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Instability of the high-pressure CsCI structure in most IlI-V semiconductors
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Using the density-functional linear response method, we study dynamical instabilities of the high-pressure
CsCl phase in 1lI-V semiconductors. For InSb, we find no phonon instability that could prevent the CsCl phase
from forming, consistent with the experimental observation. In contrast, for the more ionic GaP, GaAs, InP,
and InAs, we find that, while statically stable, the CsClI phase is dynamically unstable at high pressures with
respect to transverse-acousti€é0] phonons. Analysis of the soft normal modes via “isotropy subgroup”
suggests two candidate structures that will replace CsCl structure at high pressure:(8&®RABI type and
the oP4(B19) AuCd type. Experimental examination of these predictions is called for.
[S0163-182699)50836-9

The classic thinking on the phase stability of covalentand experimentalf{#~**for GaSb, InSb, and HgTe. We dem-
zinc-blende semiconductors suggésighat as pressure is onstrate here that) while standard static calculatiore.g.,
applied these phases transform into crystal structures th&ig. 1) show that this phase is universally stable at high
exist at zero pressure in more ionk"BE~" octet com-  pressures for many lI-V compound§i) dynamic phonon
pounds. Thus, as pressure is increased, zinc-blende IlI-galculations for the CsCl structure show that this phase has
semiconductors are expected to transform into the Nagphonon instabilities that prevent its formation for GaP,
structure or the CsCl structure. This expectation has guide®aAs, InP, and InAs(iii) From symmetry analysis of the
many theoretical calculatiofidthat have searched and found Soft phonon modes we propose two high-pressure structures
the zinc-blende—NaCl — 8-Sn— CsCl transition sequence. that replace the CsCl phase in the high-pressure phase dia-
These calculations have used the “standard methodology,grams of IlI-V semiconductorsi) the oP4(AuCd structure-
of first guessing a few candidate high-pressure phases, théy€) with space grouf®mma and (ii) the tP4(InBi struc-
computing their total energies vs volume, from which theture type with space groug?4/nmm
enthalpiesH=E—PV and the transition pressuré% be- Initial inquiries into potential instabilities of a presumed
tween phases and 8 are obtained vidd,=H . Figure 1 phase(e.g., CsCOl can be conducted via static total-energy
illustrates the results of such static total-energy calculation§alculations examining the response to unit-cell and
performed within the pseudopotentia| framev\ﬁjﬁ(‘for InP frozen-in phonon distortions that have been found to be un-
and InSb, showing the predicted sequence of phases. Whilestable in similar system@.g., bcc metals For instance, Fig.
was first believed, to the best of our knowledge, that suct2(@ shows the total energy of InP for deformations carrying
calculation® agreed with experiments, recent advent ofthe bcc-based B2CsC) structure into the hcp-based B19
high-pressure angle-dispersive x-ray diffraction technigues(AuCd) structure via a tetragonal elastic shear in {Be1]
has revealed that the previous assignments of the NaCl strugirection, followed by a shuffle of CsQL10) planes along
ture to 1lI-V compounds other than InP, InAs, and nitrides

were incorrect® Instead, the observed high-pressure phases Pressure (Gpa)

exhibit fundamentally new structures, with larger unit cells o B 4 % ® w § 2.2 N 59
and lower symmetries than simple text-book structures suchg 02 StaticStability  [inp]{  fStatio Stability  [insb) 02
as NaCl orB-Sn. While these new structures were later con- 3 oo : 0.0
firmed via total-energy calculationgthat used the observed 8 ,!fq e By 102
structures as input these experimental discovertBsex- g N Q o

posed a weakness in our current theoretical approach for pre-
dicting high-pressure phases by guessing the candidate struc.~-g.g0

1 -10.99

tures at the outset. Indeed, this method of “rounding up the g E
usual suspects” has serious shortcomin@s:it may miss goy

unsuspected, yet more stable structures, an@/oresult in Bos | e
theoretically predicted transitions that are unphysical be- g % e B-Sh {1105
cause the predicted phases could be dynamically unstable™ .G as os  eo 050 1o oo o or on o5
Recentdynamicphonon calculations explainEdthe system- Normalized Volume VIV,

atic absenceof the high-pressure NaCl phase of covalent
semiconductors in terms of a generic honon insta-
9 -DQ(D blende(ZB), NaCl, 8-Sn, and CsCl structures. Top curves: the enthalpies

blllty overlopked by static Calcu.lfatlons' . — PV, showing the transition pressures as a crossing between two enthalpy
Here we investigate the Stab'“ty of the hlgh-pressure CsC ines. Bottom curves: total energies vs volurig.is the calculated equilib-

phase of octet ”le semiconductors. This structure has beefum volume for the zinc-blende structure. The bold lines in Ees V
proposed theoretlcaﬁ)? for GaP, GaAs, InP, InAs, and InSb curves denote volume ranges where static stability is predicted.

FIG. 1. Static stability curves for InP and InSb in the assumed zinc-
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FIG. 2. Total-energy change due to distortions of the(B&C) struc- FIG. 3. Phonon-dispersion curves in the B2 structuréaptnP and(b)

ture of InP.(a) The B2-B19 path.«=0 for the undistorted B2 structure InSb at a few normalized volume&'V,. Imaginary phonon frequencies are
anda=1 whenc/a= /2/3 and the shift of planed= \/§/6abcc. (See texi. shown as negative.

b) The B2—L1, path. . . .
(b) The opa non dispersion curves for InP and InSb in the B2 structure at

_ ) _ ) volumes where, according to the static total-energy calcula-
[110]. We see that such distortions result in a lower energytion shown in Fig. 1, this structure is stable. We find that in

phase when the volum¥/V, (whereV, is the theoretical |np two transverse-acousti€TA) modes along thek
equilibrium volume in zinc-blende phagas smaller than —[£¢£0] direction are unstablef<0). The degree of insta-
about 0.42. This is still in the volume regime where staticb“ity [as measured by the magnitude ef,2(k)] is most
calculations of the type shown in Fig. 1 predict a stable CsClayere at the zone boundaky point corresponding tck
phase. Figure ®) shows the total-energy changes due t0=(1/2,1/2,0). Thesymmetry group of this wave vector is
tetragonalc/a distortions, carrying the B2CSC) structure  gmmm and the allowed irreducible representations are
(cubic symmetry to the L1y (CuAu) structure (tetragonal M, , M, and 2M: . These include two degenerate acous-
symmetry. We see that here too the B2 structure is unStabl?iczrﬁodgs' Vo) ansd two degenerate optic moddd ), in

in the volume rangé&//Vo=0.40-0.55. As the volume is addition to a nondegenerate acoustic modié, § and an

decreased below//Vo=0.45, a second minimum around optic modé® (M3). From an inspection of the eigenvectors
c/a=1.7 appears. The shear moduldg=(C;— C,,)/2 of 37"
bp uldg=(Ca;— C1o) f the unstable mode, we find that they belong to the

the CsCl structure, given by the curvature of the total energ _ - X ,
aroundc/a=1 in Fig.2b), becomes soft wheN/V, is be- A1(M;) and TA(Ms) representations. Repeating the
low 045. The velocity of a[TlO]— olarized shear wave phonon dispersion calculations over a range of unit-cell vol-
T y L LLYI-polart: 5 _ umes where the B2 phase is statically stalblig. 1), shows
propagating along thp110] direction is given® by Vo that for InP, the TA(M,) mode is unstable below a pres-
=[(C1;— C12)/2p]*? wherep is the mass density. Thus, the : 2 P

softening of the shear modulus indicates a correspondin ure of 100 GPa\(/V,=0.50), while the TA(Ms) mode
softening of acoustic phonon mode along fha0] direction ~ PECOMes_unstable above a pressure of 160 G/

. . . . L =0.44). For InAs, the two pressures are 57 GRE\,
with atomic .dlsplacements polanlzed.ln the10] direction. ~0.55) and 135 GPaW/\V,=0.45), while InSb shows none
Results similar to those shown in Fig. 2 for InP were ob-

; S SO of these anomalies in the pressure range where the B2 phase
tained for InAs showing its instability in the B2 structure. is statically stable. Thus, our phonon calculation predicts that

However, for InSh, the B2 structure was stable with respeckhe B2 phase will not occur in InP, GaP, GaAs, and InAs, but
to both distortions. it could occur in InSb.

We thus see that even though static total-energy calcula- We next describe how the “isotropy subgroup” analysis

tions of hydrostatic compression suggest the stability of th%an be used to narrow down the range of structures that will

assumed B2 structure .Of InP and InAs in some volume r"’“.1gereplau:e the phonon-unstable B2 structure. The eigenfuctions
nonhydrostatic strairfFig. 2) clearly demonstrates that this for the soft modes TAM;) and TA(M;) are depicted in
2 5

phase is unstable in these volume ranges. While calculatio 9. 4a) and Fig. a), respectively. We see that the

such as those illustrated in Fig. 2 can demonstrate that Z . . S .
postulated phaséhere, B3 is not a viable candidate for 1A1(M2) modeis polarized along ttj@01] direction, while

equilibrium, such methods do not show a systematic way othe TAx(Ms) mode displacements are in th&10] direc-
finding potential instabilities and do not point to the phasetion. Having identified the symmetries T8M,) and
that replaces the unstable one. To address these two issuB&,(Mg) of soft modes, we consider the corresponding
we take the following coursda) calculate the phonon spec- modes as order parameters in a pressure-induced phase tran-
trum of thepostulated phasesearching for specific unstable sition that can be described by the Landau expansion of the
vibrational modes(b) use group theoretical analysi§sot- enthalpy function. During a second-order phase transition
ropy subgroups,” see belowo identify the possible lower where the original symmetry is lowered by a continuous
symmetry phases, and th€o) perform static total-energy structural distortion, the new symmetry must leave the dis-
calculations to optimize the structure predicted from the softortion invariant. Thus, there is a group/subgroup relation
modes. between the undeformed/deformed phases. Such a subgroup
The phonon dispersion is calculatédising the density- is called an “isotropy subgroup® The allowed isotropy
functional linear response methboFigure 3 shows the pho- subgroups for each space group and for given order param-
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| |
(@) TA, (M;) mode (b) B2 (CsC) | (c) B10 (InBi)

(001)

FIG. 4. (Color) TA; (M) derived structure from
the B2 (CsC) starting point:(a) The phonon eigen-
mode.(b) The undistorted B2 structure. Arrows denote
displacements of anionged leading to(c) the B10
structure.

eter irreducible representations are compiled by Stokes and (ii) M ; mode and the B19 crystal structurBigure 5c)
Hatch:® There are 6 isotropy subgroups fr, and 26 sub-  gives the B19 crystal structure derived from tig mode.
groups forMg . Using the isotropy subgroup tabfejt is  This orthorhombic structure hammasymmetry and can
easy to identify the structure type for each cébable ). For  be considered as a distorted diatomic hcp structure. The B2
the sake of simplicity, we now confine ourselves to thosestructure transforms into this structure whighthe hexago-
subgroups called “maximal isotropy subgroup¥.”For  na| B2 facedthe (110) plane shown as top view at the bot-
M; , there are threffirst three rowg1-3) in Table [}, while  tom of Fig. 5 become regular hexagons afgl the second
for M5 , there are seven such sgtse seventh to thirteenth (110) layer of atoms are placed at the center of the triangles.
rows (1-7) in Table I]. That is, theb/a ratio becomes 1/3 rather than /2 in the

() M, mode and the B10 crystal structurgigure 4c) B2 structure and the atoms in alterndfel0) planes shifts
gives the crystal structure that will result from one of the 3163, in the[ 1?0] direction as shown with arrows, mak-
highest symmetry members of the unstablg mode. The ing it an ideal hcp stacking as shown in Figc In practice,
new structure hasP4/nmm symmetry. This is the tP4, g6 to orthorhombic symmetry, in generbfa=1/\/3 and
InBi-type™ structure(B10) derived by a sofM, mode. N iq shift 5+ J3/62p..
this structure two In atoms are in of®00 plane, and two P Haying identified, via a symmetry analysis of the B2 soft
atoms are at two differentl00 planes, separated by (1 modes, B10 and B19 as candidate structures that can replace
—2z)cla, wherezis a dimensionless cell-internal parameter.he B2 stucturdFigs. 4c) and 5c)], we now compute the
In the undistorted B2 structuf€ig. 4(b)] each aniorishown  giatic total energies of InP in these structures, relaxing the
in red) has four nearest-neighbor catidisfiown in greenon  cejl-internal and cell-external structural parameters allowed
each side of the shade@01) plane. In the distorted tP4 py symmetry. We find that both the B10 and the B19 phases
structure[Fig. 4(c)], the anions are displaced in th601]  are lower in energy than the B2 phase at the volumes where
direction(see blue arrowsso that now each anion has four the B2 is expected to be stable according to hydrostatic cal-
nearest-neighbor cations at a distaiRig) y=a{[(c/a)z]*  culations alondFig. 1). Near the transition pressure into the
+1/4'2forming a square to one side of tf@01) plane, and B2 phase, B10 is the lowest energy phaseVAY,=0.50,
four additional next nearest neighbors at a distaR{2 x  the total energy of the B10 phase is lower than that of the B2
=a{[(c/a)(1-2)]?+1/4Y2 Whenz—1/2 andc/a—1/\2  phase by 29 meV and B19 is lower by 1 meV. As the pres-
thenR(Y , =R(? thus restoring the eightfold coordinated sure is raised further, B19 becomes the lowest energy struc-
B2 structure. ture. At V/V,=0.42, the total-energy differences arer3

||{a1 TA, (M) modelll  [(b) B2 (CsCl) (c) B19 (AuCd)

FIG. 5. (Colon) TA;(Mg) derived structure from
the B2 (CsC) starting point:(a) The phonon eigen-
mode.(b) The undistorted B2 structure. Arrows denote
the displacement of atoms on alternatifigd0 planes
leading to(c) the B19 structure.
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TABLE I. Isotropy subgroups of the parent CsCl structUPeT(:’m;Oﬁ) that corresponds to tHd, andMg order parameters. Atomic positions are given
in terms of Wyckoff notation. In parentheses we give the pages in Ref. 20 where the positions are given. The maximal symmetry isotropy subgroups are the
first three rows1-3) for M, , and the first seven rowd-7) for M5 .

Subgroup Basis vectors Atomic positioffage no. Structure type Example

Irrep=TA (M)

(1) P4inmm(D},) (1,10),(1,1,0),(0,0,1) 2a;2c (439 tP4 (B10) InBi, BaO, PbO, FeS

2 l4/mem(D32 (0,0,2,(2,0,0),0,2,0) &;8h (471) t116

3) IZSm(Tg) (2,0,0,(0,2,0),0,0,2) 22;6b;8c (653 cl1l6 S,TIzV

(4) Ibam(D3S (0,0,2,(2,0,0),0,2,0) 4a;4b;8j (317 ol16

(5 142m(D2} (0,0,2,(2,0,0),0,2,0) 2a;2b;4c;8i (417) 1116

(6) 1222(D%) (2,0,0,(0,2,0),0,0,2) 2a;2b;2c;2d;8k (205 ol16
Irrep = TA,(Mg)

(1) PmmaD3,) (1,0,1),(0,1,0,(1,0,1) 2e;2f (265 oP4(B19) AuCd, CdMg, Irw, NbPt

2 Cmmn{D3 (0,0,2,(2,0,0),0,1,0) h:4i (295 oC8

3 R3m(C3,) (2,2,0),(0,22),(1,1,1) 3a;9b;3a;9b (519 hR8

(4) R32(D?) (2,2,0),(0,22),(1,1,1) 3a;9d;3b;9e (507 hR8

(5) l4/mmmn(D3/ (0,2,0,(0,0,2),@,0,0) 4d;4e;8h (469 t116 AgsinLa,

(6) l4/mmm(D3] (2,0,0,(0,2,0),0,0,2) 4d;4e;8h (469 t116 AgsinLa,

W) 12,3(T) (2,0,0,(0,2,0),0,0,2) &;8a (603 cl16 CoU

(8-26)

P2/m(C3.), Imma(D3¥), Immm(D3), Immm(D3}), C2/m(C3,), Fmm2(C38), Fmn2(C3%), R3(C3), C2/m(C3,)
C2/m(C3,), Cm(CY), C2(C)), 12,2,24(D3), Imm2(C30), P1(C}), C2(CJ), Cm(CY), Cm(CY), P1(C})

meV between B10 and B2 and92 meV between B19 and stability, which is consistent with experimental observation

B2.

tures while other structural modifications are possfble

of the B2(or disordered bgcphase'® Experimental searches
In conclusion, we found that the CsCl structure is dynami-for the proposed B10 and B19 crystal structures are called
cally unstable for InP as well as for GaP, GaAs, and InAsfor.
For InP, it could be replaced by the B10 and the B19 struc-
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