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Report: 
 
A key quantity in fully characterizing the thermodynamic properties of materials and 
steels is the Helmholtz free energy of their individual structural and magnetic phases. 
Simulation tools that are well established in industry, e.g., CALPHAD (see project 
STKS-Sapiens), conventionally employ empirical interpolation formulas and 
experimental input to describe the temperature dependence of this energy. In many 
cases, e.g., for novel alloy systems or metastable structures, experimental input data 
are not or only rarely available. This results in a strong interest in incorporating ab 
initio results into these simulation tools.  
In other projects of the ASG Modelling we have made substantial progress in 
determining ab initio free energies for elementary nonmagnetic materials, using 
density-functional theory (DFT). Here, lattice vibrations and (in particular for transition 
metals) electronic excitations yield the dominant contributions to the entropy. Within 
this project we focus on the most challenging contribution, which is of great 
importance for many structural and functional materials (e.g., steels or magnetic 
actuators): the magnetic degrees of freedom. Already for pure Fe, this contribution is 
known to be decisive for the stabilization of the bcc phase. For the magnetic shape 
memory alloy Ni2MnGa, for example, we revealed that the excitation of spin waves 
dramatically affects the dynamic stability of the austenite phase.  
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Fig. 1: Derivation of (a) the specific heat capacity and (b) the free energy of bcc iron, 
including magnetic, electronic and vibronic contributions. The results for all three 
theoretical approaches described in the text are shown and compared with 
CALPHAD and experimental data [3]. 
For iron-based materials, the Heisenberg model has proven to yield a numerically 
efficient yet sufficiently accurate description of magnetic excitations. It provides an 
elegant way to couple ground state ab initio calculations, which are used to 
determine the exchange integrals, with concepts of many-body theory describe the 
full temperature dependence of excited magnetic states and to predict critical 
temperatures. To use this concept for realistic materials we implemented and 
carefully checked during this project a number of analytical and numerical 
approaches with respect to numerical efficiency and predictive power. In this context, 
the specific heat capacity Cp has been identified as a critical quantity, which provides 
also a close link to experiments and in addition to empirical CALPHAD simulations.  
One analytical approach to the free energy of the Heisenberg spin system, which has 
already been developed before the start of the project, is based on the random phase 
approximation [1,2]. In combination with vibronic (quasiharmonic approximation) and 
electronic (finite temperature DFT) contributions, it allowed us to obtain a remarkably 
accurate description of Cp below the critical temperature (see Fig. 1a). For a proper 
description of the region above the critical temperature, however, short-range 
correlations are critical and need to be taken into account. We therefore explored 
various Monte Carlo (MC) schemes.  
Classical MC calculations that neglect quantum effects, yields significant 
shortcomings in the low temperature regime (see shaded region in Fig. 1a). We 
have, therefore, derived from an extensive set of quantum and classical Heisenberg 
model systems a rescaling scheme [3], which provides the accuracy of QMC 
calculations at much cheaper numerical costs (brownish line in Fig.1). Analyzing this 
concept in more detail, we discovered a universal behavior of the thermodynamic 
properties for the Heisenberg model with respect to the kind of the interaction (long- 
vs. short-ranged, ferro- vs. anti-ferromagnetic) and the lattice structure.  
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This universality motivates the definition of an 
effective nearest-neighbor Heisenberg model 
with just one interaction parameter. The latter 
is, e.g., related to TC, which can be either 
determined by ab initio calculations or taken 
from experiment. Treating this effective model 
with QMC yields for bcc Fe an excellent 
agreement with experimental Cp(T) data and 
free energies (Fig. 1). The application of the 
same approach to the 3d ferromagnets cobalt 
and nickel (see Fig. 2), demonstrates its 
excellent transferability to other magnetic 
systems containing a single magnetic species 
[4].  
We have, therefore, applied the developed 
methodology to more complex systems, such 
as, e.g., cementite (Fe3C), which is a highly 
relevant phase for steel design. Due to a large 
scatter in the experimental Cp (see Fig. 3a) an 
unambiguous thermodynamic assessment 
(e.g., CALPHAD) of this system is challenging. 

 
Fig. 2: Specific heat capacity for fcc 
Co and Ni [4]. For the magnetic 
contribution to the free energy the 
QMC data for the effective 
Heisenberg model are used. 

As demonstrated in Fig. 3, our method yields not only a clear prediction of Cp(T) 
particularly in the high temperature regime, it also provides a hitherto not achieved 
insight into the impact of magnetic contributions to the phase stability of Fe3C (Fig. 
3b)  [5].  
 

a)  b)  

Fig. 3: Different ab initio determined contributions to (a) the specific heat capacity and 
(b) the formation enthalpy of cementite. The latter is aligned with CALPHAD at T=0K. 
Our theoretical approach is compared to experimental data (black symbols) as well as 
two CALPHAD assessments (green lines) [5]. 
 
 



ICAMS PROJECT REPORT 
Project Magnetic contributions to the free energy of 
metals: Application to the different magnetic materials  
Short title: Magnetic free energy    
 
At the end of the project we introduced a scheme to compute atomic forces at finite 
magnetic temperatures, for which we developed a spin-space averaging (SSA) 
procedure [7]. In the proposed scheme the SSA forces are obtained by coarse-
graining the magnetic configuration space. For example, the atomic forces in the 
high-temperature paramagnetic state, where the local magnetic moments are 
randomly distributed, are obtained by statistical averaging over a sufficiently large set 
of magnetic structures. The magnetic configurations are constructed using the 
concept of special quasi-random structures as obtained from the ATAT package. In 
addition, the symmetries of the underlying crystal have been used.  
From the effective SSA forces the phonon spectra can straightforwardly be deduced. 
In Ref. [7] we demonstrate that the theoretical results of our new scheme for bcc and 
fcc Fe agree very well with experimental data in the paramagnetic (PM) state. Even 
particularities such as the strong phonon softening for bcc Fe around the N-point 
(reflecting the infamous strong decrease in the elastic C’ and C11 elastic constants at 
higher temperatures) are reproduced.  
In conclusion, the set of ab initio based methodologies developed in the last years 
allows a reliable and parameter-free prediction of the magnetic contribution to the 
free energy of materials and can be applied to a wide range of materials [6]. Due to 
high potential of the approaches also in the context of CALPHAD, a close 
collaboration with the STKS Sapiens group has been established in the last years. 
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