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Using a recently developed first-principles approach, we show that the variation in the superconducting
behavior of group IVb and Vb transition metal carbides is associated with a significant nesting of the Fermi
surfaces in group Vb compounds, while their phonon anomalies and density of states at the Fermi level play a
minor role. The superconducting pairing arises from the coupling of metal d states to acoustic phonons, and is
therefore at variance with the interaction leading to the exceptional mechanical hardness where carbon p states
play a substantial role. We provide insight into how to optimize the transition temperature by varying the Fermi
surface properties through substitutional doping.
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The discovery of superconductivity at 39 K in magnesium
diboride1 has generated a renewed interest in phonon-
mediated superconductors containing light elements. Within
this class of materials, carbon and nitrogen compounds have
attracted considerable attention following the synthesis of
alkali-metal-doped fullerenes, layered hafnium nitride,
metal-intercalated graphite, and boron-doped diamond,
which have been reported to superconduct at 33 K,2 25 K,3

11 K4, and 4 K,5, respectively. Among the binary carbon
compounds, the carbides of the group IVb, Vb, and VIb tran-
sition metals �including WC, TiC, TaC, and HfC� exhibit
exceptional mechanical properties, with Young moduli as
large as 530 GPa and melting temperatures above 3000 K.6

The mechanical hardness of transition metal carbides has
been suggested to originate from bonding combinations of
metal d and carbon p orbitals, which strongly resist shear
strain or shape change.7,8 If a similar mechanism were active
in the superconducting pairing, combined with the large fre-
quencies of the optical phonons ��80 meV�, this would re-
sult in high superconducting transition temperatures.9 How-
ever, experiments performed on carbides and nitrides of the
groups IVb, Vb, and VIb transition metals indicate transition
temperatures not exceeding 17 K.6 It is important to under-
stand why such a mechanism seems ineffective in the super-
conductivity of the carbides, and whether it can be enhanced
by chemical doping in order to optimize the transition tem-
perature.

The carbides of the groups IVb and Vb transition metals
exhibit similar structural, electronic, and vibrational
properties.6 These compounds all crystallize in the rock-salt
structure with similar lattice parameters. The vibrational
spectra display acoustic peaks between 10 and 30 meV and
optical peaks at 60–90 meV. Despite these similarities,
group Vb transition metal carbides exhibit superconductivity
in the range 7–11 K,10 while the IVb compounds have not
been observed to superconduct above 0.1 K.11 These differ-
ent superconducting properties have variously been ascribed
to Kohn anomalies in the vibrational spectra13 or nesting
effects of the associated Fermi surfaces.14,15 While those
studies provided significant insight into the superconductiv-
ity of transition metal carbides, a comprehensive study of the

interplay between phonon softening, Fermi surface nesting,
and carrier concentration in these materials, along with its
effect on the superconducting properties, is not available.

In this work, we investigate the superconductivity in tran-
sition metal carbides by focusing on two representative com-
pounds, one for each group: HfC �IVb� and TaC �Vb�. Using
a recently developed first-principles approach to the electron-
phonon interaction based on Wannier functions,16,17 we show
that superconductivity in TaC relates to a nesting of the cor-
responding Fermi surface with large connecting wave vec-
tors. On the other hand, in HfC the Fermi surface does not
exhibit a significant nesting and the associated transition
temperature is negligibly small. The microscopic mechanism
of the pairing is shown to consist of the coupling of the metal
d states to acoustic zone-edge vibrations. In view of optimiz-
ing the transition temperature, we study the variation of the
electron-phonon coupling strength with changes in the
chemical potential, as well as the onset of structural phase
transitions driven by doping through phonon softening.

Calculations were performed within the local-density ap-
proximation 18 to density-functional theory.19 The lattice-
dynamical properties were computed in the harmonic ap-
proximation using density functional perturbation theory.20

Superconductivity was studied within the isotropic approxi-
mation to the Migdal–Eliashberg theory.21 The evaluation of
the electron-phonon coupling strength �q and the Eliashberg
function �2F��� required a very dense sampling of the
electron-phonon scattering processes throughout the Bril-
louin zone.16 We achieved such a dense sampling by means
of our first-principles interpolation scheme16,17 based on
maximally localized Wannier functions.22 In this work, we
considered eight electronic Wannier functions spanning an
energy range of �4 eV from the Fermi level. These corre-
spond to five metal d states and three carbon p states. We
computed the electron-phonon matrix elements starting from
an initial Brillouin zone mesh with 6�6�6 points, corre-
sponding to a real-space interaction range of 27 Å between
image Wannier functions in neighboring supercells.16 The
fine grid for the Brillouin zone integration consisted of
20�20�20 unique points obtained by randomly translating
a uniform mesh.
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Figure 1 shows the calculated phonon dispersions for TaC
and HfC along relevant high-symmetry directions in the Bril-
louin zone. Our calculations are in good agreement with the
dispersions derived from neutron scattering experiments.23

Pronounced softenings are observed for the acoustic
branches of TaC �Fig. 1�c�� at wave vectors corresponding to
the L point, to points at 0.7 �X, and 0.9 �K in the Brillouin
zone. Taken together, these points define a cubic Kohn-
anomaly surface in the Brillouin zone,10 with the corners
touching the eight L points and the faces bulging out along
the � directions. Analogous anomalies can be observed in
the vibrational spectra of the other group Vb transition metal
carbides NbC and VC.12,23 Such a Kohn-anomaly surface is
not observed in HfC, consistent with the other group IVb
compounds ZrC and TiC.23,24 Nonetheless, close to the zone
center the optical phonons of HfC appear significantly softer
than what is expected on the basis of a mass scaling argu-
ment between HfC and TaC �Fig. 1�.

The softening of the acoustic branches in group Vb car-
bides has been associated with the topology of the corre-
sponding Fermi surface.14 The Fermi surface of TaC consists
of six arms extending from � along the � directions �Fig.
1�a��, and exhibits important nesting features associated with
several wave vectors connecting the parallel faces of the
arms. Together, these nesting wave vectors define precisely
the Kohn-anomaly surface discussed above. In the case of
HfC, the Fermi surface consists of a small spheroid centered
at the � point and six pockets elongated along the � direc-
tions. The softening of the zone-center optical phonons of
HfC reflects the increased electronic susceptibility for wave
vectors corresponding to transitions within the spheroid and
within each pocket.

In order to identify the phonons that are relevant to the
superconducting pairing, we calculated the electron-phonon
coupling strength ��q� �see Eq. �7.23� of Ref. 25� using our

Wannier interpolation scheme. For clarity, we consider here
the average coupling strength corresponding to the acoustic
��ac�q�� and to the optical ��op�q�� branches �Fig. 2�. In the
case of TaC, the primary contribution to the acoustic cou-
pling strength arises from wave vectors belonging to the cu-
bic Kohn anomaly surface discussed above. This finding is
consistent with the observation that the electron–phonon
coupling strength ��q� and the renormalization of the pho-
non dispersions are both related to the phonon self-energy.
The optical modes of TaC appear to offer no significant con-
tribution to the coupling strength. In the case of HfC, both
the acoustic and optical branches display significant structure
near the zone center, consistent with the softening discussed
in relation to Fig. 1�d�. In order to quantify the contributions
arising from the acoustic and optical modes to the electron-
phonon coupling strength in TaC and HfC, we computed the
Eliashberg spectral function �2F���21 and the corresponding
isotropic coupling strength � �Fig. 3�. Consistent with the
analysis carried out in relation to Fig. 2, the optical phonons
do not play any significant role in the superconducting pair-
ing of TaC ��opt

TaC=0.12� and HfC ��opt
HfC=0.15�. On the other

hand, the acoustic phonons provide an important contribu-
tion to the pairing in the case of TaC ��ac

TaC=0.62�, while
they remain ineffective in the case of HfC ��ac

HfC=0.09�. In-
spection of the Eliashberg function and the phonon density
of states �Fig. 3� shows that, in the case of TaC, the spectral
weight of �2F��� is largely enhanced in the acoustic modes,
in line with the preceding discussion. The calculated cou-
pling strengths can be used to obtain an estimate of the su-
perconducting transition temperatures of HfC and TaC. For
this purpose, we used the McMillan equation with a Cou-
lomb pseudopotential 	�=0.13,25 and obtained Tc=8.3 K for
TaC and Tc
0.01 K for HfC, consistent with the experimen-
tal values 10.3 and �0.015 K, respectively.6,11

The differences in the coupling of Fermi surface electrons

FIG. 1. �Color online� Top: Fermi surfaces of �a� TaC and �b�
HfC. Middle: phonon dispersions of �e� TaC and �f� HfC �solid
lines�, together with the experimental data of Ref. 23 �circles�. The
dashed lines in �d� correspond to the dispersions of TaC after
rescaling the Ta mass to the Hf value. The arrows indicate the wave
vectors exhibiting Kohn anomalies. Bottom: Nesting functions of
�e� TaC and �f� HfC �arbitrary units�.
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FIG. 2. �Color online� Intensity plot of the electron-phonon cou-
pling strength ��q� in the q= �qx ,qy ,0� plane of the Brillouin zone.
Top: average electron-phonon coupling strength in TaC for acoustic
�a� and optical �b� modes. Bottom: average coupling strength in
HfC for acoustic �c� and optical �d� modes.
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to the acoustic and optical phonons in Ta and Hf carbides
can be rationalized by inspecting the Wannier-projected
electronic density of states �Fig. 4�a��. The Fermi level of
HfC lies near a minimum of the density of states, with partial
2p and 5d densities of 0.38 and 0.39 states / �eV cell�,
respectively. The Fermi level of TaC lies 1.35 eV above
the corresponding one of HfC, with partial 2p and 5d
densities of 0.24 and 0.78 states / �eV cell�, respectively.
Surprisingly, while the acoustic coupling in TaC is a factor
�ac

TaC /�ac
HfC�6.9 larger than in HfC, the corresponding

ratio between the partial 5d density of states is only
0.78 /0.39�2. This indicates that the difference in the
electron-phonon coupling strengths � of HfC and TaC can-
not be ascribed to a simple density-of-states effect. This ob-
servation is supported by the analysis of the nesting function

�Figs. 1�e� and 1�f��26 indicating pronounced features arising
from the flat parallel sheets of the Fermi surface of TaC,
superimposed to the characteristic 1 /q background.

These results allow us to outline the following picture of
the electron-phonon interaction and the superconducting
pairing in the transition metal carbides HfC and TaC. �i�
The optical modes do not couple significantly to the
Fermi surface electrons. This behavior results from the small
mass ratio between the carbon and the metal atoms
�mC /mHf,Ta�1 /15, which implies that optical vibrations in-
volve primarily the C atoms�, as well as from the small par-
tial density of 2p states at the Fermi level. �ii� The acoustic
modes mainly couple to the metal 5d electrons. This follows
from the large 5d density of states at the Fermi level, and the
fact that acoustic modes involve significant displacements of
the metal atoms. �iii� The Fermi surface of TaC offers sig-
nificant phase space for electron-phonon scattering with
large wave vectors, q�0.7 �we adopt reciprocal-lattice units
throughout�. �iv� In the case of HfC, the nesting vectors are
considerably smaller in magnitude, q
0.2, and the associ-
ated phase space is negligible. Therefore, while a similar
atomistic mechanism operates in both HfC and TaC, the dif-
ferent Fermi surface topology leads to substantially different
electron-phonon interaction strengths. These observations in-
dicate that the superconductivity in TaC arises from the cou-
pling of metal d states to acoustic phonons with large wave
vectors, and is strongly enhanced by a pronounced Fermi
surface nesting. As a consequence, the mechanical hardness
of this compound, for which carbon p states play a
crucial role,7 appears to be essentially unrelated to the super-
conductivity.

The understanding developed so far allows us to discuss
directions for optimizing the superconducting transition tem-
perature of superhard carbides. Due to the close connection
between the Fermi surface topology and the superconductiv-
ity in these compounds, we consider the possibility of opti-
mizing the Fermi surface nesting via substitutional doping.
The similarity between the band structures of HfC and TaC
suggests that a simple rigid-band model should be suitable
for discussing trends. Since a change in the electron concen-
tration will induce a renormalization of the phonon disper-
sions, we calculated the renormalized vibrational frequencies
to identify the stability range of the lattice. Figure 4�b� shows
that the addition of 0.32 el /cell to TaC results in a lattice
instability driven by a soft longitudinal acoustic �LA� pho-
non with wave vector q= �0.75,0 ,0�. On the other hand, a
lattice instability associated with a q= �0.16,0.50,0.64� soft
LA mode develops in HfC following the removal of
0.41 el /cell. The instability of electron-doped TaC predicted
here is consistent with the fact that stoichiometric group VIb
WC is not observed in the cubic structure.6 Figure 4�a�
shows that in order to enhance the contribution of the p
states to the electron-phonon coupling, the Fermi level
should lie 3 eV below the one of undoped HfC. However,
the hole-doping required to produce such a Fermi level shift
is well beyond the threshold for the onset of the lattice in-
stability �Fig. 4�b��. In Fig. 4�c�, we show the electron-
phonon coupling strength � recalculated for both HfC and
TaC after varying the electron concentration.27 Within the
stability range of the respective lattices, Fig. 4 shows that the

FIG. 3. �Color online� �a� Eliashberg function �2F��� for TaC
�solid� and HfC �dashed�. We show the partial contributions to the
electron-phonon coupling strength � next to each curve. �b� The
corresponding vibrational density of states F��� in units of modes
per meV per unit cell.
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FIG. 4. �Color online� �a� Wannier-projected density of states
for TaC and HfC: C-2p �dashed� and metal-5d �dotted� partial den-
sity of states, and total density of states �solid�. The vertical lines
denote the Fermi levels of HfC and TaC. �b� Phonon softening vs
doping in HfC �dashed� and TaC �solid�: shown is the doping-
dependent frequency of the softest mode for each material. �c�
Electron-phonon coupling � as a function of electron concentration
for HfC �dashed� and TaC �solid�.
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coupling strength of HfC is not very sensitive to the doping,
while for TaC it can reach values as high as �=1.4 at the
onset of the instability. Using this result with the McMillan
equation, we find that electron doping of TaC may increase
the superconducting transition temperature up to 23 K.

In conclusion, we have shown that the atomistic origin of
the superconducting pairing in HfC and TaC resides in the
coupling of the transition metal d electrons to acoustic
phonons. The large difference in the interaction strengths be-
tween group IVb HfC and Vb TaC results from the pro-
nounced nesting of the Fermi surface in TaC. Since the other
carbides of IVb and Vb transition metals are isoelectronic to
HfC and TaC and exhibit similar lattice-dynamical proper-
ties, the mechanisms identified in the present work are ex-
pected to apply to the entire class of transition metal car-
bides. More generally, the present study shows that the

understanding and design of phonon-mediated superconduct-
ors involving light elements and transition metals requires a
fine analysis of the delicate interplay between phonon soft-
ening, carrier concentration, and Fermi surface topology.
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