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Cadmium	
  and	
  mercury	
  chalcogenides	
  compounds	
  have	
  broad	
  applications	
  (e.g.	
  in	
  light-­‐emitting	
  diodes,	
  chemical	
  sensors,	
  
and	
   solar	
   cells).	
   Pressure	
  has	
   profound	
  effects	
   on	
   their	
   structures	
   and	
  properties.	
  However,	
   their	
   structures	
   and	
  phase	
  
transition	
   sequences	
   under	
   pressures	
   have	
   not	
   been	
   fully	
   determined,	
   which	
   greatly	
   hinder	
   their	
   further	
   applications.	
  
Here,	
  we	
  have	
  extensively	
  explored	
  the	
  high-­‐pressure	
  structures	
  of	
  cadmium	
  and	
  mercury	
  chalcogenides	
  (CdX,	
  HgX,	
  X=	
  S,	
  
Se	
  and	
  Te)	
  by	
  using	
   the	
   in-­‐house	
  developed	
  CALYPSO	
  method.	
  The	
  results	
   show	
  that	
   their	
  high-­‐pressure	
  structures	
  and	
  
phase	
   transition	
   sequences	
   strongly	
   correlate	
  with	
   the	
   chalcogens.	
  An	
   intriguing	
  dissociation	
   into	
  Cd	
   (or	
  Hg)	
   +	
   X	
   under	
  
strong	
   compression	
   was	
   observed.	
   This	
   observation	
   might	
   originate	
   from	
   the	
   special	
   sandwich	
   structure,	
   which	
  
significantly	
   frustrates	
   Cd	
   (or	
   Hg)	
   -­‐X	
   bonding	
   and	
   enhances	
   the	
   interaction	
   of	
   the	
   same	
   kind	
   of	
   atoms.	
  Moreover,	
   the	
  
dissociation	
   pressures	
   of	
   cadmium	
   and	
   mercury	
   chalcogenides	
   decrease	
   with	
   increasing	
   the	
   atomic	
   radius	
   of	
   the	
  
chalcogens.	
  The	
  high-­‐pressure	
  decomposition	
  of	
  cadmium	
  and	
  mercury	
  chalcogenides	
  might	
  have	
  important	
  implications	
  
for	
  the	
  other	
  binary	
  compounds.	
  

1.	
  Introduction	
  	
  

The	
  main	
  aim	
  of	
  high-­‐pressure	
  research	
  is	
  to	
  explore	
  the	
  structural	
  
behaviours	
   of	
   the	
   concerned	
   materials	
   and	
   find	
   their	
   potential	
  
technological	
  applications.	
  Under	
  high	
  pressure,	
  new	
  crystal	
  phases	
  
appear,	
   which	
   are	
   not	
   only	
   beyond	
   the	
   naturally	
   occurring	
   forms	
  
but	
   also	
   associated	
   with	
   interesting	
   physical	
   and	
   chemical	
  
properties.1-­‐7	
   The	
   group	
   IIB-­‐VIA	
   binary	
   compounds	
   have	
   attracted	
  
significant	
   interest	
  owing	
  to	
  their	
  broad	
  applications,	
  such	
  as	
   light-­‐
emitting	
  diodes,	
  field-­‐effect	
  transistors,	
  chemical	
  sensors,	
  catalysis,	
  
and	
  solar	
  cells.	
  8-­‐11	
  In	
  addition,	
  the	
  high-­‐pressure	
  behaviour	
  of	
  group	
  
IIB-­‐VIA	
  binary	
  compounds	
  has	
  been	
  explored	
  in	
  the	
  past	
  30	
  years.12-­‐
15	
   By	
   now,	
   the	
   generally	
   accepted	
   transition	
   sequence	
   for	
   IIB-­‐VIA	
  
compounds	
   was	
   zinc-­‐blended	
   (ZB)	
   or	
   wurtzite	
   (WZ)	
   →	
   NaCl	
   →	
  
Cmcm.16,17	
   Moreover,	
   there	
   are	
   significant	
   differences	
   in	
   the	
  
electronic	
   properties	
   among	
   these	
   phases	
   (i.e.	
   semiconductor,	
  
insulator,	
  and	
  metal).	
  The	
  NaCl	
  →	
  Cmcm	
   transition	
   is	
  attributed	
  to	
  
the	
  softening	
  of	
  the	
  transverse	
  acoustic	
  TA	
  (X)	
  phonon	
  of	
  the	
  NaCl	
  
phase	
   with	
   increasing	
   pressure.	
   Meanwhile,	
   the	
   coordination	
  

number	
  is	
  changed	
  from	
  4	
  to	
  8	
  upon	
  the	
  phase	
  transition	
  process.18	
  	
  	
  	
  

Compared	
   with	
   zinc	
   chalcogenides,	
   cadmium	
   and	
   mercury	
  
chalcogenides	
  (denoted	
  as	
  CdX,	
  and	
  HgX,	
  X	
  =	
  S,	
  Se	
  and	
  Te)	
  are	
  also	
  
important	
   technological	
   materials,	
   especially	
   in	
   optoelectronic	
  
materials.19,20	
  Under	
  compression,	
  although	
  the	
  transition	
  sequence	
  
of	
  the	
  cadmium	
  and	
  mercury	
  chalcogenides	
  is	
  similar	
  to	
  that	
  of	
  zinc	
  
chalcogenides,	
   there	
   are	
   some	
   differences	
   between	
   them.	
   For	
  
example,	
   the	
   NaCl	
   phase	
   is	
   preceded	
   by	
   a	
   cinnabar	
   phase	
   in	
   the	
  
mercury	
   chalcogenides,	
   which	
   is	
   donated	
   as	
   a	
   distorted	
   rocksalt	
  
phase.21	
   Moreover,	
   a	
   controversial	
   CsCl	
   structure	
   has	
   been	
  
considered	
  as	
  a	
  candidate	
  for	
  very	
  large	
  compression	
  on	
  account	
  of	
  
its	
   low	
   Madelung	
   energy,	
   which	
   still	
   needs	
   to	
   be	
   confirmed.	
   For	
  
CdTe	
   and	
  HgS,	
   the	
  post-­‐NaCl	
   phase	
  has	
   been	
   reported	
  by	
  Nelmes	
  
and	
  McMahon	
  at	
  42	
  and	
  52	
  GPa,	
  however,	
  the	
  structures	
  of	
  these	
  
high-­‐pressure	
   phases	
   remain	
   unresolved	
   so	
   far.16	
   For	
   the	
   zinc	
  
chalcogenides,	
   an	
   intriguing	
   dissociation	
   into	
   Zn	
   +	
   X	
   under	
   strong	
  
compression	
  was	
   found,21	
  how	
  about	
   the	
  stability	
  of	
   the	
  cadmium	
  
and	
   mercury	
   chalcogenides	
   under	
   strong	
   compression	
   is	
   still	
  
unknown.	
   By	
   all	
   appearance,	
   there	
   is	
   a	
   necessity	
   to	
   examine	
   the	
  
phase	
   transitions	
   and	
   stabilities	
   of	
   the	
   cadmium	
   and	
   mercury	
  
chalcogenides	
  under	
  pressures.	
  	
  

In	
  this	
  work,	
  we	
  have	
  performed	
  a	
  systematic	
  study	
  on	
  the	
  high-­‐
pressure	
   structural	
   behaviours	
   of	
   the	
   cadmium	
   and	
   mercury	
  
chalcogenides	
  by	
  using	
   the	
   in-­‐house	
  developed	
  unbiased	
  structure	
  
searching	
   techniques	
   and	
   first-­‐principles	
   density	
   functional	
  
calculations.	
   Beyond	
   the	
   Cmcm	
   phase,	
   we	
   found	
   a	
   monoclinic	
  
P21/m	
  phase	
  and	
  a	
  tetragonal	
  structure	
  (P4/nmm,	
  Z	
  =	
  2)	
  for	
  CdS	
  at	
  
70	
   GPa	
   and	
   100	
   GPa,	
   respectively.	
   Moreover,	
   we	
   have	
   also	
  
unraveled	
   an	
   orthorhombic	
   Pnma	
   structure	
   for	
   CdSe	
   and	
   a	
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metastable	
  hexagonal	
   structure	
   (P-­‐3m1,	
  Z	
  =	
  4)	
   for	
  CdTe	
  at	
  80	
  GPa	
  
and	
  55	
  GPa,	
   respectively.	
   For	
   CdS	
   and	
  CdSe,	
   phase	
   transition	
   to	
   a	
  
PbO-­‐type	
  structure	
  (P4/nmm,	
  Z	
  =	
  2)	
  is	
  a	
  common	
  tendency,	
  while	
  a	
  
monoclinic	
  phase	
  (C2/m,	
  Z	
  =	
  4)	
  was	
  identified	
  for	
  HgS	
  as	
  a	
  post-­‐NaCl	
  
phase	
   at	
   57	
   GPa.	
   Interestingly,	
   the	
   pressure-­‐induced	
   elemental	
  
dissociation	
   has	
   been	
   found	
   for	
   cadmium	
   and	
   mercury	
  
chalcogenides,	
   which	
   might	
   have	
   important	
   implications	
   for	
   the	
  
behaviours	
  of	
  other	
  binary	
  compounds	
  under	
  high	
  pressures.	
  	
  

2.	
  Computational	
  Methods	
  

To	
   search	
   the	
   possible	
   high-­‐pressure	
   structures,	
   we	
   used	
   the	
  
CALYPSO	
   structure	
   prediction	
   method22,23	
   based	
   on	
   a	
   particle	
  
swarm	
  optimization	
  algorithm	
  in	
  combination	
  with	
  ab	
  initio	
  density	
  
functional	
   theory	
   (DFT)	
   total-­‐energy	
   calculations.	
   The	
   most	
  
significant	
   feature	
   of	
   this	
   methodology	
   is	
   the	
   capability	
   of	
  
predicting	
   the	
   stable	
   structure	
   with	
   only	
   the	
   knowledge	
   of	
   the	
  
chemical	
   composition.	
   The	
   details	
   of	
   this	
   search	
   algorithm	
   and	
   its	
  
several	
   applications	
   have	
   been	
   described	
   elsewhere.22,23	
   This	
  
approach	
   has	
   successfully	
   predicted	
   the	
   crystal	
   structures	
   of	
   a	
  
diverse	
   variety	
   of	
   materials.24-­‐27	
   We	
   perform	
   structure	
   searching	
  
with	
  simulation	
  cell	
  sizes	
  of	
  1	
  -­‐	
  4	
  formula	
  units	
  at	
  pressure	
  of	
  0,	
  25,	
  
50,	
   100,	
   150,	
   and	
   200	
   GPa,	
   respectively.	
   The	
   underlying	
   ab	
   initio	
  
structural	
   relaxations	
   were	
   performed	
   using	
   density	
   functional	
  
theory	
   within	
   the	
   generalized	
   gradient	
   approximation,28	
   as	
  
implemented	
   in	
   the	
   VASP	
   (Vienna	
   ab	
   initio	
   Simulation	
   Package)	
  
code.29	
  The	
  electron-­‐ion	
  interaction	
  was	
  described	
  by	
  means	
  of	
  the	
  
frozen-­‐core	
  all-­‐electron	
  projector-­‐augmented	
  wave	
  method,30	
  with	
  
Cd	
  4d105s2,	
  Hg	
  5d106s2,	
  S	
  3s23p4,	
  Se	
  4s24p4,	
  and	
  Te	
  5s25p4	
  treated	
  as	
  
the	
  valence	
  electrons,	
  respectively.	
  The	
  use	
  of	
  a	
  plane-­‐wave	
  kinetic	
  
energy	
   cutoff	
   of	
   400	
   eV	
   for	
   all	
   cases	
   and	
   dense	
   k-­‐point	
   sampling	
  
were	
  chosen	
  to	
  ensure	
  that	
  all	
  the	
  enthalpy	
  calculations	
  were	
  well	
  
converged	
   to	
   less	
   than	
   1	
   meV/atom.	
   Phonon	
   frequencies	
   were	
  
calculated	
  using	
  direct	
  supercell,	
  which	
  uses	
  the	
  forces	
  obtained	
  by	
  
the	
   Hellmann-­‐Feynman	
   theorem,	
   as	
   performed	
   in	
   Phonopy	
  
code.31,32	
  

3.	
  Results	
  and	
  Discussion	
  

3.1	
  Cadmium	
  chalcogenides	
  

Our	
   swarm-­‐intelligence	
   CALYPSO	
   simulations	
   successfully	
  
reproduced	
  the	
  NaCl	
  phase	
  for	
  CdS	
  at	
  50	
  GPa	
  and	
  Cmcm	
  structure	
  
for	
   CdSe	
   at	
   45	
  GPa,	
   respectively.	
   Thus,	
   the	
   adopted	
  methods	
   and	
  
pseudopotentials	
  are	
  suitable	
  to	
  the	
  studied	
  compounds.	
  At	
  59	
  GPa,	
  
we	
  revealed	
  a	
  monoclinic	
  structure	
  with	
  space	
  group	
  P21/m	
  as	
  the	
  
most	
  stable	
  post-­‐NaCl	
  phase	
   for	
  CdS,	
  which	
   is	
   in	
  sharp	
  contrast	
   to	
  
the	
   proposed	
   Cmcm	
   structure.33,34	
   Above	
   100	
   GPa,	
   our	
   structural	
  
prediction	
   uncovered	
   a	
   new	
   high-­‐pressure	
   PbO-­‐type	
   phase	
   with	
  
tetragonal	
  P4/nmm	
  (Z	
  =	
  2)	
  to	
  be	
  most	
  stable.	
  Interestingly,	
  we	
  also	
  
find	
  another	
  tetragonal	
  structure	
  with	
  same	
  space	
  group,	
  however,	
  
which	
   contains	
   4	
   formula	
  units	
   (Z	
   =	
   4).	
   Its	
   enthalpy	
   is	
   higher	
   than	
  
that	
   of	
   P4/nmm	
   (Z	
   =	
   2)	
   at	
   low-­‐pressure	
   region.	
   Detail	
   structural	
  
differences	
  between	
  the	
  two	
  structures	
  will	
  be	
  discussed	
  later.	
  It	
  is	
  
noted	
   that	
   cadmium	
   chalcogenides	
   tends	
   to	
   decompose	
   into	
   the	
  
elemental	
  solids	
  at	
  strong	
  compression	
  (Figure.	
  1).	
  	
  

	
  

	
  

	
  

Figure	
  1.	
  (Color	
  online)	
  Calculated	
  enthalpy	
  curves	
  versus	
  pressure	
  
for	
   the	
   various	
   CdX	
   structures	
   and	
   decomposition	
   into	
   Cd	
   +	
   X	
  
relative	
  to	
  the	
  NaCl	
  phase	
  for	
  CdS,	
  Cmcm	
  phase	
  for	
  CdSe,	
  and	
  Cmcm	
  
phase	
  for	
  CdTe,	
  respectively.	
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For	
  IIB-­‐VIA	
  compounds,	
  NaCl-­‐type	
  structure	
  usually	
  transforms	
  to	
  
Cmcm	
  phase	
  under	
  pressure.35,36	
  However,	
  P21/m	
  structure	
  for	
  CdS	
  
becomes	
   energetically	
  more	
   favourable	
   than	
   the	
  Cmcm	
   structure.	
  
To	
   understand	
   this	
   interesting	
   transition	
   mechanism,	
   we	
   further	
  
explored	
   the	
   dynamical	
   stability	
   of	
   NaCl-­‐type	
   structure	
   and	
  
pressure-­‐driven	
   phonon	
   softening.	
   If	
   the	
   shear	
   distortion	
   of	
   NaCl-­‐
type	
   structure	
   favors	
   [010]	
   direction,	
   Cmcm	
   phase	
   will	
   be	
   most	
  
stable.35	
  Instead,	
  if	
  the	
  true	
  energy	
  minimum	
  lies	
  in	
  distortion	
  path	
  
along	
  some	
  directions	
  between	
  [010]	
  and	
  [110],	
  this	
  will	
  result	
  in	
  a	
  
lower-­‐symmetry	
   P21/m	
   phase.21,34	
   The	
   specific	
   structural	
   phase	
  
transition	
  mechanism	
   of	
   NaCl	
  →	
  P21/m	
   has	
   been	
   revealed	
   by	
   the	
  
analysis	
   of	
   TA(X)	
   phonon	
   softening	
   in	
   NaCl	
   (Figure	
   2b).	
   From	
   the	
  
phonon	
  dispersion	
  curves	
  of	
  CdS	
   in	
   the	
  NaCl	
   structure	
   (Figure	
  2a),	
  
we	
   see	
   that	
   the	
   frequencies	
   of	
   the	
   TA	
   (X)	
   mode	
   along	
   some	
  
direction	
   between	
   [010]	
   and	
   [110]	
   decrease	
   with	
   increasing	
  
pressure.	
   This	
   decrease	
   implies	
   negative	
   Grüneisen	
   parameters	
  

	
  of	
  the	
  TA	
  mode	
  in	
  the	
  NaCl	
  structure.	
  With	
   increasing	
  
pressure,	
   the	
   frequency	
   of	
   this	
   branch	
   becomes	
   imaginary	
   at	
   the	
  
zone	
   boundary	
   X	
   point,	
   as	
   can	
   be	
   seen	
   in	
   Figure	
   2a,	
   denoting	
   a	
  
structural	
  instability	
  of	
  the	
  NaCl	
  phase.	
  Through	
  the	
  analysis	
  of	
  the	
  
phonon	
   eigenvectors,	
   we	
   found	
   that	
   the	
   formation	
   of	
   the	
   P21/m	
  
structure	
   can	
   actually	
   be	
   attributed	
   to	
   a	
   distortion	
   of	
   the	
   NaCl	
  
phase	
   that	
   comes	
   from	
   the	
  detachment	
  of	
   the	
  anions	
  and	
   cations	
  
from	
  the	
  same	
  plane	
  driven	
  by	
   the	
  soft	
  TA	
  phonon	
  mode	
  at	
   the	
  X	
  
point,	
  as	
  shown	
  in	
  Figure	
  2b.	
  The	
  energy	
  evolution	
  curve	
  along	
  the	
  
eigenvector	
   direction	
   between	
   [010]	
   and	
   [110]	
   also	
   supports	
   this	
  
conclusion	
   (Figure	
   S1).	
   It	
   should	
   be	
   also	
   pointed	
   out	
   that	
   the	
  
predicted	
   TA(X)	
  mode	
   softening	
   in	
   CdS	
   has	
   also	
   been	
   observed	
   in	
  
the	
  other	
  binary	
  compounds	
  with	
  NaCl	
  structure.33-­‐38	
  Furthermore,	
  
dynamic	
   stability	
   for	
   P21/m	
   phase	
   was	
   investigated	
   by	
   inspecting	
  
phonon	
  dispersive	
  curves	
  in	
  Figure	
  2e.	
  No	
  imaginary	
  frequency	
  was	
  
found	
   for	
  P21/m	
   phase,	
   indicating	
   that	
   it	
   is	
   dynamically	
   stable.	
   Its	
  
optimized	
  lattice	
  parameters	
  are	
  a	
  =	
  3.26	
  Å,	
  b	
  =	
  4.61	
  Å,	
  c	
  =	
  3.68	
  Å	
  
and	
  β	
  =	
  89.96°	
  at	
  70	
  GPa.	
  The	
  atomic	
  coordinates	
  were	
  as	
  follows:	
  S	
  
(0.368,	
  0.75,	
  0.251)	
  and	
  Cd	
  (0.112,	
  0.25,	
  0.249).	
  

Before	
  starting	
  further	
  discussion	
  on	
  the	
  energetic	
  properties	
  of	
  
CdS	
  between	
  new	
  predicted	
  P4/nmm	
   (Z	
  =	
  2)	
  and	
  P4/nmm	
   (Z	
  =	
  4),	
  
we	
   will	
   make	
   a	
   full	
   analysis	
   on	
   their	
   structural	
   features.	
   It	
   seems	
  
that	
  the	
  coordination	
  environment	
  and	
  bonding	
  of	
  Cd	
  atoms	
  and	
  S	
  
atoms	
  in	
  P4/nmm	
  (Z	
  =	
  2)	
  phase	
  are	
  relatively	
  simpler	
  than	
  those	
  in	
  
P4/nmm	
  (Z	
  =	
  4)	
  structure,	
  where	
  the	
  Cd	
  and	
  S	
  atoms	
  are	
  alternately	
  
separated.	
  As	
  can	
  be	
  seen	
  in	
  Figure	
  3a,	
  Cd	
  atoms	
  in	
  P4/nmm	
  (Z	
  =	
  2)	
  
phase	
  lie	
  at	
  the	
  same	
  planar,	
  and	
  the	
  distance	
  between	
  the	
  nearest	
  
neighbour	
   Cd	
   atoms	
   is	
   2.987	
  Å.	
   The	
   nearest	
   distance	
   between	
   Cd	
  
and	
   S	
   is	
   2.508	
   Å.	
   This	
   structure	
   consists	
   of	
   interleaving	
   stacked	
  
hexahedron	
  composed	
  of	
  Cd	
  atoms,	
  while	
  the	
  S	
  atom	
  locates	
  at	
  the	
  
centre	
   of	
   hexahedron.	
   Although	
   the	
   two	
   nearest	
   Cd-­‐S	
   atoms	
  
become	
  closer	
  in	
  P4/nmm	
  (Z	
  =	
  2),	
  there	
  is	
  still	
  no	
  covalent	
  bonding	
  
through	
   our	
   electron	
   localization	
   function	
   analysis	
   (Figure	
   S2). 
While,	
   P4/nmm	
   (Z	
   =	
   4)	
   structure	
   is	
   composed	
   of	
   non-­‐equilateral	
  
dual	
  dodecahedron	
  which	
  are	
  perpendicular	
  to	
  each	
  other	
  in	
  Figure	
  
3b;	
  the	
  shortest	
  Cd-­‐S	
  bond	
  length	
  is	
  2.597	
  Å,	
  which	
  is	
  slightly	
  longer	
  
than	
   that	
   of	
   P4/nmm	
   (Z	
   =	
   2).	
   The	
   shortest	
   Cd-­‐Cd	
   bond	
   length	
   is	
  
2.632	
  Å	
  and	
  the	
  shortest	
  S-­‐S	
  bond	
  length	
  is	
  2.709	
  Å.	
  It	
  is	
  found	
  that	
  
the	
  volume	
  of	
  the	
  P4/nmm	
  (Z	
  =	
  2)	
  phase	
  is	
  much	
  smaller	
  than	
  that	
  
of	
  P4/nmm	
   (Z	
  =	
  4)	
   structure	
  between	
  100	
  and	
  140	
  GPa.	
  Thus,	
   the	
  

denser packing makes the P4/nmm	
   (Z	
   =	
   2)	
   structure energetically 
favorable.	
   Its	
   optimized	
   lattice	
   parameters	
   of	
   the	
  P4/nmm	
   (Z	
  =	
   2)	
  
structure	
   are	
   a	
   =	
   b	
   =	
   4.07	
   Å,	
   c	
   =	
   3.03	
   Å	
   at	
   100	
   GPa.	
   The	
   atomic	
  
coordinates	
   were	
   as	
   follows:	
   S	
   (0,	
   0,	
   0.918)	
   and	
   Cd	
   (0,	
   0,	
   0.5).	
  
Intriguingly,	
  this	
  P4/nmm	
  structure	
  (Z	
  =	
  2)	
  has	
  been	
  found	
  as	
  a	
  high-­‐
pressure	
   phase	
   in	
   ZnO	
   sitting	
   in	
   between	
   NaCl	
   and	
   CsCl	
   phase	
  
distortion.34	
   However,	
   P4/nmm	
   (Z	
   =	
   4)	
   structure	
   becomes	
   more	
  
stable	
  above	
  150	
  GPa.	
  	
  

	
  	
  	
  For	
   the	
   CdSe,	
   we	
   found	
   a	
   new	
   orthorhombic	
   phase	
   (Pnma)	
  
between	
   Cmcm	
   and	
   P4/nmm	
   phases,	
   which	
   is	
   obviously	
   different	
  
from	
   that	
   of	
   ZnS	
   (Cmcm	
   →	
   P4/nmm).	
   Moreover,	
   the	
   P21/m	
  
structure	
  in	
  CdS	
  becomes	
  energetically	
  much	
  less	
  favorable	
  in	
  CdSe	
  
and	
   CdTe,	
   as	
   can	
   be	
   seen	
   from	
   Figure	
   1.	
   This	
   indicates	
   that	
   the	
  
structures	
   and	
   phase	
   transition	
   sequences	
   strongly	
   correlate	
   with	
  
the	
   chalcogens.	
   To	
   further	
   understand	
   the	
   phase	
   mechanism	
   of	
  
CdSe,	
  we	
  give	
  phonon	
  dispersive	
  curves	
  of	
  Cmcm	
  phase	
  at	
  50	
  GPa	
  
(Figure	
  2c),	
  and	
  it	
  is	
  found	
  that	
  TA	
  phonon	
  modes	
  become	
  severely	
  
softened	
   at	
   the	
   zone	
   boundary	
   Y	
   point	
   with	
   imaginary	
   phonon	
  
frequencies.	
   In	
   CdSe	
   system,	
   the	
   structural	
   phase	
   transition	
  
mechanism	
  of	
  Cmcm	
  →	
  Pnma	
  has	
  been	
  revealed	
  by	
  the	
  analysis	
  of	
  
TA	
   (Y)	
   phonon	
   softening	
   in	
   Cmcm	
   phase	
   (Figure	
   2d),	
   and	
   an	
  
orthorhombic	
  path	
  with	
  Pnma	
  symmetry	
  is	
  accordingly	
  proposed.	
  It	
  
is	
   found	
   that	
   the	
   lowest-­‐energy	
   structure	
   is	
   formed	
   when	
   the	
  
distortion	
  along	
  the	
  [100]	
  direction	
  (Figure	
  S3).	
  Figure	
  1b	
  gives	
  the	
  
thermodynamically	
   stable	
   region	
   of	
   the	
   Pnma	
   phase	
   for	
   CdSe	
   is	
  
from	
  44	
  GPa	
  to	
  72	
  GPa.	
  Its	
  optimized	
  lattice	
  parameters	
  are	
  a	
  =	
  5.00	
  
Å,	
  b	
  =	
  4.82	
  Å,	
  c	
  =	
  5.17	
  Å	
  at	
  60	
  GPa.	
  The	
  atomic	
  coordinates	
  were	
  list	
  
as	
   follows:	
   Se	
   (0.322,	
   0.75,	
   0.927)	
   and	
   Cd	
   (-­‐0.163,	
   0.75,	
   0.084).	
  
Meanwhile,	
   the	
   lattice	
   dynamics	
   calculations	
   with	
   no	
   imaginary	
  
phonon	
   frequencies	
   support	
   the	
   dynamics	
   stability	
   of	
   new	
  
unravelled	
  Pnma	
  phase	
  for	
  CdSe	
  up	
  to	
  80	
  GPa	
  (shown	
  in	
  Figure	
  2f).	
  
P4/nmm	
   phase	
   (Z	
   =	
   2)	
   shown	
   in	
  CdS	
  has	
   also	
  been	
   found	
   in	
  CdSe	
  
and	
   becomes	
   more	
   stable	
   in	
   energy	
   than	
   any	
   other	
   structures	
  
between	
   72	
   GPa	
   and	
   90	
   GPa.	
   Moreover,	
   we	
   have	
   included	
   the	
  
earlier	
   proposed	
  CsCl	
   phase	
   in	
   the	
   enthalpy	
   calculation	
   (Figure	
  1).	
  
Yet	
   its	
   apparent	
   high	
   energy	
   compared	
   to	
   those	
   of	
   the	
   predicted	
  
monoclinic	
   P21/m	
   phase,	
   an	
   orthorhombic	
   Pnma	
   and	
   P4/nmm	
  
phase	
  (Z	
  =	
  2)	
  enable	
  us	
  to	
  fairly	
  exclude	
  its	
  occurrences	
  in	
  CdS	
  and	
  
CdSe.	
  	
  

	
  	
  	
  Based	
   above	
   analysis,	
   the	
   pressure-­‐induced	
   dissociation	
   in	
   CdX	
  
was	
  observed	
  (Figure	
  1),	
  yet	
  it	
  is	
  quite	
  unexpected.	
  After	
  examining	
  
the	
  structural	
  characters	
  under	
  strong	
  compression,	
  we	
  obtained	
  a	
  
sandwich-­‐like	
   structure	
  made	
   up	
   of	
   alternate	
   Cd	
   and	
   X	
   (X	
   =	
   S,	
   Se	
  
and	
   Te)	
   atomic	
   blocks	
   (Figure	
   4).	
   This	
   peculiar	
   sandwich	
  
arrangement	
  is	
  mainly	
  favor	
  of	
  the	
  interactions	
  of	
  the	
  same	
  kind	
  of	
  
atoms.	
   The	
   direct	
   Cd-­‐X	
   bonding	
   is	
   significantly	
   frustrated.	
   This	
  
suggests	
  a	
  tendency	
  toward	
  decomposition	
  into	
  Cd	
  +	
  X	
  at	
  such	
  high	
  
pressures.	
  To	
  give	
  some	
  hints	
  for	
  experimental	
  study,	
  we	
  calculated	
  
the	
  decomposition	
  enthalpies	
  by	
  adopting	
  hcp	
  structure	
  for	
  Cd,	
  S-­‐III	
  
structure	
  for	
  S,	
  Se-­‐V	
  (β-­‐Po)	
  structure	
  for	
  Se,	
  and	
  Te-­‐V	
  (bcc)	
  structure	
  
for	
  Te,	
  respectively.	
  The	
  decomposition	
  pressures	
  have	
  been	
  found	
  
for	
  CdS	
   (129	
  GPa),	
  CdSe	
   (90	
  GPa)	
  and	
  CdTe	
   (34	
  GPa),	
   respectively,	
  
which	
   greatly	
   decreases	
   with	
   increasing	
   the	
   atomic	
   radius	
   of	
   the	
  
chalcogens.	
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Figure	
   2.	
   (Color	
   online)	
   (a)	
   The	
   phonon	
   dispersive	
   curves	
   for	
   the	
  
NaCl	
  phase	
  of	
  CdS	
  at	
  80	
  GPa.	
  (b)	
  Conventional	
  cell	
  of	
  the	
  NaCl	
  phase	
  
with	
   the	
   eigenvector	
   of	
   the	
   unstable	
   TA(X)	
   mode	
   indicated	
   by	
  
arrows.	
   The	
   arrows	
   show	
   the	
   directions	
   of	
   atomic	
   displacements.	
  

(c)	
  The	
  phonon	
  dispersive	
  curves	
  for	
  Cmcm	
  structure	
  of	
  CdSe	
  at	
  50	
  
GPa.	
  (d)	
  Conventional	
  cell	
  of	
  the	
  Cmcm	
  phase	
  with	
  the	
  eigenvector	
  
of	
   the	
  unstable	
  TA(Y)	
  mode	
   indicated	
  by	
  arrows.	
  The	
  arrows	
  show	
  
the	
  directions	
  of	
  atomic	
  displacements.	
  Phonon	
  dispersive	
  curves	
  of	
  
new	
   predicted	
   P21/m	
   (e)	
   phase	
   for	
   CdS	
   at	
   100	
   GPa	
   and	
   Pnma	
   (f)	
  
phase	
  for	
  CdSe	
  at	
  80	
  GPa.	
  

	
  	
  	
  One	
   question	
   is	
   naturally	
   raised	
   about	
   the	
   low	
   dissociation	
  
pressure	
   (34	
   GPa)	
   in	
   CdTe,	
   which	
   contradicts	
   the	
   experimentally	
  
reported	
  stability	
  of	
  Cmcm	
  phase	
  up	
  to	
  around	
  42	
  GPa.	
  About	
  this	
  
phenomenon,	
   there	
   are	
   two	
   possible	
   reasons	
   that	
   need	
   to	
   be	
  
pointed.	
   Firstly,	
  we	
  do	
  not	
   consider	
   the	
   temperature	
  effect	
   in	
  our	
  
calculations,	
   but	
   experience	
   tells	
   us	
   that	
   room	
   temperature	
   is	
   not	
  
very	
  high	
  to	
  significantly	
  modify	
  the	
  dissociation	
  pressure.	
  Secondly,	
  
we	
   propose	
   that	
   there	
   exists	
   a	
   large	
   kinetic	
   energy	
   barrier	
   for	
  
dissociation,	
   and	
  extra	
  pressure	
   is	
   added	
   to	
  overcome	
   this	
   energy	
  
barrier.	
   This	
   resembles	
   the	
   high	
   pressure	
   synthesis	
   of	
   transition	
  
metal	
   nitrides38-­‐42	
   and	
   zinc	
   chalcogenides20,33	
   from	
   the	
   elemental	
  
constituents,	
   in	
   which	
   much	
   higher	
   pressures	
   are	
   necessary	
   to	
  
promote	
   the	
   reaction.	
   Similar	
   phenomenon	
   has	
   been	
   found	
   in	
  
ZnTe.20	
  A	
  lesson	
  learned	
  from	
  the	
  knowledge	
  on	
  CdTe	
  suggests	
  that	
  
the	
   experimental	
   observation	
   of	
   the	
   dissociation	
   pressures	
   in	
   CdS	
  
and	
   CdSe	
   could	
   be	
   higher	
   than	
   the	
   results	
   predicted	
   by	
   the	
   static	
  
enthalpy	
   calculation	
   (Figure	
   1).	
   In	
   addition,	
   we	
   also	
   focus	
   on	
   the	
  
experimentally	
   observed	
   unsolved	
   phase	
   above	
   42	
  GPa	
   in	
   CdTe,22	
  
although	
   it	
   is	
   metastable	
   versus	
   the	
   dissociation.	
   Through	
   our	
  
CALYPSO	
   simulations,	
   we	
   found	
   a	
   hexagonal	
   P-­‐3m1	
   structure,	
   as	
  
can	
  be	
  seen	
  in	
  Figure	
  4a,	
  which	
  is	
  lower	
  in	
  energy	
  than	
  Cmcm	
  phase	
  
above	
  44	
  GPa.	
  Meanwhile,	
  the	
  lattice	
  dynamics	
  calculations	
  with	
  no	
  
imaginary	
   phonon	
   frequencies	
   support	
   the	
   dynamics	
   stability	
   of	
  
hexagonal	
   P-­‐3m1	
   phase	
   over	
   the	
   pressure	
   range	
   studied	
   here	
  
(Figure	
   4c).	
   However,	
   the	
   simulated	
   XRD	
   spectra	
   of	
   the	
   P-­‐3m1	
  
phase	
   are	
   obviously	
   deviated	
   from	
   the	
   experimental	
   one	
   (Figure	
  
S4).	
  The	
  search	
  for	
  this	
  structure	
  might	
  not	
  be	
  finished.	
  	
  

3.2	
  Mercury	
  chalcogenides	
  

The	
  amazing	
  similarity	
  between	
  HgX	
  (X	
  =	
  S,	
  Se	
  and	
  Te)	
  and	
  CdX	
  has	
  
been	
  observed.	
  At	
  high	
  pressure,	
  sandwich-­‐like	
  structures	
  made	
  up	
  
of	
   alternate	
   Hg	
   and	
   X	
   (X	
   =	
   S,	
   Se	
   and	
   Te)	
   atomic	
   blocks	
  were	
   also	
  
obtained,	
  which	
  indicated	
  a	
  strong	
  decomposition	
  tendency	
  into	
  Hg	
  
+	
  X	
  (X	
  =	
  S,	
  Se	
  and	
  Te).	
  However,	
  before	
  the	
  dissociation	
  of	
  HgX,	
  we	
  
have	
   successfully	
   reprodueced	
   low-­‐pressure	
   phase	
   transition	
  
sequence,	
   namely,	
   cinnabar	
   phase	
   or	
   zinc	
   blende	
   structure	
   →	
  
rocksalt	
  structure	
  (→	
  Cmcm	
  phase).	
  We	
  have	
  also	
   investigated	
  the	
  
decomposition	
   enthalpies	
   by	
   adopting	
   Hg-­‐I	
   structure	
   for	
   Hg,	
   S-­‐III	
  
structure	
   for	
   S,	
   Se-­‐I	
   structure	
   for	
   Se,	
   and	
   Te-­‐I	
   structure	
   for	
   Te,	
  
respectively.	
  It	
  is	
  worth	
  noting	
  that	
  the	
  dissociation	
  becomes	
  more	
  
favourable	
  to	
  the	
  given	
  phase	
  in	
  HgX	
  (X	
  =	
  S,	
  Se	
  and	
  Te).	
  Meanwhile,	
  
we	
   also	
   committed	
   to	
   find	
   that	
   the	
   experimentally	
   observed	
  
unsolved	
  phase	
  at	
  52	
  GPa	
  in	
  HgS.	
  A	
  metastable	
  phase	
  (space	
  group:	
  
C2/m,	
   Z	
   =	
   4)	
   for	
   HgS	
   is	
   presented	
   at	
   P	
   =	
   57	
   GPa	
   higher	
   than	
  
decomposition	
   of	
   pressure	
   (Figure	
   5a).	
   Our	
   phonon	
   calculation	
  
(Figure	
  4d)	
  has	
  confirmed	
  that	
  this	
  C2/m	
  phase	
  is	
  dynamically	
  stable	
  
with	
   the	
   absence	
   of	
   the	
   imaginary	
   phonon	
   frequency	
   up	
   to	
   100	
  
GPa.	
   Its	
  optimized	
   lattice	
  parameters	
  are	
  a	
  =	
  4.29	
  Å,	
  b	
  =	
  3.66	
  Å,	
  c	
  
=13.73	
   Å,	
   and	
   β	
   =	
   102.2°	
   at	
   80	
   GPa.	
   (Figure	
   4b)	
   The	
   atomic	
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coordinates	
   after	
   the	
   geometry	
   optimization	
   were	
   as	
   follows:	
   S1	
  
(0.327,	
  0,	
  0.049),	
  S2	
  (0.981,	
  0,	
  0.146),	
  Hg1	
  (0.607,	
  0,	
  0.278),	
  and	
  Hg2	
  
(0.204,	
   0,	
   0.427).	
   Unfortunately,	
   there	
   is	
   very	
   limited	
   diffraction	
  
information.16	
  So,	
  we	
  can	
  not	
  determine	
  that	
  whether	
  the	
  predicted	
  
C2/m	
  is	
  the	
  experimental	
  HgS-­‐III.	
  Further	
  experimental	
  information	
  
is	
  highly	
  demanded.	
  	
  

The	
   pressure-­‐induced	
   dissociations	
   for	
   cadmium	
   and	
   mercury	
  
chalcogenides	
  were	
  strongly	
  confirmed	
  by	
  our	
  enthalpy	
  calculations	
  
(Figures	
   1	
   and	
   5).	
   The	
   physical	
   mechanism	
   for	
   this	
   dissociation	
   is	
  
rather	
   complex	
   and	
   challenging.	
   Here,	
   we	
   try	
   to	
   provide	
   the	
  
possible	
   argument.	
   At	
   ambient	
   and	
   lower	
   pressure,	
   cadmium	
   and	
  
mercury	
   chalcogenides	
  are	
   fourfold	
   coordinated.	
  Their	
  s-­‐p	
   valence	
  
electrons	
   are	
   hybridized	
   and	
   form	
   s1	
   +	
   p3=	
   sp3	
   directed	
   covalent	
  
valence.	
   Because	
   of	
   electronegativity	
   difference	
   between	
   the	
  
atoms,	
   there	
   is	
   certain	
   ionic	
   bonding.	
   Under	
   strong	
   compression,	
  
the	
   above	
   structures	
   vary	
   in	
   coordination	
  number	
   from	
  4	
   to	
   8.	
  At	
  
the	
   same	
   time,	
   the	
   inter-­‐atomic	
   distances	
   become	
   much	
   shorter	
  
and	
  electron	
  bands	
  are	
   largely	
  widened.	
  Thus,	
   the	
   covalent	
  bonds	
  
are	
   destroyed	
   and	
   ionic	
   interactions	
   are	
   greatly	
  weakened	
   due	
   to	
  
the	
   highly	
   delocalized	
   valence	
   electrons.	
   When	
   pressure	
   is	
   high	
  
enough,	
  the	
  dislocation	
  into	
  elemental	
  substances	
  occurs.	
  	
  Notably,	
  
much	
   theoretical	
   effort	
   is	
   highly	
   demanded	
   to	
   understand	
   this	
  
phenomenon.	
  	
  

	
  

	
  

Figure	
  3.	
  (Color	
  online)	
  Crystal	
  structures	
  of	
  CdS	
  with	
  the	
  tetragonal	
  
symmetry	
  P4/nmm	
  (Z	
  =	
  2)	
  (a)	
  and	
  (Z	
  =	
  4)	
  (b).	
  

	
  

	
  

Figure	
   4.	
   (Color	
   online)	
   (a)	
   Predicted	
   P-­‐3m1	
   crystal	
   structure	
   of	
  
CdTe	
  at	
  60	
  GPa.	
  (b)	
  Predicted	
  C2/m	
  structure	
  of	
  HgS	
  at	
  80	
  GPa.	
  (c)	
  
Phonon	
  dispersion	
  curves	
  of	
  P-­‐3m1	
  structure	
  for	
  CdTe	
  at	
  55	
  GPa.	
  (d)	
  
Phonon	
  dispersion	
  curves	
  of	
  C2/m	
  phase	
  for	
  HgS	
  at	
  100	
  GPa.	
  	
  

4.	
  Conclusions	
  

We	
  have	
  extensively	
  investigated	
  the	
  structural	
  phase	
  transitions	
  
of	
  the	
  cadmium	
  and	
  mercury	
  chalcogenides	
  (CdX	
  and	
  HgX,	
  X	
  =	
  S,	
  Se	
  
and	
   Te)	
   under	
   pressure	
   using	
   the	
   swarm-­‐intelligence	
   based	
  
CALYPSO	
   method.	
   The	
   phase	
   transitions	
   sequence	
   for	
   cadmium	
  
chalcogenides	
   (CdX,	
   X	
   =	
   S	
   and	
   Se)	
   was	
   wurtzite	
   structure	
   or	
   zinc	
  
blende	
   structure	
  →	
   rocksalt	
   structure	
  →	
  Cmcm	
   (Pmmn,	
   P21/m	
   or	
  
Pnma)	
   phase	
  →	
   P4/nmm	
   phase	
   (Z	
   =	
   2)	
   →	
   Cd	
   +	
   X.	
   However,	
   the	
  
structural	
   phase	
   transition	
   sequence	
   of	
   mercury	
   chalcogenides	
  
(HgX,	
  X	
  =	
  S,	
  Se	
  and	
  Te)	
  is	
  cinnabar	
  phase	
  or	
  zinc	
  blende	
  structure	
  →	
  
rocksalt	
  structure	
  →	
  Cmcm	
  phase	
  →	
  Hg	
  +	
  X.	
  It	
  is	
  interesting	
  to	
  note	
  
that	
   we	
   have	
   discovered	
   an	
   intriguing	
   phenomenon	
   of	
   pressure-­‐
induced	
   dissociation	
   into	
   Cd	
   (Hg)	
   +	
   X.	
   We	
   proposed	
   that	
   a	
   large	
  
kinetic	
   barrier	
   might	
   be	
   responsible	
   for	
   the	
   predicted	
   low	
  
dissociation	
   pressure	
   in	
   CdTe	
   and	
   HgS.	
   The	
   uncovered	
   pressure-­‐
induced	
   decomposition	
   of	
   IIB-­‐VIA	
   compounds	
   has	
   important	
  
implications	
  for	
  the	
  other	
  binary	
  compounds.	
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Figure	
  5.	
   (Color	
  online)	
  Calculated	
  enthalpy	
  curves	
  versus	
  pressure	
  
for	
   the	
   various	
   HgX	
   structures	
   and	
   decomposition	
   into	
   Hg	
   +	
   X	
  
relative	
   to	
   the	
   NaCl	
   phase	
   for	
   HgS	
   or	
   Cmcm	
   phase	
   for	
   HgSe	
   and	
  
HgTe,	
  respectively.	
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Text for TOC: The high-pressure structures and phase-transition sequences of the 

cadmium and mercury chalcogenides were unambiguously determined. An intriguing 

dissociation into Cd (or Hg) + X under strong compression was observed. 
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