SIMPLE CRYSTAL STRUCTURES

Sodium Chloride Structure

The sodium chloride, NaCl, structure is shown in Figs. 17 and 18. The
lattice is face-centered cubic; the basis consists of one Na atom and one Cl atom
separated by one-half the body diagonal of a unit cube. There are four units of
NaCl in each unit cube, with atoms in the positions
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Figure 17 We mav construcel the sedivm chiloride ervs-
tal structure by arranging Na™ and Cl17 ions alternately
at the lattice points of a simple cubic lattice. In the erys-
tal cach 1on is surrounded by six nearest neighbors of the
opposite charge, The space lattice is fee, and the basis
has one C17 jon at 000 and one Na™® jon at 444, The ligure

shows one conventional cubic eell. The ionic diameters
here are reduced in relation to the cell i order to clarily
the .-:;mliil_i arvangement.

Each atom has as nearest neighbors six atoms of the opposite kind. Representa-
tive crystals having the NaCl arrangement include those in the following table.
The cube edge a is given in angstroms; 1 A = 10"%em = 107" m = 0.1 nm.



Cesium Chloride Structure

The cesium chloride structure is shown in Fig. 20. There is one molecule
per primitive cell, with atoms at the corners 000 and body-centered positions
411 of the simple cubic space lattice. Each atom may be viewed as at the center
of a cube of atoms of the opposite kind, so that the number of nearest neighbors
or coordination number is eight.
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Figure 20 The cesium chloride ervstal strue-
ture. The space Lattice is simple cubie, and the
basis has one Cs 7 jon at 000 and one C1on at

33

/



Hexagonal Close-packed Structure (hep)

There are an infinite number of ways of arranging identical spheres in a
regular array that maximizes the packing fraction (Fig. 21). One is the face-
centered cubic structure; another is the hexagonal close-packed structure
(Fig. 22). The fraction of the total volume occupied by the spheres is 0.74 for
both structures.

hcp: ABABAB
fcc: ABCABC
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Figure 21 A close-packed layer of spheres is shown, with centers at points marked A. A second and
identical laver of spheres can be placed on top of this, above and parallel to the plane of the
drawing, with centers over the points marked B. There are two choices for a third layer. It can go
in over A or over C. If it goes in over A the sequence is ABABAB. . . and the structure is hexagonal
close-packed. If the third layer goes in over C the sequence is ABCABCABC. . . and the structure
is face-centered cubic.

Spheres are arranged in a single closest-packed layer A by placing each
sphere in contact with six others. This laver may serve as either the basal plane
of an hep structure or the (111) plane of the fee structure. A second similar laver
B may be added by placing each sphere of B in contact with three spheres of the
bottom layer, as in Fig. 21. A third layer C may be added in two ways. We
obtain the fee structure if the spheres of the third layer are added over the holes
in the first layer that are not occupied by B. We obtain the hep structure when

the spheres in the third layer are placed directly over the centers of the spheres
in the first laver.



The hep structure has the primitive cell of the hexagonal lattice, but with a
basis of two atoms (Flg 23) Figure 22 The hexagonal close-packed struce-
ture. The atom positions in this structure do
not constitute a space lattice. The space lattice
is simple hexagonal with a basis of two identi-
cal atoms associated with cach lattice point.
The lattice parameters @ and ¢ are indicated,
where a is in the basal plane and ¢ is the mag-
nitude of the axis a; of Fig. 14.

The ratio c¢/a (or as/a,) for hexagonal closest-packing of spheres has the
value (§)'? = 1.633,

Figure 23 The primitive cell has «, = a.,
with an included angle of 120°. The ¢ axis (or
a,) is normal to the plane of a; and a,. The
ideal hep structure has ¢ = 1.633 a. The two
atoms of one basis are shown as solid circles.

One atom of the basis is at the origin, the
other atom is at 43, which means at the posi-
tion r = ia, <+ !{ag + éag.

The number of nearest-neighbor atoms is 12 for both hep and fee structures.



Diamond Structure

The space lattice of diamond is fcc. The primitive basis has two identical
atoms at 000; 444 associated with each point of the fcc lattice, as in Fig. 24. Thus
the conventional unit cube contains eight atoms. There is no way to choose the
primitive cell such that the basis of diamond contains only one atom.

The tetrahedral bonding characteristic of the diamond structure is shown
in Fig. 25. Each atom has 4 nearest neighbors and 12 next nearest neighbors.
The diamond structure is relatively empty: the maximum proportion of the
available volume which may be filled by hard spheres is only 0.34,

Figure 24 Atomic positions in the cubic cell of the diamond
structure projected on a cube face; fractions denote height
above the base in units of a cube edge. The points at 0 and }
are on the fee lattice; those at } and 1 are on a similar lattice
displaced along the body diagonal by one-fourth of its length.
With a fee space lattice, the basis consists of two identical
atoms at 000; i1




The tetrahedral bonding characteristic of the diamond structure is shown
in Fig. 25. Each atom has 4 nearest neighbors and 12 next nearest neighbors.
The diamond structure is relatively empty: the maximum proportion of the
available volume which may be filled by hard spheres is only 0.34,

Figure 25 Crvstal structure of diamond,
showing the tetrahedral bond arrange-
ment.

diamond structure is an example of the directional covalent bonding found in
column IV of the periodic table of elements.

Carbon, silicon, germanium, and tin can crystallize in the diamond struc-
ture, with lattice constants a = 3.56, 5.43, 5.65, and 6.46 A,



Cubic Zinc Sulfide Structure

The diamond structure may be viewed as two fcc structures displaced from

cach other by one-quarter of a body diagonal. The cubic zinc sulfide (zinc
blende) structure results when Zn atoms are placed on one fece lattice and S
atoms on the other fcc lattice, as in Fig. 26. The conventional cell is a cube. The
coordinates of the Zn atoms are 000; 043: 304: 330: the coordinates of the S
atoms are 133; 134 333 334, The lattice is fce. There are four molecules of ZnS
per conventional cell. About each atom there are four equally distant atoms of
the opposite kind arranged at the corners of a regular tetrahedron.

The cubic ZnS structure does not have inversion symmetry.
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Figure 26 Crystal structure of cubic zinc sulfide.



DIRECT IMAGING OF ATOMIC STRUCTURE

Direct images of crystal structure have been produced by transmission
electron microscopy. Perhaps the most beautiful images are produced by scan-
ning tunneling microscopy; in STM (Chapter 19) one exploits the large varia-
tions in quantum tunneling as a function of the height of a fine metal tip above
the surface of a crystal.

STM image

Figure 27 A scanning tunneling microscope image

of atoms on a (111) surface of platinum at 4 K.

The nearest neighbor spacing is 2.78 A. (Photo courtesy
of D. M. Eigler, IBM Research Division.)




NONIDEAL CRYSTAL STRUCTURES

But no general proof has been given that
the ideal crystal is the state of minimum energy of identical atoms at absolute
zero. At finite temperatures this is not likely to be true

) Many structures that occur in nature are not entirely periodic;
see the quasicrystals treated at the end of Chapter 2.

Random Stacking and Polytypism

Structures are known in which the stacking sequence of close-packed planes is

random. This is known as random stacking and may be thought of as crystalline in
two dimensions and noncrystalline or glasslike in the third.

Polytypism is characterized by a stacking sequence with a long repeat unit
along the stacking axis. The best known example is zinc sulfide, ZnS, in which
more than 150 polytypes have been identified, with the longest periodicity
being 360 layers. Another example is silicon carbide, SiC, which occurs with
more than 45 stacking sequences of the close-packed layers.

The mechanism that induces such long-range crystallographic order is
not a long-range force as such, but is associated with the presence of
spiral steps due to dislocations in the growth nucleus (Chapter 20).

CRYSTAL STRUCTURE DATA

In Table 3 we list the more common crystal structures and lattice struc-

tures of the elements. Values of the atomic concentration and the density are
given in Table 4.



Problems

2. Indices of planes. Consider the planes with indices (100) and (001); the lattice is fec,
and the indices refer to the conventional cubic cell. What are the indices of these
planes when referred to the primitive axes of Fig. 137

3. Hep structure. Show that the c/a ratio for an ideal hexagonal close-packed structure
is (§)'2 = 1.633. If ¢/a is significantly larger than this value, the crystal structure may
be thought of as composed of planes of closely packed atoms, the planes being loosely
stacked.



