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Abstract 

In this work we report on modelling of thermophysical 

properties for both the solid and liquid phase in pure 

elements using first-principles calculations. Our theoretical 

approach considers the different physical contributions to 

the thermophysical properties from electronic excitations, 

phonons, magnetic excitations, etc. We extensively 

compare the results of calculations with experiments. We 

then review possible models for the solid-liquid transition 

and discuss some related issues. Several elements were 

considered in this work, starting with Fe, Cr, Al, Ni. 

 

Introduction 

The impressive developments in the field of first-

principles calculations allow now to compute several 

thermophysical properties of solids in a well-established 

theoretical framework [1]. DFT calculations have proved 

especially useful to this aim.  

The main contribution is originated from the lattice 

vibrations or phonons, which can be evaluated using DFT 

and the Density Functional Perturbation Theory (DFPT) 

[2], as implemented for example in the Quantum Espresso 

code [3]. Using these methods, phonon dispersions can be 

calculated and compared with experimental results from 

neutron scattering. Thermophysical properties are then 

evaluated by thermodynamic integration using both the 

harmonic and quasi-harmonic approximations [4]. 

Electronic excitations are then included from DFT-

calculated electronic density of states (eDOS) using the 

Fermi-Dirac statistics. When necessary, the contribution of 

magnetic excitations can also be included, as well as the 

contribution from vacancies and anharmonic excitations. 

For the liquid phase, the above theoretical scheme is not 

practically applicable because of the absence of 

translational invariance. Thus, the most powerful 

theoretical approach is Ab Initio Molecular Dynamics 

(AIMD) [5] which allows the calculation of 

thermophysical properties but with a high computational 

effort needed.   

The theoretical description of the solid-liquid transition is 

instead still controversial. Criteria for the estimation of the 

melting point have been established [6]. It should also be 

mentioned that a proper description of the properties of the 

liquid phase at low temperatures requires the modelling of 

the glass transition [7].  

 

Experimental data 

Despite the main focus of this work is related to first-

principles calculations and modelling, experimental data 

are of primary importance to validate the theoretical 

approach. Thus, a significant effort has been devoted in the 

collection of literature data for many thermophysical 

properties of several pure elements. The properties 

analysed are: phonon dispersions, heat capacity data, 

melting points, Curie/Neel temperatures, lattice 

parameters, bulk modulus, elastic constants, enthalpy, 

Gruneisein parameters, etc. 

 

Theoretical results 

By employing the theoretical methods outlined in the 

previous sections, several thermophysical properties (heat 

capacity, thermal expansion, bulk modulus, etc.) were 

calculated as a function of temperature for pure elements 

such as Fe, Cr, Al, Ni.  

As an example, we show in Fig. 1 the phonon dispersion 

curves for bcc Cr calculated at room temperature, which 

compare well with experimental data from the literature.  

 
 

 

Figure 1 Phonon dispersion curves for bcc Cr calculated 

using Quantum Espresso at 293 K and compared with 

experimental data.  

 

In Fig. 2, we present the calculated heat capacity for fcc Ni 

including lattice vibrations in the harmonic approximation 

(gray line), lattice vibrations in the quasi-harmonic 

approximation (red line) and with electronic excitations 

(green line). The latter agrees well with the available 

experimental data, apart from the magnetic transition. 

  



 
 

Figure 2 Calculated heat capacity for fcc Ni including 

phonon contribution (in the harmonic and quasi-harmonic 

approximations) and electronic excitations. Experimental 

data are reported for comparison. 

In Fig. 3, we show the calculated results for fcc Ni in the 

quasi-harmonic approximation and the related 

experimental data. As for the heat capacity results, the 

agreement is satisfactory apart from the magnetic 

transition. 

 

 
 

Figure 3 Calculated thermal expansion for fcc Ni 

including phonon contribution (in the harmonic and quasi-

harmonic approximations). Experimental data are 

reported for comparison. 

 

Similar calculations (not shown) have been performed for 

other properties such as bulk modulus, lattice parameters, 

enthalpy, etc. In some cases, an offset between the 

calculated values and the experiments have been found, 

which is approximately constant with temperature and 

already present at 0 K. 

 

On the solid-liquid and glass transition 

Theoretical approaches for the description of the solid-

liquid transition and the estimation of the melting point of 

a solid phase have been proposed in the literature from 

first-principles calculations, based on different methods 

(see for example ref. [8]). We outline in this work the main 

features of these methods, showing advantages and 

disadvantages, including some issues related to glass 

transition.  
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