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Kurzfassung

Das Hauptarbeitsgebiet dieser Diplomarbeit war es zu zeigen, dass mit dem Programmpaket
"Vienna ab initio Simulation package” (VASP) [1, 2] genaue Berechnungen der magnetischen
Anisotropie fur diverse bulk Materialien durchgefiihrt werden konnen. Um dies zu zeigen wurde
die Substitutionslegierung Fe; . Co, fiir (x = 0.0,0.1,...,1.0) ausgewahlt. Dies wurde Anhand
von drei unterschiedlichen Modellen oder Rechnungsansatzen gezeigt. Als erstes haben wir
mit der sogenannten "virtual crsytal approximation” (VCA) [3, 4, 5, 6, 7] gezeigt, dass eine
Rechnung mit VASP, die in der wissenschaftlichen Literatur publizierten Ergebnisse reproduziert
[8, 9, 10]. Als zweites haben wir mit einer erweiterten VCA Methode [11] auch die Ergebnisse der
wissenschaftlichen Literatur reproduziert [8, 9, 10]. Diese Ergebnisse geben die Berechnungen in
der Literatur wieder aber nicht die Experimentellen Werte. Aus diesem Grund wurde ein weiteres
Modell zur Beschreibung der magnetischen Anisotropie der Substitutionslegierung Fe; ,Co,
herangezogen, namlich die Unordnung im Kristallgitter, die mit VCA nicht erfasst werden kann,
Anhand von Superzellen mit zufallig gesetzten Atomen auf Gitterplatze zu simulieren. Dafiir
wurden 8 X 16 Atom Superzellen, welche einer 2 x 2 x 2 kubisch raumzentrierten Kristallstruktur
entsprechen, erzeugt. Durch diese Modellierung der Unordnung im Kiristallgitter konnten wir
viel naher an die experimentellen Ergebnisse herankommen. Aber nicht nur das, wir konnten
auch zeigen, dass wir mit dieser Superzellen Mittelungsmethode auch sogenannte " coherent
potential approximation” (CPA) [12] Rechnungen iiberraschenderweise sehr gut wiedergeben
[9]. Grundsitzlich sind CPA-Rechnungen viel besser geeignet um physikalische Eigenschaften
von Legierungen zu beschreiben.

Diese Ergebnisse wurden in

e Soner Ozcan, Sergii Khmelevskyi, Martijn Marsmann, Georg Kresse, " Calculation of the
magnetic anisotropy with PAW method: the case study of tetragonally distorted disor-
dered alloys Fe;_,Co," submitted to Phys. Rev. B, z, zxx, (2016).

publiziert.

Um dieser Diplomarbeit einen Charakter von Vollstandigkeit zu verleihen, wurde diese Arbeit
um einige Kapitel erweitert.

Ein theoretisches Kapitel wurde den Hauptergebnissen der Dichtefunktionaltheorie gewidmet
und eines der Spindichtefunktionaltheorie.

Ein Kapitel wurde dem Magnetismus da aber hauptsachlich der magnetischen Anisotropie und
den Anwendungen der hart- und weichmagnetischen Materialien und deren Anwendungen gewid-
met.



Zusatzlich wurde der Versuch unternommen ein phanomenologisches Modell von Néel [13] an
die Superzellendaten Fe;_,Co, anzupassen. Wir haben versucht mit den Anisotropiedaten der
Superzellen fiir die Legierung mit der Konzentration Feg 125Cog.s75 phanomenologische Fitpa-
rameter L;; anzupassen und diese dann zu verwenden um die Anisotropie der anderen Su-
perzellen beschreiben zu konnen. Also eine Art selbstkonsistene Beschreibung zu erreichen.
Dies gelang uns relativ gut.

Das letzte Kapitel ist ein kleiner Ausblick fiir zuklinftige Arbeiten, die auf diese Arbeit aufbauen
konnten.



Abstract

The main activity of this thesis was to show that it is possible to calculate the magnetic
anisotropy energy of different bulk materials by using the Vienna ab initio simulation pack-
age (VASP) [1, 2]. For this purpose we have chosen the substitutional alloy Fe;_,Co, for
(r =0.0,0.1,...,1.0). We have explored this using three different models or calculational ap-
proaches. First we have used the so called "virtual crsytal approximation” (VCA) [3, 4, 5, 6, 7]
and reproduced the ab initio results in the scientific literature [8, 9, 10]. Secondly we have used
an advanced VCA method [11] and also reproduced the numerically results of the scientific
literature [8, 9, 10]. Our calculated results of the magnetic anisotropy energy with VCA and
advanced VCA reproduce the scientific results but not the experimental results. For this reason,
we have used another model to describe the magnetic anisotropy energy in the substitutional
alloy Fe;_,Co,, namely a supercell method to capture the disorder in the alloy, which can not be
captured with the VCA methods. In the supercell method, the atoms are randomly distributed
on the lattice sites. For that we have used eight 16 atom supercells, where each supercell is a
2 X 2 X 2 body centered cubic crystal lattice. With this modeling of the disorder in the alloy,
we could reproduce the experimental results much better. Additionally, we could also show
that with our averaging supercell method, coherent potential approximation (CPA) [12] results
could be well reproduced. This result was surprising because usually CPA calculations are much
more suited to describe physical quantities in substitutional alloys.

These results were published in

e Soner Ozcan, Sergii Khmelevskyi, Martijn Marsmann, Georg Kresse, " Calculation of the
magnetic anisotropy with PAW method: the case study of tetragonally distorted disor-
dered alloys Fe; ,Co," submitted to Phys. Rev. B, z, xxx, (2016).

In order to give this thesis a character of completeness, this work has been extended with several
chapters.

A chapter was dedicated to the main results of density functional theory and one for the spin
density functional theory.

A chapter was dedicated to magnetism but mainly to the magnetic anisotropy and to the
applications of hard and soft magnetic materials.

In addition, we have made the attempt to fit our supercell data Fe;_,Co, to a phenomenological
model of Néel [13]. We tried to use the the anisotropy data of the supercell with the alloy
concentration Feg 125Cop s75 to fit the phenomenological parameters L;; of the Néel model [13]
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and use those parameters to recalculate the anisotropy data for the supercells with different
alloy concentrations. We have tried to reach some kind of self-consistency. This worked quite
well. The probability that this adaptation of the Néel model for the magnetic anisotropy to
other alloys such as Fe;_,Si, oder Fe;_,Pd, is quite high.

The last chapter is a short outlook for future work that could build on this work.
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Chapter 1

Density functional theory, highlights

The main statement of the density functional theory (DFT) is that the ground state energy
of a many-body system can be expressed as a function of the electron density. The roots of
this approach go back to Thomas [14], Fermi [15], Dirac [16] and Wigner [17]. Thomas and
Fermi introduced the DFT-method into quantum physics. But the prove that the energy of an
N —electron system can be formulated as a function of the electron density p(r) was provided
by Hohenberg and Kohn [18, 19]. These two papers [18, 19] laid the foundation of modern
DFT-methods.

Up to those two papers [18, 19] most of the calculations done on atoms and or molecules were
wavefunction or semiempirical methods. However a wavefunction is not a measurable feature
of an atom, molecule or bulk solid system, it is not what we call in physics an " observable”, in
fact there is no general agreement among many physicists what a wavefunction is [20, 21, 22,
23, 24, 25].

The electron density p(r) on the other hand is not only the basis for DFT, but at the core
of a whole suite of methods of regarding and studying atoms and molecules [26], and unlike
the wavefunction, is measurable, e.g. by X-Ray diffraction or electron diffraction, ultra-high
vacuum photoemission spectroscopy [27, 28, 29, 30, 31], ballistic electron emission microscopy
/ spectroscopy (BEEM/BEES) [32, 33, 34, 35, 36, 37, 38] and many more methods [39, 40].
Apart from being an experimental measurable physical quantity and being easily understood [41],
the electron density has another property suitable for any method with claims to be competitive
to wavefunction methods. DFT is definitely generally less accurate than the wavefunction based
methods, but the DFT is often traceable where wavefunction methods fail. The electron density
is a function of the position only, which means it is only a function of three spatial variables
(x,y, z). The wavefunction on the other hand is a function of 4n coordinates, three spatial and
one spin coordinate, for each electron. No matter how big the considered molecule or system is,
the electron density p(r) stays a function of three coordinates, while the number of coordinates
in the wavefunction grows with the number of electrons.

DFT in Physics or Chemistry transforms the conventional use of quantum mechanics, in which
the wavefunction plays the major role, in a form in which the electron density p(r) plays the
major role [42].

It should be noted that the 1998 Nobel Prize for Chemistry was awarded to John Pople [43]
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for his role in the development of ab initio wavefunction methods and to Walter Kohn, for his
development of DFT methods [18, 19].

DFT is not regarded as an ab initio method, because the correct mathematical form of the DFT
functional is not known, in contrast to that in wavefunction methods the fundamental equation,
namely the Schrdinger equation, is known. On the other hand, | would say that the Schrodinger
equation is also just an approximation to model atoms, molecules and eventually matter. This
statement can of course be disputed. On the other hand there is not any evidence that the
many body Schrodinger equation is not as essentially exact in agreement with experiment like
the wavefunction methods. However often it can not be solved. So in that sense DFT deserves
to be called an ab initio method just as the wavefunction methods do.

DFT seeks to calculate all the properties of atoms and molecules from the electron density
p(r).

The first Hohenberg-Kohn theorem [18] says that all the properties of a molecule in the elec-
tronic ground state are determined by the ground state electron density po(r). Consequentially,
for given a po(r) one can in principle calculate any ground state property like the ground state
energy Ej.

Eo = Flpo(x)] = Elpo(r)], (L1)
which means that E, is a functional of po(r). In the mathematical formulation, the first
Hohenberg-Kohn theorem [18] says, that any ground state property of a molecule is a functional
of the ground state electron density po(r).

The theorem says that there exists a functional, but it says nothing about the mathematical
form of the functional. The essence of the theorem is that it guarantees us that there is a way
to calculate molecular properties from the electron density p(r). From that we can conclude
that approximate functionals will give at least approximate answers.

The second Hohenberg-Kohn theorem says that any trial electron density different from the
ground state density will give an energy higher or equal to the true ground state energy. The
nuclear potential is called the external potential and designated by V/(r) and the the electron
energy is denoted by Ey = Ey[po(r)], which means that the Ey is a functional of the ground
state density p(r). So the second theorem can be stated as

Eyp(r)] = Eolpo(r)]. (1.2)
The trial electron density p;(r) must satisfy the conditions
/pt(r) dr =mn ... nis the number of electrons in the molecule (1.3)
and
pt(r) > O,VI', (14)

because the number of electrons per unit volume can not be negative.

A variational approach led 1965 to the Kohn-Sham equations [19], which is the basis of current
DFT methods. Modern DFT calculations and the basic ideas behind the Kohn-Sham theorem
can be summarized in the following way:
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e Express the molecular energy as a sum of terms, only of which, a small term, involves the
unknown functional.

e Use an initial guess of the electron density in the Kohn-Sham equations, this initial guess
is then used to regenerate the orbitals.

e The final Kohn-Sham orbitals are then used to calculate the electron density that in turn
is used to calculate the energy.

When putting all together in a mathematical form, the total energy functional is

Elp(x)] = Tlo(x)] + Enlp(r)] + Eselp(x)] + / V(r)p(r) dr, (15)
with

e Tp(r)]... kinetic energy,

e Eylp(r)]... Hartree energy (electron-electron repulsion),
e E,.[p(r)]... exchange and correlation energies,
e V(r)... external potential of the ion cores.

By inserting the kinetic energy T'[p(r)] and the Hartree energy E|[p(r)] one gets

Bt = 5 X [or0 T e+ G [[ B b s mol+ Ve

(1.6)
the first term is the kinetic energy of the N non interacting electrons with the same electron
density [44],

p(r) = Z@z(r)\Q- (1.7)

The second term in equation (1.6) is the Coulomb interaction between two electron densities
p(r) and p(r’), the third term contains the exchange correlation energy, the functional E,.[p(r)]
and the last term characterizes the potential r which comes from the ionic cores. The units of
the energy in equation (1.6) is Hartree.

The ®;(r)are solutions of the one-electron Kohn Sham equation

Hyg®i(r) = {—%vu/%d%’ +ch(r)+/V(r) d%] ®y(r) = £;04(r), (1.8)

where the exchange-correlation operator V,.(r) is defined as the functional derivative of the
exchange correlation energy, E,.[p(r)]

Exclp(r)]

Vaelp(r)] = 5p(0)

(1.9)
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Equations (1.6) - (1.9) have to be solved iteratively, these give the structure for self consistent
field (SCF) calculations.

The Kohn-Sham-formalism is here only specified for the non spin polarized case. Including spin
polarization leads to the generalized form of the KS-equation [45, 46, 47, 48, 49, 50], which
will be discussed in the next chapter.

The KS-equations describe the energy of an N electron system better then the Hartree-Fock
(HF) method [51, 52, 53, 54, 55]. The reason for that is the consideration of the exchange
correlation potential V,.[p(r)] as a function of the electron density in the Hamilton operator,
with this we are in theory capturing all electron correlations. The only problem is that no one
knows the exact mathematical form of E,.[p(r)] or V,..[p(r)].

For the exchange correlation energy there are many approximations, only the local density
approximation (LDA) is presented here. If the electron density is uniform or in other words only
varying very slowly with position.

EEPAp(e)) = [ p)enlpt) (1.10)

where e,.[p(r)] is the exchange-correlation energy of a homogeneous electron gas with the
local density p(r) [56, 57]. Than the LDA exchange-correlation energy functional ELPA[p(r)]
and its derivative V.2P4[p(r)] can be precisely calculated [58, 42]. For the exchange-part, HF
calculations for a uniform electron gas with the density p(r) leads to

Wl

2

EPAp(r)] =~ (3p(r))F. (111)
s

The LDA method describes binding energies relatively good [59, 60], although it is a very rough

approximation.

More advanced exchange-correlation approximations not only describe the electron density lo-

cally but also take into account its gradient or slope (first derivative with respect to position).

These functionals are called generalized-gradient approximation (GGA). They are also called

nonlocal functionals [42, 61, 62].

Good descriptions of DFT and the implementation in the Vienna ab initio simulation package

(VASP) can be found in [63, 64, 65, 2, 66].



Chapter 2

Spin density functional theory

In fact, here we will use spin density functional theorem (SDFT), which is a generalized form
of the Kohn-Sham DFT [67, 68]. Within SDFT the spin up and down electron densities are
treated separately. First we show a generalized form of the Hohenberg Kohn theorem [18]
including the spin the of electrons [67]. Secondly a generalized version of the Kohn Sham [19]
equations is introduced.

Essentially most modern DFT programs like the Vienna ab inito simulation package (VASP)
[63, 65, 2, 66], the full-potential (linearized) augmented plane-wave ((L)APW) code Wien2k
[69], and many more are in fact SDFT programs.

Calculations done in this work are also in the framework of the SDFT method.

2.1 Generalized Hohenberg Kohn scheme

We are starting with the Kohn Sham equations for the non spin polarized case.

Hys®i(r) = {—%VM / | rp fz| d*r' + Vie(r) + / V(r) d%} D;(r) = ;®;(r), (2.1)

with

plr) = 310 (r) . 22)

For the generalization the external potential V(r) is replaced by V,s(r) and p(r) by pas(r).
But in fact there is no one to one relationship between V,3(r) and p,s(r) like in the non spin
polarized case. Now an abbreviation for the electron electron repulsion term is introduced, which
is the Hartree term in equation (2.1), namely instead of Vi (r) we write Vi (r —r'). With this

12
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one can write the Hamilton operator using the language of second quantization [70, 71, 72, 73].
1 1 / / | |
H = Xa:/wl(r) <_§V2> sz(r) d37’ + 5 ZB:/wl(r)z/};(r )VH(I' —r )wﬁ(r )wa<r> d37’ d37”

X [t
apf
(2.3)

with Vi (r —r') being the Coulomb electron electron repulsion potential, essentially the Hartree
term and V,5(r) being a 2 x 2 Hermitian matrix, representing the spin dependent external
potential.

The expectation value of the Hamilton operator in equation 2.3 is:

(EIT) = (B|T|D) + (0|Vig[0) + 3 / Voo (£)pus () r, (2.4)
af

with the density matrix p,s(r) given by

pas(r) = (¥|h(r) va(r)| V), (2.5)

from which follows that p,s(r) is also Hermitian.
With the above equations (2.1) - (2.5) we can formulate the results from Barth et al. [67] as
a generalized Hohenberg Kohn Theorem.

Theorem 1. The ground state total energy is a functional of the electron spin density matrix
pap(r) with the auxiliary condition that the number of electrons is conserved

N = Xa:/p,m(r) d°r.

Proof. The proof is by reductio ad absurdum.

Assume that there are two different ground states |¥) and |¥) corresponding to the Hamilton
operators H and H'. In those Hamilton operators are two external potential matrices Vas(r)
and Volﬁ(r) and they both give the same electron density matrix p,s(r). From which follows

(V|H|W) < (V[H[T) = (V[H|V) + (V[H - H[T), (2.6)
E<E+) / [vaﬂ(r) - V;B(r)} Ppa(r) dr. (2.7)
af

Interchanging primed and unprimed quantities (p,(r) = pas(r))

E<E+) / [vc;ﬂ(r) — vaﬁ(r)} Paa(r) dr. (2.8)
af
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adding equations (2.7) and (2.8), one gets:
E+E <FE +E, (2.9)

which is impossible and therefore the starting assumption that |¥) and |¥') are different is
false. O

This proof can than be used to create generalized Kohn-Sham equations for spin systems.

2.2 Generalized Kohn-Sham equations

Like in the original paper of Kohn and Sham [19] we use the minimal property of the functional
(U|H|T) < (U |H|T) +Z/vaﬁ<r)paﬁ(r) &Pr, (2.10)
af
with the constraint

N = Z/paa(r) d*r, (2.11)

which gives

0Ty O0F,.
Vas(r +Z/pw VHr—r)dréaﬁ()

5pas(T) | Dpap(r)

= Aoas(r),  (212)

with d,5(r) being the Kronecker delta and M;Z(r) being the first Variation with respect to
Pap(r). Ty is the kinetic energy functional for a system of noninteracting Fermi particles, E.

is defined from the relation
T+V =Ty+ Ve + E,., (2.13)

with Vi being the classical Coulomb energy. The constant A is the Lagrange parameter asso-
ciated with the auxiliary condition N = >"_ [ paq(r), namely the particle conservation.

The electron density matrix p,s(r) can be calculated by solving the coupled set of one particle
Schrodinger equations:

>

6E:cc (3) r
0pas(r) g

=5V 0ual@) + 3 [ Wi = 5 5ual0) + Vi) +

and then summing up all the @g)(r) up to the Fermi energy
pos) = 3 B ()8 (r) (215)
E(l><EF

Above procedure is a perfectly well defined and exact way to calculate the electron density
matrix. The only drawback like in the non spin polarized case is that no one knows the exact
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form of E,.[pas(r)] nor the exact form of the exchange correlation potential V.%*(r), which is
defined as the first variation with respect to the electron density matrix:

oE
af — xc
‘/IC <r> 5pozﬁ(r) .

One way to obtain a reasonable approximation for the exchange correlation energy F,. is to
assume that the external potential is varying slowly [67]. With this assumption it is possible to
divide the electronic system into small boxes in which the electrons form a spin polarized homo-
geneous electron gas with spin up and spin down densities, p+(r) and p (r). p+(r) and p (r) are
given by the eigenvalues of the electron density matrix p,s(r). Let's say €,.(p1(r), py(r)) is the
exchange correlation energy per particle of a spin polarized electron gas, then for the electronic
system in the limit of slowly varying electron density, the exchange correlations energy is [67]:

(2.16)

Euelpap(r)] = / {pr(r) + pu(r)} eaclpr(r), py ()] d’r. (2.17)

By choosing a local coordinate system with the z-axis along the direction of the local spin
> as aﬁj; pap(r), one gets with equations 2.16 and 2.17:

VIO®) = 5y (o1(6) + ) w0 ) (2.18)

U((;% is the cartesian component of the Pauli spin vector operator.



Chapter 3

Magnetism

This thesis is not an introduction in magnetism instead of this, the goal of this chapter is to
get a better understanding of the mechanism called the anisotropy. Additionally, we aim to
discuss the difference between hard and soft magnetic materials and give some overview about
applications of magnetic materials. There are several outstanding textbooks on magnetism, e.g
[74, 75, 76, 77, 78], and many more.

3.1 Magnetic anisotropy energy

Magnetic anisotropy energy arises in ferromagnetic materials, because magnetization does not
have to be necessarily parallel to the applied field. Magnetization and applied field are parallel
when the field is applied to the direction of the so called easy axes of the magnetization. In
ferromagnetic or antiferromagnetic materials these axes lie along some fixed directions. In
Figure 3.1 such a situation is depicted.

Easy axis

Figure 3.1: The direction of the magnetization M(r) in a ferromagnetic domain, the easy axis
and the angle between them is shown.

The magnetic anisotropy has three sources:

e Shape anisotropy (is not an intrinsic property of the material).

16
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e Magnetocrystalline anisotropy.
e Induced anisotropy, due to stress of field annealing.

The magnetocrystalline anisotropy is an intrinsic property. The magnetization is different when
the field is applied to a different crystallographic directions, which means that the magnetocrys-
talline anisotropy could be seen as a reflection of the crystals symmetry. lIts origin lies in the
crystal-field interaction, spin-orbit coupling, and or in the interatomic dipole-dipole interaction
[74, 75, 76, 77, 78, 79]. For us the most important anisotropy type is the magnetocrystalline
anisotropy which will be discussed in more detail in this work. For the other types of anisotropy
see [74, 75, 76, 77, 78, 79].

3.1.1 Magnetocrystalline anisotropy

The free energy of an undisturbed ferromagnetic crystal depends on the direction of the spon-
taneous magnetization with respect to the crystal axes.

20 20 20
<100
M 16 [ L M 16 M 16
- 108 7/ <110> . 10f - 108
Am 4, Alm 4, Am 4, /’
12 % <111 12 12 ” ¢ - Axis /
8 81 «ll> <110> <loo> " 8
1 c- Axis
4 4 4 //
/
M M M
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
H ————— - 10%Amn H———————p - 10*Am H ———————p - 10%am

Figure 3.2: From left to right: magnetization curves of Fe, Ni and Co single crystals measured
in the easy and hard directions. This picture is taken from [80].

In Figure 3.2, the dependency of the magnetization of the crystallographic directions for Fe, Ni
and Co is plotted, the magnetization plots of Figure 3.2 are taken from [80]. One can see clearly
that some directions are preferred, these are the directions with the highest magnetization.
These are the so called easy directions of anisotropy, these are also the directions in which the
free energy has its smallest values. The easy direction for Fe is [100], [111] for Ni and [0001]
(this is the hexagonal axis, the c-direction) for Co respectively.

Crystal energy function

The crystal energy function is a crystal energy density, and has units crystal energy per volume
[79, 40]. We make no distinction between a crystal under stress and a crystal with a constant
crystal shape. Constant crystal shape means here, no change in length and shape of the crystal.
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The crystal energy function is denoted by Fx and is a function of the crystallographic directions
a1, g, a3 of the spontaneous magnetization.

FK :FK(Oél,O{Q,Oé,g). (31)

In the above equation (3.1) a, s, a3 are the cosines of the angles with respect of the three
cartesian directions of the spontaneous magnetization. Up to now there is no satisfying theory
for the crystal energy. One can only say that the function Fx has to have the symmetry of
the crystal. A mathematical formulation one can get by making a power series ansatz. This
ansatz can only have even powers of the «;, because crystallographic equivalent directions are
also energetic equivalent.

Cubic crystals

In cubic crystals, the expression of the crystal energy function Fx has to satisfy two restrictions:

e The expression must contain only even-power terms of the direction cosines a, g, a3 of
the spontaneous magnetization.

e It must be invariant for any interchange of the a; among themselves.
of +a3+a; =1, (3.2)
With the relation

(a2 4 a3 + a§)2 =l=oaf+a;+ ozé +2(afal + agag + a%a%), (3.3)

one obtains the form of the crystal energy function for cubic crystals as follows:
Fx = Ko+ Ky (ajas + o503 + a303) + Keafasas + . .. (3.4)

Equation 3.4 is a long known expression [81, 82] of the crystal energy function for cubic crystals.
Terms of higher order than in Equation 3.4 are usually not necessary for describing experimental
results.

Hexagonal crystals

Crystal energy function of hexagonal crystals have the following form

Fx = Ko + Ky sin® o + Ky sin® ¢ + K3sin® ¢ + Ky sin pcos® ¢ | (3.5)

¢ is the angle between the magnetization and the hexagonal axis [0001] and ¢ is the angle
between the magnetization and one of the hard axis [1000] [83]. Equation 3.5 can for example
be used for the magnetic anisotropy properties of pyrrhotite (Fe;_,Sz). Whereas for hexagonal
Cobalt there is almost no anisotropy in the basal plane, [1000] and [0100]. So the crystal energy
is only a function of ¢ and for most cases the Fx becomes

Fx = Ko+ Ky sin? ¢ + Kysin*p . (3.6)
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Tetragonal crystals

For tetragonal crystals like for example Mn,Sb [84] the crystal energy function has the form

Fre = Ko+ Ky sin?0 + Kysin? 0 + Ky cos? acos? . (3.7)

With 6 being the angle between the magnetization and the tetragonal axis [001] and « and 3
are the angles between the magnetization and the other axes [100] and [010].

3.1.2 Magnetic anisotropy calculations within the PAW method using
VASP

The magnetocrystalline anisotropy energy (MAE) can be calculated with the VASP program.
The MAE can be determined using the so called magnetic force theorem [85, 86|, by running
a fully self-consistent calculation for the collinear case and in the second step freezing the
potential charge density for different orientations of the magnetization and then taking the
energy differences, K, = BN — EO0U where E1 and EU are the energies with the
magnetization in the [100] and [001] directions of the bct structure respectively.

3.2 Hard and soft magnetic materials

3.2.1 Ferromagnetic hysteresis loop

The hysteresis loop shows the response of a ferromagnet to a magnetic field. The hysteresis loop
of a magnetization curve is irreversible, it can be seen as the nonlinear response of a ferromagnet
to a magnetic field. It reflects the arrangement of the magnetization in ferromagnetic domains
[80]. The ferromagnetic material cannot be in thermodynamic equilibrium anywhere around
the open part of the hysteresis curve.
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Figure 3.3: The hysteresis loop of a ferromagnetic material, it shows the irreversible, nonlinear
response of a ferromagnet to a magnetic field. The Magnetization M and the magnetic field
H have the same units [£]. This picture is taken from [80].

Starting from the thermally-demagnetized state, the following magnetization processes are in-
volved around the hysteresis curve:

e virgin curve, reversible wall motion,
e irreversible wall motion,
e coherent rotation, reaching spontaneous or saturation magnetization Mg,
e passing remanence M,
e nucleation, irreversible wall motion, passing coercivity H..
In bulk material it is practically impossible to calculate the exact values of the hysteresis and

the coercivity [74, 79, 75, 76, 77, 78].

3.2.2 Hard magnetic materials

Hard magnetic materials are ferromagnets with a wide hysteresis loop. The name hard comes
from the fact, that these kind of magnetic materials need higher magnetic fields to get magne-
tized, unlike the soft magnetic materials, they get magnetized very easy.
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Figure 3.4: The area of the hysteresis loop represents the energy loss per cycle. For hard
magnetic materials, this needs to be as big as possible. The Magnetization M and the magnetic
field H have the same units [2]. This picture is taken from [80].

3.2.3 Soft magnetic materials

Soft magnetic materials have a very narrow hysteresis loop and like mentioned above they get
magnetized with low magnetic fields.
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Figure 3.5: The area of the hysteresis loop represents the energy loss per cycle. For soft
magnetic materials, this needs to be as small as possible. The Magnetization M and the
magnetic field H have the same units [2]. This picture is taken from [80].

Soft materials are used for static and AC applications. Static and low-frequency applications
are such as electromagnets and relays. Major AC applications include cores for transformers,
electric motors and generators and many more.

3.2.4 Magnetic applications

Magnets play a major role in our civilization, most of us use many tools without knowing that
that magnetic materials are integrated in that tool, e.g. in every car are at least two or three
different magnetic materials integrated. Soft magnets are used among many other things to
generate electricity, and convert electrical energy into mechanical energy. Hard magnets are
used among many other things to generate magnetic fields.

Permanent magnets

Permanent magnets are ferromagnets with a wide hysteresis loop. Some examples of permanent
magnet applications are:

e magnetic resonance imaging,
e magnetic powder alignment,
® Sensors,
e motors,

e generators,
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e beam control,
e holding magnets,
e and several more, see [74, 79, 40].

Of course there are several other uses of magnets, which can not be all listed here. Some
additional applications of permanent magnetic materials can be found in [74, 80, 79, 78].

Applications of soft magnets

Soft materials are mainly used for static and AC applications. Some examples of soft magnetic
applications are:

e electromagnets,
e relays,

inductors,

antenna rods,

and several more, see [74, 79, 40] .

Magnetic recording

Digital and analog recording vie magnetic materials has already been used several decades ago.
Magnetic recording has the advantage of being indefinitely rewritable. Nowadays magnetic
recording is a huge industry, with large quantities of different magnetic materials in need.
Additionally very sophisticated miniature magnetic circuits are used and developed in the read
and write heads.
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Figure 3.6: Nowadays it is easy to get a 1 Tb hard disk, left picture. But just a few decades
ago a computer as big as a room could only store 40 Mb, right picture. Pictures taken from
[80].

In Figure 3.6 a modern digital magnetic magnetic hard disk and a few decades old computer
is shown. The sizes of the hard disks shrunk a lot thankfully. Nowadays almost all magnetic
records are digital, magnetic tapes and alike are not present anymore.
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DFT in action

4.1 Equation of state
A very simple equation of state is
E(a) = E(ag) + B(a — ag)?, (4.1)

with Fy, 5 and ag as the fitting parameters. Equation (4.1) is a very simple dependence between
the total ground state energy and the lattice constant and is only valid for a small range of
lattice constants around the equilibrium. For greater variations of the lattice parameter one
needs a better model because the relationship between the energy and lattice constant is not
just a quadratic one. A better model is the so called Birch-Murnagham [87, 88] equation of
state:

E(a) = E(a) + %Boag ([(%)2 - 1}335 + {(%)2 - 1}2 [6—4 (%)QD . (42)

In this equation (4.2), ao is the equilibrium lattice constant, By is the bulk modulus at zero

pressure and B, = (g—g)T . To apply equation (4.2) to a set of data from density functional

theory calculations one treats ag, By, BEJ and FEj as fitting paramaters.

4.2 DFT calculation of bcc sodium

As an example how the Birch-Murnagham equation works, the relaxation of bcc sodium is
shown. The primitive cell for an bcc metal can be defined by the following cell vectors:

111

1 11
359

11 1
3755

2272

—

a9 —

—

as = a( (4.3)

Glza

With one atom at (0,0, 0). The calculations were done with the PAW PBE GGA pseudopoten-
tial, with a cutoff energy of 265 eV, with 11 x 11 x 11 k-points and a Monkhorst pack grid.

25
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The total energy over the lattice parameters were fitted with Birch-Murnagham equation (4.2).
Results of this fit are shown in Figure 4.1.

-1.286 r r r

DFT-GGA =
-1.288 BM equation
-1.29 }

-1.292
-1.294
-1.296
-1.298

-13 |
-1.302 |
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-1.308

EiotleV]

4 405 41 415 42 425 43 435 4.4
a[A]

Figure 4.1: Total energy, F/, of Na in the bcc crystal structure as a function of the lattice param-
eter a. The data points are from a DFT calculation done with PAW GGA PBE pseudopotential
and the solid line is a least square fit with Birch-Murnagham eqation 4.2.

Predicted parameters from this fit are: ag = 4.19 A and B = 7.068 GPa. Experimental values
for Na are ag = 4.2906 A and B = 6.3 GPa [89], the calculated values are in good agreement
with the experimental values.

4.2.1 Calculation details

In the following listing of a shell script, all the information to run this calculation is listed. It
generates the required INCAR and KPOINTS files and then a loop for different POSCAR files
is run to vary the lattice constant then the OUTCAR files are stored. The information needed
is the total energy for each run and the corresponding volume, these are read and printed to a
separate file, which can be used to fit to the Birch-Murnagham [87, 88] equation of state.

cat >INCAR <<!

System = bcc Na
ISTART =0
ICHARG =2
ENCUT = 265
LMAXMIX =4

ISMEAR
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GGA_COMPAT = .FALSE.
[

cat >KPOINTS <<!
K—Points

0

Monkhorst Pack
11 11 11

000
!

for i in 4.00 4.05 4.12 4.14 4.16 4.18 4.45
do

cat >POSCAR <<!

bcc Na:

$i

o
o o

RG]

0.
—0.
0.

oo
GRC Y]
|
o
o oo

1
cartesian

000
[

rm WAVECAR
rm CHG CHGCAR

./../vasp
cat POSCAR INCAR CONTCAR OUTCAR >> bccNa. rel .OUTCAR. $i

el='grep TOTEN bccNa.rel .OUTCAR.$i | tail —1 | cut —c30—44"
vli='echo "$i * $i * $i" | bc —I"

al=($i $vl S$el)
echo ${al[x]} >> energy_bccNa.rel.ev.dat

done

4.3 DFT calculation of fcc copper

Here we show some insight into the capabilities of DFT calculations nowadays using the Vienna
ab initio simulation package (VASP). Cu is a great example of a simple metal with an electronic
structure very similar to a free electron gas.

4.3.1 Density of states and band structure of copper
The primitive vectors for the fcc structure are:

5 11 N 11 1 1
ai :a(§a§70> GQZG(O,g,—) a3:a(§707

> ) (4.4)

The lattice vector of Cu is a = 3.61 A [40].
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Figure 4.2: Density of states of fcc Cu calculated with VASP. A wide energy range is shown.
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Figure 4.3: Left plot: band structure of fcc Cu calculated with VASP, right plot: corresponding
density of states.

In Figure 4.2 the density of states of Cu calculated with VASP is shown and in Figure 4.3 the
band structure is shown. The resemblance to the free electron gas can be clearly seen in the
band structure, especially at the I'-Point in the Brillouin zone.

4.3.2 Calculation details

In the following shell script all the information needed to run above calculation is presented.

cat >POSCAR <<!

fcc Cu

3.61

0.5 0.5 0.0
0.0 0.5 0.5
0.5 0.0 0.5

direct
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0.000 0.000 0.000
[

cat >KPOINTS <<!
K—Points

0

Gamma

16 16 16

000

|

cat >INCAR <<!

ISTART =0
ICHARG =1
EDIFF = 1.0E-06
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
LORBIT =11

|

rm WAVECAR

rm CHG CHGCAR
“/bin/vasp

cp OUTCAR OUTCAR. dos
cp EIGENVAL EIGENVAL. dos
cp DOSCAR DOSCAR. dos

cat >KPOINTS <<!

FCC (face—centered cubic) GXW-K-G-L-U-W-L-K U-X

16 I 16 grids
Line—mode
reciprocal

0.000 0.000 0.000 I \Gamma
0.500 0.000 0.500 X
0.500 0.000 0.500 X
0.500 0.250 0.750 Y
0.500 0.250 0.750 W
0.375 0.375 0.750 'K
0.375 0.375 0.750 I K
0.000 0.000 0.000 I' \Gamma
0.000 0.000 0.000 I \Gamma
0.500 0.500 0.500 L
0.500 0.500 0.500 L
0.625 0.250 0.625 U
0.625 0.250 0.625 U
0.500 0.250 0.750 I'W
0.500 0.250 0.750 Y
0.500 0.500 0.500 L
0.500 0.500 0.500 'L
0.375 0.375 0.750 I K

0.625 0.250 0.625 U

30
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0.500 0.000 0.500 I X
[

cat >INCAR <<!

System = fcc Cu
ICHARG =11
EDIFF = 1.0E-06
ISPIN =1
LMAXMIX =4
ISMEAR =0
SIGMA = 0.05
LORBIT =11

|

“/bin/vasp

cp OUTCAR OUTCAR. band
cp CHGCAR CHGCAR. band
cp EIGENVAL EIGENVAL. band

4.3.3 Fermi surface of Cu

It is also possible to calculate Fermi surfaces with VASP. One needs to run a self consistent run
with a lot of k-points and than a non self consistent run with the symmetry turned off in the
INCAR-file. | have used Xcrysden [90, 91] to plot the Fermi surface. To be able to do that the
eigenvalues have to be in certain order for Xcrysden. For this purpose | have written a shell
AWK script, which is presented in the appendix.

Figure 4.4: Fermi surface of fcc Cu calculated with VASP and plotted with Xcrysden.
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In Figure 4.4 the Fermi surface of Cu is shown and one can see a sphere shape with some hole
anomalies. This is because of the resemblance to the free electron gas.

4.3.4 Calculation details

The following shell script needs to be run and theirafter the shell AWK script presented in
chapter E 4.

cat >POSCAR <<!

Cu

3.61
0.0 0.5 0.5
0.5 0.0 0.5
0.5 0.5 0.0

Cu

1

Direct

0.0 0.0 0.0 Cu
[

cat >KPOINTS <<!
K—Points

0

Gamma

16 16 16

000
!

cat >INCAR <<!

ISTART =0
ICHARG =1
EDIFF = 1.0E-06
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
LORBIT =11

I

rm WAVECAR

rm CHG CHGCAR
“/bin/vasp

cat >INCAR <<!

ISTART =0
ICHARG =1

EDIFF = 1.0E-06
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
LORBIT =11

ISYM = -1

“/bin/vasp




Chapter 5

The alloy system Fe;_,Co,

Fe-Co alloys are of special interest not only because of their magnetic properties but also
because of their practical importance in structural and functional alloys. Special interest has
been generated for Fe-Co alloys, because of contributions of magnetic and chemical ordering
to the phase equilibria [92]. The phase diagram of the Fe-Co alloy system is shown in Figure
5.1, taken from [93].

mass% Co
Fe 10 20 30 40 50 60 70 80 a0 Co
1?00 Il I| IW II II II II II II
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Figure 5.1: Phase diagram of the Fe-Co binary system, taken from [93]
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Table 5.1: The different phases in the phase diagram of the Fe-Co alloy system, Figure 5.1.

phase structure order-disorder modeling

v Al | fcc(cep) Fm3m (225) disorder CPA or supercell
a A2 bce Im3m (229) disorder CPA or supercell
o' B2 | bee (CsCl) Pm3m (221) order CPA or VCA

In this work we are only concentrating on the a- and «a'-phases, in table 5 we have listed
the possible methods to model these phases. The ordered a'-phase will be modeled with the
so called virtual crystal approximation (VCA), which will be explained in section 5.1.1. The
disordered a-phase will be modeled with randomized supercells, which will be explained in
section 5.3.

5.1 Lattice minimization with virtual crystal approxima-
tion

5.1.1 \Virtual crystal approximation (VCA)

In the VCA, pseudopotentials of fictitious atoms of Fe;_,Co, are created, these are special
atoms with the atomic number 26 + = for each Co concentration. Since Fe and Co sit next
to each other in the periodic table it is apparent that VCA should do a good job for the alloy
Fe,;_,Co,.

The complete system Fe;_,Co, is calculated within the VCA approximation with the A2-
structure, with primitive vectors:

a a a
B= S(—1,1,1), = o(1,~1,1), 5= <(1,1,-1
3] 2( 7a>7 a2 2(7 7)7 as 2(77 )7

and with the base vector:

—

by = (0,0,0).

The above structural data are actually the data from a A2-structure, but since in VCA we treat
the alloy Fe;_,Co, with one type of virtual atom, we actually model the ordered B2-structure
(CsCl-structure) with the A2-structure.

5.1.2 Lattice minimization by using the Birch-Murnagham equation

The lattice minimization is done with the Birch-Murnagham [87, 88] equation of state:

E(a) = Bag) + 1%30@3 ([(%)2 - 1}335 + {(%)2 - 1]2 [6—4 (%)1) . (51)
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In this equation (5.1), ao is the equilibrium lattice constant, By is the bulk modulus at zero

pressure and BE) = (g—f;)T . To apply equation (5.1) to a set of data from density functional

theory calculations one treats ag, By, B(/) and FEj as fitting parameters.
On the following page some minimization for a few alloy compositions are shown:
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Figure 5.2: Volume and or lattice constant minimization with the Birch-Murnagham [87, 88]
equation of state, denoted EQOS in the plots.

One can see in the Figures in 5.2 the very good agreement between the Birch-Murnagham
[87, 88| equation of state and our calculations. Energy over volume and over the lattice
parameter are shown.

When putting all together, one can plot the volume, the lattice parameter, the magnetic moment



CHAPTER 5. THE ALLOY SYSTEM FE,_x COx 36

and the bulk modulus over the Co concentration.
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Figure 5.3: The minimized lattice constant and the equilibrium magnetic moments for the VCA
calculations over the complete concentration range in the alloy Fe;_,Co,. The same trend for
the lattice constants is experimentally observed in [92] and for the magnetic moment in [94].

In Figure 5.3 on the left y-axis the equilibrium lattice constants are shown. First the lattice
constant increases until FeygCopo and then the continuously decreases, which is also found
experimentally in [92]. Other groups had the same trend in their calculations [95]. In Figure
5.3 on the right y-axis the magnetic moments are presented a similar trend can be seen here,
which is also experimentally asserted [94].

We have only modeled 10-alloys Fe;_,Co,, for z = 0.0,0.1,0.2...,1.0. The actual composi-
tion, where the magnetic moment and the lattice constant have their maximum is for z = 0.28
[96], which we miss. To see this maximum one needs a much finer mesh for the alloy compo-
sition.
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Figure 5.4: The equilibrium bulk moduli for the VCA calculations over the complete concen-
tration range in the alloy Fe;_,Co,.

In Figure 5.4 the bulk moduli of the VCA minimization are shown, here we have a slightly
decrease first up to Feg9Cop; and than an increase up to Fey;Cog3, after that decreasing
slightly again and then increasing. The bulk modulus of pure Fe is experimentally 173 [GPa]
[97], which is lower than our results but still in the margin of error. For the alloys with Co
concentrations there is not much experimental data available, that is because of the phase
diagram of Fe;_,Co,. With VCA we model the ordered a'-phase which is encountered only for
the Co concentration from z = 0.25 to x = 0.7 [92], the a-phase is a disordered phase, which
is more likely a random alloy.

5.1.3 Electronic structure within the VCA approximation for the alloy
Fe,_,Co,
In Figure 5.5 the spin density function for the majority spin up electrons is plotted. For x = 0.0

and x = 1.0 we have pure Fe and Co. For pure Fe we see weak ferromagnetism, the spin density
of the majority electrons crosses the Fermi energy, this is because of the not completely filled
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d-bands. With increasing x this crossing is moving below the Fermi energy and the spin density
becomes strongly ferromagnetic, since pure Co is a strong ferromagnet. We see in Figure 5.5
that all five curves, for z = 0.0,0.2,0.5,0.7,1.0 respectively, have a pronounced peak. This
central peak in the spin density is a peculiar feature of bcc structure intermetallic materials
[75].
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Figure 5.5: Spin up density of states of Fe; ,Co, for the concentrations =z =
0.0,0.2,0.5,0.7,1.0.

In Figure 5.6, we have plotted the spin density function for the minority spin down electrons.
For pure Fe the Fermi energy crosses the spin down density in a minimum and for x = 0.1
also. For the concentrations z = 0.5 and x = 0.7 the Fermi level of the spin down density
moves to the left. For pure Co the Fermi level of spin down density is almost in a maximum.
These results are in agreement with earlier calculations done by Schwarz et al. [98] with the
augmented plane wave (APW) approximation.
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Figure 5.6: Spin down density of states of Fe;_,Co, for the concentrations = =
0.0,0.2,0.5,0.7,1.0.

Since the Fe spin up band is filled and the spin down band is only partially filled, it is known
from the theory of the chemical bond [96, 75], that the spin up electrons do not contribute to
the bonding. Assuming Fe and Co having 5 electrons in the spin up band means that Fe has 3
and Co has 4 in the spin down band. From this fact follows that the spin up electrons do not
contribute to the bulk modulus, so the bulk modulus decreases when starting to alloy, which
can be seen in Figure 5.4. Accompanying with that fact is an increase in volume, an effect
which is known as volume magnetostriction, which can be seen in Figure 5.3. Parallel with
the magnetostriction also an increase in the magnetic moment is observed. Magnetostriction
and the increase in the magnetic moment is not completely in accord with the observation in
the bulk modulus, because the increase in the bulk modulus starts to early. We are assuming
that all these three effects magnetostriction, magnetic moment increase and the bulk modulus
decrease are turned around between x = 0.2 and x = 0.3. This can be seen in the Figure 5.7,
where the spin down density crosses the Fermi energy after the minimum.
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Figure 5.7: Spin up and down density of states of Fe;_,Co, for the concentrations x = 0.3,0.4
respectively.

We can say that already 10 % alloying of Co pushes the Fermi energy above the spin up band,
but the spin down band stays pinned in a minimum for 10 % and 20 % Co. The transition to
strong ferromagnetism starts to occur between 20 % and 30 % Co, the ferromagnetism gets
stronger for more Co alloying.

5.1.4 Fermi surfaces of the alloy Fe,;_,Co, within the VCA approxi-
mation

In this section Fermi surfaces for pure Fe, for FeysCoqo, for Feq5Cog s, for Fey3Cog.7 and for
pure Co are shown. The Fermi surfaces for the other alloys will be presented in the appendix.
Because of the different fillings of the spin up and spin down bands, the Fermi surfaces of course
will be different for the spin up and spin down bands.
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Fermi surfaces of Fe within the VCA approximation

Figure 5.8: Fermi surface of Fe, spin up density. In the plot all the bands that cross the Fermi
energy are merged in one plot.

For pure Fe we can see in Figure 5.8 the Fermi surface for the majority electrons and in Figure
5.9 we see the spin down Fermi surface. One can see immediately that the Fermi surface for
the spin up electrons is much larger, because the density of the spin up electrons at the Fermi
energy is much higher. And since the density of states at the Fermi level for the spin down
electrons lies in a minimum, the Fermi surface is much smaller. The spherical part of the Fermi
surface for the majority electrons in Figure 5.8 is the 4s character of the spin up bands, which
is overshadowed by the 3d part of the spin up density.
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Figure 5.9: Fermi surface of Fe, spin down density. In the plot all the bands that cross the
Fermi energy are merged in one plot.
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Fermi surfaces of the alloy Fe)3Co,, within the VCA approximation

Figure 5.10: Fermi surface of FeysCoq, spin up density. In the plot all the bands that cross
the Fermi energy are merged in one plot.

In Figure 5.10 we see the the Fermi surface of FeysCogo for the majority electrons and in
Figure 5.11 we see the spin down Fermi surface. The 3d character of the Fermi surface is
gone and only the 4s character is left. For the spin down electrons in Figure 5.11 the Fermi
surface got bigger. We will see this trend in this alloy Fe;_,Co, until pure Co. This Figure 5.10
confirms our previous suspicion, that the sudden increase in volume from pure Fe to Fe;_,Co,
around x = 0.1 is related to the fact that the majority 3d electrons are pushed below the Fermi
surface upon adding small amounts of Co to Fe. This obviously leads to an occupation of the
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antibonding 3d states in the majority spin electrons.

Figure 5.11: Fermi surface of FeggCoq.2, spin down density. In the plot all the bands that cross
the Fermi energy are merged in one plot.
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Fermi surfaces of the alloy Fe;Co, 5 within the VCA approximation

Figure 5.12: Fermi surface of Fey5Coq5, spin up density. In the plot all the bands that cross
the Fermi energy are merged in one plot.

In Figure 5.12 we see the the Fermi surface of Fej ;Coq 5 for the majority electrons and in Figure
5.13 we see the spin down Fermi surface. The 3d character of the Fermi surface is still gone
and only the 4s character is left. For the spin down electrons in Figure 5.13 the Fermi surface
got much bigger and more complex, corresponding to a progressive occupation of eg like states.
We see practically no difference to the Figure 5.10, except a slightl increase in the size of the
area.
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Figure 5.13: Fermi surface of Fey5Cog 5, spin down density. In the plot all the bands that cross
the Fermi energy are merged in one plot.



CHAPTER 5. THE ALLOY SYSTEM FE,_x COx 47

Fermi surfaces of the alloy Fe)3Co,; within the VCA approximation

Figure 5.14: Fermi surface of Fey3Coq 7, spin up density. In the plot all the bands that cross
the Fermi energy are merged in one plot.

In Figure 5.14 we see the the Fermi surface of Fej 3Coq 7 for the majority electrons and in Figure
5.15 we see the spin down Fermi surface. For the spin down electrons in Figure 5.15 the Fermi
surface got much bigger and more complex. For that reason the separate Fermi surfaces for
the diverse bands are plotted in Figure 5.16, namely of the bands number 4, 5 and 6.
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Figure 5.15: Fermi surface of Fey3Cog.7, spin down density. In the plot all the bands that cross
the Fermi energy are merged in one plot.
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Figure 5.16: Fermi surface of Fey3Cog.7, spin down density. For the bands 4, 5 and 6.

49
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Fermi surfaces of Co within the VCA approximation

Figure 5.17: Fermi surface of Co, spin up density. In the plot all the bands that cross the Fermi
energy are merged in one plot.

In Figure 5.17 we see the the Fermi surface of Fe 3Coq 7 for the majority electrons and in Figure
5.18 we see the spin down Fermi surface. Also here we plot separate Fermi surfaces for the
diverse bands which can be seen in Figure 5.19, these are Fermi surfaces of the bands with
the numbers 4, 5 and 6. The volume has now extended towards the Brillouin zone boundaries,
and electrons can thus move from one Brillouin zone to the next in an extended Brillouin zone
scheme.
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Figure 5.18: Fermi surface of Co, spin down density. In the plot all the bands that cross the
Fermi energy are merged in one plot.
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Figure 5.19: Fermi surface of Co, spin down density. For the bands 4, 5 and 6.

5.2 Advanced VCA of the alloy Fe,_,Co,

In the second type of VCA calculations done in this work the potential of the virtual system
alloy is generated by compositionally averaging the potentials as described in [11]. Because of
the small chemical differences between Fe and Co atoms, an actual configuration of Fe;_,Co,
can be achieved by weighting the pseudopotential of Fe with a factor of (1 — z) and the
pseudopotential of Co by a factor of x. This type of VCA calculation will be contemplated as
VCAZ2 in this work and the results of VCA2 will be presented together with the results of the
VCA and supercell calculations.
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5.3 Supercell simulation of the o-phase of Fe;_,Co,

We used supercells with 16 atomic sites to describe the chemical disorder by means of averaging.
The positions of the Fe and Co atoms in the supercell are randomized and 8 different supercells
are used for calculating the MAE by averaging. The randomization was done by generating
series of 16 random numbers via random.org [99] and then arrange the particular number of Fe
or Co, which is listed in table 5.2.

Table 5.2: A 2 x 2 x 2 supercell with 16 atoms.
Number of Fe atoms Number of Co atoms Fe;_,Co,

16 0 Fe

14 2 Feo.s750Co0.1250
13 3 Feo.s125Co0.1875
11 5 Feo.6s75C00.3125
10 6 Feo.6250C00.3750
8 8 Feo.5000C00.5000
6 10 Feo 3750 Coo.6250
5 11 Feo.3125Co0.6875
3 13 Feo.1875Coo.8125
2 14 Feo.1250C00.8750
0 16 Co

A 2 x2x 2 supercell for the B2 structure has the following atomic positions in direct coordinates:

0.00 0.00 0.00
0.00 0.00 0.50
0.00 0.50 0.00
0.00 0.50 0.50
0.50 0.00 0.00
0.50 0.00 0.50
0.50 0.50 0.00
0.50 0.50 0.50
0.25 0.25 0.25
0.25 0.25 0.75
0.25 0.75 0.25
0.25 0.75 0.75
0.75 0.25 0.25
0.75 0.25 0.75
0.75 0.75 0.25
0.75 0.75 0.75

These 16 atomic positions are than randomly rearranged 8 times for 8 different supercells. This
rearrangement is done with random lists of 16 elements. To get the alloy concentrations listed
in table 5.2, e.g. for the alloy Feg 1250Coq.s750 one puts 2 Fe atoms in the first 2 positions and 14
Co atoms to the remaining positions. This way we can implement all the alloy concentrations
shown in table 5.2.




CHAPTER 5. THE ALLOY SYSTEM FE,_x COx 54

In Figure 5.20 some supercells for the alloy Feg 1250Cog 8750, Which means 2 Fe and 14 Co atoms,
are shown.

Figure 5.20: Four of our randomizations of the supercells for Feg 1250Cog. 8750, which means 2
Fe and 14 Co Atoms.



Chapter 6

Calculation of the magnetic anisotropy
within the PAW method the case study
of tetragonally distorted disordered
alloys Fe;_,.Co,

In this chapter the main output of this work is presented. The results of this chapter are
submitted in a paper to the journal physical review B [100].

The magnetic anisotropy energy (MAE) of tetragonally distorted disordered alloys Fe; ,Co,
is calculated by two different virtual crystal approximation methods and an averaged super-
cell method within the projected augmented wave (PAW) methodology and the magnetic force
theorem. We compare our results to recent coherent potential approximation (CPA), full poten-
tial linear combination of atom orbitals method calculations and to recent experiments. Good
agreement between CPA and supercell averaging is found and discussed in detail.

6.1 Introduction

The magnetic anisotropy energy (MAE) of transition metal intermetallics and alloys is a key
property defining the materials performance as a hard magnet as constituent of modern elec-
tronic memory devices [101, 102, 103, 104, 105]. With the development of highly efficient
band structure codes extensive efforts have been made to calculate the magnetic anisotropy
within the the local spin density approximation (LSDA) [19] and the corresponding generalized
gradient approximation in various bulk, surface, and multilayer materials. In transition metal
systems where the magnitude of the anisotropy is much smaller than in the rare-earths mate-
rials, the MAE appears only at second and higher orders of the perturbation expansion over
the spin-orbit coupling (SOC) imposing stringent requirements for the computational accuracy.
First-principles calculations of the MAE within a relativistic band structure theory based on
LSDA were successful in d-transition metal based ferromagnetic multilayers [86, 106], surfaces
and overlayers [107], low-dimensional nanostructures [108], and ad-atoms on the surfaces [109].
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In these systems the MAE is two or three orders of magnitude larger than in the bulk elemental
transition metals Fe, Ni and Co. However, for elemental cubic metals or hcp Co, were the MAE
magnitude is of the order of few eV /atom, the results of first-principles relativistic simulations
are still very controversial [86, 110]. However, the LSDA calculations well predict the anisotropy
in the ordered bulk alloys and in intermetallics where the anisotropy of the magnetic 3d-metal is
enhanced due to for example lower crystal symmetry (e.g. tetragonal distortion) and/or another
heavy element with strong SOC (e.g. Pt, Bi etc.).

One of the most prominent examples of the systems were the MAE has been extensively studied
in the recent decades are the binary Fe-Co alloys. Since T. Burkert et al. [8] have shown from a
first principles calculation a very strong anisotropy enhancement in these alloys due to tetragonal
distortion, a number of studies has been done to investigate thin films of this material (see recent
paper by E. Sasioglu et al. [111], and references therein). On the basis of the calculations
utilizing the Coherent Potential Approximation (CPA) [9] for disordered alloys in the framework
of the Atomic Sphere Approximation (ASA), it has been shown, however, that the MAE in
tetragonal FeCo significantly reduces as atomic disorder increases. Neise et al. [10] investigated
the magnetic anisotropy in the distorted Fe-Co alloys using a full potential methodology in the
framework of the Linear Combination of Atomic Orbitals methods (FPLO) [112]. To model
the atomic disorder they used an averaging of the magnetic anisotropy calculated over the
supercells with random distributions of Fe and Co atoms for three alloy compositions: Fe;_,Co,
with x = 0.5, x = 0.625 and = = 0.75. They also found that the atomic disorder leads to a
decrease of the magnetic anisotropy compared to the atomically ordered alloys. Both methods
CPA [9] and supercell averaging [10] predict the maximal MAE for the tetragonal distortion ¢
around 1.25 and for the Co concentration at compositions around z = 0.6. In both studies
it has been demonstrated that the simple standard Virtual Crystal Approximation (VCA) gives
a rather high value of the MAE compared to the more refined methods of treatment of the
chemical disorder.

Although the CPA is often very successful for the description of the electronic structure of the
disordered alloys it is an effective medium theory, which does not destroy the local symmetry
around a given atomic site. Since the SOC on a given-atomic site may strongly depend on the
symmetry of the local atomic environment of Fe or Co the MAE might be very sensitive on the
way how alloy averaging is performed. The investigation of this topic is one of the issues of the
present work. To compare the CPA-ASA results with averaging over supercells thoroughly, we
investigate in this work a range of Fe;_,Co, alloy compositions from x =0 to z = 1. We will
also compare the supercell averaging results for the MAE with the standard VCA [3, 4, 5, 6, 7]
and a variant recently proposed [11]. This variant is not necessarily an improvement, but rather
a convenient description within the PAW method.

6.2 Method

We use the VASP [2] within the projector augmented plane-wave (PAW) method [1, 113]. All
calculations were performed using the PBE GGA [62] functional. The default energy cutoff of
280 eV was used. The k-point integration was done using the tetrahedron method with Blochl
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corrections [1].

The MAE was determined using the so called magnetic force theorem [85, 86], by running a fully
self-consistent calculation for the collinear case and in the second step freezing the potential
charge density for different orientations of the magnetization direction and then taking the
energy differences, K, = BN — FO0U where E10 and E0%U are the energies with the
magnetization in the [100] and [001] directions of the bct structure respectively.

We achieve a convergence of the MAE energy of about 0.1 ueV/atom using 4096 k-points over
the complete BZ for the VCA and VCA2 cases and 512 k-points for the SC. The convergence
test has been performed for up to 32768 k-points for VCA and VCA2 and with 4096 k-points
for the supercells.

6.3 Results and Discussion

The equilibrium lattice constants of the not distorted bcc Fe;_,Co, alloys and magnetic mo-
ments of the fictitious atoms obtained with VCA calculations are presented in Figure 6.1. The
corresponding unit cell volumes were used further in calculations of tetragonal bct structures
with varying ¢/a ratios including supercell calculations. Interesting to note that the lattice
constant is increasing up to the concentration x = 0.2 and then decreasing with increasing
Co-concentration, which was shown in experiments [92]. A related tendency in the calculated
values of the magnetic moment of the fictitious atom is observed. As we have discussed before
, the increase in the volume is related to the majority d-states becoming fully occupied as the
number of electrons is increased. Of course this increases the magnetic moment, and since the
additionally occupied states are antibonding states the volume increases.
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Figure 6.1: Left panel: calculated lattice constants, right panel: calculated total magnetic mo-
ment, as a function of the Co concentration x. The same trend has been shown experimentally
in Ref. [92]

The dependence of the MAE of the bct alloy Fe; _,Co, on the chemical composition and on the
g—ratio is shown in Figure 6.2 calculated with VCA, VCA2 and the 16 atoms supercell models.
Both VCA results are agreeing well with earlier VCA calculations [8, 10, 9]. The MAE has a
maximum at about x = 0.6 and £ = 1.25. There is no essential difference between VCA and
VCA2 results. Although the VCA PAW value of the MAE at the maximum is somewhat smaller
then in the TB-LMTO ASA calculations by Turek et al. [9], K, =~ 600 peV/atom vs. K, ~ 800
peV /atom respectively, it is still almost three times larger than the values obtained with more
refined methods of chemical disorder treatment (CPA and supercell averaging). Since in this
work we cover the whole range of the Fe-Co alloy concentrations we can conclude more on the
general performance of the VCA methodology for the MAE calculations in disordered alloys.
Indeed the VCA qualitatively well describes the trend of the MAE with the alloy concentration
in Fe-Co (the physical reason for this is well described in the Ref. [9]). However, it largely
overestimates the MAE value for almost all compositions, except the diluted Co rich regime
(x > 0.85), see also figure (Figure 6.2(c)).
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Figure 6.2: Calculated uniaxial MAE K, of tetragonal Fe; ,Co, as a function of the ¢/a-ratio
and the Co concentration z. (a) VCA, (b) VCA2, and (c) supercell calculations.
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More intriguing is the comparison of the CPA results by Turek et al. [9] and our supercell
averaging. We get a close agreement in the position of the calculated MAE maximum with
respect of the c/a ratio and the alloy concentration (around ¢ = 1.25 and x = 0.625) between
supercell PAW results and reported CPA calculations. The only difference is that the supercell
PAW results give a more extended region of positive anisotropy (easy axis) towards the Co rich
region. CPA gives positive MAE values in the range of 0.22 < x < 0.65, whereas the supercell
PAW have positive MAE values in the range 0.2 < z < 0.8.

In Figure 6.3, we show the calculated MAE as a function of the concentration x for g =1.2and
€ = 1.25. We add on the figure also the results from VCA and CPA studies from Ref. [9] and
available experimental results of Fey5Coq 5 on the Pd(001) substrate [114] and Fe 35Coq¢4/Pt
superlattice [106] for € ~ 1.18. We note the almost perfect agreement between the CPA and
supercell averaged results. Some small numerical differences might be also related to the fact
that the CPA results are derived in the ASA, since our VCA values and TB-LMTO VCA results
of Ref. [9] show also some differences, that obviously cannot be ascribed to the difference in
the model treatments of the atomic disorder. We also observe almost perfect agreement with
the experimental results obtained for the MAE for films of tetragonally distorted Fe-Co grown
on Pt and Pd substrates. This is also in-line with earlier full potential LCAO calculations by
Neise et al. [10].
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Figure 6.3: Calculated uniaxial MAE K, of tetragonal Fe;_,Co, as a function of the Co
concentration x for VCA, VCA2 and the supercell. (a) Calculations for < =12, the black plus
sign denotes an experimental value obtained for Fey 35Cog ¢4/Pt superlattice [106] for ¢~ 1.18.

C

(b) Calculations for ¢ = 1.25, the black cross denotes an experimental value obtained for
Fep5Cog.5 on Pd(001) [114]. The filled triangle is a CPA calculation from Ref. [9], the white

triangle indicates the VCA-ASA calculation also from Ref. [9].
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Overall one might conclude that the simple supercell averaging scheme used in this work for the
calculations of the MAE in disordered Fe-Co alloys in combination with the PAW as implemented
in VASP performs very well compared to the experiments. The agreement with the CPA
methodology is surprising but needs some further discussion. In Figure 6.4 we plot the values of
the MAE calculated for the individual random supercells used in the averaging. One can see that
in general the variation of the MAE values calculated for the individual random supercells around
the average is not exceeding the difference between the CPA MAE and average supercell MAE.
The main difference between CPA and average supercell results is caused, for this particular
case, by one supercell (number 6), which has a significantly lower MAE than the rest of the
supercells. Thus one would expect the good agreement between two methodologies (supercell
averaging and CPA) only if the spread in the MAE is not to large. This condition is relatively
well satisfied for concentrated alloy compositions but less for dilute ones. This might explain
the deviation of our supercell averaging MAE from CPA results in the Co rich concentration
regime.
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Figure 6.4: Calculated uniaxial MAE K, for tetragonal Fey;Cops and & = 1.25 with the
8 different random supercells. The black solid line denotes the average of the MAE of the
supercells. The blue dashed line corresponds to CPA calculations done by Turek et al. [9] for
Feo5Cops and £ = 1.24.

6.4 Summary

We can conclude that magnetic anisotropy energies derived within the PAW methodology with
spin-orbit coupling as implemented in VASP are in good agreement with the results of other
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full potential methods, and for Fe-Co, fairly well describe the experiments with tetragonally
distorted thin films. For Fe-Co disordered alloys the simple averaging of the MAE calculated
for randomly chosen supercells gives similar results as the calculations based on CPA, except at
the dilute concentration limit.
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Néel theory of magnetic anisotropy

We want to fit our calculated data from the ab initio calculations for the different supercells to

the model:
1 &
Hi =3 > (i~ ey)Lij(ryy), (7.1)
j=1
where z; are the nearest neighbors of the Fe atoms in the supercell, s; is the magnetization
direction, which is either s, or s, (for a tetragonal supercell), the e;; = ”:—’j” are the unit
vectors to the corresponding nearest Fe neighbors. We consider only the Fe-Fe interactions.
The L;;(r;;) are the phenomenological parameters of the Néel model [13] that will be determined
by our fitting, this Néel model was proposed for surface magnetic anisotropy, whereas we are
using a slightly different setting and use the model for bulk magnetic anisotropy in a tetragonal
supercell.

To calculate the L;; we use the following expression:

va

Fe

vasp

sp
+ 14E
16 Co — Fras, (7.2)

2F
Hx _Hz -

H, and H, are the Néel anisotropy energies from (7.1), E;ZSP is the calculated MAE value for

pure Fe, EéaOSp is the calculated MAE value for pure Co and Eﬁasé’ is the calculated MAE for

the supercell. With this expression, we can evaluate the different L;;(r;;) parameters. These
will than be used to calculate H; energies with the Néel-model for the case of supercell with 3
Fe and 13 Co atoms. The fitting was done for a tetragonal cell with £ = 1.25. This values can
than be used to crosscheck the Néel-model for applicability in our case.

In order to accomplish this task not completely random supercell data were used. For 2 Fe and
14 in a 16 atom tetragonal supercell, only few symmetry inequivalent arrangements exist. We
calculate all and determine from those the Néel parameters L;;(r;;). This way all non equivalent
Néel anisotropy parameters L;;(r;;) can be calculated using equations (7.1) and (7.2).

64



CHAPTER 7. NEEL THEORY OF MAGNETIC ANISOTROPY 65

Table 7.1: Non equivalent pseudo supercells, the calculated MAE of each supercell and the
fitted Néel anisotropy parameters L;;(r;;). Data and fitting for £ = 1.25.
r;; [in units of a and c] VASP MAE [peV] fitted L;; [peV]

(001) —57 72.5
(100) —54 —385
(110) —95 —174.5
(011) —71 132
(101) —70 334
(111) —59 389
(441 70 158

With the fitted Néel anisotropy parameters L;;(r;;) we can now calculate with the equations
(7.1) and (7.2) MAE values for the supercell with 3 Fe and 13 Co atoms, for all 8 randomized
supercells.

Fe;Coy3

KK

1 2 3 4 5 6 7 8
supercells

Figure 7.1: MAE values for the randomized supercells with 3 Fe and 13 Co atoms, which
corresponds to the concentration of the alloy Feg 1375C00g125. The red squares are the MAE
values calculated with VASP and the the blue circles denote the results calculated with the Néel
anisotropy parameters L;;(r;;).

In the Figure 7.1 we show the results of the Néel model for the for the randomized supercells
with 3 Fe and 13 Co atoms. The MAE values are normalized to one, so it is easier to match
them. It can be seen that the agreement is good for the supercells 1,2, 3 and 4 but the supercell
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5 is completely off with absolute error of 0.6. This is probably due to the fact that we only
consider Fe-Fe interaction. One needs to beyond a simple pair model. In the next two pictures
we show the results for randomized supercells with 5 Fe and 11 Co atoms and also results from
the Fe rich case, namely the results for the randomized supercells with 14 Fe and 2 Co atoms.

Fe;Coy4
1 . o

KK

0.3
0.2

vasp —s—
Neel —e—

1 2 3 4 5 6 7 8
supercells

Figure 7.2: MAE values for the randomized supercells with 5 Fe and 11 Co atoms. The red
squares are the MAE values calculated with VASP and the the blue circles denote the results
calculated with the Néel anisotropy parameters L;;(r;;).
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Figure 7.3: MAE values for the randomized supercells with with 13 Fe and 3 Co atoms, The red
squares are the MAE values calculated with VASP and the the blue circles denote the results
calculated with the Néel anisotropy parameters L;;(r;;).

In Figure 7.2 we show the results for the alloy concentration Feg 3125Coq 6575 (FesCoq1) and in
Figure 7.3 for the alloy concentration Fegg125Cop.1575 (Fe13Cos). We can clearly see that we
have again a good agreement between the VASP calculated MAE values and the Néel anisotropy
model, although we have only considered Fe-Fe interaction. But also in the case for Fe;Coqy
and Fe;3Cojs are again outliners and they are the absolute error values are or even larger than
for Fe3Coys.

A further improvement of the Néel model for the case of Fe;_,Co, would be to add Co-Co
interaction and Fe-Co interaction Néel parameters L;;(r;;), so that:

1< § - -
=3 > (si- eij)Lge Fe(rz‘j)Lgo Co(rz’j)Lge O fry). (7.3)

i=1
With the improved Néel model in equation (7.3) it should be in principle possible to capture
also the absolute values of the MAE. Overall we have done very well with equation (7.1), by
capturing the trends of each supercell. The ion positions of all the 8 supercells are presented
in the appendix.



Chapter 8

Outlook

The methods presented in this thesis could be used to investigate some other interesting systems.
Some of them are presented here.

8.1 VCA and supercell simulation of the alloy Fe;_,Mn_ Pt

A very interesting alloy is the L1, FePt [115, 116, 117, 118] with high MAE values ([meV /f.u.]).
A computationally not very demanding simulation would be VCA calculation of the alloy
Fe,_.Mn,Pt, calculating the MAE as a function of the Mn concentration for 0 < 2 < 0.25.
Additionally the alloying of FePt can be investigated with supercell calculations, the variation
of the MAE with concentration and with tetragonal distortion. The dependence of the MAE
on structural properties can be studied.

8.2 Supercell simulation of the alloy Fe,_,Si,

Supercell simulations of the alloy Fe;_,Si,, for 0 < x < 0.25, and ordered structure calculations
of A2, B2 and DOj structures for the compound Fe3Si. Comparing all the results and finding
out how the simulated disorder in the supercells describes the physical properties. Also very
interesting are of course the magnetic properties and the MAE of Fe; ,Si, [119, 120, 121, 122,
123].

8.3 Supercell simulation of the alloy Fe;_,Pd,

Supercell simulations of the alloy Fe;_,Pd,, for 0 < x < 0.25, and ordered structure calculations
of L1y structure for the compound FePd. FePd alloys are ferromagnetic, have remarkable
mechanical properties and are also interesting for their magnetic anisotropy [124, 125, 126,
127, 128, 129].

In the case of Fe;_,Pd,, for 0 < x < 0.25, also VCA simulations could be tried to describe the
mechanical and magnetic properties.
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8.4 Investigation of the spin arrangements in Ni;Mn

There are still open questions concerning the ordered and disordered magnetic properties of
NisMn [130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140].

With VASP the following calculations could be done: investigating the angle dependence of the
antiferromagnetic spin coupling between Mn atoms at the Mn-sites and Mn-antisites in NizMn.

8.5 VCA simulations on B2 type Ni-Al alloys

In B2 type Ni-Al alloys are two atom-positions, an interesting question would be to alloy Co and
Cu with VCA in both atom-positions and check the energies. Which position will be favored
by Co and Cu? [141, 142].



Chapter 9

Conclusion

We have shown that it is possible to reach the required accuracy for magnetic anisotropy calcu-
lations within the VASP framework. This was done with the diluted disordered alloy Fe;_,Co,.
We can conclude that magnetic anisotropy energies derived within the PAW methodology with
spin-orbit coupling as implemented in VASP are in good agreement with the results of other
full potential methods, and for Fe-Co, fairly well describe the experiments with tetragonally
distorted thin films. For Fe-Co disordered alloys the simple averaging of the MAE calculated
for randomly chosen supercells gives similar results as the calculations based on CPA, except
at the dilute concentration limit. The results are well converged already with eight 16-atomic
unit supercells.

We have also shown how to parametrize the VAPS magnetic anisotropy supercell data with
the so called Néel magnetic surface anisotropy model (7.1). We have slightly extended this
model to use for our supercell data. By just using Fe-Fe interaction we have shown, that
it is possible to calculate the phenomenological Néel parameters and use them to recalculate
magnetic anisotropy for supercells with different concentrations. Overall we have done very well
with the slightly extended Néel model, by capturing the trends of each supercell.
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Abbreviations & Symbols

A.1 Abbreviations

APW augmented plane wave

CPA coherent potential approximation
DFT density functional theory

SDFT spin density functional theory
EMTO exact muffin tin orbital

HBC hexa-peri hexabenzocoronene
KS Kohn-Sham

LMTO linear muffin tin orbital

MAE magnetic anisotropy energy
MBE molecular beam epitaxy

OFET organic field-effect transistor
OLED organic light emitting diode
PBE Perdew-Burke-Ernzerhof

PAW projector augmented plane-wave
SCF self consistent field

SBH Schottky barrier height

UHV ultra high vaccum
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VCA virtual crystal approximation

VASP Vienna ab initio simulation package
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A.2 Frequently Used Symbols
ag Bohr radius, ag = 4294° = 0.529177 A
e elementary charge, e = 1.60219 x 10719 C

me free electron mass, m, = 9.1095 x 1073! kg

. 27,
m* effective electron mass, m* = i*(%45)™*
s electron spin quantum number, s = %

<1 electron spin angular momentum, 7 = 5.273 x 1073* Js
g spin g-factor, g = 2.0023

kp Boltzmann constant, kz = 1.38062 x 10723 J/K

E' total energy

E; Fermi energy

E. conduction band edge

FE, valence band edge

f Fermi distribution/Fermi function f(F) = E_};f

e kpT +1

k; component of the wave vector parallel to the i-th axis (i = z,y, z)
N4 acceptor concentration
Np donor concentration

eVh (Schottky) barrier height (in eV).
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Appendix E

Additional code and scripts for running
the calculations

E.1 Shell script for magnetic anisotropy VCA calculations

The following bash script is for a VCA calculation for the alloy FegsCopo. For the other
compositions only the corresponding POTCAR files have to be in the same directory and one
needs to change the volume in the POSCAR file, because the volume is kept constant during
the tetragonal distortion.

cat >KPOINTS <<!
Automatic mesh
0

G

16 16 16

0. 0. 0.
!

for i in 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.675 0.700
do cat >POSCAR <<!

bcc FeCo.2
—11.48

—-0.5 0.5 $i
0.5 —0.5 §$i
0.5 0.5 —$i
1

direct

0.00 0.00 0.00
[

rm WAVECAR

rm CHGCAR

cat >INCAR <<!

PREC = Accurate
LMAXMIX =4
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ISMEAR = -5
EDIFF = 1E-6
GGA_COMPAT=.FALSE.
ISPIN =2
MAGVIOM =3

I

“/bin/vasp

rm OUTCAR.FeCo.2.vca.rel.$i

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca.rel.$i

cp EIGENVAL EIGENVAL.FeCo.2.vca.rel.$i
cp DOSCAR DOSCAR.FeCo.2.vca.rel.$i
cp vasprun.xml vasprun.FeCo.2.vca.rel.$i.xIlm

rm WAVECAR

cat >INCAR <<!

PREC = Accurate
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
GGA_COMPAT =.FALSE.
LNONCOLLINEAR =.TRUE.
LSORBIT = .TRUE.
MAGVIOM =003
SAXIS =100 ;
ICHARG =11
LORBMOM = .TRUE.
ISYM = -1

|

“/bin/vasp

rm OUTCAR.FeCo.2.vca.rel.an.x.$i

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca.rel.an.x.$i

cp EIGENVAL EIGENVAL.FeCo.2.vca.rel.an.x.$i
cp DOSCAR DOSCAR.FeCo.2.vca.rel.an.x.$i
cp vasprun.xml vasprun.FeCo.2.vca.rel.ab.x.$%i.xIlm

rm WAVECAR

cat >INCAR <<!

PREC = Accurate
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
GGA_COMPAT =.FALSE.
LNONCOLLINEAR =.TRUE.
LSORBIT = .TRUE.
MAGVOM =003
SAXIS =010
ICHARG =11
LORBMOM = .TRUE.
ISYM = -1

|

“/bin/vasp

rm OUTCAR.FeCo.2.vca.rel.an.y.$i

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca.rel.an.y.$i

cp EIGENVAL EIGENVAL.FeCo.2.vca.rel.an.y.$i
cp DOSCAR DOSCAR.FeCo.2.vca.rel.an.y.$i

rm WAVECAR
cat >INCAR <<!
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PREC = Accurate
LMAXMIX =4
ISMEAR = -5
EDIFF = 1E-6
GGA_COMPAT =.FALSE
LNONCOLLINEAR =.TRUE
LSORBIT = .TRUE.
MAGVOM =003
SAXIS =001
ICHARG =11
LORBMOM = .TRUE
ISYM = -1

1

“/bin/vasp

rm OUTCAR.FeCo.2.vca.rel.an.z.$i

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca.rel.an.z.$i
cp EIGENVAL EIGENVAL.FeCo.2.vca.rel.an.z.$i

cp DOSCAR DOSCAR.FeCo.2.vca.rel.an.z.$i

cp vasprun.xml vasprun.FeCo.2.vca.rel.ab.z.$%i.xIlm

done

E.2 Shell script for magnetic anisotropy VCA2 calcula-
tions

The following bash script is for a VCA2 calculation for the alloy FeysCogo. For the other
compositions the TAG VCA for the INCAR needs to be changed. And of course one needs
to change the volume in the POSCAR file, because the volume is kept constant during the
tetragonal distortion.
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for i in 0.500 0.525 0.550 0.575 0.600 0.625 0.650 0.675 0.700
do

cat >POSCAR <<!

bcc Fe

—11.87

11
direct
0.00 0.00 0.00

0.00 0.00 0.00
!

rm WAVECAR
cat >INCAR <<!

VCA = 0.8 0.2
PREC = Accurate
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LMAXMIX =
ISMEAR = -5
EDIFF = 1E-6
GGA_COMPAT =.

KPAR =
ISPIN

MAGVIOM
[

mpirun —np 32 “/vasp
cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca2.rel . $i

rm WAVECAR
cat >INCAR <<
VCA

PREC

LMAXMIX
ISMEAR

EDIFF
GGA_COMPAT
KPAR
LNONCOLLINEAR =

0.8 0.2
Accurate
4

-5

1E-6
.FALSE.

([
- 00
_|
X
c
m

LSORBIT = .T
MAGVIOM
SAXIS

ICHARG
!

mpirun —np 32 ~/vasp
cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca2.rel.an.x.$i

rm WAVECAR

cat >INCAR <<!

VCA = 0.8 0.2
PREC = Accurate
LMAXMIX =4

ISMEAR = -5

EDIFF = 1E-6
GGA_COMPAT —=.FALSE.
KPAR =8
LNONCOLLINEAR =.TRUE.
LSORBIT = .TRUE.
MAGVOM =003003
SAXIS =001
ICHARG =11

mpirun —np 32 ~/vasp
cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.2.vca2.rel.an.z.$i

done
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E.3 Shell script for magnetic anisotropy supercell calcu-
lations

The following shell script is for the Fey 5Cog 5 alloy, which means 8 Fe and 8 Co atoms. For the
other compositions the scripts look similar, with only different number of atoms and different
volume. For this script to work the supercells need to be stored in files named: pos'rl.dat
for the randomization 1. These files are then read in with the cat command in grav quotes,
otherwise the script gets just longer and unreadable! NOTE that these are grav quotes and not
single quotes, there is a big difference in shell, Latex listing shows them as single quotes!

for i in 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
do

for j in 1234567289

do

cat >POSCAR <<!

FeCo.5

—181.44
2.0

o o

0.0
2.0
0.0

& O O

0.0
0.0
8 8

Direct

‘cat pos_r$j.dat’
|

cat >INCAR <<!
PREC

LMAXMIX

ISMEAR

EDIFF
GGA_COMPAT
KPAR

ISPIN

MAGVOM

ISYM
!

Accurate
4

rm WAVECAR

rm CHGCAR

mpirun —np 16 ~/vasp

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.5.sc.rel.an.lorb.r$j.$i

cat >INCAR <<!

PREC = Accurate
LMAXMIX = 4
ISMEAR = -5

EDIFF = 1E-6
GGA_COMPAT =.FALSE.
KPAR = 4

ISYM = -1

LNONCOLLINEAR =.TRUE.
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LSORBIT = .TRUE.

MAGVIOM =00300300300
03003003003003003

SAXIS =100

ICHARG =11

LORBMOM = .TRUE.

|

rm WAVECAR

mpirun —np 16 ~/vasp

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.5.sc.rel
cp EIGENVAL EIGENVAL.FeCo.5.sc.rel.an.lorb.x.r$%j.$i

cp DOSCAR DOSCAR.FeCo.5.sc.rel.an.x.lorb.r$j.$i

rm WAVECAR

cat >INCAR <<!

PREC = Accurate

LMAXMIX =4

ISMEAR = -5

EDIFF = 1E-6

GGA_COMPAT =.FALSE.

KPAR = 4

ISYM = -1

LNONCOLLINEAR =.TRUE.

LSORBIT = .TRUE.

MAGVIOM =00300300300
03003003003003003

SAXIS =001

ICHARG =11

LORBMOM = .TRUE

|

rm WAVECAR

mpirun —np 16 ~/vasp

cat POSCAR KPOINTS INCAR OUTCAR >> OUTCAR.FeCo.5.sc.rel
cp EIGENVAL EIGENVAL.FeCo.5.sc.rel.an.lorb.z.r$j.$i

cp DOSCAR DOSCAR.FeCo.5.sc.rel.an.lorb.z.r$j.$i

done
done

87

30030030030030030030030030

.an.lorb.x.r$j.$i

30030030030030030030030030

.an.lorb.z.r$j.$i

E.4 Fermi surface script

S

)

KPOINTS1=16
KPOINTS2=16
KPOINTS3=16
BANDNUMBER=4

BANDS x=4
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# all the bands in the eigenval file
NBANDS=10
# 2 for spin up and 3 for spin down

SPIN=2

if [ $SPIN = "2" ]

then
OUTPUT="FS_spin_up . bxsf”
> $OUTPUT

fi

if [ $SPIN = "3" ]

then

OUTPUT="FS _spin_down . bxsf”
> $OUTPUT

fi

echo "BEGIN_INFO"
echo "BEGIN_INFO" >> $OUTPUT

Efermi=‘grep E—fermi OUTCAR | cut —cl4-20°
echo ” Fermi Energy:” $Efermi

echo " Fermi Energy:” $Efermi >> $OUTPUT
echo "END_INFO”

echo "END_INFO" >> $OUTPUT

echo "" >> $OUTPUT

echo "BEGIN_BLOCK_BANDGRID_3D"

echo "BEGIN_BLOCK_BANDGRID_3D" >> $OUTPUT
echo one_word_comment”

echo " one_word_comment” >> $OUTPUT

echo ” BEGIN_.BANDGRID_3D"

echo ” BEGIN_.BANDGRID_3D" >> $OUTPUT

echo ” 7 $BANDS_x

echo "7 7 $KPOINTS1 " " $KPOINTS2 " " $KPOINTS3

echo " 0 0 0"

echo " " $BANDS_x >> $OUTPUT

echo 7 7" $KPOINTS1 " " $KPOINTS2 " " $KPOINTS3 >> $OUTPUT
echo ” 0 0 0" >> $OUTPUT

awk '\

{while(getline = 1)\

{if($1="direct” && $2=—"1lattice” && $3=—"vectors” && $4=—"reciprocal” && $5="lattice”)\
{getline ; \

print $4 7 7 $5 7 7 $6 ;\

getline ; \

print $4 " 7 $5 " " $6 ;\

getline ; \

print $4 7 7 $5 7 7 $6 ;\

exit 2\

N\
FoA

I
' < OUTCAR

awk '

{while(getline = 1)\

{if($1=—"direct” && $2=—"lattice” && $3=—"vectors” && $4=—"reciprocal” && $5=—="1lattice")\
{getline ; \
print $4 7 7 $5 7 7 $6 ;\
getline ; \
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print $4 " " $5 " " $6 ;\
getline ; \
print $4 " " $5 " " $6 ;)\
exit 2\
A\
PN

A
" < OUTCAR >> $OUTPUT

echo "BAND " $BANDNUMBER >> $OUTPUT
if [ $SPIN = 72" ]

then

awk ' BEGIN {

getline; getline; getline; getline;
}

{while(getline = 1)

{while ($1<'$NBANDS")

{getline;

if ($1=="$SBANDNUMBER') { print $2}
}

}
}' < EIGENVAL >> $OUTPUT
fi

if [ $SPIN = "3" ]

then

—awk ' BEGIN {

——_getline; getline; getline; getline;
- {while(getline = 1)

- {while ($1<'$NBANDS")

——{getline;

—— if($1=="$BANDNUMBER’) { print $3}

—}

}
- }' < EIGENVAL >> $OUTPUT
fi

BANDNUMBER=$ ( (BANDNUMBER +1))
echo "" >> $OUTPUT
echo "BAND " $BANDNUMBER >> $OUTPUT

if [ $SPIN = "2" ]

then

—awk ' BEGIN {

—_getline; getline; getline; getline;
- {while(getline = 1)

- {while ($1<'$NBANDS")

——{getline;

—— if($1=="$BANDNUMBER’) { print $2}

_}

- }

- }’ < EIGENVAL >> $OUTPUT

fi

if [ $SPIN = "3" ]

then

—awk ' BEGIN {

——_getline; getline; getline; getline;

getline;

getline ;

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline ;

getline;

getline;

getline;

getline ;

getline;

getline;
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— {while(getline = 1)
- {while ($1<'$NBANDS")
——{getline;
—— if ($1=="$BANDNUMBER') { print $3}
e}
DR

fi

}' < EIGENVAL >> $OUTPUT

BANDNUMBER=S$ ( (BANDNUMBER 1))
echo """ >> $OUTPUT
echo "BAND " $BANDNUMBER >> $OUTPUT

if [ $SPIN = "2" ]

then

—awk ' BEGIN {

——_getline; getline; getline; getline;
- {while(getline = 1)

— {while ($1<'$NBANDS")

——{getline;

—— if($1=="$BANDNUMBER’) { print $2}

—}

}
- }' < EIGENVAL >> $OUTPUT
fi

if [ $SPIN = "3" ]

then

—awk ' BEGIN {

——_getline; getline; getline; getline;
- {while(getline = 1)

- {while ($1<'$NBANDS")

——{getline;

— if($1=="$BANDNUMBER’ ) { print $3}

—}

- }

fi

}' < EIGENVAL >> $OUTPUT

BANDNUMBER=$ ( (BANDNUMBER +1))
echo "" >> $OUTPUT
echo "BAND " $BANDNUMBER >> $OUTPUT

if [ $SPIN = "2" ]

then

—awk ' BEGIN {

—._getline; getline; getline; getline;
- {while(getline = 1)

- {while ($1<'$NBANDS")

——{getline;

—— if($1=="$BANDNUMBER’) { print $2}

—}

- }

- }’ < EIGENVAL >> $OUTPUT

fi

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline;

getline;
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if [ $SPIN = "3" ]
then
—awk ' BEGIN {

——_getline; getline; getline; getline;
- {while(getline = 1)

- {while ($1<'$NBANDS")

——{getline;

—— if($1=="$BANDNUMBER’) { print $3}

—}

-}

}' < EIGENVAL >> $OUTPUT
fi

echo "" >> $OUTPUT
echo " END_BANDGRID_3D" >> $OUTPUT
echo "END_BLOCK_BANDGRID_3D"” >> $OUTPUT

getline;

getline;

getline ;

getline;
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