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Laser-induced melting plays a crucial role in advanced manufacturing technology and ultrafast science; 
however, its atomic processes and microscopic mechanisms, especially in a wide-gap ceramic, remain 
elusive due to complex interplays between many degrees of freedom within a timescale of ~100 fs. We 
report here that laser melting is greatly accelerated by intense laser-induced tunnel ionization, instead of a 
priori multiphoton absorption, in the archetypal ceramic magnesium oxide (MgO). The tunneling processes 
generate a large number of photocarriers and results in intense energy absorption, instantaneously altering 
the potential energy surface of lattice configuration. The strong electron–phonon couplings and fast carrier 
relaxation enable efficient energy transfer between electrons and the lattice. These results account well for 
the latest ultrafast melting experiments and provide atomistic details and nonequilibrium mechanism of 
photoinduced ultrafast phase transitions in wide-gap materials. The laser modulation of melting thresholds 
and phase boundary demonstrate the possibility of manipulating phase transition on demand. A shock 
wave curve is also obtained at moderate conditions (P = 2 GPa), extending Hugoniot curve to new regimes.

Introduction

   In the past decades, the rapid advancements of ultrafast laser 
technologies have enabled the ultrafast nonequilibrium dynam-
ics and controllable phase transitions in condensed matter [  1 ,  2 ]. 
The photoinduced electronic excitations not only manipulate 
the electronic properties of materials [  3 ,  4 ] but also instanta-
neously modulate lattice stabilities by changing the potential 
energy surfaces (PESs) of lattice configurations and ultrafast 
heating effects [  5 ]. The photoinduced lattice instabilities and 
directional forces lead to ultrafast atomistic dynamics at subpi-
cosecond timescales [  6 ], e.g., ultrafast nonthermal melting or 
amorphization processes [  7 ] and order-to-order structural 
transformations via specific phonon excitations [  8 –  10 ]. For 
example, the strong electronic excitations of ~10% valence elec-
trons to conduction bands featuring antibonding character were 
shown to trigger the ultrafast nonthermal melting in semicon-
ductors, e.g., Si [  11 –  13 ], Bi [  14 ], Ge [ 2 ,  15 ], and InSb [ 7 ]. On the 
other hand, the ultrafast heating effects originating from laser 
energy absorption and subsequent energy transfer also contrib-
ute to ultrafast thermal melting at a few picoseconds in metals 
[  16 –  19 ], which may lead to macroscopic ablation phenomena 
[  20 ]. Fortunately, by adequately optimizing operation setups, 
the laser-induced ultrafast melting can be employed to precisely 
process complex nanostructures of transparent material without 
macroscopic thermal damage [  21 ,  22 ].

   Recently, the photoinduced ultrafast melting and subse-
quent welding was experimentally demonstrated in wide-gap 
hard ceramic materials with high melting temperatures [  23 ], 
extending the melting objects from soft metals/semiconductors 
to hard insulating ceramics. However, the ultrafast mechanisms 
of photoionization, energy transfer, and atomistic dynamics of 
laser-induced ultrafast melting are lacking for these wide-gap 
crystalline materials. The linear single-photon absorption is 
the primary photoionization mechanism under weak laser irra-
diations for metals and semiconductors, while the nonlinear 
processes, e.g., multiphoton processes and tunnel ionizations, 
should also play a key role in photoionization under intense 
laser irradiations especially for wide-gap materials [ 20 , 22 ,  24 –  26 ]. 
Furthermore, the coupled ionic motion and energy transfer 
pathway should resort to real-time nonadiabatic processes of 
photoexcited materials [  12 , 13 ,  27 ]. As an example, magnesium 
oxide (MgO) is one of the prototypical ceramic materials exhib-
iting a high melting temperature (~3,200 K) and a wide band 
gap (~6.0 eV). It is widely used in realistic applications owing 
to its excellent physical and chemical properties, and thus, the 
laser-induced ultrafast melting of MgO is critical to both manu-
facturing technologies and ultrafast science. In addition, the 
laser-induced extreme conditions provide a novel avenue to 
study extreme condition physics [  28 ]. The experimental works 
studied the principal shock Hugoniot curve under high pressure 
(P) and temperature (T) conditions of MgO [ 28 –  31 ]. However, 
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the reported minimum pressure of Hugoniot curve of MgO is 
~100 GPa [  29 ], and a precise and complete characterization on 
a wide range of P-T conditions is highly desirable.

   In this work, we employ MgO as an example to investigate 
the nonequilibrium mechanisms of laser-driven ultrafast melt-
ing of wide-gap ceramic materials. Our study is based on real-
time time-dependent density functional theory (rt-TDDFT) 
molecular dynamics (MD) simulations, which was shown to 
describe well the complex interplays among different degrees 
of freedom in photoexcited materials [ 6 , 10 , 12 , 26 ,  32 –  34 ]. The 
intense 1,028-nm and 191-nm laser pulses with intensity I rang-
ing from 0.76 to 47 TW/cm2 are used to excite the MgO crystal. 
The detailed simulation methods are shown in Materials and 
Methods. We reveal that lattice melting is drastically enhanced 
under intense longer-wavelength laser pulse irradiations, which 
is attributed to strong-field-induced tunnel ionization. The tun-
nelling processes result in strong electronic excitations and 
energy absorptions. The changes of PES and heating of atomic 
systems both lead to the femtosecond lattice dynamics and melt-
ing processes of MgO. A shock wave curve can also be obtained 
at moderate pressure (P = 2 GPa), which extends Hugoniot 
curve to moderate conditions. The obtained melting line can be 
recognized as a unique boundary between B1 (NaCl-type struc-
ture) and liquid phases with nonequilibrium electronic states. 
Our work offers a first-step in-depth microscopic understanding 
of ultrafast homogeneous melting of ceramics in the ultimate 
timescale (~100 fs) and spatial scale (~1 nm) and presents an 
effective approach for rationally triggering ultrafast phase tran-
sitions using parameter-optimized laser pulses.   

Methods
   The TDDFT-MD simulations were carried out using the time-
dependent ab initio package (TDAP) [  35 –  38 ] based on SIESTA 
[  39 –  41 ]. TDDFT-MD naturally includes nonadiabatic electron–
electron scattering and electron–phonon scattering by solving 
time-dependent Kohn–Sham equations [  42 ], and describes well 
the ultrafast nonadiabatic dynamics of MgO following photo-
excitation. We employ the Troullier–Martin pseudopotentials 
[  43 ] and the Perdew, Burke, and Ernzerhof (PBE) [  44 ] exchange-
correlation functional, and adopt the auxiliary real-space grid 
equivalent to a plane-wave cutoff of 300 Ry. The calculated band 
gap is ~2 eV, almost one-third of experimental gap of ~6.0 eV. 
The simulation cell contains 64 atoms of the NaCl-type (B1) 
phase of MgO [  30 ]. The velocity gauge is used to enable the 
periodic electric fields in TDDFT-MD simulations. A Monkosrt–
Pack grid of 3 × 3 × 3 is used to sample the Brillouin zone. The 
initial atomic position and velocity were sampled from a Born–
Oppenheimer MD simulation at 300 K in constant particle 
number–volume–energy (NVE) ensembles. We use the time 
step of 0.05 fs for the electrons and ions in nonadiabatic simula-
tions. The Gaussian wavepacket is used to represent the laser 
pulses, with the pulse width ~40 fs centered at t = ~50 fs. The 
laser intensity (I) ranges from 0.76 to 47 TW/cm2. We choose 
the long-wavelength (LW) laser pulses of 1,028 nm (photon 
energy 1.2 eV, about half of the calculated band gap ~2 eV of 
MgO) to trigger the lattice dynamics of MgO crystal, which is 
similar to experimental setups [ 23 ]. At the same time, the short-
wavelength (SW) laser pulses of 191 nm (photon energy 6.5 eV) 
are also employed to directly compare the linear and nonlinear 
photoexcitation and the succeeding lattice dynamics. We note 
that the photon energy 1.2 eV of long wavelength is less than 

both the calculated band gap of 2.0 eV and experimental band 
gap of 6.0 eV, and the photon energy 6.5 eV of short wave-
length is greater than both the calculated band gap of 2.0 eV 
and experimental band gap of 6.0 eV. Therefore, the photo-
ionization mechanisms are not changed despite the different 
band gaps.   

Results
   Figure  1  displays schematically the microscopic dynamics of 
MgO ultrafast melting process under intense laser irradiations. 
The lattice structure receives a large amount of heat energy 
under the irradiations of LW 1,028-nm laser pulses (photon 
energy ~1.2 eV, about half of the calculated band gap of 2 eV), 
while the heating effect is relatively weak under the SW 191-nm 
(photon energy ~6.5 eV) laser irradiation. What is more, the 
heating effects exhibit different tendencies with laser intensity 
for the 2 laser pulses. The obtained characteristic lattice struc-
tures are shown in the inset of Fig.  1 A. It is clear that the LW 
laser pulses lead to severe structural distortions and amorphiza-
tion, whereas the variations of the crystal structure are negli-
gible under SW laser pulses. The distinct heat accumulations 
and lattice dynamics correspond to the diverse photoexcitation 
mechanisms and energy transfer pathways, which is dependent 
on the relationship between laser intensity, photon energy, and 
band gap of MgO. For the intense LW laser pulses used here, 
strong-field tunnel ionization gives rise to the substantial elec-
tronic excitations and energy absorptions (Fig.  1 B), which also 
instantaneously changes the PES of lattice structures. However, 
due to the finite local electronic density of states in conduction 
band, the discrete single-photon and 2-photon excitation pro-
cesses give the limited electronic excitation and energy absorp-
tions by SW laser pulses (Fig.  1 C).        

   The photoinduced lattice instabilities and melting processes 
can be determined with the Lindemann criterion [  45 ,  46 ]. 
According the Lindemann criterion, MgO crystal is considered 
to be melted when the atomic root mean square displacement 
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Fig. 1. The lattice heating effects with laser intensity and the microscopic mechanisms 
of laser melting. (A) Lattice kinetic energy at 100 fs as a function of laser intensity 
for SW 191-nm laser pulses and LW 1,028-nm laser pulses. The characteristic lattice 
configurations are shown in the inset. The schematics of microscopic mechanisms 
of MgO electronic excitations and melting processes under (B) LW laser pulses and 
(C) SW laser pulses.
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(RMSD),  
⟨

u2(t)
⟩1∕2   , reaches the critical value of Rc﻿ = 0.32 Å 

(defined as melting line here, roughly 15% of the Mg–O bond 
length). On Born–Oppenheimer PESs, the RMSD is well below 
﻿Rc﻿ with temperature below thermal melting point of ~3,200 K. 
Figure  2 A and B shows the evolutions of RMSD under irradia-
tions of SW and LW laser pulses, respectively. For the SW laser 
pulses, the maximums of RMSD are all located below the melt-
ing line for laser intensity I ranging from 3 to 47 TW/cm2, 
reflecting the finite lattice heating and stability of lattice struc-
ture. In sharp contrast, the RMSD surpasses the melting thresh-
old Rc﻿ within 100 fs for the LW pulses with I ≥ 15 TW/cm2. 
Then, the RMSD fluctuates with a large average value for I 
ranging from 15 to 24 TW/cm2 and diverges for I ≥ 24 TW/cm2. 
The corresponding snapshots of lattice structures are shown in 
Fig.  S1 A. The divergence of RMSD and the convergence of 
radial distribution functions (Fig.  S1 B) unambiguously dem-
onstrate the photoinduced ultrafast melting of MgO for I ≥ 
24 TW/cm2. For I from 15 to 24 TW/cm2, the large RMSD 
corresponds to the disordering and amorphization of lattice 
structure, and the amplitudes reflect the extent of configuration 
amorphization. Then, the subsequent relaxation leads to the 
restoration of PESs and the partial recovery of lattice structures, 
and the stronger electronic excitations require more time to 
relax. At this range, the atomic temperatures are still less than 
thermal melting point (Fig.  S2 ). This is also regarded as “melt-
ing” in time-resolved x-ray diffraction experiments [ 46 ], where 
the structural disorders lead to the rapid decreases of diffrac-
tion intensities. Therefore, the LW laser can efficiently induce 
the lattice melting of MgO crystal.        

   The distinct lattice dynamics of MgO result from different 
photoexcitation strengths and photocarrier evolutions. The 
laser irradiations excite the valence electron to the conduction 
band, and the photocarriers then undergo the relaxation pro-
cesses. Figure  3 A shows the representative evolutions of photo-
excited electrons for the LW and SW laser pulses. The electronic 
excitations are strongest at t 1 ~ 51 fs when the laser intensity 
reaches its maximum for LW laser pulses, and then decrease 
until the end of laser pulse (t 2 ~ 100 fs). Figure  3 B exhibits the 
photoexcited electrons with the intensities of SW and LW laser 
pulses at t 1 and t 2, respectively. With the critical laser intensity 
﻿I th ~ 15 TW/cm2, the LW laser pulses excite a large fraction 
(approximately 11%) of the valence electrons to the conduction 
band at t 1, and the excitation fraction is close to the reported 
threshold (~10%) in ultrafast nonthermal melting experiments 
[ 14 ]. However, the numbers of photoexcited electrons are rela-
tively small for the SW laser pulses.        

   In general, the photoionization process is initiated by the reso-
nant absorption under above-gap laser irradiations. However, the 
intense laser irradiations here can lead to strong nonlinear pro-
cesses, e.g., multiphoton absorption and tunnel ionization. The 
significant roles of nonlinear processes were also observed in pho-
toexcited germanium [ 27 ] under intense laser irradiations of 
8 TW/cm2. The specific nonlinear transition pathways are deter-
mined according to Keldysh theory [  47 ,  48 ], and the Keldysh 
parameter  �    is defined as  �

eE0

√

mΔg    , where  �    is the laser fre-

quency, m is the reduced mass of the electron-hole pair, and  Δg    is 
the band gap of the material. The SW laser pulses have the Keldysh 
parameter γ > 1, and the multiphoton processes dominate the 
nonlinear transition pathway. The photoionization process 
includes the nonlinear 2-photon absorption besides the linear 
single-photon absorption. The single-photon absorption is the 
dominant ionization process under weak SW laser pulses (Fig. 
 S3 A). With the increase of SW laser intensity, the single-photon 
absorption is saturated due to the finite local electronic density of 
states (Fig.  S3 B and C), and the 2-photon absorption gradually 
contributes to the electronic excitation. As a result, the total excited 
electron ne﻿ shows a linear relationship with SW laser intensity (Fig. 
 3 C). On the other hand, the Keldysh parameter γ is less than 0.21 
(labeled by the black arrow in Fig.  3 D) for LW laser pulses with 
intensity above melting threshold I th = 15 TW/cm2, and thus, the 
nonlinear transition pathway is accounted by tunnel ionization 
(Fig.  S3 F), and ne﻿ scales as I 0.5﻿. However, the finite electronic den-
sity of states also restricts the 2-photon processes under weak 
LW laser irradiations (Fig.  S3 D), and the joint contributions 
of 2-photon processes and tunnel ionizations lead the linear rela-
tionship for weaker LW laser pulses (Fig.  S4 ). The single-photon 
process is absent for LW laser due to the small photon energy. The 
relationship between electronic excitation and LW intensity in Fig. 
 3 D is well consistent with that of photoexcited fused silica [  49 ]. 
The tunnelling electrons can be broadly distributed on the con-
duction bands for LW pulses, while the discrete electronic dis-
tributions show up in single-photon and 2-photon absorption 
depending on the specific local electronic density of states and the 
rate of photocarrier relaxation. As a result, the LW laser leads to 
stronger electronic excitations than SW laser owing to a large 
number of electronic transition pathways. It is noted that the 
underestimation of band gap leads to the overestimation of transi-
tion intensity from multiphoton absorption to tunnel ionization 
by a factor of ~1.7 and overestimates the tunnel efficiency for long 
wavelength laser pulses.
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   After the laser pulses, the remaining electronic excitations 
have only less than 5% valence electrons at t 2 for LW laser 
pulses. The fast electron-hole recombination accounts for the 
decrease of electronic excitations and leads to energy transfer 
to atomistic systems, and thus, the atomistic temperatures rap-
idly increase during the LW laser pulses (Fig.  S2 ). The electron-
hole recombination can be determined from the differences 
between the numbers of excited electrons at t 1 and t 2. The car-
rier recombination is relatively weak for the SW laser pulses. 
The LW laser irradiations trigger the effective electronic excita-
tion and fast electronic relaxation in MgO during the laser 
pulses. We note that the avalanche effects are not included in the 
simulations due to finite simulation cell, and the avalanche effects 
play a key role via impact ionization processes for picosecond-
long laser pulses.

   The distinct carrier evolutions and energy transfer efficien-
cies of 2 laser pulses are attributed to the different carrier–
carrier and carrier–phonon scattering processes, which also results 
in the unique distributions on time-dependent electronic density 
of states. At the initial stage, the tunnelling electrons exhibit 
the exponential distribution with the energy differences for LW 
laser pulses (Fig.  S5 ). The continuous carrier distribution and 
Bloch oscillation of photocarriers [  50 ] accelerate the carrier–
carrier scattering processes, which enables the broad redistribu-
tions of photocarriers in the electron energy bands and promotes 
the fast equilibrium process within electronic subsystems. 
However, the discrete single-photon and 2-photon absorptions 
lead to the local occupations of photocarriers for SW laser 
pulses, which restricts the carrier–carrier scattering processes 
as shown in Fig.  4 A. Further, the carrier–phonon scattering also 
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shows the different rates for both laser pulses. We choose the 
electron–phonon coupling (EPC) matrix diagonal elements gii﻿ 
of lowest unoccupied band at Γ point and the transverse optical 
(TO) phonon reflecting Mg–O bond length oscillation as an 
example (Fig.  S6 ). The gii﻿ value is 256 meV/Å under LW laser 
irradiation, which is 4 times larger than that of 57 meV/Å under 
SW laser irradiation with the same laser intensity. The strong 
EPC under LW laser irradiation enables the efficient energy 
transfer from carriers to the lattices during laser pulses (Fig.  S2 ) 
and contributes to the fast electron redistribution as well. As a 
result, the tunnel ionization and fast relaxation lead to a broad 
distribution of photocarriers for LW laser pulses (Fig.  4 B), while 
the photocarrier distribution remains discrete for SW laser pulses 
due to selective electronic transition and weak scattering processes 
(Fig.  4 A). The faster energy transfer accounts well for the enhanced 
heat accumulations under LW laser pulses in Fig.  1 A.                

   After the 100-fs-long photoexcitation and relaxation, the elec-
tronic subsystems relax into quasi-equilibrium states for LW laser 
pulses as shown in Fig.  S7 , and the instantaneous electron occu-
pation exhibits the quasi-Fermi–Dirac (FD) distribution with a 

high electronic temperature [  51 ] of ~25,000 K for LW with I = 
24 TW/cm2. The strong electronic excitations lead to phonon 
softening and the emergence of imaginary phonons in reciprocal 
space (Fig.  S8 ), demonstrating the changes of PESs of lattice con-
figurations. From t = 100 fs to t = 300 fs, the absorbed laser 
energy is continuously transferred from electrons to the lattice 
by EPC processes, and thus, the electronic subsystems gradually 
cool down (Fig.  S7 ). The lattice receives the deposited energy 
and even reaches the thermal melting temperature within 300 fs 
for LW laser intensity above 21 TW/cm2 (Fig.  S2 ). Furthermore, 
the atomic velocity distributions deviate from the equilibrium 
Maxwell distribution in Fig.  4 C, which demonstrates the non-
equilibrium atomistic state and selective phonon excitations. As 
a result, the photoinduced ultrafast melting takes place at the 
femtosecond timescale (~100 fs) in a homogeneous manner 
owing to the changes of PESs and heating of atomic subsystems. 
This is in sharp contrast with the nucleation-growth manner at 
picosecond timescales (>10 ps) in classical nucleation theory. 
We note that the photoinduced ultrafast melting results in the 
final melting of crystal lattices when the energy absorbed 
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surpasses that for thermal melting; otherwise, the amorphous 
structure will recrystallize after picosecond-long relaxation [  52 ]. 
The photoinduced ultrafast melting features the nonequilibrium 
electronic and atomic states, ultrafast timescales, and homoge-
neous nucleation.   

Discussion
   Besides MgO, we also perform simulations for other ceramic 
materials such as aluminum nitride (AlN), which shows similar 
melting processes under the SW and LW laser pulse irradia-
tions (Fig.  S9 ). Figure  S10  shows that the fluence thresholds for 
melting or damage decrease with the decrease of photon ener-
gies for a variety of wide-gap materials, and various laser wave-
lengths are employed. The decrease of photon energy leads to 
the decrease of Keldysh parameters and the enhancements of 
tunnel ionization processes, which accelerates the electronic 
excitations and ultrafast melting dynamics. The above evi-
dences imply a universal mechanism of photoinduced ultrafast 
melting for wide-gap materials.

   A detailed characterization of MgO evolution is obtained 
on a wide range of pressure–temperature conditions (especially 
at moderate pressure regime) as shown in Fig.  5 . Three phases 
of MgO are present in its phase diagram: the B1 phase [ 30 ,  53 ], 
the liquid phase, and a high-pressure phase with CsCl-type (B2) 
structure [  54 ]. A nominal phase boundary between B1 and 
liquid phase can be obtained under laser irradiations with 
intensity exceeding the damage threshold. The predicted melt-
ing line lies below that for thermal equilibrium phase transition 
by Soubiran and Militzer [ 29 ], corresponding to the softening 
of PES via electronic excitations [  55 ]. Coincidently, the non-
equilibrium melting line has the same tendency with the pre-
heated Hugoniot data (at T 0 = 1,850 K) by Fat’yanov et al. [ 56 ].

   Our advanced TDDFT-MD approach enables us to simulate 
the generations of shock waves and extend it to moderate pres-
sure regimes (P = 2 GPa) (Fig.  5 ). The Hugoniot line at P = 1 to 
100 GPa is of great significances for geoscience and planetary 
science, phase transitions of materials, and explosion engineer-
ing, as these processes usually take place at P = 1 to 100 GPa. 
However, the requirements of high accuracy and computa-
tional burdens restrict the study of Hugoniot line at this range 
in previous studies [ 29 ]. Here, the shock curve under the laser 
irradiations can be calculated by recording the temperature and 
pressure at the maximum amplitude of laser pulse (Fig.  S11 ). 
The obtained smallest pressure is ~2 GPa at the Hugoniot line 
(Fig.  S12 ). The predicted shock curve in B1 phase is close to 
the experimental single-shock data [ 30 ], and its extrapolation 
at large pressure regime is consistent with the decaying shock 
measurements [ 28 , 31 ], which demonstrates the reliability of 
our prediction method and the extension to moderate regimes. 
The inclusion of the nonequilibrium states makes the shock 
curve prediction more realistic, and the predicted shock curve 
exhibits better consistency than estimations from empirical 
Hugoniot curve [ 29 ].   

Conclusion
   In conclusion, the coupled electron–lattice dynamics of MgO 
under laser illuminations are investigated based on first-
principles quantum-classical dynamics simulations. The lower 
intensity threshold of ultrafast melting under LW laser pulses 
is attributed to the strong-field-induced tunnel ionization pro-
cess, and a large number of valence electrons are excited to the 
conduction bands leading to intense energy absorption. The 
instantaneous changes of PES and fast energy transfer from 
electrons to the lattice via strong EPC lead to ultrafast lattice 
response and subsequent melting of crystal structure. This work 
not only offers new insights into the nonequilibrium mecha-
nisms of laser-induced phase transition in ceramics but also 
demonstrates the possibility of manipulating phase transition 
at ambient conditions via laser irradiations. Our study is of 
great significance to ultrafast physics, extreme condition phys-
ics, and advanced material manufacturing.   
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Fig. 5. Phase diagram of MgO including shock wave curves and melting lines under 
laser irradiation. The gray lines (Soubiran and Militzer [29]) denote the phase 
boundary between the B1 (NaCl-type structure, purple), liquid (pink), and B2 (CsCl-
type structure, green) phases. The thick lines correspond to the shock curve calculated 
here (red) and the Hugoniot curve from literature (blue) (Soubiran and Militzer [29]) 
for the B1 phase. The experimental results of single shocks (Svendsen and Ahrens 
[30]) and decaying shocks (McWilliams et al. [28]; Bolis et al. [31]) are also included. 
The melting data under laser irradiation (black circle) can be fitted linearly (black 
dashed dotted line), which have the same tendency with the experimental Hugoniot 
curve (purple diamond square) measured after preheating (Fat’yanov et al. [56]).
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