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Using the linear-response method, we investigate the phonon properties of β -cristobalite crystal under electronic ex-
citation effect. We find that the transverse-acoustic phonon frequency becomes imaginary as the electron temperature is
increased, which means that the lattice of β -cristobalite becomes unstable under intense laser irradiation. In addition, for
the optic phonon mode, the LO(H)–TO(H) splitting disappears when the electronic temperature reaches a certain value,
corresponding to the whole transverse-acoustic phonon branches becoming negative. It means that the electronic excitation
destroys the macroscopic electric field of β -cristobalite. Based on the calculated phonon band structures, some thermo-
dynamic properties are calculated as a function of temperature at different electronic temperatures. These investigations
provide evidence that non-thermal melting takes place during a femtosecond pulse laser interaction with β -cristobalite.
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1. Introduction
As one of the most common natural chemical compounds

on earth, silicon dioxide SiO2 plays an important role in many
technological and industrial applications.[1–5] Quartz, coesite,
cristobalite, and tridymite are the most widely known crys-
talline polymorphs of silica. They are stable or metastable un-
der ambient conditions. In addition, amorphous silica glass is
also commonly discovered in natural geologic environments
and applied in technology.

The radiation-induced processes of some silica mineral
phases, especially the α- and β -quartz, have been widely
investigated.[6–8] However, there are few studies about the ef-
fect of the ultra-laser radiation on cristobalite. As is well
known, laser radiation on a material (natural or synthetic)
gives rise to a large number of electrons transmitting from the
valence band to the conduction band, and leads to heating the
electrons to a high temperature (about 104 K) in a short time
(10–100 fs). Such a high electronic temperature would mod-
ify the interatomic bond, and lead to the instability of the host
lattice and then to a non-thermal phase transition.

As early as 1979, the non-thermal melting mechanism
was first proposed. Van Vechten et al.[9] figured out that
the diamond structure becomes unstable at excitation levels
of > 9% of the valence electrons. Reitze et al.[10] employed
femtosecond pump–probe techniques to investigate the melt-
ing dynamics of graphite. A high-reflectivity phase, lasting

less than 10 ps, appears when the surface is photoexcited at
an excitation fluence above 0.13 J/cm2. Using 200-fs elec-
tron pulses, Harb et al.[11] investigated the structural details of
freestanding films of polycrystalline and (001)-oriented crys-
talline Si at a high excitation level of carriers, and found an
electronically driven order-to-disorder phase transition in Si.
By using femtosecond time-resolved linear and nonlinear op-
tical spectroscopies, Sokolowski-Tinten et al.[12] investigated
the laser-induced ultrafast order–disorder transitions in sili-
con and gallium arsenide, and found that these transitions oc-
cur on a timescale of a few hundred femtoseconds. By ob-
serving the carrier-dependent changes in the potential energy
surface of InSb, Hillyard et al.[13] investigated the influence
of the carrier excitation on the stability of the tetrahedrally
bonded semiconductor. Their studies showed that extreme
carrier densities destabilize the crystal structure and lead to
non-thermal melting of InSb. In addition, theoretical investi-
gations have found that the transverse acoustic mode of several
semiconductors,[14–16] such as C, Si, Ge, GaAs, and InSb, be-
comes unstable if about more than 9% of the valence electrons
are excited into the conduction band. But neither experiments
nor calculations are available to find out whether cristobalite
undergoes such a non-thermal melting transition as semicon-
ductors C, Si, Ge, GaAs, and InSb[14–17] at the excitation lev-
els of > 9% of the valence electrons.

Under ambient pressure, there are two phases of cristo-
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balite, a low-temperature tetragonal form of space group
P41212, the α-phase, and a high-temperature cubic form of
space group Fd-3m, the β phase. The β -cristobalite as the nor-
mal product of devitrification in fused silica is stable at temper-
atures higher than 1470 ◦C. It undergoes a transition towards
a metastable structure and then a reversible transition towards
the α-polymorph at a temperature close to 227 ◦C, depending
on its crystallinity and the potential presence of impurities. In
this paper, we employ density functional theory to investigate
the phonon properties of the β -cristobalite crystal at different
electronic temperatures, and further discuss the influence of
the electronic excitation effect on the lattice stability. Then ac-
cording to the phonon dispersion curves, we study some ther-
modynamic properties under electronic excitation to find the
evidence of non-thermal melting during ultra-short pulse laser
interaction with β -cristobalite.

2. Computational method and technical details
There are two main methods to investigate the phonon

properties in theory: the frozen-phonon method[18] and
the linear-response method.[19,20] For the frozen-phonon ap-
proach, the force constant matrix can be obtained by perturb-
ing the positions of the atoms slightly and calculating the re-
action forces. It is necessary to use supercells of the origi-
nal cell when the interatomic interaction in the system is of
long range. So this method is also known as the supercell
method. The main advantage of this method is that any total
energy scheme can be used to evaluate the forces at a num-
ber of carefully selected distorted configurations. The original
frozen phonon scheme requires a displacement with a given
wave vector. The force constant matrix evaluation has been
used to calculate the interplanar force constants and thus the
phonon dispersion along high symmetry directions. The limit
of this method is that the amount of calculation is very high.
In addition, the longitudinal optic (LO)–transverse optic (TO)
mode splitting cannot be directly obtained for polar crystals,
and the electric field effect should be considered to amend the
phonon frequency at the high-symmetry Γ point.

For the linear-response approach, the time-consuming
supercell calculations are avoided. Based on the density-
functional perturbation theory (DFPT), this method evaluates
the dynamical matrix directly for a set of q vectors. The start-
ing point of the linear response approach is to evaluate the
second-order change in the total energy induced by atomic dis-
placements. Its main advantage is that it has no need to arti-
ficially increase the cell size for accommodating small q vec-
tors or for solving the long range interaction problem (force
constant matrix from supercell calculations). Phonons of arbi-
trary wave vector can be treated. For polar crystals, the LO/TO
mode splitting can be included.

In this paper, all the phonon calculations have
been done with density functional theory as implemented
in the open-source code ABINIT[21] within the linear-
response method. We employ the Wigsen–Goedecker–Hutter
pseudopotentials[22] combined with the local density approxi-
mation (LDA)[23] in our calculations. A plane-wave basis set
with an energy cutoff of 25 Hrtree is chosen to ensure a sta-
ble state of the system. The electronic self-consistent function
(SCF) convergence criterion is set to be 1.0×10−20 Hrtree.
The 2s, 2p electrons of O and 3s, 3p electrons of Si are explic-
itly included in the calculation. The valence electronic config-
urations are 3s23p4 for Si and 2s22p4 for O. In the first Bril-
louin zone (BZ), we sample a 6×6×6 Monkhorst–Pack grid
for the β -cristobalite crystal calculations. The structural op-
timizations are carried out using the conjugate gradient (CG)
algorithm. In addition, due to the fact that the electron at high
electronic temperature will occupy the high energy band, we
should carefully select the bands in our calculations. In this
work, the band number is set to be 30. The optimized lat-
tice parameter in our calculation for the face-centered cubic
β -cristobalite crystal is 7.465 Å, while the experimental lat-
tice parameter is 7.160 Å. Our calculation overestimates it by
4.3%. On the basis of our calculated lattice parameter, the
phonon dispersion curves of the β -cristobalite crystal at dif-
ferent electronic temperatures are obtained. By setting the dis-
crete broadening parameter, different electronic temperatures
are added to different systems.

Based on the phonon properties, the thermodynamic
functions can be calculated by summating phonon eigenstates
labeled with phonon wave vector q and phonon mode l. These
thermodynamic functions, such as the Helmholtz free energy,
the internal energy, the constant-volume specific heat, and the
entropy, as a function of temperature, can be obtained with the
phonon frequency ω = ω(q, l). We can express the Helmholtz
free energy F , the internal energy E, the entropy S, and the
constant-volume specific heat CV as

F = 3nN
∫
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where n and N are the number of atoms per primitive unit
cell and the number of primitive unit cells, respectively; g(ω)

is the phonon density of states, which satisfies the normal-
izing condition; and kB and h are the Boltzmann constant
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and the Planck constant, respectively. The phonon frequency
ω = ω(q, l) changes as the electronic temperature is elevated,
the above thermodynamic functions would be influenced by
the electronic excitation effect. In this paper, we investigate
these thermodynamic functions at different electronic temper-
atures.

3. Result and discussion
3.1. Lattice parameter of β -cristobalite crystal under in-

tense laser irradiation

To investigate the lattice parameter of the β -cristobalite
crystal under intense laser irradiation, we optimize the β -
cristobalite lattice at different electronic temperatures. The de-
pendence of the lattice parameter on electronic temperature Te

for the face-centered cubic (fcc) β -cristobalite crystal is shown
in Fig. 1.

7.80

7.70

7.60

7.50

0 0.5 1.0 2.01.5

kBTe/eV

a
/
A

Fig. 1. Lattice parameter of β -cristobalite as a function of electronic
temperature.

From Fig. 1, it can be seen that the face-centered cubic
lattice of β -cristobalite expands as the electronic temperature
is elevated. As is well known, the valence electrons of a semi-
conductor would be excited into the conduction band when
the semiconductor is irradiated by intense laser pulse. It fol-
lows the attractive bonding interaction between the atoms is
destroyed while the repulsive interaction is almost not affected
by the excited electron. The crystal is no longer in mechani-
cal equilibrium at the lattice constant a0, and would expand to
have a new equilibrium lattice constant a(Te) > a0. With the
increase of the electronic temperature, more and more valence
electrons are excited, and the attractive bonding interaction be-
tween atoms would be further weakened. Then the strength of
the repulsive force between atoms grows, and the equilibrium
lattice constant increases. This result is very similar to the
theoretical result obtained by Shokeen and Schelling[24] for
semiconductor Si and the experimental results[25,26] obtained
by using pulsed lasers to induce disordered crystalline Si sur-
faces.

3.2. Lattice dynamical properties of β -cristobalite crystal
under intense laser irradiation

For the β -cristobalite crystal, there are 6 atoms (2 Si
atoms and 4 O atoms) in a primitive unit cell. So the com-
plete phonon band structure consists of 18 phonon dispersion
curves. There are 3 acoustic branches corresponding to sound
propagation as q→ 0 and 15 optic branches.

Figure 2 shows our calculated phonon dispersion curves
of fcc β -cristobalite at different electronic temperatures. It
is noted that all the phonon frequencies decrease with the in-
crease of electronic temperature Te. For the acoustic modes,
we find that the phonon frequencies of the two lower trans-
verse acoustic (TA) branches entirely become imaginary when
the electronic temperature is raised to 2.0 eV. It indicates that
the softening of the transverse-acoustic phonons is due to the
thermal excitation of the electrons. The complete transverse
acoustic branch becoming imaginary is a clear signature of
lattice instability induced by the thermal electronic excitation.
The critical electronic temperature of the complete transverse
acoustic branch becoming imaginary for fcc β -cristobalite is
between 1.5 eV and 2.0 eV. Similar studies[16,27,28] have been
conducted for semiconductors Si, C, Ge, InSb, and GaAs, and
similar results have been obtained for them.

As is well known, for the ionic crystal, an LO–TO split-
ting exists at the center of the Brillouin zone due to the re-
moval of degeneracy between TO and LO phonons. The LO–
TO splitting also exists at the high-symmetry Γ point of zone-
center wave vector for atomic crystal β -cristobalite. As a polar
material, the face-centered cubic structural β -cristobalite crys-
tal also has a macroscopic electric field induced by the polar
distribution of molecular charge. This electric field affects the
LO phonons in the limit q→ 0, breaking the degeneracy of
the LO mode with the TO mode. So there also exists an LO–
TO splitting in the face-centered cubic structural β -cristobalite
crystal at the Γ point. For the β -cristobalite primitive unit cell,
there are 15 optic branches (includes 5 LO modes and 10 TO
modes). In theory, there are 5 LO–TO splittings. For conve-
nience, we divide them into three parts. For the optic branches
with frequencies larger than 1000 cm−1, we call them high
frequency optic modes, while the optic branches with frequen-
cies of 500–800 cm−1 and 0–400 cm−1 are called moderate
and low frequency optic modes, respectively. In this paper, we
merely discuss the LO–TO splitting for high frequency optic
modes, and call it LO(H)–TO(H) splitting. As is well known,
the LO–TO splitting is an important parameter to evaluate the
strength of ionicity for ionic crystals, while the LO(H)–TO(H)
splitting can be used to measure the strength of molecular po-
larity for an atomic crystal.[29] In Fig. 2, we mark the LO(H)–
TO(H) splitting on the phonon dispersion curves at different
electronic temperatures. It can be easily observed that the
LO(H)–TO(H) splitting of the β -cristobalite crystal decreases
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with the increase of the electronic temperature. When the elec-
tronic temperature reaches a certain critical value, the LO(H)–
TO(H) splitting disappears. For the β -cristobalite crystal, this
value is just the electronic temperature corresponding to the

whole TO branches becoming negative. It means that the in-
stability of the structure destroys the macroscopic electric field
in the β -cristobalite crystal, and leads to the disappearance of
the LO(H)–TO(H) splitting.
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Fig. 2. (color online) Phonon band structures of β -cristobalite crystal at different electronic temperatures: (a) Te = 0 eV, (b) Te =
1.0 eV, (c) Te = 1.5 eV, (d) Te = 2.0 eV.

Another interesting phenomenon can be easily seen in
Fig. 2. From the phonon dispersion curves at 0 eV in Fig. 2(a),
we can see that there are three gaps for the optic modes.
When the electronic excitation effect is considered, the gap
of high frequency optic modes and the gap of low frequency
optic modes disappear. But the gap between high and moder-
ate frequency optic modes still exists, and it increases as the
electronic temperature increases. In addition, the frequencies
of the optic modes decrease as the electronic temperature in-
creases, and approach asymptotically towards some limit val-
ues. For the high frequency optic branches, this limit value
is about 1000 cm−1, while the top of the moderate frequency
optic branches approaches about 600 cm−1and the boundary
between moderate and low frequency optic branches is broken
down.

3.3. Thermodynamic properties of β -cristobalite crystal
under intense laser irradiation

Based on the investigation of the phonon dispersion re-
lationship, the temperature-dependent phonon contributions
to the Helmholtz free energy F and the internal energy E at
different electronic temperatures are calculated and shown in
Fig. 3. From Fig. 3, it can be seen that the phonon free energies

at different electronic temperatures increase as the temperature
increases. In addition, the phonon free energy–temperature
curves move down with the increase of the electronic tempera-
ture. For the phonon internal energy E, the elevated electronic
temperature has a significant effect on it when the lattice tem-
perature is low, while the electronic excitation effect can al-
most be ignored when the lattice temperature is higher than
500 K.

Figure 4 shows the variations of phonon entropy S and
phonon heat capacity CV with temperature of the β -cristobalite
crystal at different electronic temperatures. It can be seen
that the phonon entropy S, as a measure of the uncertainty
associated with a random variable for the material system,
increases with increasing temperature at different electronic
temperatures. In addition, the phonon entropy–temperature
curve moves upward with increasing electronic temperature,
which means that randomness of the target system goes up
with the enhancement of the electronic excitation effect. A
significant increase in the phonon entropy–temperature curve
from Te = 1.0 eV to 1.5 eV is apparent in Fig. 4(a). This result
may be an indication of the β -cristobalite crystal undergoing
a phase transition from solid to liquid. From the variation of
the phonon dispersion relationship of the β -cristobalite crys-
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tal between Te = 1.0 eV and 1.5 eV, we can see that the trans-
verse acoustic phonon frequencies begin to become imaginary,
which means that the non-thermal melting is taking place. But
it is different from the result obtained for the zinc-blende struc-
ture InSb in our previous investigation.[30] For InSb, there ex-
ists a critical value, if the electronic temperature exceeds this
value, the phonon entropy–temperature curve would basically
remain unchanged. For the β -cristobalite crystal, there also
exists a critical electronic temperature at which a significant
increase in the phonon entropy–temperature curve occurs, but
if we further increase the electronic temperature, the phonon
entropy–temperature curve would still dramatically change.
This phenomenon shows that the non-thermal melting of InSb
may be a simple solid–liquid phase transition, while the non-
thermal melting of the β -cristobalite crystal is a much more
complicated process. In this process, the ordered structure
of the β -cristobalite crystal transforms into a disordered one.
What is more, the amorphous structure and the macroscopic
electric field disappear in the disordered structure and then
lead to the disappearance of the LO(H)–TO(H) splitting.

0 1000 2000

-6

-4

-2

0

F
/
1
0

5
 J
Sm

o
l-

1
E

/
1
0

5
 J
Sm

o
l-

1

Temperature/K

 0 eV
 0.5 eV
 1.0 eV
 1.5 eV
 2.0 eV

(a)

0 1000 2000
0

1

2

3

Temperature/K

 0 eV
 0.5 eV
 1.0 eV
 1.5 eV
 2.0 eV

(b)

Fig. 3. (color online) (a) Phonon contributions to Helmholtz free en-
ergy F and (b) internal energy E of β -cristobalite crystal at electronic
temperatures from 0 to 2.0 eV.

From Fig. 4(b), it can be seen that the electronic excita-
tion has a remarkable influence on the phonon heat capacity
at low lattice temperature. While when the lattice tempera-
ture reaches 1000 K, the electronic temperature almost has no

influence on the phonon heat capacity. In this range of temper-
atures, the electronic excitation effect has almost no influence
on the phonon heat capacity. This result suggests that the two-
temperature model is reasonable for simulating the interaction
process between ultra-fast laser and β -cristobalite at high tem-
perature.
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Fig. 4. (color online) Variations of (a) phonon entropy S and (b) phonon
heat capacity CV with temperature of β -cristobalite crystal at different
electronic temperatures from 0 to 2.0 eV.

4. Conclusion
We employ the density functional theory to investigate the

lattice parameter, phonon band structure, and thermodynamics
properties of the β -cristobalite crystal under electronic excita-
tion. The results show that the lattice of the β -cristobalite crys-
tal expands as the electronic temperature is elevated. A vari-
ety of anomalies are observed in the phonon dispersion curves
at high electronic temperatures. The LO(H)–TO(H) splitting
of the β -cristobalite crystal decreases with the increase of the
electronic temperature, and it disappears when the electronic
temperature Te reaches 2.0 eV. It means that the instability of
the structure destroys the macroscopic electric field in the crys-
tal. The disappearance of the macroscopic electric field may
mean that the order structure of the β -cristobalite crystal trans-
forms into a disordered one. In addition, based on the phonon
properties, the thermodynamic properties of the β -cristobalite
crystal are calculated as a function of temperature at different
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electronic temperatures. A significant increase is observed in
the phonon entropy–temperature curve in the electronic tem-
perature range from Te = 1.0 eV to 1.5 eV. It corresponds to
the variation of the phonon dispersion relationship of the β -
cristobalite crystal between Te = 1.0 eV and 1.5 eV. So it can
be considered as an indication of the phase transition from or-
der to disorder in the β -cristobalite crystal.
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