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Structural and electrical properties of Ga–Te systems
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First-principles evolutionary calculation was performed to search for all probable stable Ga–Te compounds at extreme
pressure. In addition to the well-known structures of P63/mmc and Fm-3m GaTe and I4/m Ga2Te5, several new structures
were uncovered at high pressure, namely, orthorhombic I4/mmm GaTe2 and monoclinic C2/m GaTe3, and all the Ga–Te
structures stabilize up to a maximum pressure of 80 GPa. The calculation of the electronic energy band indicated that
the high-pressure phases of the Ga–Te system are metallic, whereas the low-pressure phases are semiconductors. The
electronic localization functions (ELFs) of the Ga–Te system were also calculated to explore the bond characteristics. The
results showed that a covalent bond is formed at low pressure, however, this bond disappears at high pressure, and an ionic
bond is formed at extreme pressure.
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1. Introduction
Semiconductor materials from the III–IV families, such

as GaTe and Ga2Te3, are of special interest because of their
potential applications in solid-state batteries,[1] radiation de-
tectors, thermoelectric devices, and optoelectronics.[2–4] Pre-
vious studies[5–7] on the phase diagram showed the existence
of GaTe and Ga2Te3. Other compounds were also reported in
various investigations. For example, Ga3Te2 and GaTe3 were
proposed by Newman et al.,[6] Lissauskas and Yasutis[8] pre-
sented Ga3Te4, Ga2Te5 was proposed by Alapini et al.[9] We
found in literature investigation that most studies focused on
GaTe and Ga2Te3.

GaTe is a layer conductor with a bandgap of 1.65 eV re-
ported by Brebner[10] or 1.7 eV report by Yamamoto[11] at
room temperature. Shenoy et al.[12] reported that GaTe can
crystallize in hexagonal (P63/mmc) and monoclinic (C2/m)
structures. The two structures are composed of two layers of
Te–Ga–Ga–Te with 8 and 12 atoms per unit cell. The dif-
ference between the two structures is that only two-thirds of
the Ga–Ga dimers are oriented perpendicular to the layers,
whereas the remaining one-third lay nearly on the plane of
the layer in C2/m GaTe. Shenoy et al.[12] determined that the
P63/mmc and C2/m GaTe are indirect and direct band gap
semiconductors, respectively. They also synthesized C2/m
GaTe, which is regarded as a stable structure at ambient pres-
sure. Yamamoto et al.[11] and Zubiaga et al.[13] reported that

the intra-layer bonds of C2/m GaTe are mostly covalent with
some ionic contributions, whereas its inter-layer bonds are
weak van der Waals type. Schwarz et al.[14] indicated that
C2/m GaTe will transform to the Fm-3m phase at 10 GPa,
however, this structure is metastable.

Ga2Te3 is a zinc blende structure, in which one-third of
the cation sites are vacant.[15,16] Huang[15] and Newman[17]

stated that the exact structure of vacancy-ordered Ga2Te3 is
unknown, however, two types of short-range order zinc blende
structures (i.e., mono-Ga2Te3 and ortho-Ga2Te3) exist. Re-
gardless of the structure, Shchennikov et al.[18] proposed that
the bond between Ga and Te atoms is covalent sp3 bond.
Guizzetti et al.[19] and Zhu et al.[20] calculated the band struc-
ture of Ga2Te3, which was found to be direct. Huang et
al.[15] determined that the bandgaps of both mono-Ga2Te3 and
ortho-Ga2Te3 structures were indirect using PBE and HSE06
(PBE). The electronic properties of the high-pressure phase
were investigated by Shchennikov et al.[18] They found that a
semiconductor–metal phase transition occurs while transform-
ing from a zinc blende structure to a Bi2Te3-type structure at
4.4 GPa.

To the best of our knowledge, the Ga–Te system exhibits
abundant stoichiometric ratio and exotic physical and chemi-
cal properties. Although Ga–Te compounds have been studied
for decades, a detailed theoretical research of their phase equi-
libria and electronic, dynamic, and mechanical properties can
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help solve controversies and possibly predict new technologi-
cally useful materials.

2. Computational methods
The high pressure crystal structures of Ga–Te system

were explored by the evolutionary algorithm method[21–28] as
implemented in the universal structure predictor: evolution-
ary xtallography (USPEX) code, which has been successfully
applied to a variety of systems. USPEX was interfaced with
many ab initio codes, such as Vienna ab initio simulation
package (VASP),[29] Cambridge sequential total energy pack-
age (CASTEP),[30,31] and so on. Brillouin zone (BZ) sampling
using a grid of spacing of 2π ×0.05 Å−1 and a plane-wave ba-
sis set cutoff of 400 eV was sufficient for the initial search
over structures. We studied systems containing up to 16 atoms
per unit cell. The first generation of structures were generated
randomly. All structures were relaxed at 0 K and the enthalpy
was used as fitness. The energetically worst structures (40%)
were discarded and a new generation evolved from the remain-
ing structures. The best structure of one generation was car-
ried over into the next generation. We generally terminated the
runs after 60 generations, and all runs had found the minimum-
enthalpy structures much earlier. Our calculations on the Ga–
Te system were mainly performed with the VASP code using
the plane-wave pseudopotential method[32] and employing the
Perdew–Burke–Ernzerhof approach (PBE)[33] of the general-
ized gradient approximation functional (GGA).[34] The plane-
wave basis-set cutoff energy was set to 750 eV, and appropriate
Monkhorst–Pack k-meshes[35] were employed with a resolu-
tion of 2π × 0.03 Å−1 for BZ sampling to ensure that all the
enthalpy calculations were converged to less than 1 meV per
atom. The lattice dynamical properties were calculated based
on a supercell approach as implemented in the PHONOPY
package.[36] All calculations were performed using a 2 ×2×2
supercell of 96 atoms for I4/mmm GaTe2, 128 atoms for C2/m
GaTe3, and 56 atoms for I4/m Ga2Te5. The hybrid function
of Heyd, Scuseria, and Ernzerhof (HSE06)[37,38] was also used
to verify the results of band structures with the PBE function.
The HSE method was performed in the PWmat code,[39,40]

which has been proved to be accurate and efficient to calculate
large semiconductor systems.

3. Results and discussion
3.1. Crystal structures and stability of Ga–Te systems

The thermodynamics of the Ga–Te system can be visu-
alized by depicting the thermodynamic convex hull, which is
presented in Fig. 1. A thermodynamically stable structure can
be synthesized in principle.[41] Figures 1(a) and 1(b) show the
absence of Ga2Te3. It can be seen from Fig. 1(a) that P63/mmc
GaTe and I4/m Ga2Te5 coexist under normal conditions. With

increasing pressure, we uncovered two new structures GaTe2

and GaTe3 at 40 GPa and 30 GPa and observed the disappear-
ance of GaTe at 40 GPa. In order to determine the stable pres-
sure range of each structure, the formation enthalpies of GaTe,
GaTe2, and GaTe3 are calculated and presented in Figs. 1(c)
and 1(d). From Figs. 1(c) and 1(d), we noticed that GaTe2

and GaTe3 are thermodynamically stable above 36.9 GPa and
26.8 GPa because of their negative formation enthalpies, and
GaTe and Ga2Te5 have positive formation enthalpies above
38.3 GPa and 6.4 GPa, respectively. Detailed enthalpy cal-
culations for the most stable structures allowed us to recon-
struct the P–x phase diagram of the Ga–Te system (Fig. 2). In-
terestingly, we found that GaTe, has a hexagonal (P63/mmc)
structure under ambient condition in our calculations. This
result is inconsistent with an earlier statement.[11] The minor
discrepancy may be attributed to the disregard of temperature
effects in our calculations. Therefore, we considered C2/m
GaTe a metastable structure at 0 K. As pressure increases, it
was proposed to transform from the P63/mmc phase into the
cubic Fm-3m structure at 6.9 GPa (Fig. 2). This result slightly
varies from that proposed by Schwarz et al. (i.e., C2/m struc-
ture changes to Fm-3m phase). Subsequently, GaTe is ob-
served to be unstable above 38.3 GPa. GaTe2 and GaTe3 are
determined to adopt the I4/mmm and C2/m structures above
36.9 GPa and 26.8 GPa, respectively. Ga2Te5 is stable with
a tetragonal structure (I4/m phase) in a pressure range of 0–
6.4 GPa. Notably, we found that stabilizing the Ga–Te system
up to at least 80 GPa is difficult.

The Ga–Te system is known to possess abundant stoi-
chiometry, and we searched for candidate high-pressure struc-
tures of the Ga–Te system with 2, 4, and 8 units per cell
(f.u./cell) at a pressure range of 0–150 GPa. Calculating the
structural properties is a crucial step to understanding the
characteristics of materials from a microscopic point of view.
In addition to the known structures, i.e., P63/mmc and Fm-
3m GaTe and I4/m Ga2Te5, a group of new structures were
discovered at high pressure, namely, orthorhombic I4/mmm
GaTe2 (2 f.u./cell) and monoclinic C2/m GaTe3 (4 f.u./cell)
as shown in Fig. 3. The lattice parameters and atomic posi-
tions are listed in Table 1. Figure 3(a) illustrates that I4/mmm
GaTe2 (eightfold coordination) has a layered structure, and
Ga atoms link with eight Te atoms. The Ga atom located at
the center position forms a regular hexahedron with the eight
surrounding Te atoms. Seeburrun et al.[42] proposed that a
cyclic structure (molecular structure) for GaTe2 is the low-
est energy structure based on density functional theory and
Møller–Plesset second-order perturbation theory. We found
that the bond distance of Ga–Te for I4/mmm GaTe2 is equal to
the cyclic structure by disregarding the influence of pressure.
For C2/m GaTe3 (Fig. 3(b)), the Ga atom also connects with
the eight surrounding Te atoms to form a regular hexahedron.
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Fig. 1. Thermal stability of gallium tellurium compounds. (a) and (b) Convex hull diagrams for Ga–Te system at 0 GPa, 20 GPa, 30 GPa,
40 GPa, 60 GPa, and 80 GPa, respectively. (c)–(e) The formation enthalpy of GaTe, GaTe2, GaTe3, and Ga2Te5.

Table 1. Lattice parameters and atomic positions of I4/mmm GaTe2 and C2/m GaTe3.

Space group #unit Pressure/GPa Lattice parameters Atomic coordinates (fractional)

I4/mmm GaTe2 60
a = b = 3.327 Å,

c = 9.153 Å,

α = β = γ = 90.00◦

Ga1 −1.0 1.0 0.0
Te1 −1.0 1.0 0.344

C2/m GaTe3 60

a = 9.810 Å,

b = 3.447 Å,

c = 8.925 Å,

α = γ = 90.00◦,
β = 64.30◦

Ga1 0.624 0.5 −0.688
Te1 0.142 0.0 −0.193
Te2 0.383 −0.0 −0.079
Te3 0.616 −0.0 −0.444
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Fig. 2. Pressure–composition phase diagram of the Ga–Te system.
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Fig. 3. The selected stable structures of Ga–Te compounds: (a)
I4/mmm GaTe2 at 60 GPa, (b) C2/m GaTe3 at 60 GPa. The red and
purple balls represent the Ga and Te atoms, respectively.

The phonon dispersion curves were calculated at 60 GPa
and 0 K, as shown in Fig. 4, to examine the stability of
I4/mmm GaTe2 and C2/m GaTe3, respectively. This figure
clearly indicates the absence of any imaginary frequency in

the entire BZ, which verifies the dynamic stability of the two
phases. Nassary et al.[43] researched I4/m Ga2Te5 based on
experiment. However, a detailed description of theoretical
studies remains lacking. Therefore, we also calculated the
phonon frequency of I4/m Ga2Te5 as shown in Fig. 4(c). This
figure shows the absence of any imaginary frequency, thereby
indicating that the phase is dynamically stable.
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Fig. 4. The phonon band structures for Ga–Te compounds: (a) I4/mmm
GaTe2, (b) C2/m GaTe3, (c) I4/m Ga2Te5.

Mechanical stability is a necessary condition for the ex-
istence of crystal. Elastic constants can provide important in-
formation for the stability of materials. In this study, we cal-
culated the elastic constants of Fm-3m GaTe, I4/mmm GaTe2,
C2/m GaTe3, and I4/m Ga2Te5 using the strain-stress method
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at 20 GPa, 60 GPa, 60 GPa, and 0 GPa, respectively. The cal-
culated results are listed in Table 2. The elastic constants Ci j

clearly satisfy the traditional mechanical stability conditions
for the four structures, thereby indicating their mechanical sta-
bility.

Table 2. Elastic constants Ci j (in kbar) for Fm-3m GaTe, I4/mmm
GaTe2, C2/m GaTe3, and I4/m Ga2Te5 at 20 GPa, 60 GPa, 60 GPa,
and 0 GPa, respectively.

Fm-3m C11 C44 C12

2291.8 929.3 619.9
I4/mmm C11 C22 C33 C44 C55 C66 C12

4422.0 4036.5 4033.9 1555.9 1282.1 1284.4 1213.9
C13 C23

1211.6 1634.1
C2/m C11 C22 C33 C44 C55 C66 C12

3498.1 3409.3 3370.8 942.5 962.4 1024.7 1677.7
C13 C23 C15 C25 C35 C46

1713.9 1711.3 –46.7 8.33 55.8 –163.1
I4/m C11 C33 C44 C66 C12 C13

292.6 508.2 125.6 116.1 –84.2 41.5

3.2. Electronic properties of Ga–Te systems

We presented an extensive study of the electronic proper-
ties of Fm-3m GaTe, I4/mmm GaTe2, C2/m GaTe3, and I4/m
Ga2Te5 along high-symmetry directions in the first Brillouin
zone. The selected electronic band structures are displayed in
Fig. 5. Figure 5(a) shows that there are several bands crossing
at the Fermi level and indicates that GaTe becomes metalliza-
tion at high pressure. It can be seen from Figs. 5(b) and 5(c)
that there are more bands crossing at the Fermi level and the
two structures are also metallized at extreme pressure. Inter-

estingly, we found that as the Te content increases, the num-
ber of energy bands crossing at the Fermi surface increases.
This indicates that Te accounts for the main contribution near
the Fermi surface. Nassary et al.[43] had synthesized Ga2Te5

single crystal by a special modified Bridgman technique and
measured the Hall coefficient, they concluded that Ga2Te5 is
a layered semiconductor. In this study, we also calculated the
electronic band structure (Fig. 5(d)) using the HSE06 poten-
tial, which indicates that Ga2Te5 is a semiconductor with an
indirect band gap of 1.465 eV. The Ga–Te system is evidently
in semiconductor state under ambient condition and becomes
metallized at extreme pressure.

In order to understand the reasons for this phenomenon,
we calculated electronic localization function (ELF), which
offers a reliable measure for electron pairing and localization
to visualize the nature of the bonding characteristic of the Ga–
Te system. The ELF values of P63/mmc and Fm-3m GaTe,
I4/mmm GaTe2, C2/m GaTe3, and I4/m Ga2Te5 are presented
in Fig. 6. As shown in Fig. 6(a), the bonds with the layer for
P63/mmc GaTe are mostly covalent, and weak van der Waals
forces exist between the interlayer (Fig. 6(b)). In Fig. 6(c), the
covalent bond between Ga and Te atoms is weakened, whereas
the ionic bond is enhanced. Figures 6(d) and 6(e) clearly show
that the two high-pressure phases have ionic bonds between
Ga and Te atoms. Figure 6(f) also illustrates that covalent
bonds are formed between Ga and Te atoms. Notably, cova-
lent bonds are observed in the Ga–Te system at low pressure.
However, these covalent bonds disappear upon compression,
and the ionic bonds are formed in the Ga–Te system at ex-
treme pressure.
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To discuss the situation further, the atoms in molecules
method (Bader charge analysis)[44] was performed to evaluate
charge transfer. The number of electrons in the Ga–Te sys-
tem is listed in Table 3, which shows that a Te atom acquires
considerably fewer electrons in the three high-pressure phases.
This finding indicates that the sharing of electrons between Ga
and Te atoms decreases, and ionic bonds with electrostatic in-
teraction begin to form. Therefore, we deduced that the Ga–Te
system can be ionized at certain pressures when energy is low,

which promotes the stability of the structure.
In addition, when the structure is a semiconductor, the

primary contribution in the system is covalent bonds, when
the system is metallized, the major contribution is ionic bonds.
This finding can be attributed to the ionization of the system
and the gradual increase in the number of free electrons, which
produce the metallic characteristics of the system. The elec-
tron characteristics of the Ga–Te system are unified at the mi-
croscale and macroscale.

Table 3. The Bader charge analysis for the Ga–Te system.

P63/mmc Ga1 Ga2 Ga3 Ga4 Te1 Te2 Te3 Te4
Charge 2.615 2.615 2.533 2.533 6.426 6.426 6.426 6.426

Fm-3m Ga1 Ga2 Te1 Te2
Charge 2.589 2.589 6.411 6.411

I4/mmm Ga1 Ga2 Ga3 Ga4 Te1 Te2 Te3 Te4
Charge 2.618 2.618 2.618 2.618 6.195 6.195 6.201 6.189

Te5 Te6 Te7 Te8
6.187 6.187 6.187 6.187

C2/m Ga1 Ga2 Te1 Te2 Te3 Te4 Te5 Te6
Charge 2.616 2.616 6.110 6.095 6.180 6.110 6.095 6.180

I4/m Ga1 Ga2 Te1 Te2 Te3 Te4 Te5
Charge 2.419 2.4189 5.8634 6.324 6.324 6.325 6.325

4. Conclusion
In summary, the candidate high-pressure crystal struc-

tures of the Ga–Te system were identified using the evolu-
tionary algorithm of universal structure predictor: evolution-

ary xtallography code, at pressures below 150 GPa. Several

novel phases were discovered (i.e., I4/mmm GaTe2 and C2/m

GaTe3) at high pressure. The thermodynamic properties of the

Ga–Te system were investigated using first-principles theory.
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The results showed that all the structures mentioned in this pa-
per become thermodynamically unstable at pressures higher
than 80 GPa. In addition, we deduced that P63/mmc GaTe is
more thermodynamically stable than C2/m GaTe under am-
bient condition and this structure transforms into the Fm-3m
phase at 6.9 GPa. The two novel structures, I4/mmm GaTe2

and C2/m GaTe3, are stable above 36.9 GPa and 26.8 GPa, re-
spectively. The I4/m Ga2Te5 is stable between 0 and 6.4 GPa.
The calculations of the electronic energy band indicate that
the high-pressure phases of the Ga–Te system are metallic,
whereas the low-pressure phases are semiconductors. We also
calculated the ELF of the Ga–Te system to further explore the
bond characteristic. The results indicated the formation of a
covalent bond at low pressure, which disappears at high pres-
sure.
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