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The transition pressure (P;) of the B4-to-B1l phase transformation of zinc oxide nanoparticle
(n-ZnO) structures was investigated in terms of their size and morphology. Nanorods, nanopencils,
nanopyramids, nanowires, and nanotubes of the B4 phase in various sizes were directly built up by
accounting for the atomic basis of the core and surface regions. The previously proposed
transformation path was performed for constructing shapes and sizes compatible with B1 phases.
Using systematic density functional theory, the surfaces were cleaved from the optimized crystal
structures at different pressures in both the B4 and B1 phases. A method for calculating the surface
energy at different pressures is proposed using an asymmetric slab model. Using the proposed
model, the transition pressure of n-ZnO structures was found to significantly depend on their
morphology and size, which is in good agreement with the available experimental reports.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915113]

I. INTRODUCTION

The evolution of nanoscale materials, which is the dec-
rement of the system size to lower their dimensions, has
become a center of attraction due to their vivid and unique
properties that are influenced by their intrinsic nanoscale
size. Many recent studies have confirmed a change in the
high-pressure parameters, such as the transition pressure,
with nanoscale effect and that this can affect the stability of
the crystal structure. The wide spread applications of useful
metal oxide materials at the nanoscale, such as zinc oxide
nanoparticles (n-ZnO), have attracted significant attention
from both the scientific and industrial communities." The
well known phase transformation of wurtzite (B4) to rocksalt
(B1) occurs at a pressure of around 9.0-10.0 GPa,”™ but the
sensitive deviation of the transition pressure (P,) of the ZnO
nanocrystals from their bulk form has never been extensively
investigated. An increase in the P, of ZnO nanocrystals with
decreasing system size has been reported in earlier works,*
but in contrast a proportional decrease in the P, of ZnO nano-
crystals with decreasing particle size was found,® which
strengthened the obvious influence of the system size effect.
The surface energy of the rounding facets can contribute to
this change. Unfortunately, it is relatively difficult to identify
the rounding facets for spherical or aggregate shaped nano-
crystals. However, certain morphologies of n-ZnO consisting
of nanorods (NRs), nanowires (NWs), and nanotubes (NTs)
have been evaluated for their P, by angle-dispersive X-ray
diffraction (ADXRD), energy-dispersive XRD (EDXRD),
and photoluminescence under high pressure (Table II),

¥Electronic mail: thiti.b@chula.ac.th; Also at ThEP Center, CHE, 328 Si-
Ayuttaya Road, Bangkok 10400, Thailand
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revealing a slightly higher P, compared to the bulk mate-
rial.”'!" A theoretical study recently predicted the transition
pressure of ZnO NWs of various diameters;'? but the results
were in contrast with the experimental reports’ in which the
predicted transition pressure of the NWs decreased with
reducing diameter size. Moreover, molecular dynamics
(MD) simulation revealed that the facets were dependent on
the transformation pressure from B4 to B1 in the ZnO nano-
crystals.'® However, the effect of the surface energy was not
incorporated in these studies. The recent report of the high
pressure phase transition in ZnO NRs'* showed remarkably
different results compared to the experimental reports for
both the deviation of the P, from bulk ZnO and the possibil-
ity of co-existing B4 and B1 phases in the studied pressure
range. However, the study was insufficient to be able to con-
firm and provide a generally reasonable argument for the
structural phase transition of n-ZnO. Therefore, the present
work is mainly focused on investigating the dependence of
the high-pressure phase transition on the different morpholo-
gies and sizes of n-ZnO. In addition, a systematic method of
calculating the material surface energy under high pressure
is proposed.

Il. COMPUTATIONAL METHODOLOGY

Throughout this study, the ab-initio quantum theory cal-
culation based on density functional theory (DFT) was
employed. The CASTEP code,'®> which is based on this for-
malism, was used to perform all the electronic structure cal-
culations. The thermodynamic stability of the competing
phases in the n-ZnO was predicted by comparing the en-
thalpy at a specific pressure and the stable phase was
deduced from the lower enthalpy structure. The P, of this

© 2015 AIP Publishing LLC
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then corresponds to the common tangential line of the
energy-volume curves of the two phases. Calculations were
performed using the generalized gradient approximation
functional (GGA-PBE)'® and ultrasoft pseudopotential with
the electronic configurations of Zn: 3d'%4s?, and O: 2s%p®.
The cutoff energy (E,,,) of the planewave was set to 500eV
and, with the Monkhorst-Pack grid of an approximate 0.035
2m/A spacing, was tested as to if it satisfied the energy con-
verging criteria. The slab model with a 10A vacuum was
also tested for energy convergence with respect to the vac-
uum thicknesses, and the surface energies of the B4 and B1
phases were determined based on this constant vacuum. In
order to simulate the surfaces of ZnO under a high pressure
using this slab model, a systematic approach was developed
and detailed in this report. First, the surfaces of the bulk B4
or B1 phase, which were optimized by full geometry relaxa-
tion at various pressures, were cleaved. An asymmetry slab
model was employed to preserve the computational resour-
ces. Two bottom atomic layers were fixed to express the core
atomic boundary of the nanostructure. To obtain the pressure
effect reasonably at the interface with the vacuum region,
the atoms at the top layer of the slab were carefully fixed,
while the all the other atoms were geometrically relaxed.
The proposed method then requires a number of atomic layers
to increase the space sufficiently to relax the atoms. Hence, to
obtain the appropriate number of atomic layers, they were
carefully increased until convergence of the individual surface
energy was revealed in order to compare the surface energy of
a fully relaxed top layer at high pressure. This method allows
the non-deviation of the average volume per formula unit of
ZnO at the surfaces to be compared with the core region.
Therefore, the relationship between the energy and volume of
the n-ZnO structure can easily be given, where the energy of N
atoms of the nanostructure can be represented as
E ino=WNNEpy + ZpA;), where y; and A; are the surface
energy and the surface area of facet i, respectively. The core
atomic energy of the nanostructure is represented by Ej,,;.. The
surface energy of arbitrary facets can be written

Y = (Esiab — NEpuit) [ Asian, (D
Egap = [Egpig’ — (Esos™™ — NEpu) /2, (2)

where E’Yfalﬁ‘ and Efjf‘l’;fl“)‘ are the total energy of the slab crys-
tal that is relaxed in the proposed method and calculated
using the single point energy regime, respectively. Since an
asymmetric slab model was employed, this method con-
sumes less computational resources compared to the sym-
metrical slab method that keeps the middle layers and allows
relaxation of two sides of the slab. Therefore, the surface
energy and E;,, were modified, as shown in Egs. (1) and (2),
where Eq. (1) is the expression for 7 of the relaxed side of
slab. On the other hand, the two bottom layers are fixed with
dangling bonds and, therefore, mathematically terminated by
the last two terms in parentheses of Eq. (2). Moreover, the n-
ZnO diameter was varied from 5 nm upwards, which is large
enough to avoid the contribution of atoms at the edge and
corner as well as the size dependence of surface energy, as
explicitly reported previously for various nanomaterials.'’ "

J. Appl. Phys. 117, 114309 (2015)

The geometry of n-ZnO with a B4 phase that consists of
two ancestral types is shown in Fig. 1(inset). Both the cross
sections are hexagonal surrounded by {1010} and the longi-
tudinal axis is aligned along [0001]. Type I, has an end cap
bounded by the polar-surfaces of {1011}, while Type II is
terminated by [0001] without a cap. The modified morpholo-
gies of type I can be considered to be nanopencils (NPs) and
nanopyramids (NPys) by varying the length (L) magnitude.
Type II (not capped by the hexagonal pyramid) is the shape
of a hexagonal NR, and can be the ancestor of NTs, nanotab-
lets (NTbs), and NWs by removing the hexagonal core for
the first offspring, and changing the length (L) per diameter
(d) for the last two kinds.

lll. RESULTS AND DISCUSSIONS

In order to perform the electronic structure calculation
of the ZnO surface under high pressure, we started using the
proposed methodology (fixed-toped layer) at a zero pressure
by comparing it with the surface energy obtained from the
fully relaxed method, which is a conventional method gener-
ally implemented for surface structures at ambient pressure.
In the case of (0001) (only the Zn atoms at the top layer
were fixed), which is shown in Fig. 1, increasing the number
of layers increased the surface energy of the Zn with the two
bottom layers being fixed in both the fully relaxed and fixed
top layer models. The surface energies of both methods
increased with an identical tendency and reached conver-
gence at the seventh calculated layers, with 1% difference in
y between them. This situation supports the validity of our
proposed method compared to the conventional one and so it
should be reasonable under a high pressure as well when a
sufficient number of calculated layers are employed. The sur-
face energies of the other planes at zero pressure were calcu-
lated and are shown in Table I. In the case of the B4 phase,
the slightly higher y value obtained using the present method

FIG. 1. Comparison of the surface energy at P=0GPa with the number of
layers between the fixed-top layer case with the traditional case (fully
relaxed). (Inset) The geometry of the cross section and side view of the an-
cestral n-ZnO.
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TABLE 1. Surface energies of the B4 and Bl phases of n-ZnO at zero
pressure.

Surface energy, Yo J/m3)

Facet Fixed-top layer  Full relaxation Other works

B4 phase

(1010) 0.94(3)* 0.90(1) 0.8,20.9,51.16,° 1.3°
0-(0001) 1.50(4)* 17,7176 1.90,92.0°
Zn-(0001) 1.59(0) 1.57(7) 1.38,° 17,2 1.94,92.0° 2.2
0-(1011) 2.09(8)

Zn-(1011) 2.36(5) 2.25(1)

B1 phase

(100) 0.62(3)" 0.61(2)

(110) 1.40(6) 1.39(4)

0-(111) 3.45(1)

Zn-(111) 3.60(3) 3.60(0)

“Results from Ref. 14.
>2Results from Refs. 20 to 25.

was still comparable with the fully relaxed method, and was
within the range of other previous reports*®> for all the
considered surfaces. These evidences clearly support that the
proposed method can be performed for the evaluation of y of
n-ZnO at a high pressure. In the Bl phase, the proposed
method also gave higher y values, as in the B4 phase, and so
indicated that the proposed method could also be employed
for evaluation of the surfaces of the B1 phase.

FIG. 2. Surface energies of the B4 and B1 phases of n-ZnO versus the pres-
sure. The values of B4-{0001} and B4—{1010}, B1-{100} and BI1-{110}
were taken from Ref. 14. (Inset) Cross section of the NPs of the B4 and B1
phases of the n-ZnO, which correspond to the atomic-transformation path.
The color balls of blue and red denote the Zn and O atoms, respectively.

J. Appl. Phys. 117, 114309 (2015)

The y values of the B4 and B1 phases of n-ZnO were
computationally determined from ambient pressure up to
14 GPa and 30 GPa, respectively. The electronic structure
calculations in this pressure range were consistently derived
along with the fitting parameters using the Birch-Murnghan
equation of state,”® and were previously confirmed by the

FIG. 3. Relationship between the relative transition pressure
(AP, = P/(nano) — P/(bulk)) versus the size of the n-ZnO with (a) NR and
NP, (b) NW and Npy, and (c) NT (different outer diameters) morphologies.
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bulk size calculation. The tendencies of y values of all calcu-
lated surfaces are shown in Fig. 2, where the tendency of v
for non-polar surfaces obviously contradicts the case for po-
lar surfaces. The y values are dramatically decreased with
the increasing pressure for the non-polar surfaces but they
are gradually reduced for the polar surfaces. In order to
understand this phenomenon, a surface energy of material at
P=0GPa can be assumed that it is mainly dominated by
dangling bonds of the relaxed surface atoms. For bulk mate-
rials under compression, their internal energy increased and
their volume decreased. Therefore, it is reasonable to assume
that the tendency of the y value for a surface under compres-
sion would be the result of the combination of two different
and opposing effects: the reduction of ) by conservation of
the dangling bonds and the increase of y from the decreasing
surface area. Even though the results in this work did not
quantitatively weigh both effects. However, one could imply
the more influent effect which significantly contributes to the
tendencies of y values especially in non-polar surfaces. In
polar surfaces, another effect influencing the gradually
decreasing of y values with the increasing pressure would be
introduced which is the electrical polarity between Zn and
O-terminated surfaces. This would be strengthened at high
pressure because of the reduction of slab thickness. As a
result, the 7y values of polar surfaces are increasing under
compression. Moreover, all the calculated polar surfaces,
and in particular, the relaxed bilayer of B4-{0001}, were
unreconstructed by relaxation. This was in good agreement
with the previously reported calculations®'> in which they
were the most contracted at the outer bilayer at 43% and
34% for the O and Zn-terminated surfaces, respectively. This
may imply a stabilizing mechanism of these polar surfaces
by charge transfer, as previously suggested.?"*

The cross-sections of the B4 and B1 phases of all the
different n-ZnO morphologies are shown in the inset of Fig.
2. The lowest transformation path barrier of ZnO proposed
previously?” was used to construct the high pressure Bl
phase, which is surrounded by two and four surfaces of
{100} and {110}, respectively. This was also confirmed
using MD simulation.'? These allow us to construct a B4 and
its compatible B1 nanostructure by combining the atomic

J. Appl. Phys. 117, 114309 (2015)

basis at the core region and rounding the facets.
Consequently, the energy and volume per formula unit of n-
ZnO could be generated directly for calculating the transition
pressure. In this calculation, the P, of bulk was calculated to
be 10.97 GPa, which is in good agreement with previous ex-
perimental values.”™

According to our method, the P, of various sizes and
morphologies of n-ZnO can be directly calculated from the
energy and volume profiles of the B4 and B1 phases to find
their identical enthalpies at those pressures. The relationship
between the relative transition pressure (AP,) and the size of
the nanostructures is shown in Fig. 3. In the case of NRs and
NPs, the calculations revealed that at an L/d ratio of 0.5 the
system seemed to adopt a hexagonal NTb structure for the
the NRs, and with additionally hexagonal NPy or bullet-like
structures for the NPs. All the transition pressures were
lower than those of the bulk ZnO and especially at d =5 nm,
when the AP, values were around —4.5 and —0.4 GPa for
NRs and NPs, respectively. The AP, of NRs, which the ma-
jority of the atomic surface of the B4 phase is occupied by
on the surface of {0001}, is much higher than another.
According to the transformation path, the surface of B4-
{0001} would transform to B1-{001}, which is a non-polar
surface of the B1 phase with a much lower surface energy
0.62 J/mz) than that of the B4-{0001} phase (1.50-1.597/
m?). This indicates that those surface atoms could be the
easiest path of inducing a high-pressure phase transition
from the B4 to the B1 phase. However, the P,s of both phases
increased with an increasing diameter and length, and finally
equalled the P, of the bulk ZnO at an L/d ratio of around 1-5
(inset, Fig. 3(a)). At an L/d ratio of 10, the transition pres-
sures of the NRs and NPs were higher than those in the bulk
ZnO, and this could be also explained in a similar manner as
above. The increasing number of surface atoms at the most
stable surface {1010} of the B4 phase could enhance the P,.
The six facets of B4—{1010} would transform to two and
four facets of {100} and {110}, respectively. In addition, the
P, of the NRs and NPs were also close to each other at an L/
d ratio of 10, because this led to a smaller difference in the
pyramidal cap at the end of the NPs and the flat side of Zn-
(0001) in the NRs. The cases when the L/d ratio was 100, the

TABLE II. Comparison of the AP,s from selected points in this work and from the available experimental and theoretical results in the literature. Each AP, is
relative to the P(bulk) value reported in the same reference, except those denoted by * that used P(bulk) =9.5 GPa.

Morphology Gain size (nm) AP, (GPa) Method Reference
Nanorod 10 (L/d=28) 1.0 EDXRD 11
150 (L/d =80) 1.0 EDXRD 11

10 (L/d=38) 0.3 DFT with presented method This work

5 (L/d=10) 1.0 DFT with presented method This work
Nanowire d =50-100 4.2% ADXRD 7
d=100 2.5% Photoluminescence 8
NA —33to—1.3 DFT with supercell method 12

5 1.2 DFT with presented method This work

10 0.4 DFT with presented method This work
Nanotube d,.~d;, =100 1.5% Photoluminescence 9
d=10-70 1.0% EDXRD 10

dy, =50 (f=0.8) 0.6 DFT with presented method This work

dou =75 (=0.9) 1.5 DFT with presented method This work
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NRs (or NPs) corresponded to NWs, and when the L/d ratio
was 0, the NPs corresponded to hexagonal NPys, which are
shown in Fig. 3(b)). The P, of the NWs was higher than the
bulk ZnO by around 1.2 GPa for d =5nm, and its relative
value with the bulk ZnO (AP,) converged to zero with
increasing diameter. On the other hand, for the NPys, which
is the cap of the B4 phase, their six facets of {1011} trans-
formed to the two facets of {101} and four facets of {111}
of the B1 phase. The P, of NPys was lower than the bulk
ZnO by around 3.2 and 1.5 GPa for d =5 and 10 nm, respec-
tively. These are extremely interesting, especially for NPys
in which further experimental work is required for clarifica-
tion because they have P, values that largely deviate from
the bulk ZnO and in the opposite tendency from the other n-
ZnO structures. In Fig. 3(c), the case of NTs are shown
where L > d and the ratio of the inner and outer diameter
(p=d,,/d,.;) was varied from 0.5 to 0.9. The NTs were
investigated over a diameter range of 50 to 200 nm. The cal-
culated P, values were clearly higher than the NWs with the
same diameter. This is not surprising because the number of
surface atoms at the B4-{1010} were increasing with the
additional inner diameter of the NTs. Consequently, this
strongly supports that the surface atoms at B4-{1010} could
be a main cause driving the enhancement of the transition
pressure in these ZnO nanostructures.

IV. CONCLUSIONS

In conclusion, the proposed method for calculating the
surface energy of materials at a high pressure based on a sys-
tematic DFT revealed the B4-to-B1 phase transition of n-
ZnO in relation to the P, and their shapes and sizes. The find-
ings revealed that the nanoscale phase transitions driven by
surface energy differences were the main cause of the P,
deviation of the n-ZnO from the bulk ZnO. The transition
from the six facets of B4-{1010} to the two and four facets
of {100} and {110}, respectively, enhanced the value of P,.
On the other hand, it decreased in the transition of
B4-{0001} to B1-{001}. This can explain the increased P, in
NWs,7’8 NTs,9’10 and NRs.'! Comparison of our results with
other experimental and theoretical results is shown in Table
II. Moreover, this finding also predicted the reduction of P,
with decreasing size of n-ZnO in NTbs and NPys. Thus, the
proposed method provided theoretical explanations and high-
lights the usefulness of the morphology and size dependence
of the P, in n-ZnO.
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We report stability of high pressure phases and elastic properties in CuGaSe,, especially in cubic and
orthorhombic phases. The distorted structures from Fm3m and Cmcm consist of Pmmn, P21/m, Amm?2
and P4/mmm were observed. Cu and Ga sites in Fm3m and Cmcm can distinguish in the lower symmetry
space groups which are P4/mmm and Amm2, respectively. The enthalpy differences of an interested
structure are compared in the pressure range 0-100 GPa. The phonon dispersion relation of CuGaSe, was
studied, and found that the P4/mmm and Amm?2 space groups give stability of phonon vibration modes.
Moreover, we observe chemical bonds and elastic properties of CuGaSe, at high-pressure conditions.
Elastic constants indicate mechanical stability of CuGaSe, in P4/mmm and Amm2 phases. Although
CuGaSe, has become nonsemiconductor material in the P4/mmm and Amm2 phases, the strong of
covalent bonds and sharing electrons are still increased by high pressure effect.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, one major problem of the world is an energy crisis,
and solar energy is a vivid choice of solutions. The efficiencies of
solar cells highly depend on the physical and optical properties of
semiconducting materials in multilayer structures. The [-III-VI,
ternary compounds, such as CulnSe, (CIS) and CuGaSe, (CGS),
have recently emerged as a very promising material for photo-
voltaic solar-energy application [1-4]. Under the conditions of
high-pressure and temperature, many semiconductors and their
alloys undergo a solid-solid transition from a disordered to an
ordered structure because the different constituent atoms tend to
occupy special sites in the lattice [5,6]. The high-pressure effect is
a powerful modern tool for changing structures and properties of
material because bond lengths and lattice parameters in unit cell
were changed by the external forces. At ambient pressure (0 GPa),
a stable structure of CuAlSe,, CulnSe, and CuGaSe; is a chalcopyr-
ite phase with space group I42d. By using energy dispersive x-rays
diffraction (XRD) with synchrotron radiation and Merill-Bassett
diamond anvil cell, Tinoco et al. [7,8] found that the 1st phase
transition from chalcopyrite phase to NaCl-like cubic phase
(Fm3m) in CulnSe, occurs at 7.6 GPa, in which the volume
reduction at transition point is about 10%. Gonzalez and Rincon
[9] studied the optical absorption and phase transitions in Cu-III-
VI, compound under hydrostatic pressure up to 20 GPa. They
found that the [42d - Fm3m phase transition of CuGaSe, occurs at

* Corresponding author.
E-mail address: prayoonsak@gmail.com (P. Pluengphon).

http://dx.doi.org/10.1016/j.ss¢.2015.05.019
0038-1098/© 2015 Elsevier Ltd. All rights reserved.

13.6 GPa. Later, Bovornratanaraks et al. [10] studied structures of
CulnSe; up to 53 GPa using angle-dispersive x-ray powder diffrac-
tion techniques. The XRD result suggested that the Fm3m space
group is completely transformed to the Cmcm phase at 43.9 GPa.
The experiments suggested the atomic positions of cations (I-III)
in Fm3m and Cmcm are the same atomic positions. Ab initio
calculations [11,12] compared the free energies of space groups
(I42d, Fm3m and Cmcm) from the experiments suggestion. The
enthalpy comparisons showed that the order of phase transitions
both CulnSe, and CuGaSe, are 142d —Fm3m— Cmcm. They sug-
gested that the high pressure phases of CIS and CGS are non-
semiconductor phases because band gaps in Fm3m and Cmcm are
vanished by high pressure effect.

In previous works, band structures, density of states and free
energies comparisons of CuGaSe, under high pressure were
intensively studied. However, stability of phases, lattice vibration
modes, chemical bonds and elastic properties are still incomplete.
In this work, the phase stability of CuGaSe, under high pressure
has been studied using the ab initio method which based on
density functional theory (DFT). The distorted structures obtained
from Fm3m and Cmcm consist of Pmmn, P21/m, Amm2 and P4/
mmm are analyzed. Mechanical stability of high-pressure phases
was investigated by elastic parameters. Type of bonding in CGS
was introduced by studying the electron density difference.

2. Calculation details

In this work, ab initio calculations were performed using self-
consistent field method (SCF) as implemented in Cambridge Serial
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Total Energy Package (CASTEP) code [13,14]. In SCF loops, the
ground state properties of a unit cell are obtained from the
solution of Kohn-Sham equations. The generalized-gradient
approximation (GGA) functional of Perdew-Burke-Ernzerhof
(PBE) [15,16] was adopted for the exchange-correlation term in
Kohn-Sham equations. The ultrasoft pseudopotentials [17] were
used, and the cutoff energy which is the maximum energy of plane
wave basis set was set to 500 eV for all calculations. Monkhorst-
Pack grid sizes [18] for SCF calculations are 5 x 5 x 6 for chalco-
pyrite phase, 6 x 6 x 6 for cubic and orthorhombic structures. The
condition of k point is 1/k~ 0.035. The Brodyden-Fletcher-Gold-
farb—Shanno (BFGS) [19] minimization scheme was used in geo-
metry optimization for each volume. Forces and pressure tensors
on geometry optimized structures were controlled by Hellmann-
Feynman theorem [20]. The BFGS optimization was considered to
be completed when the total energy difference was less than
5x 1077 eV/atom, Hellman-Feynman forces were less than
0.01 eV/A, the maximum ionic displacement within 0.0005 A,
and all of the stress components within 0.02 GPa. The minimum
free energies at 0 K of high-pressure structures were considered
from the enthalpy differences, which the enthalpy in each struc-
ture obtained from the relation H=E+PV. Phonon dispersion
calculations were observed using a finite displacement method
[21] with super cell size 3 x 3 x 3. The elastic constants, the
average isotropic bulk modulus (B) and shear modulus (G)
obtained from Voigt-Reuss-Hill (VRH) method [22,23] which
bases on the single crystal elastic constants.

3. Results and discussion

For analyzing the crystal structures of CuGaSe, obtained from
the CASTEP code, the optimized structures from GGA-PBE and
LDA-CAPZ are compared to the previous studies in Table 1. It was
found that lattice parameters and volume cells calculated from
GGA-PBE functional are larger than the parameters from experi-
ment, while the LDA results are lower than experiment and GGA-
PBE. Bulk modulus at 0 GPa (By) can be obtained from fitting
equation of states of energy (E) and volume (V). The bulk modulus
from DFT calculations depend on using the correlation functional
and equation of state. The calculated result from LDA-PW by fitting

Table 1
Comparison of lattice parameters (a=b and c) and bulk modulus at 0 GPa (Bo) in
chalcopyrite structure of CuGaSe, with previous studies.

to a third-order Vinet equation of state [3] is 84.5 GPa, while the
FP-LMTO +LDA result fitting from Birch equation of state [25] is
79.97 GPa, and GGA-PBE (in VASP) result fitting from Murnaghan
equation of state in Ref. [12] is 57.7 GPa. The present results fitting
to the third order of Birch-Murnaghan equation of state are 64.0
(GGA-PBE) and 58.0 GPa (LDA). We think that the different bulk
modulus from available calculations is due to the varying of the
fitting equation of states. We select the GGA-PBE functional for
calculations the high-pressure structures because it gave the
better lattice parameters and bulk modulus than LDA, when
compare with the experiment [26]. Atomic coordinates at 0 GPa
of Cu, Ga and Se are (0, 0, 0), (0, 0, 0.5) and (0.244, 0.25, 0.125),
respectively. In previous experiments [7-10], it has been suggested
that Fm3m and Cmcm structures are the thermodynamically stable
phases of CulnSe, and CuGaSe, beyond the ambient phase (I42d),
and atomic positions of Cu and Ga are not distinguish both Fm3m
and Cmcm. In this calculation, we imposed the lower symmetry
space groups on Fm3m and Cmcm structures which the Cu and Ga
atomic positions are distinguish, so that it can be optimized by
geometry optimization. The impose symmetry obtained from
Fm3m is P4/mmm, while Amm?2 is the impose symmetry of Cmcm.
We observed another 2 structures which are P21/m and Pmmn. The
atomic positions of Cu, Ga and Se sites in [42d, P4/mmm, Amm2,
P21/m and Pmmn are shown in Table 2. The enthalpy differences in
all structures at 0 K are compared with P4/mmm as shown in Fig. 1.
We found that the high pressure structures of in CuGaSe,, which
gave the minimum free energies, are I42d at 0-12 GPa, P21/m at
12-52 GPa and Amm2 at 52-100 GPa, respectively. Structures of
142d, P4/mmm, P21/m and Amm2 are shown in Fig. 2(a), (b), (¢) and
(d), respectively. Although P21/m gave the minimum enthalpy in
the pressure range of 12-52 GPa, we found that atomic positions
in the P21/m and Amm2 are approached to the P4/mmm space
groups as shown in Fig. 2(b). The enthalpy differences (12-52 GPa)
of P21/m and Amm2 compared with P4/mmm are lower than
0.03 eV. This value occurred because the symmetry of P4/mmm
is higher than P21/m and Amm2. And then, we observe the phonon
dispersions of 142d (0 GPa), P4/mmm (30 GPa) and Amm2 (80 GPa)
as shown in Fig. 3. The phonon dispersions show all positive
vibration modes in I42d at 0 GPa, P4/mmm at 30 GPa and Amm?2 at
80 GPa. Therefore, we can conclude that the stable phase of
CuGaSe; (12-52 GPa) which has the higher symmetry than P21/
m is P4/mmm. The P4/mmm space group obtained from Fm3m that
can distinguish Cu and In sites in the primitive cell. These results
confirm the experiments and calculations studies [10-12], but we
can distinguish the Cu and Ga sites in Fm3m and Cmcm to the P4/
mmm and Amm2, respectively. At the transition pressure 52 GPa

a(A)  c(A) c/a Bo (GPa)  Method Ref. (P4/mmm to Amm?2), the equilibrium point in cubic phase (P4/
5.628 11157 1982 640 GGA-PBE (in CASTEP)  This work mmm) was Eresseq, apd chang;rd to orthc;rhomt;;;f S}J dce group
5498 10937 1989 580 LDA-CAPZ (in CASTEP)  This work (Amm2) as shown in Fig. 2(c). The Cu-Se planes shift from Ga-Se
5435 10712 1971 845 LDA-PW [3] planes that same as the CIS [11] and CIGS [27] phase transitions.
5681 11209 1973 577 GGA-PBE (in VASP) [12] The phonon density of states (PDOS) in I42d (0 GPa), (30 GPa) and
ggﬁ }gg;‘? }gg; %3‘7‘ gg"ﬂ;‘ﬂl’T"(‘)’Jf{-g: E;‘} Amm2 (80 GPa) were compared in Fig. 3(d). Peak of PDOS at
. . . . - + A -
ss06 11003 1966 71 Experiment [26] 8.5THz (I42d0 GPa) shift to 9.5 _THz (P4/mmm . 30 GPa) and
11.2 THz (Amm2 80 GPa). The maximum frequencies and peaks
Table 2
The atomic positions of Cu, Ga and Se in [42d, P4/mmm, Amm2, P21/m and Pmmn space groups at 0, 40 and 80 GPa, angles a ==y =90 (except in Amm2 at 80 GPa
y=852).
Space group Cu site Ga site Se site a(A) b (A) c(A) H-Hpa/mmm (V)
142d at 0 GPa (0,0,0) (0,0,0.5) (0.244,0.25,0.125) 5.628 5.628 11.157 —~1.100
P4/mmm at 40 GPa (0,0,0.5) (0.5,0.5,0) (0,0,0) 3.418 3.418 4782 0.000
P21/m at 40 GPa (0.25,0.25,0) (0.25,0.75,0.50) (0.75,0.25,0) 4,840 4.840 4,767 —0.020
Pmmn at 40 GPa (0,0,0.900) (0,0.5,0.371) (0,0,0.441) 4.444 4748 5.233 0.067
Amm2 at 40 GPa (0.5,0,0.258) (0,0,0.740) (0,0,0.243) 4779 4835 4837 —0.002
Amm2 at 80 GPa (0.5,0,0.369) (0,0,0.629) (0,0,0.168) 3.383 3.383 4217 —0.200
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of PDOS are extended under pressure increasing. This indicates the
hardening of phonon vibration modes under high pressure.

From the optimized structures, the elastic constants (C;) can be
calculated from a stress—strain method. Elastic constants of solids
can provide the resistance of material in each direction due to the
effect from external forces. The elastic properties of a material are
essential to understand the chemical bond in material because
type of bond relates with the hardness, stress and strain of
material. A study of elastic properties in each stable structure is
significant to understand the mechanical properties of CuGaSe,
under high pressure. We compare the elastic properties at 0 GPa
with previous works [3,25] as shown in Table 3. Cy;, Ciz and Cy3
from GGA-PBE are lower than other calculations, while Cs3, Ca44
and Cgg are in good agreement. However, By obtained from GGA-
PBE in this work is 64 GPa, while the experiment [26] reported as
71 GPa. The elastic stiffness tensor of 142d at 0 GPa is satisfy the
conditions of Cq1, C33,C44,C66 >0,Cq1 > |C12|,C11C33 > C%3,(C11 +
C12)Cs3 >2Cf3, which are Born stability criteria in chalcopyrite

Fig. 1. The enthalpy differences at 0 K (compared with P4/mmm) of the possible
space groups in CuGaSe, under pressure.

lattice [3,12]. Moreover, the elastic parameters in Table 3 satisfy
Born stability criteria in all structures [23,28]. These indicate that
the structures of CuGaSe; are mechanically stable phases under
high pressure. Under high-pressure, we can see that C;; is more
sensitive with pressure increasing than Ci; and C44 because Cyy
indicates the elasticity in length while C;, and C44 relate with
shear constant and elasticity in shape. From elastic constants, bulk
modulus (B) and shear modulus (G) of polycrystalline can be
obtained from VRH approximation. The critical B/G ratio of 1.75
separates type of ductile ( > 1.75) and brittle ( < 1.75) materials,
which was introduced by Pugh [29]. However, Frantsevich et al.
[30] suggested another critical ratio of B/G=2.67. The B/G ratios in
Table 3 indicate that CGS in P4/mmm and Amm2 are ductile
material. The bulk modulus, and elastic constant and B/G ratio
calculated from VRH method were widely used to classify type of
phase in compounds such as MgCu, [31], HgGa,Se,4 [32], CdGa,Se,
[33], HgGasSe4 [34] and HgGasS, [35]. Bulk modulus, Cqy, and B/G
ratio of CuGaSe, increase under high-pressure which related
with the defect-chalcopyrite compounds (HgGa,Se, and HgGa,S,)
[32,35].

In addition, we also analyze the electron density difference as
shown in Fig. 4. There are strong covalent bonds of Cu-Se and In-Se,
and the red zone shows the sharing electrons which highly increase
in Amm2. The blue zone shows that the electron density at Cu sites
are decreased when compare with an isolated Cu atom. This
indicates that the sharing electrons in chemical bonding mainly
transform from Cu sites. The previous work [12] showed that band
gap of CuGaSe, is vanished as the first phase transition
(I42d—Fm3m), which band structures reported in Ref. [12].
Although CuGaSe, became nonsemiconductor in II and Il phases,
the strong of covalent bonds are increasing by high-pressure effect.

4. Conclusions

Ab initio calculations based on DFT were performed for study-
ing phase stability and mechanical properties of CGS at high

Fig. 2. Comparisons the optimized structures of CuGaSe, at high pressures. (a) [42d at 0 GPa, (b) P4/mmm at 40 GPa, (c) P21/m at 40 GPa, (d) Amm2 at 40 GPa and (e) Amm2

at 80 GPa.
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Fig. 3. Phonon dispersion and density of states of CuGaSe, under high pressure (a) [42dat 0 GPa, (b) P4/mmm at 30 GPa, (c) Amm2 at 80 GPa and (d) phonon density of states.

Table 3
Elastic parameters in a unit GPa of CuGaSe, in the phases of [42d (0 GPa), P4/mmm (30, 40 and 50 GPa) and Amm2 (60, 80 and 100 GPa).

Phase P(GPa)  Cy Ciz Cis Cas Cr Cs3 Cia Css Ces B G B/G Ref.
[42d 0 86 52 49 49 86 108 47 47 41 64 33 194  This work
112.2 66.4 68.1 68.1 11222 13 48.4 484 485 84,5 - - 13]
10565 6329 6303 6303 10565 10603 4738 4738 4669 6279 2695 233  [25]
P4/mmm 30 290 202 114 114 290 416 46 46 133 206 72 2.86  This work
40 332 244 120 120 332 514 45 45 157 238 80 2.98
50 399 303 126 126 399 609 44 44 183 279 88 317
Amm2 60 415 158 341 171 625 435 53 87 85 312 83 3.76  This work
80 504 167 391 172 766 446 38 95 89 352 88 4.00
100 638 170 493 259 894 584 11 128 95 440 83 530

Fig. 4. Electron density difference of (a) P4/mmm at 30 GPa and (b) Amm2 at 80 GPa. (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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pressure. It was found that the impose symmetry obtained from
Fm3m is P4/mmm, while Amm2 is the impose symmetry of Cmcm.
Cu and Ga sites in a CGS unit cell can distinguish in the P4/mmm
and Cmcm. The phonon dispersions show all positive vibration
modes in P4/mmm at 30 GPa and Amm2 at 80 GPa. In P4/mmm-
Cmcm phase transition, the Cu-Se planes shift from Ga-Se planes
that same as the CIS and CIGS phase transitions. The maximum
frequencies and peaks of PDOS are extended under pressure
increasing, which indicate the hardening of phonon vibration
modes under high pressure. In elastic parameters, the mechanical
stability of the CuGaSe, structures are satisfy the elastic constants
conditions [23,28], which indicate that the high pressure struc-
tures of CuGaSe, are mechanically stable phases. The B/G ratios in
table II indicate that CGS in P4/mmm and AmmZ2 are ductile
material. In addition, the chemical bond was analyzed by the
contour plot of the density difference. The sharing electrons in
chemical bonding mainly transform from Cu sites. The strong of
covalent bonds in CGS are increasing by high-pressure effect.
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An ab initio study of structural phase transformations and band structure under high pressure was
performed on a ternary semiconductor, AginTe,. Based on DFT within both LDA and GGA exchange-
correlation, US-PP, and plane wave basis set, were employed for this work. Transition pressures and
calculated parameters with transformation pathway was identified to be; chalcopyrite —cd-B1 - cd-
Cmcm, were in good agreement with experiments. We also predicted a higher pressure phase based on
supercell with size 2 x 2 x 2 of B2 structure in which all the configuration of cation structures were
accounted to compare and clarify its'cations-disordered state. The predicted structure probably appeared
at around 40 GPa from cd-Cmcm to cd-B2. In the case of band structure calculation, NC-PP in which 4p1°
electrons of In were not treated, was also employed in chalcopyrite at a pressure range of 0-4 GPa to
improve a very narrow band gap of US-PP, and this failure will be discussed. Partial density of state
(PDOS), and electronic population analysis were also calculated to finely investigate the electronic
transition around the Fermi level. Our calculated results were in good agreement with experiments. The
direct energy gap (Eg) was linearly proportional to pressure with increasing rate of 46.4 and 44.6 meV/
GPa. In addition, at ambient conditions, E, was equal to 1.02eV and 0.95eV for GGA and LDA,
respectively. Band structure from all the calculations have shown a higher second band gap (Eé) which

could occur due to crystal-field splitting.

© 2015 Published by Elsevier Ltd.

1. Introduction

The chalcopyrite semiconductors (I-II-VI,, s.g. [42d) have
received attention due to their applications in a number of optoelec-
tronic devices such as detectors and solar cells [1-3]. The crystal
structure of chalcopyrite is analogous with the zinc blende semi-
conductor (II-VI) which doubles zinc blende with replacement and
modification of atomic position of II by I and III in ratio of 1:1. In
addition, some physical properties of chalcopyrites and their analo-
gous binaries showed some correlation. In particular, recent imple-
mentation on electrical properties and phase transformation under
high pressure shows that diamond anvil cell can exist up to several
million atmospheres. Similar to those in the same group, AginTe, is
one of chalcopyrites which is utilized in a number of industrial
applications [4-6] with the direct band gap reported to be 1.02 eV
[7]. Our previous study has reported the structural phase transition of
AgInTe, under pressure up to 26 GPa that is the highest pressure
reached experimentally for this material. We found that the structure
at high pressure became cations-disordered (cations-disorder will be

E-mail address: thiti.b@chula.ac.th (T. Bovornratanaraks).

http://dx.doi.org/10.1016/j.ss¢.2015.07.002
0038-1098/© 2015 Published by Elsevier Ltd.

represented by cd in this paper), in which cation sites were occupied
by both group I and III cations with a 0.5:0.5 occupancy ratio. The
transformation pathway of AgInTe, was 142d —cd-B1— cd-Cmcm
and this occurred at pressure around 3-4 GPa and 21.7 GPa, respec-
tively [8,9]. This was identical with other chalcopyrites such as
CulnSe, and CuGaSe,. However, so far there have been only few
studies of this material both experimentally and theoretically, in
particular, the study of band gap under high pressure.

This work aims to investigate the structural phase transitions of
AgInTe, under high pressure using ab initio based on density
functional theory. In addition, a new higher pressure phase,
cations-disorder of CsCl-like structure (cd-B2) has been predicted.
We also carried out electronic band structure, PDOS and popula-
tion analysis of chalcopyrite under pressure up to 4 GPa to finely
investigate the electronic transition around the Fermi level.

2. Calculation details
Ab initio study based on the density functional theory (DFT)

within CASTEP code [10] was employed in this work where the
meticulous method of electronically structural stability and band
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structure of AgInTe, under high pressure were performed. In the case
of the structural stability calculation, using the standard conventional
exchange-correlation functional; local-density approximation (LDA)
[11] and Generalize gradient approximation (GGA) [12], ultrasoft
pseudopotential (US-PP) with electrons configuration of Ag: 4d'°5s!,
In: 4d'°5s25p! and Te: 5s%5p® The plane wave basis was set as
E.t=400 eV and k-points mesh was fixed accurately at 0.035 27/A
for all the structures which were confirmed by energy convergence
technique. The calculated structures of both AginTe, were selected
from the experiments and its analogous binary compound [8,13]. For
chalcopyrite structure, cell parameters were optimized at each
pressure by using BFGS algorithms with force convergence tolerance
of 0.01 eV/A. For the high pressure phases, the supercell structures
were also constructed from 2x2x2 cells for these cation-
disordered structures in which the atomic positions of cations (Ag
and In) were randomly selected from the same symmetric operation
positions. Lattice parameters were chosen based on previous experi-
mental results [8,9]. The corresponding fraction coordinates were Ag
and In: (0.00, 0.00, 0.00) and Te: (0.50, 0.50, 0.50) for cd-B1 structure,
and Ag and In: (0.00, 0.67, 0.25) and Te: (0.00, 0.19, 0.25) with a/
c=1.032 and b/c=1.013 for cd-Cmcm phase. For the predicted B2
phase, we also confirmed its cations-disordered state by comparing
all possible cation configuration structures whose supercell size was
2 x 2 x 2, where the number of basis of cations were 4 for both Ag
and In. Moreover, spin-unpolarised state of all calculated phases were
confirmed by including spin-porarised calculation at sampling points
through the entire pressure range.

The relationship between the total energy and volume were fitted
to the Birch-Murnaghan equation of state [14]. The DFT calculations
were treated at absolute zero temperature. Therefore, the more stable
phase existing in each pressure range could be determined from the
minimum Gibbs free energy which can be written in terms of enthalpy
as G(T=0)=H=E~+PV. In the case of band structure calculation, the
energy gap between chalcopyrite phases at the pressure 0 and 4 GPa
were performed using both ultrasoft and norm-conserving pseudo-
potentail. However, a more expensive resource of pseudopotential,
norm-conserving pseudopotential (NC-PP), with E, of 800 eV which
employed electrons configuration difference with another (Ag:
45%4p®4d'°5s, In: 4d'°5s%5p! and Te: 5s25p®), has provided a band
gap very close to the experimental results. The full band structure,
PDOS, and population analysis were carried out to clarify the electronic
transition phenomena of individual electronic state.

3. Results and discussions
3.1. Structural phase transitions

The calculation results of GGA and LDA exchange-correlation
functional were fitted to the Birch—-Murnaghan equation of state
which only a fitting of GGA is shown in Fig. 1. The energy-volume
curves have obviously indicated that chalcopyrite was the most
stable phase at ambient conditions, and lattice constants and two
distortion parameters were compared with available experiments
[8,15] as shown in Table 1. Chalcopyrite phase obviously trans-
formed to cd-B1 which was confirmed by considering their com-
monly mutual tangential line; but the second transition from cd-B1
to cd-Cmcm was difficult to perform in the same way. However, a
stable phase can be identified as the one with the minimum
enthalpy in a given pressure range. The enthalpy-pressure curves
were also reproduced by the Birch-Murnaghan equation of state,
which are shown in Fig. 2. Both GGA and LDA results were in
agreement with experiments which had reported the transforma-
tion pathway to be; I142d — cd-B1 —cd-Cmcm. The transition pres-
sures, lattice constants, bulk moduli and volume reductions of all
phases are shown in Table 2., almost of them by using GGA were

Fig. 1. (Color Online) The energy-volume curves of chalcopyrite, cd-B1, and cd-
Cmcm phase obtained by GGA implementation.

Table 1
The comparison between lattice constants, tetragonal distortion, and anion
displacement of chalcopyrite phase from experiments and DFT calculations.

Lattice constants (A) u n

a c
LDA? 6.35 12.63 0.24 1.99
GGA* 6.58 12.99 0.24 1.97
Exp® 6.39 12.61 0.24 1.97
Exp© 6.41 12.56 0.25 1.96

¢ This work.
b Reference [8].
¢ Reference [16].

Fig. 2. (Color Online) The relative enthalpy-pressure curves of chalcopyrite, cd-B1,
and cd-Cmcm phases which were grounded by enthalpy of cd-Cmcm by using GGA
implementation. The intersection point is compatible with a transition pressure.

found to be closer to experiment than in case of LDA, except for the
volume of chalcopyrite at ambient conditions which deviated from
experiment in Ref. 8 by about 9%.

It was predicted in CdTe by Ahuja et al. that Cmcm phase
transforms to B2 phase at 28 GPa [18]. Moreover, B2 phase was
also found in PbX (X=S, Se and Te) from both experimental and
theoretical studies [17,18] with a transition pathway shown as zinc-
blende — NaCl — Cmcm — CsCl. This work revealed that an existence
of B2 phase was expected at pressure around 40 GPa. Furthermore,
its cations-disordered state was confirmed by comparing all
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possible cation configuration structures within supercell size of
2 x 2 x 2, where the number of basis of cations are 4 for both Ag
and In. A list of all the possible configurations of B2 phase is shown
in Fig. 3.

Table 2

The comparison between available parameters of ambient and high-pressure
phases found from the experiment and those in theories. The lattice constants
shown were performed at ambient conditions, 6.25, and 21.70 GPa for chalcopyrite,
cd-B1, and cd-Cmcm, respectively.

Phase Lattice constants(A) P, (GPa) Bo (GPa) AV/Vo (%)
a b c

CH Exp. 6.39 12.61 - 34.01 -
LDA 6.35 12.63 - 50.84 -
GGA 6.58 12.99 - 37.36 -
B1 exp. 5.87 3-4 57.51 13
LDA 5.72 149 77.63 20
GGA 5.85 3.02 63.05 15
Cmcm exp. 5.56 5.74 5.58 21.70 N/A -
LDA 5.48 5.55 539 22.02 69.14 1
GGA 5.59 5.66 5.50 21.65 53.78 1

Firstly, all the configurations were calculated by total energy
method at a fixed volume in order to consider and compare their
stability. We found that there were four interesting phases consisting
of B2(a), B2(c), B2(e) and B2(f) which significantly revealed their
lower energy than the other two phases. The four phases were also
calculated to obtain the energy-volume relationship by using geo-
metry optimization method with identical setup to the previous
phases. The first one, B2(a) became cubical Heusler structure (s.g.
Fm3m), the second and third, B2(c) and B2(e) became tetragonal
structure (s.g. P4/mmm), and the last one, B2(f) became cubic (s.g.
Pm3m). The relationship between relative enthalpy and pressure of B2
phases is shown in Fig. 4. The B2(f) phase was to have the lowest
enthalpy, whereas the highest one was B2(a) which was also the
highest symmetry phase with an complete exchange between Ag and
In atoms in all three dimensions. However, at 40 GPa, the largest
difference enthalpy of B2(a) and B2(f) phases in the order of 0.015 eV/
atom was equivalent to thermal energy at 174 K. This finding can be
referred to a possibility of appearance of co-existing phase of B2(a),
B2(c), B2(e), and B2(f) at room temperature. Therefore, this situation
could lead to cation-disordered state of B2, or cd-B2. This could
directly be influenced by previous cation-disordered structure; cd-
Cmcm could still be transformed to a cation-disorder of B2 structure.

Fig. 3. (Color Online) All configurations of B2 phase within supercell size of 2 x 2 x 2 are depicted. In each cell, only eight cations are present, and each cations is enveloped
by eight nearest neighbors of Te [not shown here]. Ag and In are represented by solid and hole circles, respectively.
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Fig. 4. (Color Online) The relative enthalpy-pressure curves of B2(a), B2(c), B2(e),
and B2(f) phases which were grounded by enthalpy of B2(e).

Furthermore, phonon dispersions of the four atomic configura-
tions of B2 were performed by using the finite displacement
technique with ultrasoft pseudopotential, shown in Fig. 5. These
calculations revealed that a non-minus frequencies phase was
B2(a) which also was the highest enthalpy phase, whereas the lower
enthalpy phases with minus frequencies were not stable. This
evidence supported the cations-disordered state of B2. However,
phonon dispersion of B2(a) phase which undergoes a complete
exchange of Ag and In atoms in all three dimensions could probably
roughly represent vibrational property of the cd-B2. Nevertheless, the
existence of cd-B2 was expected at a rather low transition pressure
for method of high pressure technique recently. Therefore, this
prediction should be proved by the evidence of further experiment.

3.2. Band structure and energy gap of chalcopyrite

Band gap (E,) of chalcopyrite was carried out based on band
structure calculation. In Table 3, E, at ambient condition obtained
by using ultrasoft pseudopotential (US-PP) and norm-conserving
pseudopotential (NC-PP) are shown. Both implementations gave a
direct band gap with minimum gap at /" point. In the case of US-PP,
E; was very different from that obtained from the experiment [7].
On the other hand, in the case of NC-PP, E; has accepted, especially,
an experimentally identical E; of GGA calculation. However, quali-
ties of band structure of both calculations were approximately the
same. A calculation by using NC-PP with GGA was shown in Fig. 6.
Another direct band gap (E,) appeared near the fundamental gap
(Eg). This was shown in the inset of Fig. 6 with increasing from Eg by
0.11 and 0.08 for NC-PP and US-PPP, respectively. This occurred due
to a crystal-field splitting which was directly affected by a different
interaction between Ag-Te and In-Te. This result also corresponds
with those from the previous experiments [19,20].

In Table 4, electron population, bond length, and bond popula-
tion for each atomic species of relaxed chalcopyrite structure were
calculated by applying US-PP and NC-PP with GGA exchange-
correlation functional to clarify the different band gap. We focused
on electronic state near the Fermi level. In the case of Ag, calculated
result of US-PP and NC-PP were similar and this implied inter-
transferring of electron from majority of 5s-state and minority of
4d-state to 5p-state. In addition, this also showed hybridization of
5p-state of Ag with 4d and 5p-states of Te. These similarities were
indicated by a small difference of bond population which equals to
0.41 and 0.43 for US-PP and NC-PP, respectively. In contrast, there
were some significant difference for the case of In. For US-PP,
electron population of 5s and 5p were only almost inter-

Fig. 5. (Color Online) Phonon dispersion of B2(a), B2(c), B2(e), and B2(f) phases.
Unlike the others, B2(a) was revealed to be a possibly stable phase with no minus
frequency.

transferring and hence there was only little mixing between the
two states which leads to weak bonding with Te. This was
confirmed by a small bond population (equals to 0.28), and larger
bond length of In-Te. For NC-PP, we found that bond population of
In-Te was equal to 0.42 which was close to but slightly smaller than
the value of Ag-Te. These results can be explained by un-conserved
electron population which could indicate that there were both
inter-transferring and hybridization between 5s, 5p of In and 5p of
Te. As a consequence, we can conclude that the predicted narrow
band gap of US-PP calculation occurred due to the weak bonding of
In-Te. Since pure indium is an electrical conductor, the conduction
band minimum (CBM) is very close to the valence band maximum
(VBM). In fact, a different band gap between two pseudopotentials
could appear as evidenced by an existence of peaks of shallow 4d
electrons of In at around — 14.8 eV for US-PP and —16.0 eV for NC-
PP, shown in Fig. 7(a). However, a previous experiment has reported
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Table 3
List of band gap at ambient conditions obtained
from this work and experiment.

Method Eg(eV)
LDA with US-PP 0.08
GGA with US-PP 0.09
GGA with NC-PP 1.02
LDA with NC-PP 0.95
Experiment[7] 1.02

Fig. 6. (Color Online) Band structure of chalcopyrite phase at ambient obtained by
applying NC-PP with GGA exchange-correlation. Inset: a splitting of the valence
band at the maximum lead to a larger direct band gap which was increased by
0.11 eV.

this value to be —16.9 and —17.7 eV for 4ds, and 4ds),, respectively
[21]. Although, our results did not take into account the spin-orbit
coupling, they could reveal the mean values. In this regard, an
experiment with NC-PP has given a more acceptable result than the
others have. Those could obviously affect higher energy electron
states, which reach the Fermi energy and unoccupied states.
Another difference of two total DOS distinctly appeared at around
—11 eV; a majority was 5 s of Te and a minority was 4d5s of In in
which the lower case was US-PP. On the other hand, at —6 eV to
Femi energy, the qualitative of DOS of both pseudopotentials are not
much different and the energy levels of obvious nodes are identical.
At above the Femi level, the value of CBM of US-PP was also lower
than one. The PDOS of each atomic species using NC-PP with GGA is
shown in Fig. 7(b). The finding showed that the VBM was mainly p-
d hybridization between Te and Ag, whereas the CBM was mainly of
s—p hybridization between In and Te. Not only these differences
could imply a more accuracy in the excitation calculations of NC-PP
than US-PP that obviously improve the calculated band gap of the
chalcopyrite phase, but the findings could provide a better theore-
tical explanation both quantitative and qualitative of the band
structure as well. Therefore, it would be appropriate to clarify and
evaluate the band structure of this group of semiconductor before
using more time and resource consuming methods such as hybrid
functions and perturbation calculations. Moreover, the dependent
E; of chalcopyrite with pressure is shown in Fig. 8. Its DOS near
Fermi level as pressure at 0, 2, and 4 GPa were depicted. VBM and
CBM increase with increasing pressure and these can be explained
by a decreasing bond length, hence stronger bonding of Ag-Te and
In-Te. As a result, the increase in E; of chalcopyrite phase which is
pressure-dependent up to 4 GPa, were compatibly fitted with the
linear tendency as shown in the inset of Fig. 8. At ambient
conditions, band gap were 1.02 eV and 0.95 eV with increasing rate
of 46.4 and 44.6 meV/GPa for GGA and LDA, respectively.

In addition, DFT+U and spin-orbit coupling (SOC) were imple-
mented to investigate other effects in narrow band gap by using
ultrasoft pseudopotential. For DFT+ U, U-values of d-states for both
Ag and In were treated and varied up to 10 eV. At U=4 eV, it has
been found that the energy of d-state in In was approximately
—16 eV which was identical to the one obtained from norm-
conserving pseudopotential as previously discussed. Therefore, the

Fig. 7. (Color Online) (a) DOS of chalcopyrite at ambient conditions which were
performed by using NC-PP (solid line) and US-PP (dotted line). (b) PDOS of
chalcopyrite at ambient conditions using NC-PP.

Fig. 8. (Color Online) DOS of chalcopyrite near Fermi level under pressure up to
4 GPa. Inset: the linear relationship between pressure and Eg.

calculations have been perform by fixing U=4 eV for In and varying
U-value for Ag. We found that the energy gap was gradually
enhancing with the increasing U-value of Ag. For example, it
reached 2.73 eV for the U-values 10 and 4eV for Ag and In,
respectively. Moreover, using the larger U-values in both Ag and
In were performed in wide ranges, but it is not significant enough to
improve the bang gap of chalcopyrite phase. Furthermore, SOC was
treated in band structure calculation under implementation of
Quantum Espresso package [22]. The overall pattern of band
structure is remarkably similar to those of scalar relativistic ultrasoft
pseudopotential as being present in this work. The bands of deep
states significantly split though Brillouin zone, in particularly, the d-
states of Te and In occupied at shallow energy levels around —36
and —15 eV, respectively. However, the SOC have no effect to the
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Table 4

The plane-wave projection onto the atomic pseudo-orbitals for each atomic species, bond length, and bond population of relaxed chalcopyrite structure at P=0 GPa. Electron
configuration, for ultrasoft pseudopotential are Ag: 4d'°5s?, In: 4d'°5s25p! and Te: 5s25p#, and for norm-conserving pseudopotential are; Ag: 4s24p®4d'°5s!, In: 4d'°5s25p!

and Te: 5s%5p*.

Pseudopotential Electron population

Bond length(A) Bond population

Ag In Te Ag-Te In-Te Ag-Te In-Te
s p d s p d s 2 d
Ultrasoft 0.71 0.75 9.90 1.47 1.54 10.00 1.49 4.32 0.00 2.817 2.859 0.41 0.28
Norm-conserving 2.74 6.74 9.90 0.85 1.68 10.00 1.73 4.32 0.00 2.780 2.737 0.43 0.42

band structure at I" point which referred to the direct band gap of
chalcopyrite phase. But the largest band splitting appeared at X-
point with magnitude of 0.2 eV which corresponded to the recent
report in single layer of In,Te, which revealed the splitting of bands
at VBM and CBM being lower than 50 meV by including SOC [23].
There it can be concluded that SOC could not significantly improve
the opening band gap in chalcopyrite phase of AginTe,.

4. Conclusions

We employed ab initio based on DFT to investigate the
structural phase transitions of AginTe, under high pressure. Using
LDA and GGA with ultrasoft pseudopotential, the transition path-
way was; 142d—cd-B1—cd-Cmcm. These results were in good
agreement with experiment for all available parameters. A higher
pressure phase was predicted to occur around 40 GPa. The cd-B2
structure was considered to be a candidate and its cations-
disordered state was also proved systematically. We have also
calculated band gap of chalcopyrite under high pressure up to
4 GPa, which NC-PP was employed to improve a large under-
estimation of band gap of using US-PP. Calculated results obtained
by using NC-PP were in good agreement with experiments. The
direct band gap was linearly proportional to pressure with
increasing rate of 46.4 and 44.6 meV/GPa. At ambient pressure,
Eg; was equal to 1.02 eV and 0.95 eV for GGA and LDA, respectively.
Band structures from all calculations have shown a higher second
band gap (E,) that could occur due to crystal-field splitting.
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Molecular Dynamics (MD) calculation is one of the most powerful theoretical
methods widely used to predict and to confirm structural phase transitions. In this
work, the MD method has been used to verify phase transition from body-centered
cubic (bce) to B-tin structure, then, to the Cmem and hexagonal close-packed (hcp)
structure, respectively. The transition sequence from previous theoretical works has
been confirmed. In this study, Density Functional Theory (DFT), has been used
to calculate phonon dispersion to confirm the stability of B-tin and hcp phases.
The long time discrepancies in transition sequence between the calculation and
the experimental works has been explained by conventional DFT calculation using
screened exchange local density approximation (sX-LDA). More importantly, the
existence of S-tin structure is finally predicted and the transition nature of Sr has
also been revealed. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4931810]

. INTRODUCTION

Strontium (Sr) is an alkaline-earth metal, which its phase transition under extreme pressure was
suggested to be caused by s-to-d orbital electron transfer from lower pressure to higher pressure
phases.!~> At ambient pressure, strontium possesses a face-centered cubic (fcc) structure® and trans-
forms to a body-centered cubic (bcc) structure at 3.5 GPa.” At higher pressure, it transforms to Sr-III
at 26 GPa,8 to Sr-IV at 41 GPa.®® and to Sr-V at 46 GPa.®'9 The phase Sr-V is stable to at least
74 GPa.'?

Energy-dispersive powder x-ray diffraction experiment carried out by M. Winzenick and W.
B. Holzapfel'! firstly revealed the crystal structure of Sr-III to be orthorhombic structure with
spacegroup Imma at 31.6 GPa. More importantly, the recent study'? using full Debye-Scherer
angle-dispersive powder x-ray diffraction reinvestigate the crystal structure of Sr-III and identified it
to be the tetragonal structure with spacegroup /4;/amd named as S-tin structure.

On further compression, McMahon et al.'® were the first who observed Sr-IV phase at above
35 GPa using angle-dispersive powder x-ray diffraction, however, its structure was not yet deter-
mined.'? The Sr-IV structure was later determined to be complex monoclinic structure at 37.8 GPa
with space group /a which can be viewed as the distorted structure of Sr-1II, (distorted S-tin struc-
ture) by Bovornratanaraks et al.’ using angle dispersive x-ray powder diffraction. In addition, Sr-V
was first observed at pressure above 49 GPa and its full structure solution was again determined by
McMahon et al.'” to be an incommensurate structure having space group of 14/mcm with atomic
positions (x,y = x + 1/2,z = 0) where x~0.15.

4e-mail: thiti.b@chula.ac.th, Phone: +66-81-8111750, Fax: +662-253-1150
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Sr has not only been investigated experimentally,”!%!> but also computationally.'>!>-!7 In

early computational work,'? phase transition in Sr was predicted using the linear-muffin-tin-orbital-
atomic sphere approximation method with the combination of nonlocal exchange corrections and
the Local-Density Approximation (LDA) which showed that the phase transition of fcc to bec struc-
ture agrees with an experimental work.® Recently, the calculation of strontium phases in a medium-
pressure-ranged order between 24 GPa and 27 GPa was performed by Srepusharawoot et al.'® using
ab initio molecular dynamics calculation. In this work, bcc structure is found to transform to R3¢
structure at 27 GPa.'® However, from the same work,'® by using DFT, enthalpy-pressure relation
suggests that the bce should transform to hep as the hep has lower energy compared to that of Sr-IV
in 20-30 GPa range.'® The calculation.'® seemed to disagree with the experiment done by Bovorn-
ratanaraks et al.,’ Moreover, the calculations.'>!7 also disagreed with the experiment.9 In addition,
another type of calculation called ab initio random structure searching (AIRSS)'® confirmed that
Cmcm structure is one of Sr phases existing between 25 GPa - 40 GPa and is confirmed to be stable
by Kim et al.'” In addition, the Cmcm structure will distorts to the hep structure at 40 GPa.!”

From another ab initio calculation by Phusittrakool et al.,’® Sr-IV was found to be more
stable than the S-tin structure at 20 GPa - 40 GPa range in which the S-tin structure has been
experimentally observed.'? From these evidences, all the theoretical studies of Sr'>~!7 show that
under high pressure and 0 K, the g-tin structure is a probable structure but not at high temperature
(i.e. 300 K). This discrepancy between experimental observation and theoretical prediction have
long been unsolved.

In this work, the stability of S-tin and the recently proposed hcp structure'® will be fully
investigated by Density Functional Theory (DFT) and Molecular Dynamics (MD). The discrep-
ancy of the existence of S-tin structure between previous theoretical studies'>~!” and experimental
reports®~1? will be discussed. In addition, the cause of the discrepancy will be illustrated.

Il. METHOD

The existence of S-tin structure become doubtful as it was found experimentally,'? however,
not theoretically.'>"!” Therefore, there was an attempt'® to investigate the discrepancy using MD
calculations which were purposefully performed at room temperature in order to mimic the condi-
tions used in the experiments.'”> The MD study'® was established to apply pressure to initial bce
structure which is the lower pressure phase of fS-tin structure as reported by Allan et al.'” and
Bovornratanaraks et al.’ The bee structure finally relaxed to R3¢.'® which is once proposed to be the
coexisting phase of S-tin structure.'®

In this work, MD calculations were also established. NPT'® was employed for the 16-atom
system at 300 K and at under the pressure of 30 GPa and 40 GPa when using bcc and S-tin,
respectively, as the initial structures. The Brillouin Zone (BZ) were chosen by the Monkhost-Pack
mesh (MP) criteria proposed by H. J. Monkhorst and J. D. Pack.”’ In addition, Gamma point
(I'-point) was used as the k-point sampling. The MD calculation showed that the bee transforms to
Cmcm at 30 GPa and the S-tin structure transforms to Acp structure at 40 GPa (see Fig. 1).

To find structural phase transitions, stability of phases and, moreover, to compare with the exper-
imental works”!2 and the MD calculations described above, DFT calculations were also performed
with some known high-pressure phases of Sr, i.e., fce,% bee,®!! B-tin,'? and Sr-IV? structures.

DFT calculations were configured to use self-consistent field method, the method to find the
ground state energy has been used.>! Moreover, the Generalized-Gradient Approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE)?? exchange-correlation functional has been employed with ultra-
soft psesudopotential,>® which treats 552 4p°® and 3d” states as valence states. The cutoff energy were
set to 700 eV which is optimized to be able to lead the calculation to converge. For the fcc and
Cmcm structure, the BZ were chosen by the MP mesh resulting in 12 X 12 x 12 k-points for fcc,
bee, B-tin, hep, Cmcem structures and 6 X 5 X 6 k-point for Sr-IV.

DFT calculations presented in this work were set to perform structural optimization in each
pressure increasing step. Enthalpy difference was calculated as the first step for phase transitions
identification®* (see Fig. 2). To find the enthalpy difference between the 8-tin and the hcp structures
between 20-40 GPa, energy-volume curves were fitted using third order Birch-Murnaghan equation



097202-3 Tsuppayakorn-aek et al. AIP Advances 5, 097202 (2015)

-829.2 T T T T T T T T
-827.4 g
B-tin
-829.4
- -827.6 |5 B
E -829.6 T
£ E -827.8
kS k
3 829.8 3 -828.0 7
> >
= E=
£ .8300 £ 822
& g
-828.4
-830.2 X
-828.6 - B
-830.4 L L L L
0 0 1 2 3 4 5
Simulation time (ps) Simulation time (ps)

FIG. 1. (left) Bec super cells structure was calculated using MD simulation resulting in the appearance of Cmcm structure
at a few picoseconds after the simulation has started. (right) the similar MD calculation was also established with /4;/amd
super cells as a starting structure. After a few second, the appearance of hcp structure was observed. These graphs suggest
that Cmcm is more stable than bee (left) and hep is more stable than /41/amd (right) at temperature 300 K.

of state.”>=2” Then the enthalpy was calculated using equation, H = E + PV. The intersection point
of energy difference curves define phase transition events (see Fig. 2). Phonon has been used to
determine the existence of a phase.’ Therefore, the existence $-tin and hcp structure were further
investigated using phonon dispersion using energy cutoff of 310 eV, 3 x3 x5 and 5x 5 x 4 for
g-points, and MP 5 x5 x 8 and 9 X 9 X 6 for k-point in both S-tin and the hcp structures, respec-
tively. Finite displacement method and super cell scheme using PBE functional at 40 GPa by
CASTEP code?®?° were employed in these phonon calculations.

From our experience, B-tin and hcp have been the controversial structures among the experi-
ments®!? and the calculation works.'®!” They are, therefore, were specially focused. In early calcu-
lation work, B-tin and hcp structure used PBE!” functional. In this work, not only PBE was used in
order to reproduce the results'>~!7 screened-exchange Local Density Approximation (sX-LDA),30-3
was also additionally used. Surprisingly, a significant improvement of overall energy was obtained
as the overall energy was lowered. Cutoff energy used in this calculation were set to be 660 eV with
the norm-conserving pseudo-potential® calculation treating 552, 4p® and 3d? states as the valence
states. The brillouin zone (BZ) were chosen by the MP resulting in 3 X 3 x 5 and 5 X 5 X 4 k-points
for both S-tin and hcp structures.
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FIG. 2. The enthalpy diftference of fcc, 8-tin, hep, Sr-1V, and Cmcem structure related to the bec structure at ambient pressure.

The cross-section point of each line represents the occurring of transition event. The graph suggests that the transition will
go from fcc — bee — hep.
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lll. RESULTS AND DISCUSSION

From MD calculation demonstrated using enthalpy-vs-time step plot shown in Fig. 1, bcc struc-
ture exhibits the transformation to Cmcm structure at 30 GPa and at 300 K. Cmcm structure was also
previously determined to have lower enthalpy compared to that of bce previously calculated using
VASP.!'7 From these theoretical evidence, Cmcm was shown to exist instead of [B-tin structure which
was reported to be present in the experimental work done by Allan et al.'? In more profound details,
the Cmem structure has been later explained by burgers mechanism'* to exist as an intermediate
phase of bee-to-hep transformation.

The contradiction between experimental discovery.'? and theoretical prediction'®!7 B-tin was
set as an initial structure and then calculated at 40 GPa and 300 K to find the relaxed structure using
MD method with NPT ensemble, similarly to what has been done in Fig. 1. The calculation shows
that SB-tin structure transforms to hcp structure and its stability undergoes from ~1.5 ps to 5 ps. The
calculation consequently suggested that the S-tin structure is not a positive candidate structure.

For DFT calculation, the enthalpy-vs-pressure curves of fcc, bee, B-tin, Sr-IV, Cmcm and hep
structures were shown in Fig. 2. Crossing points of curves from each structure represent the fcc-to-bee
transformation at 1.4 GPa and to hcp structure at 23.8 GPa. In addition, hcp structure (with space
group P63/mmc) was found to have lower enthalpy compared to Sr-IV. The hcp structure was found
in this calculation but, surprisingly, not in the experiment.'> The calculation using GGA presented in
this work can be validated as it agrees with the previous computational works.'®!7

From Fig. 2, Cmcm and hcp have proximity of enthalpy. However, hcp structure was found to
be more energetically favorable than the Cmcm structure calculated using MD method. Although
the computational results described above supports the existence of hcp structure, the hep structure
has not been found experimentally.'? The disagreement was, therefore, further investigated using
phonon dispersions which can verify the stability of hcp and, of course, S-tin structures at 40 GPa.

From Fig. 3, phonon dispersion of the S-tin structure is shown to have the negativity of phonon
branch, which is evidenced along Z-to-A, M-to-G (G is I'-point), G-to-Z, Z-to-R, R-to-X and
X-to-G directions. As a result, not only S-tin structure was not shown to be a good candidate for
stable structure at 40 GPa, the hcp structure was calculated to have positive phonon frequency which
leads the structure to be more favorable (see Fig. 3).

As Sris an alkaline earth metal, it has been known to have s-to-d orbital electron transfer!™ for
its phase transition under high pressure. One great example is the transition between bec to Sr-IIT'!
was found to have the d-orbital filled when its volume is decreased.*>

In order to investigate the discrepancy mentioned above, various kinds of functional were
tested. The functional LDA,263% PBE?227 and sX-LDA30-33:3740 were used in the DFT calculation.
The valence states electrons of strontium were treated as 5s2, 4p® and 34 states.

Energy levels comparison calculated from each functional and also from an experiment*' were
shown in Fig. 4. Energy levels were calculated using spin 5s> valence states. One electron spin in
5 sis excited and elevated to 5p and, moreover, by having and increasing of energy, an electron spin
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FIG. 3. (left) Phonon dispersion and density of phonon state of S-tin at 40 GPa calculated using PBE functional. The
negative phonon can be interpret that the structure is unlikely to be stable and (right) those of hcp structure at 40 GPa was
also calculated using PBE functional. The positive phonon branch suggests the stability of the structure.
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FIG. 4. Energy levels in each electron configuration of isolate strontium were calculated from LDA, PBE, and sX-LDA .
PBE and LDA functional provide indifferent energy of 5s5p and 5s4d while the difference is found in experiment41 and
also from the calculation using sX-LDA.

was then promoted to 4d.3*-32 In Fig. 4, the calculation from sX-LDA functional demonstrated to
have electron configuration corresponding to experiment*! regarding to the elevation of energy from
5s5p to 5s4d where the other functionals have indifferent energy between 5s5p to 5s4d orbitals. It
has been demonstrated that the sX-LDA functional®*-*? can differentiate the energy from 5s5p and
S5s4d.

In brief, sX-LDA functional treats d electron differently compared to other functionals,
PBE and LDA, see Fig. 4. The lack of use sX-LDA functional was later found to account for
the absence of high-pressure phase, S-tin which was seen in previous theoretical works.'>~'7 The
sX-LDA functional is then utilized and compared with PBE (see Fig. 5) in hcp structure DFT
calculation. By using PBE, hcp is shown to be stable which does not agree with experiments®!!-1
and computational works.'> In the contrary, calculation using sX-LDA agreed with those work'? as
[B-tin has lower enthalpy and more stable compared to that of hcp.

As sX-LDA can solved some discrepancies between experimental - and theoretical works.
The sX-LDA was use to revalidated the enthalpy different with bce, hep and S-tin as shown in
Fig. 6. Consequently, S-tin was finally demonstrated for the first time to be more stable than hcp
(see Fig. 6) and agree well with experimental result.'? All in all, this work concludes that sX-LDA is
the functional which solved the long-been-discrepancy of S-tin existence.
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FIG. 5. (left) The enthalpy different of S-tin to hcp structure calculated using PBE and (right) the enthalpy different of hcp
structure to B-tin using sX-LDA.
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FIG. 6. The enthalpy different of 74/amd and hcp from bece structure calculated using sX-LDA functional are illustrated.
The curves suggest the better stability of 14/amd over hep structure which agrees with the experiment.12 The graph shows
that the transition from the bcc structure to the S-tin structure at pressure 21.4 GPa.

Even sX-LDA is elaborated to have competence to solve s-to-d orbital problem. It, however,
catches a little attention as no one has used the functional for structural phase transition predic-
tion but for optical,’’® band gap,*?>3**%% band structure and electronic density of state.??-3438:40
Therefore, this work trailblazes the use of sX-LDA to find structural transition of solids which was
validated by solving long-known computational experimental disagreement. Although sX-LDA is
proven to be a qualified candidate for an alkaline-earth metal calculation, i.e., Sr, it should also be
worth a try for calculation in other elements of this family, i.e., Mg,*>%® Ca*** and Ba.*’*

IV. CONCLUSION

All calculations presented in this work were established to explain high-pressure phases of
strontium. Molecular Dynamics (MD) method demonstrated the bee-to-Cmcem transition at 300 K
and 30 GPa and S-tin-to-hcp transition at 300 and 40 GPa. This work originally shows the path
transitions of lower-pressure phases— higher-pressure phases, bcc—Cmcm and S-tin— hcp.

In further investigation, DFT was used. Functional PBE was later utilized to recalculated and
revalidated the results from MD. The DFT results demonstrate that the hcp is more energetically
favorable than the Cmcm structure is and it has lower enthalpy than both the S-tin structure and
Sr-IV. As the S-tin structure should actually be the lowest energy as it was found present in exper-
iments,”!? comprehensive DFT calculation was established using sX-LDA functional. The results
from sX-LDA illustrate the existence of S-tin which, for the first time, agree well with experimental
work.”!2
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We demonstrate relativistic effects in high-pressure phase transition of a heavy-radioactive el-
ement Thallium (T1). The known first phase transition from hcp—fecc is initially undertaken by
various relativistic levels and exchange-correlation functionals within FPLO method, as well as
scalar relativistic scheme within PAW method. All of calculations are interpreted and discussed
both energetic stability and electronic density of states. The fully relativistic scheme (FR) within
local spin-density approximation (L(S)DA) performs to be the most compatible scheme with ex-
perimental results with transition pressure around 3 GPa. The s-p mixing state is an evidence to
drive occurring of fcc phase, as well as valence-core overlapping of 6s and 5d stats. The new phase
is predicted using evolutionary algorithm with interfacing of PAW method. Surprisingly, the high
to low symmetry phase transition of fcc—bct is predicted around 80 GPa with slightly different
enthalpy to fcc phase. The electronic behaviors of this transition are discussed, as well as confir-
mation of dynamical stability by phonon dispersions with no minus frequency. Additionally, the

electron-phonon coupling depending on pressure is evaluated in this paper.

I. INTRODUCTION

The complicated and unusual high-pressure phase
transitions of the IITA metals have been attended since
few decades ago'. This group lines in the border of bond-
ing of metallic and covalent behavior. Although, the first
three elements consisting of Al, Ga, and In, have been
widely investigated both experimental and theoretical
methods? ®. The lightest one, Al was observed the transi-
tion of face-centered cubic (fcc) to hexagonal close packed
(hcp) at 217410 GPa and room temperature®. For
the others, the isostructural phase transition from body
centered-tetragonal (bct) to fcc was observed around
120+10 GPa using powder x-ray diffraction method for
Ga?, as well as it was predicted around 800 GPa with
passing controversial result of body-centered orthorhom-
bic (bco) for In°. The double-well feature of the total
energy of bct—fce transition of Ga and In have also
been successfully carried out by first-principle calcula-
tions which were in good agreement with experiments?*.
However, for another, T1 is a heavy and radioactive el-
ement in this group which has rarely been investigated
both experiment and theory. TI also is an element based
on high-temperature superconducting compounds which
have potential to apply in various frontier technologies!!.
For pure crystalline of T1, the superconducting temper-
ature (T.) was experimented to be 2.39 K at ambient
pressure'?. The crystal structure of Tl is hcp at ambient
pressure and temperature with low bulk modulus (By)
about 35.3 GPa, which isothermally crystallizes to be fcc
phase around 4 GPa® , and the closed-packing structure
of fcc is not changing to other up to 68 GPa'’. Due to
lack of theoretical study in T1 under high pressure which

could be contributed our understanding both mechani-
cal and electronic behavior in this element. This work
aims to theoretically investigate structural phase transi-
tion of Tl based on density functional theory (DFT). The
relativistic effects will be considerably included because
the strong electric potential of heavy nucleus of T1. Be-
cause of the softness of two observed phases we will also
predict the possibility of new phase after fcc up to 200
GPa using evolutionary algorithm. In addition, pressure
dependence of electron-phonon coupling is evaluated in
both known phases and a predicted phase.

II. COMPUTATIONAL METHODOLOGY

The calculations were carried out using ab initio based
on density functional theory (DFT). The relativistic
levels consisting of fully relativistic (FR), scalar rela-
tivistic (SR) schemes were included under local spin-
density approximation (L(S)DA-PW92) and generalized
gradient approximation (GGA-PBE) functional. Full-
potential with local-orbital minimum-basis set within
FPLO package!®>'* were performed. As well as com-
parison to projector augmented wave method (PAW)!
with scalar relativistic pseudopotentials within VASP
code!'®'7. The hcp—fcc high-pressure phase transition
was carefully calculated in order to expose the thermo-
dynamics stability of Thallium depending of difference
of relativistic schemes. The convergent test of k-points
mesh and cutoff energy (only for planewave method) were
cautiously undertaken within the converging energy was
lower than 1 meV/atom. For FPLO method, 19x19x12
and 16x16x16 of k-point mesh were used for hcp and



fcc phase, respectively. As well as planewave method,
the cutoff energy (Egyu:) of 500 eV and k-points mesh
of 9x9x6 for hep and 11x11x11 for fec, were also per-
formed in this work. Within FPLO and PAW formulism,
valence states were treated to be 5s25p65d'6p26s! and
5d'96p26st, respectively. Birch-Murnaghan equation of
state was used to fitting the relationship between en-
ergy and volume'®. The profiles of enthalpy and pres-
sure of two phases were compared each other, the lowest
enthalpy phase is the most stable phase at considerable
pressure. Electronic density of states and band struc-
tures with more accurate k-point mesh (48x48x30 and
40x40x40 for hep and fee phase) were also performed to
reveal the electrical property depending on pressure. Fur-
thermore, in order to predict a high pressure phase after
fcc phase, structural searching method based on evolu-
tionary algorithm within USPEX code were implemented
as well'?29, The searching was taken place at pressure
of 60 GPa, and carefully increased up to pressure of 200
GPa. The first three candidates from the lowest en-
thalpy phase were brought out to accurately re-calculate
by FPLO and PAW method. To confirm the dynamical
stability of the most stable phase from searching, Phonon
dispersions were calculated by Phonopy within Density
Functional Perturbation Theory (DPFT) implemented?!.
Pressure dependence of electron-phonon couplings in all
phases of Thallium up to 200 GPa was calculated us-
ing Quantum Espresso package?? based on the norm-
conserving pseudopotentials with GGA-PBE functionals.
The E.,; was set to be 60 Ryd with the convergence
setting of 4x4x4 g-point mesh and 16x16x16 k-point
mesh for the dynamical matrix and 32 x32x32 k-point
mesh for the electron-phonon coupling. The supercon-
ducting critical temperature (Tc) was evaluated by the
Allen Dynes formula??.

III. RESULTS AND DISCUSSIONS

In figure 1, shows the relative enthalpies of fcc phase
from 0 to 15 GPa, which are grounded by hcp phase
for all of calculated methods. The finding indicates that
the relativistic schemes strongly effect to structural phase
transition from hcp to fcc phase. For non-relativistic
cases (NR) within both of L(S)DA and GGA scheme,
they completely provide failure of result which enthalpy
of fcc phase is lower than another over pressure range.
In contrast, other cases including SR and FR as well as
PAW method, reveal that they can perform phase tran-
sition from hcp to fcc phase. The result of FPLO with
L(S)DA and FR is the most accepted to experiments? 19
with slightly underestimating transition pressure is lower
than 1 GPa, but others are largely overestimating. Inter-
estingly, the transition pressures of GGA within FPLO
method are higher than results of L(S)DA. As well as,
the PAW method reveals the transition pressure is higher
than experimental value around 3 times which will be dis-
cussed later. The fitting parameters and transition pres-

Figure 1. Relationship of relative enthalpies of fcc phase with
grounded by enthalpy of hcp phase, versus pressure. The
calculations are performed using various basis sets, exchange-
correlation functionals, and relativistic levels.

sures of both phases for all calculated methods are shown
in table 1. For fitting parameters, it agrees with tradi-
tional tendency, GGA gives for overestimating volume
and underestimating bulk modulus, but it contrasts for
L(S)DA scheme. Moreover, the fitting parameters using
FPLO with L(S)DA and FR summarily agree with exper-
iment as well. Therefore, this scheme could be reliable
and appropriate to perform for structural and mechanical
property in thallium.

To clarify the influence of relativistic in particular
L(S)DA method, electronic band structures and density
of states (DOS) of hecp and fcc phase at selected pres-
sures are shown in figure 2. For hep phase at 0 GPa (top
row), where is above of -3 eV, is occupied by majority
of 6p state which could influence to electrical conduc-
tivity, as well as superconductivity. The shape of DOSs
of FR and SR are slightly different with more rough at
energy range of 1-2 eV in FR case. This difference ap-
pears in energy dispersions of zone-boundary at M- and
K-point by crossing of dispersion lines in SR case, as well
as a small splitting right at H-point in FR. At below the
Fermi level around -4 to -10 eV, DOSs and energy disper-
sions of SR and FR are quite similar to each other, where
is dominantly occupied by 6s states. A gap of DOSs of
both occurs around 3 eV below Fermi level, which evi-
dently separating between 6p and 6s states. Therefore,
this indicates that there is no s-p hybridization, but only
p-p bonding?? for forming of hcp phase at ambient. In
contrast, this separation is not appearing in NR case,
but both 6p and 6s states are contributed to be bonding
electrons. This is obviously different from SR and FR.
Therefore, it could be the evidence showing incompati-
ble experiment of hcp—fcc transformation of NR case.
Moreover, in the lower energy states, an apparent differ-
ence in relativistic levels is allocated by 5d state at energy



Table I. Illustration of fitting parameters consisting of volume (Vo), bulk moduli (Bo), and pressure derivative of bulk modulus

(BE)) at zero pressure, as well as transition pressures from hcp to fcc phase using various calculated methods, and experiment.

Cal. methods P: (GPa) hep 7 - fee 7
Vo(A%) Bo(GPa) B, Vo(A3) Bo(GPa) By
Experiment?>10 ~4.0 28.5 35.3 6.2 28.1 29.4 6.3
FPLO-LSDA-NR - 29.52 41.63 5.99  29.29 43.02 5.99
FPLO-LSDA-SR 8.1 27.19 41.16 6.30  26.95 42.75 6.20
FPLO-LSDA-FR 3.0 27.23 40.80 6.30  26.95 42.94 6.20
FPLO-GGA-NR - 32.62 31.59 5.60 32.27 36.22 4.84
FPLO-GGA-SR 14.8 31.50 24.51 5.96 31.23 24.61 6.11
FPLO-GGA-FR 8.0 31.45 25.97 5.55 31.23 24.68 6.11
PAW-GGA 16.8 31.96 22.21 591 31.39 24.63 5.84

range of -15 to -10 eV. They are immerged together at
around -11.8 and -14.0 eV in SR and NR, respectively.
But another case; FR, the spin-orbit (SO) splitting ev-
idently appears to two groups of 5d5,, and 5d3/ being
around -10.24 and -12.55, respectively. This splitting is
in good agreement with the previous experiments?42°.
Furthermore, there is overlapping of 6s and 5ds/o at I'-
point for FR case, but others are not. The evidences of
hep—fec transformation are already revealed at 3 GPa,
as shown in second and third row of figure 2 for hep and
fce, respectively. The first is s-p mixing states which
appears in hcp and fcc phase at this pressure for both
SR and FR. In contrast, the second evidence of valence-
core overlap of 6s and 5ds,, state which existingly ap-
pears in FR case only. According to transition pressure
of FR is calculated to be 3 GPa, both evidences could
reasonably imply the cause of hcp—fcc phase transition.
Moreover, in case of SR is found that the valence-core
overlap arises at 5 GPa for hep phase and increases with
elevated pressures (not show). The bottom row of figure
2 is shown the band structures and DOSs of fcc phase
at 8 GPa (is also calculated to be the transition pres-
sure from hep—fec in SR case), the overlap of 6s and 5d
states is also appearing in SR case. Meanwhile, energy
tail of 6s states is still far from the states of 5d in NR
case. For relativistic levels within GGA calculations both
FPLO and PAW method, all calculated results are ana-
lyzed (not show) which are in the same tendency with the
previous discussions. But, due to they provide the over-
estimating zero-pressure volume or bond length, which
strongly characterizes to energy dispersion of electronic
state (it is found that the electronic states of L(S)DA and
GGA with same relativistic level will be identical when
their volumes are same). Consequently, these also lead
to the overestimation of calculated transition pressures
to encounter to two electronic characteristics of hcp—fcc
phase transition. In summary, the relativistic levels are
appearing the differences of electronic behavior. Based
on FR scheme within L(S)DA, hep phase shows only p-
p bonding with appearing of valence-core overlapping of
6s and 5d5/o states. Increasing pressure can lead to the

s-p mixing of valence state which is a cause of hcp—fcc
transformation, as well as the partial-valence state of 5d
electrons. This finding is corresponding to forming of fcc
phase in IITA-metal group, consisting of Ga, and In by
previous studies®”

Structural searching method based on evolutionary al-
gorithm within USPEX code and interfacing with VASP
code, is performed to predict the lowest enthalpy phase
under high pressure up to 200 GPa. The lowest enthalpy
phase at 60 to 90 GPa is still fcc phase with the next two
lower-enthalpy phases are body-ceter tetragonal (bct, s.g.
139) with ¢/a = 1.375 and body-center cubic (bce, s.g.
229). But the bet phase is competing to be the lowest en-
thalpy since pressure of 100 GPa, and until to the highest
pressure of 200 GPa. However, three candidates of fcc,
bet, and bee phase are accurately calculated up to 200
GPa. The full profiles of relative enthalpy versus pres-
sure using FPLO with L(S)DA functional and FR case,
is shown in figure 3. At low pressure from 0 to 3 GPa, en-
thalpy of bee phase is lower than fcc and bet, but higher
than enthalpy of hcp with small difference, as shown in
inset of figure 3. This result could be compatible to phase
transition of Thallium at high temperature. A previous
study observed hcp phase transformed to bcc phase at
temperature above 500 K and ambient pressure?®. How-
ever, both of enthalpies of hcp and bce phase are dra-
matically increasingly and much higher than enthalpies
of fcc and bcet phase after increasing pressure. The en-
thalpy of fcc phase is lowest from 3 to 80 GPa with a
slightly higher one is bet phase. At 83 GPa, the calcula-
tion indicates the predicted bct phase is the most stable
justifying by the lowest enthalpy, as well as 89 GPa for
PAW method (not show). The bct phase is more stable
than fcc phase throughout pressure of 200 GPa with the
relative enthalpy is lower than equivalent thermal energy
at room temperature. The structural parameters of bct
phase under pressure are fitted to be Vo = 26.92 A3, By
= 45.30 GPa, and By = 5.52 (Vo = 31.03 A3, By = 28.76
GPa, and By = 5.35 for PAW calculation)

It is very surprising with unusualness of fcc to bct
phase transition in this work which oppositely deviates
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Figure 2. Comparison of electronic band structures and DOSs of hcp phase at 0, and 3 GPa, and fcc at 3 and 8 GPa, by
using various relativistic levels, consisting of (column a) fully relativistic (FR), (column b) scalar relativistic (SR), and (column
¢) non-relativistic (NR) within LS(D)A. The horizontal lines in DOS panels at energy range of -15 to -10 eV, are cut peaks
of 5d states which their height are in range of 10-30 state/eV.atom, meanwhile shown scales of DOSs are in range of 0-1

state/eV.atom.

from Ga and In. Although, this transformation path
was observed in lanthanide and actinide elements, (such
as Ce, Th, and U) which the low symmetry phase, bct
phase was suggested resulting from contributed of va-
lence states by the delocalization of the f-electrons under
elevated pressure?” 2?. However, to investigate the evi-
dences of this prediction the DOSs of fcc and bet phase

in various pressures are calculated and shown in figure 4.
DOSs around Fermi level and SO splitting of 5d states
are revealed in the inset and main of each panel of fig-
ure, respectively. At 8 GPa of fcc phase, a separation of
DOS around -3 eV which have been discussed in previous
section, is still exist, that implies the s-p hybridization
is not quite large. Meanwhile both of 5d3/, and 5ds /o



Figure 3. Relationship of relative enthalpies of calculated
phases which grounded by enthalpy of fcc phase, versus pres-
sure from 0 to 110 GPa. The inset panel magnifies pressure
range of 0 to 7.5 GPa, to zoom in the different enthalpy that
shows the first phase transition of T1 from hcp to fcc phase.

are allocated in narrow energy range from -12.7 to -11
eV, respectively. At 50 GPa of fcc phase, the s-p hy-
bridization is increasing, obviously indicated by growing
of separating point at -2.5 eV, as well as flattening and
decreasing of DOS thought in energy range. The shape
of DOS is also change, especially, at the middle node
in energy range of -2.5 to the Fermi level. Moreover,
5d3z/2 and 5ds,; state are then stretched out in lower en-
ergy with appearing of three nodes in 5ds,, state. At
80 GPa of fcc phase, the shape of the middle node of
DOS around the Fermi level continually evolves, as well
as the stretching out of 5d states. In another case of bet
phase, DOSs around the Fermi level is small changing
from 80 to 100 GPa, but only the middle node signifi-
cantly differs from case of fcc phase. And the behavior of
5d states is not different from the case of fcc phase. These
results sketchily indicate that the fcc—bct phase transi-
tion could be induced by evolution of s-p hybridization
of bonding states. As it is well known in Ga and In, the
usual phase transition of low to high symmetry (bct—fce)
was observed. The theoretical studies suggested that not
only increasing s-p hybridization, but overlapping of shal-
low d states and valence of s states was also significantly
driven to form fcc phase. On the other hand, it could
be reasonable to confirm the predicted phase of bct in
T1 by considering reducing of ionization of 5d states into
valence bands or overlapping with 6s states. Therefore,
electron population of 5d states of fcc phase (N5q), as
function of volume is calculated for considering the con-
tribution of them to be bonding states, as shown in figure
5. The finding reveals that decreasing N54 or increas-
ing of 5d states contributed to valence band from 0 GPa
(V/Vy=1.00) pass thought point A which corresponding

to 3 GPa (V/V(=0.94, N5,=9.996). This increasing con-
tinually reaches to 40 GPa (V/V(;=0.75) with decreasing
Ns5q about 0.6 %. It then changes in another way with
passing point B (N34 is equal to in case of 3 GPa) which
corresponding to 60 GPa and V/V(=0.66. The N3, is
dramatically increases up to 200 GPa (V/V=0.53) with
N54= 10.009, this can be implied that there is completely
no 5d electrons contribute to valence states. The disap-
pearance of contributing 5d electron in valence states at
high pressure in T1, could be solidly confirmation of ex-
istence of the predicted bct phase, which is in good ac-
ceptance with the previous studying in Ga and In. To
understand this situation, we turn back to consider the
DOSs in figure 4. According broadening of 5d states and
decreasing and flatness of DOS nearly transition pres-
sure; they probably are signals of the phase transition.
Meanwhile increasing pressure, 5d states will be push to
the deeper potential well of nucleus (5d states are moving
to lower energy), but the main valence states of s-p mix-
ing still play an important role to be the bonding states.
In the same time, the 6s state connects between 5d and
6p states by its two tails. However, after pressure is more
increased up to the transition region. This can be a cause
of more pushing 5d states downward to deeper energy; as
a result of decreasing probability of 5d states in the va-
lence bands, this could induce fcc to bet phase transition
by reconstructing of s-p hybridization. The low symme-
try of bect phase that is predicted in this work reveals
c/a = 1.375, which corresponds to 12 nearest neighbors
in fcc phase (c/a = 1.414) split to two sets, consisting
of 8 nearest atoms and 4 atoms with bond length equal
to 0.986a and a, respectively. Whereas, this predicted
phase is very similar to fcc phase with the slightly lower
of enthalpy, but this is predicted at low pressure. How-
ever, it will be challenge for the further evidence from
experiment.

The dynamical stability of bct phase is calculated at
selected pressures from 80 to 200 GPa, as appear in figure
6. The supercell is constructed to be 3x3x3 consisting of
54 atoms, in order to calculate phonon dispersion along
the symmetrical path of ' +X—P—I'—T. The phonon
density of states (phonon-DOS) at each pressure is also
performed which shown in the right-column panels of fig-
ure 5. The minus phonon frequencies disappears in all of
calculated pressures. This can be fairly confirmed the
dynamical stability of bct phase of T1 in this pressure
range. All branches of phonon obviously show hardening
with increasing pressure. At the lowest frequency around
1.4 THz, an isolated peak of phonon-DOS is appearing at
80 GPa, it is then splitting gradually at higher pressure.
They completely seem to be a couple at 150 GPa, and
slowly upward move with frequency of 1.5 to 2.0 THz
at 200 GPa. At the highest frequency corresponding to
optical mode of phonon, locates around 6.0 THz at 80
GPa. It is dramatically hardening with increasing pres-
sure, which rises to frequency of 8.5 THz at 200 GPa.
Those indicate the bet phase could also be stable beyond
to higher pressure predictably. Here is sufficient for this
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Figure 5. Variation of the ratio of the number of 5d states at
given volumes and 5d states at volume corresponding to cal-
culated transition pressure of 3 GPa (AN5q=N54-Ns4a3cpra,
and Vgis volume at zero pressure).
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Figure 6. Phonon dispersion and Phonon-DOS of bct phase
at pressure of 80, 100, 150, and 200 GPa, which labeled by
(a)-(d), respectively.

study, which the bulk modulus of bct phase is estimated
around 1.1 TPa at pressure of 200 GPa.

In addition, the pressure-dependence of electron-
phonon coupling constants (A) and the superconducting
critical temperature (T.)of all three phases is quantified
at each their pressure range. Figure 7 depicts calculated
A and T, of hep and fcec phases. At ambient pressure, the
A is calculated to be 0.865 which is higher than the value
of previous experiment by less than 9%3%3!. T, is evalu-
ated to be 2.88 K by using the effective Coulomb repul-
sion parameter (u*) of 0.14, and the acceptable T, with
experimental value of 2.39'? is also performed using dif-
ferent values of u* as 0.165. X of hep phase decreases with
pressure up to 4 GPa, as well as T, having reduction rate
of -0.4 K/GPa which corresponds to the experiments'?.
Interestingly, A and T, of fcc phase discontinue at 4 GPa
with A=1.010 and T.=3.38 K. This finding can be an
evidence to show that electronic transition in hep to fec
phase can enhance the number of electron-phonon cou-
pling. However, the T approaches to 0 K at 30 GPa and
rest at the place till calculated range of 80 GPa. Fur-
thermore, it finds that the bct phase does not exhibit
the superconducting phase as well.



Figure 7. Pressure dependence of electron-phonon coupling
constants and critical temperatures of the hcp and fcc phases
at pressures of 0-4 GPa and 4-80 GPa, respectively.

IV. CONCLUSIONS

In conclusions, we have firstly investigated influence
of relativistic effect in high-pressure phase transition in
thallium. The transformation of hep to fcc phase is car-
ried out by various relativistic levels and exchange corre-

lation functionals using FPLO method, as well as PAW
method. The relativistic effect strongly affects to transi-
tion pressure and structural parameters under high pres-
sure. Using non-relativistic (NR) case with both L(S)DA
and GGA can not perform this transition. For scalar and
fully relativistic (SR and FR) methods, they reveal the
transition pressure in range of 3 to 16 GPa, the most
compatible with experimental result is L(S)DA with FR.
Spin-orbits coupling is an evidence playing an important
role in process of driving to hcp—fcc phase transition.
The structural searching in a high-pressure phase next
to fce phase are also undertaken using evolutionary algo-
rithm within USPEX code. The bct phase is predicted
around 80-90 GPa with slightly lower enthalpy compar-
ing to fecc phase, for using L(S)DA with FR and PAW
method. The transition from fcc to bet phase could occur
due to changing of s-p hybridization around Femi level,
as well as migrating 5d electrons from valence bands to
be completely localized states. The predicted phase is
also confirmed by dynamical stability with no minus fre-
quency of phonon dispersions from 80 to 200 GPa. The
T, of hep phase decreases with increasing pressure which
is in good agreement with experiment. Discontinuous of
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