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We present results of ab initio theoretical investigations of the structural, elastic, and electronic properties of
the cubic inverse perovskite Sc3AlN by employing the plane-wave pseudopotential method within the gener-
alized gradient approximation. The calculated ground-state parameters are in agreement with available experi-
mental and previous theoretical results. In agreement with experimental studies, it has been found that the
density of states at the Fermi level is governed by the Sc 3d electrons. A linear-response approach to density-
functional theory is used to derive the phonon dispersion curves, vibrational density of states, and the electron-
phonon coupling parameter. Our results show that the electron-phonon interaction in Sc3AlN is much weaker
than the corresponding interaction in the isoelectronic intermetallic perovskite material MgCNi3 suggesting
that the former is not likely to be a superconductor.
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I. INTRODUCTION

In recent years, considerable experimental and theoretical
works have been carried out on the structural and electronic
properties of the MgXNi3 �X=B, C, and N� materials. In
particular, the MgCNi3 crystal is currently being actively in-
vestigated in view of its superconducting properties.1 Several
experimental studies2–9 have been made to obtain supercon-
ducting parameters of this material. These experimental
works have provided impetus for theoretical studies on this
material. Several theoretical groups10–15 have investigated
the structural and electronic properties of this material.
Phonon-related properties of this material have also been
studied theoretically.16–20 All of these calculations clearly in-
dicate that the lowest acoustic phonon branch of this material
shows an anomalous behavior along the principal symmetry
directions �100�, �110�, and �111�. Due to this anomalous
behavior, this branch makes a very large contribution to the
total electron-phonon coupling parameter, which is found to
be 1.5.16 These studies have further shown that MgCNi3 is a
BCS-type superconductor with TC=8 K.1

Recently, synthesis of cubic inverse perovskites Sc3AlN
and Sc3InN has been reported in the experimental works of
Hoglund et al.21 and Kirchner et al.22 The lattice constant has
been measured using the x-ray diffraction �XRD� �Ref. 21�
method and the electronic properties and chemical bonding
have been determined by the bulk sensitive soft-x-ray emis-
sion �SXE� spectroscopy.23 On the theoretical side, the SXE
spectra were calculated employing the density-functional
augmented plane-wave plus local orbital �APW+lo�
scheme.23 This scheme24 has been also used to study elec-
tronic and elastic properties of Sc3AlN. It is well known that
a wide variety of physical properties of solids depend on
their phonon properties such as specific heats, thermal ex-
pansion, and heat conduction. The electron-phonon interac-
tion plays an important role in determining the resistivity of
metals and in the understanding of superconductivity. Al-
though the phonon spectrum of this material has been calcu-
lated using ab initio molecular dynamics �AIMD� method,25

no experimental and theoretical results are available for pho-
non density of states �DOS� and the electron-phonon inter-
action.

In this paper, we have carried out a study of the structural
and electronic properties of the ternary inverse perovskite
Sc3AlN using the ab initio pseudopotential method based on
a generalized gradient approximation of the density-
functional theory. The second-order elastic constants are cal-
culated by imposing an external strain on the crystal, relax-
ing any internal parameters to obtain the energy as a function
of the strain, and numerically solving for the elastic con-
stants as the curvature of the energy versus strain curve. This
is followed by the application of a linear-response scheme
for the calculation of phonon dispersion curves and phonon
density of states. Differences in the phonon spectra and den-
sity of states both in the acoustic and optical ranges between
Sc3AlN and MgCNi3 are investigated and discussed. Atomic
displacement patterns and electron-phonon coupling param-
eters for zone-edge phonon modes in Sc3AlN have been pre-
sented. Finally, an explanation for the difference in the total
electron-phonon coupling parameter between Sc3AlN and
MgCNi3 isoelectronic materials has been put forward.

II. THEORY

The calculations have been performed using a first-
principles pseudopotential method based on the density-
functional theory. Ultrasoft pseudopotentials for Sc, Al, and
N have been generated according to the modified Rappe-
Rabe-Kaxiras-Joannopoulos �RRKJ� scheme.26 The density-
functional theory has been implemented within the general-
ized gradient approximation using the Perdew-Burke-
Ernzerhof method.27 A basis set containing all plane waves
up to the kinetic energy cutoff energy of 60 Ry has been
used. For the k-point sampling, we use 120 special points in
the irreducible wedge of the cubic Brillouin zone. The Kohn-
Sham equations28 were solved using an iterative conjugate
gradient scheme to obtain the total energy of the system.
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In order to investigate the mechanical properties, we have
calculated its second-order elastic constants using the
method discussed in detail in Refs. 29 and 30. The elastic
constants of a cubic crystal can be divided into two classes,
the bulk modulus B= �C11+2C12� /3 and the two shear
moduli �C11−C12� /2 and C44. The bulk modulus is related to
the curvature of E�V�, which can be determined using the
Murnaghan equation of state.31 With three independent elas-
tic constants, we apply a volume-conserving orthorhombic
strain

e = ��,− �,�2/�1 − �2�,0,0,0� , �1�

where � is the stress tensor. The corresponding energy is
given by

E��� = E�O� + �C11 − C12�VO�2 + O��4� , �2�

where E�O� is the unstrained energy and VO is the volume of
the unit cell which remains constant. E−E�O� vs �2 from Eq.
�2� gives the shear modulus C11−C12. The shear elastic con-
stant C44 was obtained in a similar fashion with

E = E�O� +
1

2
C44VO�2 + O��4� �3�

using a volume-conserved monoclinic strain

e = �0,0,
�2

�4 − �2�
,0,0,�� . �4�

The elastic constants C11 and C12 were determined by com-
bining the shear modulus with the relation for the bulk
modulus �B= �C11+2C12� /3�. The calculations of the elastic
constants require a very high degree of precision because the
energy differences involved are of the order less than 1 mRy.
To ensure this requires the use of a fine k-point mesh. With
our choice of a �28�28�28� k-points grid the energy per
atom was converged to 1 mRy or better in all cases. In this
study, we calculated a set of 41 values of E���−E�0� /Vo−�
by varying � from −0.02 to 0.02 in steps of 0.001. Then, we
fitted these results to a parabola and the elastic constants
were calculated from the quadratic coefficients.

After obtaining self-consistent solutions of the Kohn-
Sham equations, the lattice dynamical properties �the phonon
spectrum, the density of states, and the eigenvectors corre-
sponding to phonon frequencies� were calculated within the
framework of the self-consistent density-functional perturba-
tion theory.32,33 For the phonon calculations, we performed
Brillouin zone integration by using a set of 120 special k
points. We have calculated ten dynamical matrices for a
4�4�4 q-point mesh within the irreducible part of the Bril-
louin zone. The dynamical matrices at arbitrary wave vectors
were then evaluated with the help of a Fourier deconvolution
procedure. Finally, the phonon density of states calculations
were made by using the tetrahedron method.

The electron-phonon interaction parameter in Sc3AlN was
also calculated. When the electron energies around the Fermi
level are linear in the range of phonon energies, the phonon
linewidth is given by the Fermi’s “golden rule” formula34,35

�qj = 2��qj �
knm

�g�k+q�m;kn
qj �2���kn − �F�����k+q�m − �F� ,

�5�

where the Dirac delta functions express energy conservation
conditions. The matrix element for electron-phonon interac-
tion is34

g�k+q�,m;kn
qj =	 �

2M�qj

��k+q�m�eqj · �� VSCF�q���kn� , �6�

where M is atomic mass and �� VSCF�q� is the derivative of
the self-consistent effective potential with respect to the
atomic displacement caused by a phonon with wave vector
q.

The electron-phonon coupling parameter involving a pho-
non qj can be expressed as34,35

	qj =
�qj

��N��F��qj
2 , �7�

where N��F� is the electronic density of states per atom and
per spin at the Fermi level.

The sum in Eq. �5� was performed using a dense mesh
�28�28�28 Monkhorst-Pack mesh� of k points in the irre-
ducible Brillouin zone of the simple cubic structure. The
Dirac delta functions in this equation were replaced with a
Gaussian function of width 0.015 Ry. All calculations in this
work have been done using the quantum mechanical code
ESPRESSO.33

III. RESULTS

A. Structural and elastic properties

Sc3AlN crystallizes with the inverse perovskite cubic
structure. There are five atoms per unit cell, whose
coordinates are 
Sc= �0.0,0.5,0.5�, 
Sc= �0.5,0.0,0.5� , 
Sc
= �0.5,0.5,0.0�, 
Al= �0.0,0.0,0.0�, and 
N= �0.5,0.5,0.5�.
For the determination of the equilibrium lattice constant �a�,
bulk modulus �B�, and the pressure derivative of the bulk
modulus �B��, we fitted the energy versus volume curve to
the Murnaghan equation of state.31 Table I gives the calcu-
lated values as well as the experimental21 and other theoret-
ical results.23–25 There is good agreement between our calcu-
lated lattice constant and the experimental and theoretical
ones. In particular, our calculated value of 4.416 Å is only

TABLE I. Structural and elastic properties of Sc3AlN and their
comparison with previous experimental and theoretical results.

Source
a

�Å�
B

�Mbar� B�
C11

�Mbar�
C12

�Mbar�
C44

�Mbar�

This work �GGA� 4.416 1.066 3.92 2.233 0.483 0.855

XRD �Ref. 21� 4.40

APW+lo �Ref. 23� 4.37

AIMD �Ref. 25� 4.41

APW+lo �Ref. 24� 4.37 1.143 4.09 2.343 0.542 0.877
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0.4% larger than the experimental value of 4.40 Å. The
overestimation of the lattice constant is a common feature of
GGA calculations. The bulk modulus and its pressure deriva-
tive are found to be 1.066 Mbar and 3.92, respectively. Un-
fortunately, there are no experimental data for the bulk
modulus and its pressure derivative for us to compare. On
the other hand, good agreement has been observed with pre-
vious theoretical values24 for these quantities.

Table I also lists the values of the elastic constants. Our
results indicate that this material is stable because the bulk
modulus �B�, shear modulus �C11−C12�, and elastic constant
C44 are all positive. Our results are in good agreement with
previous APW+lo results.24 The maximum difference be-
tween our and previous APW+lo calculations24 has been
found for C12, with our value being 10% smaller. This dif-
ference is in experimental error margin.36,37

B. Electronic properties

The calculated energy band structure for cubic Sc3AlN, at
the equilibrium lattice constant, along the high symmetry
directions in the Brillouin zone is shown in Fig. 1. Clearly,
the system is metallic, with bands clearly crossing the Fermi
level along the principal symmetry directions �-M and �-R.

The calculated total DOS and partial density of states for
Sc3AlN are presented in Fig. 2. The N 2s bands lie between
−15 and −13.5 eV, and the bands in the energy range be-
tween −7 and −6 eV are from Al 3s states with less contri-
bution from Sc 4s states. For the energy window from −5 to
−3 eV, the Al 3s and N 2p states hybridize with the Sc 3d
states. For the energy range from −3 to −1 eV, the DOS
mainly originates from the hybridization of Al 3p and Sc 3d
states which is in agreement with the experimental results of
Magnuson et al.23 The DOS at the Fermi level �N�EF�� is
calculated to be 3.03 states /eV unit cell indicating the me-
tallic behavior of Sc3AlN. A similar observation has been
made in the experimental work of Magnuson et al.23 From
−1 eV up to the Fermi level, one mainly finds Sc 3d states.
The contribution of Sc 3d states to N�EF� is as much as 90%.
Moreover, the states above the Fermi level are also mainly
due to Sc 3d states.
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FIG. 1. The electronic band structure and DOS for the cubic
inverse perovskite Sc3AlN. The Fermi level corresponds to 0 eV.
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FIG. 2. Total and site projected electronic density of states for
Sc3AlN. The Fermi level corresponds to 0 eV.
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C. Phonon dispersion curves and electron-phonon interaction

In Fig. 3 we present the phonon dispersion curves and the
vibrational density of states for Sc3AlN in the cubic inverse
perovskite structure. As may be seen, all phonon frequencies
are safely positive and there are no optical phonon branches
with dispersions that dip toward the zero frequency. This
indicates that the structure is dynamically stable. The atomic
displacements generate a maximum of 15-dimensional re-
ducible representations containing three acoustic modes and
12 optical modes. Transverse branches are degenerate along
high symmetry directions. For example, along the �-R direc-
tion there are only nine separate phonon modes and there are
only six separate phonon modes at the R symmetry point.
The highest three optical branches are well separated from
other optical phonon modes. The gap between these phonon
branches and other optical phonon branches is around 3 THz
which can be seen from the DOS curve. These three
branches are less dispersive than the corresponding phonon
branches in MgCNi3.19 Thus, there is a very sharp peak at
14.5 THz in the DOS of Sc3AlN due to the flatness of the
highest three optical phonon branches. These three optical
branches result from the vibrations of N atoms due to the
lighter mass of these atoms. Below the gap region, a disper-
sive phonon branch lies between 8.5 and 11 THz. The peak
centered at 9.5 THz can be related to this dispersive phonon
branch. This branch includes the atomic vibrations of Sc and
N atoms. The phonon modes between 6 and 8 THz arise
from the vibrations of Al atoms mixed with Sc atomic vibra-
tions. The phonon modes below 5 THz are mainly localized
on the Sc atoms due to the heavier mass of these atoms.

The zone-center phonon modes are of special importance
since they can be measured by various experimental tech-
niques. The optical phonons at the � point belong to the
following irreducible representations: F1u

1 +F1u
2 +F1u

3 +F2u.
All these phonon modes are infrared �IR� active but Raman
inactive due to the presence of the inversion symmetry in the
crystal structure of Sc3AlN. Table II summarizes these IR
active phonon modes together with previous theoretical
results.25 In general, the results from both theoretical calcu-
lations are in good agreement with each other. In particular,

TABLE II. Zone-center phonon modes �in THz� of Sc3AlN and
their comparison with a previous theoretical calculation.

Source F1u
1 F1u

2 F1u
3 F2u

This work 6.98 8.52 14.80 6.58

AIMD �Ref. 25� 7.17 9.50 15.60 6.80
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FIG. 3. Calculated phonon dispersion curves and phonon density of states for Sc3AlN.
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the maximum difference between these theoretical calcula-
tions is found to be 1 THz for the F1u

2 mode while the fre-
quency differences between other modes are less than 1 THz.
Figure 4 shows the eigendisplacement patterns of zone-

center optical phonon modes. The F2u mode includes atomic
vibrations from Sc atoms while other atoms do not vibrate.
The F2u

1 mode is dominated by the vibrations of Al and Sc
atoms while N and Sc atoms vibrate for the F1u

2 mode. Fi-
nally, the highest zone-center phonon mode is characterized
by the vibrations of the N atoms with a small contribution
from the Sc atoms.

Along the �-X direction, the computed transverse acoustic
�TA� and longitudinal acoustic �LA� branches behave nor-
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non modes for Sc3AlN at the X point.

�
�
�
�

�
�
�

�
�
�

� �
� �
� �
� �

� �
� �
� �

� �
� �
� �

ν = 3.48

�
�
�
�

� �
� �
� �
� �

�
�
�
�

� �
� �
� �
� �� �

� �
� �
� �

� �
� �
� �
� ��

�
�
�

� �
� �
� �
� �

ν = 7.81

�
�
�
�

� �
� �
� �
� �

� �
� �
� �
� �

� �
� �
� �
� ��

�
�

�
�
�

�
�
�

�
�
�

�
�
�
�

� �
� �
� �

� �
� �
� �

ν = 11.29

�
�
�
�

� �
� �
� �

� �
� �
� �

� �
� �
� �
� �

�
�
�
�� �

� �
� �

� �
� �
� �

� �
� �
� �
� �� �

� �
� �
� �

�
�
�
�

Y

Z

X

Sc
�
�
�

�
�
�

Al
N

THz (TA)

THz (TO)

THz (LO)

FIG. 6. Atomic displacement patterns of phonon modes local-
ized on Sc atoms for Sc3AlN at the R point.
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mally in the long-wave limit with steep slopes. The lowest
longitudinal optical �LO� and transverse optical �TO�
branches have their frequencies close to the top of the LA
branch. In fact, along the �-X symmetry direction the LA
branch lies above the lowest LO and TO branches between
q= 2�

a �0.40,0.00,0.00� and q= 2�
a �0.50,0.00,0.00�. The third

and fourth optical branches are nearly flat giving rise to a
peak in the phonon density of states at 7 THz. Just above
these flat branches, two optical phonon modes are found with
dispersive character. The last two optical phonon branches
are well separated from the rest. These branches show little
dispersion across the Brillouin zone and thus produce a very
sharp peak in the density of states.

At the X point, the frequencies of the optical phonon
modes are found to be 5.24 �LO1�, 5.46 �TO1�, 7.15 �LO2�,
7.19 �TO2�, 7.89 �TO3�, 9.09 �LO3�, 14.31 �TO4�, and
15.01 �LO4� THz, while TA and LA phonon modes lie at
4.52 and 5.89 THz. Figure 5 shows the eigendisplacement of
these phonon modes at the X point. All phonon modes with
frequencies less than 10 THz include atomic vibrations from
the Sc atoms. On the other hand, the two highest optical
modes are localized on the light-mass N atoms. Figure 5 also
indicates the electron-phonon coupling parameters for the
phonon modes at the X point. The calculated electron-
phonon coupling parameter for the TA phonon mode is found
to be 0.04, which is negligibly smaller than the correspond-
ing value of 0.90 in MgCNi3.19

At the R point, consistent with symmetry, phonon modes
are bunched into a total of five distinguishable frequencies.
Three of these modes are totally localized on the Sc atoms,
the eigenvector representations of which are presented in
Fig. 6. Different from the X point, the lowest of these modes
does not include atomic vibrations from N atoms. Thus, the
lowest acoustic mode has a lower frequency than the corre-
sponding phonon mode at the X point. The second mode lies
at 7.81 THz with vibrations of Sc atoms. The highest mode
due to Sc atoms has a bond stretching character. We note that
a similar mode has been observed at 11.37 THz in the lattice
dynamics of MgCNi3.19 At the M point, we have observed 11
distinct phonon modes which are shown in Fig. 7 together
with their electron-phonon coupling parameter 	q. The low-
est acoustic phonon mode at 3.07 THz has a displacement
pattern similar to its counterpart in the lattice dynamics of
MgCNi3.19 The frequency difference between the lowest
acoustic mode of these materials is around 1 THz. This dif-
ference is primarily due to the fact that the Ni atom is 1.3
times heavier than the Sc atom. The electron-phonon cou-
pling parameter 	q for this phonon mode in Sc3AlN is 0.055,
which is much smaller than 1.173 for the same mode in
MgCNi3.19

In order to examine electron-phonon interaction in detail,
we have calculated the electron-phonon spectral function
��2F����. Our results are presented in Fig. 8. We can see
from this figure that the calculated �2F��� �solid line� and
phonon DOS �dashed line� differ slightly from each other.
The electron-phonon mass enhancement parameter �	� is ob-
tained as

FIG. 7. Schematic eigendisplacements of vectors representing
phonon modes for Sc3AlN at the M point.
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	 = �
qj

	qjW�q� , �8�

where W�q� is the weight of the qth special phonon wave
vector. Our calculated result for Sc3AlN is 	=0.06, which is
much smaller than the corresponding value of 1.5 for
MgCNi3.16 This large difference clearly explains that while
MgCNi3 shows superconducting properties, Sc3AlN is not
expected to be a superconducting material. There are two
contributing factors for this difference between these two
materials. First, it is known that 	 is proportional to V−1/3 in
the free electron model.38 The larger atomic volume in
Sc3AlN �VSc3AlN=1.6VMgCNi3

� reduces 	. Second, it is well
known that the presence of a soft phonon branch makes a
large contribution to 	 and is thus favorable to superconduct-
ing properties. As mentioned above, in contrast to the pho-
non spectrum of MgCNi3,19 there is no soft mode in the
phonon spectrum for Sc3AlN. The weak electron-phonon in-
teraction in Sc3AlN is related to the electronic properties of
this material. Thus, we plotted the total electronic density of
states on MgCNi3 and Sc3AlN together in Fig. 9. It is well
known that strong electron-phonon coupling can be expected
if there is a sharp peak in the electronic density of states
close to the Fermi level. While there is a peak in the elec-
tronic density of states of MgCNi3, the energy of the nearest
peak to the Fermi level is nearly approximately 1 eV distant
in the electronic density of states of Sc3AlN �see Fig. 9�.
With such a large energy difference between the Fermi level
and the peak in the density of states, in the context of the

BCS theory of superconductivity the probability of Cooper
pair formation between electrons in Sc3AlN is very low.

IV. SUMMARY

We have presented a complete theoretical analysis of the
structural, elastic, and electronic properties of the cubic in-
verse perovskite Sc3AlN by using the generalized gradient
approximation of the density-functional theory and ab initio
pseudopotentials. Our calculated results for the lattice con-
stant, bulk modulus, and elastic constants agree quite well
with previous experimental and theoretical results. The com-
puted peaks and their origin in the electronic density of states
are in good agreement with recent experimental findings.

Using our calculated lattice constant and electronic struc-
ture, lattice dynamics of Sc3AlN has been studied by em-
ploying a linear-response approach based on density-
functional perturbation theory. The computed zone-center
phonon modes are in good agreement with ab initio molecu-
lar dynamics results. We have observed that all phonon
modes are positive and thus this compound is mechanically
stable. There is no anomaly in the dispersion relations of the
lowest acoustic branch of Sc3AlN. The electron-phonon in-
teraction is very weak, and thus in contrast to the isoelec-
tronic intermetallic perovskite material MgCNi3 the discov-
ered cubic inverse perovskite Sc3AlN is not expected to
exhibit superconducting properties.
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