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Abstract

Magnetic properties of bee Fe/Co (001) multilayers have been successfully cal-
culated from first-principles. The computational framework of this study is based
on the FP-LMTO (full-potential linear muffin tin orbital) method within the density
functional theory.

The ground state configuration of the the bulk bce Fe has been reproduced in-
cluding the correct easy axis of [100]. For a hypothetical bce Co in bulk, the easy
axis was suggested to be at [001] direction. Calculated magnetic moments of the bulk
materials are 2.05 pup and 1.72 pp for Fe and Co, respectively. Total energy method
was implemented to resolve MAE (magnetic anisotropy energy) as low as 0.89 nRy
involving spin directions at [001] and [100] for Fe while giving a value of 7.06x107°
nRy for Co. Results are compared with the accepted theoretical values as well as

with available experimental results and are found to be in good agreement.

xiii



MAE and magnetization of the multilayers are extensively investigated for differ-
ent concentrations of Fe and Co. Calculations were done for bee Fe;/Coy, Feg/Cos,
Fes/Cos, Fey/Coy and Fe; /Coz. All the multilayer systems have easy axis along [110]
axis. We have also provided detailed magnetic profiles of the atoms in the multilay-
ers. For Fe/Co multilayers, magnetic moment of Fe atoms located at the interface is
enhanced by 24% compared to the magnetic moment of pure Fe in bulk. It is also
higher by 10% compared to the magnetic moments of other Fe atoms found in the
multilayer, especially if located farther from the interface. The greatest enhancement
in magnetic moment is observed for the multilayer with ~ 83% Co content. Average
moments are found to decrease as the multilayer becomes richer in Co. MAE also
increases for increasing Co concentrations and/or layer thickness.

The intermixing in the Fe and Co layers that occur in atomically unsharp interfaces
of multilayer was also modelled. Even more dramatic increase in magnetic moments
was observed when there is only one monolayer thickness of impure interface, i.e.,
having one monolayer of Fe sandwiched between two Co layers. Ground state energy

calculations also determine the stability of the multilayers in various configurations.

Xiv



Chapter 1

Introduction

Development of new materials has been the focus of modern condensed matter and
materials physics research in the recent years. The study of these new materials,
particularly magnetic ones, are very important as it provides the underlying science
for several technological applications. Several of these materials are made by layering
two or more types of metals or alloys alternately on top of one another to form a
superlattice or multilayer. Superlattice was the term originally used to refer to multi-
layer structures larger than one bilayer in thickness that exhibit correlated properties
along the growth direction. However, the two terms have been frequently used inter-
changeably. The smallest unique sequence in superlattice, which is being repeated

along the growth axis is called the supercell.
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Stimulated by rapid advances in technologies for synthesis of materials and tech-
niques for characterization, more and more superlattices have been grown in various
configurations. These techniques allow epitaxial growth of thin films a few atomic
monolayers thick in stacks to form a highly crystalline material. Deposition is achieved
with low contamination, minimal surface defects and clear-cut interfaces because the
technique can be flow-rate controlled. Ultra high vacuum (UHV) molecular beam epi-
taxy (MBE) and DC sputtering [17, 18, 42] are being used more frequently compared
to pulsed laser deposition (PLD) [24, 48] and ion beam sputtering (IBS) [11, 13]. UHV
MBE, which makes use of atom beams to deposit films on a substrate at considerably
high temperature, has the unique advantage that it can be coupled with surface char-
acterization tools such as reflection high energy electron diffraction (RHEED) [38]
and Auger electron spectroscopy (AES) [27].

Although metallic multilayers have been studied for more than six decades now
[19], it was only in the 1980s that researchers have successfully used magnetic metals in
multilayers. Significant impact of multilayers in magnetism research became evident
in 1990s as seen in Figure 1.1 the tremendous increase in number of publications on
this field. Table 1.1 features selected achievements in multilayers, highlighting the
relevant studies for magnetism.

Magnetic multilayers show a variety of unusual magnetic behaviors when com-

pared to bulk materials, mostly attributed to interface effects, including scattering
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Figure 1.1: Number of publications on metallic and magnetic multilayers gathered
from Institute of Electrical Engineering (IEE)-INSPEC database [28]. The data only

include publications up to year 1999.



Table 1.1: Selected Breakthroughs in Multilayers Studies

Year Ref.
1935 Fabrication of metallic superlattices and multilayers [19]
1978 Anomalous magnetization in Cu/Ni [53]
1980 Lattice mismatched superlattices [47]
1982 Absence of 2D magnetism in Cu/Ni [25]
1986 Antiferromagnetic coupling in Fe/Cr sandwiches [22]
1988 Giant magnetoresistance in Fe/Cr (GMR) 3]
1989 Growth of bee Co thin films [29]
1991 Perpendicular transport in multilayers [44]
1992 Local magnetic moments in bee Co [36]
1995 Fabrication of Co/Ni using sputtering technique [20]
1998 Magnetic phases of Fe in Fe/Ni [34]
2002 | Growth and magnetic anisotropy of bee Fe/Co superlattice | [40]

at the interface, spin polarization and magnetic interactions. Although it is believed
that interface magnetism contributes to this, the nature of its exact origin is unclear.
In fact, these are central issues on the study of transition metals over the last few
years. A lot of work has been devoted to this subject largely due to the technological
possibilities provided by these new materials.

One of the most important properties of magnetic materials is the magnetocrys-
talline or magnetic anisotropy. Magnetic anisotropy is the intrinsic persistence of
ferromagnets to an easy direction of magnetization. Different degrees of magnetic
anisotropy is desired in different applications, such as permanent magnets, informa-
tion storage devices and recording/read heads. Therefore, it is important to study the

effect of atomic position, structure, temperature and composition on the anisotropy



of a material.

Magnetic properties depend on the structural properties of the multilayers [59, 60].
A basic design of a multilayer crystal consists of a double layer of ferromagnetic metal
separated by a nonmagnetic metal. In the presence of small external fields, the two
ferromagnetic layers align themselves parallel or anti-parallel with respect to each
other. This is brought about by the spin dependent Coulomb interaction of charges
or interlayer exchange coupling (IEC). IEC has been, both experimentally [9, 22] and
theoretically [10], shown to depend on the thickness of the magnetic layers. This
particular arrangement of metals also exhibit giant magnetoresistance (GMR) effect
3, 4, 9, 40]. GMR effect is the dramatic change of electrical resistivity through the
nonmagnetic layer. The drop in resistivity has been found to depend on the change
in the relative magnetic orientation of the ferromagnetic layers to one another. Ap-
parently, the two phenomena involve, though not confined to, the spin redirection of
the ferromagnetic layers. The required energy to change the magnetization direction
is the magnetic anisotropy energy (MAE). MAE critically depends on temperature,
thickness and composition [2, 9, 40]. The structure also affects the behavior of the
saturation magnetization or magnetization value at low fields. This is observed to
change, generally increases, for most materials. Enhancement in the magnetic mo-
ment is observed at the interface. It is believed that this is due to the mutual distur-

bance between the two materials in the interface region. Hence, the positions and type
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of atoms in the superlattice are deterministic factors of the magnetic properties. In
experiments, layer resolved magnetic moments are difficult to measure. Information
on the magnetic moment of atoms with overlayers may be experimentally measured
using magnetic circular x-ray dichroism but very few have done it [51, 54].

As seen in most literature, magnetic superlattices composed of ferromagnetic/non-
magnetic (F/N) materials attracted more attention than those composed of ferro-
magnetic/ferromagnetic (F/F) or ferromagnetic/rare-earth materials. In the present
work, the magnetic properties of an alternative multilayer system consisting of two
ferromagnetic materials having different degrees of magnetization, namely iron and
cobalt, are investigated. We will look into the detailed magnetic profile of the inter-
face between Fe and Co, relating it to their corresponding bulk properties. Cobalt
naturally occurs in the hexagonal close-packed structure (hcp). But grown on a
body-centered cubic (bce) Fe, Co may take a bee structure. Very little is known
about bce cobalt, which can be stabilized in thin films but not in bulk. Co grown
with a bce structure is particularly interesting to study since it is a material rarely
used as a spacer layer. Fe/Co properties have been verified in experiments but few
offer theoretical support.

In this paper, we will perform first-principles calculations to determine numerically
the magnetic moment and MAE of bee Fe/Co multilayer. A highly-precise numerical

method, which is the full potential-linear muffin tin orbital (FP-LMTO) method [58]



7

is used and numerical results are compared with experimental and other theoretical
results where available. Other researchers have done full-potential calculations on
noble metal /Co bilayers [45] while others have worked on pseudopotential calculations
on metal alloys [46]. To our knowledge, so far very few full-potential calculations have
been performed for the chosen multilayer materials to explain the experimentally
observed large MAE. The numerical technique also made it possible to calculate layer
resolved spin moments to give a vivid description of the magnetic properties of Fe/Co
superlattices.

The rest of the paper is organized as follows: The next section, Chapter 2, dis-
cusses the fundamental concept of magnetism in bulk materials, thin films and multi-
layers. We also review in this chapter the recent experimental and theoretical results
in the study of magnetic materials, which lead to the novel and practical applications.
Chapter 3 discusses the theoretical foundations of the density-functional based nu-
merical method used, which is FP-LMTO. The structure of the chosen model system
and details of the numerical implementation is also found in this chapter. Chapter
4 discusses the results of the numerical calculations. We will see that magnetic mo-
ments of Fe atoms located the interface of an Fe/Co multilayer is greatly increased
compared to that of a bee Fe found in bulk. Other energetically stable configurations
involving this new material will also be described in this chapter. Lastly, summary

and recommendations are presented in Chapter 5.



Chapter 2

Properties of Magnetic Materials

2.1 Magnetization and Magnetocrystalline

Anisotropy

Magnetization occurs when magnetic moments of atoms align in a regular manner.
In most materials, the magnetic moments separated into several magnetic domains,
are oriented randomly when there is no magnetic field applied. When a magnetic
field is present, the magnetic moments arrange themselves parallel or antiparallel
with respect to other domains. Different materials have varying degree of magnetic
ordering in the presence of a magnetic field. However, there are certain elements,
which exhibit spontaneous magnetic moments or appearance of aligned magnetic

moments in the absence of an applied field. These are called ferromagnetic materials.



Examples of ferromagnetic metals are Fe, Co and Ni.

The mechanism responsible for ferromagnetism is attributed to Pauli’ exclusion
principle, which inhibits two electrons of similar spins to occupy the same orbital.
The magnetization value is defined by magnetic moment per unit volume. Every
unpaired electron contributes 1 Bohr magneton (up) to the total magnetic moment
of the atom. In bulk, Fe has a magnetic moment of 2.2 ug whereas Co has 1.7 up
(32].

The magnetization generally lies in some preferred directions with respect to the
crystalline axes called the easy axis. This property is known as the magnetocrys-
talline anisotropy. It is due to the electron distribution of atoms in a lattice being
asymmetric. A schematic diagram of this distribution is shown in Figure 2.1. It is like
an ellipsoid rather than perfectly spherical and this asymmetry provides a mechanism
for magnetic anisotropy. Since the electron cloud is fixed with the orientation of the
magnetic moment, any changes in spin direction relative to the crystal axes changes
the energy. The energy involved in rotating the magnetization to another direction,
as well as the direction of the easy axis of a magnetic material can be described by
the magnetocrsytalline anisotropy energy (MAE). This is defined to be the difference
in total energies of the same system but with different magnetization directions, i.e.,
the easy and hard axes.

For cubic and uniaxial crystals, the MAE is expressed in the series expansion in
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bbddd

(b)

Figure 2.1: Relative positions of electron cloud (ellipsoid) and spin direction (arrow)
of neighboring atoms in a lattice. Rotations in spin orientation causes magnetic
anisotropy. The energy of (a) is in general different from (b).

terms of the direction cosines, which is the angle between the direction of magneti-

zation and the lattice axes.

By cuvic = Ki1(aja3 + asa; + a3a3) + Ky(ajasas + ...) (2.1)
where «; are the direction cosines and K; and K, are the first and second order
anisotropy constants, respectively. The anisotropy constants are separated into inter-

face and volume contributions K; = K; vowme + 2K surface/d, © = 1,2,3,.... For

uniaxial crystals, the MAE is in the form of
Ea,unia:rial == KlSin29 + KgS’in49 + ... (22)

where 6 is the angle of magnetization with respect to the stacking direction of the

lattice. It is usually sufficient to represent the anisotropy energy in an arbitrary
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direction using only the first two terms in the series expansion[45].
In the presence of an external field, the MAE is obtained by analyzing the mag-
netization curve measured along a hard axis [8]. The energy due to the applied field

is given by the Zeemann term expressed as

—

Ey = —p,M, - H . (2.3)

The magnetic field is denoted by H , M, is the magnetization and p, is the magnetic

permeability. The energy required to rotate the magnetization is
Ey = FE, — u,H Mcos(0, —0) , (2.4)

where E, is the energy when there is no applied field, 6, is the angle between the
easy axis and the applied field whereas 6 is the angle between the easy axis and the
saturation magnetization. In Figure 2.2, consider a material with easy axis along
[010] direction. When anisotropic fields (H), are present, the magnetization (Mj)
becomes noncolinear with the easy axis. The magnetic anisotropy energy is obtained
by minimizing (2.4) with respect to 6.

The MAE may be obtained experimentally from direct magnetization measure-
ments using superconducting quantum interference device (SQUID) magnetometer
[8, 37, 40]. It can also be obtained theoretically by implementing force-theorem
2, 50, 56], and total energy calculation [45, 55].

Typically, MAE of ferromagnetic materials is in the order of 107 to 1073 eV /atom

[55]. In Fe, the easy direction is the [100] direction, the [110] is the intermediate and
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[010]

Figure 2.2: Orientation of magnetization, M, relative to the [010] crystal axis in the
presence of magnetic field, H.

the [111] is the hard axis. In Ni, [111] and [100] are the easy and hard directions,
respectively [32]. For reference, the crystal axes of a cubic atom is shown in Figure

2.3.

2.2 Bulk Materials, Thin Films and

Multilayers

Magnetic properties of materials in bulk are different from those of corresponding
sample in thin films. There is a decrease in the number of nearest neighbors of an
element in thin films since spatial dimensions has been reduced. In general, this

leads to changes in magnetic properties. For 3d transition metals, the spin magnetic
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[001]

< [111]

[010]

[110]

[100]

Figure 2.3: Crystal axes direction in a cubic atom such as Fe and Ni.

moment is generally enhanced. Although, this depends on the metal onto which it
is grown. For example, there is an increase of Fe moment to 2.5 pup for a monolayer
of Fe adjacent to Au [21]. Moments of magnetic thin films, therefore, are expected
to increase. In fact, very thin films of vanadium (V) and palladium (Pd), which are
naturally non-magnetic, can be made to be ferromagnetic because of this.

In recent years, magnetic properties, particularly the MAE of 3d transition metals
in thin films, have been the subject of several theoretical investigations [12, 15, 16,
45, 52, 55, 60], usually in comparison with that of the corresponding bulk form of
constituents atoms and alloys. In these studies, they calculated the MAE of free-
standing thin films of metals and pure metallic films layered with noble metals. The

magnetization of free-standing Co as well as Co-based multilayers, such as Co/Pd,



14

Co/Au and Co/Ag is oriented perpendicular to the plane for sufficiently thin Co
layer. Thus, based on this property, these elements are potential candidates for high-
density storage media. The accepted theory to explain this phenomenon, as suggested
in earlier work [14], is that the magnetization couples with the lattice through spin-
orbit interaction. However, the mechanism responsible for this phenomenon is not
fully understood. Moreover, these material do not exhibit a high degree of magnetic
anisotropy. In fact, the MAE give a very small value and its measurement and cal-
culation would require resolving energies in the order of 60 ueV/atom for uniaxial
hep Co and even 50 times smaller for cubic Fe and Ni. Previous calculations used
an approach that imposed geometrical constraint on the charge density and potential
through the atomic-sphere approximation (ASA). Of all the multilayers considered
in the work of Daalderop et al, the largest anisotropy is observed for hep Co/Pds
attributed to the strain Co layer induced by the mismatch between Co and Pd. This
verifies the prediction of a perpendicular magnetic anisotropy on Co-based thin film
multilayers. There have been developments since the previous work to address the
technical problems in resolving extremely small differences in energy. Total energy
calculations are based on full-potential method, which can be modified to treat the
MAE problem [55]. This was done for bee Fe, fec Co and fee Ni with spins polarized
along [001] and [111], hep Co with [0001] and [1010] spin polarization. The MAE was

found to be smaller than 0.05 pueV for all samples. The experimental easy axes are



15

correctly reproduced for Fe, face-centered cubic (fcc) Co and hep Co, which are [001],
[111] and [0001], respectively. However, the method did not identify the correct easy
axis of [111] for fcc Ni. Another first-principles calculations have been performed on
a magnetic FeCo alloy film, of varying concentrations, on a Cu(001) substrate [59].
The self-consistent calculations were carried out by using a spin-polarized, scalar rela-
tivistic version of screened Korringa-Kohn-Rostoker (KKR) method. They found that
magnetic moments are oriented out-of plane for an alloy thickness of two monolayer
and that above four monolayers, only in-plane magnetization is present.

Materials can now be tailored as intricately as possible with the development
and improvement of depositing techniques. Metallic atoms cannot only be made
into thin films, it can also be layered on top of or sandwiched between different
materials. Being able to tailor materials to a specific design and subject these to
suitable conditions become very important aspects as magnetic properties critically
depend on structure, such as the number and distances of nearest neighbors as well as
environmental conditions, such as temperature. In a recent experimental work, Fe is
layered with vanadium (V) through UHV sputtering. The easy axis becomes more and
more out of plane with decreasing magnetic Fe thickness. Moreover, hybridization
and alloying of Fe and V produce an enhancement in the MAE. The saturation
magnetization of this particular superlattice is found to be reduced compared to bulk

iron and it favors [110] as easy direction [2].
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Another remarkable process that can be achieved with the new synthesis tech-
niques is the growth of unusual structures. Atoms can be forced to grow and form
thin films having metastable states, a phase completely unknown in bulk. This can
be done by choosing an appropriate substrate with matching lattice parameters. The
3d metals Fe, Co and Ni naturally has a surface structure of bce, hep and fee, re-
spectively. Co can be made to exist as fcc if grown on Cu and a bce Co can be
grown on GaAs (110) and also on Fe. Recently, the team of Nordblad, et. al, [40]
has successfully deposited thin bee Co films on Fe and reported on the interesting
properties of this unique structure. There is an inversion in the sign of MAE as the
system becomes richer in Co. With this design, the magnetic moment significantly
increased compared to that of FeCo bulk alloy [40].

Magnetocrystalline anisotropy and magnetization materials in thin films are ex-
pected to change since the symmetry of atoms changed. We can investigate on this
by analyzing the anisotropy energy of a uniaxial single crystal. Usually, it is sufficient

to consider only the lowest order term of the energy [§],
E, = Ksin*0 , (2.5)

where K is the effective anisotropy constant and @ is the angle between the magneti-

zation and the normal surface. We can express K as

_ 2Ksu7'face

K
d

+ Kvolume - MOM2 . (26)

The first term is the ratio of the anisotropy contribution from the two surfaces (hence,
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the factor 2) of the film and the film thickness, d. The second term accounts for the
volume anisotropy brought about by lattice mismatching. The last term denotes the
shape anisotropy, which diminishes in the presence of interface roughness.

In bulk, the first term of (2.6) significantly diminishes due to increasing number
of atomic layers such that the second term dominates and the magnetization tend to
lie in the plane. However, in thin films and layers, it is the first term that dominates
and for stability, the magnetization prefer to be perpendicular to the plane [7]. This
phenomenon of perpendicular anisotropy finds promising applications in high-density

information storage [21].

2.3 More Properties of Superlattices

The superlattice made by alternating ferromagnetic layer with a nonmagnetic spacer
layer exhibit other interesting properties. It is possible for the ferromagnetic layers
to interact across the spacer layer, even though it is nonmagnetic, through spin-
dependent scattering called interlayer exchange coupling (IEC). The magnetic mo-
ments of ferromagnetic layers can align themselves either parallel or anti-parallel with
respect to each other. IEC has been found to oscillate from ferromagnetic (parallel)
or antiferromagnetic (anti-parallel) with respect to spacer layer thickness. The mag-
nitude also changes rapidly with increasing spacer layer thickness. The phenomenon

can be attributed to quantum interference due to confinement in the non-magnetic
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layer [10].
The expression for IEC between two ferromagnetic layers, A and B, is given by

[30]

Ho Ms Hsat 2ffm
4 )

Jap = (2.7)

where 1, is the magnetic permeability, M is the saturation magnetization, H,; is
the saturation field and ¢y, is the ferromagnetic layer thickness.

Of great interest due to its applications is the giant magnetoresistance (GMR),
which is closely associated to IEC phenomenon. Initially antiferromagnetically aligned
multilayers can exhibit large changes in electrical resistance as a current is passed
along the plane of the layers. The current causes the moments to rotate and couple
ferromagnetically. This is due to the reduction of scattered particles at this par-
ticular alignment. It was previously observed in Fe/Cr superlattice , which shows
GMR effects as high as 50 — 60% when magnetic fields higher than 20kOe are ap-
plied. As with all other phenomenon on magnetic materials, GMR is affected by layer
thickness. It has been reported that Fe/V superlattices exhibit GMR effects when
antiferromagnetic coupling is largest [9].

With these observations, IEC was then concluded as precedent for GMR effect.
However, soon after, it was found that the effect can still be observed with uncoupled
structures [21]. The only precondition for GMR is a rotation in the direction of

magnetizations of succeeding ferromagnetic films.
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2.4 Fe/Co Superlattices

Superlattices consisting of Fe and Co are very useful because it allows investigation of
Co in a bce structure. In earlier literature, it has been shown that bee bulk alloys have
[111] as the easy axis [14, 36|, and thus exhibit perpendicular magnetic anisotropy
(PMA), which from a technology point of view, is a desirable feature. But that is not
the case for Fe/Co multilayers. A recent study investigates on the direction of the
hyperfine field of atomic layers of Fe close to the bee Co layer [35] and found that
there is no evidence of an out-of-plane component of magnetic moment for Fe with
magnetic moments confined in-plane along [110].

In a recent paper by Eriksson, et. al. [41], the computed average spin moment
using real space-linear muffin tin orbital method in the atomic-sphere approximation
(RS-LMTO-ASA) method was shown to decrease with increasing Co concentration
but increasing initially such that the average spin moment is highest when the system
of bee Fe/Co multilayers consist of 25% Co. The same trend was observed when full-
potential-LMTO was implemented. There is also an enhancement of the magnetic
moment of Fe as large as 2.6p53. They were able to identify the easy axis of Fe to be
along [100] and found that there is a transition of easy axis from [100] to [110] for
40 — 50% Co. Calculated MAE for the Fe;_,/Co, (x=2-12) systems ranges from 0.7

to -0.5 ueV/atom.



Chapter 3

Numerical Method

3.1 Theoretical Framework

Most of the properties of solids can be traced to the arrangement and behavior of
the electrons that make up the solid. One way to theoretically study these properties
is by using first-principles calculations, which is done by implementing fundamental

quantum theory and finding a solution to the time-independent Schrodinger equation.
HY =FEV . (3.1)

While analytic as well as exact numerical solutions of the Schrodinger equation
can be found for systems with small number of atoms, it is very difficult to obtain
the same for systems involving large numbers of atoms in the order of 10%3. We wish

to discuss the magnetic properties of metallic solids, hence, it is necessary to consider

20
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a many-particle problem. We go about this problem by first expressing the suitable
Hamiltonian of the system.

One of the most widely used schemes for first-principles or ’ab initio’ calculations is
that based on the density functional theory (DFT). The central theme of DFT is that
it is possible and advantageous to shift the dependence on the external potential to
the dependence on the charge density distribution [43]. Here only the atomic number
and lattice parameters of constituent atoms are employed as main input data.

The two theorems of Hohenberg and Kohn provide the basis for the calculations
of the ground-state properties of an n-particle system in an external potential, V,,,.
According to these theorems, the total energy can be written as a functional of the

charge density p(7),
Elpl = [ Vi 0l P+ Flg] (32)

where F'[p| is the Hohenberg and Kohn free energy and is a functional of p(7). The
charge density which minimizes E[p] gives the true ground-state density. An explicit
expression for F[p] is made up of the sum of the kinetic energy of non-interacting
electrons, T,, the Coulomb potential, Vi, and the energy of the remaining interactions

denoted by Ex¢ or exchange-correlation energy. In symbols,
Flp] = T,+ Ve + Exc - (3.3)

The Thomas-Fermi method provide an approximate solution to this equation by

calculating the non-interacting and interacting energies separately [31]. This method
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has been found to give a rough description of the Coulomb potential and the charge
density distribution as it did not include the contribution from Ex¢. Initial attempts
to consider Fx¢o did not give the correct results. The total energy calculation was
greatly improved by Kohn and Sham when they introduced a different separation of

the terms in the equation [1]. The energy functional in (3.2) can be rewritten as

Elpl =Tolo) + [ p(7) [Verr+ Vo) ' + Exclp] 3:4)

Given only the charge density, the first term is exactly evaluated by finding the corre-

sponding effective potential, V. ;¢ and using the single-particle Schrodinger equation,
[V2 + Verg] i(7) = € (7). (3.5)

The effective potential is obtained by taking the functional derivative of the last three

terms of (3.4), such that

uwmzumm+%m+ﬁ%¥3 (3.6)

This is the potential energy which the non-interacting electrons need to have in order

to reproduce the density of interacting electrons. Here, the first and second terms are

readily obtained as V_,;(7) is known and the Coulomb potential is determined by

VC:/d?’r'Qp(r/) . (3.7)

7
r—r

Given a practical approximation of Exc, this fully defines V.fs(7). Substituting
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Verf(7) back into (3.5), we are able to determine v;, which in turn determines

plr) = D Iil* (3.8)

where N is the known number of electrons.
The equations above are the Kohn-Sham equations and are to be solved self-
consistently until a converged V. or p(7) is obtained. In other words, V,; determines

p using (3.5) and is determined by it in (3.6).

3.2 Exchange-Correlation Energy and

Local Spin Density Approximation

As we have seen, all the terms in (3.6) can readily be obtained from empirical input,
except for Exc. We have noted that the exchange-correlation energy describes all
other interactions not included in the V,,; and the Coulomb interaction. Thus, Ex¢
is defined as the difference between the exact energy and other contributions that
can be obtained numerically [1, 31]. Here, we need to apply some approximations on
Exc. By employing the local density approximation (LDA), where it is assumed that

the electron density is slowly varying, we get

Exclp] = / o(7) exclp] &r . (3.9)
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where ex¢ is the exchange correlation energy per electron and depends only on p(7).

The exchange correlation potential is easily obtained from this

Vio(7) = d%w exc 1ol - (3.10)

A refinement on the accuracy of LDA, which is implemented for spin polarized
systems is the local-spin density approximation (LSDA) [26]. This takes into account
that Fx¢ of spin-up and spin-down electrons are entirely different. Hence separate
densities, p; and p|, are used. Therefore, exchange-correlation energy and potential
are also allowed to be spin-dependent.

In the LSDA, Eq. 3.9 is expressed as

Exc " pr, p)] = /P(F) exclpr, p] di (3.11)

where p(7) = p; + p;. The explicit form of exc is expressed in terms of the
fundamental standard variables r; and ¢ for density and polarization, respectively.

The polarization ( is determined by using

pr—p
= PiTr
p

We employ the well-known expression for the exchange energy, Ex according to

the work of Vosko et al [57],

ex(rs,¢) = ex(rs) + [ex(rs) — ex(r)If () (3.12)
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where P and F denotes the paramagnetic and ferromagnetic states, respectively. Also

with,
hir) = S
ex(rs) = 27:(37“5
and
o= (5"

The function f(¢) has the form

[(1+ QY2+ (1= — 2]
2(21/3 — 1)

f(Q) = (3.13)

There is no simple closed form for the correlation energy, ¢-, but it may be written

in the same form as the exchange energy in Eq. 3.12

cc(rs, Q) = eo(rs) + lec(rs) — ec(rlf(C) (3.14)

where €& (ry) = ec(rs,0). The correlation contribution e¢ = € — ey — ey is found
to be substantial for all values of rs and ¢ [23]. € is the exact energy and the Hartree

energy, €y, is written in the form of

3 .
= O (1= Q).

€H

The expression for the exchange-correlation energy (per particle) can be general-

ized in the formula

exc(rs,¢) = exe(rs) + [exo(rs) = ke (r)lf(C) (3.15)
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where

_ [0+ =gt

and

exc(rs) = ex(rs) = [(1+a7)in(1 + 1/2;)
+1/2x; — 27 —1/3], i=P,F,

with z; = rs/r; and c's are fractional constants. The values of these parameters were

already accurately determined in previous work [23].

3.3 Computational Method

With the use of the effective potential, the Hamiltonian of the system has been
reduced to that of a one-particle system, as in (3.5). Next we need to calculate the
parameters that enter into the Hamiltonian from first principles relating them to the
linear muffin-tin orbital (LMTO) electronic calculations [50].

With an initial external potential, V,,;, the initial charge density is obtained from

plr) =D _lusl* (3.16)

The new effective potential can be calculated by adding the result of Poisson’s
equation, given by

VVa(f)i = =4 > (3.17)

=15
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and the exchange correlation potential. A converged V,ss or p(7) is obtained through
self-consistency process. We can say that convergence has been met when the dif-
ference in the input and output potential is only a very small value, §, which is set
arbitrarily small. As a technique to achieve convergence, it is usually necessary to
utilize the combination of both the old and new solution to substitute to equation
(3.5). This step is called the mixing process [50]. Using this potential, we can cal-
culate the parameters using a tetrahedral mesh of suitable k-points to perform the
integration over the Brillouin zone.

The total energy of the system can be now be evaluated. In this step, we make
use of the Born-Oppenheimer approximation that assumes the electron are faster-
moving than the nuclei [50]. The density is therefore also dependent on the position
of the nuclei and spin of the electrons. By uniqueness theorem, we are assured that
the potential that solves the total energy equation is the true potential to within a

constant.

3.4 Full-Potential Linear Muffin-Tin

Orbital Method (FP-LMTO)

In the full-potential linear muffin-tin orbital method calculations, no approximation

is made on the shape of the density or potential. Their expansion is such that it no
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longer requires spherical symmetry. Another strength of this method is that it allows
unlimited basis functions to be assigned to each atom in the unit cell.

To solve the Hamiltonian, we need to form the sets of basis functions in which the
wavefunctions are expanded. The linear muffin-tin orbital (LMTO) method provides
the useful basis functions by dividing space into non-overlapping muffin-tin spheres
centered at each atomic positions and an interstitial region between the muffin-tin
spheres. The MT radii of the two kinds of atoms are chosen such that MTs fill most

of the lattice space without overlapping one another as in Figure 3.1.

(001)

Figure 3.1: Schematic diagram of muffin-tin spheres. Light spheres are the top layer
and dark spheres belong to the next layer as viewed from the [001] direction.

The radius of the MT sphere is centered at 7. In the MT sphere, the potential,
Varr(r), is spherically symmetric while in the interstitial, the potential, V,, is con-
stant. The two potentials initially need not be continuous at the M'T boundary. The

lattice positions are denoted by vectors R = Rn, integer multiples of a basis R.
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In the interstitial region, I, basis sets are Bloch sums of spherical Hankel or Neu-

mann functions:

= Y expi(k- R)Ki(ky, [t — 7 — R|) Vi (D-(r =7 —R|)) ,  (3.18)
R

where K indicates the Bessel functions given by

n(k,r) —iji(k,7), K> < 0

Ki/(k,r = —&!T (3.19)

m(k,r), K > 0
The orbital moment quantum number is denoted by I and n; and j; are the spher-
ical Neumann and Bessel functions, respectively. The kinetic energy, 2 is the tail
parameter that dictates the behavior of the orbital at the interstitial region. In the
MT sphere, basis sets are linear combinations of spherical waves that matches con-

tinuously to the interstitial basis set in Eq. 3.18. At the parent MT site, R =0 is

compactly expressed using
Ki(k,r) = (K/(r,7), Ji(K,T)) (3.20)

and the vector S given by

o(r,7)o(L, L)
SpL = : (3.21)
Bpp(k,m—1k)
Note that L=(Im) and B is equivalent to the KKR (Korringa-Kohn-Rostoker)

structure constant [33]. J; is the Bessel function,

D) = 28T (3.22)
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At the MT boundary, the basis function is expressed as

ik, ) romer = Y Yi(De#) Kk, 52)Sppe(k, 7 = 7', k) (3.23)
L
The wavefunctions in the muffin tins sites, therefore, are expanded by means
of spherical harmonic functions, indexed by h, multiplied by the radial component.
The radial component is the linear combination of the functions ¢ and their energy
derivative ¢.
The dependence of the MT basis set for every symmetry type, t, with the cut-off

angular momentum parameter, [, is explicitly seen in the expression

1<lm

ik, 1)<, = ZUtL(ez’,DTf)Qtl(euHi)(/ii,ST)SL,L'(KJ?T—T/,k) ) (3.24)
L

where e; is the energy parameter corresponding to the principal quantum number and
Ua(e,r) = Y (7)Uyl(e,r) . (3.25)

In most cases, the angular momentum cut-off used ranges from /,, = 6 to 8 for a
converged total energy to be achieved. Taking the value [,, = 6 is usually sufficient.
Once we have determined the basis sets in the three different parts: interstitial, in-
side the M'T sphere and the MT boundary, we can now construct the matrix elements.

In the MT, the potential is expanded in the form of

V()| <sr = thtm)Dht(D ) (3.26)

where Dy (%) Zaht m)Cy,m(F) (3.27)
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The expression above contains the following spherical harmonics:

Vim(#) = i'Yim(#) (3.28)
Cinl®) = \/ 57 Yin(8) (3.29)
Cin(F) = i' Op(3) . (3.30)

Combining Eqs. 3.24 and 3.27, the potential matrix is obtained by (|¢;|V[v;) |-
The interstitial overlap matrix is obtained by solving (|v;|¢;)|; and the interstitial

potential, V;, has rapidly converging Fourier coefficients:

Ve =) V(S)Ds(r) (3.31)
where Dg = Z expi(g-r) . (3.32)

Note that FPLMTO method only provides the suitable expansion for the bases
in the different regions. The charge density and the potential are obtained self-
consistently. In each self-consistent loop, the basis functions are used determine the
wave functions, which will be used in constructing the new charge density and po-
tential. Having calculated the set of eigenvalues and eigenvectors from the eigenvalue

problem, we can now obtain the charge density in the interstitial region given by

pr)r = > p(S)Ds(x) . (3.33)

The Coulomb potential in this region is expressed as

me2(p (»)
Volw)ly = Y- AL L) i) (3.31)
g7#0
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where p®) include the Fourier components. The Coulomb potential in the interstitial
region has the same form as the Coulomb potential on the surface of the MT sphere.

Inside the MT sphere, on the other hand, is given by

stopln gmpr2 (r)
VO es. = Y Dy [62 / < PRT) gyt 3.35

2 s 142 !
(©) e Arr"™n 2o (r') 1 .
U R IR

where Vh(tc ) is the harmonic component of the potential on a sphere boundary.

3.5 Implementation of Electronic

Structure Calculation

3.5.1 Self-Consistency Method

Figure 3.2 shows the flow diagram for calculating electronic structures. The method
implemented is a self-consistent field method based (SCF) on the density-functional
theory. The primary step is to identify a system of atoms and choose the structure.
These information can be patterned from known fundamental concepts. Moreover,
earlier experimental results normally provide these.

For SCF method, the basis functions need to be specified. Then the frozen-core
approximation is employed for simplification of calculations. With a given initial

potential, the Hamiltonian, H, and overlap functions, O, can already be formulated.
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Figure 3.2: Flow Diagram for Self-Consistent Field Density Functional-Based Method
for Electronic Structure Calculation
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This gives rise to the secular equation,

[H—¢€k)Olu =0

where u is a column vector containing the coefficients ¢; and the energy eigenvalue
e must be solved for each wave vector (k-point)k. The density, p is calculated. This
new density is used to obtain a new potential. The process of setting up the secular
equation from H and O is repeated until convergence is achieved. Once the new
potential differs from the initial potential only by a very small value, properties such

as total energy and spin moment of the system are calculated.

3.5.2 Computational Details

All the calculations in this work were carried out using the Intel Fortran compiler
(IFC), which requires a Linux operating system. The machine used operates on a
Pentium 4 processor. Computations for a non-spin polarized bulk system using a
single atom in a supercell typically require about 3000 iterations taking 3-5 minutes
each iteration depending on the temperature or starting potential used before conver-
gence is achieved. Compared with non-spin polarized systems, spin-polarized total
energy calculations for the same system of atoms is slower due to doubling in the size
of the Hamiltonian matrix. Convergence is sought initially for lower BZ density and
changing the BZ density to a higher value 150 £ points increases the computing time

per iteration to around 13 minutes. The number of iteration in this case can be lower
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even if the BZ density is larger since a more converged value for potential and energy
parameter will be utilized. If a well-converged set of potential and energy parameter
are used, the number of iterations can decrease to only about 120.

When there are more atoms comprising the supercell, such as in the multilayer
case, more number of iterations are done and the time it takes to finish a single
iteration is longer. Calculation time also varies with the number of layers in the
supercell. For the same number of atoms that are arranged to form a wider supercell
but with fewer number of layers, the required number of iterations are relatively lower
than when they form taller supercells. Time per iteration, though is more or less the
same for the two cases. On the average, for a system of a spin-polarized eight-atom
supercell, which form 8 layers in thickness normally require 5000 iterations to reach
convergence in both the total energies and spin moments. For this configuration, each
iteration takes 45 minutes to 1 hour. No generalization, however, can be made as to
whether the type of atoms and/or structure of the supercell (whether cubic or closed-
pack) affect the time of convergence. For selected supercells, although identical atoms
were used, run time can even be longer compared to that composed of two types of
atoms. Another important detail to note is that when the lattice constant is changed,
oftentimes, only require a single run of 60 iterations is required provided a well-
converged potential is used. However, when spin polarization direction is changed,

more iterations are needed. In obtaining the converged ground state configuration of
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a particular magnetic multilayer system, the average number of iterations can reach
up to 7000, taking ~1 hour each time.

In the present work, we used the Fortran code for FP-MLTO originally developed
by the late David Price of the University of Memphis. Initially designed to output
the total spin moment of the system, the code was modified so that it can solve for
the layer by layer magnetic moment of the superlattice by employing additional steps.
It can now distinguish the contributions of the individual muffin-tins to the net spin
moment from that obtained at the interstitial region. Note that the energy values are
expressed in units of milliRydbergs (mRy), where 1 mRy = 13.6 meV, and lengths

are measured in units of bohr (1 Bohr = 0.529 A).

3.6 Magnetic Moment and Magnetic Anisotropy

Energy Calculation

The magnetic moment, m(r) is solely a function of the charge density and is calculated

from the expression
m(r) = —pp(pi(r) —pi(r)) (3.36)

where up is the Bohr magneton equivalent to ug = eh/2m..
The total energy obtained from the calculation described in the previous section is

used in computing for the MAE. It requires resolving the difference in total energies
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when the magnetization is pointing in two different directions [15].

In this work, we make use of the total energy method for theoretical determination
of MAE. With this technique, the spin configuration which gives the minimum total
energy is the easy axis. The total energy is then calculated for other arbitrary spin
directions and the difference between the total energies of the two cases gives the
MAE. This amount of energy, therefore, is required to rotate the magnetization from
a direction of lowest energy toward a hard axis of highest energy.

The anisotropy energy arises mainly from the detailed electronic structure, thus
it is important to specify a large number of k points to obtain a more accurate
results in the integration over the BZ. However, compared with nonspin-polarized
total energy calculation, calculations for spin-polarized system becomes a lot slower
due to doubling in the size of the Hamiltonian matrix and reduction in the crystal

symmetry.



Chapter 4

Results

Equilibrium parameters for bulk Fe and Co were initially determined for bulk bcc
Fe and Co. Energy minimization method has been rigorously performed to qualify
the choice of Brillouin zone (BZ) density, multiple kappa (k) set, muffin-tin (MT)
radius and equilibrium lattice volume. Results obtained in this step were used when
constructing the multilayers.

The supercell is composed of eight atoms, which are stacked successively in the
direction of the [001] axis. This forms 4 cubic stacks of a bece conventional cell
with eight monolayers where one monolayer is the single center-to-center distance
between adjacent x-y plane atoms. When a bilayer A/B is considered, it is formed
by depositing atom B on top of A. Figure. 4.1 shows the positions of the atoms in a

single supercell and the diagram of the superlattices being considered in this paper,

38
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namely Fe;/Coy, Feg/Coy, Fes;/Cos, Fey/Coy and Fey /Co; multilayers having perfect
interfaces are shown in Figures 4.2 and 4.3. In the figures, a top layer made of Fe is
placed to show that since the computational method used assumes periodic boundary
conditions, the layer adjacent to the topmost Co layer of the eight-atom supercell is
once again an Fe layer.

All atomic sites in the lattice are occupied by a constituent atom, i. e., no empty
sphere sites were used to indicate a semi-infinite boundary. The supercell region
being considered is sufficiently far from the buffer and capping layers, hence, no
surface effects are investigated. Moreover, no relaxation forces are considered in the
computations and thus the resulting multilayers maintain a bce structure with a fixed

lattice constant.

4.1 Equilibrium Parameters for

Bulk Fe and Co

In solving for the MAE, one of the problems one faces is the sampling of the BZ.
Since anisotropic energy are typically very small, it is important to have a fine mesh
of k points to obtain accurate results. The choice of BZ density is crucial in this kind
of self-consistent calculation and that the total energy needs to be converged first

with respect to the number of k£ points. To illustrate this we show in Figure 4.4 the
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Figure 4.1: Position of the eight atoms in the supercell stacked along [001] axis. The
in-plane and out-of-plane lattice constant is 5.20 Bohr (2.71 A). Also shown are the
different crystal lattice directions.
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Figure 4.2: Geometry of the supercells: (a)Fe;/Coy, (b)Feg/Coy and (c)Fes/Cos.
Dark-colored spheres are Fe atoms and the light-colored ones are Co atoms.
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(a)

Figure 4.3: Geometry of other supercells: Dark-colored spheres are Fe atoms and the
light-colored ones are Co atoms. (a)Fe,/Co4 and (b)Fe;/Cor.
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calculated total energy, first for bulk Fe, as a function of the number of k£ points. The
total energies are compared with the most accurate data, i. e., the value of energy
calculated at highest BZ density (810 k points), E,. We notice that we need at least
150 £ points in the irreduceable part of the BZ in order to have a well converged total
energy of the system. All total energy calculations were done with sufficiently large
number of %k points based on this convergence test to ensure that the sampling of the
BZ was well converged.

Another parameter that needs to be chosen carefully is the set of x, which is
related to the kinetic energy of the atoms in the three dimensional lattice. The
lattice parameter was initially fixed to a value that is large enough for the chosen
atom(s). The multiple k set obtained for bulk Fe configuration are -0.5, 0.6 and 2.2
corresponding to the x, y and z directions. The same procedure was done in obtaining
1.3, 2.2 and 0.9 for bulk bee Co.

Energy minimization method obtained an equilibrium MT radius of 2.2 Bohr for
bulk Fe. In Figure 4.5, we see that the energy is minimum at a lattice volume of
140.6 Bohr? (20 1213). The given energy values are normalized to the minimum energy;,
Enin, in the magnetic state of the bulk material. To verify the magnetic nature of bulk
Fe, calculations were also made for Fe with a nonmagnetic state at the equilibrium
volume. A relative total energy difference of 15.74 mRy is observed with a higher

total energy in the nonmagnetic case. This verifies that bulk iron prefers a magnetic
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state and the calculated magnetic moment per atom is 2.05 pup, which is comparable
to the expected value of 2.2 pp [5].

For a hypothetical bee Co in bulk, the volume at which it will be energetically sta-
ble is determined to be 138.2 Bohr® (19.6 A%). Calculation of this value was obtained
for a muffin-tin radius of 2.1 Bohr. A slightly smaller muffin-tin radius is expected
for Co compared to that of Fe since the latter has a bigger atomic radius. We note in
Figure 4.6 a difference of 18.48 mRy in the total energy between the nonmagnetic and
magnetic state. A higher total energy is expected in the nonmagnetic state. We can
tell from this graph that when in a bce structure, bulk Co prefers a magnetic ground
state since taking it to be nonmagnetic gives a higher total energy value. The calcu-
lated magnetic moment per atom is 1.72 pp. This value is very close to the accepted
value of magnetic moment of Co in hcp structure and Co in fce structure, which are
1.72 pup and 1.75 pp, respectively [49]. The results of calculations for bulk Fe and Co
are summarized in Table 4.1 together with the obtained values for MAE for different
spins directed at [001], [100], [110] and [101] axes. The numerical calculations were
able to reproduce the in-plane easy axis along [100] for bulk iron [32] whereas an easy
axis along [001] is predicted for bee cobalt. The MAE values are found to be higher

for Fe than for Co.
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Figure 4.5: Bulk bee iron. This shows the ground state energy and volume of magnetic
bulk iron. Total energy differences are normalized with respect to the lowest energy,

Enin, obtained in magnetic Fe.
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Table 4.1: FPLMTO calculations of the magnetic moment per atom and magnetic
anisotropy energy per atom of bce Fe and bee Co in bulk.

bulk material bee Fe bee Co
magnetic moment (pp) 2.05 [100] 1.72 [001]
MAE/vol (mRy/Bohr?) | 8.89x10~" [001] | 7.06x10~? [100]
)
)

3
MAE/vol (mRy/Bohr?) | 1.33x10° [110] | 9.77x10 2 [110]
MAE/vol (mRy/Bohr?) | 4.27x10° [101] | 4.61x10 2 [101]

4.2 Fe/Co Multilayers

In all the multilayer systems considered, Co atoms are stacked on top of Fe atoms
and thus the atoms being referred to as layer 1 are Fe atoms. The ones deposited on
top of the first layer are layer 2 atoms and so on. In addition, atoms consisting the
supercells form a bce structure when repeated in space. The Co atoms are made to
occupy bcc lattice points on top of Fe atoms and thus, acquire a bce structure except
for the Co in supercell Fe;/Co; (refer to Figure 4.2). Here, Co takes on a simple cubic
structure when the supercell is repeated in space. Co layers in each supercell were
made only a few monolayers thick and are always thinner than Fe layers. A bee Co in
Fe/Co superlattice can be grown on MgO (001) when the thickness of the Co layer is
less than 25 A [8]. Fe;/Co; was used to represent a system that is richer in Co. With
this configuration, the converged equilibrium lattice parameters obtained for bulk Fe
were used for multilayer calculations. The effect of changes in volume from Fe to Co

lattice volume on the magnetization of the multilayers is discussed in Appendix A.
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4.2.1 Equilibrium Energy

The total energies of the individual atoms in the superlattice were compared to the
corresponding type of atoms in bulk. As the superlattice becomes richer in Co, the
total energy of bulk Fe changes due to the reduction in the number of the same type
of atoms in its neighborhood. To calculate for the energy difference, the energy of a
single Fe (Co) atom is subtracted from the calculated superlattice energy for every
Co (Fe) that is added to the system then compared it with that of the pure Fe (Co).
Table 4.2 shows the difference in equilibrium energy per atom of multilayers with
respect to the total energy of the material indicated in square brackets. The highest
change in energy with respect to the pure cases occurred for the multilayer with
greatest Co concentration while minimal changes in energy were obtained for 25% Co
concentration. Intermediate changes in energy were obtained for Fe-rich superlattices
and that with 50% concentration. Note that only in the case where Co concentration
is ~ 13% that the energy decreased. Addition of several Co atoms to the supercell
causes an increase in the total energy making the system of higher Co concentration
less stable. This is due to the lattice mismatch between Fe and Co and that Co atoms

prefer to be in an hcp state than in a bee structure.
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Table 4.2: Difference in equilibrium energy per atom of multilayers with respect to

bulk Fe and Co.

Energy difference (mRy) | Energy difference (mRy)
Multilayer [bee Fel [ bee Coj
Fe;/Coy -0.611 -0.536
FGG/COQ 0.210 0.285
F65/003 0.286 0.361
Fey/Coy 0.417 0.492
Fe, /Cor 0.868 0.944

4.2.2 Magnetocrystalline Anisotropy

The total energy of the multilayers were calculated with the magnetic moment ori-
ented at different directions. From the obtained easy axis of bulk Fe at [100] axis,
there is a transition of the easy axis to [110] direction as the multilayer becomes
richer in Co. All the multilayers considered are found to have easy axis along the
[110] direction. This result is similar to the experimental findings of the team of
Hagstrom [35], who observed that the magnetic moments of Fe/Co (001) multilayers
have no perpendicular component with respect to the sample plane. The results of
the MAE calculations are tabulated in Table 4.3. The MAE involved in out-of-plane
rotations are higher compared to that of in-plane spin rotations. The decrease in the
number of similar type of atoms in the ”line of sight” when rotating spins out-of-plane
contribute to this behavior.

In Figure 4.7, we show the calculated out-of-plane anisotropy energy of the mul-

tilayers for different Co concentration. The plot shows that the MAE increases for
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increasing Co concentration. Fey/Coy has the greatest anisotropic energy when chang-

ing the magnetic direction from [110] to [001].

Table 4.3: FPLMTO calculations of the magnetic moment per atom and magnetic
anisotropy energy per atom of Fe;/Coy, Feg/Coq, Fes/Cogs, Fey/Coy and Fe;Coz. The
total energies were calculated for superlattice spin at [001], [100] and [110] axes. Note
that the easy axis of all the multilayers is the [110] direction.

MAE /vol MAE /vol
Multilayers | (mRy/Bohr?) | (mRy/Bohr?)
[001] [100]
Fe;/Coy 2.22x107° 8.89x10~7
Fes/Coy 1.85x10 1.17x10°7

Feg/Cos 2.85x107° 3.56x10~"
Fey/Coy 2.35x1074 8.89x10~°
Fe,/Cor | 1.25x10 * | 8.00x10 7

4.2.3 Magnetization

Next we report on the calculated spin moments of the atoms in Fe/Co multilayers.
Figure 4.8 shows the average magnetic moment per atom for different Co concentra-
tions. Values for average spin moment decreases for increasing Co content. However,
there is a slight upturn in the value of magnetic moment when the Co concentration
is 50%. This behavior of decreasing average moment is comparable to the theoretical
work of Eriksson, et al [41].

In Figure 4.9, The magnetic moments of atoms located at the interface are plotted

for increasing Co content. At the interface, a significant enhancement in the magnetic
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moment of Fe is obtained. The magnetic moment increased about 17 —24% compared
to pure Fe bulk moment. Magnetic moments of Fe are enhanced, becoming as large
as 2.5 up, if the concentration of neighboring Co atoms is high.

This is not the case for Co atoms located at the interface as they did not show
any significant change in the magnetic moment compared to its bulk value. The
Co interface moments are similar to that for bulk environment, changing only about
0.8 — 3%. These results can be compared to theoretical [39] and experimental [6]
works that show an enhancement in magnetic moment of Fe at the interface whereas
the Co moment is constant.

We compare this behavior with that of the magnetic moments of the atoms located
at the embedded layers. Values for the spin moment of the atoms immediately next
to the interface layer as a function of Co concentration is plotted in Figure 4.10 and
are found to be weaker than those at the interface. As seen in the figure, the magnetic
moments of the atoms in the central layers are weaker than those at the interface. In
fact, the values are very nearly similar to the bulk Fe moment with differences only
ranging from ~ 3 — 4%. Magnetic moments of atoms, in this case, are still similar

with its corresponding moment in the bulk.
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Figure 4.8: Calculated average spin moments of Fe/Co multilayers, Fe;/Coy, Feg/Cos,
Fe;/Cos, Fey/Coy, Fe;/Cor for different Co concentrations. Solid line represents Fe
bulk moment and dashed line marks the Co bulk moment.
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Table 4.4: Difference in equilibrium energy per atom of Feg/Coy multilayer with
intermixed Fe and Co layer compared to bulk Fe and Co and Case 1.

AE (mRy) | AE (mRy) | AE (mRy)
Multilayer | [bce Fej [bee Col [Case 1]
Case 2 0.591 0.667 0.381
Case 3 1.129 1.204 0.919

4.2.4 Intermixing

In experimentally fabricated Fe/Co multilayers, x-ray diffraction measurements show
1 up to 2 monolayers of intermixing between Fe and Co atoms during deposition [6].
The atoms in the supercell containing 25% Co concentration then were rearranged
such that the Co atoms are at least one monolayer thickness apart to simulate im-
perfect interfaces. Diagrams of the two different supercells (Cases 2 and 3) having
the same Co content with Case 1 are shown in Figure 4.11. Case 1 has two Co layers
adjacent to one another at layers 7 and 8. For cases 2 and 3, Co layers are located at
layers 5 and 8, and layers 6 and 8, respectively. Tabulated total energy difference of
individual atoms of the two cases compared to pure materials and the configuration of
Case 1 is shown in Table 4.4. The configuration in case 2 has a smaller energy change
per atom from the bulk energy compared to that of case 3. Note that the latter is the
superlattice that contain alternating single monolayers of Fe and Co. A lower energy
is obtained for multilayers having thicker Fe layers intermixed with relatively thinner

Co layers, hence, more stable.
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Figure 4.11: Feg/Coy multilayers. The layers composed of Co atoms are intermixed
with Fe layers. Case 1: adjacent Co atoms; Case 2: 2 monolayers of Fe separate the
2 Co layers. Case 3: 1 monolayer thickness apart.
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Magnetic profiles of the three configurations of Feg/Coy are shown in Figure 4.12.
Two tendencies can be distinguished from this figure; the average magnetic moment
per atom increases from case 1 to case 3 and that for the same concentration of Fe and
Co atoms, the arrangement of atoms in the superlattice affects the magnetic moment
of the Fe atoms at the interface. The highest average moment is obtained for Case 2
configuration.

To better visualize this phenomenon, Figure 4.13 show the intermixed portions of
the multilayers in Cases 1 and 2. When a single monolayer of Fe is placed in between
two Co layers, as in (a), the sandwiched Fe magnetic moment is greatly increased as
high as 27% compared to that of the Fe atoms having Co and another Fe at its top
and bottom layers.

Farther from the interface, on the other hand, Fe atoms maintain the magnetic
moment value as in bulk Fe. In the case of Co, atoms at the interface and those
located farther from the interface have the same magnetic moment as the bulk Co.
While moments of Fe atoms at the interface are greatly enhanced, moments Co atoms
in all of the configurations remain unchanged. These enhancements of the Fe mag-
netic moment is an evidence of the redistribution of the charge density in the solid
whenever Fe is surrounded by a different magnetic atom. However, specific details of
this redistribution can be investigated through the multilayers’ density of states, the

calculation of which is beyond the scope of this present study.
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Figure 4.13: Intermixed portions of Feg/Cos multilayer in Cases 2 and 3 configura-
tions. The increase in magnetic moment of the sandwiched Fe layer in (a) is 27%
while in (b) is 17% compared to the bulk Fe moment.



Chapter 5

Summary and Conclusions

The magnetization and anisotropy of Fe/Co (001) multilayers have been calculated
from first-principles by means of self-consistent FP-LMTO method based on density
functional theory. We have verified the equilibrium parameters for bulk bee Fe and
bee Co. Energy calculations for the Fe/Co superlattices show that energy stabilizes
when bee Co is only a few monolayers thick. The magnetization was investigated for
varying concentrations of constituent atoms. Average magnetic moment per atom
decreases with increasing Co concentration. We have shown from the magnetic pro-
files of the multilayers that the Fe atom located at the interface is found to have
significantly enhanced magnetic moment compared to that of the Fe atoms farther
from the interface. The greatest increase in Fe moment is obtained for the multilayer

with highest Co concentration. Co atoms at the interface, on the other hand, behave
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similarly to Co atoms in the bulk environment.

For multilayers with the same concentration, location of atoms in the multilayers
affect the magnetic properties. Fe atoms that are sandwiched between two Co atoms
show even larger increase in magnetic moment than when placed adjacent to another
Fe layer and Co. No significant changes in Co moment was observed even when the
number of neighboring Fe and Co atoms changes.

The magnetocrystalline anisotropy energies were successfully resolved using total
energy approach. Bulk Fe has an easy axis along [100] plane while the easy axis for
hypothetical bee Co is along [001] direction. All the multilayer systems considered
have easy axis along [110] plane. In-plane anisotropic energies become higher for
increasing Co content.

Magnetization and MAE of magnetic materials are greatly affected by its atomic
environment. Hence, it is necessary to find optimal parameters and multilayer con-
ditions. In addition, a hypothetical material can be made to stabilize and exhibit
desirable properties of materials that cannot be achieved in naturally existing bulk
form. The bee Fe/Co has been successfully synthesized and it has been known to
exhibit desirable magnetic properties. The results of present theoretical work verifies
this.

A detailed theoretical understanding of the magnetic properties of a potential

multilayer system is important so that we can have a full map of the materials’
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preferred structure even before it is actually synthesized. It is now possible to tailor
such materials down to the finest details of electronic structure that will yield unique

structures with enhanced functionality.



Appendix A

Magnetovolume Sensitivity of

Fe and Co Multilayers

From the calculations, bulk bee Fe and Co have a lattice mismatch of 0.6% with Fe
being less compact. The choice of lattice parameters in all multilayers obtained from
bulk calculations was qualified through energy minimization, i. e., more energetically
stable configuration is given preference. The graph in Figure A.1 illustrates this
simple test. Magnetization of bulk bee Co is shown to stabilize at a lattice volume of
148.8 Bohr?® (21 A®) having a value of 1.68 5. At this volume, the magnetic moment
of Fe is 2.15 pup. The plot extends up to 151.4 Bohr?® (21.5 A%) and the same value for
the magnetization of Fe is obtained. Difference in equilibrium lattice volumes with

that having maximum magnetic moment is 2.5% for both Fe and Co atoms.
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Figure A.1: Magnetic moment of bulk bee Fe and bee Co as a function of lattice

volume.
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Figure A.2: Layer by layer magnetic moment of Fe/Co multilayers calculated using
Fe and Co lattice constants .
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The same test was performed for Fe/Co multilayers. We look into the changes in
magnetic moment of the system for two different lattice constants. This verifies the
advantage in Figure A.2, no significant volume effects are observed except for lower
spin moments of Fe atoms located next to the interface layer of superlattices with
12% and 50% concentration of Co. Magnetic moments of Co, on the other hand, show
no drastic changes for the two lattice constants. Differences with the spin moment
for every atom ranges from 2.9 — 3.2%.

Deviations between the magnetic profiles for these two lattice volumes give infor-
mation on the relaxation effects of on the magnetization. In the case of bee Fe/Co

(001), the magnetic moment of the atoms have no dramatic volume dependence.
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