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Structure searches of beryllium chalcogenides (BeS, BeSe, and BeTe) at high pressures using a swarm
intelligence algorithm, in conjunction with density functional theory, reveal modulated polymorphs, unusual
for such simple binary compounds. Apart from the well-known cubic (space group F43m, zinc-blende structure)
to hexagonal closed-packed (space group P6;/mmc, nickel-arsenide structure) structural transition, a further
transition at higher pressure to an orthorhombic structure is predicted for BeS and BeSe. The orthorhombic
phase is space group Cmca in BeS and Pnma before finally adopting Cmca in BeSe, each accompanied by the
onset of modulation of the atomic arrangement. The amplitude of displacements associated with the modulation
increases with increasing pressure and molecular dynamics simulations show the modulated structure to become
stable at least to 300 GPa and 2000 K. This unusual structural modulation is not seen, however, in BeTe, which
instead transforms to a C2/m phase. Links are drawn between the modulated phases of BeS and BeSe and the
high-pressure modulated phases of their parent chalcogens. Our results provide key insights into understanding

the modulation in binary compounds at high pressure.
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I. INTRODUCTION

Modulated structures are of particular interest because
they typically reflect competing processes that give rise to
long-range interactions resulting in the modulation. The first
recognition of a modulated structure was from the breakdown
of the “law of rational indices” in the mineral calaverite
(AuypAg,Tey, p < 0.15) in 1931 by Victor Goldschmidt
[1]. Later, in Cambridge in 1940, Bradley observed satellite
reflections in the x-ray diffraction patterns of copper-iron-
nickel alloys [2] and after three years’ work it was realized
that such satellite reflections corresponded to structural mod-
ulation [3,4]. Since then, evidence of structural modulation
in solids has been relatively widely reported, including in-
commensurate and long-range modulation in a number of
structurally complex compounds, such as the high-7, super-
conductors of the Bi-Sr-Ca-Cu-O system, BisSr3Ca3;CugOx,
and BisSr3Ca;CuyOy [S]. Many naturally occurring minerals,
including akermanite [6], mullite [7], pyrrhotite [8], quartz
[9-11], feldspar [12], nepheline [13], and sodium carbonate
[14], also exhibit modulated structures. Apart from these com-
plex crystal structures, many elemental solids, interestingly,
also display structural modulation at high pressure [15,16],
such as Cl, [17], Brp [18], I, [19], S [20,21], Se [21-24],
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and Te [23-25]. However, pressure-induced modulation is
significantly less common in simple compounds. Indeed, a
previously known AB compound showing pressure-induced
structural modulation, to our knowledge, is NiBi [26], al-
though high-pressure magnetic incommensuration has been
reported in some AB materials, for example that in MnGe [27].
In another recent case, the structure of superconducting H,S
is interpreted as modulated phases at high pressure [28-31].

Among the II-VI AB compounds, the BeX (X =S, Se,
and Te) compounds are of particular note. Elemental S, Se,
and Te display structural modulation on increasing pressure
[20-25], and it is interesting to consider whether AB com-
pounds based on these elements may, therefore, inherit such
modulation. Structural modifications of these materials are of
intrinsic interest because they may drive changes in physical
properties and other characteristics. Furthermore, only these
BeX phases among the II-VI AB compounds, crystallize in
the cubic-close-packed structure at ambient pressure, before
transforming to a hexagonal-close-packed structure at higher
pressure [32-35]. Most of the other II-VI compounds adopt
the rock-salt structure [36-38] except for BeO [39,40] and
MgTe [41], which adopt the wurtzite and NiAs structures,
respectively. Finally, several previous theoretical studies have
investigated the structures and physical properties of BeX
materials at pressures of lower than 100 GPa, assuming the
structures of ZB, NiAs, or NaCl [42-45].

Experimental investigations of BeX compounds have been
hampered by their toxic nature, but the few studies that

©2019 American Physical Society
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FIG. 1. Variation of structure of BeS with pressure, showing the
structural response in terms of variation in coordination environment
of Be by S and S by Be from tetrahedral in zinc blende to distorted
octahedral in the Cmca structure. Green and yellow spheres represent
Be and S/Se.

have been conducted have not suggested the existence of any
modulated structure. The pioneering work by Staritzky and
Goldschmidt et al. gave the lattice parameters of BeX [46,47].
Later, Yim et al. confirmed that these compounds crystallize
in the zinc-blende structure with space group symmetry F43m
at ambient pressure [48]. At higher pressures, they undergo
a phase transition to the nickel-arsenide structure with space
group symmetry P63/mmc [28]. For BeS, for example, there
are reports of a reversible first-order phase transition at 51 GPa
from the F43m structure to the P63 /mmec structure [33-35].
This P63 /mmc phase was found to remain stable up to at least
96 GPa.

In view of the disparity between the observed modulations
seen in elemental S, Se, and Te and the lack of any discovered
to date in their AB compounds, we have carried out density
functional theory calculations of beryllium chalcogenides to
higher pressures, with the aim of investigating the possible
occurrence of such pressure-induced structural modulation
phenomena. Computational studies of these materials provide
an especially important tool in understanding their stabilities
and structures at such extreme conditions. We report on the
structures and physical properties of the BeX compounds
as a function of pressure up to 300 GPa, using the swarm-
intelligence based CALYPSO code for structure prediction in
combination with the first-principles total energy calculations
[49,50]. Apart from the well-known first-order phase transi-
tion from the F43m zinc-blende structure to the P63/mmc

0.02

nickel-arsenide structure, a further phase transition at higher
pressures is revealed from our calculations, and is charac-
terized by the onset of high-pressure structural modulation.
We find unusual pressure-induced modulation in both BeS
and BeSe, rarely reported in the AB compound, e.g., Refs.

[42—45]. In contrast, our investigation of BeTe suggests that,
for this composition, no such modulated phase occurs.

II. COMPUTATIONAL DETAILS

Our search for low-energy high-pressure crystalline struc-
tures of BeX phases was performed using the swarm-
intelligence based CALYPSO structure prediction method and
its same-name code [49,50]. Recent successful applications
of this method include several examples of structure predic-
tions for various crystalline systems, ranging from elemental
solids to binary and ternary compounds [51-54]. Structural
optimizations, enthalpies, electronic structures, and phonons
were calculated using a first-principles implementation of
density-functional theory. The underlying optimizations were
performed using the Vienna ab initio simulation (VASP) pro-
gram [55,56] and projector-augmented plane-wave potentials
[57] with an energy cutoff of 650 eV. The Be, S, Se, and
Te potentials have 25%2p', 3s%3p*, 4s%4p*, and 5s°5p* as
valence states, respectively, employing the Perdew-Burke-
Ernzerhof functional [58]. The phonon simulations have been
performed using the pseudopotential plane-wave method and
density functional perturbation theory as implemented in the
QUANTUM ESPRESSO package [59]. An ultrasoft pseudopoten-
tial was used for Be and S with the choices of electronic
configurations of 25>2p' and 3s23p*. Convergence tests gave
the use of kinetic energy cutoff 80 Ry. Structure searching
calculations were performed at 0, 50, 100, 150, 200, 250, and
300 GPa, respectively. We have performed a supercell with
32 Be and 32 S atoms for the Cmca-BeS phase at 300 GPa
and 300 and 2000 K using the NVT (N-number of particle,
V-volume, T -temperature) ensemble. The results indicate that
the predicted Cmca-BeS phase is stable up to 2000 K at
300 GPa.

III. RESULTS AND DISCUSSIONS

Our structure predictions with simulation cell up to eight
BeX formula units (f.u.) were performed over a pressure range
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FIG. 2. Enthalpies of candidate phases of BeX as a function of pressure, plotted with respect to the NiAs P6;/mmc phase. Closed symbols
represent modulated phases whereas open symbols correspond to nonmodulated structures. The similarity between BeS and BeSe is apparent,
whereas the highest-pressure phase of BeTe adopts the unmodulated C2/m structure, but at much lower pressure.
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TABLE I. Calculated structural parameters of various BeS, BeSe, and BeTe phases at high pressures.

Space Atomic coordinates
group Lattice parameters A, °) Atoms (Fractional)
BeS P2,/c a=23.78,b="1772,c=5.33 Be 0.487 0 0.757
(180 GPa) a=90,8=134.97,y =90 Be 0.039 0.799 0.760
S 0.979 0.038 0.744
S 0.462 0.25 0.740
BeS Pnma a=7.58,b=3.68,c=3.69 Be 0 0.75 0.718
(220 GPa) a=B8=y=90 Be 0.307 0.75 0.208
S 0.455 0.25 0.724
S 0.25 0.25 0.208
BeS P4 /nmm a=b=3.64,c=3.79 Be 0 0 0.5
(240 GPa) a=B=y =90 Be 0.5 0 0.132
S 0.5 0 0.607
S 0 0 0
BeS C2/m a=b=261,c=508,0d = =122.12, Be 0.599 0.599 0.75
(260 GPa) y = 87.88 S 0.927 0.927 0.25
BeS Cmca a=b=354,¢c="17.37 Be 0.788 0.213 0
(300 GPa) a=p8=90,y =89.03 Be 0.707 0.708 0.779
S 0.282 0.282 0.056
S 0.294 0.794 0.25
BeSe Cmca a=b=392,c=804,a=8=90 Be 0.785 0.216 0.5
(200 GPa) y = 88.81 Be 0.293 0.293 0.804
Se 0.724 0.724 0.461
Se 0.209 0.709 0.25
BeTe C2/m a=b=3.62,c=698, 0 =B =126.39 Be 0.865 0.865 0.75
(40 GPa) y =81.43 Te 0.557 0.557 0.25

of 0-300 GPa for BeS and BeSe, and 0-100 GPa for BeTe,
respectively. The experimentally observed structures shared
by BeX compounds were successfully reproduced over the
appropriate pressure ranges, validating the reliability of our
computational scheme. At ambient pressure, simulations read-
ily found the zinc-blende structure [Fig. 1(a)], which is com-
posed of corner-sharing XBe,/BeX, tetrahedra. At 50 GPa,
our simulations successfully reproduced the NiAs structure
[Fig. 1(b)] in which each chalcogen atom is coordinated to
six Be atoms forming a triangular prism and each Be atom is
coordinated to six chalcogen atoms forming an octahedron.

The structural search of BeX compounds at higher pressure
uncovered several structures with competitive enthalpies. The
most stable structures over each pressure range are shown
in Fig. 2. The enthalpies of these predicted structures with
respect to the NiAs structure of BeX are plotted as a function
of pressure in Fig. 2.

In BeS, three energetically competitive structures with very
similar geometries are predicted at 250 and 300 GPa: a mono-
clinic P2 /c phase (Table I), and two orthorhombic structures
(Pnma and Cmca), among which the Cmca structure is en-
ergetically most favorable. All of the low-enthalpy structures
consist of face-sharing distorted BeS¢/SBeg octahedra with
each Be and S atom sixfold coordinated to each other. The
most intriguing finding in these high-pressure phases is the
emergence of structure modulations (Fig. 3). As depicted in
Fig. 1, all the three structures can be described as a distortion
of an unmodulated tetragonal P4/nmm structure. The basic
tetragonal structure is composed of two interpenetrating dis-
torted face-centered tetragonal sublattices formed by Be and

S, respectively. The modulated distortion occurs with varying
atomic displacement along the z axis and with periodicity that
is commensurate with a doubling of the underlying cell of
the basic tetragonal phase, corresponding to a wave vector of
(0 0 0.5). The distortions lead to highly distorted body-
centered orthorhombic sublattices for both Be and S in the
modulated structures, in which all S atoms are displaced
along the y axis, while corner and body-centered Be atoms
are displaced along the x and y axes, respectively. It should
note that, although elemental chalcogen has long been known
to exhibit structure modulations at high pressure, the current
findings represent a unique example of a simple AB compound
showing a structure modulation.

The enthalpy curves relative to the NiAs structure for
various structures of BeS are shown in Fig. 2(a). The
phase transition pressure of the zinc-blende structure to the

(a) 100 GPa

(b) 300 GPa

FIG. 3. The modulation amplitude of the Cmca phase of BeS
increases upon compression.
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FIG. 4. Calculate partial density of states of Cmca-BeS at
200 GPa.

nickel-arsenide structure is 54 GPa, in good agreement with
previous experimental reports of a transition at ~51 GPa.
The experimental nickel-arsenide structure has the lowest-
enthalpy up to 200 GPa, beyond which the predicted P2, /c,
Pnma and Cmca structures, as well as the unmodulated
P4 /nmm structure become more favorable, with nearly degen-
erate enthalpies [the differences of enthalpy among different
structures are of the same order of magnitude as the preci-
sion (or error) in the calculations, namely ~1 meV/atom].
Given the existence of several energetically competitive and

geometrically similar structures, the potential energy surface
is expected to be flat with many shallow local minima and the
system can be significantly frustrated by competing interac-
tions. In experiment at finite temperature, it is not impossible
to observe incommensurately modulated structures. As pres-
sure increases, the modulated structures (P2;/c, Pnma and
Cmca) become marginally more stable than the unmodulated
P4 /nmm phase, up to the highest pressure of 300 GPa consid-
ered here. This suggests that pressure promotes the structure
modulation.

Furthermore, we have investigated the electronic properties
of Cmca BeS at 200 GPa. We find a charge transfer of 1.36 ¢
from Be to S, indicating that Be has 2+ valence at 200 GPa,
as performed from Bader simulations. The electronic density
of states calculations suggest that Cmca BeS is metallic at
200 GPa. These results suggest the possible hybridization
between Be-p and S-p below Fermi-energy level, as shown in
Fig. 4.

The behavior of BeSe was investigated by the same
methodology as adopted for BeS and extraordinarily similar
results were obtained. The calculated enthalpy curves indicate
transformations from the zinc-blende structure to the nickel-
arsenide structure at 44 GPa and from the nickel-arsenide
structure to the modulated structure at 160 GPa [Fig. 5(b)].
The replacement of S by the heavier Se atom leads to each
phase transition occurring at a lower pressure, which is con-
sistently observed in elements and compounds under com-
pression as atoms are substituted by same-group heavier con-
geners. Among modulated structures, the Pnma structure is
marginally most stable in the pressure range of 160-200 GPa,
beyond which the final Cmca structure becomes most stable

(a)
= —
=
= N\
2 BeS Cmca @ 200 GPa Cmca @ 300 GP §
g 15 15 - —
g 10
I' Z TY ' SR Z I' Z TY r SR Z
18 30
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FIG. 5. Phonon dispersion curves for candidate high-pressure structures of (a),(b) Cmca-BeS, (c) Cmca-BeSe at 200 GPa, and (d) C2/m-

BeTe at 40 GPa
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up to at least 300 GPa. This is different from BeS where Cmca
structure is always the most favorable in the stability field of
the modulated structures.

In the case of BeTe, the pressure-dependent behavior is
distinct from that of BeS and BeSe. Upon compression, the
structure transforms from zinc-blende to an unmodulated
monoclinic C2/m structure at 29 GPa, rather than showing
a transition to modulated structure up to the highest pres-
sure of 100 GPa considered in the current work [Fig. 2(c)].
Within the C2/m structure, each Be and Te are sixfold
coordinated with each forming a high distorted octahedron
similar to those in the modulated structures of BeS and
BeSe, but the octahedra connect each other via edge shar-
ing. We have calculated phonon dispersion curves of Cmca-
BeSe at 200 GPa and C2/m-BeTe at 40 GPa, as shown
in Fig. 5. There is no imaginary mode in the phonon dis-
persion curves of these predicted structures, indicating they
are dynamically stable at the pressure we considered in this
work.

IV. CONCLUSION

In summary, we have performed systematic structure
searches of beryllium chalcogenides using a global swarm
structure search method as a function of pressure. For BeS,
above 200 GPa, a series of low-enthalpy candidate struc-
tures has been identified, and the dynamically stable phase
(Fig. 5) with lowest enthalpy is a previously unreported Cmca
modulated structure. The same structure occurs in BeSe at
pressures above 164 GPa. We have found that these are simple
AB compounds that transform to a modulated structure upon
compression.

Interestingly, BeTe shows contrasting behavior. Although
the P2;/c phase of BeTe is one of the lowest-enthalpy high-
pressure candidate structures for BeTe, it instead transforms
to an alternative structure with C2/m symmetry, at a much
lower pressure than seen for the P2, /c transition in BeS and
BeSe. This may point to the fact that extreme pressure is an
important driver for the formation of the modulated mono-
clinic structure, and that in BeTe this transition is averted by

the earlier transformation to the unmodulated C2/m structure.
Indeed, the remarkable transition to a high-pressure modu-
lated structure in such a simple AB compound may be related
to the previously noted modulated high-pressure phases of
their parent chalcogen elements. These occur at 102, 46, and
8.5 GPain S, Se, and Te, respectively. We note that the transi-
tions in S and Se occur in, or very near to, the stability field of
the NiAs polymorph of BeS and BeSe, respectively, while the
transition in Te (at 8.5 GPa) falls well below the stability field
of the NiAs phase of BeTe, but squarely in that of the cubic
zinc-blende-type polymorph. It seems that the transformation
to a modulated structure in the Be chalcogenides only occurs
from the nickel-arsenide phase, and is suppressed or less
favored when the zinc-blende-structure type is compressed,
instead favoring the alternative nonmodulated C2/m structure.

We note that the transition from the intermediate pressure
nickel-arsenide phase to the high pressure Cmca structure in
both BeS and BeSe is accompanied by only a very small
volume change, unlike the strongly first-order transition from
zinc-blende to nickel-arsenide structures at lower pressure.
This is consistent with the fact that the zinc-blende to nickel-
arsenide structural phase transition involves a drastic change
in coordination from fourfold to sixfold, while the transition
from the nickel-arsenide structure to the P2;/c modulated
phase does not change the primary coordination number of
either element.
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