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The number of essentially different kinds of
constituents in a crystal tends to be small
(Pauling’s rule of parsimony, 1929)






Abstract:

The crystal structures of ordered bcc, fcc or primitive cubic alloys AB,
and related NaCl, ZnS or CaF, derivative structures are characterized
by the self-coordination numbers T3, T3 of the A atoms with A atoms.
Structures with identical T, T values for all A atoms are at the corners
of Ty, T structure maps and can be analyzed for attractive or repulsive
interactions of A atoms. Most observed structures are at the borders
of the structure map and can be obtained by different combinations of
structural units. The combination mechanisms explain e.g. the shear
structures of CuAu II or NbyOs and the occurrence of vacancies in NaCl
related structures like NbO. Many other ordered structures like magnetic
ordering, adatoms on metal surfaces, colloids and clusters are analyzed
by the same method. The very large numbers of possible structures
are reduced to a smaller number of structures at the borders of the
structure maps, which are stabilized by enthalpy. The other structures
are stabilized by entropy. The T3, T, values of DNA sequences in different
areas of the structure map are related with the evolution.
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1 Introduction

Many physical properties like the conductivity of electrons or ions, su-
perconductivity, mechanical strength or thermal properties can be varied
in solid solutions. At decreased temperatures the different atoms of the
solid solutions are ordered. The variety of materials showing ordering
extends from substitutional alloys like AuCug to interstitial alloys like
NbyCs, AlFe3C and NbO or semiconducting materials like CdInsSe4 or
non-metallic compounds like CaTiOs. The Au atoms of AuCug which
are distributed randomly on all positions of the face-centered cubic (fcc)
Cu structure above = 390° C order at decreased temperatures in such
a way that the corners of the cube are occupied by Au atoms and the
three face centers by Cu atoms. The same ordering is obtained for the
NaCl related structure of NbyCs = Nby[dCs with Nb on Na positions
and an ordering of vacancies [J and C atoms like Au and Cu in AuCus.
A second fec sublattice containing non-metal atoms is shifted by a/2 a/2
a/2 in AlFe3C = A]Fe3CE|3, NbO = DNb3|:|O3, CaTi03 = CaO3TiD3
or a/4 a/4 a/4 in CdIngSes = O(CdIng)Sey.

The ordered phases show different physical properties like superconduct-
ing NbO or Ba(Bi,Pb)O; (CaTiOs structure), semiconducting CdlnaSeq
with interesting properties for solar cells or carbides like NbsC3 or AlFesC
which are used as abrasives or high temperature materials. Many mate-
rials with practical relevance are tailored to achieve the desired ordering
by the proper substitution.

The ordering of atoms like Au in AuCug or Ca in CaTiOj is related to
the interactions between the atoms in the present investigation, to figure
out the selection of few structures. The number of observed structures
is small compared to the number of all possible structures, which is 2n—1
for a unit cell with n possible positions of A and B atoms.

All reduced unit cells of the fcc, bee (body-centered cubic), pe (primitive
cubic) and other lattices with n < 9 atom positions were determined and
the different structures selected numerically in the present investigation.
The theoretical structures can be sorted for different aspects like high
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symmetry, single coordination numbers or the extent to which Pauling’s
rules are obeyed (Pauling, 1929). Pauling’s rule of parsimony is par-
ticularly useful for the selection: “The number of essentially different
kinds of constituents in a crystal tends to be small. The polyhedra cir-
cumscribed about all chemically identical atoms should, if possible, be
chemically similar, and similar in the nature of the sharing of corners,
edges and faces with other polyhedra”. This explanation is similar to
the Wiener-Sohncke principle: “Points are disposed around each point
in the same way as around every other” (Wiener, 1863; Sohncke, 1879;
Brunner, 1971). We have selected the self-coordination numbers T; of
A atoms with A atoms as parameters. In the fcc lattice each Cu atom
with diameter d for example has 77 = 12, T5 = 6 and T3 = 24 nearest,
next-nearest and third neighbors at distances R = d, \/2d and v/3d. The
T; values are reduced in ordered alloys like AuCug to T3 = 0, T3 = 6, 1}
= 0 for Au atoms. This structure is characterized by the T; values of the
minority component and the ratior = y/x > 1 of A;By, e.g. 06 0;3 for
AuCus. The structures of NbyCs, AlFe3C, NbO, CaTiO3 and CdInsSeq
are characterized by the same self-coordination numbers of the minority

component and the translation of both fcc lattices a/2 a/2 a/2 or a/4
a/4 a/4.

The T values can be plotted in two-dimensional 77, T structure maps.
All possible structures are in a range which is limited by straight lines.
Most observed structures like 0 6 0;3 for AuCus are at a corner at the
end of a straight line. Some other structures like ZrAl; with the self-
coordination numbers 0 5 4;3 of Zr atoms (Section 6) are on the line
T; = 0. This structure, which was determined by Brauer (1939), can
be assembled from structural elements of the AuCus structure (060;3)
and the TiAls structure (0 4 8; 3) at the corners of the structure map
in a similar way as the architecture of Ruddlesden-Popper phases from
CaTiO3 and NaCl structural elements (Section 18). The structures at
the borders of the structure map were projected in different directions to
determine the structural units, which are assembled similar to a jig-saw
puzzle. Some structural elements are shown in the compilations of Schu-
bert (1964), Sato and Toth (1965), Ogawa (1974), Pearson (1967/1972)

Wells (1984), Hyde and Andersson (1989) and Parthé et al. (1993). Ali
structures on a border of the structure map with different numbers of
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structural units form a family of structures, which is named by the au-
thors of the first observed structure like the Ruddlesden-Popper phases.
About 5 — 30 structural units were determined for the ordered structures
of the different lattices like fcc, bee, pc, etc., which is a small number
compared to the several million possible structures. The interactions
between A can be related with the T; values and vary gradually along a
line of the structure map as the number of structural units is varied. The
Au atoms of AuCug for example are as far apart as possible for an ABj
alloy with A and B atoms on an fcc lattice indicating repulsive interac-
tions. Structures containing chains or planes of A atoms with attractive
interactions are obtained at 77 # 0 and minimum 75 values. Some of
these structures were also obtained using different Ising methods like
Monte Carlo simulations by assuming different interactions between A
and B atoms (Section 11) or by the investigation of homogeneous sphere
packing (Section 25).

The combination of structural units similar to a jig-saw puzzle can be
useful for the search of new compounds with different physical properties
and supports the analysis of these compounds by electron diffraction for
example. Only few structural units fit the frame of the jig-saw puzzle,
which can be determined by electron diffraction.

The interactions between atoms are related to different atomic radii,
electronegativity and number of electrons in a very complex manner
(Schubert, 1964/1967; Sato and Toth, 1965; Ogawa, 1974; Villars and
Hulliger, 1987; Villars et al., 1989; Carlsson and Meschter, 1994; Ell-
ner and Predel, 1994; Villars, 1994; Pettifor, 1994). These parameters
or relative ordering numbers (Section 32) give rise to another type of
structure map with sections, where the AuCug or CaTiOg structures for
example can be obtained.



2 Analysis of stacking sequences by the one-dimen-
sional Ising model

The use of self-coordination numbers T; and of T3, T5 structure maps
can be demonstrated for a linear chain of M and N atoms or sequences
of bases adenine, cytosine, guanine and thymine in DNA (Section 26).
Close-packed layers with a sequence of M and N layers can be analyzed
by the one-dimensional Ising model (Section 15). The different stacking
of close-packed layers, ¢ or h gives rise for a linear chain of stacking
symbols for a single element M as will be outlined in this section.

In pure metals, the bonding tendencies of the individual atoms should
be identical. The same environment can be expected for each metal
atom as e.g. strong directional covalent bonds as in gray o-Sn with
the diamond structure or a close-packing of spherical metal atoms as
in Mg or Cu. Metal atoms with weak bonding behave like tennis balls
packed in a basket. The packing consists of coplanar hexagonal layers
(Fig.1). Succesive layers are stacked with centers of spheres at A, B or
C positions. The different stacking sequences of hexagonal layers can be
characterized by the sequence of positions. The periodic sequences AB
of two layers and ABC of three layers are called hexagonal close-packed
(hep or h) and cubic close-packed (ccp or c), because of the hexagonal
and cubic symmetry, respectively. The hep and ccp metal structures are
usually distinguished by the prototype elements Mg and Cu, the space
group and Pearson symbols (Table 1). Most metals (except Eu, U and
Np) can be obtained in a close-packed modification (Villars and Calvert,
1986). A few metals crystallize in more complex close-packed structures
with a maximum of nine layers (Table 1). These structures can be de-
scribed unambiguously by the stacking symbols h and ¢ introduced by
Pauling and Jagodzinski (Pearson, 1972; Mardix, 1990). This notation
describes a layer as h or ¢ type according to whether the layers on each
side of it are of the same type, such as for B in ABA, or of different
types as for B in ABC (Fig.1). The two-layer hep sequence AB gets the
symbol hh or h, the three-layer ccp sequence ABC the symbol ccc or c.
iI‘he lanthanides La to Sm, Gd and the actinides Am to Cf crystallize
in the ABAC or chch = (ch), stacking. Sm, Gd and the heavier lan-
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Figure 1: [110] projection (above) of the layer sequence in h, czhy or ¢ stacking and
[001] projection of the different layers with the 12 nearest (1), 6 next-nearest (2) and 24
or 2 third neighbors (3) in ccp or hcp alloys and unit cell with lattice constant a. The
metal atoms are at different positions A, B, C in layer # -2, -1, 0, 1, 2, respectively.
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thanides Tb to Ho, Tm, Lu can crystallize also in the ABABCBCAC or
chhchhchh = (chh) stacking. A comparison of the stacking symbols and
population data in Table 1 shows the preference of simple sequences hh,
cee, (ch)s, (hee)s or (chh)s. Some more complex sequences are found in
alloys MyN, (Table 1), which are discussed in Section 7.

The stacking sequence can be analyzed by the one-dimensional Ising
model. The sequences of layers h and ¢ can be compared with a one-
dimensional chain of atoms with @ or © spin (Ising, 1925) or M and N
atoms (Ducastelle, 1991). The large variety of chains is characterized
by the self-coordination numbers (s-CN) of M atoms (or h layers) to
construct a structure map (Fig.2).

Each h layer of the sequence chchch e.g. has no nearest h layers (Th =
0), two next-nearest h layers (T = 2) and no third-nearest neighbors of
h layers (T3 = 0). The sequence of layers is characterized by the three
s-CN values T} = 0, To = 2, T3 = 0 and the total composition y/x =1
of c and h layers cyhy. The notation 0 2 0;1 for the sequence chchch is
identical for ¢ and h layers at y/x = 1 and deviates for y/x # 1 as e.g.
002;2forhorl1l2;0.5for ¢ in the hey stacking sequence. The T;(M)
values of the minority component and T;(N) of the majority component

give identical Cowley short-range order parameters o; (Ducastelle, 1991;
Hauck et al., 1988a.).

Structure maps with T;(M) or o; values as parameters can be obtained
by the following procedure:

(1) Thf: coordination numbers of each shell are averaged for structures
Whlf:h have different T; values. For example the three c in the cghg
chain (ccchhhhhh,c) 110,200and 110 are averaged t0 1.30.70; 2.

(2) The crystal structures characterized by the coordination numbers
Ty, T3, Ts and a fixed composition y/x can be plotted as single
points in a T1, T3, T3 coordinate system or as projection in the T4, Th
plane as outlined for T Ty Ty ; 1 structures in Fig.2. All structutres
with y/x = 1 are found to fall within a triangle, with the three
structures 02 0;1 (for ch), 10 2;1 (for hacy) and 2 2 2; (1) (h

00Coo
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a,, b, ab

Figure 2: Structure map of a linear chain of ¢ and h or a and b with the self-coordination
numbers T;, T, of nearest and next-nearest neighbors (a), or the short-range order
parameters o, ap as axes. Single (S), double (D), triple (T), multi-alternating units
(M) or clusters (C) are at straight lines, a quasicrystal at point QC (b).
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for segregation of h and c layers) at the corners. The structure
2 2 2; (1) with the composition given by (1) in brackets is used to
indicate that the structure can only be obtained in the limit of very
large stacks and a negligible border between h and c layers.

(3) The sequences at the left-hand border of the structure map as e.g.
cshs or cshy contain increasing segments h,, and c,, which are seg-
regated at the lower left-hand corner for n — oo. The sequences
at the right-hand border of the structure map at y/x = 1 as e.g.
hchocy are a combination of hycy and he (= ch) at the upper and
lower corners of the border, respectively. The structural units hy
and ¢y can be combined with hs and c3 at the left hand border and
with hcy or chy at the right hand border of the structure map (Table
1). The number of theoretical combinations 2"~2, which is 64 for
n = 8 for example, is reduced to 16 combinations (13 at the four
borders and 3 interior points). The structures at the four borders
with the relation between 71, T3 and r = y/x values Ty = 2T} — 2,
T3 =0, T, = -2T1 + 2(2 - r) and T3 = 0 (Section 22) correspond
to four different structure families with a combination of different
structural units.

(4) Structures Ty T; T3;y/x with different y/x values can be included
in the same structure map (Fig.2b) by using Cowley’s short-range
order parameter o; (Egs. (1) and (2) below), which can vary within
—1 < a; < 1. The g; values can be obtained from the coordination

numbers T;(M) and T;(N) of M and N atoms or from the T}(M) and
r = y/x values (Hauck et al., 1988a):

% = 1-p(N)y),

1

vy = y/(x+y), | 8
Ti(N) = TP — (TP - T;(M)) x/y, (3)
o I;7"™ = T(M) + T(N) — TP, (4)
TP = T(M) — (T — Ty(M)) x/y, (5)
I™ = Ti(M) + T;(M, N). (6)

p;(N) is the probability of finding an N atom in the i-th coordination
shell ﬁ an M atom. y' is the fraction of N atoms in MyN,. Tymax
— — max __. : '

= I3"™* = T = 2 are the maximum s-CN values of the linear
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chain. T;(M,N) is the coordination number CN of M atoms with
N atoms. The self-coordination numbers 7;(M) and T;(N) of h and
c layers are identical at composition r = 1 but different at other
compositions. The area mapped out by the maximum range of oy,
oy values is different at different compositions, as outlined for r =
2 and 3 in Fig.2b.

(5) The «; values are zero for a random distribution of h and c layers,
because the mean value of T;(M) + T;(N) equals T/**, which cor-
responds e.g. to T3 = Tp = T3 = 2/(r + 1) (Fig.2b). Very small
o; values are expected for alloys with very weak interactions and
in particular at high temperatures. Positive a; values are obtained
for attractive interactions of M atoms, i.e. for cluster formation
or segregation. The 1 0 2;1 (hgcy) structure of Fig.2a consists of
double h and c layers. The size of h and c layers is increased e.g. in
cshs or cshy to complete segregation hoocoo of h and c layers in the
2 2 2; (1) structure. Negative a; values indicate repulsive interac-
tions between layers, e.g. Coulomb repulsion for alternating layers
ch (020;1) at 50% h (Section 11).

(6) Homometric structures (Patterson, 1944) or homologous structures
(Hauck and Mika, 1994) have the same «; values (Sections 8,9).

(7) The different structural units of one border of the structure map
can also be combined randomly or aperiodically. The T;(h) values
0 0.76 1.24 ;7 are obtained, for example, if the structural units hc
and hcy in the ratio hce/he = 7 = 1.62 vary aperiodically in a
Fibonacci sequence (Table 1) (Section 13). The o; values of the one-
dimensional quasicrystal (QC) are on the boundary of the structure
map with oy = 0 (Fig.2b).

Atoms of close-packed structures with diameter d = 1 have T} = 6 near-
est neighbors in the same layer at distance d = a (Fig.1) and Ty = 6
neighbors in the two adjacent layers (three in each). The number T5 = 6
of second-nearest neighbors at distance 1/2d is also identical for all close-
packed structures. The atoms of the hh (hcp) structure, however, have
Ts = 2 third-nearest neighbors at distance 1/8/3d (in the next-nearest
layers) and 18 fourth-nearest neighbors at distance v/3d, while atoms of
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cce (ccp) packing have 24 third-nearest neighbors at distance v/3d (Fig.1,
Table 2). The coordination polyhedra of T1, Ty and T3 neighbors of the
hep structure correspond to CN 12/, CN 6 (octahedron) and CN 2, and
the coordination polyhedra of the ccp lattice to CN 12 (cuboctahedron),
CN 6 and CN 24", as shown by Villars (1994). The metal atoms of the
sequences ch, (n = 1, 2, 3, 6 ), hey, hacn, (n = 2, 3) and chychg (Table
1) have M* = 2 different values of T3, Ty and higher coordination shells.
The more complex structures contain three or more metal atoms with
different environments. The averaged T3 and T coordination values of

these structures depend on the fraction f of h layers as given by T3 = 2f
and Ty = 24 — 6f.

The hh hexagonal close-packed and the ccc cubic close-packed struc-
tures are the only structure types with a single environment for close
and distant neighbors of all atoms (M?=1). These structures have been
observed in 673 binary and ternary systems (Villars and Hulliger, 1987).
Thq sequences of layers with two different environments of metal atoms
(M*=2) (Pauling, 1945/1960) (Table 1) have been found in 66 systems.
The metal atoms of the other sequences of layers contain three or more
different environments. The tendency to small numbers M* of metal
atoms with different environment can be described by Pauling’s rule of

parsimony: The number of essentially different kinds of constituents in
a crystal tends to be small (Pauling, 1929).

f.[‘he r.lumber M of metal atoms with different sets of T; values is often
1c.1ent1ca,1‘ to the number of Wyckoff positions, the number of symmet-
rically different atom positions. For example, the numbers of Wyckoff

positions of the Mg, Cu, Sm and Nd structures are identical to M?, but

are larger than M?® as e.g. 5 for the n = 8b, 9b (M =
(Table 1). 3 (M* = 3) structures

The diﬂ?erent: stacking sequences with n layers in A, B or C positions
can be described by hexagonal unit cells with the lattice parameters a

= b = d (diameter of atoms) and ¢ = n4/ 2/3d (Fig.1). The smallest

unit cell of ccc packing containing only one metal atom is rthombohedral

with lattice constants ¢ = d and o = 60°, Usually, the ccc structure is
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Figure 3: Packing of square layers at K and L positions in face-centered cubic metal
structure and relation to ccp stacking of hexagonal layers in ABC position.

described as face-centered cubic lattice containing four metal atoms with
lattice constant a. = v/2d (Fig.3). The fcc lattice can also be considered
as a stacking of square layers in the K and L positions. The ¢ axis of
the rhombohedral cell corresponds to one of the four space diagonals of
the cubic cell. The only periodic three-dimensional packing of spheres
having close-packed hexagonal layers in four inclined directions is ccc.
All other sequences are maintained in one direction only.

A comparison of the close-packed structures shows that the interactions
between metal atoms, e.g. in the ccc Cu structure, must be strong
enough to stabilize the atoms of the neighboring layers at the proper
position. The M atoms of the hchcy structure must be stabilized in the
eighth layer.

A participation of f orbitals is suggested for bonding in lanthanides or
actinides with ch, chy or hcs stacking sequences and M; = 2 different
sets of s-CN values for atoms M and M’ at h or c layers.

An interaction between metal atoms with directional bonding can also
be deduced from the distortion of some crystal structures. The ratio c/a
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of the lattice constants of the hh hexagonal close-packed structures of
Ca and Sr is almost ideal with c/a = n\/2_/§ ~ 1.63 for n = 2 layers
(Sections 15,23). The c/a ratio is slightly decreased to 1.56 for most hcp
metals and increased to ¢/a = 1.86 and 1.89 for Zn and Cd, respectively
(Pauling, 1945/1960; Laves, 1967; Wyckoff, 1982). The distance between
close-packed layers \/_2—/_3; ~ 0.8 is also decreased in cubic close-packed
Hg, Po and Te with the rhombohedral angle a = 7 1° — 103 instead of
o = 60° (Villars and Calvert, 1986).

3 Alloy formation

All metal atoms for n =2 and 3 (hep and ccp structures) have the same
environment (M* = 1) (Table 1). The n = 4, 5, 6b, 8a and 9a layer stack-
ings of Table 1 contain M? = 2 metal atoms with different T; values, the
other structures 3, 4 or 5 different sets of T} values (Table 1). Therefore
the structures of the rare earth elements o-Nd (n = 4 layers), Tb HP
(n = 6b) and a-Sm (n = 9a) with two different T; can be formulated
as pseudobinary alloys NdANd' (n = 4, 8a), TbTb) or SmSmj (n = 6b,
9a1) a,;ld MNy (n = 5). Other stacking sequences are pseudoternary e.g.
MlM%Ns (n = 6a), M'M2N, (7), M'M2N; (8b), M*M2N; (8c, 8e, 8f),
M'M3Ny (9b), and MjM2N, (9c). The population of the different struc-
ture types decreases with increasing M*. Ordered binary and ternary
alloys have not been observed with these structures. The MN, MNy
MNy binary alloys e.g. favor other close-packed structures (Secti,on 7). ’

T.he M and N atoms of most close-packed M;N, alloys are ordered in
different hexagonal or square layers with the composition M;N,. These
structures can be characterized by the type of the hexagonaj,cl oyr square
layer and th(.a stacking of these layers as will be outlined in Sections 4 — 7.
':I‘he sep?,ratlon of M and N atoms in different layers indicates repulsive
m‘tera,c‘tmns. Few structures of M;Ny alloys are composed of two layers
Wﬁ; dl,fferent compositéon like layers with composition MyNys and lagrrers
?71 My’ N atoms (y =y + y" ) . This indicates repulsive interactions only
or M atoms. The attractive interactions between M and N atoms are
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increased in MyNy; compounds with x layers of M atoms and y layers of
N atoms (Section 15). The distance between the layers of close-packed
metals /2/3 &~ 0.8 is decreased to ~ 0.4 in the primitive cubic (pc)
lattice of Po and to ~ 0.2 in the body-centered cubic (bcc) lattice of W
as will be outlined in Section 15.

Some ccp alloys can be characterized by sequences of square layers in-
stead of hexagonal layers (Fig.3). The distance between two identical
square layers of ccc packing, which is a; = v/2d for cubic Cu, can be
increased up to 1.66d in In, Ga, La or Ce or decreased to 1.0d in Po
or 1.15d in W. Tungsten has a body-centered cubic structure. The 74%
density of the close-packed structures however is reduced by hexagonal
or tetragonal distortions, e.g. to 68% for the body-centered cubic struc-
ture (Laves, 1967; Pearson, 1972). These strongly distorted structures
are considered as different structure types in some compilations (Ho and
Douglas, 1968). This is one reason that the population numbers of differ-
ent structure types are only rough values for comparison. We have taken
the maximum values from the compilations of Wyckoff (1982), Pearson
(1972) or Villars and Calvert (1986) of experimentally determined crys-
tal structures. The undistorted structures are compared in the present
article for the analysis of the self-coordination numbers T;.

The atoms M and N e.g. of a binary alloy MN, have different sizes
and a different tendency to exchange electrons, which gives rise to differ-
ent bonding. The electron density and the radii of the M and N atoms
can be varied by charge transfer between the M and N atoms. Both
parameters do not vary independently for most metals (Fig.4). The
electronegativity values of the elements can be related to the electron
work function and indicate the tendency of a metal to exchange electrons
(Pauling, 1945/1960; de Boer et al., 1988; Sutton, 1993). The electroneg-
ativity increases with increasing number of electrons to a maximum for
the 8b — 10b transition elements. Those elements with an almost filled
d shell try to accept electrons to complete the d shell with 10 electrons,
while elements with few outer electrons like the la and 2a alkali and
alkaline earth or the 1b and 2b transition metals with lower electronega-
tivity are ready to donate these electrons. The 1a and 2a metals are then
stabilized in the spherical s?p® shell of the noble gases, the 1b and 2b

13



atomic radii/pm
N
[ ]
<O

150

o

RN "
& A b/D\E_El?EIQ
(o

: ,AS
o
Z Sb
iy
= ~*Bi
=]
o
1)
c
[«]
s
(.
3
Q
1 | S W T |
3 5678
‘ a
transition metals | main group elements

Figure 4: Electronegativity ¢* (de Boer et al., 1988) and radii (Schubert, 1967) of
la ~ 8a main group and 1b — 10b transition metals with cubic () or hexagonal (A)
close-packed crystal structures. Some metals (o) are not observed in a close-packed
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transition metals in the d'° shell with decreased radii. The electronega-
tivity increases again for the 4a — 7Ta elements because of the tendency
to attain the stable s*p% octet of the noble gases. The radii of metal
atoms decrease with increasing number of electrons to a minimum for
the stable d'° electron configuration (Schubert, 1967). Also the radii of
the lanthanides La to Lu are decreased slightly as indicated by the arrow
in Fig.4 for the same effect of the filling of the inner 4f electron shell.
The relation between radii and electronegativity indicates the tendency
to form spherical metal atoms in alloys.

The interactions between the M metal atoms in MyNy alloys can be
attractive, as e.g. with segregation, or repulsive. Both interactions
can be distinguished by an analysis of the self-coordination numbers
T; of M atoms with M atoms. Analysis of the different ways of sphere
packing showed the same number 7} = 12 and T = 6 of nearest and
next-nearest M atoms. These numbers are reduced on the formation of
ordered MyN, alloys and can be used to obtain structure maps (Hauck
et al., 1988a,/1989; Mika and Hauck, 1990).

The derivation of structure maps will be outlined for the simple examples
of the square and hexagonal nets of single metal atom layers. The single
square or hexagonal two-dimensional layers of M atoms (Figs. 1,3) are
the basic units for describing the three-dimensional close-packed metal
structures (Beattie, 1967; Lima-de-Faria and Figueiredo, 1969; Beck,
1969).

4 Ordering of atoms in hexagonal and square layers

The hexagonal layer (in h or ¢ position) is the structural unit of the close-
packed metals or alloys (see previous section). The M and N atoms of
alloys with composition MyNy are usually not at different h and c layers
but at different positions within the hexagonal layers (Beattie, 1967;
Lima-de-Faria and Figueiredo, 1969; Beck, 1969; Parthé et al., 1993).
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The self-coordination numbers (s-CN) of nearest, next-nearest and third
M atoms within a hexagonal layer were analyzed in a similar proce-
dure as was outlined for the sequence of h and ¢ layers in Section 2.
Each metal atom of a hexagonal layer has TP = 6 nearest, T3"™ =
6 next-nearest and T™** = 6 third neighbors at distances d, v/3d and
2d, respectively (Table 2). The maximum s-CN values are reduced, if
the positions are occupied by different atoms M and N in alloys MxNj.
The different structures are characterized by the s-CN values T, 15, T3
of the minority component M and the composition y/x > 1. Differ-
ent structures are obtained by variation of the unit cell, the occupation
of different positions by M atoms to a maximum of 50% and the de-
termination of the s-CN values of the different M atoms to obtain the
averaged values T1 T T3;y/x for the characterization of the structure.
The corresponding «;y, g values can be obtained from the T3, 15 values
by 6c; = T; — (6 — T;)x/y, as was outlined in Section 2.4. The T3, T3
or oy, ag values of the different structures are plotted in the structure
maps. The a1, o structure map (Fig.5b) contains six structures with a
single environment at the corners of an irregular pentagon with curved
borderlines: 6 6 6;(1),422;1,202;2,226;1,006;3,and 06 0;2.
The 2 2 6;1 and 0 0 6;3 structures are homologous with identical o
values (Section 9). The T3, T structure map (Fig.5a) shows the different
borders at varied y/x values. The crystal structures existing along the
different borderlines can be obtained by a combination of triangles with
three and two M or N atoms at the left-hand border (structural units
a — c) and triangles with one and two M or N atoms at the right-hand
border (.structural units e — k) (Fig.6). The 0 6 0;2 structure (struc-
tural unit e) for example contains triangles with one M atom and two N
a:tOfn.s at composition MN,. The dashed areas of the pentagon with the
h’/iltflgl sltjructuresfz 02;2 and. 06 0;2 exceed the area at composition
i e sl £ 0400 1 i
close-packed structures are tGhmap ?S‘an Flg-2- e magonal layers of
006;3(k),022;3 () andoisz-os fig.6 2 871 (e2), 06,052 (¢),
ot the I‘igh;J-hand’ border of th ;3 (£'k) (Sections 5-7). The structu.res
of surface atoms or gas atomsear:?fli]reszii‘:c:m;non for the ordering
usually characterized by the dimension o oop metals and are

of the unit cell like (1 x 1) for
the 6 6 6; (1) structure, (2 x 2) (006; 3) or (v3 x /3) (06 0(; 2) (Fgg-5)
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Figure 5: Ty, T (a) and o4, g (b) structure map of the hexagonal net with different
borders for y/x =1, 1.5, ..., 3. The structures of Fig.6 with structural units a — i and

the surface structures l; X I are at the borderline (o).
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Figure 6: Self-coordination numbers T} T> T3 ;y/x for the hexagonal net of A atoms

in A,By compounds (A = e, B = o). A atoms with concentration y/x > 1 are the

iflinority component. The different structural units a, b, c, etc. are shown by dashed
ines.
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(Watson et al., 1994).

The metal atoms of the square net have T7"** = 4 nearest, T5"** = 4 next-
nearest and T5** = 4 third neighbors at distances d, v/2d and 2d, respec-
tively (Table 2). The structure map (Fig.7) is similar to the structure
map of the chain (Fig.2) with the three structures 77" Tjmex Timax; (1)
(segregation), T7"*/2 0 T9"**; 1 or 11 /2 0 T**/2;1 (attraction) and
0 T3 T3 ;1 or 0 T5"** 0;1 (repulsion) at the corners of the triangle.
The T; values of the three structures at the corners (2 2 2;(1),1 0 2;1
and 0 2 0;1 for the chain and 4 4 4;(1), 2 0 4;1 and 0 4 4;1 for the
square net) show different relations to the T/** values. The 0 0 T3"**
structure is obtained for y/x = 3 (instead of y/x = 2 for the chain). The
M atoms of the square net form chains with 77 = 2 nearest M atoms
in the 2 0 4;1 structure containing two squares cg or ¢* with M atoms
in neighboring cis positions. The diagonal trans positions (ts or t3) are
occupied in the 0 4 4;1 structure and a single position (s4 or s3) in the
0 0 4; 3 structure. The structures at the left- and right-hand borders are
combinations of structural units a — ¢ and b, ¢, s, t (or b*, ¢*, s¥, t*),
respectively (Fig.8).

5 Hexagonal close-packed structures

The Mg atom positions of the hexagonal close-packed Mg structure (Ta-
ble 1) can be substituted by different M and N atoms in M;Ny alloys.
The structures of all possible alloys can be obtained, if the unit cell of
the Mg structure is increased in a systematic way (Section 33) (Hauck
and Mika, 1999), the metal positions occupied by M atoms to a maxi-
mum of 50% and the s-CN values T}, Ty, T3 of all M atoms averaged, to
characterize the structure by 71 Ty T3;y/x. The s-CN values of the N
atoms are different at y/x > 1. The o; values, which can be obtained
from the T; values (Section 2.4) are identical for M and N atoms in bi-
nary MyNj alloys. In ternary compounds MxNyR, the o; values of M, N
and R atoms can be different (Section 14).
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The hexagonal close-packed alloys consist of two hexagonal layers in A
and B positions with identical environment of 12 nearest, 6 next-nearest
and 2 third neighbors at distances d, v/2d and \/8/—3d, respectively
(Fig.1, Table 2). The maximum oy, o range of ordered hcp MiNy alloy
structures with the 126 2;(1),602;1,442;1,46 2;1 (and 0 6 2;3)
structures at the corners of a tetragon has the same shape as the y/x =
1 border of the Ty, Ts structure map (Figs. 9,10). The 53 0;1 and
9 3 0;1 structures are also at the corners in the three-dimensional o,
a3, a3 space (Mika and Hauck, 1990). Several structures with a single
environment of metal atoms are inside of the structure map (Section
33). The 9 3 0;1 structure with two layers of M atoms followed by two
layers of N atoms can be considered as partially segregated sheets of M
and N atoms (Table 3). The M atoms of the 6 0 2;1a and 6 0 2;1b
structures are clustered in layers and chains, respectively. The M atoms
of the remaining structures of Fig.10 are as far apart as possible. The
462;1and 06 2;3 structures with identical ¢; values correspond to the
AuCd and SnNi; structures. These structures are homologous (Section
9). The N atom positions of the 0 6 2;3 MNj3 structure can be occupied
by M or M’ atoms to MaNg (= MN) or MM'N; alloys. These structures

have T, = 6. The other experimental structures are found at lower Th
values.

The architecture of the different structures built up from structural units
is more complicated than for the chain or hexagonal layer. The construc-
tion of MNy alloys (y = 1, 3, 5) by combination of structural units a —
o in [120] direction and of MN and MNj structures by combination of
u, v, x and y units in [220] is shown in Fig.10. The CdAus structure
e.g. can be obtained by combination of these units in the sequence uv
(Table 3). The theoretical structures at the left-hand border of Fig.9
and the LiRh structure consist of alternating layers of M and N atoms.
Most of the other structures have layers with identical composition and
environment of the M atoms in these layers (Table 3). Therefore these
structures can also be described by the type and the stacking sequence of
hexagonal layers. Layers of N = Ag or Au atoms are alternating in SbAgs;
(SbAg/Agz) and SnAus (SnAuy/ Aug), to obtain the proper composition.
All structures which can be obtained by combination of structural units
are considered as a structure family with the name of the pioneers simi-
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lar as the Ruddlesden-Popper or Aurivillius phases. The VAuy or TaPts
and ZrAuy structures (Stolz and Schubert, 1962) and the SnCug, CdAus
and (Cd,In)Aug structures (Schubert, 1964) are the first examples for a
combination of structural units. The Stolz, Schubert family with struc-
tural units a — o and the Schubert family of structures with structural
units u — y exhibit different 75 values (0 — 4 and 4 — 6, respectively)
(Table 3). ‘

Only few of the possible MN, alloy structures are realized as alloys like
LiRh, SbAgs, SnAus (Table 3). Many other theoretical structures have a
higher symmetry than the experimental structures (Section 33) (Hauck
and Mika, 1999). All alloy structures (except CdgAur and CdizAuys
with T; values in brackets (Table 3)) are at the border of the structure
map with maximum interactions between M atoms. The theoretical
structures 6 0 2;1b and 4 4 2;1 (Table 3) at corners of the structure
map are candidates in a search for new alloy structures. The structures,
which are not at the border of the structure map, are supposed to be
metastable at low temperatures.

The 6 0 2; 1a (LiRh) and 6 0 2; 1b structures are not homometric (iden-
tical T; for all atoms for all 7), but differ in the fourth and higher co-
ordination shells (Section 8). These structures at the same location on
the structure map with very little differences of the lattice energy are
distinguished by Ty, T5 etc. values or the letters a, b, c. The T; values
(¢ = 1 — 3) are usually sufficient to characterize a crystal structure with
y/x < 5. The T; and Ty values are used for structure maps as a first
approximation. Usually the T7 and T, values of the structure families
vary with the ratio of structural units.

6 Cubic close-packed structures

The positions of Cu atoms in cubic close-packed (ccp) Cu (Table 1) can
be substituted by different atoms M and N in MyNy alloys. The reduced
rhombohedral cell containing one Cu atom (instead of four in the face-
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centered unit cell) is increased systematically (Section 33) (Hauck .a,nd
Mika, 1999), and the metal positions are occupied to an upper limit of
50% by M atoms. The structures with a higher percentage of M atoms
are identical at an exchange of M and N atoms. The s-CN or averaged
s-CN values of the minority component M are determined to characterize
the structures by Ty To T3;y/x (Table 4). The Ty and T values were
plotted in the structure map (Fig.11a) with the same T} and T5 values
as the hep structure map (Fig.9a).

Each metal atom of the ccp structure has TP = 12, T3** = 6 and
Tmex — 24 first-, second- and third-nearest neighbors at distances d, V2d
and v/3d (Fig.1, Table 2). The maximum T}, T3, T3 values are reduced
in MNy alloys where y/x > 1. There are 28 different structures with
a single environment of M atoms (Section 33) (Hauck et al., 1988a).
The 12 6 24;(1), 6 0 12;1a,b, 4 4 16;1 and 4 6 8;1 (and 0 6 0;3)
structures are the limiting structures (Figs. 11,12). The 6 0 12;1a
and 6 0 12;1b structures are homometric structures — structures with
identical T; values, but different symmetry (Section 8). The 0 6 0;3
AuCug structure and the 4 6 8;1 CuAu structure are homologous with
identical o; values (Section 9). These structures can be compared with
the hep 0 6 2;3 SnNiz and 4 6 2;1 AuCd structures for the same T and
T, values (Fig.9). The 4 4 16;1 UPb and the 0 4 8;3 TiAlz structures
correspond to the hep 4 4 2;1 and 0 4 2;3 TiCug structures. PtV
crystallizes in the CuAu or AuCd structure (Villars and Hulliger, 1987).
The 4 416 ; 1 UPb structure is identical to the NbP structure (Villars and
Calvert, 1986). The architecture of structures along the 12 6 24; (1) -
6 0 12;1a boundary is analogous to that for the hep structures. The M
and N atoms are completely segregated in 12 6 24; (1) with decreasing
thickness of hexagonal layers progressing along the boundary (Table 4).
Close-packed planes of M and N atoms alternate in 6 0 12 ;1la CuPt
as in the hep 6 0 2;1a LiRh structure. The ccp structures at low T3,
including most experimental structures, can be assembled from square
layers rather than from hexagonal layers alone as is the case for hcp
structures (Fig.12). The structures at the upper right-hand border (4o
+ a2 + 1 = 0) can be assembled by two sets of structural units a — i.
The NaCl related structure of Alll,Cls (ac’) with two vacancies [J in the

ccp metal lattice (Ketelaar, 1935) and MosAlg (hgh) (Forsyth and Gran,
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1962) are the first experimental examples, which can be obtained from
combination of a and ¢’ or h and g structural units, respectively. The
ccp Na positions of the NaCl structure are substituted by M = Al and
N = 0O in Al[,Cl3. Therefore the NaCl related structures with M and
N atoms at Na positions can be characterized by the s-CN values of M
atoms (Section 18). The same applies for ZnS related structures as e.g.
CuFeS; with the s-CN values 4 4 16;1 of Cu and Fe atoms (Hauck and
Mika, 1998b). The compositions of the structural units are MyNy with
y/x=1(a, b, e £1),5/3 (k), 2 (g), 3 (c, h), 4 (i) and 5 (d).

The 060;3,048;3,468;1 and 4 4 16;1 structures can be split into
structural units u, v, x and y, which can be combined like the parts of
a puzzle to obtain the crystal structures found at the right-hand border
(Figs. 11,12). The v/, v/, ¥’ and y' units are obtained from the u, v, x and
y units by a variation of the origin. The ZrAls structure (Brauer, 1939)
is obtained from v and v’ units and the CuAu II structure (Johansson
and Linde, 1936) from a combination of the x and y structural subunits.
The MN, structures ZrGag, HfGag, ZrSis, and the NbsGayz structure
are obtained by combination of u, v, x and y units (Table 4). The se-
quences of structural units are also observed in NaCl related structures
like DNb3DO3 (uz), MOO3 (UXVlX’Il’), Nb307F (ungfixuz) and R—Nb205
(xvhxuy) (Hyde and Andersson, 1989). Some of these structures are usu-
ally described by antiphase boundaries or shearing. The uu'y’ structural
units e.g. of ZrSi; with uu'y'v'vy sequence can be shifted to the v'vy
units as is indicated by an arrow in Fig.12. Other sequences like vyu |
in ZrGay (vyuuyv) are symmetrical. The symbols | for a mirrorplane or
1 for the translation by a/2 a/2 (shear) are useful in particular for long
sequences of structural units.

Most of the experimental structures are at boundary lines for the given
composition. The only exception in Table 4 is V4Zns, which lies at the
boundary line of the structure map belonging to the hexagonal layer
with the values 2.5 1.5 2.5;1.25 (Fig.5). Structures, which are not at
the boundary line of the structure map, are supposed to be unstable at
low temperatures with respect to other structures at the boundary with
maximum interactions between M atoms. Sometimes M atoms on one
position are disordered, in other cases several positions are disordered
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(Hauck and Mika, 1999) and give rise to decreased «; values.

The structures with a single environment of M atoms can be character-
ized by square or hexagonal layers (Section 4) with small unit cells:

square layers hex. layers
Cudu [044;1 444;(1) 226;1
UPb (044;1 22051 242;1
AuCuz |04 4;1 444;(1) 006;3
TiAl; [044;1 444;(1) 02033 022;3

The structures with M¢ > 2 (Table 4) of the Johansson, Linde and
Brauer family as e.g. the CuAu II or ZrAls structure at the right-hand
boundary of the structure map (Fig.11b) consist of u, v, x, y structural
units, which are connected by 0 4 4; 1 square planes. The other layers of
the CuAu-UPb and AuCuz—TiAl; parent structures do not fit together.
The structural units of many structures on the right-hand side of the
structure map (Fig.11b) are connected by 2 0 4;1 or 0 4 4;1 square
planes (Table 4). Most (theoretical) structures on the left-ha,r’ld side of
the structure map are connected by 6 6 6; (1) hexagonal planes.

’I.‘he‘ a1, ag values of the different layers of a structure are sometimes
similar to the oy, ay values of the structure itself (Figs. 5b,7b,11b) and
are located in the same area of the structure map. An ex,a,m,ple is the
2 0 4;1 square and 2 2 6;1 hexagonal layer of the 6 0 12:1a CuPt
structure. In other structures as e.g. 2 2 12:2a MoPt thé 020;2
and 2 0 2;2 square layers or the 2 0 2 ;2 and 6 60;2 hez;ca,gonal laye,rs

are at different locations of the struct
ot . ure map, probably b
directional bonding of Mo atoms (Hauck and 1,\/1131(3 1993:1) ecause of the
b

.

S . :

b:z:(lel Sr:e(z)tfa(lis‘ 1113: bce Mo, .Whlch do not form close-packed structures

becas direc ional bonding of the outer electrons, form close-packed
uctures in alloys as e.g. cubic close-packed MoNiy or MoPts. In other
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examples the directional interactions between metal atoms are increased
by the formation of an alloy. The CuPd or FeTi alloys e.g. crystallize
in an ordered body-centered cubic structure in spite of the close-packed
structures of the components. Other pairs of metals like Cu and Rh
with the ccp structure for each metal do not form compounds at all
but segregate as two limited solid solutions. The s-CN values approach
12 6 24 ;0 for complete segregation at y/x = 0.

7 Ordered structures of complex close-packed al-
loys

The structure maps for hcp and ccp ordered alloys MN; are identical
with the same numbers of T; and T values (Figs. 9,11). The comparison
of Table 3 and 4 shows many experimental structures with identical 77
and T5 values. Therefore also the Ti, T5 structure maps of structures
with a complex stacking of h and c layers (Table 1) are identical. The
structures with identical 77 and 75 values exhibit the same kind of hexag-
onal layers (Table 5). They can be described by the stacking symbol and
the ordering of M and N atoms in the hexagonal planes. The T3 and T}
values can be obtained from the fraction f of h layers as was outlined in

Section 2.

The complex close-packed metals (Table 1) are similar to hep stacking
with only one direction of packing of the hexagonal layers at occupation
with M atoms only. All structures of Table 1 contain a 3-fold axis in ¢
direction of the stacked layers at occupation with M atoms only. The
metal atoms of the complex structures of Table 1 have already two or
more different environments. The architecture of many hcp, ccp and
complex close-packed M;N, alloys can be characterized by hexagonal
layers with composition MyNy (instead of M atoms) and the stacking
of these layers similar as in Table 1. These structures can be divided
in five major groups corresponding to different o1, cg values and differ-
ent hexagonal layers (Table 5) (Beck, 1969; Zhao et al., 1991; Parthé et
al., 1993). The hcp CdAug structure e.g. with oy = -0.33, ap = 0.78
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is gradually altered to the ccp ZrAlg structure with different stacking (?f
01 4; 3 hexagonal layers by variation of the Au content or partial substi-
tution of Au by In in the series: CdAus, Cd(Au,In)sg = Cdag (Au, In)7
(Cd14In3Au78), Cd(Au,In);; = Cd144(A11, In)432 (Cd15In10Au75) (Wegst
and Schubert, 1958; Schubert, 1964) (Table 5). The ccp 0 0 8;5 struc-
ture corresponding to hcp SnAus and (ch); WAy is only observed in the
NaCl related V¢[ICs (VeCs) structure with M = O and N = C (Sec-
tion 18). The MNj5 composition is obtained by alternating MNs und N3
layers.

8 Structures with identical powder patterns

Some ccp and hcp structures are homometric with identical coordina-
tion T} of all atoms for all i (Fig.13) and some other structures differ
in higher coordination spheres (Hauck et al., 1988a). The homomet-
ric structures cannot be distinguished by powder diffraction methods, if
the lattice is undistorted (Patterson, 1944). Other structures are enan-
tiomorphous, i.e. the crystal structures contain right- or left-hand screw
axes which cannot be distinguished by powder diffraction. The homo-
metric, but non-enantiomorphous, structures are characterized by a, b,
C, .... The hep 5 3 0; 1a,b structures (Fig.13) are homometric, but dif-
fer from the homometric 5 3 0;1d,e structures in the 4-th and higher
coordination shells. The hcp 6 0 2;1a,b structures with structural units
aa’ or b (LiRh) (Fig.10) differ from the 4-th coordination onward. The
ccp 2 2 12;2c¢ structure (Section 18) is different from the homomet-
ric 2 2 12;2a,b structures (Fig.13) in the 6-th and higher coordination
shells. The crystal structures a, b, ¢, ... with identical positions on the
structure maps (Figs. 9,11) are stabilized by about the same amount of
lattice energy and are sometimes coexisting as e.g. the 00 8 ; 5b,e,f VgCs
stacking variants (Section 18). The homometric structures (Fig.13) can
also be considered as stacking variants, where square or hexagonal lay-

ers are stacked perpendicularly to the projection plane with different
translations x, y, z (Section 16),

32



0 0
\o®50 AN/

—0 2210
0 ] o /2I N,
| NIZRN S Y
02 \0\ 01, ()‘@7& e-->X
6 212; 1a 0.2 6012;1a 0.4
6 2 12;1b CuPt 6012;1b y,
\:b--->x
0—1-—2—0 0—1——0 —l—0 0—1——0, ¥
\ \\ SENEN
@ - -5 @) s
—1—2-93 0—1——%3 \o-—1 3.6 \c()
2212;20 2212;2b 220; 2a 220; 2b
Mo Pt,
> @ N
e T @ 0
[}
| 2 3| ,\2@ 2 e /
0—1——0h 0--de--—04 2243
530;1a 530; 1b ; 2“'31]

Figure 13: Examples of homometric pairs of stuctures with identical self-coordination
numbers 7;. 6 2 12;1a,b, 6 0 12;1a,b, 2 2 12;2a,b and 2 2 4;3a,b are ccp, 2 2 0;2a,b,
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different M positions of homometric pairs are encircled, N atoms at z = 0 (-), %, y, 2
coordinates for the translation of identical layers.
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There are also homometric structures of close-packed metal atoms with
a different stacking sequence but identical T; values (Mardix, 1990), e.g.
hechehechhchehh,
hechchchhechhhe,
which are two different structures containing the same unit cell with 15
layers, the same percentage 53.3% of h layers in the same space group
P3m1. Other structures of Table 1, e.g. 9a and 9c or 9d and 9e have
identical T; for 7 = 1 — 8 but differ in Ty and higher coordination shells.
They are quasi-homometric with very little difference of the lattice en-

ergy as e.g. the Madelung factors of the NaCl related structures (Hauck
et al., 1988b).

9 Homologous series of structures

A second type of special structures exhibits identical «; values but at
different composition y/x. These structures have identical or closely
related unit cells and form homologous series of structures which are
filled up successively by M atoms until 77"#* is reached (Table 6). Each M
and each N atom of these structures must have the same set of numbers
T;, respectively. The structure with the lowest M content y/x = r*,
Iy Ty T3 ;r* is filled up with M atoms in steps of k = 1*, r* - 1, ..., 0
(Hauck et al., 1988a):

T = TP~ (I - T7) k/r,
y/x = k/(@*+1-k).

The homologous series of structures contain also structures with M and

N atoms interchanged as e.g. AuCug and CugAu with Cu at Au positions
in CuAug (Table 6). There are three homologous series for ccp (r* = 2,

3, 4) and two series for hep (1* = 2, 3) (Table 6). The r* = 3 series for
the ccp 06 033 AuCus and 4 6 8 ;1 CuAu structures corresponds to the
th 06 2;35nNi3 and 4 6 2;1 AuCd series at identical 01, o values
(F.‘1gs. 9b,11b). The ccp 2 2 12; 2a,b structures (Fig.14) can be compared
with the hep 2 2 0;2a,b (Fig.13) or 2 2 2;2 TaPt, (Fig.10) structures
(Hauck et al., 1988a). The pairs of closely related cep structures 04 833
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Figure 14: Examples of ccp homologous crystal structures with identical o .values at
different concentration y/x. M atoms at z = 0 (e) and z = 0.5 (o). Positions of N
atoms (-) at z = 0 for pattern recognition.
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TiAl; and 4 4 16;1 UPb (Fig.12) and the corresponding hcp 0 4 2;3
TiCus and 4 4 2;1 MN structures with structural units baba' or xy
(Fig.10) are quasi-homologous because of different ag values. The T;
values of quasi-homologous structures are at the border of the 11, T5
structure map at the corresponding y /x values. A third group of related
structures (homologous 1I series) exhibits identical «; values like the
002;6,(123;5/2),(244;4/3), (365;3/4),(486;2/5), (510 7;1/6),
6 12 8:0 series of the primitive cubic lattice (Section 22). Only the
structure with the maximum r* = y/x value 0 0 2;6 is at the border
of the Ty, Tp structure map. The other values in brackets are inside
of the structure map. The same applies to the large number of other
structure series. The TiPtg and V4Zn;s structures with different o; values
crystallize even in the same space group at different y/x and can be
considered as one structure type (Villars and Calvert, 1986), if the V4Zn;

structure is written as Zn(V4Zny). The V4Znjy structure however is not
at the border of the T3, T3 structure map.

10 Symmetry of ordered phases

T%Le met:al atox.ns of the hep and ccp lattice have a single environment
with a high point symmetry for the metal atoms (International Tables
for Crystallography, Hahn, 1987; Villars and Calvert, 1986):

4/m 3 2/m for the Cu atoms with ccp structure,
6m2 for the Mg atoms with hep structure.

The site symumetry is reduced by distortion (d), e.g. of the Cu lattice in
In or Hg (Table 1), or by different stacking (s), as e.g. the (ch)y La or
Nd stru‘cture, or by formation of ordered structures (o) (Fig.15). Struc-
tlgre; with a single environment of all M and N atoms at .the .cornerS
;)ict Se; rstr:;mture map.s .hke AuCu; or CuAu are usually highly symmet-
! . b itf}c ures containing M atoms with different environments are built
rom ditlerent structural units as e.g. ZrAl3, CuAu 11 or ZrGa (Fi 12)
The symmetry of these structures is usually lower because of 2the gi'ffer:
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Figure 15: Crystallographic point-group symmetry of M atoms in different ordered
alloys MyNy. The order of the point symmetry of M atoms is reduced by ordering (o),
by stacking (s), e.g. of La atoms in chch layer sequence, or by distortion (d).
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ent symmetry elements of the structural units. The populations of the
different structure types obey Pauling’s rule of parsimony: The num-
ber of essentially different kinds of constituents in a crystal tends to
be small (Pauling, 1929). Structure types with a single environment of
metal atoms M and N (M* = 2) with high symmetry as in the case of
hep alloys with AuCd or SnNis structure (Table 3) or the ccp alloys
with CuAu, AuCus, MoNis or MoPt; structure (Table 4) are observed
frequently, whereas structures containing metal atoms with different en-
vironments as e.g. CuAu II, ZrGay or MozAlg are rare. The fact, that
highly symmetric structures can only be constructed from M and N
atoms with a single environment shows that the frequent observation of

high symmetry (Laves, 1967) is a consequence of Pauling’s rule for small
numbers of constituents.

In most cases, the experimentally observed symmetry is identical with
the symmetry determined for the undistorted lattice. This can be used to
find a structural model of the ordered structure from electron diffraction
patterns. Alloys with small single crystal domains of ordered structures
can be investigated by electron diffraction to determine the unit cell
and the symmetry from the diffraction pattern. These values can be
compared with the list of theoretical structures to calculate the powder
pattern for x-ray or neutron diffraction.

The symmetry of a few ordered alloys as e.g. NaHg, CdAug II, SiUs
or SrPb; (Table 4) is further decreased due to distortion by directional

bonding similar to that in tetragonal In or rhombohedral Hg compared
to cubic Cu (Table 1).

11 TIsing model

Crystal structures of ordered alloys M, Ny have been calculated for cen-
tral pairwise interactions V;, i = 1, 2, 3, ... with Vi = VMM VNN -

VMN between nearest, next-nearest, third, etc. metal atoms within the
Ising model (Turchi, 1994) The results obtained for the single square
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layer (Kaburagi, 1978), the single hexagonal layer (Kudo and Katsura,
1976; Hiraga and Hirabayashi, 1977), hcp (Kudo and Katsura, 1976) and
ccp (Kanamori and Kakehashi, 1977) alloys can be compared with the
structures in the structure maps. The present notation T T T3;y/x
for the self-coordination numbers T; and concentration y/x is similar to
the notation of the structures used by Kanamori and Kakehashi (1977).
The interaction parameters V; and V5 between nearest and next-nearest
neighbors were varied in the Ising model calculations and the structures
obtained by different procedures plotted in a Vi, V2 coordinate system
(de Novion and Landesman, 1985). These plots can be compared with
the T4, T5 or a;, o structure maps of Figs. 5, 7, 9 and 11. The parame-
ters o; seem to be almost proportional to V;. Only simple structures are
obtained by variation of the V; and V; interaction parameters. The com-
plex structures with different environments of M atoms are only found
by the additional variation of V3, Vj, etc. (Ducastelle, 1991). Structures
at different positions on the borderline of the structure map, e.g. CuAu
IT compared to CuAu, are stabilized by different V3, V4, etc., which cause
a slightly different V4 and oy (Fig.16).

The interaction parameters V; = 0 for a statistical (random) distribution
of M and N atoms correspond with o; = 0. The o; values are positive
for attractive interactions between M atoms and negative for repulsive
interactions. The structures can be classified within four fields by con-
sideration of Vi, Vz only: (I) V3, Vo < 0, (I) Vi < 0, Vo > 0, (III)
Vi >0,V <0and (IV) V3, Vo > 0. These areas are subdivided by
the diagonals in Ia, Ib, etc. (Fig.16). Most experimental structures are
in (I) or (II), with a repulsive interaction V; between nearest-neighbor
M atoms. Structures in IIla and IV, with attractive interactions Vi be-
tween nearest-neighbor M atoms, contain already multiple layers of M
and N atoms as a first step towards segregation. Structures with cova-
lent bonding between M atoms are in Ia and IIIb. The structures of IIIb
contain clusters, e.g. sheets or rows of M atoms.

The M atoms of structures in IIb are as far apart as possible, which can
be correlated with repulsive interactions Vi between nearest M atoms,
e.g. Coulomb repulsion. These structures have the highest Madelung
factors (Hauck et al., 1988a). The crystal structures with covalent and
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Figure 16: The different areas of the oy, ay structure map of close-packed alloys as

derived from the Ising model.
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ionic bonding are separated by the line a; = . The M atoms of ionic
compounds with low M content are expected at T} = Ty = 0 because
of the repulsive interactions. The relation oy = ap however is also valid
for covalent compounds with the relation T3 /Ty = T1** /T5"** with pref-
erential occupation of the inner coordination shells T; and T3. The line
a1 = ay of dilute alloys intersects the borderline 4a; + a9 + 1 = 0 of the
hep and cep structure maps at concentration y/x = 5. Therefore ionic
and covalent compounds with y/x > 5 and T3 = T = 0 should be on
the line oy = ay. Ordered ionic compounds with y/x < 5 are expected
with increased T3, ordered covalent compounds with increased T3.

"The structures with a maximum interaction are at the outer borderlines.
Structures with composition y/x = 1, 2 and 5 are on the borderline 4a; +
a2 + 1 =0 in (I, ITa), structures with y/x = 1 and 3 are on 303 + 1 =
0 in (IIb) and structures with all compositions on 203 = ap + 1 in
(I, IVDb). Structures with different composition are in the field, e.g.
structures with y/x = 2 are on 4a; + 1 = 0 in (II) (Fig.16) or 11 =
2 (Fig.11) because of geometrical restrictions of the close-packed metal
atoms. Structures with y/x = 2 are less frequent than structures with
y/x = 1 or 3 (Table 4). They can be considered as a combination of
structural units of composition y/x = 1 and 3 as was outlined before.
Other structures inside of the ay, as field like ccp 6 2 12;1a,b have
the same composition as structures at the borderline, e.g. 6 0 12; 1a,b,
5214;1or 8212;1 (Fig.11). These structures are supposed to be less
favorable than structures at the borderline with maximum interactions

between M atoms.

12 Characterization of structures by sequences of
structural units

Structures at the left-hand border of the structure map (Figs. 9,11) can
be characterized by the sequences of 6 6 6;(1) hexagonal layers with
different metal atoms as e.g. LiRhLiRh for hep LiRh (6 0 2;1a) or
CuPtCuPt for ccp CuPt (6 0 12;1a) (Tables 3,4).
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Structures at the right-hand border can be characterized by sequences
of structural units, which are linked by common interfaces as e.g. uvuv
(CdAus), vugvuy (SnCug) (Fig.10, Table 3) or vav)y (ZrAls), ghe (MosAls)
and vyugyv (ZrGay) (Fig.12, Table 4).

The different series of structures allow a characterization of crystal struc-
tures by a sequence of structural units as e.g. aa’ for the UPb struc-
ture, or gh for MnyAus and hgh for MozAlg, or vovyvy for ZrAl; and
vyueyv for ZrGay (Fig.12). The three-dimensional structures are de-
scribed by one-dimensional sequences of structural units. These se-
quences of units can be analyzed by the one-dimensional Ising model
(Fig.2) with Ty Ty T3;y/x =22 2;(1),101;1 and 0 2 0;1 at seg-
regation of a and b structural units, and the sequences aabb or ab for
attractive or repulsive interactions, respectively. Chains of more than
two structural units like vyusyv for ZrGay, or usyvsyus for CesgSny (Ta-
ble 4) can be analyzed for clusters (C), single (S), double (D), triple
(T) and multi (M) rows of structural elements similar as in Fig.2. The
one-dimensional Ising model can explain the reason for small numbers of
different structural units (Pauling’s rule of parsimony) like the examples
given before. The longer sequences of structural units like vov)vy (ZrAls)
might segregate in uuju (TiAlz) and up or vy structure (AuCusz). Most
of the longer sequences are symmetrical like vovjve (ZrAls) or vyugyv
(ZrGag) and can be characterized by the asymmetric sequence and a
vertical bar (| ) for the mirror plane like vovh | (ZrAls) or vyu| (ZrGasg).

13 Disordered alloys

Many alloys form extensive substitutional solid solutions, in particular
alloys of metals with similar radii and electronegativity. Some alloys as
e.g. AuCu and AuCugs are disordered at high temperatures and become
ordered at lower temperatures (Cenedese and Gaspard, 1984). The same
applies to interstitial alloys as e.g. V4Cs or TiyC (Section 18) which have
a disordered distribution of C atoms at high temperatures but an order-
ing of the C atoms (and vacancies) at lower temperatures (de Novion,
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1994). The x-ray or neutron diffraction patterns exhibit diffuse intensity
which is concentrated on lines or surfaces in reciprocal space. The dif-
fuse intensity can be analyzed for the short-range order parameters o;.
The experimental values (Schweika, 1985; de Novion and Landesman,
1985) are usually between ¢o; = 0 for a random distribution of metal or
C atoms with no diffuse intensity and the values of the ordered alloys
(Fig.17) and should shift to the values of the ordered alloys as the order-
disorder transition temperature is approached. The relations 4a; +
+ 1 =0 and oy + a3 = 0 were obtained for the «a;, oy, ag short-range
order parameters of oxides like LiFeOq and carbides like VgCs from the
shape of the diffuse intensity patterns in reciprocal space (Sauvage et
al., 1974; Ducastelle, 1991). These relations can be explained by a disor-
dered arrangement of carbon atoms in configurations of structural units
a—1 allowed by Pauling’s electrovalence rule (Section 19) or by the disor-
dered T; configurations 6 012;1,3010;2,2212;2,008;50r4416;1
(Fig.17) (Hauck, 1985). There are many stacking variants of these con-
figurations (Hauck et al., 1988b). The structures of the Ketelaar and
Forsyth, Gran families can be obtained by combinations of structural
units a — 1 (Table 4). Nonperiodic sequences of these structural units
give rise to diffuse intensity at 4a; + a2 + 1 = 0. Some ZnS (sphalerite)
related structures like GasTes or AsCusSe, give rise to diffuse intensi-
ties at 3oy + 1 = 0 (Fig.16) (Sauvage et al., 1974; Hauck and Mika,
1998b). This corresponds to the Johansson, Linde and Brauer family of
structures with a disordered sequence of structural units u —y (Table 4).
Other disordered alloys and compounds of Fig.17 can probably be de-
scribed as a disordered mixture of several structural families, including
clustered structures at the left-hand border of the map.

A special “disorder” is obtained if structural units a and b alternate
aperiodically with the sequence of Fibonacci numbers n = 1, 2, 3, 5, 8,
13, ... . The iteration of the Fibonacci substitution a — ab, b — a
creates the nonperiodic sequence a — ab — aba — abaab — ... at an
infinite number of steps. The structural units g (= b) (MoPtz) and h
(= a) (TiAl3) of the Forsyth, Gran series e.g. vary in the sequence gh
(n = 2) or ghy (n = 3) in MnpAus or MogAlg (Table 4). An aperiodic
sequence of g and h units in the ratio 7 = (1 + v5)/2 &~ 1.62 (e.g.
hghhg at n = 5) would be possible at the compositions Mnj g;Aus or
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Figure 17: Experimental short-range order parameters o, o of disordered alloys MxNy
or M,[I,Cy carbides within the ccp o4, o structure map.
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Mos g6Als. The chain of g and h structural units has an infinite number
of T; values with an average of 0 0.76 1.24; 7, which is at the border of
the structure map at oz = 0 (Fig.2). The x-ray diagram would show the
reflections of the g and h layers similar e.g. to the hexagonal layers of
h and c stacking in a Fibonacci sequence with hey/he = 1.62 (Table 1).
The aperiodic sequence in ¢ direction can be analyzed as in other one-
dimensional Fibonacci sequences (Steurer, 1990). The two-dimensional
Robinson tiling with a substitution
ab ba

a — b b and b — 0a

(Allouche and Salon, 1990) or an analogous three-dimensional tiling
requires two different structural units, which can be combined two-
dimensionally or three-dimensionally at common interfaces like the quasi-
homologous square net structures 0 0 4;3 and 0 4 4 ; 1 for a two-dimensio-
nal tiling (Section 28) or the quasi-homologous bcc structures 8 6 12; (1)
(W) and 0 6 12;1 (CsCl) for a two- or three-dimensional aperiodic tiling.
The T; values of the two-dimensional tiling of 0 0 4;3 and 0 4 4,1 ap-
proach the corner structure 0 8/3 10/3;5/3 at the right-hand border
of the structure map (Th = —2T1 + 2(3 — 1)) at 71 = 0 (Fig.7a). The
three-dimensional Robinson tiling a — [a b7] and b — [b a7] with a =
8 6 12;(1) and b = 0 6 12;1 was solved up to n = 7. The density r
= 3 follows exactly for each starting value m in the limit n — oo. For
the square net the same recursion relation also holds for 74" and T3
with m > 2. Assuming the same behaviour for the bcc series, where the

limiting values Tz-(°°) follow only approximately from the starting value
m, we obtained with m = 7 the values T\° = 4.0005, T\ = 7.5015.
From this result we conclude, that with m — oo the exact Tz-(°°) values
are given by 04 7.5;3.

Some structures are known, where structural units of different lattices
like bec and fec lattices with the proper interface are combined. Struc-
tural units can probably also be combined in such a way that fivefold
or eightfold symmetry is achieved. The T; values of these combinations
can not be analyzed in T}, Ty structure maps as the theoretical examples

outlined before.
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Figure 18: Ternary and quaternary compounds with Ty Ty T; ;¥/x of different com-
ponents with composition y/x. Only positions of minority elements are plotted, full
and open symbols for elements at projection height z = 0 and 0.5, respectively, or as
multiples of ag/4 in cubic CosGey.

14 Ordered ternary and quaternary compounds

Most of the observed binary hcp and ccp MxNy; compounds have two
sets of T; values, which are identical at concentration y/x = 1. Other
compounds with three or four sets of T; values (M? = 3 or 4) (Tables 3,4)
are potential candidates for ternary or quaternary alloys. Few ternary
and quaternary ordered alloys with close-packed metal structures are
known (Fig.18). Alloys with the composition My, My, Ny, My, My, My, Ny,
xj <y can be described by the self-coordination numbers T} of the mi-
nority components My,. There are three sets of T} values for ternary
and four sets for quaternary alloys. The o1, g values are identical for
the 4 6 8;1 or 0 6 0;3 derivative structures (homologous structures) or
on the border of the structure map as e.g. for ReAl(Re,Al); (Table 8)
(quasi-homologous structures). The T} values of all My, can be averaged
according to the frequency of their occurrence. The combination of two
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values indicates the interactions between both atoms. The combination
of the 0 6 0;3 positions of Pd and Au atoms in PdAuCu, for example
yields the same value 4 6 8;1 as the Cu atoms.

The T; values of the vacancies [1 and the Ge atoms of [14CosGey are not
on the border of the structure map because of partial disorder. Other al-
loys forming solid solutions like the binary CrNis or the ternary CrNiFes 5
are listed in the Cu structure type (Villars and Calvert, 1986) with a sin-
gle environment of metal atoms, though the short-range order param-
eters are different from o; = 0 (Fig.17). Metals with similar radii and
electronegativity can also substitute for one component of an ordered
binary alloy. Such ternary alloys have been investigated frequently to
vary the structure of metals of binary alloys in small steps:

(i) The stacking sequences 7c or 14 instead of 4 (TiNis) or 9a (BaPbs)
were obtained by variation of the Ti~-Pt—Ni and Ba—Pb—~T1 compo-
sitions (Table 5).

(ii) Structures with a different sequence of structural units were ob-
tained e.g. in (Zr,Al)(Si,Al)y (Schubert, 1964) with uu'x'vv'y’ 1
compared to ZrSis (Fig.12) with uu'y’ 1.

(iii) Homologous structures with identical environment of all atoms at
different compositions (Table 6) can be filled up with different atoms.
The Pd and Au atoms e.g. of PdAuCuy (Fig.18) have the 06 0; 3 co-
ordination of the AuCus structure. Both Pd and Au atoms together
and the two Cu atoms together exhibit the 4 6 8;1 configuration of
the CuAu structure. The MoNi, structure is a potential candidate
for a quaternary compound MoMNNi; at the proper substitution of
two Ni atoms by M and N atoms (Table 6).

(iv) Some alloys as e.g. RhZrs (AuCug structure) become unstable on
hydrogen loading and segregate or become amorphous (Bowman,

1988).

(v) Other structures, which are unstable as pure alloys, can be stabilized
by interstitial atoms, e.g. AlFesg with the AuCug structure in AlFesC
(Fig.18). Among the 139 known compounds with this structure
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(Villars and Calvert, 1986) there are many alloys which are not
stable without the presence of interstitial atoms. The atoms of
the AlFe;C structure have the same positions as the atoms of the
CaQg3Ti perovskite structure with oxygen atoms at the Fe positions.
The sublattice of the metal atoms Ca and Ti in CaTiOg, however,
is body-centered with oxygen atoms at the octahedral interstices.

(vi) The crystal structures of some alloys can be varied by insertion of
interstitial atoms. The ccp ZrAl; structure e.g. of MnPds (Flanagan
et al., 1992) changes to the AuCug structure in MnPd3H[s, which
is isotypic with AlFe3CO3 (Fig.18).

If, however, the properties of the three or more components are too differ-
ent or thie concentration of the substituting component is too high, then
the alloys become unstable and favor structures without close-packing.
As we pointed out in Section 2, close-packing can be expected for iden-
tical atoms or at least similar atoms with weak directional bonding and
is not likely to be found in a child’s drawer containing a collection of
differently sized balls.

15 Enhanced covalent bonding in layered com-
pounds and ordered body-centered alloys

A well-defined collection of balls with increasing diameter like golf, ta-
ble tennis and tennis balls M, N and R can be assembled to layered
structures, which are similar to close-packed alloys (Fig.19). Many com-
pounds M,NyR, can be described by sequences of M, N and R layers,
which are similar to the close-packed metals (Section 2), but with re-
duced distances between neighboring layers (Parthé et al., 1993). The
hexagonal unit cell with lattice constant a = b = d (diameter of R atoms)
has the height ¢ = n\/2_/_3d for n close-packed layers. The distance be-
tween two neighboring layers, which is \/2/_3 ~ 0.8 for close-packing with
¢/a = n+/2/3, decreases to 0.2 — 0.8 for atoms M and N with smaller size
and different bond strength M-R or N-R between the atoms of neighbor-
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Figure 19: Close-packed hexagonal layer of spheres in A position, unit cell ([001} pro-
jection, below) and B or C position of consecutive layers as e.g. ABAB (hh) or BCAC
(czhz), (A)BB(A) (sz) and (C)AA(B) (t2) as explained in the text ([110] projection,
above). The single R-M bond is delocalized to three neighbors similar to COZ~ (below).
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Figure 20: Position of interstitial atoms I° and I* in octahedral and tetrahedral sites
of the ABC ccp or AB hep M lattice. Only 1/2 or 1/3 (for e-NisC) of the octahedral
sites I at identical positions in ¢ direction of the hcp M lattice are occupied at z/y =
2 or 3, respectively.

ing layers (Table 7). Some compounds like SnSbyTes can be described
by a sequence TeSbTeSnTeShTe of large atoms R = Te, which are ap-
proximately close-packed, and smaller atoms M = Sn and N = Sb at
octahedral interstices. The hexagonal unit cell with n = m-p (7-3 = 21)
layers contains p = 3 formula units (SnSbyTes) with m = 7 atoms. The
distance between Sb and Te or Sn and Te layers Az c/a is reduced to ~
0.4. These compounds are usually described by the stacking of R atoms
and by sequences of Greek or lower case letters for M and N atoms at
tetrahedral or octahedral positions (Hulliger, 1976; Parthé et al., 1993)
(Fig.20). The approximate structure can be characterized by two strings
in Table 7, if the locations of all M, N and R atoms are characterized
by h, ¢, s or t symbols. The s, and t3 groups with two atoms at the
same positions (at different projection height) are defined similar to the
h and ¢ symbols (Section 2): The trans (or t5) configuration for different
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positions of the neighbors next to t; and the cis (or s3) configuration at
identical positions (Fig.19). In that case the different coordinations of
M in a sequence of RMR atoms can be obtained by the symbol (¢ =
octahedral, h = trigonal prismatic, t or s = tetrahedral) and structures
with the same sequence of R and M atoms can be compared by the dif-
ferent coordinations of M atoms or — with other words — the different
configurations of the chain (Table 7). The alternative description by se-
quences of A, B and C positions is not specific and in many cases longer
by a factor p = 2 or 3 than the present notation as was shown before
for the (ch); a-Nd, (hca)e Th HP and (chg)s a-Sm structures (Table 1).
These stackings with M® = 2 sets of T} values (Section 3) are observed
in NiAs (ch), NbSy (hcy) and CdCl;, (che) structures at decreased Azc/a
(I form). Other more complex stackings like hchcy, cshy or chocohy for
MN,R4 composition, chchg (MN2Rg3), hes, hacg or chocheoh (MNRy) are
not observed for these compositions. Most stackings and layer sequences
like TeSbTeSnTeSbTe are symmetric. Some structures like TaS, 6s with
chycz stacking can be considered as a combination of chy (MoS; 3R) and
cs (CdI, C6). Few compounds like ZnS or SiC can occur in many differ-
ent structures (polytypes), which can be described in series of stackings
like (hcg)antihe or (heg)ant+ihes at consideration of R = S, C atom pack-
ing (Parthé et al., 1993) or (sat4)2n+152t2 and (sats)an182t6 in the present
notation (h = sy, ¢ = t2). The combinations of aby and ab or abs (h =
a, b = c) structural units are approaching point agh, for sat4 or aby for
the hcy composition (S) of the structure map (Fig.2b) at large n.

Some structures of ordered ccp alloys like CuAu can be described by
sequences of Cu and Au square layers, which are packed in [001] direction
(Figs. 3,21). The distance between neighboring layers of spheres with
diameter d, Azc/d = v/2/2 ~ 0.71 is reduced to 1/4/3 ~ 0.58 in some
ordered bee alloys, or increased to Azc/d = 1 in the primitive cubic
lattice of Po, disordered alloys like AuBis or AuTes (Villars and Calvert,
1986) and CaF, related structures (Section 18, Table 8). The sequences
of layers are characterized by the letters V, v or I according to the
configurations with the shape of the letter V or v in fcc or bee and Iin the
primitive cubic lattice of Po (Galasso, 197 0) and the related structures of
As, Sb, Bi, Se and Te (Hyde and Andersson, 1989; Burdett, 1995). The
I',{ or v' configurations are important for the occupation of octahedral
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or tetrahedral sites with interstitial I atoms in compounds M,L,_<,
(Section 18).

Most ordered bcc alloys can be characterized by sequences of layers in
[001] or [111] direction (Tables 7,8), which are named by the pioneers,
who investigated the structures of the first examples: AusNbs, TisCug
and TigCuy of the Schubert series (Schubert et al., 1960), and PbsyLiy
and PbsLig of the Zalkin, Ramsey (1956) series. The structures of the
Schubert series can be described by the sequences of metal atoms in
[001] direction like MoSiSi (= b) for MoSiy, TisCug (= d) for the TiCu
and TiCuyTisCug (= bd) for TisCus. The structures of the Zalkin,
Ramsey series can be described by sequences of metal atoms in [111]
direction like CeCdCd (= k) for CeCdy, AlFeFeFe (= 1) for AlFes and
PbLigPbLiyPbLis (= Lk1) for PbsLig. Structures with long sequences of
structural units like PbgLig (1k1) or clustering like TiCu (TisCuy) can
segregate to 2 PbLiz (1) + PbLiy (k) or Ti + Cu (Section 19).

16 Enhanced repulsive interactions

The following structures with minimum 77 and maximum 75 values are
obtained at repulsive interactions: 4 6 8;1 of ccp CuAu and 0 6 12;1 of
bee CsCl. The compounds contain alternating square layers of Cu and
Au or Cs and Cl atoms, respectively. Vacancies or atoms of neighboring
layers are inserted at repulsive interactions between M and N atoms.
Part of the M atoms of CsCl (MN) for example are substituted by N
atoms in [001] layers with composition MN and N of neighboring layers
of the (Mo,U)U; structure or MaNy and Ny layers of the Au(Zn,Au)s
structure (Table 9a). Other CsCl related structures like PusPdy or
ZngGasPd; can be described by different [111] layers with composition
PugPd and Pd; or ZnsGas and Pdy (Table 9b). Examples of ordered
cep alloys are GeCay with GeCag and Cay layers or GagPts with PtGag
and Pt4 layers (Table 9a). The hcp structures SbAgs or SnAus contain
layers of SbAg and Ags or SnAuz and Aus. These structures indicate
little repulsive interactions for Pd, Pt, Ag, Au or Ca atoms.
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All other structures of Table 9 are characterized by identical composition
y/x of the layers and the three-dimensional alloy structure. The stack-
ing of the layers can be described by the translation x, y and z of the
minority component like the translation in x direction in the 2 2 12;2a
(MoP+ts) structure or the three different translations x, y and z in the ho-
mometric 2 2 12; 2b structure (Fig.13). The homometric hcp 2 2 0;2a,b
structures can be described by the stacking of the 0 6 0;2 MN3 layers
with translations xy (2 2 0;2a) or xzZyXzy (2 2 0;2b). The stacking
of the 2 0 4;1 square layers of homometric ccp CuPt,a and b can be
described in a similar way by the translations yyxx in 6 0 12;1a and
yyyy in 6 0 12;1b. The number of nearest and next-nearest neighbors

in the layers can be visualized by the density of lines in different patterns
(Section 28).

17 Valence compounds

In non-metallic valence compounds MyNyR, the number of electrons at
the atoms can be completed to octets, if the sum of electrons of M, N
and R atoms is eight or a multiple of eight (Parthé et al., 1993; Parthé,
1994; Ellner and Predel, 1994; Villars, 1994):

xem+yen + zer = 8z.

This equation satisfies the requirement of electroneutrality and can be

applied for different distributions of valence electrons e.g. in ZnS (Table
10):

(a) Formation of Zn** and S*~ ions (ionic chain).

(b) The eight electrons (four pairs) form four bonds to Zn atoms in
tetrahedral coordination (Parthé et al., 1993; Hauck and Mika,
1998b).

(c) The electrons are shared between neutral S and Zn atoms with two
covalent bonds (covalent chain).
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Each atom in a close-packed layered compound has three neighbors in
the next layer (1 + 3 for tetrahedral t; or sy configuration) (Fig.19).
One bond of —-S-Zn— with S in t or s position is delocalized to three Zn
atoms. Therefore these bonds are weaker than the remaining bond. The
delocalization of the double bond of the S=Zn group enhances the bond
strength to three neighbors (= 2/3) compared to the fourth neighbor
without bond. The same bond strength 1/3 + 2/3 or 1 + 0 for all Zn
atoms is achieved at a comsideration of both formulas —S—Zn—S— and
S=Zmn. The structural data show positive or negative deviations. Equal
bonding to all neighboring atoms as in (b) is also achieved for the three
M atoms in octahedral or trigonal prismatic coordination, if the chain is
symmetric like in —-S—-Mg— or at consideration of resonance hybrids e.g.
of Cu I-Cu and Cu-I Cu or Mg S=Mg and Mg=S Mg. The covalent
chain (c) allows close-packed layers of neutral atoms in the [001] plane
and different sequences of M, N and R atoms in [110], that can explain
the ordering of these atoms in most structures.

Table 10 shows the different combinations for binary and ternary com-
pounds. The R and M atoms usually alternate until an M atom is miss-
ing, which is indicated by ey = 0 (Hauck and Mika, 1998b). Therefore
chains of RMR occur in 0 2 75, (0 6 13), 0 4 65 and (0 4 2;) compounds and
chains with three or four R atoms in the remaining structures containing
0. The (0 6 1,) or (0 4 25) structures are antistructures to 0 2 73 or 0 4 6,
with ey + ey = 8n or eg + er = 8n (Parthé et al., 1993). In normal
valence compounds MR, without M—-M or R-R bonding the number of
bonds pointing to each M or R atom is proportional to the number of R
or M atoms (z or x). The R=M-R~M=R chain of MyR3 compositions is
obtained for divalent R and trivalent M (tetravalent R and hexavalent M
must not be considered). The MsgR4 composition yields the largest chain
with three tetravalent M atoms. In ternary compounds the length of
the chains is extended, if 2 6 groups are introduced in the 0 3z 63 chain
or 3 5 groups in the 0 43 54 chain at the single bond position. Table
7 shows many experimental examples of RN(RM),RNR and RN(RM),,
RNR(MR),,NR chains. The last example with two different possibili-
ties for the introduction of -N=Al- groups was only observed for the
antistructures with composition NyCsAlgyyx (x = 0 — 4). The chains are

symmetrical for x = 2 and 4.
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Another theoretical approach is the combination of different chains like
S=Zn S=In-S-In=S in ZnIn,S,; modifications or Te=Bi-Te-Ge—Te-Bi=
Te Te=Bi-Te-Bi=Te in GeBisTe; with divalent Ge (Parthé et al., 1993)
(Table 7). Layered compounds containing monovalent elements in the
composition 14553, 15463 or 136, like a-NaFeO, with a shared single
bond Na~O-Fe=O0---Na~OQ-Fe=0 similar to a =O- .- H-O- hydrogen
bond are rare.

Some compounds with trivalent Ga and In contain &~ 30% vacancies at
the M’ or N’ positions (Table 7). In that case about one of the three M
or N atoms in the neighboring layers is missing and the average of charge
of M’ or N’ atoms is reduced to =~ 2. This can explain the occurrence
of vacancies in some cases as e.g. the first Ga' and the Ga" position in
(Ga, In)g__xIIlS5 with S=Ga’ S=In-S-Ga"-S-Ga'=S (Ga’ = Gao_5gIn0.17,
Ga” = Gaggr). A second formulation S=Ga/ S=In-S-Ga"=S Ga'=S
with equivalent Ga' positions requires no vacancies in Ga” position. The
(In,Ga)4.67S7 and (In,Ga)7.33511 compounds contain R—-M~R-M-R units
of the InyS3 structure with hesh stacking, but ~ 0.2 additional M atoms
next to the R atoms at the end of the chain (Parthé et al., 1993) (the
Pearson symbols are hP14 and hRT72 instead of hP12 and hR57). The
vacancies are probably disordered within the layers. Additional reflec-
tions would be observed for ordered layers similar as for structures dis-
cussed in Section 16.

The last group of Table 7 considers general valence compounds. These
are valence compounds where either the cations do not transfer all their
valence electrons — they are used for bonds between them or for non-
bonding orbitals — or where the anions due to bonds between themselves
do not need as many electrons to complete their octet shell (Parthé et
al., 1993). For a compound MR, with

x (em — emm) + z (er + err) = 8z

the average number of remaining valence electrons eyps and egg at M
or R atoms can be used to M-M or R-R bonds, respectively as for
Cl-Zr=Z1r-Cl, Te=Pt=Pt=Te or S=Ga—Ga=S in ZrCl, PtTe or GaS
and GaSe structures. BiyTes II (-Bi=Bi~Te-Te-Te~) and the hexagonal
structures of Se and Te mentioned before are examples for ~Se-Se— or
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~Te—Te~ bonding. The Pt3Tes and PtyTes structures can be considered
as combinations of Te=Pt=Pt=Te and Te=Pt=Te chains. Pt and Zr
are supposed to be tetravalent, though they do not belong to the ele-
ments considered for valence compounds (Parthé et al., 1993). These
atoms with lone electron pairs or low electronegativity (Mg, Zr) given
in brackets (Table 10b) are ordered for increasing size (Schubert, 1967).
The Zn, Al, Ga and N atoms underlined in Table 10b prefer tetrahedral
sites. Divalent Mn, trivalent Fe or In and tetravalent C (bold face) are
observed in tetrahedral or octahedral coordination. Besides this some
ordered alloys like LiRh, CuPt, Pt,Sns and some metallic carbides or
nitrides like TapC or ThgNy (which are not valence compounds) are also
listed in Table 7 because of related structures. The distance between
layers Azc/a ~ 0.8 is normal (N form) in the close-packed metals, de-
creased to 0.2 — 0.8 at occupation of interstitial sites (I form) or to ~
0.2 in ordered body-centered alloys (B form). B4sRh; with the sequence
RMRMRMRMR (Parthé et al., 1993) not allowed in the present scheme
is omitted in Table 7. The distance Azc/a (at p = 1, z = 1) between
neighboring layers usually corresponds with the bond strength. The dis-
tances between Th and N layers e.g. of ThgNy (N=Th-N=Th=N-Th=N
sequence) are 0.51 (Th-N), 0.31 (Th=N), 0.12 (Th=N) and 0.49 (N to

N of next chain).

18 Occupation of interstitial sites

Compounds with the composition Mpln—xOx, x = 1, 2, 3, can be con-
sidered as interstitial alloys, where I = H, C, N, Cl, O, ... atoms occupy
interstitial sites like the octahedral or tetrahedral interstices of the ccp
lattice of M atoms (Fig.20). All octahedral interstices are filled in NaCl,
all tetrahedral interstices in the CaFs structure. The NaCl structure is
also obtained from the primitive cubic structure (pc), if four corners of
the cube are occupied by Na atoms and the remaining four by Cl atoms
(Fig.21). The occupation of two positions of the pc lattice by M a,to.ms
and the remaining six positions by I atoms yields Mylg or M,I3,-3003 like
the perovskite structure CaTiOs0s with vacancies at I positions (PER
group). Most superconducting oxides are in this group (Hauck and Mika,
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1997).

The undistorted M, Ly, structures can be characterized by the co-
ordination numbers CN of M atoms with I atoms (Fig.22). The CN = 6
(octahedral) coordination of 6 Cl atoms next to each Na atom is reduced,
if some I positions are vacant like CN = 3 for Pd in PdHO (Fig.23a)

(Table 11a). The CN = 8 (cubic) coordination of Ca in CaF3 (pc lattice
of F atoms) and the CN = 18 coordination of the M atoms in the PER
group are reduced in a similar way. Most compounds can be described
by sequences of CN values for sequences of M atoms in [001] (PER
group) or [110] direction (NaCl or CaFy group). Most sequences of the
PER group are symmetrical like CN = 4 10 5 8 5 10, 4 for the sequence
Cu'BaCuY’CuBa,Cu’ in YBayCu3Oy. The formula Cu'BagCusY'Oy or
CN = 4 109 55 8 used in the present investigation indicates the sequence
of metal atoms with single Cu’ and Y’ atoms at mirror planes and two Ba
and Cu atoms between the mirror planes. The ordering of metal atoms
in superconducting oxides corresponds to the [001] series of bee alloys
like CuLayO4 or CugLagO7 with MoSiy or OsgAl; structure (Table 8) of
Cu and La atoms (Fig.23b). The sum of all CN values corresponds to
6y of the total oxygen content like 6 -7 = 42 in Cu'BagCusY'Or (y = 7)
because of the six M-O bonds of each oxygen atom. The same applies
for 3> CN = 6y in the NaCl group and 3 CN = 4y for the CaFs group.

The three series M,,Iy,—x[x, x = 1, 2, 3, can be compared for example
for I = oxygen atoms. The composition of the compounds can be ob-
tained by the proper mixture of MO, MOy 5 and MQg5 (NaCl group)
or MO, (pc and PER group) (Fig.24). There are closely related com-
pounds with composition M,Ox[y,—x of the PER' and pc’ group with
the oxygen atoms as minority component like CuSroO30]s (PER’) and
the Aurivillius phase WBi3Og[3 (3 MOs) of the PER group or CusOl3
(pc') and (Fe, Mn),Os0 of the pc group with vacancies as minority com-
ponent. Less than half of the M atoms of the PER group should have
CN < 6 like the Cu and Cu’ atoms in Cu'BagCuyY'O7 (ON 4 10, 5, 8) or
the W atom in WBi;Og (CN 6 125). The valency of the atoms with CN
< 6is q =4 — 6 in the Aurivillius phases and q = 2 — 3 (formal valency)
in compounds of the PER' group because of the formation of stable
compounds with perovskite structure like CaTiO3 (CN 12 6) instead of
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Figure 23: Projection of NaCl (MI) related structures with M atoms at 0 (¢), 0.5
(¢) and I atoms or vacancies [1 at 0 (o) or 0.5 (o) (a) and CaTiOj3 related structures
(b) (next page) with different structural units and different metal atoms (ordered bcc
lattice).

layered compounds. Structures with more than 8 M atoms/formula unit
usually contain sequences of M atoms with CN = 12 6, 6' or 8 4 (un-
derlined in Table 12), which can form compounds with CaTiOg, SrO or
(Ca,Sr)Cu0, structure. Many compounds with more than 8 M atoms
are difficult to synthesize because of the stability of the CaTiOs, SrO
and (Ca,Sr)CuO; structure. The other compounds are obtained from 8
different mixtures of M3+ = Y, La, TI, Bi, ..., N>t = Ca, Sr, Ba and
Cu: MOy, 7' + 1 <x < 4/3n, 3 < n' <8 with 50% or less Cu atoms.
The number n’ of M atoms/formula unit MyOpe1 or My Oprqg can be
obtained from n’' = n/(3 — n).

The I atoms and vacancy positions of the NaCl group of structures ex-
hibit a ccp lattice. Therefore the undistorted structures can be com-
pared with the alloy structures (Tables 4,11a). The ordering of C atoms
in GdaC or TipCO corresponds to the ordering of Cu atoms in CuPt,a
or b, respectively. The metal atoms of a-NaFeO, and LiTbS, occupy the
same positions as the Cu and Pt atoms (Table 12). The same applies
for SrCrFy (CuAu), CuSryFg (CuZry), TiTes0s (AuCug) and UNagFs
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(TiAlg) (Wells, 1984). The F or O atoms at tetrahedral interstices have
the pc lattice of the CaF; structure.

The three-dimensional structure maps for the PER group (Hauck and
Mika, 1993) and the pc group contain different polyhedra at different
r = y/x values. The fout structures 6 12 8;(1),44 0;1,2 4 8;1 and
0 12 0;1 of the pc group are at the corners of a tetrahedron containing 4
planes and 6 edges. The points 6 12 8;(1),44 0;1 and 0 12 0;1 remain
in the T7 Ty T3 ;r structure map at increased r = y/x values, while new
corners occur forming different polyhedra:

range C P C4 Cs Cs C7 Cg Cg Cm
1<r<5/3| 9 8|7/230 330 3/236 3/238 090 092
5/3<r<3|10 8 320 5/220 126 128 062 064 070
r=3 6 6 200 040 008
3<r<7 8 7 200 100 004 008 020
r>7 6 6 200 000 008

The corners C; at intermediate r values are chosen for r = 1.5, 2 and 5.
The variations of the corners at intermediate r values can be expressed

by the series

440;1 — 33270;17 — 200;r (r>3),
440;1 - 27270;17 — 200;r(r>3) — 000;r(r=7),
248:1 — 1.32753;17 — 008;r(r>3),
248;1 — 13278;17 — 008;r(r>3 — 000;r(r=7),
0120;1 — 080;17 — 040;3 - 000;r(xr2>17),
0120;1 — 0827;17 — 008;r(x>3) — 000;r(x>7).

The intermediate points depend linearly on r. The 0 0 8;3 structure
forms a homologous series with the 2 4 8;1 and 4 8 8;0.33 structures
at constant oy = o = —0.33 and a3 = 1. The structure maps and
structural units of the pc and PER group of structures are very similar
(Figs. 25,26). Some structural units like @ and B are not possible in the
PER group because of the metal atoms at I positions. Other structural

63



pc PER

Figure 25: Ty, T structure maps of CaF, (pc) and CaTiO3 (PER) related structures
with structural units u - z.

units of Fig.26 are identical to structural units u — y of the ccp group
(Fig.12). The occupation of 50% of the tetrahedral interstices of the ccp
or hcp lattice yields ZnS 3C (sphalerite) or ZnS 2H (wurtzite) (Table
11). The Zn atoms of sphalerite or wurtzite at the second, fourth, sixth
I* layer (Fig.20) form a ccp (ABC) or hep (AB) lattice. The divalent Zn
atoms can be substituted by two or three atoms with different valencies
like SbCu3S4 or AsCuzS4. The ordering of metal atoms can be compared
with ordered alloy structures TiAlz or TiCus, respectively (Table 11).
The ZnS related adamantane structures however are non-metallic valence
compounds (Section 17). Table 11 shows also some structures of the
NipIn (Lidin and Larsson, 1995) and BiF3;/LaH; (Parthé et al., 1993)
families of structures, where part of the Ni or F atoms, A = Ni’ or F/,
occupy a hcep or ccp lattice. The structures with vacancies [ at the Ni’
or I/ positions can be formulated as Ni, In,O0,Ni/,__ and (BiF2),F},_[x
(Table 11).

The occupation of tetrahedral interstices in ccp metals like CaFy with
M = Ca at A, B and C positions (Fig.20) yields the sequence ABABCB-
CAC,A = chy of Ca and F atoms with the sequence CaFF,Ca of Ca
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and F atoms at a distance Azc/a ~ 0.2 between Ca and F atoms and
~ 0.4 between F atoms. Many compounds with different properties like
SnMg, (intermetallic), CeHy (interstitial metallic hydride), CeO, (ionic
conducting oxide) and LisO (Li conducting compound with antifluo-
rite structure) are isotypic to CaFy (Wyckoff, 1982). The CdCl, C19
structure with the same sequences RMR and hch (Table 7) contains Cd
atoms at octahedral interstices of ccp Cl atoms with Azc/a ~ 0.4 or
0.8 between Cd and Cl or Cl and Cl atoms, respectively. The Nip[1Alg
structure, which is usually considered as a bcc alloy with cg stacking
and Azc/a ~ 0.2 (Table 7), changes to the hcgh stacking of y-InaS3 with
the same space group but Azc/a ~ 0.4 between In and S atoms. The
distances of all layers are Azc/a =~ 0.2 in the BiF3 or LaHj; structure
at the occupation of all tetrahedral and octahedral interstices with the
sequences ABC,A = ¢ of BiFFF,Bi (Fig.20).

The coordination of the Bi atoms corresponds to CN = 14 of the ccp
dodecahedron (Fig.27), if the eight F atoms at tetrahedral sites a — h
are added to the six F atoms at 1 — 6. The structure of the interstitial
(non-metallic) compound BiF'; is identical to the structure of the ordered
bec alloy AlFes (Table 7, B form).

The 74.1% density of cubic close-packed M atoms is increased by 1.7 %
and 5.3% at complete occupation of all tetrahedral and octahedral inter-
stices by I atoms with 0.225d and 0.414d of the M atom radii. Therefore
the density of ordered bcc alloys like AlFe; = BiF; is not 68.0% as for
bee W with equally sized M, but increased to a maximum of 81% for fcc
Bi with an occupation of all interstitial sites. Another example is the
52.4% density of a pc lattice which is increased to 72.9% in the CsCl

structure, if the interstitial atom radius is 0.732d.

The occupation of all tetrahedral interstices It in hcp metals (Fig.20)
yields the sequence AB,A = hh of atoms MILM and ABCABACB,A
= hes of atoms MIILM at occupation of tetrahedral and octahedral
interstices of the non-existing compounds MIz and MlIs, respectively.
The distances between the layers are identical to the CaF, and BiFs
structures. The MI, and MI3 compounds are supposed to be unfavorable
compared to the CaF, and BiF; structures because of the short distance
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Edshammar polyhedron

Figure 27: Positions 1 ~ 6 of octahedral and a — h of tetrahedral sites in the neigh-
borhood of a ccp or hep M atom with some self-coordination numbers T} and T} of
octahedral and tetrahedral interstices and the Edshammar polyhedron of Ni’ of NisIn

with five In and six Ni neighbors. The Ni' atoms are between two tetrahedral sites ¢
and g in the hcp In lattice.
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Figure 28: Projection of NisIn structure with hcp ordering of Ni’ atoms or vacant Ni’
positions [J in different compounds with structural units p — t.

of d/+/6 between nearest I atoms compared to d/+/2 in ccp metals with
diameter d of M atoms (like ¢ and g sites in the hcp and ccp M lattice,

Fig.27).

The Ni’ atoms of the NisIn related series occupy a single position between
c and g of the hcp lattice. The Ni’ atom has three M = In atoms at the
same projection height and two other M neighbors in the same position
A (or B) as Ni’ in the two neighboring layers. The CN = 5 coordination
of the trigonal bipyramidal site is also known as Edshammar polyhedron
(Larsson et al., 1994), if the six nearest Ni atoms at C positions (octahe-
dral site) are included (Fig.27) (Lidin and Larsson, 1995). Therefore the
NisIn structure can also be described as a hexagonal close-packed array
of Ni' centered Edshammar, CN = 11 polyhedra, which are empty in
the NiAs structure. The NisIn related structures contain many ordered
phases, which are not known for ordered hcp alloys including a different
family of structural units p — t in NijpGe120sNiy (pq) and NizGes[INiy

(r) (Ellner et al., 1971) (Fig.28).
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Octahedral interstices of hep Nb are occupied by I = N atoms in the
5-NbN structure (or the antistructure NiAs with As at Nb positions,
Table 7, I form). The interstitial N atoms of NbN are all on C positions
(Fig.20) with a primitive hexagonal (ph) lattice with the same distance
Azc/a ~ 0.4 between neighboring layers as in NaCl. The ph lattice
of N atoms has the lattice constants apey of the hexagonal layer and
¢ = 1/2/3anex. The distance between two layers is only 82% of the
shortest M—M distance in undistorted structures. This can explain why
interstitial atom positions at identical projection sites are not occupied
in adjacent layers because of the size of interstitial atoms or the Coulomb
repulsion between these atoms. Therefore, the ordered distribution of I
atoms in hcp metals can be treated as single hexagonal layers (Hiraga
and Hirabayashi, 1977) (Table 13). The coordinates of the structure
map (Fig.29a,b) are identical with the as, a5, oy coordinates of the
three-dimensional case with T;"* = 2, 6, 12, 2, 6, 24, 6 for 2 = 1 -
7. The Ty, Ty, Ts values of the ph lattice contribute less information
because of the Ty = 0 values of the right-hand border of the structure
map (Fig.29b). The formula MyI0,_; is identical to the NaCl group.
The Nb atoms of NbN however have a prismatic coordination. The CN
= 6 value of N in NbN is reduced to CN = 1 — 5 in the other compounds
containing vacancies. The configurations can be obtained from the type
and stacking of hexagonal layers.

Structures with a primitive hexagonal lattice and occupation of most
positions like the ionic conductor LigN[y with s-CN values 028264 2;1
of Li atoms and 000260 0;5 of N atoms are very rare. Hexagonal and
rhombohedral graphite or the corresponding BN modifications can be
described by distorted ph lattices containing vacant positions [J in the
center of the honeycomb net with composition CICy or [IBN and T;(O)
values 0 06 26 00;20r 00606 6 0;2, respectively. The sequences
of vacancies in the hexagonal unit cells correspond to the Mg and Cu
structures. The N or C atoms in e-FegN or &-NisC are ordered in the
same way (Table 13). Different ratios ¢/anex in these compounds give rise
to different sequences of T; values. At ¢/apex = 1 for example the spheres
with diameter d of a primitive hexagonal packing (ph' system) have 2 +
6 = 8 nearest neighbors at distance d, 12 next-nearest neighbors at 1/2d
and 6 third neighbors at v/3d (corresponding to 73 and T values of the ph
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Figure 29: oy, a5 structure map of hep M,[,I, interstitial alloys, corresponding to

o1, oz of hexagonal plane (Fig.6) (a) and T}, T} structure map of primitive hexagonal
lattices ph (b) and ph’' (c).
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system). The distorted structures with increased distances between the
layers c/anex > 1 can be derived from the T} values of the undistorted
ph and ph’ systems (Table 13). The neighboring hexagonal layers of
most compounds with T; = 0 are shifted by translations x, y, z to avoid
Ty neighbors of the ph lattice. Structures with identical projections in
[0001] direction are characterized by the same set of T} values. The T}
values of hexagonal or trigonal structures with fixed z, y, z parameters
and structure types containing M atoms in these positions are listed in
Section 33 (Table 25). The Kiessling and Ganglberger structure families
containing TagB4 (Kiessling, 1949) and ZryFe;2P7 (Ganglberger, 1968)
(Table 13) can be identified by different patterns of the hexagonal layers
(Section 28).

19 Bonding in interstitial alloys

The interstitial atoms I = H, C, N, ... can occupy the tetrahedral or
octahedral sites of the ccp M structure at the composition M,Iy with
0.5 < y/z < 1. The remaining (z — y) octahedral sites are empty. The
larger number of metal atoms and interstitial atoms can be neglected
in a description of the ordered structures, if the positions of the smaller
number of vacant sites [J are considered in the formula M,[L Iy, x +
y = z. The positions of the M and I atoms must only be considered for
the effect of lattice distortion caused by vacancy ordering and for the
determination of the space group. The sublattice of vacancies plus in-
terstitial atoms [JxI; can be compared with the lattice of ordered MyN,
alloys (Hauck et al., 1988b). The vacancies and I atoms exhibit the same
ABC layer sequence as the metal atoms of ccp M (Fig.20). Therefore
the distribution of vacancies of the [I;I, sublattice can be described by
the same coordination numbers Ty, T, T3 and concentration y/x as for
ordered ccp alloys MyN, (Table 11a). The carbides TiyC, GdyC, TigCs,
VeCs and VgCy are located in area Ia of the structure map indica’?ing
covalent-type bonding, while the nitrides TioN, NbyN3 and the hyc.lndes
Pd,H and PdDygs are located at low oy indicating Coulomb-type inter-

actions (Fig.30).
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Two other types of interstitial alloys can be compared if the composition
is formulated in a similar way to that used for the M,,I, compounds
with the convention that z > y > x: [,M,I, with I = O, S, Se, F, Cl,
I as in Tipg0, Lug,gsS, Tmog.75Se, SnFy, AlCl; or HfI, (Table 11a) and
DxMyD;O;, as in [JTis[10y or [ONbsO;3 (Table 11a) with vacancies in
both sublattices (Hauck and Mika, 1988b).

Thel= 0,8, Se, F, Cl or I atoms are bigger than the M atoms. Therefore
the M atoms fill part of the octahedral interstices of the close-packed I
lattice. The structures are the antitype of M,[,I, (Lima-de-Faria et al.,
1990). The sublattices of M and I = O atoms of NbO and TiO are only
partly filled. The vacancies of the M and the I sublattice form the same
structure: 2 2 12;2a for TiO and 0 6 0;3 for NbO (Fig.18).

Most interstitial alloys are metallic, some are superconducting like PdD,
TiC, NbN, TiO, NbO or Scg.g3S (Toth, 1971; Moodenbaugh et al., 1978).
The halides are non-metallic. Other non-metallic compounds which can
be compared with the antitype structure [,Myl, are the ternary oxides
MxN,L,, e.g. LisReOg, LizSnO; or a~-NaFeO, (Tables 11a,12, Fig.30),
with Re, Sn or Fe atoms at the vacancy positions.

The compositional parameters x, y and z = x + y of the non-metallic
compounds can not vary independently. The electroneutrality rule re-
quires compensation of the negative charge of the oxygen or halide atoms.
The charge q(I) = -2 or -1, respectively, of these anions should be
compensated by the electrovalence q;/(CN); of the p; neighboring metal
atoms with coordination number (CN); and charge g; as defined by Paul-
ing (1929 and 1945/1960; Burdett, 1995):
Pi Qi
Z m = —q().

The I = O atoms of the NyM,I, compounds, e.g. LisReQOg, LisSnOj3
and a-NaFeO,, are coordinated by pm = 6x/z = 1, 2 or 3 M atoms,
respectively, M = Re™, Sn*" and Fe3*, and pxy = 6y/z = 5, 4 or 3
N atoms, respectively (N = Li* or Na* atoms), which compensate the
charge —2 of the oxygen atoms according to Pauling’s electrovalence rule.
The structures of these compounds correspond with the V¢Cs, TiCl3 and
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Gd,C structures (Table 11a) and are at the borderline of the (I, ITa) field
of the structure map (Fig.30) with the correlations 4a; + a2 + 1 =0
and oy + a3 = 0 between o4, ap and a3 values (Hauck et al., 1989).

The metal atoms of the interstitial alloys M,I,, I = H, C, N are sur-
rounded by CN = 6y/z I atoms: CN = 3 at y/z = 0.5, e.g. in TiCpy
or TiNgs; CN = 4 at y/z = 0.67 and CN = 5 at y/z = 0.83, e.g. in
VCs. The three I atoms of Mly 5 are in the neighboring positions 1, 2,
3 (Fig.27) of facial configuration as in TiCy5 or GdCy 5 or further apart
at 1, 2, 5 in meridional configuration as in PdHys, TiNgs (Table 14)
(Hauck, 1981). The self-coordination number T; of the 6 0 12;1b TiCys
structure is increased compared with the 4 4 16 ;1 TiNg 5 structure, be-
cause of the close distance between I atoms in facial configuration. The
M atoms of the facial configuration can be shifted to the C atoms to
decrease the M—C bonds by covalent bonding (Fig.27). A reduction of
all Ti-N bonds with nitrogen atoms in meridional configuration 1, 2, 5
is not possible. The N atoms of the 4 4 16 ;1 TiNg 5 structure, however,
are further apart and are stabilized by a 1.9% increased Madelung factor
for the Coulomb interactions.

The other compounds with y/z # 0.5, 0.67 or 0.83 as e.g. TisCs, VsCr
or PdDg s contain two different configurations of M atoms (Hauck et al.,
1988b). In TigCs e.g. with 6y/z = 3.75, two Ti atoms have three C
atoms, and six Ti atoms four C atoms in the same configuration as the
compounds Ti;C and AlCls (Table 11a). TigCs is located in the vicinity
of TioC and AlCl3 of the structure map (Fig.30). The structures close
to the borderline with only two different configurations obey Pauling’s
rule of parsimony (Pauling, 1929). The structures at or close to the
borderline 3a; + 1 =0, e.g. 06 0;3 and 4 6 8;1, which are observed
as ordered alloys, are unfavorable for interstitial compounds because of
two or more configurations. The Nb atoms e.g. of 0 6 0;3 NbyCs are
surrounded either by four or six C atoms. The number of configurations,
however, is reduced to a single configuration in NbO (= ONbs[1O3) and
in ternary interstitial alloys AlFe3C and FeNiN (Fig.18).

The T1 and T5 values in the T} Ty T3;y /x notation of interstitial com-
pounds describe the connection of octahedra by edges and corners, re-
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Figure 31: Self-coordination numbers T}, Ty, T3 of interstitial atoms in covalent (upper
row) or ionic (lower row) compounds. An interstitial atom is placed in the middle of
eight face-centered cubic cells with lattice constant a.. The numbers z give the position
of neighboring interstitial atoms at height za./2. Nearest neighbors are connected by
bold lines. The broken lines indicate the unit cells. Ti,C and V3C; are cubic with

lattice constant ag = 2a..

spectively. The 1 0 7;4 UCl; structure contains UClg octahedra con-
nected by an edge to (UCls)s, while the UFg octahedra of the 0 2 8;4
UF5 structure are connected by two corners in a one-dimensional row.
The CTig octahedra of the 6 0 12;1b TisC structure are linked by six
edges, the NTig octahedra of the 4 4 16 ;1 TiNg 5 structure by 4 corners
and 4 edges. The vacancies of 0 0 8;5 V¢Cs0 or the Re atoms of 00 8;5
LisReOg form isolated octahedra. Similar relations between T3, T3, T3
values and the number of shared faces, edges or corners of the polyhedra

of other interstitial alloys are listed in Table 15.

The covalent and ionic compounds can be compared by two series of
interstitial compounds M,[JIy, the TisC series with covalent bonding

and the TiyN series with ionic bonding (Fig.31).

The vacancies of the 4 4 16;1 Tis[ON structure are filled up with in-
terstitial atoms in such a way that they are as far apart as possible.
These structures with 50, 33, 25, 20 and 12.5% vacancies, shown in the
lower row of Fig.31, have a minimum of 7y coordination. The vacan-
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y/X

Figure 32: Madelung factors MF//y/x versus concentration y/x for the undistorted
covalent and ionic compounds of Fig.31.

cies of the 6 0 12;1b Ti,[JC structure in the upper structural series are
successively occupied at increased 17 and T5 = 0. The increased 17 co-
ordination numbers of this series allow covalent bonding to interstitial
atoms in neighboring facial or cis configuration. The Madelung factors
of these structures are decreased by 1% — 3% (Fig.32). This difference
of the lattice energy must be compensated by covalent bonding to sta-
bilize the structure. The [OVg octahedra of VgCs or ReOg octahedra
of LisReOg are isolated at the composition y/x > 5. The vacancies or
Re™ atoms are as far apart as possible for a maximum Coulomb energy.
Covalent bonding is also favorable at this composition, because of the
possibility of decreasing all Re-O bonds of ReOg or increasing all [(-V
distances of the [1Vg octahedra for covalent V-C bonding. Therefore the
0 0 8; 5 structure is favorable for both systems. This structure lies at the
intersection of the 403 + a + 1 = 0 boundary line of the structure map
(Fig.16) and the oy = o line for diluted alloys as e.g. VgCy with T =
T5 = 0. The 0 0 8;5a~i structures are different stacking variants, which
can occur in the same sample like VgCs I, IT and III or as disordered
structures. Some structures like 0 0 8 ; 5e,f are homometric analogous to
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6 0 12;1a,b Ti;C and GdyC (Section 8, Fig.13) (Parthé and Yvon, 1970;
Hauck et al., 1988b).

The Zn atoms of ZnS are at tetrahedral sites of the ccp lattice in the
sphalerite modification or the hcp lattice in the wurtzite modification.
The Zn atoms forming a ccp or hcp lattice as the S atoms can be sub-
stituted by other atoms like Cu, Sb or As in SbCu3Ss (Table 11a) or
AsCugS4 (Table 11b). The structure of the metal atoms corresponds to
the TiAls and TiCus structures. The T} values indicate the number of
corner shared tetrahedra (Table 15). Most structures are in the Johans-
son, Linde and Brauer family of structures with 3a; + 1 = 0 (Fig.16)
and satisfy Pauling’s electrovalence rule (Hauck and Mika, 1998b).

The coordination numbers CN and the bonding geometries of the metal
atoms depend on the size and the hybridization of s, p and d orbitals
(Sutton, 1993). The CN = 4 planar coordination is favored for dsp?
hybridization compared to tetrahedral coordination for sp® or d®s hy-
bridization. The CN = 6 trigonal prismatic coordination occurs for d4sp
instead of d2sp® of octahedral coordination. The CN values vary with
the size and number of valence electrons of the elements (Section 29).

20 Magnetic interactions

Transition, rare earth or actinide metal atoms with d or f electrons ex-
hibit a magnetic moment, which gives rise to ferromagnetic or antiferro-
magnetic ordering below the Curie or Néel temperature, respectively and
a small lattice distortion. The spins of different atoms are oriented par-
allel in ferromagnetic and antiparallel in antiferromagnetic compounds
(Oles et al., 1976). The relation between interaction energies V; and or-
dering was investigated by Ising (1925), and a similar treatment applied
to the ordering of alloys by different investigators (Section 11). These
investigations had shown that the magnetic interactions are less than
1% of the lattice energies of ordered alloys. The arrangeme.nt of 1.:he
spins depends on the distances between atoms, geometry of neighboring
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atoms and bonding to other atoms like in the superexchange coupling
(Goodenough, 1982). The situation seems to be very similar to inter-
stitial compounds M,I,00; like the hydrides, where the occupation of
tetrahedral or octahedral interstices is supposed to be influenced by the
d electrons of M atoms, the distances and interactions between H atoms
(Section 24). The magnetic metal atoms however are fixed on lattice
sites, which are given by the large lattice energy, and the spins must find
an optimum arrangement for this situation.

The ordering of the spins can be analyzed for attractive or repulsive in-
teractions in different families of structures with composition R,,MXM;,
if the metal atoms M with a magnetic moment @ and other M atoms M’
with © spin direction or vacancies [J are forming one of the lattices of
the present investigation. The other atoms, the rest R, can be a single
atom like P in PHo with fcc Ho lattice or several atoms like O3Al in the
O3AlDy structure (Table 16). Ferromagnetic compounds with a single
orientation of the spins can be treated as pseudobinary interstitial com-
pounds with T;(0) of vacancies or non-magnetic R atoms and T;(M) of
the M atoms. The interactions in antiferromagnetic compounds with a
@ and © orientation of antiparallel spins are treated as pseudoternary
compounds with equal self-coordination numbers for atoms with posi-
tive and negative spin direction (T;(®) = T;(©)) with few exceptions
like SoCrg (0 06;2 and 0 3 0;2 for @ and © spin directions). The self-
coordination numbers T;(M) of all magnetic atoms with antiparallel spin
directions usually show a different point in the structure map because
of the different y/x values (2y/x(M) = y/x(&®) — 1). Compounds with
different spin directions like FePd; ¢Pt; 4 are treated as multinary com-
pounds with different sets of T;(®) and T;(M) values for each M atom
(Table 16). This alloy is listed also as Pd;¢Pt;4Fe for the magnetic
moments of Fe atoms. The four or five different directions of magnetic
moments of Dy atoms in DyAlO3 or Mn atoms in Mn(OH), can be com-
bined in different ways. The combinations can be homologous structures
(identical o; values) or quasi-homologous structures at the same border
indicating the same kind of interactions for combinations or at different
areas of the structure maps. The T;(M) values correspond to all values
of Dy or Mn atoms, respectively. The concentration of magnetic Mn
or Cr atoms in Gaj.;sMnass, PtMns, GePd;Mn, (OH);Mn and S3Cry
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is increased to y/x < 1. The underlined T;(N) or 7;(C1) values of the
non-magnetic minority component or vacancy for the structure map are
different (Sections 2,4). Most T; values are at the boundaries of the struc-
ture maps and can be analyzed for repulsive or attractive interactions.
Usually the lattice with the highest density (lowest r values) of magnetic
M atoms is preferred like the pc lattice of Dy atoms in DyAlQj instead of
the bec lattice of Dy and Al atoms. The ordering of different structures
like CupAlMn (Heusler alloy) and OEu (NaCl) or 04ZnCry; (O4MgAl,
spinel structure) and TbCoy (MgCus Laves phase) can be compared for
example in the fcc lattice of M atoms. The magnetic atoms of many
cubic, hexagonal, trigonal or tetragonal structure types like the Mn and
Eu atoms of CupAIMn/OEu or the Cr and Co atoms of 04ZnCry/TbCog
occupy positions with fixed z, y, z parameters (Section 33, Table 25).
The T;(M) values of cubic compounds projected in [001] or [111] direc-
tion are analyzed for the T;(M) values of the square or hexagonal layers.
The characterization by square layers and translational vectors of these
layers is preferred in most cases because of the higher densities (lower
r values) of M atoms r(hex) = 3r(square) + 2. Some structure types
like fcc 3, 5 and 8 containing different square layers at different pro-
jection heights or an overlap of M positions in [001] projection should
be projected in [111] direction. Many hexagonal, trigonal or tetragonal
structures with fixed z, y, z parameters can be considered as distorted
cubic structures with identical projections in [111] or [001] direction.
The tetragonally distorted bce and fee structures with identical projec-
tion patterns are characterized by a slightly distorted bcc’ lattice with
T; values 8 4 2 4 8 16 8. The T; values of the cubic bee (8 6 12 = T4,
To+T3, Ty+Ts) or fec (12 6 24 = T1+T3, T3+Ty, Ts+T%) structure or of
the square plane (4 4 4 = T, T4) can be derived from the bec’ values
in a similar way as was discussed for distorted ph lattices (Section 18).
The T} values of the cubic pc lattice (6 12 8 = Ty+T5, T3+T4, Ts) can be
derived from tetragonally distorted pc' (T; = 4 2 4 8 8). Other invari-
ant lattice complexes including orthorhombic distortions were derived
by Hellner and Schwarz (1994). Different symbols like D (= bec 1) or
W (= fcc 5) are used for the diamond and 3-W structures. The fcc 7a
and b structures with the Hellner and Schwarz symbols V¥ and S* are
homometric for the M and in the average homometric for the N atoms.
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21 Ordering of I atoms on metal surfaces

The compilation of different structures of the primitive cubic (pc) lat-
tice had shown, that the ccp or bec lattices can be considered as ordered
pc lattice, where 50% (ccp) or 75% (bcc) of the metal atom positions
are vacant and can be occupied by I = O, Cl, etc. atoms in the NaCl
or perovskite group. A similar situation occurs for the two-dimensional
ordering of adatoms A on metal surfaces like the square or hexagonal
net of structures, if A = H, Xe, Cl atoms or CO, CgHg molecules are
adsorbed on the top positions of [001] or [111] ccp metal surfaces (Ta-
ble 12) (Watson et al., 1994). The composition of the metal surface
M,AO,_; with a maximum of one A atom/M atom is similar to the
NaCl or NiAs group of interstitial alloys. The ratio A/M can be var-
ied at the occupation of hollow or bridge positions. A honeycomb net
of A atoms is obtained at occupation of all hollow positions, a kagomé
net at occupation of all bridge positions (Fig.33). The compositions can
be formulated as MpAx,—x[x, with x = 2 (honeycomb net) or x = 3
(kagomé net) similar to the pc and PER groups of structures. The x =
1 or 2 series is obtained for the occupation of hollow or bridge positions
on [001] surfaces of ccp or bee metals (Table 12). Each M atom of the
honeycomb net exhibits a maximum coordination number CN = 6, if
all hollow positions are occupied. The coordination in the kagomé net
includes two additional adatoms with larger M—A bond distances, which
are not included for the CN values. The M atoms of [001] surfaces of
ccp or bee metals can have a maximum of CN = 4 A atoms at hollow
or bridge positions, if the size of A atoms is smaller than the size d of
M atoms (hollow positions) or smaller than 0.7d (bridge positions). The
occupation of I = CN A atom positions in the hexagon next to each M
atom in [111] ccp or [0001] hep is given by letters a (CN = 6), b (CN =
0),c(CN=1),0,morp(CN=2),v,sory (CN = 3), o, m' or p’ (CN
= 4) and ¢’ (CN = 5) (Fig.34). The different configurations o (ortho), m
(meta), p (para), v (vicinal), s (symmetrical) and y (asymmetrical with
the shape of the letter y) are similar to those used for benzene deriva-
tives in organic chemistry (Latscha and Klein, 1982). The same applies
for the occupation of neighboring sites (cis positions) or diagonal sites
(trans positions) in the square net (Fig.8). The t (trans) configuration
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Figure 33: Projection of the hexagonal, honeycomb, kagomé and Pr;[020;2 net with
composition ABy, AB; and ABg of vacancies A = [J at the positions of M atoms (O)
and occupied sites B (). Honeycomb and kagomé net in surface structures at the
occupation of hollow or bridge positions, respectively. Layered ccp compounds with
translation of A atoms in x, y or z direction, 3; or 6, helical structures at distortion of
close-packed compounds and 10; or 11, helical structure of DNA.
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in the square lattice and s (symmetrical A atom) configuration in the
honeycomb or kagomé net are obtained at repulsive interactions between
A atoms. The c (cis) configuration in the square lattice, v (vicinal) and
o (ortho) configuration in the honeycomb or kagomé net are obtained
for attractive interactions (Figs. 7,35). Structures with o or p configu-
ration are not possible in the honeycomb system, while a structure with
s configuration is not possible in the kagomé net.

22 Related groups of structures

'The maximum possible range of Ti, T values of possible structures is
reduced in all systems of the present investigation. The different borders
can be described by the relations given in the upper part of Table 17. The
different constants a;, b;, ¢;, which depend on T7#*, T5*** and geometrical
constraints, are listed in Table 17. The geometrical constraints are given
by the minimum range of T} and T3 values at r = 1 and the maximum
range for structures with T3 = T3 = 0 at increased r. Each border
can be correlated to a structure series with different structural units.
Several series of structures containing similar structural units are listed
as structure family. Structures at the left-hand border of the structure
maps (B1, B2) can be described by sequences of atoms or layers of atoms.
Structures at the right-hand borders of the structure maps (B5 — B7)
usually contain double rows of structural units with different atoms like
a combination of two squares or rhombs with cis occupation in c* (Fig.8)

or ¢’ (Fig.6).

The different groups of structures can be classified in a similar way as
the homologous and homometric structures (Sections 8,9).

(1) Quasi-homologous structure groups

The bee, ccp, perovskite (PER) and square net structures. can be
obtained from the primitive cubic (pc) lattice, if some sites are
excluded or occupied with other atoms. Part of the M atqms of
a pc M lattice can be substituted by vacancies or I atoms in the
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Figure 35: Structure maps of the honeycomb net (a) and kagomé net (b) with 7} values
of structural units. Structures with structural units in brackets are impossible.
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sequence Mg (pc), Mgly (anti-perovskite), Myly (NaCl), Mylg (per-
ovskite, PER group) and I3 (CaF; group). The My, and M,[lg
structures correspond to ccp and bec metal structure groups. These
structures are at the border of the pc structure map with a single
set of T;(M) and T;(I) values (M* = 1) (Section 33). The bcc system
with two M atoms and the PER group with six I atom positions are
conjugated systems similar as the combination of two ccp lattices to
the NaCl group with the T;(Na) and T;(Cl) values 0 12 0;1. Other
structures at the border of the pc structure map with M? = 1 are
24 8;1 (rectangle), 44 0;1 or 4 4 0;2 (square net), 1 8 4;1 (hon-
eycomb related net) and 0 0 2;6 (Pr;[0;0,5 structure net, Fig.33).
The vacancies and oxygen atoms of Pr;[13019 form a conjugated
system. The ccp lattice of Pr atoms is obtained from the positions
of O or O by the translation a./4 a./4 a./4 (a. = cubic ccp lattice
constant of Pr atoms).

The honeycomb and kagomé nets are quasi-homologous groups of
the hexagonal layer with self-coordination numbers 06 0;2,006;3
and MI, or MI; composition. Usually the structures of quasi-
homologous subgroups are inside of the structure map of the orig-
inal group (Fig.36). The maximum interactions between I atoms
are impossible because of the hindrance of M atoms at I positions

(Fig.33).
(2) Quasi-homologous structure groups with similar structure maps

Some groups of structures exhibit similar structure maps with a
relation between the T;(M) values of both maps like the maps of
ordered becc alloys, the square net and the one-dimensional chain
(Figs. 37a,7a,2a). The three corners of the bee structure map
(Hauck and Mika, 1997) at repulsion (CsCl structure), attraction
(NaTl structure) and segregation can be characterized by the layer
sequences MN (CsCl), MoN» (NaTl) and MoNeo in the same way as
for the chain of M and N atoms (Table 7, B form) or the sequences
of M and N atoms in the square net (Fig.8). The structure with
sequences MaNy of M and N atoms (2 2 0;1) (Section 28) however
is not at the corner of the structure map of the square net. Another
example are the structure maps of the pc and PER groups (Fig.25).
Many structures can be described by the same or similar structural
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Figure 36: The structures of the honeycomb and kagomé net in the structure map of
the hexagonal net. The structures at y/x = 1 correspond to the y/x = 1.7 (honeycomb)
or y/x = 2 (kagomé) structures in the hexagonal net and are inside of the hexagonal
structure map.
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areas. The structures of Fig.38 are combinations of different structural units a, b, s
and t.
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Figure 38: Self-coordination numbers T3 T3 T3;y/x of A atoms in A,B; compounds
(A = e, B = o) for the rectangle net. A atoms with concentration y/x > 1 are the
minority component. The different structural units a, b, ¢, etc. are shown by different
shading.

units (Fig.26).
(3) Quasi-homometric groups

Groups of structures with identical T, T5 structure maps like hcp,
ccp and complex close-packed ordered alloys are closely related with
slightly different lattice energies because of different 73 and higher
T; values. Structures of M,N; compounds are formed by sequences
of M and N layers or sequences of MyNy layers (Tables 3-5,9b) with
different stacking. The stacking of M and N layers can be described
by the letters ¢ and h (Section 2). The stacking of MxNy layers is
obtained by the translations of M atoms in x, y or z direction in the
next layer (Figs. 13,33).

23 Distorted structures

The hexagonal net with s-CN values 6 6 6 (Fig.39) can be distorted in
such a way that the angle o = 120° decreases to o: = 90° of the square
net with s-CN values 4 4 4. The intermediate net with o ~ 103° and
s-CN values 4 (242) 4 shows the relation to the square net, if the 2 +
2" atoms are added to 4 4 4. Adding the 1 + 2 atoms to 6 Ty and 2’ +
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3 atoms to 67T yields the s-CN values of the hexagonal net. A three-
dimensional T3, T, T3 structure map of the rhomb net gives the same
information as the 77, T} structure maps of the square or hexagonal net.
The structural units of the different structure families are distorted a,
b, ¢, s, t units of the square net (with different s, s’ and t, t' for the
occupation of different single sites s and trans positions t in a rhomb).

The rectangle net with s-CN values (2+2) 4 (2+2) (Figs. 37b,38) is
another distortion of the 4 4 4 square net, if the 1 + 1’ and 3 + 3’ atoms
are added to 4 4 4 of the square net at small distortions (b/a < v/3). The
different families of structures are the same as for the square net with
the same structural units. The Ti, T3 structure map of the rectangle
net however has only the information of the 1 and 1’ atoms. The three-
dimensional T3, Ty, T3 atlas yields the same information as the T}, Ty
structure map of the square net.

The different structural units of rectangles or rhombs can be added only
in one orientation for a two-dimensional tiling. The situation is similar
as for chains of A and B atoms in the direction of nearest neighbors. The
2 1 2; 1 structure (Fig.38) for example can be characterized by sequences
of A and B atoms AABB or structural units acbc. Both sequences can be
analyzed by the structure map of a chain of A and B atoms or a, b and
¢ structural units (Fig.2b), where the s-CN values of AABB (10 1;1)
or of the units a (0 0 0;3), b (0 0 0;3) and ¢ (0 2 0;1) of the achc
chain correspond to different points of the structure map (Fig.2b). An
alternation of abab of a units with other units like b yields M. The single
unit ab,, n > 2, where a units are separated by two or more other units,
yields S. The double row (D) in a sequence abab, or triple row (T) of
three alternating a in ababab, can be considered as a combination of ab

and ab,,.

Molecules with low symmetry are frequently packed with two different
orientations a and b. Rows of molecules staggered by a glide lattice oper-
ation can produce a very efficient close packing by repeating a molecule
of arbitrary form in the space groups 1, 4, 14, 19, 29 or 33 (2, 14, 15 or
16 for centrosymmetric molecules). These space groups are actl.lally the
most frequently observed for molecular crystals (Kitaigorodski, 1973).
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Figure 39: All nearest (1), second (2) and third (3) neighbors T}, T5, T3 of a central
atom (e) in the rectangle ((2+2) 4 (2+2)), square (4 4 4), distorted square (4 (2+2)
4), hexagonal (6 6 6), honeycomb (3 6 3) or kagomé (4 4 6) net. The distances from
the central atom to 1', 2’ or 3’ positions are larger than for 1, 2 or 3.
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The numbers of molecules with the same orientation like aabb and a
two-dimensional tiling in some cases like the -sheet structure of amino
acids depend on the shape and the interactions of the molecules.

Chains of identical atoms Ses, Se; or Sey, in RbDy3Ses or dimers Ses in
LajpSeyg or LaSe; with Se atoms on a square net (Lee and Foran, 1994)
can be characterized by the orientation of neighboring atoms like © for
horizontal and @ for vertical orientation of two neighboring atoms. Other
chains with an increased number of orientations can be characterized by
an increased number of symbols similar to magnetic structures (Section

20).

Three-dimensional layered structures can be distorted by variation of
the distance Azc/a between layers like for ccp and bec ordered struc-
tures (Section 15). The symmetry of most structures is not reduced by
this procedure. The variation of z, y, z parameters within the plane
is another possibility for distortion. The structures of As, Sb and Bi
with z &~ 0.23 (Wyckoff, 1982) and Azc/a ~ 0.47 can be considered as
a distortion of the pc lattice (¢ = 0.25, Azc/a ~ 0.41) or a distortion
of trigonal graphite (z = 1/6, Azc/a = 1.35). The symmetry of the
crystal remains unchanged for the helix structure of Se or Te with 3;
symmetry (Fig.33). The bonding between Te atoms in a chiral chain is
enhanced. The distance to neighboring Te atoms is increased, if the z
parameter of a close-packed layer (z = 0.33) is decreased to z = 0.269 in
Te or 0.217 in Se (Wyckoff, 1982). The distance to neighboring atoms a
~ 0.45 nm and the height of the helix ¢ = 0.59 nm in Te or 0.49 nm in
Se is similar as the distance ¢/3a ~ 0.4 between the three layers in the
pc lattice (Burdett, 1995). The helices with 3; or 6; symmetry Cf)ntain
3 or 6 atoms/turn like the 2 2 12;2b and 2 2 0; 2b structures (P“1g.13).
The helices of DNA contain 10 — 11 base pairs/turn (Fig.33) with dif-
ferent distances 0.29 — 0.34 nm in the direction of the helix similar to
the different Azc/a in layered compounds (Table 7 ) (Section.26). The
o~helix of proteins containing 3.6 amino acids /turn with a distance of

0.15 nm between amino acids is intermediate to the 3; or 4; helices of

inorganic compounds. A two- or three-dimensional periodic combination

is avoided in protein and DNA bhelices.
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The loss of the 3-fold axis in [111] layered compounds implies, that the
bonding to the three atoms of the neighboring layer is different. The
same applies if the 4-fold axis is lost in [001] layered compounds.

24 Physical and chemical properties of structural
units

The relation between structural units and properties is known to a large
extent in the nucleic acids DNA and RNA with the four bases ade-
nine (A), thymine (T), cytosine (C) or guanine (G) which are forming
chains in the helix or double helix structure (Glusker et al., 1994). The
sequences of three bases (triplets or codons) convey the information for
one of the 20 amino acids or in some cases a stop signal to indicate the

end of the protein, which is a sequence of different amino acids (Section
26).

Some physical properties can also be related to the structural units u, v/,
v and w' of superconducting oxides (Hauck and Mika, 1997 and 1998a).
All superconducting oxides contain v units with the CuOs planes and
neighboring u' or w’ units like Cu’O in Cu'BagCusYOr (u'vu|) or TIO in
CaCupBayT1O7 (uvw’ |), to transfer et charges to the superconducting
CuOg planes. In high T, compounds with T, > 40K the CuOs planes
are next to insulating up units like in u'vu| = u'vugvu’ or uvw'| =
UVWLVUQVWh ... .

The sequences of coordination numbers of the metal atoms Cu’'BaCuYCu
Ba,Cu'CN=41058510, 4 in Cu'BagCusYO7;0r CN=8596'9 5, 8 for
CaCuBaTlBaCu,Ca in CaCuyBasT10; (Table 12) shows an asymmetric
arrangement of the atoms next to the Cu atoms with CN = 5. The
CuO; layers are bent towards the Ca, Sr or Y atoms, because of the
stronger bonding of these atoms to the oxygen atoms compared to the
BaO bonding of Ba atoms with CN = 10 or 9. The bond strength is
increased by the inductive effect of M atoms in the sequence Ba, Na <
St < Ca, Li < Mg < M*" < M** (Hauck and Mika, 1997) similar to the
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inductive effect in organic compounds (Glusker et al., 1994; Latscha and
Klein, 1982). The Cu'O layers of Cu'BayCus YOy can not be influenced
by the symmetrical neighborhood of Ba atoms.

The principle of a central structural unit with a physical property that
can be modified by one or two (different) neighboring units is quite fre-
quent in organic systems like drugs, pigments or pesticides. In dipheny-
lazo compounds for example the yellow color can be modified to orange
or red by the inductive effect of OH, NH,, etc. groups on one phenyl
group. One or two H atoms of the other phenyl group are substituted by
COOH or SO3H groups which can react with the amino groups of wool
for example for a stable coloring of wool. The same applies for organic

acids like
H

|
R—C—COOH
|
Cl
which can be varied by the inductive effect of F > Cl > Br > I, etc.
atoms and the different hydrophobic character of short or long chains of

R = (CHy),—CHj3 groups.

The layered compounds are non-metallic, if the valence rule (Section
17) or Pauling’s electrovalence rule (Section 19) are satisfied. Pauling’s
electrovalence rule is obeyed for the Ketelaar and Forsyth, Gran families
of NaCl related compounds and for the Johansson, Linde and Brauer
or Schubert families of ZnS (sphalerite and wurtzite) related structures
(adamantane structures) (Tables 11,12). The band gap of the semicon-
ducting compounds varies with the lattice constant and the ordering of
metal atoms in adamantane structures (Waag et al., 1998). A physi-
cal property of a compound is varied by homologous substitgtio.n. The
physical properties of semiconducting Si for example are varied in GaP

or In(Ga,Al)P; (Table 11a).

The comparison of NaCl related compounds shows attractive ini.;era,c-
tions in carbides TisC, Gd2C (6 0 12;1a,b) with facial conﬁgflratlon of
C atoms and repulsive interactions in hydrides or nitrides like PdoH,
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TisN (4 4 16;1) with meridional configurations of H or N atoms. Car-
bides like TaC or Hf C exhibit very high melting points (Toth, 1971).
The elastic constants are supposed to be related with bonding proper-
ties. Compounds with directional covalent bonding like diamond, a-
Al,03 (Tables 13,14) or TiC are very hard. These materials are used as
abrasives or for coating of tools and other purposes (Toth, 1971).

The compounds of the Thornber, Bevan (1970) family (Table 12) like
Zr7Ca0201¢ (ay) or ZrsSca[1201s (Prys0q structure, f(mod7)) are
interesting for the SOFC (solid oxide fuel cell) because of the high oxygen
mobility in the disordered phase. The perovskites (La,Sr)MnO; and
(La,Sr)CrOg are used as cathode and interconnector materials in the
SOFC (Hammou and Guindet, 1997). The compounds of the Raveau,
Chu family like CuBayCusYO7 and (Ca,Sr)CuO;, exhibit also a high
oxygen mobility and some catalytic properties (Schoonman, 1997; Hauck
et al., 1995).

Hydrides like VH,, LisPdHy or FeTiH, with structural units gq, h, q;
are used for storage of hydrogen (Parthé et al., 1993; Schlapbach et al.,
1994). Hydrides like PdyH, PdsHy are interesting because of the high
mobility of hydrogen atoms. The preference of H atoms for tetrahedral
or octahedral interstices has been explained by the different size of the
interstitial sites (Westlake, 1983) or the different mechanisms of MH
bonding (Hauck, 1983). The first type of model considers a minimum
hole size of 40 pm (or a critical metal atom radius of 139 pm) and a
minimum distance of 210 pm between H atoms to be necessary. The
larger octahedral site should be occupied in metals with small atomic
radii, the smaller tetrahedral site in metals with large atomic radii.

The second type of model is based on a charge transfer between H and
metal atoms with different electronegativities ¢*:

M’~ H%* for metals with high ¢*, eg. M = Cr, Mn, Fe, Co, Ni, Pd,
M H~ for metals with low ¢*, e.s. M = Li, Na, Ca, Sc, Y, Ti.

The H’* atoms prefer the octahedral site with a bonding to the transi-
tion metal d electrons. The H~ occupies octahedral interstices of metals
with no d electrons, otherwise tetrahedral interstices. Both sites can be
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Figure 40: Hydrogen occupancy of octahedral sites in metals with small radii and high
electronegativity, otherwise tetrahedral sites.

occupied in vanadium depending on temperature, hydrogen concentra-
tion and isotope (Hauck, 1983).

The two models give the same prediction for most metals because of the
correlation between small metal atom radii and high electronegativity
(Fig.40). The critical radius of metal atoms, 139 pm, corresponds with
the cubic lattice constant of 393 pm and can explain the variation from
octahedral coordination in PdDg 7 and LiH to the tetrahedral coordina-
tion in VHj, etc. (Fig.41). Octahedral sites, however, are also occupied
in NaH, KH, RbH or CsH which have larger lattice constants. I%’l rare
earth hydrides the smaller tetrahedral sites are occupied first, while oc-
tahedral sites are occupied at H/M > 1.95. This behaviour can be ex-
plained by the second type of model with H atoms as a sensitive probe
for d electrons. The d electrons of the rare earth metals are depleted
at increasing H content because of the charge transfer to H°~. The loss
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Figure 41: Coordination of hydrogen atoms in ccp M structures with cubic lattice
constant a..

of d electrons gives rise to a metal-semiconductor transition, different
magnetic properties and smaller lattice constants (Hauck, 1983).

The other interstitial atoms I = C, N, O, ... are too big for the occu-
pation of tetrahedral sites. The bonding geometries of the metal atoms
however can be related to the hybridization of s, p and d orbitals like the
CN = 4 planar (dsp®) and tetrahedral coordination (sp® or d3s) or the CN
= 6 trigonal prismatic (d*sp) or octahedral coordination (d?sp3) (Sut-
ton, 1993). P, S and Se atoms usually prefer tetrahedral coordination,
O atoms octahedral coordination as can be seen from the pairs of struc-
tures with identical ordering of metal atoms a-NaFeOs—In(Ga,Al)Ps,
~v-LiFeOo—-CuFeS,, LisZrO3—GeCusSes. The O atoms however can also
be in tetrahedral coordination in 8-NaFeO, or SiLi;O3 (Tables 11,12).

25 Homogeneous sphere packings

A sphere packing is called homogeneous, if all spheres are symmetry-
equivalent, otherwise it is called heterogeneous (Koch and Fischer, 1992).
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The same applies to the two-dimensional packing of circles. The differ-
ent packings are characterized by the number of contacts k between the
spheres (circles), whichis 3 <k <12 (3 < k < 6 for circles). A sphere
(circle) packing is called stable, if no sphere (circle) can be moved with-
out moving neighboring spheres (circles) at the same time. A minimum
of four (three) contacts per sphere (circle) is required. Not all contacts
must fall in one hemisphere (semicircle) (Koch and Fischer, 1992). Stable
homogeneous sphere packings are interesting in searching for materials
with low density. They are classified in types with constant k at differ-
ent distortions. Two sphere packings belong to the same type, if there
exists a biunique mapping that brings the spheres of one packing onto
the spheres of the other packing. The number of types of homogeneous
sphere packing is finite. The types of homogeneous circle and sphere
packings with cubic or tetragonal symmetry are known (Koch and Fis-
cher, 1992). They can be compared with the two- or three-dimensional
structures of Section 4 or Table 21a—d with a single set of T; values
(environment-equivalent) for A and B atoms in A,B;. The number of
contacts k corresponds to the T} values for spheres (circles) with diam-
eter d. The density of the hexagonal lattice (p = 0.907), square lattice
(p = 0.785), hcp or ccp (p = 0.741), bee (p = 0.680) and pc (p = 0.524)
of A;By compounds is reduced by the factor x/(x + y) (or y/(x + ¥)),
if the A (or B) atom positions are vacant. The k¥ = T (or T3) val-
ues, increased diameters (Table 2) and different densities are derived for
structures with Ty = 0 (or T3 = T3 = 0). The two-dimensional 6 6 6; (1),
060;2,006;3 (Fig.6),444;(1),044;1,004;3 (Fig.8) and 000;6
structures (Pr;[12012 net, Fig.33) are homogeneous circle packings (Koch
and Fischer, 1992). The number of contacts k£ = 5 (Pr702012 net), 4
(0 0 6; 3, kagomé net) or 3 (0 6 0;2, honeycomb net) between B atoms
is obtained for vacant A positions (Section 28). The three-dimensional
structures of the pc lattice (Table 21d) 6 8 12;(1), 0 0 8;3 (bcc) and
0 12 0;1 (fcc) are stable homogeneous sphere packings, if the B ato?rns
are removed. They correspond to the same type of sphere packing with
k=6, 8 and 12 contacts in 0 6 12;1, 8 6 12;(1) and 0 0 12;3 in t.he
bee lattice (Table 21c) or 0 6 053 and 12 6 24; (1) in the ccp lattice
(Table 21b). The hep, ccp or bee systems contain ot}.ler sta,l.ole sphere
packings, which are underlined in Table 22 (or underlined with square
brackets for stable packings of B atoms at y/x > 1). The structures at
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the left-hand borders of the structure maps containing alternating layers
of A and B atoms are not stable, if the A or B atoms are removed. Many
homogeneous sphere packings of the bec, fcc and pe lattice belong to the
same type with the same space group like 0 6 12;1 (bcc), 0 6 0;3 (fcc)
and 6 12 8; (1) (pc) with k = 6 (Table 22) or the same space group and
Pearson symbol like 4 2 4;1.33a,b (bcc) and 4 2 12;1.33a,b (fcc) with k
= 4 contacts.

The CsCl, NaCl or CaF, structures are examples of heterogeneous sphere
packings with the ideal ratios of diameters of A and B atoms dg/da =
0.732, 0.414 or 0.225, respectively.

26 Colloids, clusters and DNA

An ordering of hard-sphere colloidal crystals was first observed for ABs
and AB;3 compositions in native gem opals. They consist of dried arrays
of colloidal silica spheres with diameters dy = 362 nm and dg = 210 nm
(Sanders, 1980). Colloidal particles like amorphous SiOg, polymers or
inorganic clusters with a particle size of 10 — 2000 nm can be obtained
by chemical synthesis and are stabilized sterically by thin (=~ 10 nm)
coatings. They are suspended in polar or apolar mixtures of liquids with
the same refractive index for transparent suspensions which are suitable
for quantitative light scattering. For the proper composition like 50%
solvent a process similar to crystallization is observed after several days
of sedimentation (Pusey and van Megen, 1986). The particles interact
via short-ranged repulsive forces because of the stabilizing layer which
mitigates the attractive van der Waals forces of the polymer cores, for
example. The interaction between the particles can be tuned by different
charges of the coatings and different solvents. The interactions between
A atoms as predicted by the structure maps can probably be tested by
mixtures A,B, of spherical particles A and B with the proper ratio of
diameters and suitable coatings. The properties of suspended particles
however can differ from those for purely atomic systems due to the pres-
ence of the solvent (Pusey and van Megen, 1986). A ccp structure with
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disordered stacking in [111] direction with a fraction f = 0.42 — 0.5 of
h layers depending on time, temperature and composition was observed
for a one-component system (Pusey et al., 1989). The analysis of T}
values in close-packed structures had shown a single set (M* = 1) for
hep or cep structures (Table 1, Section 2). The repulsive interactions are
increased slightly in ccp, because of the ordering of the second-nearest
neighbors on a straight line in [110] direction (Fig.1).

Spherical clusters of non-metallic compounds might be obtained only for
few diameters because of the requirement for electroneutrality. This is
demonstrated for the 2 = 1 — 3 shell of clusters with NaCl structure. Na
and Cl atoms form a pc lattice with T; values 0 12 0; 1 compared to the
maximum values 6 12 8 of closed shells (Table 23d). A Na atom in the
center is coordinated by 0 Na and 6 Cl atoms at 77, 12 Na and 0 Cl
atoms at 75 and 0 Na and 8 Cl atoms at T3. The compositions NaClg,
Na;j3Clg and Na;3Cly4 for spheres with complete occupation of the first,
second or third shell have an excess of positive or negative charges. The
T; values for larger clusters containing up to ~ 200 atoms are given in
Table 23 for hep, ccp, bee and pe compounds with single sets of T; values
for A and B atoms. The rare gases Ar and Xe, which crystallize in the
ccp lattice at low temperatures, form clusters with x = 13, 19, 23, 25, 55,
71, 87, 135 and 147 (Sugano and Koizumi, 1998). The magic numbers
x =7, 10, 14, 23 and 30 (*He) and x = 7, 10, 14, 21 and 30 (*He) were
found for the different He isotopes, which crystallize in the hcp or ccp
structure at low temperatures (Wyckoff, 1982). The T; values 12 6 2
of a central atom of the hcp packing yields x = 13, 19, 21, 39, 51, 57,
69, 81, 87, 93, 105, 129, 135, 147, ... compared to x = 13, 19, 43, 55,
79, 87, 135, 141, 147, 201 for a ccp cluster. The x = 23, 25, 71 values
of Xe and most magic numbers of the He isotopes are not in the list
for stable low temperature structures. A similar situation occurs for the
magic numbers x = 8, 20, 40, 58, 92 of Na clusters compared with the
closed shells of the bee lattice x = 9, 15, 27, 51, 59, 65, 89, 113 (Table
23c) and for the Si clusters. The diamond structure of crystalline Si is
obtained as an ordered bee structure Sill with 7; values 4 0 1251, Wlf.lel'e
half of the positions of the bec lattice are vacant (C). The clus?;er sizes
x = 5, 17, 29, 35, which are obtained for the occupied shells f.i,t 1 =1, 3,
4,6, ... (Table 23c), do not coincide with the observed magic numbers
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x = 6, 10. Other clusters with reduced density for vacant B positions
like the ccp 7 2 10; 1 structure exhibit the proper x = 8, 10, 20, 26, 36,
40, 68, 70, 91 values of A = Si or Na atoms. Both positions of A and
B atoms are occupied in the CsCl structure (0 6 12; 1 of the bcc lattice,
Table 23c) and 0 12 0;1 of the pc lattice (Table 23d). Most clusters
of the bec lattice with closed shells at x = 9, 15, 27, etc. and of the
pc lattice at x = 7, 19, 27, 33, 51, 75, etc. however are not neutral.
All NaCl or CsCl clusters can only be neutral, if one atom like the
central atom is missing. Only few magic numbers for clusters coincide
with the cluster sizes of closed shells, if the same structure as in the
crystalline phase is assumed. Clusters of other metastable phases could
be formed by the rapid quenching process. The present compilation
shows all spherical clusters with the same surrounding of each atom
except the surface atoms, which are different in all kinds of theoretical
approaches. Therefore the numbers x of the present investigation might
be useful to discuss magic numbers x 2 10 for clusters of A and B atoms.

Microclusters like NaCl are generated by quenching the metal halide
vapor of typically 20 Pa at 1000 K within less than 100 microseconds in
a helium atmosphere of about 100 Pa at 70 — 300 K (Sattler, 1987). The
observation of magic numbers x and y of stable clusters depending on the
temperatures of quenching and the methods of analysis are explained by
the assumption of neutral spherical clusters, which crystallize from the
gas phase. Several atoms of the original clusters evaporate in such a way
that charged Na,Cl;_; cuboids containing 3 x 3 x 3 (x=14),3 x3 x5
(x=23), 3 x 5 x 5 (x = 38) atoms or neutral Na,Cl, clusters containing
3X3Xx4(x=18),2x 4 x5 (x=20),3 x4 x4 (x=24) atoms
are left at increased temperatures. This process is similar to the crystal
growth process with a formation of stable external forms and habits of
crystals (Wulff, 1901). The present compilation (Table 23) shows all
clusters with closed shells. Some special clusters can be obtained by T}
=aj® + b4 +cj+ 1. Theshells j =1,2, ... are a selection of the i =
1, 2, ... shells, where clusters with the shape of crystals are obtained.
This can be demonstrated for the 4 4 4; (1) structure of the square net.
The coefficients a = 0, b = ¢ = 2 yield square clusters with x = 5, 13, 25,
41 atoms for j = 1, 2, 3, 4, which coincide with the underlined x values
of the 4 4 4; (1) structure (x = 5, 9, 18, 21, 25, 29, 37, 45, ...) for i =
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1 — 8 (Table 2). The cluster containing 41 atoms does not have a closed
shell like the x = 37 and x = 45 clusters. The coefficients are ¢ = 0, b =
¢ = 3 for hexagonal clusters with x = 7, 19, 37, 61, etc. particles with
the 6 6 6; (1) structure of the hexagonal net. The situation is similar for
the three-dimensional structures. The constants a = 10/3, b = 5 and ¢
= 11/3 were obtained for a packing of cubo-octahedra in the 12 6 24 (1)
structure of the ccp lattice (Urban, 1998; Wulff, 1901). The underlined
magic numbers x = 13, 55, 147 coincide with closed shells for x = 13,
19, 43, 55, 79, 87, 135, 141, 177, 201 (Table 23b). The missing central
atom is suggested for the stabilization of clusters (Urban, 1998).

DNA or long chains of proteins can have the size of colloids (~ 102 —
10 nm). Their structures can be analyzed like a one-dimensional cluster
with four to twenty different structural units. The basic components of
DNA are alternating units of 2'-deoxyribose (D) and phosphate groups
(P) forming a DP chain with phosphodiester bonds between the 5’ posi-
tion of one deoxyribose and the 3’ position of the next deoxyribose (Dale,
1996; Glusker et al., 1994; Diekerson, 1989). One of the four bases ade-
nine (A), thymine (T), cytosine (C) or guanine (G) is attached to the 1’
position of each deoxyribose. Each A is linked to a T of the neighboring
chain by two hydrogen bonds, and each G is linked to a C by three
hydrogen bonds. The A and G units are larger than the T and C units.
The complementary strands are twisted around each other in the now
familiar “double helix”, with the bases in the center and the hydrophilic
deoxyribose (or ribose in RNA) and phosphate residues on the outside.
The exact DNA structure is influenced by several factors such as the
sequence of bases and the interaction with the surrounding water. The
Watson and Crick structure (B form) is a right-handed helix with 10
base pairs (bp) per turn and a distance d = 0.34 nm between the base
pairs. A more compact form (A form) with about 11 bp per turn and d =
0.29 nm occurs at reduced water content. Certain DNA sequences with
alternating G and C bases tend to form a left-handed helix (Z form), at
least over a short distance, with 12 bp per turn and d = 0.38 nm. The
different rotations give rise to a winding of the helix into coils (Dale,
1996). The in vitro structures of the DNA’s, however, are not known
in detail, and the number of different structures is probably larger than
the number of polytypes in layered compounds. The interactions be-
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tween the bases of one strand are assumed to be very weak because of
the absence of direct bonding (in helices without defects). Dipole-dipole
interactions are considered besides the van der Waals interactions be-
cause of partial positive or negative charges in the neighborhood of the
N-H---O or N-H..-N hydrogen bonds. The sequences of bases deviate
from a random distribution (; = 0) in such a way that attractive or
repulsive interactions are preferred in some portions of the DNA.

The ratios r = 1.5 — 7.5 of the nucleic acids A, T, C, G liker = (T + C +
G)/A for the base A are similar to those of the layered compounds (r =1
~11) (Table 7). The o4, as values which were obtained from the averaged
T; values are similar to the values of disordered alloys (Fig.17) (Hauck et
al., 1999). The o; values of the bases in different sections of the structure
map Ia — IVb (Fig.16) can be correlated with a distinct occurrence of
clusters like AAA (in IIIb — I'Va), isolated bases A like TCG ACT (in
Ia,b) or bases A alternating with other bases like ATA CAG ..., etc.
(in IIa,b). Eighteen different DNA or RNA sections with the same kind
of functions (enolase and secA), which occur in bacterias (like secA 15),
rats (enolase 15) or human being (enolase 8), were classified in different
groups (Table 24). Most DNA’s contain clusters, which are avoided in
disordered alloys (Section 13).

The mRNA carries the information for the sequence of amino acids in
a protein in the form of the genetic code in which each occurrence of
one of the 64 groups of three nucleotides (triplets or codons) conveys the
information for a specific amino acid (or in some cases a stop signal to
indicate the end of the protein) (Dale, 1996). Fifteen amino acids are
obtained by symmetrical triplets AAA. (Lys), ATA (Ile), ACA (Thr),
AGA (Arg), TTT (Phe), TCT (Ser), TGT (Cys), TAT (Tyr), CCC
(Pro), CGC (Arg), CAC (His), CTC (Leu), GGG (Gly), GAG (Glu),

GTG (Val) and GCG (Ala). Arginine (Arg) is obtained by AGA or
CGC.

The remaining five amino acids Asn, Asp, Glu, Met and Trp can be
obtained only by non-symmetrical triplets. This is only possible because

of a given direction from 5’ to 3’ on each strand (Dale, 1996) and of stop
signals (TAA, TAG or TGA).
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The increased fraction of A and T clusters in the first group would be
obtained, e.g., at an increased number of AAA (Lys) and TTT (Phe)
clusters, while the increased percentage of double units for T in the
second group could be possible at an increased number of TCT (Ser),

TGT (Cys) and TAT (Tyr).

The different groups can probably be related with a variation of the
number of structural units in evolution. The 16 different combinations
of two bases (A, C, G, T) like AA, AC, CA, AG, etc. yield 15 different
amino acids. The information of the 16 symmetrical triplets mentioned
before is maintained, if the first or last letter is missing. At least one
combination like GA. is required for a stop signal for the production of
proteins. 63 instead of 20 amino acids could occur for the combination of
three bases (codons) like AAA (Lys), AAC (Asn), CAA (Glu), etc. .
The same amino acid is synthesized by several combinations like Gly
by the four combinations GGT, GGC, GGA and GGG. Usually all
combinations are used. The restriction to few combinations in bacterias
is probably related with the early stage of evolution and is maintained
in few species like the silkworm B.mori producing silk with a speed of
~ 100 amino acids/sec (Glusker et al., 1994). The polypeptide of silk
contains mainly alternating units of Ser and Gly or Ala and Gly in the
sequence Gly—(Ala~Gly)s—{Ser-Gly—(Ala~Gly)nJs— (Ser-Gly)-Ala-Ala—
Gly—Tyr. The codons GGT and GGA for Gly, TCA for Ser and GCT
for Ala are used. Four chains are combined in the B-sheet structure
with a connection of the amino acids similar to a zipper. The periodic
sequences and the nonperiodic end of the chain Ala—Ala—Gly-Tyr are
related with the high strength and the elasticity of silk, respectively.
The T values of the sequence of amino acids in silk are close to the
border of the structure map. How would it look like, if evolution would
have selected periodic sequences of bases in DNA and amino acids in
proteins, which are on the border of the structure map? The number of
different species would have been reduced.

The numbers of different structures Ng at the borders of the structure
map, which are stabilized by the enthalpy H, and other entropy stabilized
structures Ny increase by Nu(n) ~ Cgx 100167 and Ng(n) ~ Cgx 10%%6",
respectively, where Cg, Cs depend on r (Cu =~ 0.1 for r = 1) and, for
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border structures, on the particular border, for an increased length of
the chain n. 1504 structures with different 7} values were selected from
5 200 300 structures at » = 26 and r = 1, for example. The natural
language of DNA may be compared with the man made language with
26 letters and several thousand words, or with chains of music notes
or numbers with 7 or 10 structural units, respectively. The different
codons for the same protein can probably be compared with different
words with the same meaning like the Roman or Italian VIA, the English
WAY and the German WEG. The “evolution” of languages or music
within centuries can probably also be analyzed by typical deviations
from randomness. Periodic sequences like certain poems (hexameter for
example), the ringing of church clocks or the decades 10, 100, 1000,
etc. are either nice or useful. The different languages allow a large
variety, while identical numbers and music notes are practical for a fast
communication with a minimum of errors.

Two types of right-handed helices (A or B form) with 11 or 10 bp per
turn and a left-handed helix (Z form) are known (Glusker et al., 1994).
Within the cell the DNA helix is wound up into coils (Dale, 1996). For
example, bacterial DNA is normally negatively supercoiled to the extent
of about one negative turn per 200 bp. The density is increased by the
supercoiling. The Escherichia coli chromosome, in its expanded state,
for example, would be several hundred times longer than the bacterial
cell itself (Dale, 1996).

There are six parameters for the exact analysis of the translation and
rotation from one base pair to the next, which are correlated and depend
to a certain extent upon the choice of the overall helix axis (Diekerson
et al.,, 1989). An approximate description with A, B or Z indices for
each base pair in the A, B or Z helix and X values for deviations from
the ideal helix by about 10% would show whether there is a correlation
between the sequence of bases with, e.g., clustering in certain areas and
the approximated configuration of the helix. The sections of the helix

containing single bases (A + G # C + T) could be indicated by A/, B/,
Z' and X/, respectively.

106



27 Structure and interactions of atomic nuclei

The atomic nuclei contain x protons M and y neutrons N with slightly
different mass and different interactions. They probably can be treated
like ordered alloys MN, with large thermal vibrations of the nuclei at
temperatures close to the melting point. The ordering of protons and
neutrons is compared with small grains of MgNy alloys with x +y S
208 in the present investigation. Small grains of MyNy alloys usually
have the same structure as large single crystals because of the major
contribution of nearest and next-nearest neighbors 77 and T3 to the
lattice energy. The bonding of the surface atoms is different because
of the different numbers T} at the surface. 11 hcp, 19 ccp, 8 bce and 17
pc structures with identical T} values were obtained for the borders of the
T, Ts structure maps (Tables 21,23). The composition of structures with
identical Ty and T, values of the M and N particles (except the particles
at the surface) can be obtained from the TM values of the protons, which
are the minority component in most cases (Zeldes, 1996). The numbers
of all particles including the i-th sphere are obtained from Table 2. The
numbers x of protons are the values of Table 23 plus the central position.
(The symmetrical configuration is obtained for MyNx composition). The
ratio r = y/x is &~ 1 for x $ 20 and increases to r = 126/82 ~ 1.5 at
the upper limit of stable isotopes. The numbers x or y = 2, 8, 20, 28,
50, 82 and 126 are magic numbers with an increased stability of isotopes
with x = 2 (He), 8 (O), 20 (Ca), 28 (Ni), 50 (Sn) and 82 (Pb) compared
to neighboring elements. Magic numbers of neutrons are obtained for
M,Ny, x =y = 2, 8, 20, MyoNas, MasNso, MsoNs2 and MgaN126 (Zeldes,
1996).

Two protons and two neutrons are supposed to order in a tetrahedral
cluster. The larger values x + y = 16, 40, 48, 56, 78, 100, 132, 164 and
208 can be compared with the S; = Z;-___l T;*** values fori=1-1,
where I is defined by Sy < 208 (Table 2). They are close to the s =1 -
11 sequence of values 13, 19, 43, 55, 79, 87, 135, 141, 177, 201 and 22§
of the ccp lattice. The numbers of approximate values .13 (G = 1), 19 (4
=2),39 (i =4),51 (i= 5), 57 (i = 6), 81 (i =18), 10§ (i = 11), 1;5 (i =
13), 207 (i = 18) in hep, 15 (i=2),51 (i= 4), 59 (i = b), 137 (i = 9),
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169 (i = 10) in bec and 19 (4 = 2), 57 (i = 5), 81 (i = 6), 203 (i = 12) in
pc are smaller. The total numbers x + y of M and N atoms at each shell
are increased by 1 — 5 compared to the x and y values of isobars with
magic numbers x and y. The removal of these extra protons and neutrons
at the surface with decreased bonding energy gives rise to non-spherical
shape of atomic nuclei. The symmetrical clusters with closed shells of
the present investigation however contain an odd number of x + y values,
while nuclei with even x and even y values exhibit an increased stability
(Zeldes, 1996). Clusters with even x and y values can only be obtained
for vacancies in the inner shells or at the central position like the x + y
= 4 tetrahedron, the x 4+ y = 8 cube or the x + y = 12 cubo-octahedron
or icosahedron. The sequence of T values 1 6 1208 0 22 0 32 0;1.5
and T/ values 3, 12, 24, 8, 8, 22, 22, 32, 32, 44 are required for stable
isotopes with magic x (and y) values. The pairwise interactions between
protons are obtained for 77 = 1. We suggest vacant positions in the
central part. The sequence of T;"** values 2, 1, 12, 24, 8, 6, 24, 24, 24,
32, 12, 48 is obtained for a bcc lattice with 6 and 5 vacancies in the
T7 and T35 shell, respectively. The proton in the center and the Ty = 2
and T3 = 1 nucleons are forming a tetrahedron. Structures with 17 =
1 nearest proton for pairwise interactions can not be obtained in close-
packed lattices at r = 1 to 2.5. The minimum number 73 =4 atr =1
is decreased at increased r values (T} = 6 — 2r) (Sections 5,6).

28 Classification of symmetrical patterns

'The chemist and Nobel prize winner of 1909 W. Ostwald published three
collections of symmetrical patterns based on the square, hexagonal and
honeycomb nets (Ostwald, 1922). The origin of a unit cell containing p
X p points (p = 1 — 4 or 5) is connected to nearest, second, third, etc.
neighbors in a systematic way and symmetrical lines obtained by the
different mirror planes. The 190 patterns on single sheets of transparent
paper can be combined to a large number of new patterns. They can be
characterized by the numbers T; of 4 = 1, 2, ... nearest, next-nearest,

. neighbors and the ratio y/x of x points, which are connected by lines,
and y other points of the unit cell.
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The structures of the two-dimensional nets were investigated in a sys-
tematic way in Sections 4 and 21. Figure 42 shows a selection of these
structures in a similar way as given by Ostwald. The unit cell contain-
ing x + y positions for A,B; compositions is shown by dots. (The unit
cell is defined by two non-collinear lines from one dot, the origin, and
the two parallel lines, which are not shown in Fig.42. All points at the
corners (origin) of the unit cell and all points at the edges of the unit
cell, which are shared with neighboring unit cells, are counted as single
points.) The structures are characterized by the T} ; 1=y /x values of the
x A positions. The T; values of A positions, which are connected by
lines, are underlined. The A positions are connected by solid lines to
T1 nearest neighbors and by dashed lines to T5 next-nearest neighbors
in most cases. The T5 lines are omitted for some structures containing
clusters of A positions to show the clustering more clearly. All A and
all B positions of the hexagonal net with T; of A positions 0 6 0;2,
006;3,0006;6and 044;1,004;3,0004;4,220;1 of the
square net have identical sets of T; values (M* = 2). The patterns of
these structures (except 2 2 0;1) at different corners of the structure
maps are identical, if the T3 or Ty neighbors of 0 0 6;3 and 0 0 4;3
or 000 6;6and 00 0 4;4 structures are connected by lines. The A
positions can not be occupied in many surface structures because of the
occupation by metal atoms (Section 21). The forbidden positions are
indicated by circles in Figure 42 and the remaining positions of the hon-
eycomb, kagomé, Pr;[02012, etc. nets divided in A and B positions in
the usual way. Crystal structures like Pr7[1,0;2 containing hexagonal or
square layers of atoms can be visualized by these patterns and a transla-
tional vector to neighboring layers. Figure 42 shows also the hexagonal
layers of the TagC = IoCd, TagB4 and ZryFejpPr structures of the Bo-
zorth, Kiessling and Ganglberger families of the ph/ph’ lattice (Section
18) with solid and dashed lines for T} and T, translations. The Zr atoms
of the Ganglberger family are indicated by circles. These examples might
demonstrate the different kinds of combinations of hexagonal layers.

The metal atoms of the different modifications of TayC, NbyCL, CopCLI,

FesNO and NizCO, listed in Table 13 (Bozorth family) form a hcp pack-
ing on A and B sites at z = 0 and 1, which are not shown in Fig.42. The

C or N atoms of these compounds occupy 50% of the C sites (octahedral
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Figure 42: Periodic patterns A,By, which are based on the square or hexagonal net
and related nets like honeycomb or kagomé net with Ty T5 Ts;y/x values. The unit
cell with x A and y B atom positions are indicated by points. The Ti and T neighbors
of A positions are linked by solid or dashed lines, respectively (in 6 6 6;(1) etc. only
T, neighbors). The structural units can be enlarged and photocopied to obtain a
two-dimensional jig-saw puzzle.
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interstices) by alternation of occupied and vacant () hexagonal layers
at z = 0.5 and 1.5 in TapCO = [,CdO or identical layers CO or NI
in NbyCLl, Co,CO, FeoNO (or CO, in NizC). The antistructure Cdl,
(Bozorth, 1922) is the first compound of this family (Table 13).

The Fe atoms of “undistorted” Fe,P (z(Fe) = 0.33 and 0.67 instead of
0.26 and 0.59) occupy only 1/3 of the A and B positions at z = 0 and 1,
respectively (Fig.42). The distance between Fe atoms is increased from
Ghex = 0.271 nm in FesN to apex = 0.587 nm in Fe,P to intercalate two
P atoms on C positions at z = 0 and one P atom on C positions at z =
1. The projection of the unit cell of NigC for example containing three
points for the C[, layers in C positions is increased to nine points in
Fe,P with three A, B and C positions in each case at the same projection
height. The composition FesPs[y at z = 0 and FesPy at z =1 add to a
total of FegP3llg or FeoPl3. The composition of the two layers is varied
in ZroFe1oP7[2; (Ganglberger, 1968) with 21 positions in each layer of
the unit cell by insertion of Zr atoms (O in Fig.42). The neighboring
positions of Zr atoms are not occupied because of the increased size and
repulsive interactions. Other compounds of this family contain clusters
of three (ZrgNiggP13039) or six atoms ((La, Ce)12Rh3oP210063) or mixtures
of single atoms and clusters in different configurations (Madar et al.,
1987; Pivan et al., 1987; Parthé et al., 1993). An even number of A, B
and C positions in CosP = CogP4[1;5 and related compounds allows the
occupation with two P atoms in each layer.

Different areas of the two layers are occupied in TagBy (Kiessling, 1949)
and related compounds (Table 13). The 14 positions of the projected
structure (Fig.42) are occupied by three Ta atoms on A positions and
four Bor atoms on A and C positions at z = 0 or three Ta atoms on
C positions and four Bor atoms on B and C positions at z = 1. The
occupation of the different A, B and C positions varies also within the
layer because of 14 points instead of 12 points. The Ta atoms of the z
= 0 layer for example occupy B positions instead of A in the next area

on the right-hand side of the unit cell (Fig.42).

Symmetrical structures at the corners of the structure maps with a single
set of T} values for A (or A and B atoms) are usually more pleasant com-
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pared to structures at the borders with reduced symmetry. Ostwald cites
J.W. Goethe: Beauty is a matter of regularity. The blocked structures of
the Ganglberger family and some complex structures which are related
to the patterns of homogeneous sphere packing (Section 25) (Koch and
Fischer, 1992) are attractive. (The identical length of solid and dashed
lines for homogeneous sphere packing is impossible in the hexagonal or
square net. The B positions of these structures with different sets of T;
values are encircled.)

The patterns of the hexagonal and square net are related, if the rhombs,
which are obtained from two neighboring triangles of the hexagonal net,
are compared with the squares. The rhombs with o = 120° can be
distorted to the squares with & = 90° in a continuous way with similar
stuctural units. An increased number of structural units is obtained for
orthorhombic (rectangular) or monoclinic (oblique) distortions (general
parallelogram). In that case the structural units can be assembled only
in one direction. The patterns at the border of the structure maps can
be characterized by sequences of structural units (Section 21).

All kinds of patterns with reduced number of symmetry elements are
usually less attractive. This can be demonstrated in an educational
program for teaching symmetry in arts and nature. A typical example
would be the creation of a unit cell containing eight positions x -+ y on
a squared paper or a graphic computer program. The choice of four A
positions for r = 1 structures, the extension to neighboring unit cells
and the connection of nearest (and next-nearest) A positions by solid
(and dashed) lines yield many different patterns. The individual result
might indicate the creativity of the artist. Some will put all A positions
in one half of the unit cell like 3 2 2;1 or patterns with low symme-
try like 1.5 2 2;1 or 1 2 2.5;1. Others will occupy alternating lines
(2 0 4;1) or create symmetrical patterns with a single set of T} values
for all positions like 0 4 4;1 and 2 2 0;1. They have to think about
the proper distribution, but avoid the averaging of different 7} values in
other structures. Those who have analyzed some solutions might be able
to search for a specific pattern like 0 3 2 ;1.5 of the square net or 0 3 0;2
of the honeycomb net, if they are supported by the structure maps with
the structural units. (The solutions are shown in Figs. 8,34.) The next

114



more sophisticated step could be the analysis of patterns containing fig-
ures like stars or leaves instead of points (mandalas) or the analysis of
the three-dimensional case in architecture. Also the discussion of prac-
tical aspects like shorter walking distances or smaller densities for the
arrangement of houses in cities or trees in forests like the Pry[15015 net
instead of 0 4 4;1 (square net) for houses or 0 6 0;2 instead of 2 2 6; 1
(hexagonal net) for trees might be useful. Solutions with T} or Ty =
1 or 2 are interesting for folklore dances with a variation of 7; nearest
and T next-nearest partners. The direction of the dancing people (or
of adatoms moving on surfaces, etc.) can be shown by arrows instead
of lines. Those who prefer jig-saw puzzles might enlarge and photocopy
the structural units of Fig.42. Some informations will also be available
on the internet (http://www.fz-juelich.de/iff /personen/J.Hauck) for an
analysis of a pattern by computer graphics.

29 Conclusions

Close-packed alloys are obtained for weak interactions between metal
atoms like Mg or Cu. The bonding between metal atoms is enhanced in
a-Nd, a-Sm or Tb HP structures with different stackings (ch), (chg) or
(hes) (Table 1), which are also observed in NiAs, CdCly and NbSy struc-
tures with decreased Azc/a values (Table 7). The distances between
hexagonal or tetragonal layers are varied in Hg or In (Table 1) and to
a larger extent in ordered body-centered alloys of the Zalkin, Ramsey
family with hexagonal layers or the Schubert family with square layers
(Tables 7,8). Interstitial atoms I = O, Cl, H can be insex:ted in different
octahedral, tetrahedral, prismatic and other sites like Ni in NipIn related
structures (Table 11b). These structures can be characterized by the self-
coordination numbers Tj(I) of I atoms with I atoms similar to T;(M) of
ordered alloys (Table 11a,b). The I atoms can also be adsorbefd. on metal
surfaces like [001] or [111] surfaces of ccp alloys. The c?mpo§1tlon of t}.1e
interstitial alloys and surface structures M,Ulxlnx—x varies with the ratio
I/M = x(n — 1)/n with x = 1 for the NaCl group, X = 2 for th<.a CaFs
related structures and x = 3 for the superconducting omdgs, which are
related to the CaTiOs structure (PER group). The occupation of hollow
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or bridge positions on [001] ccp metal surfaces corresponds to x = 1 or
x = 2, respectively, the occupation of hollow or bridge positions on [111]
surfaces of ccp alloys to x = 2 or x = 3, respectively. The interstitial
compounds and surface structures can be characterized by sequences of
coordination numbers CN (Table 12) with different configurations like
4% (tetrahedral), 4° (planar) or o, m, p (CN = 2 with ortho-, meta- or
para-configurations) (Figs. 34a,b,42). The interactions between I atoms
are reduced because of the M atoms at I atom positions. The structures
are inside of the corresponding structure maps for M, Oyl x_x with M =
I atoms (Fig.36).

The ordering of interstitial atoms or magnetic moments in the same
structure families as close-packed metal atoms shows the coexistence of
different views of sphere packing, which were discussed for many cen-
turies (Brunner, 1971) like the statement of Boscovich (1758): “Atoms
are centres of interaction whose diameter are negligible or of minor inter-
est as compared to their separations”, or the Wiener-Sohncke principle:
“points are disposed around each point in the same way as around every
other” (Wiener, 1863; Sohncke, 1879). The last statement is correlated
with the problem of homogeneous sphere packing (Koch and Fischer,
1992). Most structures at the corners of the structure maps and some

additional structures listed in Section 33 have a single set of T; values
(M; = 1).

The present compilation of structures is a general crystallographic ap-
proach similar to W. Ostwald’s two-dimensional patterns and his last
chemical textbook “Principles of Chemistry” with the subtitle “A Chem-
istry without Substances” covering general concepts and relationships

(laws of nature) which can be applied on all substances without depen-
dence on their nature (Ostwald, 1907).

The numbers of shells 4 and the self-coordination numbers 7} of M atoms
in these shells were extended to 4 = 11 — 18 (Table 23), to compare the
magic numbers x and y of stable isotopes MyN, with x protons and y
neutrons or small clusters of atoms with x + y < 208 with the x and
y values of closed shells. The enhanced stability of these isotopes and
deviations from spherical shape for other isotopes (Zeldes, 1996) are in-

116



dications for an ordering process. The relation between ordering and
interactions however can be difficult for very small particles which can
convert to energy. Heisenberg points out that a qualitative distinction
between elementary particles and larger compound particles is impossi-
ble, while other scientists suggest a different treatise (Heisenberg, 1971).
A proton for example can convert to a neutron and pion, a A-hyperon
and kaon or three quarks. Particles with very strong attractive or repul-
sive interactions can not order in different areas of the structure maps.
A strong deviation from balanced interactions will give rise to clusters,
which can not be separated for attractive interactions, and to a con-
tinuous separation of the particles for repulsive interactions. Different
energies give rise to a variation of the distances between elementary par-
ticles or compound particles.

The lattice constants of different elements like C, Si, Ge and Sn are
increased because of the increased distances between 2, 3, 4 and 5 s and
p electrons. The (2s) and (2p)? electrons of carbon atoms for example are
forming a tetrahedral “cluster”, where electrons with identical spin are as
far apart as possible (Kettle, 1992). The atoms are “blocked structures”
(Section 28) like the bec 4 0 12;1 structure with an occupation of the
T} shell by electrons. Different “clusters” are formed in graphite with an
occupation of the T3 = 2 and T = 3 shells of the ph lattice by electrons
or in lead with T, = 12 of the fcc lattice. The T1 = 4 configuration of
the square net or the T3 = 2 configuration of the chain are preferred by
atoms with increased numbers of electrons like Se, Te or I, which are

forming polyanions (Parthé et al., 1993).

Large particles are either not ordered because of the lack of mobility (like
balls in a drawer) or they form inhomogeneous clusters without other
particles of the same kind (like planets with T; = 0). Identical forces on
the same kind of particles with a minimum of deviations are required for
ordering as is demonstrated by ocean waves or lattice defects.

The structures of ordered alloys and interstitial compounds can be char-
acterized by sequences of structural units or by sequences of layers and
the x, y, z translations of neighboring layers. The T3(M) or T;(I) values
of M or I atoms are usually in the same area of the structure maps of
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three-dimensional and two-dimensional structures. Different locations
like the 2 0 2;2, 0 6 0; 2 hexagonal layers or 0 2 0;2, 2 0 2; 2 square lay-
ers of the ccp 2 2 12;2a MoPts structure indicate a directional bonding
of Mo atoms with a distortion of the structure. A stronger distortion is
obtained in the MoSis structure, which is usually considered as ordered
bee structure. Many ordered bee alloys MyNyR, can be described by
sequences of x M, y N and z R layers similar to some ordered hcp or ccp
alloys (Tables 7,8). The reduced distances between layers are related
to an increased directional bonding in ¢ direction (or decreased bonding
in the a, b plane). The consideration of bcec and pc metals (Po) as a
chain similar to hcp and ccp suggests an increased directional bonding
at an increased percentage of h layers (c3 (Cu), hee (Th HP), ch (a-Nd),
chy (o-Sm), hy (Mg)) and reduced distances between layers (cs (Cu, Hg,
In, Po, W), hey (Tb HP, Cdl,), ch (a-Nd, NiAs), chy (c-Sm, MoSs))
(Table 7). Next-nearest neighbors of the c3 chain are further apart than
in the hy chain (Fig.19). The periodic system with the low-temperature
modifications of the elements (Fig.43) suggests a periodic sequence of
bce, hep, cep crystal structures with some deviations like the diamond
(ZnS) structure of C, Ge and Sn, or the helical structure of Se and Te
with increased directional bonding instead of the bee structure (Sutton,
1993). The C atoms of diamond exhibit the same structure as the Tl
atoms in the ordered bee alloy NaTl. The Na positions are vacant in the
diamond structure. The structures of As, Se and Po can be obtained in a
similar way from distorted CsCl with vacant Cs positions. The number
of vacancies is increased in an idealized o-Mn (0 0 1.24; 6.45) with the
Z, Y, z parameters of the 58 Mn atoms 1/3 (w = 0.317, u = 0.356), 1/4
(v = 0.278), 1/12 (v = 0.089) and 0 (v = 0.042) instead of the observed
values in brackets (Wyckoff, 1982). Usually the directional bonding de-
creases at increased atomic radii (Buchanan and Park, 1997) like in ccp
Ca and Sr, hep Tc and Re or ccp Pb (bcc Ba seems to be an exception).

A periodic variation of the crystal structures with a, periodic variation
of directional bonding in the sequence ccp hep bec hep, cep ... (Fig.43)
is obtained for the elements Ne He Li Mg, Ca Y Ta Re, Pt Cd Sn M and
Pb N Po R. The sequence of these and neighboring elements is similar to
the relative ordering number M (Table 18). The bee crystal structure
with directional bonding is replaced by other structures like a-Mn, Ga,
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C, As, Se and Po. The hcp elements M, N and R with weak directional
bonding are not observed in the right hand area of the periodic system.

Some exceptions of crystal structures, which are not at the border of the
structure maps, are also found in ordered alloys. Most of the ordered
bee alloys are at the surface of the three-dimensional T3, 5, T3 structure
map (Hauck and Mika, 1997). The layered [111] structure like MNM2No,
which can be obtained by a combination of the sequences MN (CsCl
structure) and MyNy (NaTl structure) (Table 7), yields the s-CN values
2.9 2 10.7; 1 instead of 2.9 1.7 T3 ; (1), which can be obtained by adding
other structural units in very large unit cells (suprema) (Fig.37a). Other
combinations of both structures are impossible because of geometrical
constraints. Some structures of the bce system are at the border of the
three-dimensional T} T5 T3 ;y/x structure map, but inside of the 17, Th
projection (Fig.37a). The same applies to the hcp ZnS related structure
of a-LiSiNO with s-CN values 6 2 2;1 (Hauck and Mika, 1998b).

Few structures like CdygAury (Table 3) or ZnAus (Teuho et al., 1987)
(Fig.44) can be considered as a combination of structural units u, v and
the 2 2 2;3 structure for CdgsAurs or u — y (Fig.12) for ZnAus with
some other (dashed) additional units. The Ty, T values of these struc-
tures are close to the border of the structure maps. Other structures
can be considered as a combination of structural units from different
systems like CaFs and W (Parthé et al., 1993). Quasicrystals are prob-
ably nonperiodic combinations of such units. If the size and bonding
of the components is too different, then the close-packed alloys become
unstable and favor structures without close-packing.

Binary compounds AB, AB, and AB; from the different groups of the
present investigation are plotted in structure maps with the relative or-
dering numbers My and Mp as parameters (Pettifor, 1994) (Table 18,
Fig.45). Most of the structures are in different areas of the field with M
+ Mz > 103 (right of the dashed line in Fig.45). The proper composition
of new compounds can be selected from this structure map, the relative
ordering numbers, electronegativities, pseudopotential radii sum (Table
18) or coordination numbers for interstitial compounds (Table 19).
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R=1/2[301]

Figure 44: Projection of the CdggAuye structure (Table 3) and different non-
stoichiometric ZnAus., structure variants (Table 4) with non-periodic shear planes
(Hyde and Andersson, 1989). Cd or Zn atoms at 0 (o) or 0.5 (o). The dashed areas
are structural units, which are not at the boundary of the structure maps.
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New structures of ordered alloys or interstitial compounds can be ana-
lyzed, if the unit cell or reduced unit cell (Table 20) is determined by
electron diffraction. The structural units and T3, T structure maps of
the present investigation can help to find the proper structure model
for the refinement of weak superstructure reflections of samples, which
are twinned by the ordering process. The large number of theoretical
structures is reduced to a small number, if the size of the jig-saw puzzle
is known.
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on next pages).
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30 Notation

A, B,C
K, L
m

n
n=2
n=3
p

d

a=d, c=n+/2/3d

ac=v2d
f=h/(h+c)

MNy, r=y/x>1
T=T;(M) or Ty(1)

k=T} or TP

T;(M,N)
CN
Pi

q:
T’ima.x
T To Ts;y/x

positions of metal atoms in hexagonal layers
positions of metal atoms in square layers

number of atoms/formula unit

number of hexagonal layers

layers in A, B positions of hcp or h hexagonal close-
packed structures

layers in A, B, C positions of ccp or ¢ cubic close-
packed structures

number of sequences/unit cell

diameter of atoms = distance between the nearest
M atoms

hexagonal lattice constants of structures with n lay-
ers

lattice constant of cubic fcc unit cell (Fig.3)
fraction of h layers in complex close-packed struc-
tures

alloy composition with minority component M
self-coordination numbers of M atoms with M
atoms or I atoms with I atoms for =1, 2, ... coor-
dination shell

number of contacts between the spheres of A or B
atoms

coordination numbers of M atoms with N atoms
coordination number of M atoms with other atoms
i = M or N, number of metal atoms M or N next to

each interstitial atom [ = O, Cl, etc. in antistruc-
tures

charge of M or N atoms

maximum self-coordination number in pure metals
characterization of crystal structures by the M atom
environment, where T} is the number of ith nearest
neighbors and y/x the ratio of the components
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(T1 T2 T3;y/x) s-CN values, which are not on the boundary of the struc-

o, ~1<04;<1

+V;

Mi

c, h t,s
Azc/a
Azc/d

abc ...

[abc]

ture map

Cowley’s short-range order parameter, o;T™* = T
(T72*-T;) /1, the oy, oy parameters are used for structure
maps

repulsive (—) or attractive (+) interactions between M
atoms, e.g. Coulomb repulsion or covalent bonding
number of M and N atoms with different environment
(= different T; values)

notation for the stacking of hexagonal layers (Fig.19)
distance between hexagonal layers

distance between square layers

sequence of structural units

mirror plane, the asymmetric sequence (Fig.12) of struc-
tural units abc| should be completed to the periodic
sequence abccba

translation a./2 a./2 at the interface of structural units
to continue a sequence of structural units abct in the
periodic sequence abca'b’c’ of shear structures with an-

tiphase boundaries
two- or three-dimensional tiling of structural units.
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Table 1: Stacking sequences of all n < 9 hexagonal layers and some experimental
structures with n > 9 with stacking symbols and number M¢ of metal atoms with
different coordination (Fig.1), T;(h) or T;(c) values of the chain of hey, chy, etc. stacking
sequences, prototype, space group (here and in the following determined by a program

(Mika et al., 1994)) and Pearson symbol (PS).

layers | T;(h) or Ty(c);r | stacking | M¢ | proto- | PS space | popul-
a chain symbols type group | ation
segregation or clustering of h and c at left border of the map
2 222;(1) |h 1 Mg | hP2 P63z/mmc 271
3 222;(1) |c 1| Cu |cF4 Fm3m 369
Hg |hR1 R3m 5
In |tI2 I4/mmm 28
5 100;1.5 | hses 2 P3ml
Ta 1.30.70;1.3 | cshy 3 P3ml
8e 100;3 hace 3 P3m1l
9b 1.30.70;2 cghg 3 P3ml
combination of cghg, ch and chy or hey
4 020;1 ch 2 | o-Nd | hP4 P63/mmc 33
6b 002;2 hce 2 | To HP | hP6 P63/mmc 1
8a 0002;3 chs 2 | MgNy P(_ig /mmec
9a 002;2 chy 2 a-Sm | hR3 R§m 32
12 101;1 hoco 2 | MxNy R3m
14 001;2.5 | chachg 2 | MyNy P§3/mmc
21 000;6 chg 2 | MiNy R3m
6a 010;2 chch3 3 | MiNy P§m2
7b 0.7 0 1.3;1.3 | chaczhy 3 P3ml
Tc 010;2.5 | hchey 3 | MxNy P3ml
8b 010;3 chchs 3 Pém2
8c 0.5115;1 chachcoh | 3 P3ml
8f 0002;3 hcs 3 P63 /mmec
9c 0.700.7; 2 chycohy 3 P3ml
10 011;15 | chchy 3 | MiNy Pf_is /mme
15 011;1.5 | hche 3 | MxNy R3m
of 0.5 0.5 1; 1.25 | hcheghacy | 4 P3ml
9g 001;35 | hephes 4 P3ml
co | 00.76 1.24; 7 Fibonacci | o0
combinations inside of the map
8d 1051;1 coheghs 4 Pbtm2
9d 110.5;1.25 | cshchs 4 P3ml
% 0.510.5;1.25 | hpcghche | 5 P3ml
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Table 2: Self-coordination numbers T; = T/™** of pure metals in hexagonal and square
plane, hep, ccp, bee, pc and R?/d? values, R; = radius of é-th shell, d = diameter of

spheres.
i |Tm= R?/d?|TP ™ R}/d?|TP™* R}/d?|TPe* R}/d*\T{> R}/d®\ Ty R}/d’
hex. plane square hep ccp bce pc
1 6 1 4 1 12 1 12 1 8 1 6 1
2 6 3 4 2 6 2 6 2 6 4/3| 12 2
3 6 4 4 4 2 8/3] 24 3 12 8/3 8 3
4 12 7 8 5 18 3 12 4 24 11/3 6 4
5 6 9 4 8 12 11/3| 24 5 8 4 24 5
6 6 12 4 9 6 4 8 6 6 16/3} 24 6
7 12 13 8 10 12 5 48 7 24 19/3| 12 8
8 6 16 8 13 12 17/3 6 8 24 20/3| 30 9
9 12 19 4 16 6 6 36 9 24 8 24 10
10 12 21 8 17 6 19/3| 24 10 32 9 24 11
11 6 25 4 18 12 20/3] 24 11 12 32/3 8 12
12 6 27 8 20 24 7 24 12 48 35/3| 24 13
13 12 28 12 25 6 22/3] 72 13 30 12 48 14
14 12 31 8 26 12 25/3| 48 15 24 40/3 6 16
15 6 36 8 29 12 9 12 16 24 43/3] 48 17
16 12 37 4 32 24 29/3| 48 17 24 44/3| 36 18
17 12 39 8 34 12 10 30 18 8 16 24 19
18 12 43 4 36 12 31/3| 72 19 48 b51/31 24 20
19 6 48 8 37 2 32/3] 24 20 24 52/3| 48 21
20 18 49 8 40 12 11 48 21 48 56/31 24 22
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Table 3: Hexagonal close-packed alloys MxNy characterized by the self-coordination
numbers T; of M atoms in the hcp structure and in each hexagonal plane, number
M* of metal atoms with different sets of hcp T; values, sequences of structural units
(Fig.10), space group and Pearson symbol (PS).

T;(M);r T.M);r | M!| proto- PS space | struct.
hcep hex. plan. type group units
layers of M and N atoms in [001] direction

126 2; (1) 666; (1) 1 | Mg hP2  P6s/mmc | MoNoo
930;1 666;(1)| 2 P3m1 M,N,
602;1a 666;(1)! 2 [LiRh hP2  P6m2 MN

[120] structural units a — o (Stolz, Schubert, 1962)
602;1a 666;(1)| 2 |LiRh hP2 Pém2 |b
602;1b 226;1 2 | MN Pmmn aa/
442;1 242;1 2 | MN oP20 Pnma aba'b
222;2 060;2 2 | TaPto oC12 Cmem ac’
202;3 226;1 4 | SbAg; oP4 Pmm2 b’
042;3 022;3 3 | TiCus oP8 Pmmn cc
022;4 040;4 5 | ZrAuy oP20 Pnma ecec’
000;5 060;2 3 | SnAuj hR6 R32 e
[220] structural units u — y (Schubert, 1964)

44251 24251 2 |MN oP20 Pnma Xy
462;1 226;1 2 | AuCd oP4 Pmma y
042;3 022;3 3 | TiCus oP8 Pmmn u

0442;3 01.628;3 7 | SnCug oC80 Cmem Vig

04.72;3 (01333;3 7 | (Cd,In)Aus | 0C48 Cmem Vi
052;3 014;3 5 | CdAus 0C32 Cmem vu
062;3 006;3 2 | SnNi; hP8 P63/mmc |V

other structures
(0.03.72;2.8) | 02.32.8;28 | 12 | CdgsAury | hP98  Py/mme

042;3.3 022;33| 5 | SbsCuio hP26 P63/m
(142;3.5) 013;3.5| 6 | CdipAugy |hP54 P6s/mem
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Table 4: Cubic close-packed alloys MyNy characterized by the self-coordination num-
bers T; of M atoms in ccp structures and in square planes (only occupied pl'anes per-
pendicular to the direction with highest symmetry are included), number M* of metal
atoms with different sets of T; values, sequences of structural units (Fig.12), space

group and Pearson symbol (PS).

T:(M);t T;(M);r | M proto- PS space | struct.
ccp square type group units
layers of M and N atoms in [111] direction
12 6 24; (1) 444;(1)| 1 {Cu cF4 Fm3m | MuN

931251 2 | MN hR4  R3m M,N,
606;2 2 | ZnAl, hP3  P3ml MN,

6012;1a 204;1 | 2 | CuPt,a hRR2  R3m MN

[110] structural units a — d, k, 1 (Ketelaar, 1935)

6012;1a 20451 2 | CuPt,a hR2 R3m a

6012;1b 20451 2 | CuPt,b cF32 Fd3m 1Y

441651 044;1 2 | UPDb tI8 I4;/amd | ada

2.73.310.7; 1.7 204;1 5 | (Zn,Ga)sAus | 0I32  Ibam beb'c

3010;2b 204;1 3 | All0,Cl; mC12 C2/m ac’
204;3 204;1 3 | CuPt; oC8 Cmmm |c
048;3 044;1 3 | TiAl; tI8 I4/mmm |c

[210] structural units e - i (Forsyth, Gran, 1962)

4416;1 044;1 | 2 | UPH tI8  I4/amd |eg

468;1 444;(1)| 2 | CuAu tP4  P4/mmm | f
NaHg oC16 Cmem
2212;2a 202;2 2 | MoPt, ol6 Immm g
1310;2.5 110;25| 4 | MnyAug mC14 C2/m gh
0.73.393;2.7]07130;27| 6 | MosAlg mC22 C2/m gho

048;3 044;1 3 | TiAl, tI8 I4/mmm |h
028;4a 000;4 2 | MoNiyg tI10  I4/m i
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Table 4 (continued)

Ty(M);r T;,(M);r | M? proto- PS space struct.
ccp square type group units
[001] structural units u - y (Johansson, Linde, 1936; Brauer, 1939)
4416;1 044;1 2 | UPb tI8  I4/amd |xy'x'y
45.69.6;1 044;1 6 | CuAu Il ol40 Imma YXoy'xg
468;1 444;(1) 2 | Culu tP4 P4/mmm | x
248;2a 044;1 3 | ZrSiy 0C12 Cmem un'y'v'vy
248;2b 044;1 4 | (Zr,Al)(Si,Al); | 0C24 Cmmm | uu'x'vv'y'
u'uxv'vy
254;2a 044;1 4 | ZrGap 0C12 Cmmm | vyusyv
254;2b 044;1 3 | HiGa, tI124 I4;/amd | ugyvex'
upy'vex
1.348;23 044;1 6 | GdsSny 0020 Cmmm | u'uyv
vyvyu
1.35.32.7;2.3 044;1 6 | CesSny 0020 Cmmm | ugyvayus
15.52;25 044;1 7 | CezxSns 0C28 Cmmm | viy'ugy'vs
0.848;2.6 044;1 10 | NbsGays oC36 Cmmm UuHuyvv,HVa
vhvyuusu
048;3 044;1 3 | TiAls tI8  I4/mmm | uguy
054;3 044;1 3 | ZrAlg tI16 I4/mmm | vavy
CdAu; II tIl6 I4dmm
060;3 044;1 2 | AuCu; cP4 Pm3m u
SiUs tIl6 I4/mem
SrPbs tP4  P4/mmm
other structures
(546;1.25) | (121;1.25) | 3 | VaZns tI18  I4/mmm
356;15 | 333;0.25 | 4 |Ti:Gas tP10 P4/m
2.74.753:17 | 004;3 4 | GagPts oC16 Cmmm
044;1 -
000;7 | 004;3 | 3 |GeCay cF32  Fm3m
020;8 000;8 3 | TiPts tI18 I4/mmm
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Table 5: Complex close-packed ordered alloys M,Ny with the same hexagonal planes

as hep or cep structures, space group and Pearson symbol (PS).

layers | stacking T;(M);r prototype PS space
symbol hex. plan. group

2 hh 226;1 AuCd oP4 Pmma
3 cce 226;1 | CuAu tP2 P4/mmm
6b (heo)2 226;1 IrTa oP12 Pmma
9a (chy)s 226;1 | LiSn(NbyRhj) mP6 P2/m
2 hh 060;2 SnAug hR6 R32
3 cce 060;2 008;5 P3,12
4 (ch), 060;2 WAI; hP12 P6322
2 hh 022;3 TiCus oP8 Pmmn
3 cce 022;3 TiAls tI8 I4/mmm
6b (hea)2 022;3 B-NbPd; oP24 Pmmn
12 | (hoca)s 022;3 | B-NbPt, mP48 P2 /m
2 hh 014;3 CdAu; oC32 Cmem
3 cce 014;3 ZrAl; tI16 I4/mmm
4 (ch)a 014;3 | MgAug; 0C64 Cmcem
6a | chch; 014;3 | Cd(Au,In)yg 0C'96 Amm2
9a (chs)s 014;3 | Cd(Au,In)s mC576  C2/m
10 (chchy)s 014;3 | MgAu; 0oC160 Cmem
2 hh 006;3 SnNis hP8 P63 /mmec
3 cce 006;3 | AuCu, cP4 Pm3m
4 (ch), 006;3 | TiNis hP16 P63 /mmc
6b (hea)2 006;3 PuAl;z, VCos hP24 P63 /mmc
Tc hChC4 006 3 3 Ti(Pto,ggNio_n)g hP28 Pf’)ml
9a (Ch2)3 006 4 3 Ban3 hR12 R§m
10 (ChChz)z 006 3 3 ’Y—T&(Pdo_67Rh0,33)3 hP40 P63/mmc
12 (hacs)s 006;3 PuGag hR16 R3m
14 (Cthh;;)z 006 ; 3 Ba(Pbo_ngo,z)g hP56 P63/mmc
15 | (hchep); 006;3 | HoAl, hR20 R3m
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Table 6: Self-coordination numbers of some homologous series with different r* and
k values (see text).

* k| T(M);r type T;(M);r type
cep hcp

2 2 2212;2a MoPt;,b 220;2ab

2 1 7418;1/2a Pt;Mob | 741;1/2ab

2 011262450 Cu 1262;0 Mg

3 3 060;3 AuCu; 062;3 SnNi;

3 2 468;1 CuAu 462;1 AuCd

3 1| 8616;1/3 CusAu 862;1/3 NizSn

3 0| 12624;0 Cu 1262;0 Mg

4 4 028;4 MoNiy

4 3| 3312;3/2

4 2| 6416;2/3

4 1| 9520;1/4 NisMo
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Table 7: Composition, space group (SG), Pearson symbol (PS), layer and stacking
sequences of [111] M,N,R, layered compounds with h, c, s, t notation (Fig.19). The
distance between layers Azc/a varies in N (normal), I (interstitial alloys) and B form
(body-centered cubic alloys).

M;NyR, SG PS layer sequ. | stacking sequ.
RM, RMR, (RM):R or (RM)3R chains
(I form with 0.2 < Aze¢/a < 0.8)

ZnS 3C 216 cF8 RM to
ZnS 2H 186 hP4 RM D)
ZnS 4H 186 hP8 RM Sgte
ZnS 6H 186 AP12 | RM sota
ZnS 12R 160 hR24 | RM Sqt4
NaCl 225 cF8 RM cy
TiC 225 cF8 RM Co
NiAs 194 hP4 RM he
NNb ¢’ 194 hP4 RM he
TiS HT 166 hR18 | RM he he ¢y
02M03 194 hP12 RM hC5
TiP 194 hP8 RM hcg
N(Ta,Mn) 194 hP8 RM heg
MoS, 2H 194 AP6 | RMR hs
CdI, Cé 164 hP3 RMR c3
CTay 164 hP3 RMR c3
NbS; 2HHT | 194 hRP6 RMR che
CdCl; C19 166 hR9 RMR hch
CaF. 225 cF12 | RMR hch
SnMgy 225 cF12 | RMR hch
LaH, 225 c¢F12 | RMR hch
Cdi, C27 186 hP6 RMR hcy
N(ScTa) 186 hP6 RMR hco
MoS: 3R 160 hR9 RMR chy
TaSe; 4H(b) 194 hP12 | RMR csche
Thl,; 8 194 AP12 | RMR hghch
NbSe; 4s(d2) | 187 AP12 | RMR cghgcsche
NbSe; 4HLT | 187 hRP12 | RMR chchycechechy
TaSe; 4s(c) 186 AP12 | RMR che chy
NbSez 45(d1) | 156 hP12 | RMR chacohche cg
TaS, 6s 160 hR18 | RMR chy c3
SnSs 18R 166 hR27 | RMR cshey che
BiyTes I 166 AR15 | RMRMR Cs
Pt2Sn3 194 AP10 | RMRMR hchch
IngSs «y 164 hP5 RMRMR hesh
LasO3 164 hP5 RMRMR hcsh
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Table 7 (continued)

M;N,R, SG PS layer sequence stacking sequ.
RM, RMR, (RM);R or (RM);3R. chains
- (I form with 0.2 < Azc/a < 0.8)
03A14 166 hR21 RMRMRMR hSzCSzh
Th3N, 166 hR21 | RMRMRMR hcsh
As3Sny 166 hR21 | RMRMRMR Ccy
C3Vy 166 hR21 | RMRMRMR Cy
RN(RM), RNR chains
SnSb,yTey 166 hR21 | RNRMRNR Cr
InIn, Tey, HP 166 hR21 | RNRMRNR 7
FeFe,S, 166 AR21 | RNRMRNR hchchch
MgAl,;Seqy 166 hR21 | RNRMRNR hsscssh
(Cr, Fe)(Ga, Fe),Ses | 166 hR21 | RNRMRNR ctactac
FeGa.284 a 164 hP7 RNRMRNR htzctgh
Pb,Bi,Ses 164 hP9 RN(RM),RNR Co
Fe2Gazs5 2H 194 hP18 RN(RM)zRNR hththzh
Fe;GasSs 3R 166 hR27 | RN(RM),RNR htocstoh
(Mn2h2)8e5 166 hR27 RN(RM)zRNR Ct2C3t20
Mg, Al,Ses 164 hP9 RN(RM),RNR hsacgsoh
GG3ASzT€6 166 hR33 RN(RM)gRNR C11
Ge4AszTe7 166 hR39 RN(R.M)4RNR C13
Ge5A82Teg 164 hP15 RN(RM)5RNR C15
RN(RM),RNR(MR),,NR chains
NC;Al; 186 hP18 [ RNRNRMRNR hspcsgh
N,C3Alg 166 hR33 | RNRMRNRMRNR hsscssh
N3C;Aly 186 hP26 | RN(RM),RNRMRNR hsgcsgh
N4CsAlg 166 hR45 | RN(RM),RNR(MR).NR hsgcsgh
combinations of chains
T1InS, 194 hP8 RNRM csh
NaFeO, « 166 hR12 | RNRM C4
Znln,S, Iib 186 hP14 | RM RNRNR hspctoh
Znln,S, I1la 160 hR21 | RM RNRNR hsacszh
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Table 7 (continued)

MxNyR, SG PS layer sequence stacking sequ.
combinations of chains
ZnInyS, 1 156  hPT7 RM RNRNR htoctoh
ZnIn,S, Via 160 hR42 | RM RNRNR hsyctah htocsoh
ZnlIn,S, 1Ta 164 hP14 | RNRNR MR htoctah
RM RNRNR
anIIlgS5 IIa(l) 186 hP18 RM RNRMRNR htthgSzh
(ZnoIng)Ss ITa(2) 186 hP18 | RM RNRMRNR hspcsgh .
Zn21n285 IITa 160 hR27 RM RNRMRNR hSthzSzh
(Zn31n2)86 Ia 164 hP11 RM RM RNRMRNR hSzt2Ct2S2h
Zn31n286 Ib 156 hP11 RM RM RNRMRNR hSzththgh
GeBiyTe; 164 hAP12 | RNRMRNR RNRNR C12

chains containing vacancies at M’ or N’ positions

(Ga,In);_InSs 186 hP18 | RM' RNRM'RM'R hsqcssh

(Zn,In)s»(Se,S)s Ib | 164 AP18 | RN’ RM' RNRN'R hsytactoh
RN'RNR M'R N'R htoctasoh

(In, Ga)4.6757 164 hP14 | RN'RMRN'R (RM');R | htecteh hegh

(In, Ga,)7,33811 166 hR72 RM'RMRNR (RM’)zR hSthzh hC3h
RN’ RMRM'R htzCSzh

M-M bonding

ZrCl 166 hAR12 | RM3R C4

PtTe 12 mC8 | RMR C4

GaS 2H () 194 hP8 RM,R hsph

GaSe 3R (v) 160 hR12 | RM,R csph

GaSe 4H (6) 186 hP16 | RM:R csehhsyh

GaSe 2H (¢) 187 hP8 RM,R csochssh

TayCSs 166 hR15 | RMNMR Cs

TasCS, LT 164 hP5 RMNMR, hcsh

Pt3Te, 166 hAR21 | RM;R RMR cy

Pt,Tes 166 hR30 | RMR RM:R RMR C1o

BiSe 164 kP12 | RMRMR RMRMR M, | c;2

B§4Se3 166 hR21 | RMRMR M, cr

Bi,Te 166 AR27 | RMRMR M, M, Co

AS 166 hRG M2 Co

BizTeg II 160 hR5 M2 R3 Cs
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Table 7 (continued)

Zalkin et al., 1956))

M,NyR, SG PS layer sequence | stacking sequ.
—M-M-~ or -M-N- bonding
(N form with Azc/a ~ 0.8)
LiRh 187 hP2 | MN hy
CuPt 166 hR6 | MN Co
ZIIA12 164 hP3 MN2 C3
a-Nd 194 hP4 Moo ch
Tb HP 194 hP6 | M, he
o-Sm 166 hR9 | My chs
MNm M2Nn

(B form with Azc/a = 0.2 (Zalkin, Ramsey, 1956;

CsCl 221 cP2 MN Co
MgLa 221 cP2 MN Ca
CeCd, 164 hP3 MN, C3
BiF3, AlFe; | 225 cF16 | MN; C4
LaH3 225 cF'16 MN3 Cy4
NaTl 227 cF'16 M2N2 Cy
AlMnCu, 225 c¢F16 | MRNR Cyq
AgSbLi, 216 cF16 | MNR; ca
A12Li3 166 hR15 M2N3 Cs
SiFe, HT 164 hP6 MNMN3; Ce
Ni,[JAl3 164 hP5 MRMRNR Ce
NipAls 164 hP5 RMRMR hcgh
SizLis 166 hR21 MNzMN3 Cr
GagyLis 164 hP9 | MaNoMoN3 Co
G920U2Li5 164 hP9 MNRzNMRg Cg
Pb;Lig 166 hR33 | MNoMN3MN3 | ci
Pb,Li; 164 hP9 | MN3MNy C11
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Table 8: Composition, layer sequence and T;(M) values of fcc (V form), bee (v form)
and CaF, (I form) and related compounds with stacking of square layers in [001]

direction.

M,N,R,

SG PS

Ty(M) bee/cop/pe

layered [001] structures (Schubert et al., 1960) (Fig.21)
(v form with Azc¢/d = 0.6, bece)

CsCl a (MN) 221  cP2 0612;1
MoSiy b (MNa) 139  tI6 044;2
ReSiy b 71 oI6 044;2
VAu, b 63/38 oC12 044;2
AlAu, b 62 oP12 044;2
AB3 ¢ (MN;) 123 tP4 044;3
~v-TiCu d (M3Na) 129 tP4 4441
A‘llszg e (M2N3) 139 tI10 44 4; 1.5
AB, £ (MaNyg) 129 tP6 444;2

AB g (M4N4) 129 tP8 658;1
TizCuy bd 139  tI14 2.744;13
TipCus bdb 129  tP10 244;1.5
Osq2Al3 ab 139 110 058;1.5
TizPds bab 123  tP8 04.76.7; 1.7
ReAl(Re,Al); MRNR 123 tP4 044;3(MN)

0612;1 (R)

CuAu related structures in [001] projection with composition
of Cu/Au layer (V form with Azc/d ~ 0.7, ccp)

TiyGag M,4N/Nj 83 tP10 356;15
MN; MN/N, 65 o004 224;3a
PdCuy M;,N3 /N 84 P20 114;4
[14Co5Gey NsRs/ 107 tI24 224;3/
MRy 1.6 4.8 3.2; 2.2/
462791;13
CuAu a (MN) 123 tP4 468;1
CuZr, b (MNa) 139  tI6 440;2
TiCd d (M,Na) 120  tP4 848;1

layered [001] structures (I form with Azc¢/d ~ 1, pc)

Po
PbIO
M3E1504
M,0O0;
MO0
M3[,04
MOO

M

a (MN)
b (MN)
v (MN3)
d (M3Ny)
ac

ad

221 cP1
129 tP4
139 tr14
129 tP10
123  tP8
129 tP14
99 tP12

612 8; (1)
44051
440;2
440;3
584;1
44052
47 6.7 2.7;1
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Table 9a: Self-coordination numbers T;(M) of M atoms with M atoms in ¢ =1 ~ 3
shells and y/x of McNy composition of M and N atoms in ordered alloys and related
structures (Section 18). The structures are ordered for different structure families
with sequences of structural units or a two-dimensional tiling of units shown in square
brackets. Square net, structural units from Fig.8.

T;(M);y/x struct. ccp alloy bee alloy
square units [001] [001]
T»=2T1-4 a, b, c
444;(1) | ab Cu, NaCl | W, GsCl
3221 acbc
204;1 c2 CuPt a,b | 7-TiCu
203.3;13 csbes TigCuy
322 H 1.5 bcach 032A13
202;2 cbe MoPts
To=-2T;+2(3-1r) | b*,c*,s* t*
204;1 c* CuPt a,b
12351 cits :
044;1 £ UPb NaTl
111;15 [c*s**t] PdCuy
004;3 S5 GeCay,
GagPts
002;3 si*
Ty=0 b,c, s, t
04451 ta UPb NaTl, AlFe3,'
, AuMng, GalLis,
(MO,U)Ua
032;1.5 t3S2
020;2 sat CuZry
020;3 tsbs TiAls
01.60.8;3 [b4S12t4] Mng.l'&u;;l
0004;4 [bsg] MoNiy,
TisGag
000004;8 [bss4] TiPtg
others
220;1 dgs2 TiCd, Au(Zn,Au);
’ V4Zn SbyTl; (2=0)
(121; 1.25) [beata) 4Zng -
1.3 13 0; 2.3 [b302d83t] nglaiy
110;25 [szztSz] MngAus
0.7 1.3 0; 2.7 [b302t254] MogzAls
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Table 9b:

Same as Table 9a, except for hexagonal net, structural units from Fig.6.

T;(M);y/x struct. ccp alloy | hep alloy bee
hex. plan. units [111] [0001] [111]
a,b,c
666;(1) | a, b Cu Mg NaTl
42251 achc TiCu
226;1 Co CuAu AuCd
20252 cbe MoSis,,
MOPtg
c,e—i
226;1 c* CuAu AuCd,
SbAgs
060;2 e MoPt, TaPt,,
SnAug
041;25 | ef Mns Aug
03313;27 | efy MosAlg
022;3 f TiAlg TiCug
24251 g &
020;4 h MoNiy
040;4 ei ZrAuy
020;6 i
C,, C”, k
226;1 c, CuAu AuCd
2245251 cye” CuAu Il
242;1 c'c”
1515 4.5; 1.5 [cgcf,,'kg] TigGa@
114;2a | c'k ZrGag
114;2b | c'ke"k HfGa,
006;3 k AuCus SnNig
Ty=0 b, f', k, k'
022;3 ! TiAls TiCus
01.62.8;3 fik SnCus
014;3 f'k ZrAl; CdAug
01313;43 | [bakly]
0006;6 PuzPdy
007;7 [bgks ]
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Table 9b (continued)

T;,(M);y/x struct. ccp alloy hep alloy bee
hex. plan. units [111] [0001] [111]
others
2.5 1.5 2.5; 1.25 V4Zn5
222;1.3 Zn3zGaysPdy
(122;2a) |’ ZrSi,
(122;2b) | '’ | (Zr,Al)(Zr,Si),
(04; 2 2, 26) lefi NbsGam
(0 2.3 28, 28) [e3f6k4] CdgeAll72
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Table 10a: Composition MyN,R, and different types of chains RM, (RM),R, (n=1
— 3) and RNRM, which can be formed by atoms with one, two or three bonds, number
of valence electrons €; of i = M, N and R atoms and some experimental or theoretical
examples (in brackets).

M:NyR, | emener covalent chain ionic chain

RM 17 |I-Cu [I[Cu

RM 26  |S=Zn or-S-Zn- [S]Zn

RM 35 | N=Alor-N=Al-or =N-Al= [NJAl

RM 44 | -C=Si- or =C=Si= [C]si

RMR |027, |I-Cd-l [T]Cd[T]

RMR [061; |(Cu-S-Cu) Cu[S|Cu

RMR | 046, |S=Sn=S [S[Sn[S]

RMR |042, |(Mg=C=Mpg) Mg [ C | Mg

(RM)2R | 0 3, 63 | S=In-S-In=S [S|In|S|In|S]|

(RM);R | 0 55 23 | (Mg=N-Mg-N=Mg) Mg |N|Mg|N|Mg|N| Mg
(RM)sR | 0 43 55 | N=Th-N=Th=N-Th=N [NJTh[N|Th |[N[Th |N]|
(RM)sR | 0 43 3; | Al=C-Al=C=Al-C=Al AIJCTAI[CJAIJC] Al
RNRM |245;, |N=Th-N=Mg or -N=Th=N-Mg- | [N][Th [N|Mg

RNRM |643; |Al=C-Al=Sor-Al=C=Al-S- |Al[C] AITS [S]

Table 10b: Different elements with e; valence electrons in the order of increasing size
(Schubert, 1964). The elements shown in brackets contain also other electrons. Zn,

Al, Ga and N atoms (underlined) occupy tetrahedral, Mn, In, C and trivalent Fe (bold
face) tetrahedral or octahedral sites.

g O O W

Cu Ag Li

(Ni Co Fe Mn) Zn (Ge) Cd Hg (Sn Mg Pb Th)

(Ni Fe Cr) Al Ga In (Bi)

C Si (Pt Mo W Ta Nb) Sn (Zr)
NPAs

S Se Te

ClBrl
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Tfable 11a: Self-coordination numbers T;(A) and y/x of ccp alloys MyN, and NaCl,
BiF; or ZnS (sphalerite) related structures, which can be characterized by the Tj(A)
of square planes or structural units a - y (Fig.12).

Ti(A);y/x | Ti(A);y/x Na,,[0,Cl,,_« MNy M NySsty struct.
ccp square (BiFy), [0, F, (Cu) (ZnS) units
6012;1a | 204;1 Gd,C CuPt,a | In(Ga,Al)P, | a
6012;1b | 204;1 Ti,(0C CuPt,b 1V
441651 044;1 Pd,OH, Ti,(ON/ | UPb CuFeS, aa'/eg
(NdH3)Ho 50p.5
408;1.7 TigsCs M3Nj;
60 6; 2 20 2; 2 SaDIng ZIIA12 MNZ
3010;2a | 102;2 | ClTi, MN,
3010;2b {10352 Cl;Al, MN, ac'
30 10, 2c 10 2, 2 S3DSC2 MN2
2212;2a | 202;2 O0Ti,00, MoPt2 GeCusSes g
2212;2¢ B-0GasSes
1310;2.5 MnyAus | Sip(NiCu4)S7 | gh
20 4; 3 20 4; 1 Se4DTm3, CuPt3 ¢
01408[:]3
208;3 004;3 I, Hfs MN3;
04 8; 3 04 4; 1 Nb4DN3, T1A13 SbCU3S4 C/h
F 4SHD3
(CeHz)Hy.2500.75
060;3 044;1 ONbz[Os, AuCus Cd(CIng)Ses | u
Nby[1Cs
107,4 000,4 CI5UD4 MN4 )
028;4 | 000;4 | FsU, MoNi, i
Pds[H,,
O5[0Ti,
00 8;5a 002;5 Sg[1Lus MN35
008;5b | 000;5 VeICs III MNj5
008;53 002;5 VGDC5I, MN5
SGDSC5
008;5f Ve(Cs 11, MNj;
' OsReLis
006;7 |000;7 | VsOCy MNy
000;7 004;3 OsMggMnl] MNy
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Table 11b: Ti(A) values and structural units of hep alloys MyNy and NisIn or ZnS
(wurtzite) related structures with structural units of Fig.10, 28.

Ti(A);y/x T;(A);y/x | NipIn,O.Nil_, | MgNy | MgNySyy | struct.
hcp hex. plan. (NipIn) (Mg) (ZnS) units
442;1 [242;1 xx NipSnoNi B-NaFeO, |xy/aba'b
3.624 0, 1.4 |06 0, 2 XXyy Ni12G612D5Ni7 M5N7 (a) Pq
33 2; 15|15 1; 1.5 5xbx Mn5Sn5L__I2Mn3 M2N3S5 ac’aba’ca’b
220;2a (060;2 =zx NigGes[INi, o/-0GagS; |t
22 0, 2b (06 0, 2 zjrxiyii M3N3DM2 a—EIAl283
222;2 (060;2 xx M;N;OM, TaPts SiLi5O3 t/ac’/a'c
131;2.51041;25 2x2z |M;N;[0;M; SioCusSy
(222:25){041;25yF  |Mn;Sn;0,Mn;s ¢!
(222:3) [022;3 y§  |MNJOM; t
400;3 226;1 =xx M4N,M(3 MN; (b) hh'
1.3130;3 [060;2 2x727 |7°-CuySnyCulls|MN; (c) kh'h’
120;3 [040;3 222x |78-CuySnyCully khkh
042;3 1022;3 2y2y |M4NsM; TiCugs AsCuzSy cc' [u
062;3 |(006;3 272y |FeysGey[dFe; SnNig Zn(POAg)Ss |v
062;3 [006:3 2§2y |Pd;Tl,(,Pds |SuNis v
(130;3a) |006;3 2yx  |MgNgMs viviv"
(130;3b)[006;3 2§727z|Pd;Pbs3,Pds Iy
(130;3c) |006;3 2y |PtrIng[sPts v
020;4 1|1020;4 2%2z |7-CusSnzCully S
022;4 |040;4 6x6% |[MzNsM, ZrAuy ecec’

(a) layer sequence M,N, (MN,)3
(b) layer sequence (MN),, (N3),
(c) layer sequence (MNj)3, N3
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Table 12: Sequences of CN values of structure families with structural units (Figs.
12,23,26,28,34). The structure families are named by the pioneers who discovered
the first compound of the family. The underlined values CN 126 for CaTiOg, 84 for
(Sr,Ca)CuO; and 6' for SrO can segregate in long sequences or combinations. The
number py of M = Fe, Th, Dy, ... atoms next to each O atom in antistructures like
NaFeO,, or Ni’ next to each In atom in Ni,In related structures, in brackets.

struct. unit Ti(A);y/x M, Oyp—x CN
(Mn OxDxn—-x)

PER group

u'w series (Miiller-Buschbaum) 84, 7,6,
W2 008;2 (VHO,, SrO0,) | 6
u'wu” 0 2.7 27, 2 CuSr203L—_16 4 72
us 040;2 (Sr,Ca)CuO, 84

uv series (Er-Rakho, Raveau) 61255824
uv 0640;1.4 Ba(Cu,Fe),YO5; | 12528
Vo 080;1 CaTiO3; 126

vu' series 126, 10,428
vu' |  0640;14 | MOk 610, 4
uu'v series (Raveau, Chu) 84510252824

u'vu | | 0570;16 | CuBa;CuYOr | 4102528

vw series (Ruddlesden-Popper, Miiller-Bednorz) 1262926,

vw'v' | 062;1.25 | CuLazO4 69, ,

vw' | 04.83.2;14 CuBa,Tl1O05 69,6

vwyv' | 044;15 CuSryBisOg 69, 65

V2W’V’2 l 06.9 1.].; 1.14 LaCugLa207 12 62 92
8458355926

uvw’ series (Nguyen, Cava)

" 0 5.33 1.33; 1.5 CaCu,LayOs 8529

uvw'v'u
uvw’ | 0 457 2.29; 1.57 | CaCupBayTIO7 | 852 9, 6:
11”VIW’3V11 I 04 3, 1.625 C&CUzSI'zBizog 8 52 9 62

157



Table 12 (continued)

struct. unit Ti(A);y/x M, Osn—xx CN
(MnOxDxn—x)
hep/NipIn interstitial alloys

p — t (Ellner et al., 1971)
Pq 3624 0; 1.4 Ni]_zGelgDsNi7 (2 34)
T 22 0, 2a Ni3Ge3DNi2 (32 4)
s 020;4 n'-CusSnsCully | (1)

ccp interstitial alloys

a—d, k, 1 (Ketelaar, 1935)
a 6 012;1a | a-NaFeO, (3)
v 6012;1b | LiTbS, (3)
aaa'a/ 5214;1 NaDyO, (3)
ac’ 3010;2b | O,AICI (2)
ac'a'd 3010;2c | B-NayPtO; 2
¢dc'd 106;4 | K4UOs (122)

e — i (Forsyth, Gran, 1962)
i 02 8; 4a Na4U05 (12 2)
u — y (Johansson, Linde, 1936; Brauer, 1939)
xy'x'y 4416;1 v-LiFeO, (3)
11211’2 04 8; 3 Nb4N3D [42 52]
u 0 60,3 Nb4C3D [436]
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Table 12 (continued)

struct. unit T;,(A) ;}’/ X Mnoxn—-xDx CN
(MnOxCyn—x)
pc group (o - § (Thornber, Bevan, 1970))
ay 00 1, 8 Prgolsmz [6d 714 83]
C!,BO.’I(SI- 001 3 9 PI‘]_oO]_sDz [6d 714 85]
o'fad
ﬁ&’ﬁ& 0000 3; 11 P1'12022D2 [73 84]
ﬂ (mod7) 00 2; 6 PI‘7012D2 [6d 76]
,3 (modll) 0000 4; 10 Tb11020]:|2 [73 83]
honeycomb net (hollow positions on [111] surfaces)
a, b 363;(1) | MI, 6
V2 220;1 Sia[, 3
[c2p2] 002;3 Rhy(CO)(CzHs)0s [3233]
s 060;1 RuHO 1
mg3 030;2 2
cm 020;3a Ru, O3 12
C3 000;5 TisCOs 2
[ beg] 000;7a | RusO0 [013]
kagomé net (bridge positions on [111] surfaces)
O3 20 0; 2 SI2DB13D6 2
[ bac1g) 000.7;7 Pt16(CeHs)2(CO)alsz | [04112]
[bgCg] 00 1; 11 Pt16(00)4[]44 [08 ]-8]
[bacy) 000;1la | GesSy [0z 1]
[b12C4] 00 O; 23 Pt16(06H6)2D46 [012 14]
hexagonal net (top positions on [111] surfaces)
a, b 666;(1) | SiCl 1
e 060;2 Rus(CO)Cl, 10,
k 006;3 AsyGagl] 150
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Table 12 (continued)

struct. unit | T3(A);y/x | MpOxn—xDk CN
(MnoxDxn—x)
square lattice

hollow positions on [001] surfaces
a, b 444;(1) | NiAl 4
c 204;1 SiyColT 2
£ 044;1 OCu;0.0. | 2
t3Ss 03 2; 15 Cu5Pb3D2 23 12
s 002;3 Cugyllls 1

bridge positions on [001] surfaces
a,b 444;(1) | NiSi, 4
t 044;1 SisSboll, 2
tsbs 020;3 Ge,Ss 2101
s 002;3 | Pdy(COXT; |1
tsbss 020;5 TazO0; 21051

top positions on [001] surfaces

cbe | 202;2 | Si,[1 101
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Table 13a:. Hexagonal close-packed interstitial alloys with different occupation at
octahedral sites, T;;y/x values of the primitive hexagonal lattice ph (i=1-7) and

hexagonal planes with translations x, % or 2x to next layer. Ty Ty T4

LTT (ph), T T T; (pb) ET+T T3 T (ph).

(hex.plane) =

TA)iy/x T;(A);y/x Ti(A);y/x Proto-  |SG PS
ph ph hex. plan. type
Bozorth (1922)
8126;(1) | 261226246;(1) 666; (1) NiAs, §-NbN |194 hP4
606;1 06026126;1 666;(1) a-Ta C 164 hP3
(442;1a)*| 0442216231 422;1  2x|&NbyCO 62 oP12
282;1 0282212651 226;1 x | CoCO 58 oP6
284;1 0282482;1 24251 x | (-FesNO 60 oP12
066;2a 0060660;2 060;2 x [&-NigC, 167 hRS8
Kiessling (1949)
03.244;34 003224400;34 0 4.7 0; 2.7** V5B, V 65 0C22
23033;27 |0230233731;27| 23331;2.7+* B
2853;1 02825355251 25.32; 1** a
02.74.7;3.7 002724700;3.7 04.70;3.7 Ty|TagBslly, Ta 71 oIl4
2504;25 025024715;25] 25415;25 Ty|B
28542;1 028254512;1 2542;1 Ty | O
025;4 0022500;4 050;:4 5% | VeB3ls, V 63 0C20
230.74.7;23 [0230724762;23]| 23472;238 5x|B
2856;1 028256482;1 25.62;1 5x 10
Ganglberger (1968)
066;2b 0062600;2 060;2 xx | FepP3, Fe 189 hP9
002;5a 0002280;5 030;35% |P
28471 0282476.72;1 24.7 2; 1** O
000;20 0002000;20 000;20  7x|ZryFesPy0z | 174 AP21
052;25 0052500;25 050;25 Tx|Fe
006;5a 0002600;5 06 0;2** P
28631 0282642;1 06 0;2%* O
002;12 0002200;12 020;12 Tx _Z_EgNizoPmDsg 174 hP39
04.248;29 004224800;2.9 04.80;29 Tx|Ni
006;5a 0002600;5 060;2% P
227758731 0121772 2.1 5.7 2.1; 1** O
574821;1
003;95 0000330;95 030;95 ZngGagPdy[log [ 146 hRI14
002;13 0000220;13 020;13 Zn
006;5b 0000660;5 060;5 Pd
066;2a 0060660;2 060;2 x | Gat+Zn+Pd
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Table 13a (continued)

Ti(A);y/x Ti(A);y/x Ti(A)sy/x Proto- |8G PS
ph’ ph hex. plan. type
other structures
286;1 0282642;1| 060;2% |eFeN 164 hP9
(3.35.32;1) [03.35.32214.73.3;1|(6 6 6; (1)/
226;1)
(2.76.72;1) [0726.70.721336;1} 226;1 xx0
(4433;1) | 22423310.73.3;1|(242;1/
226;1)
(2.76.74;1)| 0726.70.74122;1| 242;1 xx0
066;2b 0062600;2| 060;2 xx |e-FeN 182 hP8
306;2 0302663;2| 060;2%* AlB,J;, 0 [191 AP3
066;2b 0062600;2| 060;2 xx |CooPds, Co| 62 oP12
002;5b 0002280;5} 020;5 P
042;3a 0042202;3(022;3 x
042;3b 0042242;3|1022;3 yz
022:4 0020280;4| 020;4 x
006;5a 0002600;5| 060;2* |AlB,, Al 191 AP3
004;6 0002440;6| 040;6 3x |CrB,Cr 63 oC8
20256 0202240;6| 220;6 3x |B

* on the borders of the Ty T, T3 ;y/x polyhedron
** containing different hexagonal layers
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Table 13b: All ph structures with single T;(A) and single T}(B) values from the reduced cells of Section 33 (structures in
curly brackets are homometric), SG and PS, electroneutral clusters (clusters without central atom in brackets).

€91

Ti(A)sy/x Ti(A);y/x Ti(A);y/x | G PS x+y
ph’ ph hex. plan. neutr. clust.
812620 24 24 36 8 24 24 18 48; (1) 26122624 6; (1) 666;(1) 191 hAP1
6828128126168 624;1) 24822122;1 422;1 51 oP4
60681224126024624;1 06026126;1 666;(1) 191  hP2
(6628101220512 16 8 24; 1a) 146021021 422;1 = 12 mC8 (26)
(562810122051216824;1b)} 23622102;1 322;1 12 mC16 | (26)
(4628121620412 8 10 24; 1) 13602122;1 322:1 y 2 aP8 | (20,204,252)
(444128162048161016;1)* 2242412251 24251 bl oP4 (8)
(443121212204812824;1) 2242310431 23451 12 mC16 | (8,46,70,94)
(442121682048 8 10 32; 1a)* 04422162;1 422;1 2 63 oC8 | (8)
(44212168204881032;1b)*} 2242286;1 22631 47 oP2 (8)
(36481412203 12 8 8 24; 1a)* 1260414 2;1a 242;1 2 12 mC8 (26,70,94)
(36481412 203128824;1b)*} 12604142;1b 242;1 0x 63 oC16 (26,70,94)
(3631014121631212828;1) 1260314451 234;1 2z 2 aP8
(362121412123 12 16 12 24; 1a) 12602146;1a 226;1 Oy 71 oI8 (46)
(362121412123 1216 12 24;1b)} 12602146;1b 226;1 cycl 70 oF32 (46)
362121412123 1216 12 245 1c) 03622142;1 322;1 2y 12 mC16 | (46)
2848121612216166 24;1 028248251 242;1 x 63 oC8 (20,204,252)
283128122021612824;1 0282310451 234;1 x 12 mC16 | (20,26,130)
2821648282168148;1 0282212651 226;1 vy 71 ol4
(4428812204816616;4/3&)} 2242282;4/33} 222;4/3 10 mP7 21
(4428812204816616;4/3b) 2242282;4/3b 222;4/3 174  hPT7 21
6066012081201824;2 0600606;2 666;(1) 191  hP3 21
(440484128168020;2) 22420422 202;2 65 oC6 27
(240881012848014;2) 02400102;2 202;2 § 12 mCé 9,21
20614012081201824;2 20026120;2 060;2 191 hAP3 9,27
0660120188012180;2 0060660;2 060;2 y 166 hR3 21
(32154916341438;2.5) 2122141;25 111;25 10 mP7
2008120122006 24;3 200200653 006;3 191 hP4
20020612201200;6 20020006 000;6 175 hP7 21




Table 14: Interstitial alloys M, I, with single configuration of tetrahedral or octa-
hedral sites (Fig.27).

y/z M, L, Configuration
ccp
0.5 Ti,C, Gd,C 1-3 facial
0.5 Ti;N, Pd,H 1,2,5 meridional
0.67 | LiySnO3, AICl3 1-4 cis
0.67 | OTiy00,, LiyZrOs, | 1,2,5,6  trans®
N32Pt03
0.75 Fe304 1-3 h
0.83 VsCs, LisReOG 1-5
1 TiC 1-6
2 LaH, a—-h
2.5 LaH2,5 1, 2, 5 a—-h
3 LaHj3, CeD3 1-6 a-h
hcp
0.5 TayC 1-3
0.5 COzC, E—szC, 2-4
C-, e-FesN
0.67 CI‘zSg 1-4
0.67 | a-Al,O3 2-5
0.83 CI‘5Ss 1-5
1 &'-NbN 1-6
3 HoDj 1-6 a-h

* Some atoms of O0Ti3[00,, etc., have a cis configuration.
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Table 15: The T;(I) or T;(M) values of different groups of structures with composition
M, Iyn—x or I,MyOyn—x of the antitype indicating the number of shared polyhedra.

group | Oat polyhedra number of shared system
faces edges corners

NaCl Na/Cl | octahedra ~ T T cep
CaF, F tetrahedra - /i T pc
CaF, Ca cubes - T - ccp
ZnS Zn/S | tetrahedra - - Ty | ccp/hep
NbN N octahedra T; T T3 ph
NiAs As prisms - T Ty hep
CaTiO; | O distorted octah. T, | T3,14 Ts PER
CaTi03 M CN 18 Tz - T3 bce
NbH H distorted tetrah. - (D> T3 PER
CsCl Cs/Cl | cubes T, T Ts bee
NiyIn Ni’ CN 11 (Edsham.) | T3 - Ty hep
BiF; F! CN 14 (dodecah.) | Ty - Ty ccp
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Table 16: s-CN values T;(®) and T;(M) of M atoms with @ or © spin in compounds
with composition R,MM; with T;(M) = T:(® + ©). The non-magnetic atoms R are
not considered in the different systems. s-CN values, which are not at the borders
of structure maps, in brackets. The T;(N) values of the non-magnetic R atoms or
vacancies are underlined, if the magnetic atoms are the majority components with y/x
< 1.

RnMxM;, Ti(®);r (M) ;r
pc
ZrAlCog 612 8; (1) ~
f1-ZnMn/O3LaCr/OsErFe 0120;1 612 8; (1)
Pt3Fe (a)/O3CrEr/OsFeEr 248;1 612 8; (1)
HoRh (i)/AuMn/O3;NdMn 440;1 612 8; (1)
05AIDy (\,) 040;3 -
O3AIDy (\N) 248;1 -
O3AIDy (\./") 440;1 -
03AIDy (\o) 0120;1 612 8; (1)
03CrDy () 008;3 -
O3CrDy (I1),(1<) 248;1 612 8; (1)
fee
Cu2AlMn/OEu 12 6 24; (1) -
NDy 11.1 5.1 20.6; 1 12 6 24; (1)
Asg 5Seo5U (10.75.318.7;1) | 126 24; (1)
ASo,67Seo_33U (10 5 16; 1) 12 6 24; (1)
AsU 848;1) | 12624;(1)
PHo/O,Tb/PdpInMn 6012;1a | 126 24; (1)
ClgKalr/S;Mn 4416;1 | 12624; (1)
SesMn 447133;1 | 12624;(1)
TesMn/y-Mn/PU/O,U 468;1 | 12624;(1)
ASQ,GSGQAU/ClusRe (8 4 8; 1.5) 126 24; (1)
AuzAlMn 440;7) | 12624;(2)
O4MgV, (1) 208;3 6012;1b
04ZnCry () 1045;7 -
04ZnCr, (1) 406;3 -
04ZnCry (7)) 208;3 ~
04ZnCr; (\) 207;3 ~
04ZnCrp () 4.3095;17 6012;1b
04CoCrz (),(+),({) 004;11 -
04CoCra (N),(\Y) 00012;7 ~
04CoCrz (/'«) 104;5 -
04CoCr (,N) 1.6 04.8;3.8 -~
04CoCra (N\\) 2043 -
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Table 16 (continued)

R MMy Li(®);r T;(M);r
fee
04CoCrs (14]) 204;3 -
04CoCry (N) 2.9 06.9;2.43 -
04CoCrz ((/\\) 3508;2 -
04CoCrz (IN) 408;1.7 -
04CoCr; (R \) 480104;1.4 6012;1b
S4Cug 5Ing 5Cra (1) 300;7 -
S4Cup 5Ing 5Cra (1+2) 4043 -
S4Cug 5Ing5Cr, (1+2+3) 508;1.7 6012;1b
04GeCoy () 102;7 -
04GeCoy (e0) 204;3 —
04GeCoz (o) 406;3 -
04GeCoq (e O) 206;3 -
04GeCoy (e 0 ) 43087;17 6012;1b
O4FeFe; (high T) 208;3 6012;1b
O4FeFe; (low T) 004;7 6012;1b
TbCos 6012; 1b -
Gay.15Mn2 g5 048;3 048;3
PdsMn 050;7 054;3
MnPd; (6 458;3) (645 10;1)
PdMn,/MnPd/0O4VsMn/CCopMnj 060;3 468;1
CMD.zCOz 46 8; 1 -
Pd; ¢Pt; 4Fe 02047 060;3
FePdLGPtlA 06 0; 3 -
PtMng 2.7 4 10.7; 1.7 060;3
Pt3Fe (c) (5410;1) -
O12A15Dy;3 (+) Ty9=4;63 -
012A1;Dys (11) Te=2;31 -
O12A1sDys (1) 001;31 -
O12A1sDys (1) 001.3;20.3 -
012A1:Dys (+1 &) 002;20.3a -
012AlsDys (+1 ©) 002;20.3b 004;9.7
bee
012Ca3GezMny /ClyCr (424;1) 86 12; (1)
04A1,Co 0012;3 401251
Al Dy/CosTh 4012;1 -
GePdyMn (Mno.os) 0612;1/ 0012;3
(Mn0.96) 0012; 3
F4KsNi 004;5a 044;2
04CagMn 004;5b 044;2
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Table 16 (continued)

RM;M; Ty(®);r Ti(M);r
ph

TiOsFe (a)/a-Fey O3 0301693;2 0060660;2
TiO3Co (b) 10306120;2 0060660;2
TiO3Mn (c)/O3Crz 0060660;2 0060660;2
S3Crs () 0060660;2 -

S3Cr, (©) 0301693;2 0301693;2
(OH)oMn (1) 0002600;5 -
(OH);Mn (1) 20026120;2 -
(OH)eMn (1,/79,(tN),("N) | 0062600;2 -
(OH)2Mn (1),(1N\):(/"N) 0302663;2 -
(OH),Mn (11,7 1.32426122;1 -
(OH)oMn (1.7°\)) 028264251 -
(OH)sMn (1,/\) 0602612631 [261226246;(1)

hcp

02SYb, 930;1 12 6 2; (1)
02SDy> (530;1) 12 6 2; (1)
0,SHo, 602;1 126 2; (1)
B-SMn 442;1 12 6 2; (1)
OsYMn (1) 002;5 -~

OsYMn (11),(1N\) (1.7, 22252 -

N\

O3YMn (1N),(1¢),(\¢”) 30252 -

O3YMn (11\) 4.7272;1 -

0sYMn (\o) 602;1 12 6 2; (1)

168




Table 17: Constants a;, b;, ¢; of different relations between Ti, T, values for borders
B1, ..., B7 (Section 22).

B].: Tl = a'l)
B2: T2 = ale.—b2,
B3: I, = azTy —bs, 1 <1< ay/by,
B4: I, = ay—byr, 1 <r<ay/by,
B5: I, = —asTy+bs(cs—1), 1<r1<ecs,
B6: T, = —agTi+ bs(Cs — I'), 1<r<cq,
B7: T1 = a,~,-—b7r, 1§r§a.7/b7.
Bl B2 | B3 B4 B5 B6 | BT
ap|a; balag bz | ag by|as bs c5 [ag bg < [ar by
chain |-[2 2[- - |0 o|- - -|2 2 2 {0 0
net
rectangle (2|~ -] - - 2 0|]- - —-|- = =100
square -12 4 - o o0|- - -12 2 3 0 0
hexagonal |- | 2 6| 1 2 4 211 2 3|5 6 3[4 2
honeycomb| - | 4 6] 2 2 4 2(2 2 314 6 2 (0 O
3/2<r<3 | 1<r<3/2
kagomé -2 4|- - |83 43/ - - - |- - - |8/34/3
lattice
pc -1 4 12( 2 4 6 2|/- - —-14 6 3 0 0
ph 21 - -1 - - 4 2|- - - |- - ~-100
ph’ - |6 8/1 6|0 01326 5/2|3 8 11/4| - -
2/3 —20/3 1<r<2 1<r<2
3 2 b 0 O
2<r<bH
bee ~l3/26|/- - ]0 0]~ ~ -(323 3 10 0
diamond* [~ | 6 12| 4 6 6 2|2 5 13/5{6 1123/11] 0 O
1<r<5/3 1<r<5/3
2 2 4
5/3<r<4
ccp/he -1 6|- - 0o 0|2 6 3 [2 2 5 6 2
o/bep 1<r<2 2<r<b
perovskite | - | 4 8| - - [16/38/3/ - - - (4 8 2 0 0

* Additional border B3": Ty = 2T3 + 2 — 2r, 1<r< 2, Ty = 2T - 2, 122,
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32 Appendix A: Relative ordering numbers, valence
electrons, pseudopotential radii and coordina-
tion numbers of the elements

Table 18: Relative ordering number M for structure maps (Pettifor, 1994), number
of valence electrons VE, electronegativity X and pseudopotential radii sum (rs + 7p)
of the elements for the AVE, AX and A(r, + r,) coordinates of the three-dimensional
structure-stability plots (Villars, 1994). No VE, X and r, + r, values are given for M
=1-6 (He - Rn) and M = 34 - 41 (Lt - Cm).

M EL VE X rj+7mp||M EL VE X r,+4rp|{{M EL VE X 71341
7 Br 1 0.70 4.37 45 U 3 1.7 4.72 75 Cd 12 1.40 2.215
8 Cs 1 0.77 4.31 46 Pa 3 15 4.96 76 Zn 12 1.44 1.88
9 Rb 1 0.80 4.10 47 Th 4 1.3 4.98 77 Be 2 145 1.08
10 K 1 0.80 3.69 48 Ac 3 1.10 3.12 78 Tl 3 1.69 2.235
11 Na 1 0.89 2.65 49 Zr 4 1.70 2.825 79 In 3 1.63 2.06
12 Li 1 0.90 1.61 50 Hf 4 1.73 291 80 Al 3 1.64 1.675
13 Ra 2 0.90 3.53 bl Ti 4 1.86 2.58 81 Ga 3 1.70 1.695
14 Ba 2 1.08 3.402 52 Ta 5 1.94 2.79 82 Pb 4 1.92 2.09
15 Sr 2 113 3.21 53 Nb 5 2.03 2.76 83 Sn 4 1.88 1.88
16 Ca 2 1.17 3.00 54 V 5 2.22 243 84 Ge 4 1.99 1.56
17 Yb 3 1.1 3.59 b5 W 6 1.79 2.735 85 Si 4 198 1.42
18 Eu 3 1.15 3.94 56 Mo 6 1.94 2.72 8 B 3 1.90 0.795
19 Sc 3 1.60 2.75 57 Cr 6 2.00 2.44 87 Bi 5 2.14 1.997
20 Lu 3 1.2 3.37 58 Re 7 2.06 2.68 88 Sb 5 2.14 1.765
21 Tm 3 1.2 3.60 59 Tec 7 2.18 2.65 89 As b 2.27 1415
22 Er 3 1.2 3.63 60 Mn 7 2.04 2.22 90 P 5 2.32 1.24
23 Ho 3 1.2 3.65 61 Fe 8 1.67 2.11 91 Po 6 2.40 1.90
24 Dy 3 1.15 3.67 62 Ru 8 1.97 2.605 92 Te 6 2.38 1.67
25 Y 3 141 294 63 Os 8 1.85 2.65 93 Se 6 254 1.285
26 Tb 3 1.2 3.89 64 Co 9 1.72 2.02 94 S 6 2.65 1.10
27 Gd 3 1.1 391 65 Rh 9 1.99 2.52 95 C 4 2.37 0.64
28 Sm 3 1.2 414 66 Ir 9 1.87 2.628 96 At 7 2.64 1.83
29 Pm 3 115 3.99 67 Ni 10 1.76 2.18 97 1 7 2.76 1.585
30 Nd 3 1.2 399 68 Pt 10 1.91 2.70 98 Br 7 2.83 1.20
31 Pr 3 1.1 448 69 Pd 10 2.08 2.45 99 Cl 7 298 1.01
32 Ce 3 1.1 4.50 70 Au 11 1.19 2.66 100 N 5 2.85 0.54
33 La 3 1.35 3.08 7L Ag 11 1.07 2.375 101 O 6 3.32 0.465
42 Am 3 1.3 4.89 72 Cu 11 1.08 2.04 102 F 7 3.78 0.405
43 Pu 3 1.3 491 73 Mg 2 1.31 2.03 103 H 1 2.10 1.25
44 Np 3 1.3 4.93 74 Hg 12 149 241
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Table 19: Coordination numbers CN of M atoms with valencies +1, .

the order of increasing radii (Shannon, 1976).

VE

Ions

Do

CN =2

H D CuPd Ag
Hg

U

O WO DN =

CN =3

Hg
Be

B

C Te
N

pyram.

Sb
ClBrl

O ~J O O i O N

T

CN =4
Li Cu Na Ag K
Be Ni Mg Cu Co Zn Fe Mn Cd Hg

B Al Ga Fe In T1
C Si Mn Ge Co Cr Ti Sn Hf Zr Pb Te

P Mn As Cr V Mo Nb

S Fe Mn Cr Se Mo W Te U
ClMn Br Tc RuRel
Ru Os Xe

square

Ag
Ni Cu Pt Pd Fe Ag Pb
Br Ag Au Sb
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Table 19 (continued)

VE

Ions

Oy Ot i W o

CN =5

Na Ag

Ni Cu Mg Co Zn Mn Cd
Al Ga Mn Fe Sb Bi
TiV Sn Zr Pb

PV

Os Mo W

[

~

CN =6

Li Cu Na Ag Hg Au K TI1Rb Cs Fr

Be Fe Co Mn Ni Mg Ge Cu Cr Zn V Pt Ti Pd Ag Cd Ca Yb Hg
Tm Dy Np No Eu Sr Pb Ba

N B P Al Cu Co Fe Ni Mn As Cr Ga V Rh Ti Ru Ir Mo Ta Nb Sc
Ag SbPd In Au Lu Yb Tm T1 Er Y Ho Dy Tb Gd Eu Cf Sm Bk
Pm Cm Am Nd Pr Pu Np Ce U Bi La Pa Ac

C S Si Ni Se Mn Ge Co Cr V Fe Rh Ti Pd Ru Pt Ir Re Os Tc Mo
W Ta Nb Sn Hf Zr Tb Pb Cf Bk Pr Cm Am Pu Np Ce U Pa Th
Po Te

N P As Cr V Rh Ru Pt Ir Au Os Re Tc Sb Mo W Ta Nb Pu Np
UBiPal

S Se Cr Os Re Te Mo W Po Pu Np U

F Cl Br Mn Os Re I Tc At Np

Xe

OB W N

CN=7

Na Ag K Rb

Mn Cd Ca Yb Tm Dy Eu Sr Am Sm Pb Ba
Yb Er Y Dy Tb Gd Eu Sm Ce La
SnHfZr U

Ta Nb U

Mo U
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Table 19 (continued)

VE

Tons

O T QO DN =

CN =38

Li Na Ag K T1 Rb Cs

Mg Zn Co Fe Mn Cd Ca Yb Hg Dy Eu Sr Am Sm Pb Nd Ba Ra

Fe Sc In Lu T1 Yb Tm Er Ho Y Dy Tb Gd Eu Sm Am Pm Nd Pr Ce La Bi
V Ti Nb Sn Hf Zr Tb Cf Bk Pb Cm Am Pu Pr Ce Np U Pa Th Po

Cr Ta Nb Pa

U

U i O DN =t

CN=9

Na K Rb Cs

Ca Eu Sr Am Sm Pb Nd Ba

Lu Yb Tm Er Ho Y Dy Tb Gd Eu Sm Pm Nd Pr Ce La
Zr U Th

Pa

B> O b =

CN =10

K Rb Cs

Ca Eu Sr Pb Ba
Ho Ce La

Ce Th

[N

CN = 11

Rb Cs
Pb Ba
Th

B OO DN =

CN = 12

Na K T1 Rb Cs

Cd Ca Sr Pb Ba Ra
Sm Nd Ce La

Ce U Th

CN = 14
Rb
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33 Appendix B: Reduced unit cells of the hep, ccp,
bee and pc lattice, structures with a single set of
T, values, group-subgroup relations and isotopes

Table 20a: Reduced unit cells and space groups (SG) of all possible hep alloys MN,
(y=1, 3, 5, ..., 15) with self-coordination numbers T;(M) (i = 1 — 6) of M atoms.
The cell parameters a2, b?, ¢?, be, ac, ab should be divided by 6 to have the unit cell
of the LiRh or Mg structure in units of ag = 1, ¢g = 1/8/3 (first line). The Cartesian
coordinates of a, b and c for a possible representation of the Bravais lattice should be
multiplied by 0.5 (x), v/3/2 (y) and +/8/3 (z-component).

# T;(M);y a®> B* ¢ bc ac ab|SG| a b c
1;16026126;1 6 6 16 0 -3{187}/200 110 001
21600606;3 6 6 64 0 -3|187(200 110 002
31202246;3 6 16 18 0 0 0| 25200 001 020
4)1200286;3 6 18 22 -9 -3 0| 44200 020 111
51 600606;5 6 6 144 0 -3|187|200 110 003
6120204255 6 16 42 0 -3 0] 35({200 001 130
71200042;5 6 22 34 -7 0 -3 81200 111 021
81002600;5 16 18 18 -9 0 0l187]001 310 310
91000660;5 18 18 22 9 9 9155|310 020 111
101 20204 2;7 6 16 72 0 0 0 25/1200 001 040
111 200206;7a 6 18 64 0 0 0| 25/200 020 002
121 200206;7b 6 18 70 -9 -3 0| 441200 020 112
131 200042;7 6 22 58 4 3 3 81200 111 131
141 200002;7 6 34 34 -2 0 0| 35{200 021 021
151 002202;7 16 18 24 0 0 0| 251001 310 220
16| 002006;7 16 24 24 -12 0 0187|001 400 220
171 000242;7a |18 22 24 -6 0 -9 51310 111 220
18 000242;70 |18 22 22 -10 O 0f 35{810 111 111
191 000046;7 22 22 24 -6 -6 -10| 42111 111 400
201 202042;9 6 16 114 0 -3 0! 35200 001 150
211 200042;9 6 22 8 -2 0 -3 81200 111 041
2212000029 6 34 58 -~11 -3 0 81200 021 131
23{002200;9 16 18 42 -9 0 0 35/{001 310 420
241 000240;9 18 22 40 -10 0 -9 5(/310 111 221
261000220;9 18 22 34 -7 -9 0 5(310 111 311
261 202042511 6 16 162 0 0 0f 25/200 001 060
271 200206;11a| 6 18 144 0 0 0| 255|200 020 003
281 200206;11b| 6 18 150 -9 -3 0| 44200 020 113
20| 200042511 6 22 130 8 3 3 8(200 111 151
301 200002;11a| 6 34 82 -14 0 0 6/200 021 022
311200002;11b| 6 42 64 0 0 -3| 3200 130 002
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Table 20a (continued)

#* TiM);y |a® B ¢ be ac ab|{SG| a b <
321200002;1lc| 6 42 7 15 3 3| 8200 130 1129
33/002200;11 |16 18 5 0 0 0| 25001 310 330
341002002;11 |16 24 42 -6 0 0| 6001 400 130
35(000600;11a{18 18 64 0 0 -9|187|310 310 002
36(000600;11b |18 18 70 9 9 9[155(310 020 112
371000240;11 |18 22 54 -9 0 -9| 5|310 111 330
381000220;11 |18 22 40 -4 0 0| 3|310 111 321
39/000200;11 |18 34 3¢ 7 9 9| 44/310 021 311
401000042;11 |22 22 42 -3 -3 -10| 8|111 111 510
41/000022;11a {22 24 40 12 10 6| 1[111 400 231
421000022;11b |22 24 34 o0 -7 6| 1|111 400 021
431200042;13 | 6 22 178 11 3 3| 8|200 111 152
441200002;13 | 6 34 106 -5 -3 0| 8|200 031 132
45(002200;13 (16 18 78 -9 0 0| 35/001 310 530
46(002000;13 |16 42 42 -21 0 0|174|001 510 420
471000240;13 |18 22 70 -7 0 -9| 5({310 111 831
481000220;13 |18 22 58 -1 -9 0| 5/310 111 121
49000200;13 |18 34 40 -2 0 -9| 5|310 311 231
50/000020;13 |22 34 40 16 10 7| 1|111 311 231
511200042;15 | 6 22 226 -5 ©0 -3| 8|/200 I11 062
52{200002;15 | 6 34 13 -4 0 0| 6[200 021 042
53{002200;15 |16 18 9 0 0 0| 25(001 3I0 440
54/002002;152 |16 24 72 0 0 0| 25/001 400 040
55/002002;15b |16 24 78 -12 0 0| 35(001 400 240
56{002000;15 |16 42 42 -6 0 0] 35/001 510 130
57(000240;15 |18 22 94 10 9 9| 5(310 111 531
581000220;15 (18 22 70 -2 0 0 3310 111 331
50 |000202;152 |18 24 64 0 0 0| 25/310 220 002
60 000202;15b |18 24 70 -6 -9 0| 5[310 220 112
61/000202;15c |18 24 70 -12 O 0} 35/310 220 112
62(000200;152 |18 34 58 11 9 9| 5|310 021 131
63(000200;15b {18 40 40 -8 O 0 35(310 221 221
64| 000042;15a |22 22 78 -6 -6 -10| 42/111 111 710
65000042:15b |22 22 72 0 0 -10| 35[111 111 820
66[000022;15a (22 24 58 -6 -1 6| 1/111 400 131
67|000022;15b |22 24 58 6 4 6| 1[111 400 131
68 (000020;15a (22 40 40 4 10 10| 5{111 401 221
69|000020;15b |22 3¢ 42 9 3 7| 1f111 021 510
70 000006;15a |24 24 64 O 0 -12/187/400 220 002
71/000006;15b |24 24 70 6 12 12| 42/400 220 202
721000002;152 |24 34 3¢ -2 0 0 35/400 021 021
73(000002;15b (24 34 40 -2 -12 0| 8[400 021 221
, 12 12| 44400 221 221
741000002;15c {24 40 40 8 221 224
75 1 000000;15 |34 34 40 -16 -16 2| 421311 311
76000600517 |18 18 144 ©0 0 -9/187/310 310 003
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Table 20b: Reduced unit cells and space groups (SG) of all ccp alloys MNy (y = 1 -
8) with self-coordination numbers 7;(M) (i = 1 — 3) of M atoms. The cell parameters
a?, b%, 2, be, ac, ab are in units of ap/2 of fcc Cu structure. The Cartesian coordinates
of a, b and c for a possible representation of the Bravais lattice in the same units.

#| Ty(M);y [a® ¥ ¢ bc ac ab|SG| a b c
1(12624;(1)1 2 2 2 1 1 1225|110 011 101
21 6012;1a | 2 2 6 1 1 1|166|110 011 121
3| 468;1 2 2 4 0 0 0123|110 110 002
4| 606;2 2 212 0 0 -1|164|110 101 222
5| 440;2 2 2 10 -1 -1 o0f{1389{110 110 013
6| 2212;2a { 2 4 6 -2 -1 O 71110 002 211
7| 606;3 2 222 1 1 1(166|110 011 323
8| 440;3 2 2 16 0 0 0]123|110 110 004
9 224;3 2 4 8 0 0 Of 47{110 002 220
10{ 206;3 2 6 6 -1 0 -1| 12110 211 112
11| 204;3 2 6 6 -2 0 0} 665|110 112 112
12| 060;3 4 4 4 0 0 0[221{200 020 002
13| 048;3 4 4 6 -2 -2 0/]139(200 020 112
14| 606;4 2 2 3 1 1 1/166|110 011 343
15| 440;4 2 2 26 -1 -1 0(139(110 110 015
16| 224;4 2 4 14 -2 -1 0| 71110 002 321
17| 204;4 2 6 10 2 1 1| 12|110 121 103
18 028;4 4 6 6 1 2 2| 877|200 121 112
19| 606;5 2 2 48 0 0 -1(164(110 101 444
200 440;5 2 2 36 0 0 0123|110 110 006
21| 224;5 2 4 18 0 0 0] 47]110 002 330
22| 204;5 2 6 14 2 1 1f( 12{110 121 123
23| 202;52a | 2 6 12 0 0 O 10({110 112 222
24 202;5b ] 2 6 14 -3 -1 0] 12110 112 213
25| 200;5 2 8 10 -2 -1 0| 12{110 220 013
26| 040;5 4 4 10 0 -2 0| 65({200 020 103
271 024;5 4 6 8 -2 0 -2] 12|200 121 022
28| 008;5 6 6 6 1 2 3| 12{211 112 211
20| 606;6 2 2 66 1 1 1(166{110 011 545
30| 22456 2 4 26 -2 -1 0} 71110 003 431
31! 204;6 2 6 18 -1 0 -1| 12110 217 114
32| 200;6 2 10 12 4 0 -1| 12110 103 222
33| 024;6 4 6 10 -1 0 -2 12/200 121 013
34 006;6 6 6 6 -1 -1 -1|148]211 112 1371
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Table 20b (continued)

»

o T;(M);y a> ¥ & be ac ab | SG a b c
35 606;7 2 2 86 1 1 11166 | 110 011 565
36 224;7 2 4 3 0 0 0| 47110 002 440
37 204;7 2 6 24 -2 0 -1| 12110 211 234
38 202;72 | 2 6 22 -2 0 0] 110|110 I12 332
39 202; [ 2 6 22 -1 -1 0] 12|110 112 323
40 | 2004;72 | 2 8 16 0 0O 0| 47 {110 3220 004
41 ( 2004;7b | 2 8 18 -4 0 0| 65|110 220 114
42 | 2002;72 | 2 10 14 1 1 1f{ 12110 013 321
43 | 2002;7b | 2 12 12 -4 0 0] 665|110 222 222
44 040;7a | 4 4 16 0 0 0] 123|200 020 004
45 040;70 | 4 4 18 -2 -2 0|13 |200 020 114
46 024;7 4 6 14 2 2 2| 12(200 121 123
47 | 0204;7 4 8 8 0 0 0123|200 022 o022
48 | 0202;7 4 8 10 -4 0 0] 65200 022 031
49 | 0044;7 6 6 8 0 0 -2| 665|211 211 022
50 | 0042;7a | 6 6 g8 0 -2 -1 21211 121 3202
51| 0042;7 | 6 6 10 -2 -2 -2 69211 211 031
52 002;7 6 8 8 4 2 2| 12211 220 202
53 1 00012;7 g8 8 8 4 4 4125|220 022 202
54 606;8 2 2 108 0 0 -1| 12110 101 666
55 224;8 2 4 42 -2 -1 0| 71110 002 541
56 204;8 2 6 3 1 1 1164 (110 I21 215
57 | 2002;8 | 2 10 18 -3 0 -1| 65110 103 330
58 | 2002;8 ( 2 12 14 0 -1 0| 12110 222 213
59 024;8 4 6 18 3 2 2| 12)|200 121 114
60 { 0200;8 | 4 10 10 1 2 2139 | 200 130 103
61 | 0200;8 | 4 10 10 -3 0 -2| 12200 130 013
62 | 0060;8 | 6 6 12 0 0 -3 2211 121 222
63 | 0060;8 | 6 6 14 3 3 3| 164211 112 321
64 004;8 6 6 10 1 2 1166 211 121 013
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Table 20c: Reduced unit cells and space groups (SG) of all bee alloys MNy (y =1 -
8) with self-coordination numbers T;(M) (i = 1 - 3) of M atoms. The cell parameters
a?, 12, ¢, be, ac, ab are in units of ag/2 of the bec W structure. The Cartesian
coordinates of a, b and ¢ for a possible representation of the Bravais lattice in the
same units.

# | T;(M);y | a®> ¥ & be ac ab | SG a b c
1|/8612;(1) | 38 3 38 -1 -1 -1|22|t11 111 111
2| 424;1a 3 3 8 0 0 -1 65111 111 220
3]10612;1 4 4 4 0 o0 0221|200 020 002
4| 422;2a 3 3 19 -1 -1 1| 691|111 111 331
5| 206;2 3 8 8 -4 O 0164 | 111 202 220
6| 044;2 4 4 11 -2 -2 013 | 200 020 113
71| 422;3 3 3 32 0 0 -1} 65111 111 440
81 202;3 3 8 11 0 -1 0| 100|111 202 131
9| 200;3 3 1 11 -5 -1 -1|166]111 311 131
10| 044;3 4 4 16 0 0 0123|200 020 004
11 | 024;3 4 8 8 0 0 0123|200 022 022
12| 022;3 4 8 11 -4 -2 0| 711200 022 131
13 | 0012;3 8 8 8 4 4 4 | 225|220 022 202
14| 422;4 3 8 51 -1 -1 -1 69111 111 551
15| 202;4 3 8 19 -4 -1 0| 12111 220 133
16 | 044;4 4 4 21 2 =2 0139|200 020 115
17 | 0204 4 11 1 1 2 2| 87 1200 131 113
18| 006;4 g8 8 1. 4 4 4 1166 | 220 022 131
19} 422;5 3 3 72 0 0 -1] 65]111 I1I1 6860
20 | 202;5 3 8 24 0 0 0| 10111 220 224
21 | 200;5 3 11 19 3 1 1 21111 113 331
22 | 044;5 4 4 36 0 0 0 {123 | 200 020 006
23 | 022;5a 4 8 19 0 -2 0| 65200 022 133
24 | 022;5b 4 8 20 -4 0 0| 655|200 022 042
25 020;5 4 11 16 -4 0 -2 121200 131 o004
26 | 006;5 8 8 12 0 0 -4|164|220 3202 222
27 | 004;5 8 8 11 0 -4 0| 65220 220 113
28 | 002;5 g8 11 11 5 4 12 1220 131 113
29 | 422;6 3 3 99 -1 -1 -1 691|111 111 771
30 | 202;6 3 8 3 -4 -1 0 12111 3202 3851
31| 200;6 3 19 19 -9 -1 -1 | 148|111 313 331
32 | 044;6 4 4 51 -2 -2 0139|200 020 117
33| 020;6 4 11 20 -2 0 -2 12200 131 o023
34| 006;6 8 8 19 4 4 4 1166 | 220 022 313
35| 002;6 g8 11 11 -1 0 -4 | 12220 311 113
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Table 20c (continued)

# T.(M);y a? b ¢ be ac ab | SG a b c
36 422;7 3 3 128 0 0 -1 656 1111 II1 880
37 202;7 3 8 43 0 -1 0 10 {111 220 335
38 2002;7a 3 11 32 0 0 -1 10 | 111 311 044
39 2002;7 3 1 35 -5 -1 -1 12 111 311 1538
40 200057 3 19 19 3 1 1 121111 313 133
41 044;7 4 4 64 0 0 0123 (200 020 008
42 022;7a 4 8 32 0 0 0 47 1 200 022 044
43 022;7b 4 8 35 -4 -2 0 711200 022 153
44 02047 4 11 27 3 2 2 12 1200 131 115
45 0200;7a 4 16 16 0 0 0123 (200 040 004
46 0200;7b 4 16 20 -8 0 0 656 | 200 040 024
47 006;7 8 8 24 4 4 4 1166 | 220 022 242
48 004;7a 8 8 16 0 0 0 ({123 1220 220 004
49 004;7b 8 8 20 -4 -4 0| 139 | 220 220 024
50 00247 8§ 11 16 -4 0 -4 12 {220 311 o004
51 0022;7 8 11 12 -2 0 0 10| 220 113 222
52 0020;7 8 12 12 -4 0 0 65 | 220 222 2322
53 0006;7 11 11 11 -1 -1 -b 12 (311 131 113
54 0004;7 11 11 12 -2 2 -5 121311 113 222
55 1 00008;7 12 12 12 -4 -4 -4]12209 222 222 222
56 20248 3 8 56 -4 0 0 65 | 111 ?Og il§2
57 2000;8a 3 19 24 -4 0 -1 21111 :;331 2%4
58 2000;8b 3 24 24 -12 0 0] 164 | 111 4%2 2%%
59 0204;8 4 11 35 5 2 2 12 {200 1?} 13§
60 0200;8a 4 19 19 1 2 2 (139 (200 }g;:"_) 13§
61 0200;8b 4 19 20 —6 0 -2 12 ] 200 }I}? 942
62 0024;8a 8 11 19 -3 0 -4 121220 1.1? 331
63 0024;8b 8 11 20 2 4 4 69 | 220 }3} 924
64 0060;8 8 8 27 0 0 4164|220 gog §33
65 0022;8 g§ 11 19 -5 -4 0 121 220 _]:}3 3}1_3
66 0006;8 1 11 11 -1 -1 -1 ] 166 | 311 113 131
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Table 20d: Reduced unit cells and space groups (SG) of all pc alloys MNy (y =1 -
8) with self-coordination numbers T;(M) (¢ = 1 - 3) of M atoms. The cell parameters
a?, b%, ¢2, be, ac, ab are in units of ay of the pc structure or ao/2 of the F atoms of the
CaF, structure. The Cartesian coordinates of a, b and ¢ for a possible representation
of the Bravais lattice in the same units.

# | T:M);y |a*> ¥ ¢ be ac ab | SG a b c
1] 6128;1 | 1 1 1 0 0 0221|100 010 001
2 440;1 1 1 4 0 0 0122|100 010 002
3 248;1 1 2 2 0 0 012100 011 011
4| 0120;1 2 2 2 1 1 1125110 101 o011
5 440;2 1 1 9 0 0 0123|100 010 003
6 224;2 1 2 5 -1 0 0] 65100 011 021
7 062;2 2 2 3 6 0 -1)|164|110 011 111
8 440;3 1 1 16 0 0 0123|100 010 004
9 224;3 1 2 8 0 0 0| 471100 011 022
10 | 2006;3 1 4 4 0 0 0]]123|100 020 002
11 | 2004;3 1 4 5 2 0 0| 656|100 020 012
12 060;3 2 2 6 1 1 1166 | 110 101 211
13 10406;3 2 2 4 0 0 0123110 110 002
14 | 0404;3 2 2 5 -1 -1 0139|110 110 102
15 024;3 2 3 3 -1 0 0| 65110 111 111
16 008;3 3 3 3 -1 -1 -1|929}111 111 111
17 440;4 1 1 25 0 0 012|100 010 005
18 2244 1 2 13 -1 0 0| 65100 o011 032
19 200;4 1 5 5 0 0 0| 8 |100 021 012
20 060;4 2 2 9 1 1 11166 | 110 101 122
21 022;4 2 3 5 -1 -1 0 121110 111 012
22 440;5 1 1 36 0 0 0123 {100 010 006
23 224;5 1 2 18 0 o 0| 471100 o011 033
24 | 2004;5a 1 4 9 0 0 0| 47100 020 003
25 | 2004;5b 1 4 10 -2 o0 0| 65{100 020 013
26 |1 2002;5 1 5 8 -2 0 0| 10100 021 022
27 060;5 2 2 12 0 0 -1|164}{110 011 223
28 040;5a 2 2 9 0 0 0123|110 1i0 003
29 040;5b 2 2 10 -1 -1 011391110 1I0 103
30 022;5 2 3 6 0 0 0| 10110 111 112
31 | 0202;5a 2 4 5 0 -1 0| 656|110 o002 1320
32 106202;5b 2 4 6 -2 -1 0| 71110 002 121
3310200;5 2 5 5 2 1 1| 121110 210 103
34 004;5 3 3 5 1 1 1 121111 111 3120
35 224;6 1 2 25 -1 o0 0| 661100 011 043
36 200;6 1 5 10 -1 o 0| 10| 100 021 o013
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Table 20d (continued)

[

# T(M);y > ® ¢ bec ac ab | SG| a b c
37 060;6 2 2 17 1 1 1|166|110 101 333
38 022;:6 2 3 9 -1 -1 o0/ 12|/110 1Ii 313
39 020;6 2 5 6 1 1 1| 12|110 103 121
40 002:6 8 5 5 -2 -1 -1|148|111 103 310
41 224;7 1 2 32 0 0 o0 47{100 o011 o044
42| 2004;7 1 4 16 0 0 0| 47100 020 004
43| 2004;70 | 1 4 17 2 0 o 665|100 020 o0i4
4| 2002;7 1 5 13 -1 0 0] 10100 021 0323
45 | 2002;76 | 1 8 8 0 0 0123|100 022 0322
46 | 2002;7 1 8 10 -4 0 0| 65]/100 022 031
47 060;7 2 2 2 1 1 1|166|110 101 233
48 040;72 | 2 2 16 0 0 0123|110 1i0 o004
49 040;7 [ 2 2 17 -1 -1 0|13 (110 1i0 104
50 022;7 2 38 11 -1 o0 o0 100]l110 111 113
51| 0202;7a | 2 4 8 0 O 0| 47110 002 230
52| 0202;7b | 2 4 9 -2 0 0 65|/110 002 231
53| 0200;7a | 2 5 8 -2 0 -1| 12]110 012 220
54 0200;70 | 2 6 6 -2 o0 0| 655|110 112 113
55 | 0200;7c 2 6 6 -1 0 -1 12]110 121 112
56 004;72 | 8 3 8 0 ©0 -1| 65111 111 o022
57 004;70 | 3 3 9 -1 -1 -1 69|111 111 123
58 002;7 3 5 5 1 1 1] 12111 201 o021
59| 0006;7 4 4 4 0 0 021|200 020 002
60 | 0004;7a | 4 4 5 0 -2 0] 65|200 020 102
61| ooo4;7 | 4 4 6 -2 -2 0139|200 020 II2
62| 0002;7a | 4 5 5 1 2 2139|200 120 102
63| o0o0o02;7 | 4 5 5 -2 0 -2 12]200 120 0712
64 | 22420;8 1 2 4 -1 0 o0 65100 011 054
65 | 20022;8 1 5 17 2 o0 o0 10100 021 o014
66 | 20020;8a 1 9 10 -3 0 o0 10]100 030 o013
67 | 20020;8 [ 1 9 9 0 0 0128|100 030 003
68 | 06000;8 o 2 927 0 0 -1[164(110 011 333
69 | 02204;8 9 3 14 0 -1 0] 65110 111 123
70 | 02004;8a 9 5 10 2 1 1| 122|110 2I0 103
71| 02004;8 | 2 5 9 o0 0 1| 65110 120 003
72 | 02000;8 2 6 9 3 1 1| 12110 211 212
73| 00202;8 3 5 6 -1 0 -1 2111 120 112
74 | 00200;8 3 6 6 -3 0 0]14]111 2IT 1I21
75 { 00006;8 5 5 5 2 2 2|166)|210 102 021
76 | 00000:152 | 6 6 10 -2 -2 -2| 69[211 211 031
77 00800;1513 8 8 8 4 4 4|25 )220 022 202
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Table 21a: Hexagonal close-packed structures with a single set of T3(M) and T;(N)
values (homogeneous sphere packing with 7j(M) or T3(N) contacts). Homometric

structures a, b, ...

with brackets, T; values of hexagonal or square plane, space group

(SG), Pearson symbol (PS), number of reduced unit cell from Table 20a—d and positions
of M atoms in addition to M; at origin. (T;r) values are not at the borders of the
structure map.

T(M);y/x | Ti(M);r |SG PS |# M, M M4
hep hex.plan. M; Ms
12 6 2; (1) 666;(1){194 P2 |1 1/3 2/3 1/2
930;1 666;(1)[164 hP4 | 2 1/3 2/3 1/4
(730;1a) 422;1 | 10 mP8 |14 0 5/121/12 1/21/6 1/3 1/2 1/4 3/4
(730;1b) 422;1 | 11 mP8 |14 0 5/121/12 1/23/41/4 1/2 1/6 1/3
(622;1)* 242;1 | 57 0P8 |15 1/2 2/3 0O 0 1/21/4 1/2 1/6 1/4
602;1a 666;(1)|187 hP2 | 1
602;1b 226;1 | 59 0P4 |3 1/2 1/2 1/6
(530;1a)* } 226;1 | 12mC8 | 4 3/4 1/12 1/2
(530;1b)* J{226;1 | 43 0F32 |19 11/125/12 1/3 O 0 1/2 5/12 11/12 5/6
(530; 1d)*} 242;1 | 13 mP8 |18 5/6 1/2 0 1/21/41/4 1/3 3/4 1/4
(630;1e)* J|242;1 | 15 mC16(18 5/6 1/2 0 1/21/41/4 1/3 1/4 3/4
462;1 226;1 [ 510P4 |3 0 1/2 2/3
442;1 242;1 | 620P8 |15 1/2 1/6 1/4 1/22/31/2 0 1/2 3/4
600;2 666;(1)|194 hP6 | 5 1/3 2/3 1/2
222;2 060;2 [ 630C12 |8 1/2 2/3 0
220;2a 060;2 | 15mC12| 9 1/2 1/6 1/2
220;2b 060;2 |178 hP18 |76 1/3 0 1/6 2/31/31/3 2/3 2/3 1/2
1/3 2/3 2/3 0 1/3 5/6
062;3 006;3 |194 RP8 (16 1/2 2/3 1/3

* on the borders of the Tj T, T3 ;y/x polyhedron

182




Table 21b: Same as Table 21a, except for ccp.

T:(M);y/x TM);y/x |SG PS | # M, M; M,
ccp square

12 6 24; (1) 444;(1) | 295 cF4 1

9312;:1 666;(1)* | 166 hR4 7 101

(8 4 8; 1)* 444;(1) | 129 P4 8 011

(72 10; 1)* 322;1 11 mP8 |43 011 101 112

(6212;1a)} 204;1 59  oP4 9 011

(6 2 12; 1b) 204;1 131 tP8 |47 011 101 112

(6112;1) 204;1 11 mP8 |4 011 103 002

6012;1a 204;1 166 hR2 2

6012;1b} 204;1 227 cF32 |53 110 011 101

(5410;1) 122:1 11 mP8 |48 121 101 011

(53 12; 1a) 322;:1 12 mC8 |10 002 i

(5312;1b)} 222;1 15 mC16 |52 200 310 101

5214;1 122;1 15 mC16 |51 112 101 o011

468;1 444;(1) | 123 tP2 3 }

4512;1a 044;1 74 oI16 |45 013 011 002

4416;1 044;1 141 tI8 13 0I1

4212;13a 222;18% | 2 oPT |34 110 o011

4212;:1.3b 222;1.3% | 146 hR7 |34 131 110

3312;15 111;15 12 mC10 | 18 101

606;2 666; (1)* | 164 hP3 4

(440;2)* 444;(1) | 139 tI6 5

2212: % 202;2 71 ol6 6 -

2212;2b} 060;2% | 151 hP9 |62 110 121

2212;: % 06 0; 2% 2 oP6 |63 310 211

219;25 111;25% | 2 aP7 |34 011

060;3 044;1 221 cP4 | 12

028;4a 0004;4 87 tI10 | 18

006;6 0006;6%* | 166 hR7T | 34

* on the borders of the T T T3 ;y/x polyhedron

** hexagonal planar
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Table 21c: Same as Table 21a, except for bcc.

T;(M);y/x T,(M);y/x | SG PS # M M3 M,

bee square
86 12; (1) 444;(1) 229 cl2 1
(646;1)* 22051 67 oC8 7 111
(635;1)* 12451 2 aP8 40 113 204 002
(44 4;1a)* } 444;(1) 129 P4 10 111
(44 4;1b)* 2041 131 tP8 45 002 131 111
(434;1)* 12251 11 mP8 46 113 111 002
(426;1&)} 22051 11 mP4 8 022
(426;1b) 220;1 66 oC16 |52 202 111 111
(425;1) 124;1 2 aP8 39 202 133 022
(424;1a)*} 204;1 65 oC4 2
(424;1b)* 20451 141 tI16 55 111 111 200
(418;1)* 044;1 74 oll6 49 113 111 002
4012;1 044;1 227 cF16 |13 111
(335;1)* 12451 2 aP8 53 020 131 111
(246;1)* 22051 74 oI8 12 002
0612;1 444;(1) 221 cP2 3
(424;1.3a) 222;1.3% 2 aPT7 31 111 220
(424;1.3b)} 222;1.3% | 146 hR7 31 002 220
(233;1.5) 115;15 12 mC10 | 17 111
(4 22;2a)* 000;2 69 oF12 4

} 06 0;2%*

(422;2b)* 060;2%* 151  hP9 58 002 111
(222;2)* 060;2%* 2 aP9 66 022 131
206;2 666;(1)* | 164 hP3 5
044;2 444;(1) 139 tI6 6
(312;2.5) 111;2.5%* 2  aPT7 31 220
200;3 006;3** 166 hR4 9
020;4 000;4 87 tI10 17
200;6 000;6** 148 hRT 31

* on the borders of the Ty T, T3 ;y/x polyhedron

** hexagonal planar
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Table 21d: Same as Table 21a, except for pc.

Ti(M);y/x T;(M);y/x | SG PS # M, M, M, M
pc square Me M, M,
612 8; (1) 444;(1) 221 cPl 1
584;1 444; (1) 123 tP4 8 001
(464;1&)*} 220;1a 51 oP4 9 001
(4 6 4; 1b)* 220;1b 123 ¢P8 45 011 001 012
(452;1)* 21251 10 mP8 46 012 001 002
440;1 444;(1) 123 ¢P2 2
(364;1a) 666;(1)* | 166 ARI2 |12 100
(364;1b) 220;1a 63 0oC16 |54 111 100 101
(364;1c) 220;1b 225 cF64 77 011 101 110 111
> 122 212 221
(364;1d) 220;1b 160 AR48 |77 011 101 110 111
122 212 223
(364;1e) J 220;1b 141 ¢I132 7r 011 101 110 111
122 223 232
(354;1a) 21251 2 aP8 58. 110 121 120
(354;1b) 21251 5 mC32 {7 011 0I2 001 111
112 101 111
(354;1c) 21251 2 aP16 (76 012 002 012 111
{ 112 101 111
(354;1d) 21251 43 oF64 [76 011 012 012 111
112 101 111
(35 4; 1e) 21251 15 mC32 |7 012 001 002 111
112 101 111
(354;1f) J 21251 12 mC32 |7 021 002 012 111
112 101 111
344;1a 32251 65 0oC8 11 001
344;1b} 204;1 141 tI16 61 001 010 101
(2 6 4; 1la)* } 220;1a 63 oC8 15 011
(2 64;1b)* 220;1b 139 ¢I16 62 101 110 211
(256;1) 21251 12 mC16 |57 012 011 101
248;1 044;1 123 P2 3 _
184;1 044;1 123 tP4 14 001
0120;1 044;1 225 cF8 4
(2 44;1.3a)* 222;1.8% | 146 hR21 {40 010 110
(2 44;1.3b)* } 222;1.3% 2 aP7 40 111 110
332;15 111;1.5 10 mP5 19 001
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Table 21d (continued)

T:(M);y/x | T:M);y/x | SG PS | # My My M, Ms
pc square Ms M; Mg

440;2 202;2 123 tP3 | 5

994 % 020;2 51 oP3 | 6

224;2b 06 0; 2** 151  hP9 74 010 110

222;2 060; 2 9 P9 |75 113 122

062;2 666;(1)* | 164 hP3 7

(123;25)% | 111;25% | 2 aP7 |40 010

008;3 004;3 229 cl8 16

200;4 0004;4 83 iP5 19

002;6 0006;6** 148 hR21 | 40

* on the borders of the Ty T T3 ;y/x polyhedron

** hexagonal planar
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Table 22: Group-subgroup relations of homogeneous sphere packings with s-CN val-
ues, space groups (SG) and Pearson symbols (PS) of the ccp, bee and pe structures
from Table 21b~d. Structures with underlined T;;r values are stable sphere packings
with contact numbers & = Ty (or Ty, if T} = 0) (Koch and Fischer, 1992). All sphere
packings with k = T3 > 4 (T > 4, if T} = 0) except 6 0 12;1a, 9 3 12;1 (ccp) are
stable. Structures in double brackets have the same projection pattern, underlined T;
structures in square brackets are structures with a stable homogeneous packing of A

or B atoms (only B atoms at y/x > 1).

SG PS fZ-;i(lv-[)bcc Ti(M)fcc T;:(M)pc

229 cl2 8612; (1)

229 I8 008;3

227 cF32 6012;1b

227 cF16 | 4012;1 ((4416;1))

225 cF64 364;1c

225 cF8 0120;1

225 cF4 12 6 24; (1)

221 cP4 060;3

221  cP2 0612;1 ((468;1))

221 cP1 612 8; (1)

166 hRT 006;6

166 hR4 [200; 3] 931251 364;1la

166 hR2 6012;1a

164 hP3 [206;2] 606;2 062;2

160 hR16 364;1d

151 hP9 [422;2Db) [2212; 2b) [224;2D]

148 hRT7 [200; 6] [002;6]

146 hR7 424;133a 4212:;1.33b | [244;1.333]

141  t132 364;1e

141 {116 424;1b 344;1b

141 tI8 4416;1

139 tI16 264;1b

139 tI6 [044;2] 440;2

131 tP8 444;1b 6212;1b

129 tP4 444;1a 848;1

123 tP8 18451
464;1b

123 tP4 468;1 584;1

123  tP3 440;2

123 tP2 440;1
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Table 22 (continued)

SG PS Ti(M)bcc T;,(M)fcc Tz(M)PC
87 tP2 24851
87 tI10 [020;4] [028; 4a]

83 iP5 [200;4]
74 oll6 418;1 4512;1a
74 oI8 246;1 ((4416; 1))
71 ol6 [2212; 2a]
69 oF12 422;2a
67 oC8 646;1 ((8 4 8;1))
66 0C16 426;1b
65 oC8 344;1a
65 oC4 424;1a ((468;1)) (in z)
((6 0 12; 1a)) (in x)
63 0oC16 364;1b
63 0oC8 264;1a
59 oP4 6212;1a
51 oP%6 [224;2a)
51 oP4 464;1a
43 oF64 354;1d
15 mC32 354;1le
15 mC16 5312;1b
5214;1
12 mC32 354;1f
12 mC16 256;1
12 mC10 | [23 3;1.5] [3312;1.5]
12 mCs8 5312;1a
11 mP8 434;1 7210;1
6112;1
5410;1
11 mP4 426;1a
10 mP8 452;1
10 mP5 332;15
3 mPl16 354;1b
2 aPl6 354;1c
2 aP9 [222;2] 222;2
2 aP8 335;1 354;1a
42551
53551
2 aPT7 424;1.33b 4212;1.33a [2 4 4;1.33b]
[312;2.5] [219;2.5] [L23;2.5]
2 aP6 [2212; 2]
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Table 23a: Self-coordination numbers TM (i = 1 — I) of M particles in the hcp lattice with identical values of all M (in the
bulk), neutral clusters MyNy with closed shells and theoretical structures of isotopes with closed shells T;. Structures with T;

in brackets are not at the border of the structure maps (Fig.9). Structures with T; and an asterisk (*) are on the border of
the Ty Ty T ;y/x polyhedron. In the last column clusters without central atom are in brackets.

T, T, Ts Ta Ts Te Ty Ts To Tio Tia Ti2 Tis Tia Tis The Tar Tigir Isotopes X+y
neutr. clust.
19 6 21812 61212 6 6 12 24 6 12 12 24 12 12;0
9 3 012 0 6 6 0 3 3 018 3 6 9 0 6 6;1 51Mn, 81 Rb,87Zr, 9T, 1% T
183 Ay
(7 30 8 426 83 3 8 10 3 6 7 16 6 6;lab) |130,2'Na,®K'V,5"Mn, |{(20,104)
69Ga
6 2 2 8 4 2 8 86 4 4 12 2 4 6 16 4 8;1)* |BN,9F?2Na,¥KS5V, (12,20,80)
57Mn,69As
6 0 2 612 6 012 0 0 12 12 0 0 6 24 0 0;1 13N, 19N ,21F 9 A5 (12)
6 0 210 4 6 8 4 0 4 12 12 0 8 6 8 0 8;1 13N 19N, 2L F 39K 51V 87Nb | (12,56,80)
(6 308 86 6 8 3 3 010 3 6 516 6 6;lab)* *C F2F*C,"Mn
(5 3 010 8 2 6 43 3 814 3 6 5 8 6 6;1de*|CRF2F>K (56,68,104)
46 2 6 46 4 46 212 8 6 4 4 8 12 4;1 13 39K 51V, 89A5 81 Rb (56,128)
4 4 212 4 2 4 8 0 2 416 4 8 416 8 451 13B,19F,*INa,%%As,*"Nb,  |(20,56,80)
93TC,105Ag
6 0 06 06 000 6 012 612 6 0 012;2 BN,N2IN 21,39,57,183
2 2 210 0 0 412 2 2 0 4 2 4 8 0 4 4;2 2N,3CL¥ As,*"Br,Rb  |21,51
29 2 010 6 0 4 0 2 2 6 4 2 4 8 12 4 4;2ab |%Sc 105,159
0 6 2 006 006 0112 0 6 0 0 012 0;3 N2p




Table 23b: Same as Table 23a, except for ccp.

T]_ T2 T3 T4 T5 Ts T7 Tg Tg Tm T11 3T Isotopes x+y
neutr. clust.
12 624 12 24 848 6 36 24 24;0
9 312 6 6 424 015 121251 Rb,3"Nb
(8 4 8 416 016 624 16 8;1)* 435¢,5%5Mn,?"Nb,1%La,
141Eu
(7 210 610 428 221 16 10;1)*  |10,®Ne,3Ca,’5Fe, |(18,134)
Kr, 8771
(6 212 412 824 618 812;1ab) [BNF5Sc5Mn, |(12,200,224)
79Rb
(6 112 812 424 418 12 12;1) 13N,190,3Ca (12,54,78,86,134)
6 0121212 024 618 0 12;1ab |BBN®N,2K (12)
(5 410 614 428 215 8 10;1) 13C,19Ne,#3Ca,Fe  |(18,78,86,176)
(5 312 614 424 019 12 12;1a,b) 13C,19F 435¢,55Co
5 214 614 420 215 16 14;1 130,190, Ti (42,54,224)
4 6 812 8 816 612 24 8;1 13g 483K (224)
4 512 8 8 424 420 12 12;1 13B,19Ne, 3T, ™Sr (18,42)
4 416 4 8 032 612 16 16;1 13 19 ™Rb,8"Rb
4 212 412 420 212 12 8;1.33a,b|3B,*N,BK,Br,
87Y,135P1',141Pm,177Ta,,
201At
3 312 3 9 224 3 9 9 6;15 |NBK™Ga’As, |55
135] 5, 141N 201 Pt
6 0 6 6 0 224 018 12 0;2 13N,19N 135,225
(4 4 0 416 016 412 8 16;2)* 13g 19p 87,135
2 212 2 8 4 8 224 4 8;2b
2 212 2 8 214 212 10 8;2c 201,225
21 9 2 9 313 1 6 9 4;25
0 6 012 0 8 0 6 0 24 0;3 19N
0 2 8 0 4016 2 0 4 04 55
0 06 06 26 00 6 0;6
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Table 23c: Same as Table 23a, except for bcc.

T T, T3 T T5 T5 T7 Tg Ty Ty T11 Ty 3T Isotopes X+y
neutr. clust.
8 61224 8 6242424 32 12 48;0
(6 4 610 4 210 812 16 4 20;1)* 138 (64)
(5 3 59 4 2131214 18 6 26;1)* 8C,2751,5'V,5°Co,
GSCu’113Xe
(4 4 412 0 61216 8 16 12 24;1ab)* 9B,%27A),%'Mn,%Ga | (8)
(4 3 412 4 4121216 16 4 24;1)* 9B,150,2"Mg,%' Cr, |(8,14)
59Ni,65Ge
4 2 612 4 21216 12 16 4 24; la,b) 9B,15N,27A1,5 Mn, |(8,180,228)
590,55 Ga
(4 2 512 6 4121210 16 6 24;1) 9B,15N,2"Mg,5Cr |(8,58)
(4 2 412 8 612 8 8 16 12 24;1ab)* |9BSN,¥Na SV |(8,112)
4 1 812 4 41212 8 16 4 24; 1)* 9B,15C,%"Si (8,50,58)
4 01212 0 612 024 16 12 24;1 9B,15B,%Cu, 3 Ag | (8)
(3 3 515 4 2111214 14 6 22; 1)* 9Be,5N,? Mg (64)
(2 4 614 4 214 812 16 4 28; 1)* 9Li,5N,2"Al (64,228)
0 612 0 8 6 02424 0 12 051 I5N,59Co (36,64,112)
(4 2 4 8 4 2121212 16 4 20;1.33a,b) 9B,15N,2"Na,*Rb,
18], 137Ppm
(2 3 312 2 312 912 8 3 18;1.5) 914,15C,5 8¢, ®°Sr, (15,65
118 A g 137py, 169 o,
2291,
4 2 2 4 4 2 8 4 12 20 2 8;2ab)* 9B,°N 27
(2 2 210 2 2 810 12 8 2 14;2)* 9Li,B 9,15,51
2 0 612 2 0 012 6 14 6 24;2 9Li,%'Sc 9,27
0 4 4 8 0 416 8 0 8 41652 15B 89Rb,13Rh 27,51
312 43109 9 9 12 2 13;2.5) 9Be,'°B
2006 8 66 00 8 1212;3 9Li
0 2 080 28438 0 0 8;4 15,65
20002086866 8 0 6;6 9Li
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Table 23d: Same as Table 23a, except for pc.

T T3 T, Ty Ts T7 Ts Ty Tm T T ;T Isotopes x+y
neutr. clust.

612 8 62424123024 24 8 24;0

5 8 4 412 8 4 916 12 0 12;1 18Cs

(4 6 4 2 812 42012 12 8 8;lab)* |3CL"Mn,*Rb,*Nb |(32)

(4 5 2 41210 61614 14 4 12;1)* 19Ne,2"Mg,3S,57Ni, (18,146)
8151.,93Ru

4 4 0 616 81220 8 0 8 16;1 19p 33p

(3 6 4 01212121512 12 0 12;1lae) "Be,®Ne,?"Si,338i,5"Fe, |(6,18,26)
81Sr

(3 5 4 21214 61514 12 4 12;1a-f) "Be,l°F,2"AL¥PS"Co  [(6,80,92,122)

3 4 4 41216 415 8 12 0 12;1ab "Be,°0,2"Mg,3S,5"Ni  {(6)

(2 6 4 21612 41012 12 8 16;1ab)* |7Li9F,27A1 %P (92)

(2 5 6 41210 61414 10 4 12;1) 14,%0,2781,33Ar 3 Zr [ (26,146)

2 4 8 6 8 81210 8 24 8 8;1 "Li,'*N,81Rb (56)

1 8 4 412 8 42116 12 0 12;1 "He,'%Ne,?"Si,33Ar, (18,26)
81Gr 93Mo

012 0 6 02412 024 0 8 0;1 27 A1,123Cs, 203 Fyr

(2 4 4 21212 41012 8 4 12;1.33a,b)*|"Li,’°N,2"Na,33Al, 7,147
57Mn,81Rb,93Nb,123Sb,
147Eu,171Lu,179Re,2°3Fr

3 32 3 912 315 9 12 2 6;15 "Be,'’ N, As,%Kr,1235h,
147Nd,171Hf,179W,2°3Hg

4 4 0 4 80 4616 8 016;2 19p 3371 27

2 2 4 2 412 218 8 4 4 8;2b "Li,%Na 171

2 2 2 21012 2 6 8 10 2 8;2 TLi 57,171

0 6 2 012 6 612 0 12 2 0;2 19N 27,81,171

(1 23199259 4 3 9;25) 7,147,203

0 086 0 012 0 024 8 0;3 3p

2 00 2 48 010 4 8 0 0;4 i

0 02066006 0 2 6;6 7,147
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Table 24: Characterization of nucleic acids by the number of adenine (A), thymine or uracyl (T, cytosine (C) and guanine
(G) units (first number), the clusters per mill (second number) and the location on the structure map (Fig.16).

nucleic acid A T C G
secA 7 S.carnosus 1308 154 IIla 990 75 Illa 564 7 Ia 727 21 Ia
secA 10 O.lutens chloroplast 1212 207 IIla,IVb| 980 169 IIla 359 25 IIla,IVb| 508 24 Illa
enolase 3  S.cerevisiae 523 98 Illa 634 120 Illa 443 29 1a,IIIb | 413 24 Ia
enolase 59 A.glutinosa mRNA 473 99 Illa 438 71 IVb 329 33 Ia 415 39 Ia,IIIb
enolase 249 Schisosoma mansoni mRNA 12731 125 IVb 12776 127 IVb  |8117 35 IlIb 8040 37 IIIb
enolase 2  N.fontalis 691 188 IVb 613 90 IIib 303 36 IVb 361 19 IIIb
enolase 100 Streptococcus thermophilus| 2323 195 IVb 1933 153 IVb {1021 36 IilIa 1222 46 IIla,IVb
enolase 1  M.musculus mRNA 363 72 Illa 285 28 Ila 378 56 IIIb 407 91 IIla
enolase 8 H.sapiens mRNA 340 50 Illla 271 22 1b 367 68 IIIa 420 114 IIla
enolase 15 Rattus norvegicus mRNA 396 61 Illa 378 40 1IIa 490 84 IITb 461 61 IIIb
enolase 13 Peking duck tan.cryst. 439 71 Illa,JVbi 415 58 IbJIa | 417 96 IIIa 444 43 Ia
enolase 25 Xenopus laevis mRNA 461 93 IVb 448 54 Ib,ITa | 370 62 IIIb 441 50 Ia,IlIb
secA 21 Synechococcus sp. 905 70 IIla 777 51 Iilb 989 39 Ia 1121 40 Ib
secA 6 P.sativum mRNA 1120 124 IIla,IVb; 996 94 IVb 688 28 Ia,IlIb | 804 50 IIb,IVa
secA 11 S.oleracea chloroplast 1084 101 ITla,IVb| 1043 82 IVb 689 45 TVa,b 923 53 Ib,Ila
secA 15 Mycobacterium bovis 782 35 Illb 667 21 Ia,ITIb|1286 38 Ia,b 1310 45 1b
secA 8 Escherichia coli 1061 121 Iila 863 74 Illa | 938 29 Ib 1004 27 Tab
secA 4 Streptomyces lividans 709 41a 509 10 Ib 1351 53 Ia 1437 76 Ib




Table 25a: Lattices with highest density (lowest r values) from different positions a
— f of the cubic space groups (SG) 195 — 230 without variable z, y, z parameters and
a selection of structure types R,M, or R,M;N, with T;(M) of M atoms or T;(N) of N
atoms. The majority positions are occupied for T;;r values.

SG a b c d e f further SG
195 | pc pc fcc 1 fcc 1 200,207,215,219,221,226
196 | fcc fce fcc fce 216

197 | bcc pcl

201 | bcc fcc fcc pcl
202 | fcc fcc pc fcc 1 209,225
203 | beccl becl fec2 fcc 2 210,227
204 | bcc pcl pc

205 | fcc fec

206 | pc pC

208 | bcc fcc fec pcl fcc5  fech

211 | bcc pcl pc fcc 3 222,229
212 | fcc6 fcc 6 213
214 | fcc4 fcc4d  fcc 8 fcc 8

217 | bce pcl - fcc 3

218 | bcc pcl fcc 5 fcc b

220 | fcc9  fcc 9

223 | bce pcl fcc 5 fcc b pc

224 | bce fcc fce pcl - fcc 3
228 | bcc fcc fcc bce

230 | bee pc2 fcc7a fcc7b

pc (6 12 8;(1)): Po a, CICs, CugAu, OsRe, Fe,C, O3CaTi, BsCa, CusSsV, NaPt3Oy4,
Pr3Sn13Rh4, PtHg4, Pt304, AS3CO, P12LaFe4, Re7Si6U4, Can, DsRuSI'g, S4CU3Sb,
anaNa, B]_ggTh3O, Cu6_5A16_50a, BssThOo_33, PdGa12Y4, (Sl, Re)13U4, Ce3NiGSi2, Tb3
NisHo_sAlz, NiD4Mg2, (FeCU5)S4, Ni2,67Sn5,44Gd, Pt128n25Ce4, LaSnsRu, Yb3SIl13Rh4,
Y3Ge 3Coy, AIMnCus, MnGagGdy, NizGay, GayNiz

pc 1 (00 8;3): AgyOs, Biy03, Las03, O4Pts, S4VTI;, GesPtyNag, PoMgs, BisFeg Y3
pc2 (03 2;3)

pc 3 (2.7 2.7 0;2.55) (229b+d): SAg,

pc 4a (0 3.43 0;3.57) (229a+d): UsSigRey

pc 4b (0 0 0 1.5;7) (218a+d): (Al,Ge)sNayg, AsyBaySi, LiN4Mn, H;U, RuSnsLa,
AlsGalsBa4, GenK, Si23K4
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Table 25a (continued)

fcc (12 6 24;(1)). OAgz, O3Ag2, O3Bi2 5, SzFe, Sng4SbZSn, Cu, SZII, Qm_@_, LlSlAl,

AsMgAg, F»Ca, Hg,TiCu, F3Bi, BesAu, CusTe,, CayGe, CyLa, DgSraRu, D;Ce, CueSes,
SgMO4Ga, B12U, S4Z1‘3, SsCUgBi, Sb4C05Mn4, S4CU7, SesAggGa, TesAggGe, Mg2D4Ni,

CIIFG5S4 HT, C114M05Hg, Rb7Ge8Na,, Sg(Pbo_67Sb0,33)6Sn, leAng, LlMgPdSn, CII4§_I_1_

Mg, SsMosGa HT, SgAgrTa, OCuz, CusMnAl, S¢CugBi, SciiIry, S4Zrs, CoSbMn,

NF4, MogNy, C3Nby, NoMos, S3Uy, Pt;Cu = Ca;Ge, ClgKoPt, OgMgsMn, Fe;Cy 45Cr,

Sg (Fe, Nl)gAg

fcc 1 (06 0;3): AuCuz, ReO3, CaTiO3 = AlCMns, ONb, U,Ss, NbsCs, S4VCus,
ngBa, S4SbCU.3, Bi4Cu4Mn3, RbeO, Ag4A17Ca, 82601K6F623Li, Ca4Mg4H22Fe3, NCH3,
GagTmRu

fcc 2 (6 012 ’ lb) MgCuz, TigC, O4MgA12, C4N4ZIIK2, Fe3VV30, D7Z1‘201‘4, GestBa,
Dng2V4, HC&gN, AlmV, AllgMgacI‘z, W40020, Ni7Zn6Ge2, H3,7ZI‘V2 HT, CeAlgoorz,
Al V, Cag(Ca,Ge) = TipC, O,LiTi, S4CulisTiy, H; ThZrs, MnzNiySi

fce 2b (0.0 0 12;7) (225b+d): GeCay; = CuPty, ZrgCuysHyAly, MgeCuyeSiy

fec 3 (42 8;1.67): VoD o, As;SioHgs, PisLagNis, Si2(Cs, T1)zAs.Hgs, P17LagNig

fcc 4 (30 6;3): Te;AuAgs LT

fcc 5 (0 2 8;4.33): SiCrs, HSnNby, OsNaPt;, RhsSnysPr;, HSnNb;s, GegoNizBay,
CosGey3Y3

fecc 6 (0 0 6;7): SipSr, AloMosC, Tey9AlgCa, O23PgNagFe

fcc 7a (0 0 4;9.67a): BisRh a, O12A125i3Cas

fcc 7b (0 0 4;9.67b): O13Al,CasSis

fcc 8 (00 4;20.33)

fcc 9 (Ty=8;20.33): P4Th;, Ga II HP, SbgAu,Y, Li;»SisMegs, SsBasSnyCd

bec (8 612 3 (1)). Ag20, Cl‘ssi, HszSn, O4Pt3Na, W, O3La,2, Hg4Pt, DVg o, S4T13V,
Aggs, A112W, P12Fe4La, Y4G&12Pd, Ni3G&3ZIl, O120&3Si3A12, Gd4NimSn24(Gd, Sn),
F4Si, Hg5AS4Sm, NbgHSIl, O4Pt3Na

bee 1 (4012;1): C, CuTiHgs, NaTl, CuzMg, O4Al;Mg, S4Yb,Fe, C4KoN,Zn, MogNigC,
CI‘4D7ZI‘2, D9V4Z1‘2, AlzoCl‘zce, Zn22Zr, Ole (cristoballite), Na88b4Sn, WGFGGC, Nz_g_ﬁ
I@_, W3F€3C, V2H3,7Z1‘ HT, S4LigTi20u, H7Z1‘2Th, MOzS4A10_55, AngLiz, SgM04A1

bec 2 (0.0 12;3) (225b-+c): BiFs, AlFes, PyyCss HT, CozBsAls, GePdyMn, CeoKs
bee 3a (2 0 3;3) (227a+b+d): TipNiH

bee 3b (0 0 4;4.33) (227a+d): S4Cos, Lizsins, SiyyNay 95, SigaNa, PdrTez

bee 3¢ (2.7 0 4;4.33) (227a+c): S4(Cr, Sn),Cus, NbgZn,Cs, CrpAl;sMegs
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Table 25b: Same as Table 25a, except for trigonal and hexag. space groups 143 — 194

SG a b c d e f g further SG
147 | ph ph - - ph 2a ph 2a 164

148 | ph 1f ph1f - ph 3c ph 3c 166

149 | ph ph ph ph ph ph 174,187,188

150 | ph ph
155 | ph 1f ph1f

162 | ph ph ph1lb ph1b - ph 2a ph2a | 175,177,191,192
163 | ph ph phle phle - - ph 2a | 176,194

165 | ph ph - - ph 2a

167 | ph 1f ph 1f - ph 3c

180 | ph ph ph2d ph2d 181

182 | ph ph phle phle 190

189 | ph ph phlb phildb

193 | ph ph phlb philb - ph 2a

ph (26122624 6;(1)) (147a): LiRh, CW, Cd,Ce, I,Cd, Zn,Cu, BaLiSi, B,Al, Fe,N,
S2CuSc, O3U, LigN, AsNi, Se;CuEr, BeyHyZr, Zn; 7Pt, SoCusCs, CusCa, SFe, In,Ca,
SaNb, S4GagFe, CgLi, Cu;Th, P,NiMo, BsRe, S2TaSn, AlCr,C, OgAsyCa, ZrgAlyCo,
D3Z1‘4N, Mn12Pt4N, BaS3V, SesAle;;, SsZIlgInz, RU3Si2La, A].gCOzSI‘, BCO4C€, B2Pt3Ba,
FeeGes, Mg, CO5Y, CsEu, NbesesTl, SlgTigK, Cu13Yb2, Seng4Cr, Sng4Mn, ZnnSm,
FegHO, Ni]_gThz, COl7H02, 027Fe18Ba, SezTa,, CsCS, A13F614Tb2, BzRuaU, Si3Ce5Ni2,
D7Ni5La

ph la (0 062600 N 2) (194b+d) C, BaCu, Ni17Th2, Tigo, Se24Zr12Fe5, B4W, H9K2Re,
Zn17U2

ph 1b (2 002612 0,2) (1626) A1B2, ZI‘HgBez, NdRh3B2, Nanssnz, OeC&ASz,
SGNa35Sn2, Zl‘sCOAIz, A]gSI‘COz, CGCO4B, S3PL1

ph 1c (0 00260 0;5) (191(I+C+d): anU, W12 Cs

ph 1d (02 8264 2;1) (191b+c): NLiz, NTa, CoSn, V5N, Fe,P, GasNizHo,, FegGegli,
La

ph le (006 26 00;2) (194c) (hep): Mg, CuZn,, NFe,, ZnS, NiAs, NipSi, Ni;Ge,,
BgRe, SzMO, Nizln, SzInTl, Seer3K2, Ni3Sn, SZSnTa, CCI’zAl, Na,gAS, MnlzNPt,;,
S3VBa, Se4CuNb2, CeBa, FeaTeaTl, Cu2S, B4II‘3Z1‘, Fe4Si9Y2, SsNb3CO, SlzTigK

ph 1f (00 6 0 6 6 0;2) (166a/195a, 196a, 197a) (pc, fcc, bee): Hg, Po, OBi, Hgln,
PtCu, 5,Mo, N,W, S;NaTi,, N3Na, S,NaV, S;NaCr = O;NaFe = Cu,SrGa, S9CuCr,
SezAgCr, Ni3C, SgMOst, SleM012FeSI12, Rh3Si7SC, SzNiang, B6Ni128r, MgzNigsi,
K5Sb20u, SegGazNaz, Te4Sb2Ge, Au5Sn, SzTaQC, BizTezs, Clng, inl\jg, CuSel..,,,,
SSCl__z, BizTezs, SzTa,zc_Fe_, P2K4Cd, PzCU4C&, Se4A12Mg, F66G34ZI', S3KPt2, MnaBi,
BsNi]_zSI’
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Table 25b (continued)

ph1g (006 16 3 0;2) (194a+c): TiAs, NigTi, SiNig, InNip, BesN3, SesNbyCr
ph 1h (00406 40;3) (225b+c) (bee 2):
ph 1i (003 0 6 0 0;5) (203a) (bec 1):

ph 2a (2 00200 6;3) (1646) SzCSCllg, SIICO, NaSnde3, SngPda, Si16U2003
ph 2b (03 6 2312 6;1) (164a+f): SegTisFe, GegNigSc

ph 2c (126 12126;1) (180b-+d): Mg,Ni

ph 2d (004 00 8 6;3) (180c): O4Si (high quartz), SizCr, Si;Nb

ph 32 (00 4.822.40 1.2;1.4) (191c+g): CaCus, DLaNis

ph 3b (0 0 5.1 0 5.1 5.1 0;2.43) (225b-+d) (fec 2b):

ph 3¢ (004 04 40;3) (166¢/197b, 195¢) (pc 1, fcc 1): S;Pb,Nig, P2K3Cus, SegRhs,
SngQNi:«;, BzThC

ph 3d (00 2.4 0 4.8 4.8 0;3.8) (166a-+b-+d): TisCs

ph 3e (00 3 0 3 3 0;5) (203c, 166b+¢) (fcc 2): ThFe,

ph 3f (0 031530 0,5) (194c+g) SiOz, W20C0507

ph 3g (001.500 1.5 0;11) (227a+b+d) (bcc 3a):

ph 3h (0000 20 0;15) (227a+d) (bce 3b): S;NisPb,

ph 3i (00202 00;15) (227a+c) (bee 3c):

ph4a (00202 20;7) (211d) (fcc 3):

ph 4b (0 0 2.7 0 1.3 1.3 0;9.67) (2295+d) (pc 3):
ph 4c (0 0 1.5 0 1.5 1.5 0;11) (214a) (fec 4):

ph 4d (000 0 1.5 1.5 0;11) (2306) (pc 2):

ph 4e (000 0 1.7 1.7 0;12.71) (229a-+d) ( pc 4a):
ph 4f (00 0 0 0 2 0;15) (218¢) (fcc 5):

ph 4¢ (00 0 0 0 2 0;23) (212a) (fcc 6):

ph 4h (Ti=15;23) (218a-+d) (pc 4b):

ph 52 (00 0 0 0 1 0;31a) (230c) (fec Ta):
ph 5b (00000 1 0;31b) (230d) (fec 7b):
ph 5¢ (00 0 00 1 0;63) (214c) (fcc 8):
ph 5d (Ti4=2;63) (220a) (fcc 9):
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Table 25¢: Same as Table 25a, except for tetragonal space groups 75 — 142

SG a b c d e f further SG
81 | pc pc pc pc’ 115,116,120,127,135
82 | bed bec! bec!  bec 86,118,119

83 | pc pc’ pc pc’ pc  pc | 89,111,123,124,125,132
84 | pc pc’ bec  bec! pd  pd | 93,131

85 | pc pc' - pc pc 129
87 | bec' bec! pc pc’ - pc’ 126,139
8 | bccl becl fec2 fec2 141
90 | pc pc’ 113
94 | bec bec! 114
97 | bec bec! pc’ pc 117,121,128,136
98 | bccl Dbecl 122
112 | pc bec! pc bec!  pc’  bed
130 | pc pc' - pc
133 | pc pc pc’ pc pc 140

134 | bec bed’ pc’ pc’ bec!  bed
137 | bed bed! - - pc

138 | pc' pc bec!  bed

142 | bec bec’ bec’

pc’ (4248420;(1)): SePoZr, Te;Ga, S4BaFe, 3, SeqIn,Cd o, SegInsAg LT, Cl,AlCu,
SezFeCu, ClOz(NH4), S3Ba, CI‘3G€N, O7Si20a2Mg ; SgCUGSnFeg, B25AICUO_79, SII2A114K,
I4HgCu, B, S4SnFeCuy, TiCu §, CuAu, Hg,Pt, SisFe o, NFeNi, PbsSr, TizCu, Pt,ZnCd,
SigMgyCe, MnyCooC, ClKoPt, GasCoHo, PdsAsTl, GagCuCe, S3CusK, HsSroLiPd,
GagHoyCo, GagLaNi, Te;Nb HT, Nb,sSiCo, PbyPt, Se4,KCe, GagPu, TesAl,Ba, S4SrFe,,
BzMOzFe, F5Rb3Pd, Mg211‘5B28i, NigIngY, MIlsNi5C€, IsTesz LT, PbO, PbClF, Al-
GeMn, PLiMn, C,ScCo, Si;HfCu, AsZrSiCu, PtS, CYCo, C;B,Y, Te,CusTl, VSnRhs,,
Se2TlCu2, TeUGe, H4PtN&2 LT, A14YbM02, BigSI‘Zn, H5II‘SI‘2 LT, SzSI‘, AlgCu 0,
Ir38i, Uasi, SGTI, TeInNa, Cu20eIn2, D500Mg2, N2COLiSI‘2, D4PtK2, D3K3Pd, Tth,
G3206A12, Te4A128r, N3K, SeglnGa, NCI‘3AS, Ga5Pd, UGMII, H4Th2A1, Nb5snzsi,
LaZNiGe, M05B23i, T63T14Pb, TesTlgsn, 01508300, Ge4009Pr, Si4(Ni, Sl)ngCe, Nbg
004Ge, H3Zr2Ni, PrsFemGe, LaGCOQ(CO, Ga)4Ga, TbsAl:;Si, H4,3Zl‘2Ni HT, S4PP1‘

pc 1 (00 8;3) (126a+c): Se;Al,Ba
fcc 1 (06 0;3 = bee 0.2 4;3) (123c+e): SrPbg, CuTis, MnsAu

fcc 2 (6 0 12;1b = bec 4 2 4;1) (88¢): H4HIV, LT, S,UPd,, N3Cu, HzeZrV, LT,
O4CdMn2, MnuLaCz
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Table 25¢ (continued)

bee’ (8 4 2 4 8;(1)): S4InP, Sy(NH,)(Mo, Cu), S4GayCd, S4CuzZnSn, S4Cur(NH,),

CsW,4U, S4(Pt,Ni);Pd, B4CosNd, NisMo, SiFe,Ba 8, HyLi,Rh, C4CrsU, BrgRb,Te
LT, BI‘sTesz LT, P4CU3B&, CIIzS, @E HP, B25N, Cl4CuAl, Pd4Se, S4Na4Sn, H1_33Pd,
(Ga, Ag)ﬂe_, Tegé_gll, I4Cu2Hg ,3, S4CU2S_IEQ, S4CU3Sb, SnsRu4Y, IstgTe LT, B13E1‘4
Ni, 811 (HzO)z(NH4)2Pd, A14Ba, Ga2A120e, SezCule, F4K2Ni, H4N&2Pt LT, A14M02Yb,
(Mn,Cu)eCe, NipAlsZr, PtsTi, HsSroIr LT, FegN, SPt, C,Th HT, YCoC, ByTiC,
B25Ti, 02T1 (rutile), L13N2B o, NzSI‘zLi__C_O, Si2F64ZI‘, D4K2Pt LT, VgN, IzHg ﬂ,
B4CO4CG, N4Li6MO, II)., Pa LT, Mn v Co_osFe, Q_C___Q, HzTh, CgCa, SizMO, ZrzCu,
ha&I_l_Y, A13T1, Alzm__u_, OzNazHg, S4Cu6Tl, GamCezNi, AlgMn4Ca, FeloMosz,
MnlzTh, P4Eu2Pt7A1, S4(Cu,Fe, Ag)e_gs(Tl, K)sz, F611TiM, Ga17Ce4Ni2, S16Nilg

BigAS, B4R114L11, San&MAl

bcec 1 (4 012 3 1): Cl4Th ,3, Q;SlZ;, Ca4In2N, Li4N28r, O4Mn20d, CdnBa, Si2,4Ni3,eCe,
ClyZn o, N,CaGe, SpCuFe, Se(Sn, Ga)Ag, Sn 8, UPb, Si,Sr, SisTh a, Mo,N S, O, Ti,
anatase TizN, Co.sSiFe]_oNd, Mn1102La

bec 2 (00 12;3 = fec 0 4 8;3) (1396+d): NoBLi3 o, TiAlz, NbN o

bee 3b (0 0 4;4.33 = fec 0 1.33 8;4.33) (88b+c): SrPbs, CuTis, MnzAu
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