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Abstract

Femtosecond laser direct writing enables precise three-dimensional structuring of transparent materials,
yet the underlying modification mechanisms in fluoride glasses—key platforms for mid-infrared
photonics—remain elusive. Here, we elucidate the ultrafast-to-microscale mechanisms governing
femtosecond laser-induced modification in fluoroindate glass by integrating time-resolved pump—probe
shadowgraphy, birefringence imaging, and microscopic elemental analysis. Plasma evolution dynamics
reveal peak electron densities approaching 5x10%° cm™2 at 1.2 ps, accompanied by gigapascal-level
stress waves propagating at ~ 4.3 pym/ns. These transient processes generate steep thermal—pressure
gradients that drive selective migration of heavy and light ions, producing polarizability-dependent
refractive index changes (An =107 3-10"2). By correlating plasma dynamics, stress evolution, and
compositional redistribution, we establish a unified framework linking energy deposition and structural
reconfiguration. The results clarify that positive index regions originate from cation densification (Pb/In
enrichment), whereas negative regions arise from anion expansion (F/Ba migration). This mechanistic
insight provides general design principles for controllable femtosecond-laser processing of fluoride
glasses and extends to the rational engineering of low-loss, mid-infrared integrated photonic
components.

Introduction

Fluoride glasses—represented by fluorozirconate and fluoroaluminate systems—offer irreplaceable
advantages for mid-infrared (MIR) applications'~3. Their unique combination of low phonon energy (~
500-600 cm™ ), broad transmission window (0.2-8 pm, spanning ultraviolet to MIR), and excellent rare-
earth ion solubility enables MIR lasers, gas sensors, and high-precision optical systems with unparalleled
performance®™’. For instance, Er¥*-doped fluoride fibers achieve significantly enhanced laser efficiency

at 3.5 pmé, a wavelength critical for trace gas detection of pollutants like volatile organic compounds.
However, the practical implementation of fluoride glasses in photonic integrated circuits (e.qg., for
miniaturized, high-throughput photonics) has long been constrained by the lack of precise, scalable
microstructure engineering techniques.

Femtosecond laser direct writing has emerged as a revolutionary tool for three-dimensional micro-nano
processing of transparent materials, owing to its non-thermal processing nature and sub-micrometer
spatial resolution®1?. Unlike continuous-wave or nanosecond lasers, which induce large heat-affected
zones (leading to crystallization or phase separation in fluoride glasses), femtosecond pulses deposit
energy via nonlinear ionization (multiphoton and avalanche ionization) on a timescale shorter than

lattice thermalization (100 fs—1 ps), enabling ‘cold’ material modification'". This ultrafast laser-based
writing capability has been applied to fabricate waveguide cores for photonic integrated circuits in

silicate and germanate glasses'%'3. However, fluoride glasses present unique challenges: their ionic
bonding, low mechanical strength (elastic modulus ~ 50-60 GPa, ~ 70% of silicates), and high sensitivity

to laser-induced defects result in complex, poorly understood modification phenomena'*">. For
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example, femtosecond laser-written waveguides in fluorozirconate glasses exhibit positive refractive
index changes exceeding 2x107 2, yet the mechanistic link between laser-matter interactions and such
refractive index modulation remains elusive®. This knowledge gap severely hinders the rational design
of high-performance fluoride glass waveguides for next-generation photonic devices.

Laser-matter interactions between ultrafast lasers and transparent materials are well established for
oxide glasses (e.g., fused silica)’. Studies show the modification process initiates on the femtosecond
timescale: intense laser fields drive nonlinear photoionization of the wide-bandgap material, generating a
transient dense plasma (electron density: 10'°-10%" cm™3)87°_ Next, on the sub-nanosecond to
nanosecond timescale, fluid dynamic relaxation occurs—including shockwave/stress wave emission and

thermal diffusion—where relaxation of the laser-heated volume triggers elastic/plastic stress waves,
leading to permanent structural rearrangements (e.g., densification or cavity formation)?%2’. On the
microsecond timescale, thermal energy fully diffuses out of the focal region, ultimately manifesting as
material modifications (e.g., altered density, coordination environment, or lattice defects) that directly
induce refractive index modulation?%23. Despite this progress, femtosecond laser modification
mechanisms in fluoride glasses remain underexplored. The weak ionic bonding in fluoride glasses
lowers ionization thresholds; however, correlations between plasma characteristics (e.g., peak electron
density, temporal evolution) and femtosecond pulse parameters remain unestablished. Additionally,
fluoride glasses exhibit lower shear moduli (= 15-25 GPa) and higher thermal expansion coefficients (=
15-25x 10~ ® K™ 1), which alter stress wave propagation and relaxation'#24. Existing work on
femtosecond lasers in fluoride glasses focuses primarily on waveguide fabrication and performance
(e.g., propagation loss, mode profile)?°>2?
preventing the establishment of a link between ‘microscale modification’ and ‘macroscopic An'.

, with insufficient study of transient physical processes—

In this work, we investigate femtosecond laser-induced modifications in fluoride glasses across multiple
time scales, linking these insights to the phenomena and key characteristics of femtosecond laser-
written optical waveguides. Using femtosecond time-resolved pump-probe shadowgraphy and an
improved birefringence imaging system, we characterized the spatiotemporal dynamics of plasma and
stress waves generated in fluoroindate glass. Microscale analyses of waveguide regions included
electron probe microanalysis of elemental migration and advanced phase imaging of refractive index
distributions. Additionally, we demonstrate thermal erasure and structural transformation of channel
waveguides. We systematically elucidate the mechanism underlying femtosecond laser-induced
modification of fluoride glasses, providing a reliable framework for designing femtosecond laser-written
fluoride waveguides with controllable refractive index contrast. This work will advance the development
of mid-infrared optoelectronic integrated circuits.

Results

Femtosecond laser time-resolved pump-probe shadowgraphy
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The essence of ultrafast laser-induced material modification is governed by exciton-electron interactions
and subsequent transient physical changes%3!. Characterizing the evolution of plasma and stress
waves thus provides critical insights into laser-material interaction dynamics. As shown in Figs. 1a

and 1b (see "Materials and Methods" for details), femtosecond time-resolved pump-probe
shadowgraphy and an improved birefringence imaging technique were used to detect the generation and
evolution of plasma and stress waves, respectively. Notably, the time delay between the probe and pump
beams was adjusted by the ‘delay line’ in the probe optical path. After frequency-doubling the 1040 nm
femtosecond laser, a linear polarizer and quarter-wave plate were added, and the CCD was replaced with
a polarization camera to record the anisotropic optical responses (birefringence) of the laser-irradiated
sample (Fig. 1b). Additionally, the detection directions for plasma and stress waves were oriented
vertically and horizontally, respectively, relative to the pump beam direction.

Fluoride glasses are primary materials for MIR research, offering key advantages of low phonon energy
and broad transmission windows. Mature fluoride glass systems include fluorozirconate (ZrF,-

based/ZBLAN)', fluoroaluminate (AIF;-based/ABYPM)3?, fluoroindate (InF5-based/INF)33, and a novel

fluorozincate glass (ZnF,-based/AZF)3*—modified from fluoroaluminate compositions. Among these,

fluoroindate glasses exhibit the lowest phonon energy (~510 cm™) and the broadest transmission
window (0.2-10 pm)3°. Thus, we used home-made fluoroindate glass as our primary research material
(see ‘Materials and Methods’ for INF glass synthesis). Fig. 1c shows the transmittance spectrum of INF
glass: compared to chalcogenide glasses (which have longer transmission windows), INF glass achieves
higher transmittance (>90%) over 0.2—-7 um, whereas chalcogenide glasses only reach ~50-70%
transmittance in this range3®. This broadband high-transmittance property is irreplaceable. The intrinsic
refractive index of the glass is critical for simulating and calculating transient physical processes. As
shown in Fig. 1d, the refractive indices of INF glass are 1.542 at the probe beam wavelength (520 nm)
and 1.526 at the pump beam wavelength (1040 nm). Fig. 1e presents the differential thermal analysis
curve of INF glass, with a glass transition temperature (Tg) of ~250°C and crystallization temperature

(T,) of ~349°C, yielding a AT of 99°C—indicating excellent fiber-drawing capability.
Transient temporal-spatial evolutions of plasma

Plasma-lattice interactions in glass are the direct driver of structural modifications. Femtosecond laser-
induced nonlinear ionization in transparent materials generates electron plasma, primarily involving
multiphoton ionization and avalanche ionization for pulse durations on the hundreds-of-femtosecond
timescale3%3738 When the instantaneous power exceeds the modification threshold, plasma becomes
observable via imaging. By adjusting the single-pulse energy of the femtosecond laser focused inside
the glass, we captured weak plasma generation in INF glass at 0.16 pJ (Fig. 2a). This single-pulse energy
corresponds to a power density of ~1.19 x 103 W em?, with the modified region length reaching ~9 pm.
As the power increased to 2.81 pJ, the modified region length extended to 60 pm, and the nonlinear focal
position shifted progressively forward. This behavior arises because, in transparent media with positive
nonlinear refractive indices, laser pulses with power exceeding the self-focusing critical power undergo
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contraction along the propagation axis—leading to a significant focal length reduction with increasing
laser intensity>°.

To quantify carrier density from optical measurements, we combined the Beer—Lambert law (for free-
carrier absorption coefficient calculation) with the Drude model to compute electron density (See details
of the calculation in Supplementary Note 1). We recorded time-resolved plasma images at a pulse
energy of 5 pJ, alongside reference images (without pump laser irradiation; Fig. 2b). Subsequent
denoising of the time-resolved plasma images and extraction of transmittance information yielded the
final plasma images. Higher pulse energies expanded the originally ‘filamentous’ modified region into an
inverted ‘droplet’ shape, which corresponds to the true spatial extent of the femtosecond laser focal
region.

Femtosecond laser-induced transient phenomena differ significantly across glass materials, which
inherently reflect variations in the dynamic efficiency of the ‘laser energy absorption’ to ‘free electron
generation’ process. We performed femtosecond laser plasma experiments on the four aforementioned
fluoride glass substrates and quantified the dependence of electron density on single-pulse energy and
delay time (Figs. 2c, d). The femtosecond laser single-pulse energy was varied from 0.4 to 5 pJ.
Saturation electron densities were achieved at 0.8 pJ (INF), 1 uJ (ABYPM), 2 pJ (AZF), and 2.5 pJ
(AZFD), corresponding to electron densities of 4.73 x 1020, 4.77 x 102, 4.11 x 10%, and 4.39 x 10%° cm3,

respectively. Compared to fused silica—where plasma electron density reaches 1.29 x 102 cm™ at 12 pJ
(ref. 17)—fluoride glasses exhibit lower saturation thresholds and higher electron densities. This directly
confirms that fluoride glasses have smaller bandgap energies and larger multiphoton absorption cross
sections, particularly INF and ABYPM. At saturation threshold, the delay times for peak electron density
differ slightly across glasses: ABYPM and AZF reach peaks at 800 fs, while INF and AZFD peak at 1200
fs. These differences arise from factors including the 'initiation competition' of the ionization process,
electron energy dissipation, and defect states. For instance, within the same fluoride glass system,
variations in network structure (e.g., F ion distribution, cation vacancies) create distinct defect states
that bidirectionally modulate electron density growth kinetics—either by promoting seed electron
generation or trapping free electrons. Notably, introducing trivalent cations (e.g., GaF; in InFs-based

glasses) enhances fluoride glass network stability*>*!. Compared to AZFD (with Dy3* doping), the AZF
system contains more cation vacancies, leading to additional defect energy levels. These defects
reduce the effective bandgap for multiphoton ionization, thereby shortening the electron density peak
delay time.

Once the pump energy reaches the material damage threshold, the maximum electron density plateaus.
We present time-resolved plasma images and corresponding electron density evolution of INF glass at
saturated electron density (0.8 pJ), recorded over 400 fs—5 ps (Figs. 3a, b). The pump beam is incident
along the Z-direction, with the leftmost edge of the image 115 pm from the glass surface. At 400 fs,
distinct plasma is observed, with a length of ~16 pm. Notably, the femtosecond laser pulse duration was
400 fs, so the time delay interval was set to 400 fs; however, plasma formation onset occurred earlier in
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practice. As the time delay increases, the plasma profile evolves slightly differently in the transverse
(perpendicular to the laser incidence direction) and longitudinal directions—details more clearly resolved
in electron density images. For a single pulse, the maximum transverse profile (~2.1 ym) is achieved at
800 fs, comparable to the theoretical femtosecond laser spot size in INF glass. The longitudinal profile
peaks at ~27.7 um at 2.8 ps, then gradually decreases. This indicates that the femtosecond laser
modification profile in transparent materials is primarily determined by the pump beam waist diameter
and incidence direction.

Figs. 3c and d show the spatial distribution of transient electron density along the plasma axis and the
spatiotemporal evolution of peak electron density over 400 fs—5 ps. Throughout the delay range, the
transient peak electron density remains almost near the nonlinear focal point. Minor positional shifts of
the peak density within the focal region at specific delays may correlate with ionization concentration in
the plasma formation zone. The transient electron density first rapidly increases, peaking at 1.2 ps (4.73
x 1029 cm3), then decays gradually with increasing time delay—consistent with the temporal profile of
the pump pulse intensity. This transient plasma serves as the core energy carrier linking laser irradiation
and stress wave generation. Specifically, the plasma accumulates energy via free-carrier absorption,
transfers it to the lattice through electron—phonon coupling, and induces localized rapid heating.
Temperature-driven lattice thermal expansion is constrained by the surrounding glass matrix generating
thermoelastic pressure that follows the scaling relation where the pressure change (Ap) is proportional
to the peak electron density (n, peak) @nd laser fluence (F). This pressure propagates through the glass as

acoustic waves, forming stress waves. Thus, the energy dissipated by the plasma serves as the "energy
source" for stress waves, with the total dissipated energy determined by the electron density and laser
fluence.

Stress wave detection based on birefringence imaging

The interaction between femtosecond lasers and dielectric materials exhibits distinct processes across
different characteristic time scales. For example, energy deposition on the hundred-femtosecond scale
and mechanical material responses on the tens-of-picosecond scale have been reported’®. The
efficiency of energy transfer from electrons to the lattice is governed by the free electron concentration:
higher electron densities enhance electron—phonon collision frequencies, thereby accelerating the
conversion of electronic kinetic energy into lattice thermal energy. This energy-driven lattice heating
induces thermal expansion, generating a pressure field whose magnitude scales positively with the peak
electron density. As this pressure field propagates elastically through the glass matrix, it manifests as
observable stress waves.

We modified the plasma detection optical path (Fig. 1b) and employed a polarization camera at the
detection end to record the optical responses of fluoride glasses under femtosecond laser irradiation
(see details in Supplementary Note 2). From the optical transmission images (Fig. 4a), we observed a
rapid transmittance decrease in the laser-irradiated focal region, attributed to free-carrier absorption
during photoionization. Subsequently, on the picosecond time scale, local transmittance increased in the
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focal region (most pronounced at 100 ps), indicating free-electron recombination. Fig. 4b shows
corresponding optical retardance images, which enable more precise analysis of stress wave
propagation than transmission images. At 100 ps, optical retardance intensity increased significantly,
followed by outward propagation at 200—300 ps. On the nanosecond time scale, stress waves
propagated distinctively away from the focal region, spreading radially outward from the focal point. The
stress wave propagation speed was ~4.3 pm/ns, which can serve as a reference for the sound velocity in
fluoride glasses.

Optical retardance can be used to estimate laser-induced internal stress in materials. The stress-optic
law states that the principal stress difference (Ao) and optical retardance () are linearly correlated via
Ao = (6A)/(2nthC), where h is the stress wave propagation path length and C is the stress-optic
coefficient*2. For INF glass at the probe wavelength (520 nm), pressure testing determined €=0.55 x 10"
12 N""m?. Fig. 4c shows the time-dependent evolution of the stress difference between the center and
periphery of the stress wave. At 0.8 pJ, the generated stress reaches gigapascal levels, with maximum
values of ~1.47 GPa at the focal center (100 ps) and ~1.23 GPa at the periphery (800 ps). Based on the
relationship between thermal stress and temperature change®?, the focal center and stress wave
periphery correspond to local temperature rises of ~1500 K and ~1250 K, respectively. For stress
evolution, a large population of excited free electrons recombines on an ultrafast timescale, transferring
most of their energy to the lattice and thus inducing an instantaneous stress surge in the central region.
As time evolves (0 to 0.8 ns), the central stress gradually propagates outward to the periphery, leading to
a decrease in central stress and a concomitant increase in peripheral stress. Beyond 0.8 ns, ongoing
free-electron recombination sustains energy transfer to the lattice, manifesting as a subsequent rise in
central stress. The birefringence distribution (Fig. 4d) reveals that stress arising from transient lattice
expansion in the laser-irradiated central excitation region propagates radially, with a predominant
orientation along a specific direction (double-arrowed direction). Furthermore, we assessed the
contribution of electronic effects to stress wave generation by estimating the electron pressure P, at
saturated electron density using the relation P, = nkgT,, where kg is the Boltzmann constant and T,

denotes the average electron temperature (set to 5 eV)'®. This calculation yields an electron pressure of
~0.38 GPa, which is substantially smaller than the experimentally measured stress amplitude (~1.23-
1.47 GPa). These results confirm that stress wave generation is dominated by lattice thermal expansion,
which is driven by energy transfer from the electronic subsystem to the lattice, rather than direct impact
from the electron plasma.

Microscale analysis of femtosecond laser-modified regions

Femtosecond laser irradiation induces distinct modifications in transparent glasses, including
permanent damage and refractive index gradients. Characterizing the optical and material properties of
modified microregions provides insights into the underlying modification mechanisms—critical for
femtosecond laser direct writing of optical waveguides, where refractive index characterization directly
dictates waveguide fabrication strategies and optimal device dimensions. We measured the refractive
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index distribution of femtosecond laser-modified INF glass cross-sections using the method from ref. 44
(Fig. 5), which combines a modified near-field approach and quantitative phase imaging to map 2D
refractive index profiles of complex direct-written waveguide structures.

Fig. 5a shows micrographs of single-line modified regions: at a 1 kHz repetition rate, the modified zone
exhibits a filamentous profile along the laser incidence direction, elongating with increasing single-pulse
energy. Refractive index maps reveal that negative index changes dominate the modified region, with a
contrast of 107 (ranging from -6 x 102 to 4 x 10)—consistent with previous reports that low repetition
rates produce small refractive index reduction traces. We fabricated channel waveguides (see ref. 45 for
writing protocols) with a lateral width of ~10 pm, matching typical fiber core dimensions (see Fig. 5b).
As single-pulse energy increases, the negative-index modified region elongates longitudinally until it
reaches the boundary of the positive-index region. Glasses with low melting points and high thermal
expansion coefficients typically exhibit reduced refractive index under femtosecond laser-induced

thermal shock?246

, arising from volume expansion and material rarefaction—supported by Raman
spectroscopy (see details of the Raman characterization in Supplementary Note 3). Additionally, multi-

scan writing uniformly extends the variation of the single-line refractive index along the transverse
direction, with a distinct positive-index modification zone appearing at the pulse front (An = 5 x 107%).

We further used electron probe microanalysis to characterize elemental redistribution in the cross-
section of femtosecond laser-modified INF glass. Fig. 6 presents backscattered electron (BSE) image
and corresponding elemental distribution maps. Cross-sectional BSE image reveal that the modified
zone forms an inverted droplet shape under a 50 kHz repetition rate and 500 pm/s scanning speed (100
pulses per position), with the femtosecond laser incident along the Z-direction. Compared to filamentous
modification traces observed under low repetition rates or single-pulse excitation, high repetition rates
and relatively larger single-pulse energies induce expanded regions far exceeding the laser spot waist
diameter?®#’. BSE images of the modified region exhibit distinct brightness contrast, corresponding to
positive/negative relative refractive index changes.

We also provide wavelength dispersive spectrometer (WDS) mapping results for the region (Li was
undetectable due to its low energy). These maps reveal a competitive mechanism of thermal gradient-
driven diffusion and charge-compensated migration governing elemental redistribution. Heavy metal

cations (Pb?*, In3*) are enriched in the central high-pressure region, consistent with their tendency to

accumulate in zones of compressive stress induced by stress wave convergence. Light anions (F’) and
Ba®* are pushed toward the peripheral regions, likely driven by outward thermal diffusion from the high-
temperature core. The primary glass components (In3* and F) exhibit analogous enrichment behaviors

to Pb?* and Ba?*, respectively, albeit with more subtle changes, reflecting a coordinated migration to
maintain local charge neutrality. To confirm the universality of this mechanism, we conducted WDS
testing on the femtosecond-modified region of ABYPM glass (see details in Supplementary Note 4),
where Pb?*, F, and Ba?* showed identical migration patterns to those in INF glass. This consistent
elemental partitioning directly stems from the competition between pressure-driven cation aggregation
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and thermal gradient-induced anion expulsion, ultimately leading to significant local polarizability
differences. Such polarizability variations, coupled with the compositional inhomogeneity, account for
the observed sign inversion of refractive index change (An) across the modified zone. Significant
elemental migration was also observed in fluorozirconate glasses'®, indicating that positive refractive
index changes primarily stem from densification caused by enrichment of Ba, Ce, Yb, and Er in positive
index contrast regions. Collectively, these elemental distribution results demonstrate that refractive
index changes in femtosecond laser-modified regions arise from polarizability differences induced by
elemental migration.

Femtosecond laser direct-writing channel optical waveguide

The femtosecond laser writing strategy for optical waveguides depends on the response of dielectric
materials to laser irradiation. For instance, distinct waveguide structures (Type I/I1I/111) are fabricated
based on refractive index distribution differences in modified regions, ensuring light propagation is
confined to high-refractive-index domains'. At low repetition rates, low-refractive-index regions
dominate the modified structure of fluoride glasses (50—-80% proportion), consistent with previous
observations in fluorozirconate glasses*®. We fabricated channel waveguides in INF glass via multi-scan
writing (260 pm from the glass surface) at a fixed repetition rate of 1 kHz and writing speed of 500 pm/s.
Fig. 7a shows channel waveguide images fabricated with single-pulse energies of 0.3 and 0.4 pJ. Three
writing intervals (0.5, 0.8, 1.0 um) were tested at each energy, with waveguide width controlled to 10 pm
via scan number adjustment. Cross-sectional waveguide images exhibit uniform brightness variations
(corresponding to refractive index increases/decreases), with the bright area proportion increasing
slightly with larger writing intervals. End-face coupling measurements yielded a minimum waveguide
insertion loss of ~0.7 dB/cm.

Heat-treatment was performed on INF glass samples containing waveguides to verify the thermal
stability of femtosecond laser-written micro/nanostructures (Fig. 7b). Results show that under constant
heat treatment duration, the modified regions gradually erased as temperature increased (up to near the
glass transition temperature), with more pronounced erasure for lower writing energies (See additional
thermal erasure comparisons in Supplementary Note 5). Additionally, waveguides written with higher
single-pulse energies may develop significant cracks, which are thermally irreversible. These permanent
defects substantially increase waveguide transmission loss. During waveguide fabrication, we observed
that refractive index-modified regions can be transformed into one another by simply adjusting the
writing depth (Fig. 7c). Vertical translation and repetitive writing on pre-existing waveguides enable
mutual conversion of positive/negative refractive index regions and expansion of positive-index regions
—providing a new strategy for waveguide structural design.

Discussion

Femtosecond laser irradiation of fluoride glasses triggers spatiotemporal processes spanning
femtoseconds to microseconds, where ultrafast plasma dynamics are tightly linked to permanent
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structural and optical modifications via a unified carrier—stress coupling mechanism (See details in
Supplementary Note 6). When femtosecond laser pulses are tightly focused inside transparent fluoride
glasses, a cascade of ultrafast electronic and structural transformations is sequentially induced: charge
carrier generation occurs on the femtosecond-to-picosecond timescale, specifically via multiphoton and
avalanche ionization that forms a dense plasma of free electrons and holes. For fluoroindate (INF) glass,
time-resolved pump—probe imaging confirms a linear correlation between plasma electron density and
pulse energy, reaching a saturation threshold at 0.8 pJ and generating a transient plasma with an
electron density of 4.73 x 1029 cm™ 3 (at a 1.2 ps time delay). Energy deposited in the plasma is
transferred to the lattice via electron—phonon coupling, inducing localized rapid heating and thermal
expansion—driving stress wave generation (picosecond-to-nanosecond timescale) and temperature
gradient formation. This energy transfer efficiency increases with free electron concentration, as higher
electron densities enhance electron—phonon collision frequencies, accelerating the conversion of
electronic kinetic energy to lattice thermal energy. Birefringence imaging captures radial stress wave
propagation at ~ 4.3 pm/ns, with maximum stresses of ~ 1.47 GPa (100 ps) at the femtosecond focal
center and ~ 1.23 GPa (800 ps) at the stress wave periphery—corresponding to local temperature rises
(AT) of ~1500 K and ~ 1250 K, respectively. These results reflect the conversion of mechanical energy
to thermal energy within the lattice.

Gigapascal-level thermoelastic pressure generated at the femtosecond pulse focal region propagates as
longitudinal acoustic waves through the glass matrix. The resulting thermal and pressure gradients drive
directional elemental migration: wavelength dispersive spectrometer (WDS) and Raman spectroscopy
results reveal that high-polarizability heavy metal cations (Pb?*, In*) are enriched in the densified high-

pressure central zone, while thermal diffusion displaces light anions (F~) and Ba?* toward the peripheral
rarefied regions. This migration maintains local charge neutrality, a behavior consistently observed in
ABYPM glass. Elemental redistribution modulates the refractive index (An) via changes in local
polarizability, ultimately yielding a refractive index contrast of 10~ 2 in fluoroindate glass. Leveraging
these insights, we fabricated channel-type optical waveguides in INF glass via multi-scan writing,
achieving a minimum insertion loss of ~ 0.7 dB/cm. Heat treatment near the glass transition
temperature partially erases femtosecond-modified regions (under low pulse energies). Additionally,
vertical translation-based repetitive writing enables mutual conversion of positive and negative An
regions, providing a flexible strategy for waveguide structure design.These results establish a
quantitative framework that bridges ultrafast plasma dynamics and permanent structural modification,
offering a unified understanding of femtosecond laser—glass interaction across diverse material
systems.

In summary, we reveal the multiscale physical mechanisms that bridge femtosecond laser energy
deposition and permanent structural modification in fluoride glasses. Through time-resolved plasma and
stress diagnostics combined with microscopic analyses, we demonstrate that nonlinear ionization,
stress wave propagation, and ion-selective migration collectively define the nature and sign of refractive
index changes. The observed gigapascal-level stresses and compositionally induced polarizability
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gradients provide direct evidence that femtosecond laser modification is governed by a coupled
plasma—stress—migration process rather than purely thermal relaxation. This mechanistic
understanding offers predictive control over refractive index contrast and waveguide morphology,
enabling the design of high-performance fluoride glass devices for mid-infrared integrated photonics.
Beyond a single material system, the revealed structure—property correlations establish a general
framework for understanding ultrafast laser—matter interaction in glasses, guiding the next generation of
laser-written photonic architectures and hybrid glass-based platforms.

Materials and methods

Femtosecond laser time-resolved pump-probe
shadowgraphy

A femtosecond laser time-resolved pump-probe imaging system was constructed using a Spectra
Physics Spirit HE 1040-30-SHG laser to detect plasma and stress wave phenomena induced in fluoride
glasses by femtosecond laser irradiation. The laser operates at a central wavelength of 1040 nm, with a
pulse duration of 400 fs and a Gaussian spatial beam profile. The repetition rate was set to 10 Hz,
enabling detection processes to complete within 0.1 s. The laser beam was split by a beam splitter (BS)
into pump and probe beams. In the pump path, power was adjusted via a variable attenuator (At), and a
half-wave plate (HWP) rotated the pump beam to vertical polarization to avoid interference with the
probe beam; a light shutter (LS) controlled pump beam on/off. The pump beam was then focused onto
the side of the glass sample using a microscope objective (20x, NA = 0.4, Mitutoyo M Plan Apo NIR),
yielding a focal spot diameter of ~ 2.1 um. For the probe beam, after splitting, it passed through a delay
stage consisting of two mirrors (M3, M4) mounted on a computer-controlled one-dimensional translation
stage, allowing precise optical path adjustment for accurate time delays. The probe beam was
frequency-doubled to 520 nm (green light) via a B-barium borate (BBO) crystal; after filtering out the
fundamental wavelength, it propagated perpendicularly to the pump direction through the sample and
was collected by a second microscope objective. Femtosecond laser-induced plasma transmission
shadow images were recorded on a charge-coupled device (CCD). The glass sample was fixed on a
three-dimensional translation stage for precise control of the laser focal position inside the sample. The
CCD, femtosecond laser, and optical shutter were synchronized via electrical signals to ensure one
image per pump pulse. The system’s time resolution is determined by the laser pulse duration, with a
delay range (from hundreds of femtoseconds to several nanoseconds) defined by the optical delay line.
Sequential imaging at different probe delays enables visualization of laser-induced plasma evolution,
with time-resolved contrast arising from electron plasma absorption of the probe beam and related
phenomena.

The transient stress detection system is modified from the femtosecond pump-probe system. The pump
beam, after beam expansion, is reflected into an objective lens via a dichroic mirror (1040 nm HR, 520
nm HT) and focused inside the sample to induce stress waves. The probe beam first passes through a
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short-pass filter (SPF), then a linear polarizer (LP), and a quarter-wave plate (optical axis at 45° to the
horizontal) to convert it to circularly polarized light. It then propagates through the sample in the
opposite direction to the pump beam; the pump-induced internal stress in the sample generates a
transient birefringence effect, which modifies the polarization state of the probe beam as it traverses the
laser-irradiated region of the glass. Subsequently, the probe beam is focused via an objective lens onto a
polarization camera (P-CCD) to capture images of polarized transmitted light. The P-CCD employs a
pixel-level polarizer array for spatial modulation, consisting of 2x2 linear polarizer units (0°, 45°, 135°,
90°) forming a pixel array. Polarization information for each direction is extracted from the array,
enabling synchronous acquisition of all four polarization states in a single shot.

Fabrication of fluoride glass

Plasma and stress wave detection, alongside femtosecond laser writing of optical waveguides, were
demonstrated using home-made fluoride glass materials with distinct matrix compositions. Fluoride
glass synthesis was achieved via the melt-quenching method, with the protocol detailed herein using
fluoroindate (INF) glass as a representative example. The composition of fluoroindate glass was as
follows: 29InF; - 16ZnF, - 15BaF, - 11GaF; - 6SrF, - 12PbF, - 5LiF - 2YF; - 2LaF5 - 2NaF. For

synthesis, 20 g of high-purity (99.99%) fluoride powders were weighed in a nitrogen-filled glove box,
mixed with 20% ammonium hydrogen fluoride, and ground thoroughly in an agate mortar. The mixture
was transferred to a platinum crucible and fluorinated at 400°C for 30 min in a muffle furnace. After
cooling, an additional 20% ammonium hydrogen fluoride was added, followed by re-grinding; the mixture
was then placed back into the platinum crucible and melted at 950°C for 3 h in a nitrogen-purged muffle
furnace (housed in the glove box). The molten glass was cast into a preheated brass mold and annealed
at 230°C for 5 h to eliminate internal stress. Finally, the glass was polished and cut into 10x10x2 mm
specimens for subsequent characterization. Other fluoride glasses discussed in this study—including
fluoroaluminate (ABYPM) and fluorozincate (AZF, AZFD) glasses—were fabricated via the same protocol
as fluoroindate glasses, with the only difference being the annealing temperature (See details of the
fluoride glass fabrication parameters in Supplementary Note 7).

Material analysis and characterizations

Transmittance spectra were acquired using a PerkinEImer LAMBDA 750 UV-visible-near-infrared (UV-Vis-
NIR) spectrophotometer and a PerkinElmer Fourier-transform infrared (FT-IR) spectrometer. Refractive
indices were measured with a SENTECH SER850 ellipsometer over the range of 200—1700 nm. Thermal
characteristic curves were obtained via a NETZSCH STA 449 differential thermal analyzer (DTA) between
100°C and 450°C. Backscattered images and elemental distribution maps of the waveguide region were
collected using a JEOL (JXA-8230) electron probe microanalyzer (EPMA).
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Figure 1

Schematic of pump-probe shadowgraphy systems and material properties of fluoroindate glass. a

Schematic of the time-resolved pump-probe shadowgraphy system for detecting femtosecond laser-
induced plasma in glass. b Schematic of the improved birefringence imaging system for stress wave
characterization. cTransmittance spectrum of fluoroindate glass (200 nm-12 pm). dRefractive index
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profile of fluoroindate glass (200 nm-1700 nm). eDifferential thermal analysis curve of fluoroindate
glass (100-450°C).
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Figure 2

Femtosecond laser-induced plasma phenomena in fluoride glasses. a CCD-captured images of
femtosecond laser-induced electron plasma under different single-pulse energies. The femtosecond
laser is incident along the Z-direction, with a modification depth of 160 pm; weak plasma is observed at
0.16 pJ. bReference image (before femtosecond laser incidence), time-resolved image (800 fs, single-
pulse energy: 5 pJ), denoised image, corresponding transmittance image, and simulated plasma image.
¢ Electron density evolution of different fluoride glass materials under varying single-pulse energies (0.4-
5 pJ). d Spatiotemporal evolution of different fluoride glass materials at saturated electron density (INF:
0.8 pJ; ABYPM: 1 pJ; AZF: 2 pJ; AZFD: 2.5 pJ).
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Figure 3

Time-resolved plasma images and electron density of INF glass under 0.8 pJ. aTemporal-spatial
evolution images of femtosecond laser-induced plasma at different time delays (400 fs—5 ps). The
femtosecond laser is incident along the Z-direction, with a modification depth of 160 pm from the glass
surface. bTemporal-spatial evolution image of electron density. For clarity, the leftmost boundary of the
image is defined as the 0 ym position, corresponding to 115 pm below the glass surface. ¢ Spatial
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distributions of transient electron density along the plasma axis at different delay times. dTemporal-
spatial evolution of the transient peak electron density.

&(rad)

a 400 fs 800 fs b 100 ps 040

0.35
. - ¢ -
2 0.25

1.8 4 —Q— Stress-wave periphery
16 ~— Stress-wave center

0.15

0.10
0.05

o

Cc

—~14-
O 4.

(GPa

wn 1.0

@ 038+
) 0.6

0.4 1
0.2 4

t

00 04 08 12 16 20 24 28 32
Delay Time(ns)

Figure 4

Time-resolved stress wave images of INF glass under 0.8 pJ. a Dynamic optical transmission images at
different time delays (400 fs-3 ns). The femtosecond laser is perpendicular to the observer along the Z
direction while the probe pulse is opposite. b Optical retardance images at time delays of 100 ps—3 ns.
No optical retardance is observed before 100 ps. ¢ Distribution of stress difference with pump-probe
time delay, covering the central and peripheral regions of stress waves. d Slow axis of birefringence
distribution images at time delays of 100 ps-3 ns.
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Figure 5

Refractive index distribution and Raman spectrum of femtosecond laser-modified region under 1 kHz
repetition rate. a Refractive index distribution of the cross-section in single-line written regions under
different single-pulse energies. b Refractive index distribution of the cross-section in channel-type
waveguides under different single-pulse energies.

Figure 6

Elemental distribution in the cross-section of femtosecond laser-modified regions (INF glass).
Backscattered electron (BSE) image and corresponding elemental distribution maps (from electron
probe microanalysis). This region was fabricated via single-line scanning with a femtosecond laser
(repetition rate: 50 kHz; scanning speed: 500 um/s; single-pulse energy: 3 pJ).
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Figure 7

General characteristics of channel waveguides in INF glass. a Femtosecond direct-writing channel
optical waveguides fabricated with different single-pulse energies (0.3 pJ, 0.4 pJ) and writing intervals
(0.5-1 pm). bThermal erasure of optical waveguides under different heat-treatment temperatures. ¢
Vertical translation repetitive writing method for high proportion construction of positive refractive index
modified regions (e.g., ‘z+2 pm’ denotes 2 um downward translation of the glass sample relative to the
femtosecond laser incidence direction).
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