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The zinc-blende (ZB) and wurtzite (W) structures are the most common crystal forms of binary octet
semiconductors. In this work we have developed a simple scaling that systematizes the T =0 energy
difference AEy,_,5 between W and ZB for all simple binary semiconductors. We have first calculated
the energy difference AESPY,5( AB) for AIN, GaN, InN, AIP, AlAs, GaP, GaAs, ZnS, ZnSe, ZnTe, CdS,
C, and Si using a numerically precise implementation of the first-principles local-density formalism
(LDF), including structural relaxations. We then find a linear scaling between AE5P%,5( AB) and an
atomistic orbital-radii coordinate R ( 4,B) that depends only on the properties of the free atoms 4 and B
making up the binary compound AB. Unlike classical structural coordinates (electronegativity, atomic
sizes, electron count), R is an orbital-dependent quantity; it is calculated from atomic pseudopotentials.
The good linear fit found between AEy,_z5 and R (rms error of ~3 meV/atom) permits predictions of
the W —ZB energy difference for many more 4B compounds than the 13 used in establishing this fit. We
use this model to identify chemical trends in AEy _zg in the IV-IV, III-V, I1I-VI, and I-VII octet com-
pounds as either the anion or the cation are varied. We further find that the ground state of MgTe is the
NiAs structure and that CdSe and HgSe are stable in the ZB form. These compounds were previously
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thought to be stable in the W structures.

I. INTRODUCTION

Zinc blende (ZB) and wurtzite (W) are the most com-
mon crystal structures of binary octet semiconduc-
tors.! > Figure 1 depicts three views of the structural
differences between these forms: they differ in the rela-
tive handedness of the fourth interatomic bond along the
(111) chain [“right” and “left” for W and ZB, respective-
ly, see Figs. 1(a) and 1(b)] or, equivalently, in their
dihedral conformation [“eclipsed” and “staggered” for W
and ZB, respectively, see Figs. 1(c) and 1(d)]. Figures 1(e)
and 1(f) shows the layer stacking along (111), exhibiting
an ABABABA... sequence for W and an
ABCABCA. .. sequence for ZB. These rather subtle
structural differences and the attendant small difference
in the internal energies ( $20 meV/atom) are manifested
by the well-known W —ZB polytypism:2~> depending on
the details of the growth parameters, a number of binary
semiconductors (SiC, CdS, CdSe, ZnS, CuCl, and CuBr)
can be prepared at ambient pressure in either forms.*®
Despite these structural similarities between W and ZB,
their spectroscopic characteristics can be very different:
for example, the minimum low-temperature band gaps of
SiC in the W and ZB forms are 3.33 (Ref. 6) and 2.42
eV,” respectively, and their phonon frequencies show
large systematic variations.® Consequently, recent in-
terest in optical application of wide-gap III-V and II-VI
semiconductors® has raised the need to systematize the W
vs ZB structural preferences among binary semiconduc-
tors. In this paper we investigate the intrinsic W vs ZB
energy differences and the systematics in this quantity
among binary octet compounds.

An experimental assessment of the W vs ZB order of
stability at low temperature is possible when bulk phase
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diagram data are available. For example, the bulk phase
diagrams of Cu monohalides,’ of CdSe,!° and ZnS (Ref.
11) clearly demonstrate that ZB is the stable low-
temperature phase and that this phase transforms reversi-

Zinc blende

Wurtzite

FIG. 1. Three views of the difference between the wurtzite
and zinc-blende crystal structures. (a) and (b) show the handed-
ness of the fourth interatomic bond along the right (R) for W
and left (L) for ZB. (c) and (d) show the “eclipsed” and “stag-
gered” dihedral conformations for W and ZB. (e) and (f) show
the layer stacking along (111).
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bly into the W structure above a critical temperature T,.
For ZnS, CdSe, CuCl, CuBr, and Cul, T, =1020+5°C,"
95+5°C,!° and 407, 386, and 396°C, respectively.” The
determination of the intrinsically stabler crystal
modification is difficult, however, when (i) neither W nor
ZB is the stable low-temperature phase (e.g., in MgO,
MgS, MgSe, MnO, and CdO the low-temperatures
ground state is the NaCl structure), or when (ii) only epit-
axial growth parameters are known. We are nevertheless
interested in examining the intrinsic W vs Zb structural
stability in as many cases as possible (even if neither is the
ground state).

Epitaxially induced distortions of the bulk stability are
manifested in two ways. First, even if the equilibrium
molar volumes of the bulk W and ZB modifications of a
given compound are similar, on a (001) ZB substrate it is
geometrically possible to grow only the ZB form as a
defect-free film; the W form growing on such a substrate
will necessarily have fivefold- and sixfold-coordinated
atoms whose large defect formation energies will suppress
growth of the W form. Hence, growth of CdSe,!? ZnTe,"
ZnSe, and ZnS (Ref. 14) on a (001) GaAs substrate results
invariably in the ZB form irrespective of the intrinsic W-
ZB energy difference. In such cases, the atomic topology
of the (001)-oriented substrate “templet” overrules the in-
trinsic W vs ZB bulk stability, selecting the topologically
compatible ZB form. Such a selectivity does not exist on
a (111)-oriented ZB substrate, where growth of either W
or ZB is geometrically possible without producing
miscoordinated atoms. On such substrates we encounter
the second epitaxial deformation effect, namely ‘‘epitaxial
size selectivity”:!* the variant that grows is the one hav-
ing the best elastic match with the substrate, often in
defiance of the relative bulk stabilities. This mechanism
was discussed by Froyen, Wei, and Zungc;-.r,15 who pro-
posed epitaxial conditions that will stabilize the S-Sn
structure of CdTe, and the ZB structure of MgS and
Nacl (the stable bulk structures are ZB, NaCl, and NaCl,
respectively). Experimental manifestations of such “epit-
axial size selectivity” effects include the growth of the
NaCl form of cesium and thallium halides on mica and
other substrates,'® the W form of MgS and MgSe eva-
porated on alkali halides and metal substrates,'”!® the
NaCl form of InSb obtained by sputtering,'® and the ZB
form of GaN grown on MgQ.%

Taking such considerations into account, it is possible
to assess from phase diagram and crystal growth data the
most stable bulk crystal structure at low temperature for
many octet compounds. This is summarized in Fig. 2.
We wish to study quantitatively the W vs ZB energy
differences in these compounds (whether these are the
stablest crystal forms or not) and identify the major
chemical trends as either the anion or the cation are
changed.

A gqualitative systematization of structural trends such
as those seen in Fig. 2 has largely been accomplished fol-
lowing the introduction of the nonclassical structural
coordinate scales of Phillips®! (the homopolar and heter-
polar dielectric band gaps E; and C) and the orbital radii
of St. John and Bloch,?? Zunger and Cohen,?*»?* and
Chelikowsky and Phillips.?> The orbital radii coordinates
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Be w ZB zZB zZB
Mg | NaCI NaCl NaCl w
Ca | NaCl NaCl NaCl NaCl
Mn | NaCl NaCl NaCl  NiAs
Zn w zB ZB zB
Cd | NaCl w zZB zZB
Hg | cinb Cinb ZB zZB

N P As Sb

B |Graphite 2ZB  zB
Al w ZB ZB zB
Ga w ZB ZB ZB

In w ZB ZB zB

FIG. 2. The experimentally stable crystal structure of octet
AB compounds, W =waurtzite, ZB=zinc blende,
Cinb.=cinnabar, * * * * * means that the compound does not
exist. a, means the Bohr radius.

are linear combinations
R, (A,B)=|(r+r)—(rf+rD)],

(1)
R (4,B)=|r/—rll+|r2—rk,

of the classical crossing points 7% of the screened nonlo-
cal atomic pseudopotentials of angular momentum /. It
was previously demonstrated”?” % that in the R (4,B)
vs R (A4,B) plane there exists a separation into simple
regions occupied predominantly by compounds belonging
to a single structure. The orbital radii determined from
ab initio local-density formalism?>2* were first applied to
565 binary (octet and nonoctet) 1:1 4B compounds,
achieving a >95% successful separation of 35 structure
types. Later, these radii were incorporated into the 3-
coordinate scale of Villars and co-workers?® and used to
systematize the crystal structures of nearly 6000 binary,
ternary, and quaternary intermetallic compounds and
binary oxides and halides. Recent work includes applica-
tions of these ab initio radii to quasicrystals and high-T,
superconductors.?’

Figure 3 illustrates the structural separation maps for
the binary octet compounds considered here using (a) Eq.
(1) with the local-density pseudopotential orbital radii
{r;} of Zunger and Cohen,?*?* (b) Eq. (1) with the radii at
which the all-electron atomic radial orbitals rR ;(r) have
their outer maxima, and (c) a dual coordinate map using
Phillips’ dielectric electronegativity variables C( AB) and
E,(AB) (the latter map has been redrawn since in the
original reference?! CuCl, CuBr, Agl, and CdSe have
been incorrectly labeled as being stable in the W form).
The 3-coordinate diagram of Villars?® is not shown since
it produces no improvement over Fig. 3(a) for the octet
ZB-W system. We see that in all three cases shown in
Fig. 3 one can draw simple straight-line boundaries that
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FIG. 3. Structural separation maps for binary octet compounds from (a) pseudopotential orbital radii (Refs. 23 and 24), (b) wave-
function orbital radii, and (c) Phillips dielectric model (Ref. 21). (b) and (c) do not include the MnX (X: O, S, Se, and Te) compounds,

and (c) does not include HgO.

delineate compounds stable in a given crystal structure.
There are a number of “misplaced” compounds in these
diagrams. For example, the pseudopotential orbital radii
plot [Fig. 3(a)] incorrectly places BeO and
MnS+MnSe+MgS+MgSe in the ZB region instead of
in the W and NaCl domains, respectively. The wave-
function maximum radii plot [Fig. 3(b)] places CuCl in
the NaCl domain (instead of in the ZB domain), and Phil-
lips’ scale places CdS in the ZB (rather than in the W)
domain. Overall, however, it is remarkable that elemen-
tal coordinates are able to produce such a delicate struc-
ture separation.

As successful as these diagrammatic structural maps
are, they provide but a binary (yes/no) answer to the
question “is X the stable crystal structure of a given com-
pound?” In the absence of a systematic database of
structural  energy  differences AE ., ;(AB)=E,(AB)
—Eg(AB) for a series of compounds { AB} in different
crystal structures a and f3, it was impossible to establish
whether a scaling exists between the structural coordi-
nates shown in Fig. 3 and AE 4( AB). Indeed, quantita-
tive structural regularities within homological chemical
sequences (whose members have the same structure) such
as AIN—GaN—InN or AIN— AIP— AlAs— AISb can-
not be established unless such a scaling is known. Fur-
thermore, if neither a nor B are the stable crystal struc-
ture of AB, structural diagrams provide no hint on the
energy difference AE ,4( AB) or the relative order of such
unstable (or metastable) phases.

In order to address such questions we have calculated
the T'=0, W—ZB energy difference

AEYPY, . (AB)=ELXPF(AB)—ELRF(4B) ()

for 13 AB compounds belonging to the IV-IV, III-V, and
II-VI groups, using a numerically precise implementa-

tion?2 of the local-density formalism (LDF). We

discovered a simple linear scaling between an “effective
orbital ionicity”

R(A,B)=R,(A,B)+AR_(A,B) 3)
and the model (M) W —ZB energy difference, i.e.,
AESPY,5(AB)=AE¥ _,.(AB)=E,+aR(4,B), (4

where R, and R, for atomistic coordinates related to the
orbital radii [Eq (1)]. Like in Eq. (1), the determination
of R,(A,B) and R _(A,B) requires only the knowledge
of free atom ( A and B) quantities; these can be calculated
once and for all either from atomic wave functions or
from nonlocal atomic pseudopotentials.?* The model of
Eq. (4) then permits quantitative predictions of the
W —ZB energy differences for many more binary octet
compounds than we directly calculated (including cases
for which neither W nor ZB are the ground states) and
unravels simple chemical trends as a function of the posi-
tion of 4 and B in the Periodic Table. This is then used
to articulate new ‘“‘chemical rules” pertaining to the W vs
ZB stability among all binary octet compounds. A pre-
liminary account of this work was recently published.*

II. CALCULATING THE W—ZB
TOTAL-ENERGY DIFFERENCES

We calculated AESPF,5 of Eq. (2) for 13 compounds.
These include compounds that are known to be highly
stable in the W structure®’ (AIN, GaN, and InN) and
compounds that occur at low temperatures only in the
zinc-blende (or diamond) phase! ~> (Si, AIP, AlAs, GaP,
GaAs, and ZnTe). We then add compounds known to
exhibit W—ZB polytypism (ZnS, ZnSe, and CdS), and
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carbon, whose ground state (graphite) is neither W nor
ZB.

The W —ZB total-energy difference of Eq. (2) was cal-
culated in the LDF using the Ceperley-Alder’!® ex-
change correlation as parametrized by Perdew and
Zunger.}'® We used the plane-wave nonlocal pseudopo-
tential method”® for Si and the III-V’s and the
linearized-augmented-plane-wave (LAPW) method?® for
C and the II-VI’s (whose core d states are difficult to con-
verge in a pure plane-wave basis). We use Kerber’s
method [Ref. 31(c)] to calculate the pseudopotential and
apply the nonlinear core correction [Ref. 31(d)].

The lattice parameters of the ZB and W crystal struc-
tures are optimized to reach a minimum in the total ener-
gies. The unit-cell vectors for the ZB structure are

a=(0,1,4)a ,
b=(%’07%)a » (5)
c=(3,3,0)a ,

where a is the cubic lattice constant. There are two

atoms per unit cell: A4 at (0,0,0)a and B at (4,1,1)a.

Hence, only the value of a needs to be optimized. For the
W structure, the lattice vectors are
a=(1,v3/2,0)a ,
b=(4,—V3/2,0)a, (6)
c=(0,0,c/a)a ,
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where ¢ /a is the axial ratio. There are four atoms per
hexagonal unit cell. Their positions in units of a, b, and ¢
are 4 at (0,0,0) and (%,{,1) and B at (0,0,u) and
(3,3,u+1), where u denotes the dimensionless cell-
internal structural parameter. Unlike the ZB case, there
are now two distinct nearest-neighbor anion-cation bond
lengths: one bond of equal lengths R‘V=uc and three
bonds of equal lengths R®=a1/L1+(i—u)¥c/a).
For an ideal W structure, c/a=1v/ $ and u=3%, hence
RW=R?, The independent structural parameters that
need to be determined for the W structure are hence
{V,c/a,u}, where Vis the volume of the unit cell.

To find the equilibrium values of these structural pa-
rameters, we calculate the total energy at four lattice con-
stant values, fitting E(a) with Birch’s equation of state*?
to get the equilibrium volume V., and E(V,,). For the
W structure this minimization is carried out ini-
tially for c¢/a=(c/a)y=1'% and u=u,=3%, finding
E[Veqg(c/a)guy]. We then calculated E(Vq,c/a,ug)
at three ¢ /a values, finding the minimizing value (¢ /@),
Finally, we compute the quantum-mechanical forces at
the configuration [Veq,(c /a )eq,u] for two u values and
displace all atoms to reduce the forces below 0.001
Ry/a.u. This establishes the final equilibrium geometry.

Detailed convergence tests were carried out to find the
basis-set size and number of Brillouin-zone integration
points needed to establish a maximum error in AE5PY,5
below 2 meV/atom. For the plane-wave pseudopotential
method we find that this precision level required a

TABLE 1. Calculated and measured structgral parameters of ZB and W phases of some binary octet
compounds. a and c are lattice constants (in A) and u is the cell-internal structural parameter in the W
structure. AEw _zg is the relaxed W—ZB energy difference and 8E, is the piece of AEy _zg due to

c¢/a#1/'% and u+2 relaxation.

Wurtzite ZB
a c ; u a AEW—ZB BEm[
(A) (A) (A) (meV/atom) (meV/atom)
present 3.099 4.997 1.612 0.381 4.365 —18.41 —2.7
AIN Expt.? 3.112 4.9798 1.6004
Theor.®  3.129 4,988 1.594 0.3825
present 3.536 5.709 1.615 0.380 4.983 —11.44 —0.28
InN Expt.° 3.5446 5.7034 1.6090
Expt.¢ 4.980
present 3.095 5.000 1.633 0.378 4.364 —9.88 —0.32
Expt.© 3.192 5.196 1.6278 4.531
GaN Theor.!  3.126 5.119 1.6377 03767 4.419 ~—10.6
Theor.® 3.21 ~—15
Theor.!  3.043 4.969 1.6340 ideal —9.52
AIP present 3.826 6.286 1.643 0.375 5.421 3.6 —0.05
Expt.! 5.467
AlAs present 3.979 6.497 1.633 0.376 5.620 5.8 —0.15
Expt) 5.660
GaP present 3.759 6.174 1.643 0.374 5.328 9.18 —0.65
Expt.k 5.4506
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TABLE 1. (Continued).

Wurtzite ZB
a c " u a AEw_7p SE
(A) (A) (A) (meV/atom) (meV/atom)
present 3912 6.441 1.647 0.374 5.654 12.02 —0.35
GaAs 1
Expt. 5.65325
present  2.490 4.144 1.665 0.374 3.539 25.3 —0.76
C Expt.™ 2.51 4.12 1.6414
Expt." 3.5670
Theor.® 2.50 4.14 1.656 30
present 3.800 6.269 1.650 0.374 5.392 11.72 —0.76
Si Expt.? 5.43075
Theor.4 10
cds present  4.121 6.682 1.621 0.377 5.811 —1.1 —04
Expt.f 4.1367 6.7161 1.6235 5.818
present 3.777 6.188 1.638 0.375 5.345 3.1 —0.1
ZnS Expt.* 3.8230  6.2605 1.6378
Expt.* 5.4102
Theor." 1.865
present 3.974 6.506 1.637 0.375 5.618 5.3 —0.5
ZnSe Expt." 4.003 6.540 1.6338
Expt.” 5.6676
ZnTe present  4.273 6.989 1.636 0.375 6.045 6.4 —0.1
Expt.” 6.009

“Reference 34, at T=298 K.

PReference 35, using plane-wave pseudopotentials with the Wigner exchange correlation, a cutoff basis
set of 34 Ry, and 6 and 10 special k points for W and ZB.

‘Reference 36.

9Reference 37.

“Reference 20, at room temperature.

fReference 38, using plane-wave pseudopotentials with the Wigner exchange correlation, a cutoff basis
set of 34 Ry, and 6 and 10 special k points for W and ZB.

EReference 39, at ¢ /a=1.624 and ideal u.

hReference 40, using the plane-wave pseudopotentials method, and 30 and 60 special k points for W and
ZB.

Reference 41.

’Reference 42, at T=291.15 K.

kReference 43, at room temperature.

'Reference 44, at T=300 K.

MReference 45.

"Reference 46.

°Reference 47, using plane-wave pseudopotentials with Hedin-Lundquist exchange correlation, a cutoff
basis set of 64 Ry, and 21 and 10 special k points for W and ZB, respectively.

PReference 48, at T=287.15 K.

9Reference 49, using plane-wave pseudopotentials with Wigner exchange correlation, a cutoff basis set
of 11.5 Ry, and 27 and 28 special k points for W and ZB, respectively.

"Reference 50, at room temperature.

*Reference 51, at room temperature.

'Reference 52, at T=298 K.

“Reference 53, using plane-wave pseudopotentials with Ceperley-Alder exchange-correlation, a cutoff
basis set of 25 Ry, and 16 sampling k points per plane, in ideal W.

"Reference 14.

“Reference 54, at room temperature.

*Reference 55.

I&
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kinetic-energy basis-set cutoff value of 50 Ry for AIN,
GaN, and InN, and 20 Ry for GaAs, AlAs, GaP, AlP,
and Si. In the LAPW method this rec&ures a kinetic-
energy basis-set cutoff such that K, RMI =8.0, where
K 1ax is the square root of the kinetic energy and RMT is
the muffin-tin radius. The spherical harmonic expansion
inside the muffin-tin radius includes terms up to angular
momentum /=8. The muffin-tin radii used in this study
are R =1.41 a.u. for C; 2.29 and 2.00 a.u. for Zn and S in
ZnS; 2.34 and 2.14 a.u. for Zn and Se in ZnSe; 2.40 and
2.40 a.u. for Zn and Te in ZnTe; and 2.56 and 2.12 a.u.
for Cd and S in CdS. In conducting the structural optim-
izations we used for the Brillouin-zone integrations 10
and 14 special k points for the ZB and W structures, re-
spectively. These special k points correspond to the
(4,4,4) and (6,6,4) mesh points in the notation of
Monkhorst and Pack.>® We then increased the number of
k points to converge AELDF at the final configuration to
the accuracy of 2 meV/atom. For most of the com-
pounds, this required a k mesh of (6,6,6) (28 special k
points) for ZB and (8,8,4) (20 special k points) for W. In
going to the denser k-points mesh, the largest change
found in AESPF,; was 6 meV/atom for Si (which, there-
fore, requ1red a larger set of 28 ZB and 20 W k points to
reach <2 meV/atom error) but the average change was
about 2 meV/atom or lower.

III. COMPARISON OF AE PF,; WITH EXPERIMENT
AND PREVIOUS CALCULATIONS

Table 1'42%34755 compares the calculated equilibrium
lattice constants, a eq? the axial ratio ¢ /a, and the energy
difference AELPF,p with the experimental values (where
available) and w1th the other theoretical calculations.
Comparing the structural parameters with experiment,
we find that the calculated equilibrium lattice constants
are uniformly smaller than the experimental values by up
to 2%. The calculated c /a ratios are within 0.4% of ex-
periment. Interestingly, the calculated c /a ratios for the
W-stable compounds (CdS, AIN, and InN) are smaller
than the ideal value (¢ /a ),=1/% [that of GaN is close to
(c/a)y], while the ZB-stable compounds (AlP, GaP,
GaAs, ZnS, ZnSe, and ZnTe) have c /a >(c/a )y, except
for AlAs, which is slightly smaller than but very close to
(c/a)y,. The diamond-stable crystals C and Si have
significantly larger c /a ratios than all the ZB-stable com-
pounds. This agrees with the phenomenological correla-
tion established by Chelikowsky and Phillips.2> In gen-
eral, the calculated u values are very close to the ideal
uo=% value, except for AIN, where the singlet bond
length is slightly larger than the triplet bond length.

There are other theoretical calculations of
AEYPF,.(AB) for a number of compounds: GaN,3¥~4
C, o and ZnS.>® The results and methods of calculations
are summarized in Table I. Our AE}PF,p(ZnS)=3.1
meV/atom value is within 1 meV/atom of the calculation
of Engel and Needs,*® and our AELPF,,(GaN)=—9.9
meV/atom is within 0.7 meV/atom of the value of Van
Camp, Van Doren, and Devreese® and within 0.3
meV/atom of the value of Min, Chan, and Ho.** Kunc
et al. calculated AESPY,5(GaN) for the experimental ¢ /a
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ratio and for the ideal #=3 value, finding —15
meV/atom. Our AELPF,.(C) is 5 meV/atom higher
than the results of Fahy et al. The last column of Table
I gives the relaxation correction 8EW " 75(AB) to the
W —ZB energy difference, i.e., the energy difference be-
tween AESPY,5( AB) calculated for the relaxed W struc-
ture and AE% T ,5( AB) in which the W structure is as-
sumed to have the ideal ¢ /a and u values. The relaxation
energy SELSPT,5(AB) is generally smaller than 1
meV/atom, except for AIN, where it is —2.7 meV/atom.

3
8

IV. SCALING OF AEyw,_zp( AB)
WITH ATOMISTIC COORDINATES

Having established an internally consistent set of
directly calculated W—ZB energy differences for a series
of compounds, we now attempt to model this in terms of
atomic properties.

The simplest possible scaling is between AE 3 ,5( AB)
and the difference Ay=|y(4)—x(B)| in global elec-
tronegativities®® or the difference Ar=|r —rg| in
tetrahedral atomic radii.’’ This is shown in Fig. 4. The
overall quantity of the fit is good (rms errors of 4.0 and
5.2 meV/atom, respectively), indicating that large Ay or
large Ar favor the W structure. However, (i) these fits do
not discriminate C from Sl and Ge, whereas the calculat-
ed differences are big: AESPY, 5 is 25.3, 11.7, and 14 meV
for C, Si, and Ge,* respectlvely This failure suggests
that we may need to search for an atomistic scale that in-
corporates some orbital character, since the global elec-
tronegativity or atomic sizes do not suffice to capture the
trends in the homopolar ( 4 =B) systems. Furthermore,
(ii) there is room for improvement in the quality of the fit:
we would like to reduce the rms error to 2—-3 meV. To
further search for scaling between AE5PF,p and atomistic
coordinates, we note that the tendency towards stabiliza-

T T T T T

-
(a) |
rms=4.0 meV/atom

0 02 04 06 08 1 12 14 16
Difference in Pauling’s Electronegativity

30 §o T T T T T T T T (®)

rms=5.2 meV/atom )

Energy Difference (meV/atom)

10
o v TS S i
10 AP ZnSe B
- AlAs .
-ig 1 1 1 1 AIN 1
0 01 02 03 04 05 06 07 08 09

Difference in tetrahedral radii (A)

FIG. 4. The linear correction between the LDF-calculated
W —ZB energy difference AEYPF,5( AB) and (a) Pauling’s elec-
tronegativity difference (Ref. 56) and (b) the difference in
tetrahedral radii (Ref. 57) of 4 and B atoms.
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TABLE II. r, and r, orbital radii (in A) from the turning points of the screened nonrelativistic atom-
ic pseudopotential [Zunger and Cohen (Refs. 23 and 24)], and from the maximum of the scalar-

relativistic atomic orbitals rR (7).

Pseudopotential orbital radii

Wave-function orbital radii

rs "p 75 rp

Be 0.64 0.44 2.041 2.282
B 0.48 0.315 1.519 1.561
C 0.39 0.25 1.216 1.191
N 0.33 0.21 1.017 0.966
o 0.285 0.18 0.874 0.813
F 0.25 0.155 0.767 0.703
Mg 0.90 1.13 2.515 3.496
Al 0.77 0.905 2.063 2.635
Si 0.68 0.74 1.774 2.145
P 0.60 0.64 1.566 1.827
S 0.54 0.56 1.407 1.598
Cl 0.50 0.51 1.279 1.424
Ca 1.32 1.68 3.327 4.370
Mn 0.99 1.23

Cu 0.88 1.16 2.260 3.493
Zn 0.82 1.06 2.081 3.022
Ga 0.76 0.935 1.886 2.513
Ge 0.72 0.84 1.733 2.192
As 0.67 0.745 1.609 1.966
Se 0.615 0.67 1.504 1.784
Br 0.58 0.62 1.414 1.656
Ag 1.045 1.33 2.491 3.639
Cd 0.985 1.23 2.327 3.238
In 0.94 1.11 2.149 2.810
Sb 0.83 0.935 1.890 2.310
Te 0.79 0.88 1.788 2.143
I 0.755 0.83 1.699 2.007
Hg 1.07 1.34 2.209 3.157

tion of the W structure increases with the electronegativi-
ty difference |y( 4 )—x(B)| [Fig. 4(a)] and that the orbital
ionization energy and therefore, the orbital electronega-
tivity x,( 4) scales?® as 1/r,(4). This suggests a scaling
[Eq. (3)] of AEw _5g5( AB) with

R, (4,B)= R,(2,5)
7 (rfrHrf+rf)
and (7)
R.(4,B)= Ry(4,B) .
o (rpA+rSA)(r}f+rsB)

To test this scaling we have used three sets of orbital radii
r;: (i) the density-functional pseudopotential radii of
Zunger and Cohen,?>?* (ii) the radii at which the all-
electron atomic orbitals 7R (r) have their outer max-
imum, and (iii) the nodal radii of Zhang, Cohen, and Phil-

lips.® Table II lists the first two sets of radii for the per-
tinent elements.

Fitting the three parameters { Ey,a,A} in the model en-
ergy of Egs. (3) and (4),

AE¥ _,5(AB)=E,+a[R,(A,B)+AR (A4,B)], (8

to the 13 calculated AESP ,5( AB) values yields a stan-
dard deviation of 2.8 meV/atom using the Zunger-Cohen
pseudopotential radii. Correcting these radii for relativis-
tic effects using the procedure of Ref. 58 reduces the stan-
dard deviation slightly (to 2.7 meV/atom). The standard
deviation using the (relativistic) wave-function maximum
radii or the nodal radii of Zhang, Cohen, and Phillips is
3.3 meV/atom. Figure 5 shows the correlation between
the model energies AE¥ _, 5 of Eq. (8) and AER " 25 us-
ing two different sets of radii. In both cases the quality of
the fit approaches the underlying precision with which
AESPE, 5 can presently be computed.
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FIG. 5. The linear correction between the LDF-calculated
W —ZB energy difference AE%PF,5( AB) and the orbital coordi-
nate R(A,B) of Eq. (3), calculated from (a) the orbital radii
given in Ref. 24. The parameters of the fit [Egs. (3) and (4)] are
E,=8.137 meV, a=—22.152, and A=—1.13. (b) The wave-
function orbital radii coordinate. The parameters of the fit are
E;=22.67, meV, a=—85.74, and A=1.742.

The choice of R,,R, as of the scaling coordinates in
Eq. (8) appears to give the best fit with a maximum of
three parameters. We noted the following: (i) Although
the structural separation maps (Fig. 3) indicate that R, is
the crucial coordinate in affecting a ZB— W separation, a
quantitative fit shows that use of R alone raises the rms
error of a linear fit to 5.28 meV/atom. Indeed, omitting
the orbital dependence of the coordinates [i.e., setting
ry =r,, hence R ( AB)=0] fails to distinguish between C,
Si, and Ge as R ,(C)=R ,(Si)=R ,(Ge)=0. In fact (Fig.
2), AEYPE,5(C)>>AELPY,5(Si). Therefore, we need to
include R, in our model. (ii) The improvement in the fit
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in going from R, to R, can be significant: the rms error
is reduced by 8% for the pseudopotential orbital radii,
and by 21% using the wave-function orbital radii. (iii)
There is a further improvement in going from R, to
R,+AR : by 42% using the pseudopotential orbital ra-
dii, and by 14% using the wave-function orbital radii.
(iv) We note that the use of Phillips’ C—E, scale pro-
duces almost a double rms error of 5.4 meV/atom. We
will next use our model energy difference of Egs. (7) and
(8) to predict chemical trends in the W —ZB stability.

V. CHEMICAL TRENDS IN AEy_z5( AB)

A. Global trends

Figure 6 shows the predicted AE¥ _,; in the anion
series of (a) III-V, (b) II-VI, (c) I-VI, and (d) IV-IV com-
pounds using Egs. (7) and (8) and the pseudopotential or-
bital radii. Figure 7 shows analogous results using the
wave-function orbital radii. We find that the stability of
these phases is generally delineated by a single coordi-
nate, i.e., R(4,B) of Eq. (3). When R from the pseudo-
potential orbital radii is between R "'=0.38(ay!) [where
AEMR")=0]and R¥=—0.20(ay '), the ZB structure
is stabler, whereas for R between R.!" and
R!¥=1.2(ay') the W structure is stabler. Excluding for
the moment those compounds for which |AE¥_,p| is
comparable to the standard deviation o of the fit, we find
that our model correctly describes, with only a few excep-
tions (see below), the overall W vs ZB structure prefer-
ences established experimentally:' ~> column III nitrides
and column IIB oxides tend to adopt the W structure,
whereas heavier anions stabilize the ZB structure. The
apparent errors in the predictions relative to the previ-
ously accepted structural designations are as follows.

(i) Using the pseudopotential orbital radii, we find that
CdSe, HgSe, and MgTe believed® >2! 725 to have the W
ground state at low temperature are predicted here to be
stabler in the ZB structure. A recent careful examination

Pseudopotential Orbital Radii
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FIG. 6. Predicted W—ZB energy differences AE¥ _,5( AB) [Eq. (3)] for (a) the III-V series, (b) the II-VI series, and (c) the I-VII

and IV-IV series from the classical orbital radii (Refs. 23 and 24).
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FIG. 7. Predicted W —ZB energy differences AE¥ _,5( AB) from the wave-function orbital radii [Eq. (8)] for (a) the III-V series,
(b) the II-VI series, and (c) the I-VII and IV-IV anion series.

of the ZB— W phase transition in CdSe (Ref. 10) estab-  method. Table III gives the calculated structural param-

lished conclusively, however, that ZB is the stable low-
temperature phase, in agreement with our result. Simi-
larly, HgSe was previously erroneously designated to

eters. We find AESP%,; of 1.4 and 6.9 meV/atom, re-
spectively, hence the ZB structure is indeed stabler, as
suggested by experiment."'® The quantitative agreement

have the W ground state;>>?*24 it is ZB at low tempera-
tures.! To examine these cases more closely, we have cal-
culated AEWP%,; of CdSe and HgSe using the LAPW

with the model is mediocre: the model predicts 3.3 and
2.7 meV/atom, respectively. (i) Using the wave-
function-maximum orbital radii, ZnS, CuCl, and CuBr

TABLE III. Lattice parameters in (A) of MgTe, BeTe, and BeS, calculated by the plane-wave nonlo-
cal pseudopotential method (Ref. 24) and of CdSe and HgSe, calculated using the LAPW method. The
results are compared with experimental data (in parentheses). The W—ZB energy difference of these
five systems was not included in the fit to the model. The last two columns compare the energy

difference (meV/atom) for the LDF from Eq. (2) and for the model prediction from Eq. (4).

a < c u AE IWD.FZB AE%'—ZB
a

ZB 6.364
w 4.505(4.52) 1.633(1.6327)*  7.358(7.38)*  0.376

MgTe —1.0 8.0
NaCl 5.846
NiAs  4.142 1.624 6.724 0.0
ZB 5.537(5.6269)°

BeTe 8.8 12.4
w 3.346 1.640 5.485 0.374
ZB 4.739(4.8630)°

BeS 6.0 4.9
w 3.338 1.651 5.510 0.374
ZB 6.045

CdSe 1.4 3.3
W 4.274 1.636 6.991 0.375
ZB 6.099

HgSe 6.9 2.7
w 4310 1.639 7.064 0.375

#Reference 60.

"Reference 61, at room temperature.
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are predicted to be W instead of ZB. (iii) Using Phillips’
coordinates,?! E; and C in the fit of Eqgs. (3) and (4) leads
also to a twofold increase in the standard deviation of the
fit and predicts incorrectly ZnS, ZnSe, CuCl, CuBr, and
Cul to be W. Hence, despite the fact that (E,,C) pro-
vide a good diagrammatic separation of different crystal
structures, they do not exhibit a quantitative scaling with
the energy difference AE ,z( AB) as well as the (R,,R,)
from the orbital radii coordinates do.

Considering next compounds for which |AE¥ _,5| is
small ( <3 meV), we identify materials that exhibit strong
W-ZB polytypism: CdS, CuCl, and ZnS with AE M yalues
of 0.7, 0.6, and 2.9 meV, respectively.

B. The case of MgTe

The only significant discrepancy between our model us-
ing the pseudopotential orbital radii and the current ex-
perimental data concerns MgTe: Both Figs. 6 and 7 pre-
dict MgTe to be stabler in the ZB structure, while, exper-
imentally, MgTe appears in the W structure.”® This result
was obtained by Zachariasen,*® who grew MgTe powder,
finding hexagonal reflection patterns in this highly hy-
groscopic nonstoichiometric mixture of Mg+MgO
+MgTe. However, it is not obvious from these experi-
ments whether W is the stable low-temperature phase (in
which case our prediction is incorrect) or W is stable only
at high temperature (in which case our result does not
necessarily conflict with experiments).>®

To resolve this question we have calculated the LDF
total energy of MgTe in the ZB, W, NaCl, and NiAs
structures. The structural parameters are summarized in
Table II1.%¢! We find that the energy differences relative
to the ZB phase are 0, —1.0, — 1.3, and — 15 meV/atom,
respectively. Hence, both the W and ZB forms of MgTe
are predicted to be unstable at low temperatures relative to
the NiAs-type structure. The situation here is analogous
to what was found®® in Mn chalcogenides, where MnO,
MnS, and MnSe have the NaCl structure, but MnTe has
the NiAs structure. Furthermore, the metastable ZB
form of MnTe can be stabilized during growth.®? We
hence suspect that the experimental observations® of W
as the structure of MgTe pertains to the high-temperature
stable phase. The stablest low-temperature phase is pre-
dicted by the LDF to be NiAs. This prediction awaits
experimental testing. Note, however, that the LDF pre-
dicts ZB to be slightly more stable than W, in conflict
with the model.

C. Trends with anions

With the exception of first-row cation compounds, we
find that AE¥ _,, increases monotonically for all III-V,
II-IV, and I-VII compounds as the anion becomes
heavier (i.e., progressing down a column in the Periodic
Table). Compounds with first-row cations show mostly
the reverse trends. These trends can be understood in
terms of the atomic sizes (which are proportional to
r,+r,). For most elements the cations are larger than
the anions. As we go down a row of anions the anion size
increases, which in turn causes the size difference
|r,—rgl| to decrease favoring the zinc-blende polytype
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for the heavier elements. The exception to this rule is the
first-row cations whose sizes are comparable to the
anions. Indeed, for the pseudopotential radii, the sizes of
the first-row cations are smaller than the size of the larg-
est anions causing a minimum in |7, —rz| with a corre-
sponding maximum in the wurtzite—zinc-blende energy
difference in the middle of the anion column. This
reflects that the anion dependence of AEM is generally
monotonic with respect to the anion position in a
column, except for the compounds with cations in the
first row. This also explains the possibility for chemical
trends in boron pnictides and beryllium chalcogenides
that are not monotonic.

The prediction from the orbital radii and the wave-
function maximum are significantly different for com-
pounds containing a first-row element, e.g., the boron
pnictides and the beryllium chalcogenides. While the
pseudopotential orbital radii predict

AEY _,5(BeS)>AE¥_,5(BeSe)>AEY _,5(BeTe)  (9)

[Fig. 6(b)], the wave-function maximum orbital radii pre-
dict

AE¥ _;5(BeS)<AE¥ _,5(BeSe)<AE¥ _;5(BeTe)
(10)

[Fig. 7(b)]. To check which trend is correct, and at the
same time examine the predictive ability of our model of
Egs. (7) and (8), we have calculated the W—ZB energy
difference AE%PF,p in BeS and BeTe using the pseudopo-
tential LDF method. We find (see Table III for calculat-
ed lattice parameters)

AEYPF, 5 (BeS)=8.8 meV /atom
and (11)
AELPF, . (BeTe)=6.0 meV /atom

clearly favoring the pseudopotential orbital radii of Eq.
(9). Hence, the trend shown by the pseudopotential orbit-
al radii [Eq. (9) and Fig. 6(b)] is correct. Table III sum-
marizes the quantitative predictive ability of the model
for five compounds not used in the fit. The difference is
about 4 meV/atom for all except MgTe. We have no ex-
planation for this unexpected error.

Using these radii, we can now formulate from Fig. 6
the anion rule of W—ZB stability: The ZB structure is
monotonically stabilized over the W structure as the
anion becomes heavier in all except first-row cation com-
pounds. In the latter case, heavy anions tend to stabilize
the W structure.

D. Trends with cations

Figures 8 and 9 show the trend of AE¥_,p with
respect to the cation position in a Periodic Table column.
Comparison with Figs. 6 and 7 show that the choice of
cation if far less decisive in establishing ZB vs W prefer-
ences than the choice of anions. Again, the exception are
compounds with first-row anions. We see that oxides
have much lower AE¥_,p values than sulphides,
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selenides, and tellurides. Like oxides, nitrides also
strongly stabilize the W structure over ZB.
It is interesting to note the trend for the III-V com-

pounds. We find
AEY _o(InX)<AE¥ _,o(ALX)<AE¥_,5(GaX) (12)

for X =P,As,Sb using either choice of orbital radii [Figs.
8(a) and 9(a)]. This trend, unlike the anion trends of Figs.
6 and 7, is nonmonotonic with respect to the position of
the column III cation in a Periodic Table row. Insofar as
AEM(A,B)xR(A,B) constitutes an orbital ionicity
scale, this suggests ALX to be more ionic than GaX, in
agreement with the calculation of Christensen, Satpathy,
and Pawlowska,® but in conflict with Phillips’ scale.?!

E. AE y_zp for compounds that are unstable
in the W or ZB structures

From the prediction of pseudopotential orbital radii,
we find that compounds whose ground state is the NaCl
structure are divided into two groups in terms of the or-
der of their metastable phases: MgO, CaO, MnO, and
CdO are predicted to favor metastable W structure (with
AE¥_,5 of —19.7, —23.8, —21.2, and —21.0
meV/atom, respectively), while CaTe and MgSe are pre-
dicted to favor a metastable ZB structure (with AE¥ 5
of +4.5 meV/atom for both). For C (stable in the graph-
ite form), we find that the metastable cubic (diamond)
structure is considerably lower in energy than the W
form (AE¥ _;5 =25 meV/atom). Both SiC and GeC are
found on the W side of the W/ZB border (the actual

CHIN-YU YEH, Z. W. LU, S. FROYEN, AND ALEX ZUNGER 46

Wave-function Orbital Radii

T T T T T 1 T T T L T
€
i)
o
>
@
E
N
sz
L
< 24 + 4+ B
(a) (b) o o0
-32 [ 1 | L1 L 1 1 1 Il L L 1 7
B Al Galn Be Mg Ca Mn Zn Cd Hg

FIG. 9. Anion trends from the wave-function orbital radii.

ground state of SiC is apparently the hexagonal 6H poly-
type,* while SiGe is predicted to be strongly ZB.

VI. SUMMARY

Angular-momentum-dependent pseudopotential orbital
radii, wave-function radii, and dielectric models, all
achieve good diagrammatic structural separation between
the wurtzite and zinc-blende polytypes for octet semicon-
ductors. We find that these coordinates also exhibit a
linear correlation with the calculated LDA zinc-blende—-
wurtzite energy differences. The best fit is obtained for a
scaled version of the first-principles pseudopotential or-
bital radii?*?* where we obtain a standard deviation of
2.8 meV in the fit to a set of 13 calculated compounds
whose W —ZB energy differences span ~50 meV. Using
this linear model we have studied trends in the set of all
tetrahedrally coordinated octet compounds. We find that
in general the zinc-blende phase is favored as the atomic
number of the anion increases (anion rule). The excep-
tion to this rule is compounds containing first-row cat-
ions.

From the model predictions we propose that the previ-
ously accepted low-temperature ground-state structures
of CdSe, HgSe, and MgTe should be revised. In particu-
lar, we find that MgTe should be stable in the NiAs struc-
ture. This awaits experimental verification.
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