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We examine the electron-phonon coupling in a class of covalent materials by performing calculations on a
set of molecular units from which they might be composed. By considering coupling to states at energies in the
vicinity of the Fermi energy, we develop a picture of how couplings might be affected as these units are
connected to form extended systems. Guided by this study of molecular fragments, we construct two examples
of hypothetical covalent superconductors each with a transition temperature estimated to be �380 K within
Eliashberg theory. These hypothetical materials enter the regime of narrow-bandwidth metals where the super-
conducting state may be destabilized by one of several electronic instabilities and Eliashberg theory may no
longer apply.
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I. INTRODUCTION

The class of covalent superconductors contains materials
with the highest transition temperatures of all known con-
ventional electron-phonon-mediated superconductors. The
highest Tc values occur in MgB2,1 with a Tc of 40 K, and
alkali-doped C60 compounds,2 with Tc up to 38 K under
pressure3 and 33 K at ambient pressure. Also of note is
boron-doped diamond, which has achieved a Tc of 11 K de-
spite having a very low carrier density.4 Specific theoretical
proposals have been made for hypothetical higher-Tc materi-
als by doping covalently bonded materials, such as boron
icosahedra,5 carbon clathrates,6 and BC3 graphite.7 Theory
also suggests that the Tc of boron-doped diamond may also
rise with further increases in boron concentration.8 Some rel-
evant observations which have been made about electron-
phonon coupling in molecules suggest that there is a corre-
lation between large electronegativity and large electron-
phonon coupling strength9 and that coupling is inversely
proportional to the size of a molecule.10 There is however a
lack of any general estimates for the strength of electron-
phonon coupling in covalent materials. If available, these
may at least serve to set reasonable expectations for future
discoveries and at best may provide plausible bounds on
achievable values of Tc.

For the desirable goal of strongly coupling superconduct-
ors, it was shown by Allen and Dynes11 that Tc is propor-
tional to the quantity ����2�, which is a measure of electron-
phonon coupling strength that is insensitive to details of the
phonon spectrum. An atom-centric description of ���2� was
given by Hopfield,12 where coupling strength is limited by an
angular-momentum selection rule. Later work by Lam and
Cohen13 successfully fits ���2� of all the elemental super-
conductors to a simple model dependent only on the densi-
ties of atoms and valence electrons. These models cannot be
applied to covalent materials because of a lack of simple
descriptions for Bloch states comprised of a superposition of
covalent bonding states or the local-field effects that screen
the potential induced by atomic displacements. However,
both the electronic states and screening in covalent materials

are readily captured by modern density-functional theory
�DFT� calculation, which is the basis for calculations of
electron-phonon coupling in specific material proposals.14

Using the principle of nearsightedness of electronic
properties,15 we can build up a model of electron-phonon
coupling in covalent materials by partitioning materials into
common molecular fragments and performing careful DFT
calculations independently on individual fragments. This is
very much in the spirit of organic chemistry, where structure
is largely determined by local bonding and shell-filling rules.
The vast combinatorial complexity of possible structures
built to satisfy these chemical rules can be avoided if the
properties of the connected materials are similar enough to
the molecular fragments from which they are built.

The variety and tunability that may be possible in cova-
lent materials enables the adjustment of properties relevant
to superconductivity and an engineering of high transition
temperatures. The first ingredient that enables this engineer-
ing is independent control over the electronic density of
states at the Fermi level and electron-phonon coupling
strength. This is achieved when the electron-phonon cou-
pling is associated with intramolecular-fragment vibrations
and bonds, while the density of states is determined by inter-
fragment hopping and bonds. For example, in the C60 com-
pounds the electron-phonon coupling is dominated by the
breathing modes of the C60 molecule and the density of states
is inversely proportional to the overlap of � orbitals between
neighboring molecules.2 The second ingredient is the ability
to electronically dope a material over a wide range of con-
centrations. This might be accomplished by controlled inter-
calation of interstitial dopant atoms in an open framework, as
is the case with the alkali atoms in the C60 compounds, or
deintercalation in the case of Li1−xBC.16 Materials satisfying
these design criteria might arise from crystallization, chemi-
cal vapor deposition, or polymerization of some combination
of precursor molecules. The experimental syntheses of open,
covalently bonded metal-organic frameworks17 and planar
BC3 �Ref. 18� are examples that demonstrate the possibility
of synthesizing ordered covalent materials using these tech-
niques.
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Studying the electron-phonon coupling in molecular frag-
ments cannot bound the attainable Tc because the electronic
density of states is only limited by instabilities that are not
properties of the fragments. The Eliashberg theory of
electron-phonon superconductivity19 requires Migdal’s
theorem20 to be satisfied in order to be valid. Narrow bands
at the Fermi level because of very weak coupling between
molecular fragments can violate the criterion that the elec-
tronic bandwidth is much larger than the phonon frequencies
mediating superconductivity. Other instabilities associated
with narrow bands, such as magnetism and the Mott transi-
tion, may compete with superconductivity and further violate
the standard Eliashberg theory treatment of Coulomb inter-
actions as a renormalized Coulomb pseudopotential.21 There
are additional instabilities directly associated with electron-
phonon coupling, such as static structural instability that
opens an insulating electronic gap or dynamical gap opening
arising from polaronic behavior.22 Even in the C60 com-
pounds, some of these effects are already pronounced and
treatment of correlation beyond mean-field theory is required
to understand the deviation of Tc from the Eliashberg theory
result.23 Recent experiments on C60 have clearly driven the
system across a superconducting-insulator transition as a
function of volume per C60,

3 which tunes the electronic
bandwidth. Placing a bound on Tc will require a careful the-
oretical consideration of all instabilities of the superconduct-
ing state and is beyond the scope of this paper.

The goal of this paper is to present empirical observations
on electron-phonon coupling trends based on calculations of
a variety of molecular fragments that are representative of
the bonds that one would expect to find in a covalent mate-
rial. Guided by these observations, we construct two ex-
amples of hypothetical superconductors from molecular frag-
ments, both of which are calculated to have large Tc values
within Eliashberg theory. These hypothetical superconduct-
ors may serve as specific synthesis targets for experimental-
ists and as specific cases in which to study the stability of the
superconducting state for theorists. All DFT calculations per-
formed in this paper utilized the VASP computer code24 with
projector augmented wave �PAW� pseudopotentials and the
Perdew-Burke-Ernzerhof �PBE� exchange-correlation func-
tional.

II. TRENDS IN MOLECULAR FRAGMENTS

As a metric for electron-phonon coupling strength in mo-
lecular fragments, we use the quantity ����2�. This quantity
bounds Tc within Eliashberg theory,11

Tc � 0.18����2� , �1�

and this bound is approached as �→�. In terms of the
�-point approximation to the Eliashberg spectral function
that was successfully used to describe superconductivity in
heavily boron-doped diamond,8 the metric takes the form

���2� = �
i,j

1

Mj
� d�i

dR j
�2

	��F − �i� , �2�

where i is summed over electronic states in the system not
including spin and j is summed over atoms. This expression

measures coupling to electronic states at the Fermi energy �F,
but it can easily be evaluated on other energy surfaces as it
takes the form of a projected density of states. Calculations
for energies other than �F are rigid-band approximations to
doping scenarios. This allows for the comparison of electron-
phonon coupling strengths to shallow states that can be real-
istically accessed by physical modifications with states too
deep in energy to be moved to the Fermi surface.

For Eq. �2� to have a finite value for molecular clusters,
the delta functions are replaced by normalized Gaussians,
which represent an artificial dispersion of the molecular-
orbital energies. This smearing of the delta functions is nec-
essary even for extended systems to converge the expression
given only a finite sampling of electronic states in the Bril-
louin zone. A smearing of 0.4 eV is chosen as has previously
been used for extended systems.8 By using the same values
of smearing, we can make comparisons between different
molecular fragment calculations and further compare these to
bulk material calculations. Most fragment calculations are
performed in a 1 nm3 cubic unit cell using only the � point
for electronic properties and are structurally relaxed. A
1.23 nm3 cell is used for a few of the larger fragments—the
C60 fullerene, C8H18 linear alkane, and C41H60 diamondoid.
The value of �F for insulating systems is set to the average
value of the mean-field potential. As degeneracies of energy
levels are not clear from plotting ���2� as a function of en-
ergy, the energy levels and their degeneracies are also plotted
in the figures to follow. Some unoccupied states are part of
the continuum of free-electron-like unbound states and their
specific energies and wave functions are just artifacts of the
�-point sampling of the unit cell.

The electron-phonon coupling metric used in this paper
differs from another popular metric used for molecules,10

Vep =
1


2�
i,j

1

� j
2��

k

	� j
k

�Mk

d�i

dRk
�2

, �3�

where i is summed over the 
 degenerate electronic states at
�F, j is summed over phonon modes, k is summed over at-
oms, and � j and � j are phonon frequencies and displacement
vectors. This other metric is meant for estimating �
=N↑��F�Vep given the density of states per spin at the Fermi
level N↑��F�. This is useful for studying superconductivity in
the weak- and intermediate-coupling regimes, but it contains
phonon details that are irrelevant in the strong-coupling re-
gime. In addition, this metric averages the electron-phonon
coupling contributions of degenerate energy levels rather
than summing them. Degeneracies in the energy levels of
molecules can lead to a degenerate manifold of bands when
the molecules are ordered in a crystal provided that there are
no strong crystal-field effects. Such degenerate bands may
lead to larger values of N↑��F� for comparable bandwidths
with respect to an isolated band. The usefulness of electronic
degeneracies should be included in a metric for electron-
phonon coupling, as is the case in Eq. �2�. For a carefully
designed material, degeneracies in molecular fragment build-
ing blocks may lead to density-of-states peaks in the final
material. Assuming that the electronic states are uniformly
spread over the N atoms of a molecule and that the potential

JONATHAN E. MOUSSA AND MARVIN L. COHEN PHYSICAL REVIEW B 78, 064502 �2008�

064502-2



change from perturbing an atom is well localized to the vi-
cinity of the atom, then Eq. �3� scales as N−1. With the in-
clusion of electronic degeneracies in Eq. �2�, the metric’s
scaling becomes independent of N since an extensive contri-
bution from the sum over electrons cancels the N−1 scaling.

The effects missing in Eq. �2� when comparing the prop-
erties of molecular fragments and extended materials are all
associated with breakdowns of the nearsightedness of elec-
tronic properties in metallic systems. The joining of molecu-
lar fragments to form an extended system will spread mo-
lecular orbitals into bands and cause hybridization between
orbitals if the hopping energy is large enough. Crystal-field
effects can further break electronic degeneracies in the mo-
lecular fragments and redistribute electron-phonon coupling
strength to different energies. Metallic screening present only
in the extended metallic system should cause an overall re-
duction in electron-phonon coupling strength compared to
fragment calculations, especially for large values of N↑��F�.

A. Symmetric dimers

Since there is no electron-phonon coupling for an isolated
atom, the simplest fragment to study is a dimer. Since light
masses are favorable for increasing Eq. �2�, we consider first-
and second-row elements. This should reflect trends for other
rows of the Periodic Table. In order to maximize covalency,
we minimize ionicity by choosing dimers of identical atoms.
The values of ���2� as a function of electronic energy are
plotted in Fig. 1. There is a clear trend in coupling strength
that follows electronegativity and dimer stability. The Li2,
Be2, and B2 dimers are not chemically stable in the solid
state as reflected in their small or nonexistent highest occu-
pied molecular orbital �HOMO�–lowest unoccupied molecu-
lar orbital �LUMO� gaps. The H2, N2, O2, and F2 are all

gapped and stable, while C2 is a stable ion with two addi-
tional electrons. The electronic gap in O2 is a singlet-triplet
gap that is not captured in these calculations. In going from
left to right in the Periodic Table, there is a trend of increas-
ing electron affinity. Atoms with larger electron affinity draw
the electronic states closer where they overlap more strongly
with the potentials resulting from atomic perturbations. This
effect serves to enhance the electron-phonon coupling
strength. Ignoring mass factors in Eq. �2�, the largest dis-
played coupling in a symmetric dimer comes from the
LUMO state of F2. The strongest overall coupling comes
from H2 because of its smaller mass factor. Related to trends
in electron affinity, the correlation between electronegativity
and electron-phonon coupling has been previously noted.9

Empirically, the dimer stability is anticorrelated with the
ability for these elements to form a metallic state. This leads
to an unfortunate anticorrelation between strong electron-
phonon coupling and a metallic state, the coincidence of
which is required for high-temperature superconductivity.
The superconducting potential of H2 was realized early on,
and it was suggested that its metallization could be driven by
extreme pressures that dissociate the molecule.25 Of the
stable dimers studied here, only O2 has yet been forced by
pressure into a superconducting state,26 with a Tc of 0.6 K.
To date, more success has been achieved by the application
of pressure on a preformed metallic state, such as lithium27

and calcium,28 where pressure preserves metallicity while
pushing the atoms closer together to increase covalency and
electron-phonon coupling strength, reaching Tc values of 20
and 25 K.

B. X-H bonds

While superconductivity in pure hydrogen has yet to be
achieved, there is a growing interest in high-pressure metal-
lization of hydrogen-rich materials29 that has led to an ex-
perimental realization of superconducting SiH4 with a Tc of
17 K.30 In Fig. 2, we compare the electron-phonon coupling
strength in SiH4 with molecules consisting of second-row
elements bonded to one or more hydrogen atoms. There is
again a trend of increasing electron-phonon coupling with
increasing electronegativity. However, for molecules with
lone pairs, such as NH3 and H2O, the lone pair electrons
dominate the HOMO state and reduce electron-phonon cou-
pling near �F. In contrast, the HOMO state of the tetrahedral
NH4

+ unit has the largest electron-phonon coupling among
this set of molecules.

Study of the SiH4 molecule under pressure was theoreti-
cally proposed based on evidence that it may be easier to
metallize under pressure than other XHn molecules.31 If one
uses the DFT HOMO-LUMO gap as an indication of suscep-
tibility to high-pressure metallization, BH4

− may be a good
candidate for future studies. Because it is an anion, the
choice of cation is an additional material degree of freedom
when studying compounds containing BH4

−. While NH4
+ has

the largest electron-phonon coupling, it also has the largest
HOMO-LUMO gap of 13.8 eV and may thus be the hardest
molecule in this set to metallize. One caveat of comparisons
to SiH4 is that within the high-pressure superconducting
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FIG. 1. Electron-phonon coupling strength in symmetric dimers.
Black circles denote energy levels and their stacking denotes degen-
eracy of levels.
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structure the SiH4 molecules have been decomposed. The
bond energy might be more relevant than the HOMO-LUMO
gap in determining whether pressure will metallize a XHn
molecule. The more strongly covalent second-row elements
have larger bond energies than silicon.

C. B-C-N covalent bonds

Commonly studied classes of covalent materials are those
containing boron, carbon, and nitrogen. Except, for in-
stances, of aromatic carbon rings and boron clusters, these
materials can be considered to be composed of distinct
single, double, or triple bonds between atoms. From this
combination of bond order and atoms, we construct a set of
hydrogen-terminated dimers XYHn. Electron-phonon cou-
pling strengths of these molecules are plotted in Fig. 3. Of
these bonds, the C-C and B-N single bonds lead to the largest
electron-phonon coupling to the HOMO state. The B-B
single bond and N-N double bond have the smallest HOMO-
LUMO gaps. In the case of boron, this leads to XB2 materi-
als, most notably MgB2, with significant electron doping of
the B-B single bond to form a superconducting, graphitelike
plane. The strong electron-phonon coupling in the N-N
double bond may be similarly conducive to doping through
careful material design and synthesis. The HOMO states of
these molecules have much smaller electron-phonon contri-
butions from the hydrogen atoms compared to the XHn mol-
ecules in Fig. 2. The cause of this trend is that the X-Y

bonding states are higher in energy than the X-H and Y-H
bonding states and contribute more to the HOMO state. As a
result of this effect, it may be difficult to design a rigid
covalent framework that has strong electron-phonon contri-
butions coming from hydrogen and contains bonds other
than X-H.

D. Boron and carbon clusters

A more diverse class of molecular fragments arises when
one considers bonding that is not reducible to pairs of atoms.
Of the second-row elements, such complex bonding occurs
most often in boron and carbon. In boron, this bonding leads
to clusters composed of multicenter bonding such B-H-B
bridging bonds and B-B-B triangular units. In carbon, delo-
calized electrons arise from the phenomenon of aromaticity,
which happens in small molecules such as aromatic rings and
can stabilize larger molecules such as fullerenes. The
electron-phonon coupling strengths of a sampling of these
units are calculated in Fig. 4. The diborane molecule B2H6
contains perhaps the simplest case of a B-H-B bridging
bond. Besides the two bridging hydrogen atoms and in-
creased B-B separation, it is structurally similar to the B2H4
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calculated in Fig. 3. The more stable diborane molecule has a
larger HOMO-LUMO gap, but otherwise the electron-
phonon coupling energy profiles are very similar between the
two units, despite the addition of more hydrogen. Because of
a very large degeneracy of levels in its HOMO state, the
boron icosahedral unit B12H12

2− has stronger electron-phonon
coupling than the smaller octahedral unit B6H6

2− and the less
symmetric decaborane molecule B10H14. Within the small
aromatic carbon rings, the fourfold ring C4H4

2+ has the largest
electron-phonon coupling in its HOMO state. The C36
fullerene was predicted to have stronger electron-phonon
coupling than C60 and was proposed to be a path to higher Tc
fulleride superconductors.32 As yet there are no experimental
reports of superconductivity in C36 solids.33 Within our cal-
culations, C60 and C36 have approximately equal electron-
phonon coupling strength after accounting for the degen-
eracy of the HOMO and LUMO states of C60. As a point of
reference between sp2 and sp3 bonds in carbon clusters, the
adamantane molecule C10H16 is also plotted.

There are many extended boron-containing solids that
contain octahedral, icosahedral, and other cages. Often these
solids contain interstitial metal atoms that donate electrons to
stabilize the boron cages in their natural charged configura-
tion, usually with two additional electrons per cages. The
hexaboride compounds XB6 in particular show a wide degree
of chemical flexibility in the possible choices of X. Super-
conductivity is observed with Tc=7 K in the case where X
=Y.34 This leads to electron doping of the stable B6 unit,

which corresponds to the LUMO state of B6H6
2− that has very

weak electron-phonon coupling to the boron atoms in Fig. 4.
Hole doping occurs when X=K,35 but superconductivity has
not been observed in this material. We have performed pre-
liminary calculations on the hexaboride framework, which
show that electron-phonon coupling is only appreciable
when less than 0.7 electrons are donated to each B6 unit. In
the case of an empty hexaboride framework with no donated
electrons, our calculations show that there is a structural in-
stability that opens up an insulating gap and destroys super-
conductivity. Instabilities resulting from a reduction in
charge transfer from interstitial atoms to a boron framework
have also been seen experimentally.36

E. Progression to extended systems

The relevance of these molecular fragment calculations to
extended systems can be tested by considering a progression
of materials from molecule to bulk. We consider such a pro-
gression in two examples: linear alkane chains approaching
an infinite polyethylene chain and the construction of a dia-
mond cluster by adding mth nearest-neighbor carbon atoms
to a central carbon and hydrogen terminating all dangling
bonds. Electron-phonon coupling strengths for these progres-
sions are plotted in Fig. 5. With the Gaussian smearing of
electronic levels blurring the van Hove singularities at the
band edges in polyethylene, the alkane chains appear to very
quickly approach the bulk energy profile of electron-phonon
coupling. The diamond bulk result does not have any signifi-
cant fine features for Gaussian smearing to obscure. The dia-
mond clusters seem to converge quickly for valence states
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deep in energy and conduction states. An interesting feature
that is slow to converge is a peak in electron-phonon cou-
pling at the valence-band edge that gets smaller with increas-
ing diamond cluster size.

III. HYPOTHETICAL SUPERCONDUCTORS

Using some of the molecular fragments considered in Sec.
II, we now construct two examples of hypothetical supercon-
ductors using the design principles outlined in Sec. I. These
materials are not designed to be easily synthesizable or to
maximize Tc within some design constraint. They are just
simple examples with electron-phonon coupling strength
peaked near the Fermi level and wide metallic bands at the
Fermi level. Both examples are constructed with a molecular
unit with formula C4O6 in an adamantanelike structure with
threefold coordinated carbon atoms and twofold coordinated
oxygen atoms. The carbon atoms are not fully bonded within
this fragment and are used to covalently bond fragments to-
gether.

In the first example, the C4O6 units are bonded to form a
diamond superstructure by forming intermolecular carbon-
carbon bonds. This structure is characterized by two bond
lengths, C-C and C-O, which are calculated to be 1.55 and
1.42 Å. Within each interstitial site of the diamond super-
structure, we place a potassium atom, which results in a crys-
tal with the formula KC4O6. The potassium atoms each do-
nate their 4s electron to the covalent framework, doping into
its conduction band. The electron-phonon coupling strength
is large at the Fermi level as shown in Fig. 6. A peak in
coupling strength occurs at 0.3 eV above the Fermi level,
which corresponds to the off-stoichiometric ratio of 1.5 elec-
trons per C4O6 unit. Using the �-point approximation to the
Eliashberg spectral function,8 we estimate that ��11 at the
peak in electron-phonon coupling. This large value of �
arises from the coupling with low-frequency phonon modes
and anharmonic corrections are likely to harden these
phonons and reduce �. If the material is within the strong-
coupling regime after corrections have been applied to �,
then its Tc may be estimated from Eq. �1� to be �380 K.

The C4O6 unit can also be used to form a stable hole-
doped covalent framework. This framework is constructed as
a zinc-blende superstructure with C4O6 units on one site and
boron atoms on the other site. This may be thought of as a
hole-doped version of an insulating framework resulting
from replacing all boron atoms with carbon. Alternatively,
the structure is insulating if alkali-metal atoms are placed on
half the interstitial sites of the zinc-blende framework. This
structure can be interpreted as a hole-doped version of the
C5H12 diamondoid fragment from Fig. 5 bonded by oxygen
ligands and may benefit from the large electron-phonon cou-
pling of the HOMO state of that system. In this structure, our
calculations show that boron remains stable in its tetrahedral
coordination. This structure is characterized by two bond
lengths, B-C and C-O, which are calculated to be 1.68 and
1.43 Å. The electron-phonon coupling peaks at the Fermi
level of BC4O6, as shown in Fig. 6. From the �-point ap-
proximation to the Eliashberg spectral function, we estimate
that ��70 because of very low frequency but still stable
phonons. Anharmonic corrections to these soft phonons
should significantly reduce the value of �. The resulting
strong-coupling Tc estimate for BC4O6 is �380 K, which is
essentially the same value as is estimated for KC4O6. This
demonstrates that both electron and hole doping of a cova-
lent framework can lead to large Tc values.

IV. CONCLUSIONS

After studying the electron-phonon coupling strength
available in various molecular fragments in Sec. II, we can
conclude that superconductivity at high temperatures may
originate from many different molecular building blocks.
Strong electron-phonon coupling to valence states is a uni-
versal feature of molecules containing covalent bonds be-
tween second-row elements. A major difficulty in designing a
superconductor from covalent fragments is in creating a me-
tallic state with strong electron-phonon coupling strength
specifically at the Fermi level. As seen from Sec. III, such a
design goal can be achieved given sufficient freedom in the
placement of atoms. Both constructed examples are open
frameworks that are able to host dopant atoms and are dop-
able through a process of intercalation or deintercalation.
Such open frameworks also lead to electronic bands with
narrow bandwidths that produce large densities of states
which are beneficial for superconductivity. However, open
frameworks and narrow electronic bandwidths may lead to
structural and electronic instabilities that remain as important
constraints on the design of such materials.

We have provided two specific examples of superconduct-
ing covalent frameworks, with transition temperatures esti-
mated to be up to 380 K according to Eliashberg theory. If
these specific materials are to be experimentally pursued, a
likely precursor is the synthesis of the adamantanelike
C4O6X4 molecule, where X are ligands bonded to the carbon
atoms. Further theoretical study of the stability of the super-
conducting state in these materials is also warranted.
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FIG. 6. Electron-phonon coupling strength in hypothetical cova-
lent frameworks. To resolve the fine features of the electronic struc-
ture, a Gaussian smearing of 40 meV is used for these materials.
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The above estimates are intended to be suggestive of pos-
sible paths to high Tc electron-phonon superconductors.
While studies of this kind do not provide a rigorous bound
on Tc, it may be worthwhile to pursue the theoretical con-
struction of hypothetical phonon-mediated superconductors
with increasingly large Tc. The highest Tc material imagin-
able might be a practical substitute for finding the highest Tc
possible.
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