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High-pressure bct to fcc structural transformation in Ga
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The equation of state, electronic structure, and phonon dispersions for Gdt)@ad fcc GalV) 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.

Gallium has a rather complicated phase diagram with Calculations of total energy and Hellmann-Feynman
many stable and metastable phases. At ambient pressure, Tloeces were carried out by using the VA8Ref. 9 program.
a-Gal) phase is orthorhombic with eight atoms in the unit The VASP code applies the standard method in which the
cell of Cmcasymmetry. In addition, a number of metastable Kohn-Sham equation is solved self-consistently using the
phases have been identified As y, 8, and e.? Gallium  pseudopotential and plane-wave basis, based on the density-
undergoes several structural phase transitions under pressufenctional theory in the local-density approximatithwe
Gal) transforms to Gdl) phase at about 2.5 GBaThe  employed an ultrasoft pseudopotenfttadior Ga, which was
structure of Gél) was determined to be body-centered-cubicgenerated with the atomic configuration ofi*84s24p24f°
with 12 atoms in the unit cell. At about 14 GPa,(@atrans-  and a cutoff radius of 1.19 A. The Gal3¥tate was explic-
forms to Gdlll) of body-centered-tetragonal(bct) itly included in the valence shell. A cutoff energy of 400 eV
structure®® was used in the calculations. The summation over the Bril-

Schule and Holzapfélmeasured the/a ratio of bct-  louin  zone was performed on a 225x25
Gallll) phase under pressure up to 68 GPa. The axial ratiMonkhorst-Pack k-point mesh.
decreases continuously with pressure, and they predicted that For the calculation of phonon dispersions, we used a 54-
the c/a ratio will approachy2 above 80 GPa at room tem- atom supercell for bct Ga and a 108-atom supercell for fcc
perature, where a face-centered-culfiec) structure may ap- Ga. The Hellmann-Feynman forces were calculated for all
pear. More recently, Takemura, Kobayashi, and Acain-  atoms in the supercell with one atom displaced from the
ducted a high-pressure x-ray-diffraction experiment onequilibrium position by about 0.5-1.0 % of the lattice con-
Ga(lll’) up to 150 GPa at room temperature. They found thastant. From the Hellmann-Feynman forces, the interatomic
the c/a ratio of G4dlll) decreased monotonically with pres- force constants can be generated by establishing the symme-
sure and converged t@2 at about 120 GPa. However, there try of the unit cell. The interaction range was limited to the
is no detectable volume change at the phase transition, sugistance from the central atom of the supercell to the surface
gesting that the mechanism for bct{@B to fcc-GalV) atom. The dynamical matrix was constructed to calculate the
phase is at least second order. The electronic structure fg@honon frequencies. Details of the calculations of force con-
several phases of Ga has been studied in détaihd the stants and phonon dispersions have been described in Ref.
full-potential linear-augmented plane wavELAPW) has 13. This method has been successfully applied to calculate
been employed to investigate the (@) under pressurglt  the phonon spectra for not only insulatérs and
was noted from previous theoretical calculations that fcc angemiconductors but also for metaf$ and alloys”*as well.
bct Ga have an almost identical equation of st&t8ince the Figure 1 shows the equation of statEOS and the
3d core state of Ga is very shallow, it is anticipated that 4 pressure-volume relation for bct Ga and fec Ga. In agreement
and 4p bands may touch thed3core states under pressure, With previous theoretical studié$, the energy difference
driving the bet-to-fce structural change. The experimentaover the volume range from 9.5 to 14.5%As very small,
observation, however, is in contradiction to Laudau’s theoryless than 4 meV, with the bct phase slightly more stable until
for phase transition, where the bct-fcc transition is expectedt merges smoothly into the fcc EOS #=~9.6 A® (130
to be first order. The absence of discontinuity in the volumeGPa. Experimentally, it was notédhat a structural change
and the calculated energy of the bcté®a to fcc phase is  from bct to fcc occurs at aboutv=0.97 A3 (120
surprising. This unusual feature leads to questions on the10 GPa) based on tlea ratio variation. Furthermore, in
thermodynamic origin and the driving mechanism for theagreement with theoretical calculations, there is no volume
structural change. discontinuity in the experimental equation of state.

In this paper, we examine the equation of state and elec- The band structures of bct and fcc phases at ‘he
tronic structure of bct G#ll) and fcc Ga under pressure by =0.97 A2 have been calculated in order to examine the dif-
the ab initio pseudopotential plane-wave method. Phonorference in the electronic structure between these two phases.
dispersions of bct and fcc phases of Ga at several pressurés this volume, the optimized/a ratio is 1.44 for bct Ga.
are also obtained from a direct method using supercell calAgain as shown in Fig. 2 and Fig. 3, there are no significant
culation. The purpose is to investigate the physical mechadifferences in the band structure and electron density of
nism for the phase transition between the bct and fcc phasestates(DOS). In Fig. 2 it is shown that ¢ and 4p states
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FIG. 1. Equation of states and pressure-volume relation of fcc  As demonstrated above, there is insufficient electronic
Ga and bct Ga. evidence indicating a genuine phase transition from bct to

fcc structure. The volume, energy, electronic structure, and
touch the @ core states a¥=0.97 A3. It should be noted chemical bonding for bct Ga converge smoothly into the fcc
that the band touching begins even before the critical volum@hase with increasing pressure. We now focus on the dy-
found by Takemurat al® This observation implies that the hamical instability, and to this end, we calculated the phonon
3d state is not the driving force for the transition from bct to
fcc phase. Moreover, the band crossings of the fcc structure
occur at thel” point. From the site symmetryr(3m,O,,) of
the Ga atom, the symmetries ofs(,,), 4p(t,,) and
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FIG. 2. Band structure of fcc Ga and bct Gavat9.70 A2, FIG. 4. Phonon dispersions of bct Ga at different volumes.
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L ture. In contrast, the bct structure is stablized as the volume
- decreasegpressure increasedelow V=12.7 A3, At the
I critical volume of the bct-fcc transition, determined by Take-
- maraet al’s experiments to b&/=9.7 A3 no soft modes
[ were observed in the Brilluion zone, indicating that the bct
Ga structure is dynamically stable. A similar soft mode hard-
ening with pressure was also observed in bcc tellurieim.
Earlier, Bernasconi, Chiarotti, and Tos8aiave calculated
the total energy of Ga for various structures. They found that
the bct-Ga transforms to fcc at about 25 GPa due to dynami-
cal instability. This result disagrees with our calculations and
I the experiments. The phonon densities of states for bct and
| fcc Gaatv=9.7 A®are compared in Fig. 5. Once again, we
found very similar vibrational properties for both structures.
The lack of discontinuity in the vibrational energy and the
14 static energy indicates that the free energy of the system is
Frequency (THz) also continuous at the critical pressure as well.

In conclusion, the only indication of a possible phase tran-
sition from bct Ga to fcc Ga under pressure is the observa-
tion of the convergence of the/a ratio to \2 and a change

dispersions of bct and fcc Ga at several pressures. If it is B Crystal symmetry at about 120 GPa from both experiment
second-order phase transition from bct to fcc, we would exand theory. Presertb initio calculations on the equation of
pect there will be a soft phonon mode near the zone centétate, electronic structure, and vibrational properties of bct
because both the bct and fcc structures have 0n|y one atom ﬁ:nd fcc Ga show that the structural transition from bct to fcc
the respective unit cell. Figure 4 shows the phonon disperis very smooth without any electronic or dynamical evidence
sions of bct Ga along symmetry directions calculated at fougatisfying the conventional conditions for a first- or second-
volumes: 14.5, 12.7, 10.7, and 9.73Alt is noted that the order thermodynamic phase transition.

transverse mode alori§01] becomes imaginary at abo{@,

0, 2/3 at vqumeV=14.5 AS. T_his obser_vation indicates ACKNOWLEDGMENTS
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FIG. 5. Phonon density of states of fcc Ga and bct G& at
=9.70 A3
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