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Abstract

The recently discovered superconductor MgCNij crystallizes in the classical
cubic perovskite structure. The electronic structures of the MgCNis_, M,
M = Co, Cu; x = 0, 0.5, 1.0) system have been calculated using the self-
consistent tight-binding linear muffin-tin orbital method. The calculations
showed that the Fermi level for MgCNis; is located in the slope descending
from a sharp peak originating from d states of Ni atoms. Electron (Cu) and
hole (Co) doping of MgCNij; reconstructs its band structure but does not lead
to magnetic order.

1. Introduction

From the early 1970s until 1986 when the high-temperature superconductors based on CuO,
layers were discovered [1] the highest superconducting critical temperature 7, was 23 K in the
A15 pseudobinary system NbsAl;_,Ge, [2, 3]. Between 1986 and 2000, in addition to the
mainstream HTcS activities, other research was carried out that resulted in the discovery of
four classes of superconductors that have members with critical temperatures higher than the
highest known in 1986. In chronological order, these classes are typified by the representatives
Ba;_,K,BiOj3 [4-6], Cs3Cg [7], YPd,B,C [8, 9] and Na, HfNCI [10], with maximum critical
temperatures of 35, 40, 23 and 25 K, respectively. These new superconductors are somewhat
different from the older superconductors, and certainly different from the layered cuprates.
The discovery of superconductivity with 7, ~ 39 K in MgB, was announced in January
2001 [11, 12]. The recently discovered superconductor MgCNis crystallizes in the classical
cubic perovskite structure with a critical temperature of 8 K [13]. This material is the three-
dimensional analogue of the LnNi;B,C (Ln = Y, Tm, Er, Ho, Lu) family of superconductors,
which have critical temperatures up to 16 K (for Ln = Lu) [14]. The fact that superconductivity
rather than ferromagnetism occurs in a compound where so much nickel is present is surprising,
and suggests that MgCNij is a candidate for exhibiting unconventional superconductivity.

In this work ab initio electronic structure investigations, using the self-consistent tight-
binding linear muffin-tin (TB LMTO) method, are presented. The effect of electron (Cu) and
hole (Co) doping is analysed.
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2. Computational details

The band structure of the MgCNis; system was calculated by the TB LMTO method in the
atomic sphere approximation (ASA) [15, 16]. In this approximation, the crystal is divided
into space-filling spheres, therefore with slightly overlapping spheres centred on each of the
atomic sites. In the calculations reported here, the Wigner—Seitz (WS) sphere radii are such
that the overlap is below 10%. The average WS radius (S,,) was scaled such that the total
volume of all spheres is equal to the equilibrium volume of the unit cell with the lattice constant
a=2381221A [13]. The WS radii are collected in table 1.

Table 1. The crystallographic parameters used in the calculations (Sz, = 2.6135 au).

Atoms WS radii S4 (au)  Sa/Sav
Mg 3.66997 1.4042
C 1.94737 0.7451
Ni(Cu, Co) 2.21136 0.8461

The input electronic configurations were taken as: core[Ne] + 3s> for the Mg atom,
core[He] + 2s>2p? for the C atom, core[Ar] + 3d®4s? for the Ni atom and for impurities:
core[Ag] + 3d7 10452 for Co (Cu) atoms. As the WS sphere for Mg atoms is very large,
the f states were included in the calculations on Mg [17]. The Perdew—Wang [18] potential
with gradient corrections was used in the calculations and the spin—orbit interactions were
taken into account in the form proposed by Min and Jang [19]. The combined correction
terms [15] were included to compensate for errors due to the ASA. The Brillouin zone k-point
integrations were carried out using the tetrahedron method [20] on a grid of 816 and 2176
k-points in the irreducible part of the hexagonal Brillouin zone (1/48 and 1/16 for undoped and
doped systems, respectively), which corresponds to 27 000 k-points throughout the Brillouin
zone. The iterations were repeated until the energy eigenvalues of consecutive iteration steps
were the same within an error of 0.01 mRyd.

3. Results

The site-projected, /-decomposed and total densities of states (DOS) for MgCNij3 are presented
in figure 1. The results are consistent with those obtained by Hayward ef al [21]. The Fermi
level (EF) is located close to a peak provided mainly by Ni d electrons (77%). The Mg
and C atoms (s and p electrons) provide a contribution to the DOS at about 1 eV below Ef.
For MgCNis3, DOS(E = Ef) = 5.264 states eV~ !/f.u. The individual contributions to the
DOS for E = Ep are collected in table 2. The experimental data [21] showed very limited
solubility of Cu in MgCNis_,Cu,, x < 0.1; then T, decreases systematically from 6 to 7 K.

Table 2. Densities of states at the Fermi level (states eV~ !/f.u.).

Atoms
Electrons Mg C Ni
s 0.006 0.017 0.142
p 0.291 0425 0.223
d 0.036  0.017 4.036

Total 0.385 0459 4.420
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Figure 1. Total, site-projected and /-decomposed DOS for MgCNi3.
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In MgCNi;_,Co,, the solubility of Co is much more extensive, but bulk superconductivity
disappears for Co doping of x = 0.03 [21]. Our calculations were performed for (for both Co
and Cu) x = 1 and 0.5. In all cases one of the Ni atoms is replaced by a Co or Cu atom. For
x = 0.5 a double perovskite supercell was used in the calculations. The lattice constants of
the doped systems were the same as in the case of MgCNis.

The total and site-projected DOS are presented in figure 2. As the 3d band of Cu is filled,
d states locate considerably below the Fermi level, between —2 and —4 eV. In contrast, for
Co doping, Co d states are located between —4 eV and Ef. In the case of Cu doping the
Fermi level is shifted towards higher energies, the peak originating from Ni d states preserves
its narrow shape and DOS(E = Ef) decreases to the values 2.206 and 2.343 states eV ~!/f.u.
for x = 0.5 and 1.0, respectively. For Co doping, the Fermi level goes to lower energies
and initially DOS(E = Ef) increases. However, increasing broadening of the peak near Ep
compensates for this tendency. The values of DOS(EF) are the following: 6.535 and 4.083
for x = 0.5 and 1.0, respectively. The value of DOS(Ef) for MgCNis;»Co;, obtained here
directly from ab initio calculations is lower by a factor of about two than the value estimated by
Hayward et al [21]. These changes versus concentration of impurities are plotted in figure 3.
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Figure 2. Total and site-projected DOS for MgCNi3_,M, (M = Co, Cu; x =0, 0.5, 1.0).
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Figure 3. DOS(E = EF) plotted as a function of the concentration of impurities.

Higher values of DOS(E = Ef) do not lead to magnetic order. Band-structure calc-
ulations with spin polarization were performed for artificially split d bands of Co and Ni. With
starting iterations hypothetically assigned magnetic moments of 2  g/atom, the self-consistent
values reach moments below 107> pg/atom.

The author is grateful to Professor ] A Morkowski and Professor A Jezierski for stimulating
discussions and for critically reading the manuscript. The band calculations were performed
at the Supercomputer and Networking Centre in Poznan (PCSS).
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