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Abstract

We report, in this work, a theoretical study of electronic and transport (thermoelectric) properties of some superconductor
nickel-based antiperovskite XNNi3z (X = Mg, Al, Cu, Zn, Ga, Ag, Cd, In, Sn, Sb, Pt and Pb) using first-principles
calculations with the full-potential linearized augmented plane wave (FPLAPW) method based on the density functional
theory (DFT) as implemented in the WIEN2k package. Electronic properties are calculated and show that the studied
materials are of metallic type which is in good agreement with experimental data. The Seebeck coefficient, thermal
conductivity, electrical conductivity and figure of merit were reported. The results obtained show that the zinc (Zn) and silver
(Ag) materials are characterized by a high value of the figure of merit at room temperature (300 K) which is respectively
0.86 and 1.02 in a p-type region. In the case of the transition metals, the maximum values of § increase in going from the Pt
atom to the Zn atom and then decrease for the Cd atom. Furthermore, the Wiedemann—Franz law which states that the ratio
of thermal to electrical conductivity for metals is constant is well verified in this work. The electric conductivity values are
almost invariant with the temperature except for the case of MgNNi3 and AgNNi3 compounds in which it increases with T
slightly. So, the superconducting materials based on silver and zinc are the best for the thermoelectric applications at room
temperature due to the very important value of the factor of merit and the Seebeck coefficient obtained.

Keywords Antiperovskites - Figure of merit - Seebeck coefficient - Thermal conductivity - Electric conductivity

1 Introduction

The study of the properties of thermoelectric (transport
properties) materials is of great importance for many prac-
tical applications. This material turns heat into electricity
more efficiently than anything available today. The theory of
the generation of thermoelectric energy and thermoelectric
refrigeration was presented for the first time by Altenkirch
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in 1990 [1]. With the increasing world population and
decreasing of conventional energy sources, the demand
for electrical energy is growing rapidly [2]. Thermoelec-
tric devices are reliable converters of energy, since they do
not have moving mechanical parts and any noise or vibra-
tion [3]. Thermoelectricity is based on the principle of the
direct conversion of heat to electricity [4], and its efficiency
depends on the operating temperatures, the figure of merit
and the design configuration including the external load
parameter of the device [5].

In thermoelectric (TE) appliances, a sufficient amount
of heat can be converted into an amount of useful energy
[6]. The dimensionless figure of merit, ZT = o S>T /
k, is a key material parameter, linked to the efficiency,
where o is the electrical conductivity, S is the Seebeck
coefficient and k is the thermal conductivity, composed
of electronics and lattice parts [7]. The materials with ZT
above the unit are considered to be excellent candidates
for TE applications [8, 9]. A variety of research groups
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have synthesized thermoelectric properties of different
crystal structures such as skutterudites [10], clathrates [11],
full-Heusler alloys [12], chalcogenides [13], oxide complex
[14, 15] and perovskites [16, 17]. Many of physical
properties of the antiperovskite structure compounds were
studied after the discovery of the first antiperovskite
superconductor MgCNi3 in 2001 [18, 19]. The appearance
of superconductivity pushed researchers to study Ni-
based antiperovskite, especially elastic properties, but no
thermoelectric properties were reported before. For this
reason, we have taken a series of antiperovskite materials in
the form of XNNi3 (where X = Mg, Al, Cu, Zn, Ga, Ag,
Cd, In, Sn, Sb, Pt and Pb) to determine the suitable materials
for thermoelectric applications. The objective of this study
is to predict theoretically and to give a broad understanding
of the transport properties of these antiperovskites, since
it has not been initiated either by other theories or other
experimental tests.

2 Calculation

All the calculations of antiperovskite compounds were
performed via the full-potential linearized augmented plane
wave (FPLAPW) method [16-20], which is known to be
a precise and efficient approach to solve the Kohn—Sham
equation within a framework of the DFT as implemented
in the WIEN2k code [21, 22]. The generalized gradient
approximation (GGA) proposed by Wu—Cohen (WC-GGA)
[23] was used for exchanges and correlation. The values of
lattice constants of these materials are taken from ref [24].
The separation energy between the core and valence states
is kept at — 7.0 Ry. The wave functions inside the atomic
spheres in the fullpotential scheme for these materials are
expanded in terms of spherical harmonics up to Ipyax = 10.

The convergence parameter RMT x Ky« is set to 7.
One thousand k-points are used for electronic property
calculations. The RMTs used for these materials are
presented in Table 1. The compounds have a cubic crystal
structure with a space group of Pm-3m (no. 221). In the unit
cell, the first atoms (X = Mg, Al, Cu, Zn, Ga, Ag, Cd, In,
Sn, Sb, Pt and Pb) are found in the corners (0, 0, 0), the
second atom (N) is located at the body center (0.5, 0.5, 0.5)
and the three atoms (Ni) are located at (0.5, 0, 0), (0, 0.5, 0)
and (0; 0; 0.5) positions.

To ensure the convergence of the transport properties,
we need a large number of k-points for the thermoelectric
properties of all the compounds and we used 100000
k-points in the irreducible wedge of the Brillouin zone
(IWBZ). In this work, the thermoelectric properties such as
the Seebeck coefficients, the thermal conductivities and the
electrical conductivities are calculated using the BoltzTraP
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Table 1 RMT values for each element of MgNNi3, AINNi3, CuNNis,
ZnNNi3, GaNNis, AgNNi3, CdNNis, InNNis, SnNNi3, SbNNis,
PtNNi3 and PbNNi3

Compound Elements RMT
MgNNi3 Mg 1.8
N 1.5
Ni 2.0
AINNi3 Al 1.8
N 1.5
Ni 2.0
CuNNij Cu 2.0
N 1.5
Ni 1.8
ZnNNi3 Zn 2.0
N 1.5
Ni 1.8
GaNNij Ga 2.0
N 1.5
Ni 1.8
AgNNi3 Ag 2.5
N 1.5
Ni 1.8
CdNNij Cd 22
N 1.5
Ni 1.8
InNNi3 In 22
N 1.5
Ni 1.8
SnNNi3 Sn 22
N 1.5
Ni 1.8
SbNNi3 Sb 22
N 1.5
Ni 1.8
PtNNi3 Pt 2.5
N 1.5
Ni 1.8
PbNNi3 Pb 2.5
N 1.5
Ni 1.8

[25] code. Equation (1) interprets the transport coefficients,
which are based on the rigid band approach to conductivity
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where N is the number of k-points. Equation (2) explains K -
dependent transport tensors, where t is the relaxation time
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and vy (i , 75) is the component of group speeds. Depending
on the temperature (7') and the chemical potential (u) the
transport coefficients as the electrical conductivity, Seebeck
coefficient tensors and electronic thermal conductivity can
be found by integrating the transport distribution [25, 26]
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where o and B are the tensor indices, e is the electron
charge, 2 is the volume of the unit cell, p is the
carrier concentration and f is the Fermi—Dirac distribution
function. The relaxation time (t) is kept constant in this
study. The Seebeck coefficient is calculated by the band
structure calculation because it does not depend on the
relaxation time (under the assumption that relaxation time is
constant) but the electrical conductivity must be calculated
relative to the relaxation time.

3 Results and Discussion
3.1 Electronic Properties

We used the GGA to generate better predictions of the band
structure. The band structure diagrams for XNNiz (X =
Mg, Al, Cu, Zn, Ga, Ag, Cd, In, Sn, Sb, Pt and Pb) are
shown in Fig. 1. We can see clearly that these antiperovskite
materials have a metallic character because of the overlap of
the valence bands with the conduction bands and the Fermi
level passes through the overlapping regions. We also note
from Fig. 2 that the orbitals of the conduction band exceed
the Fermi level to be in the valence band as in the case of
materials (PtNNi3, SnNNi3, CuNNi3z and SbNNi3) which
confirms that the studied materials are of metallic type.

To powerfully understand the electronic properties of the
antiperovskites studied, we have computed the total density
of states using GGA, and to explain the contribution of
different states in the band structures, partial densities of
states are also calculated and shown in Figs. 3, 4 and 5.
For all the compounds studied, one can notice easily strong
hybridization between Ni-3d and N-2p states around the
Fermi level which comes to confirm the metallicity of all
the materials, except for PbNNi3 and SnNNi3 where we can

see, in addition, a contribution from Pb/Sn-5s states and,
for PtNNi3, some Pt-5d states. For PbNNi3z and PtNNis,
the contribution of 4 f states is not shown here since it
is very low. In addition, we can see clearly that for some
compounds such as CuNNiz, PbNNi3 and PtNNi3, Fermi
energy cuts a narrow band, and for others such as AINNis3,
GaNNi3 and ZnNNis3, Fermi energy cuts a narrow band. All
these differences will affect the transport properties as we
can see later, and the findings will change from a compound
to another.

3.2 Thermoelectric Properties

The electricity generation in electric thermoelectric genera-
tors is based on direct physical conversions of heat into elec-
tricity. This physical phenomenon motivated the researchers
to find several conventional sources of energy and to search
materials characterized by low thermal conductivity as in
the glass, and high electrical conductivity as in crystals [27,
28]. The efficiency of thermoelectric devices is determined
by the figure of merit (ZT'), and this coefficient includes the
three parameters which describe the thermoelectric materi-
als: Seebeck coefficient (S), electric conductivity (o / )
and thermal conductivity (k / 7).

3.2.1 Seebeck Coefficient

The appearance of a potential difference at the junction
of two materials subjected to a temperature difference
represents the Seebeck effect. The Seebeck coefficient
is defined as the open circuit voltage produced between
two points on a conductor, where a uniform temperature
difference of 1 K exists between these points. The Seebeck
coefficient varies with the level of the temperature at
which the temperature difference occurs. For a good
thermoelectric device, we need a high Seebeck coefficient.
Figures 6 and 7 show the variation of Seebeck coefficient for
nickel-based superconducting materials at 300, 600 and 900
K according to the chemical potential. From the analysis of
all figures, it is clear that for all title materials, the maximum
value of Seebeck coefficient is reached in the p-type region
with the highest value achieved by the ZnNNi3 compound
which is of about 472 wV/K at room temperature. In
addition, the low maximum values of Seebeck coefficient
in the p-type region is 30 ©V/K, which correspond to the
PtNNi3 compound. Consequently, it is evident that the best
thermoelectric response can be realized in the p-type region.
However, one can remark that some compounds such as
AgNNi3 and ZnNNi3 present good values of § in the n-
type region, and this highlighted that this two compounds
could also be a good n-type thermoelectric when suitably
doped with electrons. Since the DOS around the Fermi
level plays an important role for transport properties, the
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Fig.1 Calculated band structures of MgNNi3, AINNi3, CuNNi3, ZnNNi3z, GaNNi3 and AgNNi3

Ni-3d and N-2 p states are responsible for the thermoelec
effects. Thus, the presence of the Pt-5d states in

tric
the

Fermi level has directly affected the transport properties

@ Springer

80
70 \J
60
50
40
30
20 |~
10
"= =
10 P ~
304 =
40 ‘\ﬂ‘f\\
50
-6.0 %\J\X%
70
80 -\
90
T T3 Xz v 3
CuNNi3
0 = | J
70 3 T— A\
6.0-:
5.0-:
4 /1
3.0-:
2.0-; /\/\ /\
10 3
00 "—a-:’)s:;-@&
'10-: el =
2 __\\fg g
30 3 |
408 | 7 N S
WSO
60 3 \
708 /] 7
.S_O-E / _\_/"'
T "X Z ML
AgNNi;

of PtNNi3 compound which show low maximum values
of Seebeck coefficient in the p-type region. On the other
hand, the absences of all the states of Zn atom around
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Fig.2 Calculated band structures of CdNNi3, InNNi3, SnNNi3, SbNNi3, PtNNi3 and PbNNi3

the Fermi level make the ZnNNi3 compound show the
highest thermoelectric power. Furthermore, in the case of
the transition metals, the maximum values of S increase in
going from the Pt atom to the Zn atom and then decrease
for the Cd atom. Conversely, there is a maximum decrease
in magnitude as one moves downward within period IIL, i.e.
from Al to In, which is the same case from the Sn atom
to the Pb atom. This trend mainly comes from the shift
of the Fermi level upward, deeper in the conduction band
(see Figs. 6 and 7). At room temperature, Table 2 gives the
Seebeck coefficient of all the materials studied in this paper.

3.2.2 Electric Conductivity

The electric conductivity depends on the mobility of
carriers that is influenced by the impurities and defects.
The electrons move in a material from the hot region to
the cold one, and the current is produced as a result of
this phenomenon. For a good thermoelectric device, the
materials must have a high electrical conductivity [29].
Figures 8 and 9 show the electric conductivity of the
series of antiperovskites discussed in this paper at 300,
600 and 900 K according to the chemical potential. The
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Fig. 6 Seebeck coefficient of MgNNi3, AINNi3, CuNNi3, ZnNNi3, GaNNi3 and AgNNi3 as a function of chemical potential at 300, 600 and

900 K

figures show clearly that the electrical conductivity for all
materials is minimal between — 0.25u (eV) and 0.25u
(eV); beyond this range, the electric conductivity increases
with increasing chemical potential. The behavior of all

materials with respect to temperature is almost similar, and
the curves for the three temperatures (300, 600 and 900
K) are getting closer. We notice here that according to the
approximate expressions of the electrical conductivity, o is
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not concerned with 7 but depends on the DOS (or transport
distribution function). So, as our investigated materials are
metallic, when T increases, the Fermi levels are still within
the conduction bands and the DOSs in the Fermi windows
of / de) do not change significantly. Therefore, the o
values are almost invariant except for the case of MgNNi3
and AgNNi3 compounds in which the o increases with T
slightly at u = 0.

We can also observe that the maximum value of electric
conductivity at room temperature is obtained for the PtNNi3
material which ranges up to 5.6 x 10°%/Qms at 0.5u
(eV) chemical potential. For the rest of the antiperovskites
studied, the maximum value of the electric conductivity
reached at room temperature is 3.45 x 10°9/Qms at 1
(eV) chemical potential for AgNNi3z, 2.95 x 1029/Qms at
1 (eV) chemical potential for AINNiz, 4 x 1020/Qms
at — 1.6 (eV) chemical potential for CdNNiz, 3.26 x
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n(eV)

Table2 Seebeck coefficient in microvolts per Kelvin, thermal conductivity
(k/t) in 10'> W/Kms, electric conductivity (o/7) in 1020/Qms, figure
of merit (ZT) and Lorentz number (L) in 1078 W/S/K2 at room
temperature

Compound S T k/t o/t L

MgNNi3 70 0.17 1.86 2.67 2.32
AINNi3 112 0.30 3.24 4.46 242
CuNNi3 34.5 0.04 242 3.57 225
ZnNNi3 472 0.85 2.54 3.55 2.37
GaNNi3 103 0.30 3.31 4.57 241
AgNNi3 157 1.02 2.16 3.17 2.27
CdNNi3 179 0.50 3.24 4.46 242
InNNi3 74 0.18 1.49 2.06 241
SnNNi3 159 0.50 1.75 2.62 222
SbNNi3 124 0.35 2.13 2.95 2.40
PtNNi3 25 0.02 2.26 3.46 2.17
PbNNi3 104 0.32 1.67 2.36 2.35
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Fig.8 Electric conductivity of 35
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(eV) chemical potential for SnNNi3, and 3.51 x 1020/Qms
at — 1.46u (eV) chemical potential for ZnNNis3.
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3.2.3 Thermal Conductivity

The optimization of thermoelectric materials also depends
on an important factor called thermal conductivity which is
the transfer of energy in the form of heat due to a difference
in temperature within a material or between materials.
Overall, the thermal conductivity (k = ke + k) comprises of
the electronic contribution (k) and the lattice contribution
(k1), and this later is insignificant compared to k. in
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Fig.9 Electric conductivity of 5 5
PtNNi3, CdNNi3, InNNi3, _CdNNi3 — 300k L InNNi3 300k
SnNNisz, SbNNi3, PtNNi3 and . = ——— 600K = 4 e 500K
PbNNij3 as a function of =" —— 900K g |
chemical potential at 300, 600 E £
and 900 K EER = 3
)
Q =
8 2 Nc 2
= o
~ v
L ~
N 1
o b
Ot+——F— 77T F T+ T 7 ottt L
-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 -2,0 1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0
neVv) H(eV)
4,0 4,0
35 ] SIINNI_3 — 300k 35 ] SbNNl_3 300k
—— 600K — 600K
7 3,0 1 —— 900K @ 3,0 —— 900K
= =
E’ 2,5 E 2,5
3 204 5 204
2 1,5 1 g 1,5
) =
- Aam)
~ 1,0 ~ 1,0 4
© e
\b 0,5 \b 0,5 -
0007177 T T 00T T T T T T
-2,0-1,5-10-05 00 05 1,0 1,5 20 -2,0-1,5-10-05 00 05 1,0 1,5 20
p(eV) n(eV)
8 .
, ] PNNi3 — 300k 2,5 {PbNNi3 —— 300k
] —— 600K )
@ 64 — 900K
=
g °7
5
SER
o
y—(
~ 2 ]
l.)
CRE
0 ] 0,0

n(eV)

most metals. Besides, the electronic thermal conductivity
(ke) is connected to the electronic conductivity via the
Wiedemann—Franz law as follows: ke = Lo T, where L is
the Lorentz number and is equal to 2.44 x 1078 J2/K?/C?
for free electrons. So, a good thermoelectric material
requires a low thermal conductivity, without degrading the
electrical conductivity.

Figures 10 and 11 show the evolution of the thermal
conductivity according to the chemical potential at 300, 600
and 900 K for all the superconducting materials discussed
in this work. From the two figures, we can see that the

@ Springer
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thermal conductivity of all nickel-based materials is almost
zero between — 0.25 and 0.25 wV. It is also observed
that the thermal conductivity is proportional to the increase
in temperature since following the Wiedemann—Franz law,
the electrical conductivity is almost constant and thus the
temperature increases are responsible for the enhancing of
ke. The results obtained in this work indicate a relatively
high thermal conductivity value for any material having
a fairly high electrical conductivity as shown by the case
of the material presented (PtNNi3) which represents the
maximum value of the thermal conductivity; therefore, the
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Fig. 10 Thermal conductivity of 8 12
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Wiedemann—Franz law is well verified in this work (see
Table 2), and our findings confirm the efficiency of the law.

The thermal conductivity increases when one moves
away from p = 0. The significance of this increase is
related to the definition of the chemical potential that can
be described as a force of attraction between the atoms
that causes the lattice vibrations; so, an increase of this
phenomenon of vibration increases the value of the thermal
conductivity of the material. The ZnNNi3 compound is a
good thermal conductor compared to the other materials
studied with the 5 x 10" W/Kms thermal conductivity at

— T T T T
-2,0-1,5 -1,0 -056 0,0 0,5 1,0 1,5 2,0

-2,0-15-10-05 00 05 1,0 1,5 20
n(eV)

room temperature and at Ou (eV) chemical potential and
with a maximum value of approximately 25 x 10'* W/Kms
at — 1.5 (eV) chemical potential. Also for GaNNi3 and
AINNi3, a low value of 8 x 10'3 W/Kms is depicted at Ou
(eV) chemical potential. For the rest of the antiperovskites
studied, the minimum thermal conductivity is 10'* W/Kms
for CdNNi3, InNNi3z and SbNNi3, 2 x 10'% W/Kms for
PbNNi3 and SnNNi3, 4 x 10'* W/Kms for AgNNi3 and
8 x 10" W/Kms for MgNNi3, and finally, the high value
concerns PtNNiz which is about 15 x 10'* W/Kms always
at O (eV) chemical potential.
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Fig. 11 Thermal conductivity of
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3.2.4 Figure of Merit

The figure of merit (ZT) represents a dimensionless
number that predicts the performances of a thermoelectric
material. The figure of merit (Z7) is mathematically
described by the following relation: ZT' = o S2T / k [30],
where T is the absolute temperature (in Kelvin), S the
thermoelectric power (or coefficient of Seebeck), o the
electrical conductivity and K the thermal conductivity.
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The coefficient of merit (Z7T) is greater for high
coefficients of Seebeck (). It is proportional to the ratio of
the electrical conductivity (o) to the thermal conductivity
(K).

The material defined by a ZT greater than or equal to
the unit represents the best elements for the thermoelectric
devices. Figures 12 and 13 represent the figure of merit
according to the chemical potential at 300, 600 and 900 K of
XNNi3 (X = Mg, Al, Cu, Zn, Ga, Ag, Cd, In, Sn, Sb, Pt and
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Fig. 12 Figure of merit of 0,20 1,00
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Pb). From these figures, we can notice that both materials
(AgNNi3 and ZnNNi3) are characterized by high figures of
merit of about 1.02 and 0.86 in the p-type region and of
about 0.78 and 0.82 in the n-type region, respectively. The
figures show also that the value of the figure of merit starts
to decrease beyond zero until reaching — 0.25u (eV) and
0.25u (eV), so this region is the area of the good response
of the material where a high Seebeck coefficient and a low
thermal conductivity are depicted, the reason why we have

2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 15 2,0
u(eVv)

a good factor of merit factor. The zinc and silver materials
have almost the same behavior in both n- and p-type
regions. For the rest of the nickel-based antiperovskites,
the values of the figure of merit found in this work at
room temperature are as follows: 0.59, 0.52, 0.04, 0.29,
0.34, 0.17, 0.16, 0.30, 0.03 and 0.48 for AINNi3, CdNNis,
CuNNi3, GaNNi3, SbNNi3, InNNi3, MgNNi3, PbNNi3,
PtNNi3 and SnNNi3, respectively. We should precise that,
for some antiperovskites such as AINNi3, CuNNi3, GaNNij

@ Springer



3500

J Supercond Nov Magn (2018) 31:3485-3501

Fig. 13 Figure of merit of 0,6
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and InNNis3, ZT is maximal at 900 K so these materials can
be good thermoelectric candidates at high temperature.

4 Conclusion

The use of the BoltzTraP code based on the FPLAPW
method allowed us to study a series of nickel-based
antiperovskite metallic materials, where we obtained results
on their electronic and, for the first time, thermoelectric
properties. Since the density of states around the Fermi
level plays an important role for transport properties,
electronic properties are calculated and show that the
studied materials are of metallic type which is in good
agreement with experimental reports and the Ni-3d and
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N-2p states are responsible for the thermoelectric effects.
For thermoelectric properties, a good behavior of the
materials was noted at room temperature, so we found a
very strong Seebeck coefficient for the ZnNNis material
which is equal to 472 uV/K at Ou (eV) and even a high
electric conductivity with a low thermal conductivity and
that between — 0.25u (eV) and 0.25u (eV) of chemical
potential. These parameters resulted in a high merit factor
in an order of 1.02 and 0.86 in the p-type region and of
about 0.78 and 0.82 in the n-type region for silver- and
zinc-based materials, respectively. Also, the Wiedemann—
Franz law which states that the ratio of thermal to electrical
conductivity for metals is constant is well verified in this work.

Nickel-based superconducting materials can be proposed
for thermoelectric applications and considered as a source
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of low-temperature energy to produce electricity. PtNNi3
antiperovskite has a high electrical conductivity but, in the
same time, a high thermal conductivity and a very low
figure of merit. Also, GaNNi3z and AINNi3 have a low
thermal conductivity but a medium figure of merit; as a
result, our aim from this study is to give wide information
about all the thermoelectric parameters of this series of
antiperovskites and the researchers choose the suitable
element for it. We specify that our results are open to
experimental verifications.
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