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We have made theoretical investigations of the structural, elastic, electronic, lattice-dynamical, and super-
conducting properties of the antiperovskite compound CdCNi;. The structural, elastic, and electronic properties
of this material have been calculated by using the generalized gradient approximation of the density-functional
theory and ab initio pseudopotentials. Using our structural and electronic results, the phonon spectrum, phonon
linewidths, and electron-phonon coupling parameter have been calculated by employing a linear-response
approach based on density-functional theory. We have observed a softening behavior of the lowest acoustic
phonon branch along the X-R symmetry direction. The electron-phonon coupling parameter is found to be 0.80.
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I. INTRODUCTION

The discovery of superconductivity in MgCNis, with the
superconducting transition temperature [T-=8 K (Ref. 1)],
has been quite unexpected. This is because with the partially
filled Ni d orbitals MgCNijs is expected to possess a ferro-
magnetic ground state rather than superconducting state. This
led Rosner et al.” to suggest that magnetic interactions may
support superconductivity in this material. However, experi-
mental measurements>% indicate that MgCNij, is an s-wave
BCS superconductor. On the theoretical side, there have been
a number of first-principles electronic structure calculations
using the tight-binding linear muffin-tin orbital (TB-LMTO)
method,” the linear muffin-tin orbital (LMTO) method,*®
full-potential nonorthogonal local-orbital (FPLO) minimum-
basis scheme,” and the appropriate band-structure method
(like ultrasoft pseudopotential method)!®!3 to understand the
electronic properties of MgCNis. All these studies have ob-
served a sharp peak just below the Fermi level in the elec-
tronic density of states for MgCNis. It is well known that the
high-electronic density of states at the Fermi level is favor-
able to superconductivity. In addition to electronic proper-
ties, the lattice dynamics of this material has been investi-
gated using density-functional theory within LMTO,'* ab
initio mixed-basis perturbation method,'> and the appropriate
band-structure method (like ultrasoft pseudopotential
method).'3 All of these studies have found anomalous behav-
ior in the lowest acoustic-phonon branch along each of the
high-symmetry directions [100], [110], and [111]. These pho-
non calculations also indicated that the largest contribution to
the electron-phonon mass enhancement parameter (i.e., aver-
age electron-phonon coupling parameter) comes from pho-
non branches which show anomalous dispersion. For ex-
ample, the average electron-phonon coupling parameter was
found to be 1.51 in the LMTO work by Ignatov et al.'* Thus
the existing theoretical works have confirmed the experimen-
tal works that MgCNis is a BCS-type superconductor with
large electron-phonon interaction.

The successful explanation of the BCS-type superconduc-
tivity in MgCNij; has led to the research in the superconduct-
ing property of other nickel-based antiperovskites ACNis
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(A=Cd, Zn, Al, and Ga).'>!%-2 In particular, superconduct-
ing properties of CdCNi; was reported in the experimental
work by Uehara et al.?® In their work, they have indicated
that this material is a newly synthesized superconductor with
T-=2.5-3.2 K. Following this experimental work, full-
potential linearized augmented plane-wave method with the
generalized gradient approximation has been used to calcu-
late structural, elastic, and electronic properties of
CdCNi5.>*2 This theoretical calculation clearly showed that
there is a sharp peak below the Fermi level in the electronic
density of states in this material. As we have mentioned be-
fore, this feature is very important for superconductivity. In
contrast to the structural, elastic, and electronic properties of
CdCNi;, there are no reports of its vibrational properties. An
accurate description of vibrational properties of this material
is important, both from lattice dynamics viewpoint as well as
for determining the electron-phonon interaction parameter
needed to understand superconductivity.

The aim of the present paper is to investigate the struc-
tural, elastic, and electronic properties of CdCNi; by em-
ploying an ab initio pseudopotential method based on the
density-functional theory within the generalized gradient ap-
proximation. A linear-response scheme based on the above
method is employed to calculate phonon-dispersion relations.
Using these results, we discuss the role of phonon softening
on superconductivity by calculating the electron-phonon in-
teraction parameter.

II. THEORY

We use the first-principles pseudopotential method based
on the density-functional theory. The electron-ion interaction
was described by using ultrasoft pseudopotentials.”® The
density-functional theory has been implemented within the
generalized gradient approximation, using the Perdew-
Burke-Ernzerhof method.?” A basis set containing all plane
waves up to the cut-off energy of 60 Ry has been used. For
structural, elastic, and electronic properties, Brillouin-zone
integrations were performed using the 24X24X24
Monkhorst-Pack k-point mesh.?
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TABLE 1. Structural and elastic properties of CdCNi; and their comparison with previous theoretical
results.
Source a(A) B (Mbar) B’ C;y Mbar)  Cy, (Mbar)  C,y (Mbar)
This work 3.863 1.773 4.510 3.190 1.064 0.601
Experimental (Ref. 23) 3.844
Theory (Ref. 24) 3.867 1.8831 3.115 1.267 0.572

A cubic crystal has three independent elastic constants:
Ci1, Ca, and Cyy. The straightforward manner of obtaining
these constants is to calculate the total-energy difference be-
tween an unstrained medium and a distorted medium at con-
stant volume. We have used the volume-conserving tetrago-
nal and monoclinic strains for C;;-C;; and Cyy,
respectively.??3? In order to obtain C,,; and C,, separately,
the relationship between these elastic constants and bulk
modulus

1
B=§(C11+2C12) (1)

is also used.

The lattice dynamics of CdCNi; was studied in the frame-
work of the harmonic approximation to the force constants
and using the linear-response method3!32 which is realized in
the QUANTUM ESPRESSO code.? Within this scheme, second-
order derivatives of the total energy were calculated to obtain
the dynamical matrix. A static linear response of the valence
electrons was considered in terms of the variation of the
external potential corresponding to periodic displacements of
the atoms in the unit cell. The screening of the electronic
system in response to the displacement of the atoms was
taken into account in a self-consistent manner. Integration up
to the Fermi surface is done by employing the smearing tech-
nique with the broadening parameter 0=0.02 Ry. For the
Brillouin-zone integration we wuse the 16X16X16
Monkhorst-Pack k mesh in the irreducible Brillouin zone.
The dynamical matrices have been computed on a 4 X4 X4
q-point mesh and a Fourier interpolation has been used to
calculate phonons for any chosen q point. The technique for
the calculation of the electron-phonon coupling has been de-
scribed in detail in our previous work.'?* Fermi-surface sam-
pling for the evaluation of the electron-phonon matrix ele-
ments was done using 28 X28X28 k mesh with the
Gaussian width 0=0.02 Ry. The phonon density of states
and the Eliashberg function were also calculated for this
mesh. In order to check the appropriateness of our choice for
the smearing parameter (0=0.02 Ry), we have calculated
the total density of states at the Fermi level [N(Ey)] against
different values of smearing parameter around our choice.
The value of N(Ep) is found to be 3.83 states/eV for o
=0.01 Ry, 3.83 states/eV for ¢=0.015 Ry, 3.82 states/eV
for 0=0.02 Ry, 3.82 states/eV for 0=0.025 Ry, and 3.81
states/eV for 0=0.03 Ry. As can be seen from these results,
our choice for the smearing parameter is acceptable.

II1. RESULTS
A. Structural and elastic properties

CdCNij crystallizes in the cubic antiperovskite structure

with the space-group symmetry Pm3m where the atomic po-
sitions are: Cd at (0,0,0), C at (0.5,0.5,0.5), and Ni at
(0.5,0.5,0), (0.5,0,0.5), and (0, 0.5, 0.5). In this structure,
there are six Ni atoms at the face-centered positions of each
unit cell forming a three-dimensional network of Nig octahe-
dron similar to oxygen octahedron in CaTiO;. Each C atom
is located in the body-centered cubic position surrounded by
the Nig-octahedron cage. This is usually referred to as the
cubic antiperovskite structure due to Ni atoms occupying
anion positions in the CaTiO; perovskite structure.* In order
to obtain the structural properties of CdCNis, the total ener-
gies are calculated for different volumes around the equilib-
rium volume V. The calculated total energies are fitted to the
Murnaghan’s equation of state** to determine the structural
properties such as the equilibrium lattice constant (a), the
bulk modulus (B), and its pressure derivative (B’). The cal-
culated values of these parameters are presented and com-
pared with previous experimental®? and theoretical** works
in Table I. The calculated lattice constant is overestimated by
0.5% compared to its experimental value.”® This level of
disagreement is quite common for theories based on the gen-
eralized gradient approximation. To the best of our knowl-
edge, there are no experimental data for bulk modulus and its
pressure derivative for us to compare. On the other hand, the
difference between ours and previous theoretical
calculations®* is around 6%.

In Table I, we also show our computed elastic constants
for CdCNijy at zero pressure. For cubic crystals, the mechani-
cal stability requires the elastic constants to satisfy the well-
known Born stability criteria®

C44>0, C”—C12>0, C11+2C12>O.

Our results clearly suggest that the cubic CdCNijz is me-
chanically stable. Unfortunately, we have not been able to
find any experimental data for the elastic constants of this
material to compare our results. For comparison, we have
presented previous theoretical results from Ref. 24 in this
table: We identify that the deviations range between 2% and
16%, the worst agreement being found for C,.

B. Electronic properties

The calculated energy-band structure, at the equilibrium
lattice constant for CdCNis, along the high-symmetry direc-
tions in the simple-cubic Brillouin zone (BZ) is shown in
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FIG. 1. The electronic band structure and DOS for CdCNi;. The Fermi level corresponds to O eV.

Fig. 1. The valence and conduction bands considerably over-
lap along the I'-M and M-X symmetry lines, confirming the
metallicity of this material. The overall band profiles are
found to be in fairly good agreement with previous theoret-
ical results.>*> Figure 1 also illustrates the total density of
states (DOS). The DOS has peaks at —12.3, —8.6, and —6.6
and a cluster of peaks between —5 eV and the Fermi level.
The peak at —12.3 eV is characterized by C 2s states. The
peak at —8.6 eV is mainly dominated by Cd 4d states, with
small contributions from Ni 4s and 3d states. The peak at
—6.6 eV is mixed with contributions from C 2p, Cd 5s, and
Ni 4s5+3d states.

In the energy range from —5 to 0 eV, there are five peaks
with energies —4.5, —=2.7, —1.6, —1.1, and —0.14 eV. These
are mainly dominated by 3d electrons of Ni atom but with
small C and Cd p contributions. It is interesting to note that
in a previous work we also observed five peaks in the total
DOS of MgCNij in this energy range.!? In particular, there is
a peak at around 0.1 eV below the Fermi level for both
materials. This peak is very important for governing super-
conducting properties of both these materials, as Cooper
pairs in the BCS theory can be formed by electrons which
have energies close to the Fermi level.

The DOS at the Fermi level [N(Eg)] is found to be 3.82
states/eV in our calculations. The contribution of Ni 3d states
to the N(E) is as much as 80%. A similar observation was
previously made for the electronic properties of MgCNis. A
small amount of C and Cd p states is mixed with Ni 3d
states. From N(Ey), the electronic specific-heat coefficient is
calculated using the expression

Cqy

7~ 3 kaNEp). 2)
From our work this comes around 9.01 mJ/mol K2. This
value can be compared with 10.58 ™ in the theoretical

. mol K? .
work by Shein et al.* The measured specific-heat coefficient

was reported to be 18.0 mJ/mol K? by Uehara et al.>* From
the experimental and theoretical values of the specific heat
CP and C™¢, respectively, the electron-phonon coupling pa-
rameter N can be estimated using the following
expression: 12242536

CoP = (1 4 0). (3)

el

Using this expression, the estimated value of \ is found to be
0.99. This value will be compared with our directly calcu-
lated value in Sec. III C.

C. Phonons and superconductivity

After discussing the electronic properties of CdCNi;, we
turn our attention to its lattice-dynamical properties. In Fig.
2, the calculated phonon-dispersion relations are shown
along several high-symmetry lines in the BZ together with
the corresponding phonon density of states. Since the unit
cell contains five atoms, there are 15 vibrational phonon
modes for any chosen q point. However, transverse branches
are degenerate along certain high-symmetry directions. Sev-
eral features can be observed in this phonon spectrum. Due
to the large mass difference between C and the heavier atoms
Cd and Ni, the spectrum divides into two separate parts. In
the frequency range from 15 to 19 THz, there are three high-
frequency optical-phonon branches which are well separated
from other modes distributed in the frequency range from 0
to 9 THz. Another interesting aspect of the phonon spectrum
is the anomalous dispersion exhibited by the lowest acoustic
branch along the X-R direction. This phonon branch exhibits
a dip at q=277r(0.25,0.25,0.50), which is indicated by an
arrow in Fig. 2. A similar behavior was also found in the
phonon spectrum of MgCNis.!3 However, different from
MgCNis,'? no unstable phonon modes appear for CdCNis,
indicating that the latter material is dynamically stable.

We speculate that there are two possible contributing fac-
tors to produce instability in the phonon spectrum of the
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FIG. 2. Theoretical phonon-dispersion curves and density of states for CdCNis. The arrow indicates the anomalous phonon softening.

ABNij class of materials: either an increase in the number of
valence electrons in atom B or a change in the mass of atom
A. Our previous work!? suggests that an increase in the num-
ber of valence electrons in atom B produces instability. There
is clearly no change in the number of valence electrons be-
tween MgCNi; and CdCNij and the two materials have simi-
lar electronic properties. However, there is a big difference in
the masses of Mg and Cd atoms. The lowest acoustic branch
for MgCNij, is totally localized on the Ni atoms.!* In con-
trast, in CdCNij; this branch also includes atomic vibrations
from Cd due to the heavy mass of this atom. Thus, the over-
lap between Ni d orbitals in CdCNi; is weak, leading to the
anomalous dispersion (but no instability) of this branch.

The calculated phonon density of states shows two con-
tinuum regions between 0 and 9 THz and between 15 and 19
THz. The upper continuum region is contributed by vibra-
tions of the C and Ni atoms and shows two clear peaks at
frequencies 14.9 and 18.2 THz. The three optical-phonon
branches that encompass this region are split along the sym-
metry direction M-X. The lowest and highest of these
branches are nearly flat while the intermediate one shows a
large amount of dispersion with wave vector q. For the in-
termediate branch the eigen displacement of the heavy Ni
atom increases from M to X and consequently leads to a
downward dispersion. Below the gap region, there are four
sharp peaks at frequencies 1.7, 3.3, 5.0, and 5.6 THz. These
peaks are mainly characterized by the vibrations of Cd and
Ni atoms due to a large mass difference between Cd (or Ni)
and C atoms.

The zone-center phonon modes are of special interest in
the lattice dynamics of solids. The optical-phonon modes in
CdCNij at the zone-center I' point can be classified as

[=F|, +F,+F,+Fy,.
All these phonon modes are triply degenerate. None of these
phonon modes is Raman active because in a perfect cubic
structure all lattice sites have inversion symmetry. On the
other hand, these phonon modes can be measured by infrared
and neutron spectroscopies. In Table II, we have presented a
comparison of zone-center phonon modes for CdCNi; and
MgCNis.!3 Before comparing the results for these materials,
it should be noted that the calculated lattice constants of
these materials differ from each other by approximately 3%.
As can be seen from Table II, the frequencies of the Fj,
phonon modes for these materials are very close to each
other because this phonon mode originates from the vibra-
tions of Ni atoms. The 4% difference between the frequen-
cies of this phonon mode can be related to the lattice-
constant difference between these materials. The frequency
difference between the F|, phonon mode of these materials
is larger since this phonon mode includes large atomic vibra-
tions from Cd atoms for CdCNi; and Mg atoms for MgCNis.
Different from MgCNis, the F7, mode in CdCNi; includes
large atomic vibrations from Ni atoms and some contribution
from Cd atoms. As a result, 3 THz difference has been ob-
served between the F7, mode of these materials. Finally, the

TABLE II. A comparison of zone-center phonon modes (in tet-
rahertz) of CdCNi; and MgCNi;.

Material Fi, Fr F, Fy,
CdCNis 3.69 5.96 14.89 5.32
MgCNi; (Ref. 13) 4.23 8.95 18.60 5.53
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FIG. 3. A comparison of the phonon density of states (dashed
lines) and Eliashberg spectral function a?F(w) (solid lines).

highest optical frequency for CdCNij differs by 20% from
the corresponding phonon mode for MgCNis due to a larger
mass of Cd than Mg and slightly bigger lattice constant of
CdCNis.

As we have mentioned before, the most interesting aspect
of the dispersion curves of CdCNijy is the anomalous disper-
sion exhibited by the lowest acoustic branch along the X-R
symmetry direction. This observation has motivated us to
calculate electron-phonon coupling parameter along this
symmetry direction. The lowest acoustic-phonon branch has
a dip with the value of 055 THz at the q
=2;7T(0.25,0.25,0.50) along the X-R symmetry direction.
However, the electron-phonon coupling parameter is found
to be maximum with the value of 1.27 at this q point. This
result clearly indicates that the largest contribution to
electron-phonon interactions comes from the X-R symmetry
direction. The reason of this large contribution is the large
atomic displacement patterns of Ni atoms. As a result of
large vibrations of Ni atoms, their d electrons interact with
each other strongly which leads the softening of this phonon
branch. It should be noted that this phonon branch also in-
cludes large atomic vibrations from Cd atoms. In order to get
a more quantitative picture of electron-phonon coupling, we
have calculated the Eliashberg spectral function o?F(w)
which is compared with the phonon density of states in Fig.
3. As can be seen from this figure, we find a rather good
agreement between the two curves. The electron-phonon
mass enhancement parameter N\ and the logarithmically av-
eraged frequency wy, are then obtained as3’-38

A= Ny, 4)
aj

W = exp(iE Ag; In wqj). (5)
qj

The computed value of the electron-phonon mass enhance-
ment parameter is 0.80, which is somewhat lower than the
estimated value of 0.99 in Sec. III B. The logarithmically
averaged frequency wy, is found to be 89.41 K. The super-
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FIG. 4. Phonon linewidth of the lowest acoustic-phonon mode
due to electron-phonon coupling along several high-symmetry di-
rections in CdCNis.

conducting transition temperature 7~ was estimated on the
basis of the Allen-Dynes®® modification of the McMillan
formula,?®

1.04(1+\) > ©)

Wy,
Te= Dexp|l - —————
CT P ( N— " (1+0.62))

where u* is a Coulomb pseudopotential. Using the above
equations and taking typical values of w*=0.12, 0.13, 0.14,
and 0.15, we obtain T-=3.54, 3.28,3.03, and 2.79 K, respec-
tively. These values are in agreement with the experimental
value of around 3 K.2? Thus, our calculations indicate that
CdCNij is a BCS superconductor, in agreement with the ex-
perimental observation.??

Now we make a comparison of the effective superconduc-
tivity between CdCNi; and MgCNis by analyzing their elec-
tronic and phonon structures. For BCS type superconductors,
T depends on three factors: N(Ep), N, and wy,. The first of
these has similar values for the two materials: The calculated
value of N(Er)=3.82 states/eV for CdCNi; is very close to
the corresponding value of around 3.75 states/eV for
MgCNi;.** However, our calculated A=0.80 for CdCNis is
nearly half that of the corresponding value of 1.5 for
MgCNis. This clearly suggests that the electron-phonon in-
teraction is relatively weaker in CdCNi;. To explain this we
note that there are significant differences between their
phonon-dispersion curves. For MgCNi; anomalous phonon-
dispersion curves have been noted along several symmetry
directions (I'-M, T'-R, and X-R). In addition, one of the
branches becomes unstable along X-R. In contrast, for
CdCNi; we have only noted anomalous phonon dispersion
along the X-R symmetry direction. It is well known that
anomalous phonon behavior makes a large contribution to \.
In order to show this we have presented the phonon line-
width g, for the lowest acoustic-phonon mode in Fig. 4. As
can be seen from this figure, the phonon linewidth reaches a
peak at 15.5 GHz along the X-R direction, for which anoma-
lous phonon dispersion has been found. The third factor, viz.,
the logarithmic frequency w,, has a lower value of 89 K for
CdCNi; than 143 K (Ref. 9) for MgCNis. Thus the third
factor also contributes to the lowering of 7~ for CdCNis.
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IV. SUMMARY

The structural, elastic, and electronic properties for
CdCNi; have been studied using the density-functional
theory within the generalized gradient approximation. We
have observed that the main contributions to the density of
states at the Fermi level come from the Ni 3d states. The
phonon-dispersion curves do not show unstable mode, con-
firming that this material is dynamically stable. However, a
softening behavior of the lowest acoustic branch has been
predicted along the X-R symmetry direction. We have pre-
sented a numerically accurate correlation between phonon
anomalies and the superconducting transition temperature
(T,) by studying electron-phonon interaction in this material.
Our electron-phonon interaction results show that the phonon

PHYSICAL REVIEW B 78, 174504 (2008)

linewidth of the lowest acoustic-phonon mode reaches a
peak value of 15.5 GHz along the X-R direction, for which
anomalous phonon dispersion has been found. This result
indicates that the anomalous phonon behavior is favorable to
superconductivity. With a reasonable choice of 0.14 for the
Coulomb pseudopotential u*, our estimate of the supercon-
ducting T of 3.03 K compares very well with the experi-
mental value of 3.0 K.
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