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Ab initio linear-response calculations are reported of the phonon spectra and the electron—phonon interaction
for several transition metal carbides and nitrides in a NaCl-type structure. For NbC, the kinetic, optical, and
superconducting properties are calculated in detail at various pressures and the normal-pressure results are found
to agree well with the experiment. Factors accounting for the relatively low critical temperatures T, in transition
metal compounds with light elements are considered and the possible ways of increasing T. are discussed.

PACS: 74.70.Ad, 63.20.Dj, 63.20.Kr

1. INTRODUCTION

In the 1970s and 1980s, the superconducting prop-
erties of transition metal carbides and nitrides were in-
tensively studied both theoretically and experimentally
(see, e.g., Refs. [1,2]). In particular, these compounds
were considered candidates to high-T, superconduc-
tors. For example, the qualitative estimates [3-5] of the
electron—phonon coupling constant based on the rigid
muffin-tin approximation imply that 7, ~ 30 K might
be expected for the compound MoN, because its calcu-
lated density of states at the Fermi level, N(0), is high-
est among monocarbides and mononitrides [3-5]. How-
ever, these calculations were performed for stoichiomet-
ric MoN with a NaCl-type cubic structure. Unfortu-
nately, this crystal structure has never been realized
for a stoichiometric composition; it was found [6] to be
stable only in the case of MoN; _, with 0.61 < 2 < 0.75.
As is well known, the superconducting transition tem-
perature 7T, decreases dramatically in N-deficient ni-
trides (C-deficient carbides). In line with this state-
ment, superconductivity, apparently, was not observed
in crystalline molybdenum nitrides. There were a few
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attempts to obtain epitaxial thin films of molybdenum
nitride in the cubic structure (see Ref. [7] and the refer-
ences therein). However, the films with the cubic struc-
ture reported in the literature do not exhibit expected
high T, values. The reason for their critical tempera-
ture being noticeably below the theoretical prediction
is unclear.

Another important factor, besides high values of
N(0), that favors reaching relatively high T, in these
as well as some other systems is the sufficiently
high phonon frequencies. According to the Bardeen—
Cooper—Schrieffer (BCS) theory, the maximum critical
temperature 7, of superconducting transition might be
observed in metals having minimum atomic masses M,
because this theory predicts that T, ~ wpp, ~ l/m
For this reason, much attention was devoted for many
years to the possible superconductivity of metallic hy-
drogen (see, e.g., Ref. [8]). The results of our recent ab
initio calculations [9] showed that metallic hydrogen at
ultrahigh pressures (p ~ 20 Mbar) might actually be
a superconductor with T, ~ 600 K. Unfortunately, not
only any practical use but even the production of super-
conducting metallic hydrogen is impossible at such high
pressures. The possibility of reaching high T, values
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was previously also considered for metal hydrides [10].
Recently, Ashcroft [11] reconsidered this problem in the
context of the revival of the general interest in search-
ing for new compounds exhibiting superconductivity
in the intermediate temperature range. In addition to
metal hydrides, of considerable interest from the stand-
point of reaching high T, values are transition metal
borides, carbides, nitrides, and oxides, because they are
also characterized by rather high frequencies of optical
phonons associated predominantly with the vibrations
of light atoms B, C, N, and O. One such compound
with a relatively high critical temperature (T, ~ 40 K)
is magnesium diboride (MgB») [12], in which supercon-
ductivity is primarily due to the interaction between
optical vibrations and the electrons localized at boron
sites.

It is well known that at high pressure, non-tran-
sition-metal superconductors exhibit a decrease in T,
while many of transition metals and their compounds
exhibit an increase in T.. In the 1970s and 1980s,
this observation stimulated extensive studies of pres-
sure influence on superconducting properties of tran-
sition metal systems, in particular, carbides and ni-
trides. Both N(0) and the phonon frequencies may
change when pressure is applied to a material, and in
this paper, in particular, we consider how high pressure
affects these quantities.

We note that detailed ab initio calculations of
the electron and phonon spectra and, especially, the
electron—phonon interaction (EPI) for carbides and ni-
trides are not numerous, because such calculations are
tedious and time-consuming. An earlier example is
offered by the phonon spectrum calculation [13] for
niobium monocarbide NbC, performed using the full-
potential linear muffin-tin orbital method (FP-LMTO)
as implemented in Ref. [14]. Recently, we also briefly
reported [15] the results of ab initio calculation of NbC
made using the same FP-LMTO program package [14].
In Ref. [15], we calculated the electron and phonon
spectra and the EPI spectral densities at normal pres-
sure and upon isotropic compression by 15 % and 30 %
in volume. We also note two recent papers where the
lattice dynamics and the electron—phonon interaction
for NbC were studied using first-principle pseudopo-
tential methods [16,17]. In Ref. [16], several other
transition metal carbides and nitrides have been also
calculated.

This work pursues two goals. First, to carry out ab
initio calculations of the phonon spectra of some transi-
tion metal monocarbides and mononitrides in the NaCl
structure, with a special emphasis on NbC, which is the
one most extensively studied among these compounds

732

with regard to phonon-related properties. In partic-
ular, we calculate the electron—phonon interaction of
NbC and the properties such as electrical conductivi-
ty, optical spectra, and superconductivity, and com-
pare the obtained results with available experimental
data. Second, given that a good agreement of theo-
retical and experimental data is obtained, our aim is
to investigate, without using any models, the possible
routes for reaching higher T, values in transition metal
compounds with light elements.

2. CALCULATION OF THE ELECTRON AND
PHONON SPECTRA AND THE EPI
SPECTRAL DENSITY

A. Method of calculation

Methods of ab initio calculations used in this work
are described in detail in Refs. [13,14], as well as in
our review articles [18,19]. We do not therefore de-
scribe technical details and only briefly mention some
principal points. Here, the main attention is paid to
the discussion of obtained results and the physics of
phenomena that occur in transition metal carbides and
nitrides.

In calculating the kinetic and optical properties, we
used an approach that we name the hybrid method.
Within this approach, the electron spectrum of a metal
is calculated using the density functional theory de-
veloped in Refs. [20,21]; in other words, the Kohn-
Sham equation is solved. The phonon spectrum and
the change in the effective potential due to the dis-
placements of atoms are calculated using the linear re-
sponse theory for the Kohn—Sham equation. With the
electron and phonon spectra obtained, the EPI matrix
elements and spectral densities (Eliashberg functions)
can be calculated. The next step consists in applying a
many-particle perturbation theory based on the Fréh-
lich Hamiltonian to determine the electronic properties
of the metal. The whole procedure is described in de-
tail in Refs. [14, 18,19, 22], where the adequacy of this
hybrid approach in calculating the EPI and its effect
on the physical properties of metals are also discussed.

Our basic self-consistent calculations of the com-
pounds NbC, YC, HfC, MoC, MoN, and NbN in the
cubic structure were performed at a (32 x 32 x 32)
reciprocal-lattice grid, which corresponds to 897
k-points per the irreducible Brillouin zone (IBZ).
The von Barth—-Hedin-like exchange-correlation for-
mulas [23] and a multiple-x basis set were used. The
calculations involved the following parameters: 3k—spd
LMTO basis per transition metal atom (27 orbitals)
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and 3kx—sp LMTO basis per light atom (12 orbitals).
The one-center expansions inside the MT-spheres were
performed up to ly., = 6. The charge densities, the
potentials, and their changes under perturbation were
represented by spherical harmonics up to lye. = 6
inside the MT-spheres and by plane waves with the
energy cutoff about 140 Ry in the interstitial region.
The k-space integration was made by means of the
improved tetrahedron method [24]. The dynamical
matrix was calculated at the 29 irreducible g-points
of the (8 x 8 x 8) grid. The k-space integration for
the matrix elements was performed over a (8 x 8 x 8)
grid, the same grid as for the phonon wave vectors q.
In addition, the integration weights for the k-points
of this grid have been found in order to take the
effects arising from the Fermi surface and the energy
bands into account precisely. This was done with the
help of a denser mesh of 897 k-points per IBZ, which
corresponds to the same (32 x 32 x 32) grid as for
the energy-band calculation. Our calculated phonon
spectra for HfC, MoC, MoN, and NbN are generally in
good agreement with those obtained in Ref. [16]. The
results for these compounds are discussed in Section 4.

In the calculation of the dispersion curves of
NbC along the high-symmetry directions, additional
g-points lying on a (16 x 16 x 16) grid were calculated
to better resolve the phonon anomalies. We now turn
to the description of the results obtained for NbhC.

B. The results for NbC

The calculated equilibrium lattice parameter
a = 8396 a.u. is less than the experimental value
at room temperature by only 1%. We calculated
the electron and phonon spectra at the theoretical
equilibrium volume. The total electron density of
states (DOS) N(E) for NbC is shown in Fig. 1a and
the partial DOSs at the Nb and C sites are shown in
Figs. 16 and 1e¢. Also shown in Fig. 1a is the total DOS
for compressions V/Vy = 0.85, 0.7, which correspond
to pressures about 60 and 150 GPa, respectively.
At normal pressure, the DOS peak at the energy
about 0.2 Ry above the Fermi level Er is due to the
unoccupied 4d states at the Nb site. The peak at
about 0.3 Ry below Ef is almost equally contributed
by the carbon 2p-states and the filled Nb 4d-states.
The shape of partial s, p, and d DOSs at the Nb and
C sites implies that the chemical bonding in NbC is
substantially ionic: the Nb electrons are transferred
to the carbon 2p-states lying 0.3-0.35 Ry below the
Fermi level. Near Ep, the carbon p-states are only
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Fig.1. a) The total electron density of states for NbC

at the equilibrium volume Vj (solid line), V' = 0.85V;

(dashed line), and V 0.7Vo (dash-dotted line).

b,c) Partial s, p, and d DOS at Nb () and C (¢) site

at normal pressure. Energy is referenced to the Fermi
level

slightly hybridized with the Nb d-states, and only tails
of the C p-states emerge at the Fermi level.

Here, we do not present a plot of the calculated
phonon spectrum for NbC, because both the phonon
dispersions and the phonon density of states coincide
very well with those obtained earlier by Savrasov (see
Fig. 2 in Ref. [13]). A good agreement between cal-
culated and measured [25] frequencies is found for
the most part of the phonon spectrum. In line with
Savrasov’s results [13], we also obtained a negligible
overlap of the acoustic and optical vibration modes.
Calculation of the phonon polarization vectors demon-
strates that the acoustic part of the spectrum is formed
mostly by vibrations of heavier Nb atoms, while the
optical part by vibrations of light carbon atoms. The
calculated phonon density of states consists of virtu-
ally isolated parts related to the spectra of acoustic
(0 < w < 8 THz) and optical (15 THz < w < 20 THz)
vibrations.

Generally, the phonon dispersions calculated us-
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all-electron LMTO method. However, the authors of =15 l I“H i
Ref. [16] note that their calculated phonon spectrum of 2 Ny |I:!|
NbC reveals anomalies along both the [£00] and [££0) g Iy Il:!l ]
high-symmetry directions, while in Savrasov’s calcu- fc 1.0 I‘II'\’ : I
lation [13], the anomaly along the [££0] direction is £ i} : |
not so pronounced. The same is true for our calcu- E I l
lated phonon dispersions at the mesh of 29 g-points, =05 I‘ T

which coincides with Savrasov’s results. We can add
that in line with the results in Ref. [16], the phonon
spectrum of NbC obtained in Ref. [17] also demon-
strates a similar more pronounced dip along the [££0)
direction. We note, however, that all three acoustic
modes at q & [0.6500] and two upper acoustic modes
at [0.50.50] are closer to the experimental frequencies
in our calculation than in the pseudopotential calcu-
lations [16,17], as is clear from comparison of Fig. 2
in Ref. [13] with Fig. 2 in Ref. [16] and Fig. 2 in
Ref. [17] (the experimental points are also displayed in
the figures). To investigate the discrepancy in the low-
frequency transverse acoustic mode at q =~ [0.50.50],
we carried out additional calculations using finer grids
of k-points and g-vectors, and found a dip in this
mode at g &~ [0.50.50] missed in the 29-point calcu-
lation, although the dip is still not so pronounced as in
Refs. [16,17]. We believe that this discrepancy between
our results and the results of pseudopotential calcula-
tions in [16, 17] can be due to different approaches used.
In our case, the phonon frequencies are calculated di-
rectly at all the relevant g-points, while the authors of
Refs. [16, 17] applied the force constant method, which
might artificially enhance the peculiarity in question.
We cannot state this with certainty, because there is
no experimental information on this particular mode
of NbC in the literature.

We calculated the Eliashberg function, or the EPI
spectral density a?(Q)F(Q), which describes the EPI
effect on the single-particle properties of the electron
system, including superconducting properties, as well
as the transport spectral density a?.(Q)F(Q), which
describes the kinetic properties of the system of elec-
trons interacting with phonons. The calculated func-
tions a?(Q)F(2) at normal pressure and at 15 % and
30 % compressions are shown in Fig. 2 by solid, dashed,
and dash-dotted lines, respectively. We do not display
the function a?,(Q)F(Q2) because it looks very simi-
lar to the Eliashberg function o?(Q)F (). This is also
the case with most of the metals we have studied be-
fore [18,19]. These two functions should be substan-
tially different only for systems with strong anisotropy
of EPI. As is seen in Fig. 2, the EPI spectral density

734

\ A
25 30
Frequency, THz

15 20

Fig.2. The Eliashberg function a?(Q)F(Q) for NbC
at the equilibrium volume V4 (solid line), V' = 0.85V,
(dashed line), and V = 0.7V; (dash-dotted line)

consists of two parts significantly separated on the fre-
quency scale, in accordance with the shape of our cal-
culated phonon density of states (not presented). The
low-frequency part describes the interaction of elec-
trons with acoustic phonons, and the high-frequency
part refers to the interaction with optical phonons, just
as in the case of the phonon DOS.

3. CALCULATION OF THE KINETIC,
OPTICAL, AND SUPERCONDUCTING
PROPERTIES OF NbC

The knowledge of the EPI spectral characteristics
together with the Kohn—Sham spectra of electron exci-
tations ey allows calculating all the kinetic and super-
conducting properties; for NbC, in our opinion, these
properties are mainly due to the EPI. The intraband
frequency-dependent conductivity op(w) can be writ-
ten as

where w,; is the plasma frequency of the electrons:

2
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4
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The expression for the transport mass renormalization
my(w, 7)/my and the transport relaxation rate, or the
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with ¥(1+14y) being the digamma function. Definition
(3) of the relaxation rate includes the electron scatter-
ing by impurities described by the last term ~ 1/7;p,
which is a single adjustable parameter here, while all
the rest in formula (3) is found from first principles.
The value of Yimp = 1/Timp was estimated from com-
parison of the residual resistivity at T = T, with the
experimental data. Our calculated electron plasma fre-
quency wy of NbC is equal to 7.57 eV. Figure 3 dis-
plays the temperature dependence of the electrical re-
sistivity R(T') = 1/o(w = 0) obtained in our calcula-
tions and in the experiment [26]. For 1/7ip,, compari-
son of the theoretical and experimental absolute values
of R(T = T.) gives the value 0.18 e¢V. At high tem-
peratures T > 0.3(w) (where (w) is the characteristic
phonon frequency), the electrical resistivity due to the
electron scattering by phonons can be written as

[\If(l—mwy)—wany)]—y}, (4)

4
R= 27\, T

wey

: (5)
where A4, is the electron—phonon coupling constant

a0

Ao =2 / o OF(@)F. (6)
0

Our estimate gives the value 0.92 for \;.. As is seen
in Fig. 3, the slopes of theoretical and experimental
dependences are rather close to each other, with a de-
viation not exceeding a few percent. It should be taken
into account that the experimental resistivity was mea-
sured for the nonstoichiometric compound NbCy gsg,
which is close to but still different from the stoichio-
metric compound. Nevertheless, even in this case, the
residual resistivity is rather high, pg = 24 u) - cm. For
such a high value of pg, Matthiessen’s rule (used in for-
mula (3)) of the simple additivity of the impurity and
phonon relaxation times may be violated, which could
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Fig.3. The calculated (solid line) and measured [26]
(dashed line with circles) temperature dependence of
the electrical resistivity of NbC

result in some discrepancy between the experimental
and theoretical data.

Indeed, such a discrepancy is seen in the tempera-
ture range 100 K < T' < 200 K, where the experimental
dependence is noticeably more convex in comparison
with the theoretical curve. The authors of Ref. [26] at-
tributed this deviation of the temperature dependence
of R(T) from linear behavior (5) caused by the EPI to
the occurrence of electron states on the vacant C sites
in the NbC;_, system. According to their suggestion,
the energy of these states is very close to the Fermi
level, and therefore the states can affect the electrical
resistivity, resulting in a deviation of R(T") from linear-
ity. We note that this deviation is very small, however.

We also calculated the optical spectra of NbC over a
wide frequency range, up to w ~ 34 eV. To evaluate the
contribution from interband electron transitions to the
optical conductivity, we used the simple approximation
of noninteracting band electrons:

inter
1

62 , 2
@ =5 3 /dk|<k/\ V[N 2 x
AN Bz

X O(er — exn)O(cxn —er)d(exn — xn —w), (7)
inter

where ¢i""(w) is the real part of the interband con-
ductivity, and e and m are the electron charge and
To numerically evaluate oi"*"(w), we used
the full-potential linear augmented plane wave method
(FP-LAPW) implemented in the program package
WIEN2k [27]. The imaginary part of the interband
conductivity was restored using the Kramers-Kronig
relations. Then we calculated the reflectance spectrum
R(w) using the obtained optical conductivity. Figure 4
shows the calculated and measured [26] reflectance.

mass.
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Fig.4. Calculated (solid line) and measured [26]

(dashed line) reflectance of NbC

Considering that we did not use any adjustable param-
eters in this work, except for the impurity relaxation
rate vimp, the agreement of the theoretical and exper-
imental data is rather good. There is a discrepancy
between the calculated and measured spectra in the
energy range 1.5 eV < E < 3 eV. It is rather difficult
to reveal the true reason for this discrepancy, because
there is no well-developed technique for calculating the
properties of nonstoichiometric crystals. We note that
this discrepancy occurs at relatively high energies, and
does not therefore affect the evaluation of the super-
conducting properties of NbC.

Figure 5 displays the real and imaginary parts of
the optical conductivity, o(w) = o1 (w) + ioa(w). Also
shown is the experimental optical conductivity [26]. It
is seen that our calculations describe the experimen-
tal spectrum rather well, i.e., the theoretical positions
of o(w) features agree with the experiment. There is,
however, some disagreement between the amplitudes
of calculated and measured spectra o1 (w) and o9(w),
especially for the imaginary part o9(w). It must be
borne in mind that in the experiments, the reflectance
R(w) was measured, rather than o(w) proper. Experi-
mentally, the optical conductivity was determined by
means of the Kramers—Kronig procedure for the re-
flectance that was measured only up to the energies
E = 11 eV. Our results show that there exist intense
interband transitions at energies higher than 11 eV,
which were not taken into account in Ref. [26]. These
transitions are clearly seen in Fig. 5, where the theo-
retical o(w) is displayed up to 16 eV. This fact is of
great importance for the amplitude of the imaginary
part of o(w) and can lead to a discrepancy between
experimental and theoretical results.

0 4 8 12 16
Energy, eV

Fig.5. Imaginary (a) and real (b) parts of the optical

conductivity of NbC. Theoretical results are shown by

the solid line and experimental data [26] by the dashed
line

We used the Eliashberg function a?(Q)F(Q) cal-
culated from first principles to solve the Eliashberg
equation [28] and evaluate the order parameter A(w)
and the renormalization function Z(w). We also cal-
culated the electron DOS N (w) in the superconducting
state and the tunneling characteristics. The Eliashberg
equation includes the Coulomb pseudopotential p* in
addition to the EPI. Our estimate of the superconduct-
ing transition temperature 7. made with neglect of the
Coulomb repulsion p* (i.e., with only the EPI included)
gives the value 15.7 K. As is well known, the presently
available methods of ab initio calculations do not al-
low the Coulomb repulsion p* to be estimated. For
this reason, we have determined p* from the condition
of coincidence of the calculated and experimental val-
ues of the critical temperature (72*? = 11.1 K), which
yields p* = 0.15. This value is likely to be somewhat
overestimated, because p* lies in the range 0.12 to 0.13
for the majority of standard metals. We note, however,
that the value of T, was determined in the experiment
not for stoichiometric NbC but for carbide NbCi_,,
which is nonstoichiometric to some degree. As men-
tioned above, T, of the transition-metal carbides de-
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creases quite rapidly with increasing z. This can also
be the reason for u* to be overestimated. For the ra-
tio 2A/T,, our estimate gives the value 4.1, very close
to the experimental value (about 4), which implies the
existence of strong-coupling effects in NbC. Here, we
do not describe the calculation of the superconducting
characteristics of NbC in detail, in particular, the tun-
neling -V curve, because we do not know any related
experimental data.

We now briefly discuss pressure-induced changes in
the superconducting properties of NbC. As is seen from
Fig. 1, the electron DOS at the Fermi level slightly de-
creases upon compression. The acoustic and optical
phonon frequencies increase with increasing the pres-
sure, an increase being considerably larger for the op-
tical phonon modes (see Fig. 2). The electron—phonon
coupling constant A decreases with compression, which
leads to a decrease in T.. Qualitatively, this result is
in agreement with some preliminary experimental data
for NbC at high pressure (see Ref. [29]). Unfortunately,
there is no detailed experimental information on how
the phonon spectra and the critical temperature of NbC
change under pressure.

4. DISCUSSION OF POSSIBLE ROUTES TO
HIGH T,

The obtained results demonstrate that our hybrid
approach, which has been successfully employed for cal-
culating the properties of elemental metals [19], is also
quite appropriate in the case of transition-metal car-
bides. We note that we use the Frohlich Hamiltonian
to take the EPI into account only in the electron spec-
trum and do not renormalize the phonon frequencies,
because our calculated adiabatic phonons correctly de-
scribe the experimentally measured vibration spectrum
in the main part of the Brillouin zone.

Returning to the question of the possible existence
of relatively high T, in transition-metal carbides, we
can say the following. The standard BCS theory gives
the expression

1
T. = 1.14wexp (—)\ " ) ) (8)

where @ is an average phonon frequency. The EPI con-
stant A can be expressed as

A= NNV, 9)

where (V?2) is the average EPI matrix element.
According to formula (9), the coupling constant A
is determined by the DOS N(0) at the Fermi level. As

14 ZKST®, Bem. 3 (9)

mentioned in the Introduction, this is the reason why
the authors of early papers [3-5] considered the en-
hancement of N(0) as a possible way for increasing 7,
in carbides. In carbides and nitrides with a cubic struc-
ture, the electron DOS is well described in the rigid-
band approximation [30], that is, by simply shifting the
Fermi level position. In the ZrC compound, the num-
ber of electrons per unit cell is smaller by one than that
in NbC and, accordingly, the Fermi level is situated
approximately 0.15 Ry lower and falls within a DOS
minimum (see Fig. 1). In agreement with this picture,
ZrC is not a superconductor. For NbN, whose num-
ber of valence electrons is greater by one than that of
NbC, the Fermi level shifts to the right, to higher DOS
values. Accordingly, this compound, if it existed in a
stoichiometric composition, would be characterized by
a higher transition temperature (7, = 17 K). In MoC
and MoN, Ep shifts to the right to an even greater ex-
tent, because the number of valence electrons per unit
cell is respectively greater by one and two than that in
NbC. The DOS at the Fermi level in MoN is almost
twice as high as in NbC. In accordance with the rigid-
band estimate [3], the transition temperature in MoN
must be of the order of 30 K, although, as mentioned
above, such “high-7,.” superconductivity in MoN has
not been observed experimentally. The point is that
this compound in crystalline form was never obtained
with the stoichiometric composition and real samples
always exhibited a rather large deficiency of nitrogen.
It was demonstrated [31] that the shear elastic constant
Cy4 in cubic MoN is negative, which is an evidence of
the crystal instability. This fact was later confirmed
in Ref. [30], where it was also pointed out that only
the presence of nitrogen vacancies can stabilize the cu-
bic Bl-type structure of MoN. In the same paper [30],
positive elastic constants were obtained for MoC, but
an instability of the acoustic mode in the X point at
the Brillouin zone boundary was found. The instabil-
ity in MoC was recently proved [16] by the phonon
spectrum calculation in the whole Brillouin zone. An
even stronger instability around the X point was re-
ported [16] to exist in MoN and NbN. We carried out
direct linear-response calculations of the phonon spec-
trum for MoC, MoN, and NbN. Our results confirm the
conclusion in Ref. [16] that a transverse mode in the
[£€0] direction is unstable in these compounds over a
range of wave vectors q near the X point. This implies
that higher 7, can hardly be reached in cubic carbides
and nitrides by means of increasing N (0), because such
an increase is most likely to result in the lattice insta-
bility of a stoichiometric compound.

As was already mentioned, another possibility for
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increasing T, is to involve the optical phonons related
to vibrations of light atoms (C, N, etc.) in the for-
mation of a superconducting state. Our calculations
described in Sec. 2B demonstrate that the function
a?(Q)F(Q) for NbC consists of two separate parts: the
low-frequency peak related to the acoustic phonons and
the high-frequency peak related to the optical phonons.
Accordingly, two EPI constants can be defined as

Ape = 2/ %M(Q)F(Q)
° (10)
Aop = 2 %aQ(Q)F(Q),

w1

where wy = 14 THz (see Fig. 2). The critical tem-
perature of a superconductor with two isolated phonon
peaks can be written as

_ Wiog 1+ A

T. = — , 11
1.46Xp< /\—u*>’ (11)

where A = A\e + App and
Wtog = Whetwly”, (12)

with v = Age/(Aac + Aop)-

Our estimate of these constants gives A\, = 0.71
and \,, = 0.21. Thus, for NbC, the constant of cou-
pling to optical phonons, A, is more than three times
lower than A,.; in accordance with expressions (11) and
(12), its contribution to 7. is then also small. The
smallness of \,, can be easily explained within the rigid
muffin-tin approximation used in Refs. [3-5]. Within
this approximation, the coupling constant A for binary
compounds of AB-type with substantially different ion
masses can be expressed as

NAOKTR) | Np(0)73)
MalwZ) " Malwh)

where (I?) is the matrix element of the squared gra-
dient of the muffin-tin potential integrated over the
Fermi surface and the product n N(0)(I?) is
the Hopfield parameter [32]. According to estimates
in Ref. [4], carbides and nitrides obey the relation
Ma(w?) ~ Mp(w%). Qualitatively, smaller values of
Aop are explained by both a low N¢(0) and a small
(I*). Thus, a more promising way to reach higher T,
is to search for a carbide whose chemical potential po-
sition is such that N¢(0) is sufficiently high.

An example could be offered by yttrium monocar-
bide YC, whose number of electrons per unit cell is

A:)\ac‘l')\op:

(13)

738

DOS, states/Ry

80 YC Total DOS a
40 - E
0 /|/~\ Il 1 \\
Y site — s ) b
16 - — — p ’.“ A
- i
i\
L I i
8 l" \
i
0 f'\ . _ :‘\'I \ N
40 E
. — \
i C site ) I ¢ |
I
20 | n ]
I\
L N
-J NS
0 L 1 1 ~
—0.6 —-0.4 -0.2 0
Energy, Ry

Fig.6. a) The total electron density of states for YC.
b,c) Partial s, p, and d DOS at Y (b) and C (c) site.
Energy is referenced to the Fermi level

lower by two than that in NbC. In the rigid-band ap-
proximation, the Fermi level in YC falls within a peak
in the DOS at £ = —0.3 Ry, a feature formed pre-
dominantly by the carbon p-states (see Fig. 1). Un-
fortunately, the compound YC with the stoichiometric
composition is still not synthesized. Nevertheless, we
performed detailed ab initio calculations of hypotheti-
cal YC with the NaCl-type structure and obtained its
electron and phonon spectra, as well as the Eliashberg
function. We found no instabilities in the phonon spec-
trum of cubic YC, and the cause that hinders the syn-
thesis of the stoichiometric yttrium carbide is still un-
clear to us. It is conceivable that some other phase of
the yttrium—carbon system is energetically preferable
at equilibrium conditions.

We solved the Eliashberg equation and estimated
the possible T, values for YC. Contrary to the expec-
tations, our calculated T, value turned out to be rather
small, 9.2 K, which is even smaller than for NbC. We
consider possible reasons for this fact. Our results on
the electron DOS for YC (Fig. 6) confirm the above
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Fig. 7. Phonon dispersions (a) and the Eliashberg func-
tion (b) for YC at normal pressure

observation that the rigid-band approximation is quite
suitable for describing the electron states in monocar-
bides: both the total and partial DOSs of YC become
very similar to those of NbC, as the chemical potential
is shifted by —0.25 Ry on the energy scale. Our calcu-
lated phonon spectra and Eliashberg function for YC
are shown in Figs. 7a and 7b. The acoustic phonons
have no peculiarities and their frequencies are close
in value to the acoustic frequencies in NbC. But the
optical phonons are much softer and their average fre-
quency is smaller than that for NbC by factor of 1.5 (see
Fig. 2). The acoustic and optical coupling constants for
YC are also significantly different from those for NbC.
For YC, the acoustic constant A\,. = 0.19 is much less
than for NbC, while the optical constant \,, = 0.52
is 2.5 times as large as A, for NbC. Therefore, the T,
value in YC is mainly determined by optical phonons,
which implies that it makes sense to search for super-
conductors whose optical phonon modes mainly con-
tribute to T.. Nevertheless, the absolute value of A,
for YC is insufficient to result in a high 7.

We consider this question in more detail. In yt-
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trium carbide, the DOS N(0) at the Fermi level is suf-
ficiently high. Moreover, N¢(0) in YC is even larger
than Nyp(0) in NbC, but the optical coupling constant
Aop is smaller than the acoustic constant A,. in NbC.
According to formula (13), the value of the EPI cou-
pling constant is determined by the Hopfield parame-
ter. The first moment of the Eliashberg function can
be expressed as [33]

w1

2 i

Q/wa (W)F(w) dw = A (14)
0 (3

where n; = N;(0)(I?) is the Hopfield parameter of an
i-th ion and M; is the ion mass. We calculated first mo-
ments for the acoustic and optical modes separately, as
we did for the coupling constants A\. This allowed us to
find the Hopfield parameters of transition element and
carbon for NbC and YC in accordance with formulas
(13) and (14). We have

mp =83eV-A"2 and nc=356V-A72

for NbC and

ny =176eV-A"% and 5c=29eV.-A72

for YC.

In YC, the Hopfield parameter of the C atom, nc,
therefore exceeds ny and N¢(0) also exceeds Ny (0).
This results in A,, being higher than A,., that is, the
electrons interacting with the optical vibrations of C
atoms play the leading role in the formation of the su-
perconducting state. Here, it is important that the
absolute value of nc for YC is even less than for NbC,
which is because the electron states near Er in YC are
almost pure carbon p-states with a small admixture of
carbon s-states. The optical phonons in metal carbides
can be regarded, to a good accuracy, as local vibra-
tions of C atoms. The Hopfield parameter n can then
be written to a good approximation as

0= NONI?) ~ (il VVess [5) " (Ni(O)N;(0)), (15)

where the indices ¢ and j denote the values of the or-
bital angular momentum [/ and the matrix elements of
the potential gradient are nonzero only when the or-
bital moments of the wave functions v; and ¢; differ
by 1. The Hopfield parameter of YC is small because
N4(0) and N4(0) are very small.

Since n¢ for YC is even less than for NbC, a rather
high value of A,, in YC is due to a strong soften-
ing of the transverse optical mode in YC compared to
NbC. The effect of lattice softening on superconduc-
tivity has long been a subject of wide discussion (see,

14*
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e.g., Ref. [1]) and the optical phonon mode in YC is
a prominent example of how the phonon softening can
assist in increasing T,. We emphasize that the higher
value of \,, in YC compared to NbC is due to the soft-
ening of the entire optical part of the phonon spectrum.
A somewhat similar situation, a strong softening of the
entire bond-stretching mode, is believed [34, 35] to exist
in MgB> and boron-doped diamond. We note that pe-
culiarities of the phonon spectrum by no means always
lead to an increase in T.. It has been frequently stated,
in the past [1] as well as presently [16, 17], that the exis-
tence of superconductivity in group-V transition metal
monocarbides, in contrast to group-IV metal monocar-
bides, is related to peculiarities in the acoustic part of
their phonon spectrum. It is easy to verify by direct
linear-response calculation of the phonon spectra that
My {w?.) ~ const for both group-V and group-IV tran-
sition metal monocarbides. In accordance with expres-
sion (13), this means that \,., as well as T,, is deter-
mined mainly by the Hopfield parameter, rather than
by peculiarities of the phonon spectrum. We also calcu-
lated the superconducting properties of compressed YC
and found that as in the case of NbC, its EPI constant
A and T, decrease under pressure.

To conclude, our all-electron linear-response calcu-
lations of the phonon-related properties of some tran-
sition metal carbides and nitrides in the cubic struc-
ture confirm the theoretical results obtained by other
methods. For the best-investigated compound NbC,
a rather good agreement with available experimental
data is found. Based on our first-principle results, we
demonstrate that the main reason for relatively low T,
values, which is, contrary to the expectations, observed
in these compounds, is a small contribution of the op-
tical phonons (which are mostly related to the light-
element atoms) to the electron—phonon coupling. This
is in turn related to a low density of electron states of
the light element at the Fermi level. Thus, a promis-
ing way to reach higher T is the search for compounds
in which the chemical potential falls within an energy
range where the electron states of the light element
are sufficiently high. In this case, these electron states
would efficiently interact with high-frequency optical
phonons.

In a sense, yttrium carbide provides an example,
because its chemical potential falls within a peak of
N¢(0). Unfortunately, the carbon states at Ep are vir-
tually pure p-states and, according to the selection rule
(I = 1F1), the EPI matrix element of YC is small. For
the Hopfield parameter (15) to be large, it is necessary
that the p-states of light element be hybridized, e.g.,
with d-states of the transition element or with their
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own s-states as in MgBs. Such hybridization is most
likely to occur in complex compounds rather than in
monocarbides and mononitrides. In any case, further
theoretical and experimental studies of complex metal
compounds with light elements are of great interest.

Recent progress in developing new high-pressure
techniques for electric and magnetic measurements in
diamond-anvil cells allows investigating superconduc-
tivity in the megabar pressure range. For example,
pressure-induced changes in phonon frequencies, elect-
ron—phonon coupling constant, and superconducting
temperature of HfN, ZrN, and NbN were recently
studied [29] at the pressure up to 30 GPa by means
of Raman-scattering measurements. As mentioned
above, stoichiometric NbN is dynamically unstable in
the cubic NaCl-type structure. Our calculations of the
phonon spectra and Eliashberg function for cubic HfN
and ZrN at high pressure are underway and will be
reported elsewhere.
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