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High-pressure bct to fcc structural transformation in Ga
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~Received 31 March 2000!

The equation of state, electronic structure, and phonon dispersions for bct Ga~III ! and fcc Ga~IV ! phases
under high pressure have been studied by first-principle pseudopotential plane-wave calculations. We did not
find sufficient dynamical and electronic signatures that may indicate a first or second thermodynamic phase
transition from the bct to fcc phase.
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Gallium has a rather complicated phase diagram w
many stable and metastable phases. At ambient pressure
a-Ga~I! phase is orthorhombic with eight atoms in the u
cell of Cmcasymmetry. In addition, a number of metastab
phases have been identified asb, g, d, and e.1,2 Gallium
undergoes several structural phase transitions under pres
Ga~I! transforms to Ga~II ! phase at about 2.5 GPa.3 The
structure of Ga~II ! was determined to be body-centered-cu
with 12 atoms in the unit cell. At about 14 GPa, Ga~II ! trans-
forms to Ga~III ! of body-centered-tetragonal~bct!
structure.4,5

Schule and Holzapfel5 measured thec/a ratio of bct-
Ga~III ! phase under pressure up to 68 GPa. The axial r
decreases continuously with pressure, and they predicted
the c/a ratio will approachA2 above 80 GPa at room tem
perature, where a face-centered-cubic~fcc! structure may ap-
pear. More recently, Takemura, Kobayashi, and Arai6 con-
ducted a high-pressure x-ray-diffraction experiment
Ga~III ! up to 150 GPa at room temperature. They found t
the c/a ratio of Ga~III ! decreased monotonically with pre
sure and converged toA2 at about 120 GPa. However, the
is no detectable volume change at the phase transition,
gesting that the mechanism for bct-Ga~III ! to fcc-Ga~IV !
phase is at least second order. The electronic structure
several phases of Ga has been studied in detail7,8 and the
full-potential linear-augmented plane wave~FLAPW! has
been employed to investigate the Ga~III ! under pressure.6 It
was noted from previous theoretical calculations that fcc
bct Ga have an almost identical equation of state.8,6 Since the
3d core state of Ga is very shallow, it is anticipated thats
and 4p bands may touch the 3d core states under pressur
driving the bct-to-fcc structural change. The experimen
observation, however, is in contradiction to Laudau’s the
for phase transition, where the bct-fcc transition is expec
to be first order. The absence of discontinuity in the volu
and the calculated energy of the bct-Ga~III ! to fcc phase is
surprising. This unusual feature leads to questions on
thermodynamic origin and the driving mechanism for t
structural change.

In this paper, we examine the equation of state and e
tronic structure of bct Ga~III ! and fcc Ga under pressure b
the ab initio pseudopotential plane-wave method. Phon
dispersions of bct and fcc phases of Ga at several press
are also obtained from a direct method using supercell
culation. The purpose is to investigate the physical mec
nism for the phase transition between the bct and fcc pha
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Calculations of total energy and Hellmann-Feynm
forces were carried out by using the VASP~Ref. 9! program.
The VASP code applies the standard method in which
Kohn-Sham equation is solved self-consistently using
pseudopotential and plane-wave basis, based on the den
functional theory in the local-density approximation.10 We
employed an ultrasoft pseudopotential11 for Ga, which was
generated with the atomic configuration of 3d104s24p24 f 0

and a cutoff radius of 1.19 Å. The Ga 3d state was explic-
itly included in the valence shell. A cutoff energy of 400 e
was used in the calculations. The summation over the B
louin zone was performed on a 25325325
Monkhorst-Pack12 k-point mesh.

For the calculation of phonon dispersions, we used a
atom supercell for bct Ga and a 108-atom supercell for
Ga. The Hellmann-Feynman forces were calculated for
atoms in the supercell with one atom displaced from
equilibrium position by about 0.5–1.0 % of the lattice co
stant. From the Hellmann-Feynman forces, the interato
force constants can be generated by establishing the sym
try of the unit cell. The interaction range was limited to th
distance from the central atom of the supercell to the surf
atom. The dynamical matrix was constructed to calculate
phonon frequencies. Details of the calculations of force c
stants and phonon dispersions have been described in
13. This method has been successfully applied to calcu
the phonon spectra for not only insulators14 and
semiconductors15 but also for metals16 and alloys17,18as well.

Figure 1 shows the equation of state~EOS! and the
pressure-volume relation for bct Ga and fcc Ga. In agreem
with previous theoretical studies,6,8 the energy difference
over the volume range from 9.5 to 14.5 Å3 is very small,
less than 4 meV, with the bct phase slightly more stable u
it merges smoothly into the fcc EOS atV'9.6 Å3 ~130
GPa!. Experimentally, it was noted6 that a structural change
from bct to fcc occurs at aboutV50.97 Å3 (120
610 GPa) based on thec/a ratio variation. Furthermore, in
agreement with theoretical calculations, there is no volu
discontinuity in the experimental equation of state.

The band structures of bct and fcc phases at theV
50.97 Å3 have been calculated in order to examine the d
ference in the electronic structure between these two pha
At this volume, the optimizedc/a ratio is 1.44 for bct Ga.
Again as shown in Fig. 2 and Fig. 3, there are no signific
differences in the band structure and electron density
states~DOS!. In Fig. 2 it is shown that 4s and 4p states
9900 ©2000 The American Physical Society
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touch the 3d core states atV50.97 Å3. It should be noted
that the band touching begins even before the critical volu
found by Takemuraet al.6 This observation implies that th
3d state is not the driving force for the transition from bct
fcc phase. Moreover, the band crossings of the fcc struc
occur at theG point. From the site symmetry (m3m,Oh) of
the Ga atom, the symmetries of 4s(a1g), 4p(t1u) and

FIG. 1. Equation of states and pressure-volume relation of
Ga and bct Ga.

FIG. 2. Band structure of fcc Ga and bct Ga atV59.70 Å3.
e

re

3d(eg ,t2g) orbitals are all different and no mixing is a
lowed.

As demonstrated above, there is insufficient electro
evidence indicating a genuine phase transition from bc
fcc structure. The volume, energy, electronic structure,
chemical bonding for bct Ga converge smoothly into the
phase with increasing pressure. We now focus on the
namical instability, and to this end, we calculated the phon

FIG. 4. Phonon dispersions of bct Ga at different volumes.

c

FIG. 3. Electronic density of states of fcc Ga and bct Ga aV
59.70 Å3.
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dispersions of bct and fcc Ga at several pressures. If it
second-order phase transition from bct to fcc, we would
pect there will be a soft phonon mode near the zone ce
because both the bct and fcc structures have only one ato
the respective unit cell. Figure 4 shows the phonon disp
sions of bct Ga along symmetry directions calculated at f
volumes: 14.5, 12.7, 10.7, and 9.7 Å3. It is noted that the
transverse mode along@001# becomes imaginary at about~0,
0, 2/3! at volumeV514.5 Å3. This observation indicate
the bct structure at this volume is dynamically unstable a
will transform to another structure with more than one at
in the unit cell. This instability, however, is unrelated to t
bct-fcc phase transition. In fact, it is connected with the
versible transformation to the low-pressure bcc-Ga~II ! struc-

FIG. 5. Phonon density of states of fcc Ga and bct Ga aV
59.70 Å3.
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ture. In contrast, the bct structure is stablized as the volu
decreases~pressure increases! below V512.7 Å3. At the
critical volume of the bct-fcc transition, determined by Tak
maraet al.’s experiments to beV59.7 Å3, no soft modes
were observed in the Brilluion zone, indicating that the b
Ga structure is dynamically stable. A similar soft mode ha
ening with pressure was also observed in bcc tellurium19

Earlier, Bernasconi, Chiarotti, and Tossati8 have calculated
the total energy of Ga for various structures. They found t
the bct-Ga transforms to fcc at about 25 GPa due to dyna
cal instability. This result disagrees with our calculations a
the experiments. The phonon densities of states for bct
fcc Ga atV59.7 Å3 are compared in Fig. 5. Once again, w
found very similar vibrational properties for both structure
The lack of discontinuity in the vibrational energy and t
static energy indicates that the free energy of the system
also continuous at the critical pressure as well.

In conclusion, the only indication of a possible phase tra
sition from bct Ga to fcc Ga under pressure is the obser
tion of the convergence of thec/a ratio toA2 and a change
in crystal symmetry at about 120 GPa from both experim
and theory. Presentab initio calculations on the equation o
state, electronic structure, and vibrational properties of
and fcc Ga show that the structural transition from bct to
is very smooth without any electronic or dynamical eviden
satisfying the conventional conditions for a first- or secon
order thermodynamic phase transition.
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