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Ultrafast Multistage Lattice Strain via Laser-Excited
Phonons in Lithium Niobate

Bo Wu, Qing Yang, Bin Zhang, Lei Wang, Yingying Ren, Sheng Meng,* and Feng Chen*

Ultrafast laser-excitation of lithium niobate (LiNbO3) crystal has triggered
numerous photonic applications through the structural transitions in LiNbO3.
However, the explanations for ultrafast laser-induced modification of LiNbO3

have remained phenomenological, lacking a convincing in-depth
understanding of the fundamental laser-lattice interaction process. Based on
ab initio simulations, it is demonstrated that photoexcited anharmonic
phonons play a significant role in influencing the lattice structure of LiNbO3.
Harnessing the real-time time-dependent density functional theory, it is
revealed that the excitation of TO4 phonons via electric-phonon coupling
triggers displacement-induced lattice oscillations during multiphoton
ionization. These oscillations give rise to multistage structural strains,
resulting in alterations of the refractive index. Significantly, these
modifications exhibit sensitivity to the incident laser energy. Experimentally,
using the waveguide technique and micro-Raman spectroscopy, the
correlation between local refractive index, lattice volume density, and phonon
vibrational modes has been established, exhibiting good consistency with
theoretical predictions. This work provides an effective means to understand
the ultrafast excitation of phonons and relaxation processes of the lattice in
dielectric crystals.
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1. Introduction

The exquisite manipulation of electronic
and structural properties through ultra-
fast laser-matter interactions has become
a prominent subject in the field of ultra-
fast science due to its rich physical phe-
nomena and fascinating applications across
multiple domains.[1–4] In the ultrashort
timescales, a variety of complex processes
emerge, for example, the non-thermal fu-
sion of amorphous states, lattice densifi-
cation, and Coulomb micro-explosion due
to nonlinear processes (multiphoton ab-
sorption, tunnel ionization, and avalanche
ionization).[5–8] Thus, comprehending the
fundamental physical mechanisms and dy-
namic evolution of laser-matter interactions
is essential for the precise control of mate-
rials’ properties.

LiNbO3 crystal, also known as the “Sili-
con of Photonics,” boasts exceptional prop-
erties that make it a versatile platform for
a myriad of applications.[9] Ultrafast laser
processing has become an essential tool
in LiNbO3 photonics, enabling the produc-
tion of high-quality micro-disk resonators,

three-dimensional (3D) waveguide devices, and self-organized
nanogratings.[4,10–13] Recent studies have also shown that ultra-
fast laser pulses can selectively reverse the polarization of LiNbO3
ferroelectric domains, enabling the development of 3D nonlinear
photonic crystals.[14–17] Despite these advances in applications,
the explanations for various complex phenomena remain at a rel-
atively macroscopic level.[18–20] The specific driving mechanisms
behind the laser-induced lattice strains and resulting displacive-
type structural transitions are still unclear, and the connection
between microscopic motion and macroscopic evolution has not
been established.[14,21,22] Therefore, to precisely tailor LiNbO3, it
is imperative to gain a comprehensive understanding of the fun-
damental mechanisms and dynamic evolution of laser-lattice in-
teraction.

Significant progress has been achieved in comprehending
the theoretical underpinnings and experimental observations
of laser-induced phase transitions in diverse materials.[23–25]

Notably, utilizing ultrafast time-resolved X-ray diffraction tech-
niques, researchers have uncovered that laser irradiation causes
perturbations in resonant bonds of 2D semiconductor materi-
als, leading to local structural distortions and non-thermal lat-
tice expansion.[26–29] However, the LiNbO3 crystal presents a sig-
nificant challenge due to the intricate nature of its excited-state
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resonant bonds and phonon spectra, which are usually accom-
panied by intense nonlinear signal radiation.[30] Although sec-
ond harmonic phase-sensitive measurements and transient de-
tection of specific phonon amplitude changes have been achieved
experimentally,[14,31,32] these techniques are insufficient to inves-
tigate the mesoscopic transient dynamics of the lattice, such as
the lattice deformation.

The theoretical models based on density functional theory
(DFT) have been employed to elucidate the phonon-lattice dy-
namics that occur in laser-induced dielectrics.[33,34] During the
process of electron-phonon coupling, the stimulated vibrations
of phonons play a crucial role in atomic motion and the genera-
tion of non-thermal modulations in the lattice.[35,36] However, the
complex multistage physical processes of LiNbO3 require theo-
retical models with increased degrees of freedom and precision
to accurately describe its structural properties.[37] To address this,
time-dependent ab initio simulation based on real-time time-
dependent density functional theory (rt-TDDFT) with momen-
tum resolution has been employed to demonstrate the evolution
behavior of electrons and atoms.[38,39] This technique has been
successfully applied in laser-induced phase-change materials.[40]

By simplifying the real-time evolution of the wave function of
multi-electron systems under externally applied optical fields, the
rt-TDDFT simulation provides access to the system’s absorption
spectrum and the dynamics of excited states, enabling the 3D
modeling of complex LiNbO3 lattice systems.

In this letter, we explore the intricate electron-lattice coupling
dynamics of the LiNbO3 lattice using the rt-TDDFT simulation.
The electron–phonon coupling effect induces an ordered modu-
lation on the anisotropic lattice, resulting in the activation of the
anharmonic phonon mode (A1-TO4), which is present as the ac-
tive vibrational mode in Raman spectra.[14,30] The displacement
excitation of this mode leads to oriented forces (stress) in the oxy-
gen octahedra (NbO6), forcing oriented lattice strain. We observe
the transient dynamic evolutions of lattice-induced lattice con-
traction/expansion under varying excitation levels in less than
1 ps. Experimentally, we achieve modulation of the lattice re-
fractive index from positive to negative through the femtosec-
ond laser processing. The analysis is performed using waveg-
uide and micro-Raman scattering techniques, yielding results
consistent with calculations. This ordered manipulation of the
LiNbO3 volume offers the ability to tailor the local refractive
index on-demand, forming waveguide structures for photonic
applications.[41,42]

2. Results

2.1. Laser-LiNbO3 Interaction

LiNbO3 belongs to the trigonal crystalline system, which contains
a symmetrical triple c-axis and an ABO3-type crystal structure.[33]

The atoms are stacked as AB–AB stacking, forming an oxygen
octahedral void structure (NbO6) with anisotropic structural fea-
tures (Figure 1a). The ultrafast laser-induced modifications in
LiNbO3 are mainly caused by nonlinear absorption,[14,36] which
promotes the valence electrons to the conduction band, mainly
through multiphoton and avalanche ionizations (Figure 1b). As
the energy of stimulated carriers (electron–phonon coupling)
is gradually transferred to the entire lattice, femtosecond laser

pulses generate strong non-equilibrium conditions in materi-
als. In the sub-picosecond timescale, the electron temperature is
much higher than the lattice temperature, in which the phonons
dominate the lattice modulation.[29]

2.1.1. Displacement Excitation of Phonons in Interaction with
Ultrafast Light Fields

We utilize the rt-TDDFT (Notes S1–S3, Supporting Information)
to simulate the transient dynamic evolution of the LiNbO3 model.
During this process, the excitation of specific phonon vibrational
modes plays a crucial role in inducing phase transitions.[35,36] The
time evolution of each phonon branch is explored by project-
ing the displacement of ions in the trajectory onto the phonon
eigenvectors calculated from the equilibrium ground state. The
projection intensity is defined as ∑ei · uj, where uj is the dis-
placement vector of atom j from its original position at t = 0,
and ei is the ith phonon eigenvector at the Γ point (Notes S2,
Supporting Information). As ultrafast laser irradiates the lattice,
the coupling strength between the lattice and charge carriers in-
creases during the energy relaxation process, resulting in the ex-
citation of specific phonon modes (oxygen octahedron vibration,
A1-TO4, Figure S1, Supporting Information). Additionally, we ob-
serve an alternative excitation mode for the “soft mode” A1-TO1
(Figure S2, Supporting Information). This soft mode mainly in-
fluences the ferroelectric polarization of the lattice while having
a lesser impact on its lattice strain. Therefore, the TO4 mode is
an effective tool for studying phonon-lattice coupling in LiNbO3.
From Figure 1c, it is found that with high laser energy (0.0453
mJ cm−2), the non-equilibrium position vibration of the TO4
mode approximates simple harmonic motion. This indicates that
phonons are excited at relatively stable positions, resulting in the
emergence of new modes and representing the occurrence of lat-
tice phase transition. This vibrational mode signifies the stretch-
ing of individual oxygen octahedra (Figure 1d), leading to an in-
crease in the Nb–O1 bond length and a decrease in the Nb–O2
bond length, which affects the lattice volume structure. Addition-
ally, in contrast to the fast decay of typical coherent phonons os-
cillations, the oscillations of the TO4 mode at non-equilibrium
positions remain metastable. This observation suggests that the
stress between its constituent atoms persists and exerts a more
substantial impact on the lattice strain.

2.1.2. Ultrafast Multistage Dynamic Lattice Evolution

Moreover, the dynamic evolution trend of the lattice depends on
the projection direction of the characteristic vector of phonons
relative to the axial direction. This leads to significant directional
dependence in the laser-induced lattice strains in anisotropic
LiNbO3 structure. We use the laser fields with low energies
(0.0163 and 0.0290 mJ cm−2) and high energies (0.0453 and
0.0548 mJ cm−2) to simulate the lattice. Under the irradiation
of different energies, the lattice structure exhibits significant di-
rectional differences in its evolution. Under weak laser excita-
tion, the lattice along the c-axis generates oscillation below the
equilibrium position, which shows a slight contraction strain
(Figure 2a). Predictably, the lattice along the a-axis displays os-
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Figure 1. a) LiNbO3 lattice in side view. b) Nonlinear photoionization processes underlying laser irradiation: multiphoton ionization (1) and avalanche
ionization (2). c) Time evolution of displacement excitation of specific phonon mode (A1-TO4, the Γ point at 620.11 cm−1) under a strong laser field.
Other adjacent phonons (black and blue lines, at 588.67 and 635.70 cm−1) oscillate at the equilibrium position. d) Schematics of the motions associated
with the TO4 mode. Nb and Li move along +c-axis, and the component of O atoms along c-axis direction is always downward.

cillation near the equilibrium position and indicates a tendency
for the lattice to expand slightly (Figure 2b).

However, as the intensity of the laser reaches a sufficient level,
the coupling between the lattice and charge carriers is strength-
ened during the energy relaxation process, which has the poten-
tial to drive the system far away from its equilibrium positions.
This is illustrated in Figure 2c, which shows that under high-
fluence laser irradiation, the lattice strain process can be divided
into three stages along the c-axis. In the initial stage (Stage 1), the
electron-phonon coupling plays a dominant role, and the phonon
energy has not yet been transferred to the lattice. At this stage,
the lattice oscillates based on its equilibrium positions. In Stage
2, the energy gradually transfers from phonons to the lattice, and
the modulating influence of TO4 mode on the lattice becomes in-
creasingly evident. Under the influence of “internal” stress, the
lattice undergoes a rapid contraction at around 500 fs, reaching
its maximum at around 800 fs. Due to the orderliness and sta-
bility of the LiNbO3 lattice, the lattice rapidly rebounds and ex-
hibits an expansion strain (Stage 3) as the internal rebound stress
exceeds the compressive stress generated by phonon-lattice cou-
pling. The lattice deformation accelerates with increasing energy.
Furthermore, the lattice along the a-axis consistently exhibits an
expansion effect, and as the energy increases, the lattice expands
faster (Figure 2d). With increasing energy, the lattice expansion
significantly accelerates. When the expansion rate exceeds 25%,
the entire lattice is observed to have been completely fractured,
exhibiting a disordered atomic arrangement and categorizing it

as being damaged (see Figure S3, Supporting Information).It is
worth noting that the lattice damage threshold in the experiment
is higher than that in the simulation due to the systematical er-
ror from the simulation (such as uniform excitation and peri-
odic boundary conditions), which causes an overestimation of
lattice changes.

2.2. Refractive Index as a Function of Lattice Strain

The refractive index is an intuitive physical parameter that is sen-
sitive the volume changes. Based on DFT, we calculate the lattice
volume changes under different oriented stresses in LiNbO3. The
numerical relationship between lattice strain, dielectric constant,
and refractive index is elucidated and the axial lattice variation is
linked to the refractive index variation (Note S5, Supporting In-
formation),

n(𝜔) =
⎡⎢⎢⎢⎣

√
𝜀

2
1(𝜔) + 𝜀

2
2(𝜔) + 𝜀1(𝜔)

2

⎤⎥⎥⎥⎦

1
2

(1)

where 𝜖1(𝜔) and 𝜖2(𝜔) are the real and imaginary parts of the di-
electric function, and 𝜔 is the photon frequency. As shown in
Figure 3, the structural changes of the lattice under stress and the
corresponding refractive index difference (Δn) exhibit an approx-
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Figure 2. Time evolution of the lattice strains under the laser excitation. a,b) Under the low-energy light field, the strain of the lattice in the c-axis direction
shows a slight contraction tendency (a) and the a-axis direction shows an unstable oscillation (b). c,d) Multistage lattice strains excited by higher laser
energy. Along the c-axis, the lattice begins to compress at 500 fs, and reaches the maximum at 800 fs and begins to rebound and expand. The lattice
keeps expanding in the a-axis direction until it breaks (stain rate more than 25%).

imately linear correlation. Hence, indirectly deducing the modu-
lated lattice phase and its changes in LiNbO3 stimulated by study-
ing the material’s refractive index is an acceptable approach.

2.3. Engineering Refractive Index Mutations in the Ultrafast
Laser Direct Writing

In experiments, we utilize a femtosecond laser to locally modify
the refractive index of LiNbO3, enabling the production of waveg-

uides and facilitating optical probing of refractive index changes.
Unlike calculations that assume a uniformly excited lattice, the
unirradiated region within the bulk material places limitations on
the lattice strain within the irradiated region. Consequently, the
final distribution of the refractive index is determined by a com-
bination of factors such as laser processing parameters, lattice
strain, stress, the elastic tensor, and temperature difference.[43]

The laser-induced refractive index changes can be typically clas-
sified into two types: type I (Δn > 0) at low laser energy and type
II modifications (Δn < 0) at high laser energy.[44–46] Traditionally,

Figure 3. Influence of LiNbO3 lattice strain on refractive index under compressive and tensile stresses with different crystalline phase orientations. a,b)
Schematic of c-axis and ab-plane stress direction. c) Relationship between the lattice strain coefficient and refractive index of LiNbO3.
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when the incident laser energy is low, the rapid cooling of the fo-
cal edges induces internal stresses that lead to the formation of a
denser structure, resulting in a slight local increase in refractive
index (referred to as type I modification).[46] At the high energy
regimes, multi-pulse incubation occurs, in which laser energy is
rapidly deposited, generating a high-density plasma. This plasma
triggers a Coulomb explosion that transports matter and energy
out of the focus in the form of a shock wave, causing micro-
explosions. As a consequence of this process, the refractive index
at the focus decreases, known as type II modification.[47]

By adjusting the pulse energy (≈0.5–1.9 μJ), we observe a com-
plete evolution from a gradual increase (type I) in refractive index
to an abrupt decrease (type II) and even to micro-explosion (see
Figure S4, Supporting Information, for more details). Our results
are consistent with previous reports,[41] indicating that the transi-
tion from type I to type II manifests in the form of mutations. For
type I modification characterized by an elevated refractive index,
it is possible to reverse the damage through a heat treatment at
150 °C for 1 h, at which point the lattice recovers. When the inci-
dent laser energy surpasses 0.6 μJ (above the damage threshold),
we observe the irrecoverable type II modifications in LiNbO3.

The observed changes in refractive index, coinciding with the
final strain state of the lattice as predicted by calculations, are
indicative of a transition from type I to type II. However, to val-
idate the accuracy of our model, it is imperative to visualize the
multistage lattice evolution processes. Unfortunately, real-time
probe detection techniques to verify the proposed mechanism of
transient lattice volume contraction-expansion are not yet well-
established. Therefore, we propose indirect evidence to support
our claim by maintaining the transiently contracted state of the
lattice near the strain threshold. In the case of ultrafast laser pro-
cessing, it exhibits non-thermal properties, and the energy in the
irradiation region demonstrates strong localization.[5] The tight
focusing of the incident laser is a Gaussian distribution with an
energy gradient (Figure S5 and Note S7, Supporting Informa-
tion), which inevitably leads to small-scale non-uniform irradi-
ation. Hence, we anticipate that as the laser energy approaches
the mutation threshold, the central and sub-central regions irra-
diated by the laser will exhibit distinct types of lattice strains.

2.3.1. The Gradual Change of the Lattice from Contraction to
Expansion

Experimentally, adjusting the focal depth results in better control
of laser energy at the focus, enabling the successful observation
of non-uniform refractive index modifications in both the irradi-
ation center and sub-irradiation areas, as depicted in Figure 4a.
The laser energy used is 0.5 μJ, and laser incident depth ranges
from 208 to 200 μm. When the incident depth is 208 μm, the
laser energy does not exceed the damage threshold of the LiNbO3.
Consequently, the lattice in the irradiated area contracts along
the c-axis (type I modification), leading to an increase in re-
fractive index (Figure 4 a1). By using transverse magnetic (TM)
and transverse electric (TE) polarized lights for pumping (see
Figure S6, Supporting Information), the waveguide mode can ac-
curately represent the distribution of anisotropic refractive index
and lattice strains in different axial directions, as demonstrated
in Figure 4b,c. There is a significant difference in the mode-field

distribution and propagation loss between the vertical and direc-
tions, implying that the refractive index changes variably along
the different crystal axes (c- and a-axes). Among these, only the
TM polarized light (c-axis direction) displays relatively stable out-
put. This suggests an increase in the extraordinary refractive in-
dex (ne) and a contraction of the lattice production along the c-axis
direction. It is consistent with the calculation results in Figure 2a.

As illustrated in Figure 4a2, with a slight reduction in the depth
of focus to ≈206.79 μm, the refractive index of the irradiation
center area increases significantly, while the index of the sub-
irradiation area changes slightly. We attribute this phenomenon
to the energy gradient of the incident Gaussian light field. The in-
cident energy in the irradiation center attains its mutation thresh-
old, while the sub-irradiation area remains in type I modification.
According to theoretical models, the lattice in the illuminated
central region will experience rapid contraction followed by a re-
bound under the influence of a strong light field. Nonetheless,
the sub-irradiated area has not yet reached this threshold and
continues to display slight shrinkage stress. Once the lattice in
the irradiation center area is induced to contract, it cannot expand
because its rebound stress is lower than the extrusion stress from
the surrounding lattice. Owing to the thermal and localized char-
acteristics of ultrafast laser processing, the lattice cools swiftly, al-
lowing us to effectively maintain the unusual contraction state of
the lattice (Stage 2). As depicted in Figure 4a3–a5, with the depth
of focus, decreasing (203.76–200.27 μm), the laser intensity at the
central area is further enhanced, resulting in more pronounced
rapid contraction and increased rebound stress. When the expan-
sion stress exceeds the extrusion stress of the surrounding lattice,
the lattice in the central region undergoes rapid expansion, even-
tually leading to the Coulomb explosion, corresponding to Stage
3 in Figure 2c. Therefore, we believe there is a reasonable con-
sistency between the multi-stage dynamic processes in the calcu-
lation and the experimental results. Meanwhile, the waveguide
modes (Figure 4 b4,b5) take on a doughnut-shaped form, further
demonstrating the reduction of the central refractive index. This
fine-tuning of energy offers a visualization of the transient dy-
namic process of multi-stage lattice contraction-expansion as the
laser approaches the abrupt threshold, providing a valuable com-
plement and proof to our model.

The micro-Raman scattering detection technique has been
employed to analyze the phonon vibration mode and structural
changes in the laser-induced lattice (Figure S7, Supporting In-
formation). By exciting the specific phonon mode (Figure 1c), we
have normalized the resonance peak of the active vibration mode
(A1-TO4), as depicted in Figure 4d–f. It is evident from Figure 4
d1 that the Raman intensity at the lattice contraction has been
reduced. Further, Figure 4 d2–d5 demonstrates that the more in-
tense the lattice evolution, the lower the TO4 phonon mode ac-
tivity. In addition, Figure 4e illustrates the frequency shift of the
Raman phonon mode, indicating a transition from compression
to elongation of the oxygen octahedra in the irradiated central
region. This observation is consistent with the observed incre-
ment or reduction of the refractive index. The assessment of ma-
terial homogeneity and damage can be determined by measuring
the broadening of the phonons emission. Figure 4 f1,f2 demon-
strates minor changes in broadening, suggesting only slight de-
formation of the lattice structure. However, Figure 4 f3–f5 ex-
hibits a significant increase in emission broadening, indicating a
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Figure 4. The gradual change of the lattice from contraction to expansion. The laser energy is fixed at 0.5 μJ, and the depth of focus is 208, 206.79,
203.76, 202.51, and 200.27 μm, respectively. a) Corresponding optical microscope images. b,c) Near-field mode profiles excited by TM and TE polarized
light. d–f) The characteristic Raman peak of TO4 is selected as the object of study, and the corresponding Raman intensity (d), frequency shift (e), and
broadening of emission (f) are demonstrated.

decrease in material uniformity in the central region. These ex-
perimental findings align closely with the model, confirming the
feasibility and effectiveness of utilizing rt-TDDFT for modeling
complex crystalline materials.

2.3.2. Lattice Structure Changes in Ultra-Intense Light Fields

Moreover, as the energy levels exceed 0.6 μJ, the lattice expe-
riences a rapid expansion, accompanied by stress from micro-
explosions that compress the unirradiated regions, ultimately
leading to an increased refractive index of the surrounding lat-
tice. The lattice extrusion, illustrated in Figure S8a–c, Supporting
Information (more details in Supporting Information), gradually
extends from both sides of the irradiated area until it reaches the
entire periphery. As the energy levels surpass a certain threshold

(>1.7 μJ), a ring appears at a position further away from the irradi-
ated area, which we attribute to the influence of a more powerful
micro-explosion-induced shock wave (Figure S8d–f, Supporting
Information). By combining theoretical calculations and experi-
ments, we have comprehensively elucidated the process of laser-
induced lattice motion and the resulting modulation of LiNbO3.
This research establishes the foundation for achieving precise
control over nonlinear crystals and the realization of complex em-
bedded optic chips.

3. Conclusions

In summary, this study provides new insights into the physical
mechanisms and dynamic evolution of the interaction between
ultrafast lasers and LiNbO3, which is pivotal for precisely con-
trolling the unique properties of this material. The rt-TDDFT
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approach is used to simulate the dynamic processes of laser-
induced lattice dynamics in LiNbO3, which accurately character-
izes the instantaneous evolution and displacive-type structural
transitions of the LiNbO3 lattice under diverse excitation levels
and electron–phonon coupling. Besides, we have achieved two
opposite modifications of the refractive index in LiNbO3 and pro-
vided compelling evidence for this theory through comprehen-
sive visualization of the refractive index and lattice evolution.
This work serves as a cornerstone for further research on mul-
tistage lattice strains and lattice dynamics in laser-induced crys-
talline materials. Moreover, our study contributes to the advance-
ment of advanced photonic devices and holds immense potential
for application in the fields of optical communications and infor-
mation processing.
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Supporting Information is available from the Wiley Online Library or from
the author.
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