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Abstract  

Several structural details of the rutile family of 
compounds are examined which highlight the power of 
orbital models of electronic structure. They include 
discussion of the local distortion of the octahedron as a 
function of electron count, distortions driven by metal-  
metal bonding, and the factors controlling the planar 
geometry at oxygen. 

Introduct ion  

One of my aims at this symposium was to give a sense of 
how a focused study of the results of electronic structure 
calculations can lead to a real feel for the factors 
determining the geometrical structure of a solid as 
determined by the crystallographer. For this purpose I 
have chosen, largely from our own studies, a deceptively 
simple example, that of rutile. We will see that there is a 
rich variety of connections between the electronic and 
geometrical structure which are useful illustrators of 
these approaches in solid-state chemistry in general. 

The rutile structure itself is shown from several 
viewpoints in Fig. 1. It contains metal atoms in 
octahedral coordination and nonmetal in planar three- 
coordination. Notice that one of these stresses its 
derivation from a hexagonal close-packed array of oxide 
ions with the Ti atoms occupying half the octahedral 
holes. The rutile structure has received a large amount of 
attention from Baur (1981), and he has pointed out that it 
is in fact quite distorted from such a hexagonal close 
packing and has described it in terms of a tetragonal 
close packing. Other views [Fig. l(c)] highlight the 
framework nature of the structure, the planar coordina- 
tion of oxygen by three metal atoms and the chains [Fig. 
l(d)] of edge-sharing octahedral which run through the 
structure. For what combinations of elements is the rutile 
structure found? One useful way of providing a general 
answer to this question is to find a pair of indices, ~A, ~X, 
for A and X which when plotted for a database of known 
structures leads to regions which separate one structure 
from another. The indices may be electronegativity or 
ionic radius, but one useful index is the pseudopotential 
radius, a quantum mechanical derived quantity (Cohen, 
1981; Zunger, 1981) which is independent of crystal 
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structure or coordination number. Fig. 2 shows such a 
structure map (Burdett, Price & Price, 1981) for some 
AX 2 systems, and as may be seen the rutile structure is 
the one usually found for small anions, X, namely for 
metal oxides and fluorides. For the chalcogenides and 
heavier halides it is one of the cadmium halide or 
molybdenum sulfide polytypes which are found. (The 
cadmium chloride structure is shown in Fig. 3. Notice it 
contains pyramidal three-coordinate nonmetals and 
octahedral metal coordination.) There are exceptions to 
this general rule. For example, PtO 2 is found in the CaCI 2 
structure (Rogers, Shannon, Sleight & Gilson, 1969). 

There are several distorted relatives of rutile which are 
relevant to our discussion below and these are shown in 
Fig. 4. The ' ideal '  structure with six equal A - - X  
distances in the AM 6 octahedron is not required by 
symmetry in the space group P42/mmm, but the local 
geometry is one where the AX distances fall into two sets, 
four equal distances (r 4) involved in edge-sharing in the 
chain of Fig. l(d), and two (r 2) perpendicular to them. 
There are thus two types of tetragonal structure, (1) with 
r2/r 4 > 1 (this two long-four short structure is found for 
TiO2 itself) and (2) with r2/r4< 1 (this two short-four 
long structure is found for FeF 2, for example). A related 

(a) (b) 

(c) (d) 
Fig. 1. The rutile structure from several viewpoints. (a) Its derivation 

from a hexagonal close-packed array of anions by filling half the 
octahedral holes. (b) The connectivity of the resulting metal-centered 
octahedra. (c) A ball-and-stick framework diagram highlighting the 
planar three-coordination of the anion in the inset picture. (d) The 
chains of edge-sharing octahedra characteristic of this structure. 
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distorted structure (1") is where there are three t r a n s  

pairs of equal A - - X  distances with one pair in the chain 
of Fig. 1 (d) being considerably longer than the other two. 
This monoclinic two long-four  short structure is found 
for the classic Jahn-Tel le r  system CuF 2. Of  interest to us 
later is the observation that in the rutile structure the 
anion is coordinated by metal in a rigorously planar 
environment.  In the orthorhombic CaCI 2 structure (3), 
the anion is now pyramidal.  In several transition metal 
oxides the metal atoms dimerize as in Fig. 5(a) to give 
the MoO 2 structure (4). Sometimes,  whether the rutile or 
MoO 2 structure is adopted is temperature-dependent. For 
example,  VO 2 has the MoO 2 structure below 340 K and 
the rutile structure above this temperature (Rogers, 
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Fig. 2. A structure map for some AX 2 systems. For a database of  AX 2 
solids a plot of  a set o f  pairs of  indices, ~A, ~x, for A and X for known 
structures leads to regions where only one structure type is found or 
predominates. The indices in this plot are pseudopotential radii. 

Fig. 3. The cadmium chloride structure. Note that although it contains 
octahedral six-coordinate cations and three-coordinate anions, just as 
in rutile, the latter are in a pyramidal geometry. 

Shannon, Sleight & Gilson, 1989). For some systems, 
e .g .  a -PbO 2, the structure adopted has zigzag rather than 
linear chains [Fig. 5(b)]. Some other interesting rutile 
derivative structures have been discussed by Baur 
(1994). 

' O l d '  t heory  

Since the rutile structure is found for fluorides and 
oxides, it is not at all surprising that the simplest model 
used to describe it is ionic, and that some of the 
distortions of the structure have been traditionally viewed 
using Crystal Field Theory (Dunn, McClure & Pearson, 
1965). First let us consider the ionic model. Much of the 
inorganic crystal chemistry of ' ionic '  compounds is 
described in terms of 'c lose-packed'  arrangements,  of  
anions usually, in which ions of the opposite type occupy 
holes in the structure (Evans, 1964). However,  such a 
model has come under attack over the years. For 

( 5 )  ( 3 )  ( 4 )  

(1) (1 ") ( 2 )  

Fig. 4. Rutile relatives: (1) tetragonal with Q / r  4 > 1, (2) tetragonal with 
r2/r 4 < 1 and (1") monoclinic with r2/r 4 > 1. Here there are three 
trans pairs of equal A - X  distances, with one pair in the chain being 
considerably longer than the other two. The distortions are 
exaggerated for effect. (3) The orthorhombic CaCI 2 structure, (4) 
the MoO 2 structure with pairs of metal atoms and (5) the a-PbO 2 
structure. 

~ A  

(a) 

(b) 
Fig. 5. (a) The relationship between the futile and MoO 2 structures 

showing the pairing up of the metal atoms. (b) The ot-PbO 2 structure 
showing the zigzag chains. 
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example, because of their mutual electrostatic repulsion 
a collection of like-charged particles are not likely to 
'pack' together at all. In fact, O'Keeffe (1977) has 
suggested that the details of the structure of the solid are 
determined by minimizing these repulsive anion-anion 
(irrespective of their ionic or orbital nature) contacts for a 
fixed anion-cation distance. The most stable structure is, 
therefore, expected to be the one of maximum anion 
volume rather than the minimum anion volume expected 
for close-packing. We can use this idea to study the rutile 
and CaCI 2 structures. 

The CaCi 2 structure is orthorhombic (Pnnm) with the 
cations in 2(a) (0,0,0) and (1  l ,  ½) and the anions in 4(g) 
+(u,v,0), + ( u + 3 , ½ - v ,  ½). If a =  b and u = v, the 
tetragonal rutile structure results. The parameters of this 
structure are thus u, v, ~ = b/a and 1/= c/a. Assuming 
that the six anion-cation distances are equal (l) 

~2 = 4u + 4vrl 2 - 1 - rl 2, (1) 

and the volume with this restriction becomes 

V 2 = 16r/Z(4u + 40Zv - 1 - r/2)/(u z + r/Zv2) 3, (2) 

it is a trivial matter to maximize V. This is for 
u = v = 0.300, 1/= 1, ~" = (2/5) 1/2 = 0.632. Rutile it- 
self has u = 0.305, ~" = 0.634 and, since it is tetragonal, 
r / =  1. This structure is geometrically a long way away 
from the 'close-packed' array, which corresponds to 
u = 0.289, v -- 0.25, r / =  0.816 and ~" = 0.6, and close 
to that calculated on this simple model. Thus, the 
importance of repulsive anion-anion interactions in 
setting structural details is clear. This viewpoint will be 
developed further throughout the article. 

One of the first theoretical studies on rutile was by 
Pauling (1929), who found that only by inclusion of a 
Born-type repulsion [see (3)] between the O atoms of the 
chains [Fig. l(d)], in addition to the Coulombic one, 
could he reproduce the broad details of the structure. 
Without such a term these chains collapsed, such that the 
O-O distance perpendicular to the chain (the shared 
octahedral edge) was far too short. Baur (1961) found 
that by using a Lennard-Jones potential to supplement 
the Madelung term he could obtain values of u = 0.306 
and c/a = 0.644 (cf. with Table 1). Clearly the bare ionic 
model is inadequate; other terms need to be added. More 
insights into the ionic model come from studies (Burdett, 
1988b; Smyth, unpublished) on the rutile structure using 
a Born-Mayer potential with the addition of a van der 
Waals attraction. 

~(r i j  ) = q iq j / r6  + Bij e x p ( - r i j / P i j  ) - Ci j /r i j  6 (3 )  

The total energy is the sum of the terms of (3) over all 
atom pairs in the solid. The first term is attractive for 
unlike ions and repulsive for like ions and just becomes 
the Madelung sum. Bij, Pij and C o are adjustable 
parameters and are determined (Catlow & Mackrodt, 
1982) by fitting to an experimentally observed structure. 

Table 1. Calculated dimensions oJ the rutile structure 
(distances in A) 

Calculated 
Madelung plus T i -O and 0 4 9  

Madelung, plus Ti -O and ~ potentials,* zero 
Observed T i -O repulsion potentials Ti, O charges 

a 4.587 4.246 4.593 4.567 
c 2.959 3.429 2.958 2.957 
c~a 0.645 0.808 0.644 0.647 
u't" 0.305 0.309 0.305 0.302 

* Adjusted to fit the structure. 
t Oxygen z coordinate. 

Table 1 shows some results. The second column gives 
the observed dimensions of rutile. The third column 
shows the poor agreement found if O-O interactions are 
left out of the calculation, a result similar to the results of 
Pauling and Baur described above. The third column 
shows the results of a full calculation with all Ti-Ti, T i -  
O and O-O interactions included. In the lead term of (3), 
the charge on Ti was 4 +  and on O 2 - .  In the last column 
the results are just as good, but were computed with 
charges on Ti and O of zero! Thus, although the results 
of the calculations fit the experiment, there is clearly no 
confirmation that the system is ' ionic' .  Although (3) is a 
good mimic of the experiment, its failure to distinguish 
between Ti n+ and Ti °+ is at first sight embarrassing. 
However, although such studies using the potential of (3) 
imply an ionic model, it should be realized that over the 
range of internuclear distances sampled in many 
structural problems, other potentials may be equally as 
good, as long as they adequately represent the attractive 
and repulsive parts of the potential. Thus, just because an 
' ionic'  model is used, this does not demand an ' ionic'  
description of the chemical bonding. 

Although the Baur (1961) calculations noted above 
reproduce u and c/a reasonably well, they do in fact fail 
when it comes to predicting the direction of the distortion 
of the octahedron away from its regular geometry (Baur, 
1976; Baur & Khan, 1971). These calculations predict a 
distortion of the form (2), whereas the observed 
distortion for TiO 2 is (1). 

Table 2 gives some structural data for these rutile 
oxides and fluorides. As noted earlier, (1") structures of 
CuF 2 and CrF 2 are textbook examples of Jahn-Teller 
distorted systems. [The Jahn-Teller theorem (Jahn & 
Teller, 1937) will be discussed in detail below.] Fig. 6(a) 
shows how the e s orbitals of an octahedrally coordinated 
transition metal ion are expected to change as a result of 
a two long-four short distortion or a two short-four long 
distortion. Although traditionally this picture was con- 
structed using the Crystal Field Model (Dunn, McClure 
& Pearson, 1965), an orbital approach gives the same 
qualitative picture. Notice the removal of the degeneracy 
of the e 8 levels and the clear stabilization of the d 9 and 
high-spin (h.s.) d 4 configurations on distortion. Fig. 6(b) 
shows the splitting pattern for the t28 levels for the two 
long-four short distortion. Again Crystal Field argu- 
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ments are traditionally used, but the same qualitative 
result is found if zr-donor ligands are used. This picture 
would also apply to the local geometry preferences of the 
solid assuming a localized electronic picture. Whereas 
for eg degeneracies the model as shown leads to no 
predictions as to the sense (1 or 2) of the distortion, it 
does make predictions as to their sense for t28 
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Fig. 6. Energy changes expected for the (a) eg and (b) t2, orbitals of  an 

octahedrally coordinated transi t ion metal ion on distortion. 
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Table 2. Bond length ratios in rutile fluorides and oxides 

d count  (1 - r4/r2) x 100 
Local Extended 

Type model  model  
Fluorides Mg 0 0.96 2 - - 

Cr h.s. 4 -17.7 I* - - 
Mn h.s. 5 1.28 2 - 2 
Fe h.s. 6 6.01 2 2 2 
Co h.s. 7 1.09 3 l 2 
Ni h.s. 8 2.07 2 - 2 
Cu 9 -15.0  l* - - 
Zn I 0 1.69 2 2 

Oxides Ti 0 -2.06 l - l 
Cr h.s. 2 1.22 2 I 2 
Ru l.s. 4 2.16 2 1 2 
Os l.s. 4 2.24 2 l 2 

degeneracies. For example a d I system is clearly better 
stabilized by (2) (23) than (1) (3). These predictions for 
low-spin systems are shown in Fig. 7. Table 2 shows the 
predictions (Burdett, Miller, Richardson & Smith, 1985) 
of this local model for a series of oxides and fluorides. 
Notice that it is in quite poor agreement with experiment. 

'New' theory 

Developments in the orbital picture over the past 30 
years have revolutionized much of molecular chemistry 
and in the past 15 years much of solid-state chemistry. 
The LCAO model has been a powerful scheme with 
which to provide a unifying basis for many different 
parts of chemistry (Albright, Burdett & Whangbo, 1985). 
Molecular chemists are by and large quite happy with a 
delocalized orbital picture to view 'electron-deficient' 
molecules, such as the boranes and related metal- 
containing clusters. Organometallic molecules typified 
by ferrocene require such electronic descriptions, as do 
more sophisticated aspects of organic molecules tradi- 
tionally described by two center-two electron bonds. The 
quintessential 'delocalized' organic example is the rr- 
system of benzene of course. These delocalized mole- 
cular orbitals (MO's) of the molecule are replaced by the 
delocalized crystal orbitals (CO's) in the solid. Just as the 
delocalized picture may often be recast as a set of 
localized two center-two electron bonds (in methane, for 
example), so may this delocalized solid-state picture 
often be recast similarly (in diamond, for example). In 
many, perhaps most cases, however, the delocalized 
picture is the best one to use. 

We will start with molecules. Fig. 8 shows ways of 
depicting collections of energy levels (Burdett, 1995; 
Hoffmann, 1988). In the molecular case there are a finite 
number of levels which are usually depicted, as in Fig. 
8(a). The example used here employs the zr-energy levels 
of borazine, B 3 N 3 H  6. Figs. 8(b) and (c) show two 
constructs which are seldom used in molecular chem- 
istry, but will be useful in examining orbital structure in 
solids. One is the density-of-states representation of the 
energy level collection. A line is drawn whose length is 
proportional to the number of energy levels at a given 
energy. Examine the construction of Fig. 8(b) from the 
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details of 8(a). The second is a projected density of 
states, where the length of the line is proportional to the 
boron or nitrogen character of each level. Note that the 
form of this picture is that expected from the electro- 
negatives of the two atoms. From Mulliken's definition, 
electronegativity scales with ionization energy. The 
description of the molecular orbitals are then consistent 
with the relative energies of the atomic orbitals, boron 2p 
being less strongly bound than nitrogen 2p. The deeper- 
lying orbitals will have a larger contribution from the 
more electronegative atom (in this case, N). Thus, the 
length of the lines corresponding to the bonding orbitals 
in the DOS(N) plot are greater than for their antibonding 
counterparts. The converse is true for DOS(B). Here the 
larger B orbital character lies with the least strongly 
bound levels. 

Exactly analogous pictures apply to the solid state, but 
here there is an inf'mite collection of orbitals and thus the 
constructs just described are continuous, applicable to a 
distribution of energy levels. Atomic energy levels 
broaden into collections of levels (bands) as in Figs. 
9(a) and (b). These bands may be labeled with their 
atomic origin, and their relative energies commensurate 

a 2 

e II 

a B  

I! 

a 2 

B3N3H6 

(a) 

ct N 

DOS 

(b) 

DOS (N) DOS (B) 
(c) 

Fig. 8. Orbital tools useful in the study of solids. (a) Molecular orbitals 
for borazine, B3N3H6; (b) a density-of-states representation of the 
energy-level collection; (c) projected density-of-stales for the 
nitrogen and boron levels. 

with their relative ionization energies just as in borazine. 
Thus, the oxygen 2s band for TiO 2 lies deeper in energy 
than the oxygen 2p band. We refer the reader elsewhere 
(Burdett, 1984, 1995) as to how the actual calculations 
are done in the solid-state case, but proceed immediately 
to rutile, our title compound. The energy density of states 
calculated (Burdett, 1985) for rutile, TiO 2, is shown in 
Fig. 10(b). This may be understood via the scheme of 
Fig. 10(a). Bands develop in the energy regions 
appropriate for the ionization energies of metal and 
oxygen levels. TiO 2 (d °) has a gap between filled and 
empty bands (3.0eV from experiment). Accordingly, 
futile (when pure and stoichiometric) is colorless and an 
insulator. There are two types of d orbital, as a result of 
the octahedral metal coordination. There is also an 
energy gap between these eg and t2s bands. The addition 
of a few electrons to rutile, however, by exposure to a 
lithium alkyl turns rutile black and into a metallic 

(a) (b) (c) (d) 

H H---H-H---H-H 

H--H--H--H--H HH HH 
Fig. 9. The Peierls distortion in hydrogen: (a) An atomic H Is level; 

(b) the energy band corresponding to a one-dimensional chain of 
regularly spaced H atoms; (c) splitting of the band into two as the 
chain distorts to alternating short and long H-H distances; (d) the 
extreme case of (c) where there are just H-H dimers (i .e.  H 2 
molecules). 
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Fig. 10. (a) Energies of atomic Ti 3d and O 2p levels and the bands 

expected from them in TiO 2. (b) The energy density-of-states 
calculated for rutile TiO 2. This may be understood via the scheme of 
Fig. 9(a). (c) The projection of the oxygen Pz orbital which lies 
perpendicular to the OTi 3 plane. All bands below 14 eV are occupied 
for TiO 2. 
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conductor. Such a result tells us that the metal 12g band is 
quite wide. A band partially filled with electrons gives 
rise to metallic conduction. Fig. 10(b) shows that the t2g 
band derives its width from both M - M  and M-O rr- 
interactions. The projection of the oxygen Pz orbital, 
which lies perpendicular to the OTi 3 plane (inset to Fig. 
lc) and is involved purely in Ti-O :r-interactions, is 
shown (Burdett, 1985) in the second panel of Fig. 10(b) 
and is quite wide. The properties of the 12g band are 
particularly important in the study of the MoO 2 structure 
[Fig. 5(a)]. This is found for VO 2, MOO2, WO2, a-ReO 2 
and TcO 2. NbO 2 has a related but more complex 
arrangement. 

We have noted the possibility of metallic behavior in 
these materials traditionally regarded as being 'ionic'. 
This at first sight is unusual, as was recognized many 
years ago by Goodenough (1965) who suggested that if 
direct d-d overlap or metal d anion s or p interaction was 
large enough, metallic behavior could result. 

T h e  T iO 2 --~ M o O  2 dis tor t ion  

The effect on the calculated density of states of the 
distortion from the basic rutile structure TiOE-*MoO 2 
[where the metal atoms pair up along the edge-sharing 
octahedral chains of the parent (Fig. 5(a)] is shown 
(Burdett, 1985) in Fig. l l(a). There is a substantially 
wider band than found in the undistorted parent. Its 
origin is simply revealed by using one of the techniques 
described above. Fig. 11 (b) shows the decomposition of 

e g  
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- I1  
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(a) 

2.0 

6 

(b) 

MoO 2 

Fig. 11. (a) Change in the calculated density-of-stales during the 
distortion TiO 2---, MoO v (b) The decomposition of the total density 
of  states into o-, 7r- and all-components with respect to the edge- 
sharing chains. 

the total density of states into those which are of a-, :r- 
and &-symmetry with respect to the edge-sharing chains. 
Notice the way the (r- and :r-components split into two 
on distortion. This behavior is typical of a Peierls 
distortion (Peierls, 1955; Burdett, 1995; Hoffmann, 
1988). Consider the simplest case, that of a one- 
dimensional chain of regularly spaced H atoms. Fig. 9 
shows that the atomic H ls level is broadened into an 
energy band in the solid. Since there is one electron per 
H atom and this band can accommodate two altogether, 
the band is half-filled with paired electrons. The total 
electronic energy is reduced if the H-H distances 
alternate since the band splits into two and the higher 
energy electrons move to lower energy. Eventually, if the 
distortion proceeds far enough, all the electrons of the 
infinite chain finish up in H-H a-bonding orbitals. 

A more complex variant of this state-of-affairs is 
found for the TiO2- ,  M o O  2 distortion. The orbitals with 
the largest interaction ((r- and :r-type) have the largest 
splittings. Approximately, VO 2 (d ~) has a configuration 
which fills the lower (r-band, and M o O  2 (d 2) one which 
fills both lower (r- and zr-bands. There is some 
population of the &band in ReO 2 (d3). All these 
examples are found in the distorted structure, at least at 
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Fig. 12. Calculated difference in energy between the TiO 2 .and MoO 2 

structures. (a) Using the same Ti-O distance of 1.95 A but two 
different values of u. (b) The same as (a) but using Fe parameters. 
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low enough temperature ( < 3 4 0 K  for VO2). We can 
calculate the energy difference between the two struc- 
tures as a function of electron count. The results of 
calculations on TiO 2 (d °) itself are shown in Fig. 12 
(Burdett, 1985). Note that the do configuration is resistant 
to distortion, as observed for rutile. These are calcula- 
tions of the 'rigid-band' type. The energy differences for 
other d counts are obtained by adding (as in this case) or 
removing electrons to the energy bands resulting from 
calculations on a single pair of structures with the TiO 2 
(do) stoichiometry. No change is made in orbital or 
geometry parameters to mimic different metal atoms. 
Thus, the general sense of the picture will be correct, but 
finer details may be missed. Indeed, this rigid-band 
calculation gives the wrong result for RuO 2 (d4). This is 
metallic and has the undistorted rutile structure. The 
sensitivity of the plots to differences in u parameters and 
whether orbital parameters for Fe or Ti are used are 
shown for comparison. Along with the discussion arising 
from the projected or partial densities of states of Fig. 
11 (b), the general shape of the energy difference curve as 
a function of d count identifies the driving force for the 
distortion of stronger metal-metal bonds. 

Jahn-Teller distortions in the tzg block 

We noted earlier in Table 2 the failure of the local model 
to account for the distortion modes of systems where 
there is an asymmetric occupation of the t2s levels. Fig. 
13 shows the results (Burdett, Miller, Richardson & 
Smith, 1985) of a set of calculations using the band 
model as a function of d count. Notice how different the 
results are from those of Fig. 7 using the local model. 
The predictions of this 'extended' model are shown in 
Table 2. The agreement in terms of the sense of the 
distortion (1 or 2) with experiment is perfect. What is the 
essential difference between the two sets of calculations? 

Of course, from Figs. 10 and 11 we know that metal-  
metal interactions are important. These are certainly 
ignored in the local model, irrespective of whether the 
Crystal Field Theory or an orbital model is used. Also 
included in the band model and ignored by the local 
model are the extended interactions between metal 
centers, coupled by the bridging atom orbitals. We noted 
the width of the t2g band in several places above. These 
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Fig. 14. The contribution of the metal z 2 orbital to the band structure 
(shaded curve). Notice that contributions appear in both 'e~' and 't2~' 
bands. For TiO 2, all bands below 14eV are filled. 
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Fig. 13. The stabilization energy on distortion away from octahedral for 
the two long-four short (1) or two short-four long (2) pathway for 
low-spin systems d°--d 6, using the numerical results of a band model, 
~f. Fig. 7. 
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Fig. 15. The stabilization energy on distortion away from octahedral for 
the two long-four short (1) or two short-four long (2) pathway for 
the low-spin systems d°--'~ 6 using the Angular Overlap implementa- 
tion of the band model, cf. Fig. 13. 
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important M - M  and M--O interactions determine its 
magnitude. One of the important results of the extended 
coupling which comes naturally from the band model is 
that the e 8 and t2g levels of the isolated octahedron do not 
remain orthogonal but mix together in the extended 
structure. Fig. 14 shows the contribution of the z 2 orbital 
to the band structure (Burdett, Miller, Richardson & 
Smith, 1985). Notice that contributions appear in both 
'e s' and 't2s' bands. On the local model z 2 character 
should only appear in the e 8 band. It is possible to 
generate the band structure by using the modem orbital 
analog of Crystal Field Theory, namely The Angular 
Overlap Model (Burdett, 1980) where such effects are 
included naturally. The resulting plot to compare with 
that of Fig. 13 is shown in Fig. 15. The correlation is very 
striking. At d o (TiO2), no distortion is predicted at all; 
there are no d electrons. 

In a nutshell, therefore, although we could discuss this 
further, the reason for the distortions of systems of this 
type lies in the extended nature of the interactions. This is 
perhaps a surprise for the fluorides, systems which 
certainly are frequently described as largely ionic 
materials. Notice from Table 2 that when local and 
extended pictures give the same prediction, the distortion 
(for FeF2) is largest. Although the band model gives the 
correct result for TiO 2 itself, the discussions in this 
section are not applicable since there are no d electrons 
for this system. 

The  case of  rutile itself 

As noted above, the electronic picture for TiO 2 itself 
must involve orbitals other than the largely metal-located 
ones discussed, namely the behavior of the largely 
oxygen p band. Two interactions are important, both 
oxygen-oxygen and metal-oxygen. We noted earlier the 
importance of metal--oxygen zr-bonding. It shows up 
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Fig. 16. (a) Calculated S - - F  bond overlap populations in the SF 4 

molecule; (b) the S - - F  distances in SF4; (c) calculated T i - - O  bond 
overlap populations in solid TiO 2. 

strongly in Fig. 10(b) and will feature again later. One 
useful way of determining the sense of distortion of a 
ligand sphere around a central atom where bond length 
equality is not forced by symmetry is to compare the 
bond overlap populations for the system where the 
interatomic separations are set equal. A simple molecular 
case is shown in Fig. 16(a) for the SF 4 molecule 
(Burdett, 1980). The bond overlap populations are shown 
from a calculation with equal S-F distances. The 'axial '  
distances have the smaller population implying longer 
axial bonds in the real structure, as indeed is found 
experimentally [Fig. 16(b)]. Results of such a calculation 
(Burdett, Hughbanks, Miller, Richardson & Smith, 1984) 
on solid TiO 2 are shown in Fig. 16(c). The prediction 
here is thus a distortion of type (2), the arrangement 
which is not found. This is, however, the distortion found 
in MgF 2. 

Evidence that it is the O-O and not the Ti-O 
interactions which are important is found from the 
details of diffraction studies at room and low tempera- 
tures (Burdett, Hughbanks, Miller, Richardson & Smith, 
1984). Table 3 shows the thermal motion parameters at 
two temperatures. Notice that at room temperature the 
parameters for oxygen and for titanium are similar. This 
is unusual. The most common observation is that the 
heavier atom moves less than the lighter one (the 
situation found for CrO 2, for example). This is true at 
low temperature for rutile. Thus, a model for the structure 
from these results is that the details of the local 
coordination are set by anion-anion repulsions and that 
the Ti atom actually rattles a bit in the structure. Fig. 17 
shows the results of a band calculation performed on the 
oxide ions alone. The dimensions of the unit cell were 
fixed and calculations performed at five different values 
of the u parameter which determines the oxygen 
positions. A value of u=0.303 defines a regular 
octahedron. Smaller values correspond to distortion (2) 

-0.90 

4)92 ~ o r t  + 2 long) 

-0.94 

0.29 0.30 0.31 O32 

u(O) 
Fig. 17. The results of a band calculation performed on the oxide ions 

alone of  the rutile structure. A value of u = 0.303 defines a regular 
octahedron. Smaller values correspond to distortion (2) and larger 
values to distortion (1). The results indicate that distortion ( l)  is 
energetically favored. 
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Table 3. Atomic positions and anisotropic displacement 
parameters ( x 103) of  rutile 

The 

295 K 15 K 
x=y=z 0 0 
Uii -- U22 5.5 (2) 1.2 (2) 
U~ 3 4.5 (3) 1.1 (2) 
UI2 -0.3 (3) -0.2 (2) 
UL~ = U2~ 0 0 
x = y 0.30476 (6) 0.30469 (6) 
z 0 0 
Ull = U22 5.7 (1) 3.1 (i) 
U~3 4.4 (1) 2.6 (1) 
UIz -1.9 (1) -0.9 (1) 
UI3 = U23 0 0 

general form for the temperature factor is 
exp[-2yr2(Uiih2a*2 + ... + 2U23klb*c*) ]. 

and larger values to distortion (1). The calculations 
indeed show the energetic propensity for the oxide 
substructure to distort in the sense of (1). A similar 
prediction concerning the sense of the distortion comes 
from a molecular mechanics calculation (Burdett, 
Hughbanks, Miller, Richardson & Smith, 1984) using 
(3) on the oxide substructure alone. An interesting result 
is, however, found for MgF 2. With the smaller F-  ion 
and longer M g - - F  distances, this effect is not dominant 
in this material. It has a distortion of type (2). 

More about the Jahn-Te l l er  effect in d 9 systems 

The structures of both d 9 CuF 2 and h.s. d 4 CrF 2 are 
significantly distorted away from the 'ideal' futile 
structure (Fig. 4). A similar picture holds for the other 
halides which adopt the cadmium halide structure. The 
two long-four short distortion is invariably found in 
systems with these electronic configurations, if all the 
ligands around the metal are identical. We need to search 
beyond the simple picture of Fig. 6 to show why 
distortion (1) is favored over (2) for these examples. The 
situation is the opposite for d ~° examples. Cadmium 
halide-based mercuric chloride and bromide show a 
shortening of two trans linkages (2). In HgCI 2 this is so 
pronounced that the structure consists of linear HgCI 2 
units packed together and the structure lies far from that 
of cadmium halide. Linear two-coordination is a 
structural feature of this electron count. It is found in 
cuprite (Cu20), for example. Hybridization between nd 
and (n+ 1)s orbitals has long been used (Dunitz & Orgel, 
1960) to understand such distortions for dl°. 

To understand these observations we need to develop 
(Burdett & Eisenstein, 1992) some of the details of the 
Jahn-Teller approach. (4) expands the electronic energy, 
E0(q), for the electronic ground state l0 > as a function 
of some distortion coordinate q, using the familiar 
language of perturbation theory (Bartell, 1968). The 
stability of some (usually high symmetry) structure is 
tested, initially in first order and then in second order if 
two pathways are of equal energy in first order or if 
Eo0)(q) =0. 
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Eo(q) = E~0°)(0) + E]l)(q) + E(o2)(q) + . . .  

= Eto°)(0) + (OlOH/OqlO)q + (1/2)[(Ol02H/Oq2lO) 

- 2 ~ 'l(OlOn/aqtJ)12/(E~(O) - Eo(0))]q 2 + . . .  
J 

(4) 

From symmetry arguments, Fq, the symmetry species of 
q, must be contained within the symmetric direct product 
of F 0 for a nonzero value of the first-order term 
E~)l)(q) = (OlOH/OqlO). This leads directly to the first- 
order Jahn-Teller result that molecules with orbitally 
degenerate electronic states will distort so as to remove 
the degeneracy. The electronic ground state of an 
octahedral d 9 eg3 system (Cu u) is 2Es. The symmetry 
species of the distortion coordinate q also follows from 
symmetry. In this case, q is of e 8 symmetry via this first- 
order effect. The electronic ground state of an octahedral 
Hg u (d !°) system is 1Aig, which means that the first- 
order term is identically zero. This system is thus first- 
order Jahn-Teller inactive. 

The first-order result for Cu" tells us that the geometry 
will distort away from octahedral. It even tells us the 
symmetry species of the distortion coordinate (eg). There 
are, however, an infinite number of choices available for 
such a degenerate mode. Two are shown in (6) and (7) 
(Fig. 18) and we know from quantum mechanics that any 
linear combination of them is a legitimate motion too. 
We need to discover why of all these possibilities, it is 
distortion (1) which is found for Cu n. Imposition of a 
crystal potential which forces (1) was an ad hoc solution 
for many years, but the most satisfying route is 
examination of higher-order terms in (4). Consideration 
of the terms in q2 of (4) leads to the second-order Jahn-  
Teller effect. The second-order energy term, E~o2)(q), 
consists of two parts. The first is (0102H/3q210), which 
may be regarded as the classical force constant which 
describes the motion of the nuclei in the electronic state 
10), one with a frozen electronic charge distribution 
characteristic of the undistorted (q = 0) structure. The 

i ,2 
second term,-~--]'~jl(013n/OqlJ)l /(Eg(O)-Eo(O)),  is 
always negative (i.e. stabilizing) and represents the 
relaxation of this frozen charge distribution on vibration. 

-.'2~ 
1 

I " . .  -.'2"~. 
(7) 

Fig. 18. One possible way of writing the two components of the 
degenerate Jahn-Teller-active vibrational mode of e8 symmetry. The 
vibration is doubly degenerate and thus all possible combinations of 
(6) and (7) are also possible solutions. 
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Formally it arises via the mixing of excited electronic 
states into the electronic ground state during the 
distortion. The sign of E2o(q) is determined by the 
competition between these two terms. The energy gap 
E / ( 0 ) - E o ( 0  ) in the denominator tells us that this 
negative contribution will be most important for close- 
lying electronic states. If one such state, [/'), is of the 
correct symmetry (Fq  - -  F 0 × Fj), the leading term in 
this expansion can then be large and E~(q) may become 
negative. The molecule may now distort away from the 
symmetrical structure along the coordinate q. Since the 
lowest-lying excited state is usually constructed by 
removing an electron from the HOMO and placing it in 
the LUMO, an alternative view of the distortion is one 
driven by mixing HOMO and LUMO, the HOMO being 
stabilized as the distortion proceeds. It is that distortion 
coordinate which allows the two to become of the same 
symmetry. The state picture of (4) may then be reduced 
to an orbital one, the symmetry species of q being given 
by Fq -- FHOMO X FLUMO. 

Mixing of nd and (n + 1)s orbitals has already been 
mentioned in connection with Hg n and d 1° chemistry in 
general. At the right-hand side of the periodic table, the 
energy separation between these orbitals is small and 
thus the energy gap [Ej(0) - Eo(0)] which occurs in E20(q) 
is also small. In the D4h point group, (n + 1)s and nz 2 
orbitals are of the same symmetry and thus may mix 
together during the Oh--* D4h distortion. The x 2 - y 2  

(n + l)s 

alg 

x 2 _ ),2 

AE2 I :2 / 

x _y2  .... .... 
alg z 2 

- q !  

(II) 

ql 

(I) 
Fig. 19. The effect of second-order Jahn-Teiler mixing of nd and 

(n + 1)s orbitais in octahedral systems. From energy-gap arguments, 
IAE~I < Iz1E21. 

orbital is of the wrong symmetry to mix with (n + 1)s. 
Fig. 19 shows how these interactions change the picture 
of Fig. 6, and reveals the power of an orbital model over 
the Crystal Field Model. Thus, one clearly sees why the 
two long-four short distortion (1) is favored for the d 9 
configuration over the two short-four long distortion (2). 
This d-s  mixing leads to an electronic energy stabiliza- 
tion of 2,4 E l for (1) and ,4E 2 for (2). Assuming that the 
energy gap E j ( 0 ) - E 0 ( 0  ) is just the ( n +  1)s/z 2 
separation, the stabilization of z 2 will thus be larger in 
the two short-four long case than for the converse 
(I,4E l 1(1,4E21 ). As a result, the best electronic stabiliza- 
tion for the d 1° configuration is for the two short-four 
long case (2), since here nz 2 lies closer to (n + 1)s. Thus, 
in a very interesting way, theoretical concepts of use in 
one part of the periodic table naturally lead to insights in 
another. Perhaps we should have anticipated this. 
Distortions of a parent structure (cadmium halide) of 
opposite type (two long-four short or two short-four 
long) as a function of electron c o u n t  (d 9 or  d 10) should 
surely be connected somehow. 

The planar anion in rutile 

We noted earlier that one of the interesting features of the 
rutile structure (and indeed of anatase too) is the 
rigorously planar anion. A suspicion exists that such a 
geometric feature is associated with the first-row ions of 
O and F, since MX 2 compounds with chalcogenides or 
heavier halides adopt a structure such as that of CdCI 2 
(Fig. 2) where a pyramidal anion is found. (Note, 
however, that this cannot be the whole story since PtO 2 
adopts the CaCI 2 structure where the anion is nonplanar.) 
This viewpoint arises from molecular chemistry where, 
although N(CH3) 3, P(CH3) 3 and P(SiH3) 3 are pyramidal, 
N(SiH3) 3 has a planar skeleton. The traditional explana- 
tion of this observation is quite simple (Albright, Burdett 
& Whangbo, 1985, p. 147). The a-framework of all these 
molecules energetically prefers a pyramidal geometry, a 
result accessible using the simplest of theories (e.g. 
ence) is usually quite small (ca 21kjmo1-1 for NH3), 
compared with their heavier analogs (ca 147 kj mo1-1 for 
ence) is usually quite small (ca 21kjmol -I for NH3), 
compared with their heavier analogs (ca 147 kj mol -I for 
PH3). Thus, the energetic consequences of ,r-bonding 
may be important in determining angular geometry in 
such cases. Fig. 20(a) shows the interaction between the 
highest occupied orbital on the a-framework of some 
AX 3 unit (a nonbonding orbital on A) wth a n'-acceptor 
orbital on X. The interaction is largest at the planar 
structure where overlap is largest. Such an interaction 
thus favors a planar structure. If the a-inversion barrier is 
small, as is often the case for A --first-row atom, the rr- 
effect is thus predominant and a planar geometry will be 
found. The nature of the acceptor orbital depends on the 
system. For the molecules NH 3 and PH 3, the acceptor 
orbital of importance is a o'* Sill 3 level [Fig. 20(b)]. For 
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rutile the corresponding iriteraction is one of rr-type 
between metal d and oxygen p orbitals, as shown in Fig. 
20(c). A similar type of interaction stabilizes (Burdett & 
Hughbanks, 1984) a square-planar O atom in the 
structure of NbO [Fig. 20(d)]. The importance of such 
:r-interactions has featured largely in this article. The 
idea was first introduced in Fig. 9(b). 

There is, however, a richer chemistry here than just the 
stabilization of the planar oxygen. As Fig. 20(a) shows, 
the stabilization of the planar geometry is associated with 
occupation of the bonding orbital. Occupation of the 
antibonding higher-energy orbital of the pair will 
destabilize the planar geometry. Thus, a planar structure 
is only expected if there is excess 'zr-bonding' over 'n-- 
antibonding' electrons. In the rutile case, bearing in mind 
the nature of the zr-acceptor orbital, certainly by the time 
the d 6 configuration is reached, all the antibonding levels 
of this type should be filled. At this point the planar 

, ,\  
(b) 

(1.5 

" " ~  (c) 

(a9 
Fig. 20. (a) Stabilization of the oxygen pTr-orbital by an acceptor orbital 

on a ligand. (b) A ~* Sill  3 level leading to the planar geometry in 
N(SiH3) 3. (c) ~r-type interaction between metal d and oxygen p 
orbitals in futile. (d) Stabilization of square-planar oxygen in NbO. In 
(c) and (d) the types of orbital are identical, but the coordination 
number is different. The acceptor orbital shown is a p orbital [as in 
(a)l, but it is a d orbital in (b) and (c). 
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i 

I 2 3 4 5 ~ 6  o 

Fig. 21. Calculated energy difference between the CaCI 2 and rutile 
structures as a function of d count. Notice that the CaCI 2 structure 
with its pyramidal anion becomes more stable than the rutile structure 
with its planar anion for d 6 cations. 

oxygen should be electronically disfavored. Fig. 21 
shows the results of a set of calculations comparing the 
CaCI 2 structure (pyramidal anion) with rutile (planar 
anion). Notice the crossover in stability between d 5 and 
a ~. The result is in perfect agreement with experiment. 
Only PtO 2 ( d  6) of all the rutile-type oxides adopts the 
CaCI 2 structure (Rogers, Shannon, Sleight & Gilson, 
1969). Although we have used an electronic explanation 
here, O'Keeffe & Hyde (1979) have stressed the 
importance of nonbonded repulsions (between the oxide 
ions in this case) in influencing problems of this type. 

Ruti le  v e r s u s  a - P b O  2 

With this final example we examine the stability of 
another structure geometrically quite similar to that of 
ruffle, the ot-PbO 2 structure. This is shown in Fig. 5(b) 
and consists of a zigzag arrangement of filled octahedral 
holes of the close-packed structure, rather than the linear 
arrangement of Fig. 1 found for rutile. A variant 
containing metal-metal dimers is also known as the fl- 
form of ReO 2. Thus, both systems distort: TiO2-->MoO 2 
and a-PbO2---~fl-ReO 2. Fig. 22 shows the results 
(Burdett, 1985) of some rigid band calculations on the 
two pairs of systems TiO 2, MoO 2 and a-PbO 2, fl-ReO 2. 
Notice the best stability of the zigzag structure at the 
half-filled d band, which is where fl-ReO 2 ( d  3) is located. 
Notice, however, that the calculations overestimate in 
general the stability of the c~-PbO 2 or fl-ReO 2 structure. 
In spite of this we can inquire as to the origin of these 
curves. A full investigation would involve discussion of 
the method of moments (Burdett, 1988a, 1995; Lee, 
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Rutile more s 
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Fig. 22. Calculated energy difference between (a) the TiO 2 (rutile) and 
t~-PbO 2 structures and (b) calculated energy difference between the 
MoO 2 and fl-ReO 2 structures as a function of  d count. 
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1991), but even without this we can make some broad 
generalizations with the help of the geometry of allene 
[Fig. 23(a)]. For the allene electron count (four 7r- 
electrons), the stable geometry is twisted, where there is 
no conjugation along the chain. For two more or two 
fewer 7r-electrons, the planar structure is predicted to be 
more stable. Thus, the energy difference curve as a 
function of  the number  of a'-electrons [Fig. 23(b)] has the 
same form as the curves in Fig. 22. The MO diagram of 
allene is shown in Fig. 23(a), and it is easy to see 
numerically from this diagram why the preferred 
structural conformation varies with electron count. An 
exactly analogous explanation lies behind the TiO2/ct- 
PbO 2 plot. Metal -metal  interactions conjugated along the 
chain [Fig. 24(a)] are favored for early and late d counts, 
with the structure where local pairwise bonding occurs 
[Fig. 24(b)] stable at the half-filled point. This is a result 
discussed in more conventional  terms earlier (Rogers, 
Shannon, Sleight & Gilson, 1969). 

Concluding remarks 

It should be clear in the set of examples chosen here that 
there is a mix of 'old theory ' ,  which has often not been 
very helpful, and "new theory '  which has brought many 
rather different observations together. Such a unifying 
picture is a satisfying one in the sense that the band 
model used to study these systems is just  the solid-state 
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Fig. 23. (a) The MO diagrams for allene conformers. (b) The energy 

difference curve between them as a function of the number of 7r- 
electrons. 

(a) (b) 
Fig. 24. (a) Conjugated 7r metal-metal interactions along the chain in 

TiO 2 (futile). (b) Local pairwise interaction in ct-PbO 2. 

analog of molecular orbital theory. In fact, we have made 
use of orbital arguments initially devised for allene, 
tr isi lylamine amongst  others. During the past decade the 
delocalized orbital picture has been one that has seen 
great acceptance by the molecular  community.  At the 
same time it has become well used by chemists  whose 
main activity lies in the area of solids. For those of us 
who wonder at the unity of nature, the use of the same 
theoretical model in both areas has a particular appeal. 
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National Science Foundation. I would also like to thank 
my coworkers who worked on futile, T. Hughbanks,  
G. J. Miller, J. W. Richardson and J. V. Smith. 
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