zone. Th
DMol method is based on local orbital density function
theory and uses localized numeric atomic orbitals as b
sets.11,12 Double-numeric basis sets augmented w
d-polarization functions are used for present simulatio
where all-electron calculations are performed within the
cal density approximation with the Harris functional appro
mation of the Kohn-Sham density functional.11,12 A real
space basis set cutoff length of 4.5 Å is used. The forces
the ions are calculated using the Hellmann-Feynman theo
and the velocity Verlet algorithm is used to propagate
equation of motion. An integration time step of 0.5 fs is us
for all dynamics simulations, with atom coordinates and
locities being saved after each time step. The instantane
glass structure obtained at the end of each such time st
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saved for subsequent analyses.
Calculation of the absorption spectrum and refractive

dex for selected structures from the AIMD simulations we
performed using the density functional theory code CAST
in the local density approximation.13 Ultrasoft Vanderbilt
psuedopotentials with a cutoff at 300 eV for Si and O we
used to describe electron-ion interactions.14 For the initial
evaluation of the self-consistent charge density a single-p
energy calculation using a 23232 k-point mesh was
performed.15 Following this, the evaluation of the optica
matrix elements was initiated, also using a 23232 k-point
mesh and allowing for twice as many unoccupied as oc
pied states. The optical matrix elements so calculated
used to evaluate the imaginary part of the dielectric const
«2 , as a function of frequencyv, given by

«2~\v!5
2e2p

V«0
(

k,n,c
u^Ck

cuû•r uCk
n&u2d~Ek

c2Ek
n2E!,

where the summation is over allk points and valence and
conduction band states,V is the unit cell volume, andû and
r are vectors defining the polarization of the incident elec
field and the direction of propagation of light inside the m
terial, respectively. The squared terms in brackets are
optical matrix elements. These arise due to coupling of
valence band states,Ck

v , and the conduction band state
Ck

c , via the operatorû•r describing the incident electric
field. The last term simply describes the condition for a
sorption to occur between states in the valence and con
tion bands with energiesEk

v and Ek
c , respectively. The rea

part of the dielectric constant«1 is then obtained by a
Kramers-Kronig transformation from which the refractive i
dex n as a function of frequency is obtained since«11 i«2
5n2. Finally, no attempt was made to adjust the calcula
band gap to the experimental band gap using a sci
operator.16 While this certainly will impact the absolute valu
of the peak positions in the calculated absorption spectra
refractive index, the relative values, i.e., the values compa
from different simulated structures, and which is of intere
here, will be unaffected. A comparison of the calculated
dex of silica using the above methodology with the measu
index is shown in Fig. 1. As expected, the calculated inde
higher at all wavelengths compared to the experimen
value, but what is most important here is that the wavelen
dependence of the calculated index and measured index
the same. The similarity would be even more apparent if
calculated band gap had been adjusted using a scissor o
tor.

III. RESULTS AND DISCUSSION

To begin the simulation the electrons and ions in the c
are equilibrated for 1 ps by keeping the electron tempera
Tel constant at 300 K by occupying the electronic levels
cording to the Fermi-Dirac statistics corresponding to t
temperature. During this period the Si and O ions perfo
small oscillations around their equilibrium position and
change in the average glass structure is observed. TheTel is
then raised to 25 000 K by occupying the electronic lev
4-2
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accordingly, to simulate the effect of generation of the el
tron plasma on irradiation with femtosecond laser pulse.Tel
of 25 000 K corresponds to a photon energy of 2.15 eV. T
energy is intermediate between the energies typical of f
tosecond laser amplifier~1.55 eV! and laser oscillator~3.09
eV! experiments.2 The Si and O ions are then allowed
evolve freely for 300 fs within an NVE ensemble in th
altered interatomic potentials defined by this new elect
distribution. During this period the evolution of the avera
ion temperatureTion as obtained from the kinetic energies
the Si and O ions is found to decrease from 300 K
;280 K in the first 5 fs and then to increase monotonica
to nearly 600 K in the next 30 fs~Fig. 2!. At times longer
than 30 fsTion undergoes a damped oscillation around 500
and finally equilibrates to temperatures;500 K at times
longer than 250 fs. The observed oscillations inTion in our
simulation are a direct result of instantaneous oscillation
the kinetic energy of the system. The running average of

FIG. 1. Comparison of the measured~dashed line! and calcu-
lated~solid line! index of silica vs wavelength. No scissor operati
has been applied to the calculated index.

FIG. 2. Evolution of the instantaneous average temperature o
and O ions in the simulation cell as a function of time atTel

525000 K. Inset shows the corresponding running average of
total kinetic energy of the ions.
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kinetic energy of ions shows convergence at times lon
than;250 fs indicating that the ions have approached th
mal equilibrium with the electronic subsystem~Fig. 2!. This
equilibrium Tion of ;500 K is substantially below both th
melting point and the glass transition temperature of p
SiO2 (Tmelt51983 K, Tg51480 K). Nevertheless, the mean
squared displacements^r 2& of Si and O atoms are found t
be remarkably large over the entire 300 fs period of simu
tion ~Fig. 3!. Furthermore a log-log plot of̂r 2& vs time t
indicates that in the initial;40 fs the ionic motion is in fact
ballistic with ^r 2&;t2 ~Fig. 3!. At times longer than;40 fs
the ionic motion continues to be superdiffusive with^r 2&
;tx with 1,x,2 and finally enters the subdiffusive regim
(x,1) at t>250 fs. AtTel525000 K the cohesive force be
tween ions is expected to decrease drastically since the b
ing electrons are now excited to nonbonding levels. This m
give rise to the ions drifting away from one other in an a
tered potential energy landscape which is in agreement w
the observed initial ballistic motion of Si and O~Fig. 3!. This
scenario is clearly in contrast with that of laser-induced th
mal ‘‘melting’’ which is expected to be associated wi
marked increase in the vibrational amplitude of ions. T
continuous transition from the ballistic regime to the subd
fusive regime indicates that the ionic motion becomes
creasingly localized with time as the ions start finding th
equilibrium positions in the altered energy landscape. T
result is consistent with the convergence of the running
erage of the kinetic energy of ions and the establishmen
thermal equilibrium with the electronic subsystem att
>250 fs, as mentioned above.

The total radial distribution function~RDF! for the start-
ing structure of amorphous SiO2 equilibrated at 300 K is
compared in Fig. 4 with that obtained after 300 fs of t
simulation run atTel525000 K. This comparison shows tha
the average inter-ion distances of 1.62, 2.63, and 3.10 Å
the Si-O, O-O, and Si-Si nearest neighbors, respectively

Si

e

FIG. 3. Log-log plot of mean-squared displacements of
~squares! and O ~circles! atoms as a function of time atTel

525000 K. The two vertical lines separate the ballistic, superdif
sive, and subdiffusive regimes.
4-3
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the starting structure increase to 1.72, 2.77, and 3.34
in the structure corresponding to the irradiated glass. S
a large increase in the interion distances clearly indica
increasing repulsion between the constituent ions in
glass structure due to the change in the interatomic pote
on generation of the electron plasma at highTel . Moreover,
the average Si-O nearest-neighbor coordination num
is found to decrease from a value of 4.0 in the start
structure to ;3.8 in the irradiated glass as a result
the formation of some 3-coordinated Si atoms and conco
tant formation of nonbridging oxygens. In fact, the structu
of the irradiated glass~Fig. 5! shows four 3-coordinated
Si atoms, six nonbridging oxygens, and one 2-coordinate
atom.

FIG. 4. Total RDF for~a! the starting structure,~b! the final
structure of the 300 fs long ‘‘laser-exposure’’ simulation
Tel525000 K, and ~c! the final structure after 1 ps lon
‘‘post-exposure’’ annealing atTel5300 K. The positions of the
nearest-neighbor Si-O, O-O, and Si-Si correlation peaks are
indicated.

FIG. 5. Snapshot of glass structure after 300 fs atTel

525000 K. Dark spheres are non-bridging oxygens, lighter sph
are 3-coordinated silicons, and single large light sphere is a t
coordinated silicon.
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Following the 300 fs long thermal equilibration betwee
the ions and the electron plasma the postirradiation evolu
of the glass structure has been simulated by loweringTel
back to 300 K and by continuing the AIMD simulation for
ps. The total RDF of the resulting glass structure is a
shown in Fig. 4. It is clear that after this equilibration th
average nearest neighbor distances are nearly completel
stored to their original values. However, two 3-coordinat
Si atoms and two nonbridging oxygens are found to surv
in the final glass structure. Spatial separation of these un
bonded Si atoms and nonbridging oxygens can give rise
charge separation and the creation of paramagnetic SE8
centers and nonbridging oxygen hole centers~NBOHC! in
the glass. The SiE8 centers have also been experimenta
observed by Streltsov and Borrelli in fs-laser irradiat
amorphous SiO2 , using electron spin resonance~ESR!
spectroscopy.2 The calculated optical absorption spectra
the laser-irradiated and annealed structures show discret
sorption features at wavelengths less than about 500 nm
energies higher than;2.5 eV and very broad features a
wavelengths longer than 1000 nm or energies lower t
;1.25 eV ~Fig. 6!. The calculated electronic density-o
states~DOS! for the laser-irradiated and annealed structu
as well as the partial DOS associated with the NBOH
and SiE8 centers in these two structures are shown in Fig
A comparison of the electronic DOS of these structu
with that of the starting glass structure clearly indicates t
the NBOHC and SiE8 centers introduce discrete leve
within the band gap of silica glass~Fig. 7!. The energies
associated with the transitions between these levels co
spond well with the energies of the absorption features in
calculated optical absorption spectra, as mentioned ab
~Fig. 6!.

The variation of the refractive index as a function

so

es
o-

FIG. 6. Calculated optical absoprtion spectra of the start
structure ~short-dashed line!, ‘‘laser-irradiated’’ structure~long-
dashed line!, and ‘‘annealed’’ structure ~solid line!. Peaks
in the spectra of the ‘‘exposed’’ and ‘‘annealed’’ structures cor
spond to electronic transitions involving NBOHC andE8 defect
centers.
4-4
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FIG. 7. Total electronic DOS for~a! the starting structure,~b! the ‘‘laser-irradiated’’ structure,~c! the ‘‘annealed’’ structure, and~d! partial
electronic DOS for 3-coordinated Si (E8 center! and nonbridging oxygens~solid and dashed lines, respectively! from the ‘‘annealed’’
structure. 0 eV marks the top of occupied levels. A 0.05 eV smearing function was used to broaden the energy levels.
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wavelength as obtained from Kramer’s-Kronig analysis
the absorbance is shown in Fig. 8 for the starting struct
the structure obtained at the end of the 300 fs long simula
of ‘‘femtosecond pulse exposure’’ atTel525000 K and the
final structure obtained after 1 ps of ‘‘post-exposure’’ anne
ing at Tel5300 K. It is quite apparent that the structur
changes in the simulation have a strong effect on the res
ing index. The indices at all wavelengths for the ‘‘lase
irradiated’’ structure and the ‘‘annealed’’ structure are sign
cantly higher than the starting structure. The index variat
in the short wavelength region below about 600 nm from
‘‘laser-irradiated’’ and ‘‘annealed’’ structures are found to
due to the optical absorptions associated with the presenc
NBOHC andE8 center type of defects which perturb th
index through a Kramers-Kronig mechanism. Higher co
centration of such defects in the ‘‘laser-irradiated’’ structu
is responsible for the larger change in index compared to
in the ‘‘annealed’’ structure. The continuous rise in index
the ‘‘laser-irradiated’’ structure at longer wavelength is a
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FIG. 8. Calculated wavelength dependence of the refractive
dices of the starting structure~solid line!, ‘‘laser-irradiated’’ struc-
ture ~dashed line!, and ‘‘annealed’’ structure~dot-dashed line!. See
text for details.
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due to the presence of these defects in high concentration
the effect they have on narrowing the bandgap to o
;0.04 eV ~Fig. 7!. The practical implication of this
index change during exposure is that the material becom
effectively, totally absorbing to all wavelengths of radiatio
immediately after the exposure to the femtoseco
laser pulse. This result is consistent with the experime
observation of the phenomenon of laser-induced breakd
of an initially transparent dielectric into a solid that absor
like metal.7
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IV. SUMMARY

In summary, structural origin of refractive index chang
in silica glass caused by irradiation with femtoseco
laser pulses has been investigated with AIMD simulat
techniques. The most persistent laser-induced struct
changes involve the formation of SiE8 centers and NBO-
HC’s in the glass. Transitions between energy levels co
sponding to these defects result in optical absorption
increase the index of the glass through a Kramers-Kro
mechanism.
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