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Abstract

The work in this thesis is focused on understanding the emergent properties
of amorphous magnetic materials. Amorphous materials lack long-range
structural ordering, characteristic of crystalline materials. Instead, these
materials exhibit medium-to-short range order. In elemental form, metals
always form crystals but can be amorphized by alloying with other metals
of different atomic radii.

To study the magnetic properties of amorphous magnetic metals, we
use CoAlZr and ThCo of various compositions, both in single layers and
nanolaminates. The samples were fabricated using direct current magnetron
sputtering in an ultra-high vacuum system. Structural characterization
was done using x-ray reflectivity and grazing incidence x-ray diffraction.
The magnetic properties were measured using magneto-optic Kerr effect,
vibrating sample magnetometry, and polarized neutron reflectometry.

First, we show how the magnetic properties of the ferromagnetic Co are
affected by diluting it with non-magnetic AlZr. We find that the critical
temperature and magnetization of CoAlZr depends on composition, and
decreases linearly with increasing AlZr content. Due to the disordered
structure, there is a local distribution in Co concentration with regions of
high and low Co density. We find a surprising manifestation of this chemical
modulation, which emerges as competing anisotropies. By analyzing the
anisotropy as a function of composition, we can define quantitatively a
cobalt composition distribution on the nanoscale (Paper III). Similar to
the CoAlZr, we also observe competing anisotropy in the ThCo alloy. We
find, by analyzing the effective anisotropy as a function of composition and
thickness, that there are two competing anisotropy terms in the ThCo layer:
interface and bulk anisotropy. The interface favors in-plane magnetization
while the bulk favors perpendicular magnetization (Paper IV).

In the second part of this study, we focus on hybrid structures composed
of multilayers of alternating high- and low- T, CoAlZr and bilayers of
TbCo and CoAlZr. In the CoAlZr multilayers, we find that within the
low-T. layer there is a non-zero magnetization at three times its intrinsic
ordering temperature which extends through at least 10 nm. This is
due to the proximity to the ferromagnetic (high T¢) layer (Paper I). In
the ThCo/CoAlZr bilayers, we investigate the exchange coupling between
two layers with crossed magnetic anisotropies. We find that a 7.5 nm
interface layer of the CoAlZr is strongly exchange coupled to the ThCo
with a magnetization perpendicular to the plane and switches in unison
with the TbCo layer (Paper II). To resolve the depth dependence of the
magnetization, these hybrid structures are then investigated further using
polarized neutron reflectivity (Paper V).






Utdrattur

I pessari ritgerd er 16gd ahersla 4 ad skilja seguleiginleika myndlausra efna.
Myndlaus efni skortir langraekna kristaluppbyggingu, en pess i stad geta
bessi efni haft stutta eda medallanga upprédun. Malmar sem frumefni
mynda alltaf kristalla, en heegt er ad bua til myndlausa malma med pvi
ad blanda saman tveimur eda fleiri mismunandi malmum, med misstora
frumeindaradiusa, i melmi.

Til ad rannsaka seguleiginleika myndlausra malma notum vid CoAlZr
og ThCo { ymsum samsetningum, baedi sem einlég og { marglogum. Synin
eru buin til med jafnstraumssegulspaetun 1 ofurhéu loftteemiskerfi. Bygging-
areiginleikar synanna voru greindir me0 rontgenspeglun og laghornsrént-
genbognun. Seguleiginleikarnir voru meaeldir med MOKE, VSM og med
skautadri nifteindaspeglun.

Fyrst synum vid hvernig seguleiginleikar jarnseglandi Co breytast med
bvi ad mynda melmi med 6seglandi AlZr. Vid sjdum ad Curie hitastigio og
segulveegio & CoAlZr stjornast af samsetningunni, og minnkar linulega med
auknu AlZr innihaldi. Vegna éreidukenndrar upprédunar 4 myndlausum
efnum er stadbundin dreifing { Co innihaldi sem gefur sveedi med haum
og lagum péttleika af Co. Petta leidir til stadbundins breytileika i Curie
hitastigi. Vid sjaum o6veenta birtingamynd af pessari dreifingu { efnasam-
setningu, sem kemur fram sem keppni milli 6likrar segulmisattunar. Med
pvi ad meela hver segulmisattunin er sem fall af samsetningu, getum vio
skilgreint Co samsetningardreifingu (Grein III). Svipad og med CoAlZr,
pé meaelum vid lika samkeppni milli mismunandi segulmisédttunar i ThCo
melmi. Vid sjdum, med pvi ad greina segulattun sem fall af samsetningu og
bykkt, ad pad eru tveer segulmisattanir ad keppast i ThCo laginu: yfirboros-
og bolsegulmisattun. Yfirbordid er audseglandi { plani hudarinnar & medan
bolurinn er audseglandi hornrétt & planid (Grein IV).

I seinni hluta rannséknarinnar, einblinum vid & fjollog af ha- og lag-Te.
CoAlZr 16gum & vixl og tvilogum af ThCo/CoAlZr. T CoAlZr fjollogunum
synum vid ad i lag-T; laginu er framkalladur ofurmedseglandi fasi vegna
nélaegdar vid ha-T. lagid. Petta segulastand er langreikio og er til stadar vio
hitastig sem er prisvar sinnum haerra en innra Curie hitastig lag-T, lagsins
(Grein I). I TbCo/CoAlZr tvilégunum rannsékum vid segulskiptikrafta
milli laga med hornrétta og larétta segulattun midad vid plan synisins. Vid
greinum svaedi 1 CoAlZr laginu, par sem segulspunarnir eru sterkt tengdir
vid ThCo lagid og hluti spunaéferdar CoAlZr lagsins liggur pvert 4 hudina.
Petta sveedi hefur svipada seguleiginleika og TbCo lagid, og verkar pvi
eins og segulgormur (Grein II). Til ad greina dyptarheedi segulaferdarinnar,
framkveemum vid maelingu med skautadri nifteindaspeglun (Grein V).
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Chapter 1

Introduction

The 2021 Nobel prize in physics was awarded to Klaus Hasselmann, Syukuro
Manabe, and Giorgio Parisi “for groundbreaking contributions to our un-
derstanding of complex systems”[1]. Complex systems are not the same
as complicated systems. They have many interacting parts and emerging
properties, which are very difficult to model. This could for example be
Earth’s climate system, the spread of a pandemic, or a material such as
glass.

In pure metals, the atoms arrange periodically, forming crystals. The
arrangement can then be described by one of the Bravais lattices, which
are different configurations the crystal can exhibit. With various deposition
methods, it is possible to fabricate alloys that do not have this periodic
arrangement. Such materials are called amorphous and have a disordered
atomic arrangement, and can therefore not be described by a set of lattice
vectors. The amorphous structure can, for example, be achieved by alloy-
ing two elements with a large difference in atomic radius and/or crystal
structure. Glass, for instance, lacks periodic structure and this is where
amorphous metal alloys get their name: metallic glass.

In crystals, the amount of elements that can be alloyed together, before
precipitating or segregating, is limited. In amorphous materials, there is no
long-range periodic structure, and consequently no point defects or lattice
mismatch. As a result, the composition range where two or more elements
can be alloyed together, without forming small crystals, is much larger.
The magnetic properties of any alloy, crystalline or amorphous, depend on
composition and thickness. Therefore the magnetic properties of amorphous
alloys can be tuned over a large composition range. Additionally, amorphous
thin films tend to be very flat, have excellent layering and well-defined
layer thickness. This enables the fabrication of high-quality amorphous
heterostructures [2-5].

In an amorphous alloy containing two elements, the two elements will not
be uniformly spread out, but there will be regions within the material where
the density of one element exceeds the other, resulting in local variations
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in the composition [6]. If we now say that one element is magnetic, and
the other is non-magnetic, then it becomes apparent that within the film
the magnetic properties are inhomogeneous.

This inhomogeneity results in elusive magnetic properties, such as long-
range exchange coupling and giant proximity effects. Due to the lack of
crystalline order, it is challenging to study and identify the origin of these
effects. The work in this thesis is dedicated to magnetic amorphous alloys,
and to gain insight into what determines their elusive magnetic properties.

Chapter 2 provides a brief overview of the origin of magnetism and the
fundamental theory needed for the work of this thesis. The fabrication of
thin films and structural and magnetic characterization is summarized in
chapter 3. The work of this thesis is then divided into two final chapters. In
chapter 4 we first show the effect of the disordered structure of amorphous
CoAlZr, and how the magnetic moment and critical temperature change
with composition. We find that the variation in composition within the
thin film can be described by a gaussian distribution function (Paper III).
Second, we study the magnetic properties of Co rich ThCo, and show how
the effective anisotropy changes with composition and thickness (Paper
IV). In chapter 5 we examine hybrid structures composed of CoAlZr and
TbCo. First, structures composed of multilayers of alternating high- and
low-T. CoAlZr are studied. We find that within the low-T; layer, that
due to the proximity of the ferromagnetic (high-7¢) layer, there is a non-
zero magnetization at three times its intrinsic ordering temperature which
extends through at least 10 nm (Paper I). Second, spring magnets with
crossed magnetic anisotropy formed of ThCo and CoAlZr with long-range
exchange coupling are examined. By studying the thickness dependence of
the magnetic properties, we find that a substantial interface layer of the
CoAlZr is pinned out-of-plane with the ThCo, acting as an extension to it
(Papers IT and V).



Chapter 2

Survey of magnetic properties

Magnetism mainly arises from the electrons of atoms and molecules with
unpaired spins. Most materials in our surroundings are described as "non-
magnetic". This strictly means, that in the absence of a magnetic field,
there is no magnetic field originating from those materials. Also, in the
presence of an external field, any attraction (or repulsion) is usually very
weak. In the periodic table of elements, most elements are described as
non-magnetic. If the electron shells are complete (all electrons are paired)
the material is diamagnetic. If there are unpaired spins, each atom acts as
a tiny magnet due to the uncancelled moment of each unpaired electron,
these materials are referred to as paramagnetic.

If the coupling between the electrons of the paramagnetic material (the
exchange interaction) is strong enough, these tiny moments can align so
they all point microscopically in the same direction and the magnetic
moment of all the atoms adds up. These materials are called ferro- or
ferrimagnets, or just permanent magnets. Fe, Co, and Ni, shown in pink in
the abbreviated periodic table of the elements in Fig. 2.1, are the only three
elements that have this long-range order at room temperature. Although,
only these three elements are magnetic at room temperature, the elements
belonging to the rare-earth (RE) group, highlighted in yellow and orange
in Fig. 2.1, have a non-zero magnetic moment and become magnetically
ordered below room temperature.

By alloying the magnetic transition metals (TM) with, for example RE
metals, it is possible to fabricate materials with magnetic properties that
do not exist in pure elements. RE-TM magnets are, for example, used
as permanent magnets, as they are much stronger magnets than a rod of
iron. In this thesis, we study amorphous thin films of Co,AlZr;_, and
Tbi-_yCo, with z = 65 — 100% and y = 88 — 92%. Although both alloys
contain mostly cobalt, these two systems exhibit very different magnetic
properties due to the difference in magnetic interactions of the elements.

In the following section, we first give a brief introduction to the origin
of magnetism and the interaction between localized spins, to give a funda-
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Transition Metals Other metals
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Figure 2.1: Selected elements from the periodic table of elements. The bold
framed elements are the Co, Tb, Al and Zr. Co and Tb are interesting from
a magnetic properties point of view. The non-magnetic Al and Zr are alloyed
with Co to form amorphous CoAlZr. Figure adapted from [7].

mental understanding of the exchange interaction. We then also discuss,
the more appropriate, magnetism of itinerant electrons. We also describe
the different magnetic orderings and their temperature dependence and
various anisotropy terms. In the last section, we discuss hybrid structures,
composed of layers of different magnetic materials. These discussions will
be mostly limited to the magnetic elements Th and Co.

2.1 Exchange interactions

Magnetism arises due to the unpaired spins in the outermost electron shell.
The unpaired spins in the TM iron group are located on the 3d orbital,
while for RE they are located on the 4 f orbital. In the most simple model,
the atom is composed of a nucleus, and the electrons form shells around
it, where each shell can contain a limited even number of electrons. For
cobalt, the 3d electrons interact strongly due to large overlap of the orbital
wavefunctions resulting in direct exchange coupling. Due to the shielding
of the 4f electrons of Tb, we do not get direct overlap of the orbitals, but
nevertheless we have magnetic order mediated by conduction electrons
through indirect exchange coupling [8].
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Figure 2.2: Bethe-Slater curve. The exchange coupling J depends on the ratio
between the interatomic distance a and the radius of the orbital . Depending
on the sign of the exchange integral J, the magnetic moments either align
parallel (J > 0) or antiparallel (J < 0). Figure adapted from Ref. [9].

2.1.1 Direct exchange coupling

Let us first consider the case of localized moments. The exchange interaction
between localized electron spins leads to ferromagnetism and other forms of
magnetic ordering as a result of the Dirac-Heisenberg exchange interaction.
The exchange interaction between two electrons, S; and gj, can be described
by the Hamiltonian [8]

H=-27>55 (2.1)

where J is the isotropic exchange constant. The exchange constant J is a
purely quantum mechanical term which does not have a classical analog.
It emerges from the electrostatic interaction between the electrons and
nucleus and lowers the total Coulomb energy. For antiferromagnetic or
ferrimagnetic materials, the exchange constant is negative, so that the
energy is at a minimum when 5’; and §j are antiparallel. For ferromagnetic
materials, J is positive so that S; and S’} align in parallel.

In 3d transition metals, the strength of the exchange coupling J can be
described by the Bethe-Slater curve, which depends on the ratio between
the interatomic distance a between interacting atoms and the radius r
of the electron shell [10, 11]. The dependence of J on a/r is illustrated
in Fig. 2.2. When a/r is small J is antiferromagnetic, and as the ratio
increases, the ordering becomes ferromagnetic.

The Bethe-Slater curve correctly predicts the ferromagnetic ordering in
Fe, Co, Ni, and Gd, where only the first three have long range order at
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room temperature. From the Heisenberg Hamiltonian, the magnetization is
due to partially filled orbitals of interacting atoms with localized electrons.
In solids, the energy states are not well defined, or local, and this is due to
the Pauli exclusion principle. According to Pauli, no two electrons with
the same four quantum numbers (three spatial and one spin) can occupy
the same state. So within the atom, each state can contain one electron
with spin up and one with spin down. In solids, the wave functions of
neighboring atoms overlap, resulting in more than two electrons occupying
the same state, which is against the Pauli exclusion principle. This causes
each energy state to split up into multiple energy states, where each state
only contains two electrons. When the difference between these energies
becomes small, we can approximate the energy distribution as a continuum,
or a band [9]. The number of states per energy that an electron can occupy
is given by the density of states, g(E) (DOS). In non-magnetic solids, the
number of electrons with spin up and spin down is equal. If the DOS near
the Fermi level and the exchange coupling, J, are large enough, it can
become more energetically favorable to have an uneven number of up and
down electrons, i.e. raising the energy of a spin down electron, to spin up,
resulting in a spontaneous ferromagnetic ordering. This is known as the
Stoner criterion [12], which is fulfilled when

Ug(Er) > 1 (2.2)

where U is the Coulomb energy of the sub bands, and g(Er) is the density
of states at the Fermi level (see for example [8]). This criterion is only
fulfilled for three elemental metals, namely Fe, Ni, and Co [13], which
are the only three room temperature ferromagnetic elements. These three
elements lose their magnetic order at very high temperatures, 900 K for Ni,
1043 K for Fe and, 1400 K for Co. Other metals can also have magnetic
ordering, but this occurs below room temperature, for example 293 K for
Gd, 220 K for Tb, and 89 K for Dy. These metals belong to the RE group
(yellow and orange elements in Fig. 2.1) and have a significantly lower
critical temperature than the TM metals, but a much larger magnetic
moment, and in some cases, a very large anisotropy. It is therefore useful
to combine these elements in an alloy to achieve the large moment and
anisotropy of the RE and the high critical temperature of the TM.

2.1.2 RE - TM alloys

The large magnetic moment of the rare earth elements comes from the large
number of unpaired spins in the f orbital. The low critical temperature is
due to the much weaker exchange coupling of RE metals. The 4f electrons
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() J>0 (b) J <0 J<0

e

Figure 2.3: (a) Ferromagnetic ordering, J > 0. (b) Antiferromagnetic ordering,
J < 0. (c) Ferrimagnetic ordering, J < 0. J is the exchange constant from
Eq. 2.1.

are localized, and lie spatially closer to the core than the valence electrons,
leading to minimal direct overlap of the f electrons between RE atoms.
Instead the magnetic ordering is mediated by the conduction electrons,
which are polarized by the 4f electrons through indirect exchange coupling.
This is approximately 100 times weaker than the direct exchange coupling
between TM-TM materials [14].

The magnetic properties of RE-TM alloys are highly material and com-
position dependent, and the magnetic ordering of RE-RE and RE-TM
alloys is far from trivial. The TM elements usually have a relatively simple
ferromagnetic ordering, while the spin structure of RE elements can be fer-
romagnetic, antiferromagnetic or even helical [15]. The coupling in RE-TM
alloys depends on the alloy, but can be roughly divided up into two parts:
i) Light RE-TM alloys which couple ferromagnetically (SmCo [4], etc) and
ii) Heavy RE-TM alloys which couple antiferromagnetically (ThCo [16],
TbFe [17], GdFe [18], etc).

2.2 Magnetic ordering

Depending on the sign on the exchange coupling J, the exchange energy
can be minimized by either parallel (ferromagnetism (FM)) or anti-parallel
(antiferromagnetism (AFM)) alignment of the magnetic moments. This
results in three different possibilities of alignment as shown in a simple
schematic in Fig. 2.3. For (a), the magnetic moments all lie parallel (ferro-
magnetism), and the total magnetic moment is the sum of all the moments.
In (b) the magnetic moments align antiparallel (antiferromagnetic) such
that the total magnetic moment is zero, but each individual atom carries a
moment. In (c¢) the neighbouring magnetic moments are antiparallel as in
(b) but they are unequal in size. Therefore, the two spin sublattices do not
cancel completely, and the material has non-zero magnetic moment, called
ferrimagnetism.

CoAlZr is ferromagnetic, where the spins of the cobalt atoms align
parallel. In TbhCo, the Tb and Co moments align antiparallel. If the
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M

A Paramagnetic

Ferromagnetic

T =T

Figure 2.4: Magnetization as a function of temperature with 8 = 1/2. Below Tt
the sample is a ferromagnet, at the critical temperature T = T, the magnetiza-
tion reduces to zero and all long range order is lost and the material becomes
paramagnetic.

magnetic moment of the two sublattices is the same, the total moment of
the sample reduces to zero. However, Tb and Co have a large difference in
magnetic moment (9.36up [15] and 1.7up [19], respectively, where up is the
Bohr magneton) and temperature dependence, so the usual configuration
of TbCo alloys is ferrimagnetic.

For a ferri- or ferromagnetic body to retain its spontaneous magnetization,
the exchange coupling between the atoms has to be stronger than the
thermal fluctuations [9]. As the temperature is elevated, the thermal energy
of the atoms increases and the alignment of the magnetic moments becomes
disrupted. At a high enough temperature, called the critical temperature
or Curie temperature, all order is lost, and the spontaneous magnetization
drops to zero. This disordered state is called paramagnetic, and although
the total magnetization is zero, the atoms have a non-zero moment. By
applying a field, the magnetic moments align parallel to the field, but
reducing the field to zero will result in disorder and zero magnetization.
TM and RE alloys obey the Curie law and display susceptibility that scales
inversely with temperature [9].

2.2.1 Ordering temperature of ferromagnets

The temperature above which a ferromagnet becomes paramagnetic is
called the Curie temperature or critical temperature and is often written
as T,. The magnetization M decreases as a function of temperature T', and
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for a ferromagnetic material, it follows a simple power law [20]

7\78

Moc My (1 — > (2.3)
T

where Mj is the magnetization at absolute zero temperature, and 3 is

the critical exponent. This is shown in Fig. 2.4 with 8 = 1/2, where the

material is paramagnetic above the T, but below T, the material will

spontaneously magnetize.

The critical temperature is material and thickness [3, 21, 22| dependent,
and can, for example, be tuned smoothly by changing the composition in
amorphous alloys [23]. In amorphous CoAlZr the critical temperatures
and magnetization decrease linearly with decreasing Co content, and below
66% Co content, the alloy is not magnetic at any temperature. This
means that even with more than 50% Co content, there is no long-range
magnetic ordering. From this it is apparent that removing a Co atom
(replacing it with Al or Zr) is not the equivalent of removing one Co
atomic moment. If that were the case, then replacing Co with Al or Zr
would just lead to a linear decrease of the magnetization (1.67up per Co
atom), that would cross zero at 0% Co. In fact, when replacing Co with
Al or Zr, the effective decrease in moment per cobalt atom is 4.3up. By
substituting with AlZr, the electrons are transferred to the unfilled band of
the 3d metal, by removing a cobalt atom decreases the total moment by
1.67up and then an additional decrease is due to the decrease in moment
in neighboring atoms [24]. The linear relationship between the composition
and magnetization and critical temperature is discussed in paper III.

The critical temperature of thin films also depends on film thickness. If
the thickness of the thin films is close to the spin-spin correlation length,
T, will shift to lower temperatures. This is referred to as the finite size
effect. The decrease in T is only observed for thicknesses below 5 nm, but
always results in a decrease in magnetization near non-magnetic interfaces
(resulting in a magnetically a dead layer) [3].

The temperature dependence of the magnetization in ThCo can also be
adjusted by changing the ratio beween the Th and Co atoms. But the two
sublattices are coupled antiferromagnetically, resulting in a very different
temperature dependence than for ferromagnetic materials.

2.2.2 Ordering temperature of ferrimagnets

Similar to FM materials, AFM materials go through a phase transition
where the antiferromagnetic alignment is lost. This is called the Néel
temperature, Tx: Above Ty the material is paramagnetic, and therefore has
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(a) (b)
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Figure 2.5: The temperature dependence of the magnetization of a ferrimagnetic
material for two cases. In (a) the magnetization of the RE element, Mgg,
exceeds the magnetization of the TM element, Mtm, at low temperature.
There then exists a temperature Teomp Where the magnetization of the two
sublattices cancels completely, resulting in zero magnetization. The green
and blue arrows represent the direction and relative size of the magnetization
at different temperature regions. (b) The Mgrg is lower than Mrm at all
temperatures, so that there is no Tcomp-

zero net spontaneous magnetization. Below Ty, there is antiferromagnetic
ordering, and again, zero spontaneous magnetization.

In ferrimagnetic materials, the magnetic moments are antiparallel like
for antiferromagnetic materials, but the magnetization is not zero at all
temperatures as it is for antiferromagnetic materials. This is due to the
difference in magnetic moment and temperature dependence of the two
exchange coupled sublattices. The magnetization as a function of tem-
perature is shown in Fig. 2.5 for two cases. Both elements follow the
Curie law, depicted by the two green and blue solid lines, the resulting
net magnetization Mot of the alloy is then given by the red solid line
in the figures. When the magnetization of the two oppositely aligned
lattices is equal, the total magnetization cancels out completely (but still
remains ordered), as is shown in Fig. 2.5(a). The temperature where this
occurs is called the compensation temperature Teomp. Below Teomp, the
net magnetization is dominated by the RE material. Above Ttomp, the
magnetization is dominated by the TM material. Tcomp can be changed by
adjusting the composition of the alloy or can be eliminated by choosing the
appropriate ratio, as shown in Fig. 2.5(b). Near the critical temperature
Tc, the magnetization of the RE drops quickly to zero, resulting in the
unusual increase in magnetization as a function of increasing temperature.

TbogCorg has Teomp around room temperature [25]. For Tb content
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around 15%, the two sublattices do not cancel at any temperature, result-
ing in the temperature dependence shown in Fig. 2.5(b). In the present
study, we chose a composition of ThCo where there was no compensation
temperature, as an attempt to simplify the temperature dependence of
the magnetization. But, it turns out that Co rich TbCo has a complex
phase diagram where the direction of the magnetization vector changes as
a function of temperature, thickness and composition (This is the topic
of paper IV). The directional dependency of the magnetization is called
magnetic anisotropy, and this is an intrinsic property that is often related
to the crystal structure. It determines which direction the spontantious
magnetization aligns with respect to the sample.

2.3 Magnetic anisotropy

Magnetic anisotropy refers to the directional dependency of the magne-
tization vector with respect to the magnetic material. Multiple factors
can contribute to the anisotropy of a thin film, for example, exchange
interaction, Eex, shape anisotropy FEgshape , structural anisotropy (orbital,
surface/interface etc.) E,pi, and magnetoelastic energy Ey. The resulting
total energy is the sum of all of these different terms

Etot = Eex + Eshape + Eani + E)\ (24)

and the resulting anisotropy is therefore determined by the competition
between the different energies [26]. In this section, we will discuss the origin
of the shape and structural anisotropy, and how the competition between
the two determines the anisotropy of thin films.

2.3.1 Shape anisotropy

Generally, for a magnetic thin film, the magnetization vector lies in the
plane of the film. This is due to the demagnetizing energy, also called shape
anisotropy, which arises due to the long range dipole-dipole interactions.
The magnetostatic energy arising from the demagnetizing field is given by
19]

1
Estray = QJ NM?dv (2.5)
\%4

11
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Figure 2.6: Depending on crystal axis, there can be a favorable (easy axis) or
unfavorable (hard axis) alignment of the magnetization vector. For bcc iron,
the easy and hard axes lie along the [100] and [111] directions, respectively.

where M is the magnetization, and N is the demagnetizing tensor, which
is given by

N, 0 0
N=[o N, 0] (2.6)
0 0 N,

For a thin film, there is no energy cost due to the stray field when the
magnetization vector lies in the plane of the film, so that N, = N, = 0.
Where as, perpendicular to the film N, = 1 [cgs units| (N, = 47 [SI units|).
In some cases, the anisotropy is perpendicular to the film plane, and the
anisotropy K has to overcome the stray field energy. For a uniformly
magnetized body, the total energy is given by Eq. 2.5, Estray = A M2, .
The demagnetizing field therefore often forces the magnetization into the
plane of the film, where other factors can induce additional anisoropy terms,
such as crystalline order.

2.3.2 Magnetocrystalline anisotropy

Magnetocrystalline anisotropy refers to the preferential direction of the
magnetization vector in a crystal due to its crystal structure. Fig. 2.6
shows a body centered cubic (bcc) structure, including the three principle
axes. The difference in energy cost of aligning the magnetic moments along
the [100] and [110] crystal directions arises from the interaction of the
spin magnetic moment with the crystal lattice, through spin-orbit coupling.
When no external magnetic field is applied to the system, the magnetization
vector lies along the easy axis. Iron, for example, has a bce structure, and

12



2.3. Magnetic anisotropy

its easy axis lies along the [100] direction and hard axis along the [111]
direction [9]. Applying an external magnetic field along the hard axis, the
spin will try to orient parallel to the field to lower the Zeeman energy. The
spin is, by definition, isotropic (no directional dependency), but the orbit
of the electron is strongly coupled to the crystal lattice. The crystal lattice
will resist the rotation of the spin, and the energy needed to overcome that
energy barrier is the magnetocrystalline anisotropy energy. The anisotropy
of a crystal is given by a series of directional cosines

E = Ko+ Ki(a}a3 + a3a3 + a3a?) + Ka(...) (2.7)

where K; (i = 0,1,2,...), are anisotropy constants and «; is the angle
between the saturation magnetization and the corresponding crystal axis.
Crystals can have one or more easy axes, a material with a single easy axis
is called uni-azial, and two easy axes are then called biaxial, etc.

In amorphous materials, there is no long range structural ordering, but
they can exhibit a large and well defined anisotropy. For example, RE-TM
alloys can exhibit a large magnetic anisotropy [17, 25, 27| which arises due
to the non-spherical charge cloud of the f orbital [28-30]. The single ion
anisotropy also relies on spin-orbit coupling, where the isotropic spin aligns
itself with the external magnetic field while the orbit resists the rotation.
This is called single ion anisotropy. For example, terbium has a large single
ion anisotropy, due to the non-symmetrical 4 f charge cloud, compared to
gadelonium which has a symmetrical charge cloud, and therefore a small
single ion anisotropy.

It has also been shown that the anisotropy in alloys depends on atomic
pairs [31]. For example, in ThFe amorphous alloys, there is a difference in
in pair correlations between Tb-Tb, Th-Fe, and Fe-Fe in different directions
within the alloy [32]. This directional dependence of the pair correlations
is induced by the growth process in a similar way as texture or a preferred
orientation develops in polycrystalline films [17]. This results in a directional
dependence of the magnetization, again, due to the spin-orbit interaction.

Both ThCo and CoAlZr have uniaxial magnetic anisotropy, but ThCo
is a hard ferrimagnet with perpendicular magnetic anisotropy (PMA) and
CoAlZr is a soft ferromagnet with in-plane magnetic anisotropy (IMA).
The terms hard and soft refer to the size of the magnetic field needed to
reverse the magnetization along the easy axis. The origin of the induced
anisotropy in amorphous films is not fully understood, but the origin
of PMA in TbCo has been linked to out-of-plane short-range structural
ordering, similar to polycrystalline films [17]. The origin of the uniaxial
anisotropy in CoAlZr is unkown, but it is possible to induce uniaxial
anisotropy in amorphous thin films by applying a constant magnetic field

13
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Figure 2.7: A magnetic hysteresis loop, showing the saturation magnetization
Msat, remanence Myem, coercivity Hc, and saturation field Hgat.

during growth, texturing with respect to the substrate and more |27, 33-36].
The induced anisotropy in CoAlZr is discussed in detail in Paper III and
the corresponding supplementary information.

2.3.3 Determining anisotropy in thin films with uniaxial
anisotropy

As detailed in the previous section, the direction of the magnetization
vector of a magnetic thin film is determined by the lowest energy state.
This can be studied by measuring hysteresis loops, which are the response
of the material to an external magnetic field. From comparison of hysteresis
loops along different directions, we can extract the anisotropy and study
magnetic reversal processes. Fig. 2.7 shows an example of a hysteresis
loop, including the main parameters extracted from it. The saturation
magnetization Mg, is the total magnetization of the sample (this assumes
that the magnetization is fully aligned with the field at the maximum
applied field). The magnetic remanence M,y is the magnetization at
zero external field. Magnetic coercivity H, is the magnetic field needed to
reverse the magnetization, and the saturation field Hg, is the field needed
to reach Mg,;.

Both CoAlZr and ThCo exhibit uniaxial magnetic anisotropy (UMA),
where the easy axis of CoAlZr lies in the plane of the film and for ThCo it
lies perpendicular to the plane. For thin films exhibiting UMA, the first
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Figure 2.8: Hysteresis loop measured on Cogo(AlZr)1o using MOKE. In the
easy axis direction (¢ = 0°) the saturation equals the remanence, with a single
abrupt switch. The hard axis (¢ = 90°) is perpendicular to the easy axis, and
is dominated by a coherent rotation, with a zero magnetic remanence. Figure
adapted from Ref. [37].

order anisotropy energy term can be written as
E = Ksin?6 (2.8)

where K is the anisotropy constant and 6 is the angle between the magne-
tization and the easy axis. Multiple factors can contribute to the magnetic
anisotropy, such as bulk and surface anisotropy, strain, magnetostructural
anisotropy, magnetic domains, growth field induced anisotropy, etc. For
amorphous thin films, it is especially difficult to determine if there are
competing anisotropy terms or not, and we therefore refer to the effective
anisotropy constant Keg instead of the anisotropy constant K.

Fig. 2.8 shows two hysteresis loops measured at room temperature, along
the easy- and hard axis of CoAlZr. This is a magnetic reponse of a material
with a very well defined UMA. Along the easy axis, ¢ = 0°, the remanence
equals the saturation and there is a single abrupt switch at poH, ~ 0.2 mT.
In the hard axis direction, ¢ = 90°, the magnetization reversal takes place
by coherent rotation where it reaches saturation at pgHgat = 4 mT. The
remanence Moy can be described by a periodic function

Myem = Mgat| cos(p + a)| (2.9)
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Figure 2.9: Normalized hysteresis loops measured in- and out-of-plane on
Tb10Cogo at room temperature using VSM. In the out-of-plane direction the
hysteresis has zero remanence due to up-down oriented magnetic domains.

where ¢ is the azimuthal angle and « is a phase offset. The inset of Fig. 2.8
shows a polar plot of Mem/Msat including a fit using Eq. 2.9. Here the
UMA is clear, with Myep/Msgat = 1 which is separated by 180°.

The effective anisotropy Keg is related to the work W needed to align
the magnetization along the hard axis. This can be written as the integral

M
W = po HdM (2.10)
0
where H is the external field. This integral is the area enclosed between
the easy and hard axis loops with the hysteresis averaged. In the case of
CoAlZr, Eq 2.10 gives the simple result of

NOHsat Msat

Keff = 9

(2.11)
where Mgy is the saturation magnetization and Hg,g is the saturation field
along the hard axis |9, 38|. This result is often used to calculate K of any
material that exhibits UMA, however, using Eq 2.11 directly might give
exaggerated values of K, for example in ThCo thin films.

Fig. 2.9 shows two hysteresis loops measured in- and perpendicular to
the plane on Tb1gCogg at room temperature using VSM. In the in-plane
direction, the reversal takes place through coherent rotation. However, in
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this case, the magnetization reversal is non-linear in the hard axis direction,
and using Eq 2.11 results in roughly two times the size of K.g compared
to using Eq. 2.10. In the out-of-plane direction, the hysteresis loop shows a
drastically different magnetic response compared to the easy axis of the
CoAlZr, where the TbhCo film has zero remanence and a bow tie shaped
hysteresis loop. This magnetic reponse is typical for a material that exhibits
magnetic domains. A magnetic domain is a region within the film where
the magnetization points in a certain direction. In a film that exhibits
PMA they often align perpendicular to the plane, where the uniformly
magnetized regions point in alternating up-down directions, such that the
magnetization cancels out. The region between the domains is called a
domain wall, and within the domain wall, the anisotropy and exchange
energy are no longer minimized, and as a result cost energy. This therefore
also has an effect on the reversal process and thus the shape of the hysteresis
loop, which will be reflected in the effective anisotropy.

The magnetic anisotropy of thin films is elusive and it is very difficult
to determine its origin. The measured value of Kcg can include competi-
tion between multiple different factors which results in a single easy axis,
although there might be intrinsic anisotropies which point in completely
different directions. We observe this in both the CoAlZr and TbhCo thin
films, where we observe simultaneous substrate and growth field induced
anisotropy in CoAlZr and bulk and surface induced anisotropy in ThCo
(Paper III and IV, respectively).

2.3.4 Surface anisotropy

At surfaces and interfaces, the symmetry of a material is lowered, which
modifies the contribution of the anisotropy with respect to the bulk [39].
The lowered symmetry at interfaces can overcome the shape anisotropy,
which favours in-plane magnetization, and induce perpendicular mag-
netic anisotropy in ultra-thin films [40]. This can result in the change
in anisotropy direction (spin reorientation) as a function of film thickness
due to the competition between the surface and bulk anisotropy [41, 42].

In thin films with competing interface and bulk anisotropy, the effective
anisotropy, found using Eq. 2.10, can be written as the sum of the surface,
K, and bulk, K, anisotropies

Keg = Ky — poM? + nK/t (2.12)

where the first term is due to the demagnetizing field, ¢ is the total film
thickness, and n refers to the number of (identical) interfaces, which is
n = 2 for a single layer film with identical wetting and capping layers.
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Figure 2.10: A linear relationship between ¢t Keg and film thickness ¢ of a material
exhibiting bulk anisotropy. For tKeg < 0 the film has IMA while tK.g > 0 has
PMA, the crossover between IMA and PMA occurs at the critical thickness
teritical- 1The bulk anisotropy can be found from the slope of the line, intercept
on the y-axis gives nKgs. The direction of the arrows in the inset respresent the
direction of the magnetization vector with respect to the sample.

Conventionally, a positive Keg refers to PMA, and a negative Kqg refers
to IMA. By multiplying Eq. 2.12 by the film thickness ¢, we get a linear
relationship between K.gt and ¢, as shown in Fig. 2.10,

tKeot =t (Ky — poM?) + 2K, (2.13)

where the sum of the demagnetizing energy and bulk anisotropy is given
by the slope of the line, and the interface anisotropy by the intercept with
the y-axis.

Typically, interfaces contribute to PMA due to the aforementioned sym-
metry breaking. This can be seen for example in Co/Pt multilayered thin
films [43] and many other systems [44-47]. PMA can also be achieved in
materials with strong bulk anisotropy (RE-TM alloys) where the bulk has
PMA and the surface has IMA [16, 18, 42]. This kind of behaviour will
also result in a linear relationship of t K¢ as a function of ¢, but with a
positive slope and negative intercept. The critical thickness, t¢t, there is
a crossover between IMA and PMA is given by the intercept through the
T-axis.

TbCo has a rich phase diagram, and we observe a spin reorientation
transition (SRT), where the direction of the magnetization vector changes
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Figure 2.11: (a) The hysteresis loop is shifted towards negative field due to
the coupling to a AFM layer. The exchange bias is measured as the distance
from zero field to the center of the hysteresis loop. (b) Hysteresis loop of an
exchange spring magnet (black dashed line), where the hysteresis loop aquires
the magnetization of a soft layer (orange) but the coercivity of the hard layer

(pink).

as a function of thickness, temperature and composition. Using the area
method, we find that in Co rich ThCo that tK.g scales lineraly with
thickness t. The critical thickness t.;i decreases and the bulk anisotropy
K, increases with increasing Tb content. This is the topic of paper IV.

2.4 Nanolaminates

Various magnetic properties can be brought out in single layer films by
alloying together various elements, other properties can be engineered by
creating heterostructures with materials of different magnetic hardness,
anisotropy or magnetic ordering. In heterostructures, it is possible to
obtain properties that are not present in any single layer film. These effects
originate at the interfaces, and can give rise to exchange bias, exchange-
spring magnets or proximity effects. Exchange coupling between different
types of magnetic layers is, for example, an important part of information
technology.

Exchange bias often occurs in hard/soft exchange coupled heterostruc-
tures, but the most commonly encountered example is when a ferromagnetic
layer is exchange coupled to an antiferromagnetic layer [48, 49]. The ex-
change bias is measured as the shift in the hysteresis curve along the
magnetic field axis, as shown with the red arrow in Fig. 2.11(a). Due to
the shift in the hysteresis loop, a larger field is required to change the
direction of the magnetization than just the coercive field of the bare FM
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layer. Exchange bias is therefore often used for pinning of magnetic layers
in magnetic sensors or memories [50].

Another manifestation of the exchange coupling in hard/soft layers is
the exchange-spring magnet, shown in Fig. 2.11(b). This is a magnetic
structure composed of a hard layer with a large anisotropy, which provides
a large coercivity, and a soft layer, with a large saturation moment [51-53].
The resulting film has a single phase switching with the large coercivity
of the hard layer and high saturation moment of the soft layer, resulting
in an increased energy product compared to that of the individual films.
Therefore exchange spring-magnets are used as permanent magnets [54].
The thickness of the soft layer to obtain a single switch mechanism, is
determined by the strength of the coupling between the hard /soft layers
(exchange field), but is typically in the range of 2-10 nm. The switching
mechanism can be tuned by changing the thickness or anisotropy of the
two layers [53, 55].

The proximity effect refers to an induced magnetization of a paramagnetic
material due to the proximity of a magnetic layer [35, 56-58|. It can result
in an enhanced ordering temperature [59, 60| or even long-range interlayer
exchange coupling through a non-magnetic spacer layer [61]. In crystalline
structures, the proximity effect is generally short ranged and the induced
magnetization in a non-magnetic layer only extends a few atomic distances
from the interface (for example three monolayers in Fe/V structures |56]).
But recently, the proximity effect in amorphous materials was shown to be a
much longer-range effect, mediating direct exchange coupling over more than
an order of magnitude longer distances than for crystalline materials [58].
The induced magnetization was observed up to at least three times the
intrinsic ordering temperature of the paramagnetic layer [35]. These results
showed that there is great potential for tailoring the magnetic properties
of amorphous heterostructures through proximity effects at interfaces. The
reasons for such a long-range proximity effect in amorphous alloys are still
not clear but the disordered structure of CoAlZr, discussed in paper III,
may hold some clues to a possible explanation.
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Chapter 3
Experimental methods

This chapter gives a summary of the sample fabrication and structure, and
the experimental methods used to characterize the samples structurally
and magnetically. To characterize the samples structurally, we used x-ray
reflection and grazing incidence x-ray diffraction. Magnetic characterization
was mainly done using vibrating sample magnetometry and magneto-optic
Kerr effect. We also introduce polarized neutron reflectometry, where
polarized neutrons are used to probe the depth profile of a magnetic
structure.

3.1 Sample fabrication

This study relies on the fabrication of amorphous thin film heterostructures
with well-defined thicknesses and composition. Magnetron sputtering is the
method of choice for such structures as it offers highly controllable growth
conditions, growth rate and co-sputtering from multiple sources.

3.1.1 DC magnetron sputtering

Direct current magnetron sputtering is a physical vapor deposition method
where the deposition occurs due to the bombardment of high energy ionized
gas on to the target material. Fig 3.1(a) shows a schematic of a DC
magnetron. To ionize the argon, a large negative voltage is applied between
the cathode (magnetron) and anode (shield). The positively charged Ar ions
are then accelerated towards the target material where their momentum is
transferred to the target. The target atoms can gain enough momentum to
be sputtered off the target. To sustain the plasma and increase the ionized
Ar, the target is placed on top of a set of magnets. The magnetic field lines
then trap the electrons, increasing the probability of collision between the
electrons and gas atoms and enhancing the sputter rate. By having two or
more magnetrons in the same sputter system, it is possible to create alloys
and heterostructures that do not occur naturally, by co-sputtering from
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Figure 3.1: (a) A schematic of a DC magnetron. To start and maintain the
plasma, a negative potential is applied between the shield and target, where the
plasma is contained by the stray fields originating from the magnets positioned
underneath the target. (b) The Dracula sputter system.

multiple targets sequentially and/or simultaneously.

All samples were prepared using dc magnetron sputtering in the Dracula
sputtering system, shown in Fig. 3.1(b). The sputter system is an ultra
high vacuum (UHV) chamber which reaches a nominal pressure below
5 x 107 mbar. It is divided by a gate valve into two chambers, the
main chamber and a load lock. The main chamber is equipped with six
magnetrons: three 3" and three 2" diameter. Each magnetron is water
cooled and has a shutter which can be controlled manually or using a
custom built LabView program. The argon pressure is controlled with a 40
sccm mass flow controller and a butterfly valve in front of the turbo pump.
Due to the electrical cables connected to the heater, the sample holder
rotation is limited to noncontinuous +360° rotation. By disconnecting
the heater cables, it is possible to sputter under continuous rotation. The
system is in a confocal geometry with a target-substrate distance of 15.5 cm.
The angle between the magnetrons is 72° and they make a 35° angle with
the substrate surface. The sixth magnetron is placed directly beneath the
sample holder.

Fig. 3.2 shows the custom designed sample holder used during growth to
apply a constant magnetic field. Eight SmCo magnets, four on each side,
supply a constant magnetic field of 130 mT across the sample.
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Figure 3.2: The sample holder used during deposition. Eight SmCo magnets
provide a uniform magnetic field of 130 mT across the sample surface.

3.1.2 Calibration

The magnetic properties of both ThCo and CoAlZr are highly sensitive
to composition. This means that during sample deposition, only a small
deviation in the growth rate of the elemental targets can result in a drastic
change in the magnetic properties of the heterostructures.

The nominal composition of the thin films is estimated by calibrating
the growth rate of the elemental targets. The growth rate R, depends on
the material, argon pressure, power applied to the target, size of the target,
distance from the target to the substrate, strength of the magnetic field
and thickness of the target. As mentioned, the magnetic properties are very
sensitive to composition, so great care must be taken to eliminate a change
in the growth rate as a function of time during the deposition period.

First, a careful calibration should be done on all the targets. This is done
by growing samples at various powers for a certain amount of time ¢ and
measuring the thickness of the resulting film. From this we can measure
thickness d per time, ¢, per power P. The growth rate depends linearly on
the power applied to the targets and can be written as

dft = RP (3.1)

The slope of the linear relationship between d/t and P gives the growth
rate R [nm/s-W|. When co-sputtering we sputter from two, or more, targets
simultaneously. The nominal composition is then found using the growth
rates from the two targets and converting them to atoms per second, A
(atomic flux), for both (all) targets. To convert to A, we start by multiplying
Eq. 3.1 with the density [g/cm?],

p-d/t =w/t [g/cm?s] (3.2)
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the number of atoms per second per unit area is then given by

A=u-Np- w/s (3.3)

where v is the atomic weight and Na is Avogadro’s number. The nominal
composition, x, when cosputtering from two targets is then given by

xr1 = Al/(Al + AQ) To = AQ/(Al + Ag) (3.4)

where z1 and xo are the atomic percentage of targets one and two, respec-
tively,

3.1.3 Sample structure

All samples are grown at room temperature with base pressure below
5 x 107 mbar. During growth the argon pressure was kept at (2.5 4 0.1) x
1073 mbar. To induce uniaxial magnetic anisotropy in the amorphous
alloys, they were grown in a constant magnetic field of 130 mT supplied by
8 SmCo permanent magnets. All samples have a buffer layer of 2 nm and
a capping layer of at least 5 nm sputtered from an Al;gZrsg alloy target.
A capping layer below 5 nm does not provide enough protection against
oxidation, and the films degrade over time. Using a capping layer of 5 nm or
thicker results in a stable film that does not show any changes in magnetic
or structural properties (up to 6 years). For low substrate roughness, the
substrates used for heterostructures were baked prior to growth for 30-60
minutes. Due to the critical temperature of the SmCo magnets used to
supply the constant field during growth, substrate heating was limited to
200° C.

To fabricate the films in question, Co and Tb targets and Co and AlZr
targets were co-sputtered. When sputtering heterostructures, the shutters
were momentarily closed between layers to ensure sharp interfaces. During
the growth session, the change in growth rate as a function of sputter time
was closely monitored. In the beginning and end of the sputter session, a
sample with identical sputter power and sputter time was grown to monitor
drift in sputter rate.
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Figure 3.3: A schematic illustration of an XRR setup.

3.2 Structural characterization

X-ray reflectometry (XRR) measurements were performed to confirm layer
thickness and low interface roughness and fitted using Panalytical X’Pert
reflectivity software. The amorphous structure was confirmed with grazing
incidence x-ray diffraction (GIXRD) with the incidence angle fixed at
w = 1°. All structural characterization was performed using an X’pert Pro
diffractometer with Cu K, radiation, equipped with a Go6bel mirror on the
incidence side and a 0.27° parallel plate collimator on the diffracted side.
Here we will introduce these two methods, but a detailed description can
be found in Ref. [62].

3.2.1 X-ray reflectivity

XRR is a surface sensitive structural characterization method where an x-
ray beam irradiates the sample at glancing angles, as shown in Fig. 3.3. By
measuring the intensity of the reflected beam as a function of 26, where the
scattering vector @ is perpendicular to the surface, the thickness, density
and roughness can be measured. An example of an XRR scan is shown in
Fig. 3.4, including a fit, using the X’pert Reflectivity fitting software.
The intensity oscillations (Kiessig fringes) are due to destructive and
constructive interference of the reflected x-ray beams from the interfaces of
the film and substrate. The periodicity of the fringes depends on the total
and individual thicknesses of each layer and their density (refractive index).
The thickness is estimated from the periodicity of the fringes, roughness
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Figure 3.4: An example of an XRR measurement. The drop in intensity at
20 ~ 0.7° corresponds to the critical angle .. We observe Kiessig fringes up to
8° in this sample, attesting to low interface and surface roughness, typical for
high quality amorphous thin films. Figure adapted from Ref. [37].

from the decay of the intensity and density from the critical angle .. Below
the critical angle we get total external reflection, meaning that the x-ray is
fully reflected from the surface. The angle at which the x-ray enters the
material, 6., depends on the material density. The decay of the intensity
occurs due to internal scattering caused by roughness of interfaces and
absorption, decreasing the intensity of the outgoing beam. Due to the
uniform interfaces in the studied amorphous heterostructures, we have a
very low roughness (<0.5nm) and we typically observe Kiessig fringes up
to 260 angles of 6° to 8°.

In multilayered structures the intensity of the reflected beam will be
intensified at certain angles corresponding to a periodicity in sample struc-
ture. This gives rise to large peaks occurring with a set interval along the
26 scan, called Bragg peaks. The position of these peaks is given by Bragg’s
law

nA

8111(9) = ﬁ

(3.5)

where A is the wavelength of the x-ray, A is the bilayer thickness and n is
the number of peak. If the thickness of the sample is uniform across the
lateral dimensions, the bragg peak will be narrow and well defined. If the
thickness varies as a function of lateral dimensions, the Bragg peak will be
broadened.
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420

Figure 3.5: A schematic of a GIXRD setup. The incident beam is fixed at an
angle w (exaggerated in the schematic for clarity), and the detector is moved
by the angle 20. Illuminating the sample at a grazing angle, the volume of the
sample that interacts with the beam is increased while suppressing contribution
from the substrate, thereby increasing the sensitivity of the measurement. In
this case, the scattering vector @ is not perpendicular to the film plane.

3.2.2 Grazing incidence x-ray diffraction

Amorphous materials lack periodic crystal structure and are therefore
challenging to characterize structurally. Crystalline materials can be char-
acterized using x-ray diffraction (XRD) which is typically done in a 6 — 26
setup where the scattering vector ) has a fixed direction throughout the
measurement. Depending on the crystal structure, this will give rise to
intense scattering at certain angles 20 corresponding to the distance be-
tween lattice planes which are perpendicular to Q. Although there is no
long-range periodicity in amorphous materials, there is an average distance
between the atoms, which can give rise to a broad, low-intensity diffraction
peak. A standard #-260 XRD measurement is not ideal to detect such a
feature in amorphous thin films, first due to the small interaction volume
of the incoming x-ray beam and the film and second due to the small signal
of the scattering originating from the disordered structure.

In order to show the lack of crystal structure of amorphous thin films a
more surface sensitive method is used. Grazing incidence XRD (GIXRD) is
done at a small fixed incidence angle while the detector is moved. Fig. 3.5
shows a simple schematic of the GIXRD setup. The incidence angle needs
to be small enough for the scan to be surface sensitive, but has to be large
enough for the beam to penetrate the sample (above the critical angle). By
keeping the incidence angle w constant and only moving the detector over
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Figure 3.6: GIXRD measurement on amorphous Cogo(AlZr)o with w = 1°
showing a broad peak centered around 20 = 45°. A broad, but weak, second
order peak can be seen at 20 = 80°

260, the penetration depth and volume are constant. The incidence beam is
spread over a larger area of the sample, therefore the film volume which
interacts with the incoming x-ray is larger in contrast to standard XRD.

Additionally, by fixing the incidence angle, the scattering vector @ is
not constant, and changes as a function of 26. As a result, a GIXRD mea-
surement will only show diffraction peaks from structural features which
do not have a preferred orientation. This is the case for polycrystalline
materials, as they have a random orientations, therefore there will always
be an orientation that corresponds to the changing Q vector. A lack of
sharp diffraction peaks in GIXRD measurements is therefore a good indica-
tion of an amorphous structure, and this has been confirmed in multiple
materials systems by complementary electron diffraction measurements
in a transmission electron microscope [27]. Fig 3.6 shows an example of
a GIXRD measurement. There is a single broad peak centered around
20 = 45 °, and a much weaker second order peak at 260 = 80°.
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3.3 Magnetic characterization

The magnetic characterization was done by measuring hysteresis loops at
various temperatures and along different directions along the samples. The
magneto optical Kerr effect (MOKE) is a very useful tool for obtaining
hysteresis loops, as it is very sensitive to small signals (low magnetization)
and hysteresis loops can be obtained very quickly (a few seconds or minutes).
But MOKE does in general not give the total moment of the material,
only the relative size compared to the saturation moment. To obtain the
saturation moment, and reach higher fields than obtained in the MOKE, we
use a vibrating sample magnetometer (VSM). Neither the MOKE nor the
VSM give information on where the the magnetization lies in the sample,
hence to obtain this we perform polarized neutron reflectometry (PNR)
measurements, which give depth resolved information of the magnetization,

In the following sections, we will give a short introduction of these
methods and describe details regarding the equipment used for this thesis.

3.3.1 Vibrating sample magnetometry

The vibrating sample magnetometer is the main tool used for magnetic
characterization in this study. The VSM operates by vibrating a magnetic
sample between a set of conducting pick-up coils at a fixed frequency and
amplitude. Due to the vibration, the coils sense a change in the magnetic
flux originating from the sample’s stray field, which induces a current
within them, which is picked up by a lock-in-amplifier. The current is then
directly proportional to the total moment of the material, which can be
calibrated by measuring the signal from a calibration sample with a known
magnetic moment and volume (often an yttrium iron garnet sphere). For
more details see for example Ref. [63].

The VSM used here is a Cryogenic Inc. cryogen-free magnet system in a
longitudinal setup (pick up coils parallel to applied field) with a maximum
field of £5 T, a temperature range of 1.7 K - 325 K, and chamber diameter
of 14 mm. The VSM has two modes, high and low field mode. The two
modes are controlled by different power supplies, where the low field mode
has higher field resolution, but is limited to +20 mT.

Special care should be taken when mounting samples in the VSM, as
the position of the samples within the VSM has a drastic effect on the size
of the moment. There is also a geometrical effect which arises from the
sample shape, and thus the magnetic moment measured in and out of plane
can vary slightly.
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Figure 3.7: Left: Hysteresis loop including a fit using Eq. 3.6. Right: The fit in
the left figure is composed of two hysteresis loops, a square loop with a sharp

switch and a second S-shaped loop with zero remanence. Figure adapted from
Ref. [36].

3.3.2 Magneto optical Kerr effect

Magneto optical Kerr effect (MOKE) is a surface sensitive magnetization
characterization technique that measures the magnetic properties of materi-
als using the reflection of a laser off the sample surface. The polarization of
light can be divided into two parts: longitudinal polarization and transverse
polarization, also known as S- and P-polarization. If we shine linearly polar-
ized light onto a magnetic material, the reflected light becomes elliptically
polarized. This change in polarization is the basic principle of MOKE.
First a HeNe laser (A = 632.8 nm) passes through a A\/4 quartz plate,
which polarizes the light. From there, it passes through a photo elastic
modulator (PEM), which modulates the light at a frequency of 50 kHz. The
laser is then reflected from the surface of the sample, and passes through an
analyzer, which is a polarizing filter rotated 90° to the first polarizer, and
from there to a Si amplified photodetector. The signal from the detector is
passed through a lock-in-amplifier. A hysteresis loop is then recorded by
measuring the size of the signal as a function of the applied magnetic field.
The MOKE system used here has a maximum field of £12 mT, which is
supplied by two Helmholtz coils. The sample can be rotated 360° in the
azimuthal angle with respect to the applied field. A MOKE measurement
does not give the sample magnetization, and therefore the hysteresis loops
measured using MOKE are all normalized, as the amplitude does not carry
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any significance. From the hysteresis loops we can then measure the relative
change between saturation and remanence, and the coercive and saturation
field. This, of course, is only useful if the applied field is large enough to
saturate the sample.

3.3.3 Fitting hysteresis loops

In composite systems with different magnetic moments and anisotropies,
the responses from different components become convoluted in a bulk
magnetization measurement. In order to seperate the magnetic responses,
we fit the hysteresis loops with a sum of modified Langevin functions of
the form

1 1
M=A — 3.6
( arctan HiSHC HiSHc ) (3.6)

where A is the saturation moment, Hc is the coercivity and S determines
the shape of the loop. This equation does not have a theoretical basis, but
can capture the parameters of multi-component hysteresis loops.

The red curve in Fig. 3.7(a) shows an example of an hysteresis loop
of a TbCo/CoAlZr bilayer, measured using VSM. In this loop we have
a single switch and a coherent rotation superimposed, but by fitting the
hysteresis loop with two curves with different parameters, we can separate
the magnetic responses. The sum of the two calculated loops is fitted to the
measured hystersis loop using the Levenberg Marquard method [64], which
is a minimization method based on non-linear least squares problems.

3.3.4 Polarized neutron reflectometry

XRR is a powerful tool to study the structural properties of thin film het-
erostructures, giving the thickness of individual layers, interface roughness
and density. The magnetic properties can then be measured with VSM,
which give bulk magnetic properties. In many of the structures presented
here, the magnetic properties vary dramatically as a function of depth
within the sample. Magnetic moments, for example, gradually rotate from
an in-plane direction to out-of-plane from top to bottom of the film stack or
vice versa. Although bulk measurements can go a long way in characterizing
the magnetic profile, a full picture cannot be drawn from analyzing bulk
hysteresis loops only.

Polarized neutron reflectometry (PNR) is the perfect method to get a
full picture of how the magnetic profile changes as a function of depth. In
contrast to x-rays, which interact with the electron density of the material,
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> I guide

Figure 3.8: A schematic of the scattering geometry for polarized neutron reflec-
tivity. Only the components of the magnetization vector that are perpendicular
to @ contribute to the reflectivity.

the sample is irradiated with a beam of polarized neutrons. The neutrons
interact with the atomic nuclei and the magnetic moment.

The magnetic moment of the neutrons interacts with the magnetic
moment of the sample. By analyzing the spin of the neutron before and
after the scattering event, it is possible to construct a three dimensional
model of the magnetic profile of the heterostructure. Fig. 3.8 shows a
schematic of the scattering geometry of a PNR measurement. The basic
principle of PNR is the same as for XRR, i.e. measuring the intensity
variations as a function of angle (or the time of flight). The incident neutrons
are either polarized (spin) up (u) or down (d), and the intensity of the out
coming neutrons with either spin up or down is detected. Depending on the
purpose of the PNR measurement, any combination of the two incoming
and two outcoming spin states can be detected, up-up (uu), down-down
(dd), down-up (du) or up-down (ud).

The only component of the magnetization that will contribute to the
scattering is the component of the magnetization which is perpendicular
to the wavevector transfer ), i.e. the magnetization that lies in the plane
of the film. Magnetization that lies perpendicular to the plane is not
detected by PNR. In the plane, only the component which is parallel to
the polarization of the neutrons will contribute to the non-spin flip (NSF)
while the transverse compontent of the magnetization will contribute to
the spin-flip (SF) channels.

Let us first consider the uu and dd channels (NSF) and the case of
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Figure 3.9: (a) A polarized neutron reflectivity curve measured on a
TbCo/CoAlZr bilayer at remanence (guide field) including a fit (solid line)
using Refl1D. (b) Both the magnetic and nuclear scattering length densities,
mSLD and SLD respectively, that produce the fitted reflectivity curve in (a).

a uniformly magnetized thin film, with the magnetization parallel (uw)
or anti-parallel (dd) to the polarization of the neutrons. Here, the spins
will not get flipped during the reflection process, as there is no transverse
component of the magnetization, M. The interaction of the neutrons
with the film in the NSP channel can then be described by the Fermi

pseudopotential
_ 27h

Vi WN (b, = bi) (3.7)
where m is the neutron mass, N is the atomic density, b,, and b,, are the the
nuclear and magnetic scattering lengths, respectively [65]. The difference
between the potentials in the uu and dd states then results in a difference in
reflectivity curves, and a magnetized sample can be immediately recognized
by a splitting at the critical edge. If there is no splitting, the scattering
length density (SLD) for both wu and dd are the same, which holds true for
M, = 0. If the magnetization lies at an in-plane angle ¢ to the polarization
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Figure 3.10: (a) A PNR reflectivity curve of the same sample as shown in Fig. 3.9
but with an applied in-plane field of 20mT, including a fit using Refl1D(solid
line). By applying a field, the size of the magnetization that is parallel to
the polarization, which modifies by in Eq. 3.7. (b) Both the magnetic and
nuclear scattering length densities, mSLD and SLD respectively, Scattering
length density that produce the fitted reflectivity curve in (a).

of the neutrons, the spin of the neutrons can flip from one state to another.
This is called the spin flip channel, and is used to measure the transverse
component of the magnetization. Fig. 3.9 shows reflectivity curves for uu
and dd spin channels including the scattering length density as a function
of depth. The two curves are nearly identical, with only a small splitting
at the critical edge. By fitting these curves (using Refl1D), we can extract
the SLD as a function of depth, shown in (b), where we can identify the
position and size of the magnetization that contributes to the mSLD.

In Fig. 3.10, we have a much larger splitting at the critical edge, and
the two channels produce very different reflectivity curves. From the
SLD we can now identify a much higher magnetization. The difference
between these two measurements is the size of the applied in-plane field.
For this particular sample, there is no signal in the spin flip channel. At
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remanence, the magnetization vector points perpendicular to the film plane,
by applying a field, the magnetization vector is pulled into the plane. Only
the projection of M parallel to the plane contributes to b,,.

For a thin film where a component of the magnetization is perpendicular
to the film plane, the PNR measurement combined with a hysteresis
loop, can give a full picture of the magnetic profile. From the hysteresis
loop, we can measure the size of the magnetization at certain field values,
and at what field the sample saturates. By performing multiple PNR
measurements at different fields, all the different reflectivity curves can be
fitted simultaneously. By doing this, the structural part can be fixed, and
only the magnetic contribution varied.
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Chapter 4
Competing magnetic anisotropies

Amorphous, or disordered, materials lack the long-range structural ordering
which is characteristic of crystalline materials. They nonetheless possess
medium-to-short range order, which usually only extends a few atomic
distances. Studying these materials remains a challenge, as they can not
be described by a single, or a set of unit cells. Instead, it is possible to
measure the probability of finding an atom a distance r from a central
atom. This is done by using X-ray scattering and absorption spectroscopy
to find the atomic pair distribution function [66-70]. The short range order
is very sensitive to composition and results in local variations in magnetic
ordering as well as magnetic anisotropy. These effects will be described in
the following, for the CoAlZr and TbCo systems.

4.1 Order in randomness

Due to the large difference in the atomic sizes of the elements in CoAlZr and
TbCo alloys, the composition can be tuned over a very large range without
crystallization. Fig. 4.1 shows GIXRD for selected compositions of ThCo
and CoAlZr. For CoAlZr, the alloy becomes amorphous below 92% Co and
in TbCo, the alloy is amorphous down to at least 8% Tb. In these disordered
structures, the distance between the atoms is no longer periodic, which has
a direct impact on the exchange constant J. The exchange constant is the
magnetic coupling strength between two neighboring spins as described in
section 2.1. By diluting Co with non-magnetic AlZr, the coupling between
the cobalt atoms decreases, resulting in a linear decrease in the saturation
magnetization Mg, and Curie temperature T, as a function of decreasing
cobalt content, shown in Fig. 4.2(a). The Curie temperature is determined,
from full hysteresis loops, where the magnetic remanence decreases to
zero as a function of temperature. Fig. 4.2(b) shows two M vs T curves
measured on two Co,(AlZr)100—, samples with 70% and 68% Co content. It
is measured by cooling the sample down and measuring the magnetization
as the sample is heated up, with or without an external field. The two
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Figure 4.1: Grazing incidence x-ray diffraction measured on several compositions
of (a) CoAlZr and (b) TbCo. Co.(AlZr)i00—» is amorphous for z < 92 at.%
Co. Both datasets show a typical amorphous peak around 20 = 44°. Figure (a)
adapted from Ref. [37].

curves in Fig. 4.2(b) are measured at pupH = 20 mT.

In these two samples, the critical temperature appears to be well defined,
and by decreasing the Co content by just 2%, the critical temperature is
reduced by half. A well defined critical temperature means well defined J,
which is not the case in amorphous materials. Therefore, the two curves
in Fig. 4.2(b) are somewhat misleading and do not give the full extent of
the magnetic ordering.

The spin Hamiltonian in Eq. 2.1 assumes that the distance between the
nearest neighbor atoms is fixed. According to the Bethe-Slater curve, a
constant interatomic distance will lead to a uniform exchange coupling J. In
crystalline materials, this is true. However, this does not hold for amorphous
materials, which lack periodic structure. In amorphous materials, the
interatomic distance is non-uniform, which leads to a variation in the
exchange constant J. This has an effect on the critical temperature of a
magnetic alloy. Furthermore, amorphous materials are not uniform, i.e.
there exist regions of high and low density of the magnetic elements. This
was shown by Gemma et al. [6] where within FeZr thin films, they found
local variations in Fe density. The ordering temperature of a material
is determined by the number of and distance to the nearest neighbour.
When Fe is alloyed with a non-magnetic material, this number is truncated.
From this, it is apparent that within the film there exist regions with
a large difference in magnetic coupling strength, and thus temperature
dependence of the magnetic coupling. Even though the critical temperature
of amorphous alloys is not well defined, they still follow the (modified)
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Figure 4.2: (a) Critical temperature (Left, blue squares) and saturation mag-
netization measured at 20 K (Right, green cirlces) as a function of cobalt
composition. (b) Magnetization as a function of temperature, measured with
applied field of 20 mT, for samples of Cog(AlZr)100— with x = 68 and 70 %
cobalt. Figure (a) adapted from Ref. [37].

power law from Eq. 2.3 of ferromagnetic materials [3, 35, 58].

Above the critical temperature, all long range order is lost, but the
film exhibits a very high susceptibility [71]. The high susceptibility is an
indicator, that even though a large volume of the film is paramagnetic,
there exist regions within the film that are ferromagnetic, suspended in a
non-magnetic matrix. These regions align under a very low external field,
but the exchange coupling between the regions is too weak for them to
remain ferromagnetically aligned when the external field is removed.

How these regions affect the magnetic properties (and electronic, trans-
port, damping etc.) of amorphous materials is far from being fully un-
derstood, but systematic and rigorous study of these materials is slowly
paving the way to a better understanding. In paper I, we study how a
ferromagnetic layer of CoAlZr induces magnetization in an adjacent param-
agnetic layer of CoAlZr. This is done by growing multilayers of alternating
high and low T, layers, shown schematically in Fig. 5.1(a). We find that
within the low 7. = 100 K layer, there is a significant proximity induced
magnetization, even at room temperature. This showed that within the
low T, layer there are ferromagnetic regions which are easily polarizable,
but do not retain their magnetic ordering in the single layer film.

When making these thin films, we usually apply a constant magnetic field
during growth. This induces a uniaxial anisotropy, which tends to simplify
analysis and data gathering. To imprint anisotropy with external magnetic
field, a strong response of the magnetic material with the magnetic field
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Figure 4.3: Normalized in-plane hysteresis loops measured along two orthogonal
axes for Cozs(AlZr)2s grown on (a) thermally oxidized Si (thick SiO2) and (b)
Si(100) with the native oxide. In addition, both films are grown on a 2-nm-thick
AlZr buffer layer, through a circular mask without an external magnetic field.
Insets: Polar plots of Myem /Msat as a function of the azimuthal angle ¢. The
film grown on thick SiOs is almost fully isotropic whereas the film grown on the
Si(100) with native oxide has a uniaxial anisotropy along the Si[110] in-plane
direction. Figure adapted from Ref. [37].

is required, i.e. if the material is not magnetic during growth, it will not
interact with the external field. Due to the low T layer being non-magnetic
during growth, its anisotropy is unknown, but could be expected to be the
same as the high T, layer.

To investigate how the field imprinted anisotropy is affected by a lower
critical temperature, we grew a series of samples of 40 nm Co,(AlZr)100—x
with z = 65 — 92% Co. We found that for z > 80 % Co, the sample
was uniaxial with the anisotropy parallel to the growth field. But as we
decreased the Co content, we measured a smooth rotation of the easy axis
away from the applied field.

A decrease in cobalt content resulted in what appeared to be a weaker
interaction with the external field. To determine where the easy axis
was headed, we repeated the series except without any external field,
and we found that all samples had uniaxial anisotropy along the Si[110]
substrate direction. We could then eliminate the anisotropy induced by
the substrate by growing samples through a circular shadow mask, with
constant rotation during growth, and on a thick thermally oxidized SiOq
buffer layer. Fig. 4.3(a) and (b) shows two hysteresis loops meausred on
two samples, grown at the same time. Fig. 4.3(a) is grown on thick SiOq
and (b) on thin SiO2. We therefore concluded that in the absence of any
external field, the anisotropy is dictated by the Si[110] direction of the
Si(100) substrate, which is angled 45° from the applied growth field.

We can then determine, that the anomalous rotation of the easy axis is
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Figure 4.4: The angle a between the applied field and the easy axis, as a function
of cobalt composition. For high Co content, the easy axis is aligned with the
growth field whereas for low Co content it is aligned with the Si substrate [110]
direction. Figure adapted from Ref. [37].

approaching the Si[110] direction, as shown in Fig 4.4. But the question
remains, why does the easy axis rotate smoothly as a function of cobalt
content? If the critical temperature was as well defined as shown in Fig. 4.2,
we would expect the anisotropy to align with the applied growth field, down
to a certain Co composition. And lets say, for arguments sake, that because
the samples are deposited at room temperature, that the temperature of
the sample surface is also room temperature. Then the composition with
T, above room temperature will align with the field, whereas a composition
with T, below room temperature will align with the substrate. Instead, we
get a smooth transition. This is a clear sign of a distribution in ordering
temperature, which extends over a very large range.

Materials with two competing uniaxial anisotropy axes will in gen-
eral not exhibit two superimposed anisotropies, but a single anisotropy
axis, where the direction is dictated by the competition between the two
anisotropies. The anomalous rotation is therefore the competition between
two anisotropies, one dictated by the substrate and one by the external field.
By decreasing the cobalt content, the strength of the substrate anisotropy
increases and the field anisotropy decreases, causing it to shift. The total
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Figure 4.5: The Co concentration (black line) and magnetization distributions
(orange-yellow shaded region) for the sample with z = 73%. The area under the
curve corresponds to the total magnetization of the sample. At temperatures
above Tq (yellow area) the magnetization interacts with the growth field and
below T¢ it follows the substrate. The inset is an illustration of the regions
with competing anisotropy axes. We find that the effective growth temperature
is Tqg = (450 £ 90) K and o = (5.1 £ 0.8) at%. Figure adapted from Ref. [37].

anisotropy energy can be written as the sum of those two anisotropies,
Eiotal = Heat Ma sin?(7/4 — ) + Hgay Mp sin®(a) (4.1)

where M}y is the total magnetization that is aligned with the substrate,
and Mp is the magnetization aligned with the applied field. Growing the
samples with or without external field does not affect the saturation field,
and it therefore cancels out (more details on this in the Supplementary
information in paper IV). By differentiating the total energy with respect
to a, we can solve for o and get

a= % arctan ]\]\2[—2 (4.2)
where « is the direction of the anisotropy axis. The anisotropy is then a
competition between M and Mp. A distribution in ordering temperature is
directly related to a distribution in J, which is related to the compositional
variation. We describe the compositional variation with a Gaussian function,
shown with the solid black line in Fig. 4.5. The distribution of magnetization
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can then be described by the Gaussian function multiplied by M (x), which
is given by the linear fit from Fig. 4.2(a). This gives the solid curve in
Fig. 4.5. The area above the effective growth temperature, T, will align
with the external magnetic field, while the areas below T will align with
the substrate. By changing the composition, you are shifting the peak of the
curve. The Ty determines the horizontal position of the fit in Fig. 4.5, and
the slope of the line is given by the standard deviation, o, of the Gaussian
distribution. We can therefore determine the the distribution of the cobalt
composition from the angle o using Eq. 4.2, from the partial magnetizations
given by the gaussian distribution. The solid line in Fig. 4.4 is calculated
from Eq. 4.2, and we get a standard deviation of o = (5.1 £ 0.8) at.% Co
and Tg = (450 £+ 90) K. These results are the topic of paper III.

From this we can deduce that due to the compositional variations of the
amorphous magnet, we can define a local critical temperature which can
span several hundreds of kelvin. And the "well defined" Curie temperature
corresponds to the mean value of the exchange constant. Within the alloy,
there is some median or most probable radial distance/orientation between
the atoms, this distance/angle will have a certain exchange constant J,
which we can relate to a certain global critical temperature T.. Above this
temperature, most of the sample will become paramagnetic, but we can
still define regions that have a critical temperature above T.. Those regions
are suspended in a non-magnetic matrix and do not align ferromagnetically.
However, they do polarize easily in the proximity of a magnetic layer, as
we demonstrated with the multilayered structure.

In Paper III, we lightly discuss the "growth temperature". The sam-
ples were grown at room temperature, but from our fit we get a "growth
temperature" much higher than 300 K. We interpret this to be the tem-
perature at which the atoms condense at the sample surface. Perhaps this
growth temperature can be changed by increasing or decreasing the sputter
power, changing the kinetic energy of the atoms as they condense at the
substrate surface, and thereby affecting the distribution of the Co. We
attemted to affect this temperature, but found that CoAlZr crystallizes at
the low temperature of 400-450 K, so increasing the substrate temperature
to investigate how this would affect the regions was futile. Instead it might
be of interest to examine if different growth powers could affect this (or
even substrate cooling).

It is an open questions as to how these competing regions transfer to
other materials, and if the same applies to other systems, for example
TbCo. TbhCo also exhibits competing anisotropies, but they manifest in
quite a different way than for CoAlZr. ThCo has a very large perpendicular
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Figure 4.6: Hysteresis loops measured on two samples of (a) 10 nm and (b)
100 nm Tb,Co100—z with x = 9.5 and 12%. Figure adapted from Ref. [72].

magnetic anisotropy and an antiparallel magnetic alignment of the Th-Co
atoms. The very large anisotropy is due to the highly anisotropic 4f orbital
of the Tb atoms, but the perpendicular magnetic anisotropy has been
attributed to out-of-plane texturing [32]. The large PMA makes the ThCo
a very popular alloy to work with, as the ferrimagnetic alignment makes it
ideal for all-optical switching and the compensation temperature makes it
ideal for spin-orbit torque devices.

To study the exchange coupling between TbhCo/CoAlZr hybrid structures,
we chose to use Co rich TbhCo to avoid having a compensation temperature
(magnetization of the two sublattices cancel out). This was done to simplify
the temperature dependence of the magnetization. Instead, we found that
Co rich TbCo has a very complex magnetic phase diagram, where the
magnetic properties are highly sensitive to thickness, composition and
temperature. This again shows that the magnetic properties of amorphous
thin films are highly dependant on the composition, and only a small shift
in the mean composition has a drastic effect on the global properties.

4.2 Magnetic phase diagram of ThCo

TbCo is an amorphous ferrimagnet, which can for certain thicknesses and
compositions exhibit perpendicular magnetic anisotropy. It has also been
reported that a certain composition and thickness limit, .., is needed
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Figure 4.7: (a) tKeg as a function of thickness ¢ according to Eq. 2.12. (b) Effec-
tive anisotropy as a function of thickness and composition. K.g < 0 has in-plane
magnetic anisotropy while Ke.g > 0 has perpendicular magnetic anisotropy.
Figure adapted from Ref. [72].

for the PMA to appear |16, 73-77|. This is not surprising, as the PMA
in ThCo is due to bulk anisotropy, so a certain thickness is needed before
the anisotropy can overcome the demagnetizing field. Fig. 4.6(a) shows
two hysteresis loops for two compositions of 10 nm Tb,Coig9—_z, With
12% and 9.5% Tb. The sample with 12% Tb has a well defined PMA. By
decreasing the Tb content by 2.5% results in the loss of the PMA. The PMA
can be recovered in the sample with 9.5% Tb by increasing its thickness.
Fig. 4.6(b) shows hysteresis loops measured on 100 nm TbCo with the
same compositions. Now both samples exhibit perpendicular magnetic
anisotropy - although one is uniformly magnetized while the other is in a
multi domain state.

The increase in anisotropy with respect to thickness is an indication
that there are competing anisotropy terms: one in-plane and the other
perpendicular. The anisotropy is then effectively a sum of two terms: bulk
anisotropy K, and surface anisotropy K. The effective anisotropy, K,

can then be written as
tKog = tK, + 2K (4.3)

as shown in section 2.3.3. To study how the anisotropy changes with
composition, we made a series of samples for several different compositions
and thicknesses. Fig. 4.7(a) shows tK.g as a function of ¢ for several

45



Chapter 4. Competing magnetic anisotropies

M/Msa; (Normalized)

105 0 05 1 a1 w05 0 05 1 a1 s 0 o5 1
poH (T) moH (T) HoH (T)

Figure 4.8: Hysteresis loops measured on 10 nm Tbg 5Co90.5 at 60, 200 and
280 K. At 60 K the sample exhibits PMA with coercive field ~ 250mT, as the
temperature is increaesed the magnetostatic energy increases with decreasing
Ker. At 200 K the hysteresis loops in and out-of-plane are identical, above
200 K the sample not longer exhibits any PMA and the magnetization vector
has fully rotated into the plane with a single switch hysteresis loop in plane and
S-shape loop out-of-plane with zero remanence. Figure adapted from Ref. [72].

compositions. We find that ¢t K. scales linearly with thickness ¢ in all cases,
where the bulk anisotropy, K (slope), increases as a function of increasing
Tb. The critical thickness, ¢qi (intersect through z-axis), decreases with
increasing Tb content. This shows that at the Co rich limit of ThCo,
the magnetostatic energy, interface anisotropy and bulk anisotropy are
all at equal strength, leading to a rich "phase diagram". These results
are summarized in Fig. 4.7(b), showing a contour plot of the effective
anisotropy Keg as a function of composition and thickness. Here we can
define three different regions in the figure: (I) Samples that exhibit in-
plane anisotropy, (II) Samples with perpendicular magnetic anisotropy
with uniform magnetization (single domain) (III) Perpendicular magnetic
anisotropy with multiple domains.

Lowering the temperature causes Kqg to increase linearly for all sam-
ples [78]. At 20 K all samples are uniformly perpendicularly magnetized.
Samples that have IMA at room temperature go through a spin-reorientation
transition (SRT) at a certain temperature which depends on thickness and
composition. A SRT is the change in the direction of the magnetization
vector as a function of temperature, thickness or composition [42|. Fig. 4.8
shows in- and out-of-plane hysteresis loops, measured at 60 K, 200 K and
280 K on 10 nm Thbhg 5Cogp.5. At 60 K the film has PMA with coercivity of
250 mT and in-plane saturation field of 1 T. Increasing the temperature
causes the saturation field and coercivity to decrease, until at T' = 200 K
when the two directions are indistinguishable, i.e. the sample is isotropic.
Above 200 K the anisotropy of the film has evolved into IMA. The in-plane
hysteresis loop has low coercivity and a single switch, and the out-of-plane
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hysteresis loop has zero remanence and saturation field of 250 mT. The
SRT temperature increases with thickness and composition, and can be
tuned to go through the SRT at room temperature (not shown).
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Chapter 5
Hybrid structures

We have demonstrated that the compositional variations in CoAlZr lead
to an extremely large variation of the exchange coupling strength, and
therefore critical temperature, within the CoAlZr layers. We have also
shown that the magnetic properties of ThCo are highly composition and
thickness dependent. The magnetic properties can be further enhanced
and altered by layering materials with different properties. Due to uniform
interfaces and the lack of lattice mismatch amorphous materials make
excellent candidates for magnetic heterostructures. The interlayer exchange
coupling between magnetic layers brings out properties that do not exist in
single layer films. This includes the long-range magnetic interactions [58]
and tunable exchange stiffness [79] in an amorphous spring-magnet.

The following chapter is divided into two sections, as we focus on two
types of systems: First, CoAlZr multilayers of alternating high- and low-
T, layers, where we explore the long-range magnetic proximity effect in a
paramagnetic (low-7¢) CoAlZr layer due to the proximity of a ferromagnetic
(high-T,) CoAlZr layer. Second, we investigate bilayers of ThCo/CoAlZr,
where the two layers have crossed perpendicular and in-plane magnetic
anisotropy.

5.1 Giant magnetic proximity effect

In Ref.|58], it was shown that a 40-nm-thick paramagnetic CoAlZr layer
(Tc = 105 K), sandwiched between two ferromagnetic layers, could me-
diate exchange coupling between the two ferromagnetic layers at room
temperature, which is three times its intrinsic ordering temperature. They
found that there were two distinct coupling regimes: below and above the
T.. To gain further insight into the proximity induced magnetization of
amorphous alloys, we made a series of multilayered samples of alternating
high and low T layers. The multilayer in Fig. 5.1(a) shows a schematic
of the sample structure and the magnetization profile at 20 K. Layer A
has a high critical temperature (around 800 K) and layer B has a critical
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Figure 5.1: (a) A schematic of the sample structure (left) and an illustration of
the magnetization profile below the critical temperature of layer B. (b) XRR
measurement, including a fit, on sample with dg = 5 nm and da = 1 nm,
showing a well defined peak arising due to the periodicity in the sample stucture.
Figure adapted from Ref. [35].

temperature of 105 K. To investigate the extent of the proximity effect, we
made a series of samples with the thickness of layer A fixed at do = 5nm
and B varied between dg = 2.5 to 10 nm.

We can write the total magnetization of the samples as the weighted
average of the magnetization

Mg = dA(MA—MB)i + Mg (5.1)
where M,,¢ is the average saturation magnetization, A is the bilayer thick-
ness, and Ma and Mp is the magnetization corresponding to layers A and
B, respectively. If there is no proximity induced magnetization, then the
magnetization will scale linearly as a function of 1/ and the intercept
at the y-axis will be positive below T2 and zero above T.2. Fig. 5.2(a)
shows the magnetization as a function of 1/\ for several temperatures,
both below and above the critical temperature. Strikingly, the intercept
never goes to zero, even at 300 K. This showed that there is a proximity
induced magnetization at three times the intrinsic ordering temperature of
the low-T¢ layer. This proximity induced magnetization does not appear
to decay as a function of distance from the interafaces, attested by the
linear dependence of Myye as a function of 1/A. The intercept through the
y-axis in the linear fit in Fig. 5.2(a) then gives information about the size
of the magnetization in layer B. This is shown in Fig. 5.2(b) as a function
of temperature. The magnetization decreases as a function of increasing
temperature, but is non-zero over the entire studied temperature range.
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Figure 5.2: (a) The saturation magnetization as a function of inverse bilayer
thickness for several temperatures, both above and below T2, The solid lines
are fitted to the data, and the dashed line is calculated according to Eq. 5.1
with Mg = 0. (b) The intercept from the linear fit from (a) as a function of
temperature, which corresponds to the magnetization of layer B, according to
Eq. 5.1. Figure adapted from Ref. [35].

However, there is a critical point in the curve at a temperature somewhat
above Tp reminiscent of the ferromagnetic to paramagnetic phase transi-
tion. This shows the dual impact of the magnetic proximity effect; first, it
enhances the ordering temperature of the B layer and, second, it induces a
new magnetically ordered state with a very large extension, which survives
to much higher temperatures.

5.2 Exchange spring magnets

In the hybrid amorphous structures discussed in the previous section, as
well as in Refs. [33, 58, 79, 80|, the magnetic anisotropy always lies in the
plane of the film. It is therefore interesting to examine coupling between
amorphous magnetic layers with crossed magnetic anisotropies, in- and
perpendicular to the plane. The exchange-spring behaviour and the extent
and type of induced magnetization is unknown, as well as what effect this
has on the imprinted magnetic anisotropy.

To study the exchange coupling in TbCo/CoAlZr hybrid structures,
shown schematically in Figure 5.3(a), we prepared a series of samples with
a fixed ThbCo thickness and varying the thickness of the CoAlZr between
5-80 nm. The CoAlZr has a small, but well defined IMA, while the ThCo
has a large PMA. We chose to use Co rich ThCo, with 9.5 Tb at%, to
avoid having a compensation temperature, where the magnetization of the
two sublattices cancels out. By fixing the thickness of the ThCo layer, and
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Figure 5.3: (a) Schematic of the sample structure. The thickness of the ThCo
layer is fixed at da = 30 nm and the thickness of the CoAlZr layer is varied
from dg = 5—80 nm. (b) Hysteresis loops measured out-of-plane at 20 K using
VSM. Figure adapted from Ref. [36].

varying the thickness of the CoAlZr layer, we can study how the exchange
coupling decays with distance from the TbCo interface.

Fig. 5.3(b) shows out-of-plane hysteresis loops for several thicknesses of
CoAlZr, including a single 30 nm ThCo layer as a reference, measured at
20 K. The reference layer has a single switch and the remanence equals the
saturation moment. With increasing thickness of the CoAlZr, the out-of-
plane response gradually evolves from the square response characteristic
of a PMA material to a mixed easy and hard axes response. But, notably
for 5 nm CoAlZr there is no hard axis response, and the entire CoAlZr
layer switches in unison with the ThCo. This is therefore an ideal spring-
magnet, where the coercivity of the ThCo layer is not affected by the
CoAlZr layer. The magnetic response measured using VSM is the mixture
of the response from the ThCo and CoAlZr layer. In an attempt to
deconvolute the two resposnses, we use Eq. 3.6 to fit the out-of-plane
hysteresis loops. By doing so we can show that the magnetization reversal
is a combination of a single abrupt switch and a single S-shaped loop. The
saturation magnetization of these two loops as a function of dg shows that
there is a region, corresponding to 7.5 nm CoAlZr, that is pinned out of
plane and switches in unison with the ThCo. We also observe that there
is a reduction and increase in out-of-plane saturation field and in-plane
coercivity, respectively, up to 33 nm CoAlZr. This is a long range influence,
which is due to the direct exchange coupling between the two layers. As we
showed in Chapter 4, the magnetic anisotropy of ThCo is highly tunable.
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Figure 5.4: Saturation moment as a function of CoAlZr thickness, corresponding
to abrupt (blue squares) and hard response (green circles) of the hysteresis
loops shown in Fig. 5.3. Up until dg = 7.5 nm there is no contribution from
the hard axis loop, indicating that at least 7.5 nm of the soft CoAlZr switches
with the TbCo. The dashed lines are a guide to the eye and extend to dg =
80 nm (not shown). The insets schematically illustrate the different magnetic
components.

Combined with these results, we have demonstrated that amorphous thin
films are highly malleable, as the effective anisotropy can easily be tuned
both in- and out-of-plane.

As mentioned in the experimental chapter, the VSM does not give
information on the depth profile of the magnetization. The spin structure
illustrated in Fig. 5.4 is therefore not a definite representation of the depth
dependence of the magnetization. For an accurate depth profile, it is ideal
to perform PNR. The PNR gives information about the in-plane component
of the magnetization, we therefore do PNR measurements as a function
of in-plane field on a bilayer of 30 nm ThCo/ 20 nm CoAlZr at room
temperature. The bilayers have PMA, where the magnetization is pinned
out of plane, the magnetic SLD (mSLD) will therefore be the projection
of the magnetization onto the plane. The mSLD can be found by fitting
the uu and dd PNR curves, and the angle ¢ can be calculated using simple
algebra from the saturated (680 mT) mSLD profile.
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Figure 5.5: The angle of the magnetization ¢ as a function of depth at various
fields, measured on a bilayer 30 nm TbCo/ 20 nm CoAlZr at room temperature.

The results are summarized in Fig. 5.5, which shows the angle of the
magnetization as a function of depth, where ¢ = 90° is perpendicular to
the plane and ¢ = 0° is in-plane, parallel to the guide field. At 5 mT, the
magnetization is aligned nearly 90° to the film plane, showing that the
magnetic moments of the entire stack are oriented perpendicular to the
plane. At 20 mT, the TbCo layer is only minimally tilted towards the
applied field (5< degrees), whereas the CoAlZr is tilted by 23° into the
plane. When increasing the field to 200 mT, the in-plane saturation field at
the TbCo/CoAlZr is strongly reduced, but notably above the interface the
©(z) plateaus. The constant magnetization as a function of depth clearly
shows that the decay length of the exchange coupling between the two
layers is much larger than 20 nm. At 680 mT the sample is saturated
in-plane, and the magnetization is parallel to the guide field (Paper V).
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Chapter 6

Concluding thoughts

Magnetism is an emergent property of a collective system, with multiple
interacting atoms where each atom can carry a magnetic moment. Without
the interaction between atoms there is no magnetization, Curie temperature
or magnetic anisotropy. The collective behaviour becomes evident when
making very thin magnetic layers. At the interfaces, the number of nearest
neighbors each atom has might be eight while the number of nearest
neighbors in the bulk is twelve. As a result, the atoms at the interface
interact, through the exchange interaction, with fewer atoms and therefore
the magnetization of the interface is lower compared to the bulk. This is
called a finite size effect, and it is purely an interface effect.

If we have a large block and cleave it, we would expect the total magnetic
moment to be divided between the two blocks. Removing a single atom
will then certainly lead to the reduction of the total moment corresponding
to one atom. If we continue to pluck individual atoms until we have a thin
slab, the magnetic moment would decrease linearly as a function of atom
removed. What if instead of removing an atom we randomly replace each
and individual one with a non-magnetic one. Will we observe the same
thing? Is there a fundamental difference between removing a magnetic
atom vs. replacing it with a non-magnetic atom?

Amorphous magnetic metals must contain at least two different elements,
either by alloying two or more magnetic materials together, or alloy with
something that is non-magnetic. When alloying with a non-magnetic
element, we are replacing the magnetic element with a non-magnetic one.
The two elements are not uniformly mixed, but there will be regions where
there is more of the non-magnetic element and vice versa. By replacing
with something non-magnetic, we have not only reduced the moment by
one atom but the magnetic elements now have fewer neighbors to interact
with. Since the elements are randomly distributed throughout the film,
the exchange interaction will vary depending on density, and therefore the
magnetization, Curie temperature and magnetic anisotropy. The magnetic
properties of amorphous metals are therefore not uniquely defined, but
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rather given by a random distribution. The observed magnetic properties
of an amorphous thin film are the average material properties. However,
locally we can define areas where all of these properties deviate from the
average.

Although for the most part, the average magnetic properties of amorphous
materials are largely similar, reported values of anisotropy, magnetization,
critical temperature etc. do vary between different scientific groups. Is this
simply due to difference in calibration methods or might different setups
produce a unique distribution? The random distribution of elements at first
glance does not sound like a feasible control variable. But there might be
a way to partially control it and to affect the distribution of the elements
within the alloy. Perhaps by changing the kinetic energy of the atoms as
they condense at the substrate surface.

The modulations in composition are intrinsic to amorphous materials,
and the emerging magnetic properties of amorphous films are a result of
competition and interactions between regions of various magnetic prop-
erties. Therefore, the distribution of the magnetic properties must be
taken into account when working with amorphous magnets, for example
when imprinting anisotropy using external field, or exchange coupling or
proximity effects in more complex heterostructures (81, 82].

I hope that this work can shed some light on the complex nature of magnetic
amorphous alloys, and add to our growing knowledge of what determines
their elusive magnetic properties. We now understand, in some way, how the
magnetic properties of these fascinating materials can manifest, although
there are many questions that are left unanswered. But it should come as
no surprise that the 2021 Nobel prize in physics was awarded for work on
complex systems [1].
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Here we study the magnetic proximity effect in amorphous layered magnets of alternating high- and low-T;
materials using magnetometry and polarized neutron reflectivity. By altering the thickness of either the high-
or low-T; layer we are able to extract the induced magnetic moment in the low-T7; layer directly and study how
it scales with thickness. We observe that the ordering temperature of the low-T7; layer is enhanced and above
which a second magnetically ordered state with a very large extension is observed. This induced magnetic state
survives to a temperature at least three times that of the ordering temperature of the low-T; layer and the induced
magnetization is approximately constant throughout at least a 10-nm-thick layer. The induced magnetic region
within the low-T; layer does not depend on the thickness of the adjacent high-T; layer.

DOI: 10.1103/PhysRevMaterials.3.054409

L. INTRODUCTION

The magnetic proximity effect refers to an induced mag-
netic ordering in an intrinsically nonmagnetic material which
is brought about by proximity to a magnetic material [1,2]. It
is typically observed in composite or layered structures, where
one component is ferromagnetic (FM) or antiferromagnetic
(AFM) and the other is paramagnetic (PM) or has a lower
ordering temperature [3]. The influence of such a proximity
effect can be diverse. In FM-PM systems a magnetization
can be induced in the PM material and in FM-FM or FM-
AFM systems the ordering temperature (7; or 7y) can be
enhanced [4-6]. The induced magnetization can in turn result
in nonoscillatory interlayer exchange coupling across metallic
spacers [7] as well as spring-magnetic behavior and long-
range exchange bias through intrinsically paramagnetic layers
[5].

Nanoscale magnetic devices such as magnetic memory,
sensors, and logic devices are typically composed of layers of
coupled magnetic and nonmagnetic materials [8,9]. Magnetic
proximity effects will inevitably influence the performance of
such devices and must be taken into account in their design
[3]. Layering of different types of magnetic materials is also
a powerful way to tune or enhance their overall magnetic
properties [10]. In this context, the proximity effect can,
for example, be used to increase the ordering temperature
of dilute magnetic semiconductors [11], control interlayer
coupling [5] or induce ferromagnetism or more complex spin
textures in topological insulators [12-14]. Therefore, it is
important to gain a better understanding of the magnetic
proximity effect and determine its size and extension in tech-
nologically important systems.

The proximity effect arises because of magnetic interac-
tions between atoms across the interface and hybridization
of interface states [2]. It has generally been considered to
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be short-ranged, typically extending only a few atomic layers
into the nonmagnetic material [2,3,15]. For example, in the
much studied Fe/V system the magnetic moment in the V has
an exponential decay length of approximately 0.3 nm [15] but
by replacing the V with an FeV alloy the decay length can
be extended to 1.7 nm [16]. A somewhat larger proximity
effect is found in high susceptibility paramagnets such as
Pd and Pt where the induced magnetization can extend up
to a few nanometers into the paramagnet [17—19]. Recently,
however, it has been shown indirectly that in amorphous het-
erostructures the effect can extend several tens of nanometers
into the nonmagnetic material [5]. This is achieved by tuning
the composition of the amorphous alloys such that they are
on the verge of ferromagnetism or have a low ferromagnetic
ordering temperature. By using amorphous materials it is
possible to tune the intrinsic ordering temperature without
significantly affecting the interface structure since there is
no lattice mismatch at the interfaces [20,21]. In addition, the
density modulations inherent in such disordered alloys could
contribute to the long range of the proximity effect [22,23].

Here we study the magnetic proximity effect in amorphous
multilayers which are composed of alternating high- and low-
T. layers by a combination of magnetometry and polarized
neutron reflectivity. This allows us to measure directly the
magnetization which is induced in the low-T; layers above
their intrinsic ordering temperature and determine how the re-
gion of induced magnetization scales with the layer thickness.
The results show that proximity effects can induce an almost
constant magnetization with a remarkably long extension in
an intrinsically paramagnetic amorphous material.

II. EXPERIMENTAL METHODS AND DESIGN

The samples were grown at room temperature by dc mag-
netron sputtering in a sputtering chamber with a base pressure
below 5 x 107!° Torr. The sputtering gas was Ar of 99.9999%
purity and the growth pressure was 2.0 mTorr. Si(100) sub-
strates with the native oxide layer were used. The substrates

©2019 American Physical Society
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FIG. 1. (a) A schematic of the sample structure (left) and the magnetization profile of one bilayer, below TCB (right). The solid lines are
a simple constant magnetization approximation, whereas the dashed lines represent a smoothly varying magnetization across the interfaces.
(b) x-Ray reflectivity of the multilayer with dg = 5nm and d, = 1 nm including a fit. (c) A representative grazing incidence x-ray diffraction
scan of a multilayer sample showing a broad characteristic amorphous peak. (d) Remanent magnetization for Cogs(Al¢Zr30);s (layer A) and

Cog0(AlygZr30)a (layer B) showing an ordering temperature of 7.2 =

saturation magnetization at 10 K.

were annealed in vacuum at 550°C for 30 minutes prior
to growth. First, a 2-nm-thick buffer layer of Al;oZr3y was
deposited on the substrate from an Al;yZrs alloy target (pu-
rity 99.9%). Subsequently, a multilayer of Cogs(Al;Zr30);5
(layer A) and Cog(Al79Zr3p)so (layer B) was grown by
cosputtering from Co (purity 99.9%) and Al;¢Zr;, targets,
always beginning and ending with a Cogs(Al7Zr30)5 layer.
Between layers, the shutters in front of all magnetrons were
closed momentarily while the power applied to the Co mag-
netron was changed to obtain the desired composition. The
composition was determined by careful rate calibrations for
each magnetron. All samples were capped with a 3-nm layer
of AlZr. The sample structure is shown schematically in
Fig. 1(a). The room temperature growth, choice of compo-
sitions, and the use of an Al;0Zr3p buffer layer ensures that
the films are fully amorphous and that the interfaces are
sharp [24,25]. x-Ray reflectivity (XRR) and grazing incidence
x-ray diffraction (GIXRD) measurements were performed to
confirm this. A PANalytical X’pert Pro diffractometer was
used, equipped with a G6bel mirror on the incident side and a
parallel plate collimator on the diffracted side. Characteristic
XRR and GIXRD measurements are shown in Figs. 1(b)
and 1(c), respectively. The XRR shows clear multilayer Bragg
peaks which arise due to the periodicity in the sample density,

103 + 5 K for the Cogy(Aly9Zr30)40. The data are normalized to the

as well as Kiessig thickness fringes up to at least 20 = 7°,
attesting to the low surface and interface roughnesses. Fitting
of the XRR data using the layer model shown in Fig. 1(a) gives
interface widths of approximately 0.4-nm rms and confirms
that the actual thicknesses agree with the nominal ones. We
can therefore rule out intermixing between layers or interlayer
coupling due to interface roughness (orange peel coupling).
The GIXRD (performed with the incidence angle fixed at
= 1°) shows a single broad peak centered at approximately
260 = 45°, characteristic of an amorphous structure (see, for
example, Ref. [26]).

The difference in cobalt content results in different intrinsic
ordering temperatures of layers A and B when grown sep-
arately. Layer A has an ordering temperature 7* which is
well above room temperature, whereas layer B has an ordering
temperature of 7.2 = 103 = 5 K, as shown by the temperature
dependence of the remanent magnetization of each layer in
Fig. 1(d). Below the ordering temperatures of both layers they
are both ferromagnetic but the magnetization of layer B will
be significantly lower than that of A, as shown schematically
in Fig. 1(a). In the temperature regime between the two
ordering temperatures there will be an induced magnetization
in the B layer due to the proximity to the A layer but its size,
extension, and profile is unknown. In order to study these
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factors, two thickness series of the layers were produced:
(i) with the layer A thickness fixed at d4 = 5nm and the B-
layer thickness dp in the range 2.5 to 10 nm (hereafter referred
to as the B-layer series) and (ii) with the B-layer thickness
fixed at 5 nm and the A-layer thickness in the range 1 to
10 nm (hereafter referred to as the A-layer series). In addition,
a uniaxial in-plane anisotropy was induced in the A layers
by applying a magnetic field of approximately Hj, = 0.1T
during growth [24,25]. The total magnetic moment of the mul-
tilayers was measured using vibrating sample magnetometry
(VSM) in a longitudinal geometry. Full hysteresis curves were
measured parallel to the plane of the films at each temperature
and the saturation moment at 20 mT extracted.

Polarized neutron reflectivity (PNR) measurements were
carried out on the Super ADAM beamline at the Institut Laue—
Langevin to study the magnetization profile of the multilayers.
The neutron wavelength was 5.183 A and the measurements
were performed at 120 K (somewhat above T.B). A guide field
of 1.5-3.0 mT was used to maintain the neutron polarization
parallel to the plane of the films and an electromagnet was
used to saturate the sample along the in-plane easy axis, which
was in all cases parallel to the guide field. The data was
normalized by a monitor to account for fluctuations in the
neutron flux and to correct for points measured for different
lengths of time. A constant slit opening for the entire data
set was chosen such that the sample was overilluminated
which was corrected for before fitting. Fitting of the data was
performed in the GenX software package [27] using the layer
model depicted in Fig. 1(a).

III. RESULTS AND DISCUSSION

Representative magnetic hysteresis curves for the multilay-
ers can be seen in Fig. 2(a) where the magnetization is mea-
sured at an in-plane angle of ¢ = 0° and ¢ = 90° with respect
to the growth field. The uniaxial anisotropy imprinted by the
growth field results in a square hysteresis loop for ¢ = 0° (the
easy axis) and a linear hysteresis loop with zero remanence
along ¢ = 90° (the hard axis). The measurements shown in
the figure are for the sample with dg = 5nm and dy = 10nm
at room temperature but the general shape of the hysteresis
curves is the same at all temperatures and for all samples.

The saturation (20 mT) magnetization extracted from such
hysteresis loops as a function of temperature is shown in
Fig. 2(b) for the B-layer series. For the sample with dg =
10nm, a clear change in slope dM/dT is seen at approxi-
mately 140 K, which is somewhat above the intrinsic ordering
temperature of the B layer. This indicates that the multilayer
has an ordering temperature that is above T.2, although the
exact temperature cannot be pinpointed with the current data.
For thinner B layers (2.5 nm and 5.0 nm) the magnetization
appears to decrease monotonously with increasing tempera-
ture and there is no clear sign of a magnetic phase transition.
This is strong evidence of a large magnetic proximity effect.
However, it is difficult to determine with any certainty from
this data presentation how the magnetization of the B layer
changes because of the relative size of the magnetization of
the A and B layers.

The scaling of the magnetization with dg gives an insight
into the size and extension of the induced magnetization in the
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FIG. 2. (a) Room-temperature magnetization, normalized by the
saturation magnetization, versus applied in-plane magnetic field for
the multilayer with dg = 5nm and dy = 10 nm. The field is oriented
either parallel (red) or perpendicular (black) to the applied growth
field, resulting in an easy or hard axis response, respectively. (b) The
saturation magnetization of the B-layer thickness series as a function
of temperature.

B layer. The simplest model to describe the magnetization of
the layers is to assume that it is constant within each layer.
This is depicted in Fig. 1(a) with the solid blue lines. In this
case, the average magnetization of a bilayer of thickness A =
da + dp is given by the weighted average of the magnetization
of the two layers, which can be expressed as

1
Mavg:dA(MA_MB)X + Mg, (1)

where M,,, is the average saturation magnetization of the
bilayer and M, and My the saturation magnetizations of layers
A and B, respectively [16].

Figure 3(a) shows the measured magnetization, plotted as
a function of the inverse bilayer thickness for the B-layer
series. The linear dependence with a nonzero intercept at all
temperatures is striking and fully consistent with Eq. (1).
The variation in the slope is due only to a variation in the
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FIG. 3. (a) The saturation magnetization versus the inverse bi-
layer thickness for a selection of temperatures for the B-layer thick-
ness series. The solid lines are fits to the data and the dashed line is
the linear model [Eq. (1)] with My set to zero (no proximity effect).
(b) The magnetization of the B layer, Mg, extracted from the intercept
of the fitted lines in (a). The intercept corresponds to My according
to the linear model [Eq. (1)].

magnetization of layer B since both M, and d, are constant
in this thickness series. The slope is positive due to the fact
that Mg < M, and increases with increasing temperature, in
line with a decreasing Mp. The intercept yields My directly
which should reduce to zero above TP in the absence of a
proximity effect, as shown by the dashed line in the figure
(where we use the measured “bulk” value of M,). This is
clearly not the case, even at room temperature, showing that
there is a proximity induced magnetization in layer B at
three times its intrinsic ordering temperature. Furthermore, an
exponentially decaying profile of the induced magnetization
would be expected away from the interfaces [5], which would
result in a nonlinear scaling of M with A=Y [16]. This is
not observed in Fig. 3(a), meaning that the magnetization is
indeed approximately constant throughout the entire thickness

of the layer at all temperatures. Therefore, either the decay
length is significantly longer than the largest B-layer thickness
(10 nm) or the magnetization decays to a constant value with a
decay length much smaller than the smallest dg. This scenario
is depicted schematically in Fig. 2(a) with the dashed lines.

The temperature dependence of the magnetization of layer
B is shown in Fig. 3(b). The values are extracted from the
intercepts of the linear fits in Fig. 3(a). The magnetization
decreases with increasing temperature, as expected, but is
nonzero at all measured temperatures as previously noted.
However, there is a critical point in the curve at a temper-
ature somewhat above T.P reminiscent of the ferromagnetic
to paramagnetic phase transition which occurs in B on layer
its own at T.B. This shows the dual impact of the magnetic
proximity effect; first, it enhances the ordering temperature
of the B layer and, second, it induces a new magnetically
ordered state with a very large extension, which survives to
much higher temperatures.

This dual impact of the proximity effect is consistent
with a previous study of a similar amorphous heterostructure
composed of a B layer sandwiched by an A layer and a SmCo
hard magnet layer [5]. This study showed that the proximity
effect resulted in both spring-magnet behavior and exchange
bias but the two had very different temperature dependence
and extension. Below the enhanced ordering temperature they
had an induced ferromagnetic state with a significant spin
stiffness which could sustain a spring-magnet effect. At higher
temperatures they had a magnetic state with a significant
moment but negligible spin stiffness (a super-paramagnetic-
like state) which could cause an exchange bias on an adjacent
magnetic layer. In the multilayers studied here we do not have
a spring-magnet effect or exchange bias since all layers have a
small anisotropy and the structure switches as a whole. How-
ever, we are able to detect the induced magnetization directly
for the two different magnetic phases. The large extension
of the proximity effect and the resulting complex magnetic
phase diagram can be explained by the amorphous structure
and composition of the films. In general, the hybridization
of the 3d band of the ferromagnet across the interface will
decay rapidly away from the interface on a length scale of
a few atomic layers. However, the ordering temperature of
the B layer is strongly dependent on the amount of Co and
therefore a small increase in the density of states can be
sufficient to enhance it significantly. In addition, the inherent
local variation in the concentration of the magnetic element
within the amorphous alloy means that it will inevitably have
local variations in 7. with interconnected regions of high
and low magnetic coupling strength [22]. An effective field
from the adjacent ferromagnets can therefore polarize the
amorphous alloy far above its intrinsic ferromagnetic ordering
temperature.

The temperature dependence of the magnetization of
the A-layer thickness series is presented in the inset of
Fig. 4(a). Note that the sample dy = dg = 5nm is common
to both thickness series. There is no inflection around TCB
for any of the samples, and the magnetic moment decreases
monotonously. This indicates that the induced magnetization
in layer B does not depend on the thickness of the source layer.

The scaling of the magnetization of the A series with A~
can be seen in Fig. 4(b). Assuming a constant magnetization
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FIG. 4. (a) The magnetization of the A-layer thickness series as a
function of temperature. The magnetization decreases monotonously
with increasing temperature. (b) The bilayer thickness dependence
of the magnetization of the A series for selected temperatures.
The magnetization does not vary linearly with thickness over the
entire thickness range. The vertical dashed gray lines in (a) mark
the temperatures shown in (b).

throughout the A layer, we would arrive at an expression for
the average magnetization identical to Eq. (1), but with labels
“A” and “B” reversed. However, the magnetization does not
scale linearly with the inverse bilayer thickness. The dotted
line in the figure shows the simple linear model using the
measured bulk value for M and the value for My extracted
from Fig. 3(b), at 40 K. The samples with thicker A layers
(5 nm and 10 nm) follow the model well but for smaller
thicknesses (1.0 nm and 2.5 nm) the magnetization is lower
than expected. This is a sign of a finite-size effect, where the
magnetization in layer A is suppressed close to its interfaces
[26], as shown schematically in Fig. 2(a). From the thickness
where the data diverge from the dotted line, we can infer that
the magnetically suppressed interface layer is between 1.25
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FIG. 5. The coercivity as a function of temperature for the A
sample series. The gray vertical line marks the intrinsic 7.2,

and 2.5 nm in thickness. A similar trend is not observed in the
B-layer series since the magnetization at the B-layer side of
the interfaces is in all cases enhanced by the proximity to the
A layers. It is also worth noting that the magnetic proximity
effect actually alters the finite-size effect, since the magneti-
zation in the A layer does not go to zero at the interfaces as it
would at an interface with a fully nonmagnetic material.

The temperature dependence of the coercivity of the A-
layer series is shown in Fig. 5. In all cases we see a single-step
switching, i.e., with both the A and B layers switching simul-
taneously, as shown in Fig. 2(a). For dy = 10 nm the coercive
field is very small (approximately 0.05 mT) and constant
throughout the entire temperature range. For smaller d the
coercive field at 20 K increases due to the decreasing total
magnetic moment of the A layers and the decreasing magneti-
zation of the multilayer as a whole. This results in a decreasing
torque from the applied field and therefore a higher field is
required to switch the magnetization. At higher temperatures
the coercive field of these samples decreases until it reaches a
similar H, as for the sample with dy, = 10 nm. The drop in H,
occurs in those cases in a temperature region extending well
above TCB, where for dy = 1 nm the enhancement in coercivity
extends up to approximately 200 K.

Above TP the A layers should switch independently of
each other and their coercivity be determined by their intrinsic
coercivity and finite-size effects. Below T.B the coercive field
will be governed by the interplay between the coercivity
of the B layers and the A layers. The B layers have an
unknown coercivity and anisotropy since both properties may
be strongly affected by the proximity of the A layers during
growth. What we observe is that for thin d,, the increase in
the coercive field extends to much higher temperatures than
expected. This must be due to a ferromagnetic ordering and
spin stiffness in the intrinsically paramagnetic B layer due to
the proximity of the ferromagnetic A layer which is sufficient
to alter the overall coercivity of the multilayer.

The VSM measurements suggest that the magnetization
of layer B within the multilayer can be well approximated
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FIG. 6. (a) PNR measurements of the multilayer sample with
da = 1.0nm and dg = 5.0 nm (blue dots), including fits (red lines),
for the up-up and down-down spin channels, taken at 120 K. (b) Nu-
clear and magnetic scattering length density as a function of depth,
producing the fits shown in (a).

by a constant value throughout its thickness. Yet they also
show that finite-size effects reduce the magnetization of the
A layers close to their interfaces. To investigate the profile of
the magnetization in the A and B layers further and confirm
the size of the magnetization in layer B, we have carried out
PNR measurements. PNR gives depth resolved information
about the magnetic moment of the sample and is therefore
ideally suited for the study of magnetization profiles in layered
structures. The reflectivity curves for the up-up and down-
down spin channels are shown in Fig. 6(a) for the sample
with nominally da = 1.0nm and dg = 5.0 nm, collected at
a temperature of 120 K. Clear multilayer (Bragg) peaks are
observed corresponding to both the nuclear and magnetic
periodicity of the multilayer. Fitting in GenX yields thickness
values of 1.3 and 4.3 nm for the A and B layers, respectively,
and interface widths of approximately 0.6 nm. In addition, a
1.3 nm SiO, is included on the substrate and a 3.2-nm surface
oxide on the capping layer. The densities of each layer are
fitted and allowed to vary by approximately 10% from the
calculated values to allow for the slight reduction in density

due to the amorphous structure. This agrees well with the
XRR results, although the interface widths are slightly higher
in the PNR fit.

The fact that the up-up and down-down spin channels are
different shows that there is indeed a magnetic contribution
to the scattering length density (SLD). The full nuclear and
magnetic SLDs obtained by fitting in GenX are shown in
Fig. 6(b) as a function of depth z. A constant magnetization is
assumed throughout the B-layers, in line with the simple mag-
netization model above [Eq. (1)], but the interface roughness
is allowed to vary, producing the smoothly changing magnetic
SLD across the interfaces. Since there is little nuclear contrast
between layers A and B the roughness has a minimal effect
on the nuclear SLD, whereas the strong magnetic contrast
means that the roughness affects the magnetic SLD strongly.
Therefore, although the same interface roughness is applied
to both the nuclear and magnetic SLDs, the fitting is more
sensitive to the magnetic interface profile than the structural
(or nuclear) interface profile. The smoothly varying magnetic
SLD is therefore a good approximation of the proximity
induced magnetization profile across the interfaces, which
explains why the PNR yields slightly higher interface widths
than XRR. Nonetheless, layer thicknesses obtained in this way
are consistent with XRR measurements and one bilayer is
highlighted with the vertical dashed lines in the figure. The
model fits the data well and the best fit is obtained with a
nonzero moment in the middle of the B layers which confirms
that the B layers carry a magnetic moment above T.2. The
magnetic SLD can be converted to units of magnetization as
shown in the figure. By integrating the magnetization over the
thickness of layers A and B we can determine that the average
magnetization in the layers is My = 510 kA/m and Mg =
150 kA/m. M, is somewhat lower than the measured bulk
value of 980 kA /m due to the finite-size effect and My is quite
consistent with the value determined by applying the linear
model to the VSM data in Fig. 3(b). These values correspond
to an average magnetic moment per Co atom of 0.75 ug and
0.35 up in the A and B layers, respectively. By integrating
over the entire magnetization profile we find that the total
magnetization is 230 kA/m which is in good agreement with
the magnetization measured by VSM at 120 K.

IV. CONCLUSIONS

The magnetic proximity effect was investigated in mul-
tilayered structures of alternating Cogo(Al79Zr30)s0 (low T)
and Cogs(Aly9Zr3g);s (high T¢.). By fixing the thickness of the
high-T; layer, the range of the induced magnetic ordering due
to the proximity effect in the low-7; layer was determined
by VSM measurements. The size of the induced magneti-
zation is approximately constant throughout a 10-nm-thick
Cogo(Al79Zr3)49 layer, even at three times its intrinsic order-
ing temperature 7.°. However, PNR measurements show that
there is an interface region of smoothly varying magnetization
between the layers but this region is small compared to the
smallest B-layer thickness studied. Although the low-T; layer
carries a magnetic moment in the entire temperature range
studied, there are signs of a magnetic phase transition at a
temperature somewhat above T.B. This indicates that there are
two different magnetic phases induced by the proximity effect,
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with different temperature dependence and extension. These
results demonstrate the intricacies of magnetic proximity ef-
fects in amorphous metals and how they can fundamentally al-
ter the behavior of such materials in layered structures. Much
is still unknown about the nature of the induced magnetization
such as its dynamic properties and the potential for controlling
its size and extension with parameters other than temperature.
Besides the obvious need to take magnetic proximity effects
into account in the design of magnetic nanostructures, there

is great potential for using them to enhance the properties
of low-7, materials or for tuning of magnetic properties in
heterostructures.
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We study the magnetic coupling in a thin film bilayer exchange-spring magnet composed of an amorphous
TbypCoyy layer with a large perpendicular anisotropy and an amorphous Cogs(Alz9Zr30);s layer with uniaxial in-
plane anisotropy. The CoAlZr is directly exchange coupled to the TbCo with an interface region of at least 7.5 nm
within which the CoAlZr magnetization is perpendicular to the plane and switches with the underlying TbCo.
The influence of the coupling extends up to 30 nm into the CoAlZr resulting in an effective tilted anisotropy. The
coercivity of the CoAlZr is greatly enhanced due to the coupling and is tuneable over a large range by varying

its thickness.

DOI: 10.1103/PhysRevB.103.014440

I. INTRODUCTION

Exchange-spring magnets are composite systems where a
hard magnetic layer is coupled through interfacial exchange
coupling to a magnetically softer layer. The resulting com-
posite can have the high remanent magnetization of the soft
layer as well as the high coercive field of the hard layer. The
high energy product is beneficial both for permanent mag-
nets and magnetic storage media. Exchange-spring magnets,
where both layers have in-plane magnetic anisotropy (IMA),
have been studied extensively [1-3], and it has been shown
that the switching properties can be tuned by varying the
anisotropy and thickness of the two layers [4,5] as well as the
interface structure [6,7]. Spring magnets with perpendicular
magnetic anisotropy (PMA) have also been studied and are
used in perpendicular magnetic recording [8,9].

In any recording media there is a tradeoff between achiev-
ing thermal stability and low switching fields (write fields)
when increasing areal density. As the size of the magnetic
grains is reduced beyond a certain limit they become ther-
mally unstable and this is referred to as the superparamagnetic
limit [10]. Perpendicular recording has allowed materials with
higher anisotropy to be used, thus increasing stability com-
pared to longitudinal media [9]. However, a drawback to
using a fully PMA layer in magnetic recording media is the
high switching field needed to reverse the magnetization. A
potential solution to this limitation is to use heat-assisted
switching, where the material is temporarily heated to its
ordering temperature to reduce its coercive field [11]. Another
suggestion to increase areal density and lower the switching
field is to use thin films with tilted magnetization [12]. Thin
films where the magnetic moment is tilted from the film plane
have been achieved by growing magnetic layers on curved
nanoislands [13,14] by growing the film such that the film
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grains are at an angle from the substrate [15] or by making
composite systems with mixed magnetic anisotropies [16,17].

In the present study, we examine the magnetic properties
of amorphous heterostructures composed of two exchange
coupled layers with IMA and PMA. Amorphous materials
are highly uniform and free of point defects and step edges,
which makes them ideally suited to magnetic heterostruc-
tures [18]. The magnetic anisotropy of amorphous thin films
can be tuned both by growing the samples in a constant mag-
netic field or tailoring their composition [19]. Furthermore,
strong interfacial exchange coupling has been demonstrated
in amorphous heterostructures resulting, for example, in large
magnetic proximity effects [3] and magnetic leverage ef-
fects [20]. Therefore, there is great potential for engineering
amorphous heterostructures so that they display a specific
complex magnetic response [3]. Here, we examine how the
PMA of a TbCo layer results in a tilted magnetization of
a coupled soft CoAlZr layer with imprinted uniaxial IMA.
TbCo is known to have a strong growth induced PMA and
exhibit all-optical magnetic switching [21]. We determine the
range of the direct exchange coupling between the two layers
and its effect on the overall magnetic response of the compos-
ite system. We find that the extension of the coupled region is
large which can be used to control the effective anisotropy of
the bilayer.

II. EXPERIMENTAL METHODS AND DESIGN

The samples were grown using dc magnetron sputtering
in a sputtering chamber with a base pressure below 5 x
10~ mbar. The sputtering gas was Ar of 99.9999% purity and
growth pressure 2.00 x 107> mbar. The Si(001) substrates
(with the native oxide layer intact) were annealed in vacuum
at 200 °C for 30 min prior to growth. First, a 2-nm-thick buffer
layer of AlygZr3y was deposited from an Al;¢Zr3 alloy target.
Next, a bilayer of TbyCogy and Cogs(Al70Zr30);5 was grown
by co-sputtering from Co (purity 99.9%), Tb (purity 99.9%),

©2021 American Physical Society
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FIG. 1. (a) A representative XRR measurement including a fit,
showing the low interface roughness of the bilayers. The inset
shows a schematic of the sample structure corresponding to the
measurement, where dy = 30 nm and dg = 15 nm. (b) A GIXRD
measurement of the same sample, showing a single broad peak at
approximately 20 = 45°. The measurement is representative of the
entire sample series.

and Aly¢Zrs alloy targets. Finally, all samples were capped
with 4-nm AlyyZrso. The sample structure is shown in the inset
of Fig. 1(a).

The amorphous atomic structure of the samples was con-
firmed using grazing incidence x-ray diffraction (GIXRD) and
the layer thicknesses and interface roughnesses determined by
x-ray reflectivity (XRR). Characteristic XRR, including a fit,
and GIXRD are shown in Figs. 1(a) and 1(b), respectively.
The XRR shows Kiessing fringes up to at least 20 = 6°,
confirming low interface roughness. Fitting the data confirms
that the actual thicknesses agree with the nominal ones. A
typical root-mean-square interface roughness is 0.6 nm be-
tween the TbCo and CoAlZr layers, allowing us to rule out
intermixing effects. The GIXRD shows a single broad peak at
approximately 260 = 45° which is characteristic of amorphous
structures [19]. More information on the structural character-
ization methods can be found in Ref. [22].

Vibrating sample magnetometry (VSM) in a longitudinal
geometry was used for magnetic characterization. All mea-
surements were carried out at 20 K with applied fields up
to 5 T. VSM measures the projection of the total magnetic
moment along the measurement axis. In multicomponent
magnetic samples the hysteresis loops obtained in this way
can be composed of two or more different magnetic responses
superimposed.

The samples were grown in a constant in-plane magnetic
field of approximately 130 mT which induces a uniaxial in-
plane magnetic anisotropy (IMA) in the CoAlZr layer. To
study how the strong PMA from the TbCo affects the soft
IMA CoAlZr, a series of samples were grown with the TbCo

thickness fixed at 30 nm and the CoAlZr thickness rang-
ing between 5 and 80 nm. For a few thicknesses, additional
samples were made with a 2.5-nm-thick AlZr spacer layer
inserted between the TbCo and CoAlZr layers. This allows
us to separate the effects of direct exchange coupling and
stray field coupling on the magnetic response [17]. It has been
demonstrated previously that there is no interlayer exchange
coupling through amorphous Al;Zr3 layers of this thickness
through either RKKY coupling or proximity induced mag-
netism [23].

III. RESULTS AND DISCUSSION

Out-of-plane and in-plane hysteresis loops of single
CoAlZr and TbCo layers are shown in Figs. 2(a) and 2(b),
respectively. The CoAlZr has a square hysteresis loop along
its in-plane easy axis, defined by the applied growth field,
with a low coercive field (<10 mT) while in the perpendicular
in-plane direction the remanence is zero (not shown). In the
out-of-plane direction it has a high saturation field of 1.1 T
and zero remanence. This shows that it has a small but well-
defined uniaxial IMA.

The TbCo has a square hysteresis loop in the out-of-plane
direction with H. = 190 mT. In the in-plane direction the
saturation field is above the highest available field of 5 T.
Therefore it has a large PMA, although the small nonzero
remanence in the in-plane direction suggests that there is a
small component of the film with less well defined anisotropy,
which increases when growing the samples in a constant in-
plane magnetic field [24]. TbCo and TbFe are ferrimagnets
which are known to have a strong PMA. It has been sug-
gested that the origin of the PMA in amorphous TbFe thin
films is short-range structural ordering, similar to texturing
in polycrystalline films, which is a result of minimization of
the surface energy during deposition [25]. The structural and
magnetic anisotropy is strongly correlated, where the Tb-Fe
pair correlations are found to be larger out-of-plane, while Fe-
Fe and Tb-Tb correlations are greater in-plane [26]. A similar
effect can be expected in TbCo. The antiparallel alignment
of the Tb and Co magnetic moments results in a compen-
sation temperature (where the magnetization is zero and the
coercivity diverges) when the magnetic moments cancel. This
compensation temperature varies with composition [24].

Putting the TbCo and CoAlZr layers together with a non-
magnetic AlZr spacer layer we obtain the magnetic response
shown in Fig. 2(c). The hysteresis loop measured out of plane
is a sum of the square easy-axis loop corresponding to the
TbCo and the hard-axis loop of the CoAlZr. This is clear
from the fact that the coercivity matches that of the TbCo and
the saturation field matches that of the CoAlZr. Additionally,
there is a small step at roughly 10 mT, corresponding to
approximately 2% of the total CoAlZr moment. Since there
is no direct exchange coupling, the step has to originate from
magnetic anisotropy. During growth we apply a magnetic field
of 130 mT parallel to the film plane, but in addition the
CoAlZr layer experiences a large stray field from the TbCo.
On this length scale, the stray field is uniform, so the total field
is approximately uniform and tilted at an unknown angle with
respect to the plane. CoAlZr is susceptible to field imprinting
of anisotropy during growth [3], and therefore a small tilting
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FIG. 2. Magnetic hysteresis loops measured by VSM in the out-of-plane and in-plane directions on (a) a single layer of CoAlZr and (b) a
single layer of TbCo. The TbCo has a well-defined PMA whereas the CoAlZr has a clear uniaxial IMA. (c) The magnetic response of a
TbCo(30 nm)/AlZr(2.5 nm)/CoAlZr(15 nm) sample, measured both in-plane and out-of-plane by VSM. The AlZr spacer layer decouples the
two magnetic layers such that they switch independently. Data are shown between —1.5 T to 1.5 T for clarity, with the measurement extending

to£5T.

of the anisotropy out of the plane can result. From the size of
the magnetization step we estimate that the in-plane easy axis
is tilted out of the plane by approximately 1°. The in-plane
measurement is a sum of a square loop with a low coercive
field and a hard-axis loop with a slight opening and saturation
field above 5 T. At zero field, the remanence measured in-
plane and out-of-plane corresponds to the magnetic moment
of the CoAlZr and TbCo layers, respectively. This shows that
the two layers switch independently when there is no direct
exchange coupling and the effect of the stray field from the
TbCo on the CoAlZr is minimal.

Samples without an AlZr spacer layer have direct coupling
between the two magnetic layers. A schematic of this sample
structure is shown in the inset of Fig. 1(a). The TbCo thickness
dy is fixed at 30 nm for all samples and the CoAlZr thickness
dg ranges from 5 nm to 80 nm. Figures 3(a) and 3(b) show
hysteresis loops out-of-plane and in-plane, respectively, for
various dp, including the single TbCo layer for reference
(dg = 0). With increasing thickness of the CoAlZr the out-
of-plane response gradually evolves from the square response
characteristic of a PMA material to a mixed easy and hard
axis response. Similarly, the in-plane hysteresis loops acquire
an increasingly large component which switches abruptly at
low field with an associated increase in the remanent magne-
tization.

The hysteresis loops in Fig. 3 are the response of a mul-
ticomponent system with different anisotropies and magnetic
moments. In order to separate these different responses we
fit the hysteresis loops with a sum of modified Langevin
functions of the form

1 1
M =A(tanh Hifc ~ Hifc )

where A is the saturation moment, Hc is the coercive field,
S determines the shape of the loop, and H is the applied
field. The equation has no theoretical basis but can capture the

)

key parameters defining complex magnetic hysteresis loops.
The fit is unique in cases where one or more square loops
and an S-shaped (hard axis) loop is combined but can yield
nonunique solutions when separating hysteresis loops that
are a mixture of many hard responses saturating at different
fields. By fitting the measured data with Eq. (1), we are able
to separate the contribution from the two layers and extract
robust values for the saturation moment and coercivity. In
the out-of-plane direction, we find that for the smallest dp
only one hyperbolic function is required to fit the magnetic
response, but for larger dg a sum of two hyperbolic functions
is needed to obtain a satisfactory fit. An example of this case is
shown in Figs. 4(a) and 4(b). The total response is composed
of a square loop with a large remanence and coercivity and
a smooth S-shaped loop with zero remanence and a high
saturation field. The low field step seen in Fig. 2(c) does not
appear in the coupled system due to the strong direct exchange
coupling between the TbCo and CoAlZr which dominates
over the effect of the stray field.

Figure 4(c) shows the saturation moment of the two
components forming the out-of-plane response plotted as a
function of dg. For the smallest CoAlZr thicknesses, there
is only a square component and its saturation moment in-
creases with increasing dg. Above a certain threshold, the
S-shape component appears and its saturation moment in-
creases linearly with increasing dp and the square component
remains constant. This shows that part of the CoAlZr layer,
below a threshold thickness, is strongly coupled to the TbCo
layer and acts as an extension to the PMA layer. This is
further borne out by the fact that the remanence of the square
component equals its saturation moment, showing that this
CoAlZr interface layer remains out-of-plane in the absence
of an applied field. As the thickness of the CoAlZr exceeds
the threshold, the magnetic moment within the CoAlZr layer
beyond this threshold falls back into the film plane. By extrap-
olating the linear dependence of the saturation moment of the
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FIG. 3. The magnetic response of TbCo/CoAlZr bilayers with
crossed anisotropies measured by VSM. (a) Out-of-plane hysteresis
loops. (c) In-plane hysteresis loops, parallel to the growth field di-
rection (in-plane easy axis). The data shown are between £1.5 T for
clarity, with the measurements extending to £5 T.

CoAlZr we can determine the thickness of the interface layer,
which is strongly coupled to the TbCo to be (7.5 £ 0.2) nm.
The excess out-of-plane saturation moment can similarly be
determined to be (4.4 +0.4) x 107* mA m? which corre-
sponds to a CoAlZr layer of thickness 8.4 £ 0.7 nm.
Although the CoAlZr interface layer switches in unison
with the TbCo layer when the field is applied perpendicular to
the plane, it clearly has a magnetic response which is distinct
from the TbCo. This becomes clear by studying the in-plane
hysteresis loops in Fig. 3(b). These loops are composed of
at least two “hard” loops, and an increasingly large “soft”
loop emerges beyond dg = 7.5 nm. Due to nonuniqueness of
the fit we cannot with certainty ascribe a magnetic moment
separately to the two “hard” responses. However, the fitting
allows us to identify three different regions of the sample.
The first [labelled ‘A’ in the insets of Fig. 4(c)] is the PMA
TbCo layer with a large in-plane saturation field (= 4.5 T)
and a small in-plane remanence. The second (labelled ‘B;’)
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FIG. 4. (a) The hysteresis loop of a bilayer with dg = 33 nm
(red) perpendicular to the plane. The data is fitted using Eq. 1 re-
sulting in the solid black line. The fit is composed of two loops,
shown in (b), a square loop and an S-shaped loop, corresponding
to different components of the bilayer. (c) The saturation moment
of the different components extracted from fitting the VSM data,
as depicted in (a) and (b). The (blue) squares and (green) circles
correspond to the square and S-loop, respectively. Up until dg = 7.5
nm there is no contribution from the hard axis loop, indicating that at
least 7.5 nm of the soft CoAlZr switches with the TbCo. The dashed
lines are a guide to the eye and extend to dg = 80 nm (not shown).
The insets show the different magnetic components schematically.

corresponds to the CoAlZr interface region up to dg = 7.5
nm, with a weaker effective PMA characterized by an interme-
diate in-plane saturation field. The third (labelled ‘B’) is the
CoAlZr beyond dg = 7.5 nm, where a crossover from PMA
to IMA occurs. These different magnetic regions are depicted
in a simple schematic in the insets of Fig. 4(c). We stress that
the schematic is not a definitive representation of the remanent
spin state of the bilayers and does not depict domain structure.
In fact, the remanent state is metastable and depends on the
field history of the sample.

Although the interface region B; has a thickness of ap-
proximately 7.5 nm the influence of the exchange coupling
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FIG. 5. (Left) Coercive field of hysteresis loops measured in-
plane [Fig. 3(c)] as a function of thickness. For thin dj the coercivity
is enhanced by two orders of magnitude compared to bulk CoAlZr.
(Right) The saturation field of the S-shape (hard axis) component
loop from the out-of-plane measurement [Fig. 3(b)] plotted as a
function of dg. The field required to saturate the CoAlZr out-of-plane
is significantly reduced for thicknesses below dg = 33 nm. Dashed
lines are a guide to the eye.

between the TbCo and CoAlZr layers extends far beyond this
thickness. Figure 5 shows the saturation field of the S-shape
(hard axis) component of the out-of-plane hysteresis loops
[Fig. 3(a)] and the coercive field when measuring in-plane
[Fig. 3(b)], for different CoAlZr thicknesses dg. These pa-
rameters reflect the influence that the coupling to the TbCo
has on the properties of the CoAlZr. The influence of the
coupling will decay with distance from the interface and
the field required to rotate the CoAlZr moments out of the
plane will vary continuously from the interface to the surface.
The out-of-plane saturation field is therefore a measure of the
strength of the coupling between the TbCo and the surface
of the CoAlZr. For small dg they are strongly coupled and
the saturation field is strongly reduced, allowing the moments
of the CoAlZr to be rotated perpendicular to the plane in

relatively small fields. This influence decreases with in-
creasing dg but only reaches the “bulk” value for CoAlZr
(determined by shape anisotropy) for dg > 33 nm. This long-
range influence is a result of the direct exchange coupling and
not stray field coupling as demonstrated in the samples with a
nonmagnetic spacer. This is further supported by the coercive
field of the in-plane hysteresis loops. For small dg the in-plane
coercive field of the CoAlZr is enhanced by two orders of
magnitude compared to its “bulk” value. For increasing dp the
coercive field decreases sharply but does not approach the
bulk value until dg > 33 nm. This demonstrates the strong
coupling in a bilayer system with crossed anisotropies and
how it can be used to tune the switching properties and effec-
tive anisotropy both in-plane and perpendicular to the plane.

IV. CONCLUSIONS

A series of amorphous samples with crossed magnetic
anisotropies was investigated in bilayered systems of TbCo
(30 nm)/CoAlZr (5-80 nm). Due to the strong direct ex-
change coupling between the layers, a 7.5 nm thick region
of the CoAlZr layer is pinned perpendicular to the plane and
acts as an extension of the TbCo. The coercive field of the
normally soft CoAlZr layer is strongly enhanced throughout
a distance of at least 30 nm from the TbCo/CoAlZr interface,
and in this region it acquires an effective tilted anisotropy.
These results demonstrate the power of combining amorphous
magnetic layers with widely different magnetic properties.
The combination of seamless interfaces and susceptibility to
field imprinting of anisotropy results in an unusually long-
range coupling between the layers. This could be used for
engineering high density magnetic recording media with tilted
anisotropy as well as in spintronic devices using all-optical or
spin-orbit torque-induced magnetic switching.
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ABSTRACT

Amorphous metals have unusual magnetic properties that arise due to the disordered atomic arrangement. We show that Cox(Al79Zr30)100-x
(65 < x < 92 at. %) amorphous alloys have a distribution in the local magnetic coupling and ordering temperature, which can be explained
by nanoscale composition variations. We use competing anisotropies induced by the substrate and an applied field during growth to probe
the Co concentration distribution. Only regions with high enough Co concentration develop a magnetic anisotropy along the magnetic
field during growth, whereas regions of low Co concentration have an anisotropy dictated by the substrate. A Gaussian distribution in
the Co concentration of width 5.1 at. % is obtained from the variation in anisotropy. The results demonstrate the importance of com-
position variations for emergent magnetic properties and have far reaching implications for the properties of disordered materials in

general.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078748

I. INTRODUCTION

Metallic glasses have long been a source of fascination due to
their elusive structure and range of unusual properties.”” Amor-
phous materials have a disordered atomic arrangement that makes
them difficult to characterize structurally.”" Unlike in crystalline
materials, which are composed of periodically arranged atoms, the
atoms in amorphous materials can be in a range of local environ-
ments with different coordination and interatomic distances. This
means that linking the local structure of amorphous materials to
emergent physical properties can be a highly tedious task.

Significant progress has been made in recent years toward char-
acterizing the local atomic order in amorphous metals. X-ray scat-
tering and absorption spectroscopy techniques have been employed
to extract the atomic pair distribution functions that give informa-
tion about the interatomic distances and coordination numbers.
In addition, direct observations of a local atomic order in amorphous

metals have been enabled by nano-beam electron diffraction’ and
atomic electron tomography.'” These measurements have revealed
a short-to-medium range order in the form of repeating single
or multiple interconnected atomic clusters but without the long-
range periodicity of crystalline solids. However, a recent study has
shown by atom probe tomography, that local composition varia-
tions can exist in a binary metallic glass over a length-scale of several
nanometers.'' This far exceeds the typical size of atomic clusters and
introduces a new length scale to consider in the study of disorder in
materials.

Composition variations on the nanoscale may result in a spa-
tial dependence of local properties that are unique to disordered
materials. The width of the composition distribution could be highly
dependent on the growth kinetics,'> which may explain the wide dis-
parity in the reported properties of nominally similar amorphous
metal samples.””° Furthermore, competing interactions between
these regions of varying composition have the potential to shape

APL Mater. 10, 041103 (2022); doi: 10.1063/5.0078748
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the overall response of the material. However, it is challenging
to identify such competing interactions and probe the associated
composition variations, which explains the limited data on the issue.

The most significant applications of metallic glasses to date are
in soft magnets. This is because amorphous metals can have very low
coercivity and, therefore, low hysteretic losses.” Nonetheless, amor-
phous metals can have a significant magnetic anisotropy.'”'® Mag-
netic anisotropy is usually associated with a crystal anisotropy, but
in amorphous metals, this cannot be the case. Despite the absence
of crystalline order, short-to-medium range structural correlatlons
can result in a substantial magnetostructural anisotropy.”'” Such
correlations can be induced by various means, such as choice of the
substrate, interface effects, and growth or annealing in a magnetic
field.”'®"” Large magnetic proximity effects, where a magnetiza-
tion is induced in a non-magnetic material due to proximity to
a magnetic material,”’** have also been observed in amorphous
heterostructures.”””" In the case of both anisotropy and the proxim-
ity effect, local composmon variations have been suggested to play a
crucial role,” ** but direct evidence of this has been lacking.

Here, we demonstrate that the magnetic properties of the amor-
phous alloy CoAlZr are shaped by local variations in its magnetic
ordering temperature and anisotropy. We attribute these variations
to a distribution in the concentration of the magnetic element Co
and use the resulting effective anisotropy to determine the width of
the Co atomic concentration distribution.

1l. METHODS

The samples were grown using dc magnetron sputtering in a
sputtering chamber with a base pressure below 5 x 10~° mbar. The
sputtering gas was Ar of 99.9999% purity, and the growth pres-
sure was 2.40 x 10~> mbar. Si(100) substrates, with the native oxide
layer intact, were used with no substrate heating. First, a buffer
layer of 2-nm AlygZr3y was deposited from an AlyyZr3 alloy target.
Next, 40 nm of Cox(Al7Zr30)100-x (60 < x < 95 at. %) was grown by
co-sputtering from Co (99.9%) and AlyyZr3 (99.9%) alloy targets.
Finally, all samples were capped with 5-nm AlyZr3p. Samples were
grown both with and without a uniform external magnetic field of
130 mT, parallel to the film plane.

The magneto-optical Kerr effect (MOKE) and vibrating sam-
ple magnetometry (VSM), both in a longitudinal setup, were used
for magnetic characterization at room temperature and low tem-
peratures, respectively. Structural characterization was done using
a PANalytical X’pert Pro diffractometer, equipped with a Gobel
mirror on the incident side and a parallel plate collimator on the
diffracted side. The atomic arrangement (amorphous or polycrys-
talline) was determined using grazing incidence x-ray diffraction
(GIXRD) with the incident angle fixed at w = 1°. Layer thickness and
interface roughness were measured using x-ray reflectivity (XRR),
and XRR scans were fitted using the X’pert reflectivity software.

1ll. RESULTS AND DISCUSSION
A. Sample structure
A series of thin films of Cox(Al79Zr30)100-x With x in the range

60-100 at. % was studied. The films were bounded by thin layers
of amorphous AlZr to ensure identical top and bottom interfaces

ARTICLE scitation.org/journal/apm

and prevent oxidation of the magnetic film. The sample structure
is shown schematically in the inset of Fig. 1(a). XRR measurements
were carried out to examine the layering of the samples, as shown
in Fig. 1(a). Kiessig fringes are observed up to at least 26 = 8° con-
firming the well-defined layer thickness characteristic of amorphous
films. Fitting the XRR data allows us to determine the thickness
of each layer as well as the layer density and root-mean-square
interface roughness, which is of the order of 0.5 nm. Figure 1(b)
shows GIXRD measurements for several samples with the Co con-
tent ranging from 72 to 100 at.%. For the Co content 92% and
above, there are small peaks present corresponding to hcp Co crys-
tallites. The peaks are superimposed onto the broad peak centered at
20 = 45°. For x < 90, no sharp peaks are observed, and the GIXRD
only shows the single broad peak typically found for amorphous
materials.”*

B. Macroscopic magnetic properties

Figure 2 shows two hysteresis loops for a sample with 90% Co
content measured along two orthogonal in-plane directions, which
are characteristics for the sample series. During growth, we apply a
uniform magnetic field parallel to the film plane that has been shown
to induce a uniaxial anisotropy in thin magnetlc films, with the easy
axis direction parallel to the applied field. '****"** The hysteresis
loop parallel to the growth field is square, with a sharp single switch
and a very low coercive field of H, ~ 0.2 mT. In the perpendicular in-
plane direction, the loop has zero remanence but saturates at a low
field. The inset shows a polar plot of the remanent magnetization
M em as a function of the azimuthal angle ¢. The uniaxial anisotropy
is clear, with the easy directions where Mrem /Mg = 1 separated by
180° and a hard axis perpendicular to the easy axis. This can be
described by a periodic function,

Mrem = Miat| cos(¢ + )|, (1)

as shown in Fig. 2. Here, « is the offset of the easy axis with respect
to the direction of the growth field (¢ = 0) and Mgy is the satura-
tion magnetization. The close fit demonstrates that the film exhibits
a small, but well-defined, uniaxial anisotropy. This applies to the
entire composition range studied.

Figure 3 shows the saturation magnetization Mg, at 20 K (right,
green circles) and Curie temperature T, (left, blue squares) as a
function of the Co content, measured by VSM. In the amorphous
composition range below 92 at. % Co, the magnetization decreases
linearly with the decrease in the Co content. This is consistent with
the magnetization of other amorphous Co alloys.”” An extrapolation
of the linear dependence to 100 at. % Co reveals a magnetization
of 12.3 x 10° A/m, which is equivalent to an effective moment of
1.47 py, per Co atom. This is slightly below the magnetization of hcp
Co. For dilution of Co with a fixed moment, one might expect the
magnetization to go to zero at 0% Co. Here, however, the magneti-
zation is reduced to zero at 66% Co. This is because the magnetic
interaction in transition metals is through the itinerant electrons.
Replacing a Co atom with non-magnetic Al or Zr not only removes
the magnetic moment of a single atom but also decreases the mag-
netic moment of neighboring atoms. This results in a net decrease
of 4.3 ug per Co atom, which is 2.7 times larger than the magnetic
moment per atom in hcp Co.
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Similarly, we observe a linear decrease in the Curie temperature
T. with the decrease in the Co content. The decrease in magne-
tization as a function of temperature is consistent with that of a
typical ferromagnet (see, for example, Ref. 24). We define T. as
the temperature where the remanent magnetization becomes zero,
and this is determined from full hysteresis loop measurements as a
function of temperature. The Curie temperature can be viewed as
a measure of the magnetic coupling strength J, since J is propor-
tional to T according to the Weiss model of a ferromagnet. 30 e,
therefore, also assign a unit of temperature to J for convenience.
With the decrease in the Co content, the effective magnetic cou-
pling between Co atoms is, therefore, reduced. A linear extrapolation
of the Curie temperature to 100% Co gives T = (1200 + 100) °C.
This can be compared to T. of hep Co, which is 1130 °C. Thus, one
can assume a weak or negligible impact of disorder on the effective

Co-Co interactions, in stark contrast to what is observed for Fe.'!
Both the magnetization and T cross zero at (66.5+0.5) at.%,
below which the alloy is not ferromagnetic at any temperature. This
demonstrates the high degree of magnetic tunability of the CoAlZr
alloy and also how sensitive its magnetic properties are to small
changes in composition.

C. Competing anisotropies

The simple linear dependence of magnetization and Curie
temperature on composition hides a more complex picture of the
amorphous film structure, revealed by a closer look at the mag-
netic anisotropy. As the Co content of the films is reduced below
85 at. %, we observe an anomalous rotation of the easy axis direction
away from the direction of the imprinting (growth) field. Figure 4
shows a polar plot of the remanent magnetization of the sample with
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FIG. 2. Uniaxial magnetic anisotropy. Hysteresis loops of a film with 90% Co,
measured parallel (¢ = 0°) and perpendicular (¢ = 90°) to the applied growth
field. The inset shows the polar plot of the normalized remanent magnetization
(Mrem/Msat) as a function of azimuthal angle ¢, showing the well-defined uniaxial
anisotropy.

75 at. % Co (blue dots). The anisotropy is still clearly uniaxial, but
the easy axis is rotated by an angle of a = 17° with respect to the
growth field. Furthermore, we find that the angle of the easy axis
(with respect to the growth field) increases smoothly as the Co con-
tent is reduced. The angle & is shown as a function of composition
in Fig. 5(a). For a high Co content, a = 0 (easy axis parallel with the
growth field), whereas for the lowest Co content, a = 45°.

To determine the cause of this rotation of the easy axis, a series
of reference samples was grown without a growth field. The films
grown without field are also uniaxial but their easy axis is fixed at
o = 45°, irrespective of the composition. This is shown by the red
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FIG. 3. Temperature dependence of magnetic properties. (Left) The Curie temper-
ature T, as a function of Co atomic percentage x. T, can be viewed as a measure
of the magnetic coupling strength J. (Right) The saturation magnetization M (at
20 mT) measured at 20 K as a function of x. Amorphous compositions are denoted
by circles and polycrystalline compositions by diamonds. Both T and Mg, show a
linear dependence on composition.
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FIG. 4. Competing anisotropies. Polar plot of the normalized remanent magneti-
zation of the sample with 75 at. % Co as a function of the azimuthal angle ¢ for
a sample growth with (blue circles) and without (red squares) an external growth
field B, including a fit using Eq. (1). The direction of the growth field is shown by
the blue arrow below the graph. The easy axis angle « depends on whether or not
a growth field is applied.

squares in Fig. 4, also for 75 at. % Co. The uniaxial anisotropy can be
eliminated by increasing the thickness of the amorphous AlZr buffer
layer to 8 nm or by using a thermally oxidized Si substrate, as shown
in the supplementary material. We, therefore, conclude that we have
a hierarchy of effects governing the anisotropy in the amorphous
films: (i) A magnetic field during growth induces an anisotropy par-
allel to the field. (ii) In the absence of a growth field, the uniaxial
anisotropy is dictated by the Si(100) substrate and the easy axis is
parallel to the Si[110] in-plane direction. Without a growth field or
substrate effects, the films are isotropic. We stress that all the films
are x-ray amorphous, regardless of the thickness of the AlZr buffer
layer or the presence of a growth field.

A material with two competing uniaxial anisotropy axes, A and
B, will not, in general, exhibit two easy axes but rather a single easy
axis C, where the easy axis will point in a direction between the two
competing axes.’’ The easy axis angles between a = 0° and « = 45°
observed here are, therefore, a result of the competition between the
anisotropy induced by the growth field and the anisotropy induced
by the substrate. The size of the two anisotropies is equal as evi-
denced by the equal saturation fields along the hard axis for samples
grown with and without field (see the supplementary material). The
difference lies in the direction of the easy axis.

Magnetic field imprinted anisotropy relies on a strong magnetic
response of the growing film, i.e., the effective temperature during
growth must be lower than the Curie temperature of the film. This
means that field imprinted anisotropy only develops in films with
sufficiently high Curie temperature. If the T of an alloy is below the
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FIG. 5. The magnetization and Co concentration distributions. (a) The easy axis angle « as a function of Co content including a fit using Eq. (4). For a high Co content,
the easy axis is aligned with the growth field, whereas for a low Co content, it is aligned with the Si substrate [110] direction. (b) The Co concentration (black line) and
magnetization distributions (orange—yellow shaded region) for the sample with x = 73%. The area under the curve corresponds to the total magnetization of the sample. At
temperatures above T (yellow area), the magnetization interacts with the growth field. The inset is an illustration of the regions with competing anisotropy axes. We find

that the effective growth temperature is Tg = (450 + 90) Kand o = (5.1 + 0.8) at. %.

effective growth temperature, the anisotropy will be determined by
the substrate. For a T, above the growth temperature, the anisotropy
will be determined by the growth field. If the magnetic coupling
between Co atoms in the CoAlZr alloy was homogeneous such that
there was a single uniform Curie temperature, we would expect
a sharp transition in the direction of the anisotropy. The smooth
change in « as a function of composition in Fig. 5(a), therefore,
shows that T is not as well-defined as shown in Fig. 3.

D. Composition distribution

To understand how the competing anisotropy axes arise, we
must look to the disordered structure of the amorphous films.
Gemma et al.'' have recently revealed the inhomogeneous com-
position of amorphous alloys on the nanometer scale by means of
atom probe tomography on sputtered FeZr amorphous films. They
showed that the elements are not evenly distributed resulting in
regions with higher or lower concentration of the magnetic ele-
ment, extending over a length scale of several nanometers. This, in
turn, means that there is a variation in the effective magnetic cou-
pling strength J on this length scale. Each sample has a well-defined
global Curie temperature, where the remanence is reduced to zero,
but, nonetheless, we can define a local Curie temperature that can
be higher or lower, depending on the local concentration of the
magnetic element.”” ** At the global T, there may still exist discon-
nected regions that are magnetically ordered, but they do not exhibit
long range ordering in the absence of an external field. These are
essentially superparamagnetic regions that are easily polarizable and
can mediate exchange coupling and proximity effects over several
tens of nanometers.” >’ As shown in Fig. 3, there is a strong change
in effective coupling strength with composition in CoAlZr, mean-
ing that there can potentially be a large variation in the local Curie
temperature within each sample.

As mentioned previously, a material must have a strong mag-
netic response during growth to be susceptible to magnetic field
imprinting of anisotropy. Due to the local variations in J (T), only
the regions with high enough J (T.) will be susceptible to field
imprinting. Regions with a lower Co content (lower J, T.) will have
their anisotropy dictated by the substrate. For films with sufficiently
high mean Co concentration, the growth field induced anisotropy
will dominate, whereas for low Co concentration films, the substrate
induced anisotropy is dominant. In the intermediate composition
region, the two mechanisms will coexist and the width of this com-
position region is determined by the width of the Co concentration
distribution and the slope of the J(x) dependence.

To test this hypothesis, we can analyze the angular dependence
of the anisotropy. The anisotropy constant describing the uniaxial
in-plane anisotropy can be written as

K= ,MOMsaleaﬁ , (2)
2

where Hgy is the saturation field along the in-plane hard axis and
Meq is the saturation magnetization. We denote the anisotropy con-
stant due to the substrate by K and the anisotropy constant due to
the growth field as Kg and the angle between the two is 45°. The
total anisotropy energy for the two competing anisotropies K and
Kp can be written as

Eqotal = HatMaa sin® (71/4 — &) + HzaMs sin® (), (3)

where M3 is the part of the magnetization with anisotropy parallel
to the growth field and M, is the magnetization with anisotropy at
45°. Hgy is the saturation field measured along the respective hard
axis, which, in this case, has the same magnitude for both K4 and Kp.
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The direction of the easy axis, &, can then be found by minimizing
the total energy with respect to a, giving

1 M,
a= - arctan —>. (4)
2 Ma

The direction of the easy axis is, therefore, governed by the ratio of
the partial magnetizations with the two anisotropy axes.

To determine the partial magnetizations, we assume that the
distribution of Co concentration can be described by a Gaussian
function, as shown by the solid black line in Fig. 5(b), centered at the
mean Co concentration x and with a standard deviation 0. A sim-
ilar approach has been taken to describe a distribution in blocking
temperature due to disorder in a ferromagnetic-antiferromagnetic
exchange coupled bilayer.”” The magnetization distribution is then
found by scaling the Gaussian Co concentration distribution with
the magnetization as a function of composition M (x), which is given
by a linear fit of the magnetization in Fig. 3 (see the supplementary
material). Figure 5(b) shows the magnetization distribution corre-
sponding to a concentration distribution with a mean composition
of x = 73 at. %. The area under the curve equals the total magneti-
zation of the sample (at 20 K). Each composition is also associated
with a Curie temperature (through Fig. 3), which we can compare to
the effective growth temperature Tg. The effective growth tempera-
ture determines the regions within the sample, which are affected
by the applied magnetic field during growth. Regions that have
(J,Tc) < Tg will couple with the substrate, whereas regions with
(J, Tc) > T will align with the growth field. The partial magneti-
zations, M and Mg, in Eq. (4), are, therefore, the areas under the
curve below (orange) and above (yellow) T, respectively.

The solid line in Fig. 5(a) is calculated from Eq. (4) based
on partial magnetizations deduced from the Gaussian concentra-
tion distribution in Fig. 5(b). How steeply a changes depends on
o of the Gaussian distribution, and thus, the width can be deter-
mined as ¢ = (5.1 + 0.8) at. %. The horizontal position of the curve
is determined by the effective growth temperature that is found to be
Tg = (450 + 90) K. This can be considered as the effective tempera-
ture of the condensing vapor as the atomic arrangement is formed.
The model is in good agreement with the data, as shown by the close
fitin Fig. 5(a).

IV. CONCLUSIONS

We have shown that unusual magnetic properties arise in
amorphous thin films due to their disordered atomic arrangement.
Local composition variations result in competing interactions that
influence the development of the short-to-medium range structural
order during growth. By taking advantage of competing uniaxial
anisotropies induced by the substrate and growth field, we are able to
map out the distribution in the local magnetic coupling. Only high
Co concentration regions with local ordering temperature above the
effective growth temperature are affected by the magnetic field dur-
ing growth, whereas regions with lower ordering temperature are
affected by the substrate. We show that these observed magnetic
properties of the amorphous alloy can be attributed to a Gaussian
distribution in the Co concentration.

The standard deviation of the distribution is a measure of how
much the composition of the material varies on the length scale of

ARTICLE scitation.org/journal/apm

the magnetic interactions. A small spatial variation in T(J) would
be associated with a narrow peak (small standard deviation) centered
around the mean composition. On the other hand, a large spatial
difference in Tc(J) would be a result of a wide composition dis-
tribution (large standard deviation). From our model, we find that
the composition distribution has a standard deviation of 5.1 at. %,
which is similar to that measured in the FeZr system.'' However, it
should be noted that any assessment of the composition distribution
is always affected by the size of the probe. Indeed, for large enough
probe sizes, the films in question are highly homogeneous as shown
by macroscopic material characterization techniques.

The magnetic properties of CoAlZr are just one example of how
the nanoscale composition variations inherent in amorphous alloys
can affect their macroscopic properties. Such composition variations
can explain the variability in the properties reported for seemingly
identical amorphous alloys. The specific growth conditions, includ-
ing the growth technique, temperature, and pressure, will influence
the width of the distribution and, in turn, define the competing inter-
actions that shape the emergent properties of the material. This can
result in unexpected variability but may also be used to our advan-
tage to tune the material performance. Therefore, it is crucial to be
aware of this defining characteristic of disordered materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details of the
substrate induced anisotropy, thickness dependence of a, size of
the anisotropy induced by the substrate and growth field, and the
composition distribution model.
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. ANISOTROPY INDUCED BY THE SUBSTRATE

CoAlZr is an ultra-soft magnetic alloy and a number of factors can affect its magnetic anisotropy such as growth
chamber geometry, substrate, buffer layer, external magnetic field, composition and sample shape. As we have shown,
the final anisotropy axis can be defined by the competition of more than one factor. We have carefully examined the
effect of each of the above to allow us to draw conclusions about the origin of the observed anisotropy. To eliminate
the effects of chamber geometry, the samples were rotated continuously during growth and to minimize the effect of
sample shape, samples were grown through a circular shadow mask without external magnetic field.

The effect of the substrate was studied by growing on a thermally oxidized Si substrate (with a 300 nm thick SiO,
layer), a Si(100) substrate with only the native oxide and with a varying thickness of the amorphous AlZr buffer
layer in the range 2-8 nm. Magnetic hysteresis loops shown in Fig. 1 are for Cors(AlZr)ss films grown at the same
time and with a buffer layer of 2-nm-thick AlZr. Fig. 1(a) shows hysteresis loops measured along ¢ = 0 and 90°,
grown on a thermally oxidized Si substrate with a thick SiO, layer. The inset shows a polar plot of the normalized
remanent magnetization measured as a function of the azimuthal angle ¢. Although a slight variation in remanent
magnetization is observed, there is no clear easy or hard axis response. The same effect can be seen using a Si(100)
substrate with native oxide and an 8-nm-thick AlZr buffer layer.

When growing on Si(100) substrates with only the native oxide and a buffer layer below 8 nm in thickness we start
seeing an effect from the substrate. This is shown in Fig. 1(b). Here we have very well defined in-plane magnetic
anisotropy (IMA) where the easy axis lies along the Si[110] in-plane direction of the Si(100) substrate. In the hard
axis direction we have zero remanence and a saturation field of Hgyy = 1 mT. Therefore we can state that in the
absence of in-plane shape anisotropy and substrate influence, the film is isotropic, whereas the effect of the Si(100)
substrate is to induce a uniaxial anisotropy along the Si[110| in-plane direction.

M /Mgyt (Normalized)
M /Mg,: (Normalized)

poH (mT) poH (mT)

Figure 1. Normalized in-plane hysteresis loops measured along two orthogonal axes for Cozs(AlZr)ss grown on (a) thermally
oxidized Si (thick SiO2) and (b) Si(100) with the native oxide. In addition, both films are grown on a 2-nm-thick AlZr buffer
layer, through a circular mask without an external magnetic field. Insets: Polar plots of Mem/Msat as a function of the
azimuthal angle ¢. The film grown on thick SiOs is almost fully isotropic whereas the film grown on the Si(100) with native
oxide has a uniaxial anisotropy along the Si[110] in-plane direction.

a)Electronic mail: kth106@hi.is
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Figure 2. (a) Hysteresis loops measured along the hard axis of Cors(AlZr)ss films of varying thickness. The films are grown
in an external magnetic field. A slight decrease in the anisotropy is observed for the thinnest film. (b) The direction « of the
easy axis relative to the growth field direction, measured for Cors(AlZr)2s of various thicknesses. The tilting of the easy axis
away from the growth field does not depend on film thickness.

Il. THICKNESS DEPENDENCE OF SUBSTRATE INDUCED ANISOTROPY

In order to determine if the substrate induced anisotropy is a short-range interface effect or whether it is independent
of thickness, a series of samples with thicknesses ranging from 10 to 100 nm with fixed composition of 75 at.% Co
was grown in an external magnetic field. Hysteresis loops measured along the hard axis are shown in Fig. 2(a) and
the easy axis angle «, relative to the growth field, is shown in Fig. 2(b). A rotation of a towards the growth field as
the sample thickness is increased would indicate that the origin of the inplane magnetic anisotropy induced by the
substrate is an interface effect that decays with distance from the interface. In the studied range, a does not change
with thickness, showing that it is not a decaying interface effect. Rather, the substrate induces an in-plane structural
order in the amorphous films, analogous to crystalline texture. This is similar to the structural ordering observed
in amorphous TbFe films which is responsible for the perpendicular magnetic anisotropy in such films. It should be
noted however, that we observe a slight change in the saturation field for the 10-nm-thick film which could be due to
strain or other interface effects.

I1l.  SIZE OF ANISOTROPY INDUCED BY SUBSTRATE AND GROWTH FIELD

The size of the anisotropy (the anisotropy constant) can be determined by measuring the saturation field along
the hard axis. Fig. 3 shows hysteresis loops measured along the hard axis on 40 nm Co(AlZr)q99—, grown with and
without an external magnetic field for two different compositions (85 and 75 at.% Co). Inducing IMA with either
substrate or external magnetic field results in the same saturation field Hg,s, although the direction of the hard axis
is not the same, as previously discussed. From this we can deduce that the structural origin of IMA induced by an
external magnetic field and substrate is the same. Also, this simplifies the expression for the total anisotropy energy
for the two competing anisotropies which allows us to arrive at the simple expression for the easy axis angle a.
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Figure 3. Hysteresis loops measured along the hard axis of 40-nm-thick Cos(AlZr)i100—. films grown with and without an
external magnetic field with (a) z = 85 at.% Co and (b) = 75 at.% Co. The saturation field is identical with and without
the growth field indicating that the size of the anisotropy induced by the substrate and the growth field is equal. Note that
the curves for samples grown with and without field are not measured along the same direction.

IV. COMPOSITION DISTRIBUTION MODEL

We explain the anomalous rotation of the angle o away from the applied growth field as the Co content is decreased,
by a competition between two uniaxial anisotropy axes. The distribution of Co within the sample can be described
by a Gaussian probability function (solid black line in Fig.5(b)). This represents that within the sample there is
a distribution of Co concentrations, where the mean composition is given by the peak of the Gaussian. Changing
the Co content shifts the peak of the Gaussian distribution but we assume that the width (standard deviation) is
constant. The interaction with the applied growth field depends on the local concentration within the film: Higher Co
concentration regions will have a higher ordering temperature and will interact with the external field, while regions
of lower Co concentration will not interact with the field.

Where the Co concentration is higher, there is a higher value of magnetic moment per unit area than for areas
where the Co concentration is lower. Thus the magnetization distribution will be a Gaussian distribution scaled with
the magnetization as a function of composition M (z) , which is given by a linear fit of the magnetization in Fig. 3.
The magnetization distribution is therefore

f@') = i”(";;) exp (-é (I; “5)2) (1)

where z is the mean composition of the CoAlZr alloy and o is the standard deviation of the composition. This is
shown by the filled area in Fig.5(b). We make the assumption that the measured critical temperature is representative
of the mean composition of each sample. We then assign the measured critical temperature for each mean composition
to the corresponding local concentration in the sample. The partial magnetizations, M* and MP® in Eq.4 are then
given by the areas above and below the effective growth temperature T, respectively. The angular dependence of
the easy axis follows from Eq. 4 and 5. The measured data of o as a function of composition can now be fitted
by performing a Levenberg Marquard minimization. The magnetization, critical temperature and composition are
known and therefore the fit can be performed using only the standard deviation o and effective growth temperature
T as variables. This results in the solid line in Fig. 5(a).




