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Summary

The present thesis discusses two modelling endeavours that serve to provide insights into both
the magnetic and structural dynamics associated with a first order magnetic phase transition.

Firstly, density functional theory has been used to model the lithiation of a supercell of 2x2x2
the conventional unit cell of the ferromagnet Fe;P. Subsequently, the magnetic moments in the
resulting structure were set to proxy a paramagnetic state and compute the energy difference
between the ferromagnetic and paramagnetic state. It has been found that non-magnetic Li-
atoms substitute for magnetic Fe-atoms at 3g-positions in the the a,b-plane. Moreover, since these
are the positions of Fe-atoms that carry a high magnetic moment and induce a magnetic moment
on the Fe-atoms in the 3 f-layer, the lithiation of the respective positions leads to a reduction of
the magnetic moment per formula unit. The energy difference between the ferromagnetic state
and the selected proxy of a paramagnetic state showed to decrease linearly in the fraction of
lithiated 3g-positions. This deviates from experimental findings suggesting an increase of T¢ of
the structure upon lithiation. This difference can stem from the fact that the lithiation fractions
considered here were higher than those achieved experimentally or that the selected proxy of a
paramagnetic state was incorrect.

Secondly, the finite element method has been applied to approximate the displacement field
of a 2D structure consisting of grains distributed over two structural phases with different associ-
ated lattice parameters. The development of shear stress discontinuities across grain boundaries
has been studied in relation to the degree of porosity in a domain. The replacement of grain
boundaries by voids appears, after correction for the orientation of edges at these grain bound-
aries, to lead to a reduction in the values for these discontinuities. More delicate development
of the grid to correspond to physically realistic orientations of grain boundaries is needed to
gain more robust quantitative measures for this relation. Moreover, the relation between the
orientation of grain boundaries and shearing stresses at these boundaries forms an interesting
venue for further research to which the present FEM-model can be readily applied.

ii



List of abbreviations

Acronyms Mathematical symbols & Physical quantities
DFT Density Functional Theory a, b, c Lattice vectors
FEM Finite Element Method A Element area
FOMT | First Order Magnetic Phase Transition B Interpolation matrix of strain
GMCE Giant Magnetocaloric Effect C Heat capacity
MCE Magnetocaloric Effect d Nodal displacement vector
SOMT | Second Order Matnetic Phase Transition D Elasticity matrix
VASP Vienna Ab Initio Simulation Package E Young’s modulus
H Magnetic field
J Exchange interaction coefficient
M Magnetization
N Interpolation matrix of displacement
S Entropy
Te Curie temperature
ATyq Adiabatic temperature change
u(x) Displacement field
Greek letters
Ol Qlyy Expansion coefficients
n Magnetic moment
v Poisson’s ratio
€ Strain tensor
II Potential energy
o Stress tensor

Uw:c b Uyy7 sz
7]

¢

Stress tensor components
Shear stress discontinuity across edge
Phase indicator
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1 Introduction

A promising field of research within the subject of materials sciences revolves around the mag-
netocaloric effect (MCE). In this phenomenon the application of an external magnetic field to
a material with magnetic degrees of freedom leads to a temperature increase of the respective
material [I] [2]. Accordingly, energy transfers from magnetic states to energy stored in temper-
ature differences, and vice versa. A promising application of the MCE is magnetic refrigeration
[3]. Here, the cyclic application of an external magnetic field to a material and the consequent
removal of heat due to a temperature difference with the environment leads to a process with,
firstly, a higher efficiency than conventional, compression gas-based refrigeration techniques and,
secondly, depletion of the ozone layer due the use of harmful gases does not occur [3] [4]. An-
other possible application of the MCE rests in the cyclic magnetization and demagnetization of
a material as the temperature of its local environment is changed. Accordingly, the waste heat
of some industrial process can be exploited to generate rotational motion [5].

In the search for magnetocaloric materials with optimal characteristics for the above pro-
cesses, several factors are of importance. Firstly, the magnitude of the MCE, the temperature
change over a unit of magnetic field change, is desired to be big [6]. Secondly, the tempera-
ture range in which this effect is greatest should coincide with the desired temperature range
in which the process is expected to operate [3]. For example, the operational temperature of
refrigerating cycles lays near room temperature. Lastly, changes in the lattice parameters of a
magnetocaloric material during the MCE should be limited or mitigated as to prevent the pro-
gressive development of fractures in the material due to the buildup of shear and tensile stresses
[6].

The present thesis addresses two of these aspects and is correspondingly divided into two
parts. Firstly, using Density Functional Theory (DFT), the process of lithiation of FesP is
modelled. FeyP is a ferromagnetic material with a Curie Temperature (T¢) of around 217 K
[7] [8]. Experimentally it was discovered that the substitution of nonmagnetic Li-atoms for
magnetic Fe-atoms in this material leads to a significant increase of this T [9]. Using DFT, it is
the objective to find the preferred position for Li-atoms in this lattice and thereupon to estimate
the structure’s transition temperature and its dependence on the lithium content.

Secondly, a mathematical model is developed to account for the buildup of stresses in a
material during a magnetic phase transition. Here, the Finite Element Method (FEM) is applied
to approximate the minimum energy state of a 2D material in which domains are randomly
distributed over two phases and correspondingly have different equilibrium dimensions. This
model is then manipulated to allow for the introduction of porosity into the bulk of the material.
Finally, it is the objective to find a relation between the shear stress and the degree of porosity
in such a material.

The outline of the present thesis is as follows. Firstly, in chapter [2| the general physical back-
ground of the MCE is considered, as well as the determinants of the T of a material and some
experimental findings relating to fracturing during magnetic phase transitions. Subsequently, we
move to the first part of this work related to the modelling of the lithiation of FesP through
DFT. Here, chapter [3|deals with the fundamental aspects of DFT and the methodology, whereas
chapter [] provides the results and a discussion. The second part part is dedicated to the develop-
ment of an FEM-model of the development of internal forces during a magnetic phase transition.
Chapter [5| introduces the FEM and its application to continuum mechanics while it leads the
reader through the development of a model. Chapter [6] presents the respective results. Chapter
[7] provides a combined conclusion to both parts of this thesis.



2 Theory

In the present chapter, the magnetocaloric effect (MCE) is introduced. Moreover, the chapter
briefly discusses literature relating to the two topics that are subject to the modelling endeavors
in this thesis, namely the tuning of the working temperature of a magnetocaloric material and
the buildup of internal stresses during a magnetic phase transition.

2.1 The magnetocaloric effect

An intuitive description of the magnetocaloric effect can be given on the basis of thermodynamic
variables, thus disregarding the actual mechanics of the phenomenon at an atomic level [I][I0].
Firstly, we assume to be operating under adiabatic conditions, thus holding the total entropy of
a system under consideration constant. In the absence of an external magnetic field the magnetic
moments of a material in a paramagnetic state will be randomly oriented, translating into a high
magnetic entropy. When the material is placed in an external magnetic field, the moments will
generally align to the magnetic field. Since this leads to a reduction of the magnetic entropy, the
randomness of the orientation of the magnetic moments, the adiabatic requirement implies that
an increase in the entropy stored in the temperature of the material occurs. In other words, a
temperature increase of the material is observed.

This process is now elucidated at the hand of thermodynamic equations [10]. Here, we
assume to operate under constant pressure and under adiabatic conditions, thus keeping entropy
S constant.

If the magnetization M and entropy S are continuous functions of H and T, the infinitesimal
magnetic entropy change is related to the derivative of M with respect tot 1" at a fixed magnetic
field as follows.

(6SM(T,H)> B (6M(T,H)> 1)
OH T oT H

Now, we use the defining equation of the heat capacity at constant pressure, dependent on
Hand T.

(8S(T,H)) B (Cp(T,H))
or o T H
and, expanding dS through the relevant partial derivatives
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Since we assume to operate under adiabatic conditions, TdS in equation [3| equals zero. Ac-

cordingly, the infinitesimal adiabatic temperature change due to a change of the magnetic field
follows as

TdS:T(

ar(r, i) = - ( T )H(aM(T’H)

dH 4
C(T,H) oT )H )
Integration over the magnetic field from H; to Hy yields

Hy Hy

(o Dt

The MCE occurs in any material with magnetic degrees of freedom [I]. However, from the
expression for AT,, in equation [5} it is evident that the temperature change due to a magnetic

AToi(T)an = /

H,

dT(T, H) = _/Hl <O(T, H)



field change AH depends on the material that is used and the temperature range in which one
operates. For a given material, AT,y is generally largest at temperatures where the materials
magnetic ordering changes quickly with temperature, around a so-called critical temperature.
In ferromagnetic materials, this critical temperature is the Curie Temperature (T¢). This is
the temperature above which the parallel ordering of the magnetic moments in a ferromagnetic
material has fully broken into a random order, called paramagnetic.

Here we can differentiate between first order and second order magnetic phase transitions
(FOMT and SOMT, respectively). FOMT-materials have a discontinuous first derivative of
the magnetization and Gibbs free energy with respect to the temperature, whereas for SOMT-
materials this applies to the second derivative of the respective quantities [I0]. This implies
that the MCE for FOMT-materials is generally stronger than for SOMT-materials. Moreover,
in most FOMT-materials, the discontinuous magnetic phase transition goes together with a
discontinuous change in the lattice parameters and/or relative atomic positions, leading to so-
called magnetostructural phase transitions [3] [6].

Some FOMT-materials exhibit an exceptionally large MCE, leading to the classification of the
Giant Magnetocaloric Effect (GMCE). This is generally proposed to be the consequence of the
coincidence of the jump in the magnetization of FOMT-materials and the crystal structure, upon
which the entropy related to the crystal structure changes as well. leading to so-called magneto-
structural effects [3] [6]. During the magnetic phase transition of these materials. For materials
exhibiting the GMCE, the associated change in the structural entropy is of the same sign as the
change of magnetic entropy[I1]. Accordingly, the overall entropy decrease in these materials is
unusually high, leading to a higher temperature increase required to keep total entropy constant.

2.2 Tuning the working temperature

In the search for materials possessing magnetocaloric properties suited for applications in for
example magnetic refrigeration, not only the size of the magnetocaloric effect is of importance,
but also the temperature at which the maximum magnitude of this effect is reached, the critical
temperature. For ferromagnetic materials, this is the T¢. This working temperature, which is
a material-specific property, is ought to lay around room temperature for purposes of magnetic
refrigeration and in the range 20 to 80 °C for the conversion of waste heat into electric energy. An
often-quoted ferromagnet possessing favorable magnetocaloric properties is Gadolinium (Gd), a
rare earth metal [4]. This metal has a Tc of around 20 °C [12]. The associated material
Gds5SiaGeg exhibits a GMCE of about 50% higher than that observed in Gd [I3]. However, since
Gd is a rare earth metal, any magnetic refrigeration technique relying on the use of materials
containing significant fractions of Gd would be rendered too expensive. Thus, the search is for
magnetocaloric materials with comparable properties, but consisting of more readily available
materials.

The T¢ of a ferromagnetic material logically scales with the (thermal) energy required to
break the parallel ordering of the magnetic moments in the respective material [I]. This energy
is a function of the number of magnetic positions in the crystal, the magnitude of the magnetic
moments at these positions, and the strength of the exchange interaction between the atoms at
different positions [14]. For a simple structure with one magnetic atom per unit cell, mean-field
approximations result in the following expression for T¢. Here, Jy = > ;Joj 1s the summation
over all exchange interaction coefficients with the magnetic atom in a unit cell and g = ||| the
magnetic moment of the respective atom.

Ty = W (6)



For structures with more than one symmetrically unique atomic position, this mean field
theory approach can be expanded by considering the various sublattices present in the respective
lattice [14]. Here, T¢ follows as the largest eigenvalue of a system of equations given by equation

In this system, 6,,, = %J{fm sums the interaction coefficients of a symmetrically unique
atomic position in sublattice m with all positions in sublattice n and S is a vector containing the
moments of the symmetrically unique atoms in the respective sublattices.

(© - TS =0 (7)

Whereas this mean field estimation of T is expected to deviate from the true experimental
value upon increasing numbers of sublattices, the qualitative insights into the development of
Te provided by this approximation can be valuable.

Exchange interactions between atoms are highly sensitive to the local environment of the
respective atoms and the distance between these atoms. Accordingly, introducing foreign ele-
ments into a lattice can not only effect the T through the magnetic moments they carry, but
also through the influence they have on the crystal structure of the material. It can thus be
that, upon the substitution of nonmagnetic elements for magnetic elements, such as Li-atoms for
Fe-atoms in FesP [0], one observes an increase of the To of the material.

To find materials with favorable magnetic properties, it is not always necessary to compose
materials and experimentally find the respective working temperature. For example, modelling
algorithms such as density functional theory (DFT) enable researchers to draw expectations
on the unit cell build up and respective magnetic behavior of alloys subject to investigation.
In DFT, the energy-minimizing solution for the Schrodinger equation corresponding to a given
system is approximated by fixing the atomic positions and considering the electronic density as a
dependent variable. For more detail on DFT, the reader is referred to section [3.1] This so-called
ab initio modelling forms a good starting point into the magic land of the magnetocaloric effect
and will be used in this report to model the magnetic properties of lithiated FesP.

2.3 Fracture-formation in magnetocaloric materials

As has been discussed above, one of the main characteristics of FOMT-materials is the fact
that the magnetocaloric effect occurs simultaneously with a discontinuous change in the lattice
parameters and/or the relative atomic positions [6] [I1]. Since projected applications of the mag-
netocaloric effect rest in a cyclic passing of the material through the magnetic phase transition,
it is of importance to consider the effect of a repeated passing through such magneto-structural
changes on the used materials.

The changes in lattice parameters occurring during a FOMT are considerable. For example, a
2.2% volume change is reported for the phase transition of MnAs [I5]. In FeyP, the material that
is at the core of the first part of this thesis, the discontinuous changes in the lattice parameters
a and ¢ upon its FOMT from a ferromagnetic to a paramagnetic state are respectively -0.06%
and +0.08% [16]. When a discontinuous change of the lattice parameters is observed between
the ferromagnetic and paramagnetic state, the development of stresses in the lattice at interfaces
between the two phases is expected. This in turn can lead to fractures in the material. Although
in essence, small fractures are not detrimental to the functioning of a material, the propagation
of fractures in a material can severely limit its usability. According to Belyea et al., a big
disadvantage of the use of FOMT-materials is the fact that due to the repeated passing through
magneto-structural changes these materials are subject to “cracking and fatigue, which severely
limits their useful lifetime” [I7), p. 1].

Moreover, the size of the magnetocaloric effect is reported to change when a material passes
through a magnetostructural transition repeatedly, arguably due to the formation of novel cracks



[18]. Likewise, Waske et al. report that the “size and shape of hysteris changes, which is at-
tributed to the opening of cracks, due to strain exerted on the material during the magnetocaloric
transition” [I8, p. 136]. This explanation comes on top of the so-called virgin effect, the differ-
ence in behavior, most notably the value of T, of a material the first time it experiences a phase
transition and later runs. This effect has been reported for FeoP as well [19].

None of these observations lead to the rejection of FOMT-materials as unfit for practical
applications, but the above points of critique do require a solution if FOMT-materials are to
be applied to cyclic processes such as magnetic refrigerating. In recognition of this fact, Lyu-
bina et al. introduced 20% porosity into a sample of LaFeSi [20]. Although this decreases the
optimal, first run energy density of the material, the authors report that “LaFeSi refrigerants
with porous architecture do not degrade mechanically during cycling, thus maintaining excellent
cooling performance” [20, p. 3735]. This is attributed to the partial removal of grain boundaries,
thus reducing the number of phase interfaces at which stresses build up.

Since the introduction of porosity reduces the energy density of a material, it is relevant to
study the relation between the percentages and loci of porosity on one hand and the buildup of
internal stresses on the other hand. This will be done in the second part of the present thesis.

2.4 FGQP

The starting material for the DFT-calculations presented in this thesis is FeoP. To facilitate
discussion later on in this work, some relevant references relating to this material are discussed
here.

FeyP is a ferromagnetic material with a T of 217 K [7]. Its magnetic phase transition
is reported to be of the first order. Its crystal structure is in the hexagonal space group 189
(P62m), as presented in figure[l} In this structure, we identify a unit cell with ¢ of length 3.458
A perpendicular to a and b, and an angle of 120° between a and b, which have a length of 5.813
A. Due to the set of transformations (rotation, inversion, and translation) under which this
structure is symmetric, we identify two crystallographically unique Fe-positions and two unique
P-positions. The positions occupied by the P-atoms are referred to as 16 and 2¢, whereas the
Fe-atoms occupy 3f- and 3g-positions, as presented in table [I| [21]. Given these positions, the
lattice parameters, and the values of variables with a degree of freedom, the crystal structure
can be constructed.

Table 1: Wyckoff positions of the atoms in FeoP [21I]. For the Fe-atoms, the respective experi-
mental value of x as presented in [22]. The lengths of the lattice vectors are a = 5.868 A anc ¢
= 3.458 A.

Atom | Wyckoff Position Coordinates x (Exp.)
Fe 3f (x,0,0), (0,x,0), (-x,-x,0) 0.257
Fe 39 (X,O,%), (O,X,%), (—X,—X,%) 0.595
P 2¢ (3,2,0), (3, 3,0) -

P 1b (0,0,3) -




Figure 1: A unit cell of FeoP with magnetic moments in (a) and a view along the c-axis in (b).
The 3f- and 3g-positions of Fe are indicated by respectively big red and purple spheres, the
2c- and 1b-positions of P by small red spheres. The small induced magnetic moments on the
P-atoms are not shown in (a)

Regarding the magnetic properties of this material, these follow mostly from the magnetic
Fe-atoms. According to [7], the magnetic moments of Fe-atoms in this ferromagnetic material
are oriented along the c-axis. Moreover, the magnetic moment of the atoms at the 3g-positions is
significantly bigger than that of the 3 f-positions, with a reported 2.31 and 0.69 pp respectively
[23]. The fact that two atoms of the same type carry such different magnetic moments in one
material is referred to as mixed magnetism [24].

Liu et al. apply DFT-calculations to FesP to gain information on the exchange interaction
between the Fe-atoms at the different 3 f- and 3g-positions [25]. From the exchange interaction
graphs in figure [2] which plot the exchange interaction coefficients in FeoP against the distance
between different atomic positions, some exchange interactions stand out. Firstly, the interactions
between atoms at 3 f-positions are relatively weak. Secondly, the closest Fe-atoms within a 3g-
plane are strongly coupled by a positive coefficient. Between different 3g-layers, however, there
is very weak direct interaction. Thirdly, between neighboring 3 f- and 3g-layers, there are several
pairs with a positive exchange interaction, indicating that the magnetic moments in neighboring
3f- and 3g-layers tend to align parallel.
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Figure 2: Distance dependence of the inter-site exchange interaction coefficients as computed in
[25], normalized by the lattice constant a = 5.81 A. (a) 3f-3f interactions (b) 3¢-3¢ interactions
(c) 3f-3¢ interactions.

The found values for the exchange interactions lead the authors to propose the following
mechanism for the magnetic phase transition for FesP. In the paramagnetic state, as FesP
approaches its T from above, the strong exchange interaction between the nearest neighbors
within a 3g-layer causes the magnetic moments of these atoms to be aligned. Due to this
alignment, the positive interaction between 3 f- and 3g-layers causes the former to become aligned
with the latter. This coupling in its turn mediates the alignment of moments between different
3g-layers, which would otherwise show little interaction. The result is a ferromagnetic state.
This view on the interaction between magnetic moments of a mixed magnetic material such as
FeyP around it T¢ is proposed by Dung et al. as well [24]. In the DFT-calculations that are
discussed in this thesis, it is thus of importance to see if we can get a hold of the exchange
interaction coefficients during the lithiation of Fe;P, as these terms are directly linked to the T
of the material.
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Modelling the lithiation of Fe,P with
DFT



3 Methodology

In the present section, the methodology of the first part of this thesis is presented. Firstly, the
fundamental aspects of DFT and its implementation in the Vienna Ab Initio Simulation Package
(VASP) are discussed. Thereafter, the approach to model the lithiation of FeoP and the magnetic
phase transition of the resulting structure using VASP is discussed.

3.1 VASP

As has been stated, the first part of this thesis uses VASP software, an implementation of DF'T,
to perform energy-minimizing calculations on the crystal structure of lithiated FeoP. The details
on DFT and VASP will not be discussed. However, some aspects that are essential for the
interpretation of the results are discussed here.

Density Funtion Theory, a method of which VASP is an implementation, is applied to ap-
proximate the energy-minimizing configuration of the atoms in a lattice that solve the respective
multi-body Schrédinger equation [26]. In DFT, the high-mass atoms in a material are fixed at a
position and the degrees of freedom following from the movement of low-mass electrons reduced
by dealing with an electronic density [27]. Discretization of this electronic density occurs by
sampling the first Brillouin zone, the unit cell of k-space, the reciprocal of real space. Here, one
selects a function-type, such as plane waves or Gaussian shapes [2§].

The iterative procedure applied in VASP consists of a series of self-consistent steps. Within
each self-consistent step, convergence of energy levels with respect to the electronic density at
some fixed distribution of atomic positions is achieved [28]. Then, from round to round, the
atomic positions are allowed to change as to achieve convergence of the final energies between
rounds as well. One can choose to fix the lattice parameters or allow these to vary as well [28§].
The result is an overview of the atomic positions and electronic density of the energy-minimizing
structure at 0 K. Moreover, scalar magnetic moments can be presented for each atomic position.

From this very general description of the procedure, the most relevant parameters that enter
into a VASP-calculation emerge. Namely, one enters a starting configuration of the atoms, as well
as a starting magnetic moment at each position. Since the procedure of VASP, if it converges,
converges to a local minimum, it is of utter importance that these initial guesses are somewhat
close the global minimum. This can either be achieved by referring to experimental data on
the respective crystal structure or by performing rough calculations over a wide range of lattice
parameters and comparing the results.

Secondly, the user enters a set of sampling and convergence parameters [28]. Sampling param-
eters k and ¢ indicate at which rate the electronic density is sampled, whereas the convergence
limit indicates the maximum difference between the energies of two subsequent iterations below
which VASP draws the conclusion that the calculations have converged.

3.2 Lithiation of Fe,P

Through the use of VASP, the lithiation of FesP has been modelled. In order to do so, a supercell
of 2 x 2 x 2 times the conventional unit cell as presented in figure [I] has been used. Using this
supercell in stead of the conventional unit cell provides a higher number of possible locations
that can be lithiated and accordingly allows for smaller steps in the lithiation process. However,
the dimensions of the supercell are limited by the higher computational time required to perform
calculations on bigger cells.

Departing from this structure, the preferred position of each next Li-atom in the supercell
is established. The preferred position of a Li-atom is identified as the position of an Fe-atom



which, upon replacement, gives the lowest total energy for the supercell. Here, we exclude the
possibility of a Li-atom substituting for a P-atom since experiments have found that lithium
replaces Fe-atoms, and not P-atoms, in the structure of FeoP [9]. Moreover, the atomic radius
of P-atoms is a lot smaller than the radius of Fe- and Li-atoms, leading us to expect the latter
two types to be more likely to substitute for each other.

Since at each step in the lithiation process, there is a high number of possible positions for
the next Li-atom, a sparse k-grid has been used. Moreover, the calculations for each structure
were cut off after two self-consistent iterations. This approach is justified by the fact that, if one
structure has a lower total energy upon convergence that another structure, the former generally
has a lower energy than the latter after fewer iterations as well.

In the above procedure, at each step in the lithiation process the lattice parameters and
atomic positions of the pure FesP supercell have been used. Accordingly, it is assumed that the
actual changes of the lattice parameters and relative positions of the atoms in the supercell do
not dramatically influence the energies of the possible lithiated structures, such that conclusions
with respect to the preferred position of each next Li-atom remain valid.

In order to draw conclusions as to whether a certain lithiated structure is viable in nature,
the energy upon each step in the lithiation process is compared to the energy of the supercell
with one Li-atom less. For the lithiation step to be physically admissible, the energy increase
of the supercell must at least be lower than the energy difference between one Fe-atom and one
Li-atom in their pure body centered cubic (bcc) state. This follows from the principle that the
available atoms are arranged in such a way as to minimize the total energy.

3.3 Lithiated structure

As has been stated in chapter experiments with lithiated FeoP have indicated that upon
lithiation, the T¢ of the material increases by 100-200 K [9]. Since lithium is a nonmagnetic
material and iron is magnetic, this seems like a surprising results. Accordingly, it is of interest to
see if ab-initio calculations on lithiated FesP can be used to find an explanation for this behavior.
Hence, the magnetic properties of the lithated structure will be studied and compared to the
magnetic properties of pure FesP.

Firstly, the development of the structural parameters throughout the process of lithiation is
regarded. Since the magnitude of magnetic moments, as well as the magnetic exchange inter-
actions between atoms of a kind are highly sensitive to the local environment of the respective
atoms, as well as the distance between atoms, it is of importance to study the development of
these factors upon lithiation. Moreover, a sensitivity of the T¢ of hexagonal ferromagnets to the
¢/a-ratio is often reported (e.g. [29]). Accordingly, the development of the ¢/a-ratio is considered
as well.

Secondly, the development of the magnetic moments at the 3 f- and 3g- positions throughout
the modelled lithiation is studied. Since the T of a ferromagnet is dependent on, among other
factors, the magnetic moments of the atoms present in the respective material, it is relevant
to see if the magnetic moments of the remaining Fe-atoms increase or decrease throughout the
process of lithiation.

3.4 Magnetic transition

To model the magnetic transition of the lithiated structure, the energy corresponding to some
artificial orderings of magnetic moments is calculated. In this approach, we stay within the
constraints of VASP’s settings of calculations with collinear magnetic moments. Here, VASP
only returns the size and sign of magnetic moments, without specifying a direction. This is a
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clear limitiation of the modelling technique that is used, since it limits the types of magnetic
ordering that can be achieved. Moreover, since in general, VASP calculations converge towards
formations corresponding to a local energy minimum, only a limited number of such artificial
orderings of the magnetic moments can actually be achieved, namely those located near a local
minimum. Adding to the fact that such orderings are very rough proxies of a paramagnetic state,
VASP-calculations assume a temperature of 0 K, whereas the transition from a ferromagnetic to
a paramagnetic state occurs at a finite temperature.

The primary condition on these orderings is that the sum of the magnetic moments over the
supercell should approach zero, since we are looking to model a transition to a paramagnetic
state. An approach is to model the paramagnetic state by an antiferromagnetic state, in which
layers with alternating moments are placed along the direction of ¢ [25] [30]. An alternative
method is to cleverly group atoms in the plane spanned by a and b and the respective signs of
their magnetic moments in order to achieve a net magnetic moment of zero.

By comparing the energy of such models for the paramagnetic state to the energy found
for the structure with ferromagnetic ordering of magnetic moments, a proxy for the T of the
lithiated structure is developed. Here, we can think of comparing the energy difference of the
same ordering in the pure FeoP state and scaling this with the experimentally found T of pure
FesP to find an actual value for the Ty of its lithiated variant.

11



4 Results

In the following section, the results of the VASP-calculations that were performed to model the
lithiation of Fe;P are presented. General observations regarding the trends in these results are
provided here, whereas a more in-depth discussion of the results is presented at the end of the
chapter. The sampling and convergence parameters used for each of the calculations presented
in this chapter can be found in table [12|in the Appendix.

4.1 Lithiation

The reader is reminded of the fact that a supercell of 2 x 2 x 2 the conventional unit cell of FeoP
is used in the following procedure. This implies that there are two 3 f-layers, containing 12 Fe-
atoms each, and two 3g-layers, containing 12 Fe-atoms each as well. Although the introduction
of Li-atoms into this lattice breaks the symmetry of the supercell and references to 3f- and
3g-positions are factually no longer correct, these references are maintained for convenience.

Firstly, the energies of the supercell with one Li-atom at a 3g-position, respectively a 3 f-
position were calculated. The respective energies are -552.473 and -551.778 eV, indicating that
the 3¢ position is preferred. This is in agreement with the experimental findings in [9].

Departing from a supercell with one Fe-atom at the 3g-position replaced by a Li-atom, the
energy of lithiation of each remaining Fe-position was approximated in accordance with the
method presented in the previous chapter. In figure [3| on the following pages, the resulting
energies of the supercell upon lithiation of the respective 3¢ positions are presented. It was
found that the energy of the supercell upon introduction of a Li-atom at any of the 3 f-positions
was always higher than the energies resulting from introduction of a Li-atom at any of the 3g
position. The difference between the maximum energy of a structure with a Li-atom added to
a 3g-position and the minimum energy corresponding to a Li-atom added to a 3 f-position was
always greater the 0.38 eV. Accordingly, the respective energies of lithiated 3 f-positions are not
displayed.

In figures [33) to 3] on the following pages, we can identify a trend in the preferred position
of the next Li-atom. Firstly, within the 3g-layer in which lithiation has already occurred, the
lowest energy is achieved by placing the next Li-atom near already lithiated positions. In the
other 3g-layer in the supercell, however, we observe the contrary trend. The positions directly
above already lithiated positions give higher energies of the supercell than those positions that
are not above the lithiated part of the other 3¢g-layer. In general, minimal energy results from
clustering the Li-atoms in one of the 3g-layers. Eventually, all of the positions in one of the two
3g-layers are filled with Li, whereas the other 3g-layer, as well as the two 3 f-layers, contain no
lithium.
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Figure 3: Unconverged energies of the supercell upon introduction of the next Li-atom at the positions marked by circles. Positions with
a diamond have already been lithiated. In each spread, the left figure contains the 3g-layer at z = 0.25, in which the first Li-atom was
introduced. In the plots to the right, the 3g-layer at z = 0.75 is displayed. Introduction of a Li-atom at 3 f-positions always led to total
energies far above those presented here and are thus left out of this representation.
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The preference of lithium in occupying positions in a 3g-layer over the 3f-layers can be
explained as follows. Firstly, Li has a bigger atomic radius than Fe, and far bigger than P, with
calculated values of respectively 167, 156, and 98 pm [31I]. Secondly, the distances of an Fe-atom
at a 3f-position to its nearest neighbors are considerably smaller than the respective distances
for Fe-atoms at the 3g-position. Fe-atoms at the 3 f-position have four neighboring P-atoms at
a distance of 2.2-2.3 A and two Fe-atoms in the same layer at a distance of 2.59 A. Fe-atoms at
the 3g-position have five P-neighbors at 2.4-2.5 A and four Fe-atoms in the same layer at 3.05
A. Accordingly, assuming a position in the 3g-layer provides a Li-atom with more space than
occupation of a 3f-position and thus results in a lower total energy. See table [3] in section [£.2]
for the exact nearest neighbor-distances resulting from the computations.

4.2 Lithiated structure

All structures with the next Li-atom at the position found to be energetically favorable in the
above calculations were relaxed, using the parameters that have been found to meet the conver-
gence criteria in the case of the 2 x 2 x 2 supercell of Fe;P. The development of the total energy,
lattice parameters and magnetic moments are now discussed.

Firstly, for further lithiation to be physically possible, the energy increase resulting from the
replacement of an Fe-atom by a Li-atom in the supercell should at least be smaller than the
difference in energy between an Fe-atom and a Li-atom in their pure bce-forms, which is 6.33
eV. The change in energy of the supercell with respect to a supercell with one Li-atom less is
displayed in figure [4] Here, it is clear the the energy increase of the supercell is far below 6.33
eV, making further lithiation physically viable at each lithiation step. This approach, however,
does not take into consideration the possible formation of alternative materials, such as FesP.
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i
o
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N

Figure 4: Energy difference at each step of the lithiation process with respect to a structure with
one Li-atom less.

The non-monotonous trend in AE possibly follows from the fact that some of the intermediate
structures are more symmetric than others, which could lead to a decrease in AE. A good
example of such an occurrence is the structure with 3 Li-atoms (see figure [3d| for the respective
distribution), which regains a symmetry axis as compared to the structure with 2 Li-atoms.
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For the pure Fes;P structure, as well as the Feq 5Lig 5P structure, with one 3g-layer lithiated,
the energies over a selection of combinations of a and ¢ were calculated. In figure[5] the respective
results are presented. The equilibrium lattice parameters change significantly between the two
structures. Whereas a increases upon lithiation, ¢ decreases, leading to a shift of the ¢/a-ratio
from 0.588 to 0.579. Referring to the reported sensitivity to the ¢/a-ratio of exchange interaction

coefficients in general and T¢ in specific, this shift in the ¢/a-ratio could possibly be associated
with a change in T¢.
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Figure 5: Energies at combinations of a and ¢ of (a) pure FeoP and (b) Fe; 5Lig5sP. Note that
the values of a and ¢ covered by the calculations are different for both structures. The parameter
values for the structures after full convergence are indicated with a white dot. We observe an
increase of a from 11.61 to 11.73 A and a decrease of ¢ from 6.849 to 6.807 A due to the lithiation.

In figure @ the development of the volume of the supercell and its ¢/a-ratio are displayed.
It can be seen that the volume of the supercell increases monotonously upon the introduction
of lithium, which is expected given the bigger atomic radius of Li over Fe [3I]. On the other
hand, the ¢/a-ratio decreases upon the introduction of Li, while this trend is not monotonous.
This decreasing trend arguably follows from the fact that lithiation occurs in the a,b-plane, and

a relative increase of a with respect to ¢ is required to accomodate for this addition of atoms
with a bigger radius.
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Figure 6: The development of (a) the supercell’s volume and (b) the supercell’s ¢/a-ratio as a
function of the number of Li-atoms in the supercell.

Given the symmetry of the supercell of Fej 5Lip 5P in the a,b-plane, we can identify a unit
cell smaller than the respective supercell that was used to model the process of lithiation. Here,
compared to the conventional unit cell of pure Fe;P, we still have a doubling along c, since
now the 3g-layers along this direction are alternatingly occupied by Li- and Fe-atoms. In the
supercell, in the plane spanned by a and b, we identify 2x2 times the repeated cell as presented
in figure[7]

As has been stated above, the introduction of Li-atoms into the structure of FeoP breaks the
symmetry of the supercell, rendering the references to the Wyckoff positions 3f and 3¢g for Fe
and 10 and 2c¢ for P in space group 189 incorrect. We now continue to consider the symmetry of
the newly conceived structure, Fe; 5Lig 5P.

The new unit cell shows great resemblance to the unit cell of FeoP. Obviously, ¢ of this new
unit cell is roughly two times as long as in the unit cell of FeoP. At first sight, one might think
that the alternating layers of Li and Fe in the former 3g-layers reduces the number of symmetry
transformations allowed on this structure. However, if we consider the atomic positions with
respect to the plane z = 0.25 (in stead of z = 0), we see that actually the exact same set of
transformations towards which our Fej 5Lig 5P structure is symmetric is allowed as on FeyP.
The Wyckoff positions of the respective atoms are, however, different [2I]. These positions are
presented in table [2}
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Figure 7: Unit cell of Fe; 5Lig sP. The big red and purple spheres represent Fe-atoms at the 3 f-
and 3g- positions, respectively. Small red and purple spheres represent P-atoms at the 2¢- and
1b-positions, respectively, and the yellow spheres are Li. The magnetic moments of Fe at 3f and
3g are respectively 0.65 and 1.99 pp. The small induced moments on the remaining atoms are
not shown.

Table 2: Wyckoff positions of the atoms in Fe; 5Lig 5P, which is part of space group 189 [21].
Here, the plane containing Li-atoms is taken as z = 0. Positions with a degree of freedom in

the value of = or z are denoted with the respective value as found through the computations in
VASP. Moreover, a = 5.866A and ¢ = 6.807A.

Atom | Wyckoff Position Coordinates X zZ
Fe 61 (x,0,£2), (0,x,£2), (-x,-x,xz) | 0.257 -
P 4h (3, 2, %2), (2, 5, +2) - 0.263
Li 3f (x,0,0), (0,x,0), (-x,-x,0) 0.591 -
Fe 39 (x,0,2), (0,x,3), (-x,x,3) 0.595 -
P la (0,0,0) - -
P 1b (0,0,3) - -

In table [3] the distances between the Fe-atoms in the 3f- and 3g-layers and their nearest
neighbors in FesP and Fe; 5Lig 5P are presented. Since both the magnetic moments of the atoms
in a material and the exchange interactions between the respective atoms are highly sensitive to
the local environment of the atoms, it is relevant to consider the change in the local environment
of the magnetic Fe-atoms. It appears that in most of the cases, interatomic distances increase,
which is not unexpected since the volume of our unit cell increases upon lithiation. Decreases in
interatomic distances occur between Fe-atoms in the 3g-layers and P-atoms in the neighboring
3f-layers, from 2.454 to 2.403 A, and between Fe-atoms at the 3f- and 3g¢-positions, going from
2.693 to 2.687 A. Referring to the finding in [25] that the interaction between the 3f- and 3g-
positions is decisive for the magnetic behaviour of Fe;P, the decrease of the distance between
these positions could have implications towards the magnetic behaviour of Fe; 5Lig 5P.
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Table 3: Interatomic distances d for the Fe-atoms at the 3f- and 3g-positions in FesP and
Fej 5Lip.5P. The subscripts 1, 2, and 3 represent, respectively, whether a neighbor is located in
a 3f-layer, a 3g-layer containing Fe-atoms, or a 3g-layer containing Li-atoms. The multiplicity
of each neighbor is indicated by the integer preceding the atomic type.

3f 39
FGQP Fe1_5Lio,5P FGQP Fe1_5Lio_5P
Neighbor | d(A) Neighbor | d(A) Neighbor | d (A) Neighbor | d(A)
2Py 2.190 2Py 2.217 1Py 2.373 1Py 2.375
2P, 2.272 1Py 2.270 4P, 2.454 4Py 2.403
1P; 2.274 2 Fey 2.587 2 Fey 2.614
2 Fey 2.587 1 Li 2.600 4 Fe; 2.693 4 Fe; 2.686
1 Fey 2.614 4 Fey 3.045 4 Feg 3.089
2 Fey 2.587 2 Fey 2.608
4 Fey 2.693 2 Fey 2.687
2 Li 2.703

The approach to model the lithiation for FesP has, until now, always considered the next
preferred position for an additional Li-atom, and compared the marginal energy increase of the
supercell to the energy difference between Fe and Li in their respective pure bcc states. The
observed trend was that the Li-atoms tend to group together in a 3g-layer. It could well be,
however, that due to different mixing entropies, a supercell with a fully lithiated 3 f-layer has a
lower energy than our lithiated structure with one 3g-layer filled with Li. Moreover, it can be
informative to perform some boundary checks on the energies of a structure with two lithiated
3g-layers, and a structure with both a 3f- and 3g-layer lithiated. The respective energies are
presented in table [

Table 4: Energies of structures with the indicated percentages and planes of lithiation. A 50%
filling rate of 3f or 3¢ implies that one out of the two layers of the respective kind is lithiated.

Structure Pure | 50% 3¢ | 50% 3f | 100% 3¢ | 50% 3g, 50% 3f
Energy (eV) | -558.45 | -486.26 | -478.40 | -409.02 -409.51 height

The calculated energies confirm that also in the case of fully lithiated layers, the 3g-layer is
energetically preferable. Moreover, proceeding the lithiation from our structure with one 3g-layer
filled, we see that lithiation is no longer energetically favorable. Each added Li-atom leads to an
energy increase of the supercell of on average 6.44 eV and 6.40 eV in the cases of respectively
lithiation of another 3g-layer, or one of the two empty 3f-layers. Both these average energy
differences are higher than the energy decrease due to the difference in pure state energies of Fe
and Li, being 6.33 eV.

As has been stated, the above calculations serve merely as boundary checks. Actually, the
further we proceed the process of lithiation, the less likely it becomes that our assumption of
the supercell retaining its hexagonal shape holds. In fact, first-principle calculations of FeLiP
indicate that this structure is no longer of the hexagonal space group, but in the tetragonal
pd/nmm space group [32] [33]. Such changes in the space group are difficult to account for
in the absence of experimental data on a certain structure, other than heuristic trial-and-error
methods. It cannot be excluded that a change in space group occurs already at an earlier stage
of the modelled lithiation process.

Taking into account this remark, we conclude the following findings with respect to the
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structural development of the supercell upon lithiation. Firstly, the preferred occupation follows
a pattern in which clustering of Li-atoms occurs in the a, b-plane. Secondly, as a result of this
lithiation, we observe a decrease of the ¢/a-ratio. Lastly, a reorientation of the atoms in the
unit cell leads to an increase of most of the interatomic distances, since the supercell volume
increases, while the distance between Fe-atoms at the 3f- and 3g-positions forms a noteworthy
exception. The following section turns to discuss the development of the magnetic moments of
the Fe-atoms throughout the process of lithiation.

4.3 Magnetic moment development

In figure [§] the development of the magnetic moments at the 3g and 3 f-positions is presented.
At both positions, we observe a decrease in the magnetic moment. From FesP to Fey 5Lig 5P,
the moment at the 3g-position goes from 2.23 to 1.99 up, a 10.8% decrease, whereas the moment
at the 3 f-position goes from 0.83 to 0.65 up, a 21.6% decrease. However, due to the asymmetry
introduced in the supercell in all but the pure and fully lithiated case, we also see that at some
positions the magnetic moment is actually higher than the starting moment.
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Figure 8: The development of the spread of magnetic moments at the (a) 3g-positions and (b) the
3 f-positions (circles), as well as the average over the respective positions (pluses) . Here, the area
of a circle scales with the number of positions in the supercell sharing the respective moment. It
should be noted that, since the total number of 3g-positions decreases upon lithiation, the total
area in (a) decreases upon lithiation. For both the 3g- and 3 f-positions, the magnetic moments
show a decreasing trend.
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Figure 9: The total magnetic moment averaged per formula unit of (Fe,Li)sP. The upper line
indicates the development of the magnetic moment due to the mere reduction of magnetic Fe-
positions in the 3g-layer, under the conservation of the initial moments of 2.23 and 0.83 up for
the remaining Fe-atoms at 3 f- and 3g-positions, respectively.

For both positions, we thus observe that the magnetic moments of the remaining Fe-atoms
tend to decrease due to the reduction of the number of magnetic Fe-atoms at the 3g-positions.
The fact that the relative decrease in the magnetic moment of Fe at the 3 f-positions is greater
than at the 3g-positions corresponds with the findings in [25] that the moments at the former
positions result from strong interaction with the moments at the 3g-positions. The reduction
of the number of the latter positions thus logically leads to a reduction of the moments of
Fe at the 3f-positions. On the other hand, Fe at 3g-positions carry a moment that pertains,
although sensitive to interlayer interaction with the 3 f-positions, more independently, due to
strong intralayer interaction with other 3g-positions.

The magnitude of the magnetic moments in a structure contribute to the T of the respective
material. However, other factors, most notably the strength of the exchange interactions between
the magnetic atoms, influence this transition temperature as well (see section . Thus, the
monotonous decrease in magnetic moments of Fe-atoms at the 3f- and 3g-positions do not
necessarily imply a decrease in the T of the supercell. In the following section, the present
work turns to proxy this transition temperature by modelling a paramagnetic state for the newly
conceived structure Feq 5Lig 5P.
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4.4 Magnetic phase transition
4.4.1 Antiferromagnetic ordering along c-axis

To model the magnetic phase transition of Fej 5Lig P, firstly an antiferromagnetic ordering
along the c-axis has been constructed by stacking two unit cells along this axis. Here, we can
see that the two segments consisting of a 3f-,3g-, and 3f-layer are seperated by the lithiated
3g-layers. The two segments were given opposite directions of magnetic moments. The energy
of this structure is -243.20 eV, which is actually lower that the energy of -243.12 eV of the
corresponding structure with a ferromagnetic ordering. This suggests that for our lithiated
structure, the respective antiferromagnetic ordering is energetically favorable and is the actual
ground state.

To test whether this conclusion is likely to hold for temperatures above 0 K, a thermal
expansion was simulated by calculating the energy for both orderings at an increasing volume
of the unit cell. In figure energies of both structures are plotted against the length of the
a-axis, with the c/a-ratio fixed at the value of the corresponding converged structures. For
pure FeoP | the difference between the volume at 0 K found through VASP and the volume at
room temperature found experimentally in [9], is about 1%. For Fey 5Lig 5P, this corresponds
to an increase of a to around 5.91 A. Here, the energy of the antiferromagnetic ordering of our
lithiated structure is still lower than the energy of the ferromagnetic ordering, suggesting that
also at nonzero temperatures, for example room temperature, the former would be preferred.
See figure [10| for the respective results.

The size of the magnetic moments of Fe-atoms at the 3 f-positions is 0.66 and 0.74 up for
the FM- and AFM-ordering, respectively. At the 3g-positions, the relative difference is smaller,
with moments of 2.00 and 2.02 up, respectively. This suggests that the net interaction between
the 3g-layer and 3 f-layers from the two different sections is negative, such that the moments at
3 f-positions have a bigger size if the moment of the 3g-layer in the other segment is of opposite
sign. This also explains for the lower energy of the AFM-structure.
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Figure 10: Energies for the ferromagnetic and antiferromagnetic orderings of Fe; 5Lig 5P along the
c-axis, as discussed in the text, with increasing volume and c/a fixed at the value corresponding
to the energy-minimizing structure.
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4.4.2 Antiferromagnetic order in a,b-plane

The above results do not provide us with any measure for the T of the lithiated material.
The results actually indicate that, for this highly artificial structure with perfectly alternating
3g-layers filled with Li- and Fe-atoms, respectively, the ferromagnetic state is not the energy-
minimizing ordering of magnetic moments.This is the result of the fact that, by substituting one
3g-layer of Li-atoms for Fe-atoms, we effectively isolate the segments as identified above. The
interaction between these segments is apparently weakly negative.

It is more interesting to look at structures with alternating moments within these same
segments. To do this, we return to the supercell with 2 x 2 x 2 the dimensions of the unit cell of
FeoP we worked with before. Several types of order of the magnetic moments in this structure
were tested, but it appeared calculations only converged fully when orderings were imposed that
followed the triangular groups of 3g-positions as indicated in figure

Figure 11: The ordering of 3g-moments as discussed in the text. All atomic positions in the su-
percell along the c-axis have been collapsed into one plane. Purple spheres indicate 3g-positions,
gold the 3 f-positions and the remaining spheres indicate positions of P in the two different layers.

From this ordering of moments of Fe-atoms at the 3g-position, we still have two options to set
the moments at the 3 f-positions. These moments can be set to couple to the two 3g-positions
that neighbor the 3 f-position within the indicated triangles, as indicated in figure[I2al A second
option is to give the 3 f-positions the same sign as the 3g-position that actually has the shortest
distance to this 3 f-position, its nearest neighbor, as presented in [I2b}
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Figure 12: The two orderings of the magnetic moments at the 3f-positions. In (a) moments
couple to the moments of the two neighboring 3¢-positions within the triangles, which are actually
the next nearest 3g-neighbors of the 3 f-positions. In (b), the moments at the 3f position are
coupled to the moment of their nearest 3g-neighbor. The arrows indicate to which 3g-positions
the 3 f-positions are coupled in terms of the alignent of their magnetic moment.

For Fe; 5Lip 5P both these structures converged. The energy of the structure in figure [[2a]
using the lattice parameters of the structure in ferromagnetic ordering,is -484.80 eV. For the
structure in figure the energy was -484.54 eV. The energy under ferromagnetic ordering is
-486.26 eV.

The energy differences are an order of magnitude bigger than the energy difference between the
FM- and AFM-ordering in section [£.4.1] This indicates that the magnetic exchange interactions
that these triangle orderings are directed against are significantly stronger than the exchange
interactions between the segments in the stacked unit cell of section

To get a reference point for these energy differences and their possible translation into a T¢
for the lithiated material, the same triangle-orderings were imposed on the supercell of pure Fe;P.
It was found that the next-nearest-neighbor-ordering from figure [12a] could not be converged. Or
rather, moments would always flip to the nearest-neighbor-ordering from figure The energy
of this structure is -555.34 eV, compared to an energy under ferromagnetic ordering of -558.45
eV.

The energies corresponding to this triangle-grouping of moments were also computed for
structures with % and % of one of the 3g-planes lithiated. Fotunately the corresponding struc-
tures, when subjected to a triangle-grouping of the moments of the remaining Fe-atoms at the
3g-positions, both contained equal numbers of these Fe-atoms with a positive and a negative
magnetic moment. Accordingly, the net magnetic moment of both structures was approximately
zero under the paramagnetic ordering. A small deviation from zero was observed as a result of

the high level of asymmetry in the respective supercells. The resulting energies are presented in
table [l
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Table 5: Energies at different lithiation-levels in the proxies of the paramagnetic state, the
orderings corresponding to m (Enn) and in (Ennn)-

F61~5Lio‘5P FQQP Fel.g3LiUV17P F61‘67Lio‘33P
Epp(eV) | -486.26 | -558.45 “534.62 -510.55
Enn(eV) | -484.54 | -555.34 |  -531.86 -508.47
Erpn(eV) | -484.80 - - -
AE(eV) 1.72 3.11 2.76 2.08

Comparing Fe; 5Lig 5P with pure FeoP, two things draw the attention. Firstly, the fact that
for FesP, the ordering from figure cannot be imposed, whereas for Fe; 5Lig 5P it actually has
a lower energy than the other ordering, indicates a shift in the magnetic exchange interactions.
We will come back to this later. Secondly, the energy difference of the nearest-neighbor-structure
with respect to the ferromagnetic state is 1.76 eV for Fe; 5Lig 5P, significantly smaller than the
3.11 eV for Fe,P.

The energy differences between the ferromagnetic state and the model of the paramagnetic
state, which serve as a proxy for the T of the corresponding structures, are presented in figure
The development shows a remarkable resemblance to a hypothetical development of AFE,
were this a linear function that is equal to the measure AE at a lithiation fraction of 0, going
to a AFE of 0 if all 3g-positions are lithiated. This suggests that the T, within our modelling
approach, is a linear function of the number of 3g-positions containing Fe. This is corroborated
by the fact that FeLiP, a structure with all 3g-positions lithiated, is nonmagnetic in VASP and
would thus have an associated AFE of 0.

—&— Actual difference
AE=311(1-x)
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Figure 13: Proxy of T plotted against the fraction of lithiated 3g-positions. The straight line
represents the development of AF if this were a linear function in the lithiation fraction.
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4.5 Discussion

The objective of this part of the present report has been twofold. Firstly, the structural de-
velopment of a FesP-supercell upon the replacement of Fe-atoms by Li-atoms was modelled, as
well as the development of the magnetic moment in the respective structures. Secondly, it was
the objective to derive a proxy for the T¢ at different steps in this lithiation process. Here, the
energy of a supercell with a ferromagnetic ordering of magnetic moments was compared to that
of the same structure with an antiferromagnetic order of the moments in the plane spanned by
a and b.

Regarding the pattern observed in the lithation of the supercell, we can make some remarks
as to the validity of this procedure. Firstly, the selection of the size of the supercell is limited by
the increase of computational time corresponding to a bigger cell. The bigger the supercell, the
better the simulation can be expected to correspond to reality. Secondly, throughout the process
of selecting the preferred position of a next Li-atom, the lattice parameters corresponding to the
unit cell of pure FesP were used. However, we have also observed that lithiation significantly
influences the lattice parameters and relative atomic positions. Accordingly, it is possible that
the found preferred positions actually lead to higher energies than alternative structures if we
would let all structures relax fully. Again, here the procedure is limited by the increase in
computational time that this would entail.

Lastly, the modelled lithiation as compared to the process of lithiation as it occurs in nature
is highly artificial. The periodicity of the lithiation, for example, does not correspond to the fact
that in nature, the effect of introduction of a foreign element is a lot more local. Accordingly,
the filling up of alternating layers in the a,b- plane with lithium is something unlikely to happen
in reality. Here, we would expect clusters of Li-atoms to occupy parts of 3g-layers. Moreover,
the presence of a cluster of Li-atoms at a significantly big distance in the lattice should not have
too big an influence on the probability that certain 3g-positions will be lithiated.

Let us now consider the method used to proxy T¢ for the pure and lithiated structures. Al-
though this method has given us a suggested development of the T, it is a rather brute-force
method. More delicate, advanced methods seek to derive T through the exchange interaction
coefficients between the atoms in a material of interest. Knowing these coefficients, in combi-
nation with the size of the magnetic moments at different (symmetrically) unique positions in a
material, one can derive a value for T. The derivation of this approach is nicely formulated in
[14].

Although a more advanced methodology is generally used to calculate the exchange interac-
tion coefficients through ab-initio calculations, attempts have been made in the present research
to approximate these coefficients for our lithiated structure. These attempts served to calculate
the energies of n + 1 orderings of magnetic moments. In doing so, a linear system of equations
could in principle be established, in which the exchange interaction coefficients are the unknowns.

Based on the fact that in pure FesP, there are 11 ’strong’ interaction terms [25], 4 of which
are not relevant to our Fe; 5Lig 5P because of the lithiation of one full 3g-layer, one could hope
that calculating 11 — 4 4+ 1 = 8 different structures would suffice to approximate the strongest
exchange interactions. However, notwithstanding an extensive effort in which many combinations
of magnetic moment directions with a total sum of zero were tried, only the triangular orderings
resulted in a nicely converged structure, owing to the coincidence of the structural symmetry and
the symmetry of the magnetic moment orderings in these cases. Accordingly, the tried method
did not result in any useful approximations of the exchange interaction coefficients.

The experimental result from [9], suggesting that the T of FesP increases upon lithiation,
has not come forward in the calculations presented in this report. The experimental result is
rather counter-intuitive, as one would not necessarily expect the replacement of magnetic Fe-
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atoms at the 3g-site by non-magnetic Li-atoms to lead to an increase of the Tz. However,
this could still be the effect as structural parameters are affected, the local environment of the
respective magnetic positions change, possibly leading to stronger magnetic exchange interaction
between the remaining Fe-atoms. Again, this is not something that results from the performed
calculations. This divergence from the experimental findings could for example be the result of
the fact that the lithiation fraction of our final structure of 25% is higher than what was achieved
in [9]. Although an as prepared lithiation percentage of 25% is noted in [9], it is quite likely
that the actual fraction of lithium included into the structure was a lot lower. Accordingly, the
present focus on Fe; 5Lip.5P might have been far from the experimental reality. Moreover, for
lower lihiation fractions, it might well be that other proxies for a paramagnetic states converge
and serve as a better proxy for the respective state.

The calculations of the two possible orderings of magnetic moments as presented in and
in which the moments of the Fe-atoms at the 3f-positions coupled to the nearest or the
next nearest Fe-neighbor in the 3g-layer, do suggest us with a possible change in the relative
strengths of the respective exchange interactions. In pure FesP, it was not possible to couple the
moment of 3 f-positions to their respective next nearest 3g-neighbors, rather than to their nearest
neighbor. In Fe; 5Lig 5P, this is possible and actually gives a lower energy than the coupling to
the nearest 3g-neighbors. This suggests that as a consequence of the lithiation, the exchange
interaction between 3 f-positions and their next nearest 3g-neighbors increases relatively to the
interaction with the nearest 3g-neighbor. More advanced methods could be addressed to get
values for these exchange interaction coefficients.
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Part 11

Modelling structural phase transitions
with FEM
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5 Model development

The Finite Element Method (FEM) is a numerical method often applied to spatial problems in
which the domain does not posses a convenient geometry, or when discretization of the respective
domain is desired to be non-uniform over the domain [34]. The principle of this method rests
in subdividing a problem into elements, finite subdomains, on which the solution to a problem,
often a partial differential equation or a minimization problem, is approximated. In the following
subsections, some general concepts regarding the FEM are introduced. For a more extensive
treatment of these concepts the reader is referred to [34] and [35]. Hereafter, the respective
concepts are applied to a minimization problem that is developed to model the magnetostructural
phase transition of a 2D material.

5.1 From minimization problem to linear algebra

Given is a problem of the general form of equation [§ defined on some domain 2. Here, u is an
unknown function on €2, returning f when subjected to the linear operator L, and u is subject
to a specified set of boundary conditions on 9f2.

L(u)=f (®)
If u satisfies equation [8 then for any v(x),

/Q L(u)o(x)dx = /Q F)0(x))dx )

Accordingly, if not readily present in the form of a minimization problem, we urge to trans-
form a problem of the form in equation 8] into the general form of a minimization problem by
minimizing the difference between the two integrals in equation [J} Here Y denotes the set of
admissible functions in this minimization problem.

min, ey~ J (u) :/QF(u)dx (10)

Let us now approximate u by considering subset subset >, of >, formed by the linear
combinations of a finite set of basis functions, which can be selected based on the geometry and
form of the respective problem, as presented in equation [35]. We let the basis functions ¢;(x)
satisfy the homogeneous type of the boundary conditions of the original problem.

u(x) = Zaquj(x) (11)

Now, we look for a linear combination of basis function minimizing the error term according
to equation Evidently, we select u(x) in the place of v(x).

min, es, J(u) = / (Lw)u(x) — F(x)u(x))dx (12)

Q
Now, given a minimization problem of the form in equation [I2] and a set of basis functions
subject to appropriate boundary conditions, we look for a linear combination of these basis
functions of the form in [I] which minimizes the defining integral. Thus, the first derivative with
respect to each coefficient a; must equal zero.

8 n
. /Q Plu" (x))da (13)
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Here, upon selection of proper basis functions, which should be orthogonal and equal to zero
in most parts of the domain, we can derive a problem of the form in equation Due to the
fact that the basis functions are equal to zero in most elements, and accordingly orthogonal to
most other basis functions, the so-called stiffness matrix S will generally be sparse. f processes
the forcing terms and a contains the coefficients we wish to solve for to approximate the solution
to the problem at hand. For a non-singular, thus invertible matrix S, we can consequently find
a solution to the approximation problem.

Sa="f (14)

5.2 Stress and strain, potential energy

In general, a function u(x) subject to the FEM can define any quantity that is a function of
the spacial coordinate @. Accordingly, the FEM is abundantly applied to the heat equation, the
Navier-Stokes equations for fluid flow and other problems, often with domains making the appli-
cation of other techniques, such as the Finite Difference Method less appropriate for application
[34].

We turn, however, to the category of continuum mechanics, in which the equations for stress
and strain govern the form assumed by a solid [34][36]. The key objective here is to process the
influence of the discontinuous change of equilibrium dimensions of subdomains, or grains, in a
2D solid body as a result of a magnetostructural phase transition.

Let us consider a 2D body and its displacement field u(z,y) = {38?}}3 } Given such a
displacement field, an infinitesimal part of the body with the initial location (z,y) has a position
given by equation

(z',y) = (x4 ulz,y),y +v(z,y)) (15)

Now, one can imagine that, is one to move a body in its entirety by some g, this does not
influence the body as it would correspond to a mere change of the point of reference. However,
when the dislocation is not constant throughout a body, this causes nonzero derivatives of the
displacement, which are accounted for by the strain tensor[35][36]. The relation between strain
and the dislocation vector of a body is accounted for by a differential operator, according to
equation As has been stated, we limit our consideration to the 2D case of plane strain for

now.
ou 9
Ex ox oz 0 u
_ _ v _ 0
€= €y - oy - 0 oy {V } (16)
ov ou o) 9
Ty ot oy % s

As a result of such strain, stresses build up in a material according to equation Here,
it is assumed that the 2D material under consideration is elastic, such that the relation be-
tween stresses and strains is linear, and isotropic, such that the constants governing the material
properties are the same along all relevant directions [36].

OZD(E—EQ)+UO (17)

€o accounts for initial strains resulting from for example crystal growth due to a temperature
change or a structural phase transition [34]. o¢ accounts for initial, residual stresses and is often
unknown. Moreover, since it is a constant vector we can leave it out of the governing equations.
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It is evident that, for there not to be any buildup of stress in a body, € = ¢ should hold. In this
case, we can see that the body assumes the displacement field prescribed by the initial strains.

The elasticity matrix D contains the appropriate material properties and governs the elastic
and isotropic behavior of the material. Limiting the analysis to stress in a 2D plane, the elasticity
matrix can be derived to be as in equation where E and v are respectively the Young’s
modulus and the Poisson’s ratio of a material. Here, the fact that the elasticity matrix is
symmetric in the x- and y-direction corresponds to the assumption that we are dealing with an
isotropic material.

1 v 0
p=—L |, 1 o (18)
1—12
0 0 (1-v)

2

In the absence of confinements, such as boundary conditions, non-uniform material properties
or discontinuities in the force-field, a body will assume a form corresponding to €g, to minimize
the present strain. In the presence of one of these factors, the actual form can deviate from
this natural shape, causing strain. In general, a material will assume a form as to minimize
the potential energy related to the corresponding strain. This potential energy follows from

expression (19| [34].

I1= }/ elod = 1/ eTDed) — 1/ z—:TDeon—F}/ el ood (19)
2 Ja 2 Ja 2 Ja 2 Ja

Here, with the eye on allowing for the 'matural’ equilibrium dimensions of a material to
change, we include an expansion effect. In simple applications modelling thermal expansion,
it is assumed that materials stretch linearly with temperature on a certain range. This leads
to the thermal expansion coefficients a, and «,, which would be equal for isotropic materials,
indicating the relative change of size with respect to an equilibrium length Ly in the respective
dimension, per temperature unit [3§].

For the modelling objective of the present report, however, we adopt a somewhat alternative
interpretation of the expansion coefficients. Namely, we desire to accommodate for the coex-
istence of two phases with different equilibrium lattice parameters within one material. Now,
departing from an equilibrium lattice (say a ferromagnetic state) we can use the coefficients a,
and oy to model a push towards new lattice parameters in a second phase. Here, the value of
o, corresponds to a relative change in a lattice parameter in line with the x-axis of 100a,%. To
model this phase, we use the parameter ¢. ¢ can assume the values 0 and 1, dependent on the
phase. By adopting values for o, different from a,, we can not only allow for volume changes,
but also for changes of the relative lattice parameters during a phase transition.

Ay
=0 o (20)
0

The difference between actual strain and the strain caused by these expansion terms, € — ®,
leads to the accumulation of stresses inside the body.

5.3 Euler-Lagrange equations

The problem definition as has been developed above and will be developed into a discrete model
later in this text, is in the form of a energy-minimization problem. We look for a displacement
field such that the potential energy integral in equation is minimized. From this notation,
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however, we can also derive a set of corresponding differential equations, the so-called Euler-
Lagrange equations, that are equivalent to the energy-minimization notation [35].

Let (4(x,y),0(x,y) be the energy minimizing displacement field, such that the integral in
equation 2I]is minimized. For convenience we take a problem in which there is zero displacement
at all boundaries and no residual stresses occur in the form of o

H:%//ETD(Eﬂz) Zj )dQ (21)

0

We now take a random function (n(zx,y),&(x,y)), by which we deviate from the energy-
minimizing solution according to equation[22|[35]. Here, 7 is a random parameter and the random
functions meet the Dirichlet boundary condition. Accordingly, the potential upon plugging this
function into equation [21] should be minimal for v = 0.

{ufm = { e ) -

We develop the following integral, which is only a function of 7. Here, A = # and

B = ﬁ7 and the relevant matrix-vector multiplications in equation have been carried out,

plugging in the perturbed displacement field in equation 22}

=2 /Q<A<(3(@+777))(3(@+W) 220 )

Oy ox ox dy
(v (v (i
AP+ A gy e+ (2
i +m) | 90 +7E)\2
B( oy + ox ) )dQ

Evaluating this in v = 0 and using the fact that only the test functions n(x,y) and &(z,y)
are weighed with -y, we get the following integral.

B on ou onov 9§ du an an
1(0) = /Q (A(Q&c@x + ”(ﬁa@ + a—ya—x) ~ o — V¢ay8—x)
9§ov 080w Ondvy 05 L O8
+4 (2 Oy Oy + V(ﬁy or + ox 8y) Py y voa By) (24)
oudn Ovd¢ Indv 0§ Ou
+2B<3y Oy + OxO0x Oydx O 8y>>dQ

Now, upon integration by parts, where we use the fact that the test functions are sufficiently
smooth and equal to zero at the boundary, we obtain the integral
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(25)

or Ay

Now, using the fact that n(z,y) and &(x,y) are independent, random functions, in order for
I(0) = 0 to hold, the following equations must hold.

92w o%v 0%u 0%v 1 0¢

Aiax2 +Auaway+378y2 -I-BaTay—i(Vay"'am)%_o (26)
920 0%u 0%v u 1 ¢

A5 T oy T Por t Baggy 2o T ), =0 0

Relating this back to the stress and strain tensors as defined before, we find the following
differential equations to be equivalent to the minimization problem as defined in integral form.

UICE
Here, o0 = § oy,

Try
0 0 1 0¢
—Opg + =—Tgy — = ) = 2
axau—k ayrw 2( ay+o¢l)a$ 0 (28)
0 0 1 0¢
@%y + e 5(’/0‘1 + O‘y)afy =0 (29)

The Euler-Lagrange equations contain the partial derivatives of the phase-parameter ¢. How-
ever, since this is a discrete variable that takes either the value 0 or 1, such a derivative is ill-
defined at boundaries between the two different phases. Since in the phase-field we deal with
step-functions between the different phases, the partial derivatives of this field translate into
a delta-forcing at the phase-boundaries. This discontinuity can be expected to influence the
convergence of the FEM and requires further study.

5.4 Discretization

The discretization of any problem subject to FEM occurs through the subdivision of a certain
domain into elements [34]. Accordingly, the continuous solution to the relevant problem is ap-
proximated by plugging the discretized version of a continuous field into the respective funtional.
In this thesis, discretization of 2D-space occurs into triangular elements, for reasons that will
become evident later. Each element has three nodes, as depicted in figure Now, the defor-
mation of the body, which is a continuous function of the equilibrium positions, is discretized by
considering only the displacements of the nodes of the triangle elements. For each coordinate in
an element, we seek an approximation of its displacement as a linear combination of the nodal
point displacements.
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Figure 14: A triangle element with three nodes indexed by 4,5, and k. The nodal points have
a starting position (zp,y,) and displacement (u,,v,), with p the relevant index, as indicated for
nodal point 1.

U(l’,y) = Nz(xvy)uz + Nj(xay)uj + Nk(xay)uk (30)

v(x,y) :Ni($,y)’0i+Nj($,y)’0j+Nk($,y)1}k (31)

Here, N;(z,y) should evidently be equal to 1 at node i, whereas N; and N, are equal to 0 at
this node [34]. The same holds, mutatis mutandis, under rotation over the indices.

It can be shown that the system of equations corresponding to these linearizing functions and
the respective conditions on the nodal values is solved by the following result [37].

a; + bz + ¢y

N, = 2
=t (32)
with
A5 = TjYm — TmYj (33)
Ci =Tm —YJj (35)
With A the area of the triangle element, given by
1 1 Zg Yi
A= idet 1z vy (36)
1 zp yk

N; and Nj and the respective coefficients follow under rotation over the indices. Accordingly,
we derive the following linearization of the displacement at an initial position (x,y) in an element
[37].

u(x,y) -~ Nz 0 Nj 0 Nk 0 Uj _
{ }“‘{0 N, 0 N, 0 o~ Nd (37)
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Here, d is the displacement vector of the element’s nodes. Now, recalling the strain tensor,
we can derive a discretization of the strain in an element as well.

£ 0

e=| 0 2 {3}%Bd (38)
2 0
oy ox

Here, B is the matrix resulting from taking the respective derivatives. In the case of triangular
elements this is, conveniently, a matrix containing only constants [37].

by 0 b2 0 b3 O
B=— 0 C1 0 Co 0 C3 (39)
C1 bl Co b2 C3 bg

We are now ready to discretize a stress-strain problem. Only dealing with the effect of phase-
transitions, through the use of the coefficients a;, and oy, we consider a situation without body-
and tensile forces. It is the objective to minimize the potential energy, given as

= % / eladv (40)

Dividing the volume V into disjoint elements, this integral can be represented as follows.

_1 T
HQZ/Vee odV (41)

elts

We now recall the relation 0 = De and assume that a single element is in one or the other
phase (thus ¢ = 0 or ¢ = 1 throughout the element). Upon the linearization of strain € according
to equation we derive the product of matrices that are constant throughout an element.
Accordingly, the integration simply results in a prefactor of tA., where ¢ is the element’s thickness
(assumed to be the same for all elements), and A, its surface. The following approximation of
the bodies potential results:

Oy
I~ ltz A, (Bd)"D(Bd — ¢ |y |) (42)
2 elts 0

Now the displacement of the nodal points are the remaining variables. Given a phase-field,
the derivatives of equation are taken with respect to the nodal displacements. The result
is a system of linear equations, the solution to which gives us the nodal displacements that
approximate the energy- minimizing displacement field corresponding to this phase-field.

5.5 Meshing

Given a domain and a mathematical problem subjected to the FEM, the discretization of this
domain permits for a lot of freedom regarding the meshing, the selection of nodal points and
subsequent definition of elements, of this domain. The reader is reminded of the fact that the
objective of the present work is to relate the degree of porosity in a domain to the build-up of
stresses in this domain. Accordingly, the selected meshing approach should provide us with the
possibility to introduce voids into the interior of the domain. In the present work, two different
approaches to this meshing have been implemented. In both implementations, a 200um x 200um
domain has been subdivided into square-shaped subdomains with the dimensions 20pm x 20pm.
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Each subdomain represents a physical element that undergoes a phase transition as a whole, an
will be referred to as a grain in the remainder of this text. It should be noted that the absolute
values of the dimensions of these grains do not influence the values of the resulting stresses.

Firstly, a grid has been developed in which the dimensions of the elements were predetermined.
Here, the point of departure is a rectangular domain, subdivided into rectangles (two triangular
elements), all with the same dimensions. See figure for an example of this grid. In this
approach, two triangles forming a rectangle were interpreted as a grain. The thought behind
this predetermined meshing was to reduce the effect of element shapes on the development of
stresses in an element. If all elements have the same dimensions, we should expect the effect the
dimensions of an element have on the behavior of this element to be the same for all elements.

This mesh has subsequently been adapted in order to allow for the periodic insertion of voids
into the interior of the domain. See figure for an example of this grid. In this mesh, every
element is incident with at least one node on a void. The ratio behind this is that, when a
node is incident on a porous spot in stead of being shared by one or two elements more, it
has more freedom to adjust and be displaced in a direction corresponding to the phases of the
elements that are still incident on this node. A consequence of this meshing, however, is that
we depart from a grid with elements that all have the same starting dimensions and introduce,
next to square-shaped grains, rectangular grains. In the limit of low levels of porosity, the ratio
between the height and base of these elements gets very big. Since this is reported to influence
the accuracy of the computed forces due to increasing interpolation errors, we should be wary of
this effect [39].

Secondly, the PDE Toolbox environment in MATLAB has been used to perform the meshing.
In this environment, one can define the boundaries of a domain, after which this domain is
subjected to the delaunay triangulation algorithm [40][4I]. An example of this triangulation
is presented in figure In order to have some resemblance to the first meshing approach
and the respective subdivision of the elements into grains, we can now select elements based on
their position in one or the other rectangular subdomain and distribute the elements over grains
accordingly. However, there is no full control over for example the orientation of the boundaries
of the respective grains in this case.
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Figure 15: Exemplary grids, regular and porous, of type 1 and 2. Grid type 2 allows for more
freedom regarding the shapes of voids to be included into the domain. The downside of this
method is the reduced control one has over the number, distribution, and size of the triangular
elements.
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Porosity is introduced into this grid by defining internal boundaries and meshing the remain-
ing parts of the domain. Here, there is quite some freedom regarding the types of shapes the
PDE Toolbox allows to define, namely squares, ellipses, and polynomials. An example of the
latter grid is presented in figure [[5d] Since this shape-type seems to most closely resemble the
shape of voids in actual materials (see [20] for an example), it is used in the present work. Here,
it is evident that at the internal boundaries, the triangulation algorithm leads to a a finer mesh
in order to fill up the space around sharp corners with elements. Accordingly, we loose control
over the size and dimensions of the elements in a mesh, which is a point of attention in the
analysis of results.

5.6 Forces and fractures

The objective of this part of the present thesis is to model the development of stresses during
the passing of a simple 2D model through a magnetostructural transition. Accordingly, we shall
define the stresses that build up in the respective material.

The reader is reminded of the stress tensor as defined above.

Ay
c=DE-6] a, |) (43)
0
Such that
E  Ou ov
E ov ou
Tyy = m(a—y—ku%—(bay—uqﬁaz) (45)
E ou Ov

Tey = 72(14_1/) (@"‘&) (46)

Here, 04, and oy, are normal/tensile stresses in respectively the x- and y- direction, account-
ing for deformations that retain a rectangular structure. See ﬁgure for an example. 7, is the
shear stress. A non-zero value for this component corresponds to deviations from the rectangular
geometry that is used in this thesis, so-called shearing, as is displayed in figure All of these
forces, which consist of derivatives of the linearizations of displacement in an element, have a
constant value throughout a triangular element in the FEM. Due to the coexistence of phases,
we should expect stresses to develop in a material as grains are confined in assuming the equilib-
rium dimensions corresponding to their respective phase. This follows from the Euler-Lagrange
equations corresponding to this model as derived above, as a discontinuity in the phase-field
leads to a delta-peak force at the place of this discontinuity. Accordingly, in the present thesis,
the behavior of ||| will be considered, mostly as a check as to whether or not the development
of this variable follows our expectations. In the remainder of this text, for the tensors o and e
the conventional norm notation || - | refers to the Frobenius norm, the logical extension of the
Euclidean norm as defined for vectors towards tensors and matrices [42].

The formation and propagation of fractures in a material, however, mostly occur at grain
boundaries [20][43]. Here, the expected result is that fracturing occurs at the interface between
the two phases in our model. Considering an edge that is shared by two elements, a jump in
the shear stress from one of the elements incident on this edge to the other translates into a pull
exerted on this edge, as is displayed in figure Such a jump could lead to the initiation of a
crack.

39



7+
; iy
(a) (b) (c)

Figure 16: Stresses caused by the deviation of a tetragonal element (full lines) from its square
shape that would be assumed in the absence of confinements (dotted lines). (a) Tensile stress
along the x-direction (b) Shear stress, for convenience illustrated with only g—Z nonzero (c¢) Jump
in shear stress at a shared edge.

Now, in order to properly compute the value of this jump in shear stresses across and edge,
[T], we should process the orientation of the respective edge. Let 6 be the angle of an edge with
respect to the x-axis. In order to consider the transformation of stresses in a point to the new
coordinate system associated with this angle, we consider a infinitesimal area dA at an angle 6
with the y-axis, as presented in figure [44].
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Figure 17: (a) Stresses in a coordinate system corresponding to a section plane with an angle 6
due to counterclockwise rotation. (b) Infinitesimal surface element. Figures due to [45]

Now, if the element is in a static equilibrium, all forces acting on the section plane should be
in balance with the forces acting on the outside surfaces. Accordingly,

Z Fp = (0pdA)cost — (TpryrdA) sin @ — 0,4 (cos 0dA) — 74y (sin 0d A) (47)

and
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Z F, = (04/27dA)sin @ — (74, dA) cos 0 — oy, (sin 0dA) — 7, (cos 0dA) (48)

Here, no oy, appears since the respective direction is parallel to the section plane. Solving
for the two unknowns o,/ and 7y, the latter follows from equation [44].
Toy = (Oyy — Ouz) SN0 cOS O + 7oy (cos®0 — sin*0) (49)
For an edge with two incident elements and respective shearing stresses 77 and 7~ computed
according to equation [49] the jump in shear stress follows from equation [50]

[T} =t -7 (50)

The #-dependence of the shear stress and accordingly of [T] implies that the triangulation of
our domain and the respective edge-orientations will likely influence the distributions of [T]

5.7 Analysis

After the implementation of the model in line with what has been presented in the preceding
paragraphs, a magnetic phase transition is simulated as follows. In both grid types, we identify
physical elements, grains, that are defined to always occur in the same phase. For grid type
1, this is simply the rectangle formed by two neighboring triangular elements. In grid type 2,
the domain is divided into square-shaped grains. The elements are grouped into a subdomain
according to the location of their centre of mass.

At each discrete step of the transition, all grains that have not passed through the transition
have a transition probability, which is the same for all groups and at every step. From this
stochastic, step-by-step passing through a transition, we acquire a distribution of the elements
over ¢ = 0 and ¢ = 1 at each step of a transition simulation. This process is repeated several
times and the respective results aggregated. Accordingly, the cyclic passing through a magne-
tostructural transition by a substrate is simulated. The parameter values as used throughout
these simulations are as presented in table [f] The boundary conditions used in this work are as
follows: of the element incident on the bottom left corner one node is fixed at (Opum, Opm) and
the other two nodes are fixed on the axis on which they are respectively placed.

Table 6: Parameter values used throughout the simulated phase transitions in the remainder of
this work.

Variable E
Value 100 GPa

Qe Oy Steps per transition | Transition probability
0.01 | -0.01 8 25%

olH
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6 Results

In the present section, the results of the implementation of the FEM model as discussed in the
previous section are discussed. Firstly, attention is paid to the convergence of various parameters
in the respective model. Secondly, the functioning of the model on grid type 1 is evaluated. Lastly,
the model is evaluated on grid type 2, leading into a more thorough analysis of the results on
the respective grid.

6.1 Convergence

As has been noted after derivation of the Euler-Lagrance equations corresponding to our energy-
minimization problem, the discontinuity of the phase-field can be expected to reduce the con-
vergence rate of the corresponding FEM-model. Accordingly, the convergence of the developed
model has been studied for a sample phase-field.

200
150
;:100 1
50
3 2
0
0 50 100 150 200

x (pm)

Figure 18: phase-field to which the substrate was subjected in order to test for the convergence
of |[unl], |len]|, and |jon| at points 1,2,3, and 4. ¢ =1 in the yellow elements, ¢ = 0 in the blue
elements. For ||ey||, the displacement of the respective top right node for each element has been
used.

Let us assume that some metric z; in an FEM-model converges to a value C corresponding
to the exact solution upon refinement of the grid to infinitesimal elements. Thus,

}lllirbxh =C (51)

If we now assume that the error in zj scales with h?, with p an integer, we can estimate the
value of p as follows. Here, C'(h) denotes the value of the respective metric under a grid with
element width h and k is a constant and unknown parameter that is equal across the estimations.
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C(h) = C + kh? + 0(hP*1)
C(2h) = C + k(2h)P + 0(hPT1) (52)
C(4h) = C + k(4h)? 4+ 0(hPT1)

Simple algebraic manipulations, neglecting the higher order error terms, lead to the following
expression for 2P,

C(4h) — C(2h)
C(2h) — C(h)

Applying this method to the phase-field in figure [18| and the values of of ||uy||, ||en]|, and
|lon|| at points 1,2,3, and 4, we get the convergence orders as presented in

o — (53)

Table 7: Convergence orders according to formula [53| and the phase-field in figure

Metric
Position lunll | llenll | llonll
1 1.99 | -0.16 | -0.02
2 2.04 1.13 0.76
3 1.70 0.90 0.84
4 2.01 1.06 1.04

Firstly, let us note that with respect to the displacement, the method appears to be of order
2, as the FEM is reported to be for well defined problems. This holds irrespective of the type
of node under consideration (in the bulk of a phase, at a one-fold or two-fold interface between
the two faces). Accordingly, the discontinuity in the phase-field does not seem to influence this
metric.

If we consider the orders of convergence of |lep| and ||ohl||, however, the observations are
not similar over the different types of points. Firstly, since these two metrics are derived as
derivatives of the displacement field, the expectation is that the order with respect to these
metrics is one lower than the order with respect to the displacement. This appears to hold for
both positions 3 and 4, which are located in the bulk of a phase, and for position 2, which is
located at a onefold phase-interface. For all these points, the approximate orders are closest
to the integer 1. However, for position 1, located at a corner or twofold phase-interface, the
order for ||ey|| and ||oy|| is close to zero. In other words, there is no convergence to some fixed
value upon refinement of the grid into infinitesimal elements. Accordingly, the respective metrics
should tend to infinity upon refinement of the grid.

The implications of this finding to the continuation of this report are as follows. Firstly, we
expect extremes in the values for o inside elements and [T], which derives from the differences
of the components of o between two elements across an edge, to reach extremes at the interface
between phases. Accordingly, the fact that these values likely do not converge at such points
should be taken into consideration. Secondly, the assumptions of continuum mechanics regarding
for example elastic behavior do not hold at the atomic level [46]. Accordingly, refinement of
a grid to infinitesimal dimensions is not only computationally impossible, it also violates the
assumptions laying at the core of the present modelling endeavour. Therefore, we should take
the prediction of forces rising to infinite values with a grain of salt.
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6.2 Grid Type 1

In the present section, the behavior of the model on grid type 1 is discussed. Firstly, some
figures indicating the positions of the maximum values of ||o| and [T] in a given phase-field
are presented to illustrate the trends in these occurrences. Hereafter, the distribution of [T] is
manipulated into a metric that serves to have a base check as to whether or not the model meets
a basic set of expectations on the respective grid.

In figure a sample is presented of the elements and nodes with the position of the highest
values of respectively ||| and [7] (as defined in section from several simulations with the
parameter values as presented in table[6] Of course, many more figures have been analyzed, and
this selection has been found to be representative of the trends observed in this bigger sample.

In general, ||o|| has extreme values at the interface between the two phases, as was to be
expected. However, the behavior of [7’] shows an odd deviation from the stated expectation that
the discontinuity in the shear stress at an edge would be greatest if this edge were to be located
at a phase interface. The maximum values do tend to lay close to an interface between phases,
for example where an isolated grain is in in different phase than its direct neighbors. However,
here the edge with a maximum value for [T] is not identified to be one of the horizontally or
vertically oriented edges that have been modelled as grain boundaries, but the diagonal of such
a grain, which is per definition sandwiched between two triangles in the same phase.

The above observations suggest that the model as implemented on grid type 1 provides
some of the basic mechanisms as expected, such as the location of maximum values of ||e||, but
that the orientation of edges likely influences the development of [T} in a way that violates the
expectations imposed on this model.

A same analysis was performed of the occurrence of maximum values for ||| and [7] on a
porous grid with 11% porosity, corresponding to the regular grid with every 9" grain replaced by
a void. A selection of representative occurrences these extremes is presented in figure 20} Here,
the observations are not much different, in that both [|o| and [r] are drawn towards phase
interfaces, but that [T] is positioned at a nearby diagonal edge in stead of at a grain boundary.

To corroborate the observation that the behavior of [’7’] does not meet our basic expectations,
a quantitative measure was developed. For each phase-field the edges have been subdivided as
follows. For edges shared by two elements, the state of the two incident elements in a given
phase-field is compared through the binary variable A¢. If these elements share the same value
for ¢, the respective edge is attributed a value of 0. If the states of the incident elements differ,
the edge is attributed a value of 1. The edges that are incident on only element are left out of
consideration, since here there is no phase difference to be defined over these edges. Subsequently,
the values of [7’] for the first group of edges has been subjected to a linear regression on the
binary variable A¢. Based on the argument that [T] is expected to be higher for edges at a
phase-interface, the value of the resulting regression coefficient should be positive. If this does
not hold, then this is an indication that the model on the respective mesh does not properly
simulate the basic physical mechanisms that it is ought to model for.
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Figure 19: A sample of the phase-fields corresponding to the maximum values of, in figures (a) to
(c), [7] and, in figures (d) to (f), [|o|. The elements, respectively edges, corresponding to these
maximum values are marked by a red dot. Extremes seem to occur most often near interfaces
between the two phases. However, the maximums in [T] are drawn towards the diagonal inside

the grains near such phase interfaces.
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corresponding to these maximum values are marked by a red dot. Here as well, the maximum
values in [7’] are drawn towards the diagonal inside the grains near such phase interfaces.



Table 8: Coefficients corresponding to the linear regression of the values for [T] of edges located
in the bulk of the grid (incident on two elements) and the binary variable A¢ accounting for a
phase difference between the two incident elements. [T] =alA¢+ [

Grid « Io;
Regular | (1.9 £0.1)-107 | (8.36 £0.06) - 107
11% | (-1.04 £0.08) - 107 | (8.34 £0.04) - 107
5% (-4.8 £0.9) - 105 | (8.11 4£0.01) - 107
2% (3 &1) - 106 (9.44 40.05) - 107
1% (-5 £1) - 108 (1.07 £0.01) - 108

The respective coefficients are presented for the regular grid and the porous grid with varying
levels of porosity in table [8| In all cases, the coeflicient «, accounting for the effect of a phase
difference over an edge and the value for [7‘] over this edge, is either negative or just weakly
positive. This corresponds to what has been stated based on the samples of positions of maximum
values of [T} provided in figures and Moreover, the coefficient 3 indicates that the
introduction of porosity does not lead to a reduction in the average values of M

Accordingly, the limitations of the grid type as as developed here become evident. Firstly,
it does not simulate a basic set of physical principles that we expect to be met, such as the
appearance of higher shear forces discontinuities across edges located between two phases than
on those in the bulk of a phase. This seems to be the consequence of the division of edges
into two categories: those vertically or horizontally oriented and accordingly identified as grain
boundaries, and those diagonally oriented in a grain. The orientation of an edge seems to
outweigh the effect of being located at a phase interface. Secondly, a big limitation of the grid
developed here is that it does not allow for grid refinement, such that no tests can be developed as
to get to the cause of the strange behavior of [7’] . In a finer mesh, we would have a bigger diversity
of edge types (near a phase-interface or in the bulk of the material) and could accordingly identify
correlations between the edge type and the development of stresses at such an edge. On these
grounds, we reject grid type 1 and proceed with grid type 2, which allows for more freedom in
the grid definition.
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6.3 Grid Type 2

In the preceding subsection it has been found that grid type 1 and the respective implementation
of porosity lead to results that go against the basic expectations that our modelling endeavour is
ought to meet. Accordingly, a second approach to meshing and subsequently introducing porosity
into a domain has been implemented. The fundamental difference between these models is that
the symmetry in the mesh is lost, as well as the control over for example element size and shape.
This method, however, allows for remeshing and can accordingly come in handy to provide more
insight into the relation between the distance of an element or edge to voids in a domain and
the development of ||o|| and [7], respectively.

6.3.1 Model evaluation

Firstly, the maximum values of ||o| and [7’} over several runs for a regular grid with no porosity
and a porous grid were considered to identify consistencies in the location of these maximums.
Here, the star-shaped voids in the porous grid are positioned in such a way as to partially cover
the boundary between neighboring phase-groups. Moreover, in order to also admit for phase
interfaces that are not touched upon by a void, the voids have been positioned in an alternating
fashion.

A sample of phase-fields with the positions with maximum values for ||o|| and [7] is presented
in figures [21| and Maximum values in ||¢|| and [7] in the regular grid have been observed to
consistently occur at the interface between two different phases. In the case of the porous grid,
the maximums are also located at phase interfaces.

As has been done for grid type 1, the values of [T] over an edge located in the bulk of the
substrate was regressed on the phase difference A¢ between the two elements incident on this
edge. In table[d] the respective coefficients are presented for the regular grid and the porous grid
in figures [2I] and 22} Here, the strong positive correlation between the occurrence of a phase
difference across an edge and the value of [T] over this edge holds for both structures, as is
physically expected. Accordingly, we have reason to continue with the present model.

Table 9: Coeflicients corresponding to the linear regression of the values for [T] of edges located
in the bulk of the grid (incident on two elements) and the binary variable A¢ accounting for a
phase difference between the two incident elements. [7’] =alA¢p+ [

Grid Q@ B8
Regular | (2.85 £0.02) - 10% | (4.88 £0.03) - 107
Porous | (2.89 £0.01) - 108 | (3.47 £0.01) - 107
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Figure 21: A sample of the phase-fields corresponding to the maximum values of, in figures (a)
to (c), [7] and, in figures (d) to (f), ||o| as observed during 10 simulated phase transitions on a
regular grid of type 2. The edges, respectively elements, corresponding to these maximum values
are marked by a red dot. Extremes occur most often at interfaces between the two phases.
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Figure 22: A sample of the phase-fields corresponding to the maximum values of, in figures (a)
to (c), [r] and, in figures (d) to (f), [[e||. The edges, respectively elements, corresponding to
these maximum values are marked by a red dot. The extremes in both [7] and |lo|| generally
occur at phase boundaries, as expected.



6.3.2 Comparison of stress distributions

Having observed that the occurrence of maximum values of [7] and ||o|| meets our expectations,
we now proceed to compare the distributions of stresses on various porous grids to the distribution
resulting from the regular grid. Firstly, for an in-depth comparison of the distribution of stresses
in a porous grid as compared to a regular grid, one sample porous grid is selected. Accordingly,
various metrics relating to these distributions are developed and applied to a wider set of porous
grid. Finally, we hope to develop a relation between the porosity in a grid and the buildup of
stresses in the respective grid. Throughout the analysis, the focus lays on the development of
[7]. Only when peculiarities in the respective variable are observed, the work returns to ||o|| to
see if this variable exhibits similar behavior or behaves regularly.

In figures and the development of [T] as a result of the application of a sample
phase-field on a regular and a sample porous grid is presented. Here, the elements are colored
according to the maximum value of [T] over the respective three edges incident on them. Firstly,
[7] appears to follow the contours of the imposed phase-field remarkably well, as we easily identify
phase-interfaces from the distribution of Maximum values for [T] occur at the interface between
two phases, whereas in the bulk of a phase there are lower values for this jump in the shear stress.
Secondly, comparing the regular to the porous grid, we observe that when an interface between
phases coincides with a void, the associated buildup of [T} is mitigated. A clear example of this
occurs in the bottom right corner of the grid. Moreover, the buildup of [T} at interfaces not
covered by a void is reduced in some occasions, such as at the vertical interface in the top right
corner. This indicates that the effect of porosity is not purely local.

[7] (MPa) [7] (MPa)
2001 200 g : _ T 700
1700 3
208
5 w 4 600
£L e, 1 600
150 5 150
bR 1500 S0
]
|
L 1 400

300

VaTavaviyy

200

(92
o
AVAVAVAYAY,

a¥ ¥,
s AN,
AT AVAVAYS

100

0 50 100 150 200

X (pum)

50 100 150 200

x (pm)

(a) (b)

Figure 23: Elements in (a) a regular grid and (b) a porous grid colored according to the maximum
value of [7’] over the three edges respectively incident on them, as a result of a sample phase-field.

Figure presents the cumulative distribution function of |7| over a simulated phase tran-
sition for the two grids, both with a dense mesh (as in figures and [23b]) and a sparse mesh,
where the number of elements is lower by a factor 4. The values for [T] of the edges are weighed
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by the surface of the elements incident on the respective edge. This serves in order to account
for the effect of the variation in element and edge size in the results.
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Figure 24: Cumulative distribution function of [r] and |lo| for the two grids in a densely and
sparsely meshed version. The effect of meshing seems to overrule any effect of the porosity on
the distribution of [r], whereas the distribution of ||o|| is far less sensitive to the grid density.

The respective distributions, however, present us with a problem that is ought to be addressed
before this work proceeds in discussing a bigger variety of porous grids. Namely, the effect of
increasing the density of a mesh on the distribution of M appears to overrule any effect due to
the introduction of porosity into the grid.

The sensitivity of [T] to the grid density follows from the following consideration. Firstly, the
distribution of the components of o and accordingly ||o|| appears far less sensitive to the grid
density, as can be seen in figure However, since [T] registers the jump in the shear stress
across an edge, this difference generally becomes smaller upon reduction of the element size.
Accordingly, for both distributions of [T} for the porous and regular grid, we observe a big shift
towards lower values upon increasing the grid density. If the field of o was continuous, this effect
could be mitigated by weighing [T} by for example the inverse of the size of the elements incident
on the respective edges. Accordingly, we would derive a measure resembling the derivative of 7.,,.
However, given the subdivision of the domain into grains and the discontinuity of the imposed
phase-field, we expect discontinuities in 7., to persist upon infinitesimal grid refinement around
grain boundaries. Accordingly, the proposed weighing by the inverse of the size of the incident
elements would directly imply [7’] to explode towards infinity in this case. This proposes an
essential difference in the required treatment of edges located in the bulk of a grain and those
located at the interface between grains.

The values of [T] at grain boundaries are exactly the values relevant to this study, as the
development of discontinuities in shear stresses at grain boundaries is argued to lead to fracturing.
Thus, by extracting the values of [’7’] at the grain boundaries, we firstly highlight the physically
most relevant metric and, secondly, are likely to largely mitigate the effect of the grid density
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on the results. Accordingly, the distribution of [T] at the boundaries between grains located in
the bulk of the grid is considered in the remainder of this section. Here, also the edges incident
on a void are included into the analysis, as the respective edges would have been positioned at
a grain boundary in a regular, non-porous grid.

In ﬁgure the cumulative distribution function for the values of [T] is presented for a sparse
and dense version of the grids as displayed in figures and As desired, the distribution
seems less sensitive to grid refinement than the complete functions as presented in For the
denser grids, the distributions are slightly skewed to the left for low values of [T], after which
they pass under the respective function corresponding to the sparse grid for high values of M
The higher occurrence of low stresses results from what has been found above, namely that a
grain boundary located between two grains in the same phase will have lower values for [7’] at
a higher grid density. On the other hand, grid refinement on a boundary between two interfaces
is likely to lead to higher values of [r], since we found that ||o|| does not converge at such
locations. Accordingly, [T], which derives from the components of o, is expected to increase
upon grid refinement at such phase interfaces.

1 : ——

Porous dense
Porous sparse

= = = Regular dense
“Regular sparse

0 ‘ ‘ : j
0 100 200 300 400 500 600 700
[r]  (MPa)

Figure 25: The distribution of [T} at in-bulk grain boundaries on the grids in figures and

(dense versions) and sparse versions. The influence of grid refinement on the grid refinement
is reduced.
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Moreover, from the regular to the porous grid, we do not observe a pronounced shift of the
distribution towards lower values of [7’] Since the porous grid has a rather low porosity of 2.5%
and contains voids only at a small fraction of the grain boundaries, it is of interest to consider if
other degrees and positions of porosity do result in a pronounced shift of the distribution.

Taking the newly defined distribution [T] across grain boundaries, we continue to evaluate
different porous grids in terms of this distribution and see which factors, such as the number
of voids and their dimensions, influence the distribution of [7’] in which manner. Let us define
voids with various dimensions, as presented in figure 26 Grids A and B, respectively in figures
and have a porosity of 10%. Grid C in figure has a porosity of 5% as it contains
the voids from grid scaled by a factor \/Li Grid D in ﬁgure has a porosity of about 5%

by positioning the voids in figure at every second location.

0 50 100 150 200 0 50 100 150 200

x (pm) X (pm)
(c) (d)

Figure 26: Grids subjected to phase transition, results of which are presented in figure
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The respective distribution functions over several simulated phase transitions are presented
in figure Firstly, it is evident that those grids with a high number of voids result in a shift
of the distribution function of [7’] towards lower values. This suggests that the effect of the
voids is local, in that it requires the direct presence of a void at a grain boundary to lead to
a reduction in shear stresses. Among the three grids with a high number of voids, we see that
the distribution for B and C are remarkably similar. Whereas the porosity in the former grid
is 5% and to the latter is 10%, it seems that this similarity of the distributions is an expression
of the fact that the voids have the same length along their longest dimension (the height of the
triangles forming the star-shaped void). This suggests that what is actually the decisive factor
in reduction of the values of [’7’] at the grain boundaries is the fraction of these boundaries that
is replaced by a void.

Grid A
= ———Grid B

i = Grid C
GridD |
- - - Regular

0 . . . .
0 100 200 300 400 500 600 700

[r]  (MPa)

Figure 27: Cumulative distribution function of [T] over grain boundaries resulting from repeated
simulations of a phase transition on the grids in figures to

However, along this same argument, we would expect grid A in figurd26a] to lead to the
highest reduction of shearing stresses at grain boundaries, since here the voids have substituted
for the biggest fraction of the grain boundaries. This does not follow from the given distribution
function. To find a possible explanation for this observation, we now proceed with a closer
analysis of the development of the distribution of [T] as the voids in a grid are proportionally
increase in size to establish a porosity from 2 to 10%, in steps of 2%. These voids are given the
proportion equal to the voids in grid A and C.

The respective distribution functions are presented in figure Here, we see that all non-
zero degrees of porosity lead to a shift of the distribution function of [T] towards lower values.
However, for the grids with 4 and 6% porosity, we observe that the distribution is skewed to the
left, as compared to the distribution corresponding to higher degrees of porosity. The distribu-
tions of ||o||, presented in as a basic check on the model, do not violate our expectations.
Here, higher degrees of porosity lead to lower levels of |o||.
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Figure 28: Cumulative distribution function of [] over grain boundaries and ||| over the whole
grid, respectively presented in figures (a) and (b).

A consideration of the development of [T} as a result of the same phase-field applied to
the sample grids in figures to suggests why this shift of the distribution of [T] occurs.
Namely, the triangulation of the domain corresponding to 4 and 6% porosity has led to perfectly
horizontal and vertical boundaries for a large part of the grains. Inspection of the fields of [7’] as
compared to the other two grids suggests that when a phase interface occurs at such a vertical or
horizontal boundary, the development of [T} is largely mitigated. This leads us to the conclusion
that the orientation of grain boundaries influences the development of [T], even more so than

the degree of porosity.

This is definitely an interesting and valuable result. However, if we seek to find a relation
between the degree of porosity and the development of [T] over grain boundaries, the results
need to be isolated from this effect induced by the orientation of edges composing the grain
boundaries. In order to do so, the following approach has been followed. Namely, the function
provided by the PDE Toolbox to mesh a domain in steps is used. Firstly, for each porous grid, the
triangulated porous domain is taken as a starting point. Subsequently, the voids are triangulated
in order to establish a fully triangulated domain. As a result, the porous grid and the associated
regular grid generally coincide on the nonporous parts of the domain, reducing the effect of the
orientation of edges at the boundaries between grains. The match on the nonporous parts of the

domain is not perfect, however, since slight adjustment of the grid occur here as well.
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Figure 29: Sample distributions of [T} resulting from the same phase-field applied to grids with
porosities of 4%, 6%, and 10% and a regular grid, respectively in (c), (d), (e), and ().

Figures [30a] to [30c| present the grain boundaries for a 3% porous grid, the regular grid meshed
according to the above procedure and a regular grid due to the direct triangulation of the
domain. It is evident that, although not perfect, the coincidence of the grain boundaries between
the former two grids is greater than that between the porous grid and the grid due to direct
triangulation. The shift in the distribution of [7‘] across grain boundaries for the non-porous
grid corresponds to what one would expect based on the above analysis, namely that a higher
coincidence of the orientation of edges at the grain boundaries leads to the distribution functions
of the respective grids laying closer to each other.
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Figure 30: Example of the grain boundaries resulting from the indirect triangulation of a full grid
as discussed in the text. Grain boundaries corresponding to (a) Porous grid (3%) (b) Indirectly
triangulated full grid (c¢) Directly triangulated full grid. The cumulative distribution function
of [T] shows that the change in triangulation skews thee distribution of [T] at grain boundaries
towards lower values.

For each degree of porosity, the procedure as outlined above has been followed. Subsequently,
the distributions of [’T] across grain boundaries for the porous grid can be compared to the
distribution corresponding to the indirectly triangulated grid. Since we would like to analyse the
trend in [T] in terms of the degree of porosity, we consider the following parameters. Namely, for
each degree of porosity, the value of [T] corresponding to a set of percentiles (50, 80, 90, 95, 99,
and 99.5%) in the cumulative distribution functions is extracted. The relative difference of the
respective values with respect to the value corresponding to the same percentile in the full grid
is subsequently computed. An example, corresponding to the 80*" percentile, is plotted in figure
Here, it is evident that, although increasing, the positive effect of the degree of porosity
on the decrease in the values of [T] is far from monotonous. This stems mostly from the still
limited control over the orientation of the edges at grain boundaries we possess.
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Figure 31: Relative decrease in the values of (a) [7] and (b) ||o| corresponding to the 8
percentile plotted against porosity.
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The respective values were linearly regressed on the degree of porosity. The results are
presented in the left part of table It appears that the shift in the values for [T} corresponding
to the lower percentiles is greatest. This is not surprising, since here the relative share of free
grain boundaries at voids is greatest. The effect reduces as we consider higher percentiles. Since
in the present implementation, there are grain boundaries that are not incident on a void as well,
the occurrence of extremes at the respective locations is relatively untouched. This corresponds
to the observation that the effect of voids on the distribution of [T] is rather local.

Table 10: Coeflicients of the relative decrease in [T} corresponding to the k'™ percentile, v,
regressed on porosity, x: y = -2+ 3 (left), and on the part of in-bulk grain boundaries incident
on a void, z’: y = -2’ + ¢ (right).

Percentile « B (%) | R? o o (%) R?
50 6+2 1+1 0.54 23+07 | —=7£20 | 0.68

80 5+3 11£18 | 0.33 1.94+£09 | —15+28 | 0.44

90 2+3 2+17 | 0.10 0.8+0.9 | —10£27 | 0.14

95 1.1+06 | —2+£3 | 0.38 04+0.2 —6+6 0.35

98 1.3£0.8 2+5 0.34 0.5+0.2 —4+8 0.39

99 1.5£0.9 4+6 0.34 0.6 £0.3 —4+9 0.42
99.5 2+1 == 0.27 06+04 | —1£11 | 0.35

Moreover, in the closer analysis of the behavior of [T] across grain boundaries on the grids in

figure it appeared that the distribution of the respective variable was not so much dependent
on the percentages of the domain filled with voids as on the parts of the grain boundaries
substituted by a void. Accordingly, the relative decreases in [T] of the k' percentile were
linearly regressed on the percentage of grain boundaries that were replaced by a void. Here, the

59



structure with 10% porosity has 40% of its bulk grain boundaries replaced by a void. Thus, a
structure with a porosity of %% has 40—\/? of its grain boundaries replaced by a void.

The resulting regression coefficients are presented in the right part of table The higher
values of R? resulting from the linear regression of the relative decrease in [T} on this variable
support the argument that the respective variable is more important in relating porosity to the
development of [7’} than the degrees of porosity.

The same analysis was performed on the decrease in ||o || corresponding to the same selection
of percentiles. The results are presented in table[TI} Here, two observations can be made. Firstly,
as compared to the results of [T] , the decreases in ||o|| have a better fit, as expressed in the higher
values for R?. This confirms the observation that decreases in ||| were far more consistent in
the increases in porosity. For the lower percentiles, the decreases in ||o || have a close to perfect
linear fit. Moreover, here as well the percentage of in-bulk grain boundaries is a better predictor
of the decrease in ||o|| than the percentage of porosity.

Table 11: Coefficients of the relative decrease in ||o|| corresponding to the k*® percentile regressed
on porosity, z: y = a-x + S (left), and on the part of in-bulk grain boundaries incident on a
void, z': y = v -2’ 4+ 4 (right).

Percentile @ B (%) | R? y 5 (%) | R?
50 5.3£0.2 1+1 0.99 1.8+0.2 —21£3 | 0.98

80 3.6 £0.2 2 +1 0.99 1.23+0.08 | —13£2 | 0.98

90 2.2 £0.2 2 +1 0.95 0.73+0.08 | —=7+2 | 0.93

95 1.1 0.2 3 +£1 0.88 0.38+0.05 | —24+2 | 0.91

98 0.5 £0.2 3 %1 0.54 0.20 = 0.06 0£2 0.66

99 0.5 £0.3 2 +1 0.35 0.2£0.1 0+2 0.46
99.5 0.6 £0.4 2 £2 0.30 0.2£0.1 -2+4 | 0.39
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6.4 Discussion

In this part of the present thesis, a 2D model has been proposed to simulate the development of
stresses due to the structural transition associated with a first order magnetic phase transition.
The application of this model to two grids with different implementations of porosity has provided
plenty of insights, both into the workings of the FEM in relation to the general problem as into
the influence of porosity on the development of shear stresses in a material. These insights will
be elaborated in this section.

Firstly, the relation between the orientation of an edge and the value of the discontinuity
in the shear stress [7’] over this edge is physically relevant, but it also influences the results
regarding the respective variable in a way that is hard to fully account for. It is physically
relevant in the sense that the given relation indicates that, with the eye on reducing the buildup
of shearing stresses in a material, some edge orientations are preferred over others. In the present
model, these directions appeared to be coincident with the x- and y-axis. The relation between
the orientation of an edge and the buildup of shear stresses, which is evident from equation
is subject to physical experiments. For example, experiments in [47] find that crack formation
in crystals often occurs in planes inclined to the axis along which forces are loaded onto a body.
In our model, these loading axes were the x- and y-axes, whereas no shearing deformation was
imposed. Accordingly, it could have been expected that M would be damped for horizontally
or vertically oriented edges.

The influence on the distribution of [7’] of the orientation of edges has been evident and
attempts have been made in the present work to reduce this impact through indirect meshing of
the regular domain. However, in order to fully account for this effect, one would have to apply
meshing algorithms that depart from the delaunay triangulation algorithm and are more delicate
than the meshing applied in grid type 1. On the other hand, the same relation between grain
boundary orientation and shearing stresses forms an interesting venue of further study, possibly
with the eye on designing systems with reduced buildups of [’7’] across grain boundaries.

In terms of the physical predictions of the model, it has appeared difficult to extract a mean-
ingful quantitative measure for the influence of porosity on the shearing stresses in a material.
The linear regression coefficient in tables [I0] and [TI] do confirm the expected effect of porosity
in reducing stresses by the substitutions of voids for grain boundaries. However, since this is a
2D-model with a rather artificially implemented system of grains and voids, it would be difficult
to extrapolate the results to our physical world. The qualitative insights provided by this model
are arguably more interesting.

The part of grain boundaries incident on a void has appeared to have a higher explanatory
power in the reduction of [T} across grain boundaries than the percentage of porosity in in a grid.
This is not so surprising, if we consider the following. Namely, in a hypothetical situation where
for each grain, the full boundary would be incident on a void, rendering us with floating grains,
all grains should be able to assume their equilibrium dimensions at all times. This, of course,
is under the assumption that the respective voids are wide enough to allow for transformations
without neighboring grains getting into touch. This is a sufficient provision to establish a body
without stresses. It follows logically that the fraction of grain boundaries incident on a void, and
not the degree of porosity, predicts the accumulation of [T} across grain boundaries best.
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7 Conclusion

The central topic in the present thesis has been magnetic phase transitions. To gain insights into
these transitions, two modelling endeavours have been discussed.

Firstly, DFT as implemented in VASP-software has been applied to model the lithiation
of the ferromagnetic material FesP and to find a proxy for the development of the transition
temperature of this material upon lithiation. The results suggest that clustering of Li-atoms
occurs in the a,b-plane at 3g-positions formerly occupied by Fe-atoms. Given the fact that
these are the positions in the mixed-magnetic FeoP at which the Fe-atoms carry a high magnetic
moment, this substitution of non-magnetic Li-atoms for magnetic Fe-atoms seems to lead to a
considerable reduction of the total magnetic moment per formula unit.

Furthermore, attempts have been discussed to proxy a paramagnetic state for the lithiated
structure. It was found that this artificial structure with every second 3g-layer lithiated has
a ground state in which alternating layers along the c-axis have opposite magnetic moments.
Moreover, the energy difference between Fej 5Lig 5P in a ferromagnetic state and the material
with a paramagnetic ordering in the a, b-plane decreases linearly in the number of 3g-positions
containing iron. Accordingly, we would expect the T of this structure to decrease upon lithiation
as well, which contradicts experimental findings in [9]. This discrepancy between the results as
presented here and the experimental findings could stem from the fact that in this work higher
lithiation fractions were used than those achieved experimentally, or from an improperly selected
proxy for the paramagnetic state.

Secondly, an FEM-model has been developed to model the structural changes in a 2D material
during a first order magnetic phase transition. Here, the static equilibrium in the displacement
field for a domain of grains due to the imposition of a phase-field was approximated. The first grid
to be implemented, high in symmetry but correspondingly highly artificial, did not exhibit the
expected occurrence of maximum values in the discontinuity of shear stresses, [T], at interfaces
between the two faces. Accordingly, it was rejected. A second grid did show this expected
results, and was therefore taken into closer analysis of the development of stresses during a
phase transition.

Hereafter, voids were introduced into the domain, along grain boundaries, to model the
presence of porosity in a material. The distribution of ||| skewed towards lower values upon
the expansion of voids in the domain. The distribution of [T], however, appeared more sensitive
to other modelling decisions. After the focus was laid on the values of [T] across grain boundaries,
it was found that the distributions of this variable was highly sensitive to the orientation of the
edges composing these grain boundaries. After a correction for this effect, a positive relation was
identified between the degree of porosity and the relative reduction in [T] across grain boundaries.
However, the part of grain boundaries incident on a void appeared to be a better predictor of the
reduction in [T], which corresponds to experimental findings. More delicate development of the
grid to correspond to physically realistic orientations of grain boundaries is needed to gain more
robust quantitative measures for this relation. Moreover, the relation between the orientation of
grain boundaries and shearing stresses at these boundaries forms an interesting venue for further
research to which the present FEM-model can be readily applied.
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A Appendix to part 1

Throughout the VASP calculations presented in this thesis, different sampling parameters and
convergence criteria have been applied, dependent on the respective structure and the accuracy
required for the interpretation of the respective results. For converged calculations, values for
o an k were used corresponding to a convergence of the total energy within the boundary of 1
meV with respect to the respective parameters. These parameters and criteria are presented in

the table below.

Table 12: Sampling and convergence parameters applied to VASP calculations in the indicated

figures and tables.

Result/ Structure EDIFF (eV) | ENCUT (eV) | Degrees of Freedom o k-grid
Figure [3 1073 650 Positions 0.1 2xX2x2
Figures [4]
Tables 1075 650 Positions and lattice | 0.05 | 7 x 7 x 10
Li bee 1075 650 Positions and lattice | 0.05 | 24 x 24 x 24
Fe bee 10—° 450 Positions and lattice | 0.05 | 22 x 22 x 22
Figure 1075 650 Positions 0.1 2x2x2
Figure 1073 650 Positions 0.1 TXTXx5H
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