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We investigate the wave-like arrangements of H atoms around metal plane (Hm) in the

ScH3 hcp phase by using the ab-initio method. We found that only P63/mmc, P 3̄c1,

P63cm and P63 phases are energetically favorable. The wave-like arrangement allows

the off-site symmetry positions of the H atoms, and leads to substantial changes in

the pair distribution between Sc and H atoms which are associating with the changes

in the electronic structure in such a way that the total energy is lowering. The

symmetry breaking from P63mmc is also responsible for the band gap opening. In

the P63 structure, the calculated band gap is 0.823 eV and 1.223 eV using GGA

and sX-LDA functionals, respectively. This band gap can be compared with 1.7 eV

derived from the optical measurement and 1.55 eV from the HSE06 calculation. Thus,

the broken symmetry structures can be viewed as Peierls distortion of the P63/mmc

structure. Furthermore, we found that only the P63 structure is dynamically stable,

unlike YH3 where the P63cm structure is also stable. The stability of P63 comes

from sufficiently strong interactions between two neighboring H atoms at their off-

site symmetry positions, i.e. near the metal plane and near the tetragonal site. The

P63 phonon density of states is in good agreement with the data from the neutron

experiment.
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I. INTRODUCTION

Rare-earth metal hydride (REHx) compounds have been found to be a switchable metal-

insulator material under variation of the H content. The electronic property changes from a

metal in dihydrides to an insulator in trihydrides, and the corresponding structure changes

from the fcc to the hcp phase.1–3 Under high pressure, the stoichiometry ratio of REHx

increases up to x = 3, and the crystal structure transform as the following typical sequences;

hcp→ intermediate→ fcc→ hcp→ Cmcm4–12. The second appearance of the hcp phase at

higher pressure is different from the first appearance at lower pressure by the arrangement

of H atoms.

There were several investigations on the arrangements of the H atoms in the YH3 hcp

phase (the first appearance at lower pressure), and their influence on the electronic and

dynamical properties13–21. The structure of the YH3 hcp phase was suggested to be similar

to the HoD3 structure22, which has six yttrium atoms in the unit cell, thus its Brillouin

zone is one-third of the P63/mmc hcp unit cell with 30◦ (anti)clockwise rotation about the

c axis. The K point folds up three times into the Γ point. Its H atoms can be categorized

into two groups, i.e. the H atom near a tetrahedral site (Ht) and the H atom around a

metal plane (Hm). The on-site symmetry position of the tetrahedral site is located at the

center of a tetrahedron with one Sc atom at each corner. Thus Ht is surrounded by four Sc

atoms. On the other hand, the Hm atom is surrounded by three Sc atoms. There are three

possible positions for each Hm atom, i.e. above, under or on the metal plane. The position

on the metal plane is the on-site symmetry position, whereas the other two positions are

the off-site symmetry positions. According to these different H atoms arrangements, the

symmetry can varies from 24 operations in the P63/mmc phase (where all the Hm atoms

are at their on-site symmetry positions) to, for example, 12 operations in the P 3̄c1 phase.

Gelderen et al proposed that the P63cm and P63 phases are more energetically favorable

and dynamically stable than the P 3̄c1 phase which has the phonon softening modes around

the Γ point20. Furthermore, the phonon DOS from the neutron powder diffraction (NPD)

experiment21 was in good agreement with the average phonon DOS of P63 and P63cm.

They also suggested that P 3̄c1 could be the mean structure of the YH3 hcp phase.

For ScH3, the NPD experiment showed that the Sc atoms also form a hcp structure23.

The P63/mmc structure was used to fit the NPD data but the experimental evidence pointed

2



out that the arrangement of the H atoms is more complicated. Antonov et al found that

the Hm atoms must distribute around the metal planes, i.e. occupy some off-site symmetry

positions. They also suggested that the structure of the ScH3 hcp phase would be similar to

that of YH3. Moreover, the ScH3 hcp phase found to be a semiconductor, the same as YH3,

with the band gap of approximately 1.7 eV at ambient pressure by extrapolating from the

optical experiment data24.

In this work, we examined all possible arrangements of the Hm atoms in the ScH3 hcp

phase in a sufficiently large supercell with six Sc atoms, and their influence on the energy

and dynamical properties. Our finding confirms that the broken symmetry structures cause

the band gap opening, and result in the energy reduction. This can be viewed as Peierls

distortion of P63/mmc. Furthermore, we investigated the dynamical stability of the hcp

phase. We found that the strong interaction between off-site symmetry positions of Ht and

Hm play a crucial role in the stability of the hcp phase.

This paper is organized as follows; the calculation method is explained in section II. The

symmetry breaking structures are described in section III as well as their energetical compar-

ison. The relation between the structural and electronic properties is discussed in section IV.

Their dynamical stability are discussed and compared with the recent experimental data23

in section V.

II. METHOD

We use CASTEP code based on the density functional theory (DFT) using the plane-wave

method to study the properties of the ScH3 hcp phases25–28. The Perdew-Burke-Ernzerhof

(PBE) exchange-correlation functional29 is chosen to calculate the energy and the physical

properties such as geometry and phonons. The ultrasoft pseudopotential based on Vander-

bilt theory30 is chosen for the Sc atom with 3d1 3s2 3p6 2s2 electronic configuration. A

sufficiently large supercell with six Sc atoms is chosen in order to accommodate most of the

hcp phases found in YH3. A larger supercell is beyond our scope. The lattice parameters

and the atomic positions are relaxed to their optimum structure using the Broyden-Fletcher-

Goldfarb-Shanno (BFGS) method31. For the accuracy of the calculation, the convergence

test is performed, so that the variation of energy is less than 1.6 meV. The optimum param-

eters are as follows; the energy cutoff (Ec) is 600 eV, and the spacing between k-mesh grid
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using Monkhorst-Pack scheme32,33 is ≈ 0.02 Å−1. The supercell of 192 atoms (48 Sc atoms)

is used for the phonon calculation with the finite displacement method34.

We scope ourselves to the GGA regime. However, the bandgap accuracy can be improved

by explicitly including the screened exchange (sX) interaction35. The sX gives partial cor-

rection to the electron self-energy, and hence improve the excited states. We apply sX-LDA,

as implemented in CASTEP36 with the norm-conserving pseudopotential37, to the band gap

calculation in limited cases. The improvement of the band gap result is shown in section IV.

III. BROKEN SYMMETRY STRUCTURES

ScH3 with the HoD3 type structure is considered as a starting point. The Sc atoms

arrange in the hcp lattice. However, the exact symmetry must be determined from the

arrangement of the Hm atoms. There are three possible sites for each Hm atom, i.e. on,

under and above the metal plane. As there are six Hm atoms in this unit cell, thus there

can be as many as 729 possible arrangements. These arrangements can be view as a wave-

like array in [110] direction. By geometrical consideration and also the periodic boundary

conditions, they can be reduced to only nine distinguishable arrangements. Then these nine

structures are optimized at 0 GPa. We found that only 4 structures, i.e. P63/mmc, P 3̄c1,

P63cm and P63 as illustrated in Fig. 1, are energetically stable.
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FIG. 1. The Hm atoms are represented by circles of which the symmetry sites are labelled by

different marks. They are placed in a unit cell (solid line), and c is along vertical axis. The

(x,y,z) are the hexagonal coordinates of atoms on the same vertical line. The figures (a)−(d) are

P63/mmc, P 3̄c1, P63cm and P63 phases, respectively.

The circles in Fig. 1 represent the positions of the Hm atoms on the (110) plane of the

4



unit cell. The empty circles are the on-site symmetry positions, and the filled circles are the

off-site symmetry positions. The exact coordinates in reduced units are also indicated. In

Fig. 1, (a) is the P63/mmc phase of which all the Hm atoms are at the on-site symmetry

positions, and (b)-(d) are the wave-like arrangement of Hm and can be identified as P 3̄c1,

P63cm and P63 phases, respectively. Among these four structures, the P63/mmc structure

is the highest symmetry structure with 24 symmetry operations, whereas P 3̄c1, P63cm

and P63 have lower symmetry, i.e. 12, 12, and 6 symmetry operations, respectively. The

P 3̄c1 structure breaks mirror symmetry of P63/mmc, the P63cm structure breaks inversion

symmetry, whereas P63 breaks mirror, inversion and glide symmetries. We shall call these

lower symmetry structures as broken symmetry structures from now on. Their optimized

lattice parameters are shown in Table. I. Despite of its highest symmetry, the P63/mmc

energy is more than 0.14 eV higher than those of the broken symmetry structures. For the

broken symmetry structures, the energy of P63cm is 0.95 meV lower than that of P 3̄c1. This

difference is within our window of the convergence error of 1.6 meV. Thus, P63cm and P 3̄c1

are considered to be equal in terms of energy, i.e. they have a chance to co-exist, similar to

the YH3 case. For simplicity, we choose P 3̄c1 for discussing the structural comparison. The

lowest energy structure is the P63 phase, where the energy is 8.13 meV lower than the P 3̄c1

phase. At this stage, the P63 phase is the strongest candidate for the hcp phase of ScH3.

This conclusion has recently been proposed also by Ye et al.12 using a structure searching

method.

Next, the atomic distribution is considered in order to examine the nature of bondings.

To set up a reference, we draw a graphical representation of an Sc atom surrounding by

eleven nearest H atoms, composed of three Hm atoms and eight Ht atoms, as shown in

Fig. 2(a). According to Table II, upon the symmetry breaking process, the Sc and H atoms

are significantly redistributed. The graphical representation in FIG. 2(a) help us keep track

of the equivalent H sites in the different structures. The nearest Sc-Hm distance is 1.939 Å in

P63/mmc, and split into 1.954 and 1.958 Å in P 3̄c1 and split into 1.953, 1.965 and 1.972 Å

in P63, compared with the experimental data of 1.961 Å23. The tendency is that the Sc-

Hm distances are extended a little along the symmetry breaking process. Furthermore, the

electronic population analysis also shows increasing overlap population of Sc-Hm from 0.17

in P63/mmc, to 0.18 - 0.19 in P 3̄c1, and to 0.18 - 0.20 in P63.
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TABLE I. The atomic position of the P 3̄c1, P63cm and P63 phases.

P 3̄c1 P63cm P63

Sc

6f 6c 6c

x 0.664 0.670 0.672

y 0.006

z 0.250 0.250

Ht

12g 6c 6c

x 0.351 0.303 0.374

y 0.028 0.030

z 0.091 0.091 0.089

Ht

6c 6c

x -0.355 0.308

y 0.007

z -0.091 0.410

Hm

2a 2a 2a

z 0.312 0.188

Hm

4d 4b 2b

z 0.193 0.210 0.263, -0.188

H

c axis

t

Ht
Ht

Ht

Ht

Ht

Ht

Ht

Hm

Hm

Hm

(a) (b)

FIG. 2. (a) Bonding between Sc (large circle) with eight Ht and three Hm neighbour atoms. (b)

four Sc atoms form a tetrahedron around a Ht atom at the on-site (small solid circle) and the

off-site positions (small dash circle). A red (blue) arrow points a direction of the off-site position

in the vertical direction (an arbitrary direction). The distances are not to scale.
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TABLE II. The distance, d, and the overlap population of orbitals between Sc and H atoms.

P63/mmc P 3̄c1 P63cm P63

d (Å) overlap population d (Å) overlap population d (Å) overlap population d (Å) overlap population

Sc - Hm 1.939 0.17 1.954 0.18 1.953 0.20 1.953 0.18

1.958 0.19 1.961 0.19 1.965 0.20

1.972 0.20

Sc - Ht 2.088 0.12 2.089 0.13 2.088 0.13 2.082 0.13

2.090 0.13 2.086 0.13

2.165 0.18 2.293 0.13 2.216 0.16 2.047 0.24

2.101 0.21

2.074 0.22 2.084 0.22 2.145 0.18

2.379 0.11

2.137 0.20 2.070 0.22 2.331 0.11

2.341 0.10 2.055 0.23

Ht - Ht 1.927 -0.05 1.963 -0.05 1.967 -0.05 1.988 -0.05

Ht - Hm 2.165 -0.03 2.143 -0.04 2.xxx -0.04 2.088 -0.04

Sc - Sc 3.358 0.09 3.334 0.11 3.318 0.11 3.320 0.11

3.338 0.11

3.413 0.11

In accordance with the Hm arrangements, the Ht atoms are found to displace from the

ideal tetrahedral sites to the off-site symmetry positions as well. The Ht atoms in P63/mmc

phase move to the off-site symmetry positions along the c-axis, as shown by the red arrow

direction in FIG. 2(b), whereas in other phases they move to the off-site symmetry positions

in a specific direction depended on the phase, as shown arbitrarily by the blue arrow direction

in FIG. 2(b). The detail of the Ht displacements varies from phase to phase. However, we

focus only on the Sc-Ht distances. The nearest Sc-Ht distance is 2.088 Å in P63/mmc, and

becomes 2.089 Å in P 3̄c1 and split into 2.082 and 2.086 Å in P63. This Sc-Ht distance

remains almost intact upon symmetry breaking. However, the most intriguing feature is

the second nearest Sc-Ht distance of the P63/mmc structure. In P63/mmc, it is 2.165 Å,

then split into 2.074, 2.137 and 2.293 Å in P 3̄c1, and split into 2.047, 2.055, 2.101, 2.145,

2.331 and 2.379 Å in P63. It is readily seen that the second shell of Sc-Ht in P63/mmc

is greatly redistributed along the symmetry breaking process. The distribution of the Ht

atoms around the Sc atoms causes the variations of the overlap population of Sc-Ht as well.

The electronic population analysis shows that the overlap population of Sc-Ht increases from

0.18 at the bond distance of 2.165 Å in P63/mmc to 0.24 at the bond distance of 2.047 Å

in P63. This quantity greatly affects the band structure as shall be discussed in section IV.
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The experiment reported the Sc-Ht distances at 2.069 and 2.185 Å.23

In addition, the distribution among H atoms is also very interesting. The Ht-Ht distance

is as close as 1.927 Å in P63/mmc. Upon symmetry breaking, it is extended significantly

to 1.963 Å in P 3̄c1 and to 1.988 Å in P63. The experiment reported the Ht-Ht distances

at 1.983 Å.23 Another special feature is the Ht-Hm distance which is 2.165 Å in P63/mmc.

Upon symmetry breaking, the distance of some Ht-Hm pairs is shrinking a little to 2.143 Å

in P 3̄c1, but shrinking significantly to 2.088 Å in P63. The experiment reported that the

nearest Ht-Hm distance is 2.09 Å.23 We found that the H-H distribution plays an important

role in the dynamical stability as shall be discussed in section V.

Segal et al38 discussed that smaller overlap population tends to be more of the ionic

bonding. In ionic crystals, such as NaF and NaCl, the overlap population is about 0.18-

0.20, the same order as in Sc-H, but the bulk modulus of ScH3 is double6. In addition,

Mullikan charge analysis shows that the Sc charge is around +0.95 whereas the H charge

varies between -0.31 and -0.35. This indicates certain degree of ionic bondings in ScH3 as

well. Upon symmetry breaking, the charge of the off-site symmetry Hm atom appears to

be a little less negative, while the charge of its three surrounding Sc atoms appear to be a

little less positive. For the off-site symmetry Ht atom, the charge remains intact, but the

overlap populations among the four surrounding Sc atoms are redistributed. The charge

distribution will slightly affect the Madelung energy.

IV. ELECTRONIC PROPERTIES

To analyze the effects of the H arrangements on the electronic properties, the band

structures of P63/mmc and P 3̄c1 are compared in Fig. 3(a), and of P 3̄c1 and P63 phases

are compared in Fig. 3(b). In particular, we consider the band structure in a range of a few

eV around the Fermi energy (EF ) only. In this range, the band structure of P63cm is quite

similar to that of P 3̄c1. The partial DOS is also evaluated, as shown in Fig. 4. The partial

DOS and the characteristic of the band structure help us identify the nature of bands and

bondings.
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FIG. 3. Comparison of the band structures between (a) P63/mmc (black lines) and P 3̄c1 (red

dashed lines) phases and (b) P 3̄c1 and P63 (blue line) phases, and (c) P63 with GGA (blue lines)

and with sX-LDA (dotted lines) functionals. The EF is specified by horizontal dashed lines, but

for (c) the EF is set at 0 eV.
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(a)

(b)
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(d)

FIG. 4. Partial DOS of (a) P63/mmc phase, (b) P 3̄c1 phase, (c) P63cm phase and (d) P63 phase.

The contribution from Sc, Ht and Hm atoms are presented by blue line, red line and green line,

respectively. The grey area is from the d orbital of the Sc atom. The solid line and dotted line are

the s orbital and the p orbital, respectively.

Let us start with the P63/mmc structure which is the highest symmetry among the

others. In order to make a compatible comparison, the P63/mmc phase is calculated by

using the HoD3-type structure, and placing all the Hm atoms on metal plane, i.e. at the

on-site symmetry position. Thus, the Brillouin zone has the same size as the other broken

symmetry structures. The partial DOS (FIG. 4(a)) shows that the valance band is dominated

by the interactions between Sc and H. By adopting the notations of Wang and Chou14, they

indicated that Γ−
1 (Sc-dyz), Γ+

2 (Sc-dxz), Γ−
2 (Ht-s), and Γ−

4 (Hm-s and Ht-s) bands are close

to EF , as shown in FIG. 3(a).

Around EF , the dispersions of Γ−
1 and Γ+

2 are degenerate. Along Γ-A and K-Γ-M direc-

tions, some parts of these two bands are below EF , and forming electron pockets around

the Γ point. At the A point, they raise up to around 0.8 eV above EF and cross with the
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Γ−
2 and Γ−

4 bands. Most of the Γ−
2 and Γ−

4 bands are below EF , except around the Γ and

A points in which the bands raise above EF , and form hole pockets. The electron and hole

pocket manifest themselves as a density peak in the DOS at EF , as seen in Fig. 4(a). The

Γ−
1 and Γ+

2 bands also cross with the Γ−
2 and Γ−

4 bands at some points along the K-Γ and

Γ-M directions. From the band structure, it seems that these four bands are only weakly

interacting in P63/mmc, and it is obvious that there is no band gap in this structure. Thus,

the P63/mmc structure is a metal. This is in contrast with the optical band gap from the

experiment24 which indicates that ScH3 is a semiconductor with an extrapolating band gap

of 1.7 eV at ambient pressure.

For the P 3̄c1 and P63cm phases, their band structures close to EF are very similar.

However, we shall see later in section V that their phonons are quite different. The band

structure is also similar to that of the P 3̄c1 phase of YH3 from a previous LDA study16.

As discussion in the previous section, the wave-like arrangement allows the Hm atoms to

occupy the off-site symmetry positions and causes the corresponding rearrangement of the Ht

atoms. The Ht atoms in the P 3̄c1 and P63cm phases occupy the off-site symmetry positions

as well. The P 3̄c1 structure breaks mirror symmetry of P63/mmc, whereas the P63cm

structure breaks inversion symmetry. Some of the Sc-Ht and Sc-Hm overlap populations are

promoted, as seen in Table I, so that their bondings in these broken symmetry structures

are stronger than in P63/mmc. These are consistent with the strong interaction between

Γ−
1 and Γ−

4 , i.e. the strong interaction among Sc-dyz, Hm-s and Ht-s. These states are mixed

together and open a large gap of about 2.7 eV at the Γ point (see Fig. 3(a)). The partial

DOS show that the density peak of Sc, Ht and Hm just below EF in P63/mmc (see FIG. 4(a))

moves to lower energy in P 3̄c1 and P63cm, as seen in FIG. 4(b)-(c), respectively. The total

energy of P 3̄c1 and P63cm are lowering. The electron and hole pockets are partly removed,

i.e. the magnitude of the density peak at EF is smaller than that of P63/mmc. Another

contribution of the electron and hole pocket comes from the Γ−
2 and Γ+

2 bands which are

only weakly interacting in P 3̄c1 and P63cm, and open a much smaller gap of about 0.013

eV. This gap also defines the band gap of these phases. The dispersions of the Γ−
2 and

Γ+
2 interacting bands form cone-like states, as seen in graphene, at approximately half way

between K and Γ, and between Γ and M . However, these are removed in the sX-LDA

calculation where the d band positions are even higher. We found that the sX-LDA band

gaps are 0.158 eV and 0.234 eV in P 3̄c1 and P63cm, respectively.
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For P63, the general features of the band structure aound EF are similar to those of

P 3̄c1 and P63cm, see the comparison in Fig. 3(b). However, as seen in Table I, some Sc-

Ht pairs are getting closer in P63 than in P 3̄c1 and P63cm. The arrangement of Hm in

P63 is now breaking the glide symmetry of P 3̄c1 and P63cm. Furthermore, the overlap

population of some of Sc-Ht pairs are significantly increased relative to those of the higher

symmetry structures. This is because the glide symmetry breaking promotes the strong

interaction between the Γ−
2 and Γ+

2 bands. In the other words, Sc-dxz and Ht-s are now

strongly interacting. Consequently, the Γ−
2 and Γ+

2 interacting bands open an energy gap

of about 1.7 eV at the Γ point. From Fig. 4(d), it can be readily seen that the hole pocket

is now completely removed, and the electron pocket due to Sc and Ht interaction moves

into lower energy, compared with other phases in FIG. 4(a)-(c). Therefore, the EF and the

valence band maximum of P63 are about 50 meV and 0.5 eV, respectively, lower than those

of P 3̄c1 and P63cm. This makes the P63 structure the lowest energy structure among the

others. The band gap is now widened to 0.823 eV. The sX-LDA calculation gives the band

gap of 1.223 eV. The most improvement from sX-LDA is the position of the d bands of Sc,

as seen in FIG. 3(c) Kume et al24 measured the optical gap of ScH3 under high pressure,

and gave an exterpolation value of the band gap to be 1.7 eV at 0 GPa. A recent work

on HSE06 calculation also gave the band gap of 1.55 eV12. The electronic stability due

to the structural changes and their associated symmetry breaking can be viewed as Peierls

distortion in three dimensions.

V. DYNAMICAL PROPERTIES

As we have seen from section III and IV, the P63 structure is the most energetically

favorable, compared with the other three local minimum structures. We need to examine

further into their dynamical properties. By using the finite displacement method with a

supercell of 192 atoms (48 Sc atoms), we calculate the phonon dispersion (FIG. 5), and the

phonon density of states of the P63/mmc (FIG. 6), P 3̄c1(FIG. 7(d)), P63cm (FIG. 7(c))

and P63 (FIG. 7(a)) structures. The phonon density of states is compared with the inelastic

neutron scattering (INS) experiment of ScH2.9 at 10 K (FIG. 7(c)) by Antonov et al23.
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FIG. 5. The phonon dispersion of acoustic modes and optical modes of Sc atoms are presented as

follows (a) P63/mmc, (b) P 3̄c1, (c) P63cm and (d) P63.

From the calculated phonon dispersion in FIG. 5, the dispersion of the P63/mmc, P 3̄c1,

and P63cm structures exhibit some imaginary modes around the Γ point. Thus, we conclude

that only the P63 structure is dynamically stable. The other structures are unstable. This

is in contrast with YH3 where the P63cm structure is also dynamically stable20. Our finding

could rule out the co-exist phases and the average structure over the co-existing structures,

unless the imaginary modes might be stabilized by anharmonic effects at finite temperature.

We examine the phonon density of states in more detail by evaluating the partial phonon

DOS, labelled by blue (Sc), green (Hm) and red (Ht) lines in FIG. 6 and FIG. 7. It helps

us identify which type of atoms play a major role in a given mode. The phonon DOS of

the P63/mmc, P 3̄c1, P63cm and P63 structures share some common features. They can be

divided into six frequency regions;

1) The Sc region where the vibrations of the Sc atoms dominate. The phonon frequencies

of this region are between 0 - 42 meV in all phases. The partial DOS shows some coupling

between Sc and H but the vibrations of H are very small in this region. The experimental

data23 shows the peaks between 0 - 45 meV as well, as shown in FIG 7 (b). Due to different

responses to neutrons between Sc and H, this part of DOS can be easily assigned to the

vibration of the Sc atoms.
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2) The ab-Ht region where the vibrations with the ab-polarization of the Ht atoms dom-

inate. From geometry, the Ht atom is surrounding by four nearest Sc atoms which form a

tetrahedron cage. The on-site symmetry Ht atom is located at the center of the tetrahedron.

In P63/mmc, Ht occupies a slightly off-site symmetry position, as shown in FIG. 2(b). The

force constants on Ht are moderate, and the frequencies of the ab-polarization are between

75 - 125 meV in P63/mmc. The phonon DOS has very high density around 115 meV. In the

broken symmetry structure, Ht occupies another off-site symmetry position, which displaces

further from the center of the tetrahedron. This displacement is depending on the structure.

The corresponding vibration modes become more complex. Some of the Ht modes are cou-

pled to the Hm modes, and the frequencies shift to lower frequencies in P 3̄c1, P63cm and

P63. Some modes become complicated vibrations with abc-polarizations, and the frequen-

cies shift to higher frequencies. The ab-Ht region is confined in the range between 40 - 110

meV. It seems that the high density peak around 115 meV in P63/mmc dissociates itself

into these two groups, i.e. the Ht-Hm coupling (lower frequencies) and the abc-polarization

(higher frequencies) regions, in the broken symmetry structures.

3) The c-Ht region where the vibrations with the c-polarization of the Ht atoms dominate.

The c-polarization of the Ht modes in the tetrahedron cage show strong interaction, and the

frequencies are between 125 - 165 meV in P63/mmc. Under symmetry breaking process,

the Ht atoms experience even stronger interaction, and the frequencies shift to the range

between 140 - 170 meV in the broken symmetry structures.

4) The ab-Hm region where the vibrations with the ab-polarization of the Hm atoms

dominate. From geometry, the Hm atom is surrounding by three nearest Sc atoms which

form an equilateral triangle. The on-site symmetry Hm atom is located on the plane at the

center of the triangle. The interaction on Hm on the plane is very strong and hence the

frequencies of the ab-polarization are highest , i.e. between 175 - 190 meV in P63/mmc.

The off-site symmetry is located above/below this plane. The force constants are weakening

a little, and hence the frequencies of the ab-polarization are a little softening to between 170

- 185 meV in P 3̄c1, P63cm and P63.

5) The c-Hm region where the vibrations with the c-polarization of the Hm atoms domi-

nate. From section III, the c-axis displacements of the Hm atoms along the [110] direction,

and all equivalent Γ-M directions, are corresponding to the structural changes. We found

also that some of the c-polarization of the Hm modes in P63/mmc are unstable in Γ-K and
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Γ-M directions, see FIG 5 (a). This is because the interaction between Sc and Hm is very

weak along the c-axis. Furthermore, the displacement of Hm along the c-axis would lead to

a lower energy structure. Thus some components of the force constants may not be well-

defined. The phonon DOS is very low in this region between 50 - 70 meV in P63/mmc.

There are some couplings to Ht as well but the density is very low. The unstable modes can

be stabilized by the stronger couplings among Sc, Hm and Ht, as seen in the P 3̄c1, P63cm

and P63 structures. The magnitude of the phonon DOS increases. However, it is only P63

that is fully stabilized.

6) The Hm-Ht region where the coupling vibrations of the Sc, Hm and Ht atoms dominate.

The Hm-Ht region is very narrow in P63/mmc, i.e. between 50-70 meV. However, during the

symmetry breaking process, some of the Hm-Ht pairs are getting closer and exhibit stronger

interaction, as discussed in section III. Thus the Hm-Ht region shift to higher frequencies and

expand to a wider range between 40 - 110 meV in P 3̄c1, 50 - 105 meV in P63cm, and 50 - 110

meV in P63. In P63, there are five main peaks at 59, 69, 84, 96, 102 meV, compared with

the experimental main peaks at 52, 62, 71, 81, 98 and 107 meV23. The coupled vibrations in

ScH3 are very crucial to the stability of the hcp phase, and the interactions are just sufficient

enough to stabilize P63 only. Unlike YH3, where several phases are dynamically stable, thus

the stable phase in YH3 can come from a mixture of the co-exist phases. This mixture will

not happen in ScH3 as the other hcp phases are dynamically unstable and will be quickly

transform into P63.

As discussed above, the calculated peak positions of P63 phase are generally in good

agreement and most comparable with the experimental data23. Nevertheless, there is a

possibility that the unusually large vibrations of the H atoms at finite temperature and

the contribution of anharmonicity need to be taken into account in order to provide more

accurate frequencies. Furthermore, the experiment reported with the stoichiometry ratio of

x = 2.9(0) for ScHx. The H defects would also lead to some changes in the normal modes

of the system as well. However, these are beyond the scope of the present work.
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FIG. 6. Partial phonon DOS of the P63/mmc phase is presented. The solid lines are the contribu-

tion from the Sc atom (blue line), Ht atom (red line) and Hm atom (green line). The total phonon

DOS are presented by dashed lines. Vertical arrows denote c-polarization, horizontal arrows de-

note ab-polarization and crossed lines denote abc-polarization. The polarizations are taken from

the modes at Γ point only.
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(a)

(c)

(d)

(b)

FIG. 7. Partial phonon DOS of (a) P63 phase, (b) the dynamical structure factor S(Q,ω) from

INS experiment, (c) P63cm phase and (d) P 3̄c1 phase. The meanings of lines and the arrows are

the same as in Fig. 6.
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VI. CONCLUSION

We have used the DFT calculation to study the wave-like arrangements of the H atoms

around the metal plane (Hm) in the ScH3. We found that only the P63/mmc, P 3̄c1, P63cm

and P63 phases are energetically favorable, but only P63 is dynamically stable. The wave-like

arrangement allows the off-site symmetry positions of the H atoms, and leads to substantial

changes in the pair distribution between Sc and Hm, and Sc and Ht, which we have investi-

gated in more detail. There are symmetry breakings along the process. Consequently, the

corresponding electronic structure changes in such a way that the total energy is lowering.

The symmetry breaking is also responsible for the band gap opening. This mechanism can

be viewed as Peierls distortion in 3D. In the P63 structure, the calculated bandgap is 0.823

eV and 1.223 eV using GGA and sX-LDA functionals, respectively. This band gap can be

compared with 1.7 eV derived from the optical measurement and 1.55 eV from the HSE06

calculation12. We examined further into the dynamical stability. We found that the sta-

bility of P63 comes from sufficiently strong interactions between two neighboring Ht and

Hm atoms. In P 3̄c1 and P63cm, these couplings between Ht and Hm are also strong, but

not enough to stabilize the phases. This should rule out the co-exist phases or the average

structure over the other hcp phases in ScH3. The calculated phonon density of states of P63

is in good agreement with the data from the neutron experiment23. Some correction could

be added due to the large dynamics of H at finite temperature as seen in the Debye-Waller

factor in the experiment.
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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 β-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 β-tin
and hcp 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 β-tin
structure is finally predicted and the transition nature of
Sr has also been revealed.
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functional provide indifferent energy between 5s5p and 5s4d
while the difference is observed in experiment and can be pre-
dicted from this calculation using sX-LDA.
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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

cubic (fcc) structure [5] and transforms to a body-centered
cubic (bcc) 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 I41/amd named as β-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 β-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 McMahon 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 bcc 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 bcc should transform to hcp as
the hcp has lower energy compared to that of Sr-IV in 20-
30 GPa range [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 Cmcm structure will
distorts to the hcp structure at 40 GPa [16].

From another ab initio calculation by Phusittrakool et
al. [14], Sr-IV was found to be more stable than the β-tin
structure at 20 GPa - 40 GPa range in which the β-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 β-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.

In this work, the stability of β-tin and the recently pro-
posed hcp structure [15] will be fully investigated by Den-
sity Functional Theory (DFT) and Molecular Dynamics
(MD). The discrepancy of the existence of β-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 β-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
bcc structure which is the lower pressure phase of β-tin
structure as reported in [9,11]. The bcc structure finally
relaxed to R3c [15] which is once proposed to be the co-
existing phase of β-tin structure [15].

In this work, MD calculations were also established.
NPT1 ensembles [19] was employed for the 16-atom sys-
tem at 300 K and at under the pressure of 30 GPa and
40 GPa when using bcc and β-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 (Γ -point) was used as the k-point sampling. The MD
calculation showed that the bcc transforms to Cmcm at
30 GPa and the β-tin structure transforms to hcp 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., fcc [5], bcc [7,8], β-tin [9], and
Sr-IV [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, 4p6

and 3d2 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 12×12×12
k-points for fcc, bcc, β-tin, hcp, Cmcm structures and
6×5×6 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 β-tin and the
hcp structures between 20-40 GPa, energy-volume curves

1 NPT ensemble is the ensemble considering factors, i.e., mole
(N), pressure (P),and temperature (T)

Copyright line will be provided by the publisher
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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 β-tin and hcp structure were further investigated
using phonon dispersion and phonon density of state us-
ing energy cutoff of 310 eV, 3×3×5 and 5×5×4 for q-
points, and MP 5×5×8 and 9×9×6 for k-point in both β-
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, β-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, β-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,
4p6 and 3d2 states as the valence states. The brillouin
zone (BZ) were chosen by the MP resulting in 3×3×5 and
5×5×4 k-points for both β-tin and hcp structures.

3 Results and Discussion From MD calculation
demonstrated using enthalpy-vs-time step plot shown in
Fig. 1, bcc 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, Cmcm was shown
to exist instead of β-tin structure which was reported to be
present in the experimental work done by Allan et al [9].
In more profound details, the Cmcm structure has been
later explained by burgers mechanism [13] to exist as an
intermediate phase of bcc-to-hcp transformation.

The contradiction between experimental discovery [9]
and theoretical prediction [15,16]. β-tin was set as an ini-
tial structure and then calculated at 40 GPa and 300 K 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 β-tin structure transforms to hcp struc-
ture and its stability undergoes from ∼1.5 ps to 5 ps. The
calculation consequently suggested that the β-tin structure
is not a positive candidate structure.

For DFT calculation, the enthalpy-vs-pressure curves
of fcc, bcc, β-tin, Sr-IV, Cmcm and hcp structures were
shown in Fig. 2. Crossing points of curves from each
structure represent the fcc-to-bcc 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
hcp and, of course, β-tin structures at 40 GPa.

From Fig. 3, phonon dispersion of the β-tin structure
is shown to have the negativity of phonon branch, which
is evidenced along Z-to-A, M-to-G (G is Γ -point), G-to-
Z, Z-to-R, R-to-X and X-to-G directions. As a result, not
only β-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 5s2, 4p6 and 3d2 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 5s2 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 5s5p to 5s4d orbitals. It has been demonstrated that
the sX-LDA functional can differentiate the energy from
5s5p and 5s4d [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, β-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 β-tin has
lower enthalpy and more stable compared to that of hcp.
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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 β-tin as shown in Fig. 6. Consequently, β-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 β-
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 bcc-to-Cmcm transition at 300 K and 30 GPa
and β-tin-to-hcp transition at 300 and 40 GPa. This work
originally shows the path transitions of lower-pressure
phases→higher-pressure phases, bcc→Cmcm and β-
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 β-tin structure
and Sr-IV. As the β-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 β-tin which, for the first time, agree well with
experimental work [9].
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Figure 1 (left) Bcc super cells structure was calculated using MD simulation resulting in the appearance of Cmcm structure at a few
picoseconds after the simulation has started. (right) the similar MD calculation was also established with I41/amd super cells as a starting
structure. After a few second, the appearance of hcp structure was observed. These graphs suggest that Cmcm is more stable than bcc
(left) and hcp is more stable than I41/amd (right) at temperature 300 K.

Figure 2 The enthalpy difference of fcc, β-tin, hcp, Sr-IV, and Cmcm structure related to the bcc 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
→ hcp.
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Figure 3 (left) Phonon dispersion and density of phonon state of β-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 β-tin to hcp structure calculated using PBE and (right) the enthalpy different of hcp stucture to
β-tin using sX-LDA.
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Figure 6 The enthalpy different of I4/amd and hcp from bcc structure calculated using sX-LDA functional are illustrated. The curves
suggest the better stability of I4/amd over hcp structure which agrees with the experiment [9]. The graph shows that the transition from
the bcc structure to the β-tin structure at pressure 21.4 GPa.
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