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This paper reports a detailed and systematic lattice dynamical calculation of the newly discovered interme-
tallic superconductor MgCNi; by using a lattice dynamical model theory based on pairwise interactions under
the framework of the rigid ion model. The results bring out the anomalous vibrational mode instability in the
phonon dispersion curves and phonon density of states of MgCNi;. The calculated phonon dispersion curves
and phonon density of states are in good agreement with the measured and density functional theoretical (DFT)
data. The study also illustrates the contradicting results on the magnitude of phonon frequencies due to Mg
atoms and the region of the unstable modes in the Brillouin zone of the previously computed two DFT results.
The present study on DOS has enabled an atomic level understanding of the phonon density of states. The
phonon density of states has been used to compute the specific heat at constant volume. The Debye temperature
and temperature-dependent vibrational amplitudes of the different species are also reported. The present cal-

culation suggests that the superconductivity in MgCNijy is governed by the BCS mechanism.
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I. INTRODUCTION

The recent discovery of superconductivity in intermetallic
MgCNij at temperature near 8 K (Ref. 1) has generated great
interest because of its unusual characteristics in the recently
found series of superconductors. This perovskite supercon-
ductor is special because oxide and copper are not present.
Although, the superconducting transition temperature (7.)
for this compound is too low from an application point of
view, the high content of Ni suggests a ferromagnetic ground
state and magnetic interactions which may be an important
indicator of the existence of superconductivity in this com-
pound. Since the discovery of superconductivity in MgCNi,
there are speculations that the magnetic interactions might
play a role in the superconductivity mechanism.> However,
the temperature-dependent measurement of specific heat?
and NMR (Ref. 4) suggest that the MgCNij is a conventional
(BCS) superconductor. On the other hand, tunneling® and
microwave impedance® measurements support the non-
s-wave pairing mechanism (unconventional or non-BCS su-
perconductivity). Volker and Sigrist’ have suggested a theo-
retical picture for a plausible explanation of these contradic-
tory experimental results under the framework of the BCS
mechanism which assumes that MgCNi; is a multiband
material. A recent specific-heat capacity study of the Zn-
doped MgCNi; concludes that the MgCNi; is a BCS
superconductor.® Also, MgCNi; with the cubic perovskite
structure is similar to the superconducting nickel borocar-
bides (particularly for the Y and Lu compounds) which show
a pronounced softening in the acoustic phonon branch at
lower temperatures, a feature supposed to be connected to
the superconductivity in this class of compounds.®~'® From a
recent x-ray absorption study'” and linear muffin-tin-orbital
(LMTO) calculation'® unusual lattice dynamical properties
of MgCNi; compound have been observed, which indicate
deviation of the local atomic structure from the ideal perov-
skite lattice at temperatures below 70 K. To understand the
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role of lattice distortion or dynamical instabilities in
MgCNi,, Ignatov et al.'” have investigated and compared the
structure of MgCNi; with the well researched isostructural
Baj (K 4BiO; (Refs. 19 and 20) for which it is generally an
accepted fact that the electron-phonon coupling plays at least
a partial role in superconductivity. They have concluded that
the electron-phonon (e-p) interaction is stronger in MgCNij
than Ba, (K 4BiO3. However, they emphasized for a detailed
and systematic study of phonons and their relation with elec-
trons in the MgCNi; compound. Heid et al?' in their
temperature-dependent inelastic neutron scattering (INS)
measurements of the generalized phonon density of states
(GDOS) observed a softening of low-frequency Ni modes.
To analyze the INS data they performed first-principles den-
sity functional theoretical calculations and reported the re-
sults on the phonon density of states and phonon dispersion
curves for stoichiometric MgCNi; in selected symmetry
directions.”! Both the DFT calculated phonon dispersion
curves'®2! and the generalized DOS of Heid et al.*' show
softening of acoustic phonon modes, but there are contradic-
tions in the magnitude of the frequency of Mg atom vibra-
tions and the area and position of unstable modes in the
Brillouin zone. The electronic structure calculation of Shim
et al.” using the LMTO band method with the local density
approximation (LDA) and Singh and Mazin?® using the lin-
earized augmented plane wave (LAPW) method with LDA
suggest that the superconductivity in MgCNi; can be de-
scribed by the conventional BCS mechanism, however, they
emphasized for a systematic and detailed study of phonon
properties of MgCNi;. Hence, at this juncture, it seems nec-
essary to perform precise numerical calculations for phonon
properties to clarify the role of phonons and understand the
superconductivity mechanism in MgCNis. This paper pre-
sents results of a detailed and systematic investigation of
phonon properties by using a lattice dynamical model theory,
which considers the pairwise atom-atom interactions consist-
ing of Coulombic and short-range repulsive potentials in the
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TABLE 1. Interatomic potential parameters derived for MgCNij
at 300 K: rouor=20 A.
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TABLE II. Zone center optical phonon frequencies of MgCNis.
All modes are triply degenerate.

Short-range interactions Effective charge

Interactions a (eV) b (A) Ton V4

Mg-C 1376.06 0.3834 Mg 1.02
C-Ni 1241.40 0.3014 Ni -3.0
C-C 2425.16 0.2763 C -1.98

Mode Type Frequency (cm™")
Fi, IR 192
F, IR 280
F, IR 605
Fy, IR 147

framework of a rigid ion model. It is indeed essential to find
out if the present simple model based on interatomic inter-
action is sufficient to describe the vibrational properties of
the MgCNi; compound. The paper is organized as follows.
In Sec. II we describe the interatomic potential in the rigid
ion model. In Sec. III we present results and a discussion
followed by a conclusion in Sec. IV.

II. INTERATOMIC POTENTIAL AND THEORY

The calculation of phonon properties reported in the
present paper for intermetallic superconductor MgCNij is
performed by using a lattice dynamical model theory,
namely, the rigid ion model. This model considers the ionic
interactions by sums of long-range Coulomb potentials and
short-range potentials, the latter usually chosen based on the
pairwise interaction consisting of exponential form. The po-
tential function can be expressed as

(Ze)?

TEer

V(r):( )+ae_(b/’). (1)

In Eq. (1) the first term is the Coulomb potential, the second
term is the short-range potential, and r is interatomic sepa-
ration. The value of constant (e2/4¢) is 14.4 eV A. Z is the
effective charge of the atoms and is treated as a parameter.
The charge neutrality of the unit cell is maintained. The val-
ues of short-range potential parameters a;; and b;; for each
pair of atoms are usually found by fitting to the experimental
data and ensuring that the stress and forces on all atoms for
the given structure vanish. In the present study, in principle,
no fitting of the experimental data (phonon frequencies) is
done to obtain the parameters due to nonavailability. How-
ever, it is ensured that the physically significant parameters
are obtained which give nearly vanishing forces on all the
atoms and the right magnitude of the eigenfrequencies in the
harmonic approximation. For the right magnitude of the
eigenfrequencies, guidance has been taken from INS data
(Mg atom vibrational frequencies).?! It is noted that no data
have been used at all for the fitting but only used as a guide
whether the obtained eigenvalues are correct or not in the
harmonic approximation. In the present investigation, only
the nearest-neighbor repulsive interactions are considered to
contribute to the non-Coulombic part of the dynamical ma-
trix. To calculate the phonon properties, the software LADY
for lattice dynamical simulation is used.?* The parameters so
obtained are listed in Table I.

III. RESULTS AND DISCUSSION

For the present calculations of phonon properties,

MgCNij of cubic structure (space group O;,Pm3m) with a
lattice constant of a=3.81 A' and the structural parameters
Mg 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) is considered. According to sym-
metry analysis the ideal perovskite of cubic structure pre-
sents 12 zone center optical phonon modes. These modes
correspond to the following irreducible representations at the
zone center:

F(Ollz) = 3}71u + F2u‘ (2)

The three F, and one F,, irreducible representations are the
infrared (IR) active optical phonon modes allowed for cubic
symmetry. As a perfect perovskite of cubic structure all lat-
tice sites have inversion symmetry; first order Raman scat-
tering is forbidden. The zone center optical phonon frequen-
cies calculated by using the above-mentioned lattice
dynamical model are presented in Table II. Figure 1 depicts
the shapes of these IR active modes. Since, no experimental
IR spectra or calculated IR active phonon modes for MgCNi,
are available, comparison could not be made. Noting the
success in reproducing the phonon dispersion curves and
generalized phonon density of states presented below, how-
ever, it can be assumed that these calculated frequencies at
zone center will be in good agreement with the experimental
data when they are available in the future.

Mg

¥, (192)

Fp,, (605)

FIG. 1. (Color online) Schematic representation of the shape of
the IR active phonon modes.
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FIG. 2. (Color online) Calcu-
lated phonon dispersion curves for
MgCNi; along the three high
symmetry directions of the Bril-
louin zone.
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Since the main issue in the MgCNi; compound is lattice
instability, which is reflected in the phonon dispersion curves
and phonon density of states, the phonon spectrum along
major high symmetry directions of the cubic Brillouin zone
are calculated and presented in Fig. 2. As there are 5 atoms in
the unit cell, there are 15 phonon modes along each direc-
tion. Figure 2 reveals that the phonon branches are distrib-
uted almost uniformly up to about 35 meV (280 cm™') in all
three high symmetry directions. A critical assessment of the
PDC reveals that there are three regions in which phonon
modes are distributed. The top regions at about 77 meV con-
sisting of three phonon branches are due to the carbon atom
vibrations, the middle three branches at about 35 meV are
due to the Mg atom vibrations, and the lower nine branches
are due to Mg and Ni atom vibrations. A similar description
of the phonon dispersion has been given by Ignatov er al.'8
from their DFT calculation. As far as the most prominent and
remarkable feature, the unstable low lying acoustic modes
predicted by the DFT calculations,'®?! is concerned, the
present simple model reproduces them quite satisfactorily
except few minor deviations. The present calculation is able
to produce the unstable modes at zone boundary points in
(qq0) and (qqq) directions of the Brillouin zone (BZ). This
instability of modes appears over a large area in the recipro-
cal space similar to the DFT calculations.'®?! The mode re-
sponsible for the instability of the lattice is due to the vibra-
tions of Ni atom normal to the Ni-C bond and perpendicular
movements of two Ni atoms towards octahedral mode of
four Ni atoms and two Mg atoms. However, Fig. 2 reveals
that the present phonon dispersion curves are slightly differ-
ent from the DFT calculations'®?! particularly in predicting
the positions of the unstable modes in BZ. While the present
model fails in predicting the instability of low-lying phonon

0.5 0

X2 0.5

modes in the (q00) direction of the BZ, it predicts the insta-
bility of the phonon modes at high symmetry points M(qq0)
and R(qqq) at the Brillouin zone boundary. The present
PDC in (q00) direction even does not show any inclination
of the softening which is not a serious drawback looking to
the simplification of the approach and success in predicting
the mode instability at the M point of the BZ that has been
predicted by both DFT calculations. The unstable modes at
the M point of the BZ represent pure vibrations of the Ni
atoms with all other atoms at rest.?! Regarding the contra-
dicting magnitude of the phonon modes due to the vibrations
of the Mg atoms in two different DFT calculations, the
present calculation supports the results of Heid et al.’!
Therefore, it appears that the contradicting magnitude of the
phonon modes due to Mg atoms (35 meV) are overestimated
in the LMTO calculations of Ignatov et al.'® which predicts
about 29% more at 45 meV. It can also be seen from the
phonon dispersion curves that the vibrations of Ni atoms are
not only responsible for the instability of the low-frequency
acoustic modes but also for a few more lower optical phonon
modes involving the Ni atom vibrations. A comparison be-
tween the present PDC and earlier calculated PDCs by using
density functional theories'®?! reveals that the gross features
of the present PDC is closer to the DFT calculations of Heid
et al.?' particularly in reproducing the unstable modes in
two high symmetry directions of the BZ and hybridization
between phonon modes due to Mg and Ni atoms. The pho-
non modes due to the carbon atoms in the present PDC are
consistent with both previously investigated DFT phonon
dispersion curves.

The phonon density of states is an important dynamical
property, as its computation needs phonon frequencies in the
entire Brillouin zone and can be defined as
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where N is a normalization constant that [g(w)dw=1.
g(w)dw is the ratio of the number of eigenstates in the fre-
quency interval (w,w+dw) to the total number of eigen-
states. w;(g) is the phonon frequency of the jth phonon
modes. The calculated total phonon density of states (DOS)
of intermetallic MgCNi; superconductor has been presented
in Fig. 3 along with the partial phonon density of states of
constituent atoms of the MgCNis. The latter are used to cal-
culate the vibrational amplitudes of the different atoms as
presented in Table III, while the former are used to calculate
the specific heat and Debye temperature. The partial phonon
density of states contains information about the vibrational
behavior of each atom and involves phonons in the entire
Brillouin zone. To compare with the experimental data ob-
tained from the inelastic neutron-scattering measurement, we
have computed the neutron weighted phonon density of
states (generalized phonon DOS). The generalized phonon
density of states (GDOS) implies a weighting of vibrational
modes by o/m, where o is scattering cross section and m is
mass of the different species. The quantity for the atoms
C, Mg, and Ni is 0.46, 0.179, and 0.31 barn/amu,
respectively.”! Figure 4 displays the present calculated
GDOS [panel (b)] along with the experimentally obtained
and DFT calculated GDOS (Ref. 21) [panel (a)] of MgCNis.
It can be seen from Figs. 3 and 4, that the present study is
quite successful in predicting the very important and remark-
able feature, i.e., the presence of phonon DOS at 0 meV. It
can be seen from the inset figure that the DOS is even
present below 0 meV and there is a finite DOS at 0 meV.
This is justified as there are low-frequency unstable modes
having the negative frequencies over a large area in recipro-
cal space and is most prominent at zone boundary points.
The similar results are obtained in experimental and DFT
calculated DOS.?! To understand the origin of the peaks in
the DOS and the success of the present predictions, the re-
sults of partial DOS and total DOS displayed in Fig. 3 are
examined. It can be seen from the critical assessment of
these figures that there are three regions in the density of
states: (1) below 25 meV, (2) 25 to 45 meV, and (3) 75 meV
onwards. The first region below 25 meV is due to Ni and Mg
atoms where the maximum contribution is due to Ni atoms
as can be seen from the partial DOS. The situation is similar
in second region but the contribution from C atoms is also
appreciable. In the second region, a sharp peak near 35 meV
is observed consistent with the DFT calculated GDOS and
experimental inelastic neutron scattering data?' which is
mostly due to Mg participation and a small contribution from
Ni vibrations. The final region in the higher-energy side of
the spectra is due to the lighter atom carbon only. Figure 4
reveals that the present calculated GDOS is in good agree-
ment with the experimental data®' in the whole frequency
range of spectra. It can also be noticed that the present
simple calculation is more successful in reproducing the spe-
cial features in low energy INS spectra of MgCNij; than the
DFT calculations. The present computation is able to pro-
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FIG. 3. (Color online) Computed total phonon density of states
of MgCNij; and partial phonon density of states of the various at-
oms in MgCNij.

duce shoulders on both sides of the main peak near 20 meV
in the low-energy region similar to the INS data. In conclu-
sion, the present simple model has enabled an interpretation
of the experimental INS data at the microscopic level.
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TABLE III. Vibrational amplitudes of the various atoms in
MgCNi; with temperature.

8X(u?)/3 (A?)

Atoms 2K 20 K 50K 100K 200K 300K
Mg 0.1541 0.1578 0.1778 0.2276 0.3526  0.4800
C 0.72  0.7227 0.7539 09345 1.5039 2.1531
Ni 0.1600 0.2100 0.3557 0.6041 1.1500 1.7000

A remarkable feature that is noticed from the phonon
DOS similar to the dispersion curves of MgCNij is the sig-
nificant mixed character of phonons particularly in the low-
frequency region. The significant mixed character of
phonons is responsible for the renormalized phonons? aris-
ing due to the coupling between electrons and phonons. This
suggests that the MgCNi; can be categorized as a strong
electron-phonon coupling compound. A similar conclusion
has been drawn from the previously reported DFT
calculation'®21-23 and specific-heat measurements.>3

The calculated density of states is used to obtain the lat-
tice specific heat at constant volume Cy in MgCNij3, which is
defined as
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FIG. 4. (Color online) (a) The experimental inelastic neutron
scattering data and computed generalized phonon density of states
by using density functional theory. (b) Computed generalized pho-
non density of states of MgCNi; by using present model. The inset
shows the presence of phonon DOS at 0 meV.
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FIG. 5. (Color online) Lattice specific heat at constant volume
of MgCNij; as a function of temperature.
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This is a specific value of specific heat at constant volume.
The temperature-dependent lattice specific heat at constant
volume presented in Fig. 5 does not show any anomalous
behavior in the temperature range of 2 to 300 K and is simi-
lar to the superconducting compounds belonging to the
group of conventional superconductors. The computed spe-
cific heat which shows the classical behavior is in general
good agreement with the experimental data®® within the
limitations of the present approach.

The computed partial phonon density of states is used to
evaluate the vibrational amplitudes of the different species of
MgCNi; compound and is presented in Table III. Table III
reveals that the vibrational amplitudes increase with increase
in temperature consistent with the Debye Waller factor de-
rived from the neutron scattering?® and EXAFS results.!” The
vibrational amplitudes do not behave anomalous in the stud-
ied temperature range.

IV. CONCLUSION

The present paper reports a systematic and detailed study
on the zone center phonon frequencies, phonon dispersion
curves, partial and total phonon density of states and thermo-
dynamical properties for the MgCNi; intermetallic supercon-
ductor by using a simple lattice dynamical model under the
framework of the rigid ion model. These results have been
discussed in light of earlier performed DFT calculations and
inelastic neutron scattering experiments.'®?! An overall con-
sistent description of the reported phonon properties for
MgCNis, which compares well, in general, with the available
theoretical and experimental data, is obtained. A remarkable
soft mode behavior in the low-frequency region is observed
similar to the DFT calculations by using a simple lattice
dynamical model theory based on physically reliable model
parameters. From the analysis of the phonon dispersion
curves, partial and total phonon density states, it can be con-
cluded that there is an appreciable hybridization of phonon
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modes which reflects that the MgCNi; compound is a con-
ventional BCS superconductor with a strong electron-phonon
interaction. The thermodynamical properties show the BCS-
like characteristics.

Finally, the main aim of this paper is to point out the
behavior of phonons and allied properties in MgCNi; and
clarify whether the superconductivity is governed by the
BCS mechanism. The results show that the present simple
lattice dynamical model calculation of MgCNi; realistically
describes gross features of phonon spectra and provides
some physics insight into their origins. From the present
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study, it is concluded that the superconductivity in MgCNis
is governed by the BCS mechanism.
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