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Different effects of electronic excitation on metals and semiconductors
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We study the electronic excitation effect upon ultrafast and intense laser irradiation on the stability of target

materials, using density functional perturbation theory. The target materials include metals (Li, Na, Mg, Al, K, W,
Au), Bi as a semimetal, and Si as a semiconductor. We found that the electronic excitation had different effects on
the two distinct materials. For metals, the electronic pressure induces an increase in the shear modulus and presents
a negative effect on the phonon entropy, which increases the lattice vibration frequency and melting temperature,
leading to a higher stability for the close-packed structure (Al, Au, Mg). Conversely, the electronic pressure
induces a decreasing trend in all these quantities, leading to a lower degree of stability and even a structural
destabilization in the case of bcc-structured metals (W, Na, K, and Li). For semimetals and semiconductors,
the internal pressure induces a completely opposite behavior with respect to close-packed structure metals. This
can lead to structural destabilization for semimetals and even collapse for semiconductors. Finally, a shift of the
Raman and infrared active modes is revealed for semimetals and semiconductors.
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I. INTRODUCTION

Energy is first transferred to the electronic system when
a solid surface is irradiated by intense femtosecond laser
pulses, and then electrons thermalize to a temperature of about
10*K, leaving a “cold” lattice. The whole electron-lattice
system is left in an out-of-equilibrium condition. Gener-
ally, intense femtosecond laser pulses can induce different
physical effects on the materials, such as the excitation of
coherent phonons [1,2], ultrafast solid-to-solid transitions
[3-8], nonthermal melting [9-17], and phonon squeezing [18].
Typical structure responses can be classified into two distinct
categories: nonthermal effects and thermal effects. Ultrafast
nonthermal melting processes must occur in materials with
an anomalous phase diagram with d7,,/dP < 0, where T,
is the melting temperature and P is pressure, such as
in semiconductors and semimetals; while relatively slower
thermal melting processes are the most favored mechanisms in
all other materials, particularly, in materials having a normal
phase diagram with d7,,/d P > 0, such as metals [19].

In semimetals and semiconductors, the potential energy
surface notably changes under the effect of electronic ex-
citation, inducing bond softening [20-25] and promoting
the antibonding state character of the conduction band. A
tight-binding model has been applied to study theoretically the
instability of the diamond structure of Si, Ge, C, and GaAs due
to a dense electron-hole plasma by Stampfli et al. [20,21]. By
analyzing the phonon dispersion curve at different electronic
temperatures, Recoules et al. [22] found an increase in lattice
stability for metals, as opposed to its weakening in the case of
semiconductors. Using the density functional linear-response
theory, Feng et al. [26] studied the lattice instability of dia-
mond structure semiconductors under intense laser irradiation.
AD initio molecular dynamics simulations under conditions of
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strong electronic excitation were performed on Si [25,27-30]
and InSb [12,31,32], showing a destabilization of particular
phonon branches of the lattice and the essentially athermal
nature of the melting transition. By performing ultrafast x-ray
diffraction probe experiments on laser-irradiated Ge, Siders
et al. [33] directly observed the nonthermal loss of crystalline
order both at the surface and in the bulk of the semiconductor
lattice. Moreover, both theory and experiment showed a
carrier-density-dependent lattice stability in semiconductors
and semimetals. An increase in the photoexcited carrier density
leads to a weakening in the crystal lattice, resulting in phonon
softening with a decreased phonon frequency [34-37].

In the case of metals, the dominating process is thermal
melting, and the force of interatomic interactions changes
dramatically after laser irradiation. The hardening of bonds
has been reported for Cu, Ag, and Au, while there is little
change for Al and TiO; until the electronic temperature 7,
reaches 6 eV. In the case of Mg, however, both softening
and hardening of the bonds have been reported as a function
of the electronic temperature [22,24,25,38,39]. Experiments
of femtosecond electronic diffraction have captured the ev-
idence for bond hardening in Au [40,41], and the ultrafast
structure dynamics in warm dense matter has also provided
a theoretical demonstration of interatomic bond strengthening
in Cu and Ag, as a function of electronic temperature [38].
The temperature-dependent electronic thermophysical and
thermodynamic properties of the eight representative metals
(Al, Cu, Ag, Au, Ni, Pt; W, and Ti) are found to be
very sensitive to details of the electronic structure of the
material [42—44].

In this framework, it is mostly believed that phonons
harden in metals and soften in semiconductors and semimetals.
Moreover, little attention is currently being paid to the different
origins of the stability of the whole system, especially for
semimetals. In this paper, we will employ density functional
perturbation theory (DFPT) to compute the evolution of
the phonon spectrum of semiconductors, semimetals, and
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representative metals (with fcc, bee, and hep structures)
at different electronic temperatures. Afterwards, we will
calculate the dynamical and thermodynamic properties of
all these materials. We will demonstrate that both bond
hardening and softening can occur in metals, where even
instability can also emerge. In particular, the semimetal Bi
exhibits a destabilization in particular phonon branches with
an increase of the electronic temperature. Based on this fact,
we will provide a deeper investigation of the physical origin
of electronic excitation effects on different crystal structural
stabilities.

II. COMPUTATIONAL DETAILS
A. Calculation scheme

All the calculations on the materials were performed with
the Vienna ab initio simulation package (VASP) code [45-47]
using the linear-response method, which is based on density
functional theory (DFT), and the projector augmented wave
method (PAW). In this paper, we use the PAW pseudopotential
and the generalized gradient approximation (GGA) as
the exchange-correlation functions designed by Perdew,
Burke, and Ernzerhof (PBE) [42,48-50], which can deal
with the exchange-correlation energy more effectively. The
3s23p1, 5d1%s!, 3s23p0, 5d*6s2, 3s13p0, 2s12p0, 3s23p64s
[1], 65s26p>, and 3523 p? valence electrons have been treated
explicitly for, respectively, Al, Au, Mg, W, Na, Li, K, Bi, and
Si in the calculations, while the more tightly bound electrons
are represented as core electrons. A plane-wave basis set with
an energy cutoff of 500 eV was chosen to ensure a stable
state of the system energy (except at 350 and 400 eV for Na
and Bi, respectively). The Brillouin zone (BZ) was sampled
by using 8 x 8§ x 8,7 x 7 x 7,16 x 16 x 16,5 x 5 x 5,
and 6 x 6 x 6 k meshes for metals (Li, Na, Al, K, Au), Mg,
W, Bi, and Si according to the Monkhorst-Pack scheme [51].
Moreover, suitable bands were employed to ensure the
availability of enough states for electrons to occupy even
at high electronic temperatures. Phonon calculations were
performed on a2 x 2 x 2 supercell. We have reoptimized the
structure at 7, and our calculations are made at Vq(7), as
detailed in the Supplemental Material [52]. In addition, the
thermodynamic functions were further evaluated at different
electronic temperatures from the phonon dispersion relations
and the phonon densities of states.

B. Finite-temperature density functional perturbation theory

There are two primary methods to calculate the phonon
dispersion: the direct method and the linear-response
method [53,54]. The direct method can be performed in
two forms: the frozen-phonon method [55] and the force
constant method [56,57]. The former is characterized by a
drawback derived from the need to perform calculations in
supercells, whose size depends on the commensurability of
the perturbation with the unperturbed periodic cell. Another
approach to the direct method uses the forces calculated via the
Hellmann-Feynman theorem in the total energy calculations,
deriving from them the values of the force constant matrices
assuming a finite interaction range, and hence the dynamical
matrix and phonon dispersion curves. The linear-response
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method, on the other hand, is based on the DFPT, which
allows one to calculate the response of the electronic system to
an applied perturbation self-consistently from first principles
and to calculate the effect of strain on a system. According
to the Hellmann-Feynman theorem, the second derivatives
of the total energy with respect to atomic displacements can
be obtained by the linear variation of the electron density
upon application of an external static perturbation. The
dynamical matrix, force constants, and phonon frequencies
can subsequently be calculated from the obtained values for the
forces and the displacements. Moreover, the DFPT approach
to the calculation of phonon frequencies has the following
peculiarity: The workload of the calculation is independent
of phonon wavelength, since there is no connection between
different wavelengths and the responses to perturbations.

Based on the application of the Hohenberg and Kohn the-
orem on many-body systems to the grand canonical ensemble
designed by Mermin [58], the effects of electronic excitation
were described by the dependent DFT which considers the
electrons as thermalized and a Fermi-Dirac distribution as a
function of the electronic temperature applied to the Kohn-
Sham eigenstates. In this case, the electronic free-energy can
be expressed as

Fy=E —T,Sa, 6]
and the electronic pressure can be expressed as
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where S is the electronic entropy, associated with the
occupation of a state, f is the Fermi-Dirac distribution
function, and n(E) is the continuous presentation of the density
of states.

C. Elastic properties

The elastic constants of a crystal are defined as the second
derivatives of the total energy density with respect to the
elements of the infinitesimal strain tensor. In this section,
we calculated the total elastic moduli matrix directly with
the stress-strain method based on DFT. The elastic stability
of the structure is characterized by the Voigt average shear
modulus. For cubic crystals, the Voigt average shear modulus
G = (3Cy44 +2C")/5, where Cy4 and C' = (Cy| — C13)/2 are
the two shear moduli of the cubic crystal. For hexagonal
crystals G = (M + 12Cy4 + 12C¢6)/30, where M = Cy; +
Ci2 +2C33 — 4Cy3and C' = (C1y — C12)/2. Using the elastic
moduli, we can determine the Debye temperature ®p at
different electronic temperatures, by using the following
relation in a given volume V,,:

h[3n (Nsp 1/3
Op=—|—— Vin. 4
o= il (57) @

The Debye-Lindemann theory assumes [22] that the melt-
ing temperature T, is linked to ® p by the relation 7,, = A@%,
where A depends on the density and the atomic mass. The
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FIG. 1. (a) The phonon spectra of Al obtained at different electronic temperatures. (b) Phonon frequencies of the TA and LA modes for Au

at high-symmetry X point as a function of the electronic temperature.

melting crystal temperature can be related to the electronic
temperature by the following equation,

T;n _ <®D )2
Tmo N ®D0 '

III. RESULTS AND DISCUSSION

®

In order to study the effects of electronic excitation on the
stability of the crystal structure, we calculated the dynamical
and thermodynamic properties of semiconductors and metals.
The phonon dispersion curves, the elastic moduli, and the
melting temperature of the representative metals Li, Na, Mg,
Al K, W, Au, semimetal Bi, and semiconductor Si are plotted
at different electronic temperatures.

A. fcc (Au, Al) and hep crystals (Mg)

The phonon spectra of Al, which is a typical fcc-structured
metal, are reported in Fig. 1(a) for different electronic
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temperatures. The phonon spectrum of Al shows a much
smaller change upon excitation, while the phonon frequency
of Au, shown in Fig. 1(b), has a prominent increase with an
increase in electronic temperature. Furthermore, it is possible
to notice that the phonon frequency of Al decreases by a little
amount below T, = 2 eV, and then increases until 7, = 7 eV.
However, the phonon frequency of Au decreases slightly
below T, = 1 eV; these results are nearly consistent with those
demonstrated by Darascewicz et al. [59]. Moreover, the rate
of change in the phonon frequency of Au gradually decreases
when the electronic temperature is above 4 eV. These results
are nearly consistent with the results from Recoules et al. [22].

Figure 2 shows the elastic constant C’, bulk modulus B,
shear modulus Gy, Young’s modulus Ej, Debye temperature
®p, and melting temperature 7,, of Al and Au as a function
of the electronic temperature. In the case of Au, an increase
in the electronic temperature leads to higher values for both
the melting temperature 7,, and the Debye temperature ©p,
as well as an increase in the elastic moduli. The trend for Al,
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FIG. 2. Electronic temperature-dependent elastic moduli, Debye temperature ® p, and melting temperature 7,, in (a) Al and (b) Au.
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FIG. 3. The phonon spectra of Mg obtained at different electronic
temperatures.

however, is different: The elastic constant C’ and bulk modulus
By gradually decrease until 7, =7 eV, while the melting
temperature 7,,, shear modulus Gy, and Young’s modulus
Eq decrease below T, =2 eV, and then increase at higher
electronic temperatures. Moreover, the melting temperature
T, and Debye temperature ®p decrease below T, =2 eV,
and then begin to increase with increasing 7,. By noting the
similarities in phonon frequency variations, we can conclude
that fcc-structured metals eventually become more stable
under electronic excitation.

We also studied the dynamics of Mg as a hexagonal-
structured metal, as shown in Fig. 3. The transverse acoustic
(TA) phonon frequencies decrease below T, = 3 eV at the
M and A points, and then increase for electronic tempera-
tures up to 6 eV. Conversely, the longitudinal optical (LO)
phonon frequencies increase monotonically with the electronic
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temperature. The elastic constant, elastic modulus, Debye
temperature ®p, and melting temperature 7,, of Mg show
a similar trend with the variations of the phonon spectrum.
Therefore, the crystal structure becomes more stable under
strong electronic excitation.

For a deeper investigation of the physical origin of elec-
tronic excitation effects, we present the relationship between
the electronic free energy F, the electronic internal energy E,
and the volume V at different electronic temperatures for Al.
Figures 4(a) and 4(b) show that the gradient presents a positive
trend in the temperature range from 7, = 300 to 10 000 K,
and it suggests that the electronic internal energy provides the
primary contribution to the free energy, which can be attributed
to an enhancement of the thermal excitation of electrons on
the electron specific heat of metals [43]. However, the F-V
curve has a negative gradient and continues to increase with
V, and the E-V curve maintains the same gradient when
T, is above 20 000 K. According to Egs. (2) and (3), the
electron entropy S, undergoes a significant modification as
a consequence of changes in the density of states, and the
increase of S, affects the electron external pressure P,, which
contributes to the thermal melting of the crystal. Namely,
P, directly yields effects on the stress state of a solid in
the presence of lattice strain, leading to an increase in the
shear modulus and in the hardening of the transverse acoustic
phonon frequency as the electronic temperature increases,
and eventually to an improvement of the stability of the
system.

From Figs. 4(c) and 4(d), we can see that both phonon
entropy S and phonon heat capacity C, increase with the lattice
temperature. Moreover, the electronic excitation negatively
affects both quantities. The smaller uncertainty associated
with a random variable leads to an increase in the melting
temperature. In other words, investigations on the phonon
entropy S confirm the stability of the lattice under strong
electronic excitation.
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FIG. 4. (a) Electronic free energy F' and (b) electronic internal energy E as a function of the volume V of Al at different electronic
temperatures; the arrow points in the direction of the electronic temperature increasing from 300 to 60 000 K. The lines correspond to 7, = 300,
2000, 10 000, 20 000, 30 000, 40 000, 50 000, and 60 000 K, respectively. (c) The phonon entropy S and (d) phonon heat capacity C, of Al at

different electronic temperatures.
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FIG. 5. The phonon spectra of (a) W and (b) Na obtained as a function of the electronic temperature 7,.

B. bcc crystals (W, Na, K, Li)

The variation of the lattice vibration frequency provides
important information about the lattice dynamic stability.
As shown in Fig. 5(a), variations of the lattice vibration
frequency of bcc-structured W are characterized by the
opposite trend as a function of electronic temperature with
respect to what was found for the fcc structures, reported in
Fig. 1(a). The phonon frequencies decrease along the I'-N
line as the electronic temperature is increased. In particular,
when the target materials reach 7, = 1.8 eV, the mode of the
transverse acoustic branch along the I'- N line begins to exhibit
an imaginary frequency contribution, which is maintained
up to T, = 3 eV, suggesting a destabilization of the lattice.
Conversely, the change of longitudinal acoustic (LA) branch
phonon frequencies can be neglected. This can allow that the
crystals occur at a slight instability.

In addition, we also calculated the elastic constant, elastic
modulus, and melting temperature 7,, of W as a function of
the electronic temperature; results are presented in Figs. 6(a)
and 6(b). All the computed quantities exhibit a slightly
decreasing trend in the case of W, except for the elastic
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constant Cy4. Still, we note that the stability of the crystal
structure decreases as a consequence of the decrease in the
shear modulus G. As found in previous works [60], the elastic
constant C’ decrease is a typical pretransition phenomenon
related to the transition from a bece to a close-packed structure.
Here, C’ is close to zero, which may indicate the onset of a
phase transition for W. Moreover, both the Debye temperature
®p and the melting temperature 7,, decrease, which is
attributed to the destabilized lattice resulting from the decrease
in the elastic modulus and the softening of the phonon modes
of the material.

The primary mechanism was investigated with the same
approach as was adopted for Al and Au. Namely, the electron
external pressure P, directly affects the lattice stress state,
leading to a decrease of the elastic modulus with increasing
electronic temperature. The lattice becomes destabilized and
the system eventually achieves a slight instability.

Similar dynamics calculations were carried out for the bce
crystal structure Na, finding a similar trend. It is thus possible
to hypothesize that the electronic excitation may promote
stability in fcc structures while restraining the stability for
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FIG. 6. Electronic temperature-dependent elastic moduli, Debye temperature ® p, and melting temperature 7,, in (a) W and (b) Na.
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bee structures. The same approach was adopted to calculate
the dynamics for the same group elements Li and K, which
are found as both bce and fec crystal structures at normal tem-
peratures. The transverse acoustic phonon frequency exhibits
a slight decrease or increase. C’ decreases for the bce phase
and increases for the fcc phase, providing confirmation of
the fact that bec structures have a lower stability compared
with close-packed structures. Moreover, imaginary phonon
frequencies appear at 7, = 0 eV for Li, disappearing when
T, = 0.75 eV; we can attribute this to the electron pressure
which leads the unsteady bcc phase towards stability.

To summarize, electronic excitation enhances the stability
of the close-packed crystal structure, showing a moderate
effect on the materials having bce and fcc crystal structures,
whereas bcc crystal structures exhibit a lower degree of
stability, even becoming unstable below 7, = 3 eV. This can
be explained by noting that the bcc structure is more open
than the close-packed structure. As a result, a bce structure
is more likely to undergo a structure transition towards an
fcc structure under electronic excitation. Eventually, it is
possible to hypothesize that the crystal structure could undergo
nonthermal solid-to-solid phase transitions from bcc to form a
close-packed structure above 7, = 3 eV.

C. Semimetal (Bi) and semiconductor (Si)

In the case of rhombohedral structure Bi, the optical and
acoustic phonon frequencies both decrease in the range from
T, =0 to 1.2 eV, as shown in Fig. 7(a).The acoustic modes
are not strongly affected by electronic excitation, except at
the A point, while there is a visible decrease in optical mode
frequencies. These results are consistent with the dispersion
curves from rhombohedral A7 phase Bi presented by Murray
et al. [36]. Furthermore, the A;, mode of the LO branch
exhibits a redshift from the equilibrium value under electronic
excitation, indicating the effect of phonon softening, and
the E, mode of LA branch shows a blueshift towards the
equilibrium value. This is consistent with the results measured
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from rhombohedral A7 phase Bi [34]. Above T, = 1.2 eV,
the mode of the transverse acoustic branch along the I'-K-M
line begins to include an imaginary frequency, which suggests
destabilization of the lattice. The band gap of the phonon mode
is 0.879 THz at room temperature, and its value increases with
electronic temperature until 7, = 2.7 eV, except for electronic
temperatures approaching 1.2 eV, which almost leads to the
disappearance of the phonon band gap.

In addition, Gonze et al. [61] demonstrated that spin-orbit
coupling (SOC) has a softening effect on all the phonon
frequencies. We calculated the SOC effect on the phonon
spectra at different electronic temperatures. Compared to the
phonon spectrum without SOC at 7, = 1.2 eV as shown in
Fig. 7(b), we found that SOC induced a slight decrease in the
optical mode frequencies. The effect on the transverse acoustic
branch mode can be ignored. Moreover, the transverse acoustic
branch mode with SOC along the I'-K-M line also shows the
beginning of an imaginary frequency at 7, = 1.2 eV. In other
words, the effect of SOC on the stability of Bi can be ignored.

As can be seen in Fig. 7(a), the phonon frequency undergoes
a redshift which leads to an asymmetric broadening on
the phonon density of states towards the lower-frequency
side. Therefore, the unique low-frequency tail of the phonon
density of states at higher electronic temperatures suggests a
substantial phonon mode softening.

The properties of bulk Bi are linked to its peculiar electronic
structure with a tiny electron and a portion of hole. The
relatively localized valence holes are redistributed between
the nearest-neighbor atoms at high electronic temperatures.
Local changes in hole density lead to changes in interatomic
interactions, resulting in a large internal pressure P [19],
which affects the stress state of a solid in the presence
of lattice strain. The strong force acting on the atoms can
accelerate their motion along the longitudinal direction of the
lattice, enhancing the degree of coupling between the A,
and the E, modes, or longitudinal and unstable transverse
vibrational modes. This can result in a stability decrease. On
the other hand, as a consequence of the thermal excitation

Frequency (THz)

N f * — without SOC
— * — with SOC

05 L L L L L

FIG. 7. (a) The phonon spectra and phonon densities of states with respect to the thombohedral Bi obtained at different electronic
temperatures. (b) The phonon spectra with respect to the rhombohedral Bi obtained at 7, = 1.2 eV.
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temperatures.

of the electrons, the external pressure P, induces electrons
to move out of their bonding states. Therefore, both internal
and external pressures concur in destabilizing the lattice.
Moreover, the localized stress leads to a redshift of all the
Raman active modes, whereas the infrared active modes
undergo a redshift below 7, = 1.5 eV, followed by a blueshift
at higher electronic temperatures.

Figure 8 shows the phonon spectra of Si at different
electronic temperatures. The optical and acoustic phonon
frequencies both decrease for electronic temperatures up to
1.5 eV. At higher temperatures, the transverse acoustic phonon
frequencies along the I'-X line begin to exhibit imaginary
frequencies, indicating that the lattice is becoming unsta-
ble. Furthermore, when T, = 2.15 eV, the whole transverse
acoustic phonon mode in the full Brillouin zone becomes
imaginary, which suggests that the lattice may be shrinking
or even collapsing. Finally, it is possible to notice that the
phonon frequency of the longitudinal optical branch decreases
all along.
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The elastic constant and elastic modulus of Si show sig-
nificant variations as a function of the electronic temperature,
steadily decreasing when it reaches the characteristic value
T, = 1.5 eV, while the frequency of the transverse acoustic
mode becomes imaginary and C’ becomes negative, as shown
in Fig. 9. The transverse acoustic mode gradually evolves
towards a completely imaginary frequency. However, the value
of C' is small enough to result in the local destabilization of
the lattice, with the subsequent onset of a phase transition.
Similar trends were observed for the average shear modulus
Gy, which can support the interpretation according to which
lattice instability is favored by a decrease in the shear moduli.
The strength of the bond corresponding to a characteristic
Raman peak becomes weaker, due to the localized stress
which leads to a redshift of the Raman active modes. We also
found that electronic excitation shows a positive effect on the
phonon entropy S and phonon heat capacity C,, which leads
to a decrease in the melting temperature. In other words, the
phonon entropy S and phonon heat capacity C, support our
results on the instability of the lattice under strong electronic
excitation.

Similarly to the semimetal Bi, local changes in the hole
density determine a large internal pressure P for the semicon-
ductor Si [19]. This pressure can cause the lattice to shrink
and eventually collapse with decreasing the shear moduli. The
phonon frequency of the longitudinal optical branch decreases,
and enhances the effective instability of the Si crystal by means
of coupling to the unstable acoustic branch phonon mode.

IV. SUMMARY

The different effects of electronic excitation on metals and
semiconductors are presented. For metals, due to the thermal
excitation of the electrons, the electron entropy S, undergoes
significant modifications with changes in the density of states.
The increase of S, generates an electron external pressure P,,
which leads to an increase in phonon vibration frequencies and
elastic modulus with a close-packed structure. Meanwhile, the
melting temperature of crystals increases with the electronic
temperature, which has a positive effect on the stability of
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FIG. 9. (a) Electronic temperature-dependent elastic moduli of Si. (b) The phonon entropy S of Si at different electronic temperatures.
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the crystal structure. On the other hand, the electron external
pressure P, induces an opposite trend in all these quantities
compared with the close-packed structure, with a lower degree
of stability, even leading to a structural destabilization at
higher electronic temperatures for the bcc crystal structure.
Moreover, the electron external pressure P, also leads to the
stability of the crystal structure to decrease or increase slightly
for the materials having a bcc or fec crystal structure. This
behavior can be attributed to the fact that the bec structure
is more open than the close-packed structure and it is thus
more likely to experience a structure transition. Furthermore,
the thermodynamic properties including phonon entropy S and
phonon heat capacity C, support our evidence on the stability
of the lattice under electronic excitation.

Howeyver, for semiconductors and semimetals, due to the
thermal excitation of the electrons, local changes in the hole
density lead to changes in the interatomic interactions. This
gives rise to a large internal pressure P. This pressure can

PHYSICAL REVIEW B 93, 214302 (2016)

decrease the elastic constant and soften the phonon mode,
leading to the instability of the crystal lattice for semimetal
Bi, and eventually to its collapse for semiconductor Si.
Meanwhile, the optical branch accelerates the instability by
means of coupling to the unstable acoustic branch phonon
mode. In addition, the localized stress leads to a shift of the
Raman active and infrared active modes for the semiconductor
and the semimetal we have considered. Electronic excitation
presents a positive effect on the phonon entropy S and phonon
heat capacity C,, further verifying the instability of the lattice
under strong electronic excitation.
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