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High pressure phases £.£ III-.Y. ser.ticonductors: 

A microscopic theory. 

by 

S,rerr~ Froyen and har.r in L. Cohen 

Departan.ent of Physics, Uni;ersity of California, and Ha terials and :·lolecular 
Kesearch D~Jision, Lawr~nce Berkeley Laboratory, tierkeley, California 94720. 

AilS TRACT 

Tlte static structural properties and the structural stability of III-V 

scciconJucturs ar~ investi~ated as a function of pressure using the pseudopo-

tential :nethod. At high pressures 1ve predict a litetallic rocksalt phase as the 

most stable structure. This phase is Inore stable than the ordered p-sn struc-

turt! prt!·.riously thought to be the 1uost stable fona. 

This work was supported by the Director, Office of Energy Research, Office of 
Basic Energy Sciences, Materials Sciences Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098, and by National Science Founda
tion Grant No. DMR7822465. 
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It is well knmm tilat group IV semiconductors transform under pressure 

fru~:1 an insulatiag diatnund phase to a rJetallic ~-Sn structure, whereas the 

II-VI semiconductors transform iato an insulating rocksalt phase. For the 

III-V cocpounds the situation is more unclear. Neither theory [1-3] nor 

experiment [4] has been able to determine. the structure of the ni,sh pressure 

phase. conclusiJely, althout;h it was expected that the behaJior would be simi-

lar to the ·group IV eler.1ents. Recent ex.perimetrts, however, indicate that the, 

rocksalt st.ructure, or distortions of it, may be important for a nurJber of 

III-V compounds previously thought to transform into variations of tile ~-Sn 

structure. InSb has been crystallized in the rocksalt structure (5], and X-

ray data by Baublitz .and 1<.uoff [6] suggests that GaAs may transform into a 

distorted rocksalt structure. These structures are in all cases believed to 

be raetallic. 

With the recent itaproveraents in pseudopotent ial total ener.;y calcula

tions, we are now able to confidently predict the relative stability of the 

·1arious s true tures. Using first principles pseudopotentials, we haJe per

fon.wd total enerGy calculations for AlP, AlAs, GaP, and GaAs in the zinc

!Jlende, rocksalt, ami orJered ~-Sn structut·es. for GaAs \-le also include the 

CsGl, wurtzite, anJ two other structures suggested by Haublitz {6]. As a con

trol of the method we corJpute the relative stab.ility of the rocksalt and zinc

blenJe phase of :1gS and NgSe. A nore couplete report of these calculations. 

will be published elsewhere. 

The pseudopotential total energy scher.1e [7], which has been successful 

both for elemental [8] and corapounJ semiconductors [9-10], was used to compute 

the energy differences necessary to distinguish between ~arious structural 

types. The· ionic pseudopotentials ·needed in this scheme; we're generated. using, 

, 
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the rile tnod of tiamann, Scitltiter and Chian1:; [ 11]. Different potentials were 

used for orbitals of s, p, and d sy>:l•:tetry, and the potentials were tested to 

Gi·ve the correct atouic \vavefunctions, ener~;y leJels, and ex citation energies 

for a number of electronic configurations. fX change and correlation were 

treated in the local density formalisra using the formulation of Hedin and 

Lundcr;ist [12]. The wavefunction in the solid was expanded in a plane wave 

basis and the total energy for a given structure was coraputed as described in 

reference 7. The size of the basis set was expanded until a relati·1e corrJer-

6ence of better than Z< 10-J Rydberg was obtained. Typically we used 230 plane 

waves for the structures with one molecule per unit cell, and twice that for 

wurtzite wllici1 has four atous iJer unit cell. The number of k points used in 

the integration o;er tlle ~ril1ouin zone was also increased until a silililar 

coirJer6ence ~Yas obtained. 

To obtain the static properties, the total ener6y was calculated for a 

nu::1~er of different Joluues anJ then fitted with an eyuation of state. The 

best overall fit was obtained using 

B v dP .u + B' p (la) - dV 0 0 

p ut: 
(lb) = - ' J 'J 

wilid1 L,iJe the i·lurnat;han e4uation [ 13] ·when integrated. The deJiation from 

-3 
the fit_ is typically less than 10 Rydberg. 

As a test of 4uality for the calculation we h<ue cou.i?uted the static and 

dynaraic lJrO~Jerties listed in table I. The various \vays of COiJ.puting the bulk 

r:10dulus, using different functions to fit our data, ga·Je Jalues \vith a 10~~ 

·variation. Our lattice constants are sli6htly S111aller than those reported by 

I~n and Joannopoulos [9], this does not reflect nuuerical errors in the 
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calculation, but is a result a different type of correlation energy func

tional. 

Fig. 1 silO\>TS the total energy of AlAs and GaAs as a function of ·;oluue 

for the structures indicated. The observed equilibriuu structures at zero 

pressure are zincblende. This is in agreement with our calculation, although 

the calculated energies for GaAs in the wurtzite ·structure coincide with the 

zincblende ·curJe. As. the crystals are COi:tpressed (fi6.1), they undergo phase 

transitions to a metallic rocksalt phase at pressures of 76 and 160 kbar 

respectively. Um1e-.1er, for GaAs (and GaP) at the transition ·Jolutue, the energy 

difference between the rocksalt and the ordered p-sn structures is of tl1e 

order of ti1e accuracy of the calculation. Therefore at this point we cannot 

rule out this structurt:!. At larger Jolunes the rocksalt structure is defin-

itely the ~nore stable of the two. Of course at these ;olUI:Jes the crystal 

would phase separate, and the equilibrium structure would be a mixture of 

zincblende and the hi..;h pressure phase. The CsCl structure, which is also 

taetallic, is not a contt:!nder except possi"t>_ly at -.1ery hi~h pressures. 

In fig. 1 we also g~Je the total ener~ies for two structures suggested by 

Ba u b li t z ( 6 J • They art:! both orthorhombic with the same lattice parameters; 

4.946, 4.628-, and 5.493 A. The lower t:!nergy structure has symmetry FlnilL1 and 

is a distorteu rocksalt. In the other structure, the· atous in each [001] 

plane are arranged as in rocksalt, hut the planes are not staggered, gi·-.1ing 

rise to chains of atotas of the same type in tt1e z direction. The symuetry of 

tile latter structure is Cmr.un. Both of the structures are considerably higher 

in energy than the ideal rocksal t. 

The total energy curves for AlP and GaP are very similar to those for 

AlAs and GaAs. The l!<<lj ·Jr difference is that the phosphorus compounds ha--.1e a 
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S111aller lattice constant. Hm•ever, scaled by the equilibriurJ ·Jolume, the 

~nergies for AlP are Jery close to those of AlAs, and those of GaP are very 

close to GaAs. This is reflected in table II were we eive the transition 

prt!ssures and ·Jolumes. 

Since our calculations consistently place rocksalt below the (l c t'- .... n phase 

in ener6Y• and since we get a transition pressure for AlP that is quite a bit 

lower than the ex peri1.1ental ·Jalue, one may ask if the method souehm,r o-,;eres ti-

mates the stability of the rocksalt phase. To explore this question, we cal-

culated the total energies for the II-VI semiconductors HgS and MbSe in the 

rocksalt and zincblende structure. Both coupounds are obscrJed in the rock-

salt phase at standard pressure, but it is uelieJed that the energy difference 

between the two phases is very S111all (1]. Our calculation indeed ;:;i·;cs rock-

-3 
salt as the :rrore stable structure, less than 10 l{ydberg below the zincblende 

phase in ener6Y• 

As~3ur.lint; that our Cl!sults are correct, we can only s~eculate that the 

differences between theory and experiment arise frotJ supers tress effects or 

metastable phases. In fact, for GaAs, we calculate a barrier of 1.5 eV for 

the taotion of the anion along the diagonal fron its tetrahedral position at 

1/4, 1/4, 1/4 in the zincblende structure to the octahedral position at the 

center of tile unit cube in the rocksalt phase. The barrier pre·Jents a 

transfortnation along this )Jath, and a rocksalt J:>hase must probably nucleate 

frot.l a surface or some defect. T~is is in accord with the experiments on InSb 

where the rocksalt phase was obtained from an amorphous phase. 

For the zincblende phase at the obser1ed voluue, we calculate t;a)JS of 

1.6, 1.4, 1.7, and 1.4 eV for AlP, AlAs, GaP, and GaAs respectively. As is 

usual in the local density approach, these values are smaller than the 
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e:<[Jerimental numbers at 0 K [14] / 2.6, 2.3, 2.40, and 1.53 eV. The experimen

tal ·;alue for AlP has been obtained by adding 6% to the gap at room tempera-

ture. All the gaps are indirect fro1:1 r to X, except GaAs \vhich has a direct 

gap r to r. The calculated ·,ralues of the gaps are not as well COlTJerged as 

the total energies and the fully corr.rerged ·,ralu-es "ar-e~ s;oaller. As the zinc

blende phase is co1apressed the direct gap increases slightly and the conduc

tion band at X is lowered to make the gap indirect for all the corapoumls. The·. 

probability density uf this state has an apprOl< imate octahedral symmetry, and 

has a maximum at the center of the octahedron formed by the anions (As, P). 

This is where the total charge density has a minimum, and where a state can 

gain potential energy frm:1- the increasing a.rerlap of the ionic potentials. 

without ha1in!_; to contrioute by an increase in the electron-electron repulsion 

ami the kinetic eneq~y. With the anions at tlw corners and face centerti of 

tne cubic unit cell, this region is at the center of the cube. This is where 

the cation is located in the rocksalt phase, and as the crystal trans.fo.rms, it 

is therefore not surprisint; that the state at X drops in eneriJY• For the 

111-V CO!:lpOunds this state falls below the ,ralence band max imura, making the 

structure t:~etallic. For GaAs, at the transition ;olul!le, it is 3.4 eV bel<m 

the ·,ralence band maximUll at r. :-.Jote tl1at although the crystal transforms fr01~1 

se;.liconducting to raetallic, there are no transitions within each phase. The 

zincblende phase stayed se1aiconducting and the rocksalt metallic in the ·,rolume 

range we ill\restigated·. The 1o1avefunct ion at the ·;alence band max imuu in the 

rocksalt structure is r:tostly made up froo the p states on the anions, whereas 

the X state wa·,refunction consists raainly of s states frou the cations. This 

explains \vhy the rocksalt structure is 1:1etallic for the 111-V's. In more 

polar materials, the anion states will drop in energy cornp.ared to the cation 

states, and a gap will open up. In fact, we find that the ar:10unt of overlap, 
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or lack of such, corresponds roughly to the difference in the atonic term 

values for the eletaents in question. The rocksalt phase \-Jill be metallic if 

the order of the ter;n ·,ralues is s-s-p-p, and insulating if it is s-p-s-p. 

Neglecting the carbon row, this would predict all the III-V's to be metallic, 

all the II-VI's to be se~11iconducting, and among the Il-VI's, CdSe and CdTe 

should h<IJe the S1nalles t gaps. 

Aside from the chant:;e in energy at the X point just described, the band 

structures of the zincblende and the rocksalt phases are retilarkably similar 

(17]. This is also born out in the density of states, which for the rocksalt 

phase shows a large dip just aba,re the ferini level. For this reason we 

belie-Je the rocksalt !Jilase should be thought of as ionic when considering 

structural f;CO!Jerties. Tilis also hel.1s explain why the Al CO[JpouuJs are rela

tiJely taore stable in the rocksalt phase than tile Ga cor:~pounJs. The atonic s 

terr.t ·Jalue is about 1. 3 eV lti._;her ln energy for Al tlwn for Ga. This leads to 

a lar.;cr aJerat:;e gap in the Al cor,1pounds that makes ther.1 more ionic ami Luors 

the rocksalt phase. The hiJher ionic i ty of Al '"'as also obserJed by Iht:J. and 

Joannolloulos [9] in the chaq;e densities of AlAs and GaAs in the zincblende 

structure. 

The similarity in the banJ structure of the two phases is not reflected 

in the char.;e density. The bond charge, characteristic of the z incblende 

phase, is aLnost absent in the rocksalt phase, \vhere the charge distributes 

itself spherically around the anion. As a function of ·,rolume, however, we see 

-,rery little change in the charge density of each structure. In particular the 

bond charge of the zincblende phase, as r:1easured by the phase of the <222> 

fourier components of the charge density, is still present at the volwne where 

rocksalt is the raore stable phase. The presence of bond charge in the zinc-
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olende phase has been used to indicate the relati..re stability of the two 

structures at zero pressure (18]. From the a:bo·;e it follows that this argu

ment cannot be ex tended to structural stability as function of pressure. 

It is a pleasure to acknowledge discussions with P. K. Lat:1, s. G. Louie, 

J. E• i~orthrup, and I·L• T. Yin• S. Froyen acknowledges. the support by an li3i-1 

p·b·std·octoral·· fellowship,. The••.work··.was·:--supp.orted.by National Scien·ce Founda

tion Grant No. UHR7322465 and by·the I.Jirecto·r, Office of ·Energy i{esea.rch, 

Office of Basic Cnergy Sciences; tlaterials Sciences Di..rision of the U. S. 

JJei>artment of £nerJy under Contract Ho. DE-AC03-76SF00098. 
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Table r. Lattice constants, bulk uodulus, B' , and the frequency for the 
0 

trans,;erse optical phonon at r. The experimental lattice constants are r:~eas-

ured at room temperature. 

a 

B 
0 

.o' 
0 

calc 
ex p + 

calc 
exi? * 

calc 

AlP 

5.420 
5.451 

-0. 6;~ 

8.65 

3.73 

AlAs 
::: -- . ._ 

5.641 
5.662 

-o. 4:' 

7-41 

3.50 

- --
GaP 

5.340 
5.451 

-2. o~:~ 

8.97 
3.87 

+l.U 

4.14 

GaAs 

5.570 
5.653 

-1.5% 

7-25 
7-48 

-3. 1/. 

3.82 

~-

A 

10 -3 
x 10 Jm 

-------------------------

\) (Tv at r> 
calc 
exp t 

7.84 
8. 19 

-4.3;~ 

T:iz 

+ l{eference [14], * coia!Jiled by reference [15], t reference [16]. 
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Table II. Transition pressures, volutaes, and total energy differences for 

the zincblende to rocksalt transition. Vt(zb,rs) are the transition volumes 

for the two J.>hases, V (rs) is the equilibrimJ volune for the (metastable) 
0 

rocksalt phase, and /1£ is the ener..;y difference per tnolecule bet\veen the 
0 

minima of the two phases. The 'J'Olutnes are all given as fractions of the cal-

culated equilibriuu -,olutne, for the zincblende phase. 

AlP AlAs GaP GaAs 

p calc 93 76 217 160 
kbar exp + 140-170 200-240 160-190 

V ( zb) calc 0.90 o. 92 u.S4 0.86 
Vt ( rs) calc u. 73 0.73 o. 71 o. 71 

t 

V ( rs) 
0' 

calc 0. 7 0 0.78 o. tn O.i:ll 

flE calc 0.46 0.43 o.78 0.67 2V 
0 

+ l<eferences [4,6]. 
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.FIGURE CAPTiotl. 

Fi::;. 1. Total enerby Jia(;rau1s for AlAs and GaAs as a function of volUiae 

relative to the experimental equilibriuta ·;oluraes. The trian~le and the square 

give the encr~y for two orthorho •. 1bic structures suggested in reference 6 anJ 

described in the text. 
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