MICROREVIEW

The “Coloring Problem” in Solids: How It Affects Structure, Composition and

Properties

Gordon J. Miller

Department of Chemistry, Iowa State University
Ames, IA 50011-3111, USA

E-mail: gmiller@iastate.edu

Received October 14, 1997

Keywords: Quantum chemistry / Intermetallic compounds / Transition metal cluster compounds / Crystallography /

Electronic structure

4

The “coloring problem,” as applied to the field of solid state
chemistry, addresses the issues of structural preference as
well as the distribution of different elements within a given
structure. Both the connectivity and arrangement of elements
in a solid affect physical and chemical properties, so a clear
understanding of the forces controlling how elements will ar-
range themselves in a solid state structure creates the ability

to predict structure-composition-property relationships.
There are two fundamental energetic contributions that in-
fluence how elements in a structure order: the site energy
and the bond energy. This review examines how these two
parts of the total electronic energy work together to influence
the observed structures, compositions, and properties of in-
termetallics and transition metal cluster compounds.

The study of chemical compounds fundamentally in-
volves elucidation of the relationships among composition,
structure, and properties. From a historical perspective,
there are two types of compounds: Daltonides and Berthol-
lides. All molecular and many solid state compounds follow
the law of definite proportions, which demands integral ra-
tios for their compositions. Berthollides, on the other hand,
are nonstoichiometric compounds, and occur only in con-
densed matter (solids and liquids).[l Although there are no
general rules governing stoichiometry, simple electron
counting rules like the octet rule, the 18-electron rule, and
Wade's rules provide guidance for stable compositions.!?!
Electronic structure theory gives theoretical justification for
these simple rules, but application of these quantum mech-
anical models requires a knowledge of structure, both ac-
tual and hypothetical. An additional bonus from the results
of electronic structure calculations is the possibility, in prin-

ciple, of extracting information on physical and chemical
properties. Of course, the quantitative accuracy of these
predictions depends on the level of approximation used in
the quantum mechanical calculations. Such theoretical
studies combined with an experimental program involving
synthesis, careful structural characterization, and measure-
ments of physical properties allow a thorough examination
of the fundamental relationships among composition,
structure, and properties. Certain extended solids, in par-
ticular intermetallics and transition metal cluster com-
pounds, provide superb examples for systematic investi-
gations of these relationships.

Structure-property relationships can already be witnessed
with the main-group elements,’! and are strongly coupled
to valence electron concentration (vec), which equals the
number of valence s and p electrons per main-group atom
(for the transition elements, valence s, p, and d electrons are
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needed; for lanthanides and certainly the actinides, valence
f electrons must be included as well). For main-group ele-
ments with vec less than four, closed packed (ccp, hcp or
bee) metallic structures form.™ If vec is greater than or
equal to four, open network, nonmetallic structures occur.
The inert electron-pair effect in sixth-period elements, e.g.,
TI, Pb, Bi, and Po, creates exceptions to these trends.>] A
theoretical technique called second moment scaling of the
electronic energy density of states provides a rationale for
the observed structural trends of the elements.[®] Complete
electronic structure calculations are required, however, to
assess observed properties. For example, the observed de-
crease in electrical conductivity as pressure increases for el-
emental Ca, Sr, and Ba has been explained by the results of
detailed band structure calculations.[”)

As composition becomes a variable, potential structural
complexity increases dramatically with respect to both the
network of interatomic connections as well as the exact ar-
rangement of the different atoms throughout the structure.
The second aspect is also called the site preference problem,
which is a specific application of the more general coloring
problem.*] How atoms are distributed within a network
can influence not only to what extent different atoms occur
in a compound, i.e., stoichiometry, but also the nature of
the electronic structure, i.e., physical and chemical proper-
ties. Moreover, there is a synergism between composition
and geometrical structure which are blended via the elec-
tronic structure that leads to further chemical diversity. In-
termetallic and transition metal cluster compounds are well
suited for examining these fundamental problems of ex-
tended solids: subtle changes can be made in their com-
pound compositions which allow detailed investigation of
site preference. The Hume-Rothery intermetallic phases!!
provide exceptional examples for studying both structural
complexities mentioned at the beginning of this paragraph:
not only does structure change with vec, but the distri-
bution of atoms among the different crystallographic sites
in a given Hume-Rothery phase is closely related to its
structure. Therefore, for multicomponent systems adopting
extended structures the following questions arise: (1) for a
given composition, what controls the observed structure; (2)
in a given structure, how do the different chemical elements
arrange themselves; (3) how does this arrangement of atoms
influence the observed physical and chemical properties of
a given compound; and (4) what is the fundamental re-
lationship among structure, property, and composition for
a particular chemical system?

Background

The coloring problem, better known as the “four-color
problem” in mathematics, was one of the best known, un-
solved mathematical challenges until it was solved in
1976.119 1t defied solution for over one hundred years (since

[¥] A succinct statement of the coloring problem in chemical sys-
tems is, “Given a molecular or extended network and several
different types of atoms or chemical groups, what is the best way
to distribute them in the network for a fixed stoichiometry?” (¥l
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1852), while attracting the attention of nearly every math-
ematician in the late nineteenth and throughout the twenti-
eth century. The original basic problem is “to find the
smallest number of colors necessary to color the countries
of any map so that each two countries with a common bor-
der have different colors.”**] This problem belongs to the
discipline of graph theory.'l A graph is a collection of
points, called vertices, with various pairs of points joined by
a collection of arcs, called edges. A vertex has valence m if
exactly m edges meet at that vertex. A map is a graph in
which each vertex has valence at least three, and with edges
that form simple closed curves, called faces. The application
of this problem to chemistry is clear: the structures of
chemical compounds are often represented by graphs in
which atoms occupy vertices, and bonds often correspond
to edges in the graph. The chemist wonders, which coloring
has the lowest energy? In these chemical examples, however,
“coloring” occurs at the vertices, and not at the faces.l***]
the idea of reciprocity is important for justifying the equiv-
alence of these two mathematical problems.[!%]

The coloring problem occurs in some classic molecular
examples: the simplest case being linear triatomic mol-
ecules. Both CO, and N,O are linear molecules, but only
CO, has inversion symmetry. The explanation for the ar-
rangements OCO or NNO and not OOC or NON is simply
that 16-electron triatomic molecules require the more elec-
tronegative component to occupy the terminal position, i.e.,
the site with lower coordination number.!'#! This effect also
occurs in the cage structures of S;N, and AsyS,,U (see
Figure 1) which adopt identical molecular topologies: one
site is two-bonded (N in S4N4; S in As,S,), the other is
three-bonded (S in S4;Ny4; As in AssS,). Since the Pauling
electronegativities for these three elements increase from As
to S to N, the arrangement of atoms in these molecules has
the more electronegative element at the two-bonded posi-
tion.

Figure 1. Molecular structures of As,S; (left) and S4;N, (right);
white circles are S atoms, black circles are As or N atoms

As,S, SaNy

Molecular orbital theory can substantiate this conclusion
through the principle of topological charge stabilization.'%
When a Mulliken population analysis!'”! is applied to the

L¥*] The German mathematician Mobius is credited with its origi-
nation in the form of a puzzle to his students.!!!]

Be**] In terms of graph theory, another statement of the coloring
problem is, “Consider a fixed molecule or solid state frame-
work which is then populated with different sorts of atoms
or atom groupings. Such a mapping of vertices to atoms is
called a coloring, and the different atoms or units are associ-
ated with different colors.” 3]
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results of a molecular orbital calculation on a homonuclear
molecular structure, differences in atomic populations, i.e.,
the number of valence electrons assigned to an atomic site
in the molecule, usually occur. For an isostructural hetero-
nuclear molecule, the most electronegative element will oc-
cupy the site with the largest Mulliken population. The sim-
ple Hiickel theory can verify this conclusion. Consider a
molecule composed of atoms, which are each described by
a set of valence atomic orbitals {y;} with atomic orbital
energies a; (0; < 0). The strengths of the atomic orbital in-
teractions in the molecule are prescribed by a set of reso-
nance integrals B; (B; < 0). In the LCAO approximation, a
molecular orbital is expressed as

W = Xi Cui Xi ey

where c¢,; is the numerical coefficient of the i atomic
orbital in the n™ molecular orbital and the summation co-
vers all valence atomic orbitals {yx,} in the molecule. The

energy of this molecular orbital can then be written as

E, = Z; \l0; + Z; Ty CuCyfly v

The total valence electron energy, E,,., is the sum of the
molecular orbital energies E, times their corresponding oc-
cupation numbers (z, = 0, 1, or 2), which gives the result!'®]

Emo = Zn Z, En = En Z, (21 Cr1i2 ai + Zi Zj?éi Cni an i/')
=% CizuCh?) o T I i (B 2, i Cup) By
Eno=2Ziq o + Z; 2 Py By 3

where ¢; is the atomic orbital population (Mulliken popu-
lation in Hiickel theory) and p;; is the overlap population!'”!
(Coulson bond order index!'”l) which are defined by the
equations

qi = Zn Zy Cm'2 (4)
pij = Zn Zp Cpi an (5)

The principle of topological charge stabilization uses just
the first term of equation (3), i.e., the most stable coloring
of a heteronuclear molecule is the one for which the most
electronegative element, i.e., the one with the lowest a,'s,
occupies the site with the greatest Mulliken population, ¢;,
in the homonuclear model of the molecule.

Figure 2. Simple representation of three-center four-electron bond-
ing; in the trigonal bipyramidal molecule PF,CH;, the methyl
group occupies the equatorial position; the linear F—P—F frag-
ment along the axial direction involves three-center four-electron
bonding, whose simple molecular orbital picture is shown; the non-
bonding orbital has a node at the P atom, which results in the axial
sites being generally preferred by the most electronegative ligands

/‘*’“‘"‘L —_— » CO—OO—D
F
-ﬂ- b X O— e —CO0
Fm'"‘“-r CH.
3
v | \ -%- b OO—OO—-0O
F EQUATORIAL

3-Center 4-Electron Bonding
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Additional examples of the application of this principle
include five-coordinate main group molecules (see Figure
2), which adopt either trigonal bipyramidal or square pyr-
amidal structures.?” Both arrangements have two inequiva-
lent sets of ligands, labeled axial and equatorial, which im-
mediately lead to a site preference problem. In ten-electron
trigonal bipyramidal molecules, e.g., PCLF, and
PF,(CHj;),/? the more electronegative F atoms prefer the
axial sites, although these molecules undergo rapid pseudo-
rotation. In each case, the more electronegative ligand is
involved in three-center four-electron bonding along three
collinear atoms.?! The four electrons in this simple model
occupy one bonding and one nonbonding molecular orbital
(see Figure 2). The bonding orbital is delocalized through-
out the three atomic orbitals, while the nonbonding molecu-
lar orbital has only ligand character, which provides the
electronic driving force for the observed substitution pat-
tern. Ligands in the equatorial sites of these molecules are
involved in two-center two-electron bonding with the cen-
tral atom. On the other hand, twelve-electron square pyr-
amidal molecules like XeOF, have the more electronegative
ligands (F atoms in XeOF,) in the equatorial sites, which
involve two three-center four-electron interactions.

When nonorthogonal atomic orbital basis sets are used in
electronic structure calculations, as in the extended Hiickel
theory,[?? the expression for the total valence electron en-
ergy E., becomes slightly modified from equation (3). The
overlap integrals S;; are now explicitly included during cal-
culation of the electronic energy levels, and expressions for
the Mulliken population and overlap population become

qi = Zn Zn ( cniz + C"i C"j SU) (6)
pij = E,, 2 Zp Cpi an Sif (7)

Then, after some simple algebraic manipulations of the
molecular orbital energy values, the total valence electron
energy is

Eno =2Ziqa; + % Zj#i Pij (Bg - Sij a;) 8

The first term in expressions (3) or (8) can be interpreted
as the energy contribution from the valence electron con-
figurations of the different atoms or ions in the structure,
which is the site energy. The value of this term is sensitive
to the degree of charge transfer between atoms as well as
the coordination geometry at each site. The second term is
a net two-center interaction term, the bond energy, and will
be minimized when only bonding and nonbonding orbitals
are occupied by providing maximum overlap populations
Pij-

This type of transformation of the total valence electron
energy does not require a knowledge of the eigenstates of
the system, i.e., {y,}, provided another method can calcu-
late the population terms, ¢; and p;.[* These chemical
quantities are the matrix elements of the density matrix,*]

U] The density matrix elements are expansion coefficients of the
total charge density in the atomic orbital basis set. Diagonal
elements are the charge densities to associate with each orbital
in the system; off-diagonal elements are bond orders between
two different atomic orbitals on different atoms.
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which can be determined without knowing the eigenstates
by using, for example, the recursion method.?* Further-
more, expressions (3) and (8) are general for all types of
chemical systems: molecules, crystalline solids, amorphous
solids, liquids, quasicrystalline solids, and defective crystal-
line materials. For solids, Ey,,q replaces the symbol E,,, to
describe the total valence electron energy from the occu-
pation of energy bands rather than molecular orbitals. In
subsequent discussions, we shall call this energy the total
orbital energy, E,.. This transformation of the total energy
introduces a much more chemical approach to the analysis
of electronic structure of solids. Furthermore, with respect
to the “coloring” problem in chemical structures, the tight-
binding expressions in equations (3) and (8) point to two
contributions: atoms arrange themselves to provide the low-
est site energy and to minimize the bond energy.

Figure 3. Structure of the quasi-infinite L[SnTes]>~ chain in
K,SnTes and T1,SnTes;2%! white circles are Te atoms, black circles
are Sn atoms

Consider one simple example of this problem: the quasi-
infinite chain [SbTes]?>~ found in K,SnTes and Tl,SnTes
(see Figure 3).12°1 As the figure shows, this chain consists of
tetrahedrally coordinated Sn atoms alternating with square
planar coordinated, albeit slightly distorted, Te atoms,
which we can formulate as §[(SnTeu)(TeTesn)]>~. X-ray
diffraction studies are unable to differentiate between Sn
(Z = 50) and Te (Z = 52) for these two sites, but their
distribution has been inferred from the known crystal
chemistry of these two elements. An extended Hiickel calcu-
lation performed on a homonuclear chain (using only Te
atomic orbital parameters) indicates that the more electro-
positive element [Sn; lower ¢;'s in equation (8)] would oc-
cupy the tetrahedrally coordinated site, and the more elec-
tronegative element [Te; higher ¢;'s in equation (8)] would
occupy the site with square planar coordination. A direct
comparison of the two different patterns shows the ob-
served combination to be energetically preferred over the
alternative by approximately 10.0 eV per formula unit if
only nearest neighbor (four Sn—Te and four Te—Te) inter-
actions are considered. Of this 10.0 eV energy difference,
1.2 eV is attributed to the difference in site energies and 8.8
eV is the difference in bond energies. The dominance of the
bond energy difference reflects tetrahedral vs. square planar
coordination at the two different sites. When second nearest
neighbor interactions are included (Sn---Te along the chain
in the tight-binding calculation), this total energy difference
increases to 14.4 eV, of which 12.1 eV is due now to a differ-
ence in site energies, and 2.3 eV to a difference in bond
energies. The dramatic change in how the two components
contribute to the total energy arises from a significant dif-
ference in the coordination environment: Sn is surrounded
by 4 + 2 Te atoms, whereas Te is coordinated by four Te
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atoms and two Sn atoms. Regardless, the Sn occupies the
tetrahedral sites and Te, the square planar sites.

In extended solids the site preference problem has already
been well documented for the spinels, A>"B,370,.[% In
these oxides, one-half the octahedral holes and one-eighth
the tetrahedral holes are occupied by metal ions in the cubic
closest packed oxide framework. A normal spinel would be
A(tet)2+B(oct)23+O47 as in Cos04 = Co(tet)2+co(oct)23+o4,
whereas an  inverse spinel would be = Bet-
(A(oct)2+B(oct)3+)O4a as in COF6204 = Fe(tet)3+'
(Cogoety* "Fe(oery> 7)O4. The crystal field theory achieved suc-
cess by comparing the energies of octahedral and tetra-
hedral fields for different d" electronic configurations.
Strong preference for octahedral coordination occurs for
d'—d* and d°—d ions, which has been used to rationalize
the different ionic arrangements in spinels. Of course, ligand
field theory can also be applied to these examples with
identical results. ]

Perhaps a better example of the “coloring” problem is
how to color the body-centered cubic (bcc) lattice with two
different atoms at equal concentrations, i.e., AB. The cubic
CsCl structure (Figure 4) is the alternant variant, with each
A atom surrounded by eight nearest neighbor B atoms and
six next nearest neighbor A atoms at a 15% larger distance.
On the other hand, the CuTi structure (Figure 4) is a tetra-
gonal modification of the bce arrangement with alternating
pairs of (001) planes of atoms. In CuTi, each A atom is
coordinated by four A and four B nearest neighbors as well
as four A and two B next nearest neighbors; each B atom
is surrounded by four A and four B nearest neighbors and
four B plus two A next nearest neighbors. In these two ex-
amples, the observed coloring depends on the vec, as also
shown in Figure 4 for binary alloys of the transition met-
als.?”l Another possible coloring of this lattice is the NaTl
structure (Figure 4),18] which is limited to binary com-
pounds of the pre- and post-transition elements. For the
NaTl structure, there are four A and four B nearest neigh-
bors plus six next nearest neighbor B atoms around each A
atom. For this problem, semi-empirical calculations nicely
reproduce the observed trend in structure.?”!

Therefore, with respect to these examples, the site prefer-
ence problem is a specific corollary of the more general
“coloring” problem. Extended solids offer the additional
problem of disorder, which further complicates the prob-
lem. A general understanding (i.e., predictive algorithm) re-
mains to be determined to elucidate solutions for the gen-
eral case, but the following section examines a small number
of examples from our research group to help build a body
of data for the “coloring” problem in solids.

Applications

The remainder of this article focuses on specific examples
of the “coloring problem” in extended solids from our
group’s research. The fundamental questions concern how
structure, composition, and properties of extended solids
are affected by the arrangement of different elements in a
compound. Since intermetallic and transition metal cluster
compounds are involved, these investigations reveal how
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Figure 4. Structures of different AB colorings of the bcc lattice:
(very top) CsCl structure; (center top) CuTi structure; (center bot-
tom) NaTl structure; (very bottom) computed energy differences
between the CsCl and CuTi arrangements vs. the average number
of s + d electrons; CsCl is the reference structure; the more stable
structure has the lower value of AE for a given number of s + d
electrons; experimentally observed values are shown on the di-
agram

0.20
0.15 1
0.10 1
%‘ 0.05
E 0.00 VA e
-0.05 \/J
0.10 CsCl CuTi
-0.15 —p—r—r—TT T T T T T T T 7
01 23 456 7 8 9101112
s + d Electrons

experiment and theory can work symbiotically to pursue
some fundamental chemical questions. These applications
are organized as follows: (1) kinetically vs. thermo-
dynamically stable structures; (2) structural influences for
a single composition but variable electron count; (3) site
preferences and composition influenced by nearest
neighbor interactions; (4) structure-composition relation-
ships in intermetallics; and (5) composition-property ef-
fects.

Eur. J. Inorg. Chem. 1998, 523—536

Figure 5. Structures of the low and high temperature forms of

Nb;SI;: (top) 0-NbsSI;; (bottom) 4-NbsSI;; black circles are Nb

atoms, gray circles are S atoms, white circles are I atoms; figures

on the left illustrate the two-dimensional layers of clusters, and

those on the right show the local environments of the Nb; triangles;

the point symmetry of the cluster in 0-NbsSI; is C; while in
h-Nb3SI7 it is C3v

h-Nb;SI,

1. Kinetic versus Thermodynamic Products: Nb;SI,

The formation of solid state compounds is certainly con-
trolled by both thermodynamic and kinetic factors. With
temperature and pressure as fundamental variables, the
complete study of a particular system involves numerous
synthetic attempts under different conditions. Recent in-
vestigations with ternary transition metal/chalcogen/hal-
ogen systems containing metal clusters have uncovered a
diverse collection of new layered compounds with various
structures and properties.*”! One poignant example is
Nb;SI,, which has been characterized in three topologically
different layered structures (polymorphs, not polytypes!) de-
pending upon the temperatures chosen for synthesis. All
three structures, however, contain triangular Nbs clusters
with capping sulfur atoms. Their differences arise in how
these units are linked together. The coloring problem in this
system addresses how sulfur and iodine form the anion ma-
trix that contains the Nbj clusters.

At temperatures between ca. 300°C and 650°C, elemental
niobium, sulfur, and iodine react in the molar ratio
3.0:1.0:3.5 to give a crystalline orthorhombic phase, o-
Nb;SI;, whose structural formula is NbsS;, 5" %
(T4, H).¥] As seen in Figure 5, the Nb; triangle is
capped by a single sulfur atom (S’), and each edge is

[*] The notation for transition metal clusters differentiates between
ligands bridging edges or faces of a cluster, i.e., X' (i = innen =
inner) and those connecting or terminating clusters, X (¢ =
aussen = outer).3
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bridged by an iodine atom (I’). These [Nbs(uz-S)(u>-1)3
units are then connected together by six iodine atoms (I~¢)
linking two clusters and three ligands trans to the capping
sulfur atom (two are I“"“ and one is S“7/) linking three
clusters. There is just one crystallographic type of sulfur
atom in 0-NbsSI;: it caps an Nbjs triangle, but it also bonds
to an adjacent cluster (thus the S'~¢ and S~/ designations
in the structural formula). In 0-NbsSI; sulfur is 3+1 coordi-
nated to Nb in a cis-divacant octahedral geometry. This lo-
cal coordination structure at one of the anions gives rise to
the undulating layered structure of 0-NbsSI;.

Figure 6. Schematic diagrams of the relationships in atomic orbital
energies for three different elemental components of ternary com-
pounds; the higher the electronegativity of an element, y(X), the
lower its valence orbital energies; for these schemes, y(4) < x(B),
so E(A)'s > E(B)'s; the interesting chemistry arises by considering
how A and B relate to the third component C; (a) x(4) < y(B) <

x(C), (b) x(4) < x(C) < x(B), (¢) x(C) < x(A) < x(B); electron
transfer takes place until a constant electrochemical potential exists
throughout the structure

(a) (b) (<)

Above ca. 650°C, these elements form a layered hexa-
gonal structure, 41-NbsSI;,?% (see Figure 4) whose layers
are related to those found in B-Nb;lg.[311 The corresponding
structural formula for this compound is Nb;S-
I35 I35 % Each sulfur atom is just three-coordinated
to Nb, and the layers are flat. The structures of 0-NbsSI,
and /#-NbsSI; can be compared by examining the two differ-
ent packing arrangements of anions: 0-NbsSI; involves cu-
bic closest packed anions (--c--)132 with each (111) plane
containing 1/8 sulfur and 7/8 iodine, while 4-NbsSI; con-
tains an alternating mixture of cubic closest packed and
hexagonally closest packed layers (--+hc-+)B? with sulfur oc-
curring in alternate close packed layers to an extent 1/4 sul-
fur and 3/4 iodine. In 0-NbsSI; the stacking arrangement
of one anion “(111)” sheet (i.e., “SI;”) with respect to its
two neighboring layers maximizes the S-S internuclear sep-
aration, or minimizes the electrostatic repulsion between
neighboring sulfide ions. In both close packed anion arrays,
Nb atoms occupy 3/8 of the total number of octahedral
holes and are located close to the sulfur atoms. A combi-
nation of lattice energy®3! and extended Hiickel®*?! calcu-
lations on various models indicates that Nb—Nb bonding
is optimized in 4#-NbsSI;, but that the Madelung energy is
lower for 0-NbsSI;. Quenching and annealing experiments
conducted at different temperatures show that o-NbsSI;
transforms to /#-NbsSI; irreversibly at temperatures above
ca. 650°C.
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Thus, the coloring of the anion network in NbsSI; strongly
influences the resultant total structure of the extended solid
involving transition metal clusters. Ionic and covalent forces
compete for the formation of a given atomic arrangement. At
low temperatures, long range electrostatic interactions guide
the formation of the kinetically stable 0-NbsSI; by maximizing
the separation between sulfide ions. At higher temperatures,
however, the atoms rearrange to give a structure with lower
internal energy, #-NbsSI,, which retains certain structural fea-
tures, e.g., the Nb; triangular cluster.*!

The ternary niobium/sulfur/iodine system offers a further
application of the coloring problem that is only possible
in extended solids-nonstoichiometry. NbsS;_ I, can be
prepared from the elements for x < 1.[?11331 X-ray and neu-
tron diffraction studies on polycrystalline powders and sin-
gle crystals show that these layered compounds have struc-
tures related to B-Nbslg for x > 0.6 and /4-NbsSI; for x <
0.4. A two-phase mixture of these structures exists for 0.4
< x < 0.6. Throughout the series, moreover, sulfur and iod-
ine atoms randomly occupy the anion site capping the Nbs
cluster. Neutron powder diffraction on the compounds B-
Nbslg, Nb3Sg 341766, and NbsSy ¢4l7 36 between 15 K and
300 K did not exhibit any ordering phenomena, i.e., no
superstructure reflections nor any symmetry-lowering phase
transitions. Magnetic susceptibility measurements give one
unpaired electron per ps-1 capped Nbjs cluster, except in -
Nbslg. We can understand the lack of superstructure from
the electronic structures of ps-S capped Nb; groups and
ps-1 capped Nbs groups in the iodide matrix. Electronic and
matrix effects work against each other to produce disorder:
the six-electron Nbj cluster in NbsSI; has weaker Nb—Nb
bonding but a smaller capping anion (sulfide) than the
seven-electron cluster in B-Nbslg. Thus, Nb—Nb distances
remain nearly unchanged throughout the series
Nbs3S;_,I;;+, and the Fermi levels do not vary with the
composition variable x.

2. Coloring and Structure in Ternary MM'X Intermetallics

Intermetallic compounds adopt structures that are de-
pendent, in part, on the number of valence electrons per
formula unit. An understanding of this relationship be-
tween structure and electron count requires knowledge of
the electronic structures and a good estimation of the struc-
tural energy differences for different arrangements of atoms.
Second moment scaling!®! techniques and the structural en-
ergy difference theorem'*! have contributed greatly to the re-
cent success of electronic structure calculations for sorting
numerous binary intermetallic compounds. The second mo-
ment W, for a quasi-continuous distribution of electronic
states p(E) (as one finds in an extended solid) is defined by
the integral

o= | Ep(EME ©)

¥ A new modification, m-NbsSI;, has been recently characterized
at temperatures exceeding 1000°C, but was first identified in the
COmpOund Nb7SzI]g = [Nb3SI7]2(Nb15).[34]
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Within the tight-binding (LCAO) approximation, this in-
tegral expression can be rewritten into a summation

=% - Na? + T B (10)

N is the number of atomic orbitals in the unit cell, a; is
the atomic orbital energy for the i atomic orbital, and B;
is the resonance integral between different atomic orbitals i
and j. For identical compositions, the first term in equation
(10) is the same for all structural models. Second moment
scaling, therefore, demands that for all structure types to be
compared the unit cell and atomic positional parameters be
selected to create equal second terms, X,B,%, and therefore
equal p, values. The structural energy difference theorem
states that the energy difference between two structures is
given to first order by the difference in the bonding contri-
butions to the total energy, i.e., AEy,,q. The total binding
energy for a structure is generally the sum of a repulsive
term, E.p, and the bonding contribution, Epong. Epong Can
result from a Madelung (E,,.q), molecular orbital or band
structure (E,,) calculation, while the repulsive term is a
combination of short-range electrostatic and Pauli repul-
sion contributions, which are specifically proportional to
coordination numbers. Heine has demonstrated that the
second moment W, is proportional to the average coordi-
nation number in a given structure.[*®! Therefore, per-
forming second moment scaling on various structural mod-
els creates equal E,., terms in the total binding energy, and
validates the structural energy theorem.

Once the electronic structure calculations are completed,
equation (3) or (8) can be used to provide a rationale, in
chemical terms, for the predicted sorting diagram: an ele-
ment will tend to adopt a single type of site that minimizes
its site energy and bond energies. For a study of structural
changes with valence electron concentration, the site energy
changes rapidly with electron count due to the quadratic
dependence of atomic orbital energies on charge. The rela-
tive electronegativities () of the components in ternary A -
B, C systems give rise to three scenarios: (1) x(C) > x(B) >
x(A), (2) x(B) > %(C) > x(A), and (3) x(B) > x(A) > x(C).
Figure 6 illustrates how electron transfer will take place as
these elements form chemical bonds (the greater electrone-
gativity implies lower atomic orbital energies). The sites ul-
timately selected by elements A and B in the C matrix will
follow the ramifications of equation (8): lowest site and
bond energies, which are governed by the extent of electron
transfer and orbital overlap. In this first example, we high-
light the subtle interplay between site potential and near
neighbor interactions at controlling structure in metal-rich
phosphides.

The recent synthesis and crystal structure determination
of ZrNbP provide two unusual features:*” (1) ZrNbP crys-
tallizes in the Co,Si structure type (oP12*]), whereas Zr,P

[¥] The Pearson symbol®? describes for a given structure its Laue
symmetry, lattice class, and number of atoms in the unit cell.
oP12 means primitive orthorhombic with 12 atoms in the unit
cell.
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(0C108) and Nb,P (oP54) form other, quite complex struc-
tures; and (2) Zr and Nb are completely separated onto
different crystallographic sites with no evidence for mixed
site occupations nor of any variable composition,
Zr+ Nb;- P. The miscibility of Zr and Nb is certainly
manifested in their binary phase diagram, but does not
seem to extend to this ternary compound. Furthermore,
ZrNbP differs from ternary (Nb, Ta) sulfides,*® in which
there is only a partial segregation of Nb and Ta atoms onto
inequivalent crystallographic sites. But ZrNbP is nonethe-
less similar to these ternary sulfides because they exist only
for specific Ta:Nb ratios. Semi-empirical electronic struc-
ture calculations® were performed in our group in order
to address the following questions: (1) what accounts for
the complete segregation of Zr and Nb atoms in ZrNbP?,
and (2) what controls the observed structure of ZrNbP with
respect to viable alternative structures for the ternary
MM'P phosphide system? As it turns out, both questions
have the same answer, which relates to the nature of metal
—metal bonding in this system. Moreover, the theoretical
analysis predicted the structure for the new compound
ZrMoP, which was subsequently confirmed by experiment.
Therefore, the structure and existence of a new intermetallic
compound could be predicted using crystal chemical prin-
ciples and electronic structure calculations.

Figure 7. (Top) structure of ZrNbP and (bottom) structure of

ZrMoP; black circles are Nb or Mo atoms, gray circles are Zr

atoms, and white circles are P atoms; figures on the left illustrate

metal—phosphorus contacts, figures on the right show metal—
metal contacts

ZrMoP

Figure 7 illustrates two projections of ZrNbP along the
crystallographic b axis, one of which emphasizes the close
metal—phosphorus contacts (d < 3.05 A) while the other
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shows the metal—metal distances shorter than 3.30 A. In
ZrNbP, Nb is tetrahedrally coordinated and Zr is square
pyramidally coordinated by P atoms. With respect to these
coordination environments, there are two alternative struc-
tures common to many ABC intermetallics: (1) the Fe,P-
type and (2) the Cu,Sb-type.3211% The Fe,P structure type
is also illustrated in Figure 7 to point out both the metal—
phosphorus and metal—metal connectivities. In order to
compare the total energies of the three structure types at
valence electron counts around fourteen per formula unit,
second moment scaling and the structural energy theorem
were applied. Figure 8 illustrates these results as energy dif-
ference curves. Not only do these calculations reflect the
stability of the observed structure for ZrNbP, but they also
predict the structure of ZrMoP, if it exists, to be the Fe,P-
type. Direct synthesis and single crystal structural charac-
terization of Hf} oMoy o4P confirmed this prediction, and
revealed the complete segregation of Hf and Mo, respec-
tively, onto the square pyramidal and tetrahedral sites.3"]
ZrMoP was also synthesized and characterized by X-ray
powder diffraction.*"]

Figure 8. Energy difference curves vs. valence electron count for
the Co,Si-, Fe,P-, and Cu,Sb-structure types as possible models
for the structure of ZrNbP; the energy of the Co,Si-structure type
is the reference energy (AE = 0); the lowest AE curve for a given
electron count represents the most stable structure among the three
models; the electron counts for ZrNbP and ZrMoP are marked

0.4

= .
O Co,Si
= s
<

Cu,Sb

ZINbP .

. ZrMoP

# Valence Electrons

Why does the complete segregation of Zr and Nb in
ZrNbP and of Hf and Mo in Hf; j¢Mogo4P occur? The
same electronic structure calculations!*®! show that the ob-
served, completely segregated sets of metal atoms give the
lowest total valence electron energies over all other possible
arrangements of metal atoms in ZrNbP and ZrMoP. From
equation (8), this segregation provides the lowest site ener-
gies for these elements. In addition, analysis of the overlap
populationsP1#! for the two shortest metal—metal con-
tacts in each structure reveals that the heteronuclear Zr—Nb
and Zr—Mo interactions are optimized, i.e., bonding and
nonbonding orbitals are filled; antibonding orbitals are
empty. At the corresponding Fermi levels, the homonuclear
Nb—Nb interactions in ZrNbP are nonbonding whereas
the Mo—Mo contacts in ZrMoP show significant antibond-
ing overlap (see Figure 9). These theoretical results are well
reflected in the observed bond lengths: the shortest hetero-
nuclear metal—metal distances reflect the differences in
atomic radii [y, (Zr—Nb) = 3.014 A in ZINbP vs. dpin
(Hf—Mo) = 2915 A in HfMoP], whereas the shortest
homonuclear metal—metal distances demonstrate the na-
ture of occupied electronic levels near the Fermi level [d,;,
(Nb—Nb) = 2.816 A in ZrNbP vs. dypin (Mo—Mo) = 3.015
A in HfMoP]. Thus, total segregation of Zr and Nb in
ZrNbP or Hf and Mo in Hf| gMo, o4P relies not only on
the site energies in each structure, but also on the heteronu-
clear metal —metal interactions.

Figure 10 illustrates how the relationship between the site
and bond energies arises. Phosphorus atoms create tetra-
hedral and square pyramidal ligand fields about the metals,
which breaks the degeneracy of their valence d orbitals. Ac-
cording to electronegativities (see Figure 6) some of the
metal valence electrons are transferred to phosphorus to
form metal—phosphorus bonds. The electrons remaining in
metal valence orbitals are utilized to form heteronuclear
and homonuclear metal—metal bonds. Since the strength of
orbital interactions is inversely proportional to the energy
difference between the two isolated orbitals,['4] the strongest
heteronuclear metal—metal interactions occur when the en-
ergy difference between occupied valence d orbitals of the

Figure 9. Overlap populations!!71#1 for the shortest homonuclear and heteronuclear metal—metal bonds in ZrNbP (left) and ZrMoP

(right); the dashed lines indicate calculated Fermi levels for 14 and 15 valence electrons per formula unit; positive values (bonding overlap)

lie to the right and negative values (antibonding overlap) lie to the left; in ZrNbP, both Nb—Nb and Zr—Nb bonding is optimized; in
ZrMoP, Zr—Mo bonding is optimized, but there is significant antibonding character for Mo—Mo bonding at the Fermi level
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two different metals is smallest. In ZrNbP and ZrMoP this
condition is met when Zr is in square pyramidal coordi-
nation and Nb or Mo are tetrahedrally coordinated by P:
the difference in valence d orbital energies equals the free
atomic orbital energy difference, A, plus the difference be-
tween the d orbital energy shifts from the © donor phos-
phorus ligands (expressed in units of e, using the angular
overlap model?)). When the more electronegative Nb or Mo
atoms are tetrahedrally coordinated, the resulting energy
difference is less than when these elements are in the square
pyramidal sites. In this manner, optimizing the site energy
also minimizes the heteronuclear metal —metal bond energy.

Figure 10. Ligand field effects on the site preference problem in
metal-rich ternary phosphides; in each section, the relative energies
of the Zr and Nb 4d AOs are shown (A is energy difference between
Nb and Zr 4d AOs); under the influence of either tetrahedral or
square pyramidal ligand fields of phosphorus, these 4d orbitals are
split and pushed up in energy b?/ M~—P o* and n* interactions (e,
and e;' are AOM parameters?)); (left) AE = A + 2e, — 2.7e,;
(right) AE" = A + 2.7¢e;/ — 2e,; AE < AE’
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3. Coloring and Composition in Aluminides: Zintl Phases?

The question of chemical composition is closely linked
to stable electronic configurations. For ionic and valence
compounds (Zintl phases), the octet rule allows the chemist
to “understand” chemical stability, since all bonding and
nonbonding orbitals should be filled for “stable” chemical
species.[*?l When the electronegativity differences between
elements in a compound are small, as in intermetallics, this
rule becomes less well defined, and electronic structure cal-
culations are necessary for a complete analysis. Neverthe-
less, the principle of bond order optimization by filling
bonding and nonbonding orbitals is a compelling driving
force for stable chemical compositions in a specific struc-
ture, i.e., equations (3) or (8).

Aluminides have been the focus of recent research
towards an understanding of the transition from intermet-
allics to Zintl phases.[*3] Post-transition elements form
Hume-Rothery compounds®! with vec < 2, while Zintl
phases have networks of these elements with vec = 4. Ter-
nary aluminides involving an alkali or alkaline earth metal
and an element from groups 11, 12, or 13 allow examin-
ation of compounds with vec values between two and four.
A recent example of these efforts is BaCusAlg,** which
adopts the NaZn;-type intermetallic structure. Further ef-
forts have demonstrated that this structure occurs for com-
pounds ACus. Alg+,, with A being Ba, Sr, La, or Eu and
¢ = 1.1 The NaZn,; structure type, shown in Figure 11,
is a three-dimensional network of interconnected atom-cen-
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tered (stuffed) icosahedra. Within the [Cus+ Algz,] icosa-
hedral substructure, there are two crystallographically in-
equivalent sites: (1) the center of each icosahedron, which
is exclusively occupied by Cu; and (2) the surface of each
icosahedron which is randomly decorated with (4 = ¢) Cu
and (8 * ¢) Al atoms. Thorough synthetic and crystallo-
graphic investigations indicate that no ordering of Cu and
Al on the icosahedra occurs even after months of annealing
above 1000°C. Electronic structure calculations on various
arrangements of Cu and Al in BaCusAlg demonstrate that
bonding within the icosahedral framework is optimized (see
Figure 11). Combinatorial methods indicate only ten un-
ique ways of arranging four Cu and eight Al atoms in an
icosahedron. 61471 According to molecular orbital calcu-
lations, the lowest energy configurations of Cu and Al max-
imize the separations between Cu atoms. But, since there
are six intericosahedral contacts per cluster, there is little
energetic driving force for the ordering of Cu and Al. On
the other hand, the overlap population curve in Figure 11
suggests that the stable compositions are influenced by the

Figure 11. (Top) structure of BaCusAlg; shaded circles are Ba

atoms, icosahedra correspond to the Cu-centered [CuyAlg] clusters

which are tightly interconnected; (bottom) overlap populations for

two types of bonds in the icosahedral network: (i) central Cu with

surface atoms, and (ii) among difference surface atoms on the ico-

sahedra; note that bonding orbitals are filled and antibonding orbi-
tals are empty at the Fermi level for BaCusAlg
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valence electron concentration and contribute to the narrow
range of composition that has been observed.

Corresponding reactions with the more electronegative
coinage metal, Au, rather than Cu produce a structure
which is related to the NaZn,s-type, but the icosahedron is
empty and there is an ordering of Au and Al atoms on the
icosahedra (see Figure 12).1431 Both observations result
from the repulsive Au—Au interactions that are present in
this chemical environment: Au is the most electronegative
component which attracts electrons from Al and increases
the antibonding interaction between Au atoms. The ar-
rangement of Au and Al corresponds to the lowest energy
AuyAlg icosahedron as calculated by molecular orbital
methods.

Figure 12. Icosahedron found in SrAus, Al,_,; black circles are

Au atoms, gray circles are a mixture of Au and Al atoms, white

circles are Al atoms; the arrangement for the four black Au atoms

corresponds to the lowest energy configuration of the icosahedron
[Au,Al

Further investigations with Au in this reducing environ-
ment produce new compounds™IH#8IH# which allow an
investigation of the chemistry and coloring problem involv-
ing the BaAl, structure, which is the most prolific intermet-
allic structure reported, known for more than 600 com-
pounds. % This tetragonal structure contains two crystallo-
graphically distinct sets of aluminum atoms: one set forms
planar square nets (Wyckoff site 4¢) while the other set form
dimers (Wyckoff site 4f) which link the square nets together
to form a three-dimensional framework. There are numer-
ous ternary variants of BaAly, in which the Al positions
are occupied by two different elements in various ways (see
Figure 13): (1) the ThCr,Si,-type, space group I4/mmm,
with the different elements occupying the two inequivalent
crystallographic sites; (2) the CaBe,Ge,-type, space group
P4/nmm, in which the two elements alternate occupying the
layers of square nets and the dimers so that only heteronu-
clear “Be—Ge” nearest neighbor contacts occur; and (3) the
BaNiSns-type, space group I4mm, in which the Sn atoms
form the square nets and the heteroatomic “Ni—Sn” pairs
align in the same direction throughout the structure. The
electronic structures of many compounds with these atomic
arrangements have been extensively examined®" and the re-
sults are summarized as follows: (1) for main group com-
pounds, the structure is observed with 12—14 valence elec-
trons per formula unit; (2) bonding within each dimer in-
volves two-center two-electron ¢ bonds at 14 valence elec-
trons, with an increasing © bonding character towards 12
valence electrons; and (3) optimum bonding between atoms
on the 4e and 4f sites occurs at 12 valence electrons, and
involves multi-center orbital interactions.

532

Figure 13. Three different colorings of BaAl, in ternary

LnAu, . ,Al;_, intermetallics; black circles are Au atoms, dark gray

circles (in center diagram only) are 50% Au/50% Al atoms, light

gray circles are Al atoms, white circles are Ln atoms; (top)

LnAuAl;; (center) LnAu;. Alz_, (0 < x = 0.5); (bottom)
LnAu2A12

LnAu,Al

Recent investigations in ternary rare earth/gold/alumi-
num systems have shown interesting trends with respect to
the “coloring” of Au and Al atoms in the covalent network
of the BaAl, structure. 18 LnAu Al,_,, 0.75 = x = 2,
have been reported for Ln ranging from La to Tb. When x
= 1.5, the CaBe,Ge, structure type occurs. For x < 1.5, i.e.,
higher Al concentrations, Au and Al partially disorder to
give the ThCr,Si>-type until the composition LnAuAlj,
which shows both the ordered BaNiSn; and disordered Ce-
CuAl; structure types. At x = 0.75, Au and Al are dis-
ordered on the 4f site, and show features of the ThCr,Si,
structure. Therefore, an interesting trend in coloring
phenomenon occurs as the composition varies in LnAu,-
Al,_, and for which the structural topology remains un-
changed. Using equation (8) for these systems, the site en-
ergy is minimized when the most electronegative compo-
nent occupies the 4e site, which is the place where Au re-
places Al at low Au concentration (x = 1). As the Au
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concentration increases, repulsive Au—Au interactions
“force” Au atoms to occupy the square net positions 4d,
until the maximum Au composition LnAu,Al, is achieved.
If the Au composition were to extend beyond this com-
pound, Au—Au contacts would become necessary. Further-
more, the lowest possible Au concentration is LnAug sAl; 5
in order to maintain a maximum vec of fourteen electrons.
When x < 1, entropic factors favor the body-centered te-
tragonal BaAl,-type over the primitive tetragonal BaNiSns-
type with no long range preference for the ordering of Au
and Al in the dimers, which 1is observed for
EuAu 75Al5 55! Recent experiments have also shown that
ordered vacancies enter the Au—Al framework as vec ap-
proaches fourteen electrons to give Ln;Au,Aly (Ln = Sm,
Gd, Tb, Dy, and Yb).#31491152]

4. Coloring: Structure and Composition in Main Group Laves
Phases

In the previous two sections, we have discussed how the
coloring problem is tied to either structure or composition
in intermetallic compounds. In general, however, these three
aspects are closely interrelated, and are often difficult to
separate and investigate systematically. An example of this
problem occurs in the Ca—Li—Al ternary phase diagram
along the line CaLi,Al,_,, which can be reformulated as
(CaLiy),/(CaAly),_,, x = 2.3 CaLi, and CaAl, form dif-
ferent Laves phase structures:P# CaLi, adopts the hexa-
gonal MgZn,-type; and CaAl, forms the cubic MgCu,-
type. There exist many investigations concerning the influ-
ence of vec on the structures of Laves phases, but this study
was the first which pointed out partial site preferences tak-
ing place in the framework of the majority component. Fig-
ure 14 illustrates how the volumes of the observed phases
vary with Li content. When compared to a linear interp-
olation between the two binary compounds, there is a con-
siderable volume reduction for the ternaries which strongly
suggests covalent bonding within the aluminum framework,
as found in Zintl phases. As x increases from zero in CaLi,-
Al,_ ., the cubic MgCu,-type structure changes to the hex-
agonal MgNi,-type structure and then to the MgZn,-type
structure. Furthermore, stable compounds occur in CalLi,-
Al,_, only for x < 1; when synthesis is attempted for phases
with x = 1, disproportionation into CaLi, and CaLi,Al,_,,
y < 1, occurs.

With respect to the coloring problem in Laves phases, the
cubic MgCu,-type structure has just one kind of majority
site, whereas the hexagonal MgNi, and MgZn, types have
three and two kinds of majority sites, respectively, which
lead to potential site preferences. Li and Al show no site
preferences in the hexagonal MgNi,-type compounds, e.g.,
Calij33Al; 67, and partial site preferences in the MgZn,-
type examples, e.g., CaLijggAl; 1». In this last compound,
one of the majority sites (the kagomé nets; Wyckoff site 6/)
is 50% Li and 50% Al, while the other crystallographic site
(Wyckoft site 2a) attracts 75% Al and 25% Li. The reasons
for these two coloring patterns stem from both the site ener-
gies as well as the driving force for Al in this reducing en-
vironment to establish an octet by forming Al—Al bonds.
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Figure 14. CaLi,Al,_, phases; (top) variation in volume per for-
mula unit as the Li content varies from 0% to 100%; the dashed
line connecting the two endpoints (CaAl, and CaLi,) represents
Zen's law for a linear variation with composition; the vertical
dashed lines separate regions of the types of Laves phase structure
observed for the experimental points; (bottom) trend in charges of
the majority elements (Li Al,_,) for the hexagonal MgZn,-struc-
ture type as the number of valence electrons changes; the dashed
line shows the maximum number of valence electrons allowed for
this structure; the 2« site gains electrons, the 6/ site loses electrons:
thus, the more electronegative element would be attracted to the 2a
site
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For the series of observed CaLi,Al,_, compounds, both
semiempirical and density functional theory show that Ca
donates just one valence electron to the [Li,Al,_ ] frame-
work. Figure 14 illustrates the deviations from the average
Mulliken population for the two majority sites in the hexa-
gonal MgZn,-type structure as a function of valence elec-
tron count. Notice that the largest difference in atomic
population occurs for six electrons per formula unit
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(“CaLiAl”), whereas the difference is nearly zero between
seven and eight electrons. Thus, CaAl, (8 electrons) and
CaLig33Al g7 (7.33 electrons) adopt, respectively, the
MgCu,-type and the MgNi,-type structures with no site
preferences. On the other hand, CaLijggAl; 1> (6.25 elec-
trons) do show segregation in agreement with the Mulliken
population analysis. However, with respect to minimizing
the bond energy component of the total orbital energy from
equation (8), a completely random arrangement of Li and
Al would be expected. If the Zintl-Klemm formalism is ap-
plied to Al in CaLigggAl; 1, with complete segregation of
Li and Al into the two crystallographic sites as far as al-
lowed by the composition, the Ca atoms would donate 1.2
electrons to the [Lij ggAl; 15] framework, which opposes the
conclusions from theoretical calculations. Table 1 summar-
izes three different scenarios for the arrangement of Li and
Al atoms in CaLijggAl; 1o: (1) minimum site energy, (2)
minimum Al—Al bond energy, and (3) the observed con-
figuration. These results demonstrate that the structure and
the partial segregation of Li and Al arise from the syner-
gistic interplay of both the site energy and bond energy
terms in the total orbital energy. In addition, the observed
structure optimizes the Ca—Ca orbital interactions, as has
been shown by calculating pair potentials in CaAl,.[>1 In
CalLig 33Al, 47, both the site energy and bond energy terms
allow for a completely random arrangement of Li and Al
throughout the structure.

5. Coloring and Property Effects in Metal-Rich Tellurides

The cases discussed thus far demonstrate minor changes
in physical or chemical properties as a function of atomic
coloring. This is due primarily to the fact that either the
electronic configurations are all closed shell (as in Nb;SI;),
or the valence electron concentrations are sufficiently low
(less than four per atom) as to preclude any significant
change in electronic properties. In order to investigate ef-
fects of atomic coloring on conductivity properties, focus
must be directed towards compounds involving the post-
transition elements, whose structures lie close to the border
between Zintl phases (valence compounds) and typical in-
termetallics (Hume—Rothery phases, for example). A par-
ticularly interesting set of examples involves the substi-

tution of Sn atoms for Tl atoms in the low temperature
superconductor TlsTes.

TlsTe; adopts a variation of the tetragonal CrsBs-struc-
ture type with a smaller than typical c/a ratio for these com-
pounds, which leads to a three-dimensional network of ver-
tex-sharing octahedra, 3[TITegp], stuffed with Tl atoms
over each face of the octahedron, i.e., [T1Teg/] Tlg/, & TlsTe,
(see Figure 15).1%¢ TlsTe; has a superconducting transition
at 2.2 K, which according to a combination of band
structure and lattice energy calculations,®®! can arise from
an electronic instability in the electronic band structure that
is frustrated by strong short-range repulsive forces which
retard any structural distortion. Using simple electron
counting, the octahedrally coordinated T1 atoms can be for-
mulated as TI**, which is unstable towards dispro-
portionation into TI*! and TI3*.[20]

Figure 15. The structure of TlsTes and its ternary derivatives; white

circles are Te atoms, black circles are Tl atoms; Te octahedra are
also illustrated; there is a T1 atom at the center of each octahedron
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Bottcher and coworkers have recently synthesized ternary
derivatives of TlsTes.!> In particular, SnTI Te; was pre-
pared and shown to be metallic. From crystallographic
data, the Sn atoms occupy both T1 sites in the parent struc-
ture. Replacing a “TI>*” with a Sn?" is a plausible chemical

Table 1. Analysis of various coloring models for the MgZn,-type Laves phase CaLijggAl; ;> with respect to the Zintl-Klemm formalism;
the [Lig ggAl; 12] network is described by two crystallographic sites in the space group P6s/mmec: the 2a and the 6/ sites

Coloring — 2a Site — — 6h Site — Role of Ca:

Model Site Occ. CN by Al Charge!® Site Occ. CN by Al?l  Chargel® Electrons, Bond Order
Minimum Al: 100.00% 2.500 —2.500 41.67% 3.667 —1.333 Ca donates 1.21 electrons;
Site Energy Li: 0.00% +1.000 58.33% +1.000 Ca—Ca Bond Order ca. 0.6
Minimum Al: 56.25% 3.375 —1.625 56.25% 3.375 —1.625 Ca donates 0.95 electron;
Bond Energy  Li: 43.75% +1.000 43.75% +1.000 Ca—Ca Bond Order ca. 0.9
Observed Al: 75.00% 3.000 —2.000 50.00% 3.500 —1.500 Ca donates 1 electron;
Arrangement Li: 25.00% +1.000 50.00% +1.000 Ca—Ca Bond Order ca. 1.0

[l CN = coordination number; it represents the average number of Al nearest neighbors. — [P Charge for Al is based on the 8 — Nrule;

it equals 3 — (8 — CN) =
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CN — 5. The charge for Li is chosen to be +1 as the most electropositive element in this compound.
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substitution, and with an increase the valence electron con-
centration to a closed subshell configuration, semiconduct-
ing behavior would be expected. Indeed, band calculations
with Sn completely replacing the octahedrally coordinated
TI atoms produces an energy gap at the Fermi level (Model
A: see Figure 16). A combination of electronic band struc-
ture and lattice energy calculations reveal that whereas co-
valent interactions prefer Sn atoms to substitute at the octa-
hedral sites, ionic interactions would rather place Sn atoms
at the other TI sites.[®® When such a substitution mode
takes place, SnTl;Te; retains its metallic character, but
yields a smaller density of states at the Fermi level (Model
B: see Figure 16). Therefore, where the substitution for TI
takes place has a dramatic effect on the expected physical
properties of the derivative compounds.

Figure 16. Densities of states for two models of Sn atom coloring

in SnTl Tes; (left) Model A: all Sn atoms occupy the octahedral

sites shown as polyhedra in Figure 15; (right) Model B: all Sn

atoms occupy the other Tl sites shown as black circles in Figure

15; note that the Fermi level occurs in an energy gap for Model A,
but there is no gap in Model B
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Summary, Implications, and Future Directions

The coloring problem has powerful ramifications in
chemistry. Electronic structure theory provides a theoretical
underpinning for its effects, and also allows a simple chemi-
cal understanding of the phenomenon. However, can theory
really assist the synthetic chemist with this problem? One
important goal of synthetic chemists is to prepare new ma-
terials, which is often motivated by trying to optimize cer-
tain chemical or physical properties, e.g., catalytic activity,
thermoelectric behavior, or magnetism to name a few. For
the solid state chemist, these efforts are largely Edisonian
in nature. Of course, the discovery of some physical prop-
erty in one example tends to attract attention to the particu-
lar structure type in question: for example, superconduc-
tivity in cuprates. A working knowledge of the coloring
problem, which includes both an imagination for possible
new structures as well as an analysis based upon existing
structures, will greatly assist the synthetic solid state chem-
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ist as the search for new, exciting, and probably more com-
plex materials continues. Complexity can be simply moving
from binary to ternary to quaternary systems, where the
number of possible new materials increases exponentially.

How atoms arrange themselves in extended solid state
structures depends on the number of valence electrons and
the differences in electrochemical potentials, which are re-
lated to electronegativity, size, and the types of valence elec-
tronic structure the atoms bring to the compound. This re-
view attempted to demonstrate that not only is structure a
concern, but also the decoration pattern once a network of
atoms is in place. Structure-composition-property inter-
relationships can then be studied by a careful application
of experiment and theory — in most cases involving inter-
metallic compounds, theory is essential in order to develop
a description of the electronic structure that harks to the
classical chemical ideas for valence compounds. A par-
titioning of the total electronic energy into a site energy
and a bond energy creates two components to the coloring
problem. Through the examples presented in this review,
i.e., NbsSI;, ZrNbP and ZrMoP, BaCusAlg and SrAugAls,
LnAu Al,_,, CaLi,Al,_,, and Sn,Tls_,Tes;, analysis of
both components is necessary to understand the complete
structural details of these compounds and to ultimately re-
late their structures to their physical properties.

Where does the coloring problem take us now? A couple
of examples may provide an indication: (1) utilize the
Klemm pseudoelement approach® to create possible
mixed anion matrices for transition metals in order to study
electronic transitions, e.g., metal-semiconductor or metal-
superconductor transitions, and (2) rely on structural ex-
perience in crystalline solids to develop models for systems
which lack translational symmetry and yet are beginning
to show interesting properties and applications with little
fundamental understanding, i.e., quasicrystals and amorph-
ous metals.[®'l Our group is beginning to address these
questions using the elegant ideas surrounding the coloring
problem.
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