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0.1 Abstract

Thin film heterostructures, combining layers of materials with different magnetic proper-
ties, have received high levels of attention as they often exhibit new behaviour not seen in
the individual layers. In particular, heterostructures utilizing ferrites have shown mod-
ified magnetic properties, and have found applications in spin-filtering magnetic tunnel
junctions and insulator spintronics. In this work, we investigate pulsed laser deposition
grown CoFe;O4 (CFO) and NiFeyO4 (NFO) single films and heterostructures. NFO is
of interest due to its large exchange splitting, its ability to form insulating or conducting
phases depending on its growth conditions, and the possibility to control its magnetic
anisotropy through strain. CFO, on the other hand, exhibits a large positive cubic mag-
netocrystalline anisotropy constant compared to other ferrites, high magnetostriction,
and low conductivity. The difference in the magnetic anisotropy and electronic proper-
ties between NFO and CFO, but similar crystal structure, provides the motivation to
combine them into a heterostructure. For this purpose, we have studied single films of
CFO and NFO as well as bilayers of NFO/CFO and CFO/NFO grown on Al;O3 [001]
with different thicknesses. Here we present how interfacial effects, such as exchange cou-
pling and strain, affect the magnetic properties and structural properties of single films
and heterostructures. Polarised neutron reflectivity (PNR), X-ray reflectivity (XRR), X-
ray diffraction (XRD) and vibrational sample magnetometry (VSM) have been used to
characterise samples’ magnetic and structural properties. Of particular importance, PNR
was utilized to measure magnetic profiles as a function of depth across the chemically
different layers.

We first study [111] orientated CFO and NFO single films to investigate their growth
on the strained ALO substrate and to have reference magnetic properties for later com-
parison to heterostructures. Both films showed a lower than bulk magnetisation, indi-
cating anti-phase boundaries (APBs) defects play a large role in their magnetisation. A
difference in chemical and magnetic profiles between NFO and CFO indicated a differing
strength of effect from the ALO [001] interface on the density of APBs .

We have then investigated bilayer samples of [111] orientated bilayers of CFO and
NFO. Modified hysteresis loops and coercive field (H..) values of the bilayers show evidence
of exchange coupling. Certain magnetic properties of the bilayers depend on the layer
thickness and growth order, i.e. CFO/NFO or NFO/CFO, on the ALO substrate. The
measurements show an overall relative increased magnetization of NFO when grown
on top of CFO, and depending on the layer order of the bilayer CFO and NFO show
different H.values. The changes in moment imply strain-related effects from the highly
lattice mismatched substrate. The changes in Hccan be explained by a combination of

strain-related effects, exchange coupling and layer thickness.
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Chapter 1

Introduction

1.1 Motivation and thesis overview

Combining thin films, which host different physical properties, into heterostructures has
received high levels of attention as they often exhibit new properties not seen in the
individual materials. Heterostructures utilizing ferrites have been discussed for applica-
tions in spin-filtering magnetic tunnel junctions [1, 2|, insulator spintronics [3-5] and in
particular have shown modified magnetic properties [6-8].

In this thesis, we investigate pulsed laser deposition (PLD) grown CoFe,O4 (CFO) and
NiFe,O4 (NFO) heterostructures. NFO is interesting due to its large exchange splitting,
ability to be grown insulating or conducting [9] and its soft ferrimagnetic behaviour [10,
11]. CFO has been selected due to its low conductivity, large magnetostriction and high
magneto-crystalline anisotropy constant when compared to other ferrites [12, 13] (K ~
+20 x 1077 erg/cm?). CFO and NFO are highly suited for growth as heterostructures as
they both have inverse spinel crystal structures and almost matching lattice constants
(acro= 8.383 A [14] and aypo=8.346 A [15]).

The relative hard/soft magnetisations of CFO and NFO make these systems good
candidates for exploring the physics of exchange coupling and exchange-spring reversal
processes. In these systems, if twice the soft layer thickness (ts) is less than the hard
magnetic Bloch wall length then the two layers are rigidly coupled and nucleate at the
same field [16-18]. For larger values of t, the soft layer is able to nucleate at lower applied
fields but remains strongly pinned to the hard layer at the interface, causing a canting
of magnetic moments within the layer [19]. Similar ferrite hard/soft heterostructures of
CFO and Fe30,4 have reported exchange spring behaviour at temperatures of 20 K [20)]
and 10K, [21] with a critical soft layer thickness of 80 A.

In addition to the compatibility of the two materials, the substrate often plays an im-
portant role. Depending on the structural mismatch and different growth modes, strain

can be observed which can lead to the accumulation of defects and modified properties
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overall or near the interface [22, 23]. One such defect is anti-phase boundaries (APBs)
which lead to antiferromagnetic coupling between magnetic sublattices [22, 24]. Here,
Al,O3 [001](ALO) was selected as a substrate due to an 8% mismatch on the O-O sub-
lattice with the [111] plane in NFO and CFO, leading to tensile strain [7, 25]. When
grown on a strained substrate both CFO and NFO have been shown to present APBs
[1, 7, 13, 26]. It is expected that the AF interactions at APBs will induce very large
saturation fields in CFO and NFO [27]. Due to CFOs large polycrystalline saturation
magnetostriction constant [12] (A &~ —110 x 107°), the 8% lattice mismatch with ALO
means there will also be a large stress anisotropy energy contribution [13, 28, 29].

Chapter 1 is split into two main sections. The first outlines fundamental magnetic
properties needed to understand the results presented in Chapters 3 and 4. It discusses
ferromagnetism and the different types of anisotropies, particularly the ones present in
thin films, and the effects of exchange coupling in thin film composite magnetic het-
erostructures. The second section discusses ferrites. This includes their crystal structure
and how this is linked to their magnetism. Specific properties of the ferrites used in this
thesis are mentioned. We also discuss some examples of ferrites in composite magnetic
structures.

Chapter 2 outlines the techniques we used to characterise our thin films and het-
erostructures. It is broken down into three main sections. A long discussion of reflec-
tivity, including PNR, details the background physics of the technique and shows how it
can be used to characterise magnetic thin films. X-ray diffraction is discussed to explain
how we plan to characterise the crystal structures of our samples. The technique of VSM
is outlined and how the data from this technique is reduced.

Chapter 3 discusses or initial investigation CFO and NFO single films grown on
ALQO. Before combining CFO and NFO into bilayers, it was important to have a good
understanding of the magnetic and structural properties of the single film growths.

Chapter 4 outlines our investigations into the bilayers of CFO and NFO. In this chap-
ter, we demonstrate how growth in a bilayer, layer thickness, layer order and magnetic
exchange coupling has modified the magnetic properties of the films.

Finally, Chapter 5 summarises the work of this thesis and indicates potential future

work related to this research.

1.2 Magnetism

In this section, we discuss the important magnetic interactions needed to understand the
results presented in this thesis. Magnetism is a well-studied topic and several excellent

books exist. The interested reader is directed towards the following references [12, 30-33].
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1.2.1 Exchange interaction

Magnetic exchange interaction effects were discovered independently by both Heisenberg
[34] and Dirac [35] in 1926. For two atoms situated in close proximity, each having one
electron moving about one proton, the electrons are indistinguishable and can exchange
places. Classically the atoms should repel each other via electrostatic forces. However,
there is an additional energy term due to the electron’s spin and the Pauli exclusion
principle. This means it is energetically more favourable for two electrons with spin to
occupy the same space if the spins are aligned anti-parallel vs parallel. This additional
term is known as the exchange energy. If two atoms 7 and j have spin angular momentum

S;h/2m and S;h/2m respectively, then the exchange energy between them is given by,
Eex = _2Jexsisj = —2JZ]SlS] COS ¢, (11)

where J,, is the exchange integral, which occurs in the calculation of the exchange effect
and ¢ is the angle between spins. If J., is negative, then E., is minimised by anti-parallel
spins (¢ = 180, cos¢ = —1). Interestingly, in certain elements such as Ni, Co and Fe,

Jep 18 positive, meaning E., is minimised by parallel spins (¢ = 0, cos ¢ = 1) [36].

1.2.2 Ferromagnetism and anti-ferromagnetism

In a material where the atoms have an overall magnetic moment and where J,, is positive,
the alignment of spins leads to an internal magnetic field, known as the molecular field
H,,. This field leads to spontaneous magnetisation even without the presence of an
externally applied field, H. These materials are classified as ferromagnets.

Despite H,,, all of the spins in a ferromagnet are not always aligned in the same
direction. A ferromagnet’s magnetisation can break down into domains. A magnetic
domain is a region in which the magnetic spins of atoms or molecules are aligned. Each
domain is separated by narrow zones called domain walls in which the spins change
orientation from one domain to the next. In a de-magnetised state, where there is no
applied field, a ferromagnet will present multiple magnetic domains which have no overall
orientation. Magnetisation reversal can also lead to domain formation. To create a single
domain state where all spins in the ferromagnet are aligned, a saturating field Hg must
be applied. At or above Hg a material will present its saturation magnetisation M [36].
Magnetisation curves of ferromagnetic iron, cobalt and nickel, are shown in 1.1. It can
be seen that both M, and the magnetisation dynamics are dependent on the specific
material.

Another type of magnetic material is an anti-ferromagnet (AMF). AFMs were first
discovered by Néel in 1948 [37], and are a class of materials that have local atomic

spins/magnetic moments, but due a negative J.,, align anti-parallel, giving the material



13 Introduction

2000 -

M, =1714 Fe

1500

1000

M (emufem?®)

H

Figure 1.1: Magnetization curves of iron, cobalt and nickel at room temperature [36].

an overall net zero magnetisation.

1.2.3 Magnetic anisotropy

Physical properties of a material which vary as a function of direction are said to exhibit
anisotropy. Magnetic anisotropy is the preference of magnetisation in a crystal to lie in
a particular crystallographic direction or plane. The preferred direction is referred to as
the easy axis, which typically requires lower saturating fields, and has a high remanent
magnetisation (magnetisation present at zero field after being magnetically saturated).
Directions at some angle away from the easy axis are known as hard magnetic axes,
which typically require higher saturating fields and have lower remanent magnetisations
compared to the easy axis. The origin of anisotropy in epitaxial thin films is mainly a
combination of three effects, magneto-crystalline anisotropy, shape anisotropy and stress
anisotropy. More complete descriptions of magnetic anisotropy can be found in the

following references [30-32, 38|.

Magneto-crystalline anisotropy

Figure 1.2 shows the difference in easy and hard directions for bulk ferromagnetic Fe,
Ni and Co. This magnetic anisotropy, which reflects the crystal symmetry, is known as
magneto-crystalline anisotropy. This effect is caused by both the crystal field interaction
and spin-orbit coupling [30, 31]. We can represent the magneto-crystalline anisotropy of

cubic systems as an energy density equation [30],

Ee = Ky(MZM] + MIM? + M2M7) + Ko MZMyM? + ..., (1.2)
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Figure 1.2: Bulk magnetisation in Fe, Co and Ni for applied fields in different directions
showing anisotropy [32].

where K, and K, are anisotropy constants and the magnetisation unit vector is m =
(M, M, M,) = M/|M|. In spherical coordinates this is,

1 K
E. = Kl(é_L sin? @ sin® 2¢ + cos? ) sin® 0 + 1_62 sin? 2¢ sin® 20 sin 0 + ..., (1.3)
where 6 and ¢ are angles away from the easy axis. Magneto-crystalline anisotropy
constants can be negative or positive values, typically in the range of 10? — 107 Jm—3
[30].

Stress Anisotropy

Stress anisotropy is related to both the inherent property of a material known as magne-
tostriction, as well as the amount of stress the crystal is under. Linear magnetostriction
was discovered by James Joule in nickel in 1842 [31, 39]. Magnetostriction describes a
fractional change in the length of a material in the direction of its magnetisation, given
by,

A
A

The value of A measured at saturating field is known as saturation magnetostriction,

A (1.4)

As. During magnetostriction, volume is conserved such that the total linear expansion is
)\” + 2/\L =0 [31]
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A single crystal in a demagnetised state will present magnetostriction along each
domain’s magnetisation direction, giving a demagnetized magnetostriction constant Ay,
sometimes referred to as the polycrystalline magnetostriction constant. When a crystal is
magnetised along the (111) and (100) directions, this leads to magnetostriction constants

in these directions given by,
Asi = A1o0 + 3()\111 — /\100)(04%043 + agag + a%a%), (1.5)

where a1, oy and a3 are the direction cosines in a cubic system [40]. These values in, for
example, iron are A\jgo = 15 x 107 and \j;; = —21 x 1076 (the dimensionless unit of
107 is known as a microstrain) [31, 41].

The existence of magnetostriction means that applied mechanical stress can alter the
domain structure and create a new source of magnetic anisotropy [40]. In a thin film,
uniaxial stress can be applied via growth on a substrate where the lattice constants of
substrate and film are not equivalent. The lattice constant of the film can be compressed
(- ive compressive stress) or expanded (+ ive tensile stress ) to match the crystal structure
of the substrate. The uniaxial anisotropy energy induced in a thin film sample via uniaxial

stress, o, of isotropic magnetostriction (Ag; = Ago1 = A111) is given by,
3 .9
E, = 50)\&- sin® 0, (1.6)

where 6 is the angle between the magnetisation and the applied stress.

Depending on the material and crystallographic axis, the magnetostriction constants
can have a positive or negative sign. The uniaxial stress can in a crystal be either
tensile (+ive ) or compressive (-ive). A system with compressive stress and negative
magnetostriction would have an energy minimum and subsequent easy axis at 0° and
out-of-plane, but under tensile stress would have an easy axis at 90° in-plane. Therefore,
strain anisotropy is dependent on the sign of the strain, the sign of the magnetostriction

constant and the magnitude of magnetostriction.

Shape anisotropy

Shape anisotropy derives from a materials demagnetising field. In a uniformly magnetised
thin film, the principle components of the demagnetisation field (N,, N, N,) contribu-
tions are (0,0,1), where z is normal to the sample surface. The magnetostatic energy in
the z direction is then —%MOM 2 [31]. This results in a uniaxial shape anisotropy energy
for thin films, given by,

Eg = %quf cos? 0, (1.7)

where 6 is the angle between the film normal and M, [31]. This factor means it is
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energetically favourable for the magnetisation of the film to be in-plane [30, 40].

For thin films, there is an additional anisotropy arising from the surface. Surface
anisotropy can be explained by the single ion theory [40] i.e. the coupling of surface
atoms to the crystal field produced by their surroundings. This effect imposes a strong
out-of-plane anisotropy but decays with 1/t where t is the film thickness, and so it is

strongly felt in films below 10 Angstroms.

1.2.4 Exchange coupling effects in composite magnetic systems

A broad range of composite systems such as nanoparticles, nanowires and noncomposite
magnetic thin films are studied for their surface and interface-induced exchange inter-
actions [42-44]. Exchange coupling between materials has led to advanced permanent
magnet applications [45], applications in spin filtering and magnetic tunnel junctions [7]
and enhancements in the spin Seebeck effect [46]. Thin film magnetic multi-layers are
particularly important as they are components of magnetic memories (e.g. magnetic ran-
dom access memory) or sensors, systems which are important to the field of spintronics
[47]. Exchange coupling in magnetic ferrite heterostructures have been studied in recent
years as epitaxial bilayers [7, 20, 21] and in all oxide spin tunnel junctions [48-50]. Un-
derstanding exchange coupling in ferrite heterostructures will be crucial for the use of
these materials in future devices and magnetic memories, for example.

Composite magnet systems were initially proposed to overcome the limits of perma-
nent magnet systems. The quality of a permanent magnet is measured by its product
(BH)maz, in effect, the largest area of a rectangle enclosed by its hysteresis loop. Kneller
and Hawih [16] proposed to take hard magnets, which have a large anisotropy constant
but typically lower M, and exchange couple them with a soft magnet, which has a small
anisotropy constant but large Mg, to create a better permanent magnet with a larger
(BH )maz- These magnets are known as exchange spring or exchange hardened magnets.

Several approaches have been applied to exchange coupled systems to relate key
parameters such as layer dimensions, relative volume fractions and geometry of the soft
and hard phases to the systems magnetisation, nucleation field and (BH )q:. They
include deriving analytical expressions [42, 51], micromagnetic modeling [52], as well as
first-principle calculations [53]. They find that a critical soft layer thickness exists, below
which the soft layer is rigidly coupled to the hard layer. This thickness is found to be
roughly twice the width of a domain wall, 0y, in the hard phase [16, 42, 52],

5h =T/ = (18)

where A, and K} are the hard phase exchange and anisotropy constants, respectively.
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Exchange coupling below the critical soft layer thickness

For exchange-coupled systems where the soft layer is less than ¢, both layers nucleate at
the same field during magnetisation reversal, but with a modified hysteresis loop when
compared to the individual layers. Fullerton et all [19, 54, 55] performed experiments on
single film Sm-Co and Sm-Co/Fe bilayer systems with varying Fe layer thickness, grown
on MgO [110]. They performed vibrating sample magnetometry (VSM) measurements
with H in-plane along the Sm-Co [001] easy axis direction, shown in figure 1.3. The
Sm-Co single layer shows the expected square loop of a hard magnet. After adding a
25 A layer of Fe, the sample showed a significant reduction in H, but remained a square
loop, indicating that these layers are strongly coupled and below the critical soft layer

thickness.

H (T)

Figure 1.3: Room temperature hysteresis loops of a single Sm-Co film and Sm-Co/Fe bilayer
[55].

The reduction in H, shows that in rigidly coupled systems, magnetic properties still
show a dependence on the material parameters of both layers. The H., of a rigidly coupled

system can be roughly predicted by the following equation,

2t Kp + t Ky)
tn My, +t M,

H,. = (1.9)
where K is the soft layer anisotropy constant and tj, ts, M), and M, are the soft layer

and hard layer thicknesses and saturation magnetisation, respectively [19].

Exchange coupling above the critical soft layer thickness

For systems where the soft layer is above the critical thickness, the two layers are not
rigidly coupled, but the soft phase still cannot nucleate freely. Fullerton et al. studied
Sm-Co/Fe bilayers of Fe layer thickness 200 A [19, 54, 55], above the critical soft layer
thickness for these systems. Their VSM measurement is shown figure 1.4. The square-
shaped hysteresis of the hard phase has been lost and is replaced by a two-step hysteresis
loop. The behaviour of the two magnetic layers during this loop can be described, as
follows. Starting from H = 0, after saturation at a positive field, figure 1.4 a) shows the

maximum applied field for which the soft layer remains parallel to the hard layer, called
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H (T)

Figure 1.4: Room temperature magnetic hysteresis loop for a bilayer film of Sm-Co/Fe, with
200 A of Fe. a) The two layers are rigidly coupled below H,,. b) The soft layer is able to
nucleate toward H, but is exchange coupled to the hard phase at the interface, resulting in an
exchange spring interaction. c) H is now large enough to nucleate the hard phase, resulting
in irreversible nucleation [55].

the exchange field H = H.,. Assuming no soft phase anisotropy, this field is given by
51), 2
= g (1.10)
with calculations including a finite soft layer anisotropy finding that the H,., scales as
t; 17 [52]. For fields larger than H,,, the soft layer is still strongly pinned at the hard
layer interface, but the magnetisation of the soft layer twists towards the applied field,
shown in figure 1.4 b). This twisting behaves like a Bloch wall, with the angle of rotation
increasing with distance from the hard phase interface. At this point, the hard phase
is unaffected and the magnetisation of the system is completely reversible. This stage
is known as an exchange spring interaction (ES) due to the spring-like twisting of the
magnetisation in the soft layer. Once a sufficiently large field is applied H,, the hard

layer begins to rotate irreversibly shown in figure 1.4 ¢).

Critical Bloch wall thickness

One solution for the critical soft layer thickness by Kneller and Hawih [16] is useful as it
can be extended to an effective critical Bloch wall thickness in a soft layer for which the
hard phase will begin to rotate irreversibly. Figure 1.5 a) shows along a z-axis, a hard and
soft layer of length ¢, and ¢, respectively, at remanence following saturating field. These
materials are assumed to be magnetic single crystals, exchange coupled at the interface.
The magnetocrystalline anisotropy will be assumed uniaxial, for simplification, in both

phases. The easy direction is along the x-axis, perpendicular to z. The equation for
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Figure 1.5: ldeal exchange-spring system showing a soft layer (blue) of length ¢, and hard
layer (red) of length ¢,. a) Shows the system at remanence, b) with a small applied H
creating a 180° wall of length §,,, and c) shows a H above the critical H. field, compressing
0., and rotating the hard layer.

uniaxial anisotropy energy density is,
By, = Ksin®0, (1.11)

where 6 is the angle between the magnetisation and the easy axis [31] and K > 0 so that
the spins prefer to align along 0 and 7. It should be noted that the ratio of K} /K is of
the order of 10* while Mj,/M, does not typically exceed 10 [16].

The exchange energy density is given by,

db
By = AP, (1.12)

where A is the exchange constant, which represents the effect of ferromagnetic exchange
coupling between spins within the film, typically of the order 107! J/m.
Using equation 1.11 and 1.12, the energy per unit area of a 180° Bloch wall in a

homogeneous material is approximately,
T2

where ¢ is the wall thickness [16]. This equation is essentially the Gibbs free energy
per unit area of the wall, described also by Goto et al. [51], but neglecting the Zeeman
energy H -Js, where J; is the spontaneous polarisation of the ferromagnet. In equilibrium

equation 1.13 is minimised by dvy/dd = 0, giving equilibrium values of

o~ m(=)2, (1.14)
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and
Yo & 27m(A - K)e. (1.15)

We assume the hard layer is reasonably long ie. t, = dop = m\/(An/Kp) [16]. An
in-plane field H < 0 is applied along the easy axis, causing the soft phase to rotate
reversibly. At the beginning of the rotation, a 180° wall will form in the soft layer,
shown in figure 1.5 b). As H is decreased, this wall will be compressed toward the hard
layer boundary. This decrease in the soft layer wall size increases its energy density
E.s = 7s/6s. The hard phase will be relatively unchanged as Kj, > K. The soft layer
wall will continue to shrink with decreasing H until I, reaches the equilibrium energy
of a wall in the hard layer [16],

E’ys = < = E'yOh = % = 2Kh (116)
Oh

The critical soft layer wall thickness, d.s, where the hard layer will begin to rotate can be

calculated. Using equation 1.13, the energy density of ., is E,s = Ky + 1A,/ 52, which

when compared to E,g, gives
As
2K},

(1.17)

Ops = T

where (Kj, — K) ~ K}, meaning a vanishing soft layer anistropy is assumed. This
result neglects the Zeeman energy term H - J; and other analytical results arrive at a
slightly different critical d.s of twice the width of the hard layer domain wall thickness
given by 0, = W\/m [42, 51, 52]. Despite these issues, the result is similar to other
calculations and importantly for us, relates the width of the soft-phase Block wall 4, to

the hard layer anisotropy constant.

Spring exchange soft layer thickness dependence

There is no direct solution which can predict the hard layer nucleation field H., of a hard
magnet in an exchange spring system. Leineweber and Kronmiiller attempt to indirectly
analyse the dependence of H, against soft layer thickness [52]. They introduced the
reduced field,

H HJ"

a7 1.18
HO, — 2K (1.18)

h=
where HY, is the ideal nucleation field of the hard-magnetic material, H is the measured
nucleation field and K = K. In the equation, the field is restricted to —1 < h < 0. The

indirect analysis showed that the magnetisation reversal exhibits a functional dependence
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of the soft layer thickness d, = d°,

HY, (hard magnetic), for2d® < wé",
h(2d®) = ¢ rapid decrease, for mo" < 2d* < 8nd", (1.19)
o (2d°) 71, for 2d°>8md",

where §" = d;,. These results were plotted for a hard/soft /hard a-Fe/Nd,Fe;, sandwich
in figure 1.6. They show that in exchange spring systems, the nucleation field of the hard
layer is extremely sensitive to soft layer thickness variations on the length scale of a hard

phase domain wall.

HJ"
D

0.01

Figure 1.6: Reduced field of a hard/soft/hard a-Fe/NdsFe;, magnetic thin film sandwich vs
soft layer thickness. The thickness is given in units of the hard magnetic Bloch wall thickness,
plotted against the nucleation field in units of the ideal hard magnetic nucleation field [52].

1.2.5 Exchange bias

Exchange bias is not observed in this thesis, but is important to the field of exchange
coupling and so is discussed. In 1965 Meiklejohn and Bean reported a unidirectional
anisotropy in FM/AFM Co/CoO nanoparticles [56, 57], which would later be known as
exchange bias (EB). In these AFM/FM structures, the FM orders at the Curie tempera-
ture, T, which is greater than the Néel temperature, Ty of the AFM. If a field is applied
to the system when it is between Tz > T' > Ty then the FM will align to the field, while
the AFM remains paramagnetic. As the system is cooled to below Ty, the ordering net
localized AFM spins will couple to the aligned FM spins, sharing their general alignment.
Assuming the AFM has a high magnetocrystalline anisotropy, the AFM spins at the in-
terface will not change their alignment direction due to applied fields [58]. The localized
uncompensated AFM spins are exchange coupled to the FM spins at the interface and
exert a strong torque, aligning the FM spins to the direction of the cooling field. The

effect of this coupling can be seen in figure 1.7, with the EB system presenting an asym-
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metry along the field axis of the hysteresis loop [59], characterized by the exchange bias
field Hg.
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Figure 1.7: Dashed line shows a hysteresis loop of a normal ferromagnet. The green line
shows the hysteresis loop for a FM/AFM heterostructure after field cooling through Ty, with
a clear unidirectional anisotropy. The exchange bias field Hg and the coercivity Ho are given
in the figure.

Exchange bias systems are still keenly investigated today due to their intrinsic com-
plexity [60], applications in magnetic read heads and a potential future application in
magnetic random access memory [61]. Various parameters have been studied to investi-
gate their effect on EB systems, such as annealing temperature [62], AFM layer thickness
[63], bulk properties [64], cooling field strength [65] and crucially interface roughness
(66, 67]. Magnetic thin films are useful systems for exploring the physics of exchange
bias materials as modern deposition techniques offer a high degree of control over the
interface region where exchange coupling occurs. Understanding the exact mechanism of
exchange bias remains a challenge as models of the phenomenon have failed to correctly
predict the experimental observations of EB and coercivity [68]. Due to the complex-
ity of EB, we discuss here only some key experiments, many more complete and useful
resources on EB can be found elsewhere [59, 60, 69-71].

Multiple theoretical studies have been performed to explain the effects of interfaces
and roughness on EB. Some studies have focused on how, as layered single-crystal struc-
tures, EB can be affected by crystal interface effects such as lattice mismatch, strains
and defects [72, 73]. Others discuss the contribution of magnetic frustration associated
with the interface in EB systems [74]. This frustration is principally caused by either

uncompensated spins and/or interface roughness [71, 72]. It has also been suggested that
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magnetic structures in the vicinity of the interface are not necessarily identical to the
bulk magnetic ordering [75], affecting the EB system. Generally for oxide AFM systems,
the trend is such that increasing interfacial roughness leads to a weaker Hg [59], however
a complete theoretical model of EB that is able to accurately predict both Hg and H,
of a given FM/AFM system does not exist.

The lack of a theoretical model capable of predicting Hg and H, of a given FM/AFM
system as well as experimental studies highlighting the susceptibility of EB to interface

roughens clearly demonstrates the need for more investigations.

1.3 Ferrites

Ferrites are a versatile group of materials which have attracted large attention in recent
years due to a broad range of magnetic and electronic properties. In particular, their high
Curie temperatures (T¢) and chemical stability make them popular choices for device
applications. The very large resistance of ferrites means they do not produce significant
eddy currents, making them promising candidates for high-frequency devices where power
loss from eddy currents is minimized. Ferrites have been utilised in spintronics [1, 2, 9, 76—
80], microwave devices [81] and magnetic field sensors [82].

Ferrites can show large changes to their electronic and magnetic properties due to
various factors such as growth conditions, strain, and annealing. This can be seen as
both useful and an obstacle. On the one hand, this means it is possible to tune the
magnetic properties of ferrites, but on the other, it can often mean that these properties
vary significantly. In this section, we discuss the crystal structure of ferrites and how

this is linked to their magnetic properties, including the ferrites used in this thesis.

1.3.1 Crystal structure

The magnetic ferrites fall into two groups with different crystal structures [12]:

e (Cubic. These are generally defined by XFe,O4, where X is a divalent metal ion like
Mg, Co, Ni, Fe etc.

e Hexagonal. Some important examples are BaO-6 Fe;O3 and SrO-6 Fe;O3 which

are magnetically hard.

The work presented here focuses solely on the cubic ferrites. Cubic ferrite materials
share the spinel crystal structure (space group: Fd3m). The spinel structure is large,
containing eight formula units with 56 ions per unit cell, 32 0?~,16 Fe3* and 8 X2+,
Oxygen ions form a face-centred cubic (FCC) sublattice, with the metal ions distributed

in tetrahedral (A) and octahedra (B) interstitial sites. The crystallographic environments
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Figure 1.8: Inverse spinel crystal structure of Fe3O4 [86], with purple and green polyhedra
showing tetrahedral (A) and octahedral (B) and interstitial sites, respectively. This figure
was created using the VESTA software package [87].

of the interstitial sites are quite different. For a normal spinel, all the Fe3* ions are in B
sites and all X?* ions are in A sites. The inverse spinel structure exists, where 1/8 of the A
sites are occupied by the Fe3* ions and 1/2 of the B sites are occupied equally by Fe3* and
X?*. The general formula of the spinel structure is given by [Fe,X;_,]a[Fes—,X,]5 where
y is the inversion parameter [49]. Under certain conditions, it’s possible for these trivalent
ions to move between interstitial sites, creating intermediate states between normal and
inverse spinel structures, modifying a ferrite’s magnetic and electronic properties [83-85].
The structure of the inverse spinel Fe3Oy is shown in figure 1.8. The lattice parameters
of cubic ferrites are typically similar, with 8.397 A for Fe;0,4 [86], 8.383 A for CoFe,0,
[14] and 8.346 A for NiFe,0O, [15].

1.3.2 Magnetic interactions in the crystal

Ferrites are ionic compounds, whose magnetic properties arise from the metal ions, as
the O~ ion has no net moment. The expected magnetisation of one formula unit (F.U.)
of CoFeyOy4 using Hund’s rule is 3 pp/atom from Co plus 5 pp/atom per Fe, giving 13 up
per F.U.. When you compare CFO’s magnetisation by adding the moment per atom to
the measured bulk CFO M; value of 3.3 up/F.U. [88], the per-atom calculation is much
higher. This is because CoFe;O4 along with FesO4 and NiFe,Oy4 are ferrimagnetic. The
magnetic ordering of these systems arises from several exchange couplings between the
different cations [31]. Super exchange takes place between the Fe*™ and the X** ions

via an overlap of their 3d orbitals with the 2p orbitals of an intermediate oxygen O%~
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Figure 1.9: Super exchange interactions between A sites and B sites mediated via an O?~ ion
At o = 120° the interaction between A sites and B sites is AFM. At o« = 90° the interactions
between B sites is FM [49].

[49, 89-91]. If the angle between the two ions is more than 90° then the interaction is
AFM, whereas if the angle is equal to 90° then the interaction is FM. Double exchange
is also present, via the transfer of one electron from the X?* ion, to the empty d-level
in the Fe?* ion. Double-exchange is weak and often masked by the FM super-exchange
interaction [49]. Both Super-exchange and double exchange are shown in figure 1.9. The

total interactions are as follows [49, 91]:

e The strong AFM super-exchange between A and B sites of energy Jar = —24kp.

e AFM super-exchange involving only Fe" cations via an O?~A of energy Jap =
—19kp.

e M super-exchange interaction between B sites of energy Jp = 4kp.

e Weak direct FM double-exchange between B sites.

The net magnetic moment per F.U. is calculated by adding up all of these interac-
tions. For a perfect inverse spinel, the 5up of the Fef; interactions are AFM, meaning
the moment is determined by the X** ion [49]. The theoretical maximum moments of
NiFeyOy4, CoFeyO4 and FesOy4 are 2 up/F.U., 3up/F.U. and 4 ug/F.U., respectively.
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Antiphase boundaries in ferrites

An antiphase boundary (APB) separates two domains of the same ordered phase [92].
It results from symmetry breaking that occurs during ordering processes, which can
start at different locations in a disordered lattice. An APB forms when two such regions
contact so that they display wrong compositional bonds across the interface [93], shown in
figure 1.10. APBs in ferrites lead to 180° super-exchange interactions, coupling adjacent
domains antiferromagnetically [94], which can lead to extremely large saturating fields
[27].

The formation of APBs in ferrite thin films can be a consequence of either higher
symmetry of the substrate than the ferrite, leading to a large number of nucleation sites
for film growth, or accommodation of misfit dislocations arising due to a large lattice
mismatch [27, 95, 96]. APBs have been directly observed in thin film Fe;O4 [97].

Single domain Two domain

Figure 1.10: Single and two domain two-dimensional crystals. The two domain crystal
presents an anti-phase boundary at the domain interface.

1.3.3 Materials

Here we discuss the magnetic and electronic properties of CoFe,Qy4, FesO4 and NiFeyOy.

COFGQ 04

A large amount of research is focused on CoFe;O4 (CFO) due to its large magne-
tocrystalline anisotropy constant when compared to other cubic ferrites (K; &~ +20 X
1075 erg/cm?) [12, 13], and large demagnetised magnetostriction constant [12, 98] (AL ~
—110 x 107%), with single crystal magnetostricion constants of A1°°=(-223 to -590) and
A~ —1/5M19 [99]. CFO presents an experimentally measured bulk magnetisation of
3.70 up/F.U.[12] and a magnetic easy axis in the [001] direction [98]. Inverse spinel CFO
is insulating. Its electronic properties have been simulated by density functional theory
[100] showing CFO has a theoretical band gap of 0.80 eV and presents exchange splitting
(2AE,;) of 1.28 eV.
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Several experiments have demonstrated control of CFO’s magnetic properties in thin
films via growth conditions, layer thickness [101, 102] and strain-induced anisotropy
[26, 81, 103-108]. Typical choices of substrates are MgO, SrTiO3 and AlyO3. The ability
to modify CFO’s magnetic properties makes it an interesting candidate to study in a

single film system.

Fe3 04

Fe30,4 has not been studied in this thesis, but it’s an important ferrite and so is discussed.
This material is a soft ferrimagnet with one of the largest theoretical magnetisations of
the cubic crystal ferrites, 4 ug/F.U.. It is a predicted half metal [100, 109], meaning it
has 100% spin polarisation at the Fermi energy level. This material property has large
potential applications in spintronics, for example, as a replacement for Fe in Fe/MgO
magneto-tunnel junctions [110] (MTJs). Experimentally measured spin polarisation is
always much lower [78, 79]. This decreased polarization is primarily accredited to the
presence of crystal defects such as APBs and surface reconstruction [23, 24, 97].

Fe304 presents a phase transition below ~ 130 K leading to changes in its crystal
structural (cubic to monoclinic), magnetic, electronic (half-metallic to insulating) and
thermal properties [111-113] known as the Verwey transition.

This combination of half-metallicity, along with a temperature dependant Verwey

transition, makes Fe3O, an interesting candidate to study in magnetic heterostructures.

NiFeg 04

Inverse spinel NiFe;O4 (NFO) is typically a soft ferrimagnetic insulator. Bulk NFO has
an experimentally measured magnetisation of 2.3up/F.U.[12], cubic mangetocrystalline
energy constant of K1 = —6.8x107% erg/cm?® and magnetic easy axis in the [111] direction
[114]. Bulk NFO has single experimentally measured crsytal mgnetostrction constants
A1 = —3.4 x107% to —9.7 x 1075 and Ajgp = 35.9 x 107 to —44.3 x 1076 [115].

NFO'’s electronic properties have been simulated by density functional theory [100],
finding NFO has a band gap of 0.98 eV and exchange splitting of 1.21 eV. Interestingly,
experimental results have shown that ultra-thin NFO can be grown to be either insulating
or conducting depending on the growth conditions [9]. In thin films, NFO’s magnetic
properties have been shown to be altered by strain, temperature, oxygen vacancies, cation
inversion, APBs and twinning [95, 116, 116-121].

NFO’s growth dependent magnetic and electronic properties make it an exciting can-

didate to investigate in both single films and in magnetic heterostructures.
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Composite magnetic ferrite systems

Both CFO’s and NFO’s magnetic and electronic properties have led to the exploration of
these ferrites in more complex magnetic systems. CFO has been used as a hard magnet
to give a strong unidirectional exchange biasing on soft ferrite films [122]. Single film
CFO has shown exchange bias via a suspected CoO layer in single film growth [123].
Inter-layer coupling between Co,Fe; ,O4/Fe30, and Fe3zOy, separated by an insulating
MgO layer, has been demonstrated [124]. CFO’s large exchange splitting has led to
experiments involving spin filtering, with several examples of room temperature devices
[1, 76, 77]. Ferrite hard/soft heterostructures of CFO and Fe;O4 have been studied,
showing exchange spring behaviour at temperatures of 20 K [20] and 10K, [21] with a
critical soft layer thickness of 80 A. NFO exchange bias systems have shown promise for
use in electric-field-control spintronic devices [125]. NFOs exchange splitting has led to
large interest in use for spin-filtering devices [2, 9, 80] with Liiders et al [9] demonstrating
two tunnelling magneto-resistance junctions using either insulating or conducting NFO.
Despite the high level of interest in CFO and NFO, there has been no investigations into

the magnetic or structural properties of combined CFO/NFO heterostructures.
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Methodologies

2.1 Thin films

Using thin films (on the order of less than a few 100nm) as samples allow for several
advantages. Thin film sample growths can be performed via physical vapour deposition
techniques such as molecular beam epitaxy (MBE) or pulsed laser deposition (PLD).
PLD has a slow deposition rate (<3000 nm/hour) which allows for epitaxial or highly
crystalline growth [126]. Depositions are performed at high vacuum (HV, 10~® mbar)
greatly lowering the number of impurities in the sample. Thin films can be grown directly
on top of each other, allowing for the growth of heterostructures. Substrates can be used
to select the crystallographic orientation of film growth. Depending on the structural
mismatch between films and substrate, strain can be observed which can lead to the
accumulation of defects and modified properties overall or near the interface [22, 23].
More complete descriptions of MBE and PLD can be found in the following references
[126-128].

All CFO and NFO films and bilayers have been grown using PLD at the University
of York, School of Physics, Engineering and Technology by Dr. Stuart A. Cavill. A
partial O, pressure of 3x107° mbar was used during all growths. To make the samples,
metal-oxide NFO or CFO PLD targets have been used. Both CFO and NFO targets
were prepared by sintering. Targets were rastered and rotated during ablation. AlyOg
[001](ALO) was selected as a substrate due to an 8% mismatch on the O-O sublattice
with the [111] plane in NFO and CFO, leading to tensile strain [7, 25]. The substrates
were heated to 500 °C in a partial O pressure before, during and 20 minutes after growth.
The laser source was a Nd:YAG laser, where the 4th harmonic was used to produce a
266 nm wavelength. The laser’s repetition rate, energy density and distance between the

target and substrate were maintained at 10Hz, 1 J/cm? and 150 mm.
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2.2 Polarized neutron reflectivity

Magnetic neutron scattering is a bulk probe which is particularly useful in the investi-
gation of spintronics and magnetic thin films. Polarised neutron reflectometry (PNR)
probes the nuclear and magnetic profiles as a function of depth. This is due to both the
wavelength of cold neutrons matching the thickness of thin films and the natural mag-
netic moment in neutrons. For magnetic thin films and multilayers, PNR can be used to
characterise individual layer thickness, roughness, and magnetisation. It is this ability
to probe magnetic profiles that distinguishes PNR from other magnetometry techniques
such as vibrating sample magnetometry (VSM) which only measures the bulk volume
magnetisation or the Magneto-optic Kerr effect (MOKE) which is only sensitive to mag-
netisations at a limited depth.

Various complete descriptions of polarised neutron reflectivity exist [37, 129-133].
Here we present the important theoretical results, alongside numerical simulations, to

describe how we have used this technique to characterise magnetic thin film systems.

Scattering length

For neutrons, scattering occurs at the nucleus of an atom via the strong force. This
scattering is isotropic in nature due to the difference in wavelength of thermal neutrons
vs the strong interaction (107! vs 107'*). The amount neutrons are scattered by a given
element or isotope is given by the one-dimensional property scattering length, b} (in
fm). For nuclei where neutron absorption is likely, such as 1%Rh, 3Cd or *"Gd, the
scattering length is complex and varies with wavelength due to resonant effects. In most
cases by’ is invariant with A. Figure 2.1 shows how scattering length varies by element,
demonstrating that there is no real trend between neutron scattering length and element
[134].
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Figure 2.1: Coherent scattering lengths vs atomic nuclei [135]

For X-rays, scattering occurs via electromagnetic interactions with the orbital elec-
trons. This means the scattering depends on the number of electrons (and therefore
protons) of the atom and the area they occupy. For our experiments, we assume the
scattering angles are sufficiently small such that the atoms behave as dipoles and there-
fore the form factor is independent of the angle [136]. The X-ray form factor for a
collection of atoms needs to be modified by a correction term (a real number) dependent
on the proximity of the impressed wavelength to the natural resonant frequency of the
system and a loss term (an imaginary number) that is related to the damping factor for

the resonant system [137], known as dispersion corrections. This gives a form factor,
FONZ) = Zre + AF/(N Z) +iAf (N, 2), (2.1)

where Z is the atomic number, 7. is the classical radius of the electron ; Af'(\, Z) is the
real part of dispersion correction, and A f”()\, Z) is the imaginary dispersion correction
[136, 137]. Scattering lengths are then separated into real by = Zr. + Af'(\, Z) and
imaginary components b} = iAf"(\, Z), and calculated from known tabulated values of
the dispersion corrections for a given element and wavelength [137].

The difference in scattering location for X-rays and neutrons often leads to contrast
between 0} and b7, making it complementary to measure the same technique with both

probes.
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2.2.1 Grazing incidence scattering geometry

a)

/x

Figure 2.2: a) Different grazing incidence scattering geometries, where the red line is specular
reflectivity, the blue plane is off-specular scattering and the green plane is grazing incidence
small angle scattering. Figure a) is taken from [132]. b) Q scattering geometry of polarized
neutrons reflecting from a film. Incident and scattered neutrons with wave vectors k; and
k¢, respectively, and scattering vector Q. are shown in red, applied field and polarisation
direction are shown in purple, and in-plane magnetisation vector M, which can have some
in-plane angle v, is shown in green.

There are three grazing scattering geometries shown in figure 2.2 a): specular re-
flection (SR); scattering in the incident plane or off-specular; and scattering in the XY
plane, known as grazing incidence small angle neutron scattering (GISANS). These dif-
ferent scattering geometries probe different length scales and incidence planes. Only
specular and off-specular scattering will be discussed in this thesis as the instruments we
used were optimised for these scattering geometries. Off-specular scattering (blue plane)
is caused by in-plane surface features and has a typical length scale of 600 nm to 60 pm.
SR (red line) probes in-depth into the sample, on a length scale of approximately 1 nm
to 500 nm.

Figure 2.2 b) shows a collimated neutron beam impinging at a glancing angle 6; onto
a flat and extended surface separating vacuum and film. The reflected beam leaves the
surface under a glancing angle ¢;. For SR the incident and final angles are identical, 0; =

8, meaning only the scattering angle, ¢, will be discussed. Assuming elastic scattering

such that |k;| = |ks| = 27/, where X\ is the neutron wavelength, the scattering vector
Q. is given by,
Am .
Q.=ks—k; = 5N sin(0), (2.2)

which points along the z-direction parallel to the surface normal. Q. represents the mo-

mentum transfer vector for the neutron in the z-direction parallel to the surface normal.
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2.2.2 Theory of non-magnetic specular reflectivity

This section is following reference [132]. In a vacuum the part of the neutron energy

corresponding to its propagation in the z-direction is,

52Q2

E,
&m,,

: (2.3)
where m,, is the neutron mass. Due to the "optical approximation” [138] we can model
the film as a continuous Fermi pseudo potential,

V= 2w h?

2.4
m, PN, ( )

where py = > N;by; is called the nuclear "scattering length density” (SLD) and is the
sum of the atomic density of the nuclei in the material /N; multiplied by their individual
nuclear scattering lengths by;.

To examine the neutron scattering behaviour from a nuclear potential, we consider
the time-independent Schrodinger equation,

32
E%VW+WWZE@ (2.5)

where ¥ is the neutron wave-function. This equation can be expressed as a Helmholtz
propagation equation,

VU +k*U =0, (2.6)
where the propagation wave vector in the potential V,, is given by

2m,,
k? = 2 (E—V,). (2.7)

Since the neutron follows a classical propagation equation, it is possible to define an

optical index n in the medium,

k2
2
n® = —, (2.8)
k3
where kg is the wave-vector in a vacuum. This optical index is given by,
V, A2
2 n
=1—-=1-"py. 2.9
n E - PN (2.9)
The square root of equation 2.9 with the binomial expansion yields [139],
)\2
n~1l——pn. (2.10)
27

The value of n is typically less than one. Complete reflection occurs from materials with
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n < 1 for glancing angles below a critical value of [139],
6. = sin"' (V1 — n?), (2.11)

which in combination with equation 2.9 and 2.2, gives a critical wave vector,

Q. = 4/7px. (2.12)

Materials are typically quoted in SLD as the refractive index changes as a function of A.
Here we consider a neutron beam reflecting from a simple substrate. The neutron

wave function can be represented using an incident plane wave,
‘IJ(I‘) _ ez’k~r _ eik||~x€ikj_4z _ 6ik”'x’¢(z). (2‘13)

The scattering in specular conditions is continuous and so the neutron wave function can
be expressed as a function of z only. When the neutron wave is incident on a surface
at an angle greater than 6., a portion of the wave will be reflected, giving an opposite
phase, and a portion of the wave will be transmitted into the substrate. This gives wave

functions in the vacuum and in the substrate of,
o(2) = Lekos 4 emikros (2.14)

P (2) = e 4 0.em Kz, (2.15)

where 1, r and t are the amplitudes of the incident, reflected and transmitted beam,
respectively. Using the continuity equations of the neutron wave function at the interface
where z=0, equations 2.14 and 2.15 can be expressed as Fresnel amplitudes of reflection

and transmission,
~kio—kis ; 2k 0

r=—t=
kio+ki kiog+kis

The measured reflectivity signal is then R = |rr*|. In an experiment, this is equivalent

(2.16)

to the ratio of measured flux, I, vs incident flux I onto the sample, R = % Below Q.

the neutron beam is totally reflected and above approximately 3¢). the signal decays by
1/Q* [132].

2.2.3 Theory of magnetic specular reflectivity

In this section, we follow references [129, 130]. Neutrons carry a magnetic moment fi,,

whose operator,

L, = YulinG, (2.17)
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is proportional to the Pauli spin operator ¢ acting in a two-dimensional spin space and
being represented by a set of 2 x 2 matrices: 6 = {6,,7,,5,} [129]. Here 7, = —1.913 is
the gyromagnetic ratio of the neutron and py = eh/2myc is the nuclear magneton.

The interaction of a neutron with a sample of magnetic induction vector B, is de-

scribed by a magnetic (Zeeman) potential with the corresponding operation,

~

Vi(r) = —f1, - Y _By(r — 1)), (2.18)

where r; refers to the interaction of a neutron with nuclei located at positions r;, enu-
merated in the sample by .
If B, is associated with only the unpaired spins of electronic shells from atoms, then

it can be expressed via a Fourier transform as [130],

Bi(q) = 4mumy; fi(Q), (2.19)

where fj() is the magnetic form factor, which in the small angle range of specular re-
flectivity is assumed to be equal to 1 [140], p; = || is the absolute value of the atomic
magnetic moment, 1, directed along the unit vector m; = p; /. According to classical

electrodynamics [141],

m; =m; —q(q-m;)/¢, (2.20)

meaning it is orthogonal to the scattering vector ¢. This result is important for thin
films as the scattering vector in specular reflectivity will always be normal to the sample
surface, meaning only the in-plane magnetisation component will be observed. As such,
any moment rotation that takes place out of the sample plane will be seen as a reduction
in the projection of the magnetisation along the applied field direction.

The magnetic field is concentrated within the range of the atomic electron spin density
function, which is extended over the atomic size of the order of 107° m but decays with

r~3 and can be described as a magnetic scattering length,

b = %uném, (2.21)
where B; = 47y and v; is the volume per [th magnetic atom [130]. In crystalline systems,
v; is one formula unit.

For a homogeneously magnetized film along the applied field direction y, the potential
energies of the neutron-sample interaction for alternative polarization directions are the
eigenvalues of the interaction operator from equation 2.18 and are determined by the
equation,

2 h?

Vi =Vt Vi = — =N "), (2.22)
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where +(-) stands for neutrons polarized parallel (anti-parallel) to the applied field di-
rection. Again the neutron wave function is treated a plane wave ¥ (k, r) = ¢’ but now

with two dimensional spin states |¥(z)) represented by a column [129],

() = (iﬁ;) , 2.2

which denote probability amplitudes to find a neutron with positive/negative spin pro-
jections on the y-axis.
If the internal field vector M makes some in-plane angle v with respect to the applied

filed, then our V. interaction matrix,

V_|_+ V+_ _ 27Th2N bln O + blTZ bz,rg ’ (224)
Vo, Voo m 0 by b by

has none zero diagonal elements, where by and by are the x and y projections of M,

such that M, o b*sin(y) and M, o b*cos(vy). Spin-flip (SF) scattering is the change
in a neutron’s polarisation from + to - or vice versa, due to the torque applied to its
magnetisation from the perpendicular magnetic inductance in the sample, M,. The
diagonal elements V.z o< (b, & ;) depend on the parallel inductance, M,

Using equations 2.24 and 2.23 the Schrodinger equation can be written as a system

of two coupled equations [129],

52 2m | 2m

522 + 1 §V++(z) V. (z) — ﬁ‘@—(z)‘p—(z) =0, (2.25)
[ 52 2m ] 2m

52 +p; - 72 V=-(2)| U-(2) = 5 Vi (2) ¥4 (2) = 0, (2.26)

where p, = Q./2 = 27” sin #, is the component of the neutron wave vector normal to the
field boundary.

Already it can be seen that if V, _ and V__ are zero, then equations 2.25 and 2.26 are
decoupled and only non-spin-flip (NSF) scattering occurs. In this case, the magnetisation
vector M is aligned only along the y-axis. Solutions for equation 2.25 and 2.26 can be
found elsewhere [129, 142-144]. They lead to the following reflectivity signals,

1
Rt = Z|R+(1 + cosv) + R_(1 — cosy)|?, (2.27)

1
R = é_LlR+(1 —cosy)+ R_(1+ cosv)|27 (2.28)

1
Rt " =R "= Z\R+ — R_|*sin’y, (2.29)
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If no spin analysis of the initially polarised reflected neutrons is performed then only the
two reflectivities Rt = R™" + R*~ and R~ = R™™ + R~ " can be measured, giving,

1
R* = 5(\r+!2(1 + cosy) + |[r_[*(1 F cosv)). (2.30)

2.2.4 Specular reflectivity on non-magnetic thin films

With thin film samples, it is necessary to characterise the film in terms of SLD, interface
quality and thickness. SLD is particularly important, as it is the sum of the atomic
density of the nuclei, which we take as the number of atoms in the unit cell divided by
its volume, multiplied by the individual nuclear scattering lengths, given by the chemical
composition of the bilayer, as discussed in section 2.2.2. For example, CFO has a unit
cell volume of 578 A3 [14], with 8 atoms in its unit cell, giving an atomic density of
0.0138 atom/A3. CFO has one Co atom of b = 2.49 fm, two Fe atoms of b} = 9.54 fm
and four O atoms of b} = 5.803 fm [145], which summed gives a total b} = 44.602fm.
The product of atomic density with the scattering length for CFO then gives an SLD of
6.17 107%/A2. The unit of 1075/A? comes from the calculation of fm/A3. Therefore any
changes in SLD when compared to the bulk value can indicate either a change in the
chemical composition or a change in the density, but crucially, the nature of this change
cannot be determined as the two factors are covariant.

If a thin film is grown on a flat substrate, within the length scale of specular reflec-
tivity, Kiessig fringes will be observed in the reflectivity profile. These fringes occur due

to scattering from the top and bottom surfaces of the film and are spaced according to,
d=27m/AQ,. (2.31)

When a multilayer is deposited, the periodicity generates Bragg reflections of mth order
at defined positions in reciprocal space [130]. To simulate the reflective profile of multi-
layers, numerical modelling is required [132].

When growing real samples it is expected that the interfaces between layers will not
be perfectly flat. The average SLD fluctuations in the z-direction at an interface are

characterised by the root mean squared (RMS) value,

o =/ (22), (2.32)

commonly referred to as RMS roughness or the Nevot-Croce formalism [146]. For thin
film systems, variations in SLD can come from several sources such as structural rough-
ness and chemical diffusion. These effects will both alter the observed SLD and therefore
RMS roughness, meaning reflectivity is not sensitive to the nature of o. This means o is

approximated as a smooth profile.
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To demonstrate the effects of roughness and Kiessig fringes, reflectivity on a bare
substrate and single films havehad been simulated using the GenX software [147] in
figure 2.3. By modelling reflectivity, the layer thickness, interface roughness and layer
SLDs can be extracted.
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Figure 2.3: Simulated reflectivity profiles of a sample system consisting of a) a bare substrate,
b) a substrate and thin film, where the substrate RMS roughness, o, is equal to the sample
RMS roughness, 044, €) where o, is greater than oy, and d) where the oy, is less than

O-sam .

2.2.5 Specular reflectivity on magnetic thin films

For studying magnetic thin films and multi-layers, PNR allows us to measure the mag-
netisation as a profile of depth, which we have used to extract information on samples’
magnetisation and switching behaviour.

We measure samples with PNR at a saturating field to observe a layer’s saturation
magnetisation, and for the case of studying magnetisation reversal, for comparison to
saturation so that the relative amount of switching can be understood. For a magnetically
saturated thin film, where M is aligned to the applied field direction, PNR will show
reflectivity for R** and R™~. In this case, only NSF reflectivity is expected and so
the reflectivities can be simplified to R™ and R™. It can be seen in figure 2.4 that
the two channels have different @), values, Q., and )., which have shifted the Kiessig
fringes but maintained the periodicity at high (). This difference in ). comes from
the different SLD profiles for each channel, where SLD = N(b} £ b*) and + and —
represent the difference SLD for the up and down polarised neutrons. The in-plane

magnetization profile projected along the external field direction of the films is encoded



39 Methodologies

in the dependence of the spin-asymmetry ratio (R* —R7)/(Rt+R") on Q,. Fitting it
against a model gives the depth profile of the magnetic SLD (M-SLD) contribution to the
nuclear SLD. When compared to VSM, which averages over the whole sample volume,
PNR offers a much higher degree of sensitivity to where the magnetisation is located in

depth into the sample.
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Figure 2.4: Simulated reflectivity profiles R™ and R~ for a thin film sample with M aligned
with the polarisation axis. In the sample diagram blue arrows represent the neutron propa-
gation direction, black arrows represent the incoming and outgoing neutron polarization and
the green arrow is the magnetisation vector M. SLD vs depth into the sample, z, shows both
the contributions from the film's nuclear SLD (N-SLD) and magnetic SLD (M-SLD).

When characterising magnetic bilayers, information such as layer coercivity and po-
tential exchange spring interactions can be extracted from the magnetic hysteresis, as
such we measured PNR during magnetisation reversal.

Magnetisation reversal has a hysteresis, during which the magnetisation can break
down into domains. A magnetic domain is a region in which the magnetic spins of
atoms or molecules are aligned. During rotation, a sample can remain as a single domain
or become several smaller magnetic domains, each of uniform magnetisation separated
by narrow zones called domain walls, in which the spins change orientation from one
domain to the next. Depending on the mechanism of rotation and domain propagation,
the magnetisation in the domains can make some angle v with respect to the applied
field direction, meaning it is important to consider the magnetisation inside the domains.

The simplest case is shown in figure 2.5, where the sample remains as a single domain
during magnetisation reversal. The reflectivity signals R™, R~~ and R*~ are present,
where R~ = R~ according to equation 2.29. It can be seen that at v = 30°, R™
and R~ channels are still present, but when v = 90°, R** = R~ and SF reflectivities
increase, as described by equations 2.27, 2.28 and 2.29. This shows that when measuring
a single domain state during magnetisation rotation, by using full spin analysis it is

possible to determine the modulus of the angle ~,

2V R+~

) (2.33)

|| = arcsin(

and therefore the magnitude of M,. The sign of v cannot be determined as the SF
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Figure 2.5: Simulated reflectivity profiles R*™", R~ R™~ and R~ for a thin film sample
where M makes an angle a) v = 30° and b) v = 90° with the polarisation axis. The
neutron polarisation and propagation direction are represented by the back and blue arrows,
respectively, with the scattered neutrons showing the possible polarisations due to SF.

reflectivity is proportional to sin’(7y) from equation 2.29. Without analysis, we would
measure the reduced reflectivity R* from section 2.2.3. The SF scattering is still present
but in combined channels of SF+NSF. The same magnetisation is seen in the sample,
but without analysis, it is difficult to separate out the different contributions. The effect
of the SF scattering will reduce the spin-asymmetry, which can lead to an apparent
reduction in measured magnetisation projection.

If the sample’s magnetisation breaks down into domains during its rotation, the
scattering becomes more complicated. If during reversal the domains are larger than the
neutron longitudinal coherence length l;"h, each domain will contribute to the respective
reflectivity, leading to signals for R+, R~ and RT~ = R~". In this case the reflectivity

R is equal to the weighted sum of R; from ith domain,
R=S wR(x) (2.34)

where w; = w(y;) is the surface fraction of domains with magnetisation axis tilted at
the angle ~; [130]. It’s important to note that this is an incoherent sum, and so no
information on the structure of the domains is recorded. Large domains with no analysis
will therefore present SF+NSF, meaning a potential reduction in spin asymmetry which
can lower the observed magnetisation projection.

If the domain size is sufficiently small such that it can be illuminated by the neutron
coherently, both specular and off-specular scattering needs to be considered.

Scattering from objects that lie in the X direction within l;"h add up coherently i.e the
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scattered intensity of all domains in the ith l;"h is a square of the sum of the amplitudes,

(j—;) _ (Z fj>2, (2.35)

)

where g—g is the differential cross-section discussed in section 2.3.1 and f; is the scattering
amplitude for the jth domain [130]. Scattering from objects which are separated by a
distance larger than the coherence volume add up incoherently i.e. the total intensity is

the sum of all scattering cross-sections indexed by the subscript i,

coh

;% - Z (;%)i , (2.36)

similar to equation 2.34 [130].

SR follows equation 2.36, meaning the reflection from each l;"h is always incoherently
summed, where the observed ~ is the average, (7), for all domains within l;Oh. If during
magnetisation reversal there is no preferential direction for the rotation, i.e. rotation is
symmetric about the x-axis, then (y) over the 5" is zero, meaning no specular SF is
observed, even though some domains are at an angle with the polarisation axis. As the
domains are summed over the coherence length, this can result in a reduced average pro-
jection of the magnetisation when compared to the magnetisation in each domain. This
means small domains can lead to a reduction in spin-asymmetry and therefore observed
magnetisation projection. As such without analysis, small and large domains can have
a similar effect on the spin asymmetry, resulting in a reduced observed magnetisation
projection.

Off-specular scattering follows equation 2.35, meaning if more than one domain is
within l;‘)h, the v and size of each domain l;"h needs to be considered. Multiple domains
with a clear structure within [¢°", which are not much smaller than 5", lead to potential
steps which can cause off-specular scattering peaks in both SF and NSF channels. If the
domain length is much smaller than l;"h, then the coherent sum begins to dephase, which
increases the broadening of the off-specular peaks and leads to reduced intensity [130].

As such, if a magnetic thin film breaks down into multiple domains during magnetic
reversal, the effects of large domains and small domains can be similar for the SR due to
the combination of NSF and SF channels and the averaging over the coherence length.
For off-specular, the size of the domains relative to l;"h, typically between 600 nm to 60
pum [132], and the angle v in each domain are crucial as they can affect both SF and NSF

channels.
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2.2.6 Modeling of reflectivity data

In order to acquire quantitative data from neutron reflectometry curves it is necessary
to model the sample and then simulate the data using reflectometry modelling software.

A number of fitting software are publicly available and we currently use GenX [147].

Figure of merit

The figure of merit (FOM) is a function which is used to compare how well a simulation
matches a dataset. The most commonly used FOM is chi-squared (x?), however for
neutron reflectivity where the data scales with a function of sin=*(26), this can mean data
points closer to the critical edge are weighted far more heavily than points at higher @,
values. One solution is to use a normalised FOM. In GenX there are multiple normalised
FOMs and we typically use sintth4, where the data and simulation are multiplied by a
factor of sin*(26), given by,

> Vi — Si| x sin®(20)

FOMsintth4 - N — D

(2.37)

where the data set is Y, the simulation is S, a single element is denoted by ¢, N is the
number of points and p is the number of free parameters. In the case where there are
many large errors, FOMs can be weighed such that data points with larger errors are
worth less than those with smaller ones. In these cases, we have used a logarithmic

normalised FOM named logbars, given by,

1 | log(Y;) — log(Si)|
FOMipopars = ——— , 2.
OMogs N—pX; E; - In(10) - Y, (2:38)

where FE is the error array [147]. With PNR, high Q values have typically larger error
bars as they have low count rates, meaning fitting with a weighted FOM can ignore these
regions. Typically we used the weighted logbars FOM to get an initial fit but have then
switched to the unweighted sintth4 FOM for a better overall compared to the data. From
the FOM, after a fit is finished errors bars are calculated by varying the fit parameters
until they change 5% of the FOM [147].

Making a model

As discussed in sections 2.2.4 and 2.2.5, PNR is sensitive to layer thickness, interface
RMS roughness, nuclear SLD (N-SLD), magnetic SLD (M-SLD) and in the case of SF,
~. In order to extract this information from measured reflectivity profiles, a model is
used to simulate the reflectivity. Models consist of an infinitely long substrate with a
slab or multiple slabs which represent layers. The N-SLD of the substrate and slabs are

calculated from known tables of scattering lengths for neutrons (and X-rays in the case



43 Methodologies

of X-ray reflectivity) and crystal volumes, discussed in section 2.2.4. For the magnetic
layers, the M-SLD is initially estimated using known bulk magnetisation. Layer thickness
and interface RMS roughness are estimated from the sample growth and that thin films
typically have smooth interfaces of RMS roughness lower than 100 A. From this model, we
simulate the reflectivity and compare it to our measured reflectivity. Based on the FOM,
the model is then refined. Typically the procedure is to first fit the layer thickness,
and RMS roughness, however, if a good fit is not achieved then we then expand the
parameters to the N and M-SLD of the layers. The N-SLD of the substrate is not fitted
as it is assumed to present a bulk value. Additional layers can be added to the model to
improve the fit, but introduce a large number of extra parameters and so are only used
if necessary. Fitting is stopped once the simulated reflectivity matches best as possible
to the measured reflectivity and a suitable FOM is achieved with a model that is still
physical i.e. physically possible/reasonable—. From the refined model, we extract values
and error bars for layer thickness, RMS roughness, N-SLD, M-SLD and in the case of
SF (where there is a considerable contribution), the in-plane magnetisation angle with

respect to the applied field direction, ~.

Complementary techniques for making a PNR model

When attempting to fit PNR data there are a number of complementary techniques
available. X-ray reflectometry can be used to determine layer thickness, roughnesses and
X-ray SLD, with the advantage of different chemical contrast to neutrons, discussed in
section 2.2. XRR can be fitted in parallel with PNR. This is because they see the same
layer thicknesses and roughnesses, and the X and N-SLD need to agree on the material,
meaning parallel fitting increases the reliability of the model.

VSM can be used to estimate the magnetisation of each layer but this is not as
straightforward to implement as XRR. VSM measures the sample moment, whereas
PNR measures the in-plane magnetisation projection. Therefore the effects such as out-
of-sample plane rotation can lead to differences in an observed moment. The calculation
of magnetisation from the moment measured with VSM carries considerable errors, dis-
cussed in section 2.4.2, which can lead to disagreement with the observed magnetisation
projection with PNR.

We sometimes compare the magnetisation from VSM measurements to PNR by con-
verting pup/F.U. to M-SLD. These calculations have been performed using the equation
for the magnetic scattering length, b" = ;;—hgunElVZ from section 2.2.3, where p, is the
neutron magnetic moment, B; is the magnetic field present in the volume, V;, which is
the atomic density of the material and 375, = 2.645 X 10°. For example, CFO with an
atomic density of 0.0136 atoms/A® and a magnetisation of 3.7 up/F.U.gives an M-SLD
of 1.351 1076/A2.
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2.2.7 Neutron reflectivity experimental setup

The majority of PNR experiments in this thesis have been performed at the D17 in-
strument [148, 149] (ILL, Grenoble, France), schematically shown in figure 2.6, with
a minority of data being collected at the Super-ADAM instrument [150] (ILL, Greno-
ble, France). As such, unless specifically stated, PNR measurements have been per-
formed on D17. D17 is a time of flight (TOF) instrument, but can also be operated in a
monochromatic configuration. TOF measures with a white neutron beam, allowing for
continuously variable resolution and a range of () values to be measured simultaneously.
Monochromatic measurements, on the other hand, offer a constant wavelength resolution
and polarisation, where the entirety of the flux is focused on a single () value, which can
be useful where specific features of reflectivity need to be resolved. Here we describe the
D17 Instrument, a more complete description of the current instrument can be found
elsewhere [148, 149].

D17 is supplied by the cold neutron guide H18 at ILL. An entrance slit which transmits
a beam height of 160 mm is used to capture the vertical divergence of the 150 mm H18
guide, but in typical operation, the entrance slit is open by 10 mm to limit the flux [148].
A low-efficiency uranium neutron monitor is used to correct reactor power fluctuation.
In monochromatic mode, the double disk choppers are stopped in an open position and
a Ni/Ti non-polarising monochromator is used. To select the desired 5.5A wavelength
the focusing guide is rotated 4° to match the corresponding Bragg reflection. In TOF
mode, the rotating-disk chopper pair is activated in order to pulse the beam. A pair of
collimator slits are used to define the beam size and horizontal divergence. The top and
bottom of the focusing guide are coated with a supermirror with the focal point at the
sample. The data is collected by a time-resolved two-dimensional detector with a spatial
resolution of 2.2 x 5.2 mm? (horizontal x vertical full-width half maximum) [148].

In our experiments, we used polarised neutrons. For monochromatic measurements,
polarisation is provided by a Si/Fe polarising monochromator in a permanent magnet
assembly. In TOF operation, a supermirror S-bender [151] is moved into the beam path to
polarize a large section of the wavelength band from 4 to 20 A, with a typical polarisation
of po > 99 %. Two adiabatic radio frequency (RF) spin-flipper coils are positioned before
the focusing guide and in the detector chamber. If only the R* and R~ reflectivities are
required, only the first spin-flipper at the exit of the focusing guide is used to flip the
neutron polarization. For measurements where R™", R™~, R*~ and R~ are recorded,
both spin-flippers are used in conjunction with an analyser. Polarisation analysis is
performed either by a supermirror for TOF or a *He cell for monochromatic measurements
and off-specular measurements which are expected to cover the full detector [148].

All of our experiments at the D17 instrument [148] (ILL, Grenoble, France) were

performed in polarized time-of-flight (TOF) mode. Measurement times are a crucial
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factor to consider as PNR experiments are given limited beamtime on each instrument.
As such, TOF mode was selected as measuring over a range of QQ values resulted in shorter
measurement times when compared to the monochromatic mode. The PNR experiments
at the Super ADAM instrument [150] (ILL, Grenoble, France) were monochromatic. For
all room temperature measurements, magnetic fields were controlled by a 1.48 T vertical
field electromagnet. For measurements taken at 5K on D17, sample temperature and
magnetic fields were controlled by an Oxford Instruments 7T vertical field cryomagnet.

When using D17, neutrons with wavelengths 4-20 A were used to ensure the constant
polarization of py > 99%. Field measurements at 1.48T and RT were taken to a Q range of
0.003 to 0.22 Q.. When using Super ADAM we used a neutron wavelength of 5.2 A, with
a polarization of py > 99%. The field measurements at 1.48 T were taken with a Q range
0f 0.001 to 0.10 Q,. D17 TOF data reduction was performed using the COSMOS software
[152]. Super ADAM data reduction was performed using the PySAred package [153]. The
data reduction includes corrections for over-illumination (Super ADAM only), direct
beam normalization, polarization inefficiency, angle misalignments, monitor calibrations,

background subtraction, and curved samples.
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Figure 2.6: Institue Laue Langevin (ILL) instrument D17 [148].

2.3 X-ray diffraction

X-ray diffraction (XRD) is a powerful characterisation technique for thin films and het-

erostructures. Its ability to probe inter-atomic distances means a sample’s crystal struc-
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ture can be observed. The super-exchange interactions in ferrites mean that crystal
structure and magnetic properties are strongly interlinked, and so characterisation with
XRD is necessary to understand the magnetisation of these thin films and heterostruc-
tures. Many excellent resources exist which describe diffraction [134, 140, 154-158]. Here
we highlight some key results and how they are used to extract structural information

from thin film heterostructures.

2.3.1 Scattering and differential cross-sections

If some flux, @, is incident on a medium, then the cross-section, o, of that medium is the

ratio of scattered particles vs the incident flux,

(total number of particles scattered per second)
@ )

(2.39)

Otot —

where ® has the units area™! time™!

, giving o units of area, hence cross-section [140]. It
is necessary to count the number of X-rays (or neutrons) which have been scattered from
some medium and arrived at a detector placed at some spherical angle. It is assumed
that the distance to the detector is large compared to the dimensions of the detector
and the medium, such that the small solid angle d2 subtended by the detector and the
medium are well defined. Using polar coordinates to describe the scattering, shown in
figure 2.7, where the direction of the scattered neutrons is 6 and ¢, the differential cross

section is defined by,

do  (total number of particles scattered per second into dS) in the direction 0¢)

a0 P d§)

(2.40)
Meaning in a real experiment, the differential cross-section is what will be measured

(excluding any neutron spin states) [140].

2.3.2 Bragg diffraction from a rigid crystal

Crystals are periodic arrays of atoms. An example 2D single crystal is shown in figure
2.8. For a three-dimensional crystal, the lattice points are displaced from the origin by
lattice vectors,

1 = nia+ nab + nzc, (2.41)

where ny,ny and ng are integers.
If an incident beam, treated as a planar wave with wave vector k;, is elastically scatter-

ing from a crystal, then the differential cross-section in the far-field limit is proportional

(i)~

to
2

, (2.42)

N

_iQR;
E blje J
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Figure 2.7: Vector diagram for proton or neutron of incident wave vector k; and final wave
vector k; scattering elastically through an angle of 6, into a small detector area of dS.

where b;; is the scattering length of the jth atom located at R; and Q = k; — ky is the
scattering vector [140]. If a nucleus has a position R;, away from an atom at a lattice

vector 1 by lattice a spacing d,, where,
Rj, =1+d,, (2.43)

such that,
2

, (2.44)

dU) _ iQ-1 iQ-dn
— | = e bqe
<dQ ; ; ¢

then coherent (Bragg) scattering will occur when all terms in this sum equal 1. This

means QQ must be,
Q = ha* + kb* 4 Ic*, (2.45)

where h, k and [ are integers and,

2mb X 2me x 2ra x b
ok = 2T c bt — TC X a ¥ = Ta 7 (2.46)

a-(bxc) a-(bxc) a-(bxc)
are the reciprocal lattice vectors [140], such that for example a-a* = 27 and a- b* = 0.
This means that strong elastic scattering occurs when Q is equal to a lattice spacing in

reciprocal space,

Q= Guu (2.47)
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Figure 2.8: Diagram of a 2-dimensional crystal of in-plane lattice spacing d in real and
reciprocal space, showing scattering of an X-ray with initial and final wavevectors k; and k¢,
and incident and scattered angles 0; and 0, leading to a momentum transfer vector Q.

known as the Laue condition where,
thl == ha* + /{b* -+ lC*. (248)

This is shown in figure 2.8, where in reciprocal space the Q vector is matching the spacing
of the crystal, fulfilling the Laue condition. Using the set of all reciprocal vectors Gy,
with the properties that Gy is normal to the plane (hkl) and that |Gpy| = %, the
Laue condition can be written as,

47 2

—sin(f) =

- 2.49
A dhkl ( )

where the definition of Q has been taken from section 2.2.1. Equation 2.49 rearranged
gives,

A= thkl sin(@), (250)

known as Braggs law. This equation is typically presented as,
nA = 2dhkl Sin(&), (251)

where n is an integer which refers to the diffraction order.

2.3.3 X-ray diffractometer

The standard experimental set-up for our X-ray diffraction (XRD) (and X-ray reflectiv-
ity) measurements was as follows. The measurements were performed on the Panalytical
Empyrean X-ray diffractometer. Measurements were performed at room temperature

and no field with a Cu anode source. The components of an X-ray diffractometer are
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shown in figure 2.9. For the incident side, a fixed divergence slit 1/16 to 1/32 inches was
placed before the focusing optic. We have used two optics, a monochromatic linear beam
divergence optic producing a K, wavelength of 1.5406 A and a Bragg-Brentano para-
focusing optic. For the receiving side, after the sample stage, we use an anti-scatter slit
between 1 and 1/16 inches, then a beam collimator with Soller slits of acceptance angles
of 0.04 RADs, then an automatic attenuator and before the detector, a receiving slit of
between 1/16 to 1/32 inches. The detector was a one-dimensional scintillator detector.
For XRD, due to the lower intensity of the scattering, it was preferred to use wider
1/16 slit widths. All XRD measurements were taken after alignment to a sample Bragg
reflection, with 6; = 6y and Q normal to the sample surface. For measurements with
reflectivity, it was preferred to use the smaller 1/32 fixed divergent and receiving slits to
lower the angular divergence, as the error in the measured (), in these experiemnts is a

combination of the fractional errors from A and 6, given by [130],

AQ: \/ AN, A0
=\ - )% 2.52
Q. (57 ) (2.52)
X-ray detector
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T, < =
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Figure 2.9: Components of a diffractometer [159]

2.3.4 X-ray diffraction on thin films

Diffraction from thin films gives us crucial information about the samples’ crystallinity.
There are several important structural types that we consider for our samples when
performing XRD normal to the sample surfaces. For an amorphous sample, there is
no regular array of atoms and so no sample diffraction peaks will be observed. For a
polycrystalline sample, multiple crystalline orientations will be present normal to the
sample surface, leading to multiple diffraction peaks from each orientation. An in-plane

textured sample presents a single crystalline orientation normal to the sample surface
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Figure 2.10: XRD measured on a crystalline CFO thin film, where the film CFO [111] and
substrate Al;03[006] Bragg peaks can be seen.

but may have different crystallographic orientations in the sample plane. An epitaxial
sample is considered a single crystal. When measuring XRD normal to the sample
surface, epitaxial and textured samples will both only present one orientation and so
they cannot be distinguished. To distinguish an epitaxial structure from a textured
structure, a full reciprocal space map is needed [160].

An example of XRD using the setup described in section 2.3.3 with the monochro-
matic optic has been taken on a thin film sample, shown in figure 2.10. As Q is normal to
the sample surface, the out-of-plane (OOP) crystallographic orientation has been probed.
The Bragg reflections have been fitted using a Gaussian profile in the Python program-
ming language with the scipy.optimize.curve_fit function. From the fitted Gaussians, we
extract peak values and error bars. Using equation 2.51 we then calculate the sample,

dsample, spacing. The d spacing between lattice planes for cubic systems is given by,

a

g = ———.
hkl h2+k2+l2

where a is the lattice constant. Using equation 2.53 with the known bulk lattice con-

(2.53)

stants for a sample, we calculate the expected dy,;. for a given orientation and can then
distinguish which orientation is present. Once the orientation is known, if there is a
difference between dp,, and sample dggmpie, the sample is strained, where the percentage
strain is given by,
¢ — Jsamwte = doutk 0 (2.54)
dpuik
As such, we measure XRD normal to the sample surface to discern a sample’s crystalline

structure, orientation, lattice constant and out-of-plane strain.

2.3.5 Laue oscillations

If a film is sufficiently crystalline and planar, weak subsidiary maxima can be observed on

the sides of Bragg reflections, known as Laue oscillations. Specifically, Laue oscillations
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are diffraction from the longest region of coherent unit cells, d.,,. The positions and
intensities of these satellite reflections are predicted by the Laue interference function
[161-163],

sin(5Q.)?
Sin(%Qc)2

where c is the lattice constant, Q is the scattering vector and N is the integer number of

1(Q) o (2.55)

coherent diffracting unit cells. Figure 2.11 shows an example of a measured [222] peak
from a [111] orientated CoFeyOy4 thin film. The Laue oscillations have been simulated
using the python programming language with the scipy.optimize.curve_fit function. The
lattice parameter is calculated before fitting, discussed in section 2.3.4. From the fit we
extract a value and error for the N unit cells, which multiplied by the lattice parameter
gives deop,.

As discussed in section 2.2.4, reflectivity observes Kiessig fringes, which come from
changes in N and M-SLD profiles from the top and bottoms of layers. Laue oscilla-
tions observe the crystalline structure and are sensitive to disorder. This makes the two
techniques complementary, as Kiessig fringes will observe the total layer thickness, while

Laue oscillations will observe the longest coherent crystalline length.
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Figure 2.11: Measured and simulated XRD showing both Bragg peaks and Laue oscillations.

2.3.6 Scherrer equation

Paul Scherrer published an equation in 1981 known as the Scherrer equation [164], which
describes the average crystallite size in a system from the breadth of its Bragg peaks,

given by,
KX

= oot (2.56)
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where A is the X-ray wavelength, (8 is the integral breadth of the sample Bragg peak in
radians, K is a dimensionless shape factor typically taken as 0.9, and 6 is the angle of
the Bragg peak. Generally, this value can be taken as a lower bound of the crystal size.
When applied in thin films, assuming an out-of-plane (OOP) peak is measured, the peak
broadening is caused by the average coherent crystalline length OOP, such that L = d.,,
from section 2.3.5.

A conventional approach is that the integral breadth of the pure sample profile g
is separated from the observed profile B by subtracting the instrument profile b. If all
profiles are assumed to be Lorentzian then B = b+ 3, and for Gaussian this is B? = b?+3?
[165]. We found for our samples a Gaussian profile best approximated the Bragg peaks.
The sample and instrument peaks were fitted using the python programming language
with the scipy.optimize.curve_fit function. The integral breath was taken as the full-
width half maximum (FWHM) of the Gaussian. From the fit, we extract values and
errors for the FWHM and Bragg angle for sample and instrument peaks. When using
a monochromatic optic, A was taken from the K, 1.5406 A. For the case of a non-
monochromatic optic, there will be two Gaussians superimposed from the K, and Kj
wavelengths. In this case, we fit a double Gaussian where the FWHM of the Gaussians
are coupled parameters. Once all the required parameters are known, d.., for the sample
can be calculated from the Scherrer equation.

If the sample is strained then the sample peak will be broadened by 8 = 3, + [5,,
where (,, is the integral breadth from the crystallite size and £, is the integral breadth
broadening due to the lattice strain, given by [165],

__ b
4tanb

% 100. (2.57)

This is the same ¢ discussed in section 2.3.4. As both the d.,, and € broaden the sample
peaks, but by differing amounts depending on 8, multiple Bragg reflections need to be
measured in order to separate the two. Once multiple values for § have been calculated,
the strain can then be calculated via the x-intercept and gradient from a plot of Scosf
vs 4sin 6, an example can be found in reference [166].

Values of crystallite size calculated using the Scherrer equation are generally used as
estimates as they carry significant errors. This error comes from multiple origins. The
value of the shape factor K can vary depending on the definition of the ’breadth’ of the
crystal, crystalline shape and crystal direction [167]. Error is introduced by assuming the
peaks are either Gaussian or Cauchy [168]. By subtracting b from B the fractional error
becomes larger. Due to these errors, the measurement of d.,, from the Laue oscillations
is considered to be more reliable.

The error associated with using the Scherrer formula makes the calculation of strain
difficult with our sample systems. The NFO and CFO [111] direction will produce four
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peaks in a 100° 20 range, giving only four data points. An x-intercept and gradient
calculated from just four points, all with considerable errors, would not be reliable and

so we do not attempt to calculate strain with this method.

2.4 Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) is a powerful tool for characterising the magnetic
properties of thin films and heterostructures. Superconducting quantum interface device
(SQUID) VSMs such as the Quantum Design MPMS VSM which we have used, have the
ability to measure to high fields of up to 7T, alongside short averaging times and fast
ramping speeds. This means we were able to measure high-resolution hysteresis loops to

high fields, with reasonable data acquisition times.

2.4.1 Working principles

The creation of the VSM is accredited to S. Foner [169]. The operation is based on the
flux change in a coil when a magnetized sample is vibrated in close proximity. The sample
is attached to the end of a non-magnetic rod, made with for example carbon fibre, which
is attached to a mechanical vibrator. The oscillating magnetic field of the sample induces
an alternating electromagnetic force (EMF) in the pickup coils, according to Faraday’s
law [170]. As sample sizes are small [12], typically less than 1 g, the EMF needs to be
amplified by lock-in amplifiers. An advantage of VSMs is that they can be adapted to
high and low-temperature measurements as only the sample and vibrating rod needs to
be heated or cooled. A diagram of a typical VSM can be seen in figure 2.12. The main
advantage of measuring using this technique is the ability to probe directly the magnetic
moment of the sample and therefore the magnetisation M, while effectively ignoring the
applied field H.

Measurements have been made using either a Quantum Design MPMS3 SQUID VSM
or a custom-built VSM at the University of York, School of Physics, Engineering and
Technology. A SQUID is based on the tunnelling of superconducting electrons across a
very narrow insulating gap, called a Josephson junction, between two superconductors.
When a changing magnetic field is applied, the design of a SQUID is such that it can
detect a single flux quantum, giving an extremely high sensitivity to the magnetisation
[12], of down to 107® emu. As such, for measurements which are used to calculate the
magnetisation of a sample, we use a SQUID VSM. Measurements can be made in either
DC mode or VSM mode. In DC mode, the sample is moved back and forth one time
through a 2"? order gradiometer, producing a voltage waveform which is then fitted to
calculate the sample magnetisation. This comes with several disadvantages, mainly long

measuring times of around 30 seconds per point and would only be considered for use
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Figure 2.12: VSM working in a superconducting solenoid. The oscillating sample motion is
provided by a linear motor [12].
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with samples that are too large or unsuitable to be vibrated [171]. Our measurements
have been performed in VSM mode. In VSM mode, the sample is oscillated near the
centre of the gradiometer, producing a voltage waveform of a parabola, such that the

measured signal becomes a quadratic [171],
V(t) = C2, (2.58)

where C is the amplitude of the response, which is then converted into a magnetic moment
via a system-dependent calibration factor and z is the time dependant sample position
given by,

z = Asin(wt), (2.59)

where the angular frequency is w = 27 f and A is the amplitude. This leads to a voltage

waveform of],
2

V(t) ~ CA®sin® wt ~ %[1 — cos 2wt]. (2.60)
. The physical origin of 2w is that the sample will pass by minimum and maximum twice
during each oscillation period. Measuring in VSM mode allows for several advantages.
Mechanical noise is mostly linked to w and so by measuring 2w this is largely ignored
[171]. The signal is proportional to A2, meaning for a sample where there is a weak
magnetisation, the oscillation amplitude can be increased to increase the strength of
the voltage signal. Measurements can be taken very rapidly, where we typically use a
one-second averaging time per point. All our measurements were taken with a 4 mm
amplitude and 14 Hz frequency. The custom VSM at the University of York has been
used for angular-dependent measurements. These measurements were performed by Dr.
Stuart A. Cavill, University of York, School of Physics, Engineering and Technology. For
these measurements, the sample rod rotates such that the field is orientated between the
sample plane at 0° and along the surface normal at 90°.

When determining magnetisation it is normally important to consider the demagneti-
sation field, as this can dramatically affect the true field felt by the sample. For all VSM
measurements where we present values for the magnetisations, the field H applied was
in-plane, where the demagnetisation field in thin films is small or negligible [12], and so

is not considered in this section.

2.4.2 Data reduction

With real samples, multiple layers lead to multiple magnetisation dynamics. For exam-
ple, a ferromagnetic layer may be placed on a paramagnetic or diamagnetic substrate,
these effects are shown in figure 2.13. Any VSM measurements would be sensitive to
all magnetisation dynamics and so need to be separated through data reduction. Fig-

ure 2.13 d) and e) shows for combined paramagnetism/diamagnetism and ferromagnetic,
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Figure 2.13: M vs H diagrams for various magnetisation dynamics. P/D + F represents the
combined paramagnetic/diamagnetic and ferromagnetic responses.

once the sample is ferromagnetically saturated, the remaining slope is caused only by the
paramagnetic or diamagnetic signal. To correct for these effects we calculate the gradient
or susceptibility from data points at high fields above where the sample has ferromag-
netically saturated. The susceptibility is then subtracted from the data. Diamagnetism
is temperature independent [12] meaning it is best to take this magnetic susceptibility
at room temperature. Paramagnetism is temperature dependent [12] and a magnetic
susceptibility needs to be calculated at each given temperature. Once all present dia-
magnetic or paramagnetic susceptibilities have been removed, only the ferromagnetic
response will remain.

Magnetisation values are typically presented in either emu/cc or pp/Formula Unit
(F.U). To convert the magnetic moment measured from VSM into magnetisation, the
sample volume needs to be calculated. For thin films, this volume is assumed to be a
cuboid. To measure the surface area, a photograph of the sample is taken and then
using the image processing software ImageJ [172], the number of pixels is counted and
converted into an area. A systematic issue with this method is that the resolution of
the camera, relative focus on the sample and shadowing effects from sample growth will
all blur the edges of the sample, increasing the error on the measured area. The sample
thickness can be taken from models of XRR, PNR or both fitted in parallel. As XRR
is not sensitive to magnetisation, this technique is less ideal, especially for magnetic

heterostructures as there can be regions of zero magnetisation which will be counted
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towards the total magnetisation volume. PNR is clearly preferred as the exact volume
of any regions of magnetisation can be taken. Using layer thicknesses taken from either
XRR or PNR will introduce additional errors as the layers have uncertainty from the
RMS roughness. Once the sample volume is known, the measured magnetic moment can
be converted into emu/cm? or if the crystal formula unit cell is known, into pg/F.U..
For example, here we calculate the magnetisation for a CFO thin film with a surface

2 a thickness of 300 A and a measured moment of 1.5 x 10~% emu. The

area of 25 mm
sample volume is 7.5x 1077 ¢cm?, giving a magnetisation of 200 emu/cm?. To convert this
magnetisation into ug/F.U., we used a conversion factor of C = 1.0783 x 10?° g /emu
and one formula unit for CFO. CFO is FCC and has a lattice constant of 8.383 A [14],
giving a unit cell of 589 A% which has 8 F.U. per unit cell, giving 74 A%/F.U. or 74
x1073% m?/F.U.. The magnetisation emu/cm? is converted to meters by multiplying by
1/1075m? /em?® such that the units are €% x LB x M0 — 45 This gives 1.58 pup/F.U.
for this CFO thin film.

Before taking a measurement the sample must be aligned to the VSM pickup coils,

such that the centre of the sample is aligned with the centre of coils at the middle point
of oscillation. Any misalignment will lead to a reduced value in the measured moment.
Misalignment is a larger concern during measurements involving large temperature vari-
ations, as this can lead to thermal expansion or contraction of the sample rod. To avoid
this, the sample rod is typically made of a material with a low thermal expansion coeffi-
cient. A further correction can be made via a 'touch down’ operation by the VSM. Here
the sample rod makes contact with the base of the VSM, allowing for a measurement of
its length. The normal sample rod length is known and so the expansion or contraction
can be corrected without re-aligning the sample.

As such, even with the excellent sensitivity to magnetisation from SQUID VSM,
the errors introduced from both misalignment and volume normalisation can lead to

considerable uncertainties in the final values of magnetisation.

2.4.3 Calculation of coercive field, H,

We measured VSM in field steps, often meaning we did not exactly measure the H,,
but slightly before and slightly after. The H. was calculated from the x-intercept of
a line plot between the last two points before and after H.. To estimate the error on
this value, we model a branch of the sample hysteresis loop with a sigmoid function
combined with a linear polynomial, using the python programming language with the
scipy.optimize.curve_fit function, we fit the model. With this model of the hysteresis
loop, we then increase the point density to simulate a VSM measurement with a smaller
field step size. The value of H. from this simulation shows how much the measured H,

might have changed with a smaller field step size. We then took the difference between
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the simulated VSM H, with a high point density and the measured H,. as the error of
H..



Chapter 3

NiFe-O, and CoFeyO, single film

experiments

In this chapter, we investigate thin films of CoFe;O4 (CFO) and NiFey,O4(NFO) grown
on Al,O3 (ALO). C17, C49, N20 and N45 are single film CFO/ALO (174A £7A),
CFO/ALO (491A+3A), NFO/ALO (199A+3A) and NFO/ALO (449 A +8A), re-
spectively. Film thicknesses are not nominal, but taken from PNR measurements in
section 3.2. We have investigated these films both to observe how growth on ALO will
affect their structural and magnetic properties and to characterise these films for later

growths in magnetic heterostructures.

3.1 X-ray diffraction measurements

The measured XRD of N20, N45, C17 and C49 are shown in figure 3.1. Only NFO and
CFO [111] sample Bragg peaks were present in the measured 26 range of 6° to 100°,
showing all samples are [111] out-of-plane (OOP) and not amorphous or polycrystalline.

CFO and NFO have bulk lattice parameters of acpo= 8.383 A [14] and ayro=8.346 A
[15], with expected [222] Bragg peaks of 20cro = 37.123° and 20npo = 37.292°. Using
the Bragg scattering equation and method detailed in section 2.3.2, with Miller indices
of [h k1] = [2 2 2] for a cubic system and a copper x-ray source of A=1.5406 A, we have
calculated the lattice constants and strain of the films from the fitted peak values in
table 3.1. These calculations show that N20, C49 and C17 are compressively strained
between -0.376 % to -0.416 %, but N45 shows no strain within the detection limits of our
experiment.

The -0.376 % to -0.416 % strain of N20, C17 and C49 is surprising as the ALO[001]
surface has 8% mismatch on the O-O sublattice with the [111] plane in NFO and CFO,
which was expected to lead to tensile strain [7, 25]. It’s possible that the films are still
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Figure 3.1: Intensity vs 26 of N20, N45, C17 and C49 showing [222] NFO or CFO and [006]
ALO peaks.

under tensile strain in-plane. If the volume of the unit cell has increased to accommodate
this in-plane strain, then the z-axis would remain unchanged. As these samples present
compressive strain in the z-axis, it is more likely that this axis has compressed to accom-
modate the in-plane tensile stain, meaning the volume of the unit cell is more likely to
be unchanged. As the z-compression is much less than 8%, it’s possible that these films
reformed on the ALO surface via misfit dislocations, retaining a single-crystal order and
weakening the effects of strain. N45 does not present a compression in its z-axis. It’s
possible that the strain has relaxed in the bulk of the N45 film, however, C49 is thicker
and is still strained. Given the matching crystal structures and almost matching lattice
constants of NFO and CFO, a difference in strain relaxation length between the CFO
and NFO would be surprising. The volume of the crystal cell in N45 could be larger,
but this is unlikely as a change in crystal volume is a strain effect, and so if no change
in volume is present in the thinner N20, then it would be surprising to see this effect in

a thicker sample.
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Sample | [222] Bragg peak (2) Lattice constant (A) Strain (%)
N45 37.298+0.001 8.346+0.001 -0.001
N20 37.443%0.001 8.315£0.001 -0.376
C49 37.287£0.001 8.34840.001 -0.416
C17 37.28340.001 8.349£0.001 -0.406

Table 3.1: Fitted peak values, lattice constants and strain values of thin film samples taken
from XRD measurements.

By measuring the full-width half maximum of the [222] sample Bragg peaks and using
the Scherrer equation from section 2.3.6, we have calculated the OOP coherent scatter-
ing length of the films, d.,,. For N45, N20 and C17 this gives a d.,, of 408A +£40A,
223 A +22 A and 228 A + 23 A, respectively. By using the Laue interference function dis-
cussed in section 2.3.5, the Laue oscillations around the [222] Braggs peak have been
simulated, giving an additional measurement of d.,,. Using this method we calculate a
oo, for N45, N20 and C17 of 434 A+ 1A, 200 A+ 1A and 173 A £ 1A, respectively. For
C49, the d,,;, could not be calculated as this sample was not measured with a monochro-
matic optic, meaning its Bragg peaks are a combination of the K,; and K,s peaks from
the copper X-ray source. This combination broadens the Bragg peak and Laue oscilla-
tions, meaning it is not possible to accurately estimate the FWHM or measure the Laue
oscillations’ periodicity. Additionally, there is a broad shoulder observed on the substrate
peak which cannot be an effect of the combination of K,; and K,» peaks. This could
be due to the angular range and detector acceptance, leading to an asymmetric omega

integration.

3.2 Polarised neutron reflectivity measurements

PNR has been measured on C17, C49 and on N20 on D17 and N45 was measured using
Super ADAM, descriptions can be found in section 2.2.7. Measurements were taken at
room temperature (RT) with an applied field of B=1.48 T, shown in figure 3.2. The
simplest and best models for C17 and C49 were single layers. The simplest and best
models for N20 and N45 were two layers of different nuclear (N) and magnetic (M)
SLDs.

The values of d..;, from N20 of 223 A +22 A and 201 A +1 A are in reasonable agree-
ment with the thickness measured from PNR of 199 A4+ 3 A, showing this sample has
only one coherent crystalline growth region OOP. N20 shows a gradually increasing N-
SLD profile from the substrate, up to a maximum value of 7.21 107%/A2, close to NFO'’s
expected bulk N-SLD of 7.23 1076/A2? [145]. This gradient could be due to the effects
of strain where the volume of the crystal cell has been reduced, reducing the N-SLD.

However, it has already been discussed that a change in crystal cell volume for N20 is
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Figure 3.2: RT PNR with B=1.48T taken on a) C48 and C17 and b) N44 and N20, and
modelled neutron-SLD (N-SLD) and magnetic (M-SLD) in c) and d). The reflectivity profiles
of N45 and C49 have been scaled by a factor of 100 for clarity. All M-SLD profiles have been
scaled by a factor of 2.

unlikely. It’s possible the gradient is caused by chemical diffusion. Ni or Fe atoms could
be missing from the initial growth. Oxygen is unlikely to diffuse away as all samples are
oxides. It’s possible that aluminium (Al) from the substrate has diffused into the NFO.
Al has a smaller neutron scattering length of b, = 3.4fm, when compared to Ni with a
scattering length of b, = 10.3 fm [145]. The smaller b, of Al would therefore lower the
N-SLD. This gradient could also be caused by structural defects such as dislocations and
anti-phase boundaries.

The values of d..;, from N45 of 408A +40A and 434 A +1A are consistently shorter
than the thickness measured by PNR of 449 A 4+ 3A | with a maximum difference of 41 A.
PNR profiles are made up of Kiessig fringes, which are sensitive to changes in M and N-
SLD, whereas the d.,, is the largest coherently scattering crystal domain. This suggests
that there is an initial smaller growth phase of unknown quality, followed by a larger
crystalline growth phase. PNR on N45 shows an 80 A region of gradually increasing
N-SLD profile from the substrate, up to a maximum value of 7.23 1075/ A2 matching
NFO’s expected bulk N-SLD of 7.23 107%/A? [145], which is then a ~ 370 A region of
bulk NFO N-SLD. This is more evidence that N45 presents two crystalline growth phases.

As discussed, N45 does not appear to be strained along the z-axis. As N-SLD is the
product of a material’s nuclear scattering length and atomic density, the matching N-SLD
of N45 to bulk NFO is further evidence that N45 does not present a change in the crystal
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cell volume. Like N20, the differences in N-SLD in N45’s initial growth region could be
caused by several factors such as chemical diffusion and crystal defects. It’s possible this
initial region allows for the relaxation of N45’s strain, leading to the difference in strain
between N45 and the other films.

C17’s value of d,j from the Scherrer equation is 228 A +23A, from the measuring the
Laue oscillations is 173 A + 1A, and from PNR the sample thickness is 174A £ 8A . It is
not possible that d.,, is larger than the thickness measured by PNR. The values of d.,
from the Scherrer formula can have large errors, discussed in section 2.3.6. The largest
possible value of d.,, is 182 A, meaning the error here using the Scherrer formula is at
least 25%. The d.,, from measuring the Laue oscillations is within the error of length
measured with PNR, suggesting the sample is one coherent crystal OOP. C49 has an
N-SLD of 6.01 107%/A2, 3% below CFOs bulk expected value of 6.17 10-%/A2. The film
shows a uniform N and M-SLD, unlike the NFO films. This is surprising as both NFO
films show a region of N-SLD gradient. If the gradient in NFO is caused by Al diffusion,
we would expect there to be Al diffusing into the CFO. A difference in the number of
crystal defects between C17 and the NFO films is possible but would be surprising given
NFO and CFO have similar lattice constants and crystal structures.

From PNR C49 has a layer thickness of 491 A +8 A and an N-SLD of 6.01 10*6/A2,
the same as C17 and again 3% below the bulk CFO value. Like C17, this film shows
a uniform N-SLD, more evidence that the CFO films are behaving differently from the
NFO films.

3.3 Magnetometry

Measured in-plane (IP) M vs H loops for C17, C49, N20 and N45 at various temperatures
are shown in figures 3.4 and 3.3. Due to the high saturating fields of the samples, M
values have been taken 0.2T after the hysteresis loop closes, where the majority of the
sample is assumed to have saturated.

Total layer thicknesses, magnetisation values and coercive fields extracted from PNR

and VSM measurements are presented in table 3.2.

Sample d (A) I\'ISPNR (IUB/FU) XISVS]\] RT (}LB/FU) 1\’13\/51\,15K ([LB/FU) Hc RT (T) He 5K (T)
N45 44943 1.1140.10 1.01+0.1 - 0.0368 £ 0.0017 -

N20 199+£3 0.57£0.20 0.60+£0.02 1.3040.02 0.0265 £ 0.0004 0.0980£0.0002
C49 491+£8  2.50+£0.08 2.6510.01 0.0430+-0.0041

C17 174+£7  1.7840.08 2.05+0.01 2.80 £ 0.05 0.238440.0027  1.3417£0.0083

Table 3.2: Layer thickness, magnetisation values and coercive field of N45, N20, C48 and
C17 taken from PNR and VSM measurements.

From table 3.2, both N45 and C49 show an increased M, from both VSM and PNR

when compared to their respective thinner samples, N19 and C17. This indicates a
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Figure 3.3: IP B vs ug/F.U. of C17 and C49 at various temperatures. The inset shows the
top right branch of the hysteresis loop up to 7 T.
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Figure 3.4: IP B vs pp/F.U. of N20 and N45 at various temperatures. The inset shows the
top right branch of the hysteresis loop up to 6 T.

thickness dependence on the magnetisation of both NFO and CFO in our systems.

From table 3.2, both NFO films present a lower than bulk magnetisation compared to
2.3up/F.U. [12]. The RT and 5 K hysteresis loops of N20 show an increasing magnetisa-
tion up to 6 T. Both sample measurements have been corrected for linear diamagnetism
and paramagnetism, discussed in section 2.4.2, meaning this increasing magnetisation is
ferromagnetic in nature. Bulk NFO is a soft magnet [173] which is expected to saturate
below 1T. This suggests that APBs are present [27], leading to very large saturating
fields, discussed in section 1.3.2. APBs could then account for the lower magnetisation
of both N20 and N45, as the values of My taken 0.2'T after the loop closed, where the
samples are not saturated. The larger magnetisation of N45 compared to N20 could then
be related to the defect density of APBs.

Crystal defects such as APBs were discussed as a reason why both N20 and N45
present regions of gradient N-SLD profiles. Figure 3.2 d) shows in the same region as
the N-SLD gradients, a gradient in the M-SLD profiles in both NFO films. If APBs
are causing this reduction in M-SLD and N-SLD, then a lower N and M-SLD implies a
larger APB density. This would suggest that N20 has a higher APB density than N45,
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as N45 has a large region of uniform N-SLD. VSM on N45 shows a larger magnetisation
than N20, suggesting it was more easily saturated, supporting this argument. As the
decreased N and M-SLD profiles are both at the interface with the ALO, this is evidence
that APBs are being caused by the ALO surface. As discussed ins section 3.1, these films
may have grown via misfit dislocations, which are likely to produce APBs, discussed in
section 1.3.2,

Both CFO films present a lower magnetisation when compared to a bulk magnetisa-
tion of 3.70 pp/F.U. [12]. The high field measurements on C17 from figure 3.3 show this
film’s magnetisation does appear to ferromagnetically saturate, suggesting C17 does not
have a large number APBs. This means the lower My could be due to other mechanisms.
One possible explanation is the amount of cation inversion, which has been seen to lower
the magnetisation of ferrites [121]. The larger magnetisation of C49 compared to C17
could then be explained by a difference in the inversion parameter or APBs, but it is not
clear if this is a thickness-related effect or an interface effect.

If C17 is not presenting a large amount of APBs; this implies a difference in defect
density between CFO and NFO. Both CFO films present uniform N and M-SLD profiles
in figure 3.2 ¢), supporting this argument. This would be surprising, given both CFO and
NFO has the same orientation, similar thicknesses, the same inverse spinel structure and
very similar lattice constants (Aa/a =0.4%). This could imply that there is a difference
in the effect of the ALO interface between CFO and NFO.

From table 3.2, the increasing values of H. with decreasing temperature of C17 and
N20, with percentage increases of 116 % and 400 % respectively, are in line with experi-
ments on similar ferrite systems [10, 174-178]. Experiments on thin film NFO systems
have measured RT H, values between 0.01 to 0.05 T [11], in agreement with the RT H,
of both N20 and N45.

CFO has bulk H. values of H. (5 K) = 2.5T and H, (300 K) = 0.53 T [179], as
such both C17 and C49 show significantly lower H. values than bulk CFO. The strain is
weak in these films (< 0.5%), and so the stress anisotropy term is weak and unlikely to
have a large effect on the H.. It’s possible these films have a weaker magnetocrystalline
anisotropy constant when compared to bulk.

Angular-dependent (AD) VSM has been measured on C17 and C49, shown in figure
3.5, with 0° representing an IP field and 90° OOP. From table 3.3, C49 shows an increasing
H, and decreasing M, /M, with increasing angle. C49 at 0° presents a saturating field,
Hyss, of 0.72T vs 1.52T for 90°. The comparatively lower M, /M and saturating field
when comparing [P vs OOP indicates an easier IP axis. This easier IP axis could be
due to the effect of stress and shape anisotropy. CFO’s single crystal magnetostricion
constants are A\!%0=(-223 to -590) and A ~ —1/5A1%0 [99]. The film is compressively
strained by -0.416 %, giving a negative sign to o. The stress anisotropy for the [111]

direction will therefore have a negative sign from multiplying the negative ¢ with the
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Angle (degrees) | C49 He (T) C17 He (T) C49 Mr/Ms C17 Mr/Ms
0 0.0430+0.004  0.238440.0027 | 0.312 0.380

15 0.0411£0.0041 0.305

30 0.0434£0.0022 0.292

45 0.0498+0.0014 0.2007£0.0068 | 0.269 0.330

60 0.0605=£0.0012 0.229

75 0.0740+0.0088 0.173

90 0.1080+0.0061 0.175240.0054 | 0.153 0.256

Table 3.3: RT H. and remanence (M,)/Mj; values for C49 and C17 taken from AD VSM.

positive A1, As discussed in section 1.2.3, a negative sign of stress anisotropy will
promote an easy IP axis. Shape anisotropy in a thin film will also promote an IP easy
axis. CFO has a bulk magnetic easy axis in the [100] direction [98]. In our coordinates
system, normal to the [111] plane is 90° meaning the [100] direction makes a 54.73° with
the [111] direction, such that the [100] direction is at 35.27° away from the sample plane,
meaning the [100] easy direction is closer to IP then OOP. This means stress, shape and

magnetocrystalline anisotropy promote an easier IP axis.

1C17
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Figure 3.5: Angular dependant VSM measured on C49 and C17 at RT. 0% is IP and 90° is
OOP. Measured by Dr Stuart A. Cavill at the University of York.

(C49 shows an [P narrowing of its hysteresis loop, lowering its H, value when compared
to both bulk CFO with a H, of 0.53 T [179] and C17, where C17 has an IP H. that is
820 % larger. The H, values of C49 in table 3.3 show this narrowing remains relatively
unchanged between 0° to 45°, but weakens significantly up to 90°. It’s possible this effect
is caused by CFO’s bulk magnetic easy axis, or by stress anisotropy. The CFO bulk
easy axis lies at (100) direction at 35.27° from the sample plane. It is possible that
this narrowing loop is CFO’s magnetisation rotating into its easy direction as the field
approaches zero. Once the angle is above 60°, the magnetisation is rotating too far from
the easy axis, causing the increase in H. and high OOP saturating fields seen in figure 3.5.
However, experiments on thin film epitaxial [001] oriented CFO grown on SrTiO3 have

also shown a narrowing of CFO’s hysteresis loop [180], meaning this narrowing cannot be
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CFO rotating into its easy direction. This narrowing was attributed to stress anisotropy
[180], as our sample is also strained, our measurements support this argument but is
surprising given the small amount of stress (< —0.5%). In these experiments, CFO’s
loop narrowing was found to have a thickness dependence. Interestingly in the thinner
C17, the OOP direction shows a narrowing towards the centre, unlike C49 which has an
IP narrowing. As C17 and C49 are strained by the same amount, this is evidence that
this effect is also thickness related.

From table 3.3, C17 presents a decreasing H, and M, /M; with increasing angle, with a
Hps of 1.35T at 0° vs 1.65 T at 90°. This suggests an easier IP direction in C17, however,
figure 3.5 shows that IP and OOP directions have similar hysteresis loops, suggesting IP
vs OOP anisotropy is weak in C17, and weaker compared to C49 in figure 3.5.

RT angular dependent VSM (AD VSM) has been measured on N20 and N45, shown
in figure 3.6, with 0° representing an IP field and 90° OOP. The H. values of N45 in
table 3.4 shows increasing H. values from 0° to 45°, which then decreases such that the
H. of 0° is close to 90°, showing no strong anisotropy between IP and OOP. The M,./M;
values from table 3.4 decrease with increasing angle and the Hy;s at 0% is 0.39 T'vs 0.54 T,
for 90°, suggesting an easier IP direction for N45. Bulk NFO has an easy [111] direction
[114]. As such this easier IP direction is likely the effect of shape anisotropy, discussed

in section 1.2.3.
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Figure 3.6: Angular dependant VSM measured on N45 and N20 at RT. 0° is IP and 90° is
OOP. Measured by Dr Stuart A. Cavill at the University of York.

For N20, table 3.4 shows minor differences between M, /M, with increasing angle.
figure 3.6 shows similar hysteresis loops for 0° compared to 90°. This shows that the
anisotropy between IP and OOP in N20 is weak. As Bulk NFO has an easy [111]
direction [114], for a [111] oriented film it can be expected that IP and OOP are both
easy directions, however, it is surprising as it means shape anisotropy is weak and weaker
than in N45. NFO does not have large magnetostriction constants, discussed in section
1.3.3, meaning the stress anisotropy term will be weak and so unlikely to have a large
effect.
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Angle (degrees) | N45 He (T) N20 He (T) N45 Mr/Ms N20 Mr/Ms
0 0.0368+0.0070 0.026540.0004 | 0.479 0.254

15 0.0456=£0.0009 0.465

30 0.0476£0.0010 0.425

45 0.050040.0017 0.031740.0060 | 0.373 0.279

60 0.0509=£0.0012 0.304

75 0.045740.0018 0.222

90 0.0389£0.0001 0.0482+0.0013 | 0.178 0.268

Table 3.4: RT H. and M,./My values for C49 and C17 taken from AD VSM.

In figures 3.5 and 3.6, the thinner samples C17 and N20 do not show a strong IP
or OOP easy axis, whereas for the thicker samples C49 and N45, a clear IP easier axis
develops. As discussed, in the CFO films the stress anisotropy is expected to promote
an [P easy axis and similarly from section 1.3.3, NFO has a negative magnetostriction in
the [111] direction and so stress anisotropy would also promote an IP easier axis in the
NFO films. Stress anisotropy is an interface effect, meaning it should be stronger in the
thinner films, however, the thicker films present an easier IP axis, meaning this effect is
unlikely to be stress anisotropy. This could suggest that as both NFO and CFO films
are increasing in thickness, their magneto-crystalline or shape anisotropy is becoming

stronger.

3.4 Summary

This chapter aimed to investigate how growth on ALO would affect the structural and
magnetic properties of thin film CFO and NFO.

XRD showed all films present [111] OOP orientation. N20, C17 and C49 experienced
between -0.376 % to -0.416 % compressive strain along the z-axis. This was much lower
than the 8 % mismatch from the ALO[001] surface for the NFO and CFO [111] directions,
which was expected to lead to tensile strain. The compressive strain in the z-axis is
evidence that the volume of the crystal cell has remained unchanged, where the lower
than 8 % strain could be explained by misfit dislocations during the film’s growth. N20,
C17 and C49 show a d.,, which agrees with the layer thicknesses measured by PNR,
showing that they are a single coherent crystal OOP. N20 showed a gradient of M and
NSLD profile, which could be due to effects such as chemical diffusion and crystal defects.

N45 did not present any strain and showed a d..;, up to 41 A shorter than the sample
length measured by PNR. These effects were attributed to two growth regions in N45.
The initial region presented a lower N-SLD, similar to N20, where potential effects such
as chemical diffusion, crystal defects and strain relaxation are present. In the second
growth region, the strain has relaxed, and NFO presents its bulk [111] unstrained Bragg
peak and N-SLD value.
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Both CFO films presented uniform N-SLD profiles, unlike the NFO films, suggesting
a difference in growth between the materials. This difference could be, for example, the
defect density close to the substrate.

Both N20 and N45 showed a lower than bulk magnetisation for both samples and a
large saturating field, which was attributed to the presence of APBs, which was more
evidence that crystal defects are present and linked to the gradient M and N-SLD profiles
in both films. Both C17 and C49 showed a lower than bulk magnetisation for both
samples, which could be attributed to APBs or cation distribution. VSM on C17 showed
that this sample did not experience a large number of APBs, more evidence that the
CFO films present fewer crystal defects than the NFO films.

C49 shows a narrowing of its hysteresis loop between 0° to 60°, which is attributed
to the effects of strain anisotropy, with C17 showing a narrowing hysteresis loop OOP,
indicating a potential thickness dependence on this effect.

The thinner samples C17 and N20 do not show a strong IP or OOP easy axis, whereas
the thicker samples C49 and N45 present an easier IP axis. This suggests that as both

NFO and CFO films are increasing in thickness, their anisotropy is becoming stronger.



Chapter 4

NiFe-O, and CoFeyO, bilayer effects

investigation

This chapter investigates thin film CFO/NFO bilayers. N27C26 and C19N21 are ALO
[001] grown bilayers of NFO (272A+3A)/ CFO (255A+£3A)/ ALO and CFO (194
A+2A)/ NFO (212A+2A)/ALO, respectively. Sample thicknesses are taken from
PNR and XRR measurements in section 4.3. The motivation for changing the layer
order, such that we grew ALO/CFO/NFO and ALO/NFO/CFO, was to investigate
both the influence of the top layer vs ALO/CFO and ALO/NFO films and how the layer

order reversal affects these materials.

4.1 X-ray diffraction measurements

Figure 4.1 shows measured XRD on N27C26 in a 26 range of 78° to 81°. T'wo peaks can
be seen which represent the [444] Bragg reflections for CFO and NFO, with 260 values of
79.281° 4+ 0.002° and 79.674° + 0.002°, respectively. This gives lattice constants for CFO
and NFO of 8.365 A £0.002 A, and 8.331 A +0.002 A, which compared to the bulk values
of acro= 8.383 A [14] and ayro=8.346 A [15], shows strains of -0.210 % and -0.181 %,
respectively. These strain values are both lower then single films N20, C17 and C49 (all
> 0.3%), and above N45 (0.001 %). Given CFO is grown on ALO in this bilayer and
has a thickness between C17 and C49, it’s surprising that the strain is less. This could
suggest the NFO growth is affecting the CFO layer.

Figure 4.2 shows measured XRD on C19N21 from a 26 of 36° to 39°. A single peak
can be seen at 37.243° 4 0.001°, which is the combination of the [222] Bragg reflections
of the CFO and NFO [222] peaks, with bulk values of 20cro = 37.123° and 20ypo =
37.292° [14, 15]. This peak gives a lattice spacing of 8.357 A £0.001 A. To estimate the
strain from the two superimposed peaks, we have averaged the bulk lattice constants of

NFO and CFO, giving 8.365 A, meaning an average lattice strain between the two films
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Figure 4.1: Measured XRD on N27C26 showing the [444] NFO and CFO Bragg reflections.

of -0.094 %. This is lower then the average strain from N27C26 (-0.196 %), and lower
than the strain of N20 (-0.376 %). Interestingly this could indicate a similar effect as seen
in N45, where an initial region of NFO might have allowed for strain relaxation. The
low strain in both bilayers indicates a similar growth to the single films from Chapter
3, potentially indicating the layer grown on ALO in both bilayers has grown via miss-fit
dislocations. Laue oscillation can be seen on the shoulders of the Bragg reflections. These

oscillations have been simulated, giving a d,, of 407 A+ 1A.
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Figure 4.2: Measured XRD on C19N21 showing a combined [222] CFO and NFO Bragg
reflection.

4.2 Magnetometry measurements

Measured M vs H loops for C19N21 and N27C26 taken at room temperature (RT) and
5K can be seen in figures 4.3 and 4.4. Due to the high saturating fields of the samples,
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M; values have been taken 0.2T after the hysteresis loop closes, where the majority of
the sample is assumed to have saturated. Values of M, and H. can be seen in table
4.1, values for C17 and N20 have been added for comparison as their layer thickness are

similar to individual layers in the bilayers.
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Figure 4.3: In-plane magnetic moment (up/F.U.) vs applied field (T) hysteresis loops of
N27C26 and C19N21 at room temperature, with an inset showing the fully measured field
range.
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Figure 4.4: In-plane magnetic moment (ug/F.U.) vs applied field (T) hysteresis loops of
N27C26 and C19N21 at 5K, with an inset showing where the loops present a step.

Both bilayers at RT present single-step s-shaped hysteresis loops, suggesting rigid
exchange coupling, discussed in section 1.2.4. Interestingly both bilayers at 5 K present
a two-step hysteresis loop. For C19N21 the step is at zero-field and for N27C26 the step
is at 0.4T. This suggests part of the soft layer is able to nucleate away from the hard
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layer. This implies that the bilayers are rigidly coupled at RT and not rigidly coupled
at 5 K. It’s also possible that a step is present at RT, but is too small to see, then once
the samples are cooled down to 5K, the larger difference in H. values of CFO and NFO
makes this step visible.

From section 1.2.4, rigidly coupled systems should present magnetic properties which
are the average of the two layers. To approximate this average we calculated the H, of a
1:1 ratio bilayer based on C17 and N20 at RT and 5K. At RT the H. of the 1:1 bilayer
is 0.133T, above N27C26’s and C19N21’s RT H. by 0.005T and 0.007 T, respectively,
showing reasonable agreement. This is more evidence that the layers are rigidly coupled
at RT. At 5K, we calculate for the 1:1 bilayer a H. of 0.720 T. This is above N27C26’s
H. by 0.08 T. This indicates N27C26 is presenting a lower H. when compared to our
estimate of a rigidly coupled system. It’s possible that NFO is above the critical thickness
for rigid coupling, d.,, as soft layers above ¢, lower the coercivity of the hard layer when
compared to a rigidly coupled system, and as such the overall bilayer, discussed in section
1.2.4. The H, of the 1:1 estimate at 5K is below C19N21s 5K H. by 0.008 T, showing
reasonable agreement. Interestingly this indicates rigid coupling. It’s also possible that
the anisotropy, and therefore H., of CFO in this bilayer has been modified due to the
growth on the NFO [111] surface when compared to the strained ALO [001] growth
surface for CFO in C17. This would mean the 1:1 bilayer estimate is wrong.

Table 4.1 shows that N27C26 has a higher My than C19N21 at both temperatures.
This indicates that when grown on the ALO [001] surface compared to either the CFO

or NFO [111] surface, at least one of the films is showing a change in magnetisation.

Sample Ms (up/F.U.) | Ms (up/F.U.) | He (T) He (T) % He diff
RT 5K RT oK RT vs 5K
C17 2.05+£0.06 2.80£0.06 0.238+0.003 1.342+0.008 464%
N20 0.60+0.02 1.30£0.02 0.027+0.001  0.098+0.001 263%
C19N21 | 1.54+0.05 1.64£0.05 0.140+0.002 0.728 £0.001  420%
N27C26 | 2.004+0.06 2.16 +0.06 0.128 £0.001  0.640+0.002 400%

Table 4.1: Measured saturation and coercive field values from thin film and bilayer samples
at RT and 5 K.

4.3 Reflectivity measurements

To observe the structure of the bilayers and the saturation magnetisation’s of CFO and
NFO in the bilayers, both samples were measured with PNR at a saturating field (B =
15T at RT and B = 2.2T at 5K) and XRR at RT and no field. A structural model
was then co-fitted from both PNR at M, and XRR. To discern how NFO and CFO were
behaving during magnetic switching in the bilayers, field reversal was applied to both
samples (B =1.5T to-1.5T for RT and B = 3T to -3T at 5K), and then measurements
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Figure 4.5: C19N21 measured (symbols) and fitted (solid lines) a) XRR and b) and c) PNR
curves as a function of momentum transfer (Q,) on a logarithmic scale. PNR was measured
at b) RT and c) 5 K. Neutron reflectivity profiles have been shifted along the vertical axis and
separated by dashed lines for clarity.

were taken in a region starting close to zero field and ending after the coercive field
(B=0.05 to B=0.2T at RT and B=0.12 up to B=1.2T for 5K). This data was then
fitted with the structure obtained from fitting at M. Figures 4.5 and 4.6 show fitted
XRR and PNR profiles from C19N21 and N27C26 at RT and 5K (neutrons only) as a
function of momentum transfer Q..

For C19N21 the best and most simple model was, starting from the substrate, a
layer of NFO and then a layer of CFO. This structural model showed a FOMg;,iina =
1.89917'7 for a parallel fit of RT and 5K PNR measured at M, and XRR and was not
significantly decreased by the addition of more layers. For N27C26 the best and most
simple model was, starting from the substrate, a layer of CFO, then an intermediate layer
and then a layer of NFO. This structural model showed a FOMgnuns = 4.2419 x 10717,
whereas a two-layer model without an intermediate layer shows FOMgna = 4.9137 X

10~'7, showing the intermediate layer improves the fit. Both models were fitted with five
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Figure 4.6: N27C26 measured (symbols) and fitted (solid lines) a) XRR and b) and c) PNR
curves as a function of momentum transfer (Q,) on a logarithmic scale. PNR was measured
at b) RT and c) 5K. Neutron reflectivity profiles have been shifted along the vertical axis and
separated by dashed lines for clarity.

independent regions of magnetisation. In both samples, more regions of magnetic freedom
were given to the bottom layer when compared to the top (3 vs 2). This is to allow for the
modelling of magnetic effects from the substrate interface and the CFO/NFO interface in
the bottom layer. The widths of the five magnetic regions were fitted parameters in the
model. The widths of the magnetic regions in N27C26 are, starting from the substrate,
88 A, 116 A, 51 A, 96 A and 177A. In C19N21 the widths of the five magnetic regions
are, starting from the substrate, 63 A, 80A, 71 A, 59A and 136 A. The limit of only 5
magnetic layers, each connected by roughness profiles restricted to less than half their
widths, leads to nonphysical steps in the magnetisation in the model.

The models SLD and M-SLD have been sliced into layers during fitting. The layers
have a minimum width of 0.5 A, however, if the deviation in SLD between slices is smaller
than 0.002/A2 then the layers are combined.

The root mean squared (RMS) roughness of C19N21 at the CFO/NFO interface is
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modelled by a single step profile of 34.9 A +0.2 A. N27C26 roughness was modelled with
a two-step profile of 11 A 41 A for the first step and then a roughness of 24.98 A +0.06 A
for the second step, making total roughness for the two steps of 35 A+ 1 A. This shows
that the heterostructures have very similar overall roughness at the CFO/NFO interface,

but with different roughness profiles.
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Figure 4.7: Modelled SLD profiles (black) and M-SLD profiles (coloured lines) after field
reversal at 1.5T for C19N21 (a) and N27C26 (b), measured at RT. Dashed lines show
converted pp/F.U to M-SLD values for VSM of C17 and N20 at 1.5T. and RT.

4.4 Room temperature magnetisation effects

Here we discuss the saturation measurements of the bilayers at RT to see what effect the
strain imposed by the substrate has on the different ferrites. Indications for this were
presented in Chapter 3, but here we are interested in the impact on the upper layer.
The M-SLD of C19N21 at RT and B=1.5T is shown in figure 4.7 (a). Starting at
the substrate, NFO’s initial 63 A magnetic region presents an M-SLD of 0.254105/A2,
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This is very similar to N20s RT M-SLD of 0.219107¢/A2. In Chapter 3, N20 presented
a gradient in N and M-SLD profiles, indicating potential chemical diffusion or a large
number of crystal defects such as APBs. NFO in C19N21 presents a uniform N-SLD of
7.060 1075/A2 | a2 % difference to NFO’s bulk value of 7.23 1076 /A? [145], meaning large
amounts of chemical diffusion are unlikely. A large am of APBs could be present in this
region close to the ALO interface, similar to the effects discussed in Capter 3, causing
this initial region to not saturate, lowering the magnetisation projection seen by PNR.
Interestingly, the following 78 A region in NFO is flat with an M-SLD of 0.369 ~%/A? and
the next 70 A region leads into the roughness profile towards the NFO /CFO interface,
with a maximum M-SLD of 0.411107%/A2. This shows a magnetisation gradient which
extends beyond the chemical roughness into NFO. This indicates the CFO layer is affect-
ing NFO’s magnetisation. The VSM measurements have shown that CFO and NFO are
magnetically coupled in C19N21. The coupling at the NFO/CFO interface could then
align the magnetisation of NFO to the applied field. This effect decreases with increasing
distance from the interface, leading to a magnetic gradient in the NFO.

In contrast in N27C26 at B=1.5T (b) where the NFO layer is weakly strained (-
0.196 %) there is a more uniform M-SLD profile, where after the chemical roughness,
it presents an M-SLD of 0.409 107%/A%. If we compare this value to the three NFO
magnetic regions in C19N21, their percentage differences are -38 % for the initial region,
-10 % for the middle region and 0.5 % for the final region. This shows that at 1.5T, NFO
in C19N21 has a lower magnetisation than in N27C26.

In both bilayers at RT and 1.5T, NFO presents a lower M, than the experimental bulk
value of 0.840 1076/A? (2.4 pup/F.U.) [12], indicating all films are potentially presenting
APBs. The difference in magnetisation for NFO between the bilayers could then be
explained by a difference in APB density between the films. It was indicated in Chapter
3 that NFO presents a higher APB density closer to the ALO interface. NFO in C19N21
grew on the ALO [001] surface, whereas NFO in N27C26 grew on the almost perfectly
lattice-matched CFO surface (Aa < 0.4%). This difference in growth surface could
explain a difference in APB density between the films, which is more evidence that the
ALO interface is having a large effect on the APB density in NFO.

The M-SLD profiles of CFO at 1.5 T in C19N21 (a) and N27C26 (b) are flat after the
structural roughens, with M-SLD values of 0.743 ~¢/A? and 0.691 10~5/A? respectively.
These values are below CFO’s bulk magnetisation of 1.351 107¢/A? (3.70up/F.U.)[12].
CFO in both bilayers presents a similar value of M-SLD compared to C17’s M, at RT of
0.748107¢/ A2, suggesting a similar growth quality. In chapter 3 it was suggested that
CFO is presenting APBs, but with a lower density than compared to NFO, meaning
another mechanism was also responsible for the lower than bulk magnetisation of CFO.
CFO shows an increase in magnetisation of 8 % going from C19N21 to N27C26, much

lower than the percentage difference seen in NFO. The lower impact of changing growth
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surface for CFO magnetisation compared to NFO is more evidence that NFO is more
affected by the ALO growth surface than CFO, discussed in Chapter 3.

The VSM results showed that N27C26 has a higher Mg than C19N21, indicating
at least one of the layers was presenting a different magnetisation depending on the
layer order. By integrating the M-SLD values from PNR at RT and 1.5T in figure 4.7,
we calculate magnetisations for N27C26 and C19N21 of 1.47 up/F.U. and 1.38 up/F.U,
respectively. This confirms that at RT, N27C26 presents the largest magnetisation of the
two bilayers from both VSM and PNR. As CFO’s magnetisation is weakly affected by
layer order reversal, the difference in magnetisation between the bilayers can be explained
by a change in NFO APBs density driven by different growth surfaces. In N27C26 NFO
is grown on the CFO [111] surface, meaning lower APBs density and easier saturation,
whereas in C19N21 NFO is grown on ALO, leading to high APBs density and larger

saturating fields.

4.5 Room temperature coupling effects

Next, we discuss the magnetization profiles during field reversal at RT. The M-SLDs
after field reversal between 0.05T and 0.2 T in figure 4.7 allows for observation of CFO’s
and NFO’s individual switching behaviour, which can be compared to the single films.

In figure 4.7 in C19N21 (a), NFO’s H, is between 0.1 T and 0.15T, a percentage in-
crease between 270 % and 450 % when compared to N20’s RT H.. CFO’s H, in C19N21 is
between 0.15T and 0.2T, a percentage decrease of between 37 % to 16 % when compared
to C17’s H, at RT. In N27C26, NFO’s H. is between 0.05T and 0.1T, a percentage
increase of between 85% to 270 % when compared to N19’s RT H,, and CFO’s H, is
between 0.15T and 0.2 T, a percentage decrease of between 37 % to 16 % when compared
to C17’s RT H.. For rigidly coupled layers, both layers should nucleate at the same
field during magnetic hysteresis, discussed in section 1.2.4. As CFO and NFO present
different coercive fields in both bilayers, they cannot be rigidly coupled. Some examples
where the magnetisations of CFO and NFO are not colinear can be seen in the M-SLDs
of C19N21 (a) at B=0.1T and N27C26 (b) at B=0.15T.

Figure 4.7 shows in C19N21 (a) a maximum 212 A + 3 A region of magnetic gradient
throughout the NFO layer during the bilayers magnetic switching, the same length of
increasing magnetisation toward the CFO layer observed at 1.5T. Interestingly, N27C26
(b) in the range B=0.05T to B=0.2T now also presents a 145 A + 3 A region of a mag-
netic gradient starting at the CFO/NFO interface and leading into NFO. This magnetic
gradient, along with a none co-linear magnetisation between CFO and NFO, is an indi-
cation of an exchange spring interaction, discussed in section 1.2.4.

The presence of a magnetic gradient in both samples means there is potential in-plane

moment canting away from the applied field at the CFO/NFO interface, which can have
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several important effects on the measured reflectivity. The in-plane moment canting
caused by an exchange spring interaction is linked to magnetisation reversal. During
magnetisation reversal, a sample’s magnetisation can break down from a single-domain
state to a multi-domain state. Here the exchange spring interaction would take place at
each coupled domain in NFO and CFO.

If during magnetisation reversal, the sample remained as a single domain or presented
large enough domains such that they can be illuminated by the neutron coherently in
the sample plane, and moment rotation was in-plane making some angle v with the
applied field direction, this would lead to a mixture of NSF and SF reflectivity profiles.
as discussed in section 2.2.5. Without an analyser, the combined SF and NSF channels
are measured. The addition of the SF scattering leads to a reduction in spin-asymmetry
between the NSF channels. The full magnetisation is present in the combined NSF and
SF reflectivity, but without knowing contributions from the SF, the determination of the
magnetisation is more difficult. The reduced spin-asymmetry can therefore appear as a
reduced magnetisation, though this is not the case physically.

During magnetisation reversal the domains could be small such they were within the
neutron coherence length in the sample plane, typically between 600 nm < £ < 60 pum,
as discussed in section 2.2.5. Specular reflectivity averages over the coherence length
incoherently. This means multiple small domains orientated around the applied field
direction are averaged, which can lead to a reduction in the observed magnetisation and
spin-asymmetry.

This means in specular conditions without spin analysis, if during magnetisation
reversal the sample breaks down into large domains or small domains where there is
canting away from the applied field, both will have similar effects on the spin-asymmetry
and so are difficult to distinguish.

To investigate if an exchange spring interaction was present, R**, R*~, R~ and
R~ neutron reflectivity profiles were recorded on N27C26 at RT with an applied field
of B=1.5T and B=0.1T after field reversal. B=0.1T was assumed to be above the
exchange field, allowing the exchange spring coupling to present in NFO, discussed in
section 1.2.4. After accounting for spin-flipper efficiency, no indication of neutron SF
was detected. We also performed full SF analysis on a similar NFO (178 A+4A)/ CFO
(282 A 8 A) heterostructure grown on ALO[001] at both RT and 5K and again saw no
SF signal. The amount of SF scattering is dependent on both v and Q.. No SF scattering
could mean either large domains with a small v, small domains where the average -y is
small, or the SF intensity was too weak to detect.

If the domains are small such that they present a potential step within the neutron
coherence length, this can cause off-specular SF scattering, discussed in section 2.2.5. No
off-specular or SF off-scattering was observed. As off-specular scattering is weak [130],

it’s possible it was present but was below the sensitivity limit of the experiment. It’s
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also possible that the domains are much smaller than the coherence length, leading to
off-specular scatting that is too broad and weak to detect.

It is also possible that the magnetisation reversal depends on mechanisms in which
moments rotate out-of-plane (OOP). As PNR is only sensitive to in-plane magnetisation,
discussed in section 2.2.3, OOP moment rotation would show a decrease in the M-SLD
profile. OOP M vs H measurements on C17 and N20 in Chapter 3 showed in-plane and
OQOP anisotropies without a clear easy direction. This demonstrates that there is some

competition with shape anisotropy, meaning an out-of-plane rotation is possible.

4.6 5K coupling effects

VSM on the bilayers at 5 K, showed an increase in coercive field, the same as the single
films in Capter 3. At RT the bilayers presented almost matching H. values, but at
5K there is a difference in H. of 0.088T. Additionally, at 5K, both bilayers present
two-step hysteresis, loops indicating they are not rigidly coupled. Here we discuss the
magnetization profiles during field reversal at 5K measured with PNR to observe the
individual layer switching and potentially explain some of the differences observed with
VSM.

The 5 K M-SLD profiles in figure 4.8 show for C19N21 at B=0.75T and (b) N27C26 at
B=0.4T non-colinear regions between CFO and NFO, connected by an inhomogeneous
magnetic gradient in NFO, which is characteristic of an exchange spring interaction,
discussed in section 1.2.4. This confirms that the layers are not rigidly coupled, as
indicated by the VSM.
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Figure 4.8: Modelled SLD profiles (black) and M-SLD profiles (coloured lines) after field
reversal at 3 T for C19N21 (a) and N27C26 (b), measured at 5K. Dashed lines show converted
pup/F.U. to M-SLD values for VSM of C17 and N20 at 2.2T and 5K.

The switching field of NFO in each bilayer can be seen in the M-SLDs shown in
figure 4.8. In C19N21 (a) NFO’s H. is between 0.4T and 0.75T. When compared to
the uncoupled N20 film, which presents a H. at 5K of 0.098 T £0.001 T, NFO in this
bilayer shows a percentage increase in H. of between 308 % and 665 %. In N27C26 (b),
NFOs H, is between 0.12T and 0.4T, a percentage increase between 22 % and 308 %
compared to N20 at 5 K. This shows NFO in C19N21 shows a larger increase in H. when
compared to N27C26, the same effect observed at RT. From the PNR at RT, NFO’s H.
in C19N21 increased between 270 % to 450 % and in N27C26, increased between 85 % to
270 % when compared to N20’s RT H..

The differences in NFO H, between the single film N20 and between the bilayers, can
be explained by the behaviour of the soft layer in an exchange spring system. In these
systems, the soft layer is pinned to the hard layer below a critical applied field known as
the exchange field, H.,, discussed in section 1.2.4. This field is the H. of NFO which we
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observe in the bilayers, given by,

T2 A,

Hex = 377 22
SNIRE

(4.1)
where s denotes the soft layer, and A, M and t are the exchange constant, magnetisation
and thickness. This 1/t dependence is likely why N27C26, with a thicker NFO layer,
shows a lower NFO switching field when compared to C19N21.

The switching field of CFO in each bilayer can be seen in the M-SLDs shown in figure
4.8. For CI19N21 (a), CFO’s H. is between 0.9T and 1.2T. When compared to the
uncoupled C17, which presents a H. at 5K of 1.342+0.008, this shows a 33% to 11%
decrease. For N27C26 (b), CFO’s H,. is between 0.75T and 0.9 T, a percentage decrease
between 44 % to 33 % when compared to C17 at 5 K. A decrease in CFO’s H,. is expected
in an exchange spring system, discussed in section 1.2.4. The difference in CFO’s H,
between the bilayers could be due to multiple effects that are difficult to separate. A
difference in strain anisotropy is unlikely to be altering CFO’s behaviour between the
films as CFO in N27C26 shows a lattice strain of -0.210 % and C19N21 shows an average
lattice strain of -0.094 %, meaning both films are weakly strained. The difference in soft
layer thickness between the films could drive a change in CFO switching behaviour. As
discussed in section 1.2.4, the switching behaviour of the hard layer is dependent on
the thickness of the soft layer, t,, on the order of magnitude of two hard layer domain
walls, 20y,. Ferrite hard/soft heterostructures using CFO as the hard layer have reported
exchange spring behaviour, with a critical soft layer thickness of 80 A [21]. In an exchange
spring system, the critical soft layer thickness, d.4, for rigid coupling is twice the width
of the hard layer domain wall, discussed in section 1.2.4, meaning 0., = 26, ~ 80 A. This
gives an estimated &), of thin film CFO of 40 A. The difference in NFO thickness between
C19N21 and N27C26 is 60 A, meaning this difference in t, is of the order of magnitude
of the hard layer domain wall length. This can explain the lower switching field for CFO
in N27C26 compared to C19N21. As CFO in N27C26 is growing on ALO [001], the same
as C17 and C49, it’s possible that the film is presenting the same loop-narrowing effects
seen in Chapter 3, lowering its H. when compared to CFO in C19N21. This interestingly
would support the argument that the loop narrowing is an interface effect from the ALO
substrate.

In figure 4.8 during magnetisation reversal, both bilayers present an M-SLD gradient
into the NFO layer. The region of magnetic gradient in the NFO layer in C19N21 is
212 A 4+ 3A compared to 145 A + 3A in N27C26, showing a clear difference between the
bilayers. It’s possible that this gradient is an effect of the structural roughness, however
in C19N21 the gradient extends beyond the structural roughness. This effect could be
related to the exchange spring coupling. In this coupling, NFO is expected to behave
like a Bloch wall after exceeding the exchange field [51]. The length of this region was
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discussed in section 1.2.4, described as the critical soft layer domain wall length, given

by,
[ Ag
Oes =T oK, (4.2)

where K, is the anisotropy constant of the hard layer. The shorter magnetic gradient

region or wall length in N27C26 when compared to C19N21, assuming a constant A,
implies that CFO has a higher anisotropy constant in N27C26. This is unexpected as
CFO in N27C26 has a lower H. than in C19N21, which would imply a generally weaker
anisotropy for CFO. As discussed, this lower CFO H,. in N27C26 could be due to a
thicker NFO layer when compared to C19N21. In Chapter 3 it was observed that from
C17 to C49, CFO appeared to develop its magnetocrystalline anisotropy, leading to an
easier in-plane direction and crucially lower H, due to a loop narrowing effect. These
results could indicate the same relationship, as CFO in N27C26 is 61 A thicker than CFO
in C19N21. The more developed anisotropy in CFO in N27C26 would then contribute

to both a lower H. and decreased 6.

4.7 5K magnetisation effects

Magnetometry on single film C17 and N20 in chapter 3 showed an increase in My from
RT to 5 K. VSM on both bilayers at 5 K showed an increased My when compared to RT
measurements. To observe this effect in each layer in the bilayers, allowing for comparison
to the single films, we performed PNR at 5K and 2.2T, with modelled N and M-SLD
profiles presented in figure 4.8.

The VSM measured at 5K from figure 4.4 shows that 2.2T was not a saturating
field for these samples. To estimate how far away the samples are from saturation,
we have calculated the virgin hysteresis loops for the bilayers. To do this we took the
magnetisation values at 2.2T from the top and bottom branches of the hysteresis loop
and averaged them. The error is taken as the difference between the calculated virgin
loop and the magnetisation values from the top and bottom branches. With the virgin
loop, we can estimate how far away the bilayer’s magnetisation is from M, at 2.2T. For
N27C26, this gives 85 % =+ 6 % of saturation and for C19N21 88 % 4+ 2 %.

In C19N21 (a) at 2.2T, starting at the substrate, the first 63 A magnetic region in
NFO has an M-SLD of 0.42710~%/A2. The following 78 A region in NFO is flat with an
M-SLD of 0.500 =5/ A? and the next 70 A region leads into the roughness profile towards
the NFO/CFO interface, with a maximum M-SLD of 0.53810/A2. This shows that
NFO is presenting an increasing magnetisation beyond the chemical roughness, towards
the NFO/CFO interface, the same effect seen at RT.

In N27C26 at 2.2T, after structural roughness, NFO presents a uniform region of
M-SLD of 0.533107%/A2. The M-SLD values of NFO in N27C26 when compared to the
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three magnetic regions in C19N21 show percentage differences of, -11 % for the initial
region, -6 % for the flat region and 1% for the final region. This shows that, like at
RT, NFO in C19N21 presents the lowest magnetisation, though the difference between
the two bilayers is now smaller. Interestingly, it can be seen in figure 4.8, that NFO
in both films now presents a similar M-SLD value to N20’s magnetisation at 5K of
0.475107%/A2 which was not the case at RT. This could be caused by measuring at
22T at 5K compared to 1.5'T at RT, which is saturating more of the NFO film.

In both C19N21 (a) and N27C26 (b) at 2.2T, CFO presents a flat M-SLD profile
after the structural roughness, with average values of 0.87210%/A2 and 0.653 10-6/A2,
respectively. This is surprising, as at RT CFO’s magnetisation between the two films
showed an 8 % difference, but now this difference is 34 %. One explanation is that the
CFO is not saturated, due to measuring below a saturating field. C17 at 5K presents
a magnetic saturation value of 1.02210%/A2 which is higher than both values of CFO
M-SLD from the bilayers at 5K, supporting the argument that CFO is not saturated
in the bilayers. C19N21 was estimated to be 88 % + 2% saturated, which can explain
the 15 % difference in M-SLD compared to C17. N27C28 was estimated to be 85% =+
6 % saturated, as such the 36 % decrease in CFO magnetisation compared to C17 is
surprising from CFO. One possibility could be that CFO’s magnetisation reversal takes
place OOP in N27C26. An OOP rotation, combined with large or small domains during
magnetisation reversal, would further reduce the magnetisation projection measured by
PNR when compared to a reduction from the effects of just domains. From Chapter 3,
it was observed that CFO grown on ALO presents a narrowing of its hysteresis loop.
One possibility for this loop narrowing was CFO’s moments rotating into an OOP easier
direction during magnetisation reversal. This same effect could be happening in CFO in
N27C26 as it is also grown on an ALO [001] surface. The larger C17 magnetisation could
then be explained as this was measured with VSM, which measures the total sample
moment, whereas PNR measures the projection of the magnetisation along the applied
field direction. Interestingly, this suggests that CFO in C19N21 is rotating more IP, as
it has a higher magnetisation compared to CFO in N27C26, more evidence that CFO
between the bilayers presents a difference in anisotropy.

Integration of M-SLDs at 5K and 2.2'T of C19N21 and N27C26 gives values of 1.73
pup/F.U. and 1.57 pug/F.U. respectively. This appears to show at 5 K that N27C26 has a
lower magnetisation than C19N21, disagreeing with the VSM measurement. This could
be more evidence that there is an OOP rotation of moments in N27C26, lowering the

magnetisation projection observed by PNR.
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4.8 Summary

By combining thin films of CFO and NFO into heterostructures we have modified the
magnetic properties of the individual films. Bilayer samples C19N21 and N27C26 have
been grown on ALO [001] via PLD. XRD showed that all bilayer samples are [111]
orientated and are weakly compressively strained in the z-axis.

PNR and VSM have been used to characterise the samples’ magnetic properties.
CFO and NFO showed altered coercive fields in the bilayers when compared to single
film samples, showing the layers are magnetically coupled. In both bilayers at RT and
5K, a magnetic gradient has been observed in the NFO layer during magnetic switching
and non-colinear alignment between CFO and NFO was observed. This showed that
the bilayers are exchange coupled and present an exchange spring interaction during
magnetisation reversal.

Measurements taken during magnetisation reversal revealed no SF scattering and no
off-specular SF scattering. As the effects of large domains with combined NSF and SF
scattering, small domains averaged over the neutron coherence length, and OOP rotation
all reduced the spin-asymmetry, it was not possible to observe any in-plane canting from
a potential exchange spring interaction.

Different NFO coercivities were observed between N27C26 and C19N21 which can
be explained by the 1/t dependence on H., in exchange spring systems. Differences in
CFO switching behaviour were observed between the bilayers which are due to several
potential effects. It’s possible that the change in length of the soft layer (NFO) has
altered the switching behaviour due to the exchange coupling. It’s also possible that
CFO in N27C26 presents the same loop narrowing discussed for CFO in Chapter 3,
lowering its H. when compared to CFO in C19N21.

The length of increasing magnetisation in C19N21 in NFO was was 212 A + 3A com-
pared to 145 A 4+ 3A in N27C26. This region was compared to the length of d, in an
exchange spring system, which is proportional to 1/v/2K}, evidence that CFO has a
larger anisotropy energy constant in N27C26 compared to C19N21.

NFO in both bilayers at RT and 5K shows a lower M than bulk NFO. This can be
explained by the presence of APBs in NFO in both films, leading to very large saturating
fields. The larger NFO M, in N27C27, when compared to C19N21, indicates that when
grown on ALO, NFO is presenting more APBs compared to being grown on CFO. This
difference in APBs density leads to a larger bilayer My in N27C26 when compared to
C19N21. CFO showed a smaller change in magnetisation between the bilayers at RT,
and showed a similar My to C17, indicating that the lower magnetisation is not due only
to the effects of APBs, but some other mechanism such as cation inversion. This showed
that APBs play a larger role in NFO’s magnetisation than CFO, which is surprising given

the similar crystal structure and lattice constants of the materials. A lower M-SLD in
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CFO at 5K in N27C26 when compared to C17 and C19N21 was evidence that CFO’s
magnetisation rotates OOP during magnetisation reversal.

This chapter clearly demonstrates that by growing NFO and CFO bilayers on ALO[001],
the film’s individual magnetic properties are modified due to the effects of layer anisotropies,

layer thicknesses, growth surfaces and exchange spring coupling.



Chapter 5

Conclusions and future outlook

5.1 Conclusions

The goal of this thesis was to investigate the structural and magnetic properties of thin
film CFO and NFO grown as single layers and in magnetic heterostructures on ALO.
We chose to investigate ferrites as they are a versatile group of materials which have
attracted large attention in recent years due to a broad range of magnetic and electronic
properties. CFO was selected due to its low conductivity, large magnetostriction and
high magneto-crystalline anisotropy constant when compared to other ferrites. NFO was
selected due to its large exchange splitting, ability to be grown insulating or conducting
and its soft ferrimagnetic behaviour.

Ferrite thin films have been shown to have modified structural and magnetic proper-
ties due to interactions with the substrate, for example, via strain. As such we selected
ALO [001] as a substrate due to an 8% mismatch on the O-O sublattice with the [111]
plane in NFO and CFO, leading to tensile strain.

The similar crystal structures of CFO and NFO meant the materials were highly
suitable for combination into a heterostructure. The relative hard/soft magnetisations
of CFO and NFO made them interesting candidates for studying the physics of exchange
coupling and exchange spring interactions.

PNR was employed, in combination with XRR, to probe the nuclear and magnetic
profiles of samples as a function of depth. This was particularly useful in the investigation
of the magnetic bilayers as it was possible to observe in individual magnetisation of each
film. VSM and AD-VSM were employed to observe the films’ magnetic moments and
hysteresis over a range of temperatures and applied field directions. XRD has been used
to characterise the films’ crystal structure, with the use of both the Scherrer equation and
Laue oscillation function allowing for observation of the number of coherent unit cells in
each film. The combination of these techniques has allowed for a broad characterisation

of samples’ magnetic and structural properties.
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Experiments on single film CFO and NFO samples C17, C49, N20 and N45 have
revealed the modified magnetic and structural properties which are related to the layer
thickness and ALO [001] growth surface. All films show a [111] orientation grown on the
ALO [001] surface. All films showed a lower strain than the expected 8 % from ALO. C17,
C49 and N20 showed a compressive strain in the z-axis, and interestingly N45 showed
no strain in the z-axis. In combination with bulk N-SLD values, this indicated that the
unit cell volume has remained the same in all samples and that misfit dislocations may
have occurred during growth. Simulation of Laue oscillations when compared to layer
thicknesses from PNR show C17, C49, and N20 are one coherent crystalline phase OOP,
showing high-quality growth. The lack of compressive strain observed in N45 could be
due to an initial growth phase which allowed for strain relaxation over a shorter length
when compared to the CFO films.

APBs near the ALO interface could be playing a large role in the behaviour of the
NFO films. PNR revealed regions of reduced N and M-SLD in both N20 and N45 at the
interface with ALO, which can be explained by large amounts of crystal defects. VSM
measurements on N20 showed large saturating fields for the ferromagnetic response at RT
and 5 K, well above the bulk saturating field, which was more evidence of APBs. Both
CFO films presented lower than bulk magnetisation, also indicating the effects of APBs.
However, the uniform N and M-SLDs profiles and VSM measurements which saturated,
indicated a weaker effect of APBs when compared to NFO. This indicated that the ALO
interface causes more APB defects in NFO than in CFO. Interestingly, C49 showed a
narrowing of its hysteresis loop in-plane. This narrowing was present out of the sample
plane in C17. This effect could be related to both stress anisotropy and film thickness.
C17 and N20 films showed weak anisotropy between the in-plane directions and out-of-
plane directions. The thicker C49 and N45 films then showed clear IP easier directions,
indicating the films were increasing their magneto-crystalline or shape anisotropy with
increasing thickness.

Experiments of bilayers of CFO and NFO on samples C19N21 and N27C26 have
shown modified magnetic properties when compared to the single films linked to layer
order reversal, layer thickness and exchange coupling. XRD revealed all samples are
[111] orientated. The values of strain in strain in both samples were lower than the
single films, suggesting the growth of the second layer has modified the observed strain
of the bottom layer. A combination of VSM and PNR results showed that the bilayers
are exchange-coupled. None co-linear M-SLD profiles of both bilayers at RT and 5K
during magnetisation reversal demonstrated that this exchange coupling is not rigid.
Regions of increasing magnetisation into the NFO layers M-SLD during magnetisation
reversal was evidence that the layers were presenting an exchange spring interaction.
The physics of exchange coupled systems are then used to explain differences in the

switching behaviour of NFO and CFO between the systems, highlighting these systems’
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sensitivity to soft layer thickness. Interestingly, a difference in the length of the exchange
spring between the bilayers indicated a difference in the anisotropy energy of the CFO
between the bilayers, potentially showing a strong effect from the ALO surface or from
a small relative change in thickness. Measurements of PNR at 2.2T at 5 K on N27C26
showed a reduced CFO magnetisation when compared to C19N21. This was evidence
that CFO moments were making an OOP rotation during magnetisation reversal, another
indication that the anisotropy of CFO in N27C26 was different than C19N21. Differences
in NFO magnetisation driven by layer order reversal were evidence that the APBs density
is linked to the growth surface. The opposite was true for CFO, where a small change in
magnetisation density driven by layer order reversal was more evidence that CFO was

presenting a lower APB density.

5.2 Outlook and future work

Going forward with these results, some measurements could be used to answer key ques-
tions. We plan to perform transmission-electron-microscopy (TEM) in combination with
electron energy loss spectroscopy (EELS). The images from TEM will allow for observa-
tion of local defect density and give more insight into the film thickness. EELS will allow
for observation of local Fe, Co, Ni, O and Al content in the films. The combination of
TEM and EELS will help answer questions about chemical diffusion in the film, questions
about APBs defects and APB defect density.

Additional XRD will be performed. The XRD measurement on C49 in Chapter 3
will be retaken with a monochromatic optic, potentially allowing for observation of Laue
oscillations. Full reciprocal space maps will be performed on all films. This will give
insight into both the in-plane strain and will allow for the determination of whether the
films are epitaxial or present in plane texture effects. Due to the thickness dependant
properties of both the thin film and bilayers, we have begun a new investigation into the
effects of lowering the bottom layer thickness of NFO/CFO bilayers, shown in Appendix
A.
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Appendix A

NiFe>O, lower layer thickness

invesitgation

Following the thickness-dependent effects observed in the bilayer in Chapter 4, we have
begun a new investigation into how lowering the thickness of the bottom layer of the
bilayer will affect the magnetic properties of the individual layers and bilayer overall.
Here we present some preliminary results into new bilayers, meaning several key mea-
surements are missing and we do not make a lengthy analysis. New bilayers C27N8
CFO (268 A+12A)/NFO (79A £6 A) /ALO[001] and C21N4 CFO (212A+1A)/ NFO
(212 A 43 A)/ALOJ[001] have been grown.

XRD on C27N8 and C21N4 can is shown in figure A.1. Only NFO and CFO [111]
sample Bragg peaks were present in the measured 20 range, showing all films are [111]

orientated along the surface normal and not amorphous or polycrystalline.

:-@\ 1011 i
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> 103 222
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Figure A.1: XRD performed on C27N8 a) and C21N4 b)

CFO and NFO have bulk lattice parameters of acpo= 8.383 A [14] and ay po=8.346 A [15],
with expected [222] Bragg peaks of 20cro = 37.123° and 20ypo = 37.292°. Using the
Bragg scattering equation, described in section 2.3.4, with Miller indices of [h k 1] = [2
2 2] for a cubic system and a copper x-ray source of A=1.5406 A, we have calculated the

lattice constants of the films. To estimate the strain, e = % x 100, of the films from the
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fitted peak values, we have calculated the expected lattice constant based on the ratio
of CFO and NFO in the films. We calculate the measured lattice constant of C21N4 as
8.367 A 4 0.001 A. The calculated expected lattice constant for C21N4 is 8.377 A, giving
a strain of -0.120 %. C27N8 showed a measured lattice constant of 8.375A +0.001 A,
with an expected lattice constant of 8.375 A, showing a strain of 0.007 %.

Figures A.2 and A.3 show fitted XRR and PNR profiles from C27N8 and C21N4, at
room temperature (RT) for XRR and 5K for PNR, as a function of momentum transfer
Q.. For C27N8 the best and most simple model was, starting from the substrate, a layer
of NFO, a layer of CFO and a surface layer. For N27C26 the best and most simple model
was, starting from the substrate, a layer of CFO, then a layer of NFO. Both models were
fitted with five independent regions of magnetization. In C27N8s model, two regions of
magnetic freedom were given to the NFO layer, two to the CFO layer and one to the
surface. In C21N4s model, two regions of magnetic freedom were given to the NFO layer,
and three were given to the CFO layer to give an equivalent level of freedom between
C27N8 and C21N4 models. Both samples were measured after field reversal to -3T.
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Figure A.2: PNR and XRR performed on C27N8. PNR was performed at 5K at 2.8T and
then after field reversal at 3T, between 0.05T to 1.1 T

Figures A.4 and A.5 show modelled M and N-SLD profiles of C27N8 and C21N4.

Tabel A.1 shows layer thickness, RMS roughness, N-SLD and M-SLD from the refined
models of C27N8 and C21N4.

One immediate interesting result is that the magnetic gradient in NFO in C19N21
during magnetic switching, discussed in Chapter 4, is present in NFO in C21N4 and
C27N21. Figure A.6 shows a comparison of these bilayers at 5 K and after field reversal,
at 0.55T. It can be seen that the magnetisation gradient in NFO goes throughout the
NFO layer in C21N4 and C27N8, but relaxes in C19N21.



115 NiFe,O, lower layer thickness invesitgation

® X-ray Data
m== X-ray Fit

100 -

100 N\ ® ++Data
. 4 --Data
10_12 ] 095 T — F|t
‘ — - Fit
Loors JlosT
10718 T T T = T OEI)5 T T T T

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225

Figure A.3: PNR and XRR performed on C21N4. PNR was performed at 5K at 2.2T and
then after field reversal at 3T, between 0.55T to 1.2T

6.75 = N-S|LD —— 28T
6.50 11T m— 07T
m—0.55T m— 0.05T
6.25
<~ 6.00 1
<L
& 5.75 1
o
T = =
9 1.0
7))
0.5
0.0
-0.5
(') 5|0 160 150 260 2%0 360 35;0 400
z (A)

Figure A.4: Modelled N and M-SLD of C27N8 at 2.8 T and after field reversal at 3T, between
005Ttol1lT

Sample | Material Thickness (A) o (A) NSLD (10-9/A2?) M-SLD (10-%/A?)

C27N8 | NFO 79 £6 256 6.77+ 0.04 0.569=+ 0.098
CFO 205.9 £ 12 15 +1 6.15 £ 0.03 0.920£ 0.029

C21N4 | NFO 40 £ 1 8.82 6 6.66 % 0.01 0.496=+ 0.051
CFO 267.7+£ 3 15 +£1 6.09 £ 0.03 0.803+ 0.022

Table A.1: Layer thickness, RMS roughness, NSLD and M-SLD of C27N8 and C21N4
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Figure A.5: Modelled N and M-SLD of C27N8 at 2.2 T and after field reversal at 3T, between
055Ttol1lT
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Figure A.6: N and M-SLD profiles of C19N21, C21N4 and C27N8 measured at 5K and 0.55 T
after field reversal.
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