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Photoinduced Structural Changes in Fluoride Single Crystals
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Femtosecond laser pulses can induce various photoinduced structural changes inside a transparent
material via nonlinear optical effects. Although solarization, caused by high-energy electromagnetic
radiation, has been studied for decades and is understood as an electronic structural change caused by
defect formation, the processes of defect formation and their detailed characteristics in fluoride single
crystals remain unclear. Here, we clarify the mechanisms of photoinduced structural changes in fluo-
ride single crystals. We demonstrate that femtosecond laser irradiation induces polarization-dependent
birefringence in fluoride crystals. This birefringence arises from both laser-induced color center for-
mation and the creation of nanocracks, as revealed by optical and electron microscopy. We further
show that subsequent thermal annealing of the laser-processed crystals leads to precipitation of me-
tallic nanocolloids in the irradiated regions, accounting for observed changes in optical properties.
These findings provide new insights into the mechanisms of laser-induced modifications in crystalline
fluoride materials and may inform the design of future photonic devices.
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1. Introduction

Femtosecond lasers have been extensively used over the
past decades to induce localized structural modifications in-
side transparent materials. Adequate laser parameters for the
target materials enable the development of various photonic
devices, including waveguides [1], couplers [2], optical data
storage [3], micro-optics phase elements [4], integrated lab-
on-chip devices [5], or fiber Bragg grating (FBG) sensors [6].
The structural modifications in crystalline materials can gen-
erally be categorized into three types: First, defect formation,
such as vacancies, interstitials, and dislocations, alters the
electrical and optical properties of the crystal [7]. Second,
stress and lattice strain, induced by rapid thermal gradients
and shock wave generation, lead to mechanical deformation
and changes in physical properties [8]. Third, phase transi-
tions or amorphization, resulting in the precipitation of met-
astable phases or the breakdown of long-range order, thereby
modifying the material's structural and functional character-
istics [9]. Unlike isotropic materials such as glass, where
shockwaves propagate isotropically with respect to the opti-
cal axis of the incident laser beam, crystalline materials ex-
hibit anisotropic shockwave propagation governed by their
crystal symmetry [10]. As a result, dislocations and cracks
are generated in specific directions determined by the crys-
tallographic orientation [11]. These structural modifications,
influenced by the underlying crystal structure, reflect differ-
ences in the nonlinear absorption behavior following photo-
excitation, which arise from the crystal-structure-dependent
anisotropy of the electron effective mass [12]. Additionally,
an intriguing self-assembled nanostructure (nanograting)
formation, depending on the laser polarization direction, has
been observed in a glass primarily composed of network-
forming oxides, such as SiO, and GeO, [13,14]. These
nanogratings are attributed to the periodic distribution of ox-
ygen-deficient and nanovoids [13], resulting in significant
birefringence [3]. A characteristic feature of these

nanogratings is their localized birefringence, which enables
applications in five-dimensional optical data storage [3,15]
and real-time polarization imaging [16]. Meanwhile, in crys-
talline materials, similar nanogratings have been observed in
indirect-bandgap semiconductor crystals such as silicon and
gallium phosphide, where the laser-induced nanogratings
align parallel to the laser polarization direction [17]. These
nanostructures consist of a periodically strained lattice ap-
proximately 100 nm in width.

Solarization caused by high-energy electromagnetic ra-
diation has been studied for over 60 years and is now well
understood as a change in the electronic structure resulting
from defect formation [18]. In recent years, extensive re-
search has been conducted on laser-induced color center for-
mation in a wide range of crystalline materials. For example,
the formation of color centers in YAG ceramics for laser ap-
plications [19] and the periodic distribution of color centers
in fluoride crystals [20] have been reported. More recently,
polarization-dependent color center formation in lithium flu-
oride crystals, attributed to third-order nonlinear optical phe-
nomena, has also been demonstrated [21]. However, the pro-
cesses of defect formation and detailed characteristics of
these defects in fluoride single crystals remain unclear. Here,
we aim to clarify the details of photoinduced structural
changes within fluoride single crystals.

2. Experiments

2.1 Materials

The samples used in this experiment were fluoride single
crystals of LiF (rock-salt structure), CaF,, and BaF, (both
fluorite structures), all 0.5 mm thick. All crystals exhibited
high transparency up to the mid-infrared range, with absorp-
tion coefficients less than 1 cm™ extending to 6 um for LiF,
8 um for CaF», and 10 um for BaF», respectively (Fig. 1).
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Fig.1 Absorption coefficient spectra for LiF, CaF2, and BaF»
single crystals.

2.2 Laser experiments

In the experiments, we used a mode-locked Ti: Sapphire
laser (Coherent, A = 800 nm, 1 kHz, 120 fs). The laser beam
was focused 70 pm below the surface of fluoride single crys-
tals in (100) face with a 50x objective lens (NA = 0.80). The
pulse energy was varied from 1 pJ to 10 pJ. The scanning
speed of focus was also varied from 1 pm/s to 100 um/s. The
polarization direction was tuned from 0° to 90° using a half-
wave plate. This angle is defined with respect to the [100]
axis, such that a 90° polarization is parallel to the [010] axis.

After laser irradiation, the focal region was inspected by
an optical microscope and a polarized optical microscope.
To analyze the detailed structural modification, we polished
the sample surface and observed the sample surface by a
field emission scanning electron microscope equipped with
a focused ion beam (JEOL, JIB-4600F). We have also ob-
served microscopic structural changes by using a transmis-
sion electron microscope (JEOL, JEM-2200FS).

2.3 Heat treatment

The fluoride crystal (LiF, CaF», and BaF,) samples, post-
femtosecond laser irradiation, were subsequently annealed
in an argon atmosphere furnace (Full-Tech, FT-01VAC-30).
Annealing temperatures ranged from 100 to 500°C, and heat
treatment durations from 1 to 3 hours. Changes in birefrin-
gence were analyzed by observing the samples with a polar-
izing microscope both before and after annealing.

2.4 Terahertz time-domain spectroscopy (THz-TDS)
measurements

To prepare a more expansive laser-treated volume within
the crystal sample for terahertz time-domain spectroscopy
(THz-TDS) measurements, we employed a parallelized laser
processing of 14 discrete points with approximately 5 pm
spacing, precisely patterned and controlled by a Liquid
Crystal on Silicon Spatial Light Modulator (Hamamatsu
Photonics, LCOS-SLM). Within the CaF, crystal sample, we
inscribed a total of seven distinct layers (size: § mm x § mm)
at varying depths by compensating for spherical aberration.

3. Results and discussion

3.1 Color center generation

To monitor the laser-induced color center formation, the
localized absorption at 600 nm wavelength within the laser-
processed focal volume was dynamically measured. This
measurement was achieved using a home-built confocal
transmission spectroscopy setup, which utilized a halogen

lamp for continuous illumination and was equipped with a
spectrometer (Ocean Optics, USB2000+). Spectral acquisi-
tion for each laser pulse was synchronized by a digital delay
generator (Stanford Research Systems, DG535) to the laser

pulse. The absorbance at 600 nm (A) was calculated by
2

11 1-n
T (1-2R)2I,’ R=(1+n>' @

where [, and I represent the incident and transmitted light
intensities, respectively. n denotes the refractive index of the
fluoride crystal. From the refractive index at 600 nm, the
sum of Fresnel reflection loss at front and back surfaces (2R)
is calculated to be 5.3%, 6.3%, and 7.3% for LiF, CaF,, and
BaF>,, respectively.

Fig. 2 presents the evolution of localized absorption at
600 nm within the laser-processed focal volume, revealing a
systematic enhancement with increasing irradiated number
of pulses. This absorption change exhibited a distinct de-
pendence on the crystal type. Indeed, a visible color change
was observed in the laser-processed regions, which is at-
tributable to the formation of F centers or their aggregated
centers, such as F, centers. We also confirmed the presence
of photoluminescence (PL) attributed to F» centers in the la-
ser-processed region inside LiF crystal (data not shown).
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Fig.2 Evolution of localized absorption at 600 nm wavelength
within the laser-processed focal volume as a function of
the number of irradiated pulses. The laser processing
parameters were 5 pJ (fixed point irradiation).

3.2 Polarization-dependent birefringence

Initially, these fluoride crystals lack birefringence due to
their intrinsic crystal symmetry. We observed the laser-pro-
cessed regions using a polarized microscope.

Crystal LiF CaF, BaF,

E

writing
5 pm

Fig.3 The laser-writing traces are inspected by optical (second
row) and polarization (third row) microscopes. Arrows
in E row denote the laser polarization direction. Pseudo
color in a polarization microscope image indicates the
slow axis orientation. The laser processing parameters

were 1 puJ, 1 pm/s.
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Fig. 3 clearly demonstrates the local photoinduction of
optical anisotropy within the fluoride crystals by femtosec-
ond laser irradiation. The slow axis of birefringence is ori-
ented perpendicularly to the laser polarization direction. The
width of the laser-processed region depended on the type of
crystal. Materials with higher lattice energies require more
energy to break bonds, leading to higher damage thresholds;
thus, the laser-processed width varied by crystal type in a
manner that correlates with their lattice energies.

Given the {100} and {111} cleavage faces for rock salt
and fluorite crystal structures, respectively, we confirmed
the slow axis orientation of birefringence for various laser
polarization directions [Fig. 4(a)]. The measured retardation
values were also crystal-dependent [Fig. 4(b)]: under laser
parameters of 1 pJ and 1 pm/s, the retardation was 53 + 9.3
nm for LiF, 30 + 8.6 nm for CaF,, and 59 + 6.7 nm for BaF,.
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Fig. 4 (a) Plots of photoinduced birefringence in fluoride crys-
tals as a function of the laser polarization direction. The
angle is referenced to the horizontal (zero). The dotted
curve represents an ideal relationship. (b) Retardation
values induced by the same laser irradiation conditions
in fluoride crystals. The laser processing parameters
were 1 pJ, 1 pm/s.

Table 1 summarizes key properties of various fluoride
crystals, including their crystal structures, cleavage planes,
defect formation energies at room temperature, surface en-
ergies for the cleavage face at room temperature, and lattice
energies. Unlike the width of the laser-processed region, the
magnitude of photoinduced retardation cannot be explained
by lattice energy. Because the cleavage face generally pos-
sesses the lowest surface energy, it's easier to increase the
interfacial area along this plane than in other orientations.
This phenomenon leads to the facile formation of nanoc-
racks along the cleavage face. The phase retardation appears
to correlate with the defect formation energy and the surface
energy of the cleavage face. Therefore, these results suggest
that the formation of not only color centers but also nanoc-
racks contributes to the photoinduced birefringence.

Table 1 Properties of various fluoride crystals.
Crystal LiF CaF, BaF,
Crystal structure ~ Rock salt Fluorite Fluorite
Cleavage face {100} {111} {111}
Defect formation
energy [eV] 2.14[22]  2.75[23] 1.98 [23]
Surface energy

2 340 [24] 450 [24] 280 [24]
[mJ/m’]

Lattice energy
[kJ/mol] 1030 [25] 2640[25] 2347 [25]

Interestingly, despite the constraints imposed by the
crystallographic orientation, the slow axis of the photoin-
duced birefringence is consistently aligned perpendicular to
the laser polarization. For example, when a (001) surface of
a LiF crystal is irradiated by laser pulses polarized along the
[100] direction (0° horizontal), we anticipate nanocracks to
form in the [010] direction. This is perpendicular to the po-
larization direction and lies along the cleavage plane. Con-
versely, if the polarization is at 45°, corresponding to the
[110] direction, nanocracks should also be induced along the
[110] and [110] directions. However, their formation along
these planes is expected to be more difficult due to higher
surface energy. Interestingly, experimental results for the 45°
polarization show that the slow axis orientation is almost
perpendicular to the polarization direction [Fig. 4(a)]. Simi-
lar phenomena have also been observed in MgO crystal [26].
We interpreted that nanovoids in silica glass consistently
form perpendicular to the direction of polarization. In con-
trast, in MgO single crystals, nanocracks form along the
cleavage face, and the ratio of nanocracks formed in these
two directions varies with the polarization direction.

3.3 Observation of photoinduced nanocracks

To investigate nanocracks formation in fluoride crystal,
we dry-polished the sample surface including the laser-pro-
cessed region, then prepared a small TEM specimen from
this surface. Fig. 5 shows TEM observations of the BaF,
crystal, including the laser-processed region.

writing

(100)

Fig.5 (a) TEM image of the laser-processed region in BaF2
crystal. (b) Enlarged image of the yellow dotted area in

(a). (c-e) FFT images of three different areas, corre-

sponding to dotted squares of A1, A2, and A3 in (b).
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The bright contrast regions, elongated in the direction
perpendicular to the laser polarization, were observed. Fou-
rier-transform images of the three typical areas highlighted
in Fig. 5(b) are presented. The Fourier-transform image cor-
responding to dark area A1 clearly shows a pattern indicative
of the existing crystal structure [Fig. 5(c)]. In contrast, no
apparent pattern is observed for the bright area A3, which
corresponds to the nanocracks [Fig. 5(d)]. The weak pattern
observed in the A2 area [Fig. 5(e)], which surrounds the
nanocracks, further indicates a reduction in crystallinity in
the region adjacent to the nanovoids. These results indicate
that not only color centers but also nanovoids contribute to
the photoinduced birefringence. Because it is difficult to de-
termine the laser writing direction in the sample plane during
sample preparation in this experiment, further TEM obser-
vations should be performed on samples irradiated from var-
ious directions to the crystal orientation with different laser
polarization directions.

3.4 Heat treatment of laser-processed fluoride crystals

We also investigated the fluoride crystal samples, post-
femtosecond laser irradiation, which were subsequently an-
nealed in an argon atmosphere. Fig. 6 shows PL spectra from
the laser-processed region in a LiF crystal before and after
heat treatment at S00°C for 3 hours. After heat treatment at
500°C for 3 hours, the PL intensity associated with the pho-
toinduced F» centers in LiF crystal disappeared.
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Fig. 6 Photoluminescence spectra from the laser-processed re-
gion in a LiF crystal before and after heat treatment at
500°C for 3 hours. The laser processing parameters
used were 1 pJ and 1 pm/s.
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Fig. 7 Typical optical micrographs of the laser-processed re-
gions in fluoride crystals before (first row) and after
(second row) heat treatment at 500°C for 1 hours. The
laser processing parameters were 10 pJ, 10 pm/s.

Fig. 7 shows typical optical micrographs of the laser-pro-
cessed regions in fluoride crystals before and after heat treat-

ment at 500°C for 1 hours. In all crystals, the laser-processed
regions exhibit visible coloring, indicating the generation of
color centers. In contrast to LiF crystal, the colors of the la-
ser-processed regions in CaF, and BaF, crystals became
lighter after heat treatment. The results for LiF crystal indi-
cate that F, centers are aggregated into complex color cen-
ters, such as F, (n 2 3) centers, during heat treatment. Table
2 lists the reported absorption bands of F and F, color centers
in various fluoride crystals.

Table 2 Reported absorption bands of F and F»
color centers in fluoride crystals.
Crystal Color Bgnd Reference
center maximum
F 250 nm [27]
LiF
F, 445 nm [27]
F 376 nm [28]
CaF,
F, 521 nm [29]
F 539 nm [30]
Ban
F, 720 nm [31]

Residual retardation in the laser-processed regions inside
fluoride crystals after heat treatment at various temperatures
for 3 hours are plotted in Fig. 8. Similar to the change in PL
spectra due to F, centers (Fig. 6), in the case of LiF crystal,
the photoinduced retardation of the laser-processed region
decreased after heat treatment. In contrast to LiF, heat treat-
ment leads to an increase in retardation for CaF, and BaF,
crystals. This phenomenon was evident in heat treatments
above 300°C. We also performed TEM observation of the
CaF, crystal sample, including the laser-processed region af-
ter heat treatment at 500°C for 1 hour (Fig. 9). Nanocracks
with brighter contrast elongated perpendicular to laser polar-
ization were still observed even after heat treatment.
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Fig. 8 Residual retardation in the laser-processed region in fluo-
ride crystals after heat treatment at (a) 100°C, (b)
300°C, and (c) 500°C for 3 hours. The laser processing
parameters were 1 pJ and 1 pm/s.
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Fig. 9 TEM image of the laser-processed region in CaF> crystal
after heat treatment at 500°C for 1 hour.

3.5 Terahertz conductivity and nanocolloid formation
To understand the increased birefringence in CaF, and
BaF, after heat treatment, we analyzed the samples using te-
rahertz time-domain spectroscopy (THz-TDS). In this
THz-TDS measurement, we used a CaF; crystal sample con-
taining a volumetrically laser-processed region. This region
consists of a group of 14 traces, with each trace approxi-
mately 1.5 pm wide and separated by a pitch of 5 um. The
laser-processed area was arranged into seven layers at dif-
ferent depths. The overall period of the group of 14 traces
was estimated to be roughly 62 um (Fig. 10). Based on opti-
cal microscope observations and assuming the laser tracks
have approximate dimensions of 1.5 pm in width and 20 um
in height, the laser-processed volume was estimated to ac-
count for approximately 0.001% of the total sample volume.

Fig. 10 (a) Optical micrograph of the CaF; crystal sample used
for THz-TDS measurements. (b) Magnified view of the
dotted area shown in (a). The laser processing parame-

ters were 0.6 pJ and 50 um/s.
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Fig. 11 (a) Electrical conductivity as a function of the irradiated
THz frequency. (b) Difference spectra between the la-
ser-processed sample and the pristine crystal, as well as
between the thermally treated laser-processed sample
and the pristine crystal.

Fig. 11 shows the electrical conductivity as a function of the
irradiated THz frequency. The conductivity was calculated
by fitting the complex dielectric constant of the sample in
the THz range using an appropriate Drude model. Since the
laser-processed volume is small, the difference spectra be-
tween the laser-processed sample and the pristine crystal, as
well as between the thermally treated laser-processed sam-
ple and the pristine crystal, are also presented.

The laser-processed sample after subsequent thermal
treatment exhibited an increased conductivity at approxi-
mately 1.7 THz, corresponding to a wavelength of 176 um.
Assuming a refractive index of 2.62 for CaF; at a wavelength
of 176 um [32], the corresponding grating period is esti-
mated to be approximately 67 pm. This value is in good
agreement with the observed period of the group of 14 traces.
These results suggest that metallic Ca nanocolloids precipi-
tate within the laser-processed CaF; crystal upon subsequent
heat treatment. Indeed, it has been reported that the dielectric
constant of a CaF, crystal becomes negative after elec-
tron-beam irradiation followed by heat treatment at 500°C
[33]. Consequently, the observed increase in the birefrin-
gence of CaF, and BaF, after heat treatment suggests the
precipitation of metallic nanocolloids. Further studies and
experiments are required to understand why this phenome-
non is not observed in LiF crystals.

4. Conclusion

In this study, we have shown that femtosecond laser ir-
radiation induces polarization-dependent birefringence in
fluoride single crystals. This birefringence arises from both
laser-induced color center formation and the creation of
nanocracks, demonstrating that both electronic and struc-
tural defects contribute to optical anisotropy. We also found
that thermal annealing of the laser-processed crystals (espe-
cially CaF, and BaF,) leads to precipitation of metallic nano-
colloids in the irradiated regions, which explains the ob-
served increase in birefringence after heat treatment. These
findings provide new insight into the mechanisms of laser-
induced structural modification in crystalline fluoride mate-
rials and may inform the design of future photonic devices
based on these materials.
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