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Abstract
The optical properties of the antiperovskite superconductor MgCNi3 have been
calculated using the full-potential linearized augmented-plane-wave method
within the generalized gradient approximation scheme for the exchange–
correlation potential. In order to fully elucidate the optical properties of
MgCNi3, the dielectric function ε(ω), the reflectivity R(ω), the optical
absorption coefficient I (ω), the optical conductivity σ(ω), the energy-loss
function L(ω), the refractive index n(ω) as well as the extinction coefficient
k(ω) were calculated. The prominent features in the spectra of the optical
parameters are discussed.

1. Introduction

Recently, a new intermetallic superconductor, MgCNi3, was discovered by He et al [1] with
the transition temperature Tc ∼ 8 K, the first for a material which has the perovskite structure
without any oxygen. Interest in this compound arose not because of its relatively low transition
temperature but rather as a result of the high proportion of Ni in the compound which suggests
that magnetic interactions may be important to the existence of the superconductivity and hence
makes it a potential candidate for exhibiting unconventional superconductivity. Surprisingly,
no magnetic or structural transitions have been found in MgCNi3 in the range 2–295 K [2].
On doping with Cu (electron doping) on the Ni site, Tc decreases systematically, but with Co
doping (hole doping), the superconductivity disappears abruptly for doping of only 1% [3] and
there is no evidence that the quenching of superconductivity is related to magnetism.

MgCNi3 has the cubic antiperovskite structure. It is called an antiperovskite structure
because the transition metals are located at the corners of the octahedron cage in contrast to
the ordinary perovskite structure [4]. According to refinements [1], MgCNi3 is stoichiometric
with only a very small, 4%, carbon deficiency and occurs in the cubic antiperovskite structure.
There are some recent electronic structure studies of this compound [3, 5–9] but there has been
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no study yet of the optical properties. The study of the optical properties is important because
it helps to give some insight into the electronic structure.

Recently, first-principles methods have been employed in the study of the optical properties
of perovskites [10–15]. In this paper, we shall use the generalized gradient approximation
(GGA) within the well established full-potential linearized augmented-plane-wave (FP-
LAPW) method [16, 17] to study the optical properties of the superconducting antiperovskite
MgCNi3. The calculational procedure will be presented in section 2. Section 3 will be devoted
to the presentation and discussion of the results and conclusions are drawn in section 4.

2. Method of calculation

We have carried out self-consistent calculations using the FP-LAPW method for cubic
antiperovskite MgCNi3 at the experimental lattice constant of a = 3.82 Å [8]. In this
calculational scheme, there are no shape approximations to the charge density or potential. The
calculations are based on the GGA to the density functional theory [18, 19] with the exchange–
correlation potential parametrized according to the Perdew–Burke–Ernzerhof scheme (PBE-
GGA) [20]. In the FP-LAPW method, the unit cell is divided into two parts: non-overlapping
atomic spheres (centred at atomic sites) and an interstitial region. The sphere radii used in the
calculations for Mg, C and Ni are 1.5, 1.4 and 2.0 au respectively. Within these spheres, the
potential is expanded in the form

V (r) =
∑
lm

Vlm(r)Ylm(r̂) (1)

and outside the sphere

V (r) =
∑

K

VK expiKr (2)

where Ylm(r̂) is a linear combination of radial functions times spherical harmonics.
For the calculation of the optical properties, a dense mesh of uniformly distributed k-

points is required. Hence, the Brillouin zone integration was performed using the tetrahedron
method with 560 k-points in the irreducible part of the Brillouin zone without broadening. Well
converged solutions were obtained for RMT Kmax = 8, where RMT is the smallest of all atomic
sphere radii and Kmax is the plane-wave cut-off. The dielectric function (ε(ω) = ε1(ω)+iε2(ω))

is known to describe the optical response of the medium at all photon energies E = h̄ω. The
interband contribution to the imaginary part of the dielectric function ε(ω) is calculated by
summing transitions from occupied to unoccupied states (with fixed k) over the Brillouin
zone, weighted with the appropriate matrix elements giving the probability for the transition.
Specifically, in this study, the imaginary part of the dielectric function ε(ω) is given as in [21] by

ε2(ω) =
(

4π2e2

m2ω2

)∑
i, j

∫
〈i|M| j〉2 fi (1 − f j )δ(E f − Ei − ω) d3k (3)

where M is the dipole matrix, i and j are the initial and final states respectively, fi is the Fermi
distribution function for the i th state, and Ei is the energy of electron in the i th state. The
real part (ε1(ω)) of the dielectric function can be extracted from the imaginary part using the
Kramers–Kronig relation in the form [21, 22]

Re[ε(ω)] = ε1(ω) = 1 +
2

π
P

∫ ∞

0

ω′ε2(ω
′) dω′

(ω′2 − ω2)
(4)

where P implies the principal value of the integral.
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The knowledge of both the real and imaginary parts of the dielectric tensor allows the
calculation of important optical functions. In this paper, we present and analyse the reflectivity
R(ω), the absorption coefficient I (ω), the optical conductivity σ(ε), the electron energy-
loss spectrum L(ω), as well as the refractive index n(ω) and the extinction coefficient k(ω).
The reflectivity spectra are derived from Fresnel’s formula for normal incidence assuming an
orientation of the crystal surface parallel to the optical axis using the relation [23]

R(ω) =
∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

. (5)

We calculate the absorption coefficient I (ω), the real part of optical conductivity Re[σ(ω)]
and the electron energy-loss spectrum L(ω) using the following expressions [23, 24]:

I (ω) = √
2(ω)

(√
ε1(ω)2 + ε2(ω)2 − ε1(ω)

)1/2
, (6)

Re[σ(ω)] = ωε2

4π
(7)

L(ω) = ε2(ω)

ε1(ω)2 + ε2(ω)2
. (8)

The optical spectra such as the refractive index, n(ω), and the extinction coefficient, k(ω),
are also easily calculated in terms of the components of the complex dielectric function as
follows [23]:

n(ω) =
[

ε1(ω)

2
+

√
ε1(ω)2 + ε2(ω)2

2

]1/2

(9)

k(ω) =
[√

ε1(ω)2 + ε2(ω)2

2
− ε1(ω)

2

]1/2

. (10)

3. Results and discussion

In order to fully interpret the optical spectra which arise from interband transitions, we briefly
describe the electronic properties of MgCNi3. The Brillouin zone integration for the ground
state properties was performed using 1000 k-points in the whole Brillouin zone. Fitting of
the Murnaghan equation of state [25] to the total energies versus lattice volume yields the
equilibrium lattice constant (aeq) = 7.234 au, the bulk modulus (B0) = 172.2 GPa and the
pressure derivative of the bulk modulus (B ′) = 4.768. When the equilibrium lattice constant
is compared with the experimental value, we find a 0.6% overestimation.

The electronic band structure along the high-symmetry directions of the simple cubic
Brillouin zone is shown in figure 1. It is seen that MgCNi3 is metallic with the Fermi level EF

lying within the valence band. The two bands that cross the Fermi level are the antibonding
Ni dxz , dyz orbitals which also hybridize with the C p orbital especially between the X point
through the M point to the � point. They lie between −0.5 and 1.5 eV in fair agreement with
the results in [5]. Below the Fermi level the bands consist of hybridized Ni 3d and C 2p bands
but with predominantly Ni 3d character. The lowest-lying band is a broad carbon 2s band with
width of about 2 eV between −13.0 and −11.0 eV. This band is separated from the rest of the
valence band by a wide gap. The lowest valence band has a minimum at the R point and has
a mixture of C p and Ni d character.

Figures 2–7 show the optical functions of MgCNi3 calculated for photon energies up
to 12 eV. The study of the optical functions helps to give a better understanding of the
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Figure 1. Electronic band structures of MgCNi3.

electronic structure. It is noted that for the interpretation of optical spectra, it may not be
realistic to give single-transition assignments to peaks present in a spectrum since many
transitions, both direct and indirect, may be found in the band structure with an energy
corresponding to the peak [10, 15].

Figure 2 shows the reflectivity of MgCNi3 as a function of photon energy calculated using
equation (5). We notice that the reflectivity is over 70% in the region up to ∼1.0 eV, then
drops off to about 40% and subsequently exhibits some peaks at higher energies probably as
a result of interband transitions.

The imaginary and real parts of the dielectric function calculated using equations (3)
and (4) are displayed in figure 3. It is observed that the real part of the dielectric function
vanishes at about 1.2 eV. This corresponds to the energy at which the reflectivity in figure 2
exhibits a sharp drop and the energy-loss function (figure 6) also shows the first peak. This
peak in energy-loss function at about 1.2 eV arises as ε1 goes through zero and ε2 is small at
such energy, thus fulfilling the condition for plasma resonance at 1.2 eV (h̄ωp = 1.2 eV). The
loss function has other peaks at higher energies which could arise due to interband transitions.
It is seen that the bands in figure 1, clustered between −7.0 and 1.0 eV, exhibit a variety of
features. It is known [23] that the bands that are close and parallel to the Fermi level give rise
to bumps of interband transitions at low energies, the bands that are parallel in a significant part
of the Brillouin zone give rise to peaks at higher energies while the bands that are degenerate
or close at one point and then separate from each other give rise to a near-constant number of
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Figure 2. The calculated reflectivity of MgCNi3.

Figure 3. Calculated real and imaginary parts of the dielectric function of MgCNi3.

transitions with a distinct onset of energy. Bands with these features are present in the band
structure of MgCNi3. Some of the Ni d bands are in fact quasi-parallel in a reasonable part
of the Brillouin zone. Transitions in this region, or originating here, account for some of the
peaks observed in the calculated reflectivity and energy-loss function.

In figures 4 and 5, the calculated absorption coefficient and real part of the optical
conductivity are shown. The spectra have a lot of maxima and minima within the energy
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Figure 4. The calculated absorption coefficient of MgCNi3.

Figure 5. The calculated real part of the optical conductivity of MgCNi3.

range studied. The peak structures can be explained from the interband transitions using our
band structure results. The peaks in figures 4 and 5, within the energy range 0–8.0 eV, can be
attributed to the interband transitions from the quasi-parallel Ni 3d bands clustered between
−4.0 eV and the Fermi level, and from the C 2s/Ni 3d band at about 3.0 eV between the � point,
through the � point, to the � point in the Brillouin zone. The other peaks at higher energies
may arise from transitions originating from various points on C 2p, C 2s bands lying between
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Figure 6. The calculated energy-loss spectrum of MgCNi3.

Figure 7. The calculated refractive index (n(ω)) and extinction coefficient (k(ω)) of MgCNi3.

−7.0 → −4.0,−13.0 → −11.0 eV respectively to the C 2s/Ni 3d band around 3.0 eV. These
transitions could have implications for the understanding of superconductivity in MgCNi3.
Finally, figure 7 shows the dependence of the refractive index and extinction coefficient on
energy for the superconducting antiperovskite MgCNi3. The interband transitions discussed
above also explain the origin of the peak structures in the refractive index and the extinction
coefficient. It is pertinent to note, however, that the theoretically calculated spectra of optical
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functions depend on the accuracy of the method and, since it is well known that density
functional theory is, in principle, exact for ground state properties,we think that some structures
in the optical spectra may well have their origin in the method via the local exchange–correlation
potential employed. Furthermore, the inadequacy of density functional theory to account for
excited states could also lead to wrongly predicted positions of peaks. On the whole, it is
possible that superconductivity in MgCNi3 originates from the interaction between Ni 3d and
C 2p states. To the best of our knowledge, their is no experimental result on the optical
properties of MgCNi3; we therefore hope that our calculations will motivate experimental
studies in this direction. Availability of experimental data will help in making quantitative
comparisons with theoretical results.

4. Conclusions

In conclusion, we have carried out a detailed investigation of the optical properties of the
antiperovskite MgCNi3 using the FP-LAPW method. We have calculated the dielectric
function, reflectivity, absorption coefficients, optical conductivity, energy-loss function,
refractive index and extinction coefficient. Using the band structure, we have discussed the
origin of the features that appear in the optical properties. The calculated reflectivity spectra
predict large reflectivity in the low-energy region. On the whole, our results for the optical
properties await experimental findings for comparison.
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