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Abstract: A simple modeling method to extend first-principles electronic structure calculations to
finite temperatures is presented. The method is applicable to crystalline solids exhibiting complex
thermal disorder and employs quasi-harmonic models to represent the vibrational and magnetic
free energy contributions. The main outcome is the Helmholtz free energy, calculated as a func-
tion of volume and temperature, from which the other related thermophysical properties (such as
temperature-dependent lattice and elastic constants) can be derived. Our test calculations for Fe, Ni,
Ti, and W metals in the paramagnetic state at temperatures of up to 1600 K show that the predictive
capability of the quasi-harmonic modeling approach is mainly limited by the electron density func-
tional approximation used and, in the second place, by the neglect of higher-order anharmonic effects.
The developed methodology is equally applicable to disordered alloys and ordered compounds and
can therefore be useful in modeling realistically complex materials.

Keywords: quasi-harmonic approximation; Debye model; first-principles calculations; Helmholtz
free energy; thermophysical properties; cubic metals

1. Introduction

The first successful applications of Debye–Grüneisen theory to derive thermal proper-
ties of metals [1] from the total energies calculated on the basis of density functional theory
(DFT) [2,3] were later overshadowed by the great success of quasi-harmonic evaluation
of the phonon free energy from DFT-computed phonon spectra [4–9]. Furthermore, free
energy evaluation by means of thermodynamic integration of ab initio (or classical ab-initio
based) molecular dynamical simulation is now often used for describing systems with
strong anharmonic effects at high temperatures [10–12]. All these recent developments are
truly impressive and yield extremely valuable data about the behaviors of anharmonic
systems, but at an extremely high computational cost.

A number of approaches for reducing the computational cost have been proposed, to
enable modeling realistically complex systems [11,13–17]. In multi-scale modeling, the data
obtained from very detailed atomic-scale models [18] must be represented in the form of
effective parameters of coarser-grained models, for example as thermophysical properties
of alloy phases considered in continual models [19–25]. In the context of coarse-graining,
as a part multiscale modeling, most useful are simple models that can capture the essential
physics of complex behavior of a real system.

Due to its nice analytic properties, the Debye model is a very attractive choice for
representing vibrational free energy of close-packed crystalline systems (such as elemental
metals, substitutional metallic alloys, or intermetallic compounds) at temperatures much
below the melting point [19,20]. One clear advantage of Debye model is that it yields
the vibrational energy and entropy contributions to the Helmholtz free energy as closed
expressions, from which all related thermodynamic properties can be derived.
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In this work, we follow the idea of Ehteshami and Korzhavyi [26] to connect the Debye
model to finite-temperature electronic structure calculations via Debye temperature ΘD
parameter evaluated from the elastic constants. In contrast to previous formulations of
the Debye model [1], we do not introduce an “isotropic” Grüneisen constant to represent
the volume dependence of compressibility, but describe the volume dependence of ΘD
through directionally-averaged longitudinal and transverse stiffness constants [27–30] that
are computed as functions of volume and temperature.

Performance of the so-formulated quasi-harmonic Debye model is tested here for
selected elemental metals with the face-centered cubic (fcc) and body-centered cubic (bcc)
crystal structures. Equilibrium lattice parameters, elastic constants, and their temperature
dependencies are derived from the modeled Helmholtz free energy containing the elec-
tronic and vibrational contributions. By comparing the calculated results with available
experimental data, we demonstrate the advantages and limitations of the present formula-
tion of quasi-harmonic Debye model (QDM) and discuss its possible generalizations.

2. Materials and Methods

First-principles calculations, interfaced to a quasi-harmonic formulation of the Debye
model, are employed in this work for modeling the Helmholtz free energy of fcc Cu, Ni,
and γ-Fe metals (the latter two are considered in the high-temperature paramagnetic state),
as well as for bcc β-Ti, Cr, Mo, and W metals. Anharmonic effects are known to play
a crucial role in the stabilization of β-Ti at high temperature, so that a quasi-harmonic
treatment is clearly insufficient in this case, which is included in the present study mainly
for pedagogic reasons.

Self-consistent electronic structure calculations were performed in the generalized
gradient approximation (GGA) using the PBE (parameterized by Perdew, Burke, and
Ernzerhof) exchange-correlation functional [31] and the exact muffin-tin orbital (EMTO)
method [32], implemented within Green’s function formalism augmented by the coherent
potential approximation (CPA) [33,34]. The electronic free energy was calculated from the
self-consistent electron density using the full charge density technique [35,36]. The method
allows for evaluating the electronic and magnetic free energy contributions associated,
respectively, with partial occupancy of electron states [37] and with paramagnetism of dis-
ordered local moments (DLM) [38] at a non-zero electronic temperature, see Reference [26]
for further details of the theoretical treatment.

Technical details of the calculations were as follows. Monkhorst–Pack meshes of
special points [39] were used for Brillouin zone integration, 33 × 33 × 33 for bcc and
29 × 29 × 29 for fcc metals. For each metal, the electronic free energy and its derivatives
with respect to two volume-conserving shear distortions (related to cubic elastic constants
C44 and C′) were evaluated on a grid of temperature and Wigner–Seitz radius (RWS, related
to atomic volume as V = 4πR3

WS/3) values. The results of such calculations for fcc Cu
metal are presented in Figure 1a,b.

For the two types of shear, the partial (electronic) free energy of Cu shown in Figure 1a
is a quadratic function of the distortion, with the proportionality coefficients that are almost
temperature-independent, especially C44. The volume dependence of partial free energy
shown in Figure 1b is a function that changes very little with temperature, indicating
a small value of the electronic heat capacity typical of a metal with a closed d-electron
shell. As a result, the Debye temperature, Figure 1c, evaluated from the elastic constants,
is practically independent of electronic temperature in the range from 800 to 1200 K. Its
volume dependence is rather strong and slightly non-linear. By plugging the calculated
Debye temperature into the Debye model and adding the modeled vibrational free energy
to the partial free energy, one gets the Helmholtz free energy plotted in Figure 1d. Its
minimum at each temperature corresponds to the equilibrium Wigner–Seitz radius; by
following the evolution of the minimum point with temperature (down triangles connected
with a dashed line) one can derive thermal properties such as heat capacity and thermal
expansion coefficient (TEC).
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from 𝐶44, 𝐶′, and 𝐵el; (d) Helmholtz free energy obtained by adding the vibrational free energy in the Debye model to 

the electronic free energy. Dashed line with down triangles indicates the temperature-dependent equilibrium volume. 

Figure 2 illustrates the application of a similar computational procedure to the case 

of fcc Ni, the element preceding Cu in the Periodic table. The 3d-electron shell of Ni is 

incompletely filled, giving rise to its local magnetic moment. The high-temperature para-

magnetic state of Ni is considered here.  

Several schemes based on the DLM approach have been proposed for the treatment 

of paramagnetic disorder [26,40–43]. Here we use the self-consistent mean-field approach 

of Reference [26], where an average magnetic-moment magnitude 𝑚 (in Bohr magneton 

units) is ascribed to every atom. The orientation of each atomic moment is completely 

arbitrary in the paramagnetic state, generating a magnetic entropy 𝑆mag = 𝑘Bln(𝑚 + 1) 

per magnetic atom. Here 𝑘B is the Boltzmann constant. For an integer magnetic moment, 
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Figure 1. Parameterization of the Debye model using elastic property calculations for fcc Cu, a metal with a closed d-electron
shell: (a) electronic free energy dependencies on two volume-conserving distortions, to calculate shear elastic moduli C44

and C′ at each considered Wigner–Seitz radius RWS and electronic temperature Tel; (b) electronic free energy dependence
upon isotropic strain, to calculate adiabatic bulk modulus Bel(V, Tel); (c) Debye temperature estimated from C44, C′, and Bel;
(d) Helmholtz free energy obtained by adding the vibrational free energy in the Debye model to the electronic free energy.
Dashed line with down triangles indicates the temperature-dependent equilibrium volume.

Figure 2 illustrates the application of a similar computational procedure to the case
of fcc Ni, the element preceding Cu in the Periodic table. The 3d-electron shell of Ni
is incompletely filled, giving rise to its local magnetic moment. The high-temperature
paramagnetic state of Ni is considered here.
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Figure 2. Parameterization of the Debye model using elastic property calculations for paramagnetic fcc Ni, a metal with
an open d-electron shell: (a) electronic free energy dependencies on two shear distortions, to calculate C44 and C′ at each
considered RWS and Tel; (b) electronic free energy dependence upon isotropic strain, to calculate adiabatic bulk modulus
Bel(V, Tel); (c) Debye temperature estimated from C44, C′, and Bel; (d) Helmholtz free energy obtained by adding the
vibrational free energy in the Debye model to the electronic free energy. Dashed line with down triangles indicates the
temperature-dependent equilibrium volume.

Several schemes based on the DLM approach have been proposed for the treatment of
paramagnetic disorder [26,40–43]. Here we use the self-consistent mean-field approach of
Reference [26], where an average magnetic-moment magnitude m (in Bohr magneton units)
is ascribed to every atom. The orientation of each atomic moment is completely arbitrary in
the paramagnetic state, generating a magnetic entropy Smag = kB ln(m + 1) per magnetic
atom. Here kB is the Boltzmann constant. For an integer magnetic moment, m + 1 gives
the number of its possible projections on a quantization axis. It can be shown that, in the
harmonic approximation where the energy is assumed to be a parabolic function of m,
longitudinal fluctuations of magnetic moment around its average value do not additionally
contribute to Smag.
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By self-consistently including the magnetic entropy contribution into the electronic
free energy, one gets a splitting of the one-electron potential by ∆U↑,↓ = ∓kBT/(m + 1),
where the up- and down-arrows denote, respectively, the majority and minority spin
channels in the spin coordinate framework associated with an atom. It is noteworthy that
this mean-field potential shift does not depend on the curvature of the parabolic function,
but is temperature-dependent, favoring larger values of m at a higher temperature.

This makes the values of m and Smag depend not only on volume, but also on temper-
ature. This magnetic contribution, in addition to the electronic contribution proportional
to the density of states at the Fermi level (which is higher in the case of Ni with an open
d-shell), causes a stronger temperature dependence of the partial (electronic) free energy
in the case of Ni as compared to Cu, see Figure 2a,b. The onset of magnetic moment and
electronic excitations contribute to the Debye temperature shown in Figure 2c, whose vol-
ume dependence exhibits a kink at RWS ∼= 2.65 bohr and whose temperature dependence
becomes more pronounced at larger volumes.

By comparing the rates at which the free energy curves accelerate down with tem-
perature (Figures 1b and 2b), one can deduce that electronic contributions to the thermal
properties are much stronger in the case of Ni (paramagnetic transition metal) than in the
case of Cu (normal metal with no atomic moments). Still, the magnetic moment on Ni
is relatively small, so the magnetic contributions to thermal expansion and heat capacity
of Ni, which can be deduced from Figure 2b,d, are also small compared to the respective
vibrational contributions, see Reference [44] for further details.

Iron, as an element from the middle of the 3d transition series, exhibits high values
of magnetic moment, exceeding 2 Bohr magnetons at large volumes. The strong volume
dependence of magnetic moment enhances the volume dependencies of elastic constants,
Figure 3a,b, to make the Debye temperature non-linear at large volumes, showing increas-
ingly strong positive deviations from linearity at higher temperatures, see Figure 3c. The
origin of this “upturn” of Debye temperature at large volumes is due to a competition of
magnetic entropy and energy contributions: The entropy gain is overwhelmed by the high
energy cost of increasing an already large paramagnetic moment.

This interplay of magnetic contributions has important consequences for the equilib-
rium volume and other thermal propertied of fcc Fe. As Figure 3b shows, the minimum of
partial free energy occurs at a much lower RWS value of about 2.62 bohr, to be compared to
about 2.70 corresponding to the Helmholtz free energy minimum in Figure 3d at 1250 K.
As the Figure also shows, the initially very rapid thermal expansion slows down at high
temperature (anti-invar effect).

Another well-known example of strong temperature effect is the case of β-Ti, which is
mechanically unstable in the bcc structure at low temperature but is stabilized at elevated
temperatures due to a complex interplay of electronic and vibrational (both harmonic and
anharmonic) contributions [12,45–47]. Although it is clear that the present quasi-harmonic
treatment of lattice vibrations is insufficient in such a complex case, it is instructive to
analyze it to see the capabilities and the limits of our methodology.

The instability of facilitates itself in the negative values of tetragonal shear constant
C′, that makes both Debye temperature and vibrational free energy ill-defined (imaginary)
at large volumes and low temperatures. However, electronic temperature tends to remove
this instability by changing the slope of the partial free energy as a function of tetragonal
distortion, Figure 4a so that at 1500 K the C′ attains a positive value, making the Debye
temperature and Helmholtz free energy of β-Ti real-valued. They are shown as full lines in
Figure 4c,d. It is noteworthy that, in the present model, this stabilization (i.e., removal of an
electronic instability) is caused solely by the Fermi smearing of electron state occupancy. In
reality, there is another strong contribution to the stabilization, coming from anharmonicity
(namely, changes in the electron structure caused by large amplitudes of random atomic
displacements from the ideal bcc lattice sites) [10–14,45–47]. An extension of the CPA
methodology can take this effect into account [48], but has yet to be implemented on the
basis of EMTO method.
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Figure 3. Parameterization of the Debye model using elastic constant calculations for paramagnetic fcc Fe, a metal with
an open d-electron shell: (a) electronic free energy dependencies on two shear distortions, to calculate C44 and C′ at each
considered RWS and Tel; (b) electronic free energy dependence upon isotropic strain, to calculate adiabatic bulk modulus
Bel(V, Tel); (c) Debye temperature estimated from C44, C′, and Bel; (d) Helmholtz free energy obtained by adding the
vibrational free energy in the Debye model to the electronic free energy. Dashed line with down triangles indicates the
temperature-dependent equilibrium volume.
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with an open d-electron shell: (a) electronic free energy dependencies on two shear distortions, to calculate C44 and C′

at each considered RWS and Tel; (b) electronic free energy dependence upon isotropic strain, to calculate adiabatic bulk
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the three elastic moduli are positive, missing points mean elastic instability of bcc lattice; (d) Helmholtz free energy obtained
by adding the vibrational free energy in the Debye model to the electronic free energy. Dotted lines indicate temperatures at
which ΘD is partly imaginary. Dashed line with down triangles indicates the temperature-dependent equilibrium volume.

Despite the limitations of quasi-harmonic Debye model in the present formulation, it
is able to describe the thermal stabilization of the bcc crystal structure of β-Ti and even to
closely reproduce the large value of its lattice parameter measured at high temperature [49]:
the free energy minimum in Figure 4d occurs at RWS ∼= 3.08 bohr, which corresponds to a
lattice parameter of 3.31 Å. This observation shows that the present modeling methodology,
in the present or extended [48] form, may be very useful in studies of the alloy phases that
exhibit a lattice instability in a certain domain of temperature and composition. However,
we leave this interesting subject for future studies.
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In the rest of this paper, let us consider elemental metals that are stable in a cubic
crystal structure, fcc (Cu, Ni, and γ-Fe) and bcc (Cr, Mo, W). These elements are relevant
to many technological applications and exhibit a variety of thermal properties, such as
thermal expansion and temperature-dependent elastic moduli, for which experimental
data are available.

3. Results

In this section we benchmark the present modeling approach by comparing its results for
the selected fcc and bcc metals with experimental data on their respective equilibrium lattice
parameter, thermal expansion coefficient, and elastic constants. When comparing the theory
and experiment, one should keep in mind that more approximations underlie the theoretical
results than those involved in the present formulation of quasi-harmonic Debye model. Such
approximations as the GGA may be the main cause for the discrepancy with experiment in
some cases [50]. Additionally, in some cases the scatter of experimental data is too large to
make a quantitative comparison, so it is important to analyze qualitative trends, as well.

3.1. Face-Centered Cubic Metals

We begin our analysis with the three fcc metals of the 3d series, of which Cu and Ni
exist as fcc in the whole temperature range below the melting temperature, while γ-Fe is a
medium-temperature crystalline phase sandwiched between two bcc phases, α- and δ-Fe.
As Figure 2a,b and Figure 3a,b show, the fcc crystal structure of Ni and Fe is mechanically
stable when these metals are treated as disordered-local-moment paramagnets. To describe
Pauli-paramagnetic state of fcc Cu, standard non-spin-polarized calculations are sufficient.
In the GGA approximation, they reproduce the mechanical stability of the fcc crystal
structure, Figure 1a,b, but slightly overestimate its equilibrium lattice parameter [50], see
Figure 5a. The calculated lattice parameters of Ni and γ-Fe presented in Figure 5a are
much closer to the experimental data points, as compared to the case of Cu. The slopes of
temperature dependence for the lattice parameters of Cu, Ni, and γ-Fe are qualitatively
reproduced by the model; a more quantitative comparison will be made below.
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The GGA-calculated elastic constants of Cu metal are compared with two sets of
experimental data in Figure 5b. The tendency of elastic constants to decrease with increas-
ing temperature is reproduced well by the calculations, but the C11 and C12 values, as
well as the value of bulk modulus BT = (C11 + 2C12)/3, are underestimated compared to
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experiment, which is a consequence of the overestimated lattice parameter aT of Cu by the
GGA [50], see Figure 5a.

Our calculations for other metals, summarized in Table 1, show a clear anti-correlation
tendency between the errors in theoretical estimates of the lattice parameter and bulk
modulus: if the lattice parameter aT is overestimated by the GGA, then the bulk modulus
BT is underestimated (as in the cases of Cu, Mo, and W) and vice versa (as in the case of
Cr). It is remarkable that for the two other fcc metals studied, Ni and γ-Fe, our calculations
yield very close estimates of their lattice parameters and bulk moduli.

Table 1. Calculated lattice parameters and bulk moduli of selected cubic metals at elevated tempera-
tures, in comparison with experimental data. “Electronic” ael and Bel are determined, respectively,
from the minimum and the curvature of the partial free energy curve as in Figure 1b. Equilibrium
aT and BT are calculated from the minimum and the curvature of the Helmholtz free energy curve
corresponding to temperature T, see Figure 1d for example.

Metal T, K Lattice Parameter, Å Bulk Modulus, GPa

ael aT aexp
1 Bel BT Bexp

1

Cu 800 3.638 3.682 3.646 140.0 118.0 124.8
% error, Reference −0.2 +1.0 [51] +12.2 −5.4 [53]

Ni 800 3.526 3.555 3.550 194.1 174.4 171.0
% error, Reference −0.7 +0.1 [51] +13.5 +2.0 [55]
γ-Fe 1250 3.540 3.640 3.652 136.7 103.1 102.7

% error, Reference −3.0 −0.3 [52] +33.1 +0.4 [56]
β-Ti 1250 3.27 3.32 3.31 106.2 90.9 87.7

% error, Reference −1.3 +0.3 [49] +21.0 +3.6 [57]
Cr 1000 2.851 2.871 2.901 249.7 229.6 190

% error, Reference −1.7 −1.0 [58] +31.4 +20.8 [59]
Mo 1000 3.164 3.181 3.159 249.1 231.5 247.5

% error, Reference +0.2 +0.7 [60] +0.6 −6.5 [61]
W 1000 3.192 3.206 3.175 294.2 275.9 298.3

% error, Reference +0.5 +1.0 [62] +12.2 −5.4 [63]
1 Experimental data have been interpolated or extrapolated to the given temperature.

3.2. Body-Centered Cubic Metals

Of the studied bcc metals, β-Ti represents a special case as its cubic crystal structure
is temperature-stabilized due to electronic and vibrational effects. Since the anharmonic
vibrational effects are not fully incorporated into the present model, it predicts the bcc
structure to become fully stable at too high temperature of about 1500 K, see Figure 4d.

However, Table 1 shows that the quasi-harmonic Debye model predicts the lattice
parameter and the bulk modulus of β-Ti quite accurately. It also shows that the vibrational
contributions to these properties are essential because the estimates based on partial
“electronic” free energies, ael and Bel, are too far from the experimental data, deviating
by −1.3% and +21.0%, respectively. The lattice parameters of Mo and W metals are
overestimated in the GGA, which is expectable [31,50]. An overestimation of aT by 1%
corresponds to a 3% error in the unit cell volume and in a bulk modulus that is smaller by
about 6% in comparison with experiment.

However, in the case of Cr, the theory fails in a very different way. First of all, the
lattice parameter is quite strongly underestimated, see Table 1. Although the inclusion of
vibrational effects brings the calculated values of lattice parameter and bulk modulus at
1000 K closer to the experimental values, still the errors are quite large.

Secondly, one can try to cancel out some of the systematic errors by calculating the linear
thermal expansion coefficient, defined relative to the calculated room-temperature lattice
parameter a0 as α = a−1

0 ∆(daT/dT). As Figure 6 shows [51,52,58,62,64–66], for most of the
studied metals, one finds the calculated TEC values (open circles) are in reasonable agreement
with experimental data (lines representing the original or new fits through the data points).
The calculated values are systematically below the measured values; the difference between
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them increases with temperature. This is consistent with the fact that some anharmonic
contributions are missing in the present model, they become more important at temperatures
approaching the melting point. Exceptions are paramagnetic metals γ-Fe and bcc Cr. The
present model predicts the high value of TEC of γ-Fe correctly, but fails to accurately describe
its temperature (in)dependence [67]. For Cr, the model seems to work well below about 1000
K, but at higher temperatures, where an accelerated thermal expansion of Cr begins, the
theory fails to predict the strongly increased TEC values.

The case of β-Ti is not considered here because it is clearly beyond the capability of the
present model. However, the model is capable of describing the differences in TEC between
the other considered elements, at temperatures that are not too high, predicting their values
to decrease along the sequence Fe, Cu, Ni, Cr, Mo, W. The case of Cr at T > 1000 K deserves
a special consideration.
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4. Discussion

The ability to model thermodynamic properties of materials, as a function of tem-
perature and composition, is in the core of materials design [21]. Approaches starting
from first-principles calculations of material’s electronic structure make the modeling truly
predictive, but they become computationally very expensive when taking into account
various kinds of temperature-induced disorder. Therefore, simple and capable models
such as the Debye model are of practical interest, especially for extending the modeling to
complex multicomponent alloys [17,68–70].

The Debye model is fully set up by specifying the Debye temperature, treated as a
volume-dependent parameter in the quasi-harmonic approximation is. Some previous
formulations of quasi-harmonic Debye model describe the volume dependence in terms of
another parameter called Grüneisen constant [1,71]. Both parameters are determined from
the DFT-calculated equation of state for the solid considered under hydrostatic pressure
conditions (corresponding to a uniform volume distortion in the case of a cubic crystal).
This “isotropic” parameterization is known to overestimate the Grüneisen constant and
predict a too strong temperature dependence of the properties [8].

In the present formulation of QDM, the volume dependence of Debye temperature is
not parameterized, but is evaluated [27] from the whole set of anisotropic elastic constants
calculated as a function of volume and temperature. Its results for selected fcc and bcc metals,
summarized in Table 1 and Figures 5 and 6, demonstrates that QDM can adequately describe
the temperature-dependent properties of these industrial-relevant metals. The accuracy, in
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the present formulation, is limited mainly by the other approximations involved, such as the
GGA or CPA, as well as by the neglect of higher-order anharmonic effects in the electronic
structure caused by the large amplitude of atomic displacements at high temperatures.

For 3d transition metals with the fcc structure, Cu, Ni, and γ-Fe, the quasi-harmonic
Debye model gives reasonably accurate descriptions of the effect of temperature on the
equilibrium lattice parameter and elastic properties, see also References [26,44]. Also, the
fact that the present modeling is based on the EMTO-CPA electronic structure method
makes it easily extendable to random alloys in the high-temperature paramagnetic state,
such as austenitic steels [70].

This work and some previous applications of the present model have established
certain limits of its applicability. Thus, in the important case of Fe, the model fails to describe
the α→ γ and γ→ δ phase transitions, yielding the Helmholtz free energy of paramagnetic
bcc Fe always lower than that of fcc Fe [44]. In view of the small energy free difference
between these two structures in the temperature range of thermodynamic stability of γ-Fe,
this failure is not surprising. The case of Cr is more alarming, because nearly all properties
that one derives from the modeled free energy deviate quite strongly from the experimental
values, especially at high temperatures. These discrepancies obtained for bcc Fe and Cr
may be traced back to the (quasi)harmonic approximations used in the description of their
vibrational and magnetic degrees of freedom.

One of these harmonic approximations deals with paramagnetism of γ-Fe and Cr at
high temperatures. The dependence of energy on the absolute magnitude of the paramag-
netic moment is approximated (locally) by a parabola, to simplify the theoretical treatment
of longitudinal fluctuations of the disordered local moments. It seems that this approxi-
mation becomes too crude at high temperatures, especially in the case of Cr. Moreover,
a strong coupling of magnetic and vibrational degrees of freedom may be responsible
for the anomalous thermal expansion of Cr at high temperatures [72], but this complex
anharmonic effect is not captured by the present quasi-harmonic model.

In this connection, the limited success of QDM in describing the high-temperature
properties of β-Ti looks quite unexpected, but may be related to the fact that here, in
contrast to Fe and Cr, one does not have the complications due to magnetism. However, the
neglect of higher-order anharmonic effects does not permit for a quantitative description
of temperature-induced stabilization of β-Ti.

To illustrate and additionally emphasize the importance of the neglected anharmonic
effects, in Figure 7 we plot, as functions of temperature, the calculated and experimental
elastic properties of bcc W. Figure 7a shows a good agreement between the calculated and
measured elastic constants at room temperature. With increasing temperature, softening of
C44 takes place, and this effect is well reproduced by the quasi-harmonic theory. However, C11
softens much faster in experiment than in theory, while the experimentally derived C12 grows
with temperature, in striking contrast with calculations. The anomalous softening of C11 and
“hardening” of C12 are related to each other. Figure 7b shows that, when these two elastic
constants are combined as (C11 + 2C12)/3 into the bulk modulus, the anomaly disappears:
the temperature dependence of BT is accurately reproduced by the QDM. On the contrary,
when the two constants are combined to form C′ = (C11 − C12)/2, the anomaly is enhanced.
In fact, the very rapid softening of the tetragonal shear modulus C’ with temperature is the
origin of the anomalous temperature dependencies of both C11 and C12.

The shear distortion corresponding to C’ is also related to Bain’s path connecting the
bcc and fcc structures. Therefore, the softening of C’ may be indicative of changes in the
relative stability of the two structures. These changes, in turn, are due to anharmonic effects
of the same kind as those involved in the stabilization of β-Ti. This chain of reasoning
allows us to link the discrepancies between the calculated and experimental temperature
dependencies of elastic properties of W (and, possibly, of other bcc metals) with anharmonic
vibrational effects in the electronic structure and in the lattice stability.
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In view of the discussed advantages and shortcomings of the present QDM imple-
mentation, the following extensions of the model seem to be necessary. In its present form,
the QDM in conjunction with EMTO-CPA calculations can be applied to model the free
energy and derived properties of substitutional alloys such as Ni-based alloys or austenitic
steels based on γ-Fe at temperatures not too close to the melting point. To achieve quanti-
tatively accurate descriptions of Cu-based alloys, one has to use an exchange-correlation
functional that performs for this metal better than the PBE [50]. For all the considered
metals, the quality of finite-temperature modeling will greatly improve by extending the
model beyond the quasi-harmonic approximations for magnetic and vibrational degrees
of freedom. CPA-based approaches using alloy analogy [48] provide a possible way of
including longitudinal spin fluctuations and random atomic displacement directly into the
electronic structure calculations.

5. Conclusions

We have tested the performance of a new implementation of the quasi-harmonic Debye
model on selected cubic metals of technological importance. The Debye model is parame-
terized using the full set of elastic constants calculated from first principles as functions of
volume and temperature. The first-principles calculations self-consistently take into account
the thermal disorder associated with “fast” (electronic and magnetic) degrees of freedom in
the solid, while considering ions as static (the vibrational free energy contributions in the
Debye model are added to the electronic free energy in a post-processing).

In this formulation, the model has the following advantages:

(1) The present modeling approach is faster than existing quasi-harmonic approaches
that rely on full phonon spectrum calculations, molecular dynamics, or spin-lattice
dynamics simulations.

(2) It is more accurate than the previous Debye model implementations, as it does not
involve a Grüneisen parameter. Instead, the full volume dependence (and also the
temperature dependence) of the Debye temperature is evaluated.

(3) The temperature dependence of the model parameter (Debye temperature) allows
one to treat high-temperature phases such as γ-Fe and β-Ti.

(4) It yields the Helmholtz free energy in a numerical or semi-analytic form that is easy
use for the evaluation of thermodynamic properties that are high-order derivatives of
the free energy.
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(5) At temperatures far below the melting point, the model yields lattice parameters,
elastic moduli, and thermal expansion coefficients of the studied metals in good
agreement with experiment (the agreement is limited mainly by the approximate
exchange-correlation functional used in the electronic structure calculations).

(6) Thanks to the coherent potential approximation used in the electronic structure
calculations, the model is naturally applicable to random alloys or disordered alloy
phases (including cases of magnetic disorder).

As a result of our analysis, the following limitations of the present modeling approach
have been identified:

(1) The present modeling, already at the stage of electronic structure calculations, inaccu-
rately reproduces the low-temperature equilibrium lattice parameter of non-magnetic
Cu, Cr, Mo, and W metals. Although the errors are of the order of 1%, they cause
further errors in the elastic constant and Debye temperature calculations, thereby
limiting the accuracy of free-energy modeling.

(2) The model falls short in describing the explosive thermal expansion of Cr metal at
high-temperatures (above 1000 K), which identifies the need to extend the presently
used model of paramagnetic state beyond the quasi-harmonic approximation.

(3) For the considered bcc metals, the quasi-harmonic treatment of vibrational free energy is
clearly insufficient for describing the temperature dependence of their thermodynamic
properties such as elastic constants and thermal expansion coefficients at high temperatures.

However, the present model may be systematically improved by including random
atomic displacements and magnetic moment fluctuations directly into the electronic struc-
ture calculations, to go beyond the quasi-harmonic approximations. This task is to be
undertaken in our future studies.

Author Contributions: Conceptualization, J.Z. and P.A.K.; methodology, P.A.K.; software, P.A.K.;
validation, J.Z. and P.A.K.; formal analysis, J.Z.; investigation, J.Z. and P.A.K.; resources, P.A.K.; data
curation, J.Z.; writing—original draft preparation, P.A.K.; writing—review and editing, P.A.K. and
J.Z.; visualization, P.A.K.; supervision, P.A.K.; project administration, P.A.K.; funding acquisition, J.Z.
and P.A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was done at the Vinnova Competence Centre “Hero-m 2i”, funded jointly
by the Swedish Governmental Agency for Innovation Systems (Vinnova, grant number 2016-00668),
Swedish industry, and KTH Royal Institute of Technology. PhD project of J.Z. was funded by the
China Scholarship Council (CSC, grant number 201600160042) and by the Swedish steel producers’
association Jernkontoret. The computations were enabled by resources provided by the Swedish
National Infrastructure for Computing (SNIC) at the National Supercomputer Centre (NSC) in
Linköping, Sweden and at the PDC Center for High Performance Computing in Stockholm, Sweden,
partially funded by the Swedish Research Council through grant agreement no. 2018-05973.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This study did not produce any publicly archived datasets or databases.
Requests for data should be sent directly to the authors, P.A.K. and J.Z.

Acknowledgments: Fruitful discussions with Rolf Sandström and Levente Vitos are acknowledged.
P.K. thanks Karl Engvers Stiftelse, Sweden, for a travel grant.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moruzzi, V.L.; Janak, J.F.; Schwarz, K. Calculated thermal properties of metals. Phys. Rev. B 1988, 37, 790–799. [CrossRef] [PubMed]
2. Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–B871. [CrossRef]
3. Kohn, W.; Sham, L.J. Self-Consistent Equations Including Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133–A1138.

[CrossRef]
4. Baroni, S.; Giannozzi, P.; Isaev, E. Density-functional perturbation theory for quasi-harmonic calculations. Rev. Miner. Geochem.

2010, 71, 39–57. [CrossRef]

http://doi.org/10.1103/PhysRevB.37.790
http://www.ncbi.nlm.nih.gov/pubmed/9944571
http://doi.org/10.1103/PhysRev.136.B864
http://doi.org/10.1103/PhysRev.140.A1133
http://doi.org/10.2138/rmg.2010.71.3


Metals 2021, 11, 195 14 of 16

5. Carrier, P.; Wentzcovitch, R.; Tsuchiya, J. First-principles prediction of crystal structures at high temperatures using the quasi-
harmonic approximation. Phys. Rev. B 2007, 76, 64116. [CrossRef]

6. Alfé, D. PHON: A program to calculate phonons using the small displacement method. Comput. Phys. Commun. 2009, 180,
2622–2633. [CrossRef]

7. Togo, A.; Tanaka, I. First principles phonon calculations in materials science. Scr. Mater. 2015, 108, 1–5. [CrossRef]
8. Nath, P.; Plata, J.J.; Usanmaz, D.; Al Rahal Al Orabi, R.; Fornari, M.; Buongiorno Nardelli, M.; Toher, C.; Curtarolo, S. High-throughput

prediction of finite-temperature properties using the quasi-harmonic approximation. Comput. Mater. Sci. 2016, 125, 82–91. [CrossRef]
9. Nath, P.; Usanmaz, D.; Hicks, D.; Oses, C.; Fornari, M.; Buongiorno Nardelli, M.; Toher, C.; Curtarolo, S. AFLOW-QHA3P: Robust

and automated method to compute thermodynamic properties of solids. Phys. Rev. Mater. 2019, 3, 73801. [CrossRef]
10. Grabowski, B.; Ismer, L.; Hickel, T.; Neugebauer, J. Ab initio up to the melting point: Anharmonicity and vacancies in aluminum.

Phys. Rev. B 2009, 79, 134106. [CrossRef]
11. Hellman, O.; Steneteg, P.; Abrikosov, I.A.; Simak, S.I. Temperature dependent effective potential method for accurate free energy

calculations of solids. Phys. Rev. B 2013, 87, 104111. [CrossRef]
12. Sangiovanni, D.G.; Klarbring, J.; Smirnova, D.; Skripnyak, N.V.; Gambino, D.; Mrovec, M.; Simak, S.I.; Abrikosov, I.A. Superioni-

clike Diffusion in an Elemental Crystal: BCC Titanium. Phys. Rev. Lett. 2019, 123, 105501. [CrossRef] [PubMed]
13. Mosyagin, I.; Hellman, O.; Olovsson, W.; Simak, S.I.; Abrikosov, I.A. Highly Efficient Free Energy Calculations of the Fe Equation

of State Using Temperature-Dependent Effective Potential Method. J. Phys. Chem. A 2016, 120, 8761–8768. [CrossRef] [PubMed]
14. Glensk, A.; Grabowski, B.; Hickel, T.; Neugebauer, J. Understanding Anharmonicity in fcc Materials: From its Origin to ab initio

Strategies beyond the Quasi-harmonic Approximation. Phys. Rev. Lett. 2015, 114, 195901. [CrossRef]
15. Zhang, X.; Grabowski, B.; Körmann, F.; Neugebauer, J. Accurate electronic free energies of the 3d, 4d, and 5d transition metals at

high temperatures. Phys. Rev. B 2017, 95, 165126. [CrossRef]
16. Grabowski, B.; Mellan, T.A.; Duff, A.I.; Finnis, M.W. Fast anharmonic free energy method with an application to vacancies in ZrC.

Phys. Rev. B 2019, 100, 24303.
17. Ikeda, Y.; Grabowski, B.; Körmann, F. Ab initio phase stabilities and mechanical properties of multicomponent alloys: A

comprehensive review for high entropy alloys and compositionally complex alloys. Mater. Charact. 2019, 147, 464–511. [CrossRef]
18. Hafez Haghighat, S.M.; Martin-Bragado, I.; Lousada, C.M.; Korzhavyi, P.A. Discrete Models: Down to Atoms and Electrons. In

Handbook of Software Solutions for ICME; Schmitz, G.J., Prahl, U., Eds.; Wiley-VCH: Weinheim, Germany, 2017; pp. 385–431.
19. Fultz, B. Vibrational thermodynamics of materials. Prog. Mater. Sci. 2010, 55, 247–352. [CrossRef]
20. Grimvall, G. Thermophysical Properties of Materials; Elsevier Science: Amsterdam, The Netherlands, 1999.
21. Liu, Z.-K. Computational thermodynamics and its applications. Acta Mater. 2020, 200, 745–792. [CrossRef]
22. Lu, X.-G.; Selleby, M.; Sundman, B. Assessments of molar volume and thermal expansion for selected bcc, fcc and hcp metallic

elements. CALPHAD 2005, 29, 68–89. [CrossRef]
23. Enoki, M.; Sundman, B.; Sluiter, M.H.F.; Selleby, M.; Ohtani, H. Calphad Modeling of LRO and SRO Using ab initio Data. Metals

2020, 10, 998. [CrossRef]
24. Palumbo, M.; Burton, B.; Costa e Silva, A.; Fultz, B.; Grabowski, B.; Grimvall, G.; Hallstedt, B.; Hellman, O.; Lindahl, B.;

Schneider, A.; et al. Thermodynamic modelling of crystalline unary phases. Phys. Status Solidi B 2014, 251, 14–32. [CrossRef]
25. Tumminello, S.; Palumbo, M.; Koßmann, J.; Hammerschmidt, T.; Alonso, P.R.; Sommadossi, S.; Fries, S.G. DFT-CEF Approach for

the Thermodynamic Properties and Volume of Stable and Metastable Al–Ni Compounds. Metals 2020, 10, 1142. [CrossRef]
26. Ehteshami, H.; Korzhavyi, P.A. Thermophysical properties of paramagnetic Fe from first principles. Phys. Rev. B 2017, 96, 224406.

[CrossRef]
27. Anderson, O.L. A simplified method for calculating the Debye temperature from elastic constants. J. Phys. Chem. Solids 1963, 24,

909–917. [CrossRef]
28. Hill, R. The Elastic Behaviour of a Crystalline Aggregate. Proc. Phys. Soc. Sect. A 1952, 65, 349–354. [CrossRef]
29. Voigt, W. On the relation between the elasticity constants of isotropic bodies. Ann. Phys. Chem. 1889, 274, 573–587. [CrossRef]
30. Reuss, A. Berechnung der Fließgrenze von Mischkristallen auf Grund der Plastizitätsbedingung für Einkristalle. Z. Angew. Math.

Mech. 1929, 9, 49–58. [CrossRef]
31. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.

[CrossRef]
32. Andersen, O.K.; Jepsen, O.; Krier, G. Exact muffin-tin orbital theory. In Lectures on Methods of Electronic Structure Calculations;

Andersen, O.K., Mookerjee, A., Eds.; World Scientific Publishing Co.: Singapore, 1994; pp. 63–124.
33. Vitos, L. Total-energy method based on the exact muffin-tin orbitals theory. Phys. Rev. B 2001, 64, 14107. [CrossRef]
34. Vitos, L. Computational Quantum Mechanics for Materials Engineers: The EMTO Method and Applications; Springer: London, UK, 2007.
35. Kollár, J.; Vitos, L.; Skriver, H.L. From ASA towards the Full Potential. In Electronic Structure and Physical Properies of Solids;

Dreyssé, H., Ed.; Springer: Berlin/Heidelberg, Germany, 2000; pp. 85–114.
36. Vitos, L.; Kollár, J.; Skriver, H.L. Full charge-density scheme with a kinetic-energy correction: Application to ground-state

properties of the 4d metals. Phys. Rev. B 1997, 55, 13521–13527. [CrossRef]
37. Mermin, N.D. Thermal Properties of the Inhomogeneous Electron Gas. Phys. Rev. 1965, 137, A1441–A1443. [CrossRef]
38. Pindor, A.J.; Staunton, J.; Stocks, G.M.; Winter, H. Disordered local moment state of magnetic transition metals: A self-consistent

KKR CPA calculation. J. Phys. F Met. Phys. 1983, 13, 979–989. [CrossRef]

http://doi.org/10.1103/PhysRevB.76.064116
http://doi.org/10.1016/j.cpc.2009.03.010
http://doi.org/10.1016/j.scriptamat.2015.07.021
http://doi.org/10.1016/j.commatsci.2016.07.043
http://doi.org/10.1103/PhysRevMaterials.3.073801
http://doi.org/10.1103/PhysRevB.79.134106
http://doi.org/10.1103/PhysRevB.87.104111
http://doi.org/10.1103/PhysRevLett.123.105501
http://www.ncbi.nlm.nih.gov/pubmed/31573311
http://doi.org/10.1021/acs.jpca.6b08633
http://www.ncbi.nlm.nih.gov/pubmed/27700093
http://doi.org/10.1103/PhysRevLett.114.195901
http://doi.org/10.1103/PhysRevB.95.165126
http://doi.org/10.1016/j.matchar.2018.06.019
http://doi.org/10.1016/j.pmatsci.2009.05.002
http://doi.org/10.1016/j.actamat.2020.08.008
http://doi.org/10.1016/j.calphad.2005.05.001
http://doi.org/10.3390/met10080998
http://doi.org/10.1002/pssb.201350133
http://doi.org/10.3390/met10091142
http://doi.org/10.1103/PhysRevB.96.224406
http://doi.org/10.1016/0022-3697(63)90067-2
http://doi.org/10.1088/0370-1298/65/5/307
http://doi.org/10.1002/andp.18892741206
http://doi.org/10.1002/zamm.19290090104
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1103/PhysRevB.64.014107
http://doi.org/10.1103/PhysRevB.55.13521
http://doi.org/10.1103/PhysRev.137.A1441
http://doi.org/10.1088/0305-4608/13/5/012


Metals 2021, 11, 195 15 of 16

39. Monkhorst, H.J.; Pack, J.D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188–5192. [CrossRef]
40. Ruban, A.V.; Belonoshko, A.B.; Skorodumova, N.V. Impact of magnetism on Fe under Earth’s core conditions. Phys. Rev. B 2013,

87, 14405. [CrossRef]
41. Khmelevskyi, S. Longitudinal Spin Fluctuations and Magnetic Ordering Temperature in Metals: First-Principle Modeling and

Phase Space Integration Measure. Solid State Phenom. 2019, 289, 192–197. [CrossRef]
42. Ehteshami, H.; Korzhavyi, P.A. Thermodynamic properties of paramagnetic α- and β-Mn from first principles: The effect of

transverse spin fluctuations. Phys. Rev. Mater. 2017, 1, 73803. [CrossRef]
43. Ehteshami, H.; Ruban, A.V. High-temperature thermophysical properties of γ- and δ-Mn from first principles. Phys. Rev. Mater.

2018, 2, 34405. [CrossRef]
44. Zhang, J.; Korzhavyi, P.A. First Principles Investigation on Thermodynamic Properties and Stacking Fault Energy of Paramagnetic

Nickel at High Temperatures. Metals 2020, 10, 319. [CrossRef]
45. Moroni, E.G.; Grimvall, G.; Jarlborg, T. Free Energy Contributions to the hcp-bcc Transformation in Transition Metals. Phys. Rev.

Lett. 1996, 76, 2758–2761. [CrossRef]
46. Eriksson, O.; Wills, J.M.; Wallace, D. Electronic, quasi-harmonic, and anharmonic entropies of transition metals. Phys. Rev. B 1992,

46, 5221–5228. [CrossRef] [PubMed]
47. Masuda-Jindo, K.; Nishitani, S.R.; Hung, V.V. hcp-bcc structural phase transformation of titanium: Analytic model calculations.

Phys. Rev. B 2004, 70, 184122. [CrossRef]
48. Ebert, H.; Mankovsky, S.; Chadova, K.; Polesya, S.; Minár, J.; Ködderitzsch, D. Calculating linear-response functions for finite

temperatures on the basis of the alloy analogy model. Phys. Rev. B 2015, 91, 165132. [CrossRef]
49. Senkov, O.N.; Chakoumakos, B.C.; Jonas, J.J.; Froes, F.H. Effect of temperature and hydrogen concentration on the lattice

parameter of beta titanium. Mater. Res. Bull. 2001, 36, 1431–1440. [CrossRef]
50. Haas, P.; Tran, F.; Blaha, P. Calculation of the lattice constant of solids with semilocal functionals. Phys. Rev B 2009, 79, 85104.

[CrossRef]
51. Suh, I.-K.; Ohta, H.; Waseda, Y. High-temperature thermal expansion of six metallic elements measured by dilatation method and

X-ray diffraction. J. Mater. Sci. 1988, 23, 757–760. [CrossRef]
52. Seki, I.; Nagata, K. Lattice Constant of Iron and Austenite Including Its Supersaturation Phase of Carbon. ISIJ Int. 2005, 45,

1789–1794. [CrossRef]
53. Chang, Y.A.; Himmel, L. Temperature dependence of the elastic constants of Cu, Ag, and Au above room temperature. J. Appl.

Phys. 1966, 37, 3567–3572. [CrossRef]
54. Alers, G.A.; Thompson, D.O. Dislocation contributions to the modulus and damping in copper at megacycle frequencies. J. Appl.

Phys. 1961, 32, 283–293. [CrossRef]
55. Alers, G.A.; Neighbours, J.R.; Sato, H. Temperature dependent magnetic contributions to the high field elastic constants of Nickel

and an Fe-Ni alloy. J. Phys. Chem. Solids 1960, 13, 40–55. [CrossRef]
56. Zarestky, J.; Stassis, C. Lattice dynamics of γ-Fe. Phys. Rev. B 1987, 35, 4500–4502. [CrossRef] [PubMed]
57. Ogi, H.; Kai, S.; Ledbetter, H.; Tarumi, R.; Hirao, M.; Takashima, K. Titanium’s high-temperature elastic constants through the

hcp–bcc phase transformation. Acta Mater. 2004, 52, 2075–2080. [CrossRef]
58. Dubrovinskaia, N.A.; Dubrovinsky, L.S.; Saxena, S.K.; Sundman, B. Thermal Expansion of Chromium (Cr) to Melting Temperature.

Calphad 1982, 21, 497–508. [CrossRef]
59. Bolef, D.I.; De Klerk, J. Anomalies in the elastic constants and thermal expansion of Chromium single crystals. Phys. Rev. 1963,

129, 1063–1067. [CrossRef]
60. Edwards, J.W.; Speiser, R.; Johnston, H.L. High Temperature Structure and Thermal Expansion of Some Metals as Determined by

X-Ray Diffraction Data. I. Platinum, Tantalum, Niobium, and Molybdenum. J. Appl. Phys. 1951, 22, 424–428. [CrossRef]
61. Dickinson, J.M.; Armstrong, P.E. Temperature Dependence of the Elastic Constants of Molybdenum. J. Appl. Phys. 1967, 38,

602–606. [CrossRef]
62. Dubrovinsky, L.S.; Saxena, S.K. Thermal Expansion of Periclase (MgO) and Tungsten (W) to Melting Temperatures. Phys. Chem.

Miner. 1997, 24, 547–550. [CrossRef]
63. Lowrie, R.; Gonas, A.M. Single-crystal elastic properties of tungsten from 24 to 1800 ◦C. J. Appl. Phys. 1967, 38, 4505–4509. [CrossRef]
64. Nix, F.C.; MacNair, D. The Thermal Expansion of Pure Metals: Copper, Gold, Aluminum, Nickel, and Iron. Phys. Rev. 1941, 60,

597–605. [CrossRef]
65. Reiter, P.; Kaschnitz, E. Measurement of Thermal Expansion at High Temperature by a Transient Interferometric Technique. Int. J.

Thermophys. 2002, 23, 1327–1338. [CrossRef]
66. Miiller, A.P.; Cezairliyan, A. Thermal Expansion of Tungsten in the Range 1500–3600 K by a Transient Interferometric Technique.

Int. J. Thermophys. 1990, 11, 619–628. [CrossRef]
67. Acet, M.; Zähres, H.; Wassermann, E.F.; Pepperhoff, W. High-temperature moment-volume instability and anti-Invar of γ-Fe.

Phys. Rev. B 1994, 49, 6012–6017. [CrossRef] [PubMed]
68. Korzhavyi, P.A.; Sandström, R. First-principles evaluation of the effect of alloying elements on the lattice parameter of a

23Cr25NiWCuCo austenitic stainless steel to model solid solution hardening contribution to the creep strength. Mater. Sci. Eng. A
2015, 626, 213–219. [CrossRef]

69. Al-Zoubi, N. Elastic Parameters of Paramagnetic Fe–20Cr–20Ni-Based Alloys: A First-Principles Study. Metals 2019, 9, 792. [CrossRef]

http://doi.org/10.1103/PhysRevB.13.5188
http://doi.org/10.1103/PhysRevB.87.014405
http://doi.org/10.4028/www.scientific.net/SSP.289.192
http://doi.org/10.1103/PhysRevMaterials.1.073803
http://doi.org/10.1103/PhysRevMaterials.2.034405
http://doi.org/10.3390/met10030319
http://doi.org/10.1103/PhysRevLett.76.2758
http://doi.org/10.1103/PhysRevB.46.5221
http://www.ncbi.nlm.nih.gov/pubmed/10004297
http://doi.org/10.1103/PhysRevB.70.184122
http://doi.org/10.1103/PhysRevB.91.165132
http://doi.org/10.1016/S0025-5408(01)00604-3
http://doi.org/10.1103/PhysRevB.79.085104
http://doi.org/10.1007/BF01174717
http://doi.org/10.2355/isijinternational.45.1789
http://doi.org/10.1063/1.1708903
http://doi.org/10.1063/1.1735992
http://doi.org/10.1016/0022-3697(60)90125-6
http://doi.org/10.1103/PhysRevB.35.4500
http://www.ncbi.nlm.nih.gov/pubmed/9942007
http://doi.org/10.1016/j.actamat.2004.01.002
http://doi.org/10.1016/S0364-5916(98)00007-8
http://doi.org/10.1103/PhysRev.129.1063
http://doi.org/10.1063/1.1699977
http://doi.org/10.1063/1.1709381
http://doi.org/10.1007/s002690050070
http://doi.org/10.1063/1.1709158
http://doi.org/10.1103/PhysRev.60.597
http://doi.org/10.1023/A:1019864909136
http://doi.org/10.1007/BF01184332
http://doi.org/10.1103/PhysRevB.49.6012
http://www.ncbi.nlm.nih.gov/pubmed/10011580
http://doi.org/10.1016/j.msea.2014.12.057
http://doi.org/10.3390/met9070792


Metals 2021, 11, 195 16 of 16

70. Zhang, J.; Korzhavyi, P.A.; He, J. Investigation on elastic and thermodynamic properties of Fe25Cr20NiMnNb austenitic stainless
steel at high temperatures from first principles. Comput. Mater. Sci. 2020, 185, 109973. [CrossRef]

71. Toher, C.; Plata, J.J.; Levy, Q.; de Jong, M.; Asta, M.; Buongiorno Nardelli, M.; Curtarolo, S. High-throughput computational
screening of thermal conductivity, Debye temperature, and Grüneisen parameter using a quasi-harmonic Debye model. Phys. Rev.
B 2014, 90, 174107. [CrossRef]

72. Grimvall, G.; Häglund, J.; Fernándes Guillermet, A. Spin fluctuations in paramagnetic chromium determined from entropy
considerations. Phys. Rev. B 1993, 47, 15338–15341. [CrossRef]

http://doi.org/10.1016/j.commatsci.2020.109973
http://doi.org/10.1103/PhysRevB.90.174107
http://doi.org/10.1103/PhysRevB.47.15338

	Introduction 
	Materials and Methods 
	Results 
	Face-Centered Cubic Metals 
	Body-Centered Cubic Metals 

	Discussion 
	Conclusions 
	References

