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Abinitio calculations of the superconducting properties have been performed for niobium carbide (NbC) at nor-
mal pressure and upon a 15 and 30% compression. Factors accounting for the relatively low values of the tran-
sition temperature T, in transition metal carbides are considered and the possible ways of increasing this param-
eter are discussed. © 2004 MAIK “ Nauka/lInterperiodica” .
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According to the Bardeen—Cooper—Schrieffer
(BCS) theory, the maximum critical temperature T, of
the superconducting transition might be observed in
metals possessing minimum atomic masses M, since
this theory predicts that T, ~ /M2, For this reason,
much attention was devoted for many years to the pos-
sible superconductivity of metallic hydrogen (see, e.g.,
review [1]). The results of our recent ab initio calcula
tions [2] showed that metallic hydrogen at ultrahigh
pressures (p ~ 20 Mbar) might actually be a supercon-
ductor with T, ~ 600 K. Unfortunately, not only practi-
cal use but even the synthesis of superconducting
metallic hydrogen at such pressuresisimpossible. The
possibility of reaching high T, values was previously
also considered for metal hydrides. Recently, Ashcroft
[3] returned to this problem in the context of the revival
of the genera interest in searching for new high-T,
compounds exhibiting superconductivity in the inter-
mediate temperature range.

In addition to metal hydrides, of considerable inter-
est from the standpoint of reaching high T, values are
transition metal borides, carbides, nitrides, and oxides,
because they are aso characterized by quite high fre-
guencies of optical phonons associated predominantly
with the vibrations of light atoms. One of such com-
pounds, possessing arelatively high transition temper-
ature (T, ~ 40 K), ismagnesium diboride (MgB,) [4], in
which superconductivity is primarily dueto the interac-
tions between optical vibrations and el ectrons|ocalized
at the boron sites. Asis known, T, depends both on the
atomic mass and, which is even more significant, on the
constant of the el ectron—phonon interaction for a given
phonon mode.

In this context, we apply the methods of ab initio
calculations reported in [5, 6] to study superconductiv-
ity in niobium carbide (NbC) so as to ducidate the

causes for the relatively low critical temperature (T, ~
11 K) and to determine the T, change with increasing
pressure.

Previoudly, transition metal carbides and nitrides
were also considered as potentia high-T, materials 7,
8]. Intheseinvestigations, the el ectron—phonon interac-
tion constants for these materials were qualitatively
assessed and it was shown that T, = 30 K might be
expected in MoN. However, the calculations were per-
formed for stoichiometric MoN with a structure of the
NaCl type. Unfortunately, such astructureis never real -
ized for the stoichiometric compoasition and can be sta-
ble only in MoN, _, with x> 0.3.

Complete microscopic calculations of the electron
and phonon spectra of transition metal carbides and
nitrides and their electron—phonon interaction con-
stants were almost not performed because of consider-
able difficulties. One of a few examples is offered by
ab initio calculations of the phonon spectra of NbC [9]
by the full-potential inear muffin-tin orbital method
(FP-LMTO) [5]. In the present study, cal culations were
performed (like those in [2, 6, 9]) using the program
package implementing the FP-LMTO method as
described in [5].

Figure 1 showsthe density of states (DOS) N(E) cal-
culated for NbC at V =V, (V, is the specific volume at
atmospheric pressure) and at V = 0.85V, and 0.70V,
(that is at a 15 and 30% lattice compression, respec-
tively). The compressibility of NbC is relatively small
(the bulk modulus is Ky, = 340 GPa) and these com-
pressions correspond to a pressure of p ~ 0.6 and
1.5 Mbar, respectively. In Fig. 1, the N(E) peak at an
energy of ~0.2 Ry above the Fermi level (Eg) isdueto
the unoccupied Nb 4d states. The peak a ~0.3 Ry
below Er is mostly due to the C 2p states hybridized
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with the occupied Nb 4d states. A structureintheregion
of energies about —1 Ry is formed by the so-called
“semi-core” 4p states of niobium. At normal pressure,
the shape of N(E) agrees well with the results of previ-
ous DOS calculations for NbC [7, 8]. As can be seen
fromFig. 1, itismost likely that an increasein pressure
reduces T, because N(E) at the Fermi level decreasesin
this case.

We have also calculated the phonon spectra w(q)
and the spectral density of the el ectron—phonon interac-
tion (the Eliashberg function) for NbC in all the cases
under consideration. The Eliashberg function
o?(w)F(w) for NbC at various pressures is shown in
Fig. 2. The phonon DOS is not depicted in this figure
because the shape of this curveisvery similar to that of
a?(wW)F(w). Asisseenin Fig. 2, the Eliashberg function
(as well asthe phonon DOS) consists of two peaks sig-
nificantly spaced on the frequency scale. The low-fre-
guency peak describes the interaction of electrons with
acoustic phonons, while the high-frequency peak refers
to the interaction with optical phonons. The coupling
constants for the corresponding phonons were calcu-
lated using the formula

A = 2 jdi*’az(oo)F(w) (1)

Integrating in Eq. (1) from w, =0tow, =14 THz (see
Fig. 2), we obtain the constant of coupling with the
acoustic phonons (A,.). At normal pressure and 15 and
30% compressions, this calculation yields A, = 0.71,
0.50, and 0.35, respectively; the constants of coupling
with the optical phonons at the same pressures are
much lower: A,, = 0.21, 0.19, and 0.16, respectively.

Within the framework of the simple “rigid muffin-
tin” approximation used in the early investigations [7,
8], the coupling constant A for binary compounds AB
with substantially different ion masses can be
expressed as

)\ _ )\ + )\ — A(O) D A|:| NB(O) l:l BD (2)
MO Mg’

where N(0) is the DOS at the Fermi level and N(0)@20]
isthe Hopfield parameter [10], which is proportional to
the square of the matrix element of the electron—
phonon interaction integrated over the Fermi surface.
According to estimates [11], carbides obey the relation

M , A00M g [toall ()

The Hopfield parameter for Nb and C atoms was aso
calculated in [11], where the value for carbon has
proved to be less than half of that for niobium. We have
performed more precise calculations, which showed
that, first, the constant of coupling with the optical
modes is less than one-third of that for the acoustic
modes and, second, our values of the constant of cou-
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Fig. 1. DOS profiles N(E) for NbC at normal pressure and
upon 15 and 30% compression (p ~ 0.6 and 1.5 Mbar,
respectively). Vg isthe equilibrium specific volume at p= 0.
The energy is measured relative to the Fermi level.
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Fig. 2. Eliashberg function a(w)F(w) for NbC at normal
pressure (p = 0) and upon 15 and 30% compression.

pling with the acoustic modes are about twice as large
asthose obtained in [11]. Qualitatively, the smaller val-
ues of A, obtained in [11] and in our calculations are
explained by alow DOSfor the carbon-bound electrons
on the Fermi surface. The chemical bonds in NbC are
predominantly ionic: electrons from Nb pass to the C
2p states occurring 0.3-0.35 Ry (4-5 €V) below the
Fermi level, and only small tails of these states emerge
at the Fermi surface.

According to the results of our calculations, an
increase in the pressure leads to a decrease in the DOS
Nyp(0) associated with the niobium states at the Fermi
level, while the DOS N(0) associated with the carbon
states at the Fermi level remains virtually unchanged.
Increasing pressure leads to a sharp increase in the
phonon frequency in both optical and acoustic
branches. For a compression corresponding to V =
0.7V,, the MI®?[value increases by afactor of 2.5 and



550

2.3 for the optical and acoustic modes, respectively. At
the same time, the coupling constant A, exhibits only a
25% decrease rather than a severalfold drop, asit might
be expected from formula (2) for 0200= const. This
behavior implies that the growth of the pressure is
accompanied by an increase in the matrix element of
the electron—phonon interaction at the carbon atom.
The acoustic coupling constant is halved; that is, it
decreases approximately to the same extent to which

the My,[to5, Cval ue increases.

The superconducting transition temperature T, can
be determined by solving the Eliashberg equation [12]
with the known function a?(w)F(w). With neglect of
the Coulomb repulsion, these calculations give T, =
15.7 K for NbC. However, such ab initio calculations
do not allow the Coulomb contribution to T, to be esti-
mated. For this reason, we have determined the Cou-
lomb pseudopotential u* from the condition of coinci-
dence of the calculated and experimental T, values
(Te® =11.1 K), which yields p* = 0.15. Thisvalue is
likely to be somewhat overstated, since our calculations
were performed for the stoichiometric NbC, while the
real compound usually exhibits a deficiency of carbon.
It is dso known [7] that the transition temperature in
NbC, _, quite rapidly drops with increasing x. Accord-
ing to the results of our calculations, T, also decreases
rapidly with increasing pressure: T, = 4.9 K for a15%
compression and T, = 0.98 K for a 30% compression
(the calculations were performed for the same pseudo-
potential p* = 0.15).

The good accuracy of our calculations of the Eliash-
berg function and coupling constants is confirmed by
the following fact. We have calculated the transport

Eliashberg function O(fr(w)F(w) and the electron—

phonon interaction contribution to the resistivity p of
NbC (the method of calculation is described in [5, 6]).
At room temperature (T = 273 K), the calculated resistiv-
ity isp = 18.1 pQ cm. The measurements of resistivity
for anearly stoichiometric niobium carbide NbC g5 [13]
showed arather high residual value of p, = 24 uQ cm.
When the temperature was changed from low valuesto
300 K, the resistivity increment amounted to py, =
15.5 uQ cm. Thisvalueisvery closeto the result of our
calculation (the difference is less than 20%). Taking
into account that, for such a high value of py, Matthies-
sen’s rule of the ssimple additivity of the residual and
temperature-related contributions to the resistivity may
itself be violated to within 20%, the obtained agree-
ment between the calculated and experimental values
of theresistivity can be considered as quite satisfactory.

Returning to our analysis of the possibility of reach-
ing relatively high T, values in transition metal car-
bides, it is possible to describe the situation as follows.
According to formula (2), the el ectron—phonon interac-
tion constant is determined to a considerable extent by
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the DOS at the Fermi level. For ZrC, NbC, MoC, and
MoN systems with a cubic structure, N(E) is well
described using the “rigid band” approximation [14],
that is, by ssimply shifting the Fermi level position. In
ZrC, the number of electrons per unit cell is lower by
one than that in NbC and, accordingly, the Fermi level
is situated approximately 0.15 Ry (about 2 €V) lower
and falls within aminimum in the DOS (see Fig. 1). In
agreement with this picture, ZrC is not a superconduc-
tor. In NbN, where the number of valence €lectronsis
greater by one than that in NbC, the Fermi level shifts
rightward to higher DOS vaues. Accordingly, this
compound is characterized by a higher transition tem-
perature (T, = 17 K). In MoN, E¢ shiftsrightward to an
even greater extent, since the number of electrons per
unit cell isgreater by two than that in NbC. The DOS at
the Fermi level in MoN is almost twice that in NbC. As
was noted above, in accordance with the estimates
obtained in [7], the transition temperature in MoN must
be on the order of 30 K, athough the experimental
valueis much lower. Thefact isthat this compound was
never obtained with the stoichiometric composition and
real samples always exhibited a deficiency of nitrogen.
It was pointed out [14] that the cubic MON phase is
dynamically unstable and only the presence of nitrogen
vacancies can stabilize this phase.

An even amore promising way of abtaining high T,
values would be the synthesis of carbides having the
number of electrons per unit cell smaller by one than
that in ZrC. An example could be offered by yttrium
carbide with a structure of the NaCl type, where asitu-
ation (now purely hypothetical) might take place in
which the Fermi level would fall within a peak in the
DOS at 0.33 Ry (~4.5 eV) below Er in NbC. In this
energy region, the DOS s already sufficiently high, but
it is even more important that, after such arigid energy
shift, the C 2p states strongly hybridized with theY 5d
states emerge directly at the Fermi level. However, it
should be taken into account that it is the high value of
N(0) in MoN [14] that accountsfor theinstability of the
cubic phase of thiscompound. In all probability, acubic
structure of the NaCl type is not more readily achieved
in the stoichiometric Y C. Moreover, a high concentra-
tion of carbon vacancies renders yttrium carbide either
a poor metal (with alow density of carriers) or even a
semiconductor [15].

It should be noted that, nevertheless, these are
yttrium carbides in which record high T, values have
been observed. In particular, the transition temperature
inY,C;is 18 K [16], whilethat in yttrium borocarbides
reachesalevel of 1523 K [17]. In any case, the search
for superconductors with relatively high T, values
(~40-50 K) among the compounds of metalswith light
elements is very interesting from the basic standpoint
and important for practical applications.

At present, thereare quiterealistic projectsfor using
the superconducting compound MgB,, which offers
considerable technological advantages in comparison,
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for example, with high-T, cuprates. Metal nitrides and
carbides may be even more promising materialsin this
respect, provided that samples with transition tempera-
tures on the order of ~40 K will be synthesized.
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