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Understanding material structural reaction to light is of utmost importance to advance processing
resolution in ultrafast laser volume structuring into the nanoscale. Selective thermodynamic pathways
are required to quench energy transport in the most rapid manner and to confine the process to nanometer
lengths, bypassing optical resolution. Quantifying material dynamics under confinement, with in situ
access to transient local temperature and density parameters, thus becomes key in understanding the
process. We report insitu reconstruction of thermodynamic states over the entire matter relaxation path
in bulk a-quartz irradiated by ultrafast nondiffractive laser beams using time-resolved qualitative and
quantitative optical phase microscopy. Thermooptic dynamics indicate rapid spatially confined crystalline-
to-amorphous transition to a hot dense fused silica form. Densification exceeds 20% and the matrix
temperature rises to more than 2,000 K in the first nanosecond. This structural state relaxes in hundreds
of nanoseconds. The dispersion and time design of the optical beam to picosecond durations increases the
spatial confinement and triggers an extreme nanostructuring process based on nanocavitation that occurs
within the amorphizing material, where the low-viscosity phase lowers the mechanical requirements for
the process. Processing feature scales of less than a tenth of the optical wavelength are obtained in the
volume. This allows for structural and morphological nanoscale material features under 3D confinement
that can engineer optical materials.
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Introduction

The possibility to generate optical functions resulting from
3-dimensional geometrical arrangements is essential to upgrade
the performances of photonic systems. Relying on designer
material engineering, this allows to transport and manipulate
light within optical chips in diverse application fields ranging
from remote sensing and imaging to data storage and quantum
information [1-4]. Their potential fabrication inside monolithic
optical materials via laser nonlinear photoinscription confers
them long-term resistance and an intrinsic phase stability. A
capacity to reinforce the design on the nanoscale [5] is now key
to a new generation of advanced photonic systems [1]. This
occurs essentially utilizing ultrafast laser-induced matter
transformation embedded within the volume through an
absorbtion process of high nonlinearity. Recent advances
toward high structuring resolutions were reported using engi-
neered beams in space and time [6] capable of confining light
on extreme scales. Among these, engineered nondiffractive
ultrafast laser beams can harness rapid material evolutions and
generate record small processing features well below 100 nm [7].
Interestingly, this occurs through far-field beam interactions in
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a single pulse. These interactions do not typically involve high
spatial frequency wavevectors and are thus subjected to optical
limitations and spot sizes close to the wavelength size. The
resulting processed scale significantly smaller than the wave-
length allows yet to believe that the diffraction limit can be
bypassed in the structuring process. The physical reason for the
apparent super-resolution is not optical but relies on a material
response triggered by the spatial gradient of the optical energy.
Record-high pressure levels in the range of terapascals were
proposed in hard materials [8]. Alternative scenarios with lower
mechanical constraints involving the rapid achievement of low-
viscosity states were equally discussed in amorphous dielectrics
[9]. Dynamically quantifying state parameters with in situ tem-
perature detection during material evolution thus becomes
essential to understand structural and morphological transfor-
mations culminating with processed features of record-small
sizes. This dynamics should rapidly consume energy without
time for diffusing it away. The specific temporal suite of material
states in evolution following the sudden energy input is there-
fore key to obtain structural features much smaller than the
optical limit with far-field radiation. An ability to control vol-
ume nanostructuring on extreme scales below 100 nm using
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optical tools will become critically important to the design of
metamaterials with optical functions resulting from merging
scale, structure, and morphology. Widely used for refractive
index engineering, silicate materials show a great deal of interest
for advanced applications in opto-mechanics and photonics.
They represent a class of materials with a particularly high
structural flexibility allowing to achieve a wide range of struc-
tural arrangements. Their polymorphism starting from open
structure amorphous phases to dense, closed-packed crystalline
ones can span a large range of densities, with a 3-fold increase
[10,11]. The combination of extreme temperature and pressure
phases coupled with nonequilibrium and molecular bond
breaking induced by ultrafast lasers can be the birthplace of
intriguing evolution pathways, which make these materials also
very interesting for fundamental studies in geology and high-
energy physics. We will be concerned here with the capability
of extreme nanostructuring in a type of silicate material where
phase transition and nanoscale processing merge.

Using a-quartz as model material in the context of volume
nanostructuring, we analyze dynamically the range of struc-
tural and morphological changes concurring to the achieve-
ment of extreme processing scales. We observe dynamically
the sequence of events leading to the amorphization of the
initially ordered molecular structure and at the same time to
the onset of morphologically void features within the matrix
with a characteristic scale below 100 nm. We analyze the
synergistic relation between structural transition and nano-
structuring. We discuss the time scale required to evolve the
structure from crystalline to dense amorphous arrangements.
Measuring quantitatively the thermal and optical evolution of
structures, we estimate the local temperature states and observe
the associated heat flow dynamics as well as the onset of
nanoscale hydrodynamic movement and local nanocavitation
in 1-dimensional geometries. All these processes occur in con-
ditions of confinement, under constraints, key to guide the
material evolution. They also occur on a time scale where the
matter is thermally equilibrated but structurally and mechani-
cally in evolution. These findings showcase the capacity of ultra-
fast laser radiation to locally transform solids on the nanoscale
combining phase transitions and morphological transforma-
tions. The dynamic nonequilibrium response of the material
gives information on how kinetic barriers are lifted and how
material reactions are driving processing resolutions into the
extreme, sub-100-nm range.

Methods

Materials

Parallelepipedic (20x10x3 mm’) monocrystalline Quartz sam-
ples (OPA Opticad) with the optical axis perpendicular to the
large facets were used in the experiments. They were irradiated
perpendicular the optical axis with near-infrared (800 nm)
single laser pulses incident on the 20x3 mm” planes. The polar-
ization of the laser pulse is parallel to the optical axis.

Experimental setup: Irradiation geometry with
embedded nondiffractive beams

The irradiation source is a regeneratively amplified ultrafast
Ti:sapphire laser system (Coherent Legend Elite). The pulse
duration is varied between 50 fs and 5 ps by adding additional
second-order dispersion via the compressor. The initial Gaussian
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beam (spatial profile) is transformed into a zero-order Bessel
beam by conical refraction via an axicon lens with an apex angle
of 179° [12,13]. A demagnifying 4f afocal imaging system with
a demagnification factor of 100 projects the beam within the
sample [14], with a microscope objective of numerical aperture
(NA) = 0.42 as the final focusing element. The resulting half-
cone angle is 14° within the sample (22° in vacuum) and the
beam central core within the sample has a full width half maxi-
mum of w ~ 0.84 pm and a nondiffractive length of 50 pm.

Time-resolved observation setup: Phase-contrast

and quantitative phase microscopy

Firstly, positive phase-contrast (PCM) microscopy is employed
for observing the laser-generated structures in situ in a cross-
illumination geometry. An an upright diascopic optical micro-
scope (Olympus BX-51) operating in optical transmission and
in phase-contrast mode (PCM) is used, with an observation
objective of NA = 0.55. The Zernike positive phase-contrast
microscopy delivers a qualitative image of the refractive index
distribution where phase shifts corresponding to negative and
positive index changes appear bright and dark, respectively, on
a gray background. Secondly, connected to the output video
port, quantitative phase microscopy (QPM) employing a dif-
fraction phase microscope (Phi Optics wDPM) [15] based on
a common-path quantitative phase imaging method delivers
an absolute value of the phase of the object as well as informa-
tion on its amplitude. The method involves a compact Mach-
Zehnder interferometer realizing a digital interferogram of the
object illuminated in a Kohler geometry. The recorded phase
shift is a projection of the accumulated object phase during
illumination [16]. Given the cylindrical geometry of the phase
shift recording, an Abel transform taking into account the reso-
lution of the microscope provides the local distribution of the
refractive index value. The retrieved index information is an
average value over the resolution size. A 2-color pump-probe
method is used for the time-resolved observation. The pump
pulse is represented by the 800-nm nondiffractive ultrashort
laser pulse, generating the material transformation. The probe
pulse, entering the illumination path of the microscope, stro-
boscopically images the transient object at different time
moments, measuring the phase shift distribution relative to the
background. The dynamic observation is ensured by the use of
a pulsed illumination source, time-synchronized electronically
with the excitation pulse via a delay generator. With a nano-
second to microsecond time scale and submicron spatial resolu-
tion, the observation covers the entire dynamic range of material
relaxation until the evolution stop. Charts of transient refractive
index variations at various illumination time moments are
obtained, qualitatively and quantitatively. The 590-nm probe
pulse (13-nm bandwidth) of 7-ns duration, cross-illuminating
the modification region is based on a low spatial coherence
pulsed source relying on random lasing effect, as described in
[17]. The low coherence allows to obtain high-resolution single-
shot images with uniform background and low speckle noise
[18], with a satisfactory fringe contrast in QPM. The disordered
laser gain medium is a colloidal solution of Rhodamine B
(2.5 g/1) with immersed latex nanobeads (of 325-nm size) at
a concentration of 4x 10" ™. Pumping the colloidal solution
in the absorption band with 7-ns, 532-nm laser pulses generated
by a frequency-doubled Nd:YAG laser at a repetition rate of
10 Hz ensures the random lasing effect via stimulated emission
and multiple scattering on the distributed nanobeads. The PCM
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images are recorded in the image plane with a back-illuminated
electron multiplier charge-coupled device (EMCCD Andor
iXon Ultra 897) camera, while the QPM images are recorded
by a 2,048%2,048 complementary metal-oxide semiconductor
camera. A 20-nm bandwidth pass filter centered at the probing
laser wavelength rejects parasitic incoherent light emitted by
the specimen and the scattering from the pump. Single pulses
are selected with a shutter. The spatial resolution is 530 nm in
case of PCM. The requirements for fringe contrast in QPM
requires a certain spatial filtering of the low-coherence probe
by closing the field diaphragm in the condenser to tune the
spatial coherence of the source on the expense of the radial and
axial resolutions.

Electron microscopy and electron backscatter
diffraction

The resulting irradiation structures were observed by scanning
electron microscopy using a Zeiss Supra 55VP microscope. In
order to reach the subsurface structures, samples were pre-
pared by ion cross-polishing (Jeol IB-19530CP). The structural
arrangement was also mapped by electron backscatter diffrac-
tion (EBSD) with an Oxford Symmetry S2 camera. Orientation
maps gives microstructural and crystallographic information
with a spatial resolution of 70 nm. The focused ion beam mil-
ling induces a partial superficial amorphisation of the sample
with respect to the pristine material, observed as a reduction
of the contrast. The resolution, similar to the size of the struc-
tures, involves the acquisition of a residual information of the
crystalline surroundings.

Modeling approach: Molecular dynamics

The structural properties of dense fused silica were obtained
by classical molecular dynamics simulation [19] implemented
in the LAMMPS program package, used to numerically syn-
thesize fused silica with the Vasishta interatomic potential,
NVT (constant volume for dense fused silica), and NPT (con-
stant pressure for relaxed fused silica) canonical ensembles
[20-22]. The initial quartz structure based on 4,000 atoms
was heated to above the melting temperature (T, = 4,500 K)
at a rate of 10" K/s and rapidly quenched. After annealing for
100 ps, the system was cooled to room temperature with a
rate of 10'? K/s and equilibrated for another 100 ps. To remove
residual pressure inside normal fused silica, the cold amor-
phous system was relaxed at room temperature in the last
stage. The density of the calculated quartz and dense fused
silica is 2.79 g/cm’ and relaxed fused silica is 2.57 g/cm”. For
the simulation of optical spectra by density functional theory
approximation implemented in the ABINIT software suite
[21], the structures of the modeling materials were cut into
small representative units composed of 81 atoms for quartz
and dense fused silica case and 72 atoms for the relaxed fused
silica case. The Troullier Martin pseudopotential [23] is used
in these calculations, and the exchange-correlation term is
accounted for within the generalized gradient approximation
(Perdew-Burke-Ernzerhof) [24]. Only valence electrons (4 and
6 electrons for Si and O respectively) are explicitly treated in
the calculations, while the more tightly bound electrons are
represented as core electrons. The electron wavefunction was
expanded in plane waves up to a kinetic energy cutoff of
20 a.u. The Brillouin zone is meshed with the Monkhorst-
Pack method with a 2° k-point grid.
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Results and Discussion

The first relevant question refers to the final state of the material
after irradiation. We therefore analyze the laser-induced modi-
fication in the quartz sample in different irradiation conditions,
where energy and pulse duration were used to control the spa-
tial energy localization. They influence the nonlinearity of
interaction and assist the radial confinement of the beam.
Figure 1 presents electronic microscopy pictures of the cross-
sections of the laser-modified trace. In the current geometrical
irradiation conditions (see Methods, Bessel beams of half-cone
angle 14°), ultrashort irradiation (100 fs) results in the genera-
tion of amorphous silica traces confined in a crystalline matrix
with radial dimensions down to 300 nm, as visible in Fig. 1A.
EBSD analyses (Kikuchi patterns), confirming the molecular
arrangement, are presented in the insert, corresponding to the
pristine and the irradiated regions. A loss of crystallinity in the
irradiated volume is observed, visualized in the reduction and
the smearing of the contrast (a residual pattern still visible comes
from limited spatial resolution of 100 nm that covers also the
neighboring regions). The behavior is confirmed for the whole
energy range from 1 to 20 pJ. We will focus our discussion first
on the low energy range in various irradiation conditions. Beam
distortions are prone to occur at higher energies, with the emer-
gence on nonlinear instabilities along the path of the conical
wavefronts. The lower limit of irradiation, at the modification
threshold, corresponds already to a vacuum peak fluence of
12 J/cm?, but the presence of carriers leads to scattering of light
and to a leveling of the peak fluence into the sample; a process
enhanced at small pulse durations. Nonetheless, the confined
irradiation is enough to kick start the structural disorder. It has
been argued before [7] that stretching the pulse to picosecond
values can efficiently overcome plasma defocusing and better
confine the laser energy spatially, therefore triggering much
stronger energy concentrations. This can be noted in Fig. 1B,
where a 1.8-ps pulse at 3 pJ generates a larger amorphous region
and a nanocavity with an inner diameter of less than 100 nm.
Despite the far-field irradiation delivering a spot of 0.84-pm
full width at half maximum, the resulting processed size is well
below the optical beam size and, moreover, significantly smaller
than the diffraction limit (~4/2). Without yet discussing the
temporality of the events, we note nevertheless that the cavity
is formed within an amorphous region. Figure 1C and D depicts
sections taken at different axial positions along the Bessel trace,
illustrating qualitatively the energetic requirements to induce
a transition from amorphization to nanocavitation. If the flu-
ence at the peak of the Bessel beam can induce a cavitation
process, the lower energy density on the wings of the beam is
just sufficient to allow amorphization within the perimeter of
the beam. A simple dimensional analysis of the cross-section
is of use considering the spatial irradiance profiles as shown in
Fig. 1E. One can safely assume a Gaussian approximation of
the Bessel transverse intensity, taking into account that the
irradiance profile may be different due to a balance of nonlinear
effects (albeit a strong nonlinear stability of the Bessel beam).
A material modification process involves a rather strong carrier
density for energy deposition above the modification threshold.
Assuming linear absorption of the electron cloud for the pico-
second irradiation, the picture shows the relative threshold
between a thermomechanical process driven by gradients such
as cavitation and a threshold phase-transition process driven
mainly by the local temperature. The onset of an amorphous
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phase with a different density alongside with radial thermal
transport will generate stress in the neighboring regions with
orthogonal components leading to the appearances of cracks.
As observed in Fig. 1, these cracks originate at the interface
between amorphous and crystalline material and do not intrude
in the inner amorphous state.

In order to perceive the kinetics of phase transformation
from the crystalline to the amorphous phase we have interro-
gated the process with time resolution over the entire relaxation
range using multiscale time-resolved phase-contrast (PCM)
and quantitative phase (QPM) microscopy. The relevant optical
contrast is explained in Methods. The same technique is also
used to observe the overlapping dynamics of cavitation. The
PCM offers a high-quality high-resolution qualitative image of
the laser-induced phase object over the whole dynamics. QPM
calibrates the observation offering quantitative measurements
of the spatial phase object at specific time moments. We have
applied irradiation conditions that correspond to both amor-
phization and cavitation.

The first dynamic process corresponds to ultrashort pulse
exposure at a low energy (2 pJ), above the modification thresh-
old. The results are presented in Fig. 2 as PCM and QPM data
delivering transient values of the peak refractive index and of
the associated optical phase shift. Figure 2A presents the
recorded charts of refractive index changes at different time
moments. We observe a first stage with a refractive index
increase that lasts for about 30 ns. Then, a stage of negative index
change appears, stabilizing in few hundreds of ns (a short time
domain where positive and negative index dynamics compen-
sate is also observed). For a better glimpse to the process, a nar-
row region of interest (ROI) around the center of the trace is
collected for all recorded moments and concatenated together
in a montage image. Plotted on a logarithmic scale (Fig. 2B), this
offers an accurate dynamical perspective over the index evolu-
tion down to the complete rest of the material. The observed

refractive index change is a direct consequence of changes in
the electronic and molecular arrangement.

We first discuss the transient positive index change in the
first 30 ns of evolution (dark colors in Fig. 2A and B). Given
the time scale, we associate this change with an increase
in the local temperature. This behavior is expectable for a
material with positive thermo-optical coeflicient. However,
a-quartz is a material with a negative thermo-optical coef-

ficient (% — _0.7= —0.8-10-6K " where o, e stands for

ordinary and extraordinary indices) [25], meaning that, for
bulk samples, the index decreases with increasing tempera-
ture. This is opposite to the behavior of its amorphous poly-
morph, fused silica, where the thermooptic coeflicient is
positive. In general the thermo-optical coefficient dn/dT
[25] is related to electronic polarizability and volume expan-
sion. In a heated amorphous phase of silica, the molecular
polarizability increases as the elongation of the electronic cloud
of the oxygen atoms [26] can become large for small changes
of the interatomic distance. This behavior is opposite to the case
of crystalline quartz, with lower expansion of the electronic
cloud and a change driven mainly by volume expansion. In
the present conditions, the volume expansion is limited by the
surrounding cold material. The observed index increase in the
first ns can thus be explained by the achievement of a hot dis-
ordered fused silica-like phase where the anisotropic crystal
binding was broken, facilitating the elongation of the electronic
cloud. This can satisfactorily explain an increase of the index
with temperature. The fact that the overall increase is relative
to the surrounding index of the crystal (average index at the
observation wavelength »n ~ 1.55) shows also that the index of
the disordered phase starts its increase with respect to the crys-
talline value. In order words, the disordered amorphous phase
has a cold index equal to that of the crystalline state, a statement
that will be verified later in the text. This phase thus reflects the

Fig. 1. Structurally modified areas in quartz observed in electron microscopy. (A) Section of a trace modified by a 100-fs laser pulse at 2-pJ energy. The laser pulse comes
from the top. The inserts show EBSD (Kikuchi) patterns corresponding to the degree of order in the matrix. Ordered and disordered structural arrangements are recognizable
around and within the trance, respectively. (B) Cross-section of a trace modified by a 1.8-ps laser pulse at 3-pJ energy. Similar structural arrangements are identified, with a
nanoscale cavity generated in the center. (C and D) Tomography-like representation of cross-sections of modified trace measured at different axial positions along the Bessel
trace (edge [C], center [D]), corresponding to the irradiation conditions of (B). A phase-contrast microscopy image of the permanent trace is given in the side insert, showing
the cross-section locations. (E) Dimensional analysis of the trace with respect to the distribution of intensity within the trace, indicating qualitatively the threshold of bulk
amorphization, and the fluence difference between amorphization and cavitation regimes.
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Fig. 2. Dynamic evolution of laser-induced volume modification in the ultrashort (100 fs) pulse interaction regime at relatively low, close-to-threshold energy (2 pJ). (A) PCM
images of the interaction area at different delay times. Dark regions correspond to positive refractive index changes and light regions correspond to a negative index change.
(B) Logarithmic time perspective of the transient index change dynamics. A ROl is defined, then the corresponding information is collected from each image, and the resulting
images are concatenated together in a montage, delivering the time history on a logarithmic scale of the transient index change in the ROI. (C) Absolute values for the profiles
of the refractive index changes extracted from QPM and mapped on the PCM trace history. (D) Time dynamics of the index change and the associated optical phase shift.

density of the original crystalline form (2.65 g/cm’, i.e. a 20 %
1ncrease with respect to a relaxed amorphous phase [2.2 g/
cm’]). A strong densification of the usually more rarefied amor-
phous phase occurs transiently, starting from the original crys-
talline phase. We note that this phase shows a densification
value comparable with densification rates reported for silica
quasi-statically densified at pressures up to 10 GPa at the limit
of maintaining a 4-fold coordinated structure [27,28].

The second phase appears in about 40 ns with a decrease of
the index indicated by the light colors in Fig. 2A and B. This
reflects the thermomechanical relaxatlon, after a cooling process
with a rate of approximately 70 x 10° K/s. The metastable dense
disordered state evolves toward a lower-density state in about
100 ns, nevertheless still in the confinement conditions.

The interest now is to quantify the thermodynamic condi-
tions associated with this behavior as well as the resulting
phases. The phase shift obtained by the QPM is used to extract
the associated local refractive index changes via an inverse Abel
transform of the projection. The refractive index values are
averaged over the domain set by the spatial resolution of the
imaging setup, typical 500 nm, larger than the structuring sec-
tions, and therefore underestimate the peak values by about
30%. The results are given in Fig. 2C and D. The initial transient
index increase shows a value of An = 0.02. Assuming a thermo-
optical coefficient based solely on electronic polanzablhty and
equal to that of fused silica (dn/dT = 107> K™ ") [29], from the
peak value of An = 0.02 achieved in few nanoseconds, one can
infer a temperature of at least 2,000 K (An ~ dn/dTAT), above
the melting point of 1,900 K. This facilitates the development
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of low-viscosity phases along the irradiated region. We will see
later that the achievement of such fluid domains will have
consequences on the capacity to change permanently the struc-
ture and the morphology of the material on very small scales.
Similar thermal ranges were estimated during laser processing
of glasses using Raman scattering [30]. Given the argument on
the achievement of a disordered amorphous state with a positive
thermo-optical coeflicient, it appears unlikely that the evolution
passed through intermediary states such as tridymite or cris-
tobalite. Interestingly, contrary to what was previously observed
in glassy materials [9] with a diffusion characteristic time of 1 ps,
the cooling process appears here not to be visibly diftusive. The
thermal parameters of quartz (thermal conductivity k = 3 W/mK,

heat capacity ¢, = 0.73 ]/ gK) indicate a thermal diffusivity
parameter D = k/c = 1.53 mm?®/s. For a source of size compa-
rable to the laser spot, this will give a characteristic time 7,
for heat transport of approximately 400 ns. The observed
cooling time, lower by an order of magnitude, suggests energy
expense in preserving the amorphization as latent heat, as alter-
native to a supposedly much smaller heat source (n.b. the small-
est dimensions for the laser affected regions were in the 350-nm
range, i.e. a 100-ns diffusion time for the lowest energy case in
Figs. 1A and 2A and B. Several scenarios tackle the amorphiza-
tion of @-quartz under external particle and photon beams or
pressure and temperature drives. They involve bond-breaking
[31,32], dynamic instabilities of phonon modes [33], or inter-
mediate distorted crystalline phases, defects, and bending of
molecular angles under pressure [34-37]. The time scale
observed here, already within the first nanosecond, appears
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consistent with a homogeneously nucleated process intermedi-
ated by electronic excitation, pressure increase, and heat cou-
pling to the matrix, in conditions of confinement. A fluid,
low-viscosity state with structural mobility but constrained
expansion is consistent with the lack of cracks within. Narrowing
down, the confined, dense, disordered state may present simi-
larities with pressure-induced amorphization of quartz, reflect-
ing changes in the bonding angles, and, most probably, changes
in the interpolyhedral distance, reflected in minimal O-O spac-
ing [38]. The presence of electronic nonequilibrium should
determine more structural flexibility [39], yet to be determined.
The follow-up relaxed phase shows a negative index change
of around An = —0.01, indicating an amorphous structure
that did not yet achieve its equilibrium relaxed density, and
still presents a residual densification. We estimate the density
decrease of the same order based on a Lorenz-Lorenz model

2 _ 2
with An = % W(l + Q), with Q being the relative

polarization change [40]. It is to be noted that the single-shot
imaging method uniquely provides temporally and spatially
resolved temperature and morphology information during the
complete relaxation cycle.

The hypothesis of an increase of the refractive index of the
dense silica phase matching the one of crystalline quartz phase
was verified using molecular dynamics simulations coupled
with a first principles approach. The disordered dense and
relaxed structures were isochorically, respectively isobari-
cally created from confined high-temperature silica melts (see
Methods). The generation under confinement at constant vol-
ume of a stable dense phase is demonstrated in Fig. 3A following
heating and annealing from above the melting point. Subsequently,
the optical properties for an amorphous silica phase densified
at the density of the initial crystalline phase, for the correspond-
ing crystalline phase, and for a relaxed silica phase are shown
in Fig. 3B. The densification rate between the densified and
the relaxed silica phase is Ap/p=8%. The high density amor-
phous and crystalline phases present a similar index within the
numerical approximations, validating the initial assumptions.
Confirming a reduction of the O — O bond length of a couple

of percent, the high index of the dense phase comes from struc-
tural rearrangements. Broken bonds with nonbridging oxygen
atoms may also give an increased polarizability, but the associ-
ated index increase is significantly lower [41,42] and their life-
time in a hot environment may be expectably low.

Increasing the energy brings a new element into the picture,
the onset of a visible and measurable plasma phase. The results
from irradiation the material with pulses of 100 fs and a slightly
higher energy of 4 pJ are presented in Fig. 4. As shown in Fig.
4A and B, the first 15 ns indicate a transient low-index phase
characteristic to a carrier plasma. Such a ns lifetime of the car-
rier plasma shows that the matrix has lost its rigid character,
excitonic decay and trapping (expected for strongly coupled
dielectrics) is no longer possible and dense plasma phase con-
siderations should apply. The decay of this plasma overlaps with
the onset of the hot phase of the material that lasts for 70 ns
before relaxing then to a rarefied phase. The same argumenta-
tion as above applies as to the generation of an amorphous fused
silica phase of positive thermooptic coefficient and a density at
least equal to the crystalline form (i.e. a 20% densification). The
QPM analysis (Fig. 4C and D) allows to quantify this free carrier
presence. The plasma phase showing an index magnitude of
An = —0.02 + —0.04 depending if one considers the overlap
with the hot phase. Considering a Drude-like response of free
carriers [43] impacting the material complex dielectric function

2

. @p 1

£* =gy — — ———— | [44], the resulting refractive index
wl+i/oT
L L% 2
[ 1

1 1N, 1
change can be expressedas An ~ - —=£ ~ -

2(0% 1"'l/wLTc - 2Ncr1+1/wLTc

with w; , being the laser respectively the plasma frequency, N,
being the plasma, respectively the critical density at the optical
resonance (wp = nw;) and 7, the carrier momentum scattering
rate changing the overall momentum for the carrier gas. For
typical 7. subfemtosecond values (0.1 fs) [7] measured in fused
silica glass, the calculated carrier density resulting from the Drude
formula above lies in the range of up to N, = 10AnN,, ~ 1.6 X
10°" cm™, with a lifetime of few nanoseconds. Its relaxation
transfers the energy to the matrix. Considering an average energy
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Fig. 3. Molecular dynamics simulations of laser-induced material transformation. (A) Snapshots capturing the crystalline-amorphous transition showing the initial crystalline
structure, the one obtained after melting, and the final structure under confinement at constant volume. The corresponding density values are indicated in the figures, showing
the stability of the dense phase. (B) Refractive index calculations of dense and relaxed fused silica phases in comparison to the initial quartz phase, showing the effect of the
confinement on the optical properties of the different structural phases. The model structural arrangements of Si and O atoms are indicated in the insets.
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Fig. 4. Dynamic evolution of laser-induced volume modification in the ultrashort (100 fs) pulse interaction regime at a moderate, above-threshold pulse energy (4 pJ). (A) PCM
images of the interaction area at different delay times. We recall that dark regions correspond to positive refractive index changes and light regions correspond to a negative
index change. (B) Logarithmic time perspective of the transient index change dynamics. An ROl is collected from each image and the resulting images are concatenated
together, delivering the time history. (C) Absolute values for the profiles of the refractive index changes extracted from QPM and mapped on the PCM trace history. (D) Time

dynamics of the index change and the associated optical phase shift.

per electron of 10 eV, comparable to the forbidden energy gap
in silica (in the conditions of a flux doubling model [45] for the
laser-induced carrier production, a collisional multiplication
process for carriers will limit the carrier energy, consuming the
excess for avalanche), this leads to an energy density in the range
of E,;, = N,E, = 2,500 J/cm’, equivalent to a 2.5 GPa internal
electronic pressure. This energy is used to locally heat the matrix
during electronic relaxation. A simple and straightforward energy
conservation equation E, = c,pAT, with ¢, = 0.73 J/gK and
p =2.65 g/cm’ being the heat capacity and the density of the
material will lead to a temperature estimation of around 1,300 K,
achievable during the plasma phase, before diffusion, which is
a satisfactory match in view of the simple model used to validate
the proposed scenario, taking into account potential underes-
timates of the refractive index by the observing optical resolu-
tion. The relaxation phase terminates into a local structures
showing an index decrease of An = —0.04.

We conclude in the present conditions of ultrashort pulse
irradiation to an amorphization and a quenching of a higher-
density fused silica phase embedded in the crystalline matrix.
The relevant time scale observed here is nanoseconds, with the
disordered state already formed, presumably before the first
nanosecond [46]. The lifetime of the hot material is extended
with the energy increase. The affected range increases. The final
phase is more rarefied for the higher energy input. The use of
even higher energy start generating beam distortions screening
the interaction core.

We will explore below a situation where energy density fur-
ther increases. The data in Fig. 1 showed that a picosecond
pulse can, within the amorphous area, generate nanosized
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voxels. This indicates a stronger concentration of energy enabled
by the picosecond pulse overcoming carrier scattering. The respec-
tive process dynamics is depicted in Fig. 5 for a 1.8-ps pulse at
4 pJ. Figure 5A and B indicates a plasma phase extending over
40 ns. The onset of the follow-up rarefaction is almost concomi-
tant with the end of the plasma phase. Quantitative analyses (Fig.
5C and D) show a free carrier index change of An = —0.045
(An < —0.065 if the environment is hot), coming closer to the
optical resonance (estimated density based on Drude model up
to N, ~2.7 x 10°' cm™), and a rarefaction dynamics of few hun-
dred ns, peaking up at An = —0.1. The spatial resolution of the
optical setup will not allow the observation of the index change
within the void, offering an averaged view convoluted with the
spatial response of the microscope. The important decrease
leads nevertheless to presume the existence of a void as con-
firmed in Fig. 1B. Interestingly, the void appears within an amor-
phous phase, and, considering its dynamics, it is likely to occur
in a fluid, low-viscosity phase within the desegregating solid.
This facilitates the process of cavitation by drastically lowering
the necessary thermomechanical conditions where the internal
pressure should overcome the kinetic barrier. The lateral pressure
gradients can drive the opening of the void where, given the fast
energy transport and consumption, the processes is quenched on
a few tens of nanometers. The fast quenching determines thus a
remarkable spatial resolution to the structuring process.
Specifically, we note that SiO,, in both crystalline and amor-
phous forms, is a material with a strong coupling between the
electrons and the rigid matrix, indicated by its characteristic
exciton self-trapping efficiency. At low excitation doses, below
10%° cm ™3, the excited free carriers, polarizing the environment,
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Fig. 5. Dynamic evolution of laser-induced volume modification in the short (1.8 ps) pulse interaction regime at moderate, above-threshold energy (4 pJ). (A) PCM images of
the interaction area at different delay times. This range corresponds to the onset of nanocavitation. We recall that dark regions correspond to positive refractive index changes
and light regions correspond to a negative index change. (B) Logarithmic time perspective of the transient index change dynamics. An ROl is collected from each image and the
resulting images are concatenated together, delivering the time history. (C) Absolute values for the profiles of the refractive index changes extracted from QPM and mapped
on the PCM trace history. (D) Time dynamics of the index change and the associated optical phase shift.

are rapidly trapped in their own induced deformation potential
[47] within the rigid matrix. In less than 1 ps, with laser-
induced bond-breaking, local structural deformations [7] and
defects appear as a way of transferring the energy in potential
energy forms. This goes in parallel to heating. At higher excita-
tion doses as those observed in the present case, capable of
screening the molecular interaction, the carrier plasma survives
in parallel to the general collapse of the crystalline order. The
dense form of silica observed here is presumably the conse-
quence of a confined evolution at quasi-constant volume in the
presence of electronic nonequilibrium and bond breaking. The
fast heating will generate pressure waves, but, given the soft
material around, it is unlikely that strong shock develops. An
increase of electronic pressure in the gigapascal region was
estimated. It is likely that lower values of hydrostatic pressure
in the range of megapascal [48], confined in a range of few
hundreds of nanometers, are enough to kick-start the cavita-
tion in the soft environment, as compared to the shock micro-
explosion scenario proposed for hard materials [8]. Enabled
by a favorable balance between thermal and mechanical evolu-
tions, the extreme structuring occurs thus with less energy
consumption. Altogether, this shows a unique pathway toward
extreme volume nanostructuring that harvests the development
of phase transition in combination with mechanical effects.

A pertinent question is how universal this behavior is.
Previous studies [9] indicated a pattern of nanostructuring
in bulk fused silica involving cavitation in low-viscosity mat-
ter at irradiations just above the threshold value. We have
performed therefore qualitative and quantitative phase imag-
ing of irradiated bulk fused silica within the same irradiation
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and detection geometry that confirms the expected behavior
of an amorphous material. The quantitative phase analysis
shows, as depicted in Fig. 6, that in similar irradiation condi-
tions as the quartz case presented here, the electronic excita-
tion (giving a negative index change of —0.06) peaks at 2 to
3 times the critical density in a plasma phase with a life time
of few tens of nanoseconds, and the maximum temperature
reaching 3,000 K for time delays around 50 ns, witnessed by
a positive index change in the range of 0.03. The cavitation
times is delayed with respect to the quartz case to several
hundred ns, on the cooling phase. This indicates a general
nanostructuring path intermediated by a low-viscosity phase
where the speed cavitation relates to the speed of heat evacu-
ation from the irradiated region.

Conclusion

In conclusion, using time-resolved phase sensitive and quan-
titative optical methods, we evaluated the dynamic succession
of thermodynamic states in the ultrafast laser-induced phase
transition in bulk crystalline quartz. We measure in situ the
local thermal parameters in various domains of laser excitation
relevant to laser processing, showing matrix temperatures aug-
menting to values beyond 2,000 K. Under confinement, we deter-
mine close-to-critical plasma density requirements in order to
trigger the crystalline-to-amorphous transition intermediated
by rapidly cooling (100 ns) of potentially soft liquid phases. We
found transient fused silica phases up to 20% denser than the
ordinary fused silica. This puts forward a strategy for obtaining
dense amorphous silica forms starting from prior crystalline
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Fig. 6. Transient optical response in fused silica glass (PCM and QPM data) in similar
conditions of laser nanostructuring. The negative index change corresponds to the
plasma stage. The positive index change show the temperature evolution at 2 time
moments, 50 and 200 ns.

arrangements and confined melting, with potential generation
of steric effects. For super-critical plasma densities, we demon-
strate combining thermomechanical evolutions to nanocavita-
tion within a disordered phase, posing lower thermomechanical
constraints. A reduction of thermomechanical constraints due
to the emergence of soft structural phases implies lower energy
consumption for the process that can be initiated at subgigapas-
cal pressures. The rapidly quenched cavitation process provides
extreme sub-100-nm voxel feature sizes. The dynamic quantita-
tive reconstruction of the thermodynamic evolution, applicable
on many materials where thermal evolutions affect optical prop-
erties, is important to guide laser processes toward extreme
resolutions, where molecular structure and mesoscopic mor-
phologies combine. The discussed scenario may apply for a
range of crystalline dielectric materials where strong electron-
phonon coupling determines fast heating, outpacing mechanical
relaxation. An in-depth understanding of a volume nanostruc-
turing process benefits to a range of applications from nano-
photonics to metamaterial design and engineering.
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