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   STRUCTURES OF CRYSTALLINE MATERIALS
   Many crystal structures can be described in terms of close packing of
   atoms (e.g. O or S) with other smaller atoms occupying the spaces
   (interstitial sites) between the close-packed atoms. Many pure metals
   have simple structures described entirely of close-packed atoms, and
   so it is a useful starting point for considering crystal structures.
   Packing of identical atoms in two dimensions.
   
   The radius of an atom is r, the area contained in an atom is r2 , and
   the distance between the centres of two atoms is 2r. Therefore, for
   the square packing on the left the packing efficiency (area filled by
   atoms) is 78.5%, while for the hexagonal packing the efficiency is
   90.7%.
   Close-packing of atoms is based on the hexagonal close packed layer on
   the right. The unit cell for this layer is a hexagonal with length 2r.
   An identical close-packed layer could be placed on top of this first
   layer, with the atoms resting either all in the B sites, or all in the
   C sites. This is the basis of building three-dimensional close-packed
   structures.
   Hexagonal close-packing.
   If we call the first hexagonal layer, the “A” layer, then the next
   layer could be either a “B” layer or a “C” layer. The two arrangements
   are identical and so we choose to call the second layer the “B” layer.
   The difference comes when considering the third layer. If it is placed
   directly above the first “A” layer the pattern is repeated the packing
   is ABABAB…. This is shown in Figure 20, together with a
   two-dimensional representation of the hexagonal close-packed
   structure. Only the z coordinates are marked.
   
   
   Figure 20 Hexagonal close-packing
   CUBIC CLOSE-PACKING
   The stacking sequence ABCABCABC…..is called cubic-close packing. The
   unit cell could be described in terms of a 3-layer hexagonal cell, but
   this type of packing has higher symmetry than hexagonal, and generates
   close-packed planes in four symmetrically equivalent orientations.
   That is why a cubic unit cell is conventionally used to describe the
   structure.
   
   Figure 21 Cubic close-packing. The diagram on the left shows a
   two-dimensional projection of the ABC packing with the z coordinates
   marked. On the right is the conventional unit cell of a cubic
   close-packed structure. The shading shows the A,B,and C layers.
   Some observations to make on these structures.
     i. 
       In hexagonal close packing not all atoms are in identical
       environments. The unit cell is primitive (i.e. only lattice points
       at the corners) and the motif therefore consists of two atoms, one
       with coordinates 0,0,0 and the other at 1/3,2/3.1/2.
     ii. 
       In cubic close-packing all atoms have identical environments. If
       we define a lattice point at an atomic position, then all atoms
       lie on lattice points. The cubic unit cell is therefore
       non-primitive and has lattice points at the corners as well as in
       the centre of each face. The lattice is called face-centred,
       abbreviated F. The cubic unit cell is more symmetric and easier to
       use than the smaller primitive cell (using the same argument as in
       Figure 14).
     iii. 
       The percentage of space filled in ideal close-packing is 74%.
   IONIC OXIDE STRUCTURES: CLOSE PACKING OF OXYGEN ATOMS WITH CATIONS IN
   INTERSTITIAL SITES.
   The spaces between the close packed atoms are called interstices or
   interstitial sites, and they are important because when the close
   packed ions are oxygen, for example, they provide sites for smaller
   cations, and this forms the basis for many simple oxide structures. In
   general the ‘close-packed’ oxygens are held apart by the positive
   cations, so that although geometrically we can still refer to
   hexagonal and cubic close-packing, the atoms do not actually touch.
   There are two types of interstitial sites in close-packed structures:
   tetrahedral interstices are surrounded by four atoms, forming a
   tetrahedron;
   octahedral interstices are surrounded by six atoms, forming an
   octahedron.
   We refer to them as tetrahedral and octahedral sites.
   Examination of the structures shows that there is are two orientations
   of tetrahedral sites and twice as many tetrahedral sites as octahedral
   sites. The number of octahedral sites is equal to the number of close
   packed atoms.
   Many ionic structures can be described as close-packing of anions,
   with cations occupying all or part of the octahedral or tetrahedral
   interstices.
   F
   igure 22 Two close-packed layers to show the two kinds of interstitial
   sites between the close-packed atoms. The shaded layer of atoms lies
   below the layer with no shading. The interstices labelled x are
   enclosed by four close-packed atoms forming a tetrahedron with the
   apex pointing upwards as shown in (c). There is also another set of
   interstices enclosed by a tetrahedron pointing down as in (b). The
   interstices labelled with the black spot are octahedral sites
   coordinated by six close-packed atoms which form an octahedron as
   shown in (d).
   The sodium chloride structure.
    
   In the sodium chloride structure the larger Cl- ions are in a cubic
   close packed arrangement with the smaller Na+ ions in all the
   octahedral interstitial sites. In the space filling model on the left
   the ions are shown in their correct relative sizes. The figure on the
   right is called a ball and stick model. The lattice is face-centred
   cubic (F) and the motif is Na: 0,0,0 and Cl: 1/2, 0, 0.
   The sphalerite (zinc blende) structure.
    
   In the cubic structure of sphalerite (ZnS) the larger S ions are in a
   cubic close-packed arrangement with the smaller Zn ions in half of the
   tetrahedral interstitial sites. The lattice type is face-centred cubic
   (F) and the motif is S: 0,0,0 and Zn: 1/4,1/4,1/4
   The fluorite (CaF2) structure.
    
   The fluorite structure is generally described as a cubic close-packed
   arrangement of Ca atoms, with the Fluorine atoms in all the
   tetrahedral interstitial sites. In this case the ‘close-packed’
   description is not strictly true but it is a convenient geometric way
   of describing the structure. The lattice type is face-centred cubic
   (F) and the motif is Ca: 0,0,0 and F: ±1/4,1/4,1/4
   The nickel arsenide (NaAs) structure.
    
   The NiAs structure is the type-structure for many minerals including
   FeS. The As (or S) atoms (light) are in a hexagonal close-packed
   arrangement with the darker Ni (or Fe) occupying all the octahedral
   sites. The structure is hexagonal with a P lattice. The motif is
   As : 0,0,0 and 2/3, 1/3, 1/2
   Ni: 1/3, 2/3, 1/4 and 1/3, 2/3, 3/4
   The wurtzite structure of ZnS.
    
   ZnS also crystallises as the hexagonal mineral wurtzite. The S atoms
   are in a hexagonal close-packed arrangement with Zn occupying half of
   the tetrahedral sites.
   EXERCISE: Conventional structure diagrams.
   ==========================================
   Write the structure type on each of the diagrams below and label the
   atoms.
   
   Some other important mineral structures based on close-packing.
   The chalcopyrite structure.
   T
   he structure of chalcopyrite (CuFeS2) is based on the sphalerite
   structure. The S atoms are cubic close packed and the Cu and Fe
   alternate in one set (i.e. one half) of the tetrahedral sites. (Note
   that the metal:sulphur ratio of 1:1 means that only half of the
   tetrahedral sites are occupied).
   The distribution of Cu and results in a doubling of the unit cell in
   the c direction and the structure is now tetragonal.
   The corundum structure.
   In the structure of corundum (Al2O3) the oxygen atoms are hexagonal
   close-packed and the Al ions occupy two-thirds of the octahedral
   sites. Hematite (Fe2O3) has the same structure. In ilmenite (FeTiO3)
   half of the Fe atoms are replaced by Ti.
   The spinel structure.
   The spinels group of minerals has a general formula AB2O4, where A is
   a divalent ion (e.g. Mg2+) and B is a trivalent ion (e.g. Al3+). The
   oxygen atoms are cubic close-packed and the A and B ions occupy both
   tetrahedral and octahedral positions. The way in which the
   interstitial sites are occupied means that the unit cell of spinel is
   2 x 2 x2 times larger than the cubic unit cell of the oxygen
   close-packed structure. Therefore there are 32 oxygen atoms in the
   unit cell of spinel. The total number of interstitial sites in the
   unit cell is therefore 32 octahedral sites and 64 tetrahedral sites.
   The contents of the unit cell are A8B16O32 and it is clear that
   relatively few of the total number of interstitial sites are occupied.
   The 8 tetrahedral sites are positioned at fixed symmetry points with
   coordinates of the form (1/8,1/8,1/8).
   The 16 octahedral sites are positioned at fixed symmetry points with
   coordinates of the form (1/2,1/2,1/2).
   There are two types of spinel structures:
   In normal spinel the 8 A cations occupy 8 tetrahedral sites and the 16
   B cations occupy 16 octahedral sites. Normal = A [B]2 O4 e.g. Mg [Al]2
   O4
   In inverse spinel, 8 of the B cations occupy the 8 tetrahedral sites,
   while 8 A cations and 8 B cations are distributed over the 16 occupied
   octahedral sites.
   Inverse = B [A0.5 B0.5]2 O4 e.g. Fe [Fe0.5 Ti0.5]2 O4
   Some important minerals with the spinel structure are
   magnetite Fe3O4 - Fe3+[Fe2+,Fe3+]O4
   chromite FeCr2O4 - Fe2+[Cr3+]O4
   spinel MgAl2O4 - Mg2+[Al3+]O4
   ulvöspinel Fe2TiO4 - Fe2+[Fe2+,Ti4+]O4
   COVALENT STRUCTURES
   Minerals containing covalent bonds tend to have more complex
   structures. Unlike ionic bonds, covalent bonds are directional and
   this affects the way in which atoms can be arranged in a crystal. One
   result is that covalent structures tend to be more open and less dense
   than ionic structures. They are usually not well-described in terms of
   close packing.
   One example of a covalently bonded structure is that of diamond. Each
   carbon atom is covalently bonded to four other carbon atoms, arranged
   at the corners of a tetrahedron. The resulting structure is cubic, and
   has geometrical similarities to the sphalerite structure but contains
   much more ‘free space’
    
   The diamond structure and a projection of the structure down the z
   axis. The fractional z coordinates are given. Unlabelled atoms are at
   height 0 and 1 (bottom and top of the unit cell).
   In the graphite structure of carbon (below), each carbon atom is
   covalently bonded to three neighbours in the same plane, resulting in
   a strong sheet of carbon atoms. Between the sheets the bonding is very
   weak, which makes graphite one of the softest minerals, while diamond
   is the hardest. Diamond and graphite are both polymorphs of carbon.
   Diamond is formed under very different conditions in the deep earth
   while graphite is stable at low pressures. On the surface of the earth
   diamond is less stable than graphite, but does not break down to the
   graphite structure because of the strong bonding between the
   tetrahedrally coordinated C atoms. At the earth’s surface therefore,
   diamond is metastable relative to graphite.
   
   
   Representing crystal structures as polyhedral models.
   For more complicated structures it is often convenient to describe a
   structure in terms of the coordination polyhedra around the
   interstitial cations, and the way in which these polyhedra (i.e.
   tetrahedra and octahedra) are linked together by sharing corners,
   edges or faces. The anions are at the corners of the polyhedra.
   T
   he NaCl structure can therefore be described as an array of
   edge-shared octahedra as shown in the figure below.
   The spinel structure with both octahedra and tetrahedra is shown
   below.
   
   Most of the structures described in the later lectures will be
   described in terms of polyhedral models.
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