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Project Code: RSA5580014
Project Title: Enhancing the Mechanical and Electrical Properties of Simple Metals and
Compound Semiconductors using Extreme Conditions
Investigator: Assistant Professor Dr.Thiti Bovornratanaraks
Department of Physics, Faculty of Science, Chulalongkorn University
E-mail Address: Thiti.b@chula.ac.th
Project Period: 3 years
Abstract

Materials in our nature are governed by the two thermodynamic variables namely
temperature and pressure. While the current material technological developments are highly
depend on temperature, this research project proposed to develop high pressure techniques for
electrical and mechanical properties enhancing in materials. This report presents structural
phase transition in strontium scandiumtrihydride zincoxide irontetraboride galliumarsenide
and silverindiumdiselenide under extreme conditions. The outputs from this project have been
published in five high impact factor journals and one has been accepted which have already
gone over the requirement. Moreover, two manuscripts are also underconsideration by

journals. Therefore, the total output form this project is expected to be eight publications.

Keywords: X-ray diffraction, Structural phase transition, Diamond anvil cell, Density

Functional Theory, High Pressure
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Abstract

We used density functional theory to calculate the phase stability of the hcp (hexagonal close
packed) and the fcc (face centered cubic) structures of ScH3. The hcp form is stable up to

22 GPa according to the generalized gradient approximation calculation. Then the fcc form
becomes energetically more stable. In order to provide insight into the phase transition
mechanism, we modeled the hcp to fcc transition by sliding the hep basal planes, i.e. (001)y

planes, in such a way that the ABABAB sequence of the hep form is altered into the ABCABC
sequence of the fcc form. This sliding was suggested by the experiment. The configurations of
these sliding steps are our proposed intermediate configurations, whose symmetry group is the

Cm group. By using the Cm crystallography, we can match the d-spacings from the lattice
planes of the hcp and fce forms and the intermediate planes measured from the experiment.
We also calculated the enthalpy per step, from which the energy barrier between the two
phases at various pressures was derived. The barrier at 35 GPa is 0.370 eV per formula or
0.093 eV /atom. The movements of the hydrogen atoms during the hcp to intermediate phase

transition are consistent with the result from the Raman spectra.

Keywords: scandium trihydride, high pressure, density functional theory, structural phase

transition

(Some figures may appear in colour only in the online journal)

1. Introduction

ScH, and YH, are compound whose hydrogen concentration
increases with pressure. When they become dihydrides (x =
2), they have the fcc structure at low pressure. When the
pressure increases, the hydrogen concentration increases until
the compounds reach x = 3 where they become trihydrides.
It is known that ScH3 and YHj3 have hep structure. At higher
pressure, these two trihydrides exhibit hcp to intermediate to
fcc phase transitions [1-4]. In this paper, we focus on the hcp
to intermediate to fcc phase transitions in ScH3. According
to the experimental results, ScH3 starts to appear at 5.3 GPa,
and it has the hcp structure in the 5.3-28.9 GPa range.
ScHj transforms sluggishly into an intermediate phase in the
25-45.9 GPa range. The hcp and intermediate phases coexist
between 25 and 28.9 GPa [1, 5]. Then ScHj3 transforms into
the fcc structure for pressure higher than 45.9 GPa. The

0953-8984/14/025405+05$33.00

structure of the ScHj3 intermediate phase has not hitherto
been clearly identified. The x-ray diffraction pattern showed
a characteristic different from the hcp and fcc ones, i.e. some
atomic planes derived from the diffraction peaks cannot be
assigned to any of the hcp or the fcc planes. In contrast, the
YH3; intermediate phase has already been identified as a long
stacking sequence of hcp basal planes, i.e. (001)y, planes. The
x-ray diffraction pattern also shows a mixed characteristic,
between hcp and fcc structures [6]. In another independent
study, the YH3 intermediate structure has been classified as
a C2/m structure [7]. For ScHj, it was suggested that the
transition from the hcp to the fcc phase is a continuous
path which conserves the hcp basal planes and also the
(110)p, planes [1]. The spacing of these planes decreases
until ScH3 becomes fcc phase. After the phase transition,
the (110)y planes become the equivalent (220)¢ planes in
the fcc phase [1]. In this research, we studied the phase

© 2014 IOP Publishing Ltd Printed in the UK
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stability of the hcp and the fcc structures of ScH3. We
proposed a transformation mechanism, and constructed the
transformation path of the hcp to fcc transition, and identified
the intermediate phase.

2. The method

All the calculations in this work were performed using
density functional theory (DFT) [8, 9] and the self-consistent
field method, as implemented in the CASTEP code [10].
We used the Perdew—Burke—Ernzerhof (PBE) [11] functional
for the generalized gradient approximation (GGA) [12],
and also used the local density approximation (LDA) for
comparison [13, 14]. The k-point separation of 0.02 A7 and
the energy cutoff (E.) of 600 eV were carefully chosen from
the convergence test to guarantee the energy difference of
less than 1 meV. We preliminarily found that the Sc core
slightly changes under high pressure. Therefore we chose the
on the fly pseudopotential whose Sc core is corrected every
calculation step in order to take the effect of high pressure
into account. The optimization method used the BFGS
(Broyden—Fletcher—Goldfarb—Shannon) algorithm [15]. The
atomic positions of the hcp phase were taken from the
inelastic neutron scattering (INS) experiment. The Sc atoms
were placed at the 2c site of the P63/mmc (No. 194) space
group. H; and Hy,, label the hydrogen atoms which were placed
at the 4f site near the ideal tetragonal site (T site) and at the
4e site near the metal planes (M site), respectively [2]. We
strictly used this experimentally derived hcp configuration as
a starting point for the hcp—fcc phase transition. For the fcc
phase, the Sc atoms were placed at the 4a site of the Fm3m
(No. 225) space group. The H, and H; atoms were placed at
the 4b site on the octahedral site (O site) and at the 8c site
on the T site [16], respectively. The two structures give good
agreement with the experiment in terms of the d-spacings at
various pressures (see figure 1).

3. Results and discussion

First, we investigated the phase stability of the hcp and the
fcc structures. We calculated the enthalpy of ScH3 in both
structures at various pressures. From the GGA calculation,
the hcp form is stable at any pressure below 22 GPa, and
the fcc form becomes energetically more stable from 22 GPa
onwards. The Raman measurement reports indicate that the
hcp form starts transforming at 25 GPa [5]. Moreover, the
GGA results give excellent agreement with the experiment
in terms of the d-spacing for both phases (see figure 1). For
comparison, we also performed LDA calculations. Our LDA
results, however, exhibit a discontinuous jump in the hcp
form enthalpy at 26 GPa due to a noticeable discontinuous
change in the 4p — 3d electron transfer. The molar volume
is greatly contracted due to the contracted nature of the 3d
wavefunction. This contracted volume, however, has not been
observed experimentally. In addition, the LDA results give
underestimated values of the d-spacing for both phases (see
figure 1). Thus we will not pursue the LDA calculation further.
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Figure 1. The d-spacing from the GGA (green symbols), the LDA
(red symbols) and the experimental results [2] (open symbols). The
graphs are divided into three parts: the left part is for the hcp phase
(circles), the center is for the intermediate phase (triangles), and the
right is for the fcc phase (diamonds). The blue bars are computed
from the integer-indexing planes of the Cm structure. The orange
bars are calculated from the non-integer-indexing planes of the Cm
structure. The bars contain the d-spacing values of the
configurations of the first to fifth steps.

Second, we proposed the transformation path from the
hep to the fcc structure. Ohmura et al suggested that the
(110), plane is conserved [1], and possible plane movements
may occur along the [110], and the [110], directions.
Therefore, we proposed that the hcp to fcc transformation
occurs by sliding some of the (001);, hcp basal planes in
order to alter the ABABAB sequence (hcp) to the ABCABC
sequence (fcc). At this stage, we limit our discussion to the
Sc planes, where they can be seen in the x-ray diffraction
experiment. The behavior of the surrounding hydrogen atoms
will be discussed later. In the calculation, the hcp form is set
upin al x 1 x 3 supercell. This hcp supercell contains six
layers of the (001)y planes, referred to as ABABAB layers.
During the transformation, we slid the third and the fourth
layers along the [liO]h direction in such a way that the AB
layers become the CA layers. The fifth and the sixth layers
were also slid along the [110], direction in order to obtain
the BC layers from the previous AB layers (see figures 2(a)
and (b)). The total transformation displacement (TTD) of the
sliding equals a third of the long diagonal of the rhombus.
After complete sliding, the hcp form becomes the fcc form,
and the (110)y, planes turn into the (220)r planes, as implied
by experimental observation [1].

Third, we explored the possible candidates for the
intermediate phase. By dividing the TTD of the sliding into
six equal steps, we slid the (001)y planes a distance equal
to a sixth of the TTD per step. At each step, we performed
partial optimization in order to bring the hydrogen atoms
to their local stable sites. The corresponding configuration
will be referred to as a partially relaxed (PR) configuration.



J. Phys.: Condens. Matter 26 (2014) 025405

T Pakornchote et al

BtoC

Ato B

ke

L O n L
BtoA riil “@ W ¢

L - ] - -
Avc (> a™ a™ el a™ a™ af
© ™ o ——T site
L ° ° e—T site
'e '@ @ Msit
° @

—T site

(a)

Figure 2. Atomic movement tracks during the hcp to fcc transition. The Sc atoms are in orange and the H atoms are in red, blue, and gray.
These tracks are the projection of the PR configuration onto the (110),, planes. (a) The atomic tracks from the hcp form to the third step.

(b) The atomic tracks of the fourth to sixth steps. The lighter colors label the earlier steps. The stacking planes are labeled using the standard
notation A, B and C. The symmetry sites (T and M sites of the hcp form, and T and O sites of the fcc form) are indicated for reference.

At the starting point, the atomic configuration is set to
the hcp form. At early steps (step number 1, 2 or 3), the
atomic configuration can be viewed as a distorted hcp form.
The atomic tracks from the hcp form to the third step are
shown in figure 2(a). The supercell dimensions are scaled
into common reduced units in order to follow the movement
of the atoms only. In the first to third steps, the c/a ratio
was found to be in the range of 1.74-1.80. At later steps,
i.e. the fourth or fifth step, the atomic configuration can be
viewed as a distorted fcc form. At the sixth step, the atomic
configuration finally becomes the fcc form. In the fourth to
sixth steps, c¢/a has dropped to 1.63—1.66. The atomic tracks
of fourth to sixth steps are shown in figure 2(b). The atomic
configurations of the first to fifth steps will be referred to as the
intermediate configurations. In addition, we noticed that the
Cm space group can cover the symmetry of these intermediate
configurations. Our proposed Cm structure contains six Sc
basal planes, and the beta angle is between 108° and 109°.
It is advantageous that the common space group exists;
this helps us find the transforming planes and calculate the
associated d-spacing and compare with the experiment easily.
Experiment suggested that the (110);, planes are equivalent to
the (220)¢ planes, and the (101), planes are split into (111)¢
and (200)¢ planes [2]. From crystallographic consideration of
our proposed intermediate configurations, we can describe the
mechanism of this plane splitting as follows; from figure 3(a),
we found that the (112)¢;,, planes are equivalent to the
(101)p, planes in the perfect hcp form. However, upon the
transformation, the atoms in the (112)¢;, planes are dispersed
and the (111)¢y, planes are formed instead. These (111)¢y,
planes are indeed equivalent to the (111)f planes in the perfect
fcc form (see figure 3(b)). A crucial key is that the (11D,
planes also have equal d-spacing to the (101), planes. From
figure 3(c), we found that the (201) ¢, planes are equivalent to
the (111)}, planes in the perfect hep form. However, upon the
transformation, the atoms in the (201)¢,, planes are dispersed
and the (202)¢,, planes are formed instead. These (202)cy,
planes are indeed equivalent to the (200)¢ planes in the perfect
fcc form (see figure 3(d)). Note that the conserved (110)y
planes become the (020)¢,, and then the (220)¢ planes. It is
worth discussing here that the newly forming planes of the

Table 1. The non-integer index of the newly forming planes
(11x) ¢ and (20y) ¢y, at various pressures.

Pressure (GPa) xin (11x) ¢ yin (20y)cm

25.0 2 1

30.0 1.7 1.2
32.5 1.4 1.4
35.0 1.2 1.7
37.5 1.1 1.8
40.0 1.1 1.9
45.0 1 2

intermediate phase in the Cm structure can hardly be identified
using the integer index. For example, the reported (111)¢y,
and (202) ¢, planes are just the closest integer-indexing planes
available. The actual planes are at a slightly tilted angle with
respect to these integer-indexing planes. Thus, in order to
find an accurate d-spacing, we must also take the tilted angle
into account. From these crystallographic relations, we can
construct the d-spacing associated with some selected planes
at various pressures, as shown in figure 1. The GGA results
give excellent agreement for the hcp (filled circles) and the
fce (filled diamonds) phases, and give reasonable agreement
for the intermediate phase (blue bars) where the d-spacing
was taken from the intermediate configurations (first to fifth
steps). The blue bars represent the d-spacing values from
the integer-indexing planes. Some discrepancies between the
calculated and the measured d-spacing values were obvious.
But if we took the tilted angle into account and converted into
a non-integer index, as shown in table 1, we found a much
better agreement; see the orange bars in figure 1.

Fourth, we examined the bonding among the Sc and H
atoms in the PR configurations, and investigated the behavior
of the H atoms. We performed the population analysis and
found that in the hcp form at 35 GPa, each Sc atom has
+40.99 charge (Mulliken charge), and the H; atoms have —0.34
charge, and the Hy, atoms —0.31 charge. Thus, there is a
strong ionic interaction between the Sc and the H atoms, and
a strong negative charge repulsion among the H atoms. The
strong ionic characteristic was also suggested by a previous
work [17]. We also calculated the atomic pair distribution
function. The first peak of the H pair distribution is very broad
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Figure 3. The Cm structure. For simplicity, only the Sc atoms are shown. (a) The projection of the hcp form onto the (010)¢,, plane. The
(201) ¢ is equivalent to the (111),, plane. (b) The projection of the fcc form onto the (010)¢,, plane. The (202)¢,, is equivalent to the (200)¢
plane. (c) The projection of the hcp form onto the (310)¢,, plane. The (112)¢,, plane is equivalent to the (101), plane. (d) The projection of
the fcc form onto the (310) ¢, plane. The (111)¢,, plane is equivalent to the (111)¢ plane. The hcp unit cells are indicated by green boxes in
(a) and (c). The fcc unit cells are indicated by green boxes in (b) and (d). Other essential planes are indicated by colored lines as a guide.

and centered around 1.80-2.15 A. In the fcc phase at 35 GPa,
the Sc atom has +0.89 charge, and the two H; atoms have
—0.33 charge each, whereas the other H, atom has only —0.22
charge. The first peak of the H pair distribution in the hcp
form splits into two separate peaks in the fcc form at around
1.90-1.95 and 2.20-2.25 A. This is the direct consequence of
the bonding change. This change in bonding is also associated
with the c¢/a drop during the phase transition. It is readily
seen that the negative charge repulsion governs the behavior
of the H atoms, and therefore affects the phase transition
mechanism.

To further visualize the motion tracks of the H atoms
along the transformation path, we labeled the H atoms in
the hcp supercell as follows; the gray and blue atoms are
the H; atoms, and the red atoms are the H, atoms (see
figure 2(a)). The corresponding lighter colors label earlier
steps. In general, the H atoms loosely follow their associated
Sc atoms; see figures 2(a) and (b). From figures 2(a) and (b),
we see that between the third and fourth steps, the gray atoms
move from the T site in the hcp form into the T site in the

fcc form. Between these particular steps, in the bottom half of
the hexagonal unit cell, the blue atoms move toward the T site
of the fcc form, and the red atoms move toward the O site of
the fcc form. In the upper half, the blue atoms move toward
the O site of the fcc form, and the red atoms move toward the
T site of the fcc form. This process is called site switching.
In a more refined subsequent calculation, we found that this
site switching occurs at the third and 1/3 steps, accompanied
by the reduction of the c¢/a ratio. Raman spectra [5] exhibit
a peak around 500 cm~! in the hcp phase. This peak can
be observed only when the H atoms are not located at the
center of the octahedron (O site). In the intermediate phase,
this peak suddenly disappears which means that the H atoms
at the O sites exist. The previous finding is also consistent
with ours that during the site switching process some H atoms
(the red ones in the bottom half and the blue ones in the
upper half of the hexagonal unit cell) move toward the O sites
during the hcp to intermediate transition. The discrepancy
between our result and the previous interpretation [5] is that
ours suggested that the ScH3 intermediate phase is not a
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displacement at each step with respect to the hcp structure. The total
transformation displacement (TTD) is scaled in such a way that 0
represents the hcp structure and 1 represents the fcc form, while
some value in between indicates the intermediate phase. The
barriers are shown at pressures 25 GPa (squares), 35 GPa (circles),
and 45 GPa (triangles), and the barrier heights relative to the hep
phase are 0.405 eV, 0.370 eV and 0.308 eV respectively.

long stacking sequence but rather some incomplete stacking
configuration.

Finally, we calculated the energy of the hcp form and the
intermediate configurations (first to fifth steps), and the fcc
form (the sixth step). Between steps, we made a division into
three additional steps, making up the total of 18 finer steps.
We constructed the plot of the energy barrier between the
hep and fce phases. The relations between the enthalpy and
the scaling displacement of each step (the TTD is scaled to
unity) at various pressures are shown in figure 4. We found
that the configuration of the 1/3 step has a slightly lower
enthalpy than the hcp form, but the difference is not significant
enough to alter our prior conclusion. We found for example
that the barrier height at 35 GPa is 0.370 eV per formula or
0.093 eV /atom. These energy barriers are slightly reduced as
the pressure increases. It is clear that the values of the energy
barrier are a bit too high for the transformation to be driven
by temperature alone. There must be some sort of special
mechanism at play during the intermediate configuration.
For example, the energy gains from phase boundaries could
also provide some excess energy to stabilize the intermediate
phase. The experiment indicated that ScH; exists even in a
very rich hydrogen environment, and the hcp and intermediate
phases coexist between 25 and 28.9 GPa [5]. Also, there could
be a softening phonon in the [001]y, direction, and the phase
transition seems to be a displacive or a martensitic transition.
The Raman spectra also exhibit a shift of the lowest frequency
peak to a lower frequency during the hcp to intermediate phase
transition [5]. Furthermore, the INS experiment showed that
the Debye—Waller factors of the Sc, H; and Hj, atoms are
0.42,2.40 and 1.50 Az, respectively, at 95 K whereas the XRD
experiment was set up at room temperature. The high values of
the Debye—Waller factor of the H atoms cannot be explained
by their dynamics alone. Other contributions, such as the H

atom distribution around their equilibrium sites, must be taken
into account [2]. The contributions were concealed in our
static calculation. We suggest that a full dynamic calculation
might reveal some other stabilization mechanisms of the hcp
to intermediate phase transformation in ScHs.
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We constructed ZnO nanorods combining energy of surface and core atoms within B4
and B1 phases. Their mor phologieswere directly built up based on previous experiments
and transformation path. ZnO nanorods were varied in diameter and length. By using
density functional theory with GGA exchange-correlation functional, the surfaces were
cleaved from the optimized crystal structures at various different pressures in both B4
and B1 phases. A dlab model with a fixed top atomic layer was employed to achieve
the surfaces under high pressure. The finding shows transition pressure increases with
decreasing diameter and as well as increasing length of nanorods, which is in good
agreement with previous experiments.

Keywords Zinc oxide; density functional theory; high pressure; phase transition

I ntroduction

Zinc oxide (ZnO) is a novel metal oxide material, which has received interest due to its
multiple industrial applications [1, 2]. Bulk ZnO undergoes structural phase transition
under high pressure and it is well known that, wurtzite (B4) phase transforms to rocksalt
(B1) phase at a pressure around 9.0-10.0 GPa [3-5]. In contrast, ZnO nanoparticles are
unclear for their slightly different transition pressures () from the bulk. Some previous
studies report an increase in the transition pressure of ZnO with decreasing nanocrystal size
[4-6]; on the other hand, a recent work shows that the transition pressure of nanocrystal
was lower than that of the bulk [7]. In addition, certain morphologies of ZnO nanoparticle
consisting of nanorod, nanowire, and nanotube, have also been widely investigated by
experiments under high pressure [8—10]. Furthermore, co-existing phases of B4 and Bl
appear at a wider range of pressure for smaller nanoparticles. Theoretically, deviation
of physical properties of nanoparticles is influence by a ratio of surface atoms to all
atoms which is larger for smaller nanoparticles. This causes significan deviation from
the bulk condition not only in terms of their optical and electrical properties, but also the
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stability of crystal structure under high pressure. For bulk, the transition pressure can be
predicted by the common tangential line of energy-volume curves of two phases, which can
be provided by the recent successful tool—density functional theory (DFT). Therefore, the
finit systems or the nanoparticles can be treated the same way the bulk is, in which the
energy of a N atoms nanoparticle can be written as E,gno = (N Epuix + Y_; ¥i A;), Where
y; and A; are surface free energy and surface area of facet i, respectively; moreover, Ep,x
represents ground state energy of core atoms of nanoparticle. This equation allows us to
construct energy-volume curves of a nanoparticle in order to predict its transition pressure.
Traditionally, there have been a number of reports on y; of ZnO which employ slab model
with vacuum thickness based on density functional theory (DFT), which corresponds to y; at
zero pressure [11-15]. However, there is neither obvious evidence nor previous calculation
of y; under high pressure which is an important term to associate this process completely.
Therefore, this work aim to propose a new method of calculating surface free energies of
material under high pressure based on DFT calculation. Firstly the transition pressure of
ZnO nanorods depends on diameters and lengths will be determined. This study is based
on two assumptions; (i) the average volume per atom at surface is unchanged compared to
bulk at the same pressure, and (ii) nanorods do not encounter cracking or breaking under
high pressure.

M ethodologies and Calculation Details

Density functional theory (DFT) based on CASTEP code [16] was employed in this study.
Calculations were carried out by using generalized gradient approximation (GGA) func-
tional, and ultrasoft pseudopotential with electron configuration are Zn: 3d'%4s? and O:
2s22p*. The energy convergence technique was tested as reliable value of Egy = 500 eV
and approximately fi ed accurate spacing between the two k-points of 0.035 A~!. The slab
model with vacuum thickness of 10 A (It was firstl tested with justifying from the energy
convergence of the vacuum thicknesses for all surfaces) was used to calculate surface free
energies of B4 and B1 phases. Due to the vacuum region represent zero pressure, and
this is a limitation of the model, especially in the case of surfaces under high pressure.
However, the new technique was proposed to overcome this limitation. Firstly, surfaces
were cleaved from relaxed bulk of B4 and B1 phases at various pressures in order to build
the crystals slab. Two bottom atomic layers were frozen to represent the core atomic re-
gion in nanocrystal as well as the top one to regulate pressure at the interfacial vacuum.
Meanwhile, a number of atomic layers between those were optimized. These were based
on the assumption that the average volume per atom at surface and core were not different
which should be identical to the ambient volume of bulk and nanocrystal of ZnO from
the previous experiments [4—6]. However, the method would require enough atomic layers
to increase the volume of relaxing atoms. Therefore, the number of atomic layers was
carefully increased to converge themselves. The surface energies of our method were also
justifie by comparing to previous works undertaken at zero pressure. Surface free energy
can be written as follow;

and Y = (Esiap — NEpuir)/ Astab (D)
Eqap = [Elfie" — (E40E — NEpu)/2] )
where E ;fjgx is total energy of slab crystal that is relaxed under our assumptions, E;‘I’;’Ifm

is total energy of slab crystal calculated by single point energy, and N is the number of
atoms of slab crystal. Since this work employed asymmetry slab model which is a method
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requiring lower computational resource, is, therefore, a process of correcting energy of two
bottom atomic layers to be more realistic core atoms. ZnO nanorod was built up based on
experiments in which the B4-nanorod was enclosed by planes with {1010} and {0001} for
six-side faces and two-base faces, respectively. Based on a previous transformation path
proposed by S. Limpijumnong and S. Jungthawan [17] the morphology of B1 phase was
surrounded by two-side faces of {100}, four-side faces of {110}, and two-base faces of
{001}. Stability and transition pressure of a nanoparticle can also be considered in terms
of the difference in enthalpy of two phases at a specifie pressure, which in this work can
be expressed as;

AHV![UIU = HB4—VLG}10 - HBl—nuno = AE’MH’IU + PAVVLLI”U (3)

phase transition will occur when AH,,,, = 0. Therefore, the equation could be
rewritten by setting P = P;_,4,,, and expanding the term AE,,,, = AEpu +
(X viAiga — (X, ¥iAi)p1]. As aresult, we found that;

P—nanu = - AEu A nano [( iAi> _< iAi) ] A nano 4
, (AEpui/ AVaano) + | (D, 11 ), = (2, A1) | /B Voano (4)

Based on our assumption and other experiments, putting AV, & AV, transition
pressure of a nanoparticle can be shown to have the relationship with transition pressure of
bulk and the difference in surface energy of the two phases, as follow;

P—mnw ~ P u [( iAi> _( iAi) ] A u
' 1—bulk + Zi)/ . Zilf ) /A Voulk )

equation (5) clearly indicates that a change in transition pressure of a nanoparticle (either
increasing or decreasing when compared to the bulk size), depends only on difference
in energy of atomic surfaces of Bl and B4 phases, relating both surface free energy and
surface area at P;_p,;; which also directly concerns with volume reduction.

Results and Discussions

Firstly, structural phase transition from B4 to B1 of bulk ZnO was analyzed by examining
conventional energy-volume curves which were derived from Birch-Murnaghan equation
of state [18]. The transition pressure was predicted to be 10.97 GPa which is in good
acceptance to experimental range [3—5], as well as volume reduction was about 16.7%.
Surface free energies, Yy of B4 phase have been widely investigated by using frst
principle methods, but the report values vary in a relatively wide range. On the other hand,
experimental evidence was extremely limited. Experimental value of y(B4), obtained by
applying the sessile drop method governed by the Young’s equation shown the result of
around 0.3-0.7 J/m? [19]. Computationally, for the B4 phase, the figure for polar surface
of Zn-(0001) and O-(0001), have been predicted to be in a range of 1.4-2.2 J/m* and y(g001)
was also higher than yggo7y [11-13, 15]. For non-polar surface of (1010), it appeared to
be in between 0.9—1.3 J/m? [12, 14—15]. On the other hands, there has been no report for
any surface free energy of high-pressure B1 phase of ZnO. Surface free energies of B4
and B1 phases obtained as a result of this study are shown in Table 1. In the case of B4
phase yjo001} and y(j010y are obviously in a range of previous calculations. Moreover, (001
is also slightly higher than y(gqo1). To summarizes, these indicate our model could perform
surface free energy under high pressure reliably. In the case of B1 phase, y(i1) is larger
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Table 1
Surface free energies of B4 and B1 phase at zero pressure

Surface free energy, Y(ukir J/m?)

Facet This work Others
B4 0-(0001) 1.50(4) 1.90¢, 2.0, 1.7¢
Zn-(0001) 1.59(0) 1.382, 1.94°, 2.0P, 2.2¢
(1010) 0.94(3) 0.9¢, 1.16°, 1.34
Bl (100) 0.62(3) —
(110) 1.40(6) —

The superscripts ® to © are represented ref. 11 to 15, respectively.

than twice y(10). This implies nucleation of {100} of B1 could be easily induced during
transition-pressure range when compared to another.

Figure 1 shows the relationship between y(P)/y (P = 0) and pressure (GPa). A small
change in surface free energies of polar surface of Zn-(0001) and O-(0001) is observed
when pressure is increased. On the other hand, those of non-polar surfaces of both B4 and
B1 phases decrease at higher pressure, especially those of B4-(1010) and B1-(100) which
is reducing rapidly. However, this findin is in good agreement with the nature when a
material is under high pressure; it will be compressed directly at its boundary and passing
through the core atoms, leading to strengthen of bonding. As a result, the surfaces atomic
configuration will become closer than those of the core atoms. This subsequently lowers
the surface free energy and the surface becomes more stable at higher pressure.

We built up energy of nanorods by directly combining energy of surface and core
atoms together. The energy-volume curves can be performed by this method which leads to
transition pressure of various diameters (d) and lengths (L) of nanorods, as shown in Fig. 2.
The findin indicates that transition pressure increases with reducing diameter, as shown in
Fig. 2(a). The difference is quite small at diameter larger than 20 nm, while it becomes more

o~
= B4-(10-10)
e avr B4-(0001)
2 dgve—s—o 0, , A B1-(100)
S, T v B1-(110)
— — :
?w" A M v
g‘.c A, v
£ s
O o | A
o0 "
F Y
< |
P
A
o™
0 10 20 30

Pressure (GPa)

Figure 1. Ratio of each surface free energy at high pressure with its own at zero pressure.
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Figure 2. Difference in transition pressure of nanorods versus other parameters; (a) diameter of
nanorod with a fxed L/d at 10, (b) a length of nanorods with a f xed diameter at 10 A.

significan when the diameter is smaller than 20 nm. This could be accurately observed.
However, there is experimental evidence which was carried out by using in situ high-
pressure energy dispersive X-ray diffraction [10]; it was found that the transition pressure
of ZnO nanorods with 10 nm diameter and 80 nm length was higher than that of bulk by
around 1.0 GPa. Furthermore, Fig. 2(b) obeys effect of length to 10 nm of diameter, this is
a remarkable finding The transition pressure of nanorod increases with increasing length
until L/d reaches 100. Above transition pressure of bulk, where the pressure converges to 0.4
GPa, the rod can be represented as a nanowire. In contrast, the transition pressure decreases
instantly after L/d reaches 4, and it becomes even lower than the transition pressure of
bulk after L/d is about 2 times. This findin can be clearly explained by the transition
at two cross-section surfaces, from B4-(0001) and B4-(0001) to B1-(001) and B1-(001).
Because y(oo01) is almost three times higher than y(oo1y at high pressure; consequently, this
situation could be easier than the transition at side surfaces, and shifting enthalpy barrier
at lower pressure of two phases of nanorod closing together when its length decreases.
Finally, this leads to a decrease in transition pressure. However, the nanoparticles with
L/d lower than 2, will be rather corresponding to hexagonal prism or hexagonal tablet. In
addition, this findin probably explains the recent findin on the lower transition pressure of
nanocrystal compared with that of the bulk condition by confirmin both angle-dispersive
X-ray diffraction and photoluminescence spectra technique [7]. Unfortunately, their certain
size and morphology could not be identified

Moreover, significan evidence, which explains the co-existence of phases B4 and B1
in nanorods at wider range of pressure, was also found. The relative enthalpy barrier which
is the difference in enthalpy barriers of nanorods and bulk can be shown as;

8 (AH) - AI_Ibulk - AI-Inano == (HB4 - HBl)bulk - (HB4 - HBl)mmo (6)

this relationship is considered at 20 GPa because it is higher than all of transition pressure
of nanoparticles ever reported. In Fig. 3, the result shows that enthalpy barrier of bulk is
higher than that of nanorods, especially at the diameter of 30 nm and the difference grows
rapidly. This findin indicates that the co-existing phases of B4 and B1 could appear in a
wider range of pressure with decreasing nanorod’s diameter. It is also in good agreement
with those reported in literature [8—10].
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Figure3. The relationship between relative enthalpy barrier of nanorods with grounding by enthalpy
barrier of bulk, and their diameter with fi ed L/d at 10 and a pressure of 20 GPa.

Conclusions

We successfully modeled ZnO nanorods under high pressure based on density functional
theory. Calculations of energy of surface and core atoms were carried out separately at
various pressure points. They were directly combined to build up nanorods with different
diameter and length. The transition pressures of nanorods with a diameter of 10-100 nm
were higher than bulk, and convergent to the highest value when increase its length until
it becomes a nanowire. However, its transition pressure would decrease below that of bulk
when the length was decreased until below 20 nm for nanorod with diameter of 10 nm. Our
findin could also give an explanation of co-existing phases which appears in wide-range
pressure in the nanoparticles. These finding are in good agreements with the previous
experiments.
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ABSTRACT

Ab initio calculations were performed for investigating the high pressure phases of GaAs up to 200 GPa.
By comparing the minimum free energies of structures, we found the thermodynamically stable phases
of GaAs under pressure beyond GaAs-IIl (Imm2) with space groups Pmma and P4/nmm at the pressure
range of 88-146 GPa and 146-200 GPa, respectively. For discussing the difference results of GaAs IV and
V in previous studies, we found that Pmma and P4/nmm are the lower symmetric phases of P6/mmm and
CsCl-like, respectively. For analyzing the Pmma— P4/nmm phase transition, we observed the approxi-
mated path and found that the barrier of transformation from Pmma to P4/nmm in direction [110] is
0.035 eV. The graph of density of states shows no energy gap in stable phases at 130 and 160 GPa,
indicating that Pmma and P4/nmm are the metallic phases. The contour plots of the electron density
difference show some valence electron sharing in Pmma which is higher than in P4/nmm. Moreover, the
results of elastic parameters and modulus ratio suggested that the Pmma phase is a ductile material,

while the P4/nmm phase is a brittle due to the increasing of shear modulus.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Gallium arsenide (GaAs) which is one of IlI-V binary compound
semiconductors is widely used in many applications such as solar
cell fabrications and diode devices. Stable phase at ambient
pressure of GaAs is the zinc blende (ZB) phase (space group
F-43m), which is similar to the other IlII-V binary compounds such
as GaP, InP and InAs [1]. In previous studies of GaAs high-pressure
phases, it has been suggested that GaAs-ZB transforms to an
orthorhombic phase near 17 GPa [2,3]. By studying the X-ray-
diffraction pattern from synchrotron radiation, Weir et al. [4]
suggested that the evolution of GaAs structures under high
pressure is the following: GaAs-I (ZB)— GaAs-II (Pmm2)— GaAs-
Il (Imm2)— GaAs-IV (P6/mmm), with the transitions pressures of
17, 24, and 60 GPa, respectively. The simple hexagonal phase
(space group P6/mmm) in GaAs-IV from the experiment is similar
to the ambient pressure phase of GaSb [5,6]. Zhang and Cohen [7]
studied the equilibrium lattice parameters and internal para-
meters of GaAs-II by using ab initio pseudopotential calculations
within the local density functional (LDA) in the form of Perdew
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and Zunger. They found that GaAs-II is orthorhombic structure
which is thermodynamically favored over the rocksalt (Fm3m)
structure. Later, McMahon and Nelmes [8] used the angle-
dispersive powder diffraction technique and confirmed that the
structure of GaAs-II is a Cmcm space group. Mujica and Needs [9]
using first principle calculations confirmed that GaAs-II in Cmcm
structure is more stable than Pmm2. Durandurdu and Drabold [10]
performed a local-orbital quantum molecular dynamic method
with a 216-atom model of GaAs. They used norm-conserving
pseudopotentials and Harris functional, and found that the GaAs
ZB phase transforms to Cmcm at 23.5GPa, and Cmcm phase
changes to Imm2 structure at 57 GPa. From the study of the
electronic density of states (EDOS), they concluded that both
Cmcm and Imm2 phases of GaAs are semimetals. The stability of
vibration modes in both high-pressure phases was confirmed by
studying the phonon density of states (PDOS). For very high
pressure phases (>80 GPa), Garcia and Cohen [11] studied the
3d states in Ga compounds with core relaxation effects and
predicted that body-centered cubic structure should be stable
phase of GaAs above 125 GPa. However, Kim et al. [12] suggested
the instability of the CsCl-like structure (space group Pm-3m) in
most [[-V semiconductors by using the density-functional linear
response method. They focused on InP and InSb in the normalize
volume (V/Vjy) in range 0.55-0.40. They concluded that the ionic
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compounds such as GaP, GaAs, InP, and InAs are dynamically
unstable at high pressures with respect to transverse-acoustic
phonon. They suggested two candidate structures that replaced
the CsCl-like structure at very high pressure are P4/nmm and
Pmma.

From the literature reviews, the theoretical and experimental
investigations of GaAs in I, Il and Il phases under high pressure
have been widely conducted. However, the studies of structural
and mechanical properties under extremely high pressure
(80-200 GPa) in GaAs-IV and V phases are not yet completed.
In this work, the thermodynamic stability of GaAs in IV and V
phases are discussed up to 200 GPa. The relations of similar
structures (Pmma-P6/mmm and P4/nmm-CsCl-like) were explained.
We predicted the mechanism of path transformation in GaAs from
Pmma to P4/nmm which is well above the experimental observa-
tion. In order to analyze the physical properties of GaAs IV and V,
the elastic parameters, namely, the bulk modulus and shear
modulus are studied to classify the metallization of the phases
IV and V.

2. Calculation details

In this work, the ab initio calculations are performed based on
the density functional theory (DFT) as implemented in the CASTEP
code [13,14]. In DFT, all ground states properties of a solid system
such as the electron density, effective potential and total energy
were evaluated by self-consistently solving the Kohn-Sham equa-
tions. First of all, the exchange-correlation functionals which
contained in Kohn-Sham equations were observed by comparing
the results with the previous experiments. At ambient pressure
condition (0 GPa), the cutoff energy and k-point grid were used at
500eV and 6 x 6 x 6, which gave the energy convergence at
5 meV/atom. The lattice parameters (a=b=c) in ZB at ambient
pressure were determined as 5.576 and 5.729 A by using the
LDA functional and the generalizaed-gradient approximation of
Perdew-Burke-Ernzerhof (GGA-PBE) functionals [15-17]. Bulk
modulus of GaAs from the experiments [18,19] is 74.7 GPa, while
the calculation results are 75.5 GPa (LDA) and 60.3 GPa (GGA-PBE)
as shown in Table 1.

From Table 1, we found that the LDA functional gives a better
agreement with the experimental results than the GGA-PBE. The
LDA functional was therefore selected for the rest of this study. The
ultrasoft pseudopotentials that included the electronic configura-
tions 3d'%4s°4p! for Ga and 4s’4p>for As were used. The cutoff
energy of 500eV was found to be suitable for calculating the
geometry optimizations, single point energies and elastic para-
meters. Forces on the optimized atomic positions were calculated
by using the Hellmann-Feynman theorem [20]. The Brouillion
zone integration was performed using the Monkhorst-Pack grids
[21] of 6 x6x6 for ZB, 10 x 10 x 8 for Cmcm, 12 x 12 x 10 for
Imm2, 10 x 10 x5 for P6/mmm, 10 x 10 x 10 for CsCl-like and
6 x 6 x 11 for P4/nmm and Pmma structures. These were sufficient
to converge the total energies to within 5 meV per atom for all
structures. For the example of study the effect of k-point on the
wide pressure range, the Fig. 1 shows the k-point of the example
structure (CsCl-like) in the pressure 120, 160 and 200 GPa. The total

Table 1
The lattice parameter and bulk modulus of GaAs-ZB at ambient pressure from DFT
calculations compared with the previous experiments [18,19].

Parameter/Method Exp. LDA GGA-PBE
Lattice parameter (A) 5.653 (Ref. [18]) 5.576 5.729
Bulk modulus GPa 74.7 (Ref. [18,19]) 75.5 60.3
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Fig. 1. Graph of total energy (y-axis) and k-point (x-axis) of GaAs in the example
(CsCl-like) structure shows that the total energies converged at k-point set 8 x 8 x 8
in a wide pressure range (120-200 GPa).

energies confirmed that the k-point set 10 x 10 x 10 which was
used to calculate in CsCl-like still converges in this pressure range.
The total energies in the wide pressure range were observed and
found that these k-point sets still converge in this pressure range.
However, the k-point in a direction (k) of some space groups was
carefully varied under wide pressure range by controlling actual
spacing (1/k) at about 0.04 A in all dimensions (x, y and z).

3. Results and discussion

For finding the mechanism of GaAs phase transitions, we
optimized the possible space groups to find the total energy per
primitive cell (E) and their volume (V) at a given pressure (P).
The total energies of GaAs structures in ZB, Fm-3m, Cmcm,
Cinnabar (P3;21), Imm2, P6/mmm, CsCl-like, P4/nmm and Pmma
were observed. E-V curves were fitted by using the third order
Birch-Murnaghan equation of state [22,23]. For analyzing phase
stabilities, the enthalpy (H) per a formula unit of a GaAs space
group was calculated from the relation H=E+ PV, which is the free
energy of system at 0 K. The enthalpies of GaAs structures were
compared under pressure up to 200 GPa. The Fm-3m structure has
also been observed with remarkably higher in energy compared to
the ZB (about 4 eV). Our calculation found that the Cinnabar and
Fm-3m phases are not stable structures under this condition (0 K)
because ZB transforms directly to the Cmcm without going through
the Cinnabar phase that has the higher free energy (> 1 eV). We
found the minimum enthalpy structures between 0 and 200 GPa
as shown in Fig. 2, which consist of GaAs [-ZB (0-12 GPa), GaAs
[I-Cmcm (12-37 GPa), GaAs Ill-Imm2 (37-88 GPa), GaAs IV-Pmma
(88-146 GPa) and GaAs V-P4/nmm (146-200 GPa), respectively.
Therefore, for lower pressure range, we report the transition
sequence from ZB— Cmcm—Imm2 which confirmed Durandurdu
and Drabold's work [10]. We found that the enthalpy of ZB
compared to the Cmcm and the volume reduction during the
ZB-Cmcm phase transition is larger than those of the Cmcm-Imm?2.
This can be understood since the ZB to Cmcm transition is a
structural reconstruction, but Cmcm-Imm2 transition is a distor-
tion from the orthorhombic structure.

Under extremely high pressure (P> 80 GPa), we found that
Imm2 changes to the Pmma space group with atomic positions Ga
(0.25, 0.00, 0.75) and As (0.25, 0.50, 0.75) at 88 GPa which confirms
the suggestion of Kim et al. [12]. However, the experiment of
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Weir et al. [4] suggested that GaAs-IV is P6/mmm. Therefore, we also
analyze the relation of 2 space groups between Pmma and P6/mmm.
In Table 2, atomic positions of Ga and As in Pmma were compared
with the primitive basis of P6/mmm at the same pressure. We found
that the Pmma in GaAs is the similar structure with P6/mmm but it
has lower symmetry than P6/mmm; as a result, Pmma gave lower
free energies in all pressure as shown the H-P curves in Fig. 2.
In addition, the Fig. 2 indicated that the P4/nmm structure is the
thermodynamically stable phase above Pmma (P > 146 GPa) in good
agreement with Kim et al. suggestion [12]. We found that the atomic

Enthalpy Difference (eV)

-0.5 & 1 I 1 I 1 1 | 1 1 +H
20 40 60 80 100 120 140 160 180 200
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Fig. 2. The enthalpy difference of GaAs high-pressure phases compared with the
enthalpy's Cmcm phase.

Table 2
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positions of Ga (0.00, 0.00, 0.00) and As (0.00, 0.50, z) give
minimum free energy in P4/nmm structure at z=0.498. At a
constant pressure (such as 140 GPa), the enthalpy difference (such
as between Pmma and P6/mmm structures) is about 0.025 eV per a
GaAs formula unit (see in Fig. 2), while the accuracy of energy
calculation is 0.010 eV per formula unit of GaAs. We found that the
tiny differences of free energies are larger than the error of energy
calculations. Therefore, we can separate the distinguish structures
between Pmma and P6/mmm. When we analyze atomic positions of
P4/nmm compared with the primitive basis of CsCl-like space group
as shown in Table 2, we concluded that P4/nmm structure in stable
condition is similar to CsCl-like structure.

In Fig. 3, we explore the nature of Pmma— P4/nmm transition
mechanism. In the similar method that we have reported in
CulnSe; [24] and Cu(In,Ga)Se, [25], we analyze the transformation
path between two phases as follows. Firstly, we investigate the
transition pressure of Pmma— P4/nmm which was predicted at
146 GPa where the enthalpy of two structures are equal. Secondly,
we analyze the transformation path from P6/mmm structure. We
knew that the atomic positions in P4/nmm at minimum free
energy are the distorted structure from CsCl-like. We estimate that
the As-plane was shifted from Ga-plane in direction [110] and the
space group of GaAs was changed from Pmma, shown in Fig. 3(a).
Lattice parameters and angles in the unit cell were optimized and
controlled the pressure at 146 GPa. We found that the enthalpy of
system increases along the distance of As-plane from Ga-plane.
Finally, the As-plane was shift to the center of unit cell; as a result,
the space group was change to P4/nmm. The barrier of free energy
in Pmma— P4/nmm is estimated to be 0.035 eV per formula unit of
GaAs, this approximate path shown in Fig. 3.

In addition, we would like to explain the extensive detail on the
metallization of GaAs in Pmma and P4/nmm phases. In Fig. 4, we

Atomic positions and lattice parameters in Pmma and P4/nmm at 146 GPa when were compared with the primitive basis of space groups P6/mmm and CsCl-like, respectively.

Space group Lattice parameters
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(2.336,2.336,4.356)
(2.331,2.345,4.353)
(2.728,2.728,2.728)
(2.775,2.775,2.629)

(90,90,120)
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Fig. 3. (a) The simple model of structural evolution during the phase transition from Pmma to P4/nmm phases in direction [110] was estimated. (b) The enthalpy barrier
during phase transformation from GaAs IV to GaAs V at 146 GPa in this estimated path is 0.035 eV.
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compared the electronic density of states (EDOSs) of GaAs in ZB
(0 GPa), Imm2 (50 GPa), Pmma (130 GPa) and P4/nmm (160 GPa)
structures. The EDOSs show that GaAs-ZB at 0 GPa is a semicon-
ductor as it has an energy gap, GaAs-Imm2 at 50 GPa is a
semimetal in agreement with the previous suggestion of Duran-
durdu and Drabold [10]. In Pmma and P4/nmm phases, the graphs
of EDOSs are continuous along the energy axis, thus they are in the
metallic phases. For studying the chemical bonding, we calculated
the electron density difference in the high pressure phases, i.e.
Pmma (130 GPa) and P4/nmm (160 GPa) and the results are shown
in Fig. 5. The contour plots show the difference of electron
densities (between —0.1 and 0.3) from the chemical bonding in
each GaAs lattice, relative to electron densities in isolate atoms.
The electron density difference of GaAs is the difference between
the electron density of the total GaAs system and the unperturbed
electron densities of Ga and As. The electron density difference
shows the changes in the electron distribution due to the forma-
tion of all chemical bonds. It is useful for illustrating how chemical
bonds are formed across the whole system as the electron density
difference can help identifying the types of chemical bonds, such
as covalent bonding, metallic bonding etc. These show that the
chemical bonding in Pmma has higher electron sharing (orange
and yellow zone) at cavity between Ga (gray ball) and As (violet

20 H T T g
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-+ P4/nmm 160 GPa
15— i

EDOS (electrins/eV)
=

&
o

0.0

- ; 9
|
1if
\/

-10 -5

0 5 10
Energy (eV)

Fig. 4. (Color online) Comparisons of the electronic density of states of GaAs in ZB
(0 GPa), Imm2 (50 GPa), Pmma (130 GPa) and P4/nmm (160 GPa) structures.

Pmma 130 GPa

Fig. 5. (Color online) Comparison of the electronic density difference (the value between —0.1 and 0.3) of GaAs in Pmma (130 GPa) and P4/nmm (160 GPa) structures.

ball) compared with in P4/nmm. Therefore, the covalent bonding in
Pmma is higher than in P4/nmm. However, we found from the
results of total electron density difference that high electron
sharing in Pmma is anisotropy due to appearing in any planes
while it is not found in all planes of P4/nmm. The plane of high
electron sharing in Pmma is shown in Fig. 5. The covalent bond
was found in some planes of Pmma, but EDOS and band structure
which indicate the macroscopic properties of system show that
Pmma is the metallic phase. By studying the population analysis
and Hirshfeld charges, it confirmed that the ionic charge in
P4/nmm is higher than in Pmma. The covalent bond does not
necessarily appear only in insulator. For example, the bonds in
some metals such as BeCl,, SnCl, and SnCl, are covalent bonds at
ambient pressure but these materials can have free electrons as
well. In GaAs-Pmma, the difference of the electronegativity
between Ga and As is less than of Be and Cl; therefore, it is
possible to have the covalent bond in Pmma phase. The chemical
bonds in Pmma and P4/nmm excited the population of Ga
(3d"°4s%4p’) and As (3d'%4s24p>), which the states 4s transformed
to 4p (s to p). The elastic properties such as elastic constants (Cy),
bulk modulus (B) and shear modulus (G) were studied for
determining the physical properties of GaAs in Pmma and
P4/nmm phases. At the beginning, the elastic parameters in
ambient pressure phase were observed by using LDA functional
as shown in Table 3. We found that the LDA functional gives a good
agreement with the previous experiments [18,19,29] more than
using GGA-PBE. The elastic properties of materials can be esti-
mated by using the Voigt-Reuss-Hill procedure [30-32]. Voigt and
Reuss equations are the upper and lower limits of true crystalline
constants, while the mean value from the Voigt (By, Gy) and Reuss
(Bg, Gr) approximation is the Hill (By, Gy) modulus. In this work,
the Hill modulus of GaAs is reported as shown in Table 3.
For analyzing type of material, it is classified as brittle material if
the ratio of B/G less than 1.75, and it is a ductile material when the
ratio greater than 1.75 [33,34]. Shear modulus of GaAs increases
highly when Pmma changes to P4/nmm. GaAs- P4/nmm increases
the resistance from the tangential force. From the B/G ratio in
Table 3, we can conclude that GaAs in Pmma phase is ductile
material, while P4/nmm phase is a brittle.

4. Conclusions

We performed ab initio calculations in CASTEP code for study-
ing the transitions pressure and stability of high pressure phases of

P4/nmm 160 GPa
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Table 3

Elastic parameters in a unit GPa of GaAs-ZB (0 GPa), GaAs-Pmma (100, 120 and 145 GPa) and GaAs-P4/nmm (160, 170, 180 and 200 GPa).

P. Pluengphon et al. / Solid State Communications 195 (2014) 26-30

Phase P (GPa) Cy Cr2 Ci3 Cas Cz Cs3 Caa Css Ces B G B/G
7B 0 120 53 53 53 120 120 62 62 62 75 48 1.56
Pmma 100 958 121 279 157 1080 1010 120 264 67 462 157 2.94
120 1073 145 320 199 1230 1135 121 292 69 529 163 3.25
145 1165 109 505 298 1413 1168 148 364 69 615 174 3.53
P4/nmm 160 1265 295 403 403 1265 1148 432 432 415 653 425 1.54
170 1323 310 427 427 1323 1188 449 449 418 685 438 1.56
180 1380 325 454 454 1380 1228 469 469 421 717 451 1.59
200 1489 353 510 510 1489 1307 512 512 430 781 477 1.64
GaAs between 0 and 200 GPa. The stability of GaAs structures References

were considered by comparing the minimum free energy or
enthalpy of system. From observation by using LDA functional,
we found that the high-pressure phases of GaAs are ZB (0-12 GPa),
Cmcm (12-37 GPa), Imm2 (37-88 GPa), Pmma (88-146 GPa) and
P4/nmm (146-200 GPa), respectively. The difference results from
theoretical and experimental reports were concluded that Pmma
and P4/nmm are the distorted structures of P6/mmm and CsCl-like,
respectively. The lower symmetric phases gave the minimum free
energies in Fig. 2. Transformation path from Pmma to P4/nmm
phases was estimated and found that P6/mmm changes to P4/nmm
in direction [110]. The enthalpy barrier of this path is 0.035 eV.
In addition, physical properties of the metallic phases GaAs were
examined by analyzing the elastic parameters. The continuous of
EDOSs show the metallization of Pmma and P4/nmm phases. The
electron density difference contour plots show that the sharing
electron in Pmma is higher than in P4/nmm. This indicates that
Pmma has the characteristic of the covalent bond. From the
modulus ratio, it can be concluded that Pmma phase is a ductile
material, while the P4/nmm phase is a brittle.
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First principles-based electronic structure calculations of super-
hard iron tetraboride (FeB;) under high pressure have been un-
dertaken in this study. Starting with a “conventional” supercon-
ducting phase of this material under high pressure leads to an
unexpected phase transition toward a semiconducting one. This
transition occurred at 53.7 GPa, and this pressure acts as a de-
marcation between two distinct crystal symmetries, metallic
orthorhombic and semiconducting tetragonal phases, with
Pnnm and l4,/acd space groups, respectively. In this work, the
electron-phonon coupling-derived superconducting T, has been
determined up to 60 GPa and along with optical band gap var-
iation with increasing pressure up to 300 GPa. The dynamic
stability has been confirmed by phonon dispersion calculations
throughout this study.

metal-semiconductor phase transition | superhard material |
first principle study | high pressure | superconductivity

he shorter interatomic distances of metal under external

pressure consequently increase the valence and conduction
band widths, which leads to the enhancement of free electron-
like behavior. The development of creating immensely sub-
stantial pressure at laboratories enables us to observe the core
electrons overlapping under enormous compression and dra-
matically influences the electronic properties of normally
free electron metals such as Li and Na (1-3). The metal-
to-insulating phase transformation has been contrived both
experimentally and theoretically for both the normal metals
while exerting pressure on them. This observation propelled
us to investigate the electronic and structural phase trans-
formation of the experimentally synthesized superhard ma-
terial iron tetraboride (FeB,) under high pressure (4-8). The
intriguing factor of choosing FeB, is that the material was
proposed as a “conventional” Fe-based superconductor, in
contradiction to the discovery of an “unconventional” Fe-
based superconductor because of its large electron—phonon
coupling. Here we report the exotic phase transition of FeB,
from metal to semiconductor at 53.7 GPa, even though we
started with the metallic orthorhombic phase Pnnm of FeB,,
which shows the superconducting temperature T. up to 60
GPa. The new phase after 53.7 GPa has 14, /acd space group
symmetry with a finite fundamental band gap, which increases
along with pressure monotonically. All of the considered
structures have been tested to have a thermodynamic stability
from phonon dispersion calculations. The reason behind the
phenomena could be the overlap of atomic cores at higher
pressure ranges, which increases the hybridization of valence
electrons and their repulsive interactions with core electrons.
The immediate technological outcome of this scenario of
metal-to-semiconducting phase transition could be to search
for a transparent state of a material that is a metal under

17050-17053 | PNAS | December 2,2014 | vol. 111 | no. 48

ambient conditions. This drastic change of electronic and
structural properties can be observed in other materials as
well, and hence this can open a field of studying them from
a high-pressure perspective.

Results and Discussion

We have started compressing the Pnnm structure, which has
equilibrium lattice constants ag=4.52 A, by=5.27 A, and
¢o=3.00 A. Using the Birch-Murnaghan equation of state, the
equilibrium cell volume (V;), bulk modulus (By), and the first
derivative (By) are fitted to be 35.80 A% per formula unit (f.u.),
270.1 GPa, and 3.64, respectively, reproducing well the experi-
mental values (Vo = 36.38 A’fu., By = 252.5 GPa, and
B)=3.53) (5). While compressing the initial structure (Fig. 1),
we have found that after 53.7 GPa another possible structure has
emerged that is more energetically favorable as far as the en-
thalpy contribution is concerned. The new structure that has
been predicted by the evolutionary algorithm (USPEX) (9, 10)
has the symmetry [4/acd tetragonal phase. The first-order
phase transition occurred while transforming from Pnnm to
14, /acd with the relative volume contraction of 4%. The 14, /acd
phase has By = 311.5 GPa and Bj=3.87 with the lattice con-
stants a = 4.84 A, c =973 A, and the atomic positions of Fe
(16¢) at (0.500, 0.000, 0.000) and of B (32g) at (0.125, 0.130,
0.062) at 53.7 GPa. The other possible structure with the second-
lowest enthalpy is the P4,/nmc phase, which possesses By =
307.0 GPa and By =3.95 with the lattice constants a = 3.46 A,
¢ = 4.87 A with the atomic positions of Fe(2a) at (0.00, 0.00, 0.00)

Significance

Solids have been mainly studied at ambient conditions (i.e., at
room temperature and zero pressure). However, it was realized
early that there is also a fundamental relation between volume
and structure and that this dependence could be most fruitfully
studied by means of high-pressure experimental techniques.
From a theoretical point of view this is an ideal type of ex-
periment, because only the volume is changed, which is a very
clean variation of the external conditions. In the present study
we show a hard superconducting material, iron tetraboride,
transforms into a novel transparent phase under pressure.
Further, this phase is the first system in this class, to our
knowledge, and opens a new route to search for and design
new transparent materials.
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Fig. 1. The comparison of normalized lattice parameters of FeB, (Pnnm
phase) between the present work (open symbols) and the experimental
findings (closed symbols).

and of B (8g) at (0.25, 0.00, 0.369) at 58 GPa. The enhanced bulk
modulus of 4 /acd and P4,/nmc phases indicate that they are
harder than the ambient structure. Although a previous study
reported the dynamic stability of the (Pnnm) phase from 0 to 100
GPa (6), the phonon dispersion of the 14, /acd phase at 53.7 GPa
as shown in Fig. 2 reveals the dynamic stability and it is even
maintained up to 300 GPa. The top and side views of the
considered atomic structures are depicted in Fig. 3.

It is worth mentioning that the tetragonal with space group
P4, /nmc emerges in parallel with the formation enthalpy higher
(around 30 meV/f.u.) than 74, /acd, as indicated in Fig. 4, and the
structure also shows dynamic stability at 53.7 GPa up to 300 GPa.
This suggests that these two tetragonal phases may be mutually
found in experiments within the same pressure range. In addi-
tion, the structures having space group C2/m, R3m, and P63mc
are the other possible candidate structures, which have been
derived from the USPEX, but their enthalpies are relatively
higher than the 74;/acd phase with a minimum value of
300 meV/f.u.

Fig. 54 depicts the pressure dependence of electron—phonon
coupling constant (1), the superconducting critical temperature
(T), and logarithm of phonon momentum (wjog) for the Pnnm
structure. At ambient pressure, the T, is calculated to be 2.72 K
by using the effective Coulomb repulsion parameter (¢*) of 0.18.
We have additionally performed the tests using different values
of u* such as 0.10 and 0.14 and we have found the corresponding
T. values to be 9.35 K and 5.50 K, respectively. Hence, the T,
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Fig. 2. Phonon dispersions of /4, /acd (A and B) and P4, /nmc (C and D) at
pressure 53.7 and 300 GPa, respectively.

Kotmool et al.

Top view Side view

I4I/acd

Fig. 3. Top and side view of atomic structures of (A) Pnnm, (B) P4,/nmc,
and (C) /4q/acd. Fe and B atoms are shown as brown and green balls,
respectively.

evaluated by the stronger u* of 0.18 quantitatively agrees with
the experimental value of 2.9 K (5), because Fe-d electrons are
strongly localized near the Fermi level (11). Under compression,
the 4 monotonically gets suppressed, resulting in a drop of T, at
increasing pressure. However, the anomalous recovery of 4 and
T. is found at 60 GPa, which is associated with the softening of
phonons to yield the strong electron-phonon coupling. Further,
the calculated spectral function @?F(w) and integrated A(w) at
the selected pressure points shown in Fig. 6 reveal that the low-
frequency regime (0 to around 350 cm™"), which originates from
Fe-B vibration, significantly contributes to A. Therefore, we
conclude that the observed superconductivity of the Pnnm phase
is mainly attributed to the strong coupling of Fe-B vibration at
low frequencies.

We have established the pressure-induced phase transition
from Pnnm to I4, /acd, and the details regarding their electronic
structures are presented in Fig. 7. The Pnnm phase exhibits
a nonsemiconducting behavior both at 0 and 60 GPa, which is
typically characterized by finite states at the Fermi level owing to
the hybridization between Fe-3d states and B-2p states. We find
the bands crossing the Fermi level at I' - Z and U — R, which
corresponds to the 3D Fermi surface centered at I" and R points
(4). These flat bands coming from Fe-d and B-p states are crucial
for the observed superconductivity in FeB, as previously de-
scribed. By contrast, the I4;/acd at 53.7 GPa does exhibit
a semiconducting feature with the indirect band gap of 1.07 eV.
The underlying metal-to-semiconductor transition in FeB4 can
be evident from the electron localization function (ELF) (Fig. 7,
Right) that the I4; /acd phase possesses the considerable locali-
zation of electrons near Fe atoms compared with the Pnnm
counterpart. Under further compression from 53.7 GPa to 300 GPa
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the gap is observed to be slightly changed by the variation less
than 7%, as indicated in Fig. 5B. For more reliable band gap and
considering the derivative discontinuity of the Kohn-Sham ei-
genvalue, we are using the screening hybrid functional HSE06
(12). The infinitesimal variation in band gap during the com-
pression can be described by the fact that the I4; /acd phase is
highly incompressible.

The sensitive pressure-induced metal-to-semiconductor transi-
tion in FeB, may arise from the appreciable variation in bonding
features between Pnnm and I4; /acd states. This is clearly seen by
the key difference of ELF between Prnnm and 14, /acd shown in
Fig. 7, Right. In 14, /acd, there is a notable degree of electron
localization at the open interstices, but it is minimal near and
between ions. This localization is associated with the re-
pulsion between core and valence electrons of neighboring
ions at sufficiently high pressure, resulting in enhanced Fe
(3d)-B(2p) hybridization owing to an energy decrement of 3d
bands with respect to 2p bands (1, 13). This effect is appar-
ently evidenced by the significant hybridization between Fe
(3d)-B(2p) close to the Fermi level shown in Fig. 7C.

Conclusions

In this work, a systematic density functional theory-driven first
principles study leads us to demonstrate an abrupt phase tran-
sition of the superhard material FeB, under high pressure
from conventional superconductor to semiconductor. We have
observed strong electron—phonon coupling below 53.7 GPa with
orthorhombic Pnnm symmetry and a transition to semicon-
ducting phase having 14;/acd space group symmetry at that
particular pressure. The semiconducting phase is dynamically
stable up to 300 GPa, which has been confirmed from phonon
dispersion calculations. All of the considered structures have

0.60 . T v —3.0
A g o A B
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Fig. 5. (A) Calculated electron-phonon coupling constants and critical

temperatures of the Pnnm phase at selected pressures. (Inset) The loga-
rithmic phonon momentum (wiog). (B) The variation of band gap of the
14, /acd phase calculated by PBE and HSEO6.
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Fig. 6. Calculated spectral function ¢*F(w) (black line) and integrated
A(w) of Pnnm at selected pressure points (A) 0 GPa, (B) 16 GPa, (C) 32 GPa,
and (D) 50 GPa.

been tested to have thermodynamic stability from phonon dis-
persion calculations. The profound reason behind this exciting
phenomenon could be the overlap of atomic cores at higher
pressure range, which increases the hybridization of valence
electrons and their repulsive interactions with core electrons.
The immediate technological outcome of this scenario of metal-
to-semiconductor phase transition could be to search for a
transparent state of a material that is a metal under ambient
conditions. This drastic change of electronic and structural
properties can be observed in other materials as well, and hence
this could open a field of studying them from a high-pressure
perspective.

Materials and Methods

The behavior under high pressure of the Pnnm phase has been investigated
considering the mechanical property and the electron-phonon coupling

oo
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Fig. 7. Electronic band structures, orbitally projected density of states (DOS),
and valence electron localization function (ELF) of the Pnnm phase at (A)
0 GPa and (B) 53.7 GPa. (C) /4, /acd phase at 53.7 GPa. The representative
lattice planes are (100) and (101) for Pnnm and /44 /acd, respectively.
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that leads to superconductivity. Moreover, the higher-pressure phase has
been predicted using the evolutionary algorithm within the USPEX code
(9, 10) with an interface to the projector augmented wave (PAW) method
(14) implemented VASP code (15, 16), from 50 GPa to 300 GPa within size
cellis up to 8 f.u. (8 of Fe and 32 of B atoms per cell). To obtain reliable and
consistent results, the crystal structure of the first two lowest enthalpy
phases at each pressure is being accurately optimized. These calculations
are performed based on density-functional theory (DFT) formalism. The
PAW approach with nonlinear core correction and valence states of Fe
(3p®3d’4s") and B (2522p") have been considered throughout this investigation.
The k-points mesh and the cutoff energy are 12 x 8 x 16 (for Pnnm), 8 x 8 x 10
(for 144/acd in primitive cell), 10 x 10 x 7 (for P4,/nmc), and 900 eV,
which have been tested to ensure the energy convergence of 1 meV/atom.
We have used the Birch—-Murnaghan equation of state to fit the energy
with respect to the corresponding volume (17). The lowest enthalpy
phase is the most stable phase at a specific pressure when considering
the profile of enthalpy and pressure for different phases. To confirm the
dynamical stability of the most stable phase from the previous structure
prediction, we have performed phonon calculations based on the density
functional perturbation theory (DPFT) framework as used in Phonopy
code (18). To explore the electronic properties of the considered struc-
tures, we have performed the band structures and electronic density of
states calculations with more accurate k-points mesh. We have used PBE
(19) type generalized gradient approximation for exchange correlation
functional for the electronic structure calculations. For calculating the op-
tical band gap, we have considered the derivative discontinuity of Kohn-
Sham energy eigenvalues as formulated in hybrid-type exchange correlation
functional HSE06 (20).
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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),
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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.'’ "
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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
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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,°1.7,21.9492.0° 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.

3.6

3.3 —a— B4-(1010)
—e—avr B4-(0001) -

—a—avr B4-(1011) |
—y—B1-(100) i
—a—B1-(110)

—o—avr B1-(111)
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n
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Surface energy (J/m’)

B-11001] B4-10001]

T T T T T T T v T - T - T
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Pressure (GPa)

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 B1-{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.
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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
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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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Abstract
An ab initio study of structural phase transformations under high pressure was performed on a ternary
semiconductor, AgIinTe,. Based on DFT within both LDA and GGA exchange-correlation, US-PP,
and plane wave basis set, was employed for this work. Transition pressures and calculated parameters
with transformation pathway was identified to be; chalcopyrite — c¢d-B1 — cd-Cmcm, were in good
agreement with experiments. We also predicted a higher pressure phase based on supercell with size
2x2x2 of B2 structure in which all the configurations 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. Evaluating band gap from band structure calculation, NC-PP was 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 (E;) 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 1.02 eV and 0.95 eV for GGA and LDA, respectively. Band structures
from all the calculations have shown a higher second band gap (E’;), which could occur due to
crystal-field splitting.
Key words: A:Ternary compound

B: ab-initio calculation

C: Phase transition

D: High Pressure

E :Density Functional Theory

1. Introduction

The chalcopyrite semiconductors (I-III-VI,, s.g. I42d) have received attention due to their applications in a
number of optoelectronic devices such as detectors and solar cells [1-3]. The crystal structure of chalcopyrite is
analogous with the zinc blende semiconductor (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 analogous binaries showed some correlation. In particular, recent implementation 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 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, respectively [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 population 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] were employed in this
work where the meticulous method of electronically structural stability and band 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:
5s25p*. The plane wave basis was set as Ec, = 400 eV and k-points mesh was fixed accurately at 0.035 27t/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 experimental 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-Bl
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 2x2x2, 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
pseudopotentail. However, a more expensive resource of pseudopotential, norm-conserving pseudopotential (NC-
PP), with Ecy of 800 eV which employed electrons configuration difference with another (Ag: 4s°4p®4d'%5s!, In:
4d'95s?5p! and Te: 5s*5p*), 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 was shown in Figure 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
transformed to cd-B1 which was confirmed by considering their commonly mutual tangential line; but the second
transition from cd-Bl 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 were shown in Figure 2. Both GGA and LDA results
were in agreement with experiments which had reported the transformation pathway to be; 142d — cd-B1 — cd-
Cmcm. The transition pressures, lattice constants, bulk moduli and volume reductions of all phases were shown in
Table 2., almost of them by using GGA were 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 %.
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Figure 1. The energy-volume curves of chalcopyrite, c¢d-Bl, 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

2 this work
b reference 8
¢ reference 16

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 possible cation configuration structures within supercell size of 2x2x2, where the number of basis
of cations are 4 for both Ag and In. A list of all the possible configurations of B2 phase was shown in Figure 3.
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Figure 2. 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.



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.

Lattice

Phase constants(A) Py By | AV/Vo
P | (GPa) | (GPa) | (%)

CH Exp. | 6.39 1261 | - | 3401 | -
LDA | 6.35 1263 | - |5084 | -
GGA | 6.58 1299 | - | 3736 | -
Bl Exp. | 5.87 344 | 5751 | 13
LDA | 5.72 149 | 77.63 | 20
GGA | 5.85 3.02 | 63.05| 15
CmemEXp. | 556 574 558 | 21.70 | N/A -
LDA 1548 555 539 |2202|69.14 | 1
GGA | 559 566 550 |21.65|53.78 | 1

Figure 3. All configurations of B2 phase within supercell size of 2x2x2 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.

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 geometry 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 were shown in Figure 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.
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Figure 4. 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 configurations of B2 were performed by using the finite
displacement technique with ultrasoft pseudopotential, shown in Figure 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) were
shown. Both implementations gave a direct band gap with minimum gap at I 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, qualities of band structure of
both calculations were approximately the same. A calculation by using NC-PP with GGA was shown in Figure 6.
Another direct band gap (E';) appeared near the fundamental gap (E,). This was shown in the inset of Figure 6
with increasing from E; 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].
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Figure 5. 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.

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
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Figure 6. 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.

In Table 3, electron population, bond length, and bond population 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 Sp-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-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
(equal 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 Figure 7(a). However, a previous experiment has
reported 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 5s 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 was shown in Figure 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 theoretical 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 was demonstrates as shown in Figure 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 Figure 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 implemented 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
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 4 eV 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
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:.

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'°5s°5p' and Te: 5s°5p*, and for norm-conserving pseudopotential are; Ag: 4s?4p®4d'°5s!, In:
4d'95s25p! and Te: 5s25p*.

electron population .
. bond length(A bond population
Pseudopotential Ag In Te gth(A) bop
s P d s p d s P d Ag-Te | In-Te | Ag-Te In-Te
Ultrasoft 0.71 0.75 9.90 147 154 10.00 149 432 0.00 2.817 2.859 0.41 0.28
Normj 274 674 990 | 0.85 1.68 10.00 1.73 432 0.00 2.780 2.737 0.43 0.42
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Figure 7. (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.
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Figure 8. DOS of chalcopyrite near Fermi level under pressure up to 4 GPa. Inset: the linear relationship between
pressure and Ej.

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 pathway 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 underestimation 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, E, 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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