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Soft-phonon instability in zincblende HgSe and HgTe under moderate pressure:
Ab initio pseudopotential calculations

S. Radescu and A. Mujica
Departamento de Fisica Fundamental II, MALTA Consolider Team, and Instituto de Materiales y Nanotecnologia,
Universidad de La Laguna, La Laguna 38205, Tenerife, Spain

R. J. Needs
Cavendish Laboratory, University of Cambridge, 19 J.J. Thomson Avenue, Cambridge CB3 OHE, United Kingdom
(Received 9 July 2009; revised manuscript received 28 September 2009; published 23 October 2009)

The mercury chalcogenides HgSe and HgTe show peculiar behavior under moderate compression such as
the unusual observation of a “hidden” transition from their ambient-pressure zincblende phase to an ortho-
rhombic metastable phase with space group C222,. We present here the results of an ab initio pseudopotential
study within the framework of the density-functional theory of the stability of the low-pressure zincblende
phases of HgSe and HgTe and the transition to the C222; structure. We relate the observation of the C222,
phase to an instability in the transverse-acoustic phonon branches of the zincblende phases of these materials.
We have studied in detail the mechanism of the zincblende — C222, transition as well as the structural evo-

lution of the C222, phase under pressure.
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I. INTRODUCTION

Under ambient conditions, the mercury chalcogenides
HgSe and HgTe crystallize in the zincblende structure. These
phases are zero-gap semiconductors, in contrast to the semi-
conducting low-pressure phases of the zinc and cadmium
chalcogenides which together with the mercury chalco-
genides form the II-VI family of octet binary compounds.
Under applied pressure, HgSe and HgTe exhibit the same
sequence of phase transitions.! Their ambient zincblende
phases transform into semiconducting phases with cinnabar-
like structures at pressures around 1 GPa,'"* which on further
compression transform in turn into the NaCl-type structure>®
and then at even higher pressures into the same orthorhombic
distortion of the NaCl structure as observed in ZnTe-III
(Refs. 7 and 8) and several other members of the binary II-VI
and III-V families, the so-called Cmcm phase (after its space
group).?

Except for the existence of a stable cinnabar phase, such a
sequence of transitions is not unlike those exhibited by other
compounds in the same family. An unusual and interesting
feature of HgSe and HgTe is, however, the observation of a
transition from the zincblende phase to an orthorhombic
phase with space group €222,.1° This C222, structure is a
distortion of zincblende which has, so far, not been observed
in any other binary compound. The zincblende — C222; tran-
sition occurs at pressures around ~2 GPa, at which the slug-
gish zincblende — cinnabar transition has already begun but
has not yet been completed. The C222, phase is therefore a
metastable phase, which would not be observed under con-
ditions of thermodynamic equilibrium, as it would be hidden
by the transition to the cinnabar structure. The zincblende
— (222, transition in HgSe and HgTe is therefore called a
“hidden” transition.!® Experiments find a small pressure in-
terval in which the zincblende, cinnabar, and C222, phases
coexist, C222; transforming into the cinnabar phase as the
pressure is further increased. Single-phase C222; has not
been obtained in the laboratory.!”
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Although first-principles density-functional theory (DFT)
methods have proved valuable for studying high-pressure
phases,” very few such studies of mercury chalcogenides
have been reported so far.!'"'? In this paper we present the
results of a first-principles DFT study of the stability of the
zincblende structure of HgSe and HgTe and the hidden tran-
sition to the C222,; phase which, to the best of our knowl-
edge, has not been considered theoretically before, in these
or any other compounds. The region of compressions over
which our results pertain is thus that of rather moderate (for
today’s standards of experimentally accessible compressions)
“high” pressure, just slightly above the onset of stability of
the first of the high-pressure phases displayed by these com-
pounds, viz. the cinnabar phase. We will leave out of the
present discussion the detailed study of the full sequence of
pressure-driven transitions undergone by these compounds'3
but, for the sake of completeness, we will show energy-
volume plots of their high-pressure cinnabar phases.

The rest of this paper is organized as follows. In Sec. II
we give details of our first-principles DFT calculations and
in Sec. III we describe the structures considered in our study.
We present our results for the structural phases in Sec. IV
and finally, in Sec. V, we summarize the conclusions of our
study.

II. DESCRIPTION OF THE CALCULATIONS

The pseudopotential plane-wave DFT calculations were
performed with the Vienna ab initio simulation package
(vASP), see Ref. 14 and references therein. We used the
projector-augmented wave (PAW) scheme,'> and the semi-
core 5d and 6s electrons of Hg and the outermost s and p
electrons of Se and Te were dealt with explicitly in the cal-
culations. Basis sets including plane waves up to a kinetic-
energy cutoff of 291.4 eV were used for both HgSe and
HgTe in order to achieve highly converged results. Dense
Monkhorst-Pack k-point grids were used for the Brillouin-
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FIG. 1. The zincblende structure, plotted in perspective using a
conventional crystallographic cubic cell (left) and in projection onto
the xy plane (right). The black and white circles represent anion and
cation positions, respectively. The gray circles in the projected plot
represent the atomic positions in the orthorhombic C222,; structure,
in which the atoms are displaced within the xy plane with respect to
the zincblende structure.

zone integrations. The differences in total energy between
phases were converged with respect to the basis set and
k-point sets employed to within about 1 meV per atom. We
used the local-density approximation (LDA) exchange-
correlation functional'® for the results presented in Sec. IV,
but we also performed calculations using the generalized gra-
dient approximation (GGA) (Ref. 17) which lead to essen-
tially the same qualitative picture as the LDA results.

A review of the application of DFT-based total-energy
methods to the phase stability of semiconductors can be
found in Ref. 9. Our theoretical results are for hydrostatic
conditions and zero temperature and the small effects of
zero-point motion have been neglected. The zincblende
structure can be represented using the C222; description (by
adjusting the values of the structural parameters of C222,
see Sec. III) which allows for a very precise comparison
between the energetics of these structures. The C222; and
cinnabar structures have free structural parameters which
were fully relaxed at each volume through the calculation of
the forces on the atoms and the stress tensor. Structural re-
laxations reduced the anisotropy in the diagonal components
of the stress tensor to below ~0.1 GPa and the forces on the
atoms to below 0.005 eV/A. We have found this level of
accuracy to be sufficient to account for the structural features
of the zincblende phases of HgSe and HgTe under pressure
and the transition to the C222, structure.

III. DESCRIPTION OF THE STRUCTURES

The stable phases of HgSe and HgTe adopt the cubic
zincblende structure (hereafter abbreviated zb where appro-

priate) at ambient conditions. It has space group (SG) F43m,
No. 216, and Z=4 formula units per conventional unit cell,
with cations at positions 4(a) (0,0,0) and anions at positions
4(c) (1/4,1/4,1/4). In the zincblende structure each atom has
ideal tetrahedral coordination (see Fig. 1).

The orthorhombic C222, structure is depicted in projec-
tion in Fig. 1. The cations occupy positions 4(a) (x,0,0) and
the anions occupy positions 4(b) (0,y,1/4) of SG C222,,
No. 20, with Z=4. The experimental values of the axial ra-
tios and internal parameters of C222,-HgSe (at a volume per
formula unit V=532 A3 and pressure p=2.25 GPa) and
(222,-HgTe (at V=62.5 A3 and p=2.55 GPa) are collected
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TABLE 1. Experimental (Ref. 10) and theoretical values (calcu-
lated in this work) of the structural parameters of the C222; phases
of HgSe and HgTe. These data correspond to the experimental vol-
umes per formula unit reported in Ref. 10 at pressures slightly
above 2 GPa for each material.

(222,-HgSe at V=53.2 A% (p~2.3 GPa)

bla cla x(Hg) y(Se)
Experiment: 0.981 1.009 0.302(1) 0.207(2)
Theory: 0.984 0.998 0.304 0.210
(222,-HgTe at V=62.5 A3 (p~2.6 GPa)
bla cla x(Hg) y(Te)
Experiment: 0.991 1.011 0.315(1) 0.205(2)
Theory: 0.982 0.994 0.301 0.211

in Table I (Ref. 10), along with our own calculated values
(see Sec. IV C). The C222, structure is a slight distortion of
the zincblende structure, which in the C222; description cor-
responds to x=y=0.25 and b/a=c/a=1. The tetrahedral co-
ordination of the zincblende structure is approximately pre-
served in the C222, structures observed in HgSe and HgTe.

Although this work deals mainly with the instability of
the zincblende phase and the hidden transition to the C222,
phase, we have also performed calculations for the cinnabar
phase for which we show energy-volume curves to give a
proper account of the stability limits of the zincblende phase.
The trigonal cinnabar-type structure (abbreviated cin) ob-
served at moderately high pressures in HgSe and HgTe and
as a zero-pressure stable phase in HgS has SG P3,21 No.
152 and Z=3, with cations at positions 3(a) (x;,0,1/3) and
anions at positions 3(b) (x,,0,5/6). Experimentally, x(Hg)
=0.662(1), x(Se)=0.550(1), a=4.120 A, and c/a=2.320 in
HgSe at 46.84 A3, 4.0 GPa (Ref. 1), and x(Hg)=0.641(1),
x(Te)=0.562(1), a=4.383 A, and c/a=2.287 in HgTe at
55.58 A3, 3.6 GPa (Ref. 3, see Fig. 2). These values of the
internal and cell parameters result in 2+2+2 coordination in
cin-HgSe and 4+2 coordination in cin-HgTe under moder-
ately high pressures, and the structure can be viewed as be-
ing formed of spirals of atoms along the ¢ axis in which
cations and anions alternate.! The zincblende and cinnabar
structures are of course well known and the interested reader
may find a fuller description of them in Refs. 1 and 9, and
references therein, or in other standard texts.!$19

IV. RESULTS AND DISCUSSION

In Figs. 3 and 4 we show the calculated energy-volume
curves, E(V), of the zincblende, C222,, and cinnabar phases
of (respectively) HgSe and HgTe, obtained using the LDA.
[Hereafter all values of extensive quantities are given per
formula unit (pfu).] Note the very small energy scale
spanned by the axes in these figures. From these plots we can
immediately extract conclusions on relative stability using,
for example, the standard common tangent construction.’
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FIG. 2. The cinnabar structure of HgTe at ~3.6 GPa, viewed
along its threefold main ¢ axis. (For reference, the outline of the
projected unit cell is shown as a dashed line.) The black and white
circles represent anion and cation positions, respectively. Atomic
planes of like atoms perpendicular to the main axis are uniformly
separated by a distance of ¢/6. The differences in height are repre-
sented in the projected figure by the different sizes of the atoms.
This structure is sometimes described as formed of spirals of atoms
along the c axis in which cations and anions alternate. In our draw-
ing the projected spirals are represented by solid lines.

A. The low-pressure zincblende phases: Equilibrium
properties and stability

Our calculated zero-pressure equilibrium volume and bulk
modulus for zb-HgSe, obtained from fitting the E(V) data to
a Murnaghan-type equation of state, are V{)he=56.23 A3 and
B6h6=57 GPa, in excellent agreement with the experimental
values of VE7=56.30 A3 and B{”=58 GPa® A similar
level of agreement is obtained for zb-HgTe: Vg‘e:67.03 A3
and BJ“=47 GPa; V§7=67.43 A’ and B§"=48 GPa.?’

As mentioned in Sec. II, we have also performed calcula-
tions within the PAW scheme but using the GGA for the
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FIG. 3. (Color online) Calculated energy-volume curves for the
zincblende, cinnabar, and C222; phases of HgSe, obtained within
the LDA. Both magnitudes are given per formula unit. The energy
is given with respect to that of the equilibrium volume of the
zincblende phase. The experimental equilibrium volume of the
zincblende phase is marked by an arrow.
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FIG. 4. (Color online) Same as Fig. 3 but for HgTe.

exchange-correlation functional. Our GGA results for the
equilibrium properties of the zincblende phases of HgSe and
HgTe are V“=61.87 A® and Bj=42 GPa for HgSe; and
V{“=73.96 A® and B“=34 GPa for HgTe. These results
are in poorer agreement with experiment than the LDA re-
sults. In the next sections we present results obtained within
the LDA, but we stress that aside from the quantitative dis-
crepancies in the values of the zero-pressure equilibrium
properties, the qualitative aspects of our study are quite simi-
lar in the LDA and the GGA.

Figures 3 and 4 correctly show the zincblende phase of
both HgTe and HgSe to be stable at zero pressure with cin-
nabar about 30 meV higher in energy and about 14.5% more
compressed than zincblende in HgSe (69 meV and 14.2%
compression, respectively, in HgTe). The enthalpy differ-
ences between the zincblende and cinnabar phases are char-
acteristically smaller in these mercury compounds than in
other members of the II-VI and III-V families. In HgS the
cinnabar phase is still lower in enthalpy and is the stable
phase at zero pressure' while in HgO a low-energy cinnabar
phase has been experimentally observed as a metastable state
under ambient conditions.?!

Also from Figs. 3 and 4 we see (applying, e.g., the com-
mon tangent construction) that under compression the
zincblende phases of both HgSe and HgTe become thermo-
dynamically unstable to the cinnabar structure. The calcu-
lated zb/cin coexistence pressures are ~0.7 GPa in HgSe
and ~1.1 GPa in HgTe, which should be compared with the
experimental values of the zb—cin transition pressures of
1.15 GPa in HgSe (Ref. 10) and ~1.3-1.6 GPa in HgTe.>?
The calculated structural parameters of the cinnabar phases,
given here for the sake of reference, are also in good agree-
ment with those reported in experiments: x(Hg)=0.661,
x(Se)=0.569, and ¢/a=2.32 for HgSe at the volume 47.0 A3
and x(Hg)=0.642, y(Te)=0.561, and ¢/a=2.29 for HgTe at
55.6 A3, cf. the experimental values quoted in Sec. III.
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FIG. 5. (Color online) Calculated phonon frequencies of
zincblende HgSe plotted along symmetry lines of the Brillouin
zone of the zincblende structure. [kpr=0, kyx=(0,0,1), Kk,
=(1/2,1/2,1/2), kyy=(0,1/2,1), in units of 27/a.] Full lines and
circles correspond to zero pressure whereas dotted lines correspond
to a pressure slightly above 3 GPa.

B. Dynamical instability of the zb phases and
the zb— C222, transition

For both HgSe and HgTe we find that as pressure is ap-
plied to the zincblende phase it becomes locally unstable
against an orthorhombic distortion leading to the C222;
structure. The onset of the instability of the zincblende phase
occurs at ~2-2.3 GPa for HgSe and ~2.4-2.8 GPa for
HgTe, that is, slightly above their respective zb/cin coexist-
ence pressure and in excellent agreement with the experi-
mental observations.!® At the pressures at which the C222,
phase is first observed in HgSe and HgTe, the cinnabar phase
is the thermodynamically stable one, but due to the sluggish-
ness of the first-order reconstructive zb— cin transition there
is still a significant amount of untransformed low-pressure
zincblende phase in a slightly overpressurized, metastable
state. Thus, the kinetic barriers to the strongly first-order
zb—cin transition allow the zincblende phase to reach a
point of dynamical instability where the displacive and es-
sentially barrierless zb— C222; transition takes place.

The pattern of the C222; distortion corresponds to a
transverse-acoustic (TA) phonon at the Brillouin-zone
boundary X point of the zincblende structure [ky=(0,0,1) in
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FIG. 6. (Color online) Calculated phonon frequencies of
zincblende HgTe plotted along symmetry lines of the Brillouin zone
of the zincblende structure. Full lines and circles correspond to zero
pressure whereas dotted lines correspond to a pressure slightly
above 3 GPa.
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FIG. 7. Evolution with pressure of the calculated phonon fre-
quencies at the X (circles) and I" (triangles) points of the Brillouin
zone of zb-HgSe.

units of 27/a], which effectively doubles the unit-cell size
with respect to that of zincblende.?®> We have calculated the
phonon spectrum of zincblende HgSe and zincblende HgTe
at zero pressure and at a compressed volume beyond the
onset of the transition to C222,, through the calculation of
the force-constants matrix using the method of finite dis-
placements in a 4 X 4 X 4 (128 atoms) supercell.?*?3 The cal-
culated frequencies are given in Figs. 5 and 6. As a reference,
our calculated frequencies for the zero-pressure transverse-
optic (TO) modes at the I' point are w’Thé(l")=4.00 THz in
zb-HgSe and w§(I')=3.45 THz in zb-HgTe, in excellent
agreement with the experimental values w$4(I")=4.0 THz
(zb-HgSe) and w5d(I')=3.54 THz (zb-HgTe).?>* The pho-
non dispersion relations shown in Figs. 5 and 6 exhibit rather
low TA branches even at zero pressure. The optic and LA
frequencies increase with pressure whereas the low-
frequency TA branches soften with pressure and eventually
become unstable at the X point which is an extremum for this
band.?” The pressure evolution of the phonon frequencies at
I' and X, obtained using an economical doubled cell which
correctly describes the phonon at both points, is given in
Figs. 7 and 8.28

We note that the onset of the C222, instability shown in
Figs. 7 and 8 [that is, the pressure at which the TA(X) branch
gets to zero] is slightly above the onset calculated by full
relaxation of the structure, which is around 2-2.5 GPa. At
these pressures the calculated frequency of the TA(X) modes
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FIG. 8. Same as Fig. 7 but for zb-HgTe.
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FIG. 9. Contour plot of the energy E of C222,-HgSe as a func-
tion of its internal parameters (x,y). This plot is for V=56.3 A3
(p~0 GPa), that is, before the onset of the zb instability. The en-
ergy is given in meV and is measured with respect to that of the
reference zb structure [which in the plot corresponds to the point
(0.25,0.25)]. At each (x,y) point the shape of the cell was fully
relaxed. The dashed line indicates the path of minimum-energy
change from the zb configuration.

is, however, already very low (around 10 cm™) and the
quasiharmonic approximation may not be adequate here.

C. The C222, distortion in detail

In Figs. 9 and 10 we show contour plots at two different
compressions (below and above the onset of the instability,
respectively) of the energy E of the C222, phase as a func-
tion of its two internal parameters (x,y), obtained from full
cell-shape relaxation at each fixed value of (x,y). The
zincblende structure corresponds to the point (0.25,0.25),
which is, by symmetry, a stationary point of E(x,y). Up to
moderate compressions (Fig. 9), the zb point is a minimum
of the energy of the C222; phase which means that the
zincblende structure is stable against the C222, distortion.
Already at this stage, the energy landscape has the form of a

020 025 0.30
X

FIG. 10. Same as Fig. 9 but for a volume V=527 A3 (p
~3 GPa) at which the zb structure is unstable against the C222,;
distortion. The calculated minimum-energy C222; configuration is
marked by a circle.
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FIG. 11. The change in energy per formula unit along the mini-
mal path shown in Fig. 9 (left panel) and Fig. 10 (right panel).
(Note the difference in the energy scales between the panels.) We
use the value of the internal parameter x to indicate the position
along the path. The solid curve and symbols (which correspond to
calculated values) are for full relaxation of the cell shape at fixed
volume and each (x,y) point. The dashed curve corresponds to
keeping the shape fixed to that of the zb configuration.

rather shallow and narrow valley which defines a path of
minimum change in energy along which the energy gain
from the zb point is indeed quite small. The direction of this
path in (x,y) configuration space corresponds to the calcu-
lated eigenvector of the soft TA(X) mode (at this compres-
sion not yet unstable).”® As the compression proceeds (Fig.
10) the zb point at (0.25,0.25) becomes a saddle point, that
is, the zincblende structure becomes unstable against a dis-
tortion in the direction of the minimum-energy valley, and
two new, quite shallow, and symmetrical minima appear
along it. These equivalent minima correspond to the distorted
C222, configuration reported in experiments.

In order to show the nature and effect of the instability of
the zincblende structure against the C222; distortion we plot
in Fig. 11 the calculated change in energy per formula unit
along the deformation path before (left panel) and after (right
panel) the instability has set in. Two curves are shown within
each of these figures: the dashed ones correspond to fixing
the shape of the cell to that of the reference cubic zincblende
structure, whereas the solid lines and symbols correspond to
full cell-shape relaxation (as in Figs. 9 and 10). From these
figures we conclude that the orthorhombic deformation of
the cell is a less important mechanism in the energy gain
along the deformation path, accounting for just a few meV
pfu of the overall gain in the case shown, and that within the
range of pressures in which the C222, phase is observed, the
absolute gain in energy associated with the transition into the
C222, structure is in itself rather small even for a well-
developed distortion such as that shown in the right panel of
Fig. 11.

A small reduction in volume of around 1% has been re-
ported experimentally for the zb— C222, transition in both
HgSe and HgTe,!” which is consistent with the proposed
soft-phonon mechanism leading to a weakly first-order tran-
sition. As shown in Fig. 11, full relaxation of the C222;
structure results, at the initial stages of the distortion, in a
rather shallow minimum which makes it difficult to discrimi-

144110-5



RADESCU, MUIJICA, AND NEEDS

o
o
-~

< — &7
o ]
S 58
o L a ]
8 s6F ]
= [ ]
S 541
- [ ]
52 F } ]
035 F ' ' ;‘/AI__,A—I/—‘I—“—
g a X 3
o 0.3 o A*\\ ]
Tﬂ k —.—..—..—..—..-..—..—4.-..1.7.'..‘..‘..:.% ....................... 4
£ O.ZSX?‘M ——————————— =2 ]
S ok - ;
0.15 '_u PRI B R R | PR IR TR TN ST SO S N T T | |_'
1.4 1.6 1.8 2 2.2 24 2.6
Pressure (GPa)

FIG. 12. (Color online) Evolution of the calculated structural
parameters of C222,-HgSe with pressure: lattice parameters a, b,
and ¢ (upper panel) and internal parameters x and y (lower panel).
We have denoted by open symbols and dashed lines those data in
the region of instability of the C222; phase. The dotted lines corre-
spond to values of the parameters for the zincblende phase at the
same pressure.

nate the character of the transition in our calculations. None-
theless the transition would appear to be indeed first order.
Hardly perceptible in Figs. 3 and 4, there is a very subtle
downwards concavity in the E(V) curve of the C222, phases
around volumes at which the curve merges with that of the
zb phase, indicating a region of instability for C222; with an
associated volume discontinuity. This small region is, how-
ever, rather difficult to quantify precisely on account of the
very small energy changes involved, and small inaccuracies
can somewhat modify its extension. The region of instability
also shows up in the pressure evolution of the structural
parameters (see below).

For HgSe at the volume 532 A3 reported in
experiments'? (p~2.3 GPa) we find values of the internal
parameters and axial ratios x(Hg)=0.304, y(Se)=0.210,
b/a=0.984, and c/a=0.998, in excellent agreement with the
experimental values reported in Ref. 10, see Table I. A simi-
lar level of agreement between the calculated and experimen-
tal values of the structural parameters is obtained for HgTe at
the volume 62.5 A3, p~2.6 GPa, for which our calculated
values are x(Hg)=0.301, y(Te)=0.211, b/a=0.982, and
c/a=0.994.

In Figs. 12 and 13 we show the evolution with pressure of
the calculated structural parameters of the C222,; phases of
HgSe and HgTe, respectively. In these figures we have de-
noted the region of instability of the C222; phases by using
open symbols and dashed lines. For comparison, we have
also included in these figures data for the zincblende phase
(dotted lines). At low pressures the values of both the x and
y internal parameters of the C222, phases tend to 0.25, and
the axial ratios b/a and c¢/a tend to 1, which corresponds to
the special case of the zincblende structure (see Sec. IIT). At
these higher volumes/lower pressures the C222, distortion is
thus suppressed. Figures 12 and 13 also show the disconti-
nuity in the structural parameters at the transition. As seen in
these figures, the transition to C222,; is accompanied in both

PHYSICAL REVIEW B 80, 144110 (2009)

N
~
T T

Lattice par. (A)
o B

wn
oo

035F
03F

0.25 :

Internal par.

0.2 F

0Isf
2 2.2 2.4 2.6 2.8 3 3.2
Pressure (GPa)

FIG. 13. (Color online) Same as Fig. 12 but for C222,-HgTe.

materials of a reduction in the value of the b parameter (with
respect to the zb value) while the a and ¢ parameters are
relatively insensitive to the instability. The C222, phase ap-
pears to be rather compressible along its b axis in the rel-
evant pressure range around 2-3 GPa. Experimentally, the
larger change in lattice parameters at the transition was ob-
served for the b parameter, both in HgSe and HgTe, but no
pressure evolution of the structural parameters has been
reported.”

The ideal tetrahedral coordination of the zincblende phase
is distorted at the C222; transition. In C222, the coordination
is 2+2, with one nearest-neighbor (nn) distance larger than
in the reference zincblende structure at the same pressure and
the other smaller, see Fig. 14, but the mean nn distance is
larger in C222, than in zincblende at the same pressure. This
may seem surprising because the volume in C222,; is of
course smaller than in zincblende at the same pressure. As
the compression is increased, the large distance increases
and the small distance decreases.
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FIG. 14. (Color online) Evolution with pressure of the calcu-
lated nearer neighbor distances (d; and d,) of C222,-HgSe (upper
panel) and C222,-HgSe (lower panel). Data in the region of insta-
bility of C222, are denoted by open symbols and dashed lines. The
nearest-neighbor distance of the zincblende phases, d(zb), is also
given (dotted lines), for reference.
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FIG. 15. (Color online) The calculated Kohn-Sham electronic
band structure of the C222; phases of HgSe (left panel) and HgTe
(right panel) along two symmetry lines from the I' point (circles).
[kr=0, k,=(0,0,1/2), and k,;=(1/4,1/4,1/4) in units of
(4m/a,4mw/b,47/c).] The zero of the energy scale is set at the
middle of the small gap at I' (which is hardly discernible in the
scale of the figures). These figures are for volumes of 53.2 A’
(HgSe) and 62.5 A® (HgTe) for which structural data have been
reported experimentally (Ref. 10). The calculated band structures of
the respective zincblende phases at the same volumes are also given
for reference (full lines).

Finally we mention briefly the effect of the C222,; distor-
tion on the band structure. The zincblende phases are zero-
gap semiconductors with the valence and conduction bands
touching at the I" point. The calculated Kohn-Sham elec-
tronic band structure of the C222, phases of HgSe and HgTe
along two symmetry lines from the I" point is given in Fig.
15. The band structure of the respective zincblende phases at
the same volumes are also given for reference. The transition
to C222, reduces the symmetry and breaks band degenera-
cies at the I' point. A small band gap (around 115 meV for
HgSe and 150 meV for HgTe in Fig. 15) opens at this point.
The maximum of the valence band appears to be also very
slightly displaced from I' along the I'-L direction by the
distortion.

V. CONCLUSIONS

The mercury chalcogenides show peculiar high-pressure
behavior within the II-VI family of binary compounds. As
an example, HgSe and HgTe exhibit C222; phases which
have not been observed in other binary compounds.'? In this
work we have focused on the stability of the zincblende
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phases of HgSe and HgTe and the transition to the C222,
structure. These C222, phases are metastable and are formed
only because of the sluggishness of the first-order reconstruc-
tive zb—cin transition. We have related the displacive zb
— (€222, transition to the softening under pressure of the
low-frequency TA(X) modes of the zincblende phase which
eventually leads to a dynamical instability and to the C222,
distortion, at pressures not much higher than the observed
onset of the zb— cin transition. Indeed, Besson et al.? ob-
served pretransitional effects in zincblende HgTe under pres-
sure that the authors associated to an overall softening of the
phonon branches. It is interesting to note that the higher-
pressure NaCl— Cmecm transition observed in HgSe and
HgTe as well as in other II-VI and M-V binary
compounds'>3! is also related to softening of a TA(X) pho-
non mode,>33 though it has a subtly different nature from
the zb— C222, transition.!* Full relaxation of the C222,
structure results in a rather small gain in energy in the small
range of pressures in which the C222, phase is observed.
The main mechanism for energy gain along the deformation
path from zincblende to C222, in these compounds arises
from the internal displacements of the atoms, though the ac-
companying orthorhombic deformation of the cell (which is
mainly due to contraction along the b axis) is structurally
important. The C222; phase appears to be rather soft which
may be related to its experimental observation in just a small
pressure interval.'” These results would motivate new experi-
ments on the pressure evolution of the phonon frequencies of
the zincblende phases of HgSe and HgTe.

We have tested the stability of the zincblende phase
against the C222, distortion in several other II-VI and III-V
compounds.'® Our results indicate that as pressure increases
the zincblende structure eventually becomes unstable against
this distortion in other members of these families as well,
with a similar mechanism as in the case of HgSe and HgTe
[softening of the TA(X) branch of the phonon spectrum].!3
The C222,; distortion can be observed experimentally in
HgSe and HgTe simply because this instability occurs at
pressures not much higher than the onset of the transition to
the high-pressure cinnabar phase. The fact that the frequency
of the TA(X) modes is quite small even at zero pressure in
zb-HgSe and zb-HgTe obviously has a bearing on this.
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