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Theory of Systematic Absence of NaCl-Typef-Sn—Type) High Pressure Phases
in Covalent (lonic) Semiconductors
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Recent high pressure x-ray experiments show that, contrary to traditional expectations, the NaCl
structure is not present in covalent semiconductors, and the diatBa8a structure is absent in
all compound semiconductors. We explain these systematic absences in terms of dynamical phonon
instabilities of the NaCl ang-Sn crystal structures. Covalent materials in the NaCl structure become
dynamically unstable with respect to the transverse acoustic TA[001] phonon, while ionic compounds
in the B-Sn structure exhibit phonon instabilities in the longitudinal optica]@d3 ] branch. The latter
lead to predicted new high pressure phases of octet semiconductors. [S0031-9007(98)08188-5]

PACS numbers: 61.50.Ah, 63.20.Dj, 64.60.—i

Our traditional understanding of structure and bondingure under pressure) and a systematic absence ¢f-iBe
in AVNB8~N octet semiconductors [1—-4] is based on thephase for all compounds, except the most covalent. These
time-honored notion of competition between “covalent”“absent structures” are highlighted as the shaded regions in
fourfold coordinated structures [diamond, zinc blendeFig. 2. This realization is very important, since, by inval-
(ZB)], “ionic” sixfold coordinated structures (NacCl), and idating the traditional expectation of a universal structural
“metallic” structures (diatomicB-Sn). As pressure is sequence for the octet family, it also exposes the weak-
raised, one expects [5] that all semiconductors show thaess of the standard theoretical approach (“rounding up the
sequence of ZB-» NaCl— B-Sn structural phase tran- usual suspects”) to predicting phase diagrams: these meth-
sitions. Indeed, the NaCl high pressure phase was reds work if we know in advance the configuration of the
ported in many semiconductors [6] (InP, InAs, CdSe,stable (i.e., observed) high pressure phases.

CdTe, HgSe, and GaN), as was the high pressure di- In this work we focus on thesystematic absence of
atomic B-Sn structure [6] (AISb, GaSb, InSh, GaP, InP,certain phaseqFig. 2) rather than on the properties of
InAs, and CdTe). As first-principles approaches to thepresumed phases. We note that the traditional total en-
electronic structure of solids became available [7], totakrgy vs volumeE“ (V) calculations for preselected phases
energy vs volume curves were calculated for ZB, NaCla, 8, v, ..., which are thought to be viable candidates on
and B-Sn phases of numerous compounds [8—11]. Havthe basis of the empirical tradition of the time, can pro-
ing restricted the configuration space to these phases, sudhce predicted transition pressurES/B,Pf/“/,..., de-
calculations showed, via the common tangent construdineating the domains of static stability of these phases.
tion (Fig. 1), that a ZB— NaCl— B-Sn transition se-
quence is a universal feature for most octet compounds.
This consistent body of experimental [6] and theoretical
[8—11] studies of the ZB~ NaCl — 3-Sn transitions in V B3/l B1
octet semiconductors revealed interesting chemical regu- l Veq
larities and structural systematics that came to occupy a
central role in our understanding of structure and bonding
[1-4] in this important class of materials.

The recent advent of angle-dispersive x-ray diffraction
techniques through the high pressure diamond anvil cells
[12,13] has surprisingly revealed that all previous assign-
ments of theB-Sn structure to compound semiconductors
are incorrect [14] and so are many of the assigned NaCl
structures [15]. In Fig. 2 we have collected and system- T T T
atized all of the observed data on the sequence of high pres-
sure phases of alV B¥~" octet compounds in increasing ZnO, InP  GaSb, GaP, InSb, -\/B1
order of pressure (from left to right) and decreasing order GaAs, AIP AlAs " du
of io'nicity [16] (f(om top to k_)ottom). The surprising re- g 1. Equations of state for the zinc blende and NacCl
sultis that there is aystematic absenad# the NaCl phase  structures, showing the equilibrium volumes of zinc blende
for all covalent compounds below a critical ionicity value (V5’), NaCl (&), and the ZB— NaCl transition volume
(e.g., Gasb, InSb, AlAs, GaAs, and GaP do not have ay/*"y  Arrows show the regions where the T8-phonon
stable NaCl phase, but InAs, InP, and ZnO adopt this struanode of NaCl becomes dynamically unstable (du).
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Com | & [ZB] Wur- [ C222, | Cinn- [ NaCi| Cmam [BSn[mma,]  rows the volume/2! at which the high pressui®l phase
pound fzite abar fmm2 becomes dynamically unstable (du). Thasspecific dy-
HgO n/a + + [P T . . .

Has | wa - " namic mstabl_llty provides a natural demarcatu_)n Im_e for
CdO | na + the systematic absence of the NaCl phas¥e identify
Zn0 | na + + from the unstable phonon eigenvectors the “structural mo-
e L * tif” that is dynamically stabilized and obtain the identity
GaN_ | 0.780 + + of the dynamically stable high pressure phase. We sug-
CdS | wa f+] + + gest that the ubiquitous presence of the recently discovered
o e 5 — Cmem phase [15] in the [1I-V compounds is caused by this
ZnSe | 0597 | + + + universal instability of the TAX) mode in the NaCl struc-

InP__| 0.506 | + + |+ ture. Similarly, the diatomig3-Sn structure of the ionic
T B v e B compound semicondutors has phonon instabilities in the
CdTe | nwa |+ Y |+ | + longitudinal optical (LO) branch along tfe0¢] direction,

HgSe | na |+ + + + + which lead to distorted structures with considerably lower
ane Lo | * * energies than the diatomjg-Sn structure. This family of
AlAs | 0375 | + structures is offered as a prediction and is yet to be identi-
GaP | 0371 § + + fied experimentally.

e e * * ) (i) Dynamical instability of the NaCl structure and the

nSb 0294 | + + + .

AlSb | 0230 | + + emergence of Cmcm-We determine (Table I) the re-
GaSb ] 0.169 | + + spective equilibrium volumes of each phagg, as well

Ge 0 + + + "

Si T P — as the transition volumeg®/# and pressure®®/# (see

Sn 0|+ + their definitions in Fig. 1). From the phonon dispersion

curves of GaP in the NaCl structure (shown in Fig. 3),

FIG. 2. Observed [6,15] high pressure structures of semicon- e
ductor compounds. Increasing pressure corresponds to goi“’g‘ﬁe see that at the equilibrium volume of the NaCl struc-

from left to right. “+” indicates that the corresponding phase ture, Velf_ll, all phonon modes are stable;(> O)_- With
has been observed, andt|” mark the cases where some doubt increasing pressure (decreasiviy the frequencies of the
exists about the identity of the phase. The dots indicate theptical modes increase sharply, while the frequencies of

systematic absence of phaseg.is the ionicity scale defined in 1o TA branch along£00] decrease. This decrease im-

Ref. [16]. . . LS ;
e. [18] plies negative Griineisen parameters= Spv: < 0 of

i _the TAL£00] modes in the NaCl structure at all pressures.
However, this approach may have some shortcomlngsAt the transition volumar®*®! from the zinc blende to
() It may miss unsuspected, yet more stable structureﬁ1e NaCl phase (Table It) the frequency of this branch
and/or (i) result in theoretically predicted transitions that S becon?e ‘macinary at ,the zoneqbouni/i!a oint [see
are unphysical because the predicted phases could be @F . ginary . haery
namically unstable. In either case, stafi€¢(V) calcula- ig. 3(b)]. S|gna}llng a structural |n§tab|l|ty of the NaCl
. ! phase. Inspection of the phonon eigenvectors shows that

tions do not contain any “feedback information” telling us ;. ; :
whether case (i) or (ii) has occurred and how to search fowIs m_ode mvolveg alternate shuffles of (1.00) plqnes in the
the physical phase direction perpendicular tp100], as shown in the inset of

We have first carried out traditional local density ap-
proximation (LDA) pseudopotential [7] calculations of TABLE I. Normalized equilibrium volumes of the NaCB()
E“(V) for many semiconductors, spanning a broad rang@nd g-Sn @5) structures, along with the transition pressures
of ionicities [16]. We studied the standard zinc blendep/# («har) and normalized transition volumés’? between
(B3), NaCl (B1), and diatomig3-Sn (AS) structures; inour phasesy and 8. “n/a” denotes that the corresponding transi-
approach, this initial set of structures need not contain th@on does not occur for the investigated range of posWéB i
most stable high pressure forms. We then perform phonoAll volumes are given as fractions of the equilibrium volumes
dispersion calculations for the high pressure phases usirfyj the respective zinc blende phases.
the first-principles LDA linear response approach [17,18]. ve pe/b Vel
We find that for covalent compounds (GaAs, InSb, GaSbcompound| B 45 | B3/B1I B3/A5 BI1/AS | B3/B1 B3/A5 BI/AS
GaP, and AlAs) the transverse acoustic (TA) zone bound;_J

0.826 nl/a 7.3 43.7 nfa | 0.795 0.659 n/a

ary X-point phonon moderax) of the NaCl structure be- | o 0799 0783 54 97 450! 0750 0714 0592
comes dynamically unstableg,y, < 0) atavolumeVs  ap 0783 na| 92 181 157 | 0729 0684 0451
that precedes the ZB» NaCl transition volume&/53/5! so  aias 0.788 0790 7.9 142 82 | 0736 0701 0.498
the NaCl structure cannot materializeTat= 0 K in these ~ ©aP 0820 0792 168 169 171 0725 0698 0697
Compounds. Yet, for “ionic” Compounds (AIP, |nP, and GaAs 0.821 0.800, 12.4 11.7 6.5| 0.739 0.720 0.772

InSb 0.796 0.776] 2.1 1.6 nfa | 0.771  0.756 n/a

ZnO) the instability sets in after thB3 — B1 transition
GaSh

pressure, so the NaCl structure can be stable over some

pressure range. The bottom part of Fig. 1 shows via ar.

768

0.815 0.806| 5.2 4.7 nfa | 0.764 0.759 n/a
0.796 0.755] 12.6 7.7 nfa | 0.723 0.713 n/a
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FIG. 3. Phonon dispersion of GaP in the NaCl structure (aFIG. 4. Total energy of GaP as a function of the atomic
at the equilibrium volumeV = V2, and (b) at the ZB~  displacements of the unstable phonon modes in (a) NaCl and
(b) diatomic3-Sn structures. Insets show the structural motifs

NaCl transition volumeV = me/m. Since GaP in the NaCl \ h
involved in these modes.

structure is metallic, there is no L/O splitting at the zone
center. The unstable T&00] phonon branch is marked by a
bold line.

For a shear-type T&) mode [Fig. 4(a)], the third term

nishes. Thus, the TX) mode lowers the repulsive
ergy (the first term, contributing tgrax) < 0) and
raisesthe Madelung energy (the second term, contributing
Ytax) > 0). Since the repulsive term increases upon

Fig. 4(a). The stable high pressure phase can be identifie\éi
by searching for the global energy minimum in the sub-
space spanned by the eigenvectors of the unstable mo

and Fhe additional degrees of freedgm (e.g., the strain ter?i’ecreasinge much faster than the Madelung term, it leads
sor) induced by the symmetry lowering due to the unstablt?0 yra < 0, which, for sufficient compression, causes

mode [19]. The total energy curve in Fig. 4(a) shows_ STy . o
that the lowest energy is achieved for a finite shuffle?" instabilityrrs ) < 0. The more ionic thg material is
(largerZ?), the larger the volume compression needed to

of (100) planes along th€001) direction. This distor- - . ; .
tion, coupled with an orthorombic strain, transforms theaChIeve a dominance of the repulsive potential and, thus,

NacCl structure into the lower symmet@mcm structure an unstable mode.

g . ii) Instabilities in the B-Sn structure—The I'-point
[20,21]. Although the energy lowering in Fig. 4 is only (i . ;
a few meV/atom, it clearly demonstrates that NaCl and LO phonon of8-Sn has often been studied [22,23] in con-

B-Sn are nofT’ = 0 K ground states. Further optimiza- nection with the structural transition to the simple hexago-

tion with respect to the remaining degrees of freedom (aQal phase in Si and Ge. Figure 5 shows our calculated

; : . ; honon dispersion curves along the tetragenrakis[00¢ ]
?eonnseolpnl?ee\;sétgzn(zél]) increases this energy gain to a fevgirection for compounds in th@-Sn structure. We find no

The existence of a negative T&) mode Griineisen evidence that thé&'-point LO-phonon mode ever becomes

parameter is a generic feature of the NaCl structureunStable in the compound semiconductors. Instead, we

This can be seen qualitatively by noting that the phonor{inga(\)r;ron%ynhced a}glomaliltin the %(éﬂ))f] bran_ch a_roqn_(?:
properties are dominated by the competition between th§ ~ 9.5, which rapidly Softens wilh increasing lonicity
attractive electrostatic Madelung energyz?/R (where going from Si to InP) and reaches imaginary frequencies

Z is the excess charge within the atomic sphere) anzlOr GaAs, GaP, anq InP. Elgurg S shoyvs that this anom-
the repulsive short-range energyl/R" (n > 1), acting aly is present even in metallic white tin (in excellent agree-

between the nearest neighbors separated by distRnce ment V.Vith the neutron sc:_;lttering data of_Rowe [24], shown
For this generic potential, the force constant is as solid symbols, and with the calculations of Ref. [25]).

5 Therefore, in analogy with the TiX) mode in the NaCl
By = nA Z" s 5= A RaRp structure, we characterize the [@¢&]-phonon anomaly

—0ap — T3 . LR oo Ok
Rrt2 OB T RS R> as an incipient instability intrinsic to th8-Sn structure.
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Phonon dispersion in the  [-Sn structure

150

150

<M /./\/\/\ —/_/_/_/
Sn 301 si InSb
100 ¢ ™ 100
200
~
. 50 50
5 100
>
(8]
c
g o 0 oV
g 0F ~op 500 [ 1o
= GaAs GaP InP
g20f —— I ]
E 300 F -
0 100
150
0 0
Vo rw V v
-100
L -150 250

M m M
Phonon wave vector [00g] (in units of 21va)

FIG. 5. Phonon dispersion of compounds in the diatomic

B-Sn structure.
symmetry.

L@TO splitting at " is due to tetragonal
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