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The development of quantitative models for understanding physical properties of alloys requires a proper
treatment of magnetic interactions, which is of paramount importance for the microstructural stability, especially
in steels and high-entropy alloys containing magnetic elements. These magnetic interactions also control the
defects behavior which affects the mechanical properties and the response under irradiation. Current interatomic
potentials for molecular dynamics (MD) simulations still lack an adequate formulation to include magnetism
into the simulations. In this paper, the universal equation of states (UES) is revisited and generalized by
including ferromagnetic (FM) and antiferromagnetic (AFM) configurations with the aim of proposing a new
formulation to develop interatomic potentials with magnetic contribution. For the case of Fe, given a fixed
magnetic configuration and magnitude of the magnetic moment, the energy of the system is calculated by
means of three parameters, namely, the energy, volume, and corresponding scaling volume (directly related
to the bulk modulus) at the local ground state of the corresponding lattice. These parameters depend on three
terms: firstly, a distance-dependent function, which gathers the nonmagnetic influence of the surrounding atoms;
secondly, a magnetically dependent function, contributing to the energy by means of the magnetic nature of the
atom, irrespective of the magnetic moment magnitudes of its surrounding atoms; and finally, a term which is
magnetically and distance dependent simultaneously, which describes the influence of the magnetic state of the
surrounding atoms on the energy considering their interatomic distance. This latter term is built via two functions
which cannot be disconnected: one dependent on the distance between two atoms (a decreasing function with
the distance in absolute value) multiplied by another function which is dependent on the magnetic moment
of these two atoms. In this way, the magnetic influence of a distant atom scales with its distance. The new
formulation is tested for magnetic iron, where 18 240 spin polarized density functional theory (DFT) calculated
energies for different lattices, volumes, and magnetic moments in FM and AFM configurations showed that
the generalized UES (GUES) accurately describes the energy of the system. The root-mean-square error of the
GUES is in the range of 5.9 x 1073 eV over all DFT calculated energies, showing good accuracy and allowing us
to propose a formulation for developing a magnetic interatomic potential (MIP) in Fe. The potential is developed
for FM configuration in iron, aiming at studying the stability of the ferritic and austenitic phases but also defects
and other configurations of special relevance as, for instance, in irradiation conditions for fusion or fission
applications. The distance and magnetic functions of the GUES are tabulated to obtain a MIP, which describes the
DFT calculated energies for different lattices, volumes, and magnetic moments in FM configuration. Further, the
MIP has been validated in other crystal lattices (A15 and C15), elastic constants, stresses in the lattice, vacancies,
interstitials, forces at different temperatures, transformation paths between body-centered cubic, face-centered
cubic, hexagonal close-packed, and simple cubic structures as well as y surfaces. We conclude that the results in
this paper pave the way to develop MIPs with accuracy and predictability beyond the state of the art in MD.
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I. INTRODUCTION tials based on the embedded atom method (EAM) [1,2] or
many-body force potential [3,4] where developed to fit rele-
vant properties or were optimized [5] to fit density functional
theory (DFT) calculations. This allowed tremendous advances
in the analysis of atomic interactions, providing exceptional
tools to investigate key parameters [6—8]. Nevertheless, classi-
cal MD interatomic potentials frequently lacked the influence
*Corresponding author: isaac.toda@cenim.csic.es of magnetism. This influence is generally embedded in the

During the early conception of the atomistic simulations,
different approaches were postulated to perform molecular
dynamics (MD) simulations in metals. Semiempirical poten-

2475-9953/2022/6(4)/043806(30) 043806-1 ©2022 American Physical Society


https://orcid.org/0000-0002-0322-4099
https://orcid.org/0000-0002-3542-5127
https://orcid.org/0000-0001-6061-9946
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.043806&domain=pdf&date_stamp=2022-04-28
https://doi.org/10.1103/PhysRevMaterials.6.043806

TODA-CARABALLO, WROBEL, AND NGUYEN-MANH

PHYSICAL REVIEW MATERIALS 6, 043806 (2022)

energy description and the ground state configurations as an
underlying property which cannot be evaluated [9-14]. For
the case of iron, it is nevertheless important to stress that most
of the developed potentials accurately describe body-centered
cubic (BCC) structures and their vicinities, including face-
centered cubic (FCC) structures, being potentials that predict
the energy in the ferromagnetic (FM) configuration, without
describing the magnetic contribution. In this way, potentials
were conceived describing «-Fe and its modifications, where
the energy, elastic constants, forces, or the behavior of the
lattice in the presence of defects are correctly approximated,
being under the influence of magnetism [15,16] but without
particular information about the possible magnetic fluctua-
tions that may occur. Other potentials in binary Fe systems
can describe precipitation and point defects [17], liquid and
crystalline iron, along with its elastic constants, point-defect
energies as well as BCC-FCC transformation energy [18] or C
diffusion in a low C-concentrated Fe system [19]. Therefore,
the lack of magnetism in these formulations does not discredit
the tremendous advances possible thanks to these interatomic
potentials which enabled many correct calculations, especially
if the magnetic fluctuations were small enough. Thus, these
potentials work nicely in the surroundings of the ground state,
but they cannot describe the atomic interactions in a general
way.

Previous ab initio studies based on spin-polarized DFT
calculations demonstrated clearly that the magnetic contribu-
tion plays a crucial role in determining not only structural
stability of ground states but also metastable phases and defect
properties for Fe as well as for iron-based alloys including
new high-entropy ones [20-32]. It is found from our DFT sys-
tematic study of group-specific trends for self-interstitial atom
(SIA) defects in BCC transition metals that, while the lowest-
energy SIA configuration for the nonmagnetic (NM) metals
in groups 5B and 6B of the periodic table is the crowdion
or (111) dumbbell, the predicted most stable SIA defect con-
figuration in FM Fe is the (110) dumbbell [21-23,26,27,33].
The magnetic origin of the relative stability between SIA
defect configurations can be explained from the quantum-
mechanical based tight-binding Stoner model [34-36], which
forms the theoretical background for the development of mag-
netic bond order potential (BOP) for Fe [37].

DFT calculations have shown that the behavior of 3d-series
transition metals in a crystal lattice depends deeply on the
magnetic configuration of its atoms. For instance, the value of
the magnetic moment of atoms along defects differs strongly
and depends on their position and atomic volume in the lattice
[38]. Additionally, and following the example of iron, the
modeling of a phase transformation to NM FCC or hexago-
nal close-packed (HCP) from magnetic BCC is challenging
from the physical point of view, as the factor responsible
for that transformation, the magnetic configuration, is not
described [20,29,39,40]. Some recent DFT calculations on the
FeCrNi [29] and CoCrNi [41,42] systems have displayed the
strong variation of the magnetic moment by means of the
composition and crystal structure considered, explaining the
experimentally observed ground state. As the compositional
complexity increases, for instance, in the high-entropy alloys
(HEAs), the variations in magnetic configurations are even
stronger [43], and the atoms can modify their magnetic config-

uration with small variations in composition. For example, in
Ref. [31], it is shown that, depending on alloy composition,
the FeCrMnNi alloys can have FM, ferrimagnetic, antifer-
romagnetic (AFM), or NM configurations. In other cases,
NM elements such as Pd became magnetic in the matrix,
as in the CoCrFeNi-Pd system [30], changing their behavior
dramatically. All these variations affect the entropy of the
system, which in turn influences the stability and the ground
state configurations [31,44]. The study of magnetism is also
of paramount importance in the development of materials for
nuclear plants, both fission and fusion, where the interatomic
interactions for modeling radiation damage depends strongly
on the magnetic behavior of the materials, especially in iron
alloys [45]. The need to investigate irradiation damage in col-
lision cascades and how vacancies, SIAs, and defect clusters
evolve is well documented and related to both magnetic and
atomic degrees of freedom [27].

Therefore, the exploration of approaches to investigate
magnetism in MD simulations has gained attention during
the last few years. Some works have managed to include
the magnetic influence using, for instance, BOP and angular-
dependent functional forms to reproduce the o-iron to y-iron
transition at high temperature [37,46,47]. In those works,
BOP and analytical BOP (ABOP) showed clear improvements
with respect to empirical potentials, which do not include the
magnetism in their formulation, predicting an energy barrier
between the «-iron and y-iron. Nevertheless, the predicted
energies displayed substantial differences when compared
with DFT results. Taking the EAM as a starting point, some
other achievements have been made introducing a physical
description of the magnetism into the potential [45,48,49] by
using a combination of the Stoner model of band magnetism
[50] and the approximation proposed by the Ginzburg-Landau
model [51]. The variations of magnetic moments are locally
well described, including different interstitial configurations
and dislocations loops, but it is not a formulation to cover
from NM to magnetic configurations in a wide spectrum
of crystal structures. The large-scale spin-lattice dynamics
(SLD) algorithm [52] has also been investigated with success,
allowing the magnetic moment to be studied as a function of
the temperature. Other works [40] developed the noncollinear
magnetic many-body potentials for BCC and FCC iron by
combining NM many-body potentials and Heisenberg-Landau
Hamiltonians for BCC and FCC iron. The potential was next
applied in SLD simulations to evaluate the difference between
the free energies of BCC and FCC phases. With the ad-
vent of novel machine learning interatomic potential models
[53], more recent approaches such as the magnetic moment
tensor potentials showed that this technique can be applied
to reproduce with accuracy DFT data as well as the local
magnetic moments, energies, and forces for various magnetic
states along with high computational efficiency [54]. This
technique nevertheless is always subjected to the machine
learning paradigm, where the method does not capture the
laws of physics, providing little understanding of the inter-
atomic interactions, even though high accuracy is obtained.

It is evident that the current MD potentials and approaches
have difficulties in capturing the magnetic interactions and
transferring such complexity into the calculation of the
energies. The previous examples of interatomic potentials
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correspond to different proposals for atom-atom interactions,
which are oriented to a certain structure or property, and are
less accurate for other situations where alternative potentials
succeed. Therefore, there is not yet a unique interatomic po-
tential formulation, while the actual underlying atom-atom
interactions are uniquely defined by the laws of physics.

In this paper, we have revisited the universal equation of
states (UES) formulation to evaluate the nature of the mag-
netic influence. With this, we ideally aim at starting a path
that could lead to a general formulation of the atomic inter-
actions for MD simulations. This paper corresponds indeed
to a theoretical one, where the calculations of the energy are
performed using the spin-polarized DFT approach. Starting
from the principle that the DFT calculations need to be con-
trasted with experiments, as any other model employed, this
approximation is considered correct and represents faithfully
the energy dependence of a certain crystal lattice, magnetic
moment, and magnetic configuration. Many previous works
using DFT validate this affirmation. On the other hand, DFT
calculations can provide information that cannot be obtained
by experiments such as nonequilibrium configurations. This is
an advantage extremely useful for the fitting of potentials.

The objective of this paper is to propose a novel formula-
tion that can be used for developing a magnetic potential for
MD simulations. The UES proposed by Rose et al. [55] and
Vinet et al. [56] is used as a base functional and employed
firstly to analyze the behavior of the energy at different crystal
lattices, volumes, and importantly, the magnetic moments at
different magnetic configurations, which generalizes the use
of the UES. This generalized universal equation of states
(GUES) is tested in pure iron with FM and AFM contribu-
tions, and it can reproduce the energy of a wide spectrum
of crystal lattices that have been calculated from first princi-
ples. Nevertheless, the incorporation of all possible magnetic
configurations into an interatomic potential is a task of large
complexity, making it unreasonable in the first stage to face
it. We attempt initially at understanding ferromagnetism and
antiferromagnetism, which play a central role in physical met-
allurgy and particularly in iron. Other forms of magnetism as
ferrimagnetic or paramagnetic configurations are still out of
the scope of this paper and deserve additional investigations.

Because of this approach, a novel magnetic interatomic po-
tential (MIP) is formulated based on the GUES. It is important
to note that the GUES predicts different magnetic functional
forms for each magnetic configuration, and correspondingly,
the MIP proposed in this paper is focused on ferromagnetism
for its great relevance in Fe and in other metals. The developed
MIP has been put to the test to describe the behavior of several
structures and properties which were not initially included in
the fitting procedure, showing good predictability.

The paper is structured as follows. Section II formulates
the equations of the MIP based on a generalization of the
UES. Section III describes the database employed and the
nature of DFT calculations used along the paper. Section IV
analyzes the behavior of the parameters by means of crystal
structure and magnetic moment and the fitting of the potential,
finishing with the proposed functional forms proposed to be
used for the MIP as well as the functions and equations for the
MIP with FM configuration. Section V validates the potential
in the original DFT calculated energies for a wide range of

crystal lattices, volumes, and magnetic moment magnitudes
and analyzes the predictability of the potential in different
parameters and structures, including elastic constants, stresses
in the lattice, forces for different temperatures, vacancies,
interstitials, and transformation paths as well as y surfaces.
Finally, Sec. VI contains the conclusions.

II. MIP FORMULATION BASED ON THE GUES

The UES [55,56] determines that there is an unique func-
tion that describes the behavior of the energy for all solids
with respect to volume variations. The use of the UES
has been extensively validated in the literature and success-
fully applied to predict material properties related to volume
change [16,57-63]. Other works have proposed empirical
equations of states where the parameters are fitted to provide
the best fit to experiments [64—68] but without developing an
interatomic potential from the proposed equations.

That approach is originally expressed via the distance be-
tween atoms or the Wigner-Seitz radius. This interatomic
distance in turn scales with the atomic volume since the dis-
tance in the formulation is understood as the cell parameter,
and its variation induces a change in the atomic volume. The
atomic volume is in fact a more relevant parameter to ex-
plain relationships between atoms [69] and thermodynamics
[70] of metals and alloys. Additionally, it will be shown that
the formulation using the volume allows relating directly the
parameters obtained in the approach with measurable param-
eters, such as the bulk modulus (explained below), but also to
express the volume variations directly during the simulation.
More importantly, the magnetic moment is directly related to
the volume [29], and therefore, a formulation based on volume
rather than in interatomic distances provides clear advantages
for including magnetism. Both the Wigner-Seitz radius and
the atomic volume in the UES provides a very accurate fitting
to the energy after cell variations, and a short comparison
between both will be included in Sec. IV when the UES is
validated.

Therefore, in this paper, we have adopted the atomic vol-
ume V as the main parameter in the UES rather than the
distance between atoms. With this approach, the functions F
that define the UES read then

F(V)=e"V(1+V"), (1

where V* is the scaled volume, defined in the same fashion as
in [56]

) @)

where V, is the volume at the ground state and K, the corre-
sponding volume scaling function. Thus, the Rose et al. [55]
and Vinet et al. [56] expression of the energy E as a function
of volume V is expressed as

EW) = EF (Y228 = prexp( L2 2e ) (14 Lo
- K, - e K, K, )
3)

In this equation, E, is the ground state energy, which is
like the equilibrium binding energy proposed in Ref. [56]
denoted originally AE. The V, and K, parameters correspond
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to rwse (Wigner-Seitz equilibrium radius) and / (length scale)
as defined in Ref. [56], respectively.

The use of the term ground state to define Eg, V,, and
K, must be more general in this paper, as these parameters
correspond to the local ground state energy and corresponding
local ground state volume for each crystal lattice considered.
In other words, the ground states for BCC and FCC lattices are
logically different and provide different values of Eg, V,, and
K,. Therefore, the defined E,, V,, and K, parameters vary for
each of the crystal lattices. Based on this approach and Eq. (3),
a formulation for a MIP is developed here, where the values of
E,, V,, and K, must be predicted for the corresponding crystal
configuration. It is worth noting that these parameters depend
on the crystal lattice and the magnetic moment configuration,
but they must be independent of volume V' to fulfill the UES.
A dedicated subsection is presented later in Sec. IV B devoted
to the description and understanding of the potential parame-
ters Eg, V,, and K,.

To adequately formulate the potential, a prior definition
of the variables involved must be presented. Firstly, the in-
teratomic distance between atoms r;; = /x;;% + yi;> + zi;%,
where Xij = Xi — Xj, Yij =Yi — Yj» and Zij =% —Zj are the
relative coordinates between two atoms, and (x;, y;, z;) and
(x;,¥j, zj) are the corresponding spatial coordinates of atoms
i and j, respectively. Secondly, the magnetic moment of each
atom M, represents the magnitude of the magnetic moment in
the FM and AFM configurations. Finally, the atomic volume
V must be understood as a bulk quantity and not the volume
per atom individually. This is itself a novelty in the present
scope of interaction between atoms since the volume is not
considered a variable in classical approaches for interatomic
potentials.

The variables, as they are presented, are not fully indepen-
dent of each other since the interatomic distance r;; and the
volume V are related. From the point of view of the UES
presented in Eq. (3), taking a certain lattice, a variation on
its volume (expansion or contraction) follows a change in the
atomic coordinates, which induces the corresponding alter-
ation in the interatomic distance between atoms. Therefore,
a variable of this nature cannot be used to describe Eg, V,, and
K, since the dependence of these functions cannot include the
volume, which would break the UES in Eq. (3). Therefore,
a variable related to the atomic coordinates but independent
of the volume must be considered. This is the variable p;;,
corresponding to the relative interatomic distances per unit
volume, which is defined as

Fio
pij = % 4)

In Eq. (4), the variable p;; is unitless, and represents the
distances between atoms in a certain crystal lattice, no mat-
ter the volume of such lattice. In other words, two BCC
lattices with different lattice constants would have different
interatomic distances between atoms r;;, but they both will
have the same values of p;;, no matter their cell parameter.
Additionally, other crystal lattices, such as FCC, will have
different p;; with respect to the ones in BCC, but two lattices
with FCC will have the same p;; irrespective of their cell pa-
rameter, although they will have obviously different r;;. This
applies to any other lattice for which its relative interatomic

distances per unit volume is the same under volume variations.
Therefore, the variable p;; is independent of volume V in a
certain lattice.

To lighten the notation, we will denote p as a variable
that accounts for the interatomic distances and represents the
distance dependence on the parameters and functions that
will define the potential. Similarly, we will denote M as a
variable that accounts for the magnetic moment magnitudes
of the lattice and represents the magnetic dependence on the
parameters and functions that will define the potential. The
expressions of these parameters and functions with respect
to interatomic distances and magnetic moments will be de-
scribed in detail below.

Once the variables are introduced, the dependence of the
potential parameters Eg, V,, and K, must be considered. As
stated above, these functions cannot be dependent on volume
V since this would break the UES. The potential parame-
ters E,, V,, and K, depend only on the relative interatomic
distances per unit volume p;; and the magnetic moment of
each atom M;. Therefore, we will denote E, = E ;;(p, M), V, =
Vi(p, M), and K, = K}(p, M) using the p and M notation to
account for the set of interatomic distances p;; and magnetic
moments M; of the different atoms surrounding atom i, where
the superscript i indicates the corresponding value of the po-
tential parameters for the atom i. The energy E of a lattice is
then calculated as the sum over all atoms i of all contributions
E' to the energy of the system, where these contributions are

V —V(p, M):|

E'(V.p.M) = E,(p, M) exp[— Ki(p. M)
g b

x|:1+

In this equation, the expression p refers to the interatomic
distances per unit volume of atom i, while M involves the
magnetic moment of atom i and the magnetic moment of all
its neighbors in the lattice.

It is worth noting that this equation generalizes the previous
use of the UES for different crystal lattices and magnetic
configurations. In the classical approach of Rose et al. [55]
and Vinet et al. [56], the radius of the Wigner-Seitz sphere,
represented in this case by the atomic volume V, corresponds
to an average volume per atom, and it is the unique parameter
to calculate the energy. The rwsg (equilibrium radius) and /
(length scale) as defined in Ref. [56] were reported as single
values for each atom. This single value corresponds to the
ground state configuration of each atomic species and not
the local ground state for each lattice, as proposed here. The
ground state concept is extended here to account for each
lattice and magnetic configuration, which induces changes in
E,,V,, and K, (respectively AE, rwsg, and [). To be consistent
with the classical nomenclature, we will keep the term ground
state to be used for the configuration corresponding to the
lowest energy for an atom, whereas the term local ground state
will be used to describe the minimum energy and volume once
a lattice and magnetic configuration is fixed.

To account for this generalization, we propose the fol-
lowing expressions for the potential parameters E;(p, M),

V —Vi(p,M
2 (P )] 5)

Ki(p, M)
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V(p, M), and K}(p, M):

Ei(p, M) = Ej(p) + P(M) + Y _ ou(pi)Ve(Mi, M))

J#i

Vi(p, M) = V() + Pv(My) + Y o (pij) ¥y (Mi, M)
J#

Ké(p, M) = Kj(p) + @x(M;) + ZwM(,Oij)KﬁK(Mi, M;),
J#

(6)

where the subscript j # i represents all neighbor atoms of
atom i.

In the expressions shown in Eq. (6), each potential pa-
rameter depends on one distance-dependent function, denoted
El(p), V{(p), and K}(p), respectively. These functions repre-
sent the NM behavior of the atom in different lattices, having
the expressions:

Ej(p) = €00 + 0.1 Z wo(pij)

J#i
Vi (p) = vo.0 + vo.1 ZwO(Pij)
J#i
Ki(p) = ko0 + ko1 Y @o(pif)- )
J#i

The function wg(p;;) is understood as the classical in-
teratomic distance-dependent function in the EAM or other
classical approaches for interatomic potentials. Note that the
same function is used for the three potential parameters. The
justification for the use of a common function for the three
parameters will be introduced in Sec. IV B, where the DFT
energies calculated will be interpreted in the scope of the
GUES.

Additionally, the magnetic influence on the potential pa-
rameters is related to two different types of functions. The
functions ®g(M;), Oy (M;), and Pg(M;) are only dependent
on the magnetic moment of the atom i and independent of
the magnetic configuration of the lattice. The influence of the
magnetic configuration of the lattice is introduced by means
of the functions ) i @M (pi )W(M;, M), where the function
W represents correspondingly Wy, Wy, and Wg. The magnetic
influence of the lattice on an atom i is decoupled into pair
contributions between atoms j (in the lattice) and atom i,
in the form of wy(p;;)W(M;, M;). In this way, the magnetic
influence of atom j on i decreases with the distance between
both, thanks to the distance-dependent function ws(p;;). The
magnetically dependent functions Wg(M;, M;), Wy (M;, M;),
and Wk (M;, M;) are then defined by means of the magnetic
moments M; and M; of both atoms. Like in the case of
the wo(p;;) function, a unique expression of the distance-
dependent function wy(p;;) is used for the three parameters,
which will be justified in Sec. IV B. The analysis performed
in that section will pave the way to define and predict wg, wy
distance-dependent functions, and ®, W magnetically depen-
dent functions. Note that all ®, W functions equal 0 when the
magnetic moment is 0, leaving in this way the NM description
only to E{(p), Vi(p), and K} (p).

This proposed formulation is consistent with the
Heisenberg-Landau Hamiltonian used for magnetic cluster
expansion simulations [28], where the Ej(p), Vi(p), and
K\ (p) parameters are related to the NM cluster expansion
coefficients, the @z (M;), Oy (M;), and g (M;) magnetically
dependent functions correspond to the Landau coefficients
for the magnetic self-energy terms, while Wg(M;, M;),
Wi (M;, M;), and Vg (M;, M;), scaled by wu(p;;), represent
the lattice magnetic configuration described by the
interlattice-site Heisenberg magnetic interaction parameters.
Because of the analysis performed below in Sec. IV B, these
functions are approximated using polynomial expressions of
the magnetic moments. This is also in line with the defined
magnetic dependence proposed in the Heisenberg-Landau
Hamiltonian.

For the proposed formulation, the derivation of the equa-
tions for molecular static simulations has been carried out.
To lighten the mathematical expressions and without loss
of generality, we will avoid the explicit expression of each
dependence in the functions, adopting the notation Eé =
Ey(p, M), V{ =V/(p,M), and K= K(p,M) as well as
for the distance-dependent functions wp = wo(p;;) and wy =
wp(pij) and the magnetically dependent functions & =
®(M;) and ¥ = W(M;, M;). Additionally, let &;; = x;;, yij, or
zij. With this, the derivatives of the energy with respect to the
atomic coordinates, magnetic moment, and volume read

dE'  OE' dp; VvV —Vi\ | 9E! V-V
p’:exp(— ‘g> —g(l—i— Ag>
agi} 8/01] 8511 Ké a/Oij K;;

i i i\ 2 i i i
LK E_;(V—V;) LRV =)
dpij | Ki\ Ki dpi;  Ki? v

8

oE! 8E’ V —Vgi
=— 24 |E—-E pOSY .
8M E oM, Ké’,
(P YV 1
oM; oM, Ké Kg"
IE ; V-V 1
— = | Eexp| — - —E| —, 8)
v § K K

where the explicit expression of the variation of E i Vgi , and
Ké’; with respect to p;; and M; as well as the derivative p;;
with respect to the atomic coordinates are needed. This can
be easily calculated from Eqgs. (6) and (7) as

AE! dw do,

—% =g, £y Z L

dpij ‘= deij A= dpij

3Vgi s dwy dwy v,

8Iol'j ’ i 101] i dpij

aKé d(uo de\.IJ

- S )

oo — dpi; "
JF# J#

8E’

8M,-
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V)  doy AWy
_2 = + wy ———
BM,' dMi . aMi
JF#
0K!  ddg oWy
e S
oM, ~ am;, g M om;
9 pij Tij
— =3&;,—~. 9
98, &ij v )

Equation (5) together with Egs. (6) and (7) represent the
MIP presented here. This formulation is drawn from the anal-
ysis performed in the numerically fitted functions Eé(p, M),

V;(p, M), and K}(p, M) from the DFT simulations. After the
initial fitting, an analysis of the dependence of these functions
with respect to p and M allowed formulating Eqgs. (6) and
(7). A detailed analysis of these parameters and how these
equations are proposed will be shown in Sec. IV. The study of
their behavior with respect to different lattices and different
magnetic moments has been crucial in the understanding of
the mathematical expressions needed to describe them. The
DFT calculations are presented in Sec. III, and the correspond-
ing analysis is shown in Sec. IV B.

Additionally, Eqgs. (8) and (9) represent the equation of
motion of the MIP, where the motion is understood not only
in the atomic coordinates but also in the magnetic moments.
It is obvious that the speed at which the atomic coordinates
and the magnetic moments vary can be different since the
magnetic moment is related to the electrons of the moving
atoms, working in this way at different length and time scales.
Nevertheless, it is out of the scope of this paper to analyze
properly the variational speed and scale of each parameter.

III. DATABASE AND DFT CALCULATIONS

The interatomic potential for Fe was parametrized based
on the DFT calculations, which were performed using the
Vienna Ab initio Simulation Package (VASP) [71,72] using
the projector augmented-wave (PAW) method [73] and the
Perdew-Burke-Ernzerhof generalized gradient functional [74]
with collinear spin polarization. The core configuration for
the Fe PAW potential used in this paper was [Ar]3d’4s'.
The plane-wave cutoff energy used in the calculations was
400 eV. Total energies were calculated using a I'-centered
Monkhorst-Pack mesh [75] of k-points in the Brillouin zone,
with the k-mesh spacing of 0.16 A~', which corresponds to
14 x 14 x 14 k-point meshes for a two-atom BCC cell with
a lattice parameter equal to 2.831 A. To analyze the conver-
gence of the DFT calculations, additional calculations have
been performed for the k-mesh spacing of 0.11 A~!, which
corresponds to 20 x 20 x 20 k-point meshes for the same
two-atom BCC cell. These calculations, which are more time
consuming, do not offer substantial improvement of the accu-
racy with respect to those performed with the mesh spacing of
0.16 A=, The root-mean-square error (RMSE) between both
datasets is 6.8 x 10~*¢eV, and the maximum error between
them is 4 x 1073 eV. Additionally, no correlation has been
found between the magnetic moment nor the volume with
the energy differences. We conclude that the k-mesh spacing
that refers to 14 x 14 x 14 k-point mesh for a two-atom BCC

cell is accurate enough to represent the energies in the dataset
considered.

The database, which was used for the fitting of potential,
consisted of DFT results performed when deforming two-
atom structures with the positions of the atoms in a vertex
and in the center of a rectangular cuboid, which corresponds
to the relative positions (0,0,0) and (0.5,0.5,0.5) of the cubic
cell considered, and different ¢/a and b/a ratios and volumes,
where a, b, and ¢ are the three lattice magnitudes of the cor-
responding body-centered orthorhombic structure. Each DFT
calculation was performed with a fixed shape and volume.
Eight different values of volume V were considered from 9.25
to 12.75 A3 /atom with an interval equal to 0.5 A3 /atom. For
each volume, 15 different values of c/a and b/a ratios were
considered, namely: 0.7, 0.8, 0.9, 0.95, 1, 1.05, 1.1, 1.207,
1.3140, 1.3640, +/2, 1.4640, 1.5140, 1.6, and 1.7. To not
repeat calculations for structures, which are equal from the
symmetry point of view, we used an assumption that the b/a
ratio is bigger or equal to the c¢/a ratio. In total, 960 different
structures were considered. For each of them, the calculations
were performed for 10 different values of magnetic moment
magnitudes M of atoms for the FM configuration, namely: O,
0.5,1,1.5,1.75,2,2.25,2.5,2.75, and 3.25 ug as well as for
the magnetic moments optimized using self-consistent DFT
calculations. The DFT calculations for AFM configurations
with a constrained magnitude of magnetic moments were
performed by adding a penalty contribution to the Hamilto-
nian, which is constructed in such a way that the total energy
increases when there is a difference between the desired
magnetic moment and the computed one. This penalty con-
tribution could be avoided by using recent approaches based
on the PAW method [76], although these are not currently
implemented in VASP. The Wigner-Seitz radii in our calcula-
tions were chosen such that the overlap between the spheres
is minimized. Since the computed magnitudes of magnetic
moments in the AFM configurations were different to the
desired ones, the total energies for the desired magnitudes
of magnetic moments were interpolated from the computed
values and corresponded then to the same magnetic moment
magnitudes (0, 0.5, 1, 1.5, 1.75, 2, 2.25, 2.5, 2.75, and 3.25
up) as in the FM configuration.

This has produced 18240 different ({c/a,b/a), V, M)
configurations, divided into 960 NM, 8640 FM, and 8640
AFM configurations. With this database structure, we cover
a wide range of possible deformations of the (a, b, ¢) cubic
lattice, where the two most relevant cubic structures are in-
cluded in the cases (c/a = 1,b/a = 1) for BCC and (c/a =
1,b/a = ﬁ) for FCC. A visualization of the calculations
performed can be seen in Fig. 1 for both FM [Figs. 1(a)-1(c)]
and AFM [in Figs. 1(d) and 1(e)] configurations, where the
local ground state behavior for each lattice is displayed as a
function of the ¢/a ratio (for the case b/a = 1) and the atomic
volume. Figure 1(c) shows some representatives cases, with
c/a=0.38,1,1.2, «/5, and 1.6, for the energy (blue lines) in
FM magnetic configuration, including the magnetic moment
magnitude (orange lines) at which the local ground state is
reached. Figure 1(f) shows the corresponding analysis in the
AFM configuration also for the cases with ¢/a = 0.8, 1, 1.2,
/2, and 1.6. In these figures, the configuration with minimum
energy corresponds to FM BCC (at b/a = 1). Additionally,
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FIG. 1. (a) Ground state energy calculated by density functional theory (DFT) for ferromagnetic (FM) configuration and (b) corresponding
magnetic moment, both as a function of atomic volume and c/a (with b/a = 1). The corresponding curves for the energy and magnetic
moments are displayed in (c) on representative cases of c/a ratio (c/a = 0.8, 1, 1.2, /2, and 1.6), where the blue lines represent the energy in
FM configuration and the orange lines the corresponding magnetic moment. (d) Ground state energy calculated by DFT for antiferromagnetic
(AFM) configuration and (e) corresponding magnetic moment, both as a function of atomic volume and c¢/a (with b/a = 1). The corresponding
curves for the energy and magnetic moments are displayed in (f) on representative cases of ¢/a ratio (c/a = 0.8, 1, 1.2, V2, and 1.6), where the
blue lines represent the energy in AFM configuration and the orange lines the corresponding magnetic moment. NM stands for nonmagnetic.
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the figure shows the regions where the NM configuration
provides the local ground state [indicated as NM in Figs. 1(b)
and 1(e)], which occurs for low atomic volumes and c/a
ratios in the range of 1.2-1.7 for the FM case (around the
FCC lattice), while the AFM case covers both BCC and FCC
(with c¢/a ratios between 0.9 and 1.5). Next to these regions,
low-spin (LS) magnetic configuration is observed covering a
reasonable large variation of ¢/a ratios and atomic volumes.
These can be observed in light and dark blue colors in both
Figs. 1(b) and 1(e) (corresponding to ~0.25-1 ug). The FCC
crystal lattice shows therefore two minima in its ground state
when varying the volume in the FM configuration, one at
the LS state and another in the high-spin (HS) state. The
minimum of these two minima occurs nevertheless in the HS
state. It is worth noting that the magnetic moment of the LS
is ~1 ug, while a dramatic increase occurs for the HS state,
where the values of the magnetic moment at the ground state
vary between 2 and 3 up, as observed in Fig. 1(c). Similarly,
the AFM configuration shows also a LS state nearby the NM
regions [Fig. 1(e)] with values of the magnetic moment even
lower (~0.5 up). Nevertheless, this does not produce a two
minima profile in the ground state energy, as occurs in the FM
configuration. This can be seen in Sec. II of the Supplemental
Material [77] which contains deeper insight into the behavior
of the DFT calculations for other (c/a, b/a) ratios for both
magnetic configurations along with the corresponding mag-
netic behavior in some specific cases.

IV. DEVELOPMENT OF THE MIP FOR MAGNETIC Fe
A. Validation of the GUES

The proposed GUES in Eq. (5) must be examined be-
fore its use to describe the energy generated from DFT in
a more general way. From the DFT binding energy cal-
culated data (Epgr), the values of the potential parameters
Ej(p, M), V{(p, M), and K;(p, M) from Eq.(5) are fitted for
each crystal structure and magnitude of the magnetic moment.
In the database employed, the atomic coordinates are fixed
for each structure, and these structures can be described via
the (b/a, c/a) ratios. Therefore, in this section, the variable
corresponding to the relative interatomic distances per unit
volume p will be expressed by means of (b/a, c/a).

As an initial illustrative case, the BCC and FCC crystal
lattices are first considered in their respective NM and local
ground state from the database. These correspond to M =
2.25 ug (for BCC) and M = 2.5 ug (for FCC) in the FM
configuration, and M = 1 ug (for BCC) and M = 1.5 up (for
FCC) in the AFM configuration. The results can be seen in
Fig. 2(a), where the DFT calculated data for these cases is dis-
played. The GUES is plotted with a solid line using the fitted
values for Ej(p, M), V,/(p, M), and K}(p, M), and their values
are indicated in the figure legend. The GUES captures the
energy variation by means of the volume for each of the cases.
These DFT calculated energies have their counterpart values
on the function F (V*) of Eq. (1), at scaling by Eé(p, M) and
Eq. (2). Their behavior can be seen in Fig. 2(b) showing a
perfect fitting with F(V*).

This analysis can be extended to all DFT calculated ener-
gies and compare the results in a single plot using the scaled

energy value to F (V*) for each point. The 18 240 different en-
ergies calculated are displayed in Fig. 2(c). Without exception,
every ({b/a, c/a), M) configuration varies its energy as a
function of the volume, obeying the GUES in Eq. (5) for both
magnetic configurations. Note that, for each ({(b/a, c/a), M)
configuration, a different value for E}(p, M), V;(p, M), and

Ki(p, M) is found. In this figure, we have added the GUES
corresponding calculation by using the Wigner-Seitz radius,
as proposed initially in the UES, to be compared with the
GUES prediction by using the volume. The GUES in Eq. (1)
is plotted (shifted to facilitate the visualization) along with
the calculated energies by the GUES (both with Wigner-Seitz
radius and volume). Finally, the prediction of the energy, by
using Eq. (5) and the corresponding fitted GUES parameters
values for each ({(b/a, c/a), M) configuration, can be seen in
Fig. 2(d) compared with the DFT calculated energies, showing
an excellent fitting. For comparison purposes, the GUES using
the Wigner-Seitz radius instead of the volume is also added.
The results obtained show that both approaches provide a
similar energy calculation.

The RMSE considering the 18240 computed energies (at
different crystal configurations, volumes, and magnetic con-
figurations and moments) is 3.9 x 1073 eV if the volume is
used in the GUES, while the RMSE is 1.3 x 1073 eV if the
Wigner-Seitz radius is employed. Even though the Wigner-
Seitz radius seems to provide a lower error, the difference is
not significant, while the advantages of using the volume in
the formulation incline the selection toward the volume. With
this choice, the bulk modulus (it is explained below) is directly
related to the GUES parameters, and the equation of motion
permits us to include volume variations easily. We conclude
that the proposed GUES can be used to describe the energy
variation with respect to the volume for the DFT data in FM
and AFM iron.

Based on these results, and as a concluding remark in this
section, it is worth noting that the bulk modulus at the local
ground state B;,(p, M) can be easily derived from the GUES

and related to the potential parameters E;;(p, M), ng’ (p, M),
and Ké(p, M). By using Eq. (5) in the definition of bulk
modulus as expressed in the following equation:
dE(V) dP(V)
—_— d BV)=-V ,
qv d BV av

where P is the pressure, the evaluation of the expression
obtained at the local ground state volume provides the local
ground state bulk modulus:

PV)=—- (10)

i Ei(Vv va)
By(p,M) =V — 2 —
Ki(p, M)
i V—Vi(p,M)
_ Eg(p,M) exp[— Ké(gp,M) ]
Ki(p,M)?
V=Vi(p)
Ei(p,M) Vi(p,M)
__ (P 2 (P _ (11

Ki(p, M)’

Therefore, the energy of a solid can be then calculated
at any volume by knowing the local ground state energy
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FIG. 2. (a) Energy variation with respect to the volume for the illustrative cases body-centered cubic (BCC) and face-centered cubic (FCC)
crystal structures at different magnetic moments for the ferromagnetic (FM) and antiferromagnetic (AFM) configurations and corresponding
energy function [Eq. (5)] at employing the fitted Eé(p, M) (in units of eV), Vgi (p, M) and K;(p, M) (both in units of A3) for each case. (b)
Corresponding scaled energy vs function F(V*) of Eq. (1). (c) Scaled energy vs function F(V*) of Eq. (1) for all 18240 density functional
theory (DFT) calculated energies for FM and AFM cases. (d) Comparison between the 18 240 DFT calculated energies and the corresponding

predicted energy using Eq. (5).

El(p, M), its corresponding volume V{(p, M), and bulk mod-
ulus Bfg(p, M).

B. Analysis of the E;(p, M), Vi,(p, M), and Ki,(p, M)
parameters

Once the validity of the GUES has been checked, the
existence of a set of parameters Ej(p, M), V/(p, M), and
Kg"(p, M) that describes the energy of the system for each
lattice and magnetic moment is proved. Now these parameters
must be examined and related to the expressions in Egs. (6)
and (7) so that they are fully explained.

The calculations without magnetic contributions (M = 0)
are firstly analyzed. This allows the analysis of the Ej(p),
Voi (p), and Ké(p) in Eq. (7). In the scope of the crystal con-
figurations considered, all atoms are identical for a certain
(b/a, c/a) lattice, and consequently, they will have the same
relative distances p;;. Therefore, Ei(p), V{(p), and K}(p)
will have the same value for all atoms i in the lattice, and
they can be analyzed as a function of (b/a,c/a). In this
context, p represents (b/a, c/a) and allows considering the
energy Ej(b/a, c/a) = E}(p), volume Vi(b/a, c/a) = Vi(p),
and scaled volume K(b/a, c/a) = K}(p) as functional forms
of (b/a, c/a). Nevertheless, for the sake of clarity and to keep

a homogeneous notation within this paper, we will keep the
notation p to describe the interatomic distance dependence of
the functions. Similarly, in the DFT database simulations, for
each simulation, all atoms have the same magnitude of the
magnetic moment. Therefore, in this section, we will denote
M=M=M;(j=1,...,N with j # i).

The fitted values of Ej(p), V{(p), and K)(p) from DFT
after numerical optimization at each lattice are displayed in
Fig. 3. This figure shows a surprising result since the be-
haviors of E}(p), V{(p), and K(p) are almost identical with
minor differences, which arise from the numerical fitting.
The ground state energy, its equilibrium volume, and corre-
sponding volume scale correlate linearly. When modifying the
crystal lattice, the change in local ground state energy follows
an equivalent change in equilibrium volume and scaling vol-
ume. This result is of paramount importance since it suggests
that there is a common and unique function generated by
the atomic positions and its coordinates from which a direct
behavior of the energy, volume, and scaling volume can be
derived. Importantly, this motivates the definition of the term
wq(p;;) proposed in Eq. (7) which is now fully justified. The
evaluation of wy(p;;) for different lattices will make possible
the calculation of E}(p), Vi(p), and Ki(p) and, therefore, the
prediction of the energy variation with respect to the volume
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FIG. 3. Behavior of the parameters (a) Ej(p), (b) V{(p), and (c)
K} (p) as functions of ¢/a and b/a.

using Eq. (5) for NM configurations. The definition of this
function will be shown in Sec. IV C.

The behavior of the parameters Ej(p, M), V/(p, M),
and Ké(p, M) with M #0 is now considered for both
FM and AFM configurations. Like in the previous case

of Ei(p), Vi(p), and K/(p), all atoms in a certain lattice
((b/a, c/a), M) with the same magnetic configuration are
indistinguishable, which makes M; = M, where the subscript
Jj # irepresents all neighbor atoms of atom i. This permits the
simplification of Eq. (6) into the following expression, which
is only valid if all atoms have the same magnetic configuration
and moment magnitude:

Ei(p, M) = Ej(p) + Pe(M) + Y ou(pi)) Y Ye(Mi, M)

J#i J#i

Vi(p, M) = Vi(p) + v (M) + Y wulpij) Y Wy (Mi, M)
Jj#i Jj#i

Ki(p. M) = Ki(p)+ x(Mi)+ > ou(pij) Y Wk (M;, M),
Jj#i J#i

12)

Note that the magnetically dependent functions ¥ depend
in this expression only on M;. This allows the analysis of the
wp (pij) function isolated from W, which will show a certain
value for each of the b/a and c/a ratios, irrespective of the
magnitude of the magnetic moment of the lattice. Similarly,
the magnetically dependent functions W can be analyzed irre-
spective of the lattice and the b/a and c/a ratios. The intention
of this simplification is to provide the tool for analyzing both
wy and W functions separately, always with the focus on using
Eq. (6) for MD simulations.

Firstly, the numerically fitted E}(p, M), V,(p, M), and
Ké(p, M) using Eq. (5) from DFT are analyzed by means of
the magnetic moment. Their variation with M can be seen
in Fig. 4, where the colors displayed for different lines fit to
the Ej(p), V{(p), and K/(p) colors, respectively, as shown in
Fig. 3.

From the figure, each crystal lattice (b/a, c/a) behaves
differently with respect to the magnetic moment, although
they have similarities. In the case of E é(p, M), all lattices have
a minimum value at magnetic moments in the range of 2-3 ug
for both magnetic configurations, while Vgi (p, M) increases
monotonically with the magnetic moment. On the other hand,
Ké’;( p, M) displays a very different behavior for the FM and
AFM configurations.

In any case, their behavior, far from being random or
chaotic, follows clear functional forms. Such mathematical
expressions are unknown, but the fitted data can be used to
approximate the functions by means of polynomials in the
form of a Taylor expansion series. The following expressions
are considered:

Ei(p. M) = Ei(p) + EJ(p)M* + Ej(p)M*
+ El(p)M® + O(M?)
Vo (p, M) = V5(p) + V3 (p)M* + Vj(p)M*
+ Vi(p)M® + O(M®)
Vi (p, M) = K;(p) + K3 (p)M* + Ky (p)M*
+ K (p)M® + O(M®), (13)

where additional terms E!(p)M", V(p)M", and K!(p)M",
withn = 8, 10, 12 ... can be added for a more accurate fitting
of the curves shown in Fig. 4.
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The reason behind the selection of polynomials with
even exponents is because the mathematical expression of
Ej(p, M), V/(p, M), and V;(p, M) must be even functions
to fulfill the Ginzburg-Landau approximation [51], which
describes the energy dependence of the magnetic moment
as an even polynomial. For a description of the relationship
between the GUES and the Ginzburg-Landau approximation,
see Sec. I in the Supplemental Material [77], where the
behavior of both the FM and AFM cases is presented for
different polynomial orders. The conclusion is that, only in
certain cases (mostly close to BCC FM), order 4 is sufficient
to describe the energy variation by means of the magnetic
moment, as proposed by the Ginzburg-Landau approximation.
Most (b/a, c/a) crystal lattices need from the higher order
even polynomials, and importantly, this applies to both FM
and AFM configurations. The first consequence of this anal-
ysis is that the AFM behavior is not described by odd and
even polynomials, and only even polynomials are needed. The
second consequence is that a common formulation can be pro-
posed for both magnetic configurations to cover all possible
lattices.

The procedure to build the polynomials of Eq. (13) is
simple and involves the least square method to fit the E'(p),
Vi(p), and K!(p) terms (n=2,4,6,8,...) to the curves
displayed in Fig. 4 corresponding to the numerically fitted
Ej(p, M), V/(p,M), and K(p, M). The results are shown in
Fig. 5 for the FM configuration and Fig. 6 for the AFM con-
figuration, where the parameters are displayed as a function of
the (b/a, c/a) ratios.

Like in the case of Ej(p), V{(p), and K/(p), there is
an unexpected similar behavior between all E!(p), V/(p),
and K'(p) parameters (n = 2,4, 6, ...). They behave indeed
different to the Ej(p), Vi(p), and K/(p) parameters, but a
common shape can be seen for the E!(p), V(p), and K!(p) in
the FM configuration, as well as a common shape for the cor-
responding parameters in the AFM configuration, with small
variations attributed to the fitting inaccuracies, around the
BCC structure and in the scaling parameters K'(p). Extreme
values occur for the BCC case (b/a=1,c/a=1) and for
the FCC case (b/a = 1, ¢c/a = +/2) (which for the symmetry
of (a, b, c) cell parameters, they are equivalent to (b/a =

V2,¢/a=1) and (b/a = 4, c/la= 4)). The sequence is
nevertheless inverted as the order increases. In other words,
the maximum for E}(p) is minimum in E}(p), and maximum
again in E/(p), and inversely. The same effect happens for
Vi(p), Vj(p), and V{(p) as well as for Ki(p), Ki(p), and
K!(p). This behavior resembles the relationships of the co-
efficients of a Taylor expansion series, suggesting that closed
expressions for Ej(p, M), V,;(p, M), and K;(p, M) functions
exist. Although these closed expressions remain unknown,
this opens the possibility to reduce dramatically the com-
plexity of predicting such functions (and thus the energy of
cubic structures at any magnetic moment) since, in the same
way as proposed for the NM contribution, a unique distance-
dependent function w{M(p;;) for the FM configuration and a
unique distance-dependent function @™ (p;;) for the AFM
configuration can be proposed to reproduce all E! (p), Vi(p),
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FIG. 5. Behavior of the fitted parameters (a) E5(p), (b) E{(p), (¢) E¢(p), (d) V3 (p), (¢) V{(p), () V5 (p), (2) K3(p). (h) Ki(p), and (i) K¢(p)

with respect to (b/a, c/a) for the ferromagnetic configuration.

and K!(p) behaviors. For the sake of clarity and to propose
a unified notation, we will use w,,(p;;) to denote correspond-
ingly wfM(p;;) or wifM(p;;). The proposed expressions for
Eg;(p, M), Vgi(p, M), and K;(p, M) then read

EN(p) = &u0+En1 Y ou(pij)

) J#i
VHI(P):Un,O‘f‘Un,l ZCUM(PU) forn=2.4.6
) j#i 9 9 9
Ki(p) = K20+ K21 ) wm(pij)
i

(14)
where the parameters ¢, (n = 2,4, 6,8, ...) alternate signs
to fit with the behavior observed in Fig. 5 as well as the v, ;
and k,  [except in the case of AFM K,’;(p)].

The consequence of this observed behavior is of paramount
importance and motivates the existence of the functions &g,
Dy, Ok, Vg, Yy, and Wi as they have been proposed in
Eq. (6). When applying Eq. (14) into Eq. (13), the terms can
be easily rearranged and form the following expressions:

dp(M) = e30M> + 4 0M* + £60M® + ...
Oy (M) = vy oM?* 4 vy oM* + v5 o M® + ...
O (M) = ko oM? + kg oM* + k6 0M°® + ...
Ye(M) =gy M* + 641 M* + 861 M® + ...
Yy (M) = va g M* 4+ vy M* +ve M® + ...

Uk(M) = k31 M? + kg ) M* + k. MO+ ... (15)

The values of €, 0, €n.15 V1,05 Vn.1, Kn.0, and k1 (n = 2,4,6,
8 ...) fitted from the procedure described allow the approx-
imation of the functions &g, ®y, @k, ¥e, Yy, and Yg.
These must be understood as unknown functional forms of the
magnetic moments, which are approximated via the numerical
evaluation of their Taylor expansion coefficients. The predic-
tion of the DFT calculated energy by using this approximation
is presented in the following section, where these magneti-
cally dependent functions are introduced.

C. Fitted distance and magnetically dependent functions

To display the common functions that describe E}(p, M),
Vo(p, M), and Kj(p,M) and Ej(p,M), V/(p,M), and
K;(p, M) for both FM and AFM configurations, we define the

following functions, which depend only on the crystal lattice
via (b/a, c/a):

Qo(p) = Z wo(pij)

J#
M) = o' (pij)
JF
™M) =Y wop™ (i), (16)
JF
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with respect to (b/a, c/a) for the antiferromagnetic configuration.

where the notation p represents the sequence of interatomic
distances for a certain (b/a, c/a) lattice.

The fitted parameters for Egs. (7) and (15) can be seen in
Table I for both magnetic configurations, where order 8 of the
series expansion has been selected since it provides a good
fitting to the DFT calculated energy.

The proposed Qo(p), 2iM(p), and 3 (p) functions can
be seen in Figs. 7(a)-7(c), respectively. The functions are
selected to display the same behavior seen in Figs. 3, 5, and 6,
respectively. It is worth noting that the range of values selected
for these functions is arbitrary since the parameters & 9, 0,1
0.0, V0,1 k0,0, and kg ; will be selected consequently to obtain
Ej(p), V{(p), and K/(p). Similarly, the parameters &, o, &1,
Un.0» Un.1> Kno, and k, for n =2,4,6,8,... are fitted to
provide ®g(M;), Oy (M;), Px(M;), VE(M;, M;), Wy (M;, M;),
and Wg(M;, M;) functions. These magnetically dependent
functions can be seen in Fig. 7(d) for the FM configuration
and Fig. 7(e) for the AFM configuration. In these figures, a
double y axis is used to display the magnetic functions, where
the &y (M;), Px(M;), Yy (M;, Mj), and Wk (M;, M]) functions
correspond to the left axis, while ®x(M;) and Wg(M;, M;)
correspond to the right axis. As it happens with the distance-

dependent wfM and w}™ functions, which provide QFM and
QM the magnet1c functions are different in the FM and

AFM configuration. It is worth noting that the (arbitrary)
ranges of the functions QEM and Q4™ are selected to have
similar ¢ and W functions.

Finally, the use of all these functions in Eq. (5) and (6)
provides the energy predictions, which are compared with the
DFT corresponding ones in Fig. 7(f), where the RMSE of the
fitting is 2 x 1072 eV for the FM case and 9 x 1072 eV for
the AFM case. The errors are indeed larger than the errors
obtained when numerically fitting the E,, V,, and K, parame-
ters, as shown in Fig. 2(d). The difference is especially larger
in the AFM data. On one hand, this can be attributed to the
larger complexity of the magnetic configuration, where spins
alternate signs. On the other hand, the computation of the
energies at the magnetic moment magnitudes (0, 0.5, 1, 1.5,
1.75, 2, 2.25, 2.5, 2.75, and 3.25 ug) in DFT are approxi-
mated. This was described in Sec. III, where a constrained
magnitude of the magnetic moments was performed by adding
a penalty contribution to the Hamiltonian, providing magni-
tude moments in the AFM configuration close but not exactly
to the targeted ones. The interpolation used is needed to
calculate the variation of the Eg, Vg, and K, parameters as a
function of the magnetic moment in a consistent manner as it
was done in the FM case. This procedure may affect the DFT
calculations and the corresponding distance- and magnetically
dependent functions obtained.

Despite these results, we conclude that the predictions are
well in line with the DFT calculations and that common func-
tions exist to provide accurate predictions of the FM and AFM
configurations by means of the proposed interatomic potential
formulation.
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TABLE 1. Fitted parameters of Egs. (7) and (15) for the FM and AFM configurations.

Function Parameter Value Parameter Value Parameter Value
Eq. (7) €0.0 —5.055 (eV) V0.0 10.171 (A%) k0.0 5.677 (A%)
€01 3.386 x 107! (eV) Vot 5.562 x 107! (A%) Kot —8.842 x 107% (A?)
EM &, &y, Ok €20 3.168 x 1072(eV/u3) V20 4.569 x 107" (A3/ud) K20 1.705 x 107" (A% /ud)
Eq. (15) €40 —7.339 x 1073 (eV/ud) Uso —6.619 x 1072 (A%/ud) K40 —2.838 x 1072 (A%/ud)
£6.0 —1.574 x 107* (eV/uf) Us.0 7.881 x 1073 (A3 /u8) K6.0 3.829 x 1073 (A3 /u8)
€80 7.965 x 1075 (eV/ud) Us.o —3.270 x 1074 (A%/u) Ks.0 —2.044 x 1074 (A%/u)
W, Uy, Wy €21 —2.762 x 107" (eV /i) vy —3.982 x 1071 (A%/ud) K1 3.836 x 1072 (A%/ud)
Egq. (15) €41 5.438 x 1072 (eV/uh) vy 1.026 x 1071 (A3 /) Ki —7.062 x 1073 (A3 /)
Eo1 —4.478 x 1073 (eV/u) V.1 —1.203 x 1072 (A3/u8) Ke.1 4.287 x 1074 (A3/ub)
g1 1367 x 107* (eV/ud) sy 5.016 x 1074 (A3/ub) Kg 1 —6.796 x 1070 (A%/u)
AFM &g, &y, Og €20 —9.419 x 1073 (eV/ud) V2o 2.763 x 107" (A3/ud) k2.0 6.545 x 1072 (A3 /ud)
Eq. (15) £4.0 9.212 x 1073 (eV/ui) Uso —3.935 x 1073 (A%/u) K40 —4.924 x 1073 (A%/ )
£6.0 —9.630 x 107* (eV/uf) Us.0 4.055 x 1074 (A3 /u8) K6.0 —6.294 x 1074 (A%/u$)
€80 6.852 x 1075 (eV/ud) Us.o 5.321 x 1079 (A3/ub) K80 3.826 x 1075 (A3/ub)
W, Wy, Wy €21 —1.905 x 107" (eV/u3) U —1.824 x 1071 (A%/ud) K21 1.248 x 107" (A%/ud)
Eq. (15) €41 1.457 x 1072 (eV/ui) Uy 1.532 x 1072 (A% /i) Ka.1 —5217 x 1072 (A%/ )
£6.1 —6.354 x 107* (eV/uf) Us.1 —2.616 x 1074 (A%/u$) Ke.1 6.791 x 1073 (A3/u8)
£8.1 6.161 x 1075 (eV/ud) Ugy 3.162 x 1077 (A3 /ub) Ks.1 —3.333 x 1074 (A% /i)

D. MIP definition

In this subsection, the definition of the MIP for FM con-
figuration is presented. It is worth noting that the GUES, as
introduced in Sec. II, is the proposed formalism to describe
the energy of a system and has been validated in Sec. IV C,

(@)

1.6

(b)

V2

R4

where the wy and wy, distance-dependent functions are intro-
duced in Eq. (16) but not defined yet. Only the €2y and
functions in Eq. (16) (displayed in Fig. 7 for the FM and AFM
configurations) are defined so far, which are a consequence of
evaluating wy and wy, in a certain lattice with ideal positions
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FIG. 7. (a) Functional form of 2, (b) functional form of QiM, (c) functional form of Q4™ as a function of (2, ¢), (d) @z (M), Vg (M),

c
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Dy (M), Wy (M), Dg(M), and Wk (M) for the ferromagnetic (FM) configuration, (e) @ (M), Vg(M), Oy (M), Yy (M), Px(M), and Vg (M)
for the antiferromagnetic (AFM) configuration, and (f) corresponding energy calculated by using wo(p), wy(p), ©e(M), Ve(M), ®y (M),
Wy (M), & (M), and W (M) into Egs. (5), (7), and (12) for both FM and AFM configurations.
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(and therefore constant for all atoms in such lattice). For this
reason, the €2 and €2), functions are unusable to perform MD
simulations, where the atoms move from ideal positions.

Consequently, atom-atom distance-dependent interaction
functions wy and wy, must be defined explicitly. Also impor-
tant to note, the €2), has been seen to be different for the
FM and AFM configurations. Correspondingly, wy, is also
different for each magnetic configuration. For this reason, in
this paper, we have focused only on describing the FM case,
which represents the most relevant magnetic configuration in
Fe.

Concerning the development of the FM potential, special
attention must be paid to the definition of the magnetically
dependent functions. The & (M;), @y (M;), and g (M;) func-

J

tions correspond to the Landau-Ginsburg formulation for the
magnetic self-energy terms, while Vg (M;, M;), Ve (M;, M),
and Wg(M;, M;), scaled by wy(p;;), represent the lattice
magnetic configuration described by the intersite Heisenberg
magnetic interaction parameters. These latter ones involved
the magnetic moment of two different atoms M; and M; by
multiplication of their magnitudes M; x M. In this paper, and
to be consistent with both the even polynomials introduced
in Eq. (13) for the ¥ functions and the Heisenberg-Landau
Hamiltonian, the equivalent polynomial expansion can also be
applied for magnetic moment quantity ,/M;M ;. Therefore, the
magnetic functions, expressed as a function of the magnetic
moments of two different atoms M; and M, are now approxi-
mated by

Dp(M;) = e20M;* + £4.0M;* + £6,0M;° + 50M°
Dy (M;) = v20Mi* + v40M;* + v, oM + vg oM
P (M) = r2,0M* + ks oM + 6.0M;® + K5 oM;®
We(M;, M;) = &1 MiM; + €41 (MiMj)2 + €61 (MiMj)3 + &3,1 (MiMj)4
Wy (M;, M) = va i MiMj + va 1 (MiM;)* + ve1 (MiM;)® + vs 1 (M;M;)*
Wi (M;, M) = K21 MiMj + k4.1 (MiM;)* + k6.1 (M;M;)? + g1 (M;M;)*. a7

It is worth noting that order 8 in the polynomial expressions
of M;, and equivalently order 4 for M; x M;, has been seen to
provide a good prediction of the magnetic influence in the FM
configuration using the proposed formulation. Higher poly-
nomials do not offer significant improvements in accuracy,
while order 6 (equivalent order 3 for M; x M;) or smaller
fails at predicting the energy behavior correctly. This is con-
sistent with the Heisenberg-Landau Hamiltonian formulation
proposed in Ref. [28] concerning the Landau coefficients for
the magnetic self-energy terms, which shows also order 8 in
its polynomial expansion but extends the polynomial order
defined in the interlattice-site Heisenberg magnetic interac-
tion parameters, which was defined to be a function only of
M i X M je

Once the expressions for the FM interatomic potential
are defined, the fitted expressions are presented hereinafter.
Attractive-repulsive pairwise functions are considered for
wo(pij) and wy(p;;). Most known interatomic potentials use
this type of function since they capture the nature of atomic
forces. Simple forms like the classical Lennard-Jones poten-
tials or Morse potential have close functions that describe
independently the attractive and repulsive forces. On the other
hand, the EAM methodology is based on density-dependent
potentials derived from DFT, where the atom is assumed to be
embedded in an electron cloud, originated by its surrounding
atoms. The repulsive term is described by means of a pair
potential on the distance between atoms, while the attrac-
tive term depends on a functional describing the energy of
embedding an atom in the bulk density. EAM being con-
sistent with the UES by Vinet er al. [56] and Rose et al.
[55] used here to describe the energy-volume relationship
[78,79], attractive-repulsive functions are used similarly to

(

describe the atom-atom distance interaction [80]. No simple
closed functions have been found to describe these attractive-
repulsive functions, and in this paper, a combination of several
Gaussian functions have been employed to build a function
capable of fitting all DFT data along the crystal structures
considered. The selection of Gaussians is not arbitrary since
they provide differentiability along with simplicity. A sum of
several Gaussians, ~80, with their centers spaced 0.1 between
pij = 0 and &, is used, with a standard deviation equal to 1,
where their height is optimized to obtain wo(p;;) and wy(p;;)-
The proposed functions of wg(p;;) and wpy(p;;) have been
fitting using a least squared method to approximate the €2
and €2, functions defined in Figs. 7(a) and 7(b), respectively.
A visualization of the obtained functions is displayed in Fig. 8.

The magnetically dependent ® and W functions have been
refitted from those proposed in Fig. 7(c) to maximize the
accuracy of the MIP once wo(p;;) and wy(p;;) are defined.
The predicted €2 and €2y using the fitted wo(0;;) and wy(0;;)
functions have minor differences with respect to the original
Qo and €2j, functions, and consequently, the magnetically
dependent functions are very similar to those originally pro-
posed. Their fitted behavior is displayed in Fig. 8(b), where
the W functions are expressed via the equivalent-combined
magnetic moment M = ,/M;M;.

See Sec. I1I of the Supplemental Material [77] for the tab-
ulated expressions for wo(p;;) and wy (i), Pe(M;), Dy (M;),
qD]((M,‘), \I—’E(M,‘,M]'), \I/E(Mi,Mj), and ‘-IJE(M“M]) Note
that the W functions are tabulated via M = ,/M;M;. It is
important to note that this potential has eight functions to
be evaluated for each simulation step. This represents indeed
a larger computational effort than other potentials proposed,
such as the EAM, where only two functions are used, one
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FIG. 8. Functions of the magnetic interatomic potential for the
ferromagnetic Fe case, (a) distance-dependent functions wy(p0;;) and
wy(p;;) of Egs. (6) and (7) and (b) magnetically dependent ® and ¥
functions of Eq. (6).

for the contribution to the electron charge density between
two atoms and another corresponding to the pairwise po-
tential. This difference is logically due to the incorporation
of magnetism in the formulation since seven of the func-
tions of the MIP are related to magnetism. Nevertheless, the
MIP still allows for computational speed comparable with
other interatomic potentials, being much lower than the DFT
method.

_Finally, the fitted parameters which defines Ej(p), V;(p),
Ki(p), Eé(p, M), V!(p, M), and Kgf(p, M) as functions shown
in Egs. (7) and (17) are displayed in Table II:

V. VALIDATION OF THE POTENTIAL AND ITS
PREDICTABILITY

The performance of the GUES was validated in Sec. IV C,
whereas now the fitted interatomic potential based on the
GUES needs to be validated once the w( and wy, have been ex-
plicitly proposed. The validation is performed in the database
employed and computed by DFT, as described in Sec. III,
which is also employed here to check the predictability of the
MIP. It is important to note that the GUES is the proposed
formalist that allows developing the MIP. In this regard, the
GUES was validated once the E,, V,, and K, parameters
were fitted, directly from DFT calculations. The wy and wy
distance-dependent functions are not deducted from this fit-
ting, and only the W and & magnetically dependent functions
were defined. Therefore, once the wy and wy, are proposed
(and ¥ and & refitted with minor differences to the ones
used in the GUES), an initial analysis in the same database
employed for the developing GUES is needed. Later in this
section, the use of the MIP to analyze its predictability outside
the limits of the DFT database is treated.

Starting from the validation of the MIP, the behavior of
the fitted wo(p;;) functions with respect to (b/a, c/a) can be
seen in Fig. 9(a), showing a similar behavior with respect to
the € function in Fig. 7(a). The parameters to reproduce
the behavior E;,)(p), Vgo(p), and Kgo(p) in Eq. (7), as shown
in Fig. 3, are displayed in Table II. Similarly, the behavior
of wy(p;j) is shown in Fig. 9(b), where €y is calculated,
also showing a similar behavior to €2), proposed in Fig. 7.
The value of the parameters to obtain E!(p), V/(p), and
Ki(p) (n=2,4,6,and 8) in Eq. (14) are also displayed in
Table II. These parameters are used to build the ®g(M;),
Sy (M;), Px(M;), Ve(M;, M;), Vg (M;, M;), and Wg(M;, M;)
magnetic functions of Eq. (17) and displayed in Fig. 8(b).

The wo(p;;) and wy(p;;) functions can be considered to
represent a short-range potential. To illustrate this and taking
the case of iron in the BCC structure with the cell parameter at
equilibrium a = 2.86 A, the corresponding p; ; of the second
nearest neighbor equals 2, which is interpreted as two atoms
per unit cell. Similarly, the first, second, third, and fourth

TABLE II. Parameters for the functions Ej(p), Vi (p), Kj(p), Ei(p, M), V;(p, M), and K{(p, M) defined in Egs. (7) and (17).

Function Parameter Value Parameter Value Parameter Value
Eq. (7) £0.0 —5.057 (eV) V0.0 1.017 (A%) K0.0 5.659 (A%)
£o.1 3.326 x 1071 (eV) Vo1 5.460 x 107! (A%) Kot 1.376 x 1072 (A?)
O, Oy, Dy €20 2.819 x 1072 (eV/ud) U 4.405 x 107" (A3 /) K20 1.978 x 107" (A%/u})
Eq. (17) €40 —5.250 x 1073 (eV/ub) Uso —5.950 x 1072 (A% /u) K40 —3.864 x 1072 (A%/ud)
£6.0 —4.833 x 107* (eV/ul) Us.0 6.954 x 1073 (A3 /u8) Ke6.0 5.235 x 1073 (A3 /u8)
€50 9.505 x 1075 (eV/u) Ugo —2.855 x 107* (A% /ub) Ks.0 —2.672 x 1074 (A%/u)
D, Dy, Dy €21 —2.585 x 107! (eV/u3) U, —3.706 x 107" (A?/u) K21 —2.762 x 1072 (A%/ud)
Eq. (17) €41 4.736 x 1072 (eV/ud) Vs 9.217 x 1072 (A% /ud) K1 1.744 x 1072 (A3 /)
£6.1 —3.505 x 1073 (eV/u8) Us.1 —1.061 x 1072(A3%/u8) Ke.1 —2.910 x 1073 (A%/u$)
£s.1 9.307 x 1075 (eV/ud) Ugp 4387 x 1074 (A% /ub) Ks.1 1.418 x 107+ (A% /ub)
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FIG. 9. (a) Obtained €2 using the wy(p) function as a function
of (%, £). (b) Obtained £2), using the wy(p) function as a function of
(g, <). (c) Comparison between the density functional theory (DFT)
calculations and predicted energy by using the magnetic interatomic
potential (MIP) in the 9600 energies calculated (960 nonmagnetic

and 8640 ferromagnetic).

nearest atoms in the cited BCC structure corresponding to
rij =2.47,2.86,4.04, and 4.74 A take the values pij = 1.299,
2, 5.65, and 9.12, respectively. Following the functions dis-
played in Fig. 8(a), this implies that the most relevant atoms
correspond to the first, second, and third nearest neighbors.
It is important to note that this result also applies to any cell

parameter of such a BCC structure. In other words, a constant
cutoff interatomic distance cannot be considered since, for a
BCC structure with a cell parameter of 2.7 A (as opposed to
the previous example), its corresponding first, second, third,
and fourth nearest atoms occur now at r;; = 2.34, 2.7, 3.82,
and 4.47 A, but the same values of p; ; apply as for the case
with a = 2.86 A. The cutoff, if applied to optimize the com-
putational cost, is on the variable p;; and not in the interatomic
distance r.

With this potential, the corresponding energy calcula-
tion on the 9600 DFT energy points has now a RMSE of
1.9 x 1072 eV. The comparison between the DFT computed
energies and those predicted by the MIP can be seen in
Fig. 9(c), where a good fitting is observed. This proves that
two distance-dependent functions and two magnetically de-
pendent functions are needed to calculate Eg, Vg, and K, for
all crystal configurations and magnetic moments.

The cohesive energy, volume, and magnetic moment at the
BCC ground state using the MIP correspond to —5.208 eV,
11.659 A3/atom, and 2.39 ug 2.39 up, respectively, while
the DFT calculations predict —5.21 eV, 11.35 A3 /atom, and
2.199 up [29]. For comparison purposes, the experimen-
tal observation of the BCC ground state is an equilibrium
volume of 11.692 A3/atom [81] and magnetic moment 2.22
up [82], showing that the theoretical computations are
correct.

From the energy predictions of both the DFT calculations
and the MIP, a calculation of the minimum energy obtained for
each ((b/a, c/a), V) configuration can be performed, select-
ing from the different M considered those most energetically
favorable. For the case b/a = 1, the results can be seen in
Figs. 10(a) and 10(b), where the MIP predictions of the energy
and corresponding magnetic moment providing the ground
state for each ¢/a and volume considered (with b/a = 1) are
displayed, respectively. In these figures, the regions where the
minimum energy is reached without magnetic contribution are
indicated with NM. These figures should be compared with
Figs. 1(a) and 1(b), where a similar analysis is depicted from
the DFT computed energies and magnetic moments. Despite
the small differences obtained, the MIP successfully predicts
the energy and corresponding magnetic state when varying
c/aand V.

Along with the contour plots shown in Figs. 10(a) and
10(b), in Fig. 10(c), for some representative c/a cases (c¢/a =
0.8, 1, 1.2, /2, and 1.6), energy curves (blue lines) and the
corresponding magnetic moment variations (orange lines) are
shown. This figure should be compared with Fig. 1(c), where
the same analysis is carried out for the DFT computations. The
results show a high degree of consistency of the MIP predic-
tion in both energy and magnetic moment. We conclude that,
in general, not only the energy is correctly calculated but also
the magnetic moment which provides such energy. Impor-
tantly, the variation of the energy by means of the volume for
the FCC crystal lattice [see Fig. 10(c) case c/a = ﬁ] shows
two minima, a known result in FM iron [83] and shown also
in Fig. 1(c) for the DFT prediction. In both simulations, the
NM configuration occurs at low volumes, followed by a LS
state as the volume increases, and finally, a HS state provides
the second minimum. Nevertheless, it is worth noting that the
minimum corresponding to low volumes occurs in DFT for
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FIG. 10. (a) Ground state energy calculated by the magnetic interatomic potential (MIP) for ferromagnetic (FM) configuration and (b)
corresponding magnetic moment, both as a function of atomic volume and c/a (with b/a = 1). The corresponding curves for the energy and
magnetic moments are displayed in (c) on representative cases of ¢/a ratio (c/a = 0.8, 1, 1.2, ﬁ, and 1.6), where the blue lines represent the
energy in FM configuration and the orange lines the corresponding magnetic moment. (d) Comparison of the energies calculated by density
functional theory (DFT) and the MIP at the local ground state for each ({b/a, c¢/a), V') configuration and (e) corresponding comparison of the
magnetic moments calculated by DFT and MIP at the local ground state for each ({b/a, c/a), V) configuration.

the LS state, whereas the MIP predicts the NM configuration.
However, the MIP energy prediction at the first minimum is
—5.056 eV, while the corresponding value of MIP energy at a
LS state is —5.027, a variation <0.03eV. Additionally, the
DFT energy at the first minimum is —5.048, very close to
the DFT energy with a NM contribution which is —5.045
and an energy difference of 0.003 eV. Even though the MIP
fails at predicting that the first minimum occurs with a LS
state, the energy differences in DFT and the MIP to obtain
LS or NM configuration are significantly small, and although
there is room for improvement, the general performance of the
potential is good.

The calculation of the ground state is of paramount im-
portance in the development of interatomic potentials since
it provides the right configuration and energy of a system in
equilibrium (or para-equilibrium) rather than the prediction of
energies in different ((b/a, c/a), V, M) configurations. Such
configurations are considered very useful in the scope of de-
velopment and fitting of the potential as well as to prove the
generalization of the UES proposed but remain less important
in the application of the MIP developed, as many of these
configurations are never reached in a real system. There-
fore, additionally to the analysis shown in Figs. 10(a)-10(c),
the magnetic moment is optimized to obtain the minimum
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energy for a given ((b/a, c/a), V). This extends the prelim-
inary comparison performed and provides the first test of the
MIP predictability outside the energy calculations when fixing
((b/a, c/a),V, M). Therefore, for each ((b/a, c/a), V), both
DFT and the MIP are used to calculate the corresponding
local ground state, where the values of magnetic moments are
not fixed but optimized. The results of the energies obtained
are displayed in Fig. 10(d), where the points are depicted
in different colors according to the volume considered. The
MIP provides a RMSE = 0.025 eV compared with the DFT
energies, where the larger errors, in the range of 0.07-0.09
eV, correspond to the extreme values of (b/a, c/a) and lower
atomic volumes. Figure 10(e) shows the corresponding opti-
mized magnetic moment. The behavior of the MIP there is,
in general, in agreement with the DFT calculations, where
the MIP predictions show the NM configuration in lattices
and DFT shows a LS state at low atomic volumes. This ex-
plains the issue explained above concerning the first minimum
when fixing ¢/a =1 and ¢/a = +/2, where DFT predicts
a LS state and the MIP predicts a NM configuration. It is
worth remembering that, even though the MIP predicted mag-
netic configuration differs from the DFT calculations at these
low volumes, the energy is correctly calculated. For higher
volumes, the MIP performance is good in both energy and
magnetic moment.

A. Predictability of the potential

From the results in the previous section concerning the
validation of the potential into the original database, we con-
clude that the calculation of the energy for the 9600 cubic
deformed structures at different volumes and magnetic con-
figurations provided an excellent fitting with respect to DFT
calculations. Itself, this is already a good result since no other
type of interatomic potential has been capable of predicting
this large variety of crystal structures, magnetic moments,
and volumes. It is nevertheless important to put to the test
the MIP in other crystal structures, atomic configurations
and parameters and compare the results to test its predictive
capabilities.

Therefore, the intention of this section is to perform a series
of validations on key situations not included in the database
used for the fitting and test the applicability of the proposed
potential. The number of tests to which a potential can be put
is vast and could cover an immense and unmanageable piece
of work. We have selected a few of them which, to our un-
derstanding, cover key properties. Firstly, elastic constants of
magnetic o-iron, simple parameters but of great relevance, as
well as stresses in all the lattices and volumes of the database
will be considered, as well as forces compared with ab initio
MD (AIMD) simulations at different temperatures. Then the
deformation of the BCC structure toward other lattices will be
analyzed by means of transformation paths. Following that,
the A15 and C15 crystal structures represent the simplest com-
plex structures, where the magnetic moments are not constant
along with their atoms. Increasing complexity, point defects
in the way of vacancies and interstitial atoms (corresponding
to dumbbell structures) cover the following steps, while the
last step is the calculation of y surfaces which are relevant for
the mechanical behavior.

1. Elastic constants

Elastic constants represent the first mandatory validation
test for an interatomic potential. The calculation is made on
the ground state configuration, magnetic «-iron, where Cl11,
C12, and C44 are constants. For the MIP calculation, small
strain steps of 0.005% are used to analyze small deformations.
For each step, the magnetic moment is optimized to obtain
the corresponding ground state. The results are displayed
in Table III, along with the bulk modulus, shear modulus,
Young’s modulus, and Poisson’s ratio computed by the Voigt-
Reuss-Hill method [84,85], and compared with experimental
values from the literature as well as other DFT calculations,
modified EAM (MEAM), linear machine learning (LML), and
quadratic noise machine learning (QNML).

The results show that the C11, C12, and C44 constants are
predicted, all with an error <15 GPa with respect to the DFT
calculations in this paper. The corresponding bulk modulus is
accurately predicted since this parameter is indirectly involved
in the MIP formulation, as shown in Eq (11). Shear modu-
lus, Young’s modulus, and Poisson’s ratio predictions lie in
reasonable error limits, where the worst prediction occurs for
Young’s modulus, which is overestimated as compared with
the DFT calculations in this paper. The comparison with ex-
perimental and other DFT calculations lies within reasonable
limits. On the other hand, there is an overestimation, espe-
cially in the C11 and C12 cases, in all DFT calculations (both
from literature and reported here), which is consequently in-
herited by the MIP, as can be observed in the data shown in
Table II1.

2. Atomic stresses and forces in the lattice

The calculation of the atomic stresses on the lattices con-
sidered is now under investigation. Each of these lattices has
nonzero forces acting on their respective atoms since only
one crystal lattice corresponds to the «-iron ground state.
These forces are good indicators of the behavior of the MIP
to predict the evolution of the system in a simulation. The
atomic stresses in DFT and MIP approaches are calculated by
computing the energy E when applying a strain &, on each of
the three spatial coordinates (@ = x, y, z) and approximating
the energy variation by means of a quartic polynomial, from
which the first derivative permits the calculation of the atomic
stresses in the lattice. The following equation is therefore used
to account for the energy variation:

E:E0+F18a+%r28a2+-~-7 (18)

where the linear term I'j = Vo, accounts for the total stress
of the system, V is the atomic volume, and o, corresponds
to the atomic stress at straining over coordinates o = x, y, z.
The strain step considered for this calculation is 0.01% of the
corresponding lattice parameter.

The comparison of the stresses between the DFT and
MIP calculations can be seen in Fig. 11, showing a good
fitting, where each color is associated with each of the
three spatial coordinates. Some outliers can be observed,
and the fitting of the larger stress values is slightly worse
than the lower values. These larger errors correspond again
to the extreme values of (b/a, c/a), which are the lattices
least stable of all. The corresponding RSME is 1.4eV/A3,
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TABLE III. Comparison between the elastic constants from DFT and MIP in this paper and experimental values, MEAM, LML, QNML,

and other DFT calculations. C11, C12, C44, bulk modulus, shear modulus and Young’s modulus are expressed in GPa.

Approach Experimental MEAM LML QNML DFT MIP
Ref. [86] [87] [88] [89] [90] [91] [92] [92] [92] [93] [94]  (This paper) (This paper)
Cl11 239.5 243.1 230 232 231.3 2657 287.7 293.6 2922 296.8 2344 2717.3 272.5
C12 135.9 138.1 135 136 134.6 127.5 148.5 144.0 1443 142.06 119.1 151.9 159.7
C44 120.7 121.9 117 117 1162 122.6. 120.5 1023 102.1 106.03 88.5 96.9 106.1
Bulk modulus 170.3 173.1 167 168 166.8 173.6 1949 193.8 193.6 193.6 157.5 181.8 197.3
Shear modulus 86.06 87.5 - 818 - - - - - 93.9 74.2 71.1 82.3
Young’s modulus 222.7 224.7 - 2114 - - - - - 2425 191.8 188.7 216.8
Poisson’s ratio 0.289 0284 - 0.29 - - - - - 0.291 0.297 0.330 0.329

which represents a good fitting for the stresses in the lattices
considered.

Additionally, the forces in a distorted lattice are considered.
Several AIMD simulations at different temperatures have
been performed for the 4 x 4 x 4 supercells of the conven-
tional BCC structure of Fe. The temperatures computed are
400, 600, 800, 1000, and 1200 K. Each of these tempera-
tures induces a different distortion of the lattice, and once the
structures are relaxed, a snapshot of the atomic positions and
magnetic moments at arbitrary times is then used in the MIP
to calculate the corresponding forces. The calculated forces
by AIMD and the MIP are then compared and can be seen in
Fig. 12. In that figure, each color corresponds to a different
spatial direction (x, y, and z), where Egs. (8) and (9) are
used with & = x, y, and z, respectively, where the horizontal
axis corresponds to AIMD calculations, and the vertical axis
represents the MIP predictions.

The behavior shown by the MIP predictions is in concor-
dance to the AIMD calculations at each temperature, where
the RMSE for each direction (RMSE,, RMSE,, and RMSE,)
are displayed in Table IV. There is a slight increase of the error
when increasing the temperature, suggesting a small deviation
of the cell parameter (atomic volume) and magnetic moment
at the relaxation of the MIP with respect to AIMD. The errors
are nevertheless in reasonable limits. We conclude that the

NN
o On

—_
ot

ot

MIP Stress (eV/A?)
o S

1
(@)

0 10
DFT Stress (eV/A?)

20

FIG. 11. Comparison of the computed stresses by density func-
tional theory (DFT) and magnetic interatomic potential (MIP).

MIP is accurate enough to represent the behavior of distorted
lattices in FM Fe, with atomic positions and magnetic mo-
ments deviating from their ideal positions.

3. Transformation paths

For this section, several transformation paths are consid-
ered. DFT calculations are extracted from Ref. [47], where
the spin-polarized DFT calculations were performed using
the VASP code, as described elsewhere [71,72,95], with the
constant magnetic moment corresponding to the BCC ground
state. The transformations considered are the hexagonal, trig-
onal, tetragonal, and orthorhombic paths, as described in
Refs. [96,97], where the parameter p is continuously varying
to drive the transformation, and it can be used to characterize
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FIG. 12. Comparison of the computed forces by ab initio molec-
ular dynamics (AIMD) and the magnetic interatomic potential (MIP)
at different temperatures.
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TABLE IV. Calculated RMSE of the force predictions of
MIP compared with AIMD for each spatial direction at different
temperatures.

Temperature RMSE, RMSE, RMSE,
(K) (eV/A) (eV/A) (eV/A)
400 K 0.1455 0.1305 0.1522
600 K 0.1750 0.1764 0.1654
800 K 0.1722 0.1717 0.1741
1000 K 0.2188 0.2121 0.2330
1200 K 0.2418 0.2191 0.2081

it. The value p =1 corresponds in all cases to the BCC
structure. The trigonal transformation produces a simple cubic
(SC) structure at p =2 and FCC at p = 4. The hexagonal
path displays a HCP structure at p = +/2. In the tetragonal
transformation, the FCC lattice is also reached at p = /2 and
body-centered tetragonal (BCT) around p = 1.7, where in the
orthorhombic, the transformation starts and finishes in BCC,
passing through the BCT structure around p = 1.4.

The results are shown in Fig. 13, where the MIP predic-
tions are depicted as blue solid lines and compared with the
DFT (black dots) and BOP calculations (red solid lines), both
extracted from Ref. [47]. The figure displays the different
obtained structures obtained as the transformation occurs.

«DFT _— MIP (this work) — BOP
(a) Tetragonal (b) Trigonal
1
0.3
0.2
0.1
S
L 0
= 08 1 1.2 14 1.6 1.8 2
E (c) Orthorhombic (d) Hexagonal
5 0.15 0.75 .
0.1 0.5

0.05

0 0
1 12 14 16 18 2 0.8 1

1.2 14 16 1.8 2

p Transformation path parameter

FIG. 13. Transformation paths computed with magnetic inter-
atomic potential (MIP) and compared with density functional theory
(DFT) and bond order potential (BOP) from Ref. [47]. Black dots
correspond to DFT calculation, red solid line represents the BOP
predictions, while the blue solid line corresponds to the MIP calcu-
lated transformation paths. Larger black dots represent the different
structures obtained with the transformations. A Energy refers to the
difference in energy with respect to the energy of the ground state of
body-centered cubic (BCC) iron.

The behavior of the predictions is correct in general, al-
though there is a clear underestimation of the energy in the
hexagonal transformation paths with respect to DFT predic-
tions in the HCP crystal lattice. This result is shared with
BOP [47], where a similar underestimation in the HCP is also
displayed. Nevertheless, BOP also shows a sensible underes-
timation of the FCC energy (with magnetic contribution), as
seen in tetragonal and trigonal transformation paths, whereas
the MIP represents these transformations more faithfully. This
is a consequence of the correct prediction of the MIP (as
shown in previous sections) in the large database employed,
which contains the FCC crystal lattice at different magnetic
moments.

4. A15 and C1S5 crystal structures

The analysis of C15 Laves crystal structure is especially
relevant for iron since clusters with C15 crystal lattice form
under irradiation or after migration of SIAs [98,99]. The de-
velopment of potentials to predict their behavior is especially
important since the experimental observation of small clusters
has not been yet achieved, and simulation seems to be the only
option available [98,99].

On the other hand, A15 is a metastable structure in BCC
metals [100] due to its small energy difference with the ground
state. It is considered the simplest complex structure [101].
Therefore, its analysis is the first inevitable step for more
complex structures. In other transition metals, this structure is
related to superconductivity, its study being full of relevance
[102].

In both A15 and C15 structures, there are two positions of
atoms that are nonequivalent from the point of view of crys-
tallographic space group symmetry. Nevertheless, the lattice
symmetry concept concerning atomic distances must be mod-
ified when magnetic moments, which are oriented to a specific
coordinate, are introduced. That implies that, in the eight
lattice coordinates of the A1S5 structure (6 4+ 2 nonequivalent
symmetry coordinates), five different nonequivalent symme-
try magnetic coordinates (2 + 2 4+ 2 4 1 4 1) can be obtained.
This can be visualized in Fig. 14(b), where the atoms in red,
green, and dark blue belong to the same coordinate symmetry
but not to the same magnetic coordinate symmetry, as they
lie in x-y, x-z, and y-z planes. This also applies to the C15
symmetry, where the 4 + 2 nonequivalent atomic coordinates
have 1 + 1 4+ 1 + 1 + 2 magnetic coordinate symmetry, as
observed in Fig. 14(b).

A set of DFT simulations has been carried out at different
atomic volumes, ranging from 8 to 15 A3/atom in steps of 0.2
A3/atom. This refers to lattice parameters between 4.00 and
4.93 A for the A15 structure and between 5.77 and 7.11 A
for the C15 structure. This range broadly covers the BCC
ground state volume and allows analyzing the response of
the potential to these structures. For each volume considered,
the atoms keep in their ideal positions, while the magnetic
moments are relaxed until the ground state is reached. For
the case of DFT calculations, the magnitudes of magnetic
moments of all atoms are optimized using self-consistent DFT
calculations.

The corresponding simulation using the MIP can be seen
along with the DFT calculations in Fig. 14(a). The fitting

043806-21



TODA-CARABALLO, WROBEL, AND NGUYEN-MANH

PHYSICAL REVIEW MATERIALS 6, 043806 (2022)

2
—A1S5 calculated by DFT
? ® A15 calculated by MIP
g Y —C15 calculated by DFT
= 1.5 . ° C15 calculated by MIP

Energy - Eq (e

Atomic Volume (A?)

a2
3
a1 °
) oead® Atomic legend on
g 0 o‘&?’ AL1S crystal lattice
= ppr =
=2
5]
58
<1
=

0=

8 9 10 11 12 13 14 15

Atomic Volume (A3)

~
o
N

3 MIP

[\V]

—_

\

s s crystal lattice

O
o
—

Magnetic Moment ()
[\ wo

=

\

(e}
oo

9 10 11 12 13 14 15
Atomic Volume (A3)

FIG. 14. (a) Density functional theory (DFT) and magnetic in-
teratomic potential (MIP) calculated energy of A15 and C15 with
various fixed volumes and relaxed magnetic moments. (b) Variation
of the magnetic moment of each atom in the A15 crystal lattice as
a function of the volume (the colors correspond to the colors of the
atoms in the displayed crystal lattice). (c) Variation of the magnetic
moment of each atom in the C15 crystal lattice as a function of
the volume (the colors correspond to the colors of the atoms in the
displayed crystal lattice).

is reasonably accurate, especially in the vicinities of both
the A15 and C15 ground states. The minimum of energy
calculated for the C15 lies between 12 and 12.2 A3/atom (no

interpolation has been made), and it has an energy difference
with the Fe ground state AE =E — Ey~0.148¢eV /atom,
where E represents the corresponding energy and E, the
BCC ground state energy, like the one obtained in Ref. [99],
which predicts 0.15 eV/atom. Calculation by the MIP pro-
vides a minimum energy between 12.2 and 12.4 A3/atom
with AE ~0.159eV/atom, providing an error in volume
<0.2A3%/atom and an error in energy ~0.01eV. Also in
Ref. [99], the corresponding prediction using ABOP is of
0.14 eV/atom, showing a similar error to the DFT. On the
other hand, the DFT calculations of the Al5 crystal lattice
predict a minimum energy between 11.6 and 11.8 A3/atom
and AE ~0.088¢eV, while the MIP provides a minimum
~11.8-12 A3/atom and AE ~0.042¢eV, which corresponds
to an error in volume <0.2 A3/atom and an error in energy
~0.04eV.

There is a clear step in the curve shape in all DFT and MIP
calculations between 9 and 10 A3/atom. The magnitude of the
step is definitely larger in MIP calculations and corresponds
to the transition of the magnitudes of the magnetic moment
in the simulations by means of the volume. This variation can
be observed in Fig. 14(b) for the A15 case and in Fig. 14(c)
for the C15 case. The colors correspond to different atoms in
the structure, where a label with these colors is depicted in the
form of a crystal lattice for each case. In this step and from
these atomic volumes toward smaller values, the prediction
decreases in accuracy. It is worth noting nevertheless that the
range of volumes used in the potential fitting lies between 9.25
and 12.75 A3/at0m, which is close to the limit at which the
prediction is less accurate.

In both the C15 and AlS5 simulations, the magnitude of
the magnetic moment increases with the volume. This is, in
general, a common result for iron, and it is a consequence of
the ng‘ (p, M) function depicted in Fig. 4(b). As a reminder,

Vgi (p, M) represents the volume at which the energy is min-
imum, given a crystal lattice. Therefore, the simultaneous
increase of the volume and the magnetic moment occurs nat-
urally.

5. Vacancy

In this section, we will consider a vacancy simulation with
relaxed atomic coordinates, volume, and magnetic moments.
The simulation is performed with both DFT and MIP meth-
ods for comparison purposes, using the same configuration,
a structure of 4 x 4 x 4 supercells of the conventional BCC
structure of Fe with one vacancy, containing 127 atomic sites.
As in the case of calculations for the A15 and C15 structures,
for the case of DFT calculations, the magnitudes of magnetic
moments of all atoms are optimized using self-consistent
DFT calculations. For the case of the MIP, molecular static
simulations using the proposed equations of motion for the
MIP in Eq. (8) allow obtaining the corresponding minimum
configuration energy.

After relaxation, the obtained energy of formation for 127
atoms using DFT is 2.14 eV, which is in accordance with
the formation energy of vacancy reported [22,103,104] using
also DFT. The corresponding value for the MIP is 1.65 eV,
being moderately lower. This may be because the second
nearest neighbors of the vacancy are the only atoms displaying
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TABLE V. Comparison of the energy of formation of vacancy E/
with MIP and DFT (this paper) and other obtained E/ in the literature
by different approaches.

Method Ref. E/ (eV)
MIP This paper 1.65
DFT This paper 2.14
[22] 1.95,1.93, 2.07
[103] 2.12,1.93
[104] 2.18,2.26
Empirical potential [17,105] 1.37/1.70
[21] 1.63/1.95
[106] 1.57/1.63
LML [91] 2.14
QNML [91] 2.18
Experiment [107] 1.6
[108] 1.8

a significant increase of energy with respect to the BCC
equilibrium, about AE ~0.1eV per atom, as compared with
the equilibrium, while the following neighbor atoms in the
distance to the vacancy have a AE in the range of 0.01 eV.
This increase of energy is slightly underestimated as com-
pared with the DFT calculations. A summary of both DFT
and MIP results are compared in Table V with others reported
in the literature using atomistic simulations and obtained by
experiment.

The results of the crystal lattices obtained by DFT and the
MIP in this paper are displayed in Fig. 15, showing a similar
behavior. The first nearest neighbors of the vacancy in the
DFT are displaced toward the vacancy 0.085 A along with an
increase of magnetic moment of ~ 0.2 ug, while in the case
of the MIP, the displacement is 0.06 A along with an increase
of 0.1 ug. These correspond to the atoms displayed in red. On
the other side, the second nearest neighbors of the vacancy
move away from the vacancy 0.03 A and suffer a decrease
of the magnetic moment of ~0.2 ug, while in the simulation
with the MIP, the atom is similarly displaced away from the
vacancy 0.04 A along with a decrease of 0.1 wg, with respect
to the magnetic moment at the ground state. The third nearest
neighbors have negligible variations with respect to both the
ideal atomic coordinates and ground state magnetic moments.

FIG. 15. Atomic coordinates of relaxed vacancy simulation with
density functional theory (DFT) and magnetic interatomic potential
(MIP). The colors of the atoms correspond to the magnetic moment
as displayed by the legends.

With the MIP formulation, the variation on the magnetic
moment magnitude observed in the first and second nearest
neighbors, compared with the rest of the atoms, can be ex-
plained. Firstly, we should focus our attention to the functions
wo(pij) and wy(p;;) displayed in Fig. 8(a). As a reminder,
the values of p;; for the first and second nearest atoms in a
BCC structure are 1.299 and 2, respectively. In consequence,
an atom in the position of the first nearest neighbor of the
vacancy is missing a positive term at evaluating wo(p;;) and
wp(p;j) (at a distance p;; = 1.299) in the whole sum of atoms.
Therefore, the corresponding values of Eé(p, M), Vgi(p, M),

and Vgi (p, M) are smaller than in the perfect BCC crystal

lattice, in the range of 0.005 eV, 0.1 A3A, and 0.01 AA3, re-
spectively. Inversely, the value of the E (p, M), V,(p, M),

and Vg(p, M) parameters for the second nearest neighbors of
the vacancy are larger than in the perfect BCC crystal lattice,
in the range of 0.02 eV, 0.1 A3, and 0.01 A3, respectively,
since, in this case, a term (at a distance p;; = 2) is missing
when evaluating wo(p;;) and wy(p;;). The evaluation of these

. dE! dV! dKi
g g 8
parameters and the corresponding values of ——¢ AR and ¢ i

[see Eq.(9)] for a constant magnetic moment across all atoms
show positive magnetic forces for the first nearest neighbor
of the vacancy and negative magnetic forces for the second
nearest neighbor of the vacancy, explaining the variation of
the magnetic moments observed.

6. Dumbbell configurations

An analysis of the performance of the MIP with respect
to (110), (111), and (100) dumbbell configurations has been
done and compared with the DFT calculations. The self-
consistent DFT calculations were performed with a relaxation
of atomic positions for eight different volumes with lattice pa-
rameters ranging from 2.6448 t0 2.9434 A. Using a4 x 4 x 4
BCC simulation box with 129 atoms, different cell parameters
have been considered to cover the dumbbell ground state.
For each volume, both the atomic coordinates and magnetic
moments are relaxed.

The results are displayed in Fig. 16, where the (110) con-
figuration is shown in black color, the (111) configuration is
plotted in blue color, while the (100) is finally depicted in red
color. The DFT calculations correspond to dashed lines with
solid squares, and the MIP predictions are shown with solid
lines and circles.

In both simulations, the (110) dumbbell configuration is
the most stable of all, followed by the (111) configuration.
The (100) case is, therefore, the least energetically favorable.
The equilibrium cell parameter of the MIP is slightly larger
than in DFT calculations, in correspondence to the larger unit
cell parameter of BCC iron calculated by the MIP.

The formation energies and equilibrium cell parameters for
both types of calculations can be seen in Table VI along with
others reported in the literature. The DFT formation energies
in this paper are like the corresponding ones computed also
by DFT in Ref, [22], with a slightly larger difference in the
(100) dumbbell configuration. Minor differences are found
with MEAM and empirical potential predictions, although it
is worth noting that some works predict that the (111) dumb-
bell has lower formation energy than the (110) dumbbell, in
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FIG. 16. Formation energy of the dumbbell (110), (111), and
(100) configurations in a4 x 4 x 4 body-centered cubic (BCC) sim-
ulation box as a function of the unit cell parameter. For each cell
parameter considered, both the atomic coordinates and magnetic
moments are relaxed.

contradiction to the DFT calculations reported here and others
(both DFT and empirical potentials). With respect to the MIP
predictions, the formation energy is in the range of 1-1.5 eV
as compared with the DFT ones, and the equilibrium sequence
is correctly computed. Additionally, the MIP prediction of the
ground state (GS) unit cell parameter is of the order of 0.025 A
larger than the corresponding DFT calculations.

A visualization of the relaxed lattice is also helpful in
validating the MIP performance at predicting SIAs. In the fol-
lowing figures, a comparison of the relaxed structures at their
respective GS is shown. Figure 17(a) shows the comparison
of the (110) dumbbell configuration, Fig. 17(b) corresponds
to the (111) case, while Fig. 17(c) represents the (100) case.
Each figure shows the different perspectives of the simulation
box, avoiding the plotting of the equivalent perspectives [for
instance, perspectives (x, z) and (y, z) are equivalent in the

TABLE VI. Formation energies, corresponding relaxation vol-
ume of (110), (111), and (100) dumbbell configurations using DFT
and MIP in this paper. The relaxation volume stands for the differ-
encein a4 x 4 x 4 BCC simulation box. The formation energies are
compared with others reported in the literature.

Method and reference (110) (111) (100)

Relaxation volume (A%) MIP (this paper) 12.8 159 222
DFT (this paper) 19.3 189 213
MIP (this paper) 55 60 65

DFT (this paper) 39 46 55

Formation energies (eV)

DFT [22] 3.64 434 4.64
DFT [47] 393 4.61 5.05
BOP [47] 3.87 422 444
MEAM [109] 42 43 55

Empirical potential [101] 3.93 3.98 -
Empirical potential [110] 4.06 3.92 -
Empirical potential [111] 4.85 -

Empirical potential [17] 4.87 5 6.1
Empirical potential [106] 4.15 4.34 -

(a) (110) dumbbell configuration
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Hp
12.4
2.275
12.15
|2-025
1.9
(b) (111) dumbbell configuration
MIP
X
yl_’.=.=.=. s
».0.0'0.0 124
2.275
».0‘,.0.» 1515
® o o o |2.025
o o 0 o
oo 1.9
Hp
124
2.275
[2.15
|2-025
1.9
e o
e 0 o
® ®@ o o
e 0o 0 o ¢ @ 0 0 o
o o o o @ o
e @ @ o o o 0 0 0
e @ 0 o e o 0 o
o090 oo

FIG. 17. (a) Atomic configuration of (110) dumbbell configura-
tion at the volume corresponding to the ground state. Perspectives
(x, z) and (y, z) are equivalent. (b) Atomic configuration of (111)
dumbbell configuration at the volume corresponding to the ground
state. Perspectives (x, y), (x, z), and (y, z) are equivalent. (c) Atomic
configuration of (100) dumbbell configuration at the volume cor-
responding to the ground state. Perspectives (x, y) and (x, z) are
equivalent.

(110) configuration]. The colors of each atom correspond to
the magnitude of its magnetic moment.

The results show that the atoms accommodate in the
available space, displacing neighboring atoms outside the in-
terstitial positions. As a rule, the MIP and DFT simulations
display minor differences with respect to the relaxed atomic
coordinates. Concerning the magnetic moments, the overall
behavior is the same, showing a decrease in the values of the
SIAs. The lower the atomic volume, the lower the magnitude
of the magnetic moment. The SIAs display therefore the low-
est magnetic moments, followed by the displaced surrounding
atoms. The effect on the third and forthcoming nearest
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neighbors is minimum. The main difference between the DFT
and MIP calculations is the magnitude of that variation of the
magnetic moment. In all cases, the reduction of the magnetic
moment in DFT is much more pronounced, reaching values
~0.2-0.6 g, while in the MIP case, the minimum values lie
~1.9 ug. The reason for that difference could be the fact that
the original fitting data do not have atoms so close nor lattices
with strong differences in magnetic moments along with their
atoms. This does not demerit the prediction made by the MIP,
which is considered correct in general, although there is room
for improvement.

7. y surfaces

Generalized stacking faults, or y surfaces, in BCC mate-
rials are closely related to the dislocation core fields [112].
The {110} and {211} y surfaces represent initial simple cal-
culations to obtain information about the dislocation predicted
behavior [38].

For this section, no particular DFT calculation has been
performed in this paper since data are available from previous
publications [38,47,113]. The MIP simulations have been per-
formed using a bicrystal geometry, dividing the crystal along
the z direction. The upper crystal is displaced along the x and
y directions, and only atomic coordinate relaxation in the z
direction is allowed as well as the magnitudes of the magnetic
moment per atom. The {110} y surface is created when dis-
placed toward the (110) and (001) directions, and the {211} y
surface corresponds to translations toward the (111) and (110)
directions. For the {110} y-surface simulations, the x X y X z
box size is 6 x 4+4/2 x 36 +/2 in units of the cell parameter
(~17.15 x 16.17 x 145.58 A3) corresponding to 3456 atoms
in 72 atomic layers in the z direction, while in the {211}
y-surface simulations, the box size is 443 x 442 x 18 +/6
in units of the cell parameter (~19.81 x 16.17 x 126.08 A3),
corresponding also to 3456 atoms in 108 atomic layers in
the z direction. In both simulations, a few top and bottom
atomic layers are frozen. The simulations are large enough
to avoid size effects since a few dozens of atomic layers are
allowed to relax. Nevertheless, the size of the simulation box
is substantially larger than in DFT simulations, and hence,
there is probably more room for relaxation, and lower energies
may be expected.

Before the analysis of both the {110} and {112} y-
surfaces, the %(111) screw dislocation is under consideration
due to its importance in controlling the BCC plastic behav-
ior. The energy variation along the [110] direction can be
extracted from the {110} y surface easily, and the results
can be seen in Fig. 18 compared with DFT [113] and BOP
[47]. The results show a similar behavior of the MIP com-
pared with both DFT and BOP methodologies, although an
underestimation of the energy ~25meV /A2 with respect to
DFT prediction is observed. This difference can be attributed
to the size of the simulation box, although an inherent error
from the MIP cannot be discarded.

The results of the {110} and {112} y surfaces are shown in
Fig. 19. The MIP predictions correctly display the dependence
of the energy in both the {110} and {211} y surfaces, both in
shape and in magnitude in comparison with the DFT results
shown [38]. In the {110} y surface, the maximum value
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FIG. 18. [110] cross-section of the relaxed {110} y surface using
density functional theory (DFT), bond order potential (BOP), and
magnetic interatomic potential (MIP) relaxed calculations.

occurs at 0.5b of both the (110) and (001) vectors, where
b represents the Burgers vector, with a value ~ 90 meV /A2,
For the case of DFT calculations, this maximum is slightly
>100meV /A2, suggesting a small underestimation of the
predicted energy. A similar underestimation seems to occur in
the {211} y surface simulations, where the maximum occurs
at b/2 of (110) and b/3 of (111).

In the MIP simulations obtained, there is a clear correlation
between the volume of the atomic layers and the corre-
sponding magnetic moment. A visualization of this effect can
be seen in Fig. 20 for both {110} and {211} y surfaces.
The horizontal axis corresponds to the distance along the z
direction between stacking planes (only the nearest to the
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FIG. 19. (a)Relaxed {110} y surface using magnetic interatomic
potential (MIP). (b) Relaxed {112} y surface using MIP. The x and
y axes are given in reduced units. The results can be compared with
figs. 4(a) and 4(b) of Ref. [38].
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FIG. 20. Relation between the distance between faulted stacking
planes in the {110} and {211} y-surface magnetic interatomic po-
tential (MIP) simulations and the corresponding magnetic moment
variation per layer.

fault). The vertical axis represents the associated magnetic
moment of the atomic layers. Two main things must be noted
before interpreting this figure: firstly, the staking distance in
the {110} y surface (blue dots) is larger than in the {211} y
surface (red dots); and secondly, although the distance along
the z direction between stacking planes is not the atomic
volume, they are indeed correlated. The larger the stacking
distance, the larger the atomic volume. Considering this, the
main behavior is a linear increase of the magnetic moment
along with the volume. This correlates well with the V, (p, M)
behavior, as plotted in Fig. 4(b). The behavior of the BCC
lattice, as indicated in the figure, Vgi (p, M) increases linearly
as a function of the volume, especially around the magnetic
moment between 1 and 3.25 pup. This upper limit is the
maximum value considered in the original data, and the MD
simulations do not allow larger values. This maximum value
is clearly seen in the {211} y-surface red dots in Fig. 20 and
suggests that larger values of the magnetic moment must be
included if larger volumes are considered. This is reflected
in Fig. 19(d), where the {211} y surface calculated by the
MIP displays a rough surface in the vicinities of the maximum
values (corresponding to 0.5 of (110) and b/3 of (111)), as
a consequence of the larger volumes and magnetic moments
needed to converge property.

Another consequence of this analysis is the larger energy
obtained in the {211} y surface than in the {110} y sur-
face. The wider variation in volume must be accompanied
by a wider variation in energy. This is because E Zé(p, M) and

V;(p, M) are related, as in Figs. 4(a) and 4(b). Therefore,
those BCC layers that need more space to accommodate in-
crease their magnetic moment, corresponding to an increase
of the contribution to the energy of those layers.

It is important to note that this analysis is possible thanks
to the behavior observed when studying the behavior of the
parameters that define the UES. This analysis is indeed dif-
ficult to perform in previously reported potentials with the
magnetic contribution. In the current proposed potential, the
overall behavior of a lattice can be anticipated at a certain level
thanks to the interrelationship of the UES parameters.

VI. CONCLUSIONS

In this paper, we have generalized the UES defined by
Vinet et al. [56] and Rose et al. [55] to include the effect
of magnetism. For a certain lattice and fixed magnetic con-
figuration, the behavior of the energy by means of volume
variations is captured with good accuracy by this GUES. This
result extends the predictive capabilities of the original UES
and allows the exploration of formulations to describe the be-
havior of the GUES parameters, namely, E;(p, M), V; (p, M),
and K, g,(p, M), related to the energy and volume at the local
ground state and dependent on the interatomic distances and
magnetic configuration.

When examining their behavior for the NM case, we have
found a surprising result since they behave identically once
they are properly scaled to the quantities they represent. For
an increase of E;(p, M), which represents the ground state

energy at each configuration, an increase of Véf(p, M) follows,
its respective volume at this ground state, and a similar in-
crease of K;(p, M), the scale volume. This allowed defining
a unique function wy(p;;) to describe them all with respect to
the interatomic atomic distances.

The behavior of the E((p, M), V/(p, M), and V;(p, M)
functions with respect to the magnetic moment has shown that
an additional and common function, wfM (p;;) and @} ™ (pi;)
for the FM and AFM, respectively, dependent also on the
interatomic distances is needed to include the magnetic in-
fluence on the potential. The magnetic influence on the GUES
is introduced by two magnetic functions per parameter. When
evaluating the contribution of atom i to the energy, the first
ones denoted ®g(M;), Py (M;), and P (M;) depend only on
the magnetic moment M; of this atom. Being dependent on
the magnetic moment of the atom isolated, their contribu-
tion to the energy is logically independent of the interatomic
distances to other atoms in the lattice. On the other hand,
the second set of functions depends on the interaction of
the magnetic moment of atom i and the magnetic moment
of its neighboring atoms Wg(M; x M;), Wy (M; x M;), and
W (M;, x M;). These in turn are scaled by a unique distance-
dependent function wy(p;;) [correspondingly a),f,IM (pij) or
iyt M(pij)] to account for the decreasing influence of the
atoms when increasing the interatomic distance. Both ® and
W magnetically dependent functions are described by even
polynomials for both the FM and AFM cases.

These magnetic functions have been fitted to describe the
energy calculations using DFT data for the case of FM and
AFM iron, and the formulation has been proved to provide
good predictability of the energy on all DFT data calculated,
incorporating both magnetic configurations.

Although the formulation in its current state demands
different distance and magnetically dependent functions for
different magnetic configurations, the novel approach paves
the way to developing interatomic potentials to predict DFT
calculations with magnetic contribution and is consistent with
previous approaches for describing magnetism, as the Stoner
model of band magnetism and the approximation proposed
by the Ginzburg-Landau model. Also, to be consistent with
interlattice-site Heisenberg magnetic interaction parameters
of the Heisenberg-Landau Hamiltonian, the dependence of
the Vg (M;, M;), Wy (M;, M;), and Wk (M;, M;) functions are
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defined so that the magnetic moments of different atoms M;
and M; are introduced by multiplication of their magnitudes
MM;.

A FM MIP has been finally developed after the defi-
nition of the explicit expressions of wo(p;;) and wy(0;;)
distance-dependent functions. This demonstrates that wg(p;;)
and wy(p;;) functions exist, and they can be used for describ-
ing the energy of the system along with the corresponding
magnetically dependent functions. The prediction of the LS
and HS states has also been studied and provides similar
results as the ones reflected by DFT calculations, with minor
differences.

The dependence of the Wg(M;, M;), Wy(M;, M;), and
Wy (M;, M;) functions as a function of the multiplication of
the magnetic moments has allowed assessing the predictabil-
ity of the potential outside the database employed for its
development in structures with a larger degree of complex-
ity. The potential has been applied to perform simulations in
different lattices, prediction of elastic constants, vacancies,
interstitials, and transformation paths as well as y surfaces
with good accuracy and exceptional predictability, not only
in the energy but in the behavior of the atomic coordinates
and magnetic moment at relaxing. The MIP cannot replace
the DFT method, but it can incorporate magnetism in a novel
approach, providing a tool for accelerating large-scale atom-
istic simulations with reasonable precision.

The use of the GUES as a source for the development
of potentials has shown clear advantages since it generalizes
and incorporates the use of magnetism into the calculation of
the energy of a system. There are nevertheless many aspects
that claim attention, and further investigation is needed. To
be consistent with other forms of magnetism, the formula-
tions must be adapted or completed to include, among others,
AFM configurations so that an interatomic potential can be
developed with this magnetic configuration. The implementa-
tion into the MD approach induces a revision of the way in
which the atomic coordinates, magnetic moment, and volume
vary with the time since they work at different levels. The
variation of the magnetic moment may occur much faster
than the displacement of the atoms, but they are connected
in this formulation, and one cannot be conceived without the
other.

Another aspect that requires attention is the possible exis-
tence of unique distance-dependent wy and wy, functions as
well as ® and W magnetically dependent functions for other
magnetic elements and lattices. An initial analysis in Cr, Ni,
Co, and Mn with FM and AFM configurations showed that
the GUES is also applicable to other elements, which may
open the door to complex systems such as steels and HEAs
containing magnetic elements. The physical understanding of
these functions passes through a deep analysis of the behavior
of the atoms from the electronic point of view. This in turn
could pave the way to simulating different atomic species in
the same lattice, which is the ultimate purpose of an atomistic
simulation.
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