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Epitaxial Laves phase based alloy and multilayer films grown by molecular beam
epitaxy enable the study of the influence of epitaxial strain upon the magnetic
properties of the materials. In particular, the temperature dependence of anisotropy
constant of highly magnetostrictive materials such as DyFe, and TbFe, synthesized
on a substrate is the signature of the built-in epitaxial strain effect.

The magnetisation reversal mechanism in -DyFe, - YFe, multilayer and
DyFe, / TbFe, alloy films can be described by the principle of coherent rotation.
However, in the case of DyFe, - YFe, multilayer films, if the YFe, layer is
sufficiently thick, the interfacial interaction give rise to the formation of magnetic
exchange springs in the YFe, layer.

The DyFe; — YFe, superlattices form convenient model systems to study the
effect of magnetic exchange springs, since the relative thickness of the DyFe, and
YFe, layers are readily controlled in the growth process. Moreover, the magnetic
exchange springs can be tailored to engineer novel magnetic phases such as negative

coercivity, and magnetic compensation points.
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Figure 1.1  Progress in permanent magnets, with large maximum energy product
(BH)max, as a function of year.

Figure 2.1  The order in which the shells are filled up. The filling starts from the
bottom right to the top left of the table as indicated by the arrows. [2]

Figure 2.2  The main types of ordered magnetic structures.

Figure 2.3  Schematic representation of the relative energy levels of the 24
electrons in the Fe** ion. The direction of the arrows indicates the two possible spin
orientations.

Figure 2.4  Schematic representation of the relative shift of the density of states of
the spin up and spin down bands.

Figure 2.5  Atomic positions in the C-15 MgCu,; cubic Laves phase unit cell. Iron
sublattice forms a network of connected tetrahedral.

Figure 3.1 Diagram of the MBE growth chamber.

Figure 3.2 RHEED diffraction patterns (after E. Grier [17]):

a) from 100 A Niobium buffer (110)

b) from Laves phase superlattice (110).

The streaky appearance of the diffraction patterns for both the materials confirms
their single crystalline nature and a smooth surface.

Figure 3.3  Photography of a typical multilayer sample. (after E. Grier [17])
Bright-field cross-sectional Transmission Electrons Microscopy (TEM) image of the
superlattice [45 A DyFe, / 55 A YFe,] x 40.

The darker (lighter) part of the picture corresponds to the DyFe, (YFe») layers. The
enlargement enables to see the atomic layers.

Figure 3.4
a) Typical superlattice film.
b) Crystallographic orientations within the (110) plane.

Figure 4.1

a) A schematic set up of the vibrating sample magnetometer.

The field lines of the magnetic sample enter the cross section area of both the pick-up
coils, generating a changing magnetic flux.The size of the magnetized specimen is
much smaller than the pick up coils dimensions: by and r.

b) The sensitivity function for a 4000 A DyFe; epitaxial film.

The vibrating specimen is magnetized by a uniform vertical magnetic field of 0.5 T.
It is moved vertically along the z-axis over a distance of 25 mm.
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Figure 4.2  Sketch of a bi-axial vector VSM. The magnet produces a magnetic
field directed along the x-axis. One pair of sensing coils are parallel to the applied
field and sense the magnetisation component longitudinal to the field m = m,. A 2™
set of coils is mounted at right angles to the applied field and senses the

magnetisation component transverse to the field is m, = mj,.

Figure 4.3 Photograph of a sample prepared for magnetisation measurements.
The specimen is a 4000 A epitaxial DyFe, film. The yellow disk is the film of Laves
phase compounds. The green-ish part of the sample is the Nb-Fe buffer layer, which
cannot be removed by the etching solution. The low temperature easy axis of the
4000 A DyFe, film is shown versus one of the sample edges.

Figure 4.4

a) The magnetic hysteresis loop of a 4000 A DyFe; epitaxial film, measured at 10 K.
The dashed lines correspond to the primary M-B loop as given by the VSM. The
diamagnetic sapphire substrate contribution is clearly apparent at high field. The
solid line is the corrected M-B loop, which exhibits saturation feature for large
applied field

b) The room temperature magnetic profile of a [100A Nb /30A Fe] film, similar to
the buffer layer found at the bottom of the epitaxial Laves phase superlattices. The
negative slope of the linear feature is due to the diamagnetic nature of the sapphire
substrate. The step at O T is clearly due to the 30 A Fe seed layer. The curve displays
a small hysteresis loop in low fields.

Figure 5.01 Schematic representation of a cubic crystal Laves phase deformed by
a shear strain as observed in epitaxially grown RE-Fe, films.

a) The top picture shows the cubic Laves phase as found in bulk. At the bottom, the
geometry of the RE-Fe, crystal strained by the sapphire substrate can be seen:
a’ <ay.

b) Sketch of a single crystalline Laves phase in the bulk form.

¢) Compression of the cubic crystal in the growth direction as a result of (d) its
expansion in the film plane.

Figure 5.02 Selection of hysteresis loops of a 1000 A thick epitaxial YFe, thin
film. The magnetic field By, is along the in-plane [001] direction. The larger
magnetization of saturation is obtained at 10K, and it decreases with increasing
temperature.

Figure 5.03 Room temperature hysteresis loops of epitaxial a 4000 A thick YFe,
film for different in-plane directions of the applied field. The magnetisation is in
arbitrary unit (a.u).

Figure 5.04 The in-plane hysteresis loop of a 1000 A MBE grown DyFe; film for
different temperatures, and fields applied along an in-plane [001] direction. By is the
field from which the magnetisation reversal occurs.

Figure 5.05 Magnetic curves of single crystalline DyFe, thin film at 290 K, when
the field is applied along different cubic crystallographic direction.
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Figure 5.06 Coercivity for different angle between the applied field and the
crystallographic direction for single crystalline DyFe, at 290 K.

Figure 5.07 (Bc - Bin) as a function of temperature T for MBE grown DyFe, film.
The dashed line is a linear fit of the evolution of (B¢ — Bj,) versus T, for T > 100 K.

Figure 5.08 Magnetisation curves for single crystalline TbFe, at 290K for
magnetic field applied along different sample crystallographic axis.

Figure 6.1

a) The hysteresis loop of a single-domain particle. The magnetic field is applied
along the easy axis. A, B, C and D designate the points of phase transition.

b) The geometrical configuration of a circular system of single domains particle. Bapp
is along the easy axis and the vector magnetisation Mg, rotates to the direction of the
increasing magnetic field.

Figure 6.2

a) Sketch of the magnetisation arrangement of a magnetic 2-phase system: (i) and (j)
are 2 single domain particles of magnetisation Msm(") and Msm(’) respectively.

b) The system on the left is alternative-ly equivalent to a single domain particle with
an easy axis which results from the combinaison of the uniaxial anisotropy of (i) and

of (7).

Figure 6.3 The in-plane crystallographic directions of the (110) MBE grown
Tb(1.nDy.Fe, alloy films. The growth direction [110] (i.e. the z direction) is pointing
out of the plane of the page.

Figure 6.4 Room temperature magnetisation data of a 4000 A TbosDygpsFe, alloy
film epitaxially grown.

a) Hysteresis loops. Bc is the coercive field and M., is the remanent magnetisation.
b) Polar plot of B¢ for diverse direction of the applied magnetic field. (bullets).

Figure 6.5 Room temperature hysteresis curves of a series of epitaxially grown
terfenol-type film Tb(;.nDyFe,: DyFes, Tbp 27Dy 73Fe), and TbFe,. All the films are

4000 A thick. The field was applied along [ 1 10].

Figure 6.6  Epitaxial strain in Tbg 7Dy 3Fe; (110) thin film.

Thermal evolution of the crystallographic parameters aj, a, in epitaxial form of the
Terfenol-D and apux. Those parameters were deduced from neutron diffraction
measurements [10]. The dotted lines are guides to the eyes.

Figure 6.7 The coercivity Bc of epitaxial Tb(.nDy.Fe- film as a function of the
DyFe, concentration x, at room temperature. The solid line is the theoretical
prediction based on Eq. 6.08.

Figure 6.8  Spin arrangements in DyFe, — YFe, multilayer system when the field
1s decreased from high positive value to O T.
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Figure 6.9 Magnetometry measurements performed at 120 K with Eapp along the

[001] direction. The remanent magnetisation m__ and the coercive field B¢ are

indicated.
a) 4000 A Dy 5YsFe, alloy {ilm grown epitaxially.
b) Epitaxial [SOA DyFe, - 50A YFe,]x40 multilayer film.

Figure 6.10 A selection of the magnetisation curves for the superlattice samples
[x DyFe; - (100-x) YFe>]x40. The magnetic field By is applied along [001].
a) x=80 A b)x=60 A c) x=45A

Figure 6.11 The experimentally determined easy axis coercivity B¢ at 10K, as a
function of x/100 (bullets). The dashed line is a theoretical plot based on Eq. 6.12.

Figure 6.12 Temperature dependence of the coercivity B¢ (bullets) for two
superlattices. The temperature range covered is 10 K up to 260 K. The dashed lines
represent the best fits of the data using the SDWP theory for temperatures below

150 K. The parameters B¢ and C determined from the fit are precised.

Figure 7.1 Low temperature (25K) hysteresis loop for an exchange spring
coupled SmCo/Fe multilayer sample. The single and double arrows indicate
respectively irreversible and reversible switching process. The related spin
configurations are given in the inserts. [3]

Figure 7.2  The evolution of the angle 6; in the monoatomic layer i as a function
of the applied field. The soft phase, constitued of 31 monoatomic layers, is
sandwiched between two infinite hard layers.

Figure 7.3  Schematic spin profile at the hard/soft phase interface.
The front of the drawing shows the approximate orientation of the TM spins in the
soft layer. The background shows a plot of 6; versus i.

Figure 7.4 The generalised reduced magnetisation (cos@) plotted versus

Bapp / Be. In zero field, the spins in the soft layer are anti-parallel to the field. So the
reduced magnetisation is <cos 6> =-1.0

Figure 7.5 The hysteresis loop of [100A DyFe, — 75A YFe,) x 23 multilayer
sample at 100K. The coercivity B¢ and the bending field Bg are indicated. The insert
shows how Bp is experimentally determined from the M-Bgp, loop.

Figure 7.6  The temperature dependence of the the coercive field B¢ and the
bending field Bg of the multilayer sample: [100A DyFe, — 75A YFe,] x 23.

Figure 7.7 Magnetometry measurements of a 4000 A Dyos5YosFe, alloy film
grown by molecular beam epitaxy. The hysteresis loop was measured with the
magnetic field applied along a [001] axis.
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Figure 7.8 Hysteresis curve and spin configurations of the epitaxial film
[100A DyFe, - 75A YFe,] x 23, at different applied field:

a) By, <+Bc b) Bc <Byp <+Bg c) Bapp=+Bs

The measurement was performed at 100K, with the field applied along [001].

Figure 7.9  Hysteresis loop at 100 K of a selection of multilayer samples:
a) [60A DyFe, - 40A YFe,] x 40

b) [75A DyFe, - 60A YFe,] x 30

¢) [75A DyFe, - 100A YFe,] x 23

Mor is the magnetisation of the sample at zero applied field.

Figure 7.10 The M-B loop at 10 K of 3 structures with relative concentration ratio
DyFes>: YFe, 1:1

a) [75A DyFe, - 75A YFe,] x 27

b) [100A DyFe, - 100A YFes] x 20

¢) [150A DyFe, - 150A YFe,] x 13

Figure 7.11 log-log plot of the bending field B as a function of the YFe,
thickness x in [xf\ DyFeg—xA YFe>;] X N multilayer samples. Bullets are the
experimental data and the solid line represents the fitted curve.

Figure 7.12 The universal form of the hysteresis loop of the epitaxial multilayers
[xA DyFe; - xA YFe,;]xN, whith x =75, x =100, x = 150, plotted versus the factor
Bapp / Bs.

Figure 8.1 Schematic diagram of the spin configuration of an FM / AFM bilayer
at different stages (a)-(d) of an exchange biased hysteresis loop.

Figure 8.2  Hysteresis loops for CoO / Cu multilayer with B,p, perpendicular to
the film plane. [26]

Figure 8.3  Magnetisation of a bilayer system calculated by Ref. [25]. The system
is characterised by a partially inverted hysteresis loop.

Figure 8.4 10 K hysteresis loops of DyFe;/ YFe, multilayers with various YFe,
layer thickness w but fixed DyFe, layer thickness of 75 A. The magnetic field is
applied along [001].

Figure 8.5 Hysteresis loop at 10 K and dM /dBgy, the first derivative of the
magnetisation M versus increasing applied field B,pp, for the samples:
a) [80 DyFe, — 20 YFe»] x 40 b) [75 DyFe;— 150 YFe,] x 18

Figure 8.6. Temperature dependence of the switching field Bj, of the sample:

a) [75 A DyFe, - 150 A YFe,] x 18 b) [75 A DyFe, - 100 A YFe,] x 23
The bullets are experimental data extracted from the M-B loop, and the dashed line is
the best fit using the Weak DW Pinning model.



Figure 8.7

a) Schematic representation of the variation of the local anisotropy easy axis with
position with weak exchange interaction between the magnetic moments.

b) Variation of the local anisotropy when a strong exchange interaction unbalances
the local magneto-crystalline anisotropy.

Figure 8.8 M-B loop (B, along [001] direction) at 20 K for multilayer samples
with the thickness ratio x / 4x where:

a) x=20,30,40 A

b) x =45, 50,55 A

Figure 8.9  Minor loops for [50 A DyFe, /200 A YFe,] x 16 at 20 K for various
asymmetric magnetic cycles.

Figure 8.10 Dependence of the coercivity B¢ with:
a) the thickness of the DyFe, layer, b) the maximum reversal field By

Figure 8.11 The hysteresis loop at 20 K of the negative coercivity multilayer
[50 A DyFe, /200 A YFe,] x 16. Also included is the spin arrangement at different
applied field.

a) Development of magnetic exchange springs in the YFe, layer

b) Anti-ferromagnetic state

¢) Magnetisation reversal and simultaneous formation of exchange springs

The large (small) arrows represent Dy (Fe) magnetic moments.

Figure 8.12 Selected hysteresis loop of [60 A DyFe, / 240 A YFe,] x 13 when:
a) the temperature T is below 80 K b) the temperature T is above 100 K.
The field is applied in the [001] direction.

Figure 8.13 Magnetic behaviour of the multilayer [60 A DyFe, /240 A YFe,] x 13
at 100 K.

a) Hysteresis loop for positive applied field B,pp.

b) First derivative of the magnetisation M versus Bgyp. M is the magnetisation when
the field is swept from O to +12 T.

Figure 8.14 Partial hysteresis loop of the sample [60 A DyFe, / 240 A YFe,] x 13,
at 100 K. The sample is initially saturated along [001] by applying a large positive
field. Bumin i1s the maximum reversal field of the minor loop: Byin=-4T, -6 T
and -12 T.

Figure 8.15 Schematic representations of the magnetic moments and exchange
springs in the configuration [60 A DyFe,/240 A YFe,] x 13 multilayer film for
different value of the magnetic field (a, b, ¢, d).

Figure 8.16 Hysteresis loop of [60 A DyFe, /240 A YFe,] x 15 at 100 K, when

the field is applied parallel to [001] and when it is applied parallel to [110]. The
magnetisation is normalised by the value of the magnetisation at 12 T.
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Figure 8.17 Selection of in plane magnetisation curves for the sample
[75 A DyFe, / 150 A YFe,] x 18.

Figure 8.18 Possible association of the magnetic state of the film with bit-data.
The blue arrows show the direction of the DyFe, magnetic moments.

Figure A.1 Typical Laves phase unit cell.

Table 1 Thermal expansion coefficient & of Al,O3;, MgO, CaF, and RE-Fe;
bulk Laves phase at 20°C and 550°C.

Table II Characteristic parameters of DyFe,, TbFe, and YFe, bulk compound.

Table III Coercivity and magnetisation of saturation extracted from the
hysteresis loops shown in Fig. 5.03.

Table IV  The switching field Bj, and the bending field By of the series of the
samples, which the hysteresis loops are shown in Fig. 8.4.
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1. Introduction and project objectives 1

Chapter 1

Introduction

Metallic superlattices and multilayers have been studied for more than 60 years [1].
However, until recently those investigations have had little impact on magnetism
research. The breakthrough occurred during the early 1970’s, when the considerable
advances in vacuum technologies resulted in major progress being made in modern
deposition methods. Using a variety of techniques, it has become possible to
manipulate atomic planes, lines of atoms and small clusters to create new man-made

materials engineered on an atomic scale.

One of these modern deposition methods is Molecular Beam Epitaxy (MBE).
Originally, MBE was reserved for semi-conductor production. But in the late 1980°s
it was adapted to the preparation of magnetic multilayer films. It has revitalized basic
research in magnetism [2, 3]. The MBE technique can be used to grow high purity
epitaxial films. It has enabled the production of magnetic films which are artificially
structured on the nanometre scale. In particular, it is possible to create layered
systems with variable thicknesses made of single crystals or polycrystalline
ferromagnetic, anti-ferromagnetic or paramagnetic materials. For example,
multilayer films can be fabricated so that their properties are dominated by the
interfaces contribution and structurally adjusted to meet desired characteristics [4].
The MBE synthesized structures display many novel properties compared to bulk
materials. Since the physical dimensions of the layers are comparable to certain
characteristic length scales, such as the electron wavelength or the length of
exchange interaction, it is possible to engineer devices with specific properties [5].

Moreover, much of modern condensed matter materials physics, basic and applied, is
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now based on the development of artificial materials in unusual configurations. Two
important technological interests are the miniaturisation of magnetic read heads and
new methods for increasing magnetic storage density. In addition, the excellent
crystallographic structures and well defined dimensions imply that it is feasible to
build theoretical models whose predictions can be compared to the experimental data

with good accuracy.

Another important application is that of increasing the energy product (BH) of
permanent magnet systems. Maximising this parameter requires identifying materials
with a high saturation magnetisation Mg, and a high coercivity B¢ in excess of
B¢ > Mgy [6]. Moreover, the desirable qualities of a permanent magnet material are
a high remanence My, and nearly linear ond quadrant B(H) characteristics. Fig. 1.1
reviews the development of permanent magnets with increasing (BH)ax over the last
century.

Alnico materials, developed in the 1930’s were the first modern permanent
compounds offering considerable magnetic hardness over the magnetic steels
previously available. The manufacturing process consists in precipitating elongated
Fe-Co ferromagnetic particles throughout the matrix of Al-Ni. Their properties rely
on the shape anisotropy associated with the particles. They are characterised by a
(BH)max of 1.5 - 7.5 MGOe, and display excellent corrosion resistance. Due to their
high Curie temperature (~850°C), they are still used for certain applications
nowadays. Nevertheless, they possess a low coercive force, meaning that they can be
easily demagnetised, and must therefore be handled properly. In the mid 1950’s,
ferrites or ceramic magnets became commercially available. They are fine particle
magnets produced by powder metallurgical methods. They exhibit high coercivities,
nearly linear demagnetization curves, and a maximum energy product (BH)my.x of
1 - 3.5 MGOe. The magnetism of ferrites is founded in the high magneto-crystalline
shape anisotropy of the particles. They constitute the most commercially important
permanent magnets because of their low cost, and also because they are particularly
well suited for many applications, including electric motors and capacitors [7].
However, it became apparent in the 1960’s that attempts to further enhance or

improve the magnetic properties of ferrites and alnico magnets were exhausted. The
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search then began for other materials, with high uniaxial magneto-crystalline

anisotropy, high coercivity, and high saturation magnetisation.

(BH),.. (MGOe)

120 : Exchange spring
magnerts

40
30F
20F — £
10f /
Alnico
Steel Fernite - / ) year
1920 1940 1960 1980 2000

Figure 1.1  Progress in permanent magnets, with large maximum energy product
(BH)max, as a function of year.

Rare-Earth / Transition-Metal (RE-TM) intermetallic compound magnets represented
the most promising candidates, and advances in the development of these magnetic
materials over the last 40 years have had a profound and far-reaching impact on
magnetic devices. Because RE metals have a low Curie temperature T (generally
below ambient temperature), they are combined with elements that exhibit both good
magnetic properties and high T¢ (greater than 500 - 600 K), such as the transition
elements of iron, cobalt or nickel. The RE-TM alloy magnets that have received the
most attention include alloys of SmCos and Sm,Co;7. They exhibit a maximum
energy product of 20 MGOe and 30 MGOe respectively. However, the cost and
availability of the principle constituents in SmCo based materials limit their

commercial success. So in the 1980’s a considerable effort was expended to replace
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scarce Co with abundant Fe in combination with RE metals. This, ultimately, leads to
the development of NdFeB based magnets, with (BH)max = 40 MGOe. The Nd,Fe 4B
compound delivers the highest performance ever achieved industrially to date, i.e. a
maximum energy product of 43 MGOe.'

More recently, the properties of layered magnets, at the nano-atomic level, have
attracted much attention [6, 8-14]. The underlying reason for this interest stems from
the work of Coey and Skomski [9] who have argued, on theoretical grounds, that
nano-structured magnets with a giant energy product of 120 MGOe might be feasible,
if the exchange spring mechanism in those materials could be suppressed. Exchange
springs magnets are based on the interfacial coupling of soft and hard ferromagnetic
nano-composites. The hard phase, usually a binary or ternary RE-TM intermetallic
compound, provides high magnetic anisotropy and coercive fields. The magnetically
soft phase (a TM), is pinned by the hard phase through the strong exchange coupling.
The FM coupling between hard/soft phase leads to an enhancement of the
magnetisation, with the added benefit of reducing the overall RE content. To induce
strong exchange coupling, the soft phase must have a high Curie temperature
(T ~ 1000 K). One of the technological advantages of exchange spring magnets is
that they contain less RE content than single component hard RE-TM intermetallics,
which lowers the cost of materials while improving corrosion resistance.

Commercial interests entail that the research into exchange springs magnets is
mainly directed towards nano-dispersed hard and soft magnetic phase structures such
as SmCo-TM (TM = Co, Fe) [10, 15-19]. The magnets are fabricated by rapid
quenching and subsequent annealing or mechanical alloying to form a nano-

composite with randomly oriented hard grains [11, 12].

As mentioned earlier, magnetic exchange springs have been mainly investigated in
ferromagnetically coupled structures, and studies of anti-ferromagnetically coupled
multilayer films are rarer. In this thesis, the magnetic properties of epitaxial Laves
phase multilayer films DyFe, - YFe, have been investigated. This essentially 2-D

system is ideal for the investigation of the physics of magnetic exchange springs in

' Recently, Magnetic Component Engineering Inc. has announced that N5062 a sintered, high energy
product NdFeB permanent magnet alloy is available. It is guaranteed to have a maximum energy
product of 50 MGOe. (http://www.magneticcomponent.com)
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an anti-ferromagnetically coupled layered system. In particular, it avoids the

structural complexities of the random two phase 3-D system discussed by Coey [6, 9].

The aim of this work is to propose a solid experimental and theoretical framework
for the understanding of how to use the characteristics of the single Laves phase
materials in order to synthesize RE-Fe,-based nano-composite structures with novel

magnetic properties.

The magnetisation reversal mechanism of the DyFe, — YFe, multilayer films and the
epitaxially strained Tb(;_sDy.Fe,, is studied. Interest of the Laves phase RE-Fe,-type
material arises from the strong exchange of the transition metal and the large

magnetostriction of the RE.

To elucidate the magnetic properties of the epitaxial Laves phase multilayer and
alloy films, it is important to understand first the basic of magnetism in RE Laves

phase. The origin of their magnetic properties is reviewed in chapter 2.

The growth of the epitaxial single phase RE-Fe, films is described in chapter 3. In
particular, a brief review of the MBE method is given, together with why well

ordered single crystal RE-Fe, films can be stabilized on sapphire substrate.

In chapter 4, the epitaxial RE-Fe, Laves phase (RE =Dy, Y, Tb) are magnetically
characterised. The effect of the strain induced by the substrate on the magnetic
properties of the Laves phase films is also reported, since this has an important effect
on the magnetic properties of the film [20]. Finally, the crystallographic
characteristics of the bulk RE-Fe, material are compared to those of the epitaxially

grown films.

In chapter 5, the experimental methods used to characterise the magnetic films are
detailed. The design and the principle of the Vibrating Sample Magnetometer, the
main investigatory technique used in this work for the magnetic measurements, are

explained. Also, the preparation of the samples for the measurements is described.

In chapter 6, the magnetic measurements of exchange coupled DyFe; - YFe,
multilayer films with thin YFe, layer, and of epitaxially strained Tb(;.,,Dy,Fe, alloy
films are presented and discussed. The magnetic switching behaviour in both the

systems is investigated, and it is shown how to engineer their coercivity. In addition,
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the simplest model of nucleation mechanism in single phase materials by Stoner and
Wohlfarth [21] is reviewed, and it is generalised to heterophase structures.

Theoretical predictions are then compared to the experimental data.

The formation of magnetic exchange springs in the anti-ferromagnetically coupled
DyFe, - YFe, multilayer films is detailed in chapter 7. It is shown that the bending
field, the onset of the magnetic exchange spring, can be engineered by varying the
thickness of the layers. A one-dimensional model is used to describe the magnetic
spin configuration in the multilayer films. Finally, it is proved that the magnetic

properties of a variety of exchange springs can be expressed in a universal form.

Given that the relative thickness of the magnetically hard and soft layers is readily
controlled by the growth process, the impact of micro-structural changes upon the
magnetic profile of the exchange springs DyFe, - YFe; films can be investigated. In
chapter &, the effects of the magnetic exchange springs on the irreversible switching
field of the superlattices are presented and discussed. It is shown that it is possible to
engineer multilayer films which possess negative coercivities. In addition, it is also
possible to grow films that are magnetically compensated. Practical applications for

such magnetic systems are proposed.

Finally, the findings of this work are summarized.
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Chapter 2

Magnetism in Rare Earth and
RE-Fe, Laves phase compounds

Prior to the 1950’s, the study of Rare Earth (RE) materials was scant because of the
difficulty of chemically isolating them. But in the early 1950’s, F. H. Spedding
resumed his programme of producing the pure elements in relatively large quantities.
Then, extensive measurements were carried out on polycrystalline samples of all the
stable RE’s through the 1950’s, and summarised by Spedding et al. [1] at the close
of this early period of RE research.

In this chapter, some of the principles of magnetism are reviewed, with particular
emphasis on the RE and RE transition metal intermetallic compounds.

In the first section, the ‘origin’ of the magnetism, in both RE’s and transition metals,
is explained at the atomic level. Subsequently, the influence of the crystal field
interaction at the RE ions, upon the magnetic anisotropy is briefly described.
Particular attention is paid to the RE-Fe, compounds, whose study forms the basis of
this thesis. Finally, the magneto-elasticity of the RE-Fe; intermetallic compounds is

reviewed.
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2.1 The origin of spontaneous magnetisation

Electrons possess both orbital and spin angular momenta (£, s), which also carry

magnetic moments (geuel , gsuss) respectively. From the periodic table point of view,
the electrons can be viewed as occupying shells. The layers designated by the letters
s, p, and d refer to the orbital angular momentum £=0,1,2 respectively. In the

ground state of an atom, the states are ‘filled’ in order of increasing energy, i.e. the
first electron goes into the lowest energy state, the second into the next lowest, and
so on. The diagram shown Fig. 2.1 is one way to illustrate the order of filling of the

electron energy states.

ey A Ts

N=6 oo 6s| |6p| |64

WG emerersrsseres 5s| |Sp| |5d4| |5F
N=4 e k\4s ap| (44| |4f
s ST 35\‘ 3p; 3d

D s | %1 | 2] N

D=1 s ‘ls \ |

(=0 (=1 (=2 (=3

Figure 2.1  The order in which the shells are filled up. The filling starts from the
bottom right to the top left of the table as indicated by the arrows. [2]

In filling these shells, two rules must be followed. The first rule is the maximisation
of the spin angular momentum S, as dictated by the Pauli exclusion principle: two
electrons on the same shell must have their spin aligned anti-parallel. This prevents

two electrons of the same spin from being at the same place at the same time. The
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second rule is the maximisation of the orbital angular momentum L. According to
Hund’s rule, the spins of unpaired electrons must align parallel to prevent two
electrons from occupying the same orbital. By occupying orbitals with different
magnetic quantum number, the Coulombic repulsion energy between electrons is
reduced, resulting in a more stable system.

In many atoms, the electronic spins and moments are ‘paired off’, giving no net
atomic magnetic moment and leading to diamagnetism. However, in the case of

partially filled shells, the atom shows a net magnetic moment m:
m=—gJl, (2.01)

where g =[1 + (JJ+1)+S(S+1)-L(L+1))/(2J(J+1))] is called Land€’s splitting-factor
and pp =ef /2m, is the Bohr magneton. J is the the total angular momentum, which
is equal to |L - S| when the shell is less than half full and to [L + S| when the shell is
more than half full. When the shell is just half full, the application of the first rule

gives L =0, sothatJ =S.

In a magnetic solid, the overlap of magnetic spin wavefunction gives rise to the
coupling between neighbouring magnetic moments via the so-called exchange

interaction Wj;:

W, =-2J,.5, 5, (2.02)

J

If J.. 1s positive, adjacent moments are aligned parallel and the material is called a
ferromagnet. If J,, is negative, adjacent moments are aligned anti-parallel and the
system can be divided into two sublattices with opposite magnetisation direction. If
the sublattices have equal magnetisation the material is called anti-ferromagnet.

Otherwise, it is called ferrimagnet. (Fig. 2.2)

(a) (b) ()
ittt HHi tititet

Figure 2.2  The main types of ordered magnetic structures.
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As temperature increases, the aligning effect of the exchange interaction is partly
offset by the lattice vibrations. At the Curie temperature Tc, the thermal energy is

high enough to disrupt the spin alignments, and the material becomes paramagnetic.

In the periodic table, there are 5 groups of magnetic materials in which an electron

shell is incompletely filled:

1) the transition metal group (incomplete 3d shell)
2) the palladium group (incomplete 4d shell)

3) the lanthanides group (incomplete 4f shell)

4) the platinum group (incomplete 5d shell)

5) the actinide group (incomplete 5f shell)

In this thesis, we shall be concerned primarily with groups 1 and 3.

2.1.1 The transition metals

Elemental Fe contains 26 electrons distributed from the inner-most shell 1s to the
outermost shell 4s. In the ionic form, Fe** for example, it is characterised by the
configuration 3d 6, where the 3d shell becomes the outer-most electronic shell.

Fig. 2.3 shows the relative energy distribution of electrons in the Fe®* ion.

sl ol el
2w

Is”

Figure 2.3  Schematic representation of the relative energy levels of the 24

. 2+ o . . . . . .
electrons in the Fe”" ion. The direction of the arrows indicates the two possible spin
orientations.
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All the shells from (132) to (3p6) are filled, and therefore cannot give rise to a
magnetic moment. However, the 3d layer is only partially filled with 6 electrons, out

of a possible 10 eigenstates.

In a solid, instead of having discrete energies as in the case of free ions, the available
energy states form bands, containing an enormous number of possible energy levels.
The Weiss molecular interaction field shifts the density of states Dg(E) of the spin up

and spin down bands relative to each other as shown schematically in Fig. 2.4.

Dy(E)

Dy(E) ¥

Figure 2.4  Schematic representation of the relative shift of the density of states of
the spin up and spin down bands.

Once a common Fermi level (Eg) is established, an inbalance between the spin up
and spin down electrons occurs. This gives rise to the spontaneous magnetic moment.
As early as 1938, Stoner proposed a theory, known as the Stoner model or the rigid
band model to explain the spontaneous magnetisation exhibited by 3d metals. [3]

Initially, one assumes the electrons are free. A magnetic field By, is applied and

leads to the splitting of the density of states of the two spin bands. If o/ is the total

number of electrons:

ol =ol; +ol] (2.03)
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(ed; , oA are the number of spin up and spin down electrons respectively), and the

spin polarisation &’ is defined as:

ol -ol;
F=—od>T 2L (2.04)
oy +ed]
then, to the extent that the splitting is small so Ds(E) can be replaced by Ds(Eg), the

energy Eg of the electrons in the band is given by [4]:

ol
E,=— & —ppu,of'B_ & 2.05
B 4DS (EF) HOHB app ( )

The equilibrium polarisation is the one that will minimise Eg. The magnetisation is:

M = e (2.06)
QT

where €2, is the volume per metal atom.

Stoner proposed that the exchange interaction among the electrons be paramatrized

phenomenologically by:

E, = —g(@/r; —et;) (2.07)

ex

where I is the so-called Stoner parameter. It describes the energy reduction due to the
electron correlation.

By adding the Stoner term E. to the band energy Eg, the energy of the band:

ol 1 .
E. = - |- eV B._ & 2.08
B 4 (Ds (EF) ] HOHB app ( )

shows that one can have spontaneous magnetisation (¢ non vanishing with B,p,=0)

if:
Dg(Ep)I >1 (2.09)

Eq. (2.09) is known as the Stoner criterion, and it is perfectly verified in the case of

Fe, Co and Ni.
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In the Stoner model, a rigid shift of the density of states of the spin up and spin down
band occurs: the bands are not a function of magnetisation. More sophisticated

versions take account of how the density of states varies with magnetisation. [5]

2.1.2 The lanthanides group

The Lanthanides or Rare Earths belong to the elements starting from La with an
atomic number of 57, and ending with Lu with an atomic number of 71. They are
often grouped with Yttrium which has similar chemical characteristics.

In practice, almost all the RE atoms have the same outer electronic structure of
557 Sp6 5d' 65> [6]. 5d'6s* are valence electrons leading to RE* jon, and in metals
they become conduction electrons. In similar circumstances to the TM, the outer-
most shells are filled before the 4f shell. Thus, the magnetic properties of the RE ions
are determined by the occupancy of the strongly localised 4f electronic shells, while
the outer s-p electrons are usually involved with bonding and other electronic

properties [7, 8].

For RE, the magnetic spin is:
5.=(g—-DJ, (2.10)
and so the exchange interaction W;; can be written:

W, =-2(g-1°J,.J,7, (2.11)

Among the RE series, it shall be distinguished 2 groups [9]:
o the heavy RE (e.g. Holmium) are the elements with a 4f shell that is more
than half full. The spin S and orbit L are anti-parallel: J =L + S.

« the light RE (e.g. Praseodynium) are the elements with a 4f shell that is more
than half full. The spin S and orbit L are parallel: J=L - S

In RE metals, the magnetic order occurs below ambient temperature. At ambient
temperature, they are paramagnetic. For example, the Gd ferromagnetism appears at

temperatures below 293 K.
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2.2 Spin-orbit coupling and crystal fields in 3d and
4f metals

The total Hamiltonian JC of an elemental ion or atom incorporated in a solid is given
by:
I = + Hs.o + Her (2.12)

Where J(c represents the Hamiltonian associated with the electrostatic interactions
which couple the moments in the multi-electrons atom or ion. Js.o, known as the

spin-orbit coupling, describes the interaction between L and S:
Hso=AL*S (2.13)

where A is the spin-orbit coupling constant.
JCc.r represents the electrostatic interaction with the surrounding atoms or ions and

is known as the crystal field. In general, the charge clouds of the electrons align
along a particular symmetry axis of the crystal, and remain fixed with respect to it.
Thus, the orbital moments L can be strongly coupled to the lattice by the crystal field.
When a large number of Fe ions for instance, are assembled in a solid, the electrons
of the 34 shell are exposed directly to the intense crystal field. It results in the

disappearance of the orbital angular momentum, a phenomenon known as quenching:
J ~ S and g = 2. In practice, the 3d elements are characterised by Is.0 << IHc.f. The
crystal field exerts a greater influence on L than does the spin-orbit coupling. For RE,
this is not the case, partly because the spin-orbit forces are greater than in free iron
group ions, and partly because the incompletely filled 4f shell is ‘screened’” from the

crystal fields by the 5s and 5p electrons. The RE materials are characterised by

Hs.o >> He.p

As it will be seen in the next section, the crystal fields are of great significance in

determining the behaviours of magnetic ions.
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2.3 The magnetic anisotropy of TM and RE

elements

Besides the exchange energy that makes the moments tend to be parallel or
anti-paralle] to each other, there is an energy that makes the magnetisation lie along
certain crystallographic directions, so-called easy directions. This energy is called the
magneto-crystalline anisotropy energy (MAE).

Furthermore, the magnetic response of materials to strain and stress, via the
magneto-elastic energy (MEL), can affect the directions of easy magnetisation.
Another source of magnetic anisotropy is the shape anisotropy. It originates from the
long-range dipolar interaction, which senses the outer shape of the sample. It is

important in thin films and often produces in-plane alignment.

2.3.1 The magneto-crystalline anisotropy

The main cause of the MAE term is the spin-orbit interaction (Eq. 2.13). Since the
spins of the magnetic ions are coupled to the orbital clouds of the electrons through
spin-orbit coupling, the symmetry of the crystal lattice is felt by the magnetic ion
even though the orbital angular momentum itself may be small. Thus, different
orientations of the spins with respect to the lattice vectors yield different interaction

energies.

For 3d elements, there usually are some remaining unquenched orbitals which couple

the spin moment to some directions in space.

The two most common types of MAE’s are cubic and uni-axial. For cubic systems, it

can be written [10]:

mc

B = K (050} + olo} + alal) + Kyojalal +.. (2.14)

where o are the directional cosines of the magnetisation vector with respect to the
crystallographic axes. K; and K, are the first and second order anisotropy constants

respectively. K is given by [11]:
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K =J,(g-2)" (2.15)

with (g; — 2) is the degree of quenching [12] and Jex is the exchange constant.

For a uniaxial system, the MAE can be written:

Euil = K sin® (2.16)

mc

where K, is the uniaxial anisotropy constant, and 0 is the angle between the
magnetisation vector and the easy axis.
The directions of easy magnetisation of a cubic or uniaxial magnetic system can be

determined by minimising the MAE using (Eq. 2.14) or (Eq. 2.16).

Due to the respective strengths of the spin-orbit coupling, magneto-crystalline
anisotropy is generally more pronounced in 4f compounds than in 3d. RE materials
are characterised by magneto-crystalline anisotropy which is 10 to 100 times greater
than those normally encountered in TM.

The electron-electron interactions in the RE-based solid due to the electrostatic

interaction of the aspherical 4f charge distribution with the aspherical electrostatic

field arising from the surrounding, is described by the crystal field Hamiltonian J(c.p.
Within the Stevens formalism, J(c.g can be written:
Her =22 B O 2.17)
n m=0
where B” are called the crystal field parameters and include terms related to the 4f

ion and term related to the surrounding charges [13]. O are the Stevens operators:

they have same transformation under rotation operations as the spherical harmonics,

e.g. Oy =317 =J(J+1).

For cubic symmetry, like Laves phase RE-Fe,, the crystalline electric field is

described by the parameters B4 and B¢ [14]
Hep =B, (0] +50})+B, (0] —210;) (2.18)

The expression of the operators OF, O;, O° and Of versus J, J, J, and J, can be

found in Ref. [8].
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Bleany has evaluated the appropriate crystal-field Hamiltonian for the RE ions on the
basis of a point-charge model, by taking into account the four nearest-neighbour RE

ions and the twelve next nearest iron ions [ 14].

The anisotropy energy E,. can be expressed within the framework of the model of

magnetic anisotropy given by Callen and Callen [15] in the form:

EREFe (9,(p) -

mc

—1-123 [(500549 + 3)—55in49(1—cos4(p)]
8 (2.19)

+%[Z§ [(2100546 —5)+21(11cos*8—1)sin* 6(1—cos 4(p):|

where 8 and @ are the polar angles of the magnetisation M, referred to the cubic

axes, and K, and K¢ are the 4™ and 6™ order tensor anisotropy coefficients:
K;=B,(0;) (2.20)

Thus, the sign and magnitude of [2(')’ is determined primarily by the crystal field

coefficients B,,.
To draw an analogy with the conventional expression for the magnetic anisotropy

energy of a cubic crystal (Eq. 2.14), it is observed [16]:

K, :—5123—2163
. 2 2.21)
K,=—K,
2T

2.3.2 The magneto-elastic effect

There are two related effects of stress and strain in a magnetic material [17]:

 the variation of strain with the direction or magnitude of the magnetisation,
and

» the introduction of anisotropy in the magnetic material due to the presence of
stress.
The dependence of crystalline anisotropy on strain is the basic origin of

magnetostriction. The phenomenon provides a coupling of the magnetisation vector
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with the lattice. Therefore, spin-orbit coupling must exist for there to be

magnetostriction. [18]

The very first positive identification of magnetostriction was in 1842 when James
Joule observed that a sample of nickel changes in length when it is magnetised.
Subsequently, cobalt, iron and alloys of these materials were found to show a
significant magnetostriction.

Because of their moderate elastic constants and the large orbital component in their
moments, the RE metals show the largest known magnetostriction. In the 1960’s, the
RE elements terbium (Tb) and dysprosium (Dy) were found to have between 100 and

10,000 times the magnetostrictive strains found in nickel alloys.
The strain dependence of the magnetic anisotropy energy E, can be expanded as [19]:

(a.e,)+... (2.22)

E,=E, (0,)+E,, (a0,

nc me

where g; are the elements of the strain tensor (ij =x, y, 7). €, are compressive or
tensile strain components, and g, are shear strain components.

The first term corresponds to the anisotropy of the undistorted lattice, i.e. the MAE.
The second term represents the magneto-elastic energy density, which for a cubic

crystal may be expanded as [19]:

2 2 2
E,.=b(e, te,+e. ) +bh(ae, +ae, +ae,) (2.23)
+bh(aae +o0e, +aoe )

oy

The constants by, by, b, are the magneto-elastic coefficients.

To these energy terms must be added the elastic energy density:

1 2 2 2
Ee - 7Cll(8.\‘x +8yy +gzz) + CIZ(SXXS_\‘_\' + 8)’_\'822 + S.K’XSZ.:)
1 , \ , (2.24)
+5Cy (e, +&, +¢€)
where C;1, Ci2 and Cy4 are the cubic elastic stiffness constants.

by and b, are related to the more usual magneto-strictive coefficients Ajy; and A g by

the relations:

b = —%)"IOO(CII -C)

(2.25)
bz ="3)‘1116‘44



2. Magnetism in Rare Earth-Iron Laves phase compounds 20

Ao and Aqp; are the saturation magneto-striction constants along the respective

<100> and <111> axes.

The stress components are given in terms of the strain components o by the matrix
relation: [g;] = [C,'j]'l X [0;]. The minimum energy is found by taking the partial
derivatives of E,. and Ee with respect to the strain components and setting the
derivatives equal to zero,

g = Clz_aiz(cn'*‘zclz)
! l (Cn _Clz)(C11+2C12)

(2.26)
b,
E&E. =——

ij C
44

This result is a formal explanation of magnetostriction since it shows a spontaneous
strain depending on the direction of the magnetisation as characterised by the

direction cosines.

2.4 The Laves phase materials

In general, the RE metals are characterised by a large magnetic moment per atom and
a large degree of magnetostriction. They also provide strong magneto-crystalline
anisotropy. However, they exhibit paramagnetic behaviour above room temperature
[20]. In order to increase the Curie temperature Tc, RE elements have been combined
with transition elements of iron, cobalt or nickel. The Laves phase is the group
constituted of the RE-Fe, intermetallics. The Fe component provides high Curie
temperature (~1000°C) [21], while the RE elements give strong anisotopic behaviour
[22]. The electronic structure and magnetic properties RE-Fe; metal compounds have

been intensively studied during the past 40 years [9, 22, 23].

The indirect spin interaction between the 4f electrons of RE and the 3d electrons of
Fe via the spins of 5d electrons in the RE-Fe, compounds are crucial to determine the

mechanism of magnetostriction, after F. R. de Boer [24].
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Figure 2.5  Atomic positions in the C-15 MgCu, cubic Laves phase unit cell. Iron
sublattice forms a network of connected tetrahedral.

RFe; compounds crystallize in the cubic MgCu, — type of Laves phase structure (C-
15, space group Fd3m). The local symmetry for the RE ions is cubic and trigonal for

the Fe ions. The MgCu, unit cell contains eight formula units. Each RE ion has 12 Fe

nearest neighbours, at a distance of % \/ﬁ a and 4 RE ions at a distance of %\/5 a as

nearest-neighbour shell with a radius of %\/5 a and 6 RE ions at %\/ﬁ a as nearest

neighbours (Fig. 2.5).

In RE-Fe, materials, it is generally accepted that there are three types of exchange
interactions:
o the strong Fe-Fe interaction between the magnetic moments of the Fe

sublattice which gives rise to a high Curie Temperature Tc
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 the rather weak RE-RE interaction between the magnetic moments within the
RE sublattice.
« the relatively strong RE-Fe intersublattice interactions which gives rise to FM

(AFEM) coupling in the heavy (light) RE compounds respectively.

2.4.1 The Fe-Fe exchange interaction

The Fe-Fe interaction between 3d magnetic moments is strong and long range. The
wavefunctions of neighbouring Fe atoms overlap producing 3d electron energy bands.
The Fe-Fe interaction is positive leading to FM coupling between the 3d moments.
This interaction primarily governs the temperature dependence of the TM

magnetisation.

2.4.2 The RE-RE exchange interaction

In the Laves phase compounds, the RE-RE interaction is generally the weakest.
Indeed, the spatial extent of the 4f wavefunction is highly localised since the 4f shell
lies deep within the ions. In the trivalent state, for example Dy3+, two of the 6s
electrons and one of the 4f electrons are removed but the outer 5s and 5p shells
remain intact. Consequently, the remaining 4f electrons are partially shielded from
perturbation from external fields. Thus, direct exchange between the RE atoms is
rather weak.

Zener [25] has suggested that localised moments could be coupled together by an
indirect exchange through the medium of the conduction electrons. In a metal
containing RE ions, it is generally considered that the RE-RE interactions take place
by indirect exchange (RKKY-type), mediated by the 5d-like conduction electrons
[26]. The mechanism involves the polarisation of the 5d electrons by the 4f spins.
These 5d-like conduction electrons subsequently interact with 5d electrons of the
neighbouring ions. In such a picture, the effective parameter of the 4f-4f spin
coupling Jrere contains information about the more fundamental interaction

parameters J4r.54 and Jsq.s4.
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2.4.3 The RE-Fe exchange interaction

The RE-Fe exchange interaction takes place between all unpaired spins in the 3d-4f
system via the spins of 5d electrons. The interaction parameter Jgg.re is responsible
for the internal magnetic structure. For heavy RE’s, its negative sign gives rise to
antiparallel coupling of the RE and Fe moments. Whereas in the light RE, the RE and
Fe moments are coupled antiferromagnetically.

The strength of the RE-Fe exchange interaction can be determined experimentally by
several methods. This constant can be obtained from analysis of the ordering
temperature [27], of the high field magnetisation measured on free powders {28], and
from the inelastic neutron scattering spectra using a well established spin wave

model [29].
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Chapter 3

Growth of single crystal Laves
phase superlattices

The study of bulk material raises the question whether the variety of results is related
to the formation of domains or grains in the ferromagnet, to the sensitivity on
material parameters, to interface composition and roughness etc... To separate such
disorder related effects from the properties of an ideal sample, it is important to

study the properties of an ideal alloyed or layered system.

Sputtering (DC or RF) and Molecular Beam Epitaxy (MBE) are generally used to
fabricate metallic superlattices while ion beam sputtering [1] and pulsed laser
deposition [2] are used less frequently. MBE is an inherently clean process as it uses
Ultra-High Vaccuum (UHV) technology. With this technique, it is possible to design
and grow samples of any element or alloy in sequence with different layer
thicknesses and atomically flat interfaces to enable experimentalists to test directly
the theoretical predictions. It also allows the synthesization of peculiar heterophase
magnetic materials, with unique physical properties and important practical

applications [3].

The magnetic properties of bulk Laves phase intermetallic compounds have attracted
much attention since they were originally synthesized by Wernick and Geller in the
early 1960’s [4]. And, the recent realisation of epitaxial films of these materials [5, 6]
has opened up new opportunities to control their properties through epitaxial strain.
In this chapter, the MBE growth of C-15 Laves phase-based system is discussed,
including a brief history of the MBE technique itself.
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3.1 Molecular beam epitaxy

3.1.1 Historical introduction

The technique of MBE was introduced in 1968 for the growth of thin films of III-V
compound semiconductors. It combined, for the first time, precise control of film
thickness and composition profiles, with the ability to study film growth in real time
using a variety of in-situ electron beam probes. In fact, the UHV system is the key
advantage of the technique because it minimises incorporation of impurities into the

film from background species.

Initially, high-purity epitaxial layers of GaAs and AlGa;.nAs [7] were produced,
which had a profound influence on semiconductor physics [8]. It lead to the
discovery of the two-dimensional electron gas and the band gap engineering of semi-
conductor heterostructures.

In the late 1970’s, MBE was applied to metal epitaxy, magnetic metal epitaxy. The
first metals, grown with high quality by MBE were body-centered cubic (bcc) Nb
and Ta [9]. Face-centered cubic (fcc) Ir and hexagonal-close packed (hcp) Ru [10],
were also grown by MBE as epitaxial crystals of high quality, as well as other bcc
metals such as Cr [11]. The driving force for this new research direction was the
expectation that, by analogy with semiconductor film growth, MBE could provide
high-perfection, epitaxial, magnetic metallic structures with novel magnetic
properties. This expectation was in fact realised by several discoveries in the late
1980’s, including that of GMR [12]. It is worth noting that in the 1980’s, the growth
chamber was not pumped to a UHV background, precluding effective substrate
cleaning prior to film growth. In addition, impurities in the sputtering gas and targets
were incorporated into the films. Thus, high perfection epitaxial metal films were not
obtained until the late 1980’s, when UHV design features previously found only in

MBE systems were incorporated.

Since the first MBE growth of lattice mismatched metallic superlattices from the
Nb-Cu [13], many more systems have been fabricated. In 1986, the first
high-perfection MBE epitaxial magnetic superlattices of Gd/Dy and Dy/Y were
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prepared [14]. These Rare-Earth (RE) superlattices provided an elegant
demonstration of indirect exchange coupling of Gd (Dy) through the non-magnetic Y
layers via the RKKY interaction. This led to interest in magnetic superlattices and
sandwiches incorporating 3d transition metals with the prospect of room temperature
applications.

The recent interest in the epitaxially grown RE Laves phase-based structures have
been stimulated by the demonstration by Ref. [5, 6, 15] that the (110) Nb on (11 20)
sapphire substrate template enables the growth of high quality single-crystal Laves
phase intermetallic layered systems. The MBE technique based on the Al,O3/Nb
template system is responsible for the growth of almost all the epitaxial Laves

phase-based structures reported to date.

3.1.2 The principle of the MBE technique

Crystal growth by Molecular Beam Epitaxy is usually described by the deposition of
atomic elements onto a substrate at an elevated temperature. The MBE technique
allows smooth epitaxial layers to be produced, with atomically flat interfaces, and
good control of thickness and composition. Indeed, the low growth rates, typically of
the order of a few A/s, combined with the possibility to shutter the beams in a
fraction of a second, allows for layer-by-layer growth and nearly atomically abrupt
transitions from one material to another. To obtain high purity layers, it is critical
that the material sources be extremely pure and that the process is carried out in an
ultra-clean environment to minimise the inclusion of impurities into the film. In
MBE, the substrate is maintained in UHV during its in-sifu preparation prior to
epitaxy and during the growth process. The background pressure in the growth
chamber is typically of 4 x 10" mbar.

For relatively thick individual layers, detailed knowledge of the interface structure is
not important because the physical properties of the multilayers are not significantly
affected by the interface quality. On the other hand, for multilayers with single layers
thickness of several ten of angstrom, structural characterisation is crucial. UHV MBE
technique allows in-sifu surface characterisation by sensitive diagnostic tools such as

Reflection High Energy Electron Diffraction (RHEED) and Auger Electron
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Spectroscopy (AES). By contrast, in sputtering rigs the substrate and targets are
immersed in a gas (typically Argon) at a pressure of a few mB. The presence of
sputtering gas generally excludes the use of in-situ structural characterisation
techniques.

RHEED allows the real-time monitoring of surface lattice parameter and diffracted
intensity profiles. Electrons reflect from the surface and strike a phosphor screen
forming a pattern consisting of a specular reflection and a diffraction pattern which is
indicative of the surface crystallography. If the surface is smooth, the RHEED
diffraction patterns appear streaky. If the samples are rough, then the streaks are
more ‘spotty’ and the diffraction pattern is not as clear. An amorphous surface,
shows a haze instead of a diffraction pattern and polycrystalline surfaces result in
rings circling the straight-through beam. RHEED can also be used to calibrate
growth rates.

Finally, non-destructive diffraction techniques, such as X-Ray diffraction (XRD), are

commonly used to analyze multilayered structure [13].

When the magnetic materials are grown on chemically different substrates, elastic
fields arise that change the surface diffusion of atoms. Diffusion can be slowed down
or enhanced, depending on the sign of the strain. Understanding diffusion and growth

on strained layers opens up new possibilities in growth kinetics/morphologies.

3.2 MBE growth of Laves phase based structures

3.2.1 The MBE instrument

All the samples studied in this thesis, have been prepared using MBE technique 2,
The metals MBE facility is a Balzers UMS 630 system. It consists of 2 main vacuum
chambers: the growth chamber, and the sample introduction (loadlock) chamber, as

shown in Fig. 3.1.

* The samples were grown by Dr. R. C. C. Ward and Dr. M. R. Wells, from the Oxford MBE
Laboratory, at Oxford University.
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Figure 3.1 Diagram of the MBE growth chamber.

The loadlock is used to bring the samples into and out of the vacuum environment
while maintaining the vacuum integrity of the other chamber. The growth chamber is
pumped by a turbo-molecular pump and a Titanium Sublimation Pump (TSP).
Additional trapping of impurities is provided by a liquid nitrogen cryoshield that
surrounds the sources. The MBE system is configured with a total of five
independently heated evaporation sources: two effusion cells and three electrons
beam (e-beam) guns. The effusion cells are heated by radiation from a resistance-
heated filament. They are suitable for evaporating metals with a relatively high
vapour pressure at temperature below 1300°C to yield a growth rate of 0.1 nm/s. For
materials that require evaporation temperature in excess of 1300°C, it is more

practical to bombard the source directly with a high energy e-beam.
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A combined linear shutter/quartz crystal monitor facility allows the flux monitor to
be moved into the substrate position for accurate flux calibration. The substrate
temperature is controllable between room temperature and 1000°C. Full computer
control is available for all source control operations and depositions sequences as
well as vacuum control. The system is also equipped of in-situ monitoring and
characterisation tools. A quadrupole mass spectrometer analyses the residual gas
components and a RHEED facility provides real-time characterisation of the growth

interface.

3.2.2 The growth of epitaxial RE-Fe, structures

An epi-prepared (1120) sapphire substrate (10x12 mm) with high crystallographic
quality, is outgassed at 800°C for several hours. A clean surface is an important
pre-requisite for epitaxial growth, since impurities can easily contaminate the
substrate and cause crystal defects. Subsequently, a buffer layer of the bec refractory
metal (110) Nb is deposited by MBE onto the heated substrate. No reaction products
form at the Al,O5-Nb interface.

The rate of the Nb deposition is at 0.5 A/sec with the background pressure at
4 x 10® mbar. Initially, a Nb layer thickness of 500 A was used. But lately, it was
found that the thickness of the buffer layer could be reduced down to 75 A, without
detrimental effects on the growth of the Laves phase. The temperature of the Nb
layer during growth is an important parameter. Indeed, in Ref. [16] it was shown that
the morphology of the Nb buffer layer is temperature dependent. It is required that

the Nb surface be as near as possible atomically smooth.

RHEED pattern analysis shows that Nb grows as a single crystal with (110) plane
parallel to the plane of the substrate (Fig. 3.2). The epitaxial relationships are as
follow [11 1] Nb [| [0001] Al,O3, and [112] Nb || [1010] Al Os.

In addition to providing strain relief from the lattice mismatch between the RE-Fe;
film and the substrate, the Nb layer is also used as a chemical barrier to prevent

interdiffusion between the highly reactive RE metals and the substrate.






