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The influence of vacancies in the C sublattice of MgCNi;, on its structural, electronic, and magnetic
properties are studied by means of the density-functional-based Korringa-Kohn-Rostoker Green’s function
method formulated in the atomic sphere approximation. Disorder is taken into account by means of coherent-
potential approximation. Characterizations representing the change in the lattice properties include the varia-
tion in the equilibrium lattice constants, bulk modulus, and pressure derivative of the bulk modulus, and those
of the electronic structure include the changes in the total, partial, and k-resolved density of states. The
incipient magnetic properties are studied by means of the fixed-spin moment method of alloy theory, together
in conjunction with the phenomenological Ginzburg-Landau equation for magnetic phase transition. The first-
principles calculations reveal that due to the breaking of the C-Ni bonds, some of the Ni 3d states, which were
lowered in energy due to strong hybridization, are transferred back to higher energies thereby increasing the
itinerant character in the material. The Bloch spectral densities evaluated at the high symmetry points, how-
ever, reveal that the charge redistribution is not uniform over the cubic Brillouin zone, as new states are seen
to be created at the I' point, while a shift in the states on the energy scale are seen at other high symmetry

points.
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I. INTRODUCTION

Characterizations revealing the nature of pairing mecha-
nism of the 8 K perovskite superconductor MgCNi; (Ref. 1)
are at odds. The nuclear spin-lattice relaxation rate displays
the typical behavior of isotropic s-wave superconductivity
with a coherence peak below the transition temperature T.”
However, the specific heat!*-¢ and resistivity'7-" measure-
ments imply a moderately coupled superconductor,>®!0:11
which is well supported by the tunneling experiments!'? as
well as theoretical calculations.'®!* The penetration depth
measurements, however, distinctly show a non-s-wave BCS
feature at low temperature.'> Hamiltonian-based model cal-
culations suggest MgCNij; to be a d-wave superconductor.'®
A two-band model also has been proposed®*!7 to reconcile
the controversies in the experiments. Hall coefficient and
thermoelectric power data>” show that the carriers are essen-
tially electrons. However, it was also suggested that the holes
in Ni 3d states could be responsible for the transport proper-
ties, in analogy with the holes in the O 2p states of perov-
skite oxide superconductors.! The constant scattering ap-
proximation also shows that the thermoelectric power is
hole-like above 10 K.'® In fact the multi-band model pro-
vides a consistent interpretation of the temperature depen-
dence of the normal resistivity, Hall constant, and that of the
thermoelectric power.!”

The disparity in the experiments may arise due to the
exactness in terms of stoichiometry. Compositions, namely
Mg;,.C,Ni; with 0.75<z=<1.55 and 0.50<x=<1.55, are
reported,'® when subjected to different synthesizing routes
(for a review, see Ref. 20). The variation then suggests that
the physical properties are intimately related to the tempera-
ture which can be thought to control the materials composi-
tion and/or configuration, making it sensitive to the chemical
nature of the compound as well as the specific method used
for crystal growth. For example, two different phases—the «
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and B—have been synthesized by changing the sintering
temperature'® with the 8 phase being superconducting while
the o phase remains nonsuperconducting. The major differ-
ence between these two phases is in the exact C content in
the material. For high C content, the scanning experiments
reveal the excess in terms of granules.'” The change from
grain boundary to core pinning by these intragranular nano-
particles near the superconducting transition temperature 7
suggests that the arrangement of pinning sites in MgCNij is
quite unique.'® However, the physical properties unveiled by
the system are essentially a bulk property, not pertaining to
any interfaces or microstructures. Nevertheless, the T is
sensitive to the C content which decreases with decreasing x
in MgC,Ni; and disappears for materials where x<0.9.!
The changes in the normal metal state properties of MgC,Nis
with respect to decreasing x are what are emphasized in the
present work.

The C in the octahedral interstitial site of MgC,Ni; has
two major roles to play. The spatially extended C 2p orbitals
strongly hybridize with the Ni 3d, thus delocalizing the elec-
tronic states. Delocalization leads to an overall reduction in
its itinerant character, rendering a definite nonmagnetic state.
Further, the presence of C expands the unit cell dimensions
which favors soft Ni-derived phonon modes.'> A recent
C-isotope study?? and B substitutions at C sites** show that
in addition to the dominant Ni modes,2*% certain C modes
are also important in the materials pairing mechanism.

According to the microscopic theory of superconductivity,
the occurrence of vacancies may influence 7. either through
a modification in the value of the density of states at Fermi
energy N(Ey) or through modifying the electron-phonon cou-
pling parameter, or both. The electron-phonon coupling pa-
rameter is proportional to M{w?), where M is the mass of the
transition metal and {w?) is the average squared moment of
the phonon spectrum. One expects that vacancies in the C
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sublattice of MgC,Nis can have adverse effects on its lattice,
electronic, and other related properties. It is shown in a pre-
vious report that the N(E) decreases, rather abruptly, as an
increasing function of vacancies.?® The decrease may be at-
tributed to the disorder smearing of the electronic bands, in
particular to those which constitute the van Hove singularity-
like feature just below the Fermi energy. However, it is pos-
sible that, if not at the Fermi energy, at least the upper va-
lence band would get enriched in states due to breaking of
the C-Ni bonds. This may happen because some of the Ni 3d
states, which were lowered in energy due to strong hybrid-
ization, would be transferred back to the higher energies in
proportion to the exact concentration of vacancies in the C
sublattice. The redistribution can adversely affect the
electronic-structure-related properties such as magnetism.
Earlier, it was conjectured that since the hypothetical MgNi,
shows a definite ferromagnetic ground state, the disappear-
ance of superconductivity for x<0.9 alloys would be inti-
mately related to the pair-breaking effects.?’ This, however,
is inconsistent with the experiments which detect no long-
range magnetic ordering in MgC,Nij alloys.?!»?

First-principles density-functional-based calculations are
carried out to study the changes in the equation of state pa-
rameters, viz. the equilibrium lattice constant, bulk modulus,
and its pressure derivative as a function of x in MgC Nis.
The changes in the electronic structure of the disordered
MgC,Ni; as a function of x are described by means of total
and sublattice resolved partial density of states, calculated at
their respective equilibrium lattice constants. On the other
hand, the propensity of magnetism in MgC,Ni; with respect
to x is studied by means of the fixed spin moment method.
The fit of the magnetic energy with magnetization to the
Ginzburg-Landau functional, and the variation of the
Ginzburg-Landau coefficients as a function of x suggests that
C deficiencies can enhance incipient magnetic properties.
This is consistent with the self-consistent calculations which
find a significant charge redistribution owing to the transfer
of certain Ni 3d states, from the intermediate energies to that
close to the Fermi energy.

II. COMPUTATIONAL DETAILS

The ground state properties are calculated using the
Korringa-Kohn-Rostoker (KKR) method?® formulated in the
atomic-sphere approximation (ASA) (Ref. 29 and references
therein) with chemical disorder accounted by means of
coherent-potential approximation (CPA).** For better refine-
ments in the alloy energetics, the ASA is corrected by the use
of both the muffin-tin correction for the Madelung energy>!
and the multi-pole moment correction to the Madelung po-
tential and energy.’>*® These corrections bring significant
improvement in the accuracy by taking into consideration the
nonspherical part of the polarization effects.>* The partial
waves in the KKR-ASA calculations are expanded up to
lax=3 inside the atomic spheres. The multi-pole moments of
the electron density have been determined up to /¥, =6 and
then used for the multi-pole moment correction to the Made-
lung energy. The exchange-correlation effects are taken into
consideration via the local density approximation (LDA)
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with Perdew and Wang parametrization.> The core states
have been recalculated after each iteration. The calculations
are partially scalar relativistic in the sense that although the
wave functions are nonrelativistic, first-order perturbation
corrections to the energy eigenvalues due to the Darwin and
the mass-velocity terms are included. Further, screening con-
stants « and 8 were incorporated in the calculations, follow-
ing the prescription of Ruban and Skriver.??33 These values
were estimated from the order (N) locally self-consistent
Green’s function method®® and were determined to be 0.83
and 1.18, respectively. The atomic sphere radii of Mg, C, and
Ni were kept as 1.404, 0.747, and 0.849 of the Wigner-Seitz
radius, respectively. The vacancies in the C sublattice are
modeled with the help of empty spheres, and their radius is
kept equal to that of C itself. The overlap volume of the
atomic spheres was less than 15%, which is legitimate within
the accuracy of the approximation.3” The number of k points
for determining the total energies were kept in excess—1771
k points in the irreducible wedge of the Brillouin zone. The
convergence in charge density was achieved so that the root
mean square of moments of the occupied partial density of
states becomes smaller than 107%. Numerical calculations of
magnetic energy AE(M) for MgC,Nij, are carried out at their
self-consistently determined equilibrium lattice constants us-
ing the fixed spin moment method.*® In the fixed-spin mo-
ment method the total energy is obtained for given magneti-
zation M, i.e., by fixing the numbers of electrons with up and
down spins. In this case, the Fermi energies in the up and
down spin bands are not equal to each other because the
equilibrium condition would not be satisfied for arbitrary M.
At the equilibrium M two Fermi energies will coincide with
each other. The total magnetic energy becomes minimum or
maximum at this value of M.

III. RESULTS AND DISCUSSION
A. Equation of state

The estimation of the equilibrium lattice constant is a
critical check to the various approximations involved in the
method. The KKR-ASA-CPA method estimates the lattice
constant of MgCNij; to be 7.139 a.u., which is ~1% less than
the experimental value.! However, the value is consistent
with an earlier full-potential based method.'® This shows that
with the muffin-tin correction®' the energetics of the material
is described more accurately, almost at par with the full-
potential  counterparts. In  the neutral  spheres
approximation,®® in which this correction is ignored, the
equilibrium lattice constant for MgCNi; was determined to
be 6.983 a.u.

Total energy minimization en route to the equilibrium lat-
tice constants a., were extended to compositions studied in
the range 0.8<x=<1.0 in MgC,Ni;. To estimate the bulk
modulus B, and its pressure derivative Béq, one may use the
third-order Birch-Murnaghan equation of state.***! The
variation of these equation of state parameters as a function
of x are shown in Fig. 1.

The structural parameters decrease as x decreases in
MgC,Ni;. The rate of decrease in the equilibrium lattice con-
stant with respect to x is found to be consistent with
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FIG. 1. The change in the equation of state parameters which
include the equilibrium lattice constant (aeq) in a.u., bulk modulus
in Mbar, and the pressure derivative of the bulk modulus, as a
function of x in MgC,Nij alloys.

experiments.”! The experiments find the rate of decrease as
0.187 a.u. (at % C)~!, while the present calculations find it to
be 0.179 a.u. (at % C)~!. The decrease in By, could be attrib-
uted to the fact that upon creation of vacancies the material
becomes somewhat hollow, making it vulnerable to high
compressibility. The change in Béq as a function of x shows a
minimum in the range of 0.85<<x<<0.90. The change in the
slope of Béq empirically suggests a change in the nature of
chemical bonding as well as the lattice properties. In the
Debye approximation for isotropic materials, which assumes
a uniform dependence of the lattice frequencies with volume,
one may express the average phonon frequency in terms of
Béq proportional to (81n w)/(S1In V), where w is the aver-
age phonon frequency and V, is the equilibrium volume of
the unit cell. Note that Veq decreases with decrease in x,
while B, decreases and then increases. Such a behavior in-
dicates that the properties associated with the lattice could be
different for x<<0.87 and for 0.87 <x<1.00 alloys.

B. Total and partial densities of states

Upon creation of vacancies in the C sublattice, some of
the C 2p- Ni 3d bonds break and it can be expected that the
3d states may redistribute in the higher energy spectrum con-
stituting the valence band. A possible way to examine this is
to investigate the alloy density of states as a function of x in
MgC,Ni;, which is shown in Fig. 2.

The present KKR-ASA-CPA calculations find N(Ey) for
MgCNij; to be 14.56 state/Ry-atom (or 5.35 states/eV-cell).
The present value is in reasonable agreement with the previ-
ously reported values. For example, Szajek reports the value
as 5.26 states/Ry-cell,*> Mazin and Singh report as
4.99 states/Ry-cell,'® Shim et al. as 5.34 states/Ry-cell,'*
and Rosner et al. as 4.8 states/Ry-cell.** Dugdale and
Jarlborg!3 report N(ER) to be 6.35 and 3.49 states/eV-cell for
two different band-structure methods with exchange-
correlation effects considered in the LDA and using the ex-
perimental lattice constant. These results show that N(Ey) is
indeed sensitive to the type of electronic structure method
employed and also to the numerical values of the parameters
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FIG. 2. The change in the total density of state as a function of
x in MgC,Nij; alloys. The inset refers to a blow up near the Fermi
energy.

like that of the Wigner-Seitz radii and others. Note that these
differences are significant as they control the proximity to
magnetism in the Stoner model, as emphasized by Singh and
Mazin.'3

As a decreasing function of x, a rigid band description to
account for the movement of E fails for MgC Nis. The peak
characteristic of the Ni 3d bands which lie just below the
Fermi energy, however, shows an insensitive change in its
position on the energy scale. A similar feature has also been
reported by Rosner et al.*? for alkali metal substitutions at
the Mg site in MgCNis;. However, in MgC,Ni;, due to disor-
der broadening of the bands, the N(Ef) is found to decrease.
The change in the total and sublattice resolved partial density
of states at the Fermi energy is shown in Fig. 3. The initial
change in N(Ey) as x decreases from 1.0 to 0.8 is gradual,
however it displays a rapid change when C is reduced fur-
ther. Such a decrease in N(Ey) does not correspond to a rigid
band picture. Moreover, the C 2p contribution to Ep de-
creases monotonically at the rate of ~0.709 states/Ry-atom
per at % of C, while Ni 3d contribution remains more or less
unaffected for the range of alloys in 0.95 <x<1.00.

An earlier calculation based on CPA in the LMTO formal-
ism finds a drastic linear decrease in N(Ey) as a decreasing
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FIG. 3. The change in the total, C, and Ni contributions to the
density of states at the Fermi energy as a function of x in MgC,Nij
alloys.
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function of x.2° The authors report N(Ep) to be
4.26 states/eV-cell (=11.59 states/Ry-atom) at x=0.977
which decreases quite linearly to 3.14 states/eV-cell
(=8.54 states/Ry-atom) at x=0.85. The present calculations,
however, observe a slightly different trend in the change of
N(Ey) with decreasing x in MgC,Ni;. The N(Ey) at x=0.98
is calculated as 14.44 states/Ry-atom and that at x=0.85 to
be 14.00 states/Ry-atom. The discrepancy may be due to the
assumption of a particular lattice constant (experimental
value) in the previous TB-LMTO-CPA calculations.?

As a prelude to understanding the overall shift in the
bands as a function of x in MgC,Ni;, one may look at the
shift in the potential parameters, in particular the bottom of
the band B and the center of the band ?C. The center of the
Ni 3d band, BCNi shifts approximately by +2.6 mRy from
x=1.0 to 0.8 in MgC,Ni;. Note that here +(—) represents the
movement of the corresponding potential parameter towards
(away) the Fermi energy. This is a clear revelation of the fact
that the upper valence band becomes enriched with states, as
x is decreased in MgC,Ni;. Note that due to hybridization
with the C 2p states, some of the Ni 3d states in MgCNij; are
lowered in energy. Upon creation of vacancies, a few of the
p-d bonds break and result in charge redistribution. We also
observe that the & Cyy, shifts away from the Fermi energy by
—0.51 Ry from x=1.0 to 0.8. In fact, the CNigz octahedra is a
covalently built complex to which the strong electropositive
Mg is thought to have donated its outermost valence elec-
trons. The crystal geometry suggests six Ni atoms as the first
nearest neighbors to C with a bond length of 3.60 a.u., and
eight Mg atoms as its second nearest neighbors with a bond
distance of 6.25 a.u. in the unit cell. The Mg-Ni bond length
is 5.09 a.u., and, as such for Mg’s the first coordination shell
is comprised of 12 Ni atoms. For Ni’s the second nearest
coordination shell carries four Mg atoms. Hence, the charge
redistribution arising due to the breaking of the p-d bonds is
consistent with the fact that a larger fraction of the charge is
transferred back to the Mg sublattice, in comparison with
that of the Ni sublattice.

The shift in the ?Cy; towards the Fermi energy indicates
an accumulation of Ni d states in the upper valence band
which then opens up two possibilities for the disappearance
of superconductivity: (i) The transfer of the states from low
energy to higher energy states would increase the itinerant
nature of electrons, thus enhancing the possibility of spin-
fluctuations, and (ii) if the Ni 3d holes are responsible for
superconducting pairing mechanism, then these states would
be annihilated. To proceed further, one may require to de-
compose the density of the states along various high symme-
try points and/or directions of the cubic Brillouin zone.

C. Bloch spectral density of states

A convenient quantity to describe the k-resolved density
of states of substitutionally disordered systems is the Bloch
spectral function Agz(k,E), which is the number of states per
energy (E) and wavelength. In the case of pure metals the
function is simply a sum of delta functions either as function
of E at a constant wave vector Kk or as a function of the wave
vector k for a constant value of the energy. For constant £
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FIG. 4. The changes in the Bloch spectral density of states
Ap(k,E) in arbitrary units, resolved at k=I" for MgC,Ni; alloys,
using the LDA KKR-ASA-CPA method. The vertical line through
the energy zero represents the Fermi energy.

=FEr, where E. is the Fermi energy the positions of the peaks
in k space define the Fermi surface of the metal (see Refs. 29
and 44 and references therein). The k-space representation is
a good description of the electronic structure of the alloy,
although strictly speaking there is periodicity only on the
average. In alloys, the Bloch spectral functions have their
peaks lowered and broadened due to disorder. Thus, a Fermi
surface for the alloy is still defined through the positions of
the peaks but these peaks have a finite width.

The states at the I" point of the Brillouin zone are shown
in Fig. 4. The states corresponding to —1 Ry are primarily
composed of Mg 3s states. The C 2p-Ni 3d hybrids form a
complex in the energy range —-0.6<E<Ep, where Ep is
taken as the zero of the energy scale. As a function of va-
cancy concentration, it is clear from Fig. 4 that a rigid-band
picture is violated. States are redistributed at this high sym-
metry point, with a few of the Ni 3d states lifted to higher
energies, particularly in the range —0.1 <E<Ey. The peak
corresponding to —0.5 Ry has in it a component of Mg 3s -
Ni 3d hybrid, which as a function of x lowers in energy. The
sharp structure just below the Fermi energy is characteristic
of Ni 3d, which is less sensitive to the vacancy concentra-
tion. What follows from Fig. 4 is that the effects of vacancies
are restricted to the energy range —0.6 <E<Ey, with a sig-
nificant redistribution of states, leading to an enhanced Ni 3d
character at Ep. There is a slight increase in the density of
states at Ey, which is far from any rigid-band interpretation.

A flat band running close to the M point of the Brillouin
zone has been mapped as a singularity in the DOS of
MgCNi;.®3 It has been emphasized that this singularity could
induce magnetic instability upon 0.5 holes when
introduced.'**} Figure 5 shows the changes in the Bloch
spectral function for MgC,Ni; alloys at the M point of the
Brillouin zone. The states near the Fermi energy are prima-
rily Ni 3d in character and do not show any significant
change with increase in vacancies. The major effect of dis-
order is contained in two energy regions, concentrated at
—0.5 and -0.2 Ry, respectively. These states result from a
strong hybridization effect of Ni 3d and C 2p bands. Upon
the creation of vacancies, the states concentrated around
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FIG. 5. The changes in the Bloch spectral density of states
Ap(k,E) in arbitrary units, resolved at k=M for MgC,Nis alloys,
using the LDA KKR-ASA-CPA method. The vertical line through
the energy zero represents the Fermi energy.

—0.5 Ry are raised in energy. The peak at —0.4 Ry lowers in
height, and the states are transferred to —0.2 Ry. The Fermi
energy is almost pinned at the foot of the sharp singularity,
thus maintaining the overall characteristic property of the
alloy as a function of x in MgC,Ni; alloys. The peak that
evolves towards the bottom of the valence band is that of the
Mg 35 band, which moves slightly towards lower energy. We
note that in ASA formalism, the height of the spectral peak at
a particular energy does not exactly refer to the states it
holds, since the relevant matrix elements are ignored. How-
ever, a comparison may still be useful, since the approxima-
tions involved in the calculations are the same.

Figure 6 shows the redistribution of the states at the R
point of the Brillouin zone in MgC,Niy as a function of x.
The states residing deep in energy are due to the Mg 3s
states, which move down as a function of increasing x. The
major effects take place where C 2p bands are positioned,
i.e., at around —0.45 and —0.18 Ry. The states in the energy
range —0.18 <E < E}. are strictly Ni 3d in character, which is
least affected.

The importance of the X point lies in the hole states it
accommodates, which is characterized by a peak just above
the Fermi energy. (See Fig. 7.) As charge redistributes, with
the upper valence band becoming more Ni 3d in character,
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FIG. 6. The changes in the Bloch spectral density of states
Ap(k,E) in arbitrary units, resolved at k=R for MgC,Ni; alloys,
using the LDA KKR-ASA-CPA method. The vertical line through
the energy zero represents the Fermi energy.
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FIG. 7. The changes in the Bloch spectral density of states
Ap(K,E) in arbitrary units, resolved at k=X for MgC,Nij alloys,
using the LDA KKR-ASA-CPA method. The vertical line through
the energy zero represents the Fermi energy.

the hole states are, however, not annihilated. Instead, the
height of the peak decreases, showing a greater dispersion of
the bands. However, as for other high symmetry points, one
can see the distortion in those specific regions where C 2p
states dominate.

In all cases, one finds that vacancies do not mimic a rigid
band scenario. Some of the low-lying Ni 3d states, due to
hybridization with C 2p states, are restored back to the
higher energies when the bonds break. Charge transfer to the
Mg sublattice is seen to occur via movement of the Mg 3s
peaks to lower energies as well as an increase in the height of
the peaks. As the charge redistributes, the nature of the bond-
ing could be adversely affected. The covalent character of
MgC,Ni; then may decrease as a decreasing function of x.

D. Magnetic properties

Incipient magnetism, due to delocalization of the Ni 3d
states owing to the strong hybridization with the C 2p, is
probable in MgCNi;. Following the Stoner criteria, it has
been anticipated that spin fluctuations may coexist with su-
perconductivity in MgC,Ni;.'® This, however, had been later
confirmed in experiments.>*

Self-consistent calculations, down to x=0.8 in MgC,Nijs,
do not find any magnetic solution. Both spin polarized and
spin unpolarized show degeneracy in their total energies. To
understand the change in the incipient magnetic properties,
as a function of x in MgC,Ni; alloys, one may then adopt
the fixed-spin-moment method?® by which the energy differ-
ence between a magnetic state with magnetic moment M and
the paramagnetic state, AE(M)[=E(M)-E(0)], for given
values of M, can be calculated. The calculated AE(M) is
then fitted to the Ginzburg-Landau equation of form
3,=0(1/2n)a,,M?". The calculated results of AE(M) are
shown in Fig. 8. The numbers shown in the figure denote the
C concentration. It can be clearly seen that the curve of
AE(M) is rather flat near M =0 and the flatness increases as
x decreases. The curve is fit to the form of a power series of
M?" up to the term for n=3, for the polynomial as mentioned
above. The variation of the coefficients, a, in units of T/ up,
ayin T/ ,u%, and ag in T/ ,ug as a function of x, calculated at
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FIG. 8. The variation in the AE(M) in mRy as a function of M
expressed in Bohr magnetons of MgC,N alloys with x as indicated
in the legend box.

the respective equilibrium lattice constants, are shown in Fig.
9. The propensity of magnetism can be inferred from the sign
of the coefficient which is quadratic in M, i.e., a,. The coef-
ficient a, is the measure of the curvature and is positive
definite when the total energy minimum is at M=0. This
refers to the paramagnetic case. When a, becomes negative,
it infers that there exists a minimum in the E-M curve other
than M =0 which then points to a ferromagnetic phase. The
higher order coefficients a, and aq are also significant and
control the variation. In fact, a, determines whether for a
system there exists a metastable state or not.

Consider a case where a, is small and positive while a, is
relatively large and negative. In such a case, the calculations
extended to large values of M would tend to show a meta-
stable state away from the total energy minimum. Often, cal-
culations for large values of M, implying large applied ex-
ternal fields, can lead to ambiguous results. Hence, it is more
accurate to carry out calculations for smaller values of M and
use the above-mentioned polynomial function up to the
minimum order, where the curve fits with sufficient accuracy.

Figure 9 shows that for x— 0.87, from the C-rich side, the
alloys tend to enhance their latent magnetic properties. One
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FIG. 9. The Ginzburg-Landau coefficients, a, expressed in
(T/up) and a, in (T/uy) for MgC,Nijy alloys as a function of x,
from the LDA fixed spin calculations.
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FIG. 10. The variation in the average DOS at Er as a function of
magnetization for different x in MgC,Nij; alloys from the LDA fixed
spin calculations.

may also note that a, tends to become large and negative.
This, however, is complemented by an opposite variation in
the coefficient aq. Hence, in the renormalized approach to
include corrections due to spin-fluctuations like those given
in Ref. 46, they would tend to cancel out, in proportion,
preserving the trend in the variation of a,. Thus, it becomes
more or less conclusive within the approach that the incipient
magnetic properties associated with C nonstoichiometry in
MgC,Ni; would increase as a function of vacancies in the C
sublattice. If one considers the proximity of a,—0 as an
indication of spin fluctuations, then the calculations within
the approximation clearly show that effects of spin fluctua-
tions would be dominant in deciding the incipient magnetic
properties of MgC,Ni; as a function of decreasing C. This is
consistent with the movement of the center of the Ni 3d
bands towards Fermi energy, as well as a very little change in
the N(Ey) as a function of decreasing x, determined in the
self-consistent calculations. Since magnetism is controlled
by N(Ep), one may calculate the average density of states
over the two spin bands in the fixed-spin moment method.
The variation of this quantity as a function of M, for x in
MgC Nij; alloys, is shown in Fig. 10. Note that lattice relax-
ation could be important*’ and particularly when x increases
in MgC Ni;. However, the results that are discussed are
strictly for a case where one may find a rigid underlying
lattice, and also that the vacancies spread in the alloy is
random.

Thus, in general, it follows that as x decreases in
MgC,Ni;, the propensity of magnetism increases. However,
since N(Ep) decreases, the stoner criteria is less fulfilled,
making the material paramagnetic definite according to the
itinerant models of magnetism.

IV. SUMMARY AND CONCLUSIONS

The change in the equation of state parameters, density of
states, and magnetic properties of MgC,Ni; are studied by
means of the KKR-ASA-CPA method. Both lattice constant
and bulk modulus decrease with decreasing x, while the pres-
sure derivative of the bulk modulus, which is proportional to
the average phonon frequency of the material in the Debye
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approximation, is found to show an anomaly at about x
~0.87. The N(Ey) decreases, however not as expected by a
rigid band model. The Bloch spectral density evaluated at the
I' point shows creation of new states below E, while for
other high symmetry points they are shifted on the energy
scale. The change in the coefficient a, in the Ginzburg-
Landau equation for magnetic phase transition towards lower
values suggests that incipient magnetic properties may be
enhanced as a decreasing function of x in MgC,Nis alloys.
This is consistent with the fact that due to bond breaking,

PHYSICAL REVIEW B 72, 064519 (2005)

some of the low lying Ni 3d states are transferred to higher
energies, increasing the itinerancy of the material.
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