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ABSTRACT 

An investigation on the phonon and thermodynamic properties of superconducting ZnNNi3 has been conducted using 

the norm-conserving pseudopotential method, which is based on the first-principle density functional perturbation 

theory (DFPT) with local density approximation (LDA). Our calculated results suggested that the ZnNNi3 is 

dynamically unstable, which is the characteristic of the phase changing material. The Debye temperature and the 

longitudinal and transverse sound velocities have been calculated. To the best of our knowledge there are no 

available data in literature for comparison. So, our calculated results can be seen as a prediction for future 

investigations. 
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I. INTRODUCTION 

In last few years an intensive research effort has emerged that aims at identifying and characterizing relatively low 

Tc superconductors that are exotic in their nominal state properties and order parameters symmetry. Since the 

unexpected appearance of superconductivity having Tc ~ 8 K for Ni- rich ternary carbide MgCNi3 with cubic 

antiperovskite-like structure [1], a much interest have been paid in the scientific community to other related 

materials. The nature of the superconducting state in these compounds is controversial and remains an open problem 

[2-4]. Due to understand the origin of exact nature of superconductivity, the researches of a set of ternary carbon 

containing antiperovskite MgCNi3 has been performed intensively [5-17]. A detail study of the properties of MgCNi3 

and related antiperovskite-type carbides [18-22] and efforts to improve their properties through their chemical 

substitution [23-26] have also been carried out. 

Recently, the discovery of a new carbon free superconductor ZnNNi3 with Tc ~ 3 K [27] has been synthesized, which 

has been successfully prepared by reacting Zn with Ni powders in NH3 gas [28]. To the best of our knowledge, this 

is the only Ni-based nitrogen containing superconducting material and is now very intriguing. Further, very recently 

a set of antiperovskite-like Ni-rich ternary nitrides MNNi3 (M= Zn, Mg, Cd, Al, Ga, and In) has been synthesized 
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and characterized by means of band structure calculations [28-37]. Also the optical and mechanical properties of 

MNNi3 have been calculated theoretically [37].  

In order to fully take advantages of the properties of ZnNNi3, a thorough investigation of its phonon and 

thermodynamic properties is necessary. Further, understanding on the relationship between superconductivity and 

ferromagnetism in Ni-based antiperovskite superconductor, it is necessary to synthesize as many as new materials. 

The calculations of phonon and thermodynamic properties of solids, surfaces and nanocrystals play an important role 

in the structural characterization of matter. As far as we know no attempt has been made to calculate the phonon and 

thermodynamic properties of superconducting ZnNNi3. In view of the above circumstances, we report a detailed 

study of phonon and thermodynamic properties of superconducting ZnNNi3. 

II. METHOD OF CALCULATIONS 

The calculations are performed using the first-principle pseudopotential method in the framework of density 

functional perturbation theory (DFPT) with local density approximation (LDA) as implemented in CASTEP code 

[38]. Atomic pseudopotentials are generated separately for atoms Zn, N, and Ni by using the 3d104s2, 2s22p3, and 

3d84s2 atomic configuration respectively. A 4×4×4 Monkhorst-Pack grid is chosen for k-grid sampling in the 

Brillouin zone integration. The plane-wave cut off energy is taken as 860 eV. The Ni-based ZnNNi3 superconductor 

adopts a cubic structure consisting of Zn atoms at the corners, N at the body center, and Ni at the face centers of the 

cube. 

III. RESULTS AND DISCUSSION 

3.1 Phonon properties 
In order to calculate the phonon dispersion spectra of ZnNNi3, we have used density functional perturbation theory 

(DFPT). The phonons in the ZnNNi3 have been calculated to check whether softening of acoustic phonon are there 

or not in some crystal symmetry directions as it is supposed to be connected to phase change in this compound. The 

phonon dispersion spectra of ZnNNi3 along the principle symmetry direction of the Brillouin zone are displayed in 

Fig. 1. The primitive cell of ZnNNi3 consists of five atoms; the corresponding number of phonon modes is 15, where 

3 of acoustics and the remaining 12 are the optic modes. Due to large difference in mass, the phonon dispersion 

curves of ZnNNi3, decomposes into two well separated parts, a low frequency region with predominantly Zn and Ni 

atoms and the vibration of the light N atom in high frequency region. So a clear gap is formed between them, as seen 

in Fig. 1.        
 

   

 

 

 

 

 

 
 
       Fig. 1. Phonon dispersion curves of ZnNNi3.           Fig. 2. Total and partial phonon density of States of ZnNNi3. 
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In Fig. 2, total and partial phonon density of states (PPDOS) of ZnNNi3 is shown. We see that the top most region 

about 623.5 cm-1 consisting of three phonon branches are due to N atom vibrations, the middle and lower twelve 

branches are due to Zn and Ni atom vibrations. It is well known that the nature of the phase transitions and the 

dielectric and piezoelectric responses of a compound are determined from the unstable modes. Unstable mode is one, 

which has negative frequencies, i.e. their dispersion is shown below the zero frequency line. In the present study, the 

negative frequency is observed in ZnNNi3 as shown in Fig. 1, which is the clear indication of the lattice dynamical 

instability.  Also it is seen from the PPDOS that the unstable mode arises due to the vibrations of Ni atom. While 

such soft phonon modes are noted before on complex oxide ferroelectrics, such as Pb(Zr, Ti)O3, BaTiO3 and KNbO3 

[39-41]. The present results show the similar behavior in comparison with the oxide ferroelectrics.  

 
3.2 Thermodynamic properties 

Structural phase transitions and thermodynamic properties in condensed matter and materials science research play 

an important role on applications, as well as in interdisciplinary research. Recently, a growing interest in the field of 

thermodynamic properties of solids has been paid due to the development of advanced experimental and modeling 

tools.  

The Debye temperature is an important physical quantity which is used to describe the different phenomena in solids 

such as lattice vibration, elastic constant, specific heat and melting point. The Debye temperature can be calculated 

from the average sound velocity (vm), by the following equation [42]: 
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Where h is the Planck’s constant; k is the Boltzmann’s constant; NA is the Avogadro’s number; ρ is the density; M is 

the molecular weight, and n is the number of atoms in the formula unit. vm is defined as [43]: 
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Where vl and vt represents the longitudinal and transverse sound velocity, respectively, which can be obtained by the 

shear modulus (G) and Bulk modulus (B) [42]: 
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In table 1, Debye temperature, longitudinal and transverse sound velocities are displayed. Unfortunately, as far as we 

know, there are no experimental or theoretical data on these properties of ZnNNi3. Future experiment will test our 

results. 
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Table 1: Bulk modulus (B), Shear modulus (G), Longitudinal sound velocity (vl), Transverse sound velocity (vt), 

average sound velocity (vm) and Debye temperature (θD) of ZnNNi3.  

 

 

 

 

 

 

 

 

                                            Fig. 3. Temperature dependence of specific heat of ZnNNi3. 

Specific heat is a measure of energy that a substance can absorb or emit in a given period of time. The molar specific 

heats of most solids at room temperature and above are nearly constant, in agreement with the Law of Dulong and 

Petit. At lower temperatures the specific heats drop as quantum processes become significant. The low temperature 

behavior is described by the Einstein-Debye mode l of specific heat. The contribution of specific heat capacity from 

the lattice vibrations of ZnNNi3 are illustrated in Fig. 3. At temperatures T ≫θD the specific heat agrees with Dulong 

and Petit’s law (Cv ~3R) [44]. At T ≪θD the specific heat is proportional to T3. It indicates that the atomic interaction 

of ZnNNi3 occurs at low temperature. 

IV. CONCLUSIONS 

In summary, we have carried out a detailed investigation of phonon and thermodynamic properties of ZnNNi3 from 

first principles. The analysis reveals that this material is not dynamically stable. In particular, the softening of 

phonons and instability of modes are the features which are supposed to be connected to phase transitions in this 

compound. The specific heat is also calculated as a function of temperature. Since there are no experimental and 

theoretical data available for these quantities, we think that the ab initio theoretical estimation is only the reasonable 

tool obtaining such important information. It is expected that our calculations should motivate experimental and 

other theoretical study on this compound.   
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