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After some background discussion, this review will focus on some recent developments in the areas
of theoretical studies of semiconductor electronic structure, photovoltaics, semiconducting boron
nitride nanotubes, and the search for modified semiconductors and insulators with higher
superconducting transition temperatures. The background discussion covers the evolution of studies
of solids, which changed dramatically after the development of quantum theory. These conceptual
changes resulted in methods for calculating properties of materials and theoretical frameworks
for interpreting experimental measurements. In some cases, the theoretical approaches have been
successful in predicting new materials and new properties. As stated above, a few examples
will be given to illustrate the development of this field.

I. INTRODUCTION

The prehistory of theoretical work on condensed matter
systems involves the belief that solids are made of atoms
and atoms can be understood using quantum theory. The
first part goes back to theorists like Einstein, Boltzmann,
and Drude at the beginning of the last century, whereas the
second part relies on the atomic and quantum theories of
Bohr, Dirac, Schrödinger, Heisenberg, and others in the
1920s. Calculating properties of solids based on knowing
about the properties of their constituent atoms started in
the 1920s and 1930s with the work of Born, Sommerfeld,
Bethe, and others, but the actual applications to explaining
and predicting properties of solids took many years. As in
the study of atoms, a critical part in developing an atomic
and ultimately a quantum theory was the use of optical
spectral studies. However, because solid state spectra are
broad and relatively featureless compared to atomic spectra,
unraveling their message was difficult.

In the 1960s and 1970s, the optical properties of semi-
conductors originating from interband electronic transitions
were essentially explained by an international experimental–
theoretical collaboration.1 On the experimental side, reflec-
tivity, modulated reflectivity, and photoemission techniques
provided the theorists with reliable data to build semiempir-
ical theories. The most popular of these was the empirical
pseudopotential method (EPM),2,3 where the crystalline
potential was determined by comparing the calculated optical
properties with the experimental data. This approach was not
just a fitting scheme. It was based on a theoretical model in

which each ion of the crystal had an appropriate potential to
simulate valence electron–ion interactions. In addition, the
application of the method focused on fundamental problems
connected with exploring electronic behavior in crystals.
Eventually, this set the stage for the development of ab initio
theories and methods that are in use today.
These modern ab initio theories can be applied to a

wide variety of properties for a large class of solids, clusters,
molecules, and nanostructures. The latest methods describe
ground and excited state properties such as: electronic
structure, crystal structures and structural transitions, struc-
tural and mechanical properties, lattice vibrational proper-
ties, electron–lattice interactions, superconductivity, optical
properties, photoemission spectra, etc.
Not only have these approaches helped in explaining

properties but also they have been predictive. After some
details about the methodology, we will focus on a few
examples where the methods have been applied with
success.

II. PSEUDOPOTENTIALS

In the 1930s, Fermi,4 Hellmann,5 and others explored
the construction of a pseudopotential to give the electron–
ion interaction. Over the years, many forms have been
introduced and used with success. If one adopts a model of
a crystal as a periodic array of pseudoatoms or cores
surrounded by a gas of valence electrons as shown in
Fig. 1, then in the case of the EPM, all that is needed is an
average potential to reproduce the optical data. In the
1950s, Phillips and Kleinman6 showed that because the
Pauli principle forced valence electrons to stay out of
the regions where the core electrons are, this could be
represented by a repulsive potential in this region that
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would cancel part of the attractive potential of the ionic core
and produce a weak pseudopotential. A typical pseudopo-
tential V(r) for an ion is shown in Fig. 2. Assuming
Fermi–Thomas screening by free electrons, the Fourier
transform of V(r), V(q) is shown in Fig. 3. For electronic
band structure calculations, we only need the values of
V(q 5 G), where G is a reciprocal lattice vector. This is
shown in Fig. 3.

For systems like diamond, Si, and Ge in the diamond
structure, only the first three G values for V(G) need to be
considered. Hence by fitting just three Fourier coefficients
or form factors, it is possible to get a band structure E(k)
which is in agreement with the experimental data to within
a few tenths of an electron volt over a range of a Rydberg.

Not only were the energy levels accurate, the electronic
density obtained by squaring the pseudo wave function
gave a successful prediction of the x-ray results measuring
the valence electron density.1 So the EPM approach shown
in Fig. 4 was highly successful in interpreting many
properties of semiconductors and explained the optical
properties as explained earlier.

The next advance was to create the potentials from first
principles using only the atomic number as input. This
was achieved in several ways. The usual approach was to
construct a potential which gave the same results as that
obtained for an all-electron atomic calculation, but with
a smooth nodeless tail in the core region7–9 as shown in
Fig. 5. With this potential to express the electron–core
interaction, the Coulomb core–core interaction, the Hartree
mean field electron–electron interaction, and the electronic
exchange–correlation contribution calculated using density

FIG. 1. Pseudopotential model with cores in a sea of valence electrons.

FIG. 2. Schematic drawing of a real space pseudopotential.

FIG. 3. Schematic drawing of a pseudopotential in reciprocal space.

FIG. 4. Block diagram illustrating the empirical pseudopotential
method (EPM) approach.
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functional theory within the local-density approximation
(LDA),10 it was possible to calculate the total energy of
a solid for a specific crystal structure.11,12 This was first
applied to study high-pressure phases of Si and Ge.13 The
energy versus volume E(V ) for Si calculated using this
method is given in Fig. 6.

The lattice constants, bulk moduli, and transition
volumes and pressures are obtained in these studies.
Several of the high-pressure phases of Si were predicted
using this approach. By inputting the atomic masses, this
total energy approach could be used to calculate phonon
spectra and electron–phonon interaction parameters.
Hence, many properties of solids could be calculated with
only the crystal structure and the atomic numbers and
masses as input. The use of the supercell concept14 made it
possible to deal with complex structures and multiatom
systems. It is interesting to note that once the inner
workings of the ab initio and EPM are understood, then
semiempirical theories can be developed for calculating
specific properties. An example is that, it can be shown
that the bulk modulus for group IV, III-V, II-VI diamond
and zincblende semiconductors is proportional to the bond
length to the �3.5 power. Using relationship and a single
ionicity parameter for the III-V’s and double that param-
eter for all the II-VI semiconductors, it is possible to obtain
accuracy of less than 2% for these materials.15,16

Despite the success of the above approach for calcu-
lating ground state properties, because the LDA does not
give excited state (quasiparticle states) accurately, usually
band gaps are underestimated. Hence unlike the EPM,
this ab initio method could not give optical spectra in
agreement with experiment. Two major improvements in
recent years have been based on many-body theory. The

first is called the GW approach17 which is used to obtain
quasiparticle energies, and the second involves the use of
the Bethe–Salpeter equation18 to compute the effects
arising from the interaction between an electron and a hole
produced in an optical transition. With these modifica-
tions, band gaps and optical spectra can be computed from
first principles.

III. PHOTOVOLTAICS AND WAVE FUNCTION
ENGINEERING

Silicon has been the prototype material for application
in photovoltaic devices. Despite the fact that the absorp-
tion spectra of other materials can match the solar
spectrum more effectively, the well-developed processing
techniques and other properties of Si make it a very
desirable material for this application. The purpose of this
study is to explore the possibility of improving Si so that
a better match with the solar flux of photons can be
attained using a modified Si material (see Fig. 7). One
way to modify Si is to use alloying or doping; another is to
consider another structural phase induced by pressure and
stabilized at atmospheric pressure. Here, we consider the
latter case and focus on the structural phase called the R8
or Si XII phase. This phase can be made by using pressure
on the diamond structure phase to induce a transformation

FIG. 5. The construction of an ab initio pseudopotential.

FIG. 6. Calculated total energies as a function of volume for several
structures of silicon.
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to the metallic gray tin phase, and then release the pressure
to produce the R8 phase.19

The concept and application of “band gap engineering”
proposes that a property of a semiconductor is changed to
change its band gap. The most popular example is alloying.
The EPM was used to show how alloying various semi-
conductors would change the gaps and hence their optical
responses. This concept is illustrated in Fig. 8, where the
desired band gap is represented by a red line, and the
changes in the semiconductor band gap by changing a
parameter, such as alloy concentration, is represented by x.
A possible problem for photovoltaic applications of this
approach is that even if the band gap is optimized, the
absorption may not be. For example, for Si, several
proposals to change Si from an indirect gap material to a
direct gap semiconductor suggest moving the minimum

conduction band state usually located near the X point
of the Brillouin zone to the center of the zone directly above
the valence band state. Although this can be achieved,
the matrix element for optical transitions does not change
much. Calculations show that the wave function corre-
sponding to the conduction band state “remembers” its form
after the artificial movement of the k-point of this state. The
top valence band state in Si is p-like and it puts electron
density in the covalent bond. The minimum conduction
band state puts electronic density (if occupied) in the
interstitial region and the resulting dipole matrix element
between these states is small.

What is needed for photovoltaics is high optical absorp-
tion at the desired frequency, and this requires that attention
be given to the wave functions of the states involved in the
absorption process. Schematically, in Fig. 8, this motivation
is illustrated by changing the variable x to give a peak
(indicated by the red arrow) in absorption at the desired
frequency. This is what is achieved in the schematic drawing
for modified Si in Fig. 7. The results for the calculations for
R8 (Si XII) are shown in Fig. 9 along with measured results
for Si in the diamond structure (c-Si), polycrystalline and
amorphous (alpha) Si. This plot clearly shows the increased
absorption for R8 near the solar spectrum peak.

Although a very thick sample will absorb equally for
all the above cases, it is desirable to have a sample as thin
as possible. If we compute the energy absorbed W as
a function of the thickness L for a solar intensity I(E) for
samples of different absorption coefficients a(E), we have
the expression

WðLÞ ¼
Z ‘

0
1� e�aðEÞL

� �
IðEÞdE :

By solving this equation for the Si modifications
shown in Fig. 9, we have determined the absorption

FIG. 7. Schematic drawing of the comparison of the absorption spec-
trum of silicon and modified silicon with the solar spectrum.

FIG. 8. Schematic drawing illustrating the band gap engineering and
wave function engineering approaches for finding suitable photovoltaic
materials.

FIG. 9. Comparison of the absorption spectrum of some structural
forms of silicon with the solar spectrum.
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percentage as a function of absorber thickness. As shown
in Fig. 10, Si XII can be made thin and absorb as much as
much thicker samples of Si in the other modifications.
Current research on this material, both experimental20 and
theoretical, is very encouraging. However, even if this
modification of Si is not the best choice, this direction of
research and development may hold promise for creating
better voltaics through wave function engineering.

IV. BORON NITRIDE NANOTUBES

As in the case of the study of the optical properties of
semiconductors, the study of boron nitride nanotubes
(BNNTs) is another example of how theoretical and
experimental research leads to the development of new
understandings of nanostructures. Although most studies
of nanostructures have focused on carbon materials,
novel structures of this kind are not limited to carbon.
For BNNTs, one can think of the hexagonal boron nitride
(h-BN) sheet as the building block in analogy to graphene
for a carbon nanotube (CNT). A rolled up sheet of h-BN
is shown in Fig. 11. In fact, many of the interesting properties
of h-BN are found inBNNTs, including large electronic band
gap, strikingly white color, thermal stability to extreme
temperatures in oxidizing environments, and neutron radia-
tion absorption and shielding.

The possible existence of BNNTs was predicted
by theory,21 and they were synthesized22 soon afterward.
The successes related to the prediction of the existence of
these systems and some of their properties gave further
credibility to the idea that the calculation techniques
discussed above for bulk solids can be used for nanoscale
objects. Until recently, because of the difficulties asso-
ciated with producing large quantities of BNNTs, studies
of these systems have been limited. Fortunately, new
growth techniques23 are yielding larger quantities and
research and applications are increasing.

BNNTs are, relative to their planar parent, more stable
than CNTs [see Fig. 12(a)], and when they are produced, it
is difficult to destroy them. They can be multiwalled like
CNTs. Figure 12(b) shows transmission electron micro-
scope images of various BNNTs with wall number N
ranging from 1 to 6. In addition, a so-called “silo” tube is

FIG. 10. Absorption percentage of the solar flux versus absorber
thickness for some structural forms of silicon.

FIG. 11. Ball and stick model of the structure of a boron nitride
nanotube (BNNT).

FIG. 12. (a) Calculated strain energy versus radius showing the relative
stability of BNNT and carbon nanotube. (b) Electron microscopy of
multiwalled BNNTs and a silo BNNT containing C60 molecules.
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shown. This is a multiwalled tube containing C60 mole-
cules. Compared with CNTs, the electronic properties of
BNNTs are relatively insensitive to geometrical variations.
In fact, the BNNTs in the first six panels of Fig. 12(b) have
similar semiconducting electronic structure. This means
that the difficult job of separating semiconducting and
metallic nanotubes, which is necessary for CNTs, can be
avoided. In addition to pseudopotential total energy meth-
ods within the LDA and quasiparticle extensions of
pseudopotential theory, tight binding models were used to
study and predict the structural and electronic properties of
BNNTs. The polar nature of the boron nitride bond led
to the theoretical prediction that, in contrast to CNTs,
BNNTs would, as mentioned above, be semiconductors
irrespective of their differing diameters and chiralities.24

The calculated band gap, in the range of 5 eV, is consistent
with optics studies. A plot of the band structure E(k) is
shown in Fig. 13(a) using the LDA. Hence, the band gap
for this calculation is underestimated. The calculations
predict that with doping, either within the tube wall or via
functionalization, the electronic properties can be changed
considerably. As an example, the electronic structure
associated with the lowest conduction band of BNNTs is
interesting because if the tube is doped n-type to occupy this
state, the electronic charge resides inside the tube, not on it,
with a maximum value of the charge density occurring
about 2 Å in from the wall of the tube. Hence these n-doped
tubes should act like pipes filled with “free” electrons as
shown schematically in Fig. 13(b). In addition, BNNTs
have been shown25 to be excellent electron field emission
sources, with emission turn-on voltages comparable to
those for CNTs. In contrast to CNT field emitters, BNNT
field emitters display extremely stable field emission
currents.

An interesting theoretical prediction is that the band
gaps of BNNTs can be externally tuned.26 The minimum
band gap of BNNTs can be reduced with sufficiently
strong electric fields. This “giant Stark effect” is analogous
to the conventional Stark effect for atomic orbitals. The
mixing of electronic states in BNNTs in transverse electric
fields is enhanced because of the field-induced splitting of
the electronic bands with states having their electron and
hole densities on opposite sides of the BNNT. The reduced
screening, because of the insulating behavior, allows
a significant difference in the electric potential seen at
the two sides of the tube. Hence states that in the absence
of a field would be degenerate with similar wave functions
at opposite sides of a tube are now split. The effect depends
on tube diameter as shown in Fig. 14. There is experimental
confirmation for this effect.27

Because of their novel properties, the study of BNNTs
may provide an opportunity to study novel physical
phenomena and applications.28 Some possibilities are
shown in Figs. 15 and 16.

V. SUPERCONDUCTIVITY IN MODIFIED
SEMICONDUCTORS AND INSULATORS

It has been 100 years since the discovery of supercon-
ductivity in Hg.29 The theory explaining this discovery
came 46 years later with the seminal work of Bardeen,
Cooper, and Schrieffer (BCS),30 which completely
explained the properties of superconductors discovered
up to that time. A major early goal was to find super-
conductors with high transition temperatures. However,
the maximum transition temperature for superconductors
increased on an average of only 1 °C every 3 years until the
late 1980s when superconductivity was discovered in
materials based on copper and oxygen.31 The highest
transition temperature observed in systems of this type is
around 165 K,32 and that is the current record.

After the original discovery of superconductivity,
many materials were tested. It was quickly found that

FIG. 13. (a) The electronic band structure of a BNNT. (b) Schematic
drawing illustrating the charge density associated with electrons in the
lowest conduction band for a doped BNNT.

FIG. 14. Calculate dependence of the band gap as a function of the
strength of an applied electric field transverse to a BNNT.
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only metals exhibited superconductivity, so having con-
duction electrons is crucial. Semiconductors and insula-
tors are therefore not expected to exhibit superconducting
properties unless they are doped or modified in other
ways to make them conduct at low temperatures. In the
1960s, the possibility of superconductivity in degener-
ately doped semiconductors using model systems33,34

motivated experimental searches, and within a short time,
superconductivity was found in GeTe,34 SnTe,34 and
SrTiO3.

35 These were all doped low carrier density
systems, and the transition temperatures were below 1 K.
Since this early work, more low carrier density super-
conductors have been found.

It is useful to separate superconducting materials into
two classes 1 and 2 as shown in Fig. 17 to discuss the role
that theory has played in explaining and predicting
properties and even the existence of new superconductors.
Class 1 contains “conventional BCS superconductors”
like Al, Sn, Pb, Hg, etc. For these materials there are many
experimental tests showing that the BCS theory is appli-
cable. The same can be said for the other members of this
class, such as degenerate semiconductors. The BCS
theoretical description of their superconducting properties
based on electron pairing induced by electron–phonon
coupling works extremely well, and it is possible to use the
theory to predict new superconductors. In this article, we
will restrict ourselves to class 1 materials, since for class 2,
as mentioned above, there is no consensus at this time
regarding the correct theory to explain their properties. For
class 1, it is generally accepted that all experimental data
have been explained. In some applications of the theory,
such as the calculation of Tc, the precision needed has not
been achieved in general. However, this shortcoming is
usually attributed to our inability to calculate the needed
input to the BCS theory, i.e., the normal state properties,
with sufficient precision.

What about the highest Tc’s? The current upper limit
record for class 1 is around 40 K for MgB2. Although thisFIG. 15. Chart of applications and properties of BNNTs.

FIG. 16. Examples of applications and properties for functionalized BNNTs.
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is significantly lower than for materials in class 2, it is still
difficult to predict whether the next record breaking Tc will
be for a material in class 1 or class 2. The advantage of
studying this problem for class 1 is that the theory is well
established and to a great extent understood for some
materials systems, hence possible paths to higher Tc values
can be explored. Just after the publications of the BCS
theory, the most commonly used expression for calculat-
ing Tc was the BCS expression listed in Fig. 18. This
formula for Tc is based on “the BCS Model” which
assumed a weak coupling pairing interactionN(0)V, where
V is the net attractive pairing potential and N(0) is the
density of states at the Fermi energy. The exponential
dependence of Tc on N(0) is the reason for the strong focus
on this quantity for increasing Tc. The interaction V is
composed of an attractive phonon component and the
repulsive Coulomb potential. These compete as seen in the
following formula for the transition temperature Tc based
on the BCS model

Tc e EðphononÞ exp½ð�1=ðk � l�Þ� :

Here, E(phonon) represents an average energy of the
phonons such as the Debye temperature, and the net
interaction in the exponent is the dimensionless phonon
pairing interaction k and the modified repulsive electron–

electron interaction l*. These are the two components of
N(0)V, i.e., N(0)V can be viewed as k � l*. Supercon-
ductivity is expected when this difference is positive. The
Coulomb interaction is modified (hence the asterisk
superscript) because of the difference in energy scales
between the two pairing potentials.

McMillan36 included the effects of renormalization and
of stronger coupling when the electron–phonon parameter
k became larger. This equation (Fig. 18) can be used for
values of k up to about 1.25. The McMillan equation
became the Tc equation of choice, and it is still used.
However, applications beyond the above limit led to
incorrect estimates of the maximum transition tempera-
ture. This gave a pessimistic view since the resulting
expression for Tc(k) for the McMillan equation saturates.
Later, Allen and Dynes37 (Fig. 18) solved the Eliashberg38

equations for several model phonon spectra and found
that, for large k, Tc was proportional to k

1/2 (Fig. 18) with
no saturation.

Modern calculations of Tc are usually done by solving
the Eliashberg equations numerically. This approach gives
precise estimates when precise normal state properties are
used as input. There are model solutions that result in
simple formulas (for l 5 0) such as the Kresin–Barbee–
Cohen model39,40 based on a flat phonon spectrum,

Tc ¼ 0:25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
,x2 >

p
e2=k � 1

� ��1=2
;

where ,x2. is an appropriately averaged square of the
phonon frequency. This expression gives the correct k1/2

limit at high k and the exponential BCS model solution for
small k.

Because of these developments, the shift in searching
for higher Tc changed from a search for large N(0)
materials to looking for large k’s. The separation into
N and V suggested by the NV parameter is not appropriate
for most materials since most systems are not modeled
well by the BCS model solution. When considering the
shift from looking for large N(0) to large k’s, an important
caveat to add is that strong electron–phonon interactions
often lead to structural instabilities. Hence, when consid-
ering large k’s, an important caveat is that strong electron–
phonon interactions often lead to structural instabilities as
described earlier. Therefore, the desired material may not
be stable at atmospheric pressure.

As discussed above, successes using ab initio calcu-
lations came with the development of the Eliashberg
theory and the advances made in calculating normal state
properties. To illustrate some of the features of this
approach for phonon-mediated pairing, an expression
for calculating k is given in Fig. 18 in terms of the
Eliashberg spectral function which can be viewed as the
product of the electron–phonon coupling times the phonon
density of states,

FIG. 17. Classes of superconductors.

FIG. 18. Formulas for calculating the superconducting transition
temperature.
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a2Fð~k; ~k0; xÞ [ N ðeFÞ +
j
gj~k~k0

��� ���2 d ðx�xj~qÞ ;

where N ðeFÞ is the density of states per spin at the Fermi
level, gkk9 is the electron–phonon matrix element, and xj~q

is the frequency of the phonon. It is often convenient to
solve the Eliashberg equations in the Matsubara represen-
tation where

k ð~k; ~k0; nÞ[
Z ‘

0
dxa2 F ð~k; ~k0; xÞ 2x

x2 þ ð2np TÞ2 :

Here, the conventional k is represented by the average

Æk ¼ k ðk; k0; 0Þæ :

The first ab initio calculations for semiconductor-based
systems were for high-pressure phases of Si.41 These
calculations dealt with the averaged values for the input to
the Eliashberg equations, and the approach used a method
that had just been developed for calculating electron–
phonon couplings. The application to high-pressure Si was
a dramatic example of the power of this approach. Using
only the atomic number and atomic mass for Si, the total
energies for candidate crystal structures were compared at
various pressures. Several new forms of Si were success-
fully predicted. Two of these, simple (or primitive)
hexagonal and hexagonal close-packed Si were studied
in detail. The existence of these phases, their stability,
lattice constants, mechanical properties, electronic struc-
tures, vibrational properties, and electron–phonon coupling
were then determined from first-principles calculations. The
Coulomb potential l* could be estimated using the densi-
ties of states at the Fermi energy as a scaling parameter. The
result was a successful prediction of superconductivity for
both phases and an estimate of Tc and its pressure de-
pendence. Considering the limited input and the accurate
predictions, it could be said that high-pressure Si became
the best-understood superconductor.

As mentioned earlier, the quest for higher superconduct-
ing transition temperatures began in 1911, and although
our theoretical understanding of superconductivity has
advanced considerably and successful predictions of new
superconductors have been made for class 1 superconduc-
tors, we still do not have a consensus on a well-defined
path for increasing Tc. Fortunately, for strong electron–
phonon coupling, the Allen–Dynes limit, which does not
saturate, is more optimistic than the McMillan equation,
which saturates as the coupling gets stronger. The search for
larger electron–phonon couplings also depends on the
development of methods capable of calculating the cou-
plings with high precision. The early approach for high-
pressure Si was developed to work with a plane wave basis

set,41 and calculations at many points in reciprocal space
were needed to obtain a good estimate of k. A recent
development that has many advantages is based on the use
of Wannier functions to evaluate electron–phonon cou-
plings.42 This real space approach is illustrated schemati-
cally in Fig. 19 where an electron in one cell is coupled to an
electron in another cell via a vibrating atom in a third cell.
A typical calculation using this approach can be equivalent
to plane wave calculations that would require millions of
points in reciprocal space for convergence. In the area we
are considering, semiconductors and insulators, we note
that applications42 have been made to explore supercon-
ductivity in doped diamond and SiC.42–44

Searching for higher Tc materials has become a search
for conditions that will lead to large k’s either via large
densities of states or through large electron–phonon
pairing potentials. An interesting alternative view45 is to
express k as a dimensionless ratio of electronic and
vibrational spring constants

k e N ðEFÞ , I2 >

M ,x2 >
;

where ,I2. is the square of the displacement-induced
electron scatteringmatrix element averaged over the Fermi
surface, ,x2. is an average of the square of the phonon
frequencies, and N(EF) is the electronic density of states at
the Fermi energy. For harmonic systems, theM,x2. and
k are roughly independent ofM. Perhaps a better view is to
look at Tc for large coupling where

Tc e ðk,x2 >Þ1=2 e g
M

� �1=2
:

This equation implies that what is needed for higher
Tc’s is stronger electronic spring constants and light
masses. This can be extended to explore compounds with

FIG. 19. Schematic drawing showing the Wannier approach for
calculating the interaction between two electrons (in rows 1 and 2) via
an atomic vibration (in row 3).
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multiple masses in a unit cell, and estimates can be made
using information from molecular fragments.46 We note
that strong electronic spring constants are expected for
strong bonds such as the covalent bonds in diamond. The
challenge in the latter case is getting enoughmobile carriers.
If one considers the energy dependence of the electronic
spring constant, then a possible path to higher Tc is to dope
into peaks in the energy-dependent electronic spring
constant. A theoretical estimate45 suggests that very high
transition temperatures are possible as shown in Fig. 20.
Some success has been reported for experiment,47 but the Tc
level is still not very high.

It is not clear whether class 1 or class 2 type materials
are more promising in the search for higher Tc’s. The
known materials of class 2 have the highest Tc’s, but
without a descriptive theory, it is difficult to make quanti-
tative predictions. For class 1, it is suggested here that
materials with strong bonds and light masses should be
studied further. Hence modified semiconductors and insu-
lators appear promising candidates. An encouraging sign is
that the transition temperature is expected to increase with
the electron–phonon coupling for large values of the
coupling. A caveat is that large electron–lattice coupling
can result in structural transitions. A possible remedy for
this is to choose systems where the integrity of the crystal
structure is determined by different bonds than those that
couple strongly to the superconducting electrons. This is the
case for MgB2.
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