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First-principles prediction of a metastable crystalline phase of Ga with Cmcm symmetry
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We report on evidence for the existence of an unknown metastable crystalline phase of gallium by the
combination of classical molecular-dynamics (MD) simulations and density-functional theory (DFT) calcula-
tions. The MD simulations, based on a modified embedded-atom potential, reveal the unknown crystalline form
through a first-order phase transition originating from the Cmca symmetric a-Ga phase under hydrostatic
tension. Subsequently, the DFT calculations using two different generalized-gradient approximation functionals
are employed to verify its stability and determine its electronic structure. The structure of the orthorhombic
phase is described by symmetry group Cmcm and shows a dimer arrangement resembling the a-Ga phase. A
first-order phase transition from a-Ga to the unknown phase is estimated to occur at —1.3 GPa.
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The element Ga is of fundamental technological impor-
tance, being an essential building block in the semiconductor
industry. So far, the application of this element has concen-
trated mostly on its use in compounds such as GaN and
GaAs, which are employed in optoelectronic devices. Re-
cently, however, it has been shown that even elemental Ga
may be proven useful in a technological context, demonstrat-
ing potential as a phase-change material. Such materials have
recently become the topic of considerable interest due to
their potential application in nonvolatile and low-power elec-
tronic memory devices.!* The fundamental property of such
systems is that they feature rapid transitions between differ-
ent phases. While phase-change materials typically feature
transitions between a crystalline and an amorphous phase,* in
the case of Ga it was shown that a nanoparticle can be made
to pass through a sequence of four different metastable crys-
talline phases.!* Accordingly, the potential of elemental Ga
as a phase-change material is closely related to our under-
standing of its phase diagram.

Ga is known to be highly polymorphic, fostered by the
coexistence of covalent and metallic bonding types. In addi-
tion to the zero-pressure stable @-Ga (Ref. 5) phase (also
referred to as Ga-I) and the liquid or vapor, it contains at
least four crystalline phases that are stable at elevated pres-
sure, namely, Ga-II,>~7 Ga-IIL® Ga-IV,® and Ga-V.” Further-
more, there are at least four metastable phases in the low-
pressure regime known as 3-Ga,” 5-Ga,'? y-Ga,!! and e-Ga,’
respectively. Curiously, while the latter phase is observed in
the phase-change sequence in Ga,' its crystal structure and
most basic physical properties remain unknown.®!? In addi-
tion to technological applications, an understanding of this
polymorphism is also of importance within the context of the
physics of density-driven first-order liquid-liquid phase tran-
sitions, for which recent experiments have shown evidence
in Ga.

In this paper we present evidence for the existence of an
unknown crystalline phase of elemental Ga that is metastable
at zero pressure. The evidence is entirely rooted from simu-
lation results, based on a combination classical molecular-
dynamics (MD) simulations using the modified embedded-
atom model (MEAM) for Ga (Ref. 13) and density-
functional-theory (DFT) calculations. After the initial
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observation of the unknown phase in a classical MD simula-
tion during which @-Ga is heated under hydrostatic tension,
the structure is then optimized using the DFT approach at
zero external pressure and temperature, conditions under
which it is found to be metastable. Furthermore, the DFT
cohesive energy of the predicted metastable phase is found to
be higher than that of all the other known metastable crys-
talline phases of Ga at conditions of zero pressure.

Figure 1 shows results of the classical MD simulations'
based on the MEAM potential. The simulations were carried
out using a cell containing 1152 Ga atoms initially arranged
on the Cmca-symmetric a-Ga lattice. The cell was first
equilibrated within the NPT ensemble at a temperature of 50
K and a hydrostatic pressure of —1.6 GPa. Subsequently, the
system was heated at the same constant pressure of
—1.6 GPa, slowly ramping its temperature to 1050 K in 4
X 10° MD steps of 1.5 fs each. Figure 1 shows the volume
per atom as a function of the instantaneous kinetic tempera-
ture. The result clearly shows the occurrence of two abrupt
transitions. The first is a transition from the «-Ga phase to
the predicted phase near 690 K, involving an increase in the
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FIG. 1. (Color online) Volume as a function of instantaneous
kinetic temperature in the MEAM-based classical MD simulation
(full line). Average heating rate is 175 K/ns. Dashed line is a guide
for the eye.
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FIG. 2. (Color online) Panels (a) and (b) show atomic configu-
ration after the first transition shown in Fig. 1. The thick lines in
panel (a) are shown to guide the eye and distinguish the different
wavelike patterns. The dashed lines in panel (b) indicate the posi-
tions of the planar faults separating @-Ga from the unknown struc-
ture. The two domains containing the « phase are indicated by the
symbol a. Panels (c) and (d) display the electronic charge density of
the a-Ga phase and the metastable structure, respectively. Both iso-
surfaces correspond to a density of 0.3¢/A3

atomic volume by almost 4%. Upon further heating, the lat-
ter then transforms into the liquid phase at 7= 800 K.

The identification of the unknown phase as being crystal-
line is made by conjugate-gradient quenching of a corre-
sponding atomic configuration. The result of the quench is
depicted in Fig. 2, which shows a view perpendicular to the
c axis" of the original a-Ga phase. Figure 2(a) shows how
the structure can be seen as a succession of wavelike pat-
terns. When considering adjacent “waves,” one observes two
possibilities. In one case, neighboring waves are “in phase,”
while in the other they are 180° out of phase. The former
pattern is characteristic of a-Ga, whereas the latter reveals a
previously unknown structure. The predicted structure also
features the presence of Ga dimers. When looking at the
configuration of Fig. 2(a) from this point of view, as shown
in Fig. 2(b), it is clear that the computational cell obtained
after the quench is a mixture of the two phases. There are
two domains of a-Ga and the predicted phase each, sepa-
rated by four planar defects. The main difference between
a-Ga and the predicted phase is that while in the former case
the dimers have alternating orientations, in the latter they are
all aligned.
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Although the MEAM description predicts the existence of
this unknown crystalline phase of elemental Ga, transferabil-
ity is always an issue when it comes to using semiempirical
models of interatomic interaction. Therefore, to verify the
robustness of the findings, we subsequently subject the pre-
dicted phase to a first-principles study. To this end we em-
ploy the state-of-the-art DFT implementation of the Vienna
ab initio simulation package (VASP),'®~!8 using the projector-
augmented-wave (PAW) (Ref. 18) approach for both the
Perdew-Burke-Ernzerhof (PBE) (Ref. 19) and the Perdew-
Wang 91 (PW91) (Ref. 20) generalized-gradient approxima-
tions (GGA). We use the PAW potentials treating three elec-
trons in the valence panel, a plane-wave Kinetic-energy
cutoff of 175.1 eV, and the Methfessel-Paxton integration
scheme with a smearing width of 0.2 eV. For « and predicted
phases, calculations are carried for 144- and 8-atom cells,
using 3 X3 X2 and 11X 11 X7 k-point meshes, respectively,
for converged results. Calculations for the known metastable
phases, 3, v, and J, were carried out using unit cells contain-
ing 4, 40, and 22 atoms, respectively. Here, k-point meshes
of 13X 13 X7, 9X7X3, and 7X7X7 guaranteed the con-
vergence of the results. All configurations were optimized at
zero external pressure, adjusting both atomic and cell de-
grees of freedom. In the final configuration the forces on all
atoms were smaller than 0.001 eV/A. All total-energy val-
ues were obtained using the tetrahedron integration method
with Blochl corrections.

First, to assess the quality of this computational scheme,
we applied it to the a-Ga phase, for which experimental
data®'-?? as well as previous DFT results'> are available. A
summary of the results is shown in Table I (the lattice pa-
rameters and the internal coordinates u and v are named
according to Ref. 15). As discussed earlier,'> one of the prob-
lems of the local-density approximation (LDA) to DFT is the
underestimation of the atomic volume and the overestimation
of the bulk modulus by ~10% with respect to the experi-
mental values. The present GGA calculations lead to a sig-
nificant improvement of the atomic volume, giving a discrep-
ancy of less than 5% for both GGA functionals. The GGA
structural parameters are essentially identical to the LDA val-
ues and are in good agreement with the experimental data.
GGA significantly underestimates the bulk modulus, show-
ing discrepancies of ~20% compared to the experimental
value. On the other hand, the GGA cohesive energies are in

TABLE 1. Comparison of structural data for a-Ga. Theoretical results at zero pressure and temperature.
Experimental data correspond to atmospheric pressure and a temperature of 4.2 K. The first five parameters

specify the a-Ga structure as explained in Ref. 15.

Property LDA (Ref. 15) PBE-GGA (this work) PW91-GGA  Expt. (Refs. 21 and 22)
a (A) 4.387 4.5849 4.5898 4.509

bla 1.0013 1.0016 1.0005 1.0013

cla 1.695 1.695 1.691 1.695

u 0.0814 0.0807 0.0814 0.0785

v 0.1573 0.1561 0.1561 0.1525
Atomic volume (A3) 17.93 20.45 20.45 19.41

Bulk modulus (kbar) 669 494 495 613

Cohesive energy (eV) 2913 2.936 2.969
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TABLE II. DFT-GGA elastic constants of predicted metastable phase (in kbar) for PW91 and PBE
functionals, obtained by computing stress tensors resulting from six independent cell distortions. Final col-

umn gives values for the bulk modulus B.

Cl 1 C22 C33 C44 C55 C66 Cl2 CIS C23 B
PBE 707 717 692 243 304 241 421 79 370 429
PW91 709 770 710 253 303 259 384 119 337 430

good agreement with the experimental values, with discrep-
ancies of less than 2%.

Next, we used the same DFT approaches for the predicted
crystalline phase. The calculations were carried out using a
supercell that was obtained by cutting an eight-atom ortho-
rhombic periodic cell from the conjugate-gradient-relaxed
1152-atom cell used in the MEAM-based MD simulations.
Subsequent relaxation for both GGA functionals, without en-
forcing any lattice symmetries, reveals that the structural fea-
tures observed in the MEAM simulations persist. Posterior
symmetry analysis of the atomic arrangement reveals that the
predicted structure is an orthorhombic phase with Cmcm
symmetry (space group 63). The corresponding equilibrium
orthorhombic unit cell (twice the size of the primitive unit
cell) at zero pressure is characterized by the lattice parameter
sets (a=7.8306 A, b=4.6984 A, and ¢=4.6441 A) and
(a=7.8142 A, b=4.7007 A, and ¢=4.6512 A) for the PBE
and the PW91 functionals, respectively, with the eight atomic
positions (8g Wyckoff positions):

(ry.3).
)
)

). (e+35+3.3),

with x=0.162 14 and y=0.170 97 for PBE and x=0.162 39
and y=0.170 26 for PW91. The cohesive energies at zero
pressure are E;=2.907 and 2.930 eV per atom for the PBE
and the PWO91 functionals, respectively. To assess whether or
not the predicted phase is metastable at zero pressure, we
determine the Hessian matrix associated with a 144-atom
supercell built based on the determined Cmcm symmetry. To
this end we determine the force constants using an atomic
displacement of 0.015 A, followed by diagonalization. None
of the eigenmodes are found to have negative eigenvalues,
neither for PBE nor PW91, indicating the metastability of the
predicted phase at zero pressure. Subsequently, we computed
the elastic constants by measuring the stress tensor resulting
from six independent cell distortions. The results, including
the bulk modulus, are displayed in Table II and exhibit es-
sentially equal outcomes for both functionals. A comparison
of these results with the data in Table I shows that the pre-
dicted phase has a lower cohesive energy, is elastically
softer, and a has larger atomic volume compared to a-Ga.
These results imply that, while the latter is the stable crys-
talline phase at zero external pressure, a transition into the
predicted phase is conceivable at negative pressures as seen
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in the classical MD simulations. To estimate the conditions
under which this transition is expected to occur, we use the
DFT data of the equilibrium cohesive energies, equilibrium
volumes, and bulk moduli to compute the specific enthalpy,
h=u+ Pv, as a function of pressure at 7=0 K using the Rose
universal equation of state?® for both phases. The results in-
dicate a transition pressure of P=-1.3 GPa (for both func-
tionals), below which the predicted structure becomes stable
with respect to a-Ga. From an experimental standpoint, such
tensile conditions are accessible using modern growth and
processing techniques,?* allowing an experimental validation
of this prediction. Moreover, the conjecture that the predicted
phase is metastable even at zero pressure may further facili-
tate such verification.

The predicted and the a-Ga phases show striking similari-
ties from the structural point of view. The most captivating
resemblance is the fact that each atom has only a single
nearest neighbor, forming Ga, dimers with essentially equal
lengths of 2.529 and 2.530 A for the predicted and the a-Ga
phases, respectively. In addition, in both phases each atom is
further surrounded by six additional nearest-neighbor pairs at
similar distances of 2.713, 2.796, and 2.823 A (predicted
phase) and 2.711, 2.769, and 2.807 A (a-Ga phase), respec-
tively. The fact that these particular structural features are
thought to be responsible for the mixed metallic-covalent
character of the bonding in a-Ga suggests that the electronic
structure of the predicted phase may also be similar to that of
a-Ga. A comparison of the PBE electronic densities of states
and the charge density plots depicted in Fig. 3(a) shows that
this is indeed the case. The electronic densities of states of
the two phases are essentially the same, both showing dis-
tinct pseudogaps at the Fermi level, which is indicative for
the coexistence of metallic and covalent bonding
characteristics.”> Furthermore, the charge-density plots for
both structures, depicted in Figs. 2(b) and 2(c), also show
strong similarities, with a clear concentration of electronic
charge between the pairs of atoms forming the Ga dimers. As
shown in Fig. 3(b), however, the vibrational spectra exhibit
pronounced deviations on the high-frequency end, which are
related to the distinct disposition of the Ga, dimers in both
cases.

As a final point, we discuss the possibility of a connection
between the present findings and the unknown metastable
€-Ga phase observed in the phase-change experiments.! In
this light, it is of interest to compare its cohesive energy to
the other known metastable phases. The results are shown in
Table III which contains the PBE and the PW91 cohesive
energies of the S, the vy, the &, and the predicted phases at
zero pressure. It is found that the predicted phase is the most
strongly bound structure. In view of the fact that this struc-
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FIG. 3. (Color online) Comparison of (a) the electronic and (b)
the vibrational densities of states of a-Ga (dashed lines) and the
predicted phase (full lines) for the PBE functional.

ture is predicted to be metastable at zero pressure, it is con-
ceivable that it may in fact correspond to the unknown e-Ga
phase. Unfortunately, however, given the lack of structural
experimental information on the e-Ga phase, it is impossible
to verify this possibility at present. In this context, experi-
mental efforts directed toward unraveling the crystallo-
graphic structure of e-Ga and/or Ga phases at negative pres-
sures are essential.

In summary, we present evidence for the existence of an
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TABLE III. Comparison of DFT-GGA cohesive energies (in eV
per atom) of different metastable phases of Ga for PW91 and PBE
functionals at zero pressure.

Predicted phase B b% 6
PBE 2.907 2.905 2.897 2.902
PWI1 2.930 2.922 2913 2918

unknown crystalline form of elemental Ga. This finding,
based on a combination of classical MD simulations and
DFT calculations, extends our knowledge of the phase dia-
gram of elemental Ga into the negative-pressure regime. The
phase is characterized by Cmcm symmetry and, similar to
the a-Ga phase, features the presence of Ga dimers. As a
consequence of this structural similarity, the electronic struc-
ture of the predicted phase is resemblance of that of a-Ga,
having a density of states with a pronounced pseudogap at
the Fermi level. A comparison of the specific enthalpies of
the predicted and the a-Ga forms at 7=0 K suggests a tran-
sition pressure of —1.3 GPa. Such tensile conditions are ac-
cessible using modern growth and processing techniques, al-
lowing an experimental validation of this prediction.
Moreover, the conjecture that the predicted phase is meta-
stable even at zero pressure may further facilitate such veri-
fication. While it is conceivable that this structure corre-
sponds to the unknown metastable e-Ga phase, the lack of
experimental information regarding the latter precludes us, at
present, to verify this possibility.
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