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Determination of AB crystal structures from atomic properties
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We use atomic pseudopotential s-orbital radii and Pauling electronegativity g to distinguish be-
tween four types of crystal structures (ZnS, NaCl, CsCl, and MnP or NiAs) for AB compounds. By
relating g to the s-orbital radii, an even simpler scheme results, indicating the important role of
pseudopotential s-orbital radii for structural determination.

The analyses of crystal structures using atomic proper-
ties have been refined during the last decade. In early
semiclassical approaches, ' phenomenological scales
such as empirical radii and electronegativities were con-
structed to characterize bonding and structural proper-
ties. The major advantage of empirical scales is that they
are easy to apply and intuitive. Hence, this approach has
been used both to study chemically complicated systems,
for which first-principles calculations are prohibitive, and
for examining trends between bonding and structure.
Some approaches use a combination of atomic and solid
properties such as the recent study of relations among
structures, cell dimensions, and the size of the constituent
atoms. However, most of the recent developments
involve microscopic approaches closer to first principles.
These schemes are usually based on more fundamental
properties such as effective atomic numbers and atomic-
orbital radii. ' '

One of the approaches based on Inicroseopie radii uses
an ab initio pseudopotential calculation to obtain orbital
radii. These radii are used to construct atomic coordi-
nates which separate the structures of non-transition-
element AB octets and nonoctets with transition-metal
compounds. In a recent study, ' these coordinates, to-
gether with the eleetronegativity and atomic valences, are
used to separate more than 3000 intermetallic compounds
with a success rate near 97%. This scheme was also ap-
plied to two more-complicated novel systems, quasicrys-
tals' and high-temperature superconductors. '

The search for an optimum scheme for constructing
and explaining structure maps from microscopic theory
has resulted in several useful suggestions using combina-
tions of s- and p-orbital radii. Some schemes yield struc-
ture maps of s- and p-orbital radii which have been suc-
cessful but lack significant a priori justification. For ex-
ample, the Zunger-Cohen scheme uses the following
combination of s- and p-orbital radii proposed by Simons
and Bloch for AB compounds:

Part of the rationale for these choices is the belief that
the structural stability of an AB compound is closely re-
lated to the separation between s and p atomic energy lev-

els. This argument is used explicitly in Eq. (l). One can
argue that r scales with the atomic s and p energy
difference and to some extent measures s-p hybridization,
while r gives a Ineasure of the size difference between
atoms which roughly scales with ionicity. Hence, the hy-
brid of atomic s- and p-orbital radii in r„and r were
considered as basic to the success of the Zunger-Cohen
scheme. Slightly different definitions for r„and r have
been proposed but the underlying assumptions' are simi-
lar.

In contrast with the above approach, it was shown re-
cently that the pseudopotential s-orbital radii are linearly
correlated with the bond lengths of AB oetets regardless
of the sizes of the p-orbital radii. ' This raises the ques-
tion of whether some of the previous views of the role of
atomic radii in structural separations, although intuitive,
are inadequate or incomplete. Since any phenomenologi-
cal scale which produces the correct one-dimensional
Mendeleev-type ordering of the elements could lead to
structural separation to some extent, a successful struc-
ture scheme should also simultaneously handle correctly
the quantum-mechanical bonding. Accordingly, we pro-
pose a new scheme for constructing structure maps
which, consistent with Ref. 16, has no explicit depen-
dence on the p-orbital radii.

The successes of the present scheme suggest that the
structural separations of AB compounds achieved in the
earlier approach are not caused by the choice of a proper
hybrid of the s- and p-orbital radii but rather by the fact
that r, determined in a pseudopotential approach charac-
terizes the balance between the nonclassical repulsive
Pauli core potential and the attractive core-valence
Coulomb potential screened by valence electrons —a
feature unique to pseudopoten, tial s-orbital radii. This
view is suggested by the linear relation' between r, and
bond lengths, and by the definition of r, which is a mea-
sure of the cancellation between the spherical repulsive
and attractive potentials. '

A data base' of nearly 400 AB compounds is used and
we follow the classification' of separating AB com-
pounds into octet, superoctet, and suboctet compounds.
The goal here is to demonstrate the importance of the
atomic pseudopotentia1 s-orbital radii in structural sepa-
rations instead of giving a comprehensive survey of struc-
ture maps. Only four basic structures will be discussed.
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These are the fourfold ZnS (including diamond and wurt-
zite), sixfold NaC1, and eightfold CsC1. We also include
sevenfold-coordinated MnP and NiAs as AB suboctet
systems. The latter two structures cannot be dis-
tinguished from each other in the present scheme.
Nonetheless, the success of our approach is impressive
since the structural energy differences are so small —only
a few hundredths of their binding energies.

We define a violation in the present scheme as follows:
(i) a violation occurs when a compound with one struc-
ture is located in a region assigned to another structure;
(ii) no violation occurs when compounds with either
structure lie on the boundary of two different structures;
(iii) no violation occurs in regions where two or three
phases overlap.

Figure 1 contains a structure map for 114 AB octets. '

The coordinates are the pseudopotential s-orbital radii
for the cation, r„and the pseudopotential s-orbital radii
for the anion, r, . The cation and anion are distinguished
by their electronegativities. ' The condition r,'=r, =0.98
a.u. separates the ZnS from the NaCl structures, and
r,'=r,'=1.67 a.u. separates the NaC1 from the CsC1. A
similar trend holds for 18 superoctets where r,'=0.9 a.u.
separates the NaC1 from the CsC1 structure. Since there
is no structural dependence on r, , Fig. 1 is in fact one di-
mensional. The difference between the octet and superoc-
tet systems can be attributed to the fact that more elec-
trons which prefer a higher coordination number are in-
volved in bonding in the superoctet and this effectively
reduces the stability of the NaC1 structure. There are
three violations in Fig. 1. These are Agl, MgO, and CdO.
According to our scheme, MgO would have the ZnS
structure, Agl would have the NaC1 structure, and CdO
would have the ZnS structure. The r,' values of the latter
two are very close to the separating boundary r, between
ZnS and NaC1 structures, making the separations more
subtle. A total success rate of about 98% is achieved.

In previous radii schemes, the roles of the cations and
anions are mixed. In contrast, Fig. 1 shows that these
roles can be distinguished. Structural stability is
governed by the cation alone for the AB octet and this
agrees with recent ab initio pseudopotential studies of the
pressure-induced structural changes of nine group III-V

element compounds. 20

For the AB suboctets, we introduce another set of
coordinates, the Pauling electronegativity g' for the cat-
ion and r,', the s-orbital radii for the anion. The structure
map for 255 AB suboctets is given in Fig. 2. For
r,'=r, =0.54 a.u. the NaC1 structures separate from the
MnP and NiAs structures and at r,'=I','=0. 8 a.u. there is
a separation of the MnP and NiAs structures from the
CsC1 structures. Most of the AB suboctets are metals.
In contrast, AB octets are qualitatively different and
most of them are insulators and semiconductors. Since
the valence bands have mainly anionic character, whereas
the lowest conduction band has more cationic character,
it is plausible that the charge environment of the anions
bear more chemical similarities in octets which have filled
valence bands than in suboctets. One noticeable feature
of the present scheme is that all the separations occur at
lines perpendicular to one of the axes. This is useful in
searching for the microscopic origins of the separations.
For example, all the first-row compounds with small r,'
have the NaC1 structure. The coordination number in-
creases from sixfold to sevenfold to eightfold as r,', which
measures the size of the anion, increases for relatively
small g'. However, when the cation can have more elec-
trons, the sevenfold structure remains at relatively large
r,'. The separation occurs at y, =1.8 which is charac-
teristic of this saturation.

There are two violations in the 255 suboctets. These
are MnBi (which has unidentified phase P2I/m) and
AuGa. A success rate of 99.2% is achieved. Compounds
listed by Villars' but not included in Fig. 2 are given in
Table I where we also list the conditions under which
they were found. We believe that including these com-
pounds is not appropriate; nevertheless, their inclusion
only reduces the success of the present scheme by less
than 2%.

There are 38 compounds in Fig. 2 with r,'~0. 8 and

1.4

RS~o o gpsso o 5
0 0 0 0ooooo 0

0.9

0.7

0.5

ddd d

d

0 0 0000 000 0 0

Q oo0 0 O0 0 0
D

D 00
0 00

0.8
CQ

CO

0.5

0 0 0 o Q g

II
() 8 o G o

0 0 o 0
Q

n n~ooa
d

d

d d

0.3

0.1

0 0
0 0 0

QD 0 0

0.2

0 0 0 0 0 0
0 0 0 0 0

0.2 0.5 0.8 1.1 1.4 1.7

r s (a.LI.)

0.6 1.1 1.6 2.1

FIG. 1. Structure map for 114 AB octets: 48 ZnS (triangles),
63 NaC1 (squares), and 3 CsC1 (circles). The coordinate r,' is the
pseudopotential s-orbital radius of the cation and r,' is the pseu-
dopotential s-orbital radius of the anion. Structural separations
occur at r, and r,'.

FIG. 2. Structure map for 255 AB suboctets: 38 NaC1
(squares), 86 MnP or NiAs, (triangles) and 131 CsC1 (circles).
The coordinate g' is the Pauling electronegativity and r,' is the
pseudopotential s-orbital radius of the anion. Structural separa-
tions occur at r„r,', and g, .
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TABLE I. Six AB compounds not included in Fig. 2. The
low- and high-temperature phases are indicated by LT and HT.

Substances

ZrP
RuSi
A1Sc
BeTi
OsSi
AlY

Structures

TiAs (LT), NaC1 (HT)
CsCl (HT)
CsCl (1073-K, 4-h anneal)
CsC1 (metastable)
FeSi, Cscl (chem. anneal)
BCr (LT), CsC1 (HT)

0 10 20 30 40 50 60

Zve its (a.u. )

g'~y, =1.8 for which the value of g' is crucial and
makes the distinction between the CsCl and the MnP or
NiAs structures. To reduce the dependence on the
empirical parameter g, we plot in Fig. 3 the correlation
between g and Z, e /r, for 35 simple elements with
valences from one to seven. The simple elements refer to
the elements in the IA, II A, and IIIB—VIIB columns of
the first five rows of the Periodic Table. Z, is the valence
and I=y —0.2 represents the electronegativity with a
new origin (the origin of y is arbitrary). A simple func-
tional form

1/2
Zve

2 T

FIG. 3. Pauling electronegativity g vs Z„e /r, for 35 non-
transition elements.

charge Z, for valence d electrons from first principles.
Nonetheless, there are 30 out of the 38 compounds (about
80%) with simple element cations which dominate the
separation at y, . Thus Eq. (2) to a large extent eliminates
the need for empirical data for the suboctets.

In conclusion, we find that the pseudopotential s-
orbital radii r, can be used effectively as structural coor-
dinates. Including the empirically determined electrone-
gativity g yields further separations. By relating y to r„
the need for empirical data is removed for a subset of ele-
ments.

is established ' by a least-squares fit with a rms percen-
tage error of 5% (solid curve in Fig. 3). From our pre-
vious discussion, it is not surprising that Eq. (2) is quali-
tatively different from an earlier study of g which as-
sumed a linear relation between y and the inverse of rI
for l =s,p, d. Equation (2) is limited to the simple ele-
ments because of the difticulties in defining an effective

We wish to thank Dr. J. C. Phillips for stimulating dis-
cussions. This work was supported by National Science
Foundation Grant No. DMR83-19-024 and by the Direc-
tor, Once of Energy Research, Oftice of Basic Energy
Sciences, Materials Sciences Division of the U.S. Depart-
ment of Energy under Contract No. DE-AC03-
76SF00098.

~L. Pauling, Nature of the Chemical Bond (Cornell University
Press, Ithaca, 1960).

2E. Mooser and W. B. Pearson, Acta Cryst;allogr. 12, 1015
(1959).

J. C. Phillips and J. A. Van Vechten, Phys. Rev. B 2, 2147
(1970).

4W. B. Pearson, Philos. Trans. R. Soc. London 298, 415 (1980);
J. Less Common Met. 114, 17 (1985).

5A. R. Miedema, J. Less Common Met. 32, 117 (1973).
D. G. Pettifor and R. Podloucky, Phys. Rev. Lett. 53, 1080

(1984).
7A. Zunger and M. L. Cohen, Phys. Rev. B 18, 5449 (1978};20,

4082 (1979}.
~A. Zunger, Phys. Rev. B 22, 5839 (1980).
G. Simons and A. N. Bloch, Phys. Rev. B 7, 2754 (1973).

' P. Villars, J. Less Common Met. 92, 215 (1983); 99, 33 (1984);
102, 199 (1984).

"W. Andreoni, A. Baldereschi, E. Biemont, and J. C. Phillips,
Phys. Rev. B 20, 4814 (1979).

' P. Villars, J. C. Phillips, and H. S. Chen, Phys. Rev. Lett. 57,
3085 (1986).
P. Villars and J. C. Phillips, Phys. Rev. B 37, 2345 (1988).

14S. B. Zhang, M. L. Cohen, and J. C. Phillips, Phys. Rev. B 36,

5861(1987).
W. Andreoni, Helv. Phys. Acta 58, 226 (1985).

' S. B. Zhang, M. L. Cohen, and J. C. Phillips, Phys. Rev. B (to
be published).

'7P. Villars and L. D. Calvert, Pearson's Handbook of Crystallo-
graphic Data for Intermetallic Phases (American Society for
Metals, Metals Park, OH, 1985). Compounds with rare-earth
elements are not included because of the lack of first-
principles pseudopotential orbital radii for those elements.

'8By definition, an octet has eight valence electrons, a superoc-
tet has more than eight valence electrons (sometimes ten
valence electrons) and a suboctet has less than eight valence
electrons. When transition elements are involved, the
classification for the octet and suboctet is not always unique
(Ref. 4).

19The compound CsF (NaCl structure) is unstable and not in-
cluded.
S. B. Zhang and M. L. Cohen, Phys. Rev. B 35, 7604 (1987).

2'An inverse-square-root relation between y and the nearest-
neighbor distance d was discussed by Cottrell and Sutton.
However, in this calculation, the first-row elements did not fit
with the other rows. T. L. Cottrell and L. E. Sutton, Proc. R.
Soc. London, Ser. A 207, 49 (1951).



1080 S. B. ZHANG AND MARVIN L. COHEN 39

Pauling's electronegativity values for In and Tl are 1.7 and
1.8, respectively. These two are the "bad actors" in the fitting
which reduce the rms percentage error to about 6%. Howev-
er, several different definitions of y give values close to 1.5 for
In instead of 1.7. Multivalues for Tl are also proposed [see H.

O. Pritchard and H. A. Skinner, Chem. Rev. 55, 745 (1955)].
The value used here for Tl is 1.5 given by Gordy and Thomas
[W. Gordy and W. J. O. Thomas, J. Chem. Phys. 24, 439
(1956)].
J. St. John and A. N. Bloch, Phys. Rev. Lett. 33, 1095 (1974j.


