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Abstract

This work is focused on ab initio study of magnetism in three di [erent materials, high en-
tropy alloy CoCrNi, pure Mn and intermetallic compound YMn,. Ab initio methods allow
for easy access to materials properties without the need for experimental measurements. All
ab initio calculations in this work were done using the Vienna Ab initio Simulation Package
(VASP) and the projector augmented waves (PAW) method while the molecular dynamics
simulations were done in the program LAMMPS in combination with the GRACE univer-
sal machine learned potential. This work employed the ab initio methods to describe the
e [edt of short-range order on magnetic moments, charge transfer and the phase stability in
CoCrNi alloy. Some of these results were compared to one of the universal machine learned
potential to parse its performance. The relative phase stability was further evaluated by the
molecular dynamics simulation to obtain its temperature dependence. Furthermore, diLert
ent possible magnetic arrangements in the intermetallic compound YMn; were calculated
in order to find the ground state magnetic arrangements. After successfully obtaining the
complicated magnetic structure of pure Mn by metaGGA functional, the same functional
was used on YMn; as well in order to obtain experimental magnetic structures

Abstrakt

Tato prace se zabyva studiem magnetismu pomoci ab initio metod. Tyto metody umoZzniuji
jednoduchy pfFistup k materialovym vlastnostem bez nutnosti experimentalnich méfeni. Ab
initio vypocCty v této praci byly provedeny programem Vienna Ab initio Simulation Pack-
age (VASP) pomoci projektovanych pridruzenych vin (PAW) zatimco vypocty molekulové
dynamiky byly provedeny programem LAMMPS v kombinaci s univerzalnim potencialem
GRACE. Vypocty byly provedeny na tfech materialech, slitingé s vysokou entropii CoCrNi,
intermetaliku YMn, a zakladnimu alotropu prvku Mn. Pro slitinu CoCrNi byly vypocty
pouzity k popisu vlivll usporadani na kratkou vzdalenost na magnetické momenty a prenos
naboje v materidlu. Dale pak byly tyto ziskané vysledky provazany s fazovou stabilitou
této slitiny, jejiz teplotni zavislost byla dale simulovana pomoci molekulové dynamiky. Také
probéhlo porovnani ziskanych vysledk( pomoci ab initio metod s univerzalnimi potencialy
k zjisténi jejich presnosti. Pro intermetalikum YMn, byly vypocty provedeny pro nékolik
moznych usporadani magnetickych moment( s cilem ziskat zakladni stav. Tyto vypolty
byly provedeny s nekolinearnimi magnetickymi momenty. Po Uspé3ném popisu kompliko-
vané magnetické struktury Cistého Mn pomoci metaGGA funkcionalu byl nasledné pouzit
na intermetalikum YMn; k zisku experimentalné mérenych magnetickych struktur.
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1. Introduction

Magnetism and magnetic materials play a huge role in modern industry and life. For that
it is crucial to understand how can magnetism be in uenced and employed. Here we focus
on magnetism related to the electrons and their spin moments. Magnetic materials can
be divided into basic categories based on the internal ordering of magnetic moments, e.g.
paramagnetic, ferromagnetic or antiferromagnetic.

As we focus on magnetism related to electrons it can be easily accessible by the means of
ab initio calculation methods. These methods compute the electronic structure of materials
with no need for previous experimental data. The method of ab initio calculations used in
this work employed the density functional theory (DFT) which was proposed by Hohenberg,
Kohn and Sham in the 1960s. DFT describes a multielectron system as a system of non-
interacting electrons employing several approximations. In particular, the electron density
of the multielectron system is equal to the that of the non-interacting single-electron system
[1, 2]. Calculations in this work were done through the Viena Ab initio Simulation Pack-
age (VASP) that allows to compute ferromagnetic and antiferromagnetic states. Di erent
noncollinear structures can be computed as well but with the increased computational cost.

This work focuses on two di erent materials, one of them is a high entropy alloy (HEA)
CoCrNi. Sometimes it is re ered to as a medium entropy alloy (MEA) because it is com-
posed of only 3 elements. Theyy should be a solid solution and have a single phase struc-
ture with a crystal lattice of fcc, bcc or hep. The high con gurational entropy, which they
received their name from, is tied to the fact that these alloys are based on equiatomic
compositions.

The second material in this work is the YMn, intermetallic compound. It is an anti-
ferromagnet with Néel temperature around 100K. At the Néel temperature it undergoes a
phase transformation to the paramagnetic state which is accompanied by an abnormal vol-
ume change of 5%. There are also some con icting reports on the magnetic structure of the
alloy and it seems that it may have very similar energetics for multiple antiferromagnetic
and helimagnetic orderings [3, 4, 5].

Recently, machine learning has made its name in the eld of materials simulations. Over
the last two years the machine learning potentials have reached DFT levels of accuracy[6].
What is maybe even more important, the so-called universal machine learned potentials
were introduced and now they can reproduce these levels of accuracy without the need for
the user to train their own potential or, at worst, learn just parts of their problem to do
so-called re tting [6].



2. Ab Initio calculations

The ab initio calculation methods allow us to compute material properties without any
experimental data. They are based on the basic principles of quantum mechanics and the
Schrddinger equation:

H =": (2.1)

Writing down the components of the Hamiltonian it has the shape of:

2

V(r) rz (=" (2.2)

2Me
whereV is the potential acting on the electron, me is the mass of electron~ is the reduced
Planck constant and (r) are the wavefunctions [1]. However, solving it exactly for more
than one electron becomes too complex and thus some approximations have to be made.
First such approximation is the Born-Oppenheimer adiabatic approximation. This takes
into account the fact that protons have a mass approximately 1836 times higher than
electrons thus electrons are going to react instantly to any motion of the nucleus. With
this we can say that the protons are xed in space while we solve the electronic structure
for this positions of ions. After the electronic structure is solved the ions can be moved and
new electronic structure is calculated for the new positions of ions.

2.1 Density Functional Theory

2.1.1 General description

Density Functional Theory (DFT) allows calculation of large systems by replacing the
many electron wavefunctions (r) with electron density (r). The electron density (r) for
a system ofNg electrons is:

Z

(r) = Ng (rraisrng) (r;rz;:::;rNel)drzdrg:::drﬁel: (2.3)

The density is independent on which electrons are chosen to integrate over which follows
the required antisymmetry from Pauli principle. Normalization of the wavefunction then
gives the equation 7

(r)dr3 = Ng: (2.4)

Now the dependence is not or8Ng parameters as for the original Schrodinger equation but
only on 3 paramaters of space, the 4th one can be spin if it is chosen to be included. Another
advantage in DFT is the fact that the Hamiltonian can be taken as a Hamiltonian of a single,
non-interacting electron with e ective potential that replaces the external one. This was
all proposed by Hohenberg, Kohn and Sham in 1960s. The theory and the previously
mentioned advantages are based on two theorems [1, 2].

First theorem (existentional) is that the density (r) of the system of Ng electrons
determines all the ground state electronic properties because the ground state wavefunction
o is an unique functional of electron density. Second theorem (variational) states that the
energy for the ground state density is lower than for any other state. It means that the
energy is inherently dependent on the electronic density and thus can be minimized by its



variations. The only problem that arrises is the fact that the correct density functional is
unknown and thus it must be reached by further approximations [1, 7, 8].
The new Hamiltonian is now a function of electron density instead [1]:

h jHj 1= Te+ Vzz + Vext + Ve, (2.5)

where the rst term represents the kinetic energy of electrons, second term represents
interactions between atomic nuclei, third term is interactions between electrons and external
potential and last term is the interaction between electrons themselves composed of the
Coulomb interactions between the electrons and the exchange correlation e ects. Another
part of the Kohn Sham theory is taking the electrons as non-interacting particles. With
this all the potentials in uencing the electron density can be taken into one variable - the
e ective potential [1, 8]. This allows to use a single-electron HamiltonianHs, subjected to
the same e ective potential as the multielectron system:

Hep i(r) =11 2+ Vesr (0] i(r) =" i(r): (2.6)

2.1.2 Exchange-correlation functionals

However, there is still problem with the exact energy functional, speci cally its exchange-
correlation part, which is not known. This is practically solved by approximations [2, 8].
There are multiple approaches of approximating the exchange-correlation and they can be
described via the so called Jacob's ladder [9].

Figure 2.1: Jacob's Ladder for Exchange-Correlation Functionals [10].

Here, from top to bottom, the approaches are ordered from the most robust and com-
putationally expensive to the simplest. First and simplest method found at the bottom of
Jacob's ladder is the local-density approximation (LDA). It takes the solids as being close
to the limit of the homogenous electron gas (nearly-free-electron metals) and thus takes
the e ects of exchange and correlation as local [2]. The local spin density approximation
(LSDA) incorporates the densities of spin-up and spin-down electrons and the vector of
magnetization density [7].



Improvement of LDA is the generalized gradient approximation (GGA) which takes
into account not just the value of the local density but its gradient as well. The multiple
commonly used functionals like Perdew, Burke and Ernzerhof (PBE), Perdew and Wang
(PW91) or Lee-Yang-Parr (LYP) di er in the parametrization of the Fy. parameter [2].

Another step on the ladder is the meta-GGA functional. The addition here is the ki-
netic energy density or its Laplacian. Furthermore, there are other conditions - exact con-
straints, which these meta-GGAs should satisfy. Out of the available approaches Strongly
Constrained and Appropriately Normed (SCAN) functionals [11] is the st that satis es
all of them. Following its success regularized versions of SCAN were created to improve
numerical stability. These are the rSCAN, r°SCAN and r*SCAN where PSCAN is taken
as the best performing.

The so called deorbitalization of the previously mentioned metaGGA functionals turns
the exact orbital-dependent non-local Kohn-Sham kinetic energy density into a Laplacian.
This will speed up the calculations while simultaneously sacri cing some of the accuracy
except for one area - magnetism. The deorbitalized versions usually lead to improved
accuracy in magnetic moments of metals, where the non-locality of as the semi-local
approximations to valence-valence exchange correlation may be better to represent metallic
screening [12].

Further up along the Jacob ladder are the hybrids. These take into account the exact
Hartree exchange energy and thus their computational cost gets quite high. They combine
Hartree-Fock and Kohn-Sham theories in variable ways. The functionals are further divided
into categories in accordance to the interelectronic range at which are the Hartree-Fock
exchange is applied. Full range are so called unscreened, short range and long range
screened or range separated hybrids.

2.2 Magnetism in DFT

2.2.1 General de nitions

Magnetism of material in DFT originates primarily from electrons and it is de ned by their
magnetic moment. To describe the magnetic moments the unit of Bohr magneton (g) is

used and de ned as:
e~

2Me

B (2.7)
and1l g =9:274 10 2*Am?: The magnetic moment is created by two distinct sources, the
orbital motion of electron and its spin. These are coupled by the spin-orbit interaction which
is heavily dependent on the proton number and thus scales into an important contributor
for heavy elements and their inner electron shells. The interaction in terms of the single
electron Hamiltonian results in

Heo= f & (2.8)

where is the spin-orbit coupling energy and{* and & are dimensionless operators [7].

To describe spin-orbit interaction in many electron system the term for total angular
momentum J needs to be introduced. It is formed by couplingL andS asJ = L + S, thelL
and S are sumations of the orbital angular momentum™ and spin angular momentums [7,
13]. In multielectron systems the electrons occupy the di erent shells according to Hund's
rules, rst to maximize S, then maximising L and, nally, coupling L and S to form J [7].



2.2.2 Modelling magnetism in VASP

Magnetism in VASP can be treated as a collinear or non-collinear. The spin degrees of
freedom can be treated in a spin-polarized calculation by using the settindSPIN = 2 in
the INCARnput le. As in standard DFT the electron has an e ective potential applied to

it but now it has an additional spin component

Vet = Vext (r) + Vi (r) + V. (r): (2.9)
The exchange-correlation potential is now:
@FBe[n-; Nyl
Ve = C@in (2.10)

wheren is the spin charge density. This spin dependent e ective potential then goes into
the Kohn-Sham equations and leads to a spin-dependent solutions:

r %"' Vett *(rn)  *n="n "n;
(2.112)

r %"' Vet #(fn)  #n = "n #n:

Then the self-consistent cycle continues with updated spin-up and spin-down charge densi-
ties until desired convergence criterion is reached [14].

Non-collinear magnetism requires additional extension to the Hohenberg-Kohn-Sham
DFT by, again, introducing an additional spin index. The non-collinear magnetism is
turned on by the tag LNONCOLLINEAR = .TRlEthe INCAR le and this time running
a di erent executable - vasp_ncl . The spin-density matrix is introduced as:

X
no (r)= on(r) % (r); (2.12)
i=1

and the e ective potential becomes a2 2 matrix:
T = vet(n)+ o vH () + VS (r): (2.13)

The received Kohn-Sham equations now have KS orbitals with two-component spinors

X
0T 2+ Vet (fn) 0 =" 0 on: (2.14)

Noncollinear magnetism allows for simulation of spin-orbit coupling. In VASP the setting
is LSORBIT = .TRUEand it couples the spin degrees of freedom with the lattice degrees of
freedom by adding

Heoo!  L; (2.15)

to the Hamiltonian. This couples the Pauli-spin operator  with the angular momentum
operator L. The spin-orbit coupling (soc) in VASP is treated predominantly in the close

vicinity of nuclei and thus is calculated only for the all-electron one-center contributions
X X

Egoc: RiRj il kank h~nkjprih inSOCj thpfj nki ; (216)
nk
where i(r)= Ri(jr Rij)Yym, (;" ); are the partial waves of an atom centered afR; and
Tk Is the spinor component =";# of the pseudo-orbital with band index n and Bloch
vector k, the f,x are the Fermi weights andwy are the k-weights [14].
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2.2.3 Implementation and performance of metaGGA functionals

Implementation of metaGGA functionals in the VASP code is quite straightforward. The
kinetic energy density values are written in the pseudopotentialPOTCARes, one only needs
to check if the selected pseudopotential actually contains them as some older versions do
not. By de nition, this condition is not necessary for the deorbitalized metaGGAs, see the
deorbitalization part in Section 2.1.2. It is also recommended to use the pseudopotentials
that treat more of the core states as the valence to obtain results comparable to all electron
codes [14]. Then the basic setup is as simple as including new tags in tiéCARIe - METAGGA
= desired functional and LASPH = .TRUBwhich introduces aspherical contributions to
the PAW one-centre terms [14]. Furthermore, including the kinetic energy density in the
density mixer helps with convergence so it is convenient to be turned on vidLMIXTAU =
.TRUE. in the INCARIle. Convergency tests should be done again and usually the cuto
energy needed for metaGGAs is higher than for PBE. The integration grid over the Brilloin
zone is even more important, especially for the4SCAN. Even though the original numerical
instability for SCAN was observed in local basis set codes [12], in VASP - a plane wave
basis set code, there is still requirement of a slightly higher amount of k-points compared
to the value expected from PBE. If there are convergency issues, one can also set a di erent
electronic minimalization algorithm - the conjugate gradient for orbitals (setting ALGO =
A in the INCARIe instead of the default blocked-Davidson-iteration scheme.

2.3 Thermodynamics for modelling

The value of total energy received from a DFT calculation has little physical meaning and
it is thus needed to get either the formation energyEg or the mixing enthalpy Hnix . The

formation energy of compound is obtained from the total energy of the compound AB and
then the total energy of the elements A and B in their ground state. The formation energy
is obtained in eV per atom as:

Erps = Ewtae  (NAEtta + NBEtotB ); (2.17)

Nas

where thena and ng is the amount of atoms of their respective elements in the computa-
tional cell of the studied material, nag is the total amount of atoms of all elements in the
computational cell of the studied material and Eioag , Etot,, Etoty are the total energies
of the compound, ground states of elements A and B respectively. For more elements the
approach is the same with additional terms corresponding to the remaining elements. Even
though formation energy and mixing enthalpy can have dierent physical and chemical
meaning, the approach to gain the mixing enthalpy from the DFT results is completely the
same (at T = 0 K) with the di erence of units as the enthalpy is in kd/mol:

HAS = Eras Na 1:602176565 10 2% (2.18)
where N, is the Avogadro number (6:023 10%%) and the last term is the conversion from
eV to kJ.

2.4 Modelling di erent levels of ordering

One of the most popular methods to simulate disordered alloys for ab initio calculations is
the Special Quasirandom Structures (SQS) method. It imitates the random distributions
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of atoms on crystallographic sites, while it is also possible to choose selective occupation
of the lattice sites. As the interactions between the distant neighbours generally in uence
the total energy less than between the close neighbours the SQS principle works on close
reproduction of random network for the rst few neighbour shells only [15].

Figure 2.2: Dierent values of Warren Cowley parameters and what they represent in the
structure [16].

To e ciently generate structures that are compositionally complex, like high entropy
alloys, a tool sgsgenerator made by D. Gehringeret al. [16] was used. It uses the Warren-
Cowley parameter to describe the nearest neighbour for a selected lattice sites although the
formula is used in generalized form taking into account multiple coordination shells [16]:

T()=1 M (2.19)
NMix x ° '
Here N is the number of pairs, N is the number of lattice sites,M is the number of

neighbours for the given site, the value of the index indicates the nearest neighbour shell

(i. e. 1- rst, 2 - second etc.) and thex ;x are the mole fractions of their speci c element

in index. The parameters are then mapped to a function which is used for minimization

either by employing the Monte Carlo approach or a systematic approach, which generates
permutation of small cells.

2.5 Molecular Dynamics

2.5.1 General de nition

Molecular dynamics (MD) is a method to simulate materials at nite temperatures with all
atoms in motion. The simulation boxes now usually include many more atoms than what
DFT can simulate. It treats the atomic nuclei as classical Newtonian particles [1] instead
of quantum particles which is the case in DFT. They follow the equation of motion

me =f ; =1;:5N; (2.20)

where N is the number of atoms,m is the mass of atom , r is the position of atom
andf is the time-dependent force acting on atom due to external e ects and neighbours



[1]. This time dependence enforces a limit of maximal simulation time, usually in units of
nanoseconds [1, 17, 18]. Molecular dynamics is tied to an interatomic potential representing
the forces acting on ions - a force eld - however, sometimes the accuracy can be unsatisfac-
tory, for example lacking the polarization e ects [17]. A solution to this can be a combined
approach - ab initio molecular dynamics (AIMD) which combines the electronic structure
calculations with nite temperature MD [17]. These calculations are however very com-
putationally expensive and lately could be pushed away by machine learning approaches
described further in Section 2.6.

2.5.2 Ensembles

Di erent ensembles are commonly denoted via the state variables that are set to constant,
e.g. NVE, NPT. The easiest ensemble to employ is the NVE ensemble with constant
number of atoms N, volume V and energy E [1]. Another commonly used ensemble is the
canonical NVT ensemble with constant temperature T. Here another dependency arises, the
so-called thermostat to keep the simulation box temperature at the desired value [1]. The
last commonly used ensemble is the isothermal-isobaric NPT ensemble - constant pressure
at constant temperature. Similarly to previous ensembles thermostats, here arises the need
for a barostat. Usually user sets up only one and it tries to control both the pressure and the
temperature [19]. These methods usually include the Parinello-Rahman [14] or Berendsen
barostats [19].

2.5.3 LAMMPS

The code used in this work to perform MD runs was LAMMPS (Large-scale Atomic/Molec-
ular Massively Parallel Simulator). It uses spacial decomposition techniques to parallelize
simulations and cut the computational time quite signi cantly [19]. It is possible to simu-
late with manybody potentials, longer length and time scales via coarse grained models, but
most importantly for this work, it is possible to use machine learning interatomic potentials
section 2.5.3. Multiple ensembles are included in the package, all the previously described
ones plus NPT, NPH as well as grand canonical, which keeps constant chemical potential
instead of number of atoms. They are set up together with a thermostat or barostat with

a commandfix nvt or fix npt respectively [19]. To visualize results the package o ers
its own GUI or one can use third party applications like Ovito [19].

2.6 Machine Learning Interatomic Potentials

In recent years there has been a boom in the eld of machine learning potentials that
learn the potential energy surface from available DFT data. Typically, the machine learned
potentials (MLPs) are composed of two components, an encoding of the molecular structure
i. e. the descriptors, and a regression technigue that maps the atomic con gurations onto
the potential energy surface [6]. These potentials are trained on some database of electronic
structure calculations, of which there are now many di erent ones and then they can be
used to extrapolate or interpolate new results. The di erence between extrapolation and
interpolation lies within the examined problem. Ff the examined con gurations are similar
to the data the model was trained on, it is interpolation. On the other hand, the more
interesting application is extrapolation, where the examined con gurations are signi cantly
di erent than the training data [6].



Recent progress leads to advances in the more promising part - universal machine learn-
ing potentials (UMLIPs). They take huge datasets from di erent published databases of
quantum mechanical calculations, train on them and promise accurate extrapolation to
systems it may have not encountered in the training [6]. In case the universal model fails to
predict the correct structures the big advantage of some of the UMLIPs is the option to re-
t/retrain the model. At the moment of writing there is only one model in the leaderboard
that can predict magnetic moments - CHGNet.

2.6.1 CHGNet

CHGNet is a universal machine learning potential that employs the Graph Neural Networks
described in previous section. It is trained on the Materials Project Trajectory Database
(MPtrj) [20]. The atomic structures are taken in as graph descriptors where there is a search
from node in a set up cuto radius of 3 A for neighbouring atoms. Here, an additional step
is performed, a charge decorated structure is created which estimates the charges on
the atoms [20]. The magnetic moments are the culprits for charge prediction as well. As
was described in Section 2.2 it is the di erence between spin-up and spin-down localized
electrons [20]. So in a sense, this modetheats around the learning of charge distribution
and instead approximates it from the other way, the known magnetic moments. This of
course leads to some concern about accuracy for non-magnetic materials as where there is
no magnetic moment, the model basically has no information about the charge distribution
[20]. On the other hand, it is still the only model on the Matbench discovery that can
predict at least magnetic moments with quite good accuracy (0.032 g) [20]. One important
caveat of this approach is the fact that it cannot predict the orientation of the magnetic
moment but just its size. This requires either previous knowledge or educated guess about
the antiferromagnetic sublattices if one wants to employ this model on any other than
ferromagnetic materials. The database the model was trained on is from September 2022
[20]. It contains DFT calculations of 146 000 inorganic materials and 89 elements [20]. The
calculations obtained were done with GGA functionals with just GGA or GGA + U setup.

2.6.2 GRACE

A model that is in principle a continuation of ACE described in Section 2.6, the name is
abbreviation of Graph Atomic Cluster Expansion. The di erence arrives in the setup of
graphs, where the original descriptors are tied to the node atom but here, they are not. This
allows for a description of semi-local interactions [21]. The basis functions are constructed
in similar way as in ACE but this time not localized on single atom only. Remaining
steps are again very similar to ACE. Grace involves evaluation of global ACE via layered
evaluation of ACE. Basically taking the outermost stars into local ACE and then continuing
further and further into the center via tensor decomposition and message passing [21]. At
the time of writing, the GRACE UMLIPs o er three options of databases that were used
in their training, OMat24 database [21, 22], the OAM ones which are initially trained on
the OMat24 database [22] but then were re tted on the MPTraj and Alexandria databases
[20, 23, 24] [21].



3. CoCrNi alloy calculations
3.1 Methods and models

3.1.1 Computational cells

To determine the e ect of short-range ordering multiple 216 atom calculation cells were
constructed (Figure 3.1). Each cell had equiatomic concentrations, i. e. 72 Co atoms, 72
Cr atoms and 72 Ni atoms. Three fcc structures were constructed by thesgsgenerator
[16] and one ordered structure by hand. Ordered structure was created in such a way that
the ordered element had always exactly two other atoms of the same element in its 1st NN
shell. These fcc cells were created in a way that the crystallographic direction [1 1 1] was
parallel to the z axis, i. e. [0 0 1] direction. This allows to create hcp structures from the
fce structures by just moving the planes and thus keep as much of the short-range ordering
parameters same between the fcc and hcp. The structures were created with the target
maximising the randomness in both 1st and 2nd NN shell.

(@) (b)

Figure 3.1: The 216 atom simulation cells - a) fcc b) hcp.

In total there were 12 calcuation cells, randomly ordered cells were given the number
1, 2 and 3 for the fcc and hcp pair (fcc 1 and hcp 1 etc.) and the ordered cells were given
their designation by the ordered element - Cr-o for Cr ordered and so on again with the
pairs being fcc Cr-o and hcp Cr-0. The ordered sublattice was occupied by all the possible
elements creating another 3 structures, Co ordered, Cr ordered and Ni ordered. The other
sublattice was randomly occupied by the other two remaining elements (e. g. by Cr and Ni
for Co ordered and so on), this was done by using thegsgenerator only on these specic
positions.

j in 1st NN shell
Structure Co - Co Co - Cr Co - Ni Cr-Cr Cr-Ni Ni - Ni

fcc | hep | fecc | hep | fecc | hep | fee | hep | fecc | hep | fec | hep

1 0.05 | 0.04 | -0.02 | -0.04 | -0.02| 0.00 | -0.01| 0.01 | 0.04 | 0.03 | -0.01| -0.03

2 -0.02 | -0.06 | -0.08| -0.09 | 0.10 | 0.15 | 0.01 | 0.01 | 0.08 | 0.08 | -0.18 | -0.23

3 0.05 | 0.01 | -0.05| 0.01 | 0.00 | -0.02| 0.04 | -0.02| 0.00 | 0.01 | 0.00 | 0.01
Cr-o 0.16 | 0.10 | -0.25| -0.25| 0.09 | 0.15 | 0.50 | 0.50 | -0.25| -0.25| 0.16 | 0.10
Co-o 0.50 | 0.50 | -0.25| -0.25| -0.25| -0.25| 0.16 | 0.10 | 0.09 | 0.15 | 0.16 | 0.10
Ni-o 0.16 | 0.15 | 0.09 | 0.10 | -0.25| -0.25| 0.16 | 0.10 | -0.25| -0.25| 0.50 | 0.50

Table 3.1: Warren-Cowley parameters of 1st NN shell.
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3.1.2 Calculation settings

For the calculations, the projector augmented waves potentials (PAW) [25] were used with
a generalized gradient approximation (GGA) of exchange and correlation energy as de-
scribed by Perdew, Burke and Ernzerhof (PBE) [26]. The k-space was integrated over by
Methfessel-Paxton smearing method with a width of 0.1 eV [27]. The Brillouin zone was set
to a Monkhhorst-Pack mesh in a size of 4x4x4. Plane wave cuto energy was set to 450 eV.
The calculations were done in both non-spin-polarized states and in spin-polarized state.
For the spin-polarized the initial magnetic moments were set as follows, for Co 1g, for Cr

1 and -1 p distributed to get as high antiferromagnetic ordering as was possible for the
structure and for Ni 0.5 pg. Relaxations were carried out with the external tool Gadget
[28] that utilizes internal coordinates to preserve fcc and hcp parameters of the cells and
improving performance.

3.1.3 Application of UMLIPs

The application of UMLIPs for CoCrNi would be a static prediction via the CHGNet [20]
model to obtain energetics, forces and magnetic moments and compare them to the already
done DFT calculation. Afterwards, if the prediction describes the DFT results well, a
combination of CHGNet and Phonopy could be used to obtain harmonic approximations
for otherwise computationally very costly calculations - approximately 1290 displacements
per volume for a classical Phonopy displacement work ow. This work ow would then
contain only CHGNet predictions into Phonopy Force Sets. The idea is the same as the
normal Phonopy work ow except instead of DFT calculations the CHGNet static prediction

is run on the displaced structures. To do this one only needs the relaxed structures from
DFT, i. e. the CONTCAR.

The second application would be of the GRACE [21] UMLIP combined with MD simu-
lations to study the temperature evolution of the fcc and hcp stability. The MD simulations
were run via LAMMPS within the NPT ensemble with Nose-Hoover thermostat and baro-
stat [19]. The time step was set to 0.001ps and the heating was done within 20000 steps
resulting in 20ps long simulation. The GRACE universal model used was the OMAT-2L
to properly represent the semi-locality present in HEAs [21]. The crystal lattice is checked
in Ovito by its common neighbour analysis [29] on the exported trajectories of atoms from
the MD runs. Additionally, the radial distribution function RDF was computed from the
resulting trajectories. Since multiple temperatures were explored, the thermal expansion
was obtained. To evaluate the fcc - hep relative stability enthalpies were calculated within
the temperature runs and the value of enthalpy was taken as time averaged. This enthalpy
contains the simulation box volume, pressure and total energy [19]:

H = EMP + pv: (3.1)

To check for annihilation of chemical SRO a script was written to check if any of the atomic
positions switched their atomic types.

3.2 Results

3.2.1 Phase stability

The spin-polarized calculations always result in lower mixing enthalpy than the non-spin-
polarized calculations which was an expected result as the alloy has a Curie temperature
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of 4 K [30, 31] and was also in agreement with previously published calculations [32, 33,
34, 35]. Also, according to the previous DFT calculations, the hcp structures proved to be
more stable than fcc except for the case of Ni ordered cells that will be described later. The
fcc structure was less in uenced by the small di erences in orderings between the di erent
randomly ordered cells and did not react to Co nor Ni ordering as their mixing enthalpies
were in line with the randomly ordered cells. The biggest change irH nix was for the Cr
ordered where the value lowered by 3.55 kJ/mol in comparison to the average of all the
other spin-polarized fcc structures. In some previous publications [33, 34] similar trends for
Cr ordering were also perceived.

Hmix in kd/mol
Structure Spin-polarized Non-spin-polarized
fcc hcp Hhep fec fcc hcp Hhep fec
1 8.75 8.05 -0.70 9.64 8.99 -0.65
2 8.50 7.50 -1.00 9.13 8.11 -1.02
3 8.56 8.00 -0.56 9.10 8.95 -0.15
Cr-o 5.02 4.46 -0.56 5.19 4.47 -0.72
Co-0 8.65 7.82 -0.83 9.06 8.44 -0.62
Ni-o 8.41 8.78 0.37 9.08 9.75 0.67

Table 3.2: Mixing enthalpy of calculated structures.

Figure 3.2: Mixing enthalpies of the CoCrNi calculated structures.

Short-range ordering had much higher in uence on the hcp structures. The variance
between the resulting values (without the Cr ordered cells as they were a speci ¢ outlier)
of Hnmix was about 0.178 kJ/mol compared to the 0.014 kJ/mol for fcc. The Cr ordering
caused a similar drop ofHmix as in fcc with size of 3.57 kJ/mol and still resulting in hcp
being the more favourable structure. However, the Hpcp fcc = 0:56 kJ/mol for this case
was one of the two lowest of all received for spin-polarized calculations. This ordering was
experimentally observed by Inoue et al. via atom probe tomography [36] as well as a very
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similar model proposed by Hsiao et al. [37]. The highest stability disregarding the Cr-o
structure was received for the hcp 2 structure as there was a slight deviation of some W-C
short range order parameters from complete randomness, speci cally for Ni. The hexagonal
structure dependence on Ni becomes even more clear with the Ni-o result. In this case, the
hcp ends up being so destabilised by the Ni ordering that it becomes the less favourable
structure compared to the fcc structure with Hpep tec = 0:37 kd/mol. Looking at the
SRO values in Table 3.1 the Ni ordered structure has less Ni bonds while the structure 2
has a negative value of W-C parameter indicating some form of clustering. This means that
clustering of Ni stabilises the hcp structure for CoCrNi alloy while minimizing the bonds
between Ni atoms destabilises hcp structure quite signi cantly. The Co ordering did not
seem to cause any specic e ects and both fcc and hcp structures seem indi erent to it.

By not including the spin-polarization the values of mixing enthalpy increased for all cells
with hcp again being the more in uenced structure with average di erence of 0.68 compared
to 0.55 for fcc. Other two notable di erences were for the Ni-o and Cr-o structures. For
the Cr ordered structure the inclusion of spin-polarization did not do much in case of phase
stability as the di erence is only 0.01 kJ/mol which was very interesting considering that
for all the other structures hcp was the more impacted one. For the Ni-o there seems to be
an e ect on fcc structure as it lies more in line with the other randomly ordered ones. It is
possible that the Cr ordering in the Ni-o structure, as there will always be some because of
the limited possibilities to occupy lattice sites thanks to the Ni ordering, is causing higher
stabilisation when spin-polarization is included as the ¢, ¢ = 0:16 for this structure.
This was in the direction of the stabilisation e ect of Cr ordering. Taking into account the
hcp Cr-o results this shows higher in uence of Ni than Cr on the hexagonal structures by
including the spin-polarization.

3.2.2 Magnetic moments

The local magnetic moments were studied to reveal the e ect of including spin-polarization
beyond just phase stability and to explain some of the di erences found in Section 3.2.1.The
randomly ordered structures had very similar trends. In all three structures Ni seemed
to increase its magnetic moment up t00:5 g together with increasing average magnetic
moment in its 1st NN, that was for both fcc and hcp. Cobalt had similar trend with some
di erence in reaching higher values of local magnetic moments. The Cr magnetic moments
result in a similar way. There was a slight di erence between the cells 2 compared to others,
hcp 2 and fcc 2 magnetic moment distributions were more centered closer to 0 compared
to all the other structures. Other fcc and hcp cells had very similar distributions of local
magnetic moments with fcc 1 and fcc 3 resulting in quite uniform distribution over all the
received magnetic moments.

The ordered structures result in quite di erent distributions with the biggest di erence
in Cr-o indicating Cr highest e ect on magnetism of this alloy. Nickel magnetic moments in
Cr-o structures were suppressed to values near zero in fcc and basically zero in hcp. Some
Ni magnetic moments even turned to spin down but considering the average magnetic
moment distribution, they probably just aligned ferromagnetically with their 1st NN. The
other two ordered structures had similar distributions to the randomly ordered structures.
Co magnetic moments for Cr-o were again suppressed compared to the randomly ordered
structures, especially in hcp. Co magnetic moments in Cr-o fcc were very spread out in
comparison to hcp and the randomly ordered structures. There were many atoms with spin
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Figure 3.3: Cr magnetic moment distribution in randomly ordered structures.

down magnetic moment and basically two maxima of distributions. The other two ordered
structures result in similar distribution to the randomly ordered structures.

Figure 3.4: Cr magnetic moment distribution in ordered structures.

For the Cr in Cr-o0 structures there was again similar trends as previously for Co and
Ni. Magnetic moments in hcp Cr-o were again located closer to zero and had lower values
compared to fcc Cr-o. All the magnetic moments hcp Cr-o being so suppressed would
explain such a small di erence in mixing enthalpy for the non-spin-polarized calculation of
this structure. Similarly to Co again, Cr magnetic moments distribution (blue in Figure 3.4)
in Cr-o structure had minimum around zero and two maxima with slightly higher occupancy
around the upper maximum. Interestingly, in Co-o the hcp magnetic moments were also
quite low while the fcc magnetic moments were similar to randomly ordered structures. For
the Ni-o structures the distribution in fcc was similar to Cr-o with even more distinctive
minimum around zero while hcp had mostly uniform distribution.
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Other trends were visible when looking at the dependencies of local magnetic moment
on the composition of 1st NN shell. For the purpose of analysis and readability the mag-
netic moment values were used in absolute values. All the randomly ordered structures
resulted in very similar trends. There was no dependence of magnetic moment on Co con-
centration in 1st NN shell except slight dependence in fcc for Ni magnetic moment. More
interesting results were found for the concentration of Cr in 1st NN shell (Figure 3.5).
Magnetic moments of all elements shown dependence on the Cr concentration in 1st NN.
Most pronounced dependence was for Co magnetic moments in hcp witR2 = 0:83 and in
fcc with R? = 0:73 meaning with increased amount of Cr in 1st NN the magnetic moment
of Co decreased. Same trend was found for Ni only with higher spread of valud®? = 0:59
and R? = 0:63 for hcp and fcc, respectively. The least pronounced dependence was for Cr
on itself in 1st NN with quite low values of R? compared to the other two elements. The
dependence was still there and it was still visible that with higher amount of Cr in 1st
NN the magnetic moment lowers as well. This is probably tied to the fact that it is not
possible to arrange into antiferromagnetic orderings and thus magnetic frustration lowering
the magnetic moments. Lastly, the dependencies on Ni concentration in 1st NN shell were
quite small.

Figure 3.5: Magnetic moment dependence on Cr in 1st NN shell.

3.2.3 Charge transfer

The results of Bader analysis [38, 39] show charge transfer ongoing between the elements.
There were similar dependencies of the charge transfer on the 1st NN as the magnetic
moments. No high dependence of charge transfer was present on Co concentration for
both cells. The most interesting were again the dependencies on Cr in 1st NN shell. The
dependencies for both sets of cells 1 and 3 are basically linear for all elements. All of
the dependencies had theR? value above 0.90 with the lowest value received for spin-
polarized hcp 1R? = 0:91, which was still quite a high value. The charge transfer minimizes
with increase of Cr concentration in 1st NN for Cr atoms as in the more Cr atoms there
were, the less charge was released. For Co and Ni it was the other way around meaning
they had accepted more charge with more Cr in their rst NN. This agrees with XANES
measurements done by [40] in which Cr is shown as the element with the most exible
electronic structure. The di erences between the cells 1 and 3 were also more pronounced
as the fcc 3 and hcp 3 Cr charge transfer basically overlap. There was some dependence of
charge transfer on the amount of Ni in the 1st NN shell mostly for Co and Ni.
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Figure 3.6: Cr charge transfer dependence on 1st NN composition in cells 1.

Linking the charge transfer to magnetic moment other clear dependencies appear. Here
the magnetic moment values were taken as absolute so that the analysis would be possible.
Co magnetic moment was nearly linearly dependent on the amount of charge transferred
with the lesser amount of charge Co released the higher magnetic moment it had. Second in
dependencies was Ni with same trends of higher charge transfer resulting in lower magnetic
moment. For Ni the dependencies were not as clear and linear as Co with higher spread.
Cr did not really have a clear dependence as the spread of values is quite high in all
cells. However, there were similar trends of higher magnetic moment with higher amount
of magnetic moment released. Together with the dependence of charge transfer on the
amount of Cr in 1st NN shell this could provide an explanation into how phase stability
is in uenced by Cr. For the Cr-o structure the charge transfer was very similar to cells 1
and as well for both fcc and hcp structures and for both FM and NM calculations. Co has
accepted 0.12 to 0.18 electrons, Ni accepted slightly more, between 0.24 and 0.18. Lastly,
Cr had released 0.30 to 0.38 electrons.

Figure 3.7: Magnetic moment dependence on charge transfer in cells 1

3.2.4 UMLIP comparison to DFT

Firstly, the energies from DFT and CHGNet prediction are compared. As can be seen in
Figure 3.8a there is quite an error. CHGNet overestimates the stability of all structures
by nearly 0.2 eV/atom. It is interesting to see that there really is not much of a di erence
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between the error in hcp and fcc structures. Applying the CHGNet to the pure elements
it was possible to obtain a mixing enthalpy from just ML prediction (although in reality
these are easy calculations and would not need this approach). It is expected that after
the energies of the HEA structures are the di erent by so much, the accuracy of mixing
enthalpy is also not going to be very accurate. Looking at both approaches, e. g. mixing
enthalpy only from CHGNet or from CHGnet energies for HEA and DFT from elements it
is visible that this model is not doing great for this material. Reaching root mean square
error (RMSE) values of 18 kJ/mol for the apporach of including DFT energies for elements
means that this approach is unusable and it is safer to use the CHGNet energies for elements
as well. Even then the error reaches values of 8 kJ/mol and is proposing stability where
DFT shows positive values of mixing enthalpy. Sadly, as a lot of the necessary data for
retraining was on a hard drive that failed it cannot be re tted to improve accuracy.

(@) Comparison between energies ob- (b) Comparison between magnetic mo-
tained via DFT and via CHGNet UM- ments obtained via DFT and via
LIP. CHGNet UMLIP.

Figure 3.8: Comparison between DFT and CHGNet.

Trained forces depend on the energies so with that big errors of the UMLIP for the
energy one would expect quite big errors for forces as well. This turned out to be true as
the forces result in RMSE of 0.2 eV/A. Looking at the validation reported in the MPTraj
[20] of 0.008 eV/Afrom CoCrNi the obtained error is of orders of magnitude higher. Looking
at the MPTraj dataset [20] the settings used for obtaining the data in the dataset give the
reason for this high error. The force convergence criterion was set to 0.02 eV/A [20]. This
value is few orders higher than what was used for DFT calculations for CoCrNi. On the
other hand, with errors in forces like these, it makes little sense to try and use Phonopy to
obtain phonons as those depend quite heavily on well converged forces [41, 42]. Last part
that the model is trained on are the magnetic moments. As was described in Section 2.6.1
the magnetic moments training is independent of the energies and forces so that could
mean improvement of predictions. Especially if one considers that the magnetic moments
in this alloy depend on charge on ions quite reasonably as was described in previous results.
Reported errors from the CHGNet publication [20] are 0.032 g but from the DFT on
CoCrNi it was, again, by an order of magnitude higher. The majority of errors arise from
the Ni ordered structures as well as the hcp Cr ordered structure. This hints at a possibility
of the model to somehow correctly predict the disordered structure out of the box. The
ordered structure, which will probably not be included that often in the training dataset,
then represents quite a struggle. Especially the hcp Cr ordered, which as was described
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in Section 3.2.2, has magnetic moments frustrated to values very close to zero. What is
surprising is the very high error in the Ni ordered structures.

3.2.5 MD runs with GRACE

The relative stability between fcc and hcp can be seen in Figure 3.9. The fcc always results
in slightly lower enthalpy, but both structures have very similar values. This con rms
the experimentally observed fcc structure as the more stable one already at 400K. On the
other hand the enthalpy di erences are quite small which is partially in agreement with
experimentally observed and previously calculated low stacking fault energy [43, 32, 44].
Considering the model was not re tted at all, these are quite good results. The MD runs at
900K for fcc have very similar radial distribution function to the results obtained by Foley
et al. by EAM potential [45]. More importantly, even at higher temperatures the radial
distribution function does not change too much, hinting at chemical SRO not disappearing.
At 1100K the common neighbour analysis nds some changes to the fcc structure. Around
11% of atoms switch to the Other count, meaning some displacement is happening from
the original fcc cell. Our script did not observe any atomic type switches on positions so
this is purely a local deformation of nearest neighbours, not necessarily a change in SRO.
This is also con rmed by a visual check, where the structure doesn't really change over all
the trajectories. It may be possible that at longer simulation times or maybe using multiple
xes, i. e. starting the simulation from higher temperature to give the system more energy
for faster transformation would reveal more.

Figure 3.9: Enthalpy obtained from MD runs.

For the hexagonal phase the situation was mostly the same. The RDF peaks were
slightly di erent at higher temperature though. The third and 4th peak at 600K merge
into one at 1100K. This could be explained by looking at the common neighbour analysis,
speci cally at its render. The approximately 11% change from HCP to Other count was
observed in HCP in the same way as FCC. Same situation was for the atomic swaps, no
atoms have changed their positions completely so again it is just local distortion. Only when
looking at the structure visually some di erences were clearly visible. In fcc (green atoms)
the change to other (white atoms), visible in Figure 3.10a), was mostly small clusters
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or single atoms that were displaced. Meanwhile for hcp, visible in Figure 3.10b), the
displacement (white atoms) was more tied together into larger clusters. Additionally, very
small fractions of bcc local neighbourhoods (blue atoms) were observed. Here it would be
even more interesting to observe longer simulation runs to observe what would happen.

(a) CNA visualisation for fcc at 1100K. (b) CNA visualisation for hcp at 1100K.

Figure 3.10: CNA visualisations, fcc structure is green, hcp is red, white are the displaced
atoms, blue is some displacements into bcc structure.
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4. YMn 2 calculations
4.1 Models

To simulate the compound, a conventional C15 Laves unit cell was used with 24 atoms,
16 Mn and 8 Y atoms. The various magnetic structures that were generated contained
a ferromagnetic ordering (FM) and 7 di erent antiferromagnetic orderings. The initial
magnetic moments were all set up along the [0 0 1] direction. One was generated to have as
much of antiferromagnetic ordering as possible (AFM1), two were generated from previously
experimentally measured and proposed orderings (AFM2, AFM3) [4] and then three with
randomised magnetic moments generated bggsgenerator [16] to obtain di erent ordering
than pure antiferromagnetic with various levels of ferrimagnetism (AFM4, AFM, AFM6).
Another experimentally observed ordering was added as the AFM7 structure from [46]
but it was only considered for the metaGGA calculations. The two orderings AFM2 and
AFM3 were basically the same structure in case of spin-up and spind-down setup but with
a di erent axis of magnetization. This means that AFM2 direction of magnetization was [0

0 1] and AFM3 would have to be magnetized along [1 0 0] direction to be completely equal.
For AFM6 the magnetic moments were basically randomly distributed between Mn atoms
with spin-up and spin-down. This was achieved by using thesgsgenerator on just the Mn
sublattice without Y atoms. For the sake of simplicity half of the Mn atoms were replaced
with some other element so that the values of W-C parameters received from sqsgenerator
were immediately correct. With Mn atoms representing the spin up state and element X
representing the spin down states, i.e. mnmn = wMn™ and mnx = wmn . The received
W-C parameters can be found in Table 4.1 and their visualisation can be seen in Figure 4.1
with spin up being the red arrows and spin down yellow, the crystallographic direction
[0 0 1] is shown as the black arrow. There were no constraints implemented on magnetic
moments. Lastly, the non-spin-polarized calculations were done as well for full reference.

. : 1st NN 2nd NN 3rd NN
Magnetic ordering

Mn "# Mn "™ Mn "# Mn "™ Mn "# Mn ™
AFM1 -0.333 | 0.667 | -0.333 | 0.667 | 1.000 | 0.000
AFM2 -0.333 | 0.667 | 0.333 | 0.333 ] -0.333| 0.667
AFM3 -0.333 | 0.667 | 0.333 | 0.333 | -0.333| 0.667
AFM4 0.333 | 0.333 | -0.333| 0.667 | -0.333| 0.667
AFM5 0.167 | 0.417 | -0.333 | 0.667 | 0.000 | 0.500
AFM6 0.000 | 0.500 | 0.000 | 0.500 | -0.333| 0.667

Table 4.1: Warren-Cowley parameters for di erent magnetic orderings.

For metaGGA calculations, the pure -Mn was calculated as well to validate the results
of [47]. For this the conventional unit cell containing 58 Mn atoms was used. The Mn
crystallizes in | 43m space group. Furthermore, there are 4 di erent magnetic sublattices
making the mangetic structure quite complicated, magnetic structure | is nearly antiferro-
magnetic in the [0 0 1] direction on the corners of the cell and on the middle atom, Il which
is mostly antiferromagnetic in [0 O 1] direction but the spins are canted, Il is divided into
Illa and Illb and is mostly oriented in the (0 0 1) plane and IV, which is also divided into
IVa and IVb. All of these can be seen on a Figure 4.2.
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