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Molecular Dynamics (MD) calculation is one of the most
powerful theoretical methods widely used to predict and
to confirm structural phase transitions. In this work, the
MD method has been used to verify phase transition
from body-centred cubic (bcc) to -tin structure, then, to
the Cmcm and hexagonal close-packed (hcp) structure,
respectively. The transition sequence from previous the-
oretical works has been confirmed. In this study, Den-
sity Functional Theory (DFT), has been used to calcu-
late phonon dispersion to confirm the stability of 5-tin
and hep phases. The long time discrepancies in transition
sequence between the calculation and the experimental
works has been explained by conventional DFT calcula-
tion using screened exchange local density approxima-
tion (sX-LDA). More importantly, the existence of S-tin
structure is finally theoretically predicted and the transi-
tion nature of Sr has also been revealed.

1 Introduction Strontium (Sr) is an alkaline-earth
metal, which its phase transition under extreme pressure
was suggested to be caused by s-to-d orbital electron trans-
fer from lower pressure to higher pressure phases [1-4].
At ambient pressure, strontium possesses a face-centered

4.5 T T T T T T
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Energy level (eV)

Electrons configuration

Energy levels in each electron configuration of isolate stron-
tium were calculated from various functional. PBE and LDA
functional provide indifferent energy of 5s5p and 5s4d while
the difference is found in experiement and also from the calcu-
lation using sX-LDA.

Copyright line will be provided by the publisher

cubic (fce) structure [S5] and transforms to a body-centered
cubic (bce) structure at 3.5 GPa [6]. At higher pressure, it
transforms to Sr-III at 26 GPa [7], to Sr-IV at 41 GPa [7]
and to Sr-V at 46 GPa [7]. The phase Sr-V is stable to at
least 74 GPa [10].

Copyright line will be provided by the publisher
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Energy-dispersive powder x-ray diffraction experiment
carried out by M. Winzenick and W. B. Holzapfel [8] firstly
revealed the crystal structure of Sr-III to be orthorhombic
structure with spacegroup Imma at 31.6 GPa. More impor-
tantly, the recent study [9] using full Debye-Scherer angle-
dispersive powder x-ray diffraction reinvestigate the crys-
tal structure of Sr-III and identified it to be the tetragonal
structure with spacegroup /4;/amd named as [-tin struc-
ture.

On further compression, McMahon et al. [10] were
the first who observed Sr-IV phase at above 35 GPa us-
ing angle-dispersive powder x-ray diffraction, however, its
structure was not yet determined [10]. The Sr-IV structure
was later determined to be complex monoclinic structure at
37.8 GPa with space group Ia which can be viewed as the
distorted structure of Sr-III, (distorted 5-tin structure) by
Bovornratanaraks et al. [11], using angle dispersive x-ray
powder diffraction. In addition, Sr-V was first observed at
pressure above 49 GPa and its full structure solution was
again determined by McMabhon et al. [10] to be an incom-
mensurate structure having space group of I4/mcm with
atomic positions (x, y =x+1/2, z=0) where x~0.15.

Sr has not only been investigated experimentally [9—
11], but also computationally [12,14-16]. In early com-
putational work [12], phase transition in Sr was predicted
using the linear-muffin-tin-orbital-atomic sphere approxi-
mation method with the combination of nonlocal exchange
corrections and the Local-Density Approximation (LDA)
which showed that the phase transition of fcc to bce struc-
ture agrees with an experimental work [7]. Recently, the
calculation of strontium phases in a medium-pressure-
ranged order between 24 GPa and 27 GPa was performed
by Srepusharawoot et al. [15] using ab initio molecular
dynamics calculation. In this work, bcc structure is found
to transform to R3c structure at 27 GPa [15]. However,
from the same work [15], by using DFT, enthalpy-pressure
relation suggests that the bce should transform to hep as
the hcp has lower energy compared to that of Sr-IV in 20-
30 GParange [15]. The calculation [15] seemed to disagree
with the experiment done by Bovornratanaraks et al. [11].
Moreover, the calculations [14,16] also disagreed with the
experiment [11]. In addition, another type of calculation
called ab initio random structure searching (AIRSS) [17]
confirmed that Cmcm structure is one of Sr phases existing
between 25 GPa - 40 GPa and is confirmed to be stable
by Kim et al. [16]. In addition, the C'mem structure will
distorts to the hcp structure at 40 GPa [16].

From another abinitio calculation by Phusittrakool et
al. [14], Sr-IV was found to be more stable than the 8-tin
structure at 20 GPa - 40 GPa range in which the (-tin struc-
ture has been experimentally observed [9]. From these ev-
idences, all the theoretical studies of Sr [14—16] show that
under high pressure and 0 K, the $-tin structure is a proba-
ble structure but not at high temperature (i.e. 300 K). This
discrepancy between experimental observation and theo-
retical prediction have long been unsolved.

Copyright line will be provided by the publisher

In this work, the stability of 5-tin and the recently pro-
posed hep structure [15] will be fully investigated by Den-
sity Functional Theory (DFT) and Molecular Dynamics
(MD). The discrepancy of the existence of S-tin structure
between previous theoretical studies [14-16] and experi-
mental reports [7-11] will be discussed. In addition, the
cause of the discrepancy will be illustrated.

2 Method The existence of [-tin structure become
doubtful as it was found experimentally [9], however, not
theoretically [14—16]. Therefore, there was an attempt [15]
to investigate the discrepancy using MD calculations which
were purposefully performed at room temperature in order
to mimic the conditions used in the experiments [9]. The
MD study [15] was established to apply pressure to initial
bee structure which is the lower pressure phase of S-tin
structure as reported in [9,11]. The bec structure finally
relaxed to R3c [15] which is once proposed to be the co-
existing phase of -tin structure [15].

In this work, MD calculations were also established.
NPT' ensembles [19] was employed for the 16-atom sys-
tem at 300K and at under the pressure of 30 GPa and
40 GPa when using bec and (-tin, respectively, as the ini-
tial structures. The Brillouin Zone (BZ) were chosen by
the Monkhost-Pack mesh (MP) criteria proposed by H.
J. Monkhorst and J. D. Pack [20]. In addition, Gamma
point (I"-point) was used as the k-point sampling. The MD
calculation showed that the bec transforms to C'mem at
30 GPa and the (-tin structure transforms to hep structure
at 40 GPa (see Fig. 1).

To find structural phase transitions, stability of phases
and, moreover, to compare with the experimental works [9,
11] and the MD calculations described above, DFT cal-
culations were also performed with some known high-
pressure phases of Sr, i.e., fce [5], bee [7,8], -tin [9], and
Sr-1V [11] structures.

DFT calculations were configured to use self-consistent
field method, the method to find the ground state energy
has been used [23]. Moreover, the Generalized-Gradient
Approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
[24] exchange-correlation functional has been employed
with ultrasoft psesudopotential [25] which treats 5s2, 4p°
and 3d? states as valence states. The cutoff energy were
set to 700 eV which is optimized to be able to lead the cal-
culation to converge. For the fcc and Cmcm structure, the
BZ were chosen by the MP mesh resulting in 12x12x12
k-points for fcc, bee, f-tin, hep, Cmem structures and
6x5x%6 k-point for Sr-IV.

DFT calculations presented in this work were set to
perform structural optimization in each pressure increas-
ing step. Enthalpy difference was calculated as the first
step for phase transitions identification (see Fig.2). To
find the enthalpy difference between the [S-tin and the
hep structures between 20-40 GPa, energy-volume curves

' NPT ensemble is the ensemble considering factors, i.e., mole
(N), pressure (P),and temperature (T)
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were fitted using third order Birch-Murnaghan equation of
state [18] . Then the enthalpy was calculated using equa-
tion, H=E+PV. The intersection point of energy differ-
ence curves define phase transition events (see Fig. 2). The
existence (3-tin and hcp structure were further investigated
using phonon dispersion and phonon density of state us-
ing energy cutoff of 310eV, 3x3x5 and 5x5x4 for ¢-
points, and MP 5x5x8 and 9x9x6 for k-point in both -
tin and the hcp structures, respectively. Finite displacement
method and super cell scheme using PBE functional at
40 GPa by CASTEP code were employed in these phonon
calculations.

From our experience, /3-tin and hcp have been the con-
troversial structures among the experiments [9,11] and
the calculation works [15,16]. They are, therefore, were
specially focused. In early calculation work, -tin and hcp
structure used PBE [16] functional. In this work, not only
PBE was used in order to reproduce the results [14—16]
screened-exchange Local Density Approximation (sX-
LDA) [27-29], was also additionally used. Surprisingly,
a significant improvement of overall energy was obtained
as the overall energy was lowered. Cutoff energy used
in this calculation were set to be 660 eV with the norm-
conserving pseudo-potential [30] calculation treating 5s2,
4p5 and 3d? states as the valence states. The brillouin
zone (BZ) were chosen by the MP resulting in 3x3 x5 and
5x5x4 k-points for both -tin and hcp structures.

3 Results and Discussion From MD calculation
demonstrated using enthalpy-vs-time step plot shown in
Fig. 1, bec structure exhibits the transformation to Cmcm
structure at 30 GPa and at 300 K. Cmcm structure was
also previously determined to have lower enthalpy com-
pared to that of bcc previously calculated using VASP
[16]. From these theoretical evidence, C'mcm was shown
to exist instead of 8-tin structure which was reported to be
present in the experimental work done by Allan et al [9].
In more profound details, the C'mem structure has been
later explained by burgers mechanism [13] to exist as an
intermediate phase of bce-to-hep transformation.

The contradiction between experimental discovery [9]
and theoretical prediction [15,16]. 5-tin was set as an ini-
tial structure and then calculated at 40 GPa and 300K to
find the relaxed structure using MD method with NPT en-
semble, similarly to what has been done in Fig. 1. The cal-
culation shows that S-tin structure transforms to hcp struc-
ture and its stability undergoes from ~1.5ps to 5ps. The
calculation consequently suggested that the S-tin structure
is not a positive candidate structure.

For DFT calculation, the enthalpy-vs-pressure curves
of fce, bee, S-tin, Sr-1V, Cmcm and hep structures were
shown in Fig. 2. Crossing points of curves from each
structure represent the fcc-to-bee transformation at 1.4 GPa
and to hcp structure at 23.8 GPa. In addition, hcp struc-
ture (with space group P63/mmc) was found to have lower
enthalpy compared to Sr-IV. The hcp structure was found

in this calculation but, surprisingly, not in the experiment
[9]. The calculation using GGA presented in this work can
be validated as it agrees with the previous computational
works [15,16].

From Fig. 2, Cmcm and hcp have proximity of en-
thalpy. However, hcp structure was found to be more en-
ergetically favourable than the Cmcm structure calculated
using MD method. Although the computational resulst
described above supports the existence of hcp structure,
the hcp structure has not been found experimentally [9].
The disagreement was, therefore, further investigated us-
ing phonon dispersions which can verify the stability of
hep and, of course, S-tin structures at 40 GPa.

From Fig. 3, phonon dispersion of the -tin structure
is shown to have the negativity of phonon branch, which
is evidenced along Z-to-A, M-to-G (G is I'-point), G-to-
Z, Z-t0-R, R-to-X and X-to-G directions. As a result, not
only S-tin structure was not shown to be a good candidate
for stable structure at 40 GPa, the hcp structure was cal-
culated to have positive phonon frequency which leads the
structure to be more favorable (see Fig. 3).

As Sr is an alkaline earth metal, it has been known
to have s-to-d orbital electron transfer [1-4] for its phase
transition under high pressure. One great example is the
transition between bcc to Sr-III [8] was found to have the
d-orbital filled when its volume is decreased [4].

In order to investigate the discrepancy mentioned
above, various kinds of functional were tested. The func-
tional LDA [26], PBE [24] and sX-LDA [27-29] were
used in the DFT calculation. The valence states electrons
of strontium were treated as 552, 4p® and 342 states.

Energy levels comparison calculated from each func-
tional and also from an experiment [31] were shown in
Fig 4. Energy levels were calculated using spin 552 va-
lence states. One electron spin in 5s is excited and elevated
to 5p and, moreover, by having and increasing of energy,
an electron spin was then promoted to 4d [28,29]. In Fig.
4, the calculation from sX-LDA functional demonstrated
to have electron configuration corresponding to experiment
[31] regarding to the elevation of energy from 5s5p to 5s4d
where the other functionals have indifferent energy be-
tween 5sbp to 5s4d orbitals. It has been demonstrated that
the sX-LDA functional can differentiate the energy from
5s5p and Hs4d [29]

In brife, sX-LDA functional treats d electron differ-
ently compared to other functionals [24,26], PBE and
LDA, see Fig 4. The lack of use sX-LDA functional was
later found to account for the absence of high-pressure
phase, 8-tin which was seen in previous theoretical works
[14-16]. The sX-LDA functional is then utilized and com-
pared with PBE (see Fig 5) in hcp structure DFT calcula-
tion. By using PBE, hcp is shown to be stable which does
not agree with experiments reported in [7-9] and compu-
tational works reported in [14]. In the contrary, calculation
using sX-LDA agreed with those work [9] as S-tin has
lower enthalpy and more stable compared to that of hcp.

Copyright line will be provided by the publisher
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As sX-LDA can solved some discrepancies between
experimental [9] and theoretical works [14-16]. The sX-
LDA was use to revalidated the enthalpy different with bcc,
hcp and $-tin as shown in Fig. 6. Consequently, S-tin was
finally demonstrated for the first time to be more stable
than hcp (see Fig. 6) and agree well with experimental re-
sult [9]. All in all, this work concludes that sX-LDA is the
functional which solved the long-been-discrepancy of (-
tin existence.

Even sX-LDA is elaborated to have competence to
solve s-to-d orbital problem. It is, however, catch a lit-
tle attention as no one has used the functional for struc-
tural phase transition prediction but for optical [32], band
gap [29], band structure electronic density of state [29].
Therefore, this work trailblazes the use of sX-LDA to find
structural transition of solids which was validated by solv-
ing long-known computational experimental disagreement.
Although sX-LDA is proven to be a qualified candidate for
alkaline-earth metal, it should also be worth a try for cal-
culation in other elements of this family.

4 CONCLUSION All calculations presented in this
work were established to explain high-pressure phases
of strontium. Molecular Dynamics (MD) method demon-
strated the bee-to-C'mem transition at 300 K and 30 GPa
and f-tin-to-hcp transition at 300 and 40 GPa. This work
originally shows the path transitions of lower-pressure
phases—higher-pressure phases, bcc—Cmem and S-
tin—hcp.

In further investigation, DFT was used. Functional
PBE was further used to recalculated and revalidated the
results from MD. The DFT results demonstrate that the hcp
is more energetically favourable than the Cmcm structure
is and it has lower enthalpy than both the S-tin structure
and Sr-IV. As the §-tin structure should actually be the
lowest enegy as found presented in experiments [9,11],
further DFT calculation was established using sX-LDA
functional. The results from sX-LDA illustrate the exis-
tence of S-tin which, for the first time, agree well with
experimental work [9].
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Figure 1 (left) Bec super cells structure was calculated using MD simulation resulting in the appearance of C'mcm structure at a few
picoseconds after the simulation has started. (right) the similar MD calculation was also established with /4/amd super cells as a starting
structure. After a few second, the appearance of hcp structure was observed. These graphs suggest that C'mcm is more stable than bec
(left) and hep is more stable than I41/amd (right) at temperature 300 K.
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Figure 2 The enthalpy difference of fcc, S-tin, hep, Sr-1V, and Cmcm structure related to the bee structure at ambient pressure. The
crossection point of each line represents the occuring of transition event. The graph suggests that the transition will go from fcc — bcc
— hep.
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Figure 3 (left) Phonon dispersion and density of phonon state of 3-tin at 40 GPa calculated using PBE functional. The negative phonon
can be interpret that the structure is unlikely to be stable and (right) those of hcp structure at 40 GPa was also calculated using PBE
functional. The positive phonon branch suggests the stability of the structure.
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Figure 4 Energy levels in each electron configuration of isolate strontium were calculated from LDA, PBE, and sX-LDA . PBE and LDA
functional provide indifferent energy of 5s5p and 5s4d while the difference is found in experiment [31] and also from the calculation
using sX-LDA.
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Figure 5 (left) The enthalpy different of 3-tin to hcp structure calculated using PBE and (right) the enthalpy different of hep stucture to

B-tin using sX-LDA.
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suggest the better stability of 14/amd over hep structure which agrees with the experiment [9]. The graph shows that the transition from
the bec structure to the 5-tin structure at pressure 21.4 GPa.
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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,

Fig. 2. Phonon dispersions of /44 /acd (A and B) and P4, /nmc (C and D) at
pressure 53.7 and 300 GPa, respectively.

Kotmool et al.

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 14, /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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Fig. 4. Relative enthalpies of Pnnm, 14, /acd, and P4, /nmc as a function of
pressure referenced to the Pnnm phase. (Inset) The corresponding energy
dependence of volume (E-V).

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

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.

17052 | www.pnas.org/cgi/doi/10.1073/pnas.1419244111

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

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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Ab initio calculation based on density functional theory was performed for studying high-pressure
effects on the electronic properties and photoabsorption of Ga; _,Mn,As. Mn atom was substituted into
the varied GaAs super cells, which observed the Mn concentrations at 3.70%, 8.33% and 12.50%. In zinc
blende phase of Ga; _Mn,As, we found that the effects of Mn on GaAs in the pressure range 0-10 GPa
are the reducing of band gap, generating of impurity peak and increasing of photoabsorption coefficient.
The impurity peaks in Ga; _yMn,As decrease under pressure increasing because the carriers were excited

to conduction band by the effect of bond lengths reducing. The tendency of absorption coefficient of
Ga; _xMn,As in range of light-wavelength depends on size of impurity peak.
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1. Introduction

The II-V binary compounds are widely used in the manufacture
of semiconductor devices, especially Gallium Arsenide (GaAs) which
used in the light-emitting diodes, field-effect transistors and photo-
voltaic cells [1]. GaAs is often performed as a substrate material for
studying the effects of doping atoms that were grown on the thin
film growth [2,3]. In previous studies of the high-pressure structures
of GaAs, it is well known that the stable phase of GaAs at ambient
pressure (0 GPa) is zinc blende (ZB) space group [4]. When pressure
increasing, the GaAs-ZB structure transforms to an orthorhombic
structure in space group Cmcm at 12-17 GPa [5-8]. The electronic
properties of GaAs changed from semiconductor to semimetal [7] in
the 1st phase transition (ZB— Cmcm), which is unsuitable condition
for the application devices. At ambient pressure, the theoretical and
experimental investigations have been performed for clarifying the
structural, electronic, and magnetic properties of Mn-doped II-V
semiconductors. The Mn effects on GaAs called diluted magnetic
semiconductor are of great interest in previous studies. By using the
molecular beam epitaxy (MBE) [9,10], it was found that the Mn
impurities increase the Curie temperature, lattice constant and
impurity band. The Mn impurities exhibit the carrier-induced ferro-
magnetism that can be controlled by changing the carrier density.

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

http://dx.doi.org/10.1016/j.ss¢.2014.10.016
0038-1098/© 2014 Elsevier Ltd. All rights reserved.

Mn atoms preferably substitute on cation sites of GaAs which called
(Ga,Mn)As [11,12]. Dietl et al. [13,14] have reported that the hole
states of (Ga,Mn)As are extended in valence band, and mainly located
within the inter-impurities region. By studying angle resolved
photoemission spectroscopy, Okabayashi et al. [15] reported the
presence of impurity band states above the extended valence band
edge in GapgssMngo3sAs. The anticipated magnetic and electrical
properties of Ga; _,Mn,As depended on trends in the binding energy
of the Mn acceptor level and the strength of the p-d exchange [16].
Mn-derived impurity band that found in ab initio and dynamical
mean-field theory approaches contained a strong exchange coupling
spin states of Mn and GaAs [17-19]. Alberi et al. [20] suggested that
the Mn-derived impurity band arises as the anticrossing interaction
between the extended states of GaAs valence band and the strongly
localized Mn states. For concentrations 3-12% of Mn, it was shown
that the hole states are extended beyond the second As neighbours
of the impurity [21,22]. By using tight-binding models, Turek et al.
[23] found that Mn increases the number of holes for low concen-
trations (x <0.02). For the higher concentrations of x, it exhibit
qualitative changes including strong localization of eigenstates with
energies close to the band edge. Milowska et al. [24] used the pSIC
and the MLWF approaches for analyzing the Fermi level, gap regions
of the (Ga,Mn)As density of states, hole localization and its chemical
character. They presented that the hole states of 1% and 3% Mn
replaced on Ga site have sp® character. Moreover, for dopings below
1%, the spin-unpolarized s-type impurity states segregate from the
conduction band to the energy gap.
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In the literature review, we can see that Mn effects on GaAs-ZB
at ambient pressure are widely studied much more. However, the
high-pressure effects on (Ga,Mn)As are still incomplete. In this
work, we focus to study on the electronic density of state (EDOS)
and photoabsorption of GaAs under pressure at 0, 5 and 10 GPa.
The magnitudes of EDOS peaks under pressure depend on the
changing of lattice parameters and chemical bonds in (Ga,Mn)As.
Mn substitution on Ga site generates electronic states in d orbitals.
The impurity peaks occurred due to the available states of d
orbitals from the impurity of Mn. Absorption coefficient depends
on impurity peaks of EDOS.

2. Calculation details

In this work, ab initio calculations were performed by using
density functional theory (DFT) implemented with CASTEP code
[25,26]. The ground states properties such as density of electrons,
effective potentials and total energies were evaluated by solving
Kohn-Sham equations with the self-consistent field method. The
ultrasoft pseudo-potentials were used for the scheme of pseudo-
potentials. The pseudo-atomic calculations were performed at
Ga 3d'%4s%4p' and As 4s°4p>. For generating the Ga;_,Mn,As
structures, the Mn atom was substituted on a Ga site in GaAs super
cells. Ga;_,Mn,As structures were varied at x=0.037, 0.083 and
0.125 which obtained from substitution of Mn atom on a Ga site in
the GaAs super cells sizes 2 x 2 x 2,2 x 2 x 3 and 3 x 3 x 3, respec-
tively. For example, super cell size 2 x 2 x2 of GaAs in ZB was
substituted by a Mn atom at a Ga site which called Gag gs3Mng g37AS
as shown in Fig. 1. It obtained from 8 cells of the GaAs primitive cell
in ZB. Mn atom replaced on a Ga site at center of supercell.

The optimum cutoff energies for getting the total energy
convergences of Ga;_,Mn,As in super cells 2x2x2, 2x2x3
and 3x3x3 were found at 350eV for the calculations of
geometry optimizations, single point energies, electronic and
optical properties. Forces on the optimized atomic positions were
calculated by using the Hellmann-Feynman theorem [27]. We
have observed phase transition from ZB to Cmcm [8] and found
that phase transition from semiconductor (ZB) to nonsemiconduc-
tor (Cmcm) phase from our calculation occurred at 12 GPa, there-
fore; we selected to calculate the properties of (Ga,Mn)As at the
pressure 0, 5 and 10 GPa. After we optimized the doped super
cells, the EDOS and absorption coefficient of Ga,_,Mn,As were
calculated by using the generalized-gradient approximation func-
tional of Perdew-Burke-Ernzerhof (GGA-PBE) [28,29]. The condi-
tion in each direction of k-point sampling of Monkhorst-Pack grid
size [30] is 1/k < 0.05 for calculations the properties of super cells.
After we obtained the stable structures from the geometry
optimizations, photoabsorption coefficient can be calculated from

Fig. 1. Super cell size 2 x 2 x 2 of GaAs in ZB was substituted by a Mn atom at a
Ga site.

the imaginary part of complex refractive index which relate with
the complex dielectric function (e=e¢q+iey). The real (¢1) and
imaginary parts (e;) of dielectric function evaluated from the
matrix elements of the position operator that are required to
describe the electronic transitions [31]. Photoabsorption coeffi-
cient is calculated by using Eq. (1) [32,33]

1/2
2 (L 2 w)— (L
@)= 20 (1 [ e5(w)+€5(w) — &1 ((J)) @

2

Photoabsorption coefficient indicates the fraction of energy lost
by the wave when it passes through the material. For optical band
gap discussion, it is well known that GGA-PBE functional gave the
wrong band gap in semiconductor. The photoabsorption coeffi-
cient calculated from the GGA-PBE functional was compared with
the screened exchange local-density approximation (sX-LDA)
functional [34,35].

3. Results and discussion

In our calculation, we first compared the EDOSs of Ga; _xMn,As
(x=0, 0.037,0.083 and 0.125) at ambient pressure (0 GPa) as shown
in Fig. 2(a). Fermi levels of all Ga; _xMn,As compounds were set at
0 eV, and the EDOSs in the varied sizes of super cells were divided
per a formula unit of GaAs for comparing the electronic states. It
was found that the Mn impurity reduces band gap of GaAs, and
generates the peaks of EDOSs at near valence band maximum
(VBM) and conduction band minimum (CBM), which is not found in
undoped GaAs. The peaks at VBM and CBM in (Ga,Mn)As are the
impurity bands in agreement with the previous studies [13-24]. In
Fig. 2(a) and (b), the edge of VBM in all conditions was set at 0 eV so
that size of impurity peak and band gap can be compared under
pressure increasing. However, we found that the band gap of GaAs
reduces due to Mn doping because the impurity peak in VBM (hole
states) and in CBM (electron states) are extended into the band gap
as shown in Fig. 2(c). This result supported that the impurity states
segregate from the conduction band to the energy gap [24] and the
hole states extend into gap [13,14,21,22,24]. Magnitudes of impurity
peaks at VBM and CBM increase in strength with the Mn concen-
trations, which supported the result of the multiband tight-binding
method [23]. These results confirm that the GGA-PBE calculation is
in good agreement with previous studies at ambient pressure.
When pressure increases in range of ZB phase up to 10 GPa, the
variations of EDOSs are shown in Fig. 2(b). The impurity peaks of
3.70% (Ga,Mn)As are reduced under high pressure. However, the
impurity peaks at a pressure 10 GPa still increase when the
concentration of Mn increases. For high-pressure effects discussion,
we analyze that the increasing of pressure reduces the magnitude of
EDOS peaks due to the reducing of lattice parameters and chemical
bonds in (Ga,Mn)As. Lattice parameters and chemical bonds of (Ga,
Mn)As are reduced under high pressure as shown in Table 1 because
the thermodynamics system got the external forces. When lattice
parameters or sizes of primitive cells were reduced by pressure
increasing, the densities of electronic states are spread out along
axis of energy which same as the pressure effect of Na into Cu(In,Ga)
Se, [36]. The flat of EDOSs due to the reducing of chemical bonds
indicate the increasing of occupied states in conduction band but it
reduces the EDOS at VBM. In Fig. 2(c), the example EDOSs of GaAs
and (Ga,Mn)As are compared for explaining the occurred impurity
peaks. By studying the 12.50% of Mn on Ga site with GGA-PBE
functional, we found that the Mn impurity creates the electronic
states in d orbitals near Fermi level. States of s orbitals increase at
VBM. States of s and p orbitals extend in VBM when compared with
the undoped condition. Band gap reduce in (Ga,Mn)As due to the
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Fig. 2. (a) Comparisons the impurity peaks in EDOSs of (Ga,Mn)As at 0 GPa, which the Mn concentrations are 3.70%, 8.33% and 12.5%. (b) The impurity peaks of (Ga,Mn)As
reduce under high pressure but it still increases in strength with the concentration at 10 GPa. (c) The partial density of states in s, p and d orbitals of GaAs and (Ga,Mn)As.

Table 1

The absorption coefficients at wavelength 450 nm and 650 nm (shown in the parenthesis) of (Ga,Mn)As under pressure at 0, 5 and 10 GPa and average bond lengths of Ga-As

and Mn-As under pressure.

P (GPa)  Absorption coefficient ( x 10° cm~!) at wavelength 450 and 650 nm Average of Ga-As bond lengths (A)  Average of Mn-As bond lengths (A)
GaAs 3.70%Mn 8.33%Mn 12.50%Mn 3.70% Mn 8.33% Mn 12.50% Mn
0 7.43(3.94) 9.53(4.85) 10.30(6.16) 10.00(7.07) 2.490 2.357 2.349 2339
5 6.46(2.76) 8.31(3.81) 9.47(5.19) 10.00(7.08) 2.421 2.307 2.301 2.298
10 5.67(1.90) 7.39(3.07) 8.71(4.46) 9.54(5.52) 2.383 2.260 2.259 2.258

peaks of d orbitals and p orbitals in CBM. We also compared the
Mulliken atomic populations of (Ga,Mn)As and GaAs. Atomic
population of Mn in (Ga,Mn)As is s=0.52, p=0.54 and d=6.02,
while atomic population of Ga in doped GaAs translates from p to s
orbitals when compared with undoped GaAs. The impurity peaks in
(Ga,Mn)As from GGA-PBE functional occurred due to the transition
states from p to s in Ga, the extended states in the band gap from
VBM and CBM, and the generated d states from Mn atom. States of
p orbitals in VBM both GaAs and (Ga,Mn)As dominate from As
atoms which related with previous works [21,22]. While low

concentration of Mn (1%) studied with the pSIC and the MLWF
approaches [24], it was suggested that the hole density function
resides mainly at the Mn-As complex, and it has mainly sp>-
character centred on the As-neighbors of Mn. When pressure
increases up to the transition pressure of zinc blende to orthor-
hombic structures, we found that the energy gap of (Ga,Mn)As and
GaAs are vanished and the properties of (Ga,Mn)As changed to
nonsemiconductor.

For optical properties, it is well known that the optical band gap
calculated from GGA-PBE functional gives the underestimated
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solution because it used only local effective potential in term of
correlation functional. Therefore, the photoabsorption implemented
with sX-LDA functional that included the non-local potential was
compared with the GGA-PBE result as shown in Fig. 3. Although, the
sX-LDA functional improved the lowest photon energy for photo-
absorption see in Fig. 3. But we found that the GGA-PBE and sX-LDA
functionals gave the equivalent tendency of photoabsorption when
compared with the experiment [37], but sX-LDA gave the better band
gap or the lowest photon energy near the experiment [37]. However,
the sX-LDA functional was performed by using norm-conserving
potential. It requires the very large time for simulation especially in
doping system when compare with GGA-PBE. GGA-PBE gives a good
tendency and economizes the calculation time for photoabsorption
calculation. From this research, we can conclude that the impurity of
Mn gives the positive properties of GaAs such as increasing electronic
states and photoabsorption coefficients. On the other hand, high
pressure effect gives the negative properties for application devices
from GaAs. For the absorption coefficients of Ga;_,Mn,As under
pressure, it was found that the Mn impurity increases the photo-
absorption of GaAs at a given pressure as shown in Fig. 4, especially as
the region of visible light wavelength (400-700 nm). When we
compare absorption coefficients between 0 and 10 GPa of 8.33% and
12.5% Mn, we can see that absorption coefficients reduce when
pressure increasing. The absorption coefficients at wavelength 450
and 650 nm were compared as shown in Table 1. For the results of
photoabsorption, we discuss that tendency of absorption coefficient
relate with size of impurity peaks in EDOS. When the carrier
concentrations (electrons and holes) at CBM and VBM are increased
due to size of the Mn impurity, absorption coefficient which depends
on probability of transition states of nearly free electrons from valence
band to conduction band increases with sizes of impurity peaks.
Under high pressure, the impurity peaks reduced due to the reducing
of bond lengths in primitive cell; as a result, probability of transition
states and photoabsorption are reduced by high-pressure effect. The
average bond lengths of Ga-As and Mn-As presented in Table 1.
When pressure increasing the bond lengths of Ga-As in a system are
reduced due to pressure in all dimension. We found that when we
substituted Mn on Ga site, the average of bond lengths of Mn-As is
smaller than Ga-As. When Mn concentration increasing (at a constant
of pressure), we found that bond lengths of Mn-As are reduced while
size of impurity peak and photoabsorption coefficient are increased.
We concluded that the impurity peak and photoabsorption coefficient
depend on the relative bond length between Mn-As (impurity) and
Ga-As (host).

Fig. 3. Comparisons the absorption coefficients of GaAs at 0GPa from the
GGA-PBE, sX-LDA calculations and the experiment result [37] with photon energy
0.6-2.75eV at 21 K.

Fig. 4. Comparisons of photoabsorption coefficients in (Ga,Mn)As at 0 and 10 GPa.

4. Conclusions

In ZB phase of GaAs, the effects of Mn atom on Ga site of GaAs
at the concentrations 3.70, 8.33 and 12.50% were investigated by
using GGA-PBE functional. It was found that the Mn impurity
reduces band gap of GaAs. The substitution of Mn on Ga site
generates the impurity peaks at VBM and CBM. Mn substitution on
Ga site generates electronic states in d orbitals. The impurity peaks
in (Ga,Mn)As from GGA-PBE functional occurred due to the
transition states from p to s in Ga and the generated d states from
Mn atom. When lattice parameters and bond lengths in (Ga,Mn)As
were reduced under pressure increasing, the electronic states of
electrons are spread out in the axis of energy. As a result, the
impurity peaks were reduced by high pressure effect. However,
sizes of impurity peaks still increase in strength with Mn con-
centration at a given high pressure. For absorption coefficient in
wavelength of visible light, the tendency of photo absorption
depends on magnitude of impurity peaks.
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