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The relationships between 10, 11, and 12 coordination identical-sphere packing arrangements are 
discussed. Primitive tetragonal packing, which is adopted with minor distortions by rutile, has 11 
coordination and may be regarded as an intimate intergrowth of close packing (12 coordination) and 
body-centered tetragonal (10 coordination) packing. Several other known and postulated structures 
are shown to represent different arrangements of the 50-50 intergrowth of c-axis square channel and c- 
axis strings of edge-shared octahedra typical of body-centered tetragonal packing and close packings, 
respectively. Partial cation occupancy of the square channels in such anion arrays would provide 
conduction pathways for small cations such as Li+. It is also shown that body-centered tetragonal 
packing is an intermediate of cubic and hexagonal close packing. 

Close-packed anion or cation configura- 
tions play a prominent role in the discus- 
sion of crystal structures (I). Numerous in- 
organic compounds can best be visualized 
in terms of hexagonal-close-packed (HCP) 
or cubic-close-packed (CCP) anion arrays 
(Fig. 1). In addition to these two packing 
schemes, in which each close-packed ion is 
coordinated by 12 crystallographically 
identical ions, it has recently been shown 
(2, 3) that there is a third packing scheme, 
primitive tetragonal packing (PTP) (Fig. l), 
in which each ion is coordinated by 11 crys- 
tallographically identical ions; it is adopted, 
with minor distortions, by a number of im- 
portant structures such as rutile. Primitive 
tetragonal packing is different from the 
body-centered tetragonal packing (BCTP) 
(Fig. l), described by Wells (I), in which 
each ion is surrounded by 10 equidistant 
identical ions. (This occurs at an ideal c/a 

ratio of m) = 0.8165). Although the 
BCTP scheme is adopted by few structures, 
it is shown here that it nevertheless plays 
an important role in the discussion of 
“close’‘-packed arrays. In particular, it is 
shown that BCTP is intermediate between 
HCP and CCP and that the square intersti- 
tial channels in primitive tetragonal packing 
are identical to those in BCTP. This letter 
thus outlines the structural relationships 
between the packing of identical spheres 
into periodic arrays with 10, 11, and 12 co- 
ordination. 
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Primitive tetragonal packing may be re- 
garded in terms of a distorted HCP configu- 
ration; such a description has commonly 
been given for the t-utile structure. How- 
ever, the creation of a 42 screw axis (the 
“undistorted” HCP equivalent structure is 
orthorhombic) and the change in coordina- 
tion from 12 to 11 justifies the proposal that 
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FIG. 1. 10 (BCTP), 11 (PTP), and 12 (HCPKCP) periodic sphere packing arrangements. Lattice 
vectors are labeled according to the specified space groups. Open and filled circles represent ions at 
zero and half heights, respectively, of the lattice repeat perpendicular to the plane of the projection. 

primitive tetragonal packing should be re- 
garded as a separate and independent pack- 
ing arrangement. Additionally, viewing 
PTP as a distorted HCP variant results in a 
misleading description of the interstitial 
space in PTP; an error of some conse- 
quence may result since PTP-related anion 
arrangements are adopted by many solid 
electrolytes (3), in which ionic conduction 
occurs principally within the interstitial 
channels. In the rutile structure, for exam- 
ple, cations occupy the edge-shared chains 
of distorted octahedra running parallel to 
the c axis of the PTP array, and the intersti- 
tial space consists of square channels run- 
ning parallel to the c axis of the tetragonal 
celI as can be seen from Fig. 1. 

From Fig. 1, it can also be seen by in- 
spection that the c-axis square channels of 
a PTP array are identical to the c-axis chan- 
nels of BCTP. The two structures differ in 
the coordination of these channels. In a 

PTP array, the square edge-shared c-axis 
channels are surrounded by four strings of 
edge-shared, distorted octahedra whereas 
BCTP has only c-axis square channels shar- 
ing faces and edges. Thus a PTP array may 
be regarded as an intergrowth of BCTP c- 
axis channels and c-axis strings of edge- 
shared octahedra typical of HCP or CCP 
arrays (Fig. 2). This observation does not 
negate the statement that primitive tetrago- 
nal packing, with its unique symmetry char- 
acteristics, is a distinct arrangement of 
identical, periodically packed spheres; 
rather, it reveals a particular structural rela- 
tionship between packing with 10 (BCTP), 
11 (PTP), and 12 (HCPKCP) nearest-neigh- 
bor spheres. 

To establish that primitive tetragonal 
packing may be regarded as an intergrowth 
of BCTP c-axis channels and strings of 
edge-shared octahedra, we note that the 
close-packed ions of an ideal PTP array sit 
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on the 4fpositions at (x,x,0), where x = l/(2 
+ fi) = 0.2929 of the space group P42/ 
mnm (D$ which has an ideal tetragonal cl 
a ratio (2 - a) = 0.5858. From geometri- 
cal considerations the diagonal distance d 
across the square interstitial channels is re- 
lated to the unit-cell length a by the formula 

d = ad/[1 - 4x + 8x2]. 

Thus, in terms of the PTP c-axis length, 

d=V@&. 

This is, as required, equal to the ideal a/c 
ratio for the BCTP scheme. 

Having established that primitive tetrag- 
onal packing may be regarded as an inti- 
mate intergrowth of closest packing and 
BCTP schemes, it is a straightforward mat- 
ter to extend this notion to more complex 
structures such as ramsdellite and hollan- 
dite (I) (Fig. 2). Indeed it is possible to 
imagine new “intergrowth” structures such 
as “antihollandite” (Fig. 2) and a structure 
intermediate between Cd12 (HCP) and 
CdC12 (CCP) (Fig. 3) that have packing den- 

Rutile [PTP] “Anti-hollandite” 

Ramsdel lite 
Hollandite 

FIG. 2. Diagrammatic representation of various 
CCP/BCTP intergrowth structures. Shaded regions 
represent BCTP interstitial channels. 

TABLE I 

COMPARISON OF THE INTERSTITIAL SITES IN THE 
INTERMEDIATE BCTP LAYERED STRUCTURE WITH 

THOSE IN THE CdIz AND CdCl* STRUCTURES 

Cdlz (HCP) Cd’32 (CCP) 
PTml (&) R% (D:J 

Close-packed ion 
Octahedral site 
Tetrahedral site 
Distorted octa- 

hedral sites 
Distorted tetra- 

hedral sites 
Distorted tetra- 

hedral sites 

4i 2d 2c 
2a la la 
4i 2d 2c 
2c lb - 

ij i ; 

4hb - - 

a The Bum cell is twice the size of the HCP and CCP cells. Hence 
there are twice the number of positions in the B2im cell. 

’ These “extra” distorted tetrahedral sites have 110 equivalent intersti- 
tial sites in either Cdl* or CdC12 structures. 

sities equivalent to that of primitive tetrago- 
nal packing. The intermediate structure of 
Fig. 3 possesses BCTP interstitial layers 
between close-packed layers: it adopts the 
monoclinic space group B2/m (&). In Ta- 
ble I the Wyckoff positions of all the inter- 
stitial sites of the intermediate structure are 
listed alongside the equivalent sites in Cd12 
and CdC12. For instance the 2c site in the 
B2/m structure is at the same position as the 
lb site in Cd12: there is no equivalent inter- 
stitial site in the CdC12 structure. Similarly 
the 2d site (B2/m) is equivalent to the lb 
octahedral site in CdC12 and has no equiva- 
lent in Cd12. Table I thus shows that the 
interstitial sites of both CCP and HCP are 
present in the intermediate B2/m structure, 
thus confirming that this structure is inter- 
mediate between Cd12 and CdC12 and that in 
general BCTP is intermediate between CCP 
and HCP. 

No known compound adopts this inter- 
mediate layered structure; the attractive 
Van der Waals interactions between the 
close-packed layers tend to minimize the 
interstitial space and hence to give either 
CCP or HCP structures. This is in contrast 
to the rutile structure in which the intersti- 
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FIG. 3. Cd12, CdCl*, and intermediate layered structures. Heights of ions are expressed as fractional 
coordinates of the lattice repeat perpendicular to the plane of the projection. 
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tial space is maximized as a result of anion 
displacements from hexagonal close pack- 
ing that screen the dominant cation-cation 
repulsions along the c axis. This observa- 
tion suggests that, in general, if repulsion 
terms are dominant in such structures, then 
BCTP-type interstitial spaces may be ex- 
pected; and conversely, if attractive terms 
dominate, then closest-packing (i.e., HCP/ 
CCP) interstitial spaces will occur. The c- 
axis channels of BCTP interstitial space 
provide continuous conduction pathways in 
one dimension for small cations such as 
Li+. 
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