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Accurate prediction of thermodynamic properties requires an extremely accurate representation of the free-energy surface.
Requirements are twofold—first, the inclusion of the relevant finite-temperature mechanisms, and second, a dense
volume-temperature grid on which the calculations are performed. A systematic workflow for such calculations requires
computational efficiency and reliability, and has not been available within an ab initio framework so far. Here, we elucidate such a
framework involving direct upsampling, thermodynamic integration and machine-learning potentials, allowing us to incorporate, in
particular, the full effect of anharmonic vibrations. The improved methodology has a five-times speed-up compared to state-of-the-
art methods. We calculate equilibrium thermodynamic properties up to the melting point for bcc Nb, magnetic fcc Ni, fcc Al, and
hcp Mg, and find remarkable agreement with experimental data. A strong impact of anharmonicity is observed specifically for Nb.
The introduced procedure paves the way for the development of ab initio thermodynamic databases.
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INTRODUCTION

Thermodynamic properties such as the heat capacity, the
expansion coefficient, and the bulk modulus are key benchmarks
in materials design. They provide insight into phase stability,
phase transformations, microstructural stability and strength,
thereby giving guidance to synthesis and application. The heat
capacity is linked to thermodynamic potentials such as the Gibbs
energy, and thus facilitates the construction of phase diagrams. By
virtue of being experimentally measurable via calorimetry, the
heat capacity remains—ever since the seminal work of Einstein'—
among the most fundamental properties in basic research and
industrial applications®>. Knowledge of the thermal expansion
coefficient is crucial, for example, to optimize the Invar behavior of
alloys used in instrumentation applications®. The bulk modulus is
vital in modeling strength and ductility up to high temperatures®.

Coordinated surveys of experimental data on thermodynamic
properties have been carried out in multiple works, resulting in
well-known series of books, e.g., Touloukian et al® and
Landolt-Bérnstein®. Although these books have well served as
the basis for materials design, there is an urgent need for an
efficient extension of the databases triggered by the ever-
increasing demand for new and optimized materials. However,
applying experimental techniques alone is time-consuming and
thus inefficient.

To complement experiments and to rapidly obtain material
properties, ab initio databases have been intensively sought after
recently’™"". These databases allow for a quick, online access to a
wide range of material properties. As yet, these databases are to a
large extent based on T=0K (—273.15°C) data, and low-
temperature approximations to account for the effect of
temperature. For example, in one such database’, from a total
of 12,000,000 entries on material properties, only 1810 thermal
properties are available that are derived from harmonic or
quasiharmonic approximations. Even though these approxima-
tions can provide rapid results (though not for all systems), they

do not consider any explicit finite-temperature vibrations and
coupling effects, rendering them unsuitable at elevated
temperatures'2,

To predict reliable high-temperature thermodynamic proper-
ties, an accurate representation of the system'’s free energy is
needed, including in particular explicit anharmonicity, i.e.,
phonon-phonon interactions and interactions of phonons with
other excitation mechanisms (electronic, magnetic). Approxima-
tion schemes have been developed to account for
phonon-phonon interactions. One class of approaches utilizes
effective, renormalized harmonic Hamiltonians'>'6, Another
approximate route involves the use of a low-temperature
perturbative expansion'’. Though often efficient, such approxima-
tions can be inaccurate at high temperatures and for systems with
strong anharmonicity'*'8,

Explicit anharmonicity can be included up to all orders using
thermodynamic integration (TI), wherein one computes the free-
energy difference between a reference state and density-
functional-theory (DFT)'°. Over the last decade, several improve-
ments have been made to Tl-based methods?®-?2. Notably, the
upsampled thermodynamic integration using Langevin dynamics
(UP-TILD) (TI to low-accuracy DFT followed by “upsampling”)'%23
and the two-stage upsampled thermodynamic integration using
Langevin dynamics (TU-TILD) (UP-TILD split into two stages with an
intermediate potential)?>* have increased computational perfor-
mance. Recent developments have been directed towards
exploiting advancements from machine learning®=?’. The so-
called moment tensor potentials (MTPs)?® have proved to be one
of the most efficient machine-learning potentials*®*='. The
application of MTPs within the TU-TILD formalism has further
improved the efficiency of free-energy calculations'®32,

Despite the advancements, free-energy calculations, including
the impact of anharmonicity, have remained challenging until
now, even for supposedly ‘simple’ elementary systems. A critical
aspect is the accurate determination of thermodynamic
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Table 1. Ab initio studies of the isobaric heat capacity (C,), the thermal expansion coefficient (a), and the bulk modulus (B) for bcc Nb, fcc Ni, fcc Al
and hcp Mg.
Year  Ref. Elements DFT methodology Contributions to F (oA S

XC Potential Eoc el gh ah Grid for ah
1988 °° Al, Nb LDA ASW X X
2002 % Al PW91 UsP e e Tl 7 V, T points
2006 %8 Mg LDA, PW91 PAW X X X
2007 42 Al LDA, PBE PAW, AE  x X
2007 %° Mg LDA NC X X X
2009 23 Al LDA, PBE NC X X X UP-TILD ~40V, T points X e
2010 %° Ni LDA, PBE UspP X X
2011 38 Ni PBE PAW X X
2011 ¢ Al PW91 PAW X X X tight-binding MD 1Px 10T X
2012 ©2 Mg PBE PAW X X X
2014 3 Ni LDA, PBE PAW X X X
2014 V7 Nb, Mg PBE PAW X X X low T expansion analytic, T< 1000 K x X X
2015 12 Al, Ni LDA, PBE PAW X X X UP-TILD 4V x 4T X
2015 & Al PBE PAW x X
2015 5 Al, Ni LDA, PBE, GW  PAW X X X
2016  ©° Al LDA, PBE PAW X X X MD — phonon several V, T points e e X
2017 ¢ Al LDA, PBE PAW X X X
2021 % Al PBE UsP X X X SCAILD, DAMA 3Vx 3T, 1Px3T X
2021 8 Al, Ni PBE PAW X X X
2021 ®° Ni PBE EMTO X X X
2022  this work  Nb, Ni, Al, Mg  LDA, PBE PAW X X X direct upsampling >9Vx 10T X X X
The corresponding exchange-correlation (XC) functionals and the potentials representing the core electrons are listed. The columns under “Contributions to F”
indicate which terms (0 K static energy “Eq electronic “el; quasiharmonic “gh” and anharmonic “ah”) were included in the total free energy. For works that
included the anharmonic contribution, the number of volume V (or pressure P) and temperature T data points is mentioned. Studies including the explicit
anharmonic contribution up to all orders and to the accuracy of DFT are printed in boldface. All of the used abbreviations are expanded in the Supplementary
Information.

properties, for which numerically converged first and second
derivatives of the free energy are indispensable. The situation is
illustrated in Table 1 for four prototype systems covering the
fundamental crystallographic structures of metals, i.e., bcc Nb, fcc
Ni and Al, and hcp Mg. Although the first thermodynamic
calculations including anharmonicity were done as early as 2002
for fcc AI?°, more recent studies have either neglected anharmo-
nicity (empty fields in the table) or have utilized approximate
approaches. Only a few of the studies included explicit
anharmonicity to DFT accuracy (marked in bold). The situation is
worse for the other elements, for which almost no information is
available on thermodynamic properties, including anharmonicity
at the full DFT level. A low-temperature expansion as performed in
ref. 17 is particularly uncertain for high-melting elements with
strong anharmonicity, such as Nb. This explains why the data was
analyzed only below 1000K'". At higher temperatures, Nb
experiences large anharmonicity which strongly impacts the
thermodynamic properties. To account for such features, explicit
anharmonicity needs to be captured to all orders and the
derivatives of the free-energy surface need to be stabilized by
higher-order parameterizations on dense volume-temperature
(V, T) grids of explicitly computed free energies.

Summarizing the current state-of-the-art in finite-temperature
ab initio simulations, it has to be concluded that a holistic
computational methodology to readily obtain accurate thermo-
dynamic properties is not yet at hand. Consequently, ab initio
thermodynamic properties are only very scarcely and inconsis-
tently available in the literature, even for elementary systems. This
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clearly hampers the development of ab initio thermodynamic
databases.

In the current paper, we present such a holistic computational
procedure with which affordable, fully anharmonic free-energy
calculations become possible on a sufficiently large number of
(V, T) points (Table 1). As shown in this work, a dense sampling and
appropriately chosen parametrizations of the free energy are
mandatory and facilitate the computation of thermodynamic
properties to highest DFT accuracy. The proposed procedure
encompasses key insights and techniques distilled from several of
the above-mentioned studies'>'82%33 We lay down a detailed,
complete, and pedagogical description of all the steps of the
procedure (“Methods” section below and Supplementary Informa-
tion) and discuss all relevant numerical and performance aspects.

An important ingredient is the direct-upsampling technique3*—
a modification to TU-TILD—where the upsampling is performed
directly on MTP configurations. The upsampling establishes DFT
level accuracy and accounts for the impact of vibrations on
electronic and magnetic free energies. Direct upsampling was
introduced previously on a preliminary, purely theoretical example
(multi-component alloy)**. However, the convergence, robustness
and optimization of the upsampling was not touched upon and
has remained elusive. In the present work, we therefore perform a
systematic and rigorous application and analysis of direct
upsampling. Importantly, our analysis provides a measure of the
number of configurations needed for convergence of the
upsampled free energy, which is crucial in keeping the number
of highly expensive DFT calculations to a minimum. Another key
ingredient to our procedure is the fitting approach and the
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resulting robustness of the MTP interatomic potential. Here, we
propose a novel two-step approach of fitting the MTP to DFT data
with additional stabilization measures (by “harmonic” configura-
tions), which further reduces the number of expensive DFT
calculations and ensures stable simulations.

We apply the procedure to the above-mentioned, experimen-
tally well-assessed four prototypical systems (bcc Nb, magnetic fcc
Ni, fcc Al, hcp Mg) and provide a database-like collection of highly
converged equilibrium thermodynamic properties. Beyond the
main thermodynamic properties of interest (heat capacity,
expansion coefficient, bulk modulus) additional quantities are
tabulated in the Supplementary Information, and all properties are
provided online. Among the investigated systems, Nb offers the
most numerical challenges and insights into the methodology,
owing to its large anharmonicity, large impact of vibrations on
electrons, and long-range interactions'®. In fact, the inherent
complexity even challenges the MTPs in reproducing ab initio data
for Nb. Calculations for Ni and Al are performed on much denser
(V,T) grids in comparison to previous results'>?3 leading to an
improved and systematically assessed convergence of the
thermodynamic properties. Some of the thermodynamic proper-
ties of Ni (including the impact of magnetism) and Al are reported
here for the first time at the full DFT level of accuracy (bulk
modulus for Al and Ni, expansion coefficient for Ni). For both Nb
and Mg, the current work is the first instance of evaluation of
thermodynamic properties, including explicit anharmonicity up to
the melting point with DFT accuracy.

RESULTS
General overview of the methodology

The most integral part of the procedure is an accurate
representation of the free-energy surface up to the melting point
over the relevant volume range, from which thermodynamic
properties can be derived at various pressures and temperatures.
This calls not only for highly stable absolute free-energy values,
but also for stable first and second derivatives of the free-energy
surface. Essential to achieving this stability is a dense and
optimally distributed set of (V,T) points on which explicit free-
energy calculations are performed, such as to obtain a smooth
and converged parametrization of the surface. This is illustrated in
Fig. 1f, wherein the blue dots depict a representative and
converged (V,T) grid and the arrows the derivatives along
different directions. To this end, a fast and reliable method is
needed to obtain the free energy for every single (V, T) point, and
on that account, we utilize the direct-upsampling method aided by
the outstanding performance of MTPs (Fig. 1a-e).

The relevant excitation mechanisms can be captured by starting
with the adiabatic decomposition of the total free energy F(V, T)
according to the free-energy Born-Oppenheimer approximation,
as given by

F(V,T) = Eo(V) 4+ F'(V,T) + F®(V, T) + F™9(V, T). m

Here, Eox denotes the 0K total energy of the static lattice; F*' is the
electronic free energy, including coupling from atomic vibrations;
F'® is the vibrational free energy which, in our framework, is
further decomposed into an effective quasiharmonic (QH) and an
anharmonic (AH) part FI" and F", respectively; F™9 is the
magnetic free energy including the coupling from electronic and
atomic vibrations. The various free-energy contributions and their
impact on the thermodynamic properties are exemplified for Ni in
Fig. 1g9-j.

Contrary to the other excitation mechanisms, there is a lack of
standard DFT methods to self-consistently calculate the magnetic
excitations. The reasons for this are the complex coupled
magnetic degrees of freedom>° and the relevance of longitudinal
spin fluctuations (LSFs)*’. So far, one has to resort to effective
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Heisenberg models fitted to the experimental Curie tempera-
ture3®, DFT-informed semi-empirical heat capacity models, and
more recently, magnetic MTPs to facilitate constrained magnetic
calculations to allow sampling the LSFs with MD*°. Here, for Ni, we
use a thoroughly tested DFT-informed semi-empirical model*>.

A key element in our methodology is the preparation of a high-
accuracy MTP (high-MTP) in an efficient two-step approach. First, a
lower-quality MTP (low-MTP) is fitted to inexpensive low-
converged DFT data. This low-MTP is used to rapidly generate
MD snapshots at the melting point at various volumes. High-
converged DFT (high-DFT) calculations are then performed for the
snapshots and the data is used to fit the high-MTP. The high-MTP
is stabilized by introducing a “harmonic” configuration containing
small interatomic distances into the fitting procedure. This
harmonic configuration is obtained by sampling the phase space
with an effective QH reference, which is fitted to low-temperature
high-DFT forces. This approach ensures that the magnitude of the
forces remains physical during the following TI, especially when
atoms come close to each other for small A coupling parameter
values due to the softness of the harmonic reference. The
resulting high-MTP is thus accurate and stable over the relevant
part of the phase space.

To obtain the free energy, we perform a A-based Tl from the
effective QH reference to the high-MTP. The Tl is performed on
(V, T) points on a dense grid in large-size supercells and over long
time scales to achieve statistical convergence. To corroborate the
free-energy differences calculated using the Tl, we also perform a
temperature integration, which serves both as a cross-check for
the Tl and substitutes in cases where the Tl becomes unstable
(e.g., when there is diffusion during the Tl and a fixed-lattice
reference becomes inadequate). In order to achieve high-accuracy
free energies, we propose a modification, specifically a quantum
correction, to the conventional temperature integration, to yield
the same free-energy differences as the TI. A detailed description
of the quantum-corrected temperature integration is provided in
Supplementary Discussion 1E.

Direct upsampling on high-MTP snapshots is then utilized to
efficiently obtain DFT accuracy, including the electronic and
magnetic contributions. These contributions implicitly include the
coupling effect from thermal vibrations. Once the total free
energies are calculated across all the (V,T) grid points, they are
parametrized to obtain highly converged free-energy surfaces. A
Legendre transformation on the free-energy surface gives the
Gibbs energy G(p, T)=F(V,T) + pV, from which thermodynamic
properties at a given pressure are obtained. The Methods section
contains further information on the involved steps, and the
Supplementary Information all relevant details.

Accuracy of the MTPs

An accurate MTP that can reproduce ab initio data is crucial for the
efficiency of our proposed methodology. The smaller the RMSE,
the fewer the number of snapshots that are needed for
converging the direct upsampling, as will be discussed below. In
this regard, Fig. 2 shows the root-mean-square error (RMSE) in the
energies and forces of the high-MTP on a high-DFT test set at the
respective melting point for the four systems. Comparatively,
although the MTP for Nb shows a larger RMSE, the values are still
sufficiently small for an efficient evaluation of thermodynamic
properties, given our detailed analysis and understanding of direct
upsampling. The relatively large RMSE of Nb probably arises from
the large anharmonicity and a relatively complex atomic distribu-
tion for Nb, as also observed for other highly anharmonic systems
in prior works'®344° In Supplementary Methods 2C3, we assess
the performance of MTPs with increasing levels.
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Direct upsampling: Efficient computational method based on machine learning potentials
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Fig. 1 Schematic description of the entire workflow using fcc Ni as an example. The upper box illustrates different stages of direct
upsampling: a TILD at different temperatures from effective QH to MTP (whose force RMSEs are shown in (b, c)), and d, e the upsampling to
high-DFT. The center box is the crux of the workflow. f is a representation of the free-energy surface, with the (V, T) mesh on which free-energy
calculations are performed represented by blue dots, volumes at T,eir chosen for MTP training set represented by green dots, volumes for the
low-temperature effective QH fitting represented by green crosses, the 0 K E-V curve in purple and different derivatives represented by black
arrows. g is the free energy as a function of volume at the melting point calculated while including different excitations. The lower box shows
the numerically computed (h) isobaric heat capacity C, i linear thermal expansion coefficient a and j adiabatic bulk modulus Bs along with a
comparison to experimentally calculated values*'>'>2, (/*9 = \*9(T) denotes the equilibrium volume at T and a given pressure, Vox = V*9(0 K)
and Vet = V¥ Ter), Where Tiere is the experimental melting temperature at ambient pressure; S is the entropy).
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Fig. 2 Performance of the MTPs. The test set root-mean-square
errors (RMSEs) of the high-MTPs (level 20) in (a) energy (per atom)
and (b) forces in medium-size supercells.

Table 2. CPU-time estimate (in core hours) for different stages of the

free-energy calculation for Nb (PBE, 11 valence electrons) using the

current framework and using the previous TU-TILD methodology.
Stage Current TU-TILD

framework

MTP fitting Low-MTP fitting 340 -
High-MTP fitting 8500 40,000
Total fitting time 8800 40,000
Speed-up (fitting) x4.5 X1

Free-energy calc. Effective QH fitting 11,000 13,000
AFah—MTP 7700 7700
AFMTP—DFTlow - 1,630,000
(Direct) upsampling 410,000 410,000
Total free-energy 430,000 2,100,000
calc. time
Speed-up (free- x4.8 X1
energy calc.)
Total calculation 440,000 2,140,000
time for Nb

The AF and upsampling values are for a 11 x 13 (V, T) grid. The speed-up is

with respect to TU-TILD.

Optimization of direct upsampling

The most expensive stage during the free-energy calculations is by
far the upsampling from high-MTP snapshots to high-DFT (Table 2).
The efficiency of the methodology is thus significantly improved
by minimizing the number of high-DFT calculations during direct
upsampling, while still maintaining highest accuracy in the final
free energies. The number of high-DFT calculations needed to
achieve a certain accuracy is correlated to the RMSE of the high-
MTPs.

Figure 3 shows such a relation for Nb for different convergence
criteria (symbols connected with lines), featuring a decreasing
number of snapshots for a decreasing energy RMSE of the MTPs. A
model MTP is used here as the target system in the upsampling
(further details in Supplementary Discussion 1A). The trend can be
analytically formulated irrespective of the system solely by using
the energy RMSE of the MTP and the target accuracy. By
approximating the standard deviation of the upsampling as the
MTP energy RMSE, assuming a normal distribution, and using the
standard error within a 95% confidence interval, the number of
required snapshots is estimated as

2
no (2 RMSE> 7 @)

C
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Energy RMSE of MTP (meV/atom)

Fig. 3 Number of snapshots required for convergence of the
direct upsampling as a function of the energy RMSE of the MTP.
The colors represent different target accuracy as indicated in the
legend. The symbols connected by lines denote upsampling to an
Nb MTP model system. The purple and the red star show
upsampling from MTP to DFT at T,,,ei; for Nb within £0.6 meV/atom
and for Mg within +0.1 meV/atom, respectively. The error bars
denote a 95% confidence interval derived from independent sets of
calculations.

where + c is the target accuracy. For instance, for Nb with an MTP
RMSE of 2 meV/atom, around 40 snapshots are needed to achieve
a target accuracy of 0.6 meV/atom. This is indicated with the
purple star in the figure. Besides Nb, the other systems in this work
have high-MTPs fitted even to within 0.5 meV/atom and 0.05 eV/A
accuracy in energies and forces, respectively (Fig. 2), requiring
much fewer snapshots for the convergence of the direct
upsampling. For instance, Mg with an MTP RMSE of 0.16 meV/
atom would require only around 10 snapshots to reach 0.1 meV/
atom accuracy, as indicated by the red star in Fig. 3. The RMSEs
here are evaluated at the melting temperature, and provide the
largest estimates of the standard deviation. At lower tempera-
tures, the standard deviation decreases and fewer snapshots are
needed.

Significance of the (V, T) grid density

The proposed formalism enables affordable full free-energy
calculations on a higher number of (V, T) points as compared to
previous works. The importance of the (V,T) grid density is
illustrated in Fig. 4a, b, which show the anharmonic free energy for
Nb at Tper and the resulting bulk modulus calculated using
different grid densities. The anharmonic free energies in Fig. 4a
are given with respect to the anharmonic free energy calculated
using the highest-density grid (11Vx 137). As the grid density
increases, the anharmonic free energy begins to converge as
noticed by the closer proximity of the dashed red curve to the
solid black line, in comparison to the dotted gray curve. It is
observed that even a small difference in the anharmonic free
energy (about 0.5 meV/atom at T can lead to a considerable
change in the high-temperature bulk modulus (18% change at
Tmelt in the drop in the bulk modulus from 0K). Moreover,
calculations on a coarse 4V x 4T grid are also not sufficient to
capture the qualitative (more quadratic) behavior of the bulk
modulus at higher temperature (Fig. 4b). This reveals the
importance of a highly converged free-energy surface with
respect to the grid density, especially at higher temperatures
and higher volumes. For further improvement, we additionally
choose grid points above T and Ve to obtain converged
thermodynamic properties also at the melting point. Such a study
is made feasible owing to the rapidness of our methodology.
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Fig. 4 Convergence of thermodynamic properties. a Anharmonic free energy as a function of volume for Nb at T,.; calculated by using
different grid densities. The free energy is plotted with respect to the values calculated using the largest grid (11V x 137). b The corresponding
adiabatic bulk modulus for the three grids. ¢ Anharmonic free energy for Nb at T,e; calculated using a 11V x 13T grid but parametrized with
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Once free-energy calculations are performed on a sufficiently
dense (V,T) grid, it is crucial to parametrize the surface, in
particular the anharmonic free energy, with a sufficiently high-
order polynomial basis. This is illustrated in Fig. 4c, d which show
the anharmonic free energy (with respect to the 4th-order
parametrization) calculated using different orders and the
resulting thermal expansion coefficient. Although a second-order
polynomial fit (gray curve) of FP"(V, T) differs from the fourth order
by less than 1 meV/atom, it amounts to a 20% difference in the
expansion coefficient at the melting point. As the order of the
polynomial increases further to three and four, the free energy
differs by less than 0.2 meV/atom, leading to converged thermo-
dynamic properties (red dashed and black solid curves fall on each
other).

Benchmarks of the methodology

Taking both an optimized direct upsampling and a converged (V, T)
grid into account, Table 2 shows the total computational cost of
obtaining thermodynamic properties to the desired accuracy using
the current framework for Nb. The values are compared to the state-
of-the-art TU-TILD+MTP scheme, in which MTPs were fitted directly
to AIMD energies and forces, and a second Tl was performed from
the MTP to DFT, prior to upsampling. A 4.5-times speed-up is
achieved during high-MTP fitting by using the two-stage training
procedure (see the top half of Table 2). Through direct upsampling
from precise high-MTPs and an optimized number of snapshots, we
completely do away with the second stage of TU-TILD (Tl from MTP
to DFT), thereby achieving a 4.8-times gain in speed during free-
energy calculations using a 11 x 13 (V, T) grid, shown in the bottom
half of the table. Although the speed-up coming from direct
upsampling in comparison to TU-TILD was mentioned in the work of
Zhou et al.34, here we optimize both the number of snapshots for a
single (V, T) point and the total number of grid points needed for the
evaluation of thermodynamic properties.
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Free energies for the prototype systems

In Fig. 5, we highlight key insights from the calculated free-energy
surfaces, from which the target thermodynamic properties are
derived. The first column provides the Gibbs energy G(T) at
ambient pressure for the four elements using the GGA-PBE
approximation to the exchange-correlation (XC) functional. Gibbs
energies are the fundamental input to the calculation of phase
diagrams (CALPHAD?*'). On the total scale, the full DFT Gibbs
energy curves (solid lines) are closely tracing the CALPHAD values.
Differences can be noticed at high temperatures when the DFT
curves are referenced with respect to the CALPHAD data as shown
in the insets. The discrepancy is not a shortcoming of the present
methodology, but instead due to the inherent limitation of the
local nature of the standard XC functionals. For Al and Mg, we also
demonstrate the results using the LDA XC functional. Results from
both functionals can act as an “ab initio confidence interval”, as
was shown previously*.

In the second column in Fig. 5, the free energy at the melting
point is plotted as a function of volume. The F-V curves, including
all excitation mechanisms (solid lines), are analogous to the
conventional E-V curves at 0K, but corresponding to Ter. They
contain, for example, information on the equilibrium volume and
the (isothermal) bulk modulus at the melting point. In contrast to
the E-V curves at 0K, the F-V curves are dominated by thermal
excitations. The anharmonic contribution (calculated with the
effective QH as reference) is large for Nb (=450 meV/atom, see
also the third column). This strong anharmonic behavior can be
intuited by the open bcc structure of Nb that favors vibrational
entropy, as compared to the close-packed fcc and hcp structures
for the other elements. The electronic free energies are large for
Nb and Ni (= —100 and —50 meV/atom), which can be corrobo-
rated with the Fermi-level contribution of a smeared-out
electronic density of states**. For Ni, the magnetic contribution
is as large as the electronic contribution, with its strength
determined by the local magnetic moments on the Ni atoms. It
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Fig. 5 Ab initio calculated thermodynamic potentials for Nb, Ni, Al, and Mg. Gibbs energy G(7) at 100 kPa (first column), free energy F(V) at
Tmelt (second column), and anharmonic free energy FM(V, T) (third column), using the PBE XC functional. The G(T) values are referenced to the
minimum energy of the static lattice at 0 K. Calculations using the CALPHAD method*' (aligned to the ab initio values at room temperature)
are shown in blue dots for comparison. The insets contain the full ab initio Gibbs energy at high temperatures with respect to the CALPHAD
values, with the results for LDA added for Al and Mg. For G(T) and F(V, Tei), curves including different excitation mechanisms are shown. The
melting temperatures T,qr cOrrespond to experimental values. The error bars denote a 95% confidence interval.

needs to be stressed that the impact of thermal vibrations on the
electronic and magnetic free energy is important, as the vibrations
break the symmetric arrangement of the atoms and thereby
significantly smoothen the electronic density of states.

As noted above, reaching the desired accuracy in the
thermodynamic properties that require the first and second
derivatives of the free energy requires control over sub-meV
differences in the free energies. In particular, it is of crucial
importance to faithfully describe the physically relevant variations
of the free energy with volume and temperature (cf. the wavy
dependence for Ni's FM'(V) in Fig. 5), while at the same time
avoiding any overfitting. The sufficiently dense sets of explicitly
computed F(V,T) points are seen in the right column in Fig. 5,
guaranteeing convergence with respect to the number of basic
elements in the expansion of the free-energy surface.

Thermodynamic properties for the prototype systems

Figure 6 shows the target thermodynamic properties—the
isobaric heat capacity C,(7), the linear thermal expansion
coefficient a(T) and the adiabatic bulk modulus Bs(T)—calculated
up to the melting point using the current ab initio framework, for
Nb, Ni, Al, and Mg, including the different excitation mechanisms
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(provided in the legend). Experimental values are shown as blue
circles for comparison, and our calculations, including all
excitation mechanisms (solid lines), show excellent agreement.

The unprecedented accuracy achievable with the current
framework is apparent in the results for Nb (first row in Fig. 6).
We have shown in the previous section that Nb has the largest
electronic and anharmonic contribution of the four systems
studied. Nb also possesses long-range interactions at 0K that
gradually disappear as temperature increases'®. The disappear-
ance is validated by explicit Tl calculations on large-size cells from
high-MTP to DFT (see Supplementary Discussion 1D). In addition
for Nb, the energies predicted by the high-MTP (fitted at T,eir) ON
low-temperature  configurations with de-coupled phonons
become less accurate (see Supplementary Discussion 1D3).
However, the loss in accuracy gets fully compensated for in the
directly upsampled free energy. Considering all such challenges
offered by Nb, we still achieve remarkable accuracy with
experiments. In particular, the calculations are able to reproduce
the strong temperature dependence and the curvature of the
expansion coefficient all the way to the melting point. This is
made possible by virtue of a dense (V, T) grid on which the free-
energy calculations are performed, leading to highly converged
numerical first and second derivatives.
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Fig. 6 Ab initio calculated C,(T), a(T), and Bs(T) up to the melting point for Nb, Ni, Al, and Mg. Calculations are compared to experimental
results shown in blue circles. Results considering different excitation mechanisms (effective QH (gh), anharmonic (ah), electronic (el), and
magnetic (mag)) are shown. Nb and Ni results are for PBE, while for Al and Mg LDA results are additionally shown. The following experimental

values are used for comparison: Nb*!>3-55, Nj41:°1:52 A[541:56 and Mg>41-57,

The results for Nb also showcase how the different thermo-
dynamic properties probe distinct features of the free-energy
surface. The strong anharmonic free energy discussed above
affects significantly the expansion coefficient (yellow dotted vs red
dashed line) and contributes to its curvature. In contrast, the heat
capacity is much less affected by the anharmonic free energy. The
situation is opposite for the electronic thermal excitations which
strongly increase the computed heat capacity of Nb bringing it
close to the experiment, while the expansion coefficient is less
affected. It is the dependence on derivatives along distinct
directions on the free-energy surface that brings about the
different behavior of the thermodynamic properties.

In the second row in Fig. 6, we present the results for Ni. By
virtue of its construction, the model can well predict the peak in
the heat capacity at the Curie temperature arising from the
second-order magnetic phase transition. The validity of the
current approach for calculating magnetic free energies and the
negligibility of contributions beyond (e.g., LSFs) have been
thoroughly proven in earlier works®*#%. However, the magnetic
model utilized for Ni cannot capture the small peak in the
experimental expansion coefficient originating from the magnetic
phase transition. Other, more elaborate magnetic models could be
incorporated into the present framework to further improve the
magnetic description.
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The results for Al and Mg (last two rows in Fig. 6) are provided
for both the LDA and PBE XC functionals. The difference coming
from the XC functionals is evident in the calculated bulk modulus,
where PBE and LDA results are identified as a lower and upper
bound to the experimental bulk modulus, providing an ‘ab initio
confidence interval®? similarly as for the Gibbs energies men-
tioned above. Although this has been documented for some
systems and properties in literature?>#2, we report it for the first
time for the bulk moduli at full DFT accuracy.

DISCUSSION

The procedure described in this work presents a complete and
very efficient methodology to predict highly accurate ab initio
free-energy surfaces and thermodynamic properties up to the
melting point. The procedure has been developed and stream-
lined by considering key insights and findings from ab initio
studies over the past decade, and by utilizing direct upsampling
and advanced machine-learning potentials (i.e., MTPs). The current
proposition makes calculations on a very dense (V,T) grid
affordable. It also takes the relevant finite-temperature excitations
into account—the electronic free energy, the magnetic contribu-
tion, anharmonicity, and coupling effects. Consequently, even sub-
meV differences that affect high-temperature thermodynamics are
factored in.
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The proposed procedure can be combined with any ab initio
electronic structure approach, and with advanced exchange-
correlation functionals, e.g., hybrid functionals**, meta-generalized
gradient approximations®®, or even with the random-phase-
approximation and the adiabatic connection fluctuation—dissipation
theorem®’. The more computationally expensive functionals can be
employed either for the E-V curve or during upsampling in order to
reach higher ab initio accuracy. The application and efficiency of the
procedure relies primarily on accurately fitted MTPs. Hence, the
technique can also be employed to more complex and possibly
disordered systems such as multi-component alloys, for some of
which MTPs within 3 meV/atom energy RMSE (similar to that for Nb)
exist in literature®. The here-derived optimization and analysis (in
particular for the direct upsampling, where the RMSE of the MTP
determines the efficiency) can be applied to efficiently obtain well-
converged free energies. Free energies of arbitrary phases can be
computed, as long as it is possible to perform sufficient dynamics
within the considered phase, such as to obtain statistically converged
quantities. In addition to equilibrium phases, properties of meta-
stable and dynamically stabilized phases are accessible. Once bulk-
free energies are available, the procedure can be extended to
systems with various kinds of defects (e.g., vacancies, surfaces,
interfaces, grain boundaries). With the calculated free energies of the
ideal bulk and the defective structure, one can evaluate the
formation Gibbs energy of the respective defect. In the case of
thermal vacancies, their presence at elevated temperatures will
mildly contribute to the thermodynamic properties of the system,
providing an even more realistic comparison to experimental data.
For example, in Al, thermal vacancies are known to add 0.07 kg to the
heat capacity at the melting point?. Predictions of highly accurate
solid free-energy surfaces are also required as a reference for liquid
phase calculations, e.g, in the TOR-TILD methodology®®. From the
free-energy surface, other thermodynamic properties such as the
enthalpy, entropy, and Griineisen parameter can be likewise derived.

Data sets for the studied properties—Gibbs energy, enthalpy,
entropy, isobaric, and isochoric heat capacity, thermal expansion
coefficient, isothermal, and adiabatic bulk moduli—of the here
investigated prototype systems are tabulated in Supplementary
Discussion 4 and provided online (see “Data availability” and
“Code availability”). With the introduced, robust and efficient
methodology, we are well-positioned to extend this work to other
systems and develop an entirely ab initio thermodynamic
database.

METHODS

An overview of the steps involved in our framework to calculate
the relevant free-energy contributions and eventually thermo-
dynamic properties is provided here, with more details in the
Supplementary Information.

Energy-volume curve and Debye-Griineisen model
(Supplementary Methods 2A)

We start with a conventional 0K energy-volume (E-V) curve
calculation with very well-converged DFT parameters (2 X ENMAX,
i.e, twice the maximum recommended energy cut-off, and more
than 60,000 k-points (kp) X atoms) in a reasonable volume range
(typically —8% to + 12%) around the 0 K equilibrium volume on a
mesh of at least 11 volumes. The DFT computed values are used to
fit the Vinet equation of state* to obtain Eqk(V) for Eq. (1). The E-V
curve is also used to obtain the free energy within the
Debye-Griineisen model®, from which we estimate the relevant
volume range for the free energy calculations. For the melting
temperature, we use experimental values.
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Low-quality MTP (Supplementary Methods 2B)

In order to efficiently generate a highly accurate MTP (next point),
first, a lower-quality MTP is obtained to rapidly sample the
vibrational phase space. For that purpose, AIMD is performed
using low-accuracy DFT (low-DFT) parameters (1 X ENMAX energy
cut-off, 288-432 kp x atoms and without electronic temperature)
on a coarse set of four volumes from the relevant volume range, at
the melting point, on small-size supercells of 32-54 atoms and a
timestep of 5 fs for 1000 steps. Uncorrelated snapshots are chosen
to train a lower-quality MTP (low-MTP) with few basis functions.
Specifically, levels of levp,x = 6-14 and radial basis sizes of No =8
are used, resulting in 25-88 fitting parameters. The minimum
distances (Rmin) are 1.33-2.00A and the cutoff radii (R.,) are
4.96-6.24 A,

High-quality MTP (Supplementary Methods 2C)

The low-MTP is used to perform NVT MD simulations in a medium-
size supercell (96-128 atoms) for 8-10 volumes in the relevant
volume range, at the melting point, using a timestep of 1fs for
9000 steps. From the trajectories, 30 snapshots are chosen from
each volume, and DFT calculations with high-converged (high-
DFT) parameters (1.5 X ENMAX and 6100-8200 kp x atoms) are
performed to serve as the training set for a higher accuracy MTP
(high-MTP). The high-MTP has significantly more basis functions
than the low-MTP, i.e,, a level lev max = 20 and Nq = 8 radial basis
functions, resulting in 332 fitting parameters. A ‘harmonic’
snapshot generated with the effective QH reference (next point)
is included into the fitting database to stabilize the high-MTP for
small interatomic distances. The resulting Rmin are 1.36-2.00 A and
the R are 4.97-6.10A. The electronic contribution is not
included in the DFT database for the high-MTP, because the
current MTPs do not entail electronic degrees-of-freedom. Note
that within our approach, no expensive high-DFT AIMD is
required.

Effective QH reference (Supplementary Methods 2D)

We use an effective QH model as a reference for the Tl to high-
MTP. To obtain it, low-temperature MD (e.g., at 20 K) is run using
the high-MTP on medium-size supercells at several volumes in the
relevant range for 10,000 steps of 1fs each. From this, we choose
30 snapshots for each volume and calculate high-DFT forces. An
effective dynamical matrix is then fitted to these forces and
extended to larger system sizes. Each of the force constants is
parametrized using a second-order polynomial in V. For each V,
FaT) is calculated on a 30x30x30 g-point mesh in
reciprocal space.

An effective QH reference is preferred to a 0K QH due to its
wider applicability and stability (even for 0 K unstable systems that
become stable at elevated temperatures), efficiency for low-
symmetry systems, and a fitting dataset where errors in atomic
forces are averaged out.

Tl from effective QH to high-MTP (Supplementary Methods
2E)

Next, we perform Tl using Langevin dynamics (TILD) to obtain the
free-energy difference between the effective QH reference and
the high-MTP. The high-MTP is used as an intermediate potential
to minimize high-DFT calculations for the final free energy. During
TILD, the free-energy difference is given by

1
Ath*)MTP — / d)\<EMTP _ th>}w (3)
0
where A(=0...1) dictates the coupled system with energy
Ey=(1 —NEI £ AEMTP_TILD is performed on large-size supercells

(432-500 atoms) with a timestep of 1 fs for 50,000 steps. For each
(V,T), a very dense set of around 202 values is used. We then
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integrate over A with an analytical fit based on a tangential
function to obtain AFAh—MTP,

In certain situations, the A-based TILD calculations cannot be
straightforwardly performed. For example, in systems that feature
diffusion of atoms and exchange of sites during the Tl, a fixed-
lattice reference such as the effective QH becomes inadequate.
Then, it is possible to utilize an alternative method to calculate
free-energy differences, i.e, temperature integration. In the
present study, temperature integration has been used to
corroborate the TILD calculations. Details and special considera-
tions about this method can be found in Supplementary
Discussion 1E.

One should keep in mind that the present step of the procedure
involves no DFT calculations. Hence, we can afford to perform
highly converged free-energy calculations on large-size supercells
which also include contributions from vibrations with long
wavelengths. Moreover, finite-size effects (e.g., stacking fault
formation in small-size Mg hcp cells, see Supplementary Discus-
sion 1F) are avoided by utilizing large-size supercells.

Figure 1a—c encapsulates the just discussed three stages. Here,
(EM™ — E9") is plotted against A for a single volume and a set of
temperatures for a 500-atom Ni supercell, where A=0 corre-
sponds to the effective QH reference and A =1 corresponds to a
high-MTP. The high density of As as seen in the figure, achieves
good convergence and is affordable due to the inexpensive
nature of this step.

Direct upsampling from high-MTP to high-DFT
(Supplementary Methods 2F)

In the spirit of the direct-upsampling approach, we perform
high-DFT runs on high-MTP-generated snapshots (illustrated by
red dots in Fig. 1d). In addition to reaching DFT accuracy for the
vibrational free energy, we also include the electronic
contribution. The notion behind upsampling from MTP relies
on its superior accuracy, due to which highly converged
upsampled energies can be achieved within a few tens of
snapshots (as discussed, the speed of convergence depends on
the accuracy of the MTP. For the full analysis, see Supplemen-
tary Discussion 1A).

Since this step involves computationally demanding calcula-
tions (Table 2), they are restricted to medium-size supercells. The
upsampling is performed in two parts. First, the free-energy
difference between high-MTP and high-DFT is calculated using the
free-energy perturbation expression, as given by

EDFT _ EMTP
AFYP = —kgT In <exp(— 7) > , (4)
ksT MTP

where EPFT and EM™ are high-DFT (without electronic tempera-
ture) and high-MTP energies. The averaging is performed on
uncorrelated high-MTP snapshots. Equation (4) corresponds to the
full free-energy perturbation formula. We note that at least the
second-order approximation of the perturbation equation is vital
to capture the full upsampled free-energy difference, (see
Supplementary Discussion 1A1) Adding the upsampled free
energy to AFI"~MP from the previous stage gives the anharmonic
vibrational contribution:

Foh = AFANMTP 4 AFUP, 5)

In the second part, we calculate the electronic free energy F®'
using the same snapshots, as given by

DFT __ pDFT
Fel = —kgTIn <exp(— u)> , (6)
kT MTP

where ESFT is the high-DFT energy, including electronic tempera-
ture. Since it is performed on MD snapshots, the upsampling also
accounts for the effect of atomic vibrations on the electronic free

energy.
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For magnetic systems (Ni, in this case), we extract average
magnetic moments from the high-DFT runs (including electronic
temperature). Along with the experimental Curie temperature,
they are used as model parameters for an empirical heat capacity
formula as a function of temperature, and for the corresponding
numerically integrated magnetic free energy F™9(V, 7).

Parametrization and thermodynamic properties
(Supplementary Methods 2G)

A sufficiently dense (V,T) grid is necessary to fit a smooth free-
energy surface and numerically calculate converged second
derivatives in the evaluation of C,(T) and Bs(7) all the way to Treir
For this purpose, it is also recommended to extend the grid further
(by one or two points in V and T) beyond the corresponding
melting temperature and volume, i.e., to T> T and V> Vijen-

Smooth surfaces in (V,7) are fit to each of the free-energy
contributions. For a dense temperature mesh (steps of 1 kelvin),
Fan(T) is parametrized with a third-order polynomial in V to obtain
the effective QH free-energy surface FI"(V, 7). The anharmonic free
energies F2" at every (V, ) grid point are used to fit a continuous
anharmonic free-energy surface using renormalized effective
anharmonic frequencies?*>33, Here, an adequate polynomial basis
is a requisite for the frequencies since the derived thermodynamic
quantities are particularly sensitive to them. A fourth-order
polynomial in V and T is found to be a conservative and well-
converged basis set. The total vibrational free energy can be
obtained by summing up the effective QH and anharmonic
surfaces: FYP(V, T) = FI"(V, T) + FP"(V, T). The electronic free ener-
gies F*' at every (V,T) grid point are used to fit a polynomial in
(V,T)* to obtain a continuous electronic free-energy surface
Fe'(V, 7). The average magnetic moments m at every (V,T) grid
point are first parametrized with a polynomial in T, and later with a
polynomial in V for every 1-kelvin step, to obtain a continuous
F™39(V, T) surface.

All contributions are discretized in 1-kelvin steps, and the total
free energy is obtained by summing the contributions to the E-V
curve (Eq. (1)). Numerical first and second derivatives along
different directions are performed to obtain C,(7), a(T), and B(7).

DATA AVAILABILITY

The necessary data are available in the DaRUS Repository and can be accessed via
https://doi.org/10.18419/darus-3239. The repository contains the training sets (VASP
OUTCAR files), the low-MTPs and high-MTPs, the effective QH potentials, and the final
thermodynamic database (properties) for the four unaries.

CODE AVAILABILITY

The scripts for performing thermodynamic integration, direct upsampling, free-
energy parametrizations, and thermodynamic database calculations are available on
request from the authors.

Received: 6 July 2022; Accepted: 14 December 2022;
Published online: 10 January 2023

REFERENCES

1. Einstein, A. Die Plancksche Theorie der Strahlung und die Theorie der spezi-
fischen Warme. Ann. Phys. (Leipzig) 327, 180-190 (1907).

2. Zheng, Q. et al. Understanding glass through differential scanning calorimetry.
Chem. Rev. 119, 7848-7939 (2019).

3. van Schilfgaarde, M., Abrikosov, I. A. & Johansson, B. Origin of the Invar effect in
iron-nickel alloys. Nature 400, 46-49 (1999).

4. Lee, C. et al. Temperature dependence of elastic and plastic deformation beha-
vior of a refractory high-entropy alloy. Sci. Adv. 6, eaaz4748 (2020).

5. Touloukian, Y. S, Kirby, R. K., Taylor, R. E. & Desai, P. D. Thermal expansion metallic
elements and alloys. in Thermophysical Properties of Matter—the TPRC Data Series,
(eds.) Touloukian, Y. S, Ho, C. Y., Vol. 12, 1-1348 (IFI/Plenum, 1975).

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences


https://doi.org/10.18419/darus-3239

20.
21.
22.
23.
24,

25.

26.

27.

28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

. Hellwege, K-H. & Olsen, J. L. (eds.) Metals: phonon states, electron states and

Fermi surfaces. in Landolt-Bérnstein —Group Il Condensed Matter, Vol. 13A
(Springer-Verlag, 1981).

. Draxl, C. & Scheffler, M. The NOMAD laboratory: from data sharing to artificial

intelligence. J. Phys.: Mater. 2, 036001 (2019).

. Legrain, F., Carrete, J,, van Roekeghem, A,, Curtarolo, S. & Mingo, N. How chemical

composition alone can predict vibrational free energies and entropies of solids.
Chem. Mater. 29, 6220-6227 (2017).

. Kirklin, S. et al. The open quantum materials database (OQMD): assessing the

accuracy of DFT formation energies. npj Comput. Mater. 1, 15010 (2015).

. de Jong, M. et al. Charting the complete elastic properties of inorganic crystalline

compounds. Sci. Data 2, 150009 (2015).

. Talirz, L. et al. Materials Cloud, a platform for open computational science. Sci.

Data 7, 299 (2020).

. Glensk, A., Grabowski, B., Hickel, T. & Neugebauer, J. Understanding anharmo-

nicity in fcc materials: from its origin to ab initio strategies beyond the quasi-
harmonic approximation. Phys. Rev. Lett. 114, 195901 (2015).

. Hellman, O., Abrikosov, I. A. & Simak, S. I. Lattice dynamics of anharmonic solids

from first principles. Phys. Rev. B 84, 180301 (2011).

. Tidholm, J. et al. Temperature dependence of the Kohn anomaly in bcc Nb from

first-principles self-consistent phonon calculations. Phys. Rev. B 101, 115119
(2020).

. Adams, D. J, Wang, L., Steinle-Neumann, G., Passerone, D. & Churakov, S. V.

Anharmonic effects on the dynamics of solid aluminium from ab initio simula-
tions. J. Phys.: Condens. Matter 33, 175501 (2021).

. Souvatzis, P., Eriksson, O., Katsnelson, M. I. & Rudin, S. P. Entropy driven stabili-

zation of energetically unstable crystal structures explained from first principles
theory. Phys. Rev. Lett. 100, 095901 (2008).

. Junkaew, A, Ham, B., Zhang, X. & Arréyave, R. Ab-initio calculations of the elastic

and finite-temperature thermodynamic properties of niobium- and magnesium
hydrides. Int. J. Hydrogen Energy 39, 15530-15539 (2014).

. Grabowski, B. et al. Ab initio vibrational free energies including anharmonicity for

multicomponent alloys. npj Comput. Mater. 5, 80 (2019).

. Vocadlo, L. et al. Possible thermal and chemical stabilization of body-centred-

cubic iron in the Earth’s core. Nature 424, 536-539 (2003).

Vocadlo, L. & Alfe, D. Ab initio melting curve of the fcc phase of aluminum. Phys.
Rev. B 65, 214105 (2002).

Pozzo, M., Davies, C., Gubbins, D. & Alfe, D. FeO content of earth’s liquid core.
Phys. Rev. X 9, 041018 (2019).

Dorner, F., Sukurma, Z, Dellago, C. & Kresse, G. Melting Si: beyond density
functional theory. Phys. Rev. Lett. 121, 195701 (2018).

Grabowski, B., Ismer, L., Hickel, T. & Neugebauer, J. Ab initio up to the melting
point: Anharmonicity and vacancies in aluminum. Phys. Rev. B 79, 134106 (2009).
Duff, A. I. et al. Improved method of calculating ab initio high-temperature
thermodynamic properties with application to ZrC. Phys. Rev. B91, 214311 (2015).
Ko, T. W., Finkler, J. A, Goedecker, S. & Behler, J. A fourth-generation high-
dimensional neural network potential with accurate electrostatics including non-
local charge transfer. Nat. Commun. 12, 398 (2021).

Batzner, S. et al. E(3)-equivariant graph neural networks for data-efficient and
accurate interatomic potentials. Nat. Commun. 13, 2453 (2022).

Lopanitsyna, N., Ben Mahmoud, C. & Ceriotti, M. Finite-temperature materials
modeling from the quantum nuclei to the hot electron regime. Phys. Rev. Mater.
5, 043802 (2021).

Shapeev, A. V. Moment tensor potentials: a class of systematically improvable
interatomic potentials. Multiscale Model. Simul. 14, 1153-1173 (2016).
Nyshadham, C. et al. Machine-learned multi-system surrogate models for mate-
rials prediction. npj Comput. Mater. 5, 51 (2019).

Zuo, Y. et al. Performance and cost assessment of machine learning interatomic
potentials. J. Phys. Chem. A 124, 731-745 (2020).

Lysogorskiy, Y. et al. Performant implementation of the atomic cluster expansion
(PACE) and application to copper and silicon. npj Comput. Mater. 7, 97 (2021).
Forslund, A. & Ruban, A. Ab initio surface free energies of tungsten with full
account of thermal excitations. Phys. Rev. B 105, 045403 (2022).

Zhang, X. et al. Temperature dependence of the stacking-fault Gibbs energy for
Al, Cu, and Ni. Phys. Rev. B 98, 224106 (2018).

Zhou, Y. et al. Thermodynamics up to the melting point in a TaVCrW high entropy
alloy: systematic ab initio study aided by machine learning potentials. Phys. Rev. B
105, 214302 (2022).

Grabowski, B., Hickel, T. & Neugebauer, J. Formation energies of point defects at
finite temperatures. Phys. Status Solidi B 248, 1295-1308 (2011).

Stockem, 1. et al. Anomalous phonon lifetime shortening in paramagnetic CrN
caused by spin-lattice coupling: a combined spin and ab initio molecular
dynamics study. Phys. Rev. Lett. 121, 125902 (2018).

Ruban, A. V., Khmelevskyi, S., Mohn, P. & Johansson, B. Temperature-induced
longitudinal spin fluctuations in Fe and Ni. Phys. Rev. B 75, 054402 (2007).

JH. Jung et al.

npj

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Koérmann, F., Dick, A, Hickel, T. & Neugebauer, J. Role of spin quantization in
determining the thermodynamic properties of magnetic transition metals. Phys.
Rev. B 83, 165114 (2011).

Novikov, I, Grabowski, B., Kdrmann, F. & Shapeev, A. Magnetic moment tensor
potentials for collinear spin-polarized materials reproduce different magnetic
states of bcc Fe. npj Comput. Mater. 8, 13 (2022).

Ferrari, A. et al. Frontiers in atomistic simulations of high entropy alloys. J. Appl.
Phys. 128, 150901 (2020).

Dinsdale, A. SGTE data for pure elements. Calphad 15, 317-425 (1991).
Grabowski, B., Hickel, T. & Neugebauer, J. Ab initio study of the thermodynamic
properties of nonmagnetic elementary fcc metals: exchange-correlation-related
error bars and chemical trends. Phys. Rev. B 76, 024309 (2007).

Zhang, X., Grabowski, B., Kérmann, F., Freysoldt, C. & Neugebauer, J. Accurate
electronic free energies of the 3d, 4d, and 5d transition metals at high tem-
peratures. Phys. Rev. B 95, 165126 (2017).

Fang, C. M, Sluiter, M. H. F,, van Huis, M. A,, Ande, C. K. & Zandbergen, H. W.
Origin of predominance of cementite among iron carbides in steel at elevated
temperature. Phys. Rev. Lett. 105, 055503 (2010).

Krukau, A. V., Vydrov, O. A, Izmaylov, A. F. & Scuseria, G. E. Influence of the
exchange screening parameter on the performance of screened hybrid func-
tionals. J. Chem. Phys. 125, 224106 (2006).

Sun, J,, Ruzsinszky, A. & Perdew, J. P. Strongly constrained and appropriately
normed semilocal density functional. Phys. Rev. Lett. 115, 036402 (2015).
Grabowski, B, Wippermann, S., Glensk, A., Hickel, T. & Neugebauer, J. Random phase
approximation up to the melting point: Impact of anharmonicity and nonlocal
many-body effects on the thermodynamics of Au. Phys. Rev. B 91, 201103 (2015).
Zhu, L-F., Grabowski, B. & Neugebauer, J. Efficient approach to compute melting
properties fully from ab initio with application to Cu. Phys. Rev. B 96, 224202 (2017).
Vinet, P., Ferrante, J., Rose, J. H. & Smith, J. R. Compressibility of solids. J. Geophys.
Res.: Solid Earth 92, 9319-9325 (1987).

Moruzzi, V. L., Janak, J. F. & Schwarz, K. Calculated thermal properties of metals.
Phys. Rev. B 37, 790-799 (1988).

Abdullaev, R. N., Kozlovskii, Y. M., Khairulin, R. A. & Stankus, S. V. Density and
thermal expansion of high purity nickel over the temperature range from 150 K
to 2030 K. Int. J. Thermophys. 36, 603-619 (2015).

Prikhodko, S. V. et al. Elastic constants of face-centered cubic and L1, Ni-Si alloys:
composition and temperature dependence. Metall. Mater. Trans. A 34, 1863-1868
(2003).

Arblaster, J. W. The thermodynamic properties of niobium. J. Phase Equilib. Diffus.
38, 707-722 (2017).

Wang, K. & Reeber, R. R. The role of defects on thermophysical properties: thermal
expansion of V, Nb, Ta, Mo and W. Mater. Sci. Eng., R 23, 101-137 (1998).
Bujard, P., Sanjines, R., Walker, E., Ashkenazi, J. & Peter, M. Elastic constants in Nb-
Mo alloys from zero temperature to the melting point: experiment and theory. J.
Phys. F: Met. Phys. 11, 775-786 (1981).

Wang, K. & Reeber, R. R. The perfect crystal, thermal vacancies and the thermal
expansion coefficient of aluminium. Philos. Mag. A 80, 1629-1643 (2000).
Slutsky, L. J. & Garland, C. W. Elastic constants of magnesium from 4.2°K to 300°K.
Phys. Rev. 107, 972-976 (1957).

Mehta, S., Price, G. D. & Alfé, D. Ab initio thermodynamics and phase diagram of solid
magnesium: a comparison of the LDA and GGA. J. Chem. Phys. 125, 194507 (2006).
Nie, Y. & Xie, Y. Ab initio thermodynamics of the hcp metals Mg, Ti, and Zr. Phys.
Rev. B 75, 174117 (2007).

Hatt, A. J., Melot, B. C. & Narasimhan, S. Harmonic and anharmonic properties of
Fe and Ni: thermal expansion, exchange-correlation errors, and magnetism. Phys.
Rev. B 82, 134418 (2010).

Pham, H. H. et al. Finite-temperature elasticity of fcc Al: atomistic simulations and
ultrasonic measurements. Phys. Rev. B 84, 064101 (2011).

Wrébel, J. et al. Thermodynamic and mechanical properties of lanthanum-magnesium
phases from density functional theory. J. Alloys Compd. 512, 296-310 (2012).
Metsue, A, Oudriss, A., Bouhattate, J. & Feaugas, X. Contribution of the entropy
on the thermodynamic equilibrium of vacancies in nickel. J. Chem. Phys. 140,
104705 (2014).

Togo, A. & Tanaka, 1. First principles phonon calculations in materials science. Scr.
Mater. 108, 1-5 (2015).

Minakov, D. V. & Levashov, P. R. Melting curves of metals with excited electrons in
the quasiharmonic approximation. Phys. Rev. B 92, 224102 (2015).

Sjostrom, T., Crockett, S. & Rudin, S. Multiphase aluminum equations of state via
density functional theory. Phys. Rev. B 94, 144101 (2016).

Gupta, A. et al. Low-temperature features in the heat capacity of unary metals
and intermetallics for the example of bulk aluminum and AlsSc. Phys. Rev. B 95,
094307 (2017).

Wang, Y. et al. DFTTK: Density functional theory toolkit for high-throughput lat-
tice dynamics calculations. CALPHAD: Comput. Coupling Phase Diagrams Ther-
mochem. 75, 102355 (2021).

npj Computational Materials (2023) 3

11



npj

JH. Jung et al.

12

69. Zhang, J., Korzhavyi, P. A. & He, J. First-principles modeling of solute effects on
thermal properties of nickel alloys. Mater. Today Commun. 28, 102551 (2021).

ACKNOWLEDGEMENTS

We appreciate fruitful discussions with Yuji lkeda, Xi Zhang, Matthias vom Bruch,
Konstantin Gubaev, and Nikolay Zotov. This project has received funding from the
European Research Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement No. 865855). The authors acknowledge
support by the state of Baden-Wirttemberg through bwHPC and the German
Research Foundation (DFG) through grant No. INST 40/575-1 FUGG (JUSTUS 2
cluster). B.G. acknowledges the support of the Stuttgart Center for Simulation Science
(SimTech). P.S. would like to thank the Alexander von Humboldt Foundation for their
support through the Alexander von Humboldt Postdoctoral Fellowship Program.

AUTHOR CONTRIBUTIONS

All authors designed the project, discussed the results, and wrote the manuscript.
B.G. provided scripts; J.J,, P.S.,, and AF. performed the calculations.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS

The authors declare no competing interests.

npj Computational Materials (2023) 3

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541524-022-00956-8.

Correspondence and requests for materials should be addressed to Blazej Grabowski.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences


https://doi.org/10.1038/s41524-022-00956-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	High-accuracy thermodynamic properties to the melting point from ab initio calculations aided by machine-learning potentials
	Introduction
	Results
	General overview of the methodology
	Accuracy of the MTPs
	Optimization of direct upsampling
	Significance of the (V,&#x02009;T) grid density
	Benchmarks of the methodology
	Free energies for the prototype systems
	Thermodynamic properties for the prototype systems

	Discussion
	Methods
	Energy–volume curve and Debye–Gr&#x000FC;neisen model (Supplementary Methods 2A)
	Low-quality MTP (Supplementary Methods 2B)
	High-quality MTP (Supplementary Methods 2C)
	Effective QH reference (Supplementary Methods 2D)
	TI from effective QH to high-MTP (Supplementary Methods 2E)
	Direct upsampling from high-MTP to high-DFT (Supplementary Methods 2F)
	Parametrization and thermodynamic properties (Supplementary Methods 2G)

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




