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A B S T R A C T

Laser processing is widely used for diamond machining, yet its atomic-scale damage mechanisms remain unclear 
due to the complex interactions between laser and diamond. In this work, femtosecond laser experiments and 
molecular dynamics (MD) simulations were combined to elucidate the atomic-scale damage mechanisms of 
diamond during laser processing. Laser experiments reveal that multi-pulse irradiation leads to deep ablation 
crater, while single-pulse laser irradiation induces surface bulging, with damage characteristics strongly 
dependent on the energy density. The detailed analysis of the surface morphologies and subsurface structures 
were provided, identifying distinct bulging–swelling–melting and recasting–laser induced periodic surface 
structure (LIPSS) formation pathways linked to energy density. Complementary MD simulations resolve the 
transient evolution of temperature, stress fields, and local bonding configurations, reproducing the experimental 
observations and uncovering a coupled thermo-stress-phase transition mechanism that drives the structural 
transformation of diamond. Notably, crystal orientation is found to play a crucial role in modulating the damage 
propagation and material removal mechanisms. The (111) crystal plane exhibits unique atomic-layer exfoliation, 
while the (100) and (110) planes show more rapid stress expansion and surface deformation. The study estab
lishes a mechanistic map linking energy density, crystal orientation, and damage mode and offers critical insights 
for tailoring laser parameters during laser processing of diamond.

1. Introduction

Diamond, often hailed as the “ultimate semiconductor material” due 
to its ultra-wide bandgap, exceptional thermal conductivity, 
outstanding carrier mobility, and high breakdown field, shows 
tremendous potential for high-performance chips, quantum information 
devices [1], and high-power optoelectronic components [2–4]. How
ever, its extreme hardness and chemical inertness make diamond 
notoriously difficult to process [5]. Conventional approaches, including 
mechanical polishing [6–11], chemical mechanical polishing (CMP) 
[12–15], UV-assisted CMP [16–19], plasma polishing [20–23], 
plasma-assisted polishing [24–27], and dynamic friction polishing 
[28–31], can improve surface finish but suffer from low efficiency and 
long processing cycles [32].

Laser processing has emerged as a promising approach for efficient 
processing of hard and brittle materials [33–35] and preparing micro
structure [36] owing to its unique optical and thermal interactions with 

matter, which enable high material removal rates while minimizing 
mechanically induced damage [37–40]. The interaction between laser 
irradiation and diamond involves highly complex physicochemical 
processes. Once the surface temperature exceeds ~700 ◦C, diamond, a 
metastable carbon phase, tends to spontaneously transform into 
graphite accompanied by ablation [41], sublimation [42,43], resolidi
fication [44], graphitization [45], and phase transitions [46,47]. Typi
cally, material removal proceeds through surface graphitization 
followed by graphite sublimation [48], enabling rapid 
multi-micrometer-scale removal and substantial surface roughness 
reduction after repeated scanning [49].

However, nanosecond pulsed lasers often introduce significant 
thermal accumulation, resulting in dislocations, cracks, and even cata
strophic fracture [50,51]. At high energy densities, non-uniform tem
perature fields and thermal stresses aggravate crack propagation, while 
surface morphology is further influenced by parameters such as inci
dence angle and scanning speed [52]. The damage features after 
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nanosecond pulsed laser ablation generally include cracks, grooves, 
ripples, and debris deposition [53]. Studies have shown that laser re
flections at groove walls promote ripple formation, while plasma ab
sorption leads to groove deformation, and ablation debris consists of 
spherical graphite particles or irregular diamond fragments [54]. 
Furthermore, Yan et al. [55] demonstrated that nanosecond pulsed la
sers induce instantaneous sp³-to-sp² transformation in diamond, 
enabling subsequent mechanical cleavage and even graphene formation. 
In addition, coating-based strategies (e.g., metal or carbon layers) have 
been employed to enhance laser energy absorption and suppress sub
surface damage [56,57]. For instance, titanium and gold coatings can 
significantly reduce ablation thresholds and post-processing roughness 
[44], while Liu et al. [58] proposed a Metal Film-Induced Self-Sustaining 
Graphitization technique to improve ablation efficiency with reduced 
subsurface damage.

Compared with nanosecond lasers, ultrashort pulsed lasers (pico
second/ femtosecond) offer distinct advantages due to their pulse du
rations being shorter than the mean atomic collision time. This 
suppresses heat diffusion and minimizes macroscopic heat-affected 
zones, thus enabling “cold processing” with high-quality surface modi
fication. Picosecond lasers combine ultrashort pulse widths (<10⁻¹² s) 
with high peak power densities, achieving precise micromachining of 
diamond with negligible peripheral cracking [59]. However, their ma
terial removal rates are significantly lower than those of nanosecond 
lasers, which remain more suitable for large-scale cutting or fabrication 
of high-aspect-ratio structures [60]. In contrast, picosecond lasers are 
better suited for high-precision processing where minimal thermal 
damage and smooth surface finish are required. Based on Gaussian beam 
theory, Zhai et al. [61] explore the effects of the laser parameters on the 
surface characteristics of diamond, the thermal affected zone that causes 
deterioration of the diamond surface during laser processing can be 
revealed by establishing the temperature field, thermal stress field and 
phase field through simulation. Subsequent studies [62] confirmed that 
picosecond pulsed lasers markedly reduce surface roughness of poly
crystalline diamond (PCD), suppress graphite formation, and highlight 
the effects of crystal orientation and pulse number on groove 
morphology and phase transformations. Yan et al. [63] developed a 
physics-based surface morphology model for picosecond laser process
ing. The model quantitatively predicts the surface roughness and ma
terial removal depth of diamond, with average relative errors of 9.6 % 
and 16.6 %, respectively. Okamoto et al. [64] found that cleavage is 
observed along the (111) planes parallel to the crystal orientation during 
laser processing of diamond, while some graphite formation may occur, 
the diamond crystal structure remains largely intact.

Femtosecond lasers provide an even more localized ablation regime, 
where energy deposition is confined to the near-surface region, thus 
avoiding extensive thermal diffusion. They enable fabrication of micro/ 
nanoscale structures with minimal residual stress [65,66]. Phase tran
sitions under femtosecond irradiation are complex, including the for
mation of diaphite, amorphous carbon, nanocrystalline graphite, and 
even transient diamond–graphite–graphene composites [67,68]. 
Experimental results indicate that by tuning pulse energy and scanning 
speed, femtosecond lasers can induce sequential removal stage
s—melting, graphitization, and sublimation—while surface roughness 
and removal efficiency are strongly dependent on processing parameters 
[69].

The interaction between ultrafast laser and diamond is inherently 
nonlinear, non-equilibrium, and orientation-dependent [70,71]. Yet, the 
atomic-scale dynamic structural evolution during this process remains 
poorly understood. Elucidating these mechanisms is essential for pre
dicting subsurface defects and optimizing processing strategies [72]. 
While finite element modeling has provided valuable insights into sur
face morphology evolution and temperature field distributions during 
laser ablation [61,73], such continuum-scale models cannot capture 
ultrafast, non-equilibrium energy transport, defect nucleation, and 
phase-transition mechanisms at the nanoscale. As processing advances 

toward the atomic scale, manufacturing involves direct atomic-level 
interactions [74], necessitating a detailed understanding of tempera
ture evolution, stress-wave dynamics, and phase transformation mech
anisms during ultrafast laser ablation. Molecular dynamics (MD) 
simulations have recently emerged as a powerful tool to investigate 
ultrafast laser-induced material removal and phase transitions at the 
nanoscale [75–80]. They have been applied to study interfacial struc
tural changes [81,82], temperature and stress evolution [83,84], lattice 
transformations, and mechanical property alterations [85], as well as 
stress-wave generation [86], surface graphitization [87,88] and het
erogeneous grain-boundary removal [75], brittle-to-ductile transition 
mechanism during nano-grinding [89,90]. These efforts have signifi
cantly advanced our understanding of nanoscale damage mechanisms.

Despite the widespread use of laser processing in diamond, the un
derlying mechanisms of damage formation remain poorly understood, 
primarily due to the intricate and complex interplay between thermal, 
mechanical, and structural effects during ultrafast laser irradiation. 
While previous studies have provided valuable insights into surface 
morphologies and phase transitions, a detailed understanding of the 
atomic-scale dynamics, including stress evolution, temperature distri
bution, and material removal mechanisms, is still lacking. Furthermore, 
the role of crystal orientation in modulating these processes remains 
inadequately explored.

In summary, although previous studies have explored laser-induced 
surface modification of diamond, the fundamental coupling mechanisms 
linking temperature evolution, stress development, and subsequent 
structural transitions remain insufficiently resolved. To address this gap, 
this work combines systematic ultrafast laser experiments with MD 
simulations to reveal the multiscale response of diamond under different 
irradiation conditions. By investigating the effects of energy density, 
pulse number, and crystal orientation, we provide new insights into how 
these factors govern damage modes and material removal. The inte
grated framework enables direct correlation between ablation 
morphology, phase evolution, and atomistic dynamics. The major con
tributions of this study are: (i) establishing a unified exper
imental–simulation correlation strategy for characterizing damage 
evolution in diamond under ultrafast laser irradiation; (ii) uncovering 
the causal linkage among transient thermal spike, stress redistribution, 
and sp³–to–sp² bonding transition; and (iii) elucidating crystal-ori
entation–dependent removal modes and structural reconstruction 
pathways. This framework will be crucial for tailoring laser parameters 
in precision machining applications, as it reveals how energy density 
and crystal orientation together shape the laser-diamond interaction and 
material response.

The paper is organized as follows. Section 2 describes the method
ology, including the experimental setup and computational framework. 
Section 3.1 provides a detailed analysis of the surface morphology 
resulting from laser experiments. Section 3.2 investigates the atomic- 
scale damage mechanisms driven by energy density using MD simula
tions, with results validated through TEM characterization. Section 3.3
examines the atomic damage mechanisms influenced by crystal orien
tation, also using MD simulations and validated by TEM observations. 
Finally, Section 4 presents the conclusions, summarizing the key insights 
obtained from the integration of experimental and computational ap
proaches and providing guidance for optimizing laser parameters in 
precision machining of superhard materials.

2. Methodology

This section presents a detailed description of both the experimental 
and computational methods. Section 2.1 outlines the experimental 
setup, including the configuration of the femtosecond laser system, pulse 
energy and repetition rate settings, as well as the preparation of single- 
crystal diamond samples and the employed surface characterization 
techniques. Section 2.2 describes the MD simulation framework, 
emphasizing the crystal orientation, laser energy deposition process, 
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and relevant computational parameters.

2.1. Experimental setup

The femtosecond laser experiments were conducted using a Yb: 
KGW-based femtosecond laser system (PHAROS), which provides 
adjustable pulse duration and precise control over the number of 
emitted pulses. The laser equipment for diamond is shown in Fig. 1(a). 
After beam expansion and collimation, the laser pulses were focused 
onto the diamond surface through a high-numerical-aperture micro
scope objective, the schematic of laser processing diamond is shown in 
Fig. 1(b). The workpiece material was (100)-oriented single-crystal 
diamond with an initial surface roughness of Ra < 1 nm, as measured 
prior to irradiation. Before and after processing, the sample surfaces 
were cleaned with ethanol to remove potential contaminants.

The diamond specimens were mounted on a motorized translation 
stage to ensure accurate positioning and repeatable exposure. The laser 
repetition rate was fixed at 50 kHz, with a pulse duration of 1 ps. For the 
multi-pulse experiments, two pulse energies (2 µJ and 16 µJ) were 
employed, with pulse numbers set to 20, 50, and 80, respectively. For 
the single-pulse experiments, eight energy levels were investigated, 
ranging from 2 µJ to 16 µJ in a stepwise gradient of approximately 2 µJ. 
Following irradiation, the surface morphology and structural 

modifications were characterized using Raman spectroscopy, scanning 
electron microscope (SEM), Raman spectroscopy, atomic force micro
scope (AFM), and transmission electron microscope (TEM) to correlate 
surface topography with phase transformation and damage evolution.

2.2. Computational setup

In this study, large-scale atomic/molecular parallel simulator 
(LAMMPS) [91,92] was employed for MD simulations, and all visuali
zation and post-processing analyses were performed using open visual
ization tool (OVITO) [93]. The simulation systems consisted of single 
crystal diamond blocks subjected to ultrafast laser energy deposition. 
Three crystal orientation, namely (100), (110), and (111), were con
structed, with lattice dimensions of approximately 15 nm × 15 nm × 20 
nm, as shown in Fig. 1(c) and Fig. 1(d). Along the normal direction, a 
buffer layer with a thickness of 10 lattice constants was added and 
divided into a thermostat region and a Newton region. The Newton re
gion was used to capture the actual dynamic response of the laser-lattice 
interaction, while the thermostat region controlled atomic velocities 
through a Langevin thermostat [94] to mimic heat dissipation into an 
external reservoir and prevent non-physical temperature accumulation. 
Prior to laser loading, the systems were relaxed under the NVT ensemble 
for 10 ps to reach an equilibrium state close to 300 K. The Tersoff 

Fig. 1. Laser Equipment Configuration for Diamond Processing and MD Simulation Setup. (a) Laser equipment setup for diamond processing, showing the 
experimental setup with key components such as the laser beam, lens, reflector, and diamond sample, enabling precise laser treatment on the diamond. (b) Schematic 
of laser processing diamond, illustrating the laser processing system, including the laser source, mirrors, camera, and the computer-controlled setup for processing the 
diamond sample. (c) MD model of laser processing diamond, displaying the molecular dynamics model of the laser interaction with the diamond, showing the 
Newton and thermostat layers simulating atomic dynamics and temperature effects. (d) Schematic of different crystal orientations of diamond showing the atomic 
arrangements for the (100), (110), and (111) planes of diamond, illustrating how laser interaction varies with crystal orientation.
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potential [95] was selected due to its proven ability to accurately 
describe carbon–carbon bonding behavior, including the hybridization 
transition between sp³ and sp² structures that is critical during ultrafast 
laser irradiation. This potential captures the bond-order dependence, 
anharmonic effects, and many-body interactions required to model 
structural degradation, phase transition, and recrystallization under 
high temperature and high-pressure conditions. The equations of motion 
were integrated using a modified velocity-Verlet algorithm [96], with a 
time step of 0.1 fs during laser loading and 1 fs during the post-loading 
relaxation process. During the laser loading stage, a smaller time 
increment is necessary to resolve the ultrafast atomic motion and strong 
force fluctuations arising from the intense and highly localized energy 
deposition, and to maintain numerical stability and energy conservation 
at temperatures exceeding several thousand Kelvin. The laser parame
ters of the MD model are given in Table 1.

Ultrafast laser processing involves complex coupling between elec
tronic and lattice subsystems, which is inherently nonlinear and beyond 
the scope of classical MD. To represent photon energy absorption, the 
Beer–Lambert model was implemented, which simplifies laser absorp
tion as an exponential decay along the depth direction. The Beer
–Lambert law is used as a first-order approximation to represent the 
spatial attenuation of absorbed laser energy during the ultrafast exci
tation stage. Although it does not fully describe carrier transport and 
other non-equilibrium effects, previous studies have demonstrated that 
it provides a reasonable estimation of energy decay in wide-bandgap 
materials under femtosecond irradiation [97,98].

The Beer–Lambert describes the attenuation of laser intensity with 
depth [85]: 

I(z) = Ioe− αz,

where I (z) is the laser intensity at depth z, α is the absorption coefficient 
of diamond (0.1 nm⁻¹ [97]), I0 is the incident laser intensity at the 
surface. The laser-affected region was discretized into 28 layers along 
the depth direction, with the absorbed energy in each layer calculated as 
the difference between adjacent interfaces and uniformly converted into 
the kinetic energy of atoms in that layer, achieving quasi-continuous 
energy deposition. A single-pulse laser with a pulse width of 1 ps, 
pulse interval of 50 ps, spot diameter of 30 nm, and penetration depth of 
10 nm was applied, with energy densities ranging from 0.1 to 0.15 
J/cm².

3. Results and discussion

This section presents a comprehensive analysis of the experimental 
and simulation results to elucidate the atomic-scale damage mechanisms 
of diamond under femtosecond laser irradiation. The discussion in
tegrates macroscopic observations from SEM, AFM, and Raman spec
troscopy, TEM with atomistic insights obtained from MD simulations. By 
correlating experimental and computational findings, this section aims 
to reveal the multiscale coupling between thermal, mechanical, and 
structural responses during laser–diamond interactions.

Specifically, Section 3.1 examines the surface morphology evolution 

and phase transformation behavior of diamond under different pulse 
numbers and energy densities, highlighting the macroscopic manifes
tations of laser-induced damage. Section 3.2 focuses on the atomic-scale 
damage mechanisms as a function of energy density, using TEM and MD 
simulations to resolve transient temperature, stress, and structural 
evolutions. Section 3.3 further explores the influence of crystal orien
tation on anisotropic heat transfer, stress propagation, and damage 
formation, providing fundamental insights into orientation-dependent 
material removal processes. Together, these analyses establish a multi
scale framework linking experimental observations with atomic-level 
mechanisms to clarify the origins of laser-induced deformation and 
damage in diamond.

3.1. Surface morphology of diamond after laser processing

To optimize laser processing of diamond and improve material 
removal efficiency, it is crucial to understand how laser parameters like 
pulse number and energy density influence surface morphology and 
subsurface damage. This section aims to investigate how varying pulse 
numbers and energy densities impact diamond’s surface morphology, 
providing insights into energy accumulation, material removal, and 
surface modification.

Fig. 2 shows representative SEM images of single-spot ablation on 
diamond under a laser energy of 16 µJ, with varying pulse numbers. 
Following a single pulse, a surface bulge is observed in the laser-affected 
region. This bulge signifies localized thermal expansion and structural 
transformation, indicating that the material undergoes significant 
heating and initial phase transitions at the laser focus point. As the pulse 
number increases to 20 pulses, a clear crater begins to form on the 
surface. At this stage, LIPSS are observed surrounding the crater, 
signifying a combination of melting and rapid solidification. This sug
gests that the accumulated energy over multiple pulses is sufficient to 
induce surface modulation and localized material removal. With further 
increase into 50 pulses, the ablation pit radius gradually expands. A 
prominent melting and recasting layer appear, with signs of localized 
material reflow and redistribution. The surface shows a more pro
nounced structural change, reflecting enhanced energy absorption and 
deeper material modification. At this stage of 80 pulses, the damage 
extends laterally, and surface cracks begin to emerge. The ablation pit 
deepens, forming an inverted cone shape. Clear signs of material 
vaporization are visible at the pit's bottom, further indicating that the 
deposited energy is sufficient to trigger local phase transitions and 
material removal.

Overall, the results demonstrate that as the pulse number increases, 
the ablation pit deepens primarily in the vertical direction, with lateral 
expansion occurring to a lesser extent. This trend underscores the pro
gressive accumulation of laser energy, which leads to a more significant 
structural transformation, surface modification, and material removal.

To explore the early evolution of laser-induced damage, we con
ducted additional single-pulse experiments at varying energy densities, 
as shown in Fig. 3. Unlike the multi-pulse experiments, no LIPSS were 
observed after a single pulse. At an energy density of 4 μJ, a localized 
bulging in the center of the laser-affected region was observed, which 
gradually expanded with increasing energy. This indicates that the 
initial response of the material is primarily dominated by thermal 
expansion and volumetric swelling beneath the surface, driven by 
melting, rather than direct vaporization. In contrast, the formation of 
LIPSS in multi-pulse experiments results from the periodic redistribution 
of energy accumulated across successive pulses.

Fig. 4 illustrates the AFM morphologies of diamond after single pulse 
laser experiments under different energy densities. As seen from Fig. 4, 
the bulging region continued to grow with the increasement of energies, 
and the material started expanding outward and upward, suggesting 
that with each increase in energy, the thermal effects became more 
pronounced, leading to deeper surface modifications. This process be
gins with localized heating, causing surface expansion, followed by 

Table 1 
Laser parameters of the MD model.

parameters Values

Crystal orientations (100), (110), (111)
Laser radius (nm) 3
Size of workpiece (nm) 15 × 15 × 20
Penetration depth of laser (nm) 10
Initial temperature (K) 300
Laser power density (J/cm2) 0.1, 0.12, 0.15
Laser loading time (ps) 1
Laser unloading time (ps) 50
Timesteps during laser loading (fs) 0.1
Timesteps during laser unloading (fs) 1
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melting, and ultimately leading to further energy accumulation, where 
direct vaporization and ejection of carbon atoms occur, deepening the 
pit into an inverted cone shape.

These findings highlight that LIPSS are not an initial damage feature 

but rather a secondary surface modulation effect triggered by the 
accumulation of critical energy over multiple pulses. The single-pulse 
experiments serve as a baseline to understand the fundamental ther
mal and mechanical responses of diamond to individual laser impacts, 

Fig. 2. SEM morphologies of diamond after single-spot ablation under 16 μJ with various pulse numbers. (a) At 1 pulse: This image shows the surface of the 
diamond after one laser pulse, displaying a surface bulge, indicative of initial material deformation from the laser energy. (b) After 20 pulses, the surface exhibits a 
crater, with LIPSS formed around the edges of the crater. The periodic surface features indicate the interaction of multiple pulses and the formation of microstructures 
due to laser energy absorption. (c) After 50 pulses, the surface shows signs of melting and recasting, with a clear inverted cone shape formed in the center. This 
suggests that the laser energy has been sufficient to cause localized melting and re-solidification, altering the diamond's surface topography. (d) After 80 pulses, a 
surface crack appears along with the formation of an inverted cone structure. The crack formation indicates significant thermal stress and material weakening from 
the repeated laser impacts.

Fig. 3. SEM morphologies of diamond after single-pulse laser experiments under different energy densities. (a) At 4 μJ energy density: This image shows the 
initiation of bulging on the diamond surface after laser exposure, with a clear, localized deformation indicating the start of material displacement. (b) At 6 μJ energy 
density: the bulging zone expands further, with more pronounced deformation along the surface, suggesting an increase in material displacement under the laser’s 
impact. (c) At 8 μJ energy density: The bulging zone continues to grow, leading to more significant deformation within the affected area. (d) At 10 μJ energy density: 
the bulging zone is more defined, indicating a more extensive material response. (e) At 12 μJ energy density: The bulging continues, but now with a visible expansion 
outward. (f) At 14 μJ energy density: the surface shows significant expansion outward, with clear deformation patterns forming on the diamond surface, demon
strating the full effect of the laser energy.
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shedding light on the initial stages of damage before the more complex 
effects of multiple pulses become apparent. It enables precise modula
tion of diamond materials, thereby avoiding the excessive damage that 
may occur during traditional multi-pulse processing, achieving higher 
processing accuracy and lower surface damage.

To elucidate the microscopic phase transition behavior of diamond 
during laser ablation, Raman spectroscopy was performed at the center 
of the ablated region. The spectra obtained under a pulse duration of 
1000 fs with varying single pulse energies are shown in Fig. 5. At a pulse 
energy of 2 μJ, two distinct features are observed: the characteristic 
diamond peak at ~1332 cm⁻¹ (sp³ bonding) and an additional broad 
peak near ~1420 cm⁻¹. The latter is typically attributed to an interme
diate response of disordered sp² phases, representing a transient amor
phous carbon network formed by partial conversion of sp³ to sp² 
hybridized bonds.

As the laser energy increases, the diamond peak progressively at
tenuates and nearly vanishes, indicating that the long-range crystal 
order is destroyed and sp³ bonds are almost completely broken. 
Concurrently, the graphitic D band (~1350 cm⁻¹, defect-activated 
mode) and G band (~1580 cm⁻¹, E₂g mode) become increasingly 
prominent and broaden in width, signifying a transformation of the 
near-surface region from an sp³-dominated crystalline state to a disor
dered sp²-dominated structure, accompanied by a progressive increase 
in defect density and lattice disorder.

Additionally, the positions of the Raman peaks exhibit a slight but 
systematic shift with increasing energy, reflecting the dynamic evolu
tion of the residual stress field. At lower energies, tensile stress domi
nates, promoting lattice relaxation and triggering localized phase 
transformation, whereas at higher energies, volumetric ablation and 
material removal lead to a gradual release of residual stress. The 

Fig. 4. AFM morphologies of diamond after single-pulse laser experiments under different energy densities. (a) The AFM image shows the surface 
morphology of diamond after a single pulse with an energy density of 4 μJ, with a slight elevation observed at the center of the laser impact area. (b) At an energy 
density of 6 μJ, the surface begins to show a more noticeable deformation, with a slight bulge in the center. The height profile reveals increased material displacement 
compared to the 4 μJ case. (c) At this energy density of 8 μJ, the AFM image shows more pronounced surface deformation with a clearer peak at the center of the laser 
impact. The height profile indicates an increase in material displacement as the energy density increases. (d) With an energy density of 10 μJ, the AFM image shows a 
more pronounced surface deformation with a central bulge. The height profile further reflects significant material displacement and the development of a more 
defined peak in the center. (e) At 12 μJ, the surface of the diamond exhibits more significant deformation, with an increased bulge in the center. The height profile 
reveals a wider peak and deeper material displacement, indicating the higher energy density's effect. (f) The AFM image at 14 μJ shows a large bulge at the center of 
the diamond surface, accompanied by substantial material displacement.
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continuous increase in the full width at half maximum (FWHM) of all 
major peaks further indicates a broader distribution of bond lengths and 
bond angles, characteristic of deepening local disorder and 
amorphization.

Taken together, these results demonstrate that energy deposition 
drives a multi-pathway phase transformation of diamond, involving 
graphitization, amorphization, and the formation of other carbon allo
tropes. This transformation is governed by the coupled effects of thermal 
stress accumulation, defect generation, and carbon atomic rearrange
ment. Once defects form, local lattice relaxation and bond-order 
reduction favor sp³→sp² rehybridization: at moderate peak tempera
tures and relatively fast cooling rates this yields disordered, amorphous 
sp²-rich networks, whereas at elevated energy densities and/or slower 
local cooling the sp² clusters can reorganize into layered graphitic mo
tifs. The competition among peak temperature, stress state, defect den
sity, and cooling kinetics therefore determines whether the dominant 
outcome is stable amorphization, progressive graphitization, or violent 
explosive ejection. Importantly, these findings confirm that stress con
centration and local lattice relaxation are critical precursors to subse
quent material reorganization and carbon phase transformation within 
the previously proposed “bulging–swelling–melting and recasting–LIPSS 
formation” evolutionary pathway. However, how the atomic structure 
gradually evolves cannot be fully resolved by laser experiments alone. 
Therefore, MD simulations were employed to further elucidate the 
transient evolution process.

3.2. Atomic damage mechanism driven by energy density

To comprehensively investigate the atomic structural evolution 
during laser-induced damage of diamond, we conducted MD simulations 
under three distinct energy densities: 0.1 J/cm², 0.12 J/cm², and 0.15 J/ 
cm², as illustrated in Fig. 6. Our findings reveal that the energy density 
not only determines the morphology and depth of the amorphous layer 
but also governs the subsurface phase transition pathways and the ma
terial removal mechanisms on the diamond surface.

At a low energy density of 0.1 J/cm², the diamond lattice remains 
largely intact during the initial stages of laser loading (0.2 ps). By 0.6 ps, 
localized amorphous carbon formation is observed. After the laser pulse 
ceases (1 ps), an inverted triangular amorphous region emerges on the 
surface, accompanied by a slight upward bulge. During the subsequent 
laser unloading phase, this region evolves into a fan-shaped damage 

zone with a marginally reduced depth. Notably, no atomic ejection or 
significant material removal occurs, suggesting that the damage at this 
low energy density is primarily characterized by localized amorphiza
tion and the formation of a bulge zone. Similar bulge morphology is also 
observed from SEM images in Fig. 3.

When the energy density is increased to 0.12 J/cm², early damage 
initiation is observed during the initial loading phase. By 0.6 ps, the 
formation of amorphous carbon increases. Post-pulse, the damage zone 
deepens and expands into an inverted triangular geometry, with a more 
pronounced surface bulge. During the laser unloading phase, localized 
swelling of carbon atoms upwards occurs. After 51 ps, the amorphous 
region penetrates deeper into the subsurface, indicating that medium 
energy density promotes the formation of a localized swelling zone.

At a high energy density of 0.15 J/cm², signatures of subsurface 
phase transitions are evident as early as 0.2 ps. Between 0.6–1 ps, 
amorphous carbon rapidly expands, forming a deeply penetrating 
inverted triangular damage zone. Upon unloading, the surface exhibits 
explosive atomic ejection, with clusters of amorphous carbon atoms 
migrating outward and undergoing sublimation during the laser 
unloading phase. This pronounced nonequilibrium evaporation and 
atomic ejection under high energy input reveals a complex material 
removal mechanism, driven by ultrafast laser-induced bulge-swelling- 
blasting processes.

Fig. 7 illustrates the temporal evolution of the temperature field in 
diamond under laser irradiation at different energy densities (0.1, 0.12, 
and 0.15 J/cm²). As shown, the temperature evolution exhibits a char
acteristic three-stage behavior: rapid heating up, strong nonequilibrium 
diffusion, and residual heat retention.

During laser loading, the rapid deposition of energy produces highly 
localized high-temperature zones. At the end of the laser pulse (1 ps), the 
temperature field exhibits a pronounced spatial gradient, with an 
extremely high-temperature region concentrated at the laser-irradiated 
center (exceeding 10,000 K at 0.15 J/cm²), forming an inverted- 
conical profile along the depth direction. This morphology highlights 
the highly localized nature of energy deposition and the dominance of 
vertical heat conduction. As energy density increases, both the peak 
temperature and the depth of the heat-affected zone grow significantly: 
at 0.1 J/cm², only a shallow near-surface high-temperature zone forms, 
whereas at 0.15 J/cm², the heat-affected zone penetrates much deeper, 
demonstrating the critical role of energy density in modulating the 
magnitude and penetration depth of the thermal field. In the post- 

Fig. 5. Comparisons of Raman response curves at different energy densities. This figure presents the Raman spectra of diamond at different energy densities 
ranging from 2 μJ to 16 μJ. The x-axis represents the Raman shift (cm⁻¹), while the y-axis shows the intensity (a.u.). (a) At 2 μJ, the Raman spectrum reveals a 
significant peak at 1427 cm⁻¹, which corresponds to the disordered carbon phase, along with the diamond peak at 1333 cm⁻¹, indicating the initiation of material 
transformation. As the energy density increases to (b) 4 μJ, (c) 6 μJ, and (d) 8 μJ, the diamond peak at 1350 cm⁻¹ becomes more prominent, showing the gradual 
transition from disordered carbon to crystalline diamond. At (e) 10 μJ, (f) 12 μJ, (g) 14 μJ, and (h) 16 μJ, the Raman peaks become sharper, especially at 1350 cm⁻¹, 
which is associated with the structural modification in the diamond. The 1589 cm⁻¹ peak also becomes clearer with increased energy, indicating the presence of 
amorphous carbon.
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loading stage (2–3 ps), rapid thermal relaxation occurs alongside 
nonequilibrium damage formation, leading to a swift decay in surface 
temperature. However, the damage evolution diverges significantly 
across energy densities. At low energy (0.1 J/cm²), heat rapidly diffuses 
and dissipates, with the overall temperature dropping below 3000 K by 3 
ps. No significant vaporization or atomic ejection is observed, indicating 
that damage is dominated by localized amorphization and minor surface 
reconstruction.

At intermediate energy (0.12 J/cm²), incomplete heat dissipation 
leaves persistent high-temperature regions in the lattice, resulting in 
localized atomic vaporization and surface swelling. This reflects a 
thermos-phase transition coupled damage mechanism, where residual 
heat drives sp³ → sp² transitions, accompanied by localized gasification.

At high energy (0.15 J/cm²), the deposited laser energy exceeds the 
sublimation threshold, maintaining extremely high central temperatures 
and triggering massive atomic ejection and clustered migration. These 
processes drive intense sublimation and evaporation, forming deep 
ablation cater with evident melting-recasting structures, indicative of 
strongly nonequilibrium thermodynamic material removal mechanisms. 
By the relaxation stage (50 ps), the low-energy sample’s temperature 
field nearly returns to its initial state, confirming that ultrafast laser 
irradiation primarily induces reversible surface modification under such 
conditions. In contrast, the medium- and high-energy samples retain 
prominent residual thermal damage zones at both the surface and sub
surface. In particular, at 0.15 J/cm², residual heat remains concentrated 
within the ablation cater regions.

Fig. 6. Energy density-dependent structural evolution of diamond under single-pulse femtosecond laser irradiation at different fluences (0.1, 0.12, and 
0.15 J/cm²). Each row corresponds to a specific fluence, while the columns represent different time stages during the laser loading and laser unloading phases. (a1)- 
(a3) Snapshots of structural evolution of diamond during the laser loading phase at the fluence of 0.1 J/cm²: These images show the early stages of the laser-induced 
deformation in diamond. At 0.1 J/cm², the material initially remains damage-free (a1), followed by the initiation of damage (a2). As the laser pulse progresses, an 
inverted triangular damage zone forms (a3), indicating localized material transformation. (a4)-(a6) Snapshots of structural evolution of diamond during the laser 
unloading phase at the fluence of 0.1 J/cm²: Following the laser unloading, the damaged region begins to recover (a4), with the bulge moving upwards (a5). By 51 ps 
(a6), a stable bulge zone with a depth of 3.2 nm has formed, marking the final stage of material deformation. (b1)-(b3) Snapshots of structural evolution of diamond 
during the laser loading phase at the fluence of 0.12 J/cm²: At this fluence, the damage initiation is visible (b2) followed by the formation of a deep damage zone (b3), 
with the material deforming more significantly under the increased laser energy. (b4)-(b6) Snapshots of structural evolution of diamond during the laser unloading 
phase at the fluence of 0.12 J/cm²: During the unloading phase, the bulge continues to expand upwards (b4), followed by swelling (b5) and a swelling zone formation 
(b6), reaching a depth of 5.6 nm after 51 ps. (c1)-(c3) Snapshots of structural evolution of diamond during the laser loading phase at the fluence of 0.15 J/cm²: At the 
highest fluence (0.15 J/cm²), the damage initiation is more pronounced (c1), and a deep damage zone forms (c2). The inverted trapezoid damage zone observed at 
this stage indicates significant material transformation. (c4)-(c6) Snapshots of structural evolution of diamond during the laser unloading phase at the fluence of 0.15 
J/cm²: During the unloading phase, swelling occurs at a faster rate (c4), leading to further material expansion (c5). After 51 ps, atom ejection is observed (c6), 
marking the highest level of material removal with a depth of 6.9 nm.
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Hydrostatic stress is closely associated with volumetric changes 
during classical thermodynamic phase transitions in continuous media 
[99], making it a critical parameter for predicting phase transformation 
and compression behavior in materials. Therefore, hydrostatic stress 
was employed to quantify the phase transition and compression 
response of diamond under laser irradiation. To further elucidate the 
mechanisms of damage formation and stress regulation in diamond 
under laser irradiation, we analyzed the temporal evolution of hydro
static stress at different energy densities (0.1, 0.12, and 0.15 J/cm²), as 
shown in Fig. 8. The results reveal that laser-induced stress evolutions 
are governed by energy density, which dictates the stress magnitude, 
spatial distribution, and damage mode.

At 1 ps after laser loading, the compressive stress at 0.15 J/cm² 
reaches a peak of 30 GPa, penetrating to the deepest subsurface regions. 
Moreover, tensile stresses of approximately 15 GPa emerge in the non- 
irradiated regions of the substrate, indicating that laser energy deposi
tion is not confined to the near-surface zone but instead reconstructs 

deeper stress fields through rapid stress diffusion. In comparison, the 
peak compressive stress and penetration depth are significantly reduced 
at 0.12 J/cm² and 0.1 J/cm², suggesting that lower energy densities only 
generate localized stress concentrations near the surface. As the system 
evolves to 2 ps after laser unloading, the compressive stress decays 
sharply to ~10 GPa, and the tensile stress distribution contracts. How
ever, substantial tensile stress remains concentrated within amorphous 
regions, indicating that high-pressure/high-temperature conditions 
drive stress-assisted phase transitions and structural instability. By 50 ps 
of relaxation, the residual stress distributions exhibit pronounced dif
ferences across energy densities. At 0.1 J/cm², nearly all internal stresses 
are released, with only minor compressive stress remaining. At 0.12 J/ 
cm², stable tensile stresses persist within amorphized regions, while the 
underlying crystalline substrate retains moderate compressive stresses. 
In contrast, at 0.15 J/cm², the amorphous damage zone exhibits 
significantly higher residual tensile stresses, and the deeper substrate 
maintains strong compressive stresses that are difficult to dissipate. This 

Fig. 7. Temporal evolution of the temperature field in diamond under single pulse femtosecond laser irradiation at different energy densities (0.1, 0.12, 
and 0.15 J/cm²). The color scale represents the instantaneous temperature distribution from 0 K (blue) to 10 000 K (red), illustrating the thermal response of the 
material during laser loading, unloading, and relaxation stages. Each row corresponds to a specific laser fluence, while each column shows the evolution at 
representative times, highlighting the effects of increasing energy density on heating intensity, thermal diffusion, and residual temperature retention. (a) This set of 
images shows the temperature evolution of diamond under laser irradiation at an energy density of 0.1 J/cm². (a1) shows the initial temperature gradient formed 
after 1 ps of laser irradiation, followed by a decline in the gradient (a2) and residual temperature at 2.5 ps (a3). At 3 ps, the temperature becomes more evenly 
distributed (a4), and after 51 ps (a5), the temperature is uniformly distributed across the material. (b) The temporal evolution of the temperature field at 0.12 J/cm²: 
(b1) shows the internal high temperature at 1 ps. The swelling zone forms by 2 ps (b2), and the residual temperature is observed at 2.5 ps (b3). The temperature 
remains higher, with more residual heat visible at 3 ps (b4), and the final stage at 51 ps (b5) shows uniform temperature distribution across the diamond. (c) The 
temporal evolution of the temperature field at 0.15 J/cm²: (c1) shows the internal high temperature immediately after laser irradiation. The blasting zone, showing 
significant material expansion, forms by 2 ps (c2). By 2.5 ps, residual temperature remains, and at 3 ps (c3), the temperature dissipates due to atom ejection. The final 
state at 51 ps (c5) shows residual temperature around the material, indicating sustained heat effects.
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finding indicates that high energy densities not only increase the depth 
and extent of damage zones but also freeze long-lived, multiscale re
sidual stress fields.

Integrating the evolution of temperature and stress fields reveals that 
the core mechanism of ultrafast laser-induced damage is a thermo–
stress–phase transition coupled process. High temperatures promote 
phase transitions, accompanied by volumetric expansion that drives 
intense compressive stress waves. Stress release and material flow pro
duce alternating tensile–compressive stress distributions at the surface, 
while ultrafast cooling freezes residual stresses at amorphous–crystal
line interfaces, forming long-lived subsurface damage structures. 
Notably, the residual tensile stresses under high energy density are 
strongly correlated with phase transitions and plastic deformation and 

may act as driving forces for subsequent crack initiation and propaga
tion, providing an explanation for the macroscopic ablation pits and 
surface delamination observed under high-energy irradiation Fig. 9.

At low energy density (0.1 J/cm²), the temperature curve shows a 
peak below 900 K, dropping rapidly back toward room temperature 
after pulse termination, indicating a shallow heat-affected zone and 
rapid thermal recovery during relaxation. At medium energy density 
(0.12 J/cm²), the corresponding temperature curve reaches nearly 1000 
K, while the pressure curve peaks above 2 GPa. Notably, after pulse 
unloading, the pressure exhibits a secondary rise at around 2 ps, 
reflecting a transient stress recovery caused by volumetric contraction 
during phase transformation. This process reveals the strong thermo–
stress–phase transformation coupling under ultrafast laser loading: high 

Fig. 8. Temporal evolution of hydrostatic stress in diamond under single pulse femtosecond laser irradiation at different energy densities (0.1, 0.12, and 
0.15 J/cm²). The color map represents hydrostatic stress, ranging from − 30 GPa (compressive, blue) to +15 GPa (tensile, red) during the laser loading phase, and 
from − 10 GPa to +10 GPa during the unloading and relaxation stages. Each row corresponds to a different laser fluence, while each column shows the evolution of 
stress at successive times, illustrating the transition from initial compression to relaxation and residual stress formation. (a) This series of snapshots shows the 
hydrostatic stress distribution during the laser loading and unloading phases at an energy density of 0.1 J/cm². At 1 ps (a1), compressive stress is observed at the laser 
impact site. As time progresses, the stress transitions to tensile stress at 2 ps (a2) and continues to evolve, with the formation of residual tensile stress by 3 ps (a3). At 
51 ps (a5), the material shows both residual tensile and compressive stress regions, indicating the material’s response and recovery after laser unloading. (b) The 
temporal evolution of hydrostatic stress at 0.12 J/cm²: At an increased energy density of 0.12 J/cm², the material exhibits similar behavior, with tensile stress 
initiating at 2 ps (b2). The compressive stress is seen in the early stages (b1) and transitions into residual tensile and compressive stress regions at later stages, 
particularly by 51 ps (b5), showing more pronounced effects of the higher energy density. (c) The temporal evolution of hydrostatic stress at 0.15 J/cm²: the material 
experiences more intense deformation. Initially, compressive stress is observed at 1 ps (c1), followed by significant tensile stress at 2 ps (c2). The stress profile shows 
further material alteration, including tensile stress and residual compressive stress (c4). By 51 ps (c5), both tensile and compressive residual stresses remain, indi
cating severe material deformation due to the higher energy input.
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temperature promotes phase transitions, and the associated abrupt 
volumetric changes feed back into the local stress field, producing a brief 

“rebound” in pressure after unloading. At high energy density (0.15 J/ 
cm²), the temperature peak exceeds 1100 K, suggesting that the system 

Fig. 9. Comparisons of temperature and pressure during the laser loading and unloading phase. (a) Time series of temperature under different energy 
densities: This graph shows the temperature evolution for energy densities of 0.1 J/cm², 0.12 J/cm², and 0.15 J/cm². Higher energy densities result in a higher peak 
temperature and slower cooling rate. (b) Time series of pressure under different energy densities: The pressure increases rapidly during laser loading, with higher 
energy densities producing higher peak pressures. The pressure then decreases as the material relaxes after unloading.

Fig. 10. Analysis of subsurface damage of diamond after single pulse laser. (a) MD snapshots of damage morphology after single-pulse laser simulations. (b) MD 
snapshots of A-A cross-sectional characterization in (a): The A-A cross-sectional view of the damage morphology from (a) reveals the depth and distribution of the 
damage, particularly focusing on the changes occurring beneath the surface. (c) AFM image of damage morphology after single-pulse laser experiment, the image 
shows the deformation caused by the laser and the resulting surface morphology. (d) B-B cross-sectional TEM characterization in (c): The B-B cross-sectional TEM 
image, taken from (c), shows the subsurface damage, including the bulged region that resulted from the laser impact, providing further insight into the material's 
response to the laser. (e) Low-magnification TEM image in the bulged region, where material deformation has occurred due to the laser impact. (f) HRTEM images of 
region e in (d): High-resolution TEM images of the bulged region (region e) from (d) reveal the detailed atomic structure of the damaged area, showing the formation 
of defects and structural changes. (g) HRTEM images of region g in (f): These images provide a more detailed view of the material's internal structure at a higher 
resolution, focusing on specific areas where nanostructural changes are observed. (h) HRTEM images of region h in (f): The final set of HRTEM images zooms into the 
graphite ring and planar-oriented graphite structures, showing the alignment of graphene layers and the transition from diamond to graphite under laser- 
induced stress.
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approaches or even surpasses the local sublimation threshold. The 
pressure curve shows a pronounced drop and subsequent fluctuations 
after unloading, reflecting the highly nonequilibrium nature of material 
removal and stress release processes.

The analysis of the subsurface damage in diamond after a single pulse 
of laser irradiation is shown in Fig. 10. As illustrated in MD snapshots in 
Fig. 10(a), laser energy deposition is highly localized to the near-surface 
region. The lattice structure predominantly retains sp³ bonding, with 
only localized sp² transitions forming a shallow amorphous layer. The 
damage is confined to residual surface amorphization, accompanied by 
slight bulging. The A-A cross-sectional view in Fig. 10(b) reveals the 
formation of a graphite ring and localized atomic vaporization, indi
cating significant structural changes. These observations are further 

confirmed by the AFM morphology in Fig. 10(c), which shows the same 
bulged structure. Fig. 10(d) presents a transmission electron microscopy 
(TEM) image of the B-B cross-section of the bulged region in Fig. 10(c). 
The low-magnification TEM image reveals a pronounced bulged region 
whose thickness decreases radially towards the periphery. A more 
magnified view of the bulged region in Fig. 10(e) highlights the 
complexity of the modified layer, showing a significant structural 
transformation at the atomic level. High-resolution TEM (HRTEM) im
ages provide direct evidence of the graphite ring formation, as shown in 
Fig. 10(f). These images confirm that the laser excitation drives the 
transition from sp3-bonded diamond to sp2-rich graphite configurations 
within the modified layer.

Further detailed HRTEM images in Fig. 10(g) and (h) reveal the 

Fig. 11. Crystal orientation-dependent structural evolution of diamond under single pulse laser irradiation. (a) MD snapshots of diamond on the (100) 
surface after laser loading 1 ps, showing a bulge upwards with a clear depth of damage zone forming. (b) MD snapshots of diamond on the (111) surface after laser 
loading 1 ps: At the (111) surface, a similar bulging occurs, but with a different depth and distribution of the damage zone, reflecting the surface’s distinct crystal 
orientation. (c) MD snapshots of diamond on the (111) surface after laser loading 1 ps (side view): The (111) surface displays a similar bulging effect with layer-by- 
layer damage formation. (d) MD snapshots of diamond on the (100) surface after laser unloading 50 ps. (e) MD snapshots of diamond on the (110) surface after laser 
unloading 50 ps, displaying a similar swelling zone as observed in (d), but with subtle variations in the size and shape of the damage zone, including a more 
pronounced spherical shape in the damage region. (f) MD snapshots of diamond on the (111) surface after laser unloading 50 ps: the damage zone evolves into an 
inverted fan-shape, and layer-by-layer exfoliation occurs. (g) HRTEM images of the interface between diamond and the modified layer, showcasing structural changes 
caused by the laser irradiation. (h) Magnified view of region (g) with IFFT/FFT analyses, revealing the cluster formation of the graphite layer at the interface. (i) 
Enlarged image of the diamond-modified layer interface with FFT analyses in region (i). (j) Enlarged image of the diamond-modified layer interface with FFT analyses 
in region (j).
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formation of nano-graphite layers and planar-oriented graphite layers, 
as well as characteristic hexagonal ring motifs. These findings delineate 
the structural pathway of diamond-to-graphite conversion, showcasing 
the dynamic evolution of diamond under ultrafast laser irradiation. The 
transition from a well-ordered sp3 lattice to disordered graphite regions 
is evidenced by the formation of a distinct graphite ring, demonstrating 
the complexity and depth of the laser-induced damage process.

These results reveal a clear mapping between energy density and 
damage mode. At low energy density, the response is dominated by 
stable amorphization and residual-stress-driven surface bulging, with 
essentially no material removal. Medium energy density produces 
deeper amorphization, the onset of surface graphitization, and more 
pronounced localized swelling. At high energy density, the system 
transitions to strong explosive ejection and blasting, marking a shift 
from confined structural modification to aggressive ablation. Overall, 
these observations demonstrate that increasing energy density drives the 
laser–diamond interaction through a progression of regimes, from 
localized amorphization to coupled graphitization vaporization, and 
ultimately to violent ablation, each characterized by distinct thermal 
and stress evolution signatures.

3.3. Atomic damage mechanism driven by crystal orientation

After laser irradiation on the diamond substrate, the laser propagates 
in all directions within the diamond. Due to the intrinsic anisotropy in 
the internal atomic structure of diamond, significant differences in 
damage are observed depending on the crystal orientation. However, 
these orientation-dependent damage differences are challenging to 
capture experimentally. In this section, the crystal orientation- 
dependent damage mechanisms of diamond under single pulse laser 
irradiation were systematically investigated using MD simulations for 
three low-index surfaces—(100), (110), and (111).

The snapshots of crystal orientation-dependent structural evolution 
are shown in Fig. 11. At the laser loading phase (1 ps), as shown in 
Fig. 11 (a-c), the damage mechanisms vary significantly across different 
crystal planes. On the (100) surface, a disordered amorphous carbon 
layer rapidly forms at the surface, while a distinct subsurface phase 
transition region shaped with an inverted triangular cross-section de
velops underneath. This results in the deepest amorphous damage zone. 
Carbon atoms within the laser-affected region migrate upwards, forming 
a prominent bulging morphology. For the (110) surface, the amorphous 
layer change is less pronounced, and the surface bulge takes on a 
shortened inverted triangular cross-section, indicating a more localized 
response. In contrast, the (111) surface exhibits an inverted fan-shaped 
damage zone with atomic-layer exfoliation, highlighting the significant 
anisotropy in structural response.

As laser unloading occurs at 50 ps, as seen in Fig. 11 (d-f), some 
subsurface damage regions partially recover. The (100) surface shows an 
inverted cone damage zone, the (110) surface forms a spherical damage 
zone, and a graphite layer appears at the damage zone interface. For the 
(111) surface, an inverted fan-shaped damage zone is observed. These 
results are further supported by the TEM images, which reveal detailed 
atomic structures at the interface between the pristine substrate and the 
modified layer.

Fig. 11(g) shows the atomic structure details at the interface between 
the intact diamond crystal and the damaged region, with white solid 
lines marking the boundary. The magnified image in Fig. 11(h) and 
corresponding FFT analyses confirm the formation of clustered graphite 
layers, evidenced by localized sp² fringes and diffraction rings charac
teristic of nanocrystalline graphite. In Fig. 11(i), the intact diamond 
lattice gradually transitions into layered protrusions, and the FFT from 
region (i) reveals the coexistence of diamond and graphite signals, 
suggesting a heterogeneous phase boundary. Notably, in Fig. 11(j), 
incipient nano-graphite layers are identified within the diamond lattice, 
with an interlayer spacing of approximately 0.335 nm corresponding to 
the (002) planes of graphite. The FFT further demonstrates that the 

region remains predominantly diamond-like, indicating the nucleation 
of sp² layers within the crystalline matrix.

To investigate the effects of the anisotropy on the subsurface thermal 
response in diamond under ultrafast laser irradiation, the spatiotem
poral evolution of temperature fields for the (100), (110), and (111) 
crystal surfaces was analyzed under single pulse laser excitation fol
lowed by relaxation, as shown in Fig. 12. The results reveal that dia
mond exhibits a highly localized and ultrafast thermal response under 
laser excitation, with distinct orientation-dependent anisotropic heat 
diffusion.

At the onset of laser irradiation, energy is rapidly deposited within 
the shallow subsurface region, leading to a steep temperature rise 
exceeding 4000 K in <0.5 ps. A pronounced vertical temperature 
gradient forms, characterized by an extremely hot surface layer and a 
much cooler underlying matrix. The bulk crystal structure remains 
largely intact, with the heat strongly localized near the irradiated sur
face, forming a confined temperature distribution. The (100) surface 
exhibits the most localized heating due to limited lateral heat conduc
tion, whereas the (110) and (111) surfaces, with higher in-plane thermal 
conductivities, show more uniform heat distribution across the surface.

As the pulse continues, localized temperatures increase further and 
surpass 8000 K. This intense thermal excitation weakens the sp³ bonds in 
the diamond lattice, triggering sp² phase transitions and atomic migra
tion toward the surface. The high-temperature region evolves into a 
distinctive shape depending on the crystal orientation. On the (100) 
surface, the heat-affected zone becomes vertically elongated, forming an 
inverted trapezoidal shape, reflecting limited lateral heat diffusion. In 
contrast, the (110) and (111) surfaces develop broader, laterally 
expanded high-temperature zones, with droplet-like morphologies due 
to their higher in-plane thermal conductivities. This difference high
lights the strong anisotropy in heat transport governed by the atomic 
arrangement in the crystal lattice.

Following the cessation of laser loading, rapid thermal relaxation 
occurs between 1 and 4 ps. The temperature field contracts quickly, 
indicating the shallow thermal diffusion characteristic of ultrafast laser 
processing. However, distinct differences emerge among the three sur
faces. The (100) surface, due to its dense vertical atomic packing and 
lower cross-plane thermal conductivity, demonstrates significant resid
ual heat accumulation near the surface, indicative of thermal trapping 
and slower cooling. The (110) surface retains elevated surface temper
atures in localized regions, with partial heat removal occurring via atom 
ejection. The (111) surface cools most rapidly, as its layered atomic 
structure promotes efficient heat dissipation, resulting in minimal re
sidual thermal energy after 4 ps.

These results illustrate the pronounced anisotropy in laser-material 
interactions, with each crystal surface exhibiting unique thermal 
response and damage characteristics under the same laser conditions. 
The (111) surface shows the most efficient heat dissipation and rapid 
cooling, while the (110) and (100) surfaces exhibit more pronounced 
thermal trapping and slower relaxation.

To gain deeper insight into the multiscale damage formation mech
anisms of diamond under laser processing, the temporal evolution of 
hydrostatic stress fields across different crystal orientation was system
atically analyzed, as illustrated in Fig. 13. The stress evolution process 
can be divided into three distinct stages: stress initiation (0–0.5 ps), 
stress region expansion (0.5–1 ps), and stress dissipation (1–51 ps).

During the initial phase of laser pulse irradiation, highly localized 
energy deposition near the surface leads to a rapid increase in temper
ature and volumetric strain, establishing a non-equilibrium high-pres
sure zone. Within 0.5 ps, rapid stress accumulation occurs in the lattice, 
and high-amplitude stress waves propagate quickly along both normal 
and radial directions. The spatial distribution of stress is strongly 
correlated with the laser energy deposition region, revealing the non- 
equilibrium nucleation mechanism of stress waves under ultrafast en
ergy input. The (100) surface exhibits the most rapid establishment of a 
high-pressure zone, while the (110) and (111) surfaces show more 
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gradual stress accumulation due to their higher in-plane thermal 
conductivities.

Between 0.5–1 ps, the combined action of stress waves and elevated 
temperatures drives the rapid deepening and lateral expansion of the 
high-stress region, forming a columnar high-pressure structure. This 
stage is characterized by multiscale damage mechanisms: (i) the com
bined effects of high pressure and temperature facilitate the transition, 
producing amorphous carbon and graphitized products, disrupting the 
lattice’s long-range order; (ii) localized near-surface instability mani
fests as surface bulging and subsurface swelling, precursors for material 
removal and surface reconstruction. The (100) surface exhibits the 
deepest heat-affected zone, forming an inverted cone shape due to 
limited lateral heat conduction. The (110) and (111) surfaces, with their 
higher thermal conductivities, show broader high-temperature zones 
with droplet-like morphologies, reflecting a strong anisotropy in heat 
transport governed by the atomic arrangement.

The stress evolution and residual stress retention exhibit pronounced 
crystal orientation dependence. For the (100) plane, a high-pressure 
zone is rapidly established during stress nucleation, transitioning to 
tensile stress upon unloading. Despite unloading, significant subsurface 
compressive residual stress persists at 50 ps, indicating the highest en
ergy retention and residual stress stabilization capability. The (110) 

plane demonstrates delayed stress expansion relative to (100), with 
stronger lateral diffusion. Post-unloading, subsurface compressive stress 
largely dissipates, accompanied by surface carbon atom ejection. The 
(111) plane shows the slowest stress expansion, with limited lateral 
spread. The surface exhibits a cyclic compressive-tensile stress response, 
where stepwise atomic layer bulging serves as a stress-release mecha
nism. After relaxation, the subsurface transitions predominantly to 
tensile stress, suggesting more complete stress release.

After laser unloading, rapid thermal relaxation occurs, but high- 
stress regions remain partially unreleased, especially at crystal- 
amorphous interfaces and within amorphized zones. Significant 
compressive residual stress persists up to 51 ps. This residual stress is 
primarily caused by several factors. First, non-uniform thermal 
contraction due to ultrafast heating and cooling generates steep tem
perature gradients, which result in imbalanced thermal shrinkage. 
Additionally, the elastic mismatch at multiphase interfaces, where dif
ferences in elastic modulus and thermal expansion coefficients between 
diamond, graphite, and amorphous carbon exist, leads to localized re
sidual stress accumulation at these interfaces. Furthermore, defect 
freezing during rapid solidification traps lattice distortions, contributing 
to the formation of long-lived residual stress fields.

The orientation-dependent behavior observed in this study can be 

Fig. 12. Spatiotemporal evolution of the temperature field on diamond surfaces with different crystal orientations under single pulse femtosecond laser 
irradiation at a fluence of 0.1 J/cm². The color scale represents the instantaneous temperature distribution from 0 K (blue) to 8000 K (red). Each subfigure il
lustrates the temperature evolution at specific time intervals during the laser–matter interaction, revealing both the heating (laser loading) and cooling (laser 
unloading) stages for different crystallographic surfaces. (a1)-(a4) Snapshots of spatiotemporal evolution of the temperature field on the (100) surface during the laser 
loading phase; (a5)-(a7) Snapshots of spatiotemporal evolution of the temperature field on the (100) surface during the laser unloading phase; (b1)-(b4) Snapshots of 
spatiotemporal evolution of the temperature field on the (110) surface during the laser loading phase; (b5)-(b7) Snapshots of spatiotemporal evolution of the 
temperature field on the (110) surface during the laser unloading phase; (c1)-(c4) Snapshots of spatiotemporal evolution of the temperature field on the (111) surface 
during the laser loading phase; (c5)-(c7) Snapshots of spatiotemporal evolution of the temperature field on the (111) surface during the laser unloading phase.
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attributed to the intrinsic atomic arrangements and thermal conduction 
anisotropy of the diamond lattice. The (100) surface, with its relatively 
open surface structure and vertical alignment of sp³ bonds, allows for 
rapid energy absorption and upward atom migration, promoting 
amorphization and volumetric expansion. The (110) surface, charac
terized by asymmetric bonding and lower atomic packing density along 
the laser incident direction, facilitates localized shear-induced trans
formations and anisotropic deformation patterns. The (111) surface, 
with its closely packed atomic planes, acts as a natural template for 
layered graphitization and inhibits random amorphization, resulting in 
delayed, yet highly ordered, structural evolution.

The laser-induced temperature rise initiates a cascade of physical 
responses that couple thermal, mechanical, and structural fields. As the 
absorbed energy rapidly increases lattice temperature, thermal expan
sion generates transient compressive stress in the heated zone due to 
confinement by surrounding colder material. Upon cooling, this stress 
state gradually evolves into residual tensile stress, especially near free 
surfaces. The resulting stress redistribution accelerates bond weakening 
in the heated region, promoting sp³→sp² hybridization and amorph
ization, as well as localized material removal when the tensile stress 
exceeds the cohesive strength. Therefore, the observed structural tran
sitions are not solely driven by thermal effects but emerge from the 
synergistic interaction between ultrafast temperature rise, stress accu
mulation and relaxation, and bond reconfiguration. The orientation- 

dependent stress evolution highlights the critical role of crystal planes 
in modulating energy retention, stress release, and structural recon
struction. The higher magnitude and slower relaxation of residual ten
sile stress in the (100) orientation suggest a greater tendency toward 
crack initiation, fatigue accumulation, and eventual interfacial delami
nation under repeated loading or thermal cycling. In contrast, the 
comparatively more uniform and rapidly dissipated residual stress in the 
(111) orientation may contribute to improved mechanical stability 
following laser modification. These results indicate that the stress field 
evolution is not merely a transient thermal artifact but may directly 
affect the durability, fracture resistance, and structural reliability of 
processed diamond components. Therefore, optimizing crystal orienta
tion and energy deposition strategies could be critical for precision laser 
micromachining where long-term material integrity is required.

4. Conclusions

This study elucidates the atomic-scale damage mechanisms of dia
mond under femtosecond laser irradiation by integrating systematic 
experiments with molecular dynamics (MD) simulations. The combined 
results demonstrate that both energy density and crystal orientation 
fundamentally govern the damage pathways, ranging from localized 
amorphization to widespread graphitization and violent ablation. Multi- 
pulse irradiation produces deep ablation pits through cumulative energy 

Fig. 13. Spatiotemporal evolution of hydrostatic stress on diamond surfaces with different crystallographic orientations under single pulse femtosecond 
laser irradiation at a fluence of 0.1 J/cm². The color scale represents hydrostatic stress ranging from − 10 GPa (compressive, blue) to +10 GPa (tensile, red). The 
laser–matter interaction process can be divided into three distinct stages: Stage I – stress initiation, Stage II – stress expansion, and Stage III – stress dissipation. Each 
subfigure illustrates the stress distribution at representative time intervals during the laser loading and unloading phases. (a1)-(a5) Snapshots of evolution process of 
hydrostatic stress on the (100) surface during the laser loading phase; (a6)-(a8) Snapshots of evolution process of hydrostatic stress on the (100) surface during the 
laser unloading phase; (b1)-(b5) Snapshots of evolution process of hydrostatic stress on the (110) surface during the laser loading phase; (b6)-(b8) Snapshots of 
evolution process of hydrostatic stress on the (110) surface during the laser unloading phase; (c1)-(c5) Snapshots of evolution process of hydrostatic stress on the 
(111) surface during the laser loading phase; (c6)-(c8) Snapshots of evolution process of hydrostatic stress on the (111) surface during the laser unloading phase.
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deposition, whereas single-pulse exposure primarily generates stress- 
induced surface bulging with minimal material removal.

Experimental characterizations reveal that laser-induced damage in 
diamond progresses through a sequence of interconnected step
s—bulging, swelling, melting/recasting, graphitization, and ablation. 
These observations establish that the dominant deformation and 
removal modes are controlled by the interplay of transient thermal 
spikes, stress-wave dynamics, and rapid bond rearrangement. Higher 
energy densities promote extensive phase transformations, surface 
graphitization, and explosive ejection, while lower energy regimes 
preserve structural continuity and confine the damage to near-surface 
amorphization.

MD simulations complement and extend the experimental findings 
by resolving the spatiotemporal coupling between temperature rise, 
stress-wave propagation, and carbon rehybridization at the atomic scale. 
The simulations confirm that crystal orientation strongly modulates 
stress focusing and damage evolution, with (111) planes exhibiting 
atomic-layer exfoliation and (100)/(110) planes experiencing more 
rapid stress transmission and pronounced surface deformation. These 
results demonstrate that laser–diamond interactions are highly aniso
tropic, shaped by both the crystallographic directionality of stress waves 
and orientation-dependent phase-transition pathways.

Furthermore, the study establishes that femtosecond laser–induced 
damage in diamond is governed by a thermo–stress–phase transition 
coupled mechanism. Stress waves determine the spatial reach of damage 
propagation, while localized phase transitions and plastic deformation 
drive structural reconstruction. Residual stresses, inherited from rapid 
thermal cycling and bond rehybridization, define the persistence and 
morphology of subsurface damage zones. Importantly, these mecha
nistic insights reveal that careful tuning of laser parameter
s—particularly energy density, pulse number, and crystal 
orientation—offers a viable strategy to minimize subsurface damage, 
control graphitization, and enhance the precision of micromachining in 
diamond and other ultra-hard materials.

In summary, this work provides new insights into the mechanisms 
underlying ultrafast laser-induced damage in diamond, emphasizing the 
critical influence of energy density and crystal orientation on material 
removal and structural evolution. In particular, the identified relation
ships among transient temperature rise, stress evolution, and phase 
transformation indicate that proper control of pulse energy, pulse 
accumulation effects, and crystal orientation selection may help sup
press deep amorphization and residual stress buildup, thereby mini
mizing subsurface damage. The findings offer practical guidance for 
optimizing laser parameters and crystal orientation in precision 
machining of superhard materials.
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