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ments of the b-Sn structure to compound semiconductors are incorrect [19] and so are
many of the assigned NaCl structures [20]. The CsCl structure has been proposed theo-
retically [13, 15, 21, 22] for GaP, GaAs, InP, InAs, and InSb but was seen experimen-
tally [9, 10, 23] only for GaSb, InSb, and HgTe. In Fig. 2 we have collected and system-





(iii) CsCl phase: The CsCl structure of the more ionic compound semiconductors
(GaP, GaAs, InP, and InAs) has phonon instabilities in the TA modes along the
k ¼ ½xx0� direction. From symmetry analysis of the soft phonon modes we propose two
high-pressure structures that replace the CsCl phase in the high-pressure phase dia-



are not T ¼ 0 K ground states. Further
optimization with respect to the remaining
degrees of freedom (as done in Refs. [22,
29]) dramatically enhances this energy gain,
increasing it to a few tens of meV/atom.
Therefore, the NaCl structure cannot

exist in GaP at ambient temperatures
since it becomes dynamically unstable be-
fore the ZB ! NaCl transition. The situa-
tion is similar in the other partially cova-

lent compounds GaSb, InSb, AlAs, which all exhibit the TA(X) instability already at
the equilibrium volume of the NaCl structure (Fig. 1). In contrast, the more ionic com-
pounds AlP, InP and ZnO all have a region of stability for the NaCl phase, since the
TA(X) instability sets in only after the ZB ! NaCl transition pressure (Fig. 1). There-
fore, the ‘‘systematic absence” illustrated in Fig. 2 is naturally explained by the TA(X)
phonon instability.

Instabilities in the b-Sn structure The G-
point LO-phonon of b-Sn has often been
studied [30–32] in connection with the
structural transition to the simple hexa-
gonal phase in Si and Ge. Figure 5 shows
our calculated phonon dispersion curves
along the tetragonal c-axis ½00x� direction
for compounds in the b-Sn structure. We
find no evidence that the G-point LO-pho-
non mode ever becomes unstable in the
compound semiconductors. Instead, we find
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Fig. 3. Phonon dispersion of GaP in the NaCl
structure a) at the equilibrium volume V ¼ VB1

eq ,
and b) at the ZB ! NaCl transition volume
V ¼ VB3=B1

t . Since GaP in the NaCl structure is
metallic, there is no LO/TO splitting at the zone
center. The unstable TA½x00� phonon branch is
marked by a bold line

Fig. 4. Total energy of GaP as a function of the
atomic displacements of the unstable phonon
modes in a) NaCl and b) diatomic b-Sn struc-
tures. Insets show the structural motifs involved
in these modes



a pronounced anomaly in the
LO½00x� branch around x � 0:5 that
rapidly softens with increasing ioni-
city (going from Si to InP) and
eventually reaches imaginary fre-
quencies for GaAs, GaP, and InP.
Figure 5 shows that this anomaly is
present even in metallic white tin
(in excellent agreement with the
neutron scattering data of Rowe
[33], shown as solid symbols, and
with the calculations of Ref. [34]).
Therefore, in analogy with the
TA(X) mode in the NaCl structure,

we characterize the LO½00x�-phonon anomaly in the b-Sn structure as an incipient in-
stability intrinsic to the b-Sn structure. In contrast to the real space explanation given
for the NaCl TA(X) anomaly, the b-Sn instability is explained by reciprocal space argu-
ments: It is caused by the shape of the Fermi surface, which has nesting wave vectors
along the ½00x� direction [33]. The unstable LO½00x� modes have positive Grüneisen
parameters, and should eventually stabilize with increasing pressure. To illustrate the
type of stable superstructures that are derived from b-Sn via this instability, the inset of
Fig. 4b depicts the structural motif involved in this eigenmode at x ¼ 1

2, showing the
dimerization of cation chains along the tetragonal axis. As Fig‘DFP”CGPTGBBCB5aii,BDTDT?(rGwDNLgGP‘D‘rietT”GC”rtheXNLTICGrotnalXNIOBCFene-X]T/(Tx([megbyXNFOFCGrofXNF”‘COGraPXNFOFBIrsupexcelPXNF”ICOvwDNLgB”r.XNITGC”rtheXFFTBCGampiliudce of the LO p00
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Table 2), while for M�
5 , there are seven such sets (the seventh to thirteenth rows (1–7)

in Table 2).
M�

2 mode and the B10 crystal structure: Figure 7c gives the crystal structure that will
result from one of the highest symmetry members of the unstable M�

2 mode. The new
structure has P4/nmm symmetry. This is the tP4, InBi-type [38] structure (B10) derived by
a soft M�

2 mode. In this structure two In atoms are in one (100) plane, and two P atoms
are at two different (100) planes, separated by ð1� 2zÞ c=a, where z is a dimensionless
cell-internal parameter. In the undistorted B2 structure (Fig. 7b) each anion has four
nearest neighbor cations on each side of the shaded (001) plane. In the distorted tP4
structure (Fig. 7c) the anions are displaced in the ½001� direction (see arrows) so that now
each anion has four nearest neighbor cations at distance Rð1Þ

In�X ¼ a½ððc=aÞ zÞ2 þ 1
4 �

1=2

forming a square to one side of the (001) plane, and four additional next nearest neigh-
bors at a distance Rð2Þ

In�X ¼ a½ðc=að1� zÞÞ2 þ 1
4 �

1=2



sidered as a distorted diatomic hcp structure. The B2 structure transforms into this struc-
ture when (i) the hexagonal B2 faces (the ð110Þ plane shown as top view at the bottom of
Fig. 8) become regular hexagons and (ii) the second (110) layers of atoms are placed at
the center of the triangles. That is, the b=a ratio becomes 1=

ffiffiffi

3
p

rather than 1=
ffiffiffi

2
p

in the B2
structure and the atoms in alternate (110) planes shift by

ffiffiffi

3
p

=6abcc in ½1�110� direction as
shown with arrows, making it an ideal hcp stacking as shown in Fig. 8c. In practice, due to
orthorhombic symmetry, in general b=a 6¼ 1=

ffiffiffi

3
p

and the shift d 6¼
ffiffiffi

3
p

=6abcc.
Having identified, via a symmetry analysis of the B2 soft modes, B10 and B19 as

candidate structures that can replace the B2 structure (Figs. 7c and 8c), we now compute
the static total energies of InP in these structures, relaxing the cell-internal and cell-
external structural parameters allowed by symmetry. We find that both the B10 and the
B19 phases are lower in energy than the B2 phase at the volumes where the B2 is
expected to be stable according to hydrostatic calculations alone (Fig. 1). Near the tran-
sition pressure into the B2 phase, B10 is the lowest energy phase. At V=V0 ¼ 0:50, the
total energy of the B10 phase is lower than that of the B2 phase by 29 meV and B19 is
lower by 1 meV. As the pressure is raised further, B19 becomes the lowest energy
structure. At V=V0 ¼ 0:42, the total energy differences are �73 meV between B10 and
B2 and �92 meV between B19 and B2.
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Tab l e 2
Isotropy subgroups of the parent CsCl structure (Pm�33m;O1

h) that correspond to the M�
2

and M�
5 order parameters. Atomic positions are given in terms of Wyckoff notation. In

parentheses we give the pages in Ref. [37] where the positions are given. The maximal
symmetry isotropy subgroups are the first three rows (1–3) for M�

2 , and the first seven
rows (1–7) for M�

5

subgroup basis vectors atomic positions
(page no.)

structure
type

example

Irrep ¼ TA1ðM�
2 Þ

(1) P4/nmm(D7
4h) ð1; 1; 0Þ; ð�11; 1; 0Þ; ð0; 0; 1Þ 2a; 2c (439) tP4 (B10) InBi, BaO,

PbO, FeS
(2) I4/mcm(D18

4hÞ ð0; 0; 2Þ; ð2; 0; 0Þ; ð0; 2; 0Þ 8g; 8h (471) tI16
(3) I�443m(T3

d) ð2; 0; 0Þ; ð0; 2; 0Þ; ð0; 0; 2Þ 2a; 6b; 8c (653) cI16 S4Tl3V
(4) Ibam(D26

2h) ð0; 0; 2Þ; ð2; 0; 0Þ; ð0; 2; 0Þ 4a; 4b; 8j (317) oI16
(5) I�442m(D11

2d) ð0; 0; 2Þ; ð2; 0; 0Þ; ð0; 2; 0Þ 2a; 2b; 4c; 8i (417) tI16
(6) I222(D8

2) ð2; 0; 0Þ; ð0; 2; 0Þ; ð0; 0; 2Þ 2a; 2b; 2c; 2d; 8k (205) oI16

Irrep ¼ TA2ðM�
5 Þ

(1) Pmma(D5
2h) ð1; 0; �11Þ; ð0; 1; 0Þ; ð1; 0; 1Þ




