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1 Introduction 
Studies of metals and semiconductors per se have been import- 
ant endeavours for the physics community for many years, but 
one of the most interesting areas from both chemical and 
physical points of view is identification of the factors determin- 
ing whether a particular solid is a conductor of electricity, how 
well i t  does it. and how external events such as pressure and 
temperature may move a system from one regime to the other. 
From the viewpoint of the electronic structure of the solid, a 
metal is simply a system with a partially-filled energy band. But 
what are the rules associated with the generation of this state of 
affairs, and what are the factors which compete with them and 
which lead to insulators? Certainly the predictive capabilities of 
existing ideas are not particularly good. Witness, for example, 
the surprise associated with the unravelling of the properties of 
the high-temperature superconductors and the difficulty in 
finding good models with which to describe them. Indeed, one of 
the consequences of the discovery of this series of superconduct- 
ing copper and bismuth oxides has been the resurfacing of many 
old, unsolved, problems in this area. This review will try to set 
out some of the central electronic considerations in this field and 
highlight some of them with examples in more detail. 

2 The 'Metallic' Bond 
2.1 Two Types of Electronic Description 
The question of metals and insulators (the 'dynamic' electron 
problem) makes immediate contact with the way that the 
electronic structure of solids (the 'static' electron problem) is 
described. Like many chemical problems the nub of some of the 
theoretical considerations may be phrased in terms of a balance 
between the one-electron and two-electron terms in the Hamil- 
tonian and so are frequently difficult to quantify. The simplest 
approach starts with the bonding situation in the H2 molecule 
using the molecular orbital or Mulliken-Hund model. * In-phase 
and out-of-phase combinations of the two Is orbitals 
lead to bonding and antibonding combinations (#,.,&,). The 
simplest wave function for the (&,)* configuration is 
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with a total electronic energy of 

Here a = (+llXefll+t) and p the interaction integral = (~,lX"ffl 
4,). using the Huckel approach. Xeff is some effective Hamilito- 
nian for the problem. U = 1)4,(2) r;; 1)4/(2)), a two- 
electron term, is the Coulombic repulsion between two electrons 
located in the same orbital on the same atom. Since there is a 
finite probability from the wavefunction of equation 1 that the 
two electrons can reside simultaneously on the same atom its 
contribution to the energy of equation 2 is non-zero. The energy 
of the ground state is thus the sum of the two types of terms, 
those which depend on just one electron (a,P) and are negative, 
and that which depends on two electrons (U) and is positive. The 
wavefunction of equation 1 describes an arrangement where the 
two electrons are delocalized via the M O  description over the 
two hydrogen atoms. 

A different approach is used when the two hydrogen atoms are 
far apart. The chance that both electrons can reside on the same 
atom together is small and thus inclusion of terms such as 
4, (1)4, (2) inappropriate. Instead a Heitler-London wavefunc- 
tion is written as 

( 3 )  

The electrons are now localized, one on each of the hydrogen 
atoms (H.H.) .  The energy of this state is just ET = 2a. Two 
higher energy states where both electrons are forced to lie on the 
same atom as in H'H- and H - H + .  

have an energy of ET = 2a + U .  
The energy difference between delocalized and localized 

descriptions* is determined by the critical ratio K = U/4p .  If 
K>> 1 the localized description is appropriate, but if K>> 1 the 
localized picture is the one to use. K measures the importance of 
one-electron (p )  and two-electron (U) contributions to the 
energy. Many observations in chemistry are of the same type. 
The value of P / A ,  where P is the pairing energy and A the tzn/fn 
splitting (respectively two- and one-electron terms), discrimi- 
nates between high-spin and low-spin complexes of the transi- 
tion metals. 

These simple ideas may be extended to solids. If the interac- 
tions (p)  between orbitals on adjacent atoms are small compared 
to the on-site repulsion (U) then the localized Heitler-London 
description is appropriate. This is the case for example, for the 
copper x 2  - y 2  electrons in La,CuO,. The result is a semicon- 
ductor with an activation energy for electron movement, the 
Coulombic penalty associated with placing two electrons on the 
same atom at the same time. If /3 is large compared to the on-site 
repulsion U,  then the Mulliken-Hund description is the one to 
use. Determination of the magnitude of the parameter K is not a 
simple task however. 

2.2 Localized and Delocalized Bonding 
The pair of words 'delocalized' and its antonym 'localized' have 
a variety of meanings within the chemical literature and so one 
should be careful with their use. In the previous section we have 
used the terms to describe Mulliken-Hund and Heitler-London 
functions respectively, in accord with the types of terms appear- 
ing in the wavefunctions of equations 1 and 3. In a separate but 
related usage, the bonding in metals is frequently described as 
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delocalized since these materials are electrical conductors and 
therefore contain itinerant electrons By way of contrast the 
bonding in insulators is often described as localized since the 
electrons are not itinerant Although one should be much 
stricter in the choice of language, since current usage is so 
ingrained it is difficult to be Included in the very broad spectrum 
of systems for which the Mulliken-Hund or molecular orbital 
picture IS appropriate are both the 0 and x manifolds of organic 
systems, including the classic Huckel ‘delocalized’ picture for the 
7~ systems of conjugated molecules The photoelectron spectra of 
such compounds are well-matched by simple molecular orbital 
constructs However, the 0 manifold of these molecules is 
usually described as being made up of ‘localized’ two-centre, 
two-electron bonds Well-described too by the Mulliken-Hund 
approach are, not only materials such ds diamond dnd Zintl 
phases, but also those of metalloids such as bismuth The link 
between the two, apparently contradictory, theoretical pictures 
is ~e l l -known,~  but definitely worth repeating here If in a 
molecule there is a set of N bonding orbitals each occupied by an 
electron pair, and there are N close contacts in the structure, 
then by taking judiciously chosen linear combinations of the 
delocalized orbitals a set of N localized two-electron, two-centre 
bonds may frequently be generated -the bond orbitals As long 
as one is discussing ‘collective’ properties3 of the electrons, such 
as total energy or electron density, then either the molecular 
orbital or bond orbital approach is valid Non-collective proper- 
ties such as photoelectron spectra require the use of the molecu- 
lar orbital delocalized model In methane four equivalent, 
‘localized’ C-H ‘bonds’ may be generated from the set of four 
filled ( a ,  + f 2 )  orbitals but the photoelectron spectrum shows 
two peaks If there are insufficient pairs of electrons for such 
bonds, as in the x manifold of benzene (three bonding x pairs but 
six close contacts), then such a transformation is not possible A 
circle drawn inside the hexagon describes this state of dffairs 
Thus both s andp manifolds may be described by the molecular 
orbital method (this has to be used in the interpretation of 
photoelectron spectra) but the delocalized orbitals may be 
‘localized’ in one case (a) but not in the other ( x )  to give two- 
centre, two-electron bonds 

An analogous picture holds for solids For diamond the 
energy bands created vzu the delocalized picture may be localized 
in the same way as for methane by the construction of Wannier 
functions However, here there is a very important restriction 
In order to do this, the energy band must be filled with electrons 
Thus for quartz, SiO,, the result is a localized picture with the 
two-centre, two-electron bonds between silicon and oxygen, as 
found in the Lewis structure However, for the band structure 
which describes the x manifold of graphite, just as in benzene, 
such a transformation is not possible since the band is half-filled 
The delocalized picture has to be used 

The most important point of this discussion is that the option 
of an electronic description in terms of locdlized orbitals is 
available only for a subset of Mulliken-Hund systems, namely 
those with a filled band or with the right number offilled orbitals 
in a molecule The delocalized picture is, however, always 
appropriate for all Mulliken-Hund systems Recognition of this 
fact has led in the molecular realm to dramatic progress in recent 
years in the electronic descriptions5 of a wide range of com- 
pounds, including cage, cluster, and organometdllic examples 
Thus the view of the ‘metallic bond’ in solids we would like to 
stress is that i t  corresponds to a Mulliken-Hund description of 
the solid, but without the option of the construction of locdlized 
Wannier functions Since the construction of such functions 
require the presence of a filled band of electrons, a metal 
corresponds to the presence of a partially filled energy band 
Thus there is no special type of chemical bonding associated 
with the ‘metallic’ bond The band itself is generated by orbital 
overlap between adjacent atoms just as for the molecular 
orbitals of methane Probably the term ‘metallic bond’ should be 
dropped from the literature The challenge for the chemist is to 
identify the factors which lead to partially filled bands of this 
type for some systems and not for others 
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Figure 1 The relationship between (a) the Jahn Teller distortion in 

cyclobutddiene and (b) the Peierls distortion of a polyacetylene chain 
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Figure 2 (a) The three-dimensional Peierls distortion of the simple cubic 
structure for the Group 15 elements to give (b) the structures of arsenic 
and black phosphorus (The simplest derivative structures are also 
shown ) 
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2.3 CDW and Peierls Distortions 
By analogy with Jahn-Teller ideas in molecules, partially-filled 
energy bands are in principle Subject to geometrical distortions 
associated with a lowering of the total energy and variously 
described as Fermi surface instabilities, Charge Density Waves 
(CDW), or Peierls distortions As the structure changes d gdp 
may open at the Fermi level to create an insulator or semicon- 
ductor Figure I shows a classic picture relating the Peierls 
distortion of the infinite one-dimensional chain (which would be 
metallic if  half-filled) of polydcetylene to the Jdhn-Teller distor- 
tion of cyclobutadiene The lower energy structure in both 
systems is one where the bond lengths alternate Many CDW 
instabilities are triggered by lowering the temperature and occur 
in a range of systems which cover a wide range of chemical types 
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the distortion energy, and thus the distortion itself, should be 
expected from this source The a values used in calculations of 
this type come from atomic spectral data, and so it is particularly 
interesting to see that the horizontal index for the van Arkel- 
Ketelaar diagram of Figure 3 is just the sum of the atomic 
electronegatives evaluated from the same atomic datd 

METALLIC COVALENT 
Cs Na Mg A l  S I  P S CI, F, 

Figure 3 A vdn Arkel Ketelddr didgrdm used to separate metallic 
ionic and covalent bonding in solids The indices used here are the 

sum dnd difference of the atomic electronegativities 

metal oxides and sulfides, molecular metals, and the elements 
themselve3 The three-dimensional analogue of Figure 1 a shown 
in Figure ?a is the description’ of the structures (Figure 2b) of 
the Group 15 elements in terms of three-dimensional Peierls 
distortions of the simple cubic structure The latter with its half- 
filled collection of p orbitals would be a metal As a result of the 
distortion from cubic phosphorus the coordination number is 
reduced from six to three, no energy bands are partially filled. 
and the three ‘sp3’ bonds and lone pair of the localized model are 
dbk  to be generated In this case the distortion may be reversed 
by pressure Under these conditions black phosphorus becomes 

inetal In dn exactly analogous way hydrogen is predicted to 
become d metal under (4 Mbar or higher) pressure Thus in 
addition to the criterion for the generation of a metal of a 
pdrtially filled energy band is the importance of CDW distor- 
tions which will open a gap and enable d localized picture to be 
drdwn Peierls drgued thdt in one-dimension d gap would always 
be opened on distortion (as in Figure la), but that this was 
generally not the case in two or three dimensions The details are 
beyond the scope of this review and we refer the reader else- 
where6 for d fuller discussion 

The vdridtion in the magnitude of the driving force from 
system to system is thus a crucial parameter to understand 
Figure 3 shows an interesting result, namely a van Arkel- 
Ketelaar diagrdm used traditionally to separate compounds into 
‘covalent’ ‘ionic’, and ‘metallic’ regions In view of the discus- 
sion above, horizontal excursions across the diagram, from 
‘metallic’ to ‘covalent’, dre concerned with the variation in the 
magnitude of this driving force These diagrams may be con- 
structed qudntitdtively8 using ds d horizontal coordinate the 
sum ot the electronegativities (from conhgurationally averaged 
ionization energies) of the constituents. and ds d vertical axis 
their difference Obviously the electronegdtivity difference is d 

good measure of ionic character, but why does the electronegati- 
vity sum lead to d good separation3 

First it should be recognized thdt the Peierls distortion is 
driven by the energetic preferences (Figure la) of the occupied 
energy levels which lie at highest energy Resisting the distortion, 
driven by these electrons, are both the ‘elastic’ forces of the 
underlying electronic structure dnd the repulsive pdrt of the 
interatomic potential There are some simple considerations 
which show why elemental lithium has a close-packed structure 
dnd is d metdl, but elemental fluorine is an insulator and is 
composed of F2 dimers Calculations show9 a dramatic increase 
in the driving force for the distortion on moving from left to 
right dcross the didgram Although there are several ingredients, 
the part of the electronic picture which is easiest to see is that 
dssocidted with the orbital interaction integrals which link 
adjdccnt dtoms pin the Huckel language Using the Wolfsberg- 
Helmholz dpproximdtion these are written as being directly 
proportiondl to the sum of the corresponding CI values Since 
these incredse smoothly in magnitude on moving from left to 
right across the periodic tdbk dn incredse In the magnitude of 

2.4 The ‘Metallic’ Bond 
The discussion above emphasizes the need to remove from the 
vernacular the traditional idea that the metdllic bond represents 
a different bonding type Metals of the type described above are 
just those systems, usually well-described by the orbital model, 
but where the driving force is not large enough to open d gap dt 
the Fermi level An area where the traditional view of the 
metallic bond is especially inappropriate is that of the molecular 
metals, exemplified most recently by the doped fullerenes These 
are simply systems, held together by van der Waals forces, where 
there is d smdll, but importdnt overlap between the orbitals of 
edch unit to form energy bands On doping by either intrinsic or 
extrinsic means, these bands may become partially filled and 
metallic conduction possible The electronic description of these 
indteridls is readily dccessible by tight-binding calculations, the 
solid-state analogue of the molecular orbital approach 
Although outside the scope of this review, for d wide range of 
solids the correlation between theory using this orbital model 
and experiment (see for example reference 6) in terms of the 
identification of the k vectors which nest the Fermi surface with 
those observed from diffuse X-ray scattering experiments is 
impressive 

3 Metals and Insulators 
3.1 Two Broad Classes of Metal-Insulator Transitions 
The metal-insulator transition is a many-faceted phenomenon, 
but let us try to paint a picture which may be an oversimplificd- 
tion but will enable a broad overview In the previous section 
two routes to the generation of an insulator were outlined The 
first was one where the on-site Coulomb repulsion is so large that 
the electronic description of the system required the use of a 
Heitler-London wavefunction of the localized type Electrical 
conduction is activated, the activation energy being associated 
with the accommodation of two electrons lying simultaneously 
in the sdme atomic orbital and thus subject to a strong Coulom- 
bic repulsion between them The second route led to an insulator 
by the filling of the highest occupied energy band Conduction 
may only now occur by excitation of electrons to the valence 
band which may not occur at ambient temperatures Because the 
bnnd is filled, localized Wannier functions may be constructed 
for the system Sometimes, as in diamond, these localized 
functions look just like the ones expected from simple chemical 
considerations In MoS,, however, the ‘localized’ functionlo is 
‘delocalized’ over three atomic centres just like the bonding 
orbital in the H: molecule Thus there is, using the term 
‘localized’ in somewhat different wdys, a correspondence 
between insulating behaviour and ‘localized’ bonding 

Figure 4 shows these two broad classes of metal-insulator 
trdnsitions and how, for the half-filled band. an insulator may be 
generated either by localization or via a CDW distortion 

- - 
CDW localization 

Figure4 How dn insulator may be generated either by locdlizdtion or viu 
d CDW distortion for the hdlf-filled bdnd 
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Elemental hydrogen provides example of all three types Under 
high pressure, hydrogen becomes a metal, this corresponds to 
the picture in the centre of the figure Under ordinary pressures 
hydrogen exists as dimers, regarded as being generated from the 
metallic structure via a CDW distortion at left The situation at 
the right describes the electronic picture for hydrogen atonis at 
large internuclear distances 

Mott suggested that systems where transitions from insulator 
to metal occur as the particle density increases may be regarded 
in terms of a screened Coulomb potential between the conduc- 
tion electrons and the nuclei There is a critical screening 
constant,ll determined by the electron density, at which the 
electrons condense around the nuclei to give an insulator An 
example here might be the metal-insulator transition associated 
with the increase in density of electrons of solutions of sodium in 
liquid dmmonia Dilute solutions are blue ('localized' solvdted 
electrons), but more concentrated ones bronze and metallic The 
transition between the two is set by the concentration of sodium 
Similar considerations are probably behind the generation of 
metallic (and superconducting) Laz ,Sr ,Cu04 for Y > 0 05 by 
doping the insulator ( I  = 0) with strontium Here the dopant is 
'holes' in contrast to the electrons of the sodium/liquid ammonia 
case The first holes which are introduced by doping are trapped 
at local sites by a local distortion, the small polaron The idea, 
suggested by Hubbard,' of competition between interatomic 
overlap leading to band formation and the localization of 
electrons when the on-site Coulomb repulsion (U) is high has 
been described earlier On this model the critical ratio determin- 
ing the metal-antiferromagnetic insulator transition for the half- 
filled band is U /  W, a parameter related to K, where Wis the band 
width The two bands in the antiferromagnetic insulator are 
separated by a Hubbard or correlation gap The lower level at 
the far right of Figure 4 is best described by equation 3 and the 
upper level by equation 4 Thus the energy gap between them, 
the Hubbard U ,  is simply the sum of the ionization potential and 
electron affinity of the separated atoms Evaluation of U for 
solids is not quite as simple Insulators of this type are 
frequently called Mott-Hubbard insulators Anderson' deve- 
loped a model where disorder leads to a mobility edge within the 
band of the ordered metal which separates localized and deloca- 
lized states Since disorder is invariably introduced by doping 
( e  g , in La, - ,Sr,CuO,) separation of the Mott, Hubbard, and 
Anderson aspects of the transition are difficult Of particular 
concern at present is how, in detail, doping an antiferromagnetic 
insulator leads to a metal 

3.2 The R81e of Band Overlap 
If filled bands give rise to insulators and partially-filled bands to 
metals, then one route to the generation of a metal is to allow 
filled and empty bands to overlap as in Figure 5 Elemental 
potassium is a metal because of a partially filled 4s band, a result 
which might suggest that elemental calcium, with a filled 4s band 
might be an insulator However, under ambient conditions 
calcium is a metal because filled 4s and empty 4p bands overlap 
Elemental nickel is analogously a metal because filled 3d and 
empty 4s bands overlap In both of these cases band overlap is 
also associated with mixing or hybridization between the levels 
concerned Elemental grey arsenic is a semi-metal due to overlap 
of valence and conduction bands via interactions between 
adjacent sheets in the solid Band overlap may be achieved by 
increasing the pressure on the solid Iodine, for example, forms a 
molecular solid but the levels have a non-zero width via the 
formation of energy bands since there are significant interac- 
tions between the orbitals on adjacent molecules As pressure is 
applied the band gap smoothly drops to zero ( - 17Okbar) and at 
the same time the solid becomes metallic, and increasingly so as 
the band overlap increases (Figure 6) Sometimes the bands 
which overlap interact strongly with each other For example s- 
p mixing is so strong in diamond that a gap is generated4 and an 
insulator results In graphite an analogous process occurs, but 
only with the in-plane p orbitals There can be no such interac- 

or ( n +  

ns or 

Figure 5 The generdtion of d metdl by overldp of filled dnd empty bdnds 
Filled and empty bands are the ns and np respectively for the Group 2 
elements dnd nddnd (n + 1)s for the Group 10 elements 

--i-l1 t I 

Pressure 

Figure 6 Broddening dnd eventud! overldp of moleculdr levels ds the 
intermolecular separation is decreased in iodine for example 

tion between 2s and 2p-rr orbitals by symmetry and the result is 
metallic graphite 

The converse of the above is the generation of an insulator or 
semiconductor by removal of band overlap Although grey 
arsenic is metallic because of band overlap, the isoelectronic 
Zintl phases Sr[Sn,As,], K[SnSb], and K[SnAs] are semiconduc- 
tors They contain arsenic-like sheets', and the Group 14 and 15 
atoms alternate in the structure All three are semiconductors in 
contrast to the behaviour of grey arsenic For Sr[Sn,As,] the gap 
is smaller than in the other two compounds The reason is easy to 
see just by looking at the structure In the potassium-containing 
compounds these ions are arranged in layers which alternate 
with the SnAs or SnSb sheets and in the strontium-containing 
compound, these metal ions are only found between every other 
pair of sheets The potassium ion spacer in K[SnAs] and K[SnSb] 
increases the separation between the sheets, decreases the inter- 
action between them, and removes the overlap of valence and 
conductor bands (the reverse of Figure 6a) The materials 
become semiconductors Because of the stoichiometry there is 
one set of non-bonded close contacts between adjacent SnAs 
sheets in Sr[Sn,As,] which are absent in the potassium-contain- 
ing compounds The semiconducting gap is thus smaller than in 
K[SnAs] and K[SnSb] In grey arsenic each sheet has close 
contacts on both sides The two examples that follow are much 
more subtle in an electronic sense 

3.3 Metallic Behaviour of Supported Monolayers 
A novel metal-insulator transition occurs in metal mono- 
layers l 3  Experiments in recent years have characterized the 
properties of monolayers of the late transition metals (M = Ni, 
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Figure 7 Computed electronic density of states for (d) bulk nickel, (b) d 

nickel monoldyer, (c) d nickel monolayer on dn oxide support, dnd (d) 
a two-atom thick multilayer of nickel on an oxide support 

Pd, Ag, Hg, or Cu) supported on a ‘cushion’ of either X = H, 0, 
or CO adsorbed on a W(110) surface, W(l lO)/X/M Interest- 
ingly W( 1 10)/O/Ni does not behave metallically at all but 
W( 1 IO)/H/Ni does Thus the metallic properties of the overlayer 
metal M appear to be determined by the nature of the ‘cushion’, 
X This behaviour shows up clearly in electronic structure 
calculations carried out using the first principles LMTO 
approach Figure 7 compares the computed electronic densit- 
ies of states for bulk nickel and for a nickel monolayer Both are 
predicted to be metallic The band widths are smaller for the 
monolayer than for the bulk, a result of the smaller coordination 
number in the monolayer The d-s band overlap and hybridiza- 
tion, ChdrdCteriStiC of the transition metals leads to approxima- 
tely one (s + p )  electron in the metallic structure of the sheet 
Thus the Fermi level for nickel lies below the top of the (largely) 
d band The situation is just as represented in Figure 5 

However, the presence of the underlying support changes the 
picture completely for the Group 10 case We know from 
studiess on complexes of transition metal atoms with ligands of 
a variety of types that the metal ( n  + 1)s orbitals are destabilized 
much more strongly than the corresponding nd orbitals on 
ligand coordination An exactly analogous process is calculated 
to occur when the monolayer is ‘coordinated’ to the cushion 
material The ( n  + 1)s dnd nd bands are separated in energy 
(Figure 5a) and non-metallic behaviour results for the Ni sheet 
Now the Fermi level for nickel lies above the top of the (largely) d 

band Since the monolayer in proximity to the cushion leads to d 

gap but the bulk metal is an electronic conductor, the gap 
between d and s bands will disappear as the number of layers of 
the metal M increase, n in W( 1 lO)/X/M,, Figure 7 also shows the 
calculated density of states for the case of n = 2 where the gap 
has indeed closed Analogous considerations for copper show i t  

is metallic under all of these conditions 

3.4 The Metal-Almost Insulator Transition of Calcium under 
Pressure 

We noted earlier that since the energy bands of solids broaden 
with a decrease in interatomic separation, d generdl prediction is 
that all materials should become metallic under pressure A 
different result at intermediate pressures is found for the Group 
2 elements, Ca-Ba, and some of the lanthanide elements with the 
s2 configuration Their conductivity decredses’ with d n  
increase in pressure and, in the case of Yb, a semiconductor IS 
generated Such behaviour is not found for the Group I2 metdls, 
zinc and cadmium, which have d d’O core However there is d 

structural distortion away from the hcp structure found for these 
elements which is connected to the rather unusudl observation 
for the Group 2 elements 

The experimental observations for the Group 2 elements are 
matched by band structure calculations which show thdt overlap 
of s and p bands of Figure 5 IS almost completely removed as the 
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Figure 8 The s andp bands of a linear chain (a) where the s p separdtion 
is small compared to the inter orbital interactions and (b) where the 
converse is true 

volume of the unit cell is reduced The result is the opposite to the 
'usual' one of Figure 6 Although the three-dimensional band 
structure of thefcc solid is a non-trivial matter to derive, study of 
the orbital properties of a simple one-dimensional chain will be 
quite sufficient to understand what is behind this interesting 
result Generation of the band structure of a linear atomic 
chain containing s and PO orbitals requires solution of the 
relevant secular determinant which includes three different 
values of p, appropriate for P O - ~ U ,  s-s and pa-s interactions It 
may be readily written down as 

a + 2bss coska - E 21/3 sinku 

- 21p sinha a!, - 2&,, cosha - E 
( 5 )  

I I 

The algebraic solution will not be derived explicitly but there are 
important symmetry restrictions which control the form of the 
wavefunctions At the points (0 (27~/a))  and X (3 (27~ja))  the 
group of k contains the elements (E,i) but for any other k the 
group contains {E:  only The group of order two which contains 
{ E ,  I )  contains two different symmetry species, one symmetric 
(f and one antisymmetric (r,) with respect to inversion The 
group of G ,  the general point, which contains (El alone, only 
contains a single irreducible representation (GI)  Thus at the 
symmetry points, f and X, the s and p a  orbitals transform as 
rl + r2 (or X,  + X,) but as 2G, at general points in between 
This important result, seen algebraically in equation 5 too, is 
that s-p mixing only occurs at general points in the Brillouin 
zone (and is a maximum fork  = 7 ~ / 2 a )  At both zone centre and 
zone edge the crystal orbitals are either pure s or pure p in 
character Two different types of behaviour are thus forced by 
this last statement and are shown in Figure 8 If the s-p 
separation is large compared with the values of ,8 for the J and p 
bands then two bands each bounded by the energy of the 
relevant in-phase and out-of-phase orbital combinations are 
found (Figure 8a) Mixing between s and p orbitals at general k 
points occur and is shown by the dashed lines Figure 8b shows 
the case where the unmixed s a n d p  bands (dashed lines) cross in 
energy, in other words the in-phasepa combination lies deeper in 
energy than the out-of-phase s orbital combination Impor- 

- - P - P  

Cd, Zn 

Ca, Sr 

Figure 9 Expected behaviour of the electronic situations of Figure 8 
under pressure 

tantly, note that the lower energy band, the 's-band, while 
purely s-s bonding at the zone centre, is purely p p bonding at 
the zone edge 

Extension of this discussion to three dimensions leads to an 
understanding (Figure 9) of the behaviour under pressure of the 
s2 and dl0s2 metdls Whether case (d) or (b) is found depends 
upon the values of a, ,  ap, and PI/ Larger values of PI/ usually 
correspond to shorter interatomic separations In fact elemental 
zinc corresponds to case (a) but elemental calcium to case (b) 
For the former the electronic situation is a little like that for He, 
Bringing together two filled s bands should lead overall to a 
repulsion between the atoms An increase in metal-metal As- 
tance along c is the result found for zinc and cadmium Both 
elements crystallize in the hcp structure, but with cja ratios 
( 1  856. 1 886 respectively) quite different from the ideal value of 
1 633 Thus the structure is stretched along the c direction An 
increase in pressure leads to broadening of both bands just as in 
Figure 6 

By way of contrast, a reduction in the internuclear separation, 
occurring with an increase in applied pressure, should have very 
different effects on the relative energies of the top of the lower 
band and bottom of the upper band of Figure 9a Since bonding 
levels should drop in energy and antibonding ones should rise in 
energy, the s-p gap should increase This is the case for calcium, 
and as the metal-metal distance becomes smaller the gap 
between the two bands increases, as shown by the full band 
structure of the material * 

3.5 Band Gap in d6 Perovskites 
Molecular transition metal complexes have a gap between the d 
orbitals of eK and t 2 K  type which is determined in textbook 
fashion by the u and 7~ strength of the coordinated ligands It is 
interesting to see how the size of the band gap between the d 
bands of ee and tZR type in some solids is determined by 
somewhat more complex orbital considerations l 6  The size of 
the gap determines properties of the solid of course The 
perovskite LaRhO, is non-metallic with a gap of - 1 6 eV but 
although the isoelectronic LaCoO, with the same structure is 
also non-metallic, it is onlyjust so The gap is small, so that at 
higher temperatures a whole series of transformations take place 
triggered by thermal excitation of electrons from valence to 
conduction band Thus the chemical identity of the system is 
vitdl here 

Since the BO, part of the ABO, perovskite structure is 
composed of three identical, mutually perpendicular 

0 - M - 0 - M - 0  chains the essence of the electronic argu- 
ments will be contained in the band structure ofjust one of these 
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Figure 10 (d) Dlspersion behaviour of the bands of a one-dimensional 
perovskite chain The u and n bands overlap (Energies shown are 
from the angular overlap model ) (b) The d bands via metal d oxygen 
p a  orbital interactions in d squdre MO, net (Figure 1 Ib) (c) The same 
ds (b) but including metal d oxygen s orbital interactions 
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units As in the molecule, by symmetry there is no mixing 
between the u (eg) or x ( t2J  bands, It will be useful to take 
advantage of some further symmetry arguments As argued 
above for the simple sp chain at the points r (0 ( 2 ~ / a ) )  and X 
(+ ( 2 ~ i a ) )  the group of k contains the elements {E ,  z}, but for any 
other k the group contains {Ej only Also at the zone centre the 
wavefunction must be symmetric from cell to cell, and at the 
zone edge antisymmetric This means that on a p-orbital-only 
model (Figure IOa) there can be no pa or p~ contribution at the 
bottom of either the p a  (e,) band which lies at r orpX ( t2J band 
which lies at X The bottom of both bands thus lie at the 
unperturbed d orbital energy The energies depicted come from 
the angular overlap model On this model there is no gap at all 
between the d bands of eg and t2g type, and thus all d" perovskites 
(0 < n < 10) including those with the d6 configuration should be 
metals The same results applies to the two-dimensional net 
(Figure lob) Inclusion of oxygen s orbitals changes the picture 
(Figure 10c) Whereas interaction of oxygen p with metal d is 
zero at r and non-zero at X, the converse is true for interaction 
of oxygen s with metal d because of the difference in orbital 
parity Thus it is inclusion of oxygen s/metal d interactions 
which open the eg/t,g gap in the perovskites The magnitude of 
the gap is thus not solely determined by the balance between u 
and 7~ donor effects as in molecules, but by the differential effects 
of metal-oxygen su and metal-oxygen pa interactions Thus 
prediction of the magnitude of the gap without a calculation is 
extremely difficult Unlike the case of the Zintl compounds, 
where electronic saturation usually leads to semiconducting 
behaviour, the eg/t,g gap in transition metal systems is fre- 
quently non-existent and the state of affairs system-dependent 

4 High-temperature Superconductors 
4.1 The Importance of Two-electron Terms 
Perhaps the classic cases of control of metallic or insulating 
properties by the balance of one- and two-electron terms in the 
energy come from the area' of doped transition metal oxides 
This is especially important for oxides containing first-row 
metals The recently-discovered group of high-temperature 
superconducting oxides based on doped cuprates are particu- 
larly interesting examples Identification of the nature of the 
superconducting state has proved elusive (however, see refer- 
ence 17), but the geometrical control of the electronic structure 
and ultimately therefore the superconducting properties of these 
materials are striking 

Three examples from the series of the superconducting 
cuprates will be discussed in this section As in all materials of 
this type they contain18 sheets of stoichiometry CuO, (Figure 
1 1 )  La, ,Sr,CuO,, one of the very first 'high-temperature' 
superconductors with a T, of 35 K for x - 0 15 contains 
distorted CuO, octahedra vertex-fused in two dimensions 
(Three-dimensional vertex fusion leads to the perovskite struc- 
ture and thus to the frequently used description of this family of 
compounds as 'perovskite superconductors' ) Jahn-Teller dis- 
tortions are typical of Cu" and here two long axial and four 
short equatorial Cu-0 distances are found The La (and Sr) 
atoms lie between these sheets Since these axial Cu-0 distances 

Figure 11 (a) The perovskite structure (b) A sheet of stoichiometry 
CuO, found in all cuprate superconductors Often the sheet is not 
planar being slightly puckered or rumpled 
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are long ones, a good way of describing the solid is as alternating 
layers of rocksalt (La,Sr)O and perovskite CuO, layers In 
superconductors containing bismuth and thallium, Bi20, and 
T1,0, rocksalt layers are found here too The first ‘high- 
temperature’ superconductor to be discovered with a T, above 
liquid nitrogen temperature, was YBa,Cu30,,l8 with a T, of - 95 K Figure 12 shows the structure of the compound There is 
a range of oxygen stoichiometry possible in the inter-planar 
region, namely YBa,Cu,O,-,, 0 < 6 < 1 and an interesting 
dependence of T, on 6 There is a precipitous drop at around 
6 = 0 65 where the compound becomes an antiferromagnetic 
insulator The parent compound YBa,Cu,O, (Figure 12) con- 
tains two types of copper atom, square pyramidal Cu(1) and 
square planar Cu(2) Since the fifth Cu( 1) -0  distance is quite 
long, a good description of the structure is of chains of copper, 
Cu(2), in square planar coordination sandwiched between 
planes of copper, Cu(1) As oxygen atoms are lost from the 
chains with an increase in 6, linear two-coordinate copper atoms 
are generated so that in YBa,Cu,O, all of the inter-planar 
copper atoms are two coordinate Many superconducting 
cuprates are now known, and all may be described geometrically 
as containing sheets of CuO, stoichiometry (where supercon- 
duction occurs) alternating with sheets or slabs of insulating 
material The latter, described as ‘reservoir’ material for reasons 
which will become apparent below, constitute a spatially distinct 
region separated from the CuO, sheets by the long axial Cu-0 
distances in the octahedra The formulae of the systems des- 
cribed above may then be rewritten as (La, - ,Sr,02)(Cu0,) and 
(Y)(Ba,CuO,)(CuO,), to highlight this geometrical (and elec- 
tronic) simplification In the former the reservoir material is a 
slab of rocksalt-like La, - ,Sr,O, and in the latter there are two 
types of reservoir material (Figure 12), namely layers of Y atoms 
and the CuO, chains of square planar Cu(2) linked by Ba atoms 
In superconductors containing bismuth and thallium, (BiO), 
and (TIO), rocksalt layers are found TI,Ba,Ca,- ~CU,O~,+,,  
written as (T1202)(Ba202)(Ca,l - l)((Cu02),J contains distorted 
T1,0, double rocksalt layers between the CuO, sheets, whereas 
TlBa,Ca,- ,Cu,O,,,+ contains single TI0 layers, (TIO)(Ba,O,) 

Although some of these systems are formally electron-doped 
compounds (e g , Nd, - ,Ce,CuO,) the majority are hole-doped 
(e g , La, - ,Sr,CuO,) The compositional dependence of the 
properties of this second group appear to be reasonably similar 
As shown in the generic diagram18 of Figure 13 the materials 
may be converted from an antiferromagnetic insulator into a 
superconducting metal and then into a normal metal via a 
change in copper oxidation state Specifically for La, - ,Sr,- 
CuO,, T, reaches a maximum at x - 0 15 where the change in 
copper oxidation state is controlled by substitution of a two- 
valent ion for a three-valent one (e g , Sr for La) The presence of 
defects (non-stoichiometric amounts of oxygen or bismuth or 
thallium for example) are effective in this regard too in many of 
the bismuth- or thallium-containing superconductors The 
reservoir material composition and structure determines the 
oxidation state of the copper atoms in the CuO, planes There 
are considerable experimental problems in determining the 
exact stoichiometry in many of these systems 

The construction of a band picture for the CuO, sheet for the 
region where the molecular orbital, Mulliken-Hund approach, 
is valid is 5traightforward The d orbital level splitting pattern 
expected for a planar CuO, fragment and the band generated for 
the extended CuO, array is shown in Figure 14 Since the axial 
Cu-0 distances are long the z2  orbital lies at low energy, 
stabilized in this geometry too by d-s mixing The y2 - 1. orbital 
of the metal, the highest occupied orbital of the fragment is 
involved in 0 interactions with the ligands Since the atomic 
energies of the copper 3d and oxygen 2p orbitals are similar, 
strong mixing between them is to be expected This level, 
occupied by the single unpaired electron of Cull, is antibonding 
between copper and oxygen,* a result which shows up experi- 
mentally as a strong dependence of Cu-0 distance on doping 
The band is metal-oxygen antibonding and thus addition of 

(Cam- 1)((CuO2)rJ 

C 

a 

Figure 12 The structure of YBa2Cu30,  

- 
Doping(Copper oxidation state) 

Figure 13 A generic picture showing how the antiferromagnetic insulat- 
ing state for d cuprate may be doped to give a metal and 
superconductor 

electrons (as in Nd, - ,Ce,CuO,) should lengthen, and removal 
of electrons (as in La,-,Sr,CuO,) should shorten the Cu-0 
distance By and large this is true, but the steric demands of the 
reservoir material also influence these distances 

The result for La,CuO, itself is a half-filled band situation 
Since the on-site Coulomb repulsion, U ,  for this first row metal 
(Cu) is expected to be large, K will be large too and an 
antiferromagnetic insulator should be favoured This is what is 
found experimentally for the undoped material Addition of 
holes probably leads initially to the generation of small polarons 
(vrde supra) which eventually collapse to give a metal at a critical 
doping level Addition of these holes suppresses the CDW 
instability expected for the half-filled metallic band, and so on 
doping a metal is eventually generated It happens to be a 
superconductor too It is interesting to ask how important is the 
r6le played by copper in these systems For this we turn to some 
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Figure 14 Simple derivation of the band structure of a sheet of stoichio 
metry CuO, 

b d b 6 

Figure 15 (d)  Symmetricdl dnd (b) distorted structures for platinum dnd 
nickel mixed-valence chains 

Expected Found Predicted if all Cu-0 

distances were equal 

Figure 16 Band overlap in YBa,Cu,O, (a) None leading to no plane 
chain charge transfer (b) the actual state of affairs (c) overlap 
expected if the plane and chain 0 - 0  distances are equal 

interesting results concerning the one-dimensional analogues of 
these CuO, sheets, namely the platinum mixed-valence com- 
pounds, and their nickel analogues (Figure 15) Here the highest 
occupied band is the '2' band of the chain The oxidation state 
of the platinum in the symmetrical structure in Figure 15a is PtlIi 
and thus this 'z2' band is half-full of electrons A Peierls 
distortion is expected and indeed the symmetric system Figure 
15a distorts to Figure 1% The initially metallic state has 
become insulating, although as in the case of elemental iodine 
and phosphorus the conductivity of these salts increases mark- 
edly with application of pressure Some of the nickel analogues 
are found as antiferromagnetic insulators with an undistorted 
structure This behdviour is very similar to that found for 
molecular complexes of nickel and platinum and readily under- 
stood from Jahn-Teller considerations The singlet-triplet split- 
tings for the first-row nickel atom are larger than for its third- 

row congener, and the magnitude of the orbitdl interactions are 
larger for platinum than for nickel The result is thus always 
diamagnetic square-planar complexes for PtIi (e g , Pt(CN)i ) 
but the frequent observation of high-spin octahedral complexes 
for Nil1 (e  g , Ni(H,O)i+) The important parameter in the 
molecular case is again the critical ratio of these one-electron 
(Jahn-Teller stabilization energy) to two-electron (singlet-trip- 
let splitting) energy terms From this viewpoint one would 
suspect that silver analogues of the cuprate superconductors 
would be susceptible to strong Peierls distortions which would 
destroy the metallic Ago, sheet Indeed no silver compounds 
structurally analogous to these cuprates are known 

4.2 Band Overlap and the Generation of a Metallic State 
It was a straightforward matter to determine the copper oxi- 
dation state in La, ,Sr,CuO, but how the oxidation state of the 
planar copper atoms depend on oxygen stoichiometry in Y Ba2 
Cu307 --b, is a more complex question Square planar coordina- 
tion is found for both Cull and CuiIi, and square pyramidal 
geometries, always with long apical bonds, only for Cu" Such 
observations indicate that the formula Y B ~ , ( C U ~ ~ O , ) , ( C U ~ ~ ~ O , )  
should be a correct description of the compound with 6 = 0 
Similarly, YBa,(CullO,),(CuiO,) should be a good way to 
describe the compound with S = 1 Linear two-coordination IS d 
common geometry for Cul Both pictures lead to a formdl 
oxidation state of Cull for the copper atoms in the superconduct- 
ing planes and do not answer the question of why YBa,Cu,07 is 
a metal but YBa,Cu,O, an antiferromagnetic insulator Both 
compounds on the simplest model with a half-filled yZ - 1 band 
should behave like La,CuO, and be insulators I t  is vital to 
examine the form of the band structure of the materid12 to see 
how the CuO, planes for 6 = 0 are doped away from the half- 
filled band and thus described by the generic picture of Figure 
13 

The details of the band structure of the material are both 
simple and interesting Since there are now two different types of 
square-planar copper there will be two types of xz - 1 bands 
Both may be constructed in the same fashion as shown in Figure 
14 (The z2 orbital may be ignored since it lies deep in energy ) 
Since the x 2  - j 2  band associated with the planes is of 6 
symmetry with respect to the inter-planar material i t  is un- 
coupled from the energy bands of the chains since there dre no 
oxygen orbitals of that symmetry The xz - band for the 
chains needs to be relabelled as 3 - j since the chains run in the 
1.2 plane The electronic description of YBa,Cu,O, depends 
crucially on the relative locations of these two sets of bdnds the 
y2 - j band of the CuO, planes and the z2 - 1 band of the 
CuO, chains Writing the S = I system as YBa,(CullO,), 
(Cd1'O3) forces the description of Figure 16a where the chain 
- -2  - 
Cull', and the plane y2 - band is half full so that Cu(1) is 
described as Cuil (The different numbers of copper atoms of the 
two types, Cu(1,2) are indicated by drawing the boxes of 
different width ) The true situation is somewhat different since 
the two bands overlap (Figure 16b) so that the electron transfer 
occurs from planes to chains The half-filled band is avoided for 
the Cu( 1) atoms of the CuO, planes and a metal may result I n  
electronic terms the interplanar CuO, unit plays therefore the 
same r6le as substitution of Sr for La in the Ld,CuO, system 
The details of the local copper coordination geometry control 
the band overlap and hence charge transfer If the square-plandi 
bond lengths and the in-plane square-pyramidal bond lengths 
were equal, the x 2  - L~ and z2  - i 2  bands. while being of 
different widths would be similarly energeticdlly locdted as in 

Figure 16c Their overlap would lead to around 0 33  holes on 
each planar cop er atom Since the bond lengths in the pldnes 

chains (average 1 888 A) the result is destabilization of the 
z2  - i2  bdnd reldtive to x 2  - 1 2 ,  but maintdining overldp 
between them (Figure 16b) such that chargc transfer may occur 
between the two The same model allows access to the behaviour 

band is empty and thus Cu(2) described formally as 

(average 1 944 x ) are substantially longer than those in the 
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of YBa,Cu,O, Here there is no chain z2 - v2 band which may 
overlap with x2 - y2 and the planar copper oxidation state is 
that given by the formula Y B ~ , ( C U ~ ~ O ~ ) ~ ( C U ~ O ~ )  Now the 
electronic state of affairs with a half-filled band is similar to that 
of undoped La2Cu04 and an antiferromagnetic insulator 
results In these cuprate superconductors there are thus two 
distinct ways to remove electron density from the planar y2 - 1 
band, by doping and by band overlap As oxygen is removed 
from between the sheets the extent of plane-chain doping 
gradually decreases (Figure 17), and somewhere corresponding 
to a stoichiometry between YBa,Cu,O, , and YBa2Cu30, a 
metal-insulator transition is to be expected This shows up in the 
T, dependence plot on 8 where the superconducting temperature 
drops precipitously to zero as the insulator is generated There 
are also structural changes in the material which show up most 
in changes in the c-axis of the material 

YBa2Cu307 Y Ba2Cu306 , Y Ba2Cu306 

n n u ki 
planes chains planes chains planes 

&y2 &y2 x2-y2 &y2 x 2-y 

Figure 17 Chain plane electron transfer in YBa,Cu,O, and YBa, 
Cu,O, and its absence in YBa,Cu,O, 

Band overlap controls the properties of other superconduc- 
tors too Overlap is found to occur by c a l c ~ l a t i o n ~ ~  in Tl,Ba2 
Ca,,- 1C~,,O2,~+4, which as noted above contains distorted 
T1,0, double rocksalt layers between the CuO, sheets There is 
however no computed overlap in the material TIBa,Ca,,- 
C U , ~ O , , ~ + ~  which contains single T10 layers There is a simple 
electronic explanation for the difference between the two Just as 
the ‘band width’ of a simple polyene increases as the number of 
dtoms increases (asymptotically approaching the value found 
for the infinite system), so the contribution to the band width of 
the Tl,)Cl,* unit increases with the number of atoms or units (n) in 
the direction perpendicular to the slab Thus the Tl,O, band- 
width is ldrger than that for the single T10 layer (Figure 18a, b) 
Another pair of systems where metallic (and superconducting) 
behaviour is simply controlled by hand overlap is TlMRECuO, 
Superconductors are found for RE = La, Nd and M = Sr, but 
not for its M = Ba analogues, even though the two systems are 
isostructural There is though a small difference between the cell 
parameters of the Sr and Ba analogues resulting in a small 
difference in the Cu-0 bond lengths in the two materials [The 
crystallographic a parameters (roughly twice the Cu-0 dis- 
tance) are 3 849 8, (Ba) and 3 761 8, (Sr)] This difference of 
dbout 005  A in the Cu-0 distance is sufficient to raise the 
energy of the y2 - J band of the CuO, sheet so that band 
overlap with the TI0  layer may occur in the Sr case but not for 
Ba, as shown qualitatively in Figure 18c, d 

These doping models are applicable2 to all of the presently 
known high-T, superconductors The band model predicts a 
half-filled y2 - band for Cu2 +, an electronic configuration 
susceptible to two types of instability which lead to the creation 
of an insulator Both localization via a large on-site Coulomb 
iepulsion or a Peierls distortion are routes away from the 
metallic state Electrons need to be added or removed from this 
band to generate a metal Some of the high-temperature super- 
conductors appear to be electron doped but the majority are 
hole-doped, where electrons are removed from the half-full 
bdnd There are two routes to this state of dffairs, either by 
overlap with an empty band or a change in stoichiometry 
Although the second mechanism is easily understandable by 
consideration of the chemical formula, via cation substitution, 

n 

TIBa2Ca, -1Cu,O2~3 T12Ba2Ca, -1C%02,+4 
(TI0 single layers) (TI202 double layers) 

or or 
TIBaRECu05 TISrRECuO, 

Figure 18 Band overlap in Tl,Ba,Ca,, ICu,102,,+4 which contains single 
T1,0, double rocksalt layers between the CuO, sheets, but no band 
overlap in TlBa,Ca,,- ,Cu,,O,,,+ , which contains single T10 layers 
Similar results apply to TIMRECuO, where M = Sr and Ba 
respectively 

cation vacancies, or the presence of extra oxygen, the first 
requires d detailed understanding of the elecronic structure In 
some materials certainly both mechanisms are at work 

5 Epilogue 
It should be apparent from the discussion in this review that a 
p r i m  prediction of metallic or insulating properties is not 
straightforward Some of the stoichiometry or structural 
changes involved are very small indeed For example, substitu- 
tion of only 4% of the lanthanum by strontium in La2Cu04 is 
sufficient to convert an insulator into a metal, and a supercon- 
ductor at that Similarly, the difference in cell constant between 
TlBaRECuO, (an insulator) and TISrRECuO, (a superconduc- 
tor) is small The difference in the orbitdl interactions between 
metal and oxygen s andp orbitals which controls the band gap in 
tP perovskites is a parameter difficult to easily assess in qualita- 
tive terms The r6le of the structure itself is an important one and 
vdries from the obvious ( e g  , diamond and graphite) to the 
subtle (L‘ g , the doping mechanism in YBa,Cu,O,) 
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