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Abstract
In this paper, we augment the modified embedded atom method formalism to
include magnetic spin—spin interactions for elements with a persistent mag-
netic moment. While previous spin coupling methods have been based on
pair potentials, our Magnetic MEAM formalism, which we term MagMEAM,
incorporates the many-body and angular effects of MEAM allowing for the
strength of the magnetic interaction to vary with atomic environment. In par-
ticular, this allows potentials using this formalism to differentiate the magnetic
interaction of different stable phases of magnetic elements such as the fer-
ritic and austenitic phases of iron. This, in turn, allows for a more robust and
realistic description of magnetism in polymorphic materials than was previ-
ously possible. The motivation for MagMEAM, including the insufficiency
of magnetic pair potentials, is presented and the structure of the formalism
is developed. A sample iron potential is developed using this formalism and
shown to exceed the capabilities of existing magnetic pair potentials by sim-
ultaneously reproducing the magnetic energy of both martensite and austenite
as well as the dynamic mechanical and magnetic properties of martensite. This
newly designed formalism will allow for deeper explorations in the the complex
interaction between different phases of polymorphic magnetic materials at the
molecular dynamics scale.

Supplementary material for this article is available online
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1. Introduction

Accurate predictions of the relative stability and transition pathways among different crystal
phases are critically important to computational materials science. While electronic structure
calculations are, in principle, capable of modeling multiple phases and the transformations
among them, the computational cost associated with all but the smallest length and time scales
makes them infeasible for use in dynamic simulation. A number of semi-empirical potentials,
capable of relatively large length and time scales, have been able to reproduce the behavior of
multiple solid phases in polymorphic materials [1-4].

Ferromagnetism, however, greatly complicates the ability of empirical interatomic poten-
tials to model multiple phases. Even for a material as ubiquitous and essential as iron,
interatomic potentials have struggled to simultaneously reproduce both the low temperature
ferritic phase and the high temperature austenitic phase. This is due to the role of magnetism
in stabilizing the low temperature phase [5]. Without accounting, explicitly, for the energetic
contributions due to spin—spin interactions, accurate modeling of such transformations is dif-
ficult if not impossible.

Several authors have made attempts to implicitly include magnetism in the modeling of
ferromagnetic elements [6—8]. While they are able to capture magnetic features associated
with pure ferromagnetism at 0 K, they are unable to account for the fluctuation of magnetic
moments at finite temperature as the moments are effectively fixed. More robust methods
have been developed treating the magnetic moments explicitly and allowing them to evolve
dynamically with time through coupled spin and molecular dynamics (SD-MD). The abil-
ity to accurately simulate spin dynamics, the evolution of the direction of magnetic moments
of individual atoms, and molecular dynamics, the evolution of atomic positions, in a coupled,
consistent manner was greatly enhanced by the work of Tranchida et al [9] with the implement-
ation of an SD-MD formalism in LAMMPS. While the formalism can be applied to arbitrary
Hamiltonians of the position and spin degrees of freedom, the magnetic contribution to the
Hamiltonian has typically had the form of a pair potential, similar to the Heisenberg model
[10], where the magnetic energy is a sum over pair-wise contributions of spin—spin interactions
with some radial dependence. Such methods have been very effective at describing the beha-
vior of individual phases such as ferrite [11]. Recently, a number of machine learned potentials
have also been introduced which attempt to explicitly include the effects of magnetic moments.
[12] introduced an extension to the moment tensor potential (MTP) formalism which included
the magnitude, but not the direction, of local spins and demonstrated the improvement over
nonmagnetic MTP for bcc iron. [13] used a neural network added to empirical magnetic and
nonmagnetic terms to explore the behavior of defects in both bcc and FCC iron. [14] used a
high dimensional neural network with features sensitive to the magnetic moment to consider
collinear magnetic states in MnO. and more recently, atomic cluster expansion has been used,
considering noncollinear magnetic spin vectors to reproduce many of the magnetic properties
of both bee and FCC iron [15].

Application to multiphase materials, however, has not yet been demonstrated for the SD-
MD potentials. This is largely due to limitations of pair potentials to simultaneously describe
the magnetic energy of multiple phases, as these energies can vary significantly, despite similar
interatomic distances. An analogous barrier can be seen in the history of interatomic potential
development. Until the early 1980’s, empirical interatomic potentials were typically pairwise
functions, and while such functions can accurately describe a number of properties within
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a phase, they were poorly suited for the description of geometries with different coordina-
tions. This was one of the factors that gave rise to the embedded atom method (EAM) [16, 17]
and later the modified embedded atom method (MEAM) [18-21], which crucially included an
embedding function as part of the energy contribution which was a function of the local atomic
environment. This effectively made the potentials many-body and allowed for the simultan-
eous description of a number of material properties, including accurate energetics for multiple
phases, which had not been previously possible.

Here, we follow a similar trajectory, motivated by the success of EAM and MEAM, creating
amany-body magnetic potential. To do so, we extend the existing MEAM formalism to include
partial electron densities which are sensitive to the relative magnetic moments of each atom.
This allows, among other advantages, the simultaneous description of magnetism in multiple
phases using the same interatomic potential. This formalism, which we term MagMEAM,
will allow, for the first time at the classical molecular dynamics scale, dynamic calculation
of polymorphic magnetic materials including the simultaneous evolution of position and spin.
This will allow SD-MD calculations of realistic phase transformations in common magnetic
materials that demonstrate them as well as more exotic magnetic materials. It is also possible
to extend this formalism to binary or multiple element systems, as has been done successfully
for MEAM [22-26], which allows for the possibility of accurately simulating, among other
materials, dual phase steel alloys.

The paper is organized as follows. Section 2 outlines the limitations of magnetic pair poten-
tials as they currently exist in the literature, using iron as a prototypical example. Section 3
presents the mathematical formulation of MagMEAM and demonstrates how it can overcome
the limitations posed by pair potentials. Section 4 introduces a sample MagMEAM potential
for iron and demonstrates its effectiveness in reproducing dynamic properties as well as the
difference in magnetic energy between crystal structures. Section 5 summarizes and concludes
the paper.

2. Magnetic pair potentials

Attempts to address magnetism at the classical molecular dynamics scale fall into two
categories—implicit and explicit modeling of the magnetic moments. In the case of implicit
models, the effects of magnetism are used to modify the structure of the interatomic potential,
while the magnetic moment itself is not included as a dynamic variable. This was done, for
example, by Ackland [6], Dudarev and Derlet [7], and Mrovec et al [8]. While these efforts
result in a more accurate description of the ferromagnetic (FM) state, they cannot consider any
other magnetic structures or magnetic fluctuations due to finite temperature, as the magnetic
moment is effectively fixed. As such, these potentials will not be able to demonstrate, among
other phenomena, demagnetization with increasing temperature or magnetic contributions to
the specific heat. They are purely molecular dynamic methods which makes them compu-
tationally efficient, but unable to account for dynamic magnetic properties, including phase
stability.

Another class of implicit magnetic models are those that consider a FM state in their data
base. By fitting to this data base magnetic interactions are implicitly included in the model.
As with the implicit models just discussed, these models are ineffective in prediction of ‘real’
magnetic effects. These models are good at predicting behavior of the FM state, but cannot
address differences between different magnetic states, e.g. anti-FM (AFM) or paramagnetic.
An important goal in this work is to use one of these implicit models as a base and to modify
it using concepts from explicit magnetic modeling that we now discuss.

3
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In the case of explicit modeling of magnetism, the magnetic spin is included as a dynamic
variable which evolves coupled to the lattice degrees of freedom. Tranchida et al provide the
prototypical Hamiltonian, #, for such a system of N atoms labeled by index i:

N 2 N
H(r,p,s) = Humag (r,s)—i—Z%—&-ZV(r) (D
i i

i=1

where r;, p;, m;, and s; are the position, momentum, mass, and magnetic spin of atom i, V
is a nonmagnetic, mechanical potential, and H g is the magnetic Hamiltonian. Typically,
the magnitude of the spin is fixed with only the direction varying, introducing two additional
degrees of freedom for every atom. Under the assumption of constant energy, this spin vector
evolves according to

% =w; X §; (2)
1 OHimag
“i =5 s 3

with A the reduced Planck constant (see [9] for more details). Previously, the form of H e has,
following the Heisenberg model, been a pairwise summation of contributions proportional to
the dot product of the individual spins:

N N
Hmag == 7,UJB,U'OZgiSi'HethzJ(rij)si'sj' (4)
i=0 i

Here, pup and i are Bohr’s magneton and the vacuum permeability respectively, g; is the
Landé factor of spin i, Hey the external magnetic field and J(r;;) a magnetic pair potential.

Additional terms proportional to powers of the dot product ((s; - sj)2 for example) have also
been included to more accurately describe noncollinear spin states [27, 28]. Such explicitly
magnetic formalisms have proven to be excellent tools to describe the properties of single
phase materials. Nikolov et al [11], as an example, use a machine learned potential for FM
iron plus a magnetic potential of the form given above and are able to accurately predict a
number of properties for the martensitic phase.

These pairwise formalisms for Hpae, however, are unsuitable for describing multiple phases
[29]. We use iron as a prototypical example. As a pure element, iron is a ferromagnet with a
BCC structure at room temperature and pressure. As it is heated, the magnetization decreases
until its Curie temperature of 1043 K where it becomes macroscopically paramagnetic* At
1185 K, it undergoes a transition to y-Fe, an FCC structure, which is also paramagnetic. As
both the BCC and FCC phases are crucially important in the manufacture and design of steels
and as their stability is directly dependent on magnetic contributions to the energy, it makes
an ideal prototype.

We will first consider the difference in energy, as a function of volume, between FM and
AFM BCC iron as determined by density functional theory (DFT) calculation. All DFT cal-
culations are performed using VASP [31, 32] under the generalized gradient approximation
as parameterized by Perdew et al [33] using the projector augmented-wave method for the

4 The individual atoms still maintain their magnetic moments [30]. However, due to a loss of long-range order, the
average magnetic moment in the absence of a magnetic field goes to zero.
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Figure 1. The energy difference between the FM and AFM magnetic orientations of
BCC iron as predicted by DFT (points) and fit to the UBER equation (line). The pre-
dicted equilibrium volume for FM iron at 0 K is indicated with an arrow.

pseudopotential. For the FM case, all magnetic moments are aligned in the same direction,
while for the AFM case, nearest neighbors are anti-parallel. The difference in energy as a func-
tion of volume is shown in figure 1. We can see the FM state is most energetically favorable
at a lattice constant of approximately 2.96 A with the difference decaying asymptotically for
larger volumes. For small volumes, the FM state becomes relatively less favorable as predicted
by Fridk, Sob, and Vitek [34]°.

If we are limited to using a pair potential to describe the magnetic interaction energy, fit-
ting to this energy difference completely specifies the form of that magnetic interaction; no
additional degrees of freedom remain. Changing the number of interactions through the use of
radial or angular screening cannot significantly change the result as second and third nearest
neighbors in this example all have the same spin and will not contribute to the difference
between FM and AFM energy, and 4th nearest neighbors, the closest which will contribute,
are over 90% further away than nearest neighbors, significantly reducing their contribution.

Let us now consider the difference between FM and AFM in an FCC crystal structure.
For the FCC structure, it is impossible to select an orientation where all nearest neighbors
are antiparallel. Instead, for AFM, we will consider the case where spins alternate on each
plane in the [001] direction, meaning 8 of the nearest neighbors will have anti-parallel spins
for any given atom, as is the case for AFM BCC iron. The energy difference between FM and
AFM along with the energy difference prescribed by the pair potential using the BCC energy

3 Note that this difference closely matches the universal Binding Energy Relation (UBER) [35] curve (see curve in
figure 1), which will be used in the MagMEAM formalism below.

5
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Figure 2. The energy difference between the FM and AFM magnetic orientations of
FCC iron as calculated by DFT (points) and predicted by the pair potential fit to the
BCC energy difference (line). The predicted equilibrium volume for FM FCC iron at
0 K is indicated with an arrow.

difference are shown in figure 2. Again, this potential is completely determined by the BCC
energy difference curve given in figure 1, considering only first nearest neighbor interactions
with no additional degrees of freedom. The result is that the pair potential fails to describe the
magnetic interaction energy correctly. In particular, it drastically overestimates the magnetic
energy at experimentally observed volumes®.

We note the change in behavior of the energy vs. volume at small volumes. This is due to a
change in the magnitude of the spin at higher pressure (smaller volume) where a smaller spin
becomes the low energy state. As we will discuss below, without accounting for the change in
spin magnitude, the present formalism will be unable to describe this behavior. However, the
deviation will remain small compared to that given by the simple pair potential.

In order to simultaneously describe the magnetic energy of multiple phases, it is clear that
a pair potential cannot be sufficient. As was done 40 years ago for nonmagnetic metals, we
will now turn to the introduction of an embedding function to introduce many-body magnetic
effects which will allow us to correctly reproduce the magnetic energies of multiple phases.
This is done by extending MEAM to include explicitly magnetic terms both in the form of a
pair potential and as partial electron densities in the embedding function.

6 The smaller magnetic energy difference for FCC iron is not primarily due to a change in the magnitude of the
magnetic moment, which is similar between FCC and BCC iron for large volumes. The FCC structure does admit a
lower spin state at high compression which results in the abrupt change in behavior at small volumes.
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3. The magnetic MEAM (magmeam)

The full MEAM formalism is described in appendix A along with the MagMEAM additions.
Here we will focus on the modifications introduced in MagMEAM. The energy E; of an
atom i is described in MEAM by the sum of a pair potentials and an embedding function.
In MagMEAM, an additional pair potential is introduced which is sensitive to the relative
spins associated with each atom:

1 1 _
E; = 5 g &ij (1ij) Sij + 5 ; Gmag,ij (7ij) MijSm,ij + Fi (pi) - )
JFi JFi

Here, F is the embedding function, p; the electron density at the site of atom i, ¢; (r,-j) and
®mag,ij (r;7) are the nonmagnetic and magnetic pair potentials respectively, and S;; and S,,, ;; are
the nonmagnetic and magnetic angular screening terms. The form of the spin interaction m;
is given by

I —s;-5
my= ©)

In this way, the magnetic interactions all vanish from the formalism for fully FM systems,
and the nonmagnetic pair potential, and indeed all of the nonmagnetic parameters, can be
determined from the fully FM state where this formalism reduces exactly to MEAM. For this
reason, it may be better to consider the spin interaction m;; as a measure of the deviation
from the FM state, instead of as a magnetic interaction. Since, in the present formalism, the
magnitude of the magnetic moment of each atom, is fixed, it is not possible to consider a non-
magnetic state, and thus, magnetic interactions are always present in the formalism even if
mj is zero. Note that the pair potential term is chosen to vary linearly with m. To summarize,
the reference structure for the MEAM potential is taken to be FM and all MEAM parameters
are obtained using this reference structure. This choice allows us to use any literature MEAM
potential fit to a FM reference state as a base. The angular screening associated with the mag-
netic pair potential has an identical form to MEAM, but may have different parameters than
the nonmagnetic one (see e.g. [19] for discussion of the angular screening interaction).

The embedding function is identical to the one used in MEAM, but the total electron density
has 4 additional magnetic partial electron density terms with their own independent weight and
length scale. This is similar in structure to the partial electron densities used in the multistate
modified embedded atom method [36, 37] but with the additional sensitivity to magnetic
moment. The form of the additional partial electron density terms is the same as MEAM. The
partial electron densities are given in appendix A. The magnetic interactions are introduced to
the partial electron densities through the same factor m;; used in the pair potential.

As in the case of MEAM, the pair potentials are determined by fitting to reference struc-
tures. The nonmagnetic pair potential is fit to the FM structure. The magnetic pair potential is
constructed to correctly reproduce the difference between the FM reference state and another
non-FM state such as the AFM BCC structure described above. Assuming only first nearest
neighbors are included in the calculation of the magnetic pair potential, the energy difference
between the magnetic and nonmagnetic reference structures as a function of nearest neighbor
distance can be written as

AE™¢(R) =F [p™ (R)] — F [p° (R)] + > Pmag.ij (R) )
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where R is the nearest neighbor distance, Z; is the number of nearest neighbors with anti-
parallel spins in the reference structure, and p°(R) and p”°(R) are the electron densities of
the FM and non-FM reference structures respectively. The embedding energies F[p] can be
calculated directly for both FM and non-FM structure so the magnetic pair potential can be
obtained as follows,

s (R) = - (AE™S(R) ~ F [0 (R)] + F [ (R). ®

As observed above, the form of AE™# is well approximated by the universal Binding
Energy Relation [35]. As such, this form is used in the MagMEAM formalism, characterized
by 3 parameters: Emag,0mag, and rmag

AE™® (R) = ~Enag (1 - amag <rR ) 1)) elem (51 ©)
mag

As in the case of just a pair potential for the magnetic interaction, the difference between FM
and AFM for a given structure will now be exactly reproduced through the parameterization
of the magnetic UBER equation. This leaves the weights and length scales for the magnetic
partial electron densities, as well as the magnetic screening parameters, as free parameters to
reproduce other magnetic behavior.

Although only a unary potential is considered here, the extension to binary systems is
straightforward and follows the MEAM formalism exactly. To extend a pair of magnetic
unary potentials to a binary potnetial, a new magnetic pair potential is defined which cor-
rectly reproduces the magnetic energy difference for some non-FM binary reference structure,
and new magnetic screening parameters among different elemental species can be introduced.
Otherwise, no new parameters are required to extend two unary potentials to a binary.

We briefly note a few of the limitations of this formalism. While MagMEAM allows for
the variation in magnetic energy between different phases or coordinations, it cannot account
for all magnetic phenomena. Most notably, it assumes that the magnitude of the magnetic
moment of each atom is fixed. While this might be approximately true even between different
phases, it will fail to correctly characterize cases where the magnitude of the spin changes.
As an example, FM FCC iron is known to have two different stable spin states, depending on
the volume, resulting in two stable minima in a calculation of its energy vs. volume [15, 38].
MagMEAM can only reproduce one of these spin states. For this work, we choose to fit to the
larger volume, high spin state. Similarly, the magnetic moment is known to be suppressed at
high compression as a result of Pauli exclusion. This means that the magnetic energy difference
should vanish at small volumes or in regions of high electron density. MagMEAM will instead
predict, in accordance with the UBER equation used to derive the pair potential, that the AFM
state becomes increasingly favorable at small volumes. This energy difference is quite small
compared to the total energy at these pressures, however, so it should not significantly affect
the dynamic behavior. Finally, due to the inability of MagMEAM to consider longitudinal
fluctuations in the magnetic moment of each atom, it fails to capture much of the innovation
of earlier physics based approaches [6—8] which, while only treating the magnetic moment
implicitly, did consider the magnetic energy landscape in their formulation, and as such, lacks
many of their physical insights.
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Table 1. MagMEAM potential parameters for the prototype Fe potential. The units of the cohesive ener-
gies, E. and Enag, and the lattice parameters, ajy and 7o mag are eV and A, respectively.

E: Ma a O g g2 g LD 2 B c Chax A
428 24725 5.138 631 596 578 298 250 16.55 10.0 0.4831 2.525 0.9

Emsg Tomsg Omsg B"© fm0) gn@ gn@) mO) () m@) @)oo n(©0)
046 25543 6796 7.0 65 05 00 045 1.0 02 00 19 29  —094

The authors have implemented the MagMEAM formalism in LAMMPS [39]. The potential
files closely follow the format used for MEAM. The potential files for the potential presented
below and a sample input script using the potential have been included in the supplemental
material. The source code for the MagMEAM potential style can be found on Github (https://
github.com/DoylD/MagMEAM).

4. A sample magMEAM potential for iron

As a demonstration of the use of the MagMEAM formalism to model the magnetic properties
of multiple crystal phases simultaneously, we parameterize a potential for iron which correctly
reproduces the magnetic energy differences described above for several phases simultaneously.

The parameters for the base MEAM potential, which uses the FM BCC structure as the ref-
erence state and the additional MagMEAM parameters are given in table 1. The base MEAM
potential was constructed to show agreement with the FM BCC and high spin FM FCC struc-
tures, including the relative energy, elastic constants, and Bain transformation pathway. The
AFM BCC structure is used as the reference state for the magnetic contribution, and Ey,g,
10,mag> and oumae are determined by reproducing the energy difference between FM and AFM
for the BCC structure as shown previously in figure 1. As discussed above, the formalism
ensures that this relationship will be maintained regardless of the choice of other magnetic
parameters. We next demonstrate the properties of this potential at 0 K.

4.1. Molecular statics properties

The energy of the BCC structure for both FM and AFM magnetic configurations matches the
results from DFT by construction. For FCC, the energy difference as a function of volume
between the FM phase and each AFM phase is shown in figure 3. The prediction of the pure
pair potential shown in figure 2 is given for comparison. While the MagMEAM prediction
does not exactly match the DFT results, the agreement is considerably improved from the pair
potential prediction. In particular, at experimentally relevant volumes, the AFM phase become
stable relative to the FM phase. Additionally, the difference in the FM and AFM phases is close
to first principles results overall, even for volumes where FM is lower energy. Since the FCC
phase has a theoretical Néel temperature of less than 100 K [40, 41], the exact 0 K magnetic
ordering is not of key importance at temperatures where that phase is stable. What is relevant
is the drastically reduced magnetic energy as compared to the prediction of the pair potential.
This decreases the energy of the paramagnetic FCC phase compared to the paramagnetic BCC
phase, improving its relative stability.
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Table 2. Material properties for BCC and FCC FM and antiFM configurations as pre-
dicted by the MagMEAM potential and compared with DFT or experimental results.
DFT value are given in italics. AE is the per atom energy difference between the given
phase and the ground state of FM BCC.

Property DFT/Experiment MagMEAM
BCC-FM

E. (eV) 428 428
a(A) 2.855 2.855
B (GPa) 170.4 173.1
C' (GPa) 51.9* 52.6
Cas (GPa) 120.75 121.80
BCC-AFM

AE (meV) 438 444
aA 2.80 2.82
FCC-FM

AE (meV) 163 141
aA 3.63 3.59
FCC-AFM

AE (meV) 113 150
aA 3.48 3.43

2 Adams [42]

Table 2 shows a brief summary of O K properties for FM and AFM magnetic orderings for
several crystal and magnetic structures in comparison with first principles. Again, the improve-
ment over a pair potential for the FCC phase is significant.

4.2. Spin dynamic-molecular dynamic behavior

In order to test the behavior of this sample potential at finite temperature, a number of SD-
MD simulations were performed for a periodic 10 x 10 x 10 BCC supercell following the
method presented by Tranchida ef al. However, that work used a numerical integration scheme
that assumed a simple pair potential style for the magnetic interaction. It was necessary to
extended this integration scheme here to account for the more complex magnetic formalism.
This extension is discussed in appendix B.

The other limitation of the SD-MD formalism is that it cannot be directly coupled to a
barostat [9], allowing the periodic box dimensions to change in response to pressure result-
ing from increasing temperature. Following [11], we alternated using both spin and molecular
dynamics with only using molecular dynamics and a coupled barostat, allowing the pressure to
equilibrate. The temperature of each simulation was maintained with a langevin thermostat and
the relevant quantities averaged over the last 20 ps of a 100 ps simulation. The results for the
elastic constants, magnetization, thermal expansion, and specific heat are shown in figures 4
and 5. Of note are the excellent agreement with experiment for thermal expansion, the demag-
netization with temperature and a predicted Curie temperature of 1015 K, compared to 1044 K
observed experimentally, and the change in specific heat through this second order phase trans-
ition. Additionally, the behavior of the shear elastic constant, C’, is seen to decrease signific-
antly as the material moves through the Curie temperature in both the MagMEAM potential
and experiment. As this softening is directly correlated with the decrease in total magnetic
moment for the MagMEAM potential, it is likely related to the relatively lower energy of the

10
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Figure 3. The energy difference between the FM and AFM magnetic orientations of
FCC iron as predicted by DFT (points) and from the fit MagMEAM potential (line).
The predicted equilibrium volume for FM iron at 0 K is indicated with an arrow.

FCC AFM state as compared to BCC AFM. This energetic bias will tend to decrease the restor-
ing force along the [110] direction and may facilitate a transformation to the FCC phase. The
MagMEAM potential also shows considerable softening of the Cy4 elastic constant, suggesting
another additional transformation mode. At elevated temperature, no spontaneous transform-
ation to the FCC phase was observed, however. This may be due to the inability to couple spin
dynamics to a barostat, or the short time duration of the simulations, limited by the sequential
nature of spin integration in the scheme employed by LAMMPS [9].

5. Conclusion

We present the MagMEAM SD-MD interatomic potential formalism. This formalism is an
extension of the traditional MEAM, including a magnetic pair potential and partial electron
densities which are sensitive to the spin of individual atoms. In particular, magnetic terms are
introduced which are zero in the case of ferromagnetism, all spins being aligned, and nonzero
otherwise. This allows the FM state to be used as a basis for the non-magnetic parameters in the
potential and more complex magnetic configurations to determine those sensitive to moment.

This formalism is a significant advancement over the explicitly magnetic potentials strictly
using pair potentials to describe the magnetic interaction which exist in the literature. We
demonstrate that pair potentials are necessarily insufficient to simultaneously describe the
magnetic energies for multiple crystal phases using iron as a test case. This makes the pre-
viously existing formalisms defective with regard to polymorphic elements where dual-phase
materials or phase transitions are important to understand. This determination motivated a

1
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Figure 4. (a) The bulk modulus, (b) C’ shear elastic constant, and (c) Cy4 elastic constant
as predicted by the MagMEAM potential and observed experimentally. Experiment val-
ues are from [42, 43].

many-body formalism for magnetic interactions with MEAM being chosen as a template due
to its previous successes describing polymorphic elements.

We next present an application of this formalism to Fe, which experimentally exhibits a
transition between BCC and FCC that is both crucially important in metallurgy and industry
and also heavily dependent on magnetism. We demonstrate that the MagMEAM potential we
present for Fe reproduces the difference between FM and AFM magnetic configurations as
predicted by DFT for the BCC and FCC crystal phases. Additionally, the potential can be used
in dynamic calculation to reproduce many of the finite temperature behaviors of BCC iron,
including the magnetization vs. temperature and Curie temperature. The MagMEAM form-
alism can be extended in a straightforward manner to binary systems and more complicated
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Figure 5. (a) The specific heat , (b) atomic volume, and (c) magnitude of the total mag-
netic moment as predicted by the MagMEAM potential and observed experimentally.

Experiment values are from [44-48].

alloys included rare-earth magnets. MagMEAM should represent an important step forward
in the modeling of magnetic materials at the nanoscale.

Data availability statement

The data cannot be made publicly available upon publication because no suitable repository
exists for hosting data in this field of study. The data that support the findings of this study are

available upon reasonable request from the authors.



Modelling Simul. Mater. Sci. Eng. 33 (2025) 015006 D Dickel and M | Baskes

Appendix A. The magnetic MEAM (MagMEAM) formalism

In the MagMEAM formalism, the potential energy of a system, U({7;}), is given by

i

_ 1 1
U({ri})=>_ |Filp]+ 3 D Sy® (ry) + 3 D S @ () my (10)
J(#0) J(F#)

where F;(p;) is the embedding energy to insert an atom i located at r; into the background
electron density p;, and ®(r;;) and ®,,(r;;) are pair interactions between atoms i and j, separated
by the vector 7j; with length r;;, and m;; is the spin—spin interaction defined in the main text.
The energy per atom of a particular FM reference structure can be written as

Ui (r) = F; (p] (1) + §<I><r) (1)

if considering only nearest neighbors, where 9 (r) is the background density at the center of
atom i obtained from the superposition of the densities of the neighboring atoms, and Z is the
number of nearest neighbors. For second nearest neighbors, the above equation is modified as
in [20]. The energy, U¥(r), is assumed take the form of the universal equation of state initially
given by Rose [35] and modified by Baskes [49]:

U'(r) = —E.[14a* (r)]e ") (12)
R A

a (r)—a<re 1> (13)
a:(ggB)z (14)

where E,, r,, €2, and B, are the cohesive energy, nearest-neighbor distance, atomic volume, and
bulk modulus of the element in the reference structure. Equations (11) through (14) are used
to determine ®.

The energy for an AFM reference structure is found similarly as

U (1) = By (7 () + 52 ) + 22 (1) (15)

where Z,, is the number of nearest neighbors with antiparallel spin. Here, the difference
between the energy of the FM and AFM structure is also assumed to follow equation (12).
The embedding function is defined as

Fi[pi] = AEp; Inp, (16)

where A is an adjustable parameter in the model. This relation is motivated in an attempt to
empirically reproduce the logarithmic relation between bond length and number of bonds [50].

14
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In MagMEAM, the electron density is given by a superposition of angularly dependent
nonmagnetic and magnetic partial electron densities and depends on the relative position of
any three atoms via Legendre polynomials, P;:

()" = 3201 ) 3 ) PrCcost) 535 an

J(F#) k(#i)
< ) Z pam(l) I‘ij) Z pzm(l) (r,-k)Pl (COS 91]/() va,-jSm’ikm,-j (18)
J(F#0) k(1)
Fi P
O = — 1
OO Tyl 4

where p;(l) are the atomic electron density contributions from atom j to atom i, 6 is the angle

between atoms i, j, and k, and [ varies from O to 3. The electron densities are assumed to
exponentially decay with increasing distance:

o (ry) = exp {—ﬁ(” (:’ - 1)} 20)

where 5 are decay constant free parameters in the model. In order to better reproduce exper-
imental and DFT results for iron, it was found useful to introduce an additional term propor-
tional to both pm(o) and pfo). Such a term is sensitive to both the total number of neighbors as
well as the number of neighbors with differing spin, making it useful in distinguishing AFM
BCC and FCC phases. Combining the partial electron densities is accomplished by means of

a function G(T"):
7 =p"G(I)) @1

where G(I") defines the angular dependence, and I" contains the components of the total dens-
ity

3 p(z) 2 3 pm(l) 2 pm(O)
- ON < (ON N (00) Fi
=3 (25 ) 30 (g ) et @)
=0 i Pi
where the 1), () #7(%) are nonmagnetic and magnetic weighting parameters of the model.

MEAM allows some flexibility in the form of G(I") with different choices being used for
different potentials [19]. For the Fe potential presented here we use

2

=1

(23)

Finally, MEAM truncates the interaction of distant atoms by means of a screening function.
Screening by multiple atoms is multiplicative, such that the total screening of the interaction
between atoms i and j, Sy, is the product of the screening, Sj;, due to all atoms k:

Si= I Sw (24)
k(i)
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Sirj» which is based on a simple geometric consideration, is given by

Cikj - Cmin ) (25)

S = fo |~
Y f (Cmax - Cmin

where Criy and Cpax define the limiting values of Cy;, which is determined by the equation of
an ellipse of radius r;;/2 with atom k on it:

2 (X + Xij) — (X — ij)2 —1

Cij = (26)
! 1 — (X — ij)z
where Xy = (ra/r;)* and Xy = (rij/ri)*. f(x) is the smooth function of x:
1 forx>1
2
folx) = [l—(l—x)ﬂ for0 < x < 1 7)
0 for x < 0.

Thus, if S;; = 1, the atoms are unscreened, while for S;; = 0 they are completely screened. The
magnetic screening, used for the magnetic pair potential and magnetic partial electron densities
functions identically but can, in principle, use different values of Cyax and Cp.

Appendix B. Numerical integration

Asdiscussed in Tranchida et al, dynamic evolution of the spins must be performed sequentially,
with one spin being updated at a time. In order to conserve total energy up to order Az? in
the timestep, the change in the spin, s; of atom i over some timestep At is given by a series
expansion:

ds; 1 _,d%;
i (t40t) = s5; (1) + 0t— + =6t .
si(t46t) =5 (1) + dt+2 i

(28)

The result is then normalized to ensure that the magnitude of the spin remains unchanged.
This result can be rewritten in terms of the spin force, w; where:

_dH

;= — 29
Y= 0 (29)
dS,'
— =W X i 30
G Wi xS (30)
where H is the Hamiltonian of the system. Thus the numerical integrator becomes
1 dw; ds;
s,»(t—l—dt):s,»(t)—i-ét(wi XS,')-I-E(stz (;xsi—i—w; de‘) (€2))

The 57> term has two components. The derivative in the second can again be rewritten in
terms of w;. For a simple magnetic pair potential such as that given in equation (4), the first
component will vanish as w; in that case will not be a function of s; and only s; is allowed
to evolve during the integration as the spins are updated sequentially, as mentioned above.
Therefore, this terms is not included by Tranchida et al. However, for a more complex magnetic

16
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Hamiltonian, it must be included to ensure energy conservation. We rewrite the derivative

dw; ..
a@ as:

dw;  dwiodsig  d°H
dt  dsip dr dsiedsig

Wi~ Si,6€68 (32)

where s; , and w; , denote the ov component of the vectors s; and w; respectively, Einstein
summation is assumed over repeated indicies, and ¢ is the Levi-Civita tensor. These second
derivative contributions are calculated analytically and included in the numerical integrator
used for dynamic calculation.
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