Induced effects by the substitution of Mg in MgCNij
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The electronic structures and magnetic properties induced by the substitution of Mg in MgCNis
were investigated by performing the first-principles density functional calculations. It is confirmed
that AICNis, GaCNis and InCNis are paramagnetic non-superconductors resulted from total energy,
density of states at Fermi level and electron-phonon coupling constant. A large peak of density of
states lies on the Fermi level resulting in ferromagnetism rather than superconductivity in NaCNis.
The substitution of dual elements for Mg, such as Alg 5Nag.5CNis and Alg.5Lip.5 CNis, was inspected
too. Evaluating the electron-phonon coupling interaction, the possible superconductivity exists in

near ferromagnetism Alp.5Nag.5 CNis.

PACS numbers: 71.20.Lp, 74.25.Jb, 74.25.Ha, 74.62.Dh, 74.62.Fj, 74.70.Dd

The discovery of superconductivity in MgCNis[1] has
resumes the interest to search for new superconductors in
intermetallic compounds because of its simple perovskite
structure opposite to the oxide superconductors, though
this T, is only 8 K. Remarkably, there is no any oxygen
and high Ni content in MgCNig, which usually results
in magnetism rather than superconductivity. Many ex-
perimental and theoretical research works for MgCNig
superconductor and related compounds have been done.
However, the debate on nature and microscopic origin of
the superconducting states are still existent. The spe-
cific heat jump[l] AC(T,)/kT. ~ 1.9 and nuclear spin-
lattice relaxation rate[2] are consistent with conventional
superconductivity. But the tunneling measurements[3-5]
exhibit a non-s-wave BCS low-temperature behavior.

As an important method to investigate the super-
conducting mechanism, the doping effect has been ex-
tensively studied by substituting transition metals (Co,
Cu, Fe and Mn) for Ni and substituting B, N atoms
for C sites in past several years[6-8]. Recently, these
compounds substituted for Mg in MgCNij, ZnCNi3[9],
AICNi3[10] and GaCNig[11] has been synthesized. Un-
fortunately, superconductivity has not been found among
them. ZnCNis exhibits the Pauli paramagnetic (PM)
metallic behavior. A PM into weak ferromagnetism (FM)
transition takes place at near 300 K in AICNiz, While
a strong electron-electron correlation, being attributed
to the instability FM order in GaCNiz, are presented.
The calculated electronic structures on ZnCNiz[12] and
AICNi3[13] indicated a decrease of density of states at
Fermi level (Ng,) although it is very similar to that of
MgCNis. On the elements of periodic table, Ga and Al
are in the same main group with equal outer valence
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electrons. The recent results on GaCMn3z showed rich
magnetism and giant magnetoresistance[14, 15]. There-
fore, it is worthwhile to examine the electronic structures
and magnetic properties of GaCNis as well as these com-
pounds substituted single or dual elements (Al, In and
Na, etc.) for Mg in detail.

It is our purpose in this work to clarify why not su-
perconducting in these antiperovskite compounds and
to seek new simple structural superconductors. Total
energies, density of states (DOS) and electronic band
structures were calculated by the highly precise full-
potential linearized augmented plane-wave (FP-LAPW)
method[16, 17] within the WIEN2k package[18]. The
exchange-correlation contribution to the total energy
was treated in the generalized gradient approximations
(GGA) of PBE version[19]. The muffin-tin (MT) radii
are 1.8 a.u. for Ni, 1.4 a.u. for C, and 2.0 a.u. for Ga
(Al, In and Na). The LAPW basis set was defined by the
cutoff RyyrKpax = 7.0, plus local orbital to relax the
linearization errors. The k-points in the first Brillouin-
zone (BZ), 10000 and 4000 for single and dual elements
substitution for Mg, respectively, were adopted.

The equilibrium lattice constant (ag) of AICNiz and
GaCNi3 obtained in our calculations are about 5% larger
than the experimental values[10, 11]. This unusual
overestimation from DFT calculation was also reported
in the previous calculations[12, 13]. The bulk modu-
lus B has such a relation of Bajoni,(210.72GPa) >
BGaCNig (20935GP&) > B[nCNi3(183.56GPa), which is
in between the value of 251 GPa for ZnCNiz [9] and
our calculated 175.46 GPa for MgCNis. For other com-
pounds, no reported data are referenced.

The electronic structures of AICNiz had been reported
by Okoye[13]. Here we only specifically show the energy
band structure along the high symmetry directions of BZ
and the DOS of GaCNis in Fig. 1. It is very visible that
the GaCNiz exhibits metallic character. The width of



valence band is about 9.0 eV. Ni 3d band, mainly con-
tributing to the energy range of -4.0~ 1.0 eV, is splitted
into d.2, dyy, dy2,2 and d,.+d,. because of the influence
of two nearest-neighbor C atoms. The d,.+d,, subband
mixed with C 2p band crosses the Fr and forms the com-
plicated Fermi surface along X — M —I" directions. Other
two nonebonding subbands d,,, and d,2,> stay below the
Er. Seen from total DOS and projected density of states
(PDOS) in Fig. 1(b), electronic states near Ep almost
completely consist of Ni-3d. A sharp peak (mainly re-
sulted from Ni) is at 0.44 eV below Ep, which is larger
than 0.08eV of MgCNi3[8]. It is noted that the hybridiza-
tions between Ga 4s/4p and Ni 3d are at about -8.5, -6.5,
-3.4, and 3.0 eV. And the charge density plot illustrates
the ionic character of Ga-Ni bond with the charge trans-
ferring from Ga to Ni. The Ga 4p level is lower than the
Al 3p level because of scalar relativistic effects, therefore
this results in the small difference in the position of the
corresponding hybridized states. The strong hybridiza-
tion arises from C and ambient six Ni atoms. Three clear
covalent bonding states between C 2p and Ni 3d form in
the range of -9.0 ~ -3.5 eV and the antibonding states
hybridized between Ni d,.+d,. and C 2p along z-axis
direction cross the Fp.

Although doped electrons increase from the dopant Al
to Ga and then to In, the unit cell also correspondingly
gathers volume. Therefore, the electronic structures of
AICNi3 and InCNig are very similar to these of GaCNig,
especially, near the Fermi level. These results are even
similar to those of ZnCNiz and MgCNis. The Ng,., 2.23,
2.43 and 2.42 states/eV per unit cell, is almost the same
for AICNi3z, GaCNiz and InCNig, respectively. But these
data are only about half of that of MgCNis. Comparing
GaCNis (AICNiz and InCNi3) with MgCNis, and ignor-
ing the volume variation of unit cell, doping electrons
leads to the increase of the Fr, which increases or de-
crease the areas of electron-type Fermi surface (e-FS) or
hole-type Fermi surface (h-FS), respectively. From the
band structures in Fig. 1(a), the bands shift towards
lower energy due to a number of imported electrons, two
bands cross the Er in MgCNig while only one band does
in GaCNis. As a result, the h-FS disappears along R—I"
direction as well as around X point. Hence a complicated
Fermi surface is formed as h-FS along X — M and M —I"
directions, and e-FS around M point shown in Fig. 2.
No obvious nesting character is observed at Fermi surface
in GaCNis. AICNi3 and InCNiz have the analogous FS
characteristics.

The magnetic stability was investigated by total en-
ergy and Stoner parameter (S). The calculated S para-
meters following H. Rosner[20] are 0.19, 0.31 and 0.58 for
AICNig, InCNiz and GaCNig, respectively, implying that
PM ground state exists in these compounds. Such results
somewhat differ from experiments[10, 11]. However, the
calculated total energy disparity of different magnetic or-
ders is negligible for these compounds.

In addition, Na, Li, Be, Algs5Nags and AlgsLig 5 re-
placing Mg were also inspected to seek the new super-
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FIG. 1: (a) Electronic band structures. (b) Total and pro-
jected density of states on GaCNis.

A
FIG. 2: The calculated Fermi surface of GaCNis.

conductor. Among these compounds, NaCNis of holes
doping, and Alg5Nag 5CNis of equal electrons substitut-
ing, are expected to hold superconductivity. However, a
large Ng, with the large S = 2.06 shows strong FM in
NaCNis. Although S = 0.93, the magnetic instability
occurs in Aly 5Nag 5CNisg because the total energy differ-
ence between PM and FM states is only 0.068 meV. A
wide resonance peak of DOS resulted from the interac-
tion between Al and Na bestrides the Er, leading to the
Ng,. of 5.95 states/eV per unit cell.



TABLE I: Comparison of 7, (eV?/A?), App, and T.. (K) at ©p
(K).

nx ne nNNi Aph Te ©p
MgCNis 0.00 0.16 153 084 11 300

AlCNis 0.01 0.09 162 044 1 400
GaCNis 0.13 005 132 035 0.2 400
InCNis 0.00 0.06 129 033 0.1 400
AlNaC2Nig 0.00 0.12 1.30 0.69 6 300

To examine whether these above materials are super-
conducting or not, the superconducting parameter 7,
and the electron-phonon coupling constant A,;, were eval-
uated by using the McMillan and Hopfield’s formulae[21,
22], shown in Table I, in which the average phonon fre-
quency (w?) ~ ©%/2 is used, where ©p is the Debye
temperature. Comparing the data in Table I, the atomic
contribution from Mg site to the A,; can be neglected ex-
cept for Ga. For compound MgCNig, its ©p ~ 300 K re-
sults in A,,=0.84 and T,=11 K with an effective electron-
electron interaction parameter p*=0.13, showing that
the superconductivity in MgCNis can be described by
the conventional phonon mechanism. These results are
in reasonable agreement with experiment and previous

calculation[1l, 14]. However, for AICNiz, GaCNiz and
InCNis, experiments evaluated the ©p to be around 400
K[10, 11]. As a result, T, is expected to be lower than
2 K for AICNi3, GaCNiz and InCNi3z. While in the case
of AlpsNag5CNis, because its electronic structures are
very close to those of MgCNig, its ©p could be close to
300 K. Thus, its T is near 6 K when ignoring the spin
fluctuation as showing Table I.

In summary, we have investigated the electronic struc-
tures induced by the substitution of Mg in MgCNis. The
decrease of electron-phonon interaction was used to ex-
plain the non-superconductor GaCNis as well as AICNig
and InCNiz. Hole doped NaCNig exhibits FM state
rather that superconducting state. AlgsNag 5CNig simi-
lar to MgCNij is worthwhile to explore its superconduc-
tivity.
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