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Abstract

We are developing Mltool++ package of software programs for
machine learning (ML). Given the MLtool Python code, we
create a faster C++ code with the potential for parallelization.
We have extracted materials data from the literature. One
dataset contains melting temperatures of stoichiometric 1:1
metallic compounds XZ, composed by elements X={Al, Ti, V,
Cr, Zr, Nb, Mo, Hf, Ta, W} and Z={Co, Ni, Cu, Rh, Pd, Ag, Ir,
Pt, Au}, and another contains solid-solid symmetry-breaking
phase transition temperatures. We studied dependences of
temperatures on composition, found several correlations, and
parametrized them by analytical functions. Mltool++ package
is generic and applicable to any tabulated numeric data.
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Conclusion

MLtool++ reads two text files, containing data and input
parameters. The data is fitted by the selected analytical
model; choices include polynomials, rational functions,
gaussians, plane waves, or arbitrary user-defined functions.
MLtool Python code cross-validates all models, returns a
ranked list, and points at the best predictive models; MLtool++
package will be faster, parallel, with a similar functionality.
MLtool++ package is object-oriented and multithreaded; there
are plans for its further parallelization and optimization.

Figure 3: Melting temperatures Tmelt[K] of 90 XZ stoichiometric 1:1 compounds versus 
Tmelt of 10 X (group 4-6) and 9 Z (9-11) elemental metals, fitted by the linear function 
!!"#$ "# = % & !!"#$, where % = [106	 , 		0.0992		0.791] and !!"#$% = [1		!!"#$ " 		!!"#$ # |.
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We started implementing components of
MLtool++ software package, considered
90 ASM phase diagrams, performed data
mining, and extracted relevant data sets.
We applied our software to our data,
found correlations and parametrized them
by analytical equations.

Data sets were extracted from ASM phase diagrams database.
Over 90 binary X-Z phase diagrams were considered with
chemical elements X={Al, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W} and
Z={Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, Au}.

Figure 4: Solid-solid transition temperatures Tc[K] of 31 stoichiometric 1:1 compounds 
versus electronegativity of 10 X (group 4-6) and 9 Z (group 9-11) metals.

Considering solid-solid symmetry-breaking phase transition 
temperatures Tc[K] of stoichiometric 1:1 compounds XZ versus 
properties of elemental metals X and Z, we found a moderate 
correlation and approximated it by a third-degree polynomial:
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Figure  2: Cross-validation  (CV) predictive 
and least-squares (LS) fit errors versus 
number of parameters, see Fig. 2 in [10].

15:5 meV within this range gives Tc at 1335 K, near
the observed 1318 K. Including tetrahedron does not sig-
nificantly alter Tc, as expected for a 4-body cluster at c !
1=4, as c4 " 1 and V#4$!#4$ ! 0. For optimal truncation,
including the most compact 4-body cluster is necessary
before including any other more extended 4-body or
higher-order clusters. Within our set of 45 arbitrary struc-
tures only one (147:8 meV=atom in Table II) has contri-
bution from the most compact 4-body cluster, so any CE
including this cluster has formally infinite (thus not
minimal) CV, so an optimal CE should contain pairs
and triplets only. Indeed, the optimal CE (denoted CE3),
see Fig. 2, includes three pair and three triplet interac-
tions and yields Tc of 1370 K, again near the observed
value and well within the CV error of %15:2 meV. Both
CE2 and CE3 are examples of the localized CE hierarchy
allowed by rules 1–3. Notably, we find no failure or ill
description of thermodynamics for optimal truncation
embodied in the new rules; see Table I.

Moreover, we predicted from these optimal CE that
Ni3V has numerous metastable long-period superstruc-
tures (LPS) of the type h0 1

2m 1i with m & 1. The D022
ground state is m ! 1, D023 is m ! 2, and L12 is m ! 1,
see Table II.We then confirmed by direct DFT calculations
that over 23 metastable structures are between D022 and
L12. Clearly, structural energy differences then will be
sensitive to thermal antisites or partial-order, i.e., chemi-
cal environments that distinguish D022 from other low-
energy structures.

The relative energies of D022 and D023, which can be
viewed as D022 with #001$ antiphase boundaries (APB),
gives an estimate of the #001$ APB energy per site of the
antiphase plane: EAPB ! 4'ED023 ( ED022). In Table II, our
calculated EAPB

DFT ! 101:6 meV and CE3-predicted EAPB
CE !

101:1meV agree at perfect long-range order. However,
binaries with first-order transitions have order parameters
! (defined in [18]) that jump from 0 to 0:7–0:9 at Tc. For
partial-order below Tc as in experiment, we predict that
EAPB
CE #!$ are 81, 65, and 50 meV for !’s of 0:9, 0:8, and

0:7, respectively. From superdislocation separation mea-
surements, assessed values are 52% 20 meV at 273 K and
55% 18 meV at 900 K [17], with roughly constant !< 1
due to lack of kinetics.

The real-space Warren-Cowley SRO parameters "lmn
were calculated using our CE within Monte Carlo at T !
1:04Tc, as in experiment. The proper way to compare
calculated SRO to experimental data is in [4]. Full details
of the agreement between calculated and experimental
"lmn will be given elsewhere. However, the ener-
getics associated with SRO given by "EL12(D022

SRO *
kBT!"(1#100$ ( "(1#1 1

2 0$"=16c#1( c$ can be directly
estimated from the calculated "#k$ at f1 1

2 0g and f100g
k-points, as done experimentally [17]. We obtain 17%
15 meV for CE3 at 1392 K, now in agreement with ex-
periment [17] and coherent-potential approximation
(CPA) results [18], see Table I. Our results confirm the
CPA explanation for Ni3V SRO energetics and the dis-
crepancy between T ! 0 K DFT results and measure-
ments as arising from the strong dependence of EL12#!$
on the state of partial order [18].

Finally, we discuss issues that led to previous poor
Ni3V results. For the range of ECIs included in our
truncated CE basis sets, "EL12(D022

CE + 'EL12
CE ( ED022

CE ) !
2'ED023

CE ( ED022
CE ) + EAPB=2, as verified in Table II. So for

a truncated CE, L12 can be viewed also as a #001$ APB in
D022. Other LPS, e.g., with EDFT ! 33:7 meV=atom and
ED023
DFT ! 25:4 meV=atom in Table II, also have indistin-

guishable energies within the truncated CE. This obser-
vation has great import in Ni3V. Table II shows that
"EL12(D022

CE and "EL12(D022
DFT are not equal. This implies

again that there is a strong configurational dependence of
partially ordered L12 energy on !, as indeed shown by
CPA calculations [18]. Because L12 is highly metastable
with respect to D022, a truncated CE will be suspect
versus ! (particularly for !, 1) unless all clusters that
distinguish L12 from D022, and similar LPS, are included
in the basis. In Refs. [14–16], "EL12(D022

CE at 0 K was
forced to coincide with "EL12(D022

DFT ! 101 meV by over-
fitting and including certain 3- and 4-body clusters arbi-
trarily that created an invalid CE and hence inaccurate
energetics. Our truncated CE properly describes the ob-
served thermodynamics, but not high-energy and ill-
described structures such as fully ordered L12 that
are unimportant for thermodynamics, as evidenced in
Table II. Of course, calculating more DFT structural
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FIG. 2. (upper) The predicted and observed (dotted line)
Tc (K), and (lower) the CV and LS errors (meV/atom) vs ECI
truncation. Results are for CE with pairs only (left) and for 2
and 3 pairs with a number of 3-body ECI (right). The minimal
CV and LS are given by solid symbols.
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Provided a versatile fitting tool for any tabulated numeric data




