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Abstract

In the beginning of the twenty-first century, educational and commercial

institutions have driven the demand for cheap and efficient data storage.  The storage

medium known as magnetic recording media has remained the mainstay for most

computer systems due to its large storage capacity per dollar.  With the recording

media’s ever-increasing storage density has come reductions in the magnetic grain size

per bit.  At the recording bit’s density threshold, the magnetic grains become more

susceptible to thermal activation, which can render the storage medium unusable.  An

accurate characterisation of the recording layer’s sub-granular structure is essential for

understanding the magnetic and thermal mechanisms of high-density recording media.

Small-Angle Neutron Scattering (SANS) studies have been performed to investigate the

magnetic and physical properties of longitudinal and perpendicular recording grains.

The SANS studies of longitudinal magnetic recording media have probed the

recording layer’s magnetic grain size at a sub-nanometer resolution.  In conjunction

with these studies, SQUID magnetometry was used to characterise the recording grain’s

bulk magnetism.  Measurements showed that the recording grain was composed of a

ferromagnetic hard core (Co-enriched) and a weakly magnetic shell (Cr-enriched).

These results provided important information on the grain’s magnetic anisotropy, which

determines the recording media’s magnetic stability.  The polarised SANS studies were

used to characterise the recording layer’s physical granular structure.  It was shown that

the physical grain size was comparable to its magnetic counterpart.  These physical

measurements provided insight into the recording grain’s chemical composition.

The magnetic properties of perpendicular magnetic recording media were

studied using SANS and VSM measurements.  The neutron scattering studies revealed

that the recording grain was composed of a hard ferromagnetic centre enriched with

cobalt.  The VSM studies showed that the magnetic recording grains exhibited a large

perpendicular magnetic anisotropy. These combined studies provided information on

the recording grain’s ferromagnetic composition and magnetic stability.  The polarised

SANS measurements showed the physical grain size to be slightly smaller than its

magnetic counterpart. This size difference was attributed to the non-magnetic grain

boundary composed of SiO2.  The boundary thickness determined the degree of inter-

granular exchange coupling.  Further polarised studies investigated the recording layer’s

switching behaviour, which revealed more information on the grain’s magnetic stability.  
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Chapter 1

Introduction to Magnetic Recording Media
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 1.1 Historical Review

The history of magnetic recording begins in the late nineteenth century where

the inventor Valdemar Poulsen develops the first analogue audio recorder known as the

telegraphone [1].  A simplified schematic of the telegraphone is shown in Figure 1.1 [2].

An acoustic wave was generated at point (A).  The sound waves were converted into

electrical signals, which were then sent to an electromagnet (B).  The electromagnet was

the telegraphone recording head.   The recording media (C) was a steel wire threaded

through the centre of the electromagnet by the supply reel (E).  The electrical sound

signals were imprinted along the wire length as magnetisation patterns.  These patterns,

similar to the magnetic tape track, represented the analogue recording of the audio

event.  The recorded information was simply played back by the magnetic influence of

the wire on the electromagnet.  The telegraphone, though ahead of its time, suffered

from numerous technical problems.  For example the output source (A) lacked a proper

amplifier which led to severe signal degradation.

Figure 1.1: The simplified schematic shows the working components of the first
telegraphone.  The metallic wire is coated in a ferromagnetic oxide, which acts as the
device’s recording medium [2].
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At the beginning of the twentieth century magnetic tape was introduced by Fitz

Pfleumer [3]. The recorded information was stored into parallel tracks that ran the

length of tape.  The track was partitioned into cells known as longitudinal bits.  The

cross-section of an analogue tape is shown in Figure 1.2.  The state of the magnetic bit

was illustrated by an array of zeros and ones coloured grey and black respectively.  The

recording process involved a magnetic write head sequentially flipping ↑(0)=>↓(1) each

bit along the desired track.  The recording layer was composed of a ferromagnetic

coating of iron oxide (γ−Fe2O3) [4].  The recording grain was an elongated particle with

typical dimensions of 25×25×100 nm3 [5].  The ensemble of grains was suspended

within a polymer binder that fused the recording layer to the substrate [6].  In addition

the binder provided a smooth surface for tape movement.  For example the binder

incorporated lubricant sites, which reduced tape friction.  The iron oxide was grown on

an anti-static charge underlayer and a plastic substrate.  The recording layer was coated

with a carbon layer that protected the tape from physical damage and static-discharge.

Figure 1.2: The cross-section of longitudinal magnetic recording tape.  The magnetic
medium is composed of a ferromagnetic oxide grown onto a thin plastic substrate. The
recording grains form the recording bit, which lies along the tape track [6].
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The magnetic tape medium had massive storage potential reaching into the

Gigabyte regime. However the tape’s main disadvantage was its sequential method of

storing and reading data.  The process of reading a particular section of tape required

one to linearly advance the player to the desired track.  This task would be time costly if

the magnetic tape contained large amounts of data.  Additional problems lay with the

tape's durability.  For example when the tape was exposed to moisture for long periods

of time, the binder would undergo chemical degradation through the process of

hydrolysis [7].  This process resulted in a softer binder, an increase in tape friction and a

sticky tape surface.

The first computers were developed in the late 1940s.  One such machine

appropriately named the ENIAC (Electrical Numerical Integrator And Calculator)

needed 1800 square feet of floor space and 180,000 watts of electrical power to

operate [8].  Programming the ENIAC machine was a cumbersome process where the

user needed to generate a series of punch cards to express a simple mathematical

subroutine.  As a consequence a fully sized computer program needed a library of punch

cards to function.  The ENIAC’s disadvantage lay with the system’s input medium.

Any program corrections required the user to replace the faulty punch cards with a new

set.  These factors undoubtedly led to a strain on storage space.  As recently as the late

1970s the last punch cards used in computer systems, were replaced by magnetic

recording media.  Figure 1.3 depicts the transfer from paper punch cards to the magnetic

tape and disk media.

Figure 1.3: This schematic outlines the advantages from converting the storage medium
to the magnetic tape.
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In 1952, IBM began development of the Random Access Method of Accounting

and Control (RAMAC) computer.  In conjunction with this project was the development

of the IBM 350 storage device which functioned using a magnetic hard disk drive [9].

The schematic of the IBM 350 disk drive unit is shown in Figure 1.4.  The disk drive

was constructed from a stack of 50 disks each with an approximate diameter of 61.0 cm

and a thickness of 2.5 cm [10].  The drive’s actuator-arm assembly could access any

disk along the stack length. The disk drive’s total storage capacity was approximately

5.0 Mb.  The recording layer was composed of an aluminium substrate coated with a

thin ferromagnetic oxide paint.  The paint formed crude magnetic grains that clustered

into longitudinal recording bits.

Unlike the magnetic tape, the hard disk was a random access device where the

read/write head could directly scan the specified data track.  This unique property

solved the slow data access problems associated with the magnetic tape.  However it

would take many years for the hard disk drive to surpass the magnetic tape as the

computer’s main storage unit.  The main disadvantage was the large office space needed

to accommodate the storage unit.  In comparision the magnetic tape drive required less

operational space per Mb of storage space.

Figure 1.4: The IBM 350 hard disk drive consists of a drum of thin magnetic disks.  The
cross-section shows the first generation longitudinal magnetic media [9,10].
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During the mid-1990s, the storage density of longitudinal recording media

greatly increased through advances in sensor technology and materials physics.  The

first generation disk drive extracted data by using an inductive read head.  These sensors

exhibited poor sensitivity that limited the track size.  The introduction of the magneto-

resistor (AMR) and later the giant magneto-resistor read head (GMR) allowed the use of

much narrower recording tracks on disk drives [11].  The recording layer was originally

composed of a thin coating of ferromagnetic paint.  This compound would often form

into irregular shaped recording grains resulting in a reduction in the signal to noise ratio.

Another problem resulted from the oxide’s weak magneto-crystalline anisotropy that led

to thermally active recording grains and inevitable data erasure.  These technological

challenges were overcame by fabricating the recording layer from a polycrystalline

material composed of the cobalt-based alloys eg: CoNi and CoRe [12].

The above cobalt alloys exhibited high noise characteristics due to exchange

coupling between neighbouring grains.  It was demonstrated that by alloying the cobalt

with the element chromium one could greatly reduce the excess noise.  The reduction in

noise was attributed to Cr atoms segregating to the grain boundary thus providing a

physical barrier against inter-granular exchange coupling. The grain boundary was

approximately 1.0-2.0 nm in thickness [13].  The Cr-segregation was more effective by

doping the CoCr alloy with the element boron or tantalum.  The ferromagnetic alloys

CoCrPtTa and CoCrPtB were found to exhibit a favourable a signal to noise ratio [13].

Figure 1.5 illustrates a multi-layered film structure for the conventional longitudinal

magnetic recording media.

The CoCrPt film also provided a strong in-plane magneto-crystalline anisotropy,

which stabilised the recording grain against demagnetisation and thermal forces.  It was

found that the addition of the element Pt was responsible for an increase in the grain’s

magneto-crystalline anisotropy field [14].  Figure 1.6 illustrates the grain’s internal

energy as a function of magnetisation angle. The barrier height depends on the grain’s

magneto-crystalline anisotropy, exchange, dipolar and Zeeman fields.  At zero applied

field, the recording grain rests in the ground state where the easy axis of magnetisation

lies at the zero angle.  The energy barrier prevents the recording grain from switching to

an anti-parallel state.  With an increase in the grain’s anisotropy energy density K1→K3,

the barrier height gradually becomes larger.  In this state, the magnetised grains are less

likely to undergo switching from thermal or demagnetisation forces.
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Figure 1.5: The schematic of a conventional longitudinal magnetic hard disk drive.  The
medium’s cross-section shows the CoCrPtTa recording layer grown onto the Cr-alloy
seed layer and NiP underlayer [12].

Figure 1.6: The recording grain’s internal energies UK1, UK2 and UK3 as a function of
magnetisation angle.  The energy barrier is enlarged by increasing the grain’s magneto-
crystalline anisotropy energy density where K3>K2>K1.
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In conventional longitudinal media, higher recording densities were obtained by

reducing the grain volume whilst maintaining the number of grains per bit.  This was

accomplished by simultaneously scaling the grain’s diameter and length to smaller

sizes.  It was found that reductions in grain volume were limited due to the increased

probability of thermal activation which could lead to bit erasure. A novel type of

recording media known as Anti-Ferromagnetic Coupled (AFC) media was shown to

greatly improve the areal density without incurring any further thermal instabilities [15].

The cross-section of the AFC media is shown in Figure 1.7. The media was fabricated

by sandwiching a thin nonmagnetic layer of Ru between two or more ferromagnetic

layers.  In theory the layered structure will induce RKKY exchange coupling between

the top and bottom ferromagnetic layers thereby reducing the sample’s remanent

magnetisation [16].  This exchange coupling effectively increases the recording media’s

granular density by reducing the moment areal density defined by ρareal=Mrt.  The terms

Mr and t define the recording layer’s remanent magnetisation and thickness respectively.

Figure 1.7: The cross-section of Anti-Ferromagnetic Coupled Media (AFC).  The AFC
geometry is the similar to the longitudinal media except for the non-magnetic Ru spacer
between the recording layers [15].
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During the development of the RAMAC hard drive, IBM instituted a parallel

project known as Advanced Disk File or ADF [9].  The objective of ADF was to

develop the next generation of magnetic hard drives.  The recording medium was

designed to store information on magnetic bits aligned perpendicular to the disk plane.

The perpendicular recording media would store ten times the capacity of the RAMAC

disk and improve on data access time by 10%.  The ADF project for perpendicular

media was abandoned due to numerous technological failures.  With the development of

read and write sensor technologies, the perpendicular media has once again become a

viable method of storing information.

The perpendicular recording media has only recently been introduced for

modern day disk drives. Figure 1.8 shows the conventional perpendicular magnetic

recording system.  The recording layer consists of micron-sized magnetic bits whose

direction of magnetisation lies normal to the sample plane.  The single bit was

subdivided into multiple recording grains composed of the cobalt-based alloy CoCrPt.

The grain boundary was mainly composed of a non-magnetic alloy or oxide such as

SiO2.  This substance provides segregation for neighbouring grains thus reducing inter-

granular exchange coupling. The recording grain has strong out of plane magneto-

crystalline anisotropy, which improves the perpendicular bit’s magnetic stability.

The advantage of perpendicular media over the longitudinal geometry lies with

its ability to generate a sharp field gradient across the recording bit [17].  Due to this

property the recording layer was fabricated with sharper track widths, which increases

the storage density.  In addition the recording layer was grown upon a ferromagnetic

soft underlayer that greatly improves the bit’s signal to noise ratio during the read/write

process.  Another advantage of the perpendicular geometry lies in the nature of the

destabilising field generated from neighbouring bits [18].  Consider the longitudinal

media where the bit boundaries form magnetostatic wall domains of equal charge.

These domains generate a strong demagnetisation field, which act to destabilise the

neighbouring bits.  As the recording density is increased so does the number of domain

walls thereby increasing the demagnetisation field.  In the perpendicular geometry, the

bits were arranged in anti-parallel pairs thereby forming opposite magnetostatic domain

walls.  This type of ordering is magnetostatically favourable and acts to reduce the

system’s demagnetisation field.  Figure 1.9 depicts the demagnetisation field for the

longitudinal and perpendicular bit.
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Figure 1.8: The schematic of perpendicular magnetic recording media.  The cross-
section shows the CoCtPt-SiO2 recording layer grown onto a Ru seed layer and CoFe
underlayer [17].

Figure 1.9: The demagnetisation field of the longitudinal and perpendicular bit for (a)
thin film, (b) low density and (c) high density [18].
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The recording industry is currently striving to break through the terabit/inch2

limit.  Figure 1.10 plots the recording disk’s areal density as a function of production

year.  At the current rate perpendicular recording media should surpass the terabit

regime in 2-5 years.  However if the perpendicular media reaches its density limit,

further research and development will be required to find a replacement for the alloy

based recording media.  Recently there has there been renewed interest in discrete

media for applications in magnetic recording.  This type of media consists of an

ensemble of magnetic grains, conventionally spheres or wires, embedded in a non-

magnetic matrix.  Typical grain sizes are on the order of 4 nm with a grain size

distribution of <5% [19,20].  The single magnetic grain represents a discrete magnetic

bit with only two magnetic states.  Potentially this gives the discrete medium a larger bit

density than the 50-100 grains per bit of granular based media.  With the quick

progression of recording media technology, the discrete media may be in the application

phase in 5-10 years time.

Figure 1.10: The chart follows the history of the disk drive by plotting the areal density
as a function of production year.
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1.2 Previous Work

Within the last few decades the field of condensed matter has developed various

methods to characterise the chemical and magnetic properties of solids.  These methods

have led to an improved understanding of the recording media’s magnetic and physical

sub-granular structure.  In general characterisation techniques such as transmission

electron microscopy (TEM) was used to measure the physical grain size and grain size

distribution of the recording layer. The physical grain size was important in determining

the density of the recording media while the size distribution gives information

pertaining to the grain’s growth process.  Another technique known as Surface Electron

Microscopy (SEM) was utilised to map out the surface roughness and/or texture of

intermediate seed layers.  This property aids in the recording grain’s nucleation rate.  In

addition, the technique of scanning energy filtered TEM has been used to map out the

chemical structure within the recording grain and grain boundary region.

The above characterisation methods so far only measure the physical and

chemical composition of the recording layer.  A thorough understanding of recording

media requires additional studies on its sub-granular magnetism.  The characterisation

technique of magnetometry was widely used to measure the sample’s magnetisation.

These measurements describe the recording grain’s average magnetisation, however

they fail to extract any spatial detail on the sub-granular magnetism.  The technique

known as small-angle neutron scattering (SANS) has been widely used to investigate

the magnetic materials such as granular or discrete based recording media.  The SANS

experiment extracts the sample’s magnetic and nuclear scattering components. Magnetic

scattering occurs when the neutron’s inherent dipole moment interacts with the sample’s

magnetic spin moment.  The magnetic scattering intensity can be used to extract the

recording layer’s magnetic structure at a sub-nanometer resolution.

 The following sections examine the relevant research work on longitudinal and

perpendicular based recording media.  In these previous experiments, the recording

media’s granular structure was characterised using TEM and X-ray measurements while

the recording layer’s sub-granular magnetism was investigated using SANS studies.

The previous research work was used as a starting point for further characterisation

studies of high-density recording media.
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1.2.1 Longitudinal Recording Media

The research work of Futamoto et al [21] conducted a comprehensive study on

the microstructure of longitudinal recording media composed of the cobalt-based alloy

CoCrTa.  The sample’s physical grain size and chemical composition was investigated

using the characterisation technique of electron energy loss spectroscopy or EEL-TEM.

The TEM measurements of the CoCr15Ta4 longitudinal film are shown in Figure 1.11.

The first TEM image shows the film’s granular structure at a resolution of less than

10.0 nm.  The black contrast represents the electron energy loss of zero.  The recording

grains have arranged themselves into an array of irregular shaped polygons, which

resembled the Voronoi construction.  Each grain was surrounded by a grain boundary of

varying thickness.  The TEM image in (b) shows the Cr core-loss pattern.  The slightly

faded grain indicates that the inner core was depleted of the Cr.  The final image shows

the Co core-loss image where the white grains indicate an enriched Co core.  This TEM

measurement shows that a high percentage of Cr has segregated to the grain boundaries.

This physical property provides improved exchange de-coupling between the magnetic

recording grains.

Figure 1.11: The EEL-TEM measurements of CoCr15Ta4 (a) zero-Loss, (b) Cr core-loss
and (c) Co core-loss [21].
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The chemical proportions within the grain’s core and boundary regions were

measured using energy dispersive x-ray analysis or EDAX-SEM spectroscopy.

Figure 1.12 shows the compositional profile for grains A and B.  Within either core, the

atomic percentage of cobalt was approximately 90%.  This indicates that the recording

grain was composed of a hard ferromagnetic core.  The Co percentage within the grain

boundary sharply drops off to small values.  The Cr within the boundary ranges from

23-26%.  This high fraction of Cr renders the grain boundary non-magnetic.  The Ta

was uniformly distributed throughout the granular volume.  The compositional profile

of grain B gives a diameter of 13.2 nm with a grain boundary thickness of 1.0-5.0 nm.

The research of Wittig [22] and Grogger [23] mapped out the microstructure of

longitudinal media using energy filtered TEM.  Their results confirmed that a high

proportion of Cr within the magnetic grain, Co84Cr12Ta4, segregated to the grain

boundaries.  The research work of Kemner et al [24] investigated the microstructure of

longitudinal films by using the characterisation technique of soft x-ray magnetic circular

dichroism.  Similarly it was found that a small fraction of Cr atoms (at least 10%)

resided in the recording grain’s core region.

Figure 1.12: The compositional profile of the longitudinal film CoCr15Ta4, measured
using EDAX spectroscopy.  The profile plots the atomic percentage of different sized
grains (A) and (B) [21].
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The research work of Toney et al [25] used SANS measurements to investigate

the magnetic granular structure of longitudinal recording media.  The recording layer

was composed of the cobalt-based thin film CoCrPt with a thickness of 25-40 nm.  The

film layer rests upon a nonmagnetic underlayer and a glass substrate.  Three samples

designated by the symbols Cy, To and So were fabricated with different grain sizes and

grain size distributions.  The background measurement was performed at the zero field

state.  The foreground intensity was measured at the magnetic field of 6.0 kOe applied

parallel to the sample plane.  The magnetic scattering intensity from the recording layer

was extracted by calculating the difference between the foreground and background

measurements.  Figure 1.13(a) shows the Cy foreground and background measurements.

The magnetic SANS intensity was shown in Figures 1.13(b)−(d).  The magnetic SANS

was due to isolated cluster particles with no inter-cluster interference scattering.  TEM

measurements determined that these clusters were cylindrically shaped.

Figure 1.13: The SANS foreground (H=6.0 kOe) and background (H=0) measurements
for (a) sample Cy.  The magnetic scattering intensity is plotted for the samples (b) Cy,
(c) To and (d) So.  The scattering data is fitted with a cylindrical form factor averaged
over a log-normal distribution of cluster sizes [25].
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The clusters in reciprocal space were modelled using a cylindrical form factor,

averaged over a lognormal distribution of cluster sizes.  The scattering model fits the

data quite well as shown in Figure 1.13.  Results for Cy, To and So cluster sizes were

14, 16, 24 nm respectively.  The lognormal distribution (number fraction) was plotted as

a function of cluster diameter, see Figure 1.14.  When the cluster size increased, the size

distribution becomes wider.  These results were consistent with x-ray measurements.

The inset compared the magnetic cluster size with its physical counterpart.  The average

magnetic cluster size was only slightly larger than the physical grain size.  This showed

the inter-granular exchange interaction to be weak, which corresponds to a Cr-enriched

grain boundary.

Figure 1.14: The log-distribution plot for samples Cy(), To(--),So(- . -).  The arrow
marks the position of the average cluster size.  The inset compares the magnetic cluster
size to the physical grain size [25].
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The research work of Kortright et al [26] investigated the chemical and magnetic

and properties of longitudinal CoCrPt grains by using soft x–ray resonant scattering.

This characterisation technique extracted the grain’s physical (charge) and magnetic

structure by tuning the incident x-rays to the Co/Cr excitation edge.  Figure 1.15(a)

shows the x-ray scattering intensities for the cobalt and chromium excitation edges of

778 eV and 574 eV respectively.  The scattering intensity exhibited two peaks located at

q1=0.013 Å-1 and q2=0.057 Å-1.  These q-positions correspond to the length scales of

48.0 nm and 11.0 nm respectively.  The smaller length scale was similar to the physical

grain size as measured by TEM.  The larger q-position was possibly related to the

magnetic inter-granular separation of adjacent domains.

The x-ray energy spectra was measured at the peak positions of 0.013 Å-1 and

0.057 Å-1, see Figure 1.15(b).  The x-ray scattering data was modelled using the charge

scattering factors for Co, Cr and Pt.  The scattering factors fCo, fCr, and fPt are

proportioned to the core and shell phase.  The Co-enriched core phase was assigned the

chemical ratio of Co:Cr:Pt=20:2:1.  The Co-depleted shell takes the form Co:Cr=1:1.

The scattering model showed that the low q-peak originated from the grain’s magnetic

scattering component while the high q-peak was due to its charge scattering.

Figure 1.15: The small-angle x-ray measurements for longitudinal recording media.  For
plot (a) the scattering intensity as a function of q is plotted for the Co and Cr excitation
edge where in (b) the spectrum is plotted for the peak positions of q=0.013 Å-1 and
q=0.057 Å-1[26].
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1.2.2 Perpendicular Recording Media

One of the first magnetic SANS studies of perpendicular media based films was

performed by the research group of Maeda et al [27].  The samples were fabricated from

a CoCr alloy that exhibited a strong perpendicular magneto-crystalline anisotropy field.

The characterisation was performed for a bulk and thin film sample. The background

measurements were performed at zero field while the foreground was performed at an

in-plane magnetic field of 11.6 kOe. The bulk nuclear and magnetic differential cross-

section is plotted in Figure 1.16(a).  The magnetic and nuclear intensities were almost

identical which indicated a similarity between the magnetic and nuclear length scales.

The scattering intensity for q<0.2 Å-1 was modelled using the Porod function [28].  This

model shows that the bulk sample was composed of over sized granular clusters with a

broad grain size distribution.  Figure 1.16(b) shows the thin film SANS measurements

at 11.6 kOe.  In this case the cross-section exhibited scattering structure indicative of a

well ordered granular ensemble with a narrow size distribution.  The data was modelled

using a Co-enriched spherical core form factor surrounded by a non-magnetic Cr shell.

Figure 1.16: The magnetic and nuclear cross sections for (a) bulk and (b) thin film Co-
Cr alloy samples.  The bulk SANS data is fitted using the Porod function, while the thin
film scattering is modelled using the spherical core-shell form factor [27].
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The research work of Fullerton et al [29] used soft x-ray scattering to investigate

the magnetic and chemical structure of perpendicular magnetised grains composed of

the alloy CoCrPt.  The x-ray measurements were performed in the remanent state where

the granular moments lie perpendicular to the scattering plane, see Figure 1.17(a).  The

resonant x-ray scattering intensity was measured for the Co and Cr edges of 778 eV and

574 eV respectively, see Figure 1.17(b). The Co edge shows a magnetic scattering peak

at q=0.017Å-1 that corresponds to the correlation length of aligned magnetic domains.

The Cr edge shows a charge scattering peak occurs at q=0.065 Å-1.  This peak position

gives the physical diameter of a single recording grain.

Figure 1.17 Soft x-ray resonant scattering for perpendicular orientated CoCrPt grains
shown in (a).  The scattering intensity (b) is extracted for the Co and Cr edges [29].

1.2.3 Summary

The above SANS, X-ray and TEM measurements were used to investigate the

physical and magnetic properties of CoCrPt-based recording media.  These studies have

greatly expanded our knowledge on the recording layer’s sub-granular magnetism.

However the current research is quickly becoming dated due to improvements in sensor

technology and fabrication methods.  This leads to further reductions in the magnetic

grain size.  Currently there is a need to develop an accurate characterisation technique to

study the nano-magnetism of high-density recording media.  In this thesis, SANS and

magnetometry studies were used to investigate the structure of longitudinal and

perpendicular magnetic recording media at a sub-nanometer resolution.
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Chapter 2

Theoretical Background
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2.1 Magnetism

The classical theory of magnetism took shape in the mid-eighteenth century with

the pioneering work of Hans Christian Oersted and Andre-Marie Ampere [30].  Oersted

first demonstrated that when a compass was placed in the vicinity of a wire carrying an

electrical current, the compass needle would align perpendicular to the field direction.

The needle’s forced response was attributed to a magnetic field generated orthogonal to

the current direction.  This discovery proved that there was a unique relationship

between the magnetic field and direction of the current carrying wire.  Ampere furthered

Oersted’s work by theorizing how an electrical current can excite a magnetic field

(Ampere’s Law).  Ampere also postulated that a metallic ore’s magnetism originated

from an ensemble of microscopic current loops called magnetic dipoles denoted by µi.

Figure 2.1 shows a magnification of a magnetic material where the magnetic field

originates from an ensemble of Ampere current loops.  This classical model of

microscopic moments provided the basis for the semi-classical theory of magnetism.

Figure 2.1: The Ampere model for classical magnetism.  The total dipole moment, µt is
the superposition of smaller current loops within the magnetic material.
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The Ampere model of magnetism was formulated in part by macroscopic

measurements of magnetic ores.  These bulk measurements gave no clear explanation

on the microscopic theory of magnetism.  Experimental evidence on the origin of

magnetism first came from excitation measurements of the hydrogen line spectrum.

Niels Bohr postulated that the line spectra were in part due to the atom’s quantized

orbital angular momentum.  The atom’s total orbital angular momentum is defined by

L=Σi li where li defines the ith electron orbital moment [31].  The magnetic dipole

moment originated from orbiting electron charge.  The classical equation for an atomic

dipole moment is proportional to its angular momentum,

    ∫ γ=×=µ Lvr dq)(
2

1
L .                                            (2.1)

The integral is calculated over the charge variable dq where the vectors r and v

represent the ith electron radius and velocity respectively.  The constant γ=-e/2me is

defined as the gyromagnetic ratio.  Conventionally the atom’s orbital moment is

expressed as integral values of Bohr magnetons where µB=e  h /2me.

The Bohr model of quantized orbital angular momentum only partially described

the theory of magnetism.  The Bohr model failed to predict the observed atomic line

shifts when an atom was immersed in an applied magnetic field for example the Zeeman

effect.  These atomic line shifts where explained by the Stern-Gerlach experiment.  It

was observed that a beam of silver atoms, with a total orbital angular moment L=0,

exhibited a quantized magnetic moment in positive and negative directions of the

applied field gradient.  The origin of this moment was attributed to an intrinsic property

of the electron known as spin angular momentum.  The atom’s magnetic moment due to

electronic spin is expressed by the following,

                                                             S0s gγ=µµµµ ,                                                        (2.2)

where g0=2.002 is the free electron g-factor.  The atomic spin is defined by summation

S=Σisi where si is the ith electron spin moment.  The magnetic fields generated by both

orbit and spin moments are magnetically coupled via the spin-orbit interaction [32].

The spin-orbit Hamiltonian takes the form, HSO=λL••••S where λ is the spin-orbit

coupling constant for a particular atom.  The spin-orbit coupling does not exceed the

coulomb interaction between electrons therefore this effect is treated as a perturbation to

the system.  The spin-orbit effect is responsible for the phenomenon of magneto-

crystalline anisotropy that determines a crystal’s easy axis of magnetisation.
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The atom’s total angular momentum is expressed by the vector sum J=L+S.  The

variable J defines the quantum state of the total angular momentum.  When J>0 the

outer atomic shell is partially filled resulting in a non-zero total moment.  At J=0 the

outer shell is filled giving the atom a total moment of zero.  The total magnetic moment

is expressed by the summation of orbital and spin components,

                                             µµµµT=µµµµL+µµµµS=γ(L+g0S).                                          (2.3)

Due to the g0-factor, the total magnetic moment is no longer co-linear with the angular

momentum vector J.  In practice one does not measure the total moment but the average

moment processing about the µµµµJ vector.  The average atomic moment is expressed as

the projection of µµµµT upon µµµµJ where µave=g(JLS)γγγγJ.  The function g(JLS) is known as the

Lande′ g-factor, which is a function of the total, orbit and spin quantum numbers [33].

When determining the magnetic behaviour of an atomic moment one must

calculate the system’s internal energy as a function of an externally applied magnetic

field.  The orbital and spin angular momentum are used to set up the canonical

momentum for an ith atomic electron.  Consider the equation of motion for an orbiting

electron, immersed in an externally applied magnetic field,

                                            )( irApp
c

e
ii +→ ,                                               (2.4)

where pi is the total momentum of the electron and A(ri)=-1/2r×H is the vector

potential defined for a uniform magnetic field H.  The Hamiltonian operator is defined

by [  = ∑i (pi
2/2m)-V where V is the atomic potential energy.  Through the substitution

of equation 2.4 into the Hamiltonian and the inclusion of Coulomb and spin-orbit

interactions the total Hamiltonian operator takes the form,
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The group of terms within the square brackets represents the field independent

interactions.  The last two terms (field dependent) describe the phenomena of

paramagnetism and diamagnetism respectively.  For a single atom the paramagnetic

moment depends on the magnitude of J (field independent).  The diamagnetic moment

is induced by an applied magnetic field.  These types of magnetism are characterised by

the magnetic susceptibility, which defines the magnetic response to an applied field.
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The magnetic susceptibility of a paramagnetic substance is positive while the

diamagnetic material exhibits a negative value.  The susceptibility takes the form,

                                                    
2

2
T
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n
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∂−=

∂
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=χ [
,                                       (2.6)

where µT  is the total moment, n is the number density of the material and [  (H) is the

atomic energy state.  Conventionally the material’s susceptibility is expressed in terms

of the molar susceptibility, χM=Mwχ/ρ (cm2/mol), where Mw is the molecular weight

and ρ is the density of the material.

2.1.1 Diamagnetism

Diamagnetism is a type of magnetism, where an externally applied magnetic

field perturbs the electron orbital motion of molecules thereby inducing persistent

currents that oppose the applied field.  The scale of the diamagnetic energy is small

compared to atomic energy transitions.  For example the hydrogen atom n=1 electronic

energy transition is of order Ry=13.60 eV [34].  The transitional energy at the applied

magnetic field of 1 Tesla (T) would be ∆E≈10-8 eV [31].  The diamagnetic susceptibility

is determined using perturbation theory where the scale of the diamagnetic energy is

small compared to the atomic energy shift.  Through a series of mathematical

manipulations the diamagnetic susceptibility takes the form,

                                        2
2

e

2

dia RZ
cm8

e
n−=χ .                                           (2.7)

where n, Z and R are the number density, atomic number and atomic radius

respectively.  Equation 2.7 shows the susceptibility to be independent of the applied

magnetic field and temperature.  By converting to the molar susceptibility, χM, the mean

squared average effectively cancels out.  This results in a diamagnetic response linearly

dependent on the atomic number Z.  Molecules rather than atoms possess large

diamagnetic susceptibilities where the electron charge density may span a multitude of

atomic radii.  For instance the substances water and ethyl alcohol are observed to have a

sizeable diamagnetic susceptibility.  An even larger diamagnetic susceptibility is

observed for aromatic compounds such as naphthalene (C10H8) where one of the four

bonding electrons is allowed to circulate throughout the molecule.  This gives the

itinerant electron a large mean square distance and hence a larger than expected

diamagnetic susceptibility.      
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2.1.2 Paramagnetism

The magnetic phenomenon of paramagnetism occurs when an ensemble of

magnetic moments, within a solid, align along the direction of an externally applied

magnetic field.  Classically the paramagnetic magnetisation is derived by calculating the

thermal average of an ensemble of magnetic moments aligned along an arbitrary H-field

direction.  The magnetisation is described by the Langevin function, L(y)=coth(y)-1/y

where y=µH/kT [33].  The quantum paramagnet is described using discrete magnetic

moment values, which are proportional to the system’s total angular momentum.  In a

similar fashion, the total paramagnetic magnetisation is derived by thermally averaging

the ensemble of discrete moments.  The quantum paramagnet is represented by the

Brillouin function BJ(y).  In Figure 2.2, the paramagnetic magnetisation is plotted for

the quantum states J=1/2, 1, 3/2, 2 and ∞ (continuous).  At the continuous limit J=∞, the

Brillouin function reduces to its classical derivation.  Through a series of mathematical

operations the paramagnetic susceptibility takes the form,
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=χ .                             (2.8)

This relation, known as Curie’s Law, combines the concept of spin with the

thermodynamic property of thermal disorder.  Increases in temperature work to disorder

the paramagnetic spin while alignment is favoured through the application of an

external magnetic field.  In Figure 2.3(a) the magnetic susceptibility of Cu and Au is

plotted as a function of temperature.  These metals exhibit a temperature independent

susceptibility characteristic of a diamagnetic response.  For Figure 2.3(b) the substances

Al and NiAl [35,36] show a temperature dependent susceptibility characteristic of the

Curie paramagnet.  In most cases the diamagnetic response is small when compared to

the paramagnetic component.  The paramagnetic to diamagnetic susceptibility at room

temperature can reach values of order χpar/χdia≈500 [37].  Note equation 2.8 only gives a

phenomenological description of the metal’s paramagnetic response.  The microscopic

theory is properly described using Pauli paramagnetism.  For a paramagnetic metal, the

spin up and spin down states are partitioned in electronic bands.  The band structure is

described by the “density of states” function.  When a magnetic field is applied to the

paramagnetic metal, electrons from the spin down band are promoted to the spin up

band resulting in a net magnetic moment.
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Figure 2.2: The paramagnetic magnetisation calculated using the Brillouin function
B(y)=(2J+1)/2Jcoth((2J+1)/2Jy)-1/2Jcoth(2J*y) for J=1/2, 3./2, 2, ∞.

Figure 2.3: The magnetic susceptibility as a function of temperature.  The metals (a) Cu
and Au show a diamagnetic response while the substances (b) Al and NiAl are
characteristic of a Curie paramagnet [35,36].
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2.2 Spontaneous Magnetism

In the previous section the nature of induced magnetism was described for a

paramagnetic solid.  These materials exhibited high magnetic order when immersed in

an applied magnetic field.  The moment ensemble returned to a randomised state at zero

field.  In nature there exists a class of magnetic materials that exhibit the phenomenon

of spontaneous magnetism.  Classical theory first suggested that this type of magnetism

could be caused by strong dipolar interactions between neighbouring atoms.  However

calculations showed that the dipolar field between two atoms was too small to induce

permanent magnetic order.  It turned out that spontaneous magnetic order was linked to

the atom’s exchange interaction, which was purely a quantum mechanical phenomenon.

  The underlying physics of the exchange interaction is demonstrated using a pair

of identical ions interacting via their unpaired electrons.  Suppose the electron orbit of

ion A approaches the electron orbit of ion B.  If the electron spin pair is anti-parallel

then the Pauli exclusion principle states that the electrons will share a common orbit

thus increasing the Coulomb energy.  If the spin pair is parallel then the Paul exclusion

principle requires that the electrons must form separate orbits thereby decreasing the

Coulomb energy.  Through a series of calculations the exchange Hamiltonian for a pair

of neighbouring spins, SA and SB, takes the form,

                                                    BSS ⋅−= Aspin exeJ[ ,                                               (2.9)

where Jexe represents the exchange or overlap integral. This equation traditionally

describes the Heisenburg ferromagnet where the exchange interaction is mostly felt by

its nearest neighbour spins.  The magnitude of Hspin is approximately 103 larger than the

dipole energy [37].  For Jexe>0 the exchange energy is at its lowest state when the spin

pair align parallel, SASB.  This spin state is known as ferromagnetism.  The lowest

energy state of Jexe<0 occurs when the spin pair align anti-parallel which is known as

anti-ferromagnetism.  It so happens that the direct exchange mechanism fails to account

for the spontaneous magnetism of solids such as metals and oxides.  For example

transition metals such as 26Fe and 27Co exhibit spontaneous magnetism via itinerant

exchange interactions of the 3d band and 4s electrons.  The full treatment of the

exchange mechanism is beyond the scope of this thesis.  However a rudimentary

understanding of spontaneous magnetism is possible by briefly reviewing the class of

metals known as the band ferromagnets.
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2.2.1 Ferromagnetism

The phenomenon of band ferromagnetism at room is due to the metal’s spin-split

band structure rather than the direct overlap of localised wavefunctions.  The nature of

band ferromagnetism is understood in terms of the molecular mean field theory where a

scalar field is used to approximate the effective exchange interaction between band

electrons.  The electronic band structure is represented using the “density of state”

function g(E) [37].  Figure 2.4 shows the spin up/down band structure for a hypothetical

metal. The non-magnetic state occurs when there is an equal number of spin up n↑ and

spin down n↓ electrons occupying their respective bands.   Since there is no external or

exchange field, the band electrons occupy every site below the Fermi energy EF.

The ferromagnetic band structure becomes nontrivial due to the influence of the

exchange field.  For this situation, exchange interactions must be considered between

the spin up/down electron bands.  Figure 2.5 depicts the electronic band subdivided into

a spin up (upper) and spin down (lower) band.  The exchange field was approximated

by the molecular field theory.  In short the atom’s internal molecular field promotes

electrons from the lower to the upper band.  When the number of electrons in the upper

band exceeds the lower band then the average magnetic moment of the metal is

expressed by µave=µB(n↑-n↓) where n↑>n↓.  The net moment results in a relative energy

band shift of wµB
2(n↑-n↓)2 where w represents the molecular field strength.

The above simplified band theory suggests that spontaneous magnetism could

occur for any band metal with strong exchange forces.  However in nature only a select

few metals exhibit the state of band ferromagnetism.  The ferromagnetic condition is

only possible if the spin transition to the upper band is an energetically favourable state.

Consider the non-magnetic metal where the upper and lower band satisfy the condition

n↑=n↓.  When the exchange field populates the upper band there is an increase in the

system’s kinetic energy ∆Ek>0.  The energy of the upper and lower bands change to

EF+δE and EF-δE respectively.  However the energy change due to the exchange field

gives an energy reduction where ∆Eexe≈−1/2wµB
2(n↑-n↓)2.  Spontaneous magnetism

occurs when the loss in exchange energy outweighs any increase in kinetic energy.  The

conditions for spontaneous magnetism is expressed simply by the Stoner criterion where

wµB
2g(E)>1 [31].  Hence the criterion requires the ferromagnetic metal to possess a

large “density of states” at the Fermi level and a large molecular exchange coupling.
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Figure 2.4: The spin up/down density of states of a non-magnetic metal.  The substance
exhibits paramagnetism when an applied magnetic field causes an energy shift between
the spin bands [32].

Figure 2.5: The spin up/down density of states for a band ferromagnet.  At zero applied
field, the shift between spin bands is due to the metal’s internal molecular field w [32].
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2.2.2 The Curie Phase Transition  

The spontaneous magnetic order of a ferromagnetic metal only exists within a

defined temperature range. The Curie point defines the metal’s phase transition from the

ferromagnetic to paramagnetic state.  For the temperature range T<TC the metal exhibits

ferromagnetic order.  When the temperature is above the Curie temperature, T>TC, the

metal exhibits the phenomenon of paramagnetism. The magnetic behaviour above and

below the Curie point is modelled according to the Weiss theory of ferromagnetism.  In

the previous section, the exchange field induces a spontaneous magnetic moment within

the metal’s band structure.  The Weiss model approximates this exchange field by using

a uniform molecular field approach.  The model can be visualised as an ensemble of

classical moments each generating its own molecular field.  Figure 2.6 shows how the

molecular field from neighbouring spins induces a spontaneous magnetic moment.  The

effective field on a neighbouring site takes the form Heff=H0+HM where H0 is an applied

magnetic field and HM=wM represents the molecular field.  The constant w is a scaling

constant and M is the metal’s magnetisation.

Figure 2.6: The mechanism for the Weiss theory of ferromagnetism.   The centre
moment is aligned by a molecular field (green arrows) generated by its nearest
neighbour moments.
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The spin magnetisation for an external applied field H0 is calculated using the

Brillouin function BJ(y).  Traditionally the Brillouin variable is modified to account for

the molecular field HM where y=µeff(H0+wM)/(kT).  The y-variable is now a function of

the applied and molecular fields.  The derivation is simplified by assuming that the

molecular field is very much larger than the external field where H0=0.  The system’s

magnetisation is expressed by M(y)=(kT/µeffw)y.  The stable magnetic states resulting

from the molecular field are determined by intersecting the linear function of M(y) with

the Brillouin function.  These equations are solved using a graphical approach whereby

the magnetisation intersections are parameterised in terms of the system’s temperature.

When the temperature approaches zero, the sample magnetisation intersects the

Brillouin plot at three points, M=0, M>>0 and M<<0.  At M=0 the system is not in

magnetic equilibrium where any slight change in the y-variable will destabilise the spin

state.  For either M>>0 or M<<0 the magnetisation function intersects stable magnetic

states where the magnetic moments exhibit spontaneous magnetism. For further

temperature increases the slope of the magnetisation plot increases while still remaining

in the spontaneous magnetic state.  When the equation intersects at the single point M=0

there is no permanent magnetic order.  This magnetic transition is known as the Curie

point which is defined at T=TC.  Figure 2.7 plots the Brillouin intersections for four

different temperatures T<<TC, T<TC, T=TC and T>TC.

The exact form of the Curie temperature is determined by taking the derivative

of BJ(y) and M(y) near the origin (y→0).  Through a series of substitutions, the Curie

temperature is expressed by TC=[(J+1)/(3k)]nµeffw [33].  The argument of the Brillouin

function can be rewritten as y=[3J/(J+1)](TC/T)(M/M s)].  The saturation magnetisation

ratio Ms(T)/Ms(0) ratio is calculated for the temperature range 0<T<Tc at the momentum

states of J=1/2, 1, 3/2, 5, 15.  The ratios are solved using the graphical method outlined

in Figure 2.7.  At large J, the Brillouin equation simplifies to the classical Langevin

derivation.  Figure 2.8 compares these calculations to magnetisation data from the 3d

transition elements Fe and Ni. The classical and quantum models show spontaneous

magnetic ordering as the temperature approaches zero.  As the temperature approaches

the Curie point, the classical model diverges from the experimental data. The

magnetisation data is in agreement with the quantum model for small J values rather

than the classical result at J=15.  For T>TC thermal agitation works to disorder the

ferromagnetic state where the spontaneous magnetism vanishes.
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Figure 2.7: Graphical solutions to the Brillouin (intersections) function at the magnetic
states T<<TC, T<TC, T=TC and T>TC.

Figure 2.8: The saturation magnetisation for the Weiss ferromagnet as a function of
temperature.  The Weiss model at J=1/2..15 (∞) is compared to experimental data for
the 3d transition elements Fe and Ni [36].
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2.2.3 Domain Theory

The above discussion on ferromagnetism has described how the spin-split band

structure of transition metals is responsible for inducing spontaneous magnetism.  The

current derivation assumes that the exchange energy is completely isotropic throughout

the bulk ferromagnet.  Therefore the system’s exchange Hamiltonian is independent on

the direction of magnetisation.  In reality the bulk ferromagnet is partitioned into

magnetic domains each aligned along a preferred direction of magnetisation.  The

formation of domains is attributed to the competition between the domain wall and

dipolar field energies. The domain’s preferred direction of magnetisation, known as the

magnetic anisotropy, is dependent on the sample’s crystalline and bulk properties.

2.2.3.1 Dipolar Field

The formation of magnetic domains is a process whereby the sample minimises

its dipolar energies at the cost of creating domain walls.  Figure 2.9(a) shows a single

dipole moment where the dipolar energies are large at the boundary edge.  The dipolar

energy is reduced by the formation of domain walls via exchange forces.  It is

commonly observed that the domain structure is partitioned into Bloch or Neel walls.

The Bloch wall separates anti-parallel domains while the Neel wall separates orthogonal

pairs.  Figure 2.9(b) demonstrates Bloch wall formation where the magnetic energy is

reduced by factor 1/2.  Further divisions lead to flux closure of the magnetic domains

resulting in a zero magnetisation field.  In Figures 2.9(c) and 2.9(d) the domains show a

combination of Bloch and Neel wall formations [38].

Figure 2.9: Formation of the (a) single domain, (b) anti-parallel domain, (c) multiple
domains and (d) domain flux closure where the sample’s net magnetisation goes to zero.
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2.2.3.2 Magnetic Anisotropy

The formation of domain walls costs energy to orient the moments in anti-

parallel or orthogonal pairs.  If not prevented by some external force, the magnetic

moments will revert back to their single domain structure.  The sample’s magnetic

anisotropy energy is responsible for keeping the moments aligned along a preferred

direction of magnetisation.  The magnetic anisotropy depends on the compound’s

crystallographic structure and the size and shape of the magnetised body.

The energy term known as magneto-crystalline anisotropy results in a preferred

direction of magnetisation along a particular crystal axis [39].  The microscopic origins

of crystalline anisotropy can be linked to the Hamiltonian’s spin-orbit interaction term.

The orbital wave functions interact with the spin and crystallographic structure resulting

in spin alignment along a particular crystal axis.   Traditionally the term “easy axis”

refers to the sample’s preferred direction of magnetisation.  The “hard axis” refers to the

situation where the direction of magnetisation is not favoured.  The phenomenological

description of magneto-crystalline anisotropy is given for the ferromagnetic metal Tb

(rare earth 4f) shown in Figure 2.10.  The Tb metal forms a hexagonal closed packed

(hcp) structure where the easy axis lies within the a-b plane.  For hexagonal symmetry,

the uniaxial anisotropy energy takes the approximate form Ea=K1sin2φ+K2sin4φ where φ

is the angle between the magnetic moment and easy axis.  The coefficients K are known

as the anisotropy density constants.  Hysteresis measurements show that it requires a

small field to align the sample moments within the a-b plane.  When the field is applied

along the c-axis, the moments resist the magnetic action.  This resistance is so

pronounced that the magnetisation at 400 kOe is only 80% of the b-axis result.

The magnetic property known as shape anisotropy is another energy term that

can determine the sample’s easy axis of magnetisation [40].  For a magnetised body,

magnetic charges or poles are induced at the surface.  This results in a surface charge

distribution that generates a smaller magnetic field opposite to the applied field, also

known as the demagnetisation field.  The easy axis lies along the direction where the

sample’s demagnetisation field is weakest.  In Figure 2.11 the shape anisotropy is

shown for a thin film and an ensemble of cylinder objects.  The demagnetisation energy

of a thin film sample is expressed by 1/2µ0M
2cos2φ where φ is the angle between the

sample normal and magnetisation M.  The easy-axis of magnetisation lies within the

sample plane since the demagnetisation energy is at a minimum.
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Figure 2.10: The hcp crystal structure for the ferromagnetic rare earth Tb.  The crystal
easy axis is directed along the b-axis.  The right plot shows the Tb magnetisation
measured along the c and b axes [37].

Figure 2.11: Illustrations of magnetic shape anisotropy for the (a) thin film and (b) an
ensemble of infinitely long cylindrical objects.  The atomic moments, shown in the
rectangular box, align along the easy axis of magnetisation that turns out to be the
spatial dimension of largest extent.
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2.2.3.3 Magnetic Hysteresis

The energies involved in the formation of magnetic domains are characterised

by measuring the sample’s bulk magnetisation as a function of an applied magnetic

field.  For the purpose of illustration, consider a ferromagnetic sample where the easy

axis of magnetisation lies within the x-y plane.  Figure 2.12 shows the sample’s

magnetic hysteresis loop.  At zero field the domain structure forms a flux closure

resulting in a magnetisation of M=0. When a small magnetic field is applied in-plane,

domains that are aligned favourably to the applied field will grow at the expense of the

unfavourably aligned domains.  If the magnetic field is ramped down to zero, the

domains return to their initial magnetic state.  Within this field range, the magnetic

hysteresis curve exhibits reversible behaviour.  At larger magnetic fields the domains

begin to align along or near the easy-axis of magnetisation.  When the sample is fully

saturated M(Hs)=Ms, the domains are forced to align along the field direction regardless

of the sample’s easy or hard axes.  When the applied magnetic field is reduced to zero,

the magnetisation falls to a remanent value M(0)=Mr.  The domains are prevented from

returning to their original magnetic state.  In this region the hysteresis loop exhibits

irreversible behaviour which is caused by the sample defects or pinning sites.

Traditionally the remanent and saturation magnetisation is expressed by the loop

squareness S=Mr/Ms.  The zero magnetisation state is now shifted to finite field values

known as the coercive field Hc.  Depending on the application, the magnitude of the

coercive field can be controlled by metallic doping or by introducing physical

inhomogeneities eg: point defects that inhibit domain boundary motion.

The area of the hysteresis loop is proportional to the amount of energy dissipated

for the reversal of the applied field [41].  If the loop area is large then domain wall

motion is highly restricted resulting in a hard ferromagnetic material.  Figure 2.13(a)

shows an example of a hard ferromagnetic loop.  This type of hysteresis behaviour is

desirable for permanent magnets and magnetic recording media.  When the loop area

becomes very small the domain structure is highly permeable resulting in a soft

ferromagnetic substance.  Figure 2.13(c) shows an example of a soft ferromagnetic

loop.  These types of materials are used for transformer cores, which minimise energy

loss during AC electricity production.  As the domain’s anisotropy energy decreases,

the loop width gradually approaches zero as shown in Figure 2.13(d).  At zero width the

magnetic domains exist in the superparamagnetic state.
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Figure 2.12: The magnetic hysteresis loop for the typical ferromagnet.  The virgin state
at M=0 is brought to saturation Ms. At zero the magnetisation remains finite defined by
the remanent magnetisation Mr. The zero magnetisation states are defined at the
coercive field Hc.

Figure 2.13: The magnetic hysteresis loop ranging from (a) hard to (d) soft ferromagnet.
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2.3 Neutron Scattering

Since the introduction of nuclear reactors, thermal neutron scattering has

become an invaluable characterisation technique for the study of condensed matter.  The

neutron’s subatomic properties such as wavelength, charge and magnetic moment make

it an ideal probe to investigate the sample’s physical and magnetic properties on the

submicron scale.

The neutron like all subatomic particles has a wavelength expressed by the de

Broglie the relation λ=ħ/(mnv) where mn and v are the mass and velocity of the neutron

respectively.  The neutron like the soft x-ray can undergo elastic or inelastic scattering

when the wavelength is comparable to the target’s atomic dimensions.  Figure 2.14

shows the typical scattering interaction.  The incident neutron beam is represented by a

travelling planar wave of wavelength λ.  When the neutron beam collides with the

target, a spherical scattering wave radiates out from the centre.  The structure of solids

and liquids are investigated using thermal neutrons where the wavelength is just a few

angstroms.  The energy range of thermal neutrons is of the order of 1-100 meV [42].

Figure 2.14: The incident neutron plane wave scattering off a spherical target [43].
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The neutron exhibits a charge of zero.  Due to this property there is no coulomb

scattering from the positively charged nucleus.  This allows the neutrons to interact with

the atomic nucleus via the nuclear force.  The scattering properties of neutrons and

x-rays are compared in Figure 2.15 by plotting their respective scattering amplitudes as

a function of atomic weight (mass).  Soft x-ray scattering measures the atomic structure

through photon-electron interactions.  The scattering amplitude is linearly dependent on

the atomic weight as shown in the x-ray plots at q=0 and q=0.5 Å-1.  Neutron scattering

originates from nuclear and magnetic interactions.  The nuclear scattering amplitude is

erratic over all atomic weights.  The nuclear amplitude is modelled using a constant

nuclear potential.  The differences between x-ray and nuclear scattering are apparent

when measuring the scattering intensity of pure water.  The x-ray scattering intensity

mainly originates from the water’s oxygen atoms with the scattering amplitude of

20.0 fm.  However the nuclear scattering is considerably weaker with an amplitude of

not less than 5.0 fm.  Note this result neglects the strong incoherent scattering from the

hydrogen atoms.

Figure 2.15: The neutron and x-ray scattering amplitudes plotted as a function of atomic
weight.  The solid linear plots represent the x-ray scattering amplitudes while the
dashed line relates to the nuclear scattering component [44].
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The neutron is a Fermion with a spin of mN=±1/2.  This property gives the

neutron an inherent magnetic dipole.  An incident beam of neutrons will undergo

magnetic scattering when the neutron’s dipole couples to the magnetic moment of the

atom.  The magnetic scattering amplitude is similar in magnitude to the nuclear

component.  Unlike the nuclear amplitude the magnetic component will vary depending

on the atom’s magnetic moment density.

2.3.1 Elastic Nuclear Scattering  

The spatial properties of a scattering body are determined by measuring the

coherent scattering cross-section. The cross-section is derived using the following

scattering experiment depicted in Figure 2.16.  The neutrons travel along the co-ordinate

z-axis represented by the wave function ψin=Nexp(ikz) where k is the incident wave

vector and N is proportional to the number of neutrons in the beam.  The wave function

has SI units of m-3/2.  The incident flux is expressed in terms of the current density

relation where j=Re[ψ*( h /im)∇ψ].  The incident current takes on the simplified form of

jin=N2(h k/m)z=j0z.  The neutrons elastically collide with a single target where it is

assumed that the target has an infinite mass.  This insures that the centre of mass

remains stationary during the scattering event.  The scattering wave function is given,

                                                  ),(
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)krexp(
Nsc φθ=ψ f
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.                                          (2.10)

Equation 2.10 represents a spherical wave modulated by the scattering amplitude f(θ,φ).

Figure 2.16: The conventional scattering experiment used to derive the nuclear
scattering cross-section.
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The scattering amplitude characterises the strength of the scattering event where the

polar co-ordinates represent the direction of the scattered wave.   By using the current

density relation the scattering intensity is expressed by,

                                                r=rj ˆ
r
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The beam is scattered into a solid angle dΩ=1/r2dA where dA is the projected area of

the detector located at (r,θ,φ).  The number of neutrons per second scattered into the

detector is proportional to the solid angle and the incident flux,
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where dσ(θ,ϕ) /dΩ is the differential cross-section.  By dividing out the detector area of

equation 2.12 one can equate the cross-section to the square of the scattering amplitude,
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The derivation so far has devised the scattering cross-section using elementary concepts

of scattering theory.  However there has been no mention on the nature of the scattering

force and how it depends on the scattering cross-section.

To obtain a clearer picture of the nuclear scattering system one must utilise a

quantum mechanical approach.  The scattering problem can be viewed in terms of

probability transitions.  The incident unpolarised wave vector |k> undergoes a transition

to another (unpolarised scattering) state |k′> via the nuclear potential operator UNuc(r).

The transition probability is expressed by Fermi’s Golden rule,

                                           
2

Nuckkk |)(|)E(
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P krUk ′ρπ= ′′→ h ,                               (2.14)

where ρk
′
 (E) is the energy density of the final scattering state [42].  Fermi’s Golden rule

is based on first order perturbation theory, which requires a weak interacting potential.

The bracketed term is expanded <k′|UNuc(r)|k>=∫ψk’UNuc(r)ψkdr where (ψk′,ψk)

represent the scattering and incident wavefunctions respectively.  The scattering cross-

section is determined by taking the ratio of the transition probability to the incident flux,
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The nuclear operator contains the physics of the neutron-nuclear interaction.  The

nuclear force has interaction length of just few femtometers.
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The strong nature of the nuclear force apparently violates the Fermi Golden rule where

the interaction potential must be weak in nature.  The apparent theoretical flaw is

countered by the following argument.  The nuclear length scale is much smaller than the

wavelength of thermal neutrons.  This fact allows one to approximate the neutron-

nucleus interaction by isotropic scattering.  Isotropic scattering is achieved by using the

Fermi pseudo-potential UNuc=(2π 2h /m)δ(r)bnuc where bnuc is the nuclear scattering

length.  The nuclear scattering cross-section simplifies to the following dσN/dΩ=bnuc
2.

Since the nuclear potential is a delta function the nuclear scattering cross-section

remains a constant for all reciprocal space.   

2.3.2 Elastic Magnetic Scattering

The elastic neutron scattering from a magnetic material is composed of nuclear

and magnetic scattering components.  The elastic magnetic scattering occurs when the

neutron’s magnetic moment interacts with the magnetic field of a paramagnetic or

ferromagnetic atom.  The magnetic interaction potential is expressed by the vector dot

product of the neutron moment and the atom’s total internal magnetic field B,
  

                      BB ⋅⋅ µγ=−= spinNNNMU σσσσµµµµ ,                                      (2.16)

where µµµµN=-γNµNσσσσspin  defines the neutron’s magnetic moment.  The constant γN=1.91

takes on the role of the spin g-factor.  The nuclear magneton is µN=eh /2mp where mp is

the proton mass.  The neutron’s spin components are defined by the Pauli spin matrix

σσσσspin.   The total B-field, B=BL+BS originates from the atom’s orbital and spin moments.

Unlike the nuclear force the spin and orbital interactions are not central forces.  This

makes the task of deriving the scattering cross-section nontrivial.  The derivation can be

found in most texts on neutron scattering.  By solving the matrix element of equation

2.16, the magnetic scattering from the ith electron takes the form,

                   )iexp()ˆ(
i

)ˆ(ˆr|U| iiispin0M rqqp
q

qsqkk ⋅ ×+××γ=′ ⋅ hσσσσ ,             (2.17)

where q=k-k′′′′ is known as the momentum transfer argument [42].  The first term

describes the spin interaction B-field where si is the spin vector.  The following term

expresses the orbital interaction B-field where pi is the linear momentum vector of ith

electron.  The matrix elements of equation 2.17 are simplified by expressing the spin

and orbital magnetic fields in terms of their respective magnetisation fields.
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The spin magnetisation is expressed by Ms(r)=-2µBρs(r) where ρs(r)=Σiδ(r-ri)si defines

the spin density.  By inserting the Fourier transform of Ms(r) into equation 2.17 one can

express the spin interaction field in terms of its reciprocal space magnetisation,
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= ⊥⊥ .                         (2.18)

The orbital interaction field simplifies to the same form expressed in equation 2.18

where M⊥
L(q)= )ˆ)((ˆ qqMq L ×× .  Therefore the total interaction B-field is expressed by

B⊥(q)=µ-1
B(M⊥

S+M⊥
L).  By taking the square of equation 2.17, the magnetic scattering

cross-section can be expressed as
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where M⊥⊥⊥⊥(q)= )ˆ)((ˆ qqMq ××  defines the total interaction M-field.  The geometric

relationship between the vectors Mq, Mq⊥ and q̂  is shown in Figure 2.17.  By definition

M⊥(q)=M(q)-(M(q)⋅ q̂ ) q̂  where the square of this relation is,

 |M⊥(q)|2=|M(q)|2(1-( 2)qm ˆˆ ⋅ )                                    (2.20)

where the unit vector m̂  expresses the direction of the magnetisation.  The function

M(q) is known as the magnetic form factor, which describes the atom’s moment

density.  The second term of equation 2.20 is known as the moment orientation factor.

When the direction of magnetisation lies parallel with the scattering vector, the

magnetic scattering intensity will drop to zero.

Figure 2.17: Vector plot of the interaction magnetisation field M⊥⊥⊥⊥(q)= )ˆ)((ˆ qqMq ×× .
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2.4 Polarised Neutron Scattering

The preceding derivation of the nuclear and magnetic scattering cross-section

assumed that the neutron spin of the incident beam is unpolarised.  When the incident

beam is unpolarised there is an equal probability of measuring the neutron in the spin up

|s=+> or spin down |s=−> state.  The complete treatment of polarised neutron scattering

requires one to account for the incident and outgoing spin states within the spin matrix

element.  This matrix element takes the form Uss’ =<s′|Uint|s> where the neutron spin

state undergoes a transition from s′ to s [45].  The nuclear and magnetic interactions are

expressed by the potential operator Uint=bnuc-σσσσspin•µB
-1M.  The operator neglects any

nuclear spin interactions conventionally defined by the quantum number I.  The four

possible spin transitions for polarised neutron scattering are (1) |+>→|+>, (2) |−>→|−>,

(3) |−>→|+>, (4) |+>→|−>.  The spin equations (1) and (2) show that the incident

neutron spin remains unchanged after the scattering event.  The equation set (3) and (4)

expresses the scattered neutron’s spin flip transition.  Table 2.1 lists the allowed spin

transitions and their respective matrix elements.

    Table 2.1: The neutron spin transitions and their respective matrix elements Uss′ [45].

Spin Transition Wave Function Matrix Element

 Up-Up |+>→|+> U++= bnuc - µB
-1M j,z

 Down-Down |−>→|−> U--
  = bnuc + µB

-1M j , z

 Spin Flip Down -Up |−>→|+> U-+ = -µB
-1( Mj,

 
x+i M j,y)

 Spin Flip Up-Down |+>→|−> U+- = -µB
-1( Mj,x-i Mj,y)
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2.4.1 Nuclear-Magnetic Interference Scattering

The total spin polarised scattering cross-section is defined as a superposition of

the non-spin flip (NSF) and spin flip (SF) scattering components expressed by the

formula dσ/dΩ=dσSF/dΩ+dσNSF/dΩ. The non-spin flip and spin flip scattering cross-

sections are derived by inserting the spin matrix elements of table 2.1 into

equation 2.15,
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The non-spin flip cross-section is a superposition of magnetic and nuclear scattering

components. The magnetic scattering is related to an ensemble of magnetisation

components (Mjz) aligned along a single co-ordinate axis.  Due to the matrix product,

there is also an interference term between the nuclear bnuc and magnetic scattering Mj

amplitudes.  The spin flip equation expresses the magnetic scattering intensity from spin

misaligned systems where Mx=My≠0.  In this thesis we consider only the non-spin flip

cross-section which applies to spin aligned systems.  For polarised SANS studies the

non-spin flip scattering cross-section is simplified by assuming that the nuclear and

magnetic scattering lengths are identical at each site.   The no-spin flip cross-section is

recast in the continuous form,

                           )sin)q(Fsin)q()q(F2)q(F(
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The functions FN(q)=<k|bnuc|k
′> and FM(q)=<k|M|k′> define the nuclear and magnetic

form factors for the bulk sample [46].  The product FN(q)FM(q) represents the nuclear-

magnetic interference term.  The sin2α term relates to the moment orientation factor

where α defines the angle between the magnetisation-m and scattering-q unit vectors.
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2.5 Amorphous Scattering

The scattering cross-section derived in the previous section considered the

nuclear and magnetic scattering from a single ferromagnetic atom.  The scattering

matrix element is solved in terms of the single body problem.  When an ensemble of N

atoms or particles is placed within a box of volume V at temperature T, the atom’s

electrostatic forces will determine the nature of the condensed state such as a gas, liquid

or solid.  For example a strong attractive potential results in a pseudo-crystalline solid

with long range order while a weaker potential gives an amorphous solid with short

range order.  Traditionally the scattering problem for the condensed state is determined

by considering the spatial symmetry of the lattice.

The crystalline solid has a high degree of spatial symmetry where the lattice

structure is modelled using a cubic or hexagonal arrangement.  By inserting the lattice

parameters into Bragg’s Law one can solve for the scattering cross-section.  At the

opposite end of the symmetry spectrum, the gaseous phase is approximated using the

ideal gas model.  The gaseous scattering function is modelled using single bodied

matrix element where interference effects are neglected.  For the liquid state there is no

apparent spatial symmetry.  This fact leads one to assume that the scattering model

resembles the gaseous approximation.  Unfortunately this is not observed in liquid

scattering experiments where there exists strong spatial correlations between atomic

pairs.  In one particular case the liquid scattering problem is modelled using a system of

hard spheres in thermal equilibrium.  The total correlation function h(r) describes the

degree of ordering between particle pairs.  The scattering interference function known

as the structure factor S(q) is proportional to the Fourier transform of the pair

distribution function.

The scattering characteristics of the solid, liquid and gas phase are shown in

Figure 2.18.  For the crystalline material the diffraction pattern contains information on

lattice spacing and orientation of lattice plane.  The peak sharpness measures the degree

of lattice ordering at a particular reflection.  Perfect lattice ordering is represented by a

series of delta functions.  The amorphous scattering pattern gives details on pair

correlations between spherical particles.  The peak sharpness and/or intensity are a

measure of how well the atoms are packed within the ensemble.  The gas or dilute liquid

has a vanishing small packing fraction therefore shows no interference scattering.
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  The scattering problem for an amorphous material is complicated due to the

ambiguous nature of the lattice structure and interaction potential.  For the amorphous

material the ensemble of particles form into a semi-ordered solid which exhibits the

spatial characteristics of both crystalline and liquid matter.  For example the amorphous

structure will exhibit pair correlations indicative of the crystalline state shown in

Figure 2.18.  However the ensemble of particles are not arranged onto a regular lattice

which results in suppression of any long-range order.  The amorphous material also

exhibits short-range correlations characteristic of the liquid state.  This is shown by the

broad interference peaks from liquid type scattering.  In the following section the

amorphous scattering potential is modelled as some intermediate state between a

crystalline-solid and the liquid state.

Figure 2.18: Spatial representations of the crystal, liquid and gas phase.  For each phase
state the elastic scattering intensity is plotted in reciprocal space [44,48].
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2.5.1 Multi-Bodied Scattering

The scattering system in real space is defined by a superposition of the neutron

interaction potential, Ui(x-xi), where xi defines the vector position of the ith scattering

object [49].  Figure 2.19 shows the scattering system partitioned into a closed packed

system of polydisperse scattering objects.  The interaction potential of each object is

defined by the top-hat function.  The nature of the force interaction depends on the type

of neutron scattering.  If for example the scattering originates from a sample’s magnetic

domains then the interaction potential would be proportional to the compounds

magnetic scattering length.  A similar situation would apply for the nuclear interaction

potential.  The total potential for an ensemble of scattering objects is the sum of

individual potential terms of the system.  The sum is expressed by U(x)=∑Ui(x-xi)

where Xi=x-xi defines the displacement vector of the scattering system.  The multi-

bodied matrix element takes the form,     

         )exp((|| i
i

i xqqkk ⋅−=′ ∑ )UU                                        (2.24)

where Ui(q)=∫exp(-q•Xi)Ui(Xi)d
3Xi is the Fourier transform of the ith interaction

potential.

Figure 2.19: Model for an ensemble of polydisperse scattering potentials U(xi).
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The potential transform Ui(q) is a function of the momentum transfer argument

where |q|=|k′′′′-k|=4π/λsin(θ) [50].  The spatial dependence in reciprocal space is

expressed by the transform, Ui(q)=AF(q,ri) where F(q,ri) is the form factor for the ith

scattering object and A is the normalisation constant [51].  The form factor describes the

shape and size of the scattering object in reciprocal space. Due to their simple

mathematical formulation, the spherical and cylindrical form factors are widely used to

model the scattering objects.  Figure 2.20 shows the spherical and cylindrical objects

and their respective form factor intensities.  The cylindrical form factor, was calculated

for an orientation of δ=450. The form factors were compared to the Porod scattering

function I(q)=Aq-4 [28], which describes scattering from a nearly homogenous medium.

In general, the form factor is defined as the Fourier transform of the spherical and

cylindrical top-hat functions, see derivations in sections 8.1.1 and 8.1.2 respectively.

Figure 2.20: The form factors intensity plotted for the spherical and cylindrical object.
The form factor intensities are compared with the Porod scattering function Aq-4.
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The scattering cross-section is determined by averaging the square of the matrix element

over the size-distribution function g(r) [52]. The term monodisperse refers to a system

of particles with a size distribution width of σ=0.  The polydisperse system has a finite

size distribution width.   The differential scattering cross-section takes the form,
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The angled bracket represents an average over the size distribution function [51].  The

scattering cross-section is expanded in terms of its i=j and i≠j components,
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where <F2>=∫F2g(r)dr , <F>=∫Fg(r)dr and n=N/V.  The difference term of equation 2.26

represents the incoherent scattering brought about by the polydisperse ensemble.  The

second term describes interference scattering from an ensemble.  The scattering function

S(q)=1+<∑exp[-iq•(xi-xj)]> is known as the structure factor [49].  This function is

derived either using simulation or analytic methods.  Numerical methods such as

Monte-Carlo simulations are widely used to determine an approximation to the pair

distribution function and hence structure factor [54,55].

The analytic method involves solving the pair distribution for a specified

geometric shape and interaction potential.  The exact form of S(q) is derived using the

Percus-Yevick integral method, see Appendix section 8.2.  The monodisperse structure

factor depends on the packing density ρ and pair separation d.  The spherical packing

faction is defined by pf=π/6ρd3.  Figure 2.21 plots the monodisperse Percus-Yevick

structure factor for a series of packing fractions. The first order peak defines the

interference scattering from an ensemble of particle pairs.  The successive oscillations

represent interference from smaller pair separations.  For large packing fractions, the

system approaches a pseudo-crystalline phase where perfect packing occurs at pf=0.74.

Further decreases in the packing fraction results in the damping of peak intensities.  In

Figure 2.22, the S(q) function is solved for a polydisperse system of hard spheres [62].

The packing fraction <pf>=π/6ρ<d3> is averaged using the gamma-Shultz distribution

function.  At the size distribution of 40%, the oscillations damp out to unity leaving the

primary peak.  The finite size distribution reduces the packing efficiency of the system

by increasing the number of possible pair separations.  For large size distributions, there

is a random number of pair separations resulting in the total damping of S(q).
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Figure 2.21: Monodisperse liquid structure factor S(q) calculated using the Percus-
Yevick integral method.  The structure factor is investigated by varying the packing
fraction pf.  The S(q) exhibits crystal like scattering for large pf value.  Scattering from
secondary peaks becomes weak for pf <0.27 [61].

Figure 2.22: Polydisperse liquid structure factor S(q) calculated using the Percus-
Yevick integral method.  The S(q) distribution of hard spheres is investigated for a
pf=0.36.  At a large size distribution, the pair correlations reduce to unity [62].
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Chapter 3

Experimental Techniques
And Instrumentation
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3.1 Small Angle Neutron Scattering

The characterisation technique of elastic neutron scattering is widely used to

measure the sample’s spatial structure ranging from atomic to the macroscopic length

scale.  The sample’s lattice spacing d is related to the neutron wavelength λ by Bragg’s

Law d=(λ/2)(sinθ)-1 where 2θ is the neutron scattering angle.  The technique of single

crystal or powder diffractometry is used to measure lattice plane separation and the

phase-state for typical crystalline structures of the order of 1.0-10.0 Å [34].  According

to Bragg’s Law the scattering angle ranges from 70-900 with a wavelength of a few

angströms.  The diffraction technique of small angle neutron scattering (SANS) is used

to measure large-scale structures of the order of 10-200 Å.  Large-scale structures are

investigated using small scattering angles when compared to single crystal

measurements.  For example to measure the periodic length scale of 100 Å with a

neutron wavelength of 4.0 Å requires a scattering angle of about 1.00.  Figure 3.1 lists

the various forms of matter as function of length scale.  In this thesis, SANS studies

were performed on magnetic recording media where the physical grain size is of the

order of 100.0 Å.

Figure 3.1: The scale diagram lists various condensed matter states alongside their
respective characterisation technique.
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The SANS measurements were carried out using the D11 and D22 SANS

instruments located at the ILL, Grenoble France [63,64].  These instruments utilise a

nuclear reactor to generate a collimated neutron beam.  The reactor source provides a

large neutron flux that greatly improves the scattering statistics for experiments on

magnetic recording media.  Another set of measurements was performed on the SANS1

instrument at PSI, Villigen, Switzerland [65].  This instrument uses a pulsed source to

generate the neutron beam [66].  The incident neutron flux when compared to the D11

instrument was substantially smaller.  However this downside was offset by the ability

of SANS1 to measure magnetic structures using polarised neutrons.  Unlike the

unpolarised mode, the polarised neutron beam can give reasonable good scattering

statistics for short scan times.  In addition, the polarised mode has the ability to extract

the sample’s physical and magnetic structure through the interference of magnetic and

nuclear scattering components.  In the following sections the various components of the

SANS instrument are briefly reviewed.

3.1.1 SANS Instrumentation

The conventional SANS instrument is set-up to measure the forward scattering

from a target sample, see Figure 3.2.  The neutron source is generated either by using a

nuclear fission (nuclear reactor) or through proton collisions (pulsed source).  Highly

energetic neutrons of the order of 10-100 MeV are delivered from the reaction chamber

to the SANS instrument via the exit guide tube [66]. The neutrons propagate down the

guide tube through the process of specular reflection.  This phenomenon is used to

transport the reactor neutrons large distances without any intensity loss.  At the guide’s

exit point, the beam of neutrons is too energetic for SANS measurements.  In order to

reduce the average beam energy, the guide tube is fashioned with a slight curvature

along its length.  This feature allows the guide tube to absorb any high-energy neutrons

that fail to fulfil the total reflection condition at the guide surface.  Figure 3.3 shows a

cross-section of the reactor guide tube.  Another method to reduce the neutron’s energy

is to position the guide tube with a vertical gradient.  As the neutrons propagate through

this section, the force of gravity will further reduce the beam’s average kinetic energy.
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Figure 3.2: The schematic of the conventional SANS instrument.  The device is set-up
to measure nuclear and magnetic structures for the energy scale of 10-2 eV.

Figure 3.3: The reactor guide tube that transports the neutrons to the moderator [38].
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The average kinetic energy of the exit neutrons is approximately 2.0 MeV [67].

This energy regime is still too large for condensed matter research, which requires

neutron energies of the order of 10-2
 eV.  The exit neutron’s kinetic energy is reduced

using a process known as neutron moderation.  The process is achieved by immersing

the hot neutrons in a medium of light atoms such as liquid hydrogen (H) or deuterium

(D2O).  Through a series of inelastic collisions via the medium, the neutrons are brought

into thermal equilibrium with the moderator.  At thermal equilibrium the neutrons have

an average kinetic energy of 3/2kT where T is the moderator temperature.  The neutron

energy distribution in thermal equilibrium is expressed by the Maxwell-Boltzmann

distribution, p(E)∝E3/2exp(-Ek/kT) where Ek=1/2mv2 is the neutron’s kinetic energy.  In

Figure 3.4 the thermal distributions are plotted for the temperature range of 10-1000 K.

For the light water moderator with a temperature of 300-350 K, the energy spectrum

falls within the range 0.005-0.20 eV [66].  This energy regime gives the neutron beam

an adequate wavelength to investigate most condensed matter structures.

Figure 3.4: The Maxwell-Boltzmann distribution for thermal neutron velocities.  The
figure inset shows the thermalisation of neutrons within the D2O moderator.
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The SANS experiment requires a monochromatic wavelength with a narrow

wavelength spread of about 9-10%.  This is achieved by collimating the neutron beam

into a mechanical monochromator known as the Dornier velocity selector [68].  The

monochromator is positioned between the exit guide tube and the SANS polariser as

shown in Figure 3.2.  The selector uses the time of flight method to monochromatise the

neutron beam.  An array of slits encompasses the surface area of a rotating cylindrical

drum.  These slits are commonly made out of aluminium alloy covered in a 1-2 mm

sheet of highly absorbing Cd metal.  Each slit follows a helical trajectory along the

length of the cylinder.  Due to these skewed slits, a stationary velocity selector will

prevent the neutron beam from travelling the entire length of the drum thereby chopping

off the beam, see Figure 3.5(a).  When the velocity selector is rotating, any neutrons that

exit the selector must traverse the slits in time ∆t=t2-t0, see Figure 3.5(b).  The neutron

velocity depends on the drum’s rotation frequency and slit dimensions.  The neutron’s

average wavelength is calculated by using the DeBroglie relation λ=ħ/(mnv′ave).

Figure 3.5: The schematic of the Dornier velocity selector.  In setup (a) the incident
neutron beam, with an average velocity Vin=Vave is chopped by the stationary velocity
selector.  In setup (b) the incident neutrons pass through the rotating selector with
velocity Vout=V′ave.
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The monochromatic neutrons that exit the velocity selector pass through the

beam attenuator, see Figure 3.2.  This disc shaped device is mounted with a series of

cadmium plates of varying thickness.  By rotating a different attenuator into the path of

the neutron beam one can control the intensity of the incident beam.  The attenuator is

used to protect the detector’s cathode-anode vessels from direct beam measurements

such as sample alignment and transmission.  If for example there is no beam stop or

attenuator then the incident neutron beam will burn out the detector’s cathode wires.

The incident neutron beam exists in an unpolarised spin state where the spin

wave function expresses an equal probability of the spin up |+> and spin down |-> state.

The neutron beam is polarised using a magnetic multi-layer which screens out the + or –

spin state.  The multi-layer is constructed from a series of ferromagnetic/non-magnetic

thin films for example Fe/Si [66].  As the neutron beam penetrates the multi-layer, the

ferromagnetic layer causes the total reflection of one spin state and the transmission of

its opposite state.  In Figure 3.6 the neutron beam’s |-> states are transmitted through the

mirror while the |+> states are totally reflected.  Note the polarised spin states are

susceptible to depolarisation fields such as the earth’s magnetic field.  Shielding the

guide with magnetised iron plates preserves the neutron polarisation.  The plates are

magnetised by a permanent magnetic of field strength 10-20 Oe.

Figure 3.6: The polarisation of the incident neutron beam through total reflection from
the Fe/Si multi-layer.



3.1 Small Angle Neutron Scattering                                                                                59

The polarised neutron beam is focused on the target by a series of guide tubes

and collimators [63,64].  Initially the neutrons are propagating through an incident

guide tube G0.  At this position the neutrons encounter the collimator tube.  This point

defines the source of the neutron beam.  By using a combination of slits and guide

tubes, the beam spot is focused on the target.  Figure 3.7 shows the cross-section of the

collimator instrument.  The guide Gi and collimator Ci tubes are sectioned into a series

of rotating units.  The collimation distance is varied by rotating the guide or collimator

in or out of the path of the neutron beam.

The polarised neutron beam is flipped |-> → |+> by applying magnetic torque to

spin state.  The applied magnetic field is generated by an electromagnet known as the

spin flipper, which is placed before the sample stage.  The sample is mounted on the

target plate.  For magnetic SANS measurements, the sample is immersed in an applied

magnetic field.  The electromagnet is used to saturate the sample for fields of the order

of a Tesla.  The cryomagnet is used for fields of the order of 2-11 T.

Figure 3.7: The side and top view of the SANS collimator.  The guide section G0

remains fixed.  To change the collimation length the guide Gi and collimation Ci
sections for i=1,2,3 rotate in and out of the neutron beam.
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The SANS instrument is equipped with a two-dimensional position sensitive

detector, see Figure 3.8. The detector unit is encased within a vacuum chamber to

prevent microscopic particles from changing the beam’s scattering trajectory.  This will

effectively limit the detector noise.  The electronics are constructed from an array of

cathode-anode reaction chambers each filled with gaseous helium [63].  The scattered

neutrons enter the reaction chamber and are sequentially captured by the 3He atoms.

This nuclear reaction is expressed by n+3He→3H+1H+e- where the reaction electron has

an average energy of 0.70 MeV.  The reaction electrons drift to the anode producing a

charged pulse.  The signal is amplified by applying a voltage to the reaction elections.

The high-energy electrons ionise the 3He atoms producing an avalanche of new reaction

electrons.  The detector electronics converts the voltage spikes to an array of digital

pixels, which forms the scattering plane.  The sample’s scattering q-range is measured

by translating the detector along a horizontal or vertical track.  For example the D11

SANS machine at the ILL can extend to a maximum horizontal distance of 40.0 m.

Figure 3.8: The schematic of 3He position sensitive detector.  The detector consists of a
reaction chamber that contains the 3He atoms and the detector electronics. The scattering
intensity is converted to a pixelated map of q space.
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3.1.2 SANS Geometry

The scattering geometry for the conventional SANS instrument is shown in

Figure 3.9.  The monochromatic neutron beam is defined by the incident wave vector ki

where the magnitude is |ki|=2π/λ.  At point S the neutron beam of incident angle θ

scatters off a lattice plane defined by the its spacing d.  Elastic neutron scattering occurs

when the Bragg condition, 2djsinθj=nλ, is satisfied at the jth lattice plane.  The coherent

scattering wave vector is defined by ks where |ks|=2π/λ. The scattering intensity is

measured within a detector plane positioned at point O.  The wave vector ks is detected

at the position OP located a distance D2 from the detector’s centre.  The scattering

intensity is a function of the momentum transfer |q|=|ks-ki|=4π/λsinθ where θ is the

neutron’s incident angle.  The scattering angle is expressed by 2θ≈D2/ D1, which is

valid for small angles.  By changing the distance D1 or D2 one can vary the range of the

momentum transfer variable |q|.

Figure 3.9: The scattering geometry for the SANS target and two-dimensional detector.
The circular inset depicts the neutron scattering event within the Bragg plane.
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3.2 Magnetometry

The ferromagnetic metal such as iron has a zero magnetisation at an applied

magnetic field of zero.  This magnetic state is attributed to flux closure at the magnetic

domain boundaries.  The nature of the domain structure is determined by the relative

strengths of dipolar, exchange and anisotropy energies.  The experimental technique of

magnetometry is used to investigate the domain’s hysteretic response to an external

magnetic field.  For example the area of the hysteresis loop characterises the sample’s

magnetic phase for example paramagnet or ferromagnet.  The magnetometer is an

instrument that measures the sample’s bulk magnetic moment as a function of applied

magnetic field and temperature.  In this thesis various types of magnetometers were

used to study the in-plane and out of plane magnetism of magnetic recording media.

This section reviews the physics and operation of the magnetometer.

3.2.1 SQUID

The Superconducting QUantum Interference Device also known as the SQUID

is a magnetometer that utilises a superconducting loop to measure the sample’s

magnetic flux. The SQUID device is essentially a closed circuit loop, which is formed

by connecting two Josephson Junctions in parallel, see Figure 3.10 [69].  When an

external flux is threaded through the loop, the voltage output is periodic in the applied

flux with a period of one flux quantum Φ0.  As a result, the SQUID instrument has

unparalleled sensitivity where the field threshold is of the order of 10-14 T [70].  The

flux measurement is used to extract the magnetic quantities of magnetic moment,

magnetic field gradient, current eddies and magnetic susceptibility.  This makes the

SQUID an ideal probe for measuring the flux from inorganic to biological materials.

The various components of the SQUID instrument are shown in Figure 3.11.

The SQUID circuit is submerged within a cryostat containing liquid helium (bpt.4.2 K).

The cryostat regulates the temperature of the SQUID circuit, superconducting coils and

sample chamber.  The superconducting magnet generates an external field typically in

the range of 0<H<5.0T.  The pickup coils measures the magnetic flux generated by the

sample.  The sample is placed at the centre of the pickup coils.  The sample flux is

measured by translating the sample insert through the entire length of the pickup coils.
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Figure 3.10: The SQUID junction threaded with an external flux.  The voltage across
the SQUID osciilates as a function of external flux.

Figure 3.11: A simplified schematic of the SQUID chip, cryomagnet and sample mount.
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3.2.2 VSM and MOKE

The instrument known as the Vibrating Sample Magnetometer (VSM) measures

the sample’s magnetic moment when it is vibrated perpendicular to a uniform magnetic

field [71,72].  Figure 3.12(a) shows the typical setup for the VSM instrument.  The

sample is inserted into a drinking straw and positioned at the centre of the detection

coils.  The electromagnet immerses the sample within a uniform magnetic field, which

is applied perpendicular to the drinking straw.  The calibration sample is a permanent

magnet and is positioned between reference coils located near the top of the sample

insert.  The measurements involve vertically vibrating the sample at a frequency f

through the detection coils.  The change in magnetic flux induces a voltage within the

detection coils.  The voltage output is calibrated with a second voltage signal induced at

the reference coils.  The VSM has a sensitivity of 10-5-10-6 emu, which allows the

measurement of weakly magnetic materials and small changes in the magnetic moment.

Another type of magnetometer is based on the Magneto-Optical Kerr Effect

(MOKE) [73].  This characterisation technique utilises the properties of polarised light

to probe the sample’s magnetisation pattern. The simplified schematic of the MOKE

instrument is shown in Figure 3.12(b).  In this diagram we will neglect any discussion

on the instrument components and only consider the electromagnetic interaction at the

sample surface.  The typical MOKE experiment is shown in Figure 3.13(a).  Though the

application of a magnetic field, the experiment can measure the magnetisation in the

longitudinal, polar and transverse geometries.  The incident light beam is represented by

an electromagnetic plane wave where the vector EP is linearly polarised within the plane

of incidence.  The linearly polarised wave is a combination of right-handed and left-

handed circular polarised light.  Upon reflection the electromagnetic wave becomes

elliptically polarised defined by the vectors E′P and E′S.  The Kerr effect is observed

when the reflected wave is slightly rotated with respect to the plane of incidence.  In

Figure 3.13(b) the reflected EM wave is measured within the S′-P′ plane where ±θP

defines the instrument’s analyser angle.  These measurements are used to extract the

Kerr rotation θk and the associated Kerr ellipticity εk.  The magnitude and sign of these

parameters are proportional to the sample’s magnetisation.  The Kerr effect originates

from the spin-orbit interaction.  In short the sample’s field induced spin component

couples to the orbital part influenced by the circular polarised light [31].
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Figure 3.12: The simplified schematics of the (a) VSM and (b) MOKE instruments.

Figure 3.13: The diagram (a) shows the MOKE reflection for the longitudinal, polar and
transverse magnetisation.  The Kerr rotation is observed in the (b) S′-P′ plane where ±θP

defines the rotation angle of the analyser with respect to the plane of incidence [75].
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Chapter 4

Longitudinal Magnetic Recording Media



4.1 Introduction                                                                                                               67

4.1 Introduction

Longitudinal Magnetic Recording Media (LMRM) was once the mainstay of the

disk drive industry.  The modern day demands for information storage has rapidly

increased the LMRM’s storage density.  Conventionally computer data is stored on a

ferromagnetic recording layer of longitudinal bits where the bit is an aggregate of

exchanged de-coupled grains.  Research into the LMRM has focused on increasing the

recording layer’s areal density by decreasing the magnetic grain size.  The fabrication of

ever-smaller magnetic recording grains has become a complicated process due to

thermal instabilities and inter-granular exchange coupling.

The problems associated with fabricating a high-density recording medium are

understood by modelling the sample’s grain size distribution function.   Traditionally

the size distribution for nucleated grain growth is represented by the lognormal

function.  In Figure 4.1(a) the size distribution function is plotted as a function of the

grain diameter D.  The lognormal function is weighted towards large grain sizes with a

standard deviation fraction of the order of δD/D=0.6.  The bit is composed of oversized

recording grains, which increases the likelihood of inter-granular exchange coupling.

Excessive exchange coupling leads to decreases in the sample’s signal to noise ratio

(SNR).  The bit’s exchange coupling is reduced by modelling the sample with a smaller

grain size and deviation fraction, see Figure 4.1(b).  The ideal magnetic recording media

is illustrated in Figure 4.1(c) where the ensemble is modelled by a narrow grain size

distribution.  In this situation the recording grains will behave independently thus

improving on the SNR.  However any further reductions in the deviation fraction may

result in thermally unstable grains.  This magnetic state can lead to the loss of recorded

information over long periods of time.

The performance of the LMRM sample was highly dependent on the grain size

and size distribution function.  The accurate characterisation of the magnetic grain size

was essential for understanding the thermal and magnetic properties of the recording bit.

In this chapter, the physical and magnetic structure of the LMRM sample was studied at

the local length scale of the order of 1-10 nm.  The first section reviews the LMRM

sample’s composition and fabrication.  The next section characterises the sample’s bulk

magnetisation by using SQUID magnetometry.  Finally the recording layer’s granular

structure was measured by using small-angle neutron scattering (SANS).
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Figure 4.1: The log-normal distribution for an ensemble of recording grains with the
standard deviation fractions of (a) 0.6, (b) 0.3 and (c) 0.1.
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4.2 The Recording Media Sample

In this chapter, the LMRM samples identified as AX1646, AX341 and AX1821

were fabricated at Seagate California USA [76].  Table 4.1 lists the sample’s chemical

composition and physical microstructure.  These samples were classified as an alloy

based recording media where the recording grains were composed of the ferromagnetic

alloy CoCrPt.  The recording layer was grown onto a series of seed layers, underlayer

and an aluminium substrate.

The composition and physical dimensions of AX1646 is shown in Figure 4.2.

The underlayer, seed layers and recording layer were sputtered onto an aluminium

substrate with a thickness of 0.2 mm.  The NiP underlayer of thickness 10,000 Å was

sputtered upon the Al substrate.  The alloy based materials NiAl and CrMo form the

sample seed layers each with an approximate thickness of 100 Å.  The recording layer

was composed of the cobalt-based alloy CoCrPtB with a thickness of 150 Å.

The recording layer was coated with a 50 Å layer of carbon.  This layer protects

the recording grains from physical abrasions and oxidation.  TEM measurements

showed that the recording grains form an array of irregular shaped objects known as the

Voronoi structure.  The average grain size was 100.0 Å with a grain size distribution of

30% [76].  The grains were segregated by a Cr rich grain boundary of thickness 10.0 Å.

The element boron improved the grain segregation by driving a high fraction of Cr

atoms to the grain boundaries.  The element Pt was distributed randomly throughout the

recording layer, which increases the grain’s anisotropy energy.

The composition and dimensions of AX341 were similar to the AX1646 sample.

The recording layer was composed of the ferromagnetic alloy CoCrPtTa with an

approximate thickness of 240 Å.  It will be later illustrated that this sample forms a bi-

crystal structure whereby adjacent grains, via exchange coupling, cluster into larger

units.  The average grain size was of the order 100-200 Å with a grain size distribution

of 120%.  The element Cr reduces the exchange coupling between recording grains.

The element Ta acts as a catalyst to drive the Cr atoms to the grain boundary.  The

sample AX1821 was fabricated with a single layer of NiP of thickness 10,000 Å, which

was sputtered upon the Al substrate.  The sample AX1821 was used as a background

measurement for the up-coming SQUID experiments.
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Figure 4.2: The composition and dimensions of the CoCrPtB LMRM sample.

Sample Composition Microstructure

AX1821 NiP/Al Amorphous based alloy with no

seed layers and recording layer.

AX1646 CoCrPtB/CrMo/NiAl/NiP/Al Single isotropic recording grains

with a grain size of 100.0 Å.

AX341 CoCrPtTa/CrMo/NiAl/NiP/Al Bi-crystal recording grains with a

grain size of 100-200 Å.

Table 4.1: The chemical composition and microstructure of the LMRM samples.
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4.2.1 Sample Fabrication

The conventional LMRM cross-section is shown in Figure 4.3.  The sample’s

multiple layers were fabricated by using DC magnetron sputtering.  The fabrication

process occurs at temperatures of 100-220 K with pressures between 5-15 mTorr [77].

The deposition rate was of the order of 10-15 nm/min [78].  The sample substrate

provides the skeletal structure for the underlayer, seed layers and recording layer.  The

substrate was fabricated from aluminium.  In some cases the recording media was

grown onto a glass substrate, which provides a smooth surface for uniform sputtering

growth.  The underlayer was composed of the amorphous material NiP.  This material

provides a hard and level surface for the seed and recording layers.  The seed layers,

composed of NiAl and CrMo, were deposited onto the NiP underlayer.  The seed atoms

accumulate upon the NiP layer resulting in formation of columnar grains.  Figure 4.4

shows the magnetron sputtering process for Cr atoms.  The recording grain’s diameter is

expressed by,

               
3

2

I

G ∝D .                                                      (4.1)

The variable G represents the grain’s growth rate.  The nucleation rate, I, describes how

quickly the sputtered atoms are forming into polycrystalline grains [79].  The recording

layer, composed of the ferromagnetic alloy CoCrPt, was grown onto the seed layer.  The

magnetic grain size and size distribution was determined by the seed grain size which in

turn was controlled by the sputtering growth and nucleation rate.

In equation 4.1 the increase in the nucleation rate has the effect of reducing the

recording grain size.  It was observed for a smooth NiP underlayer that the seed layers

form large grains resulting in coalescence.  To increase the seed layer’s nucleation rate,

the fabrication technique of surface roughness was applied to the NiP underlayer.  The

underlayer’s surface roughness was on the scale of 5-50 Å [80].  Further reductions

were achieved by sputtering Cr atoms onto the seed layer of NiAl.  The NiAl seed layer

has a smaller grain size than the CrMo alloy.  This effect was due to stronger inter-

metallic bonds between the Ni and Al atoms when compared between the Cr bonds.

Additionally the NiAl material was known to provide improved crystalline texture for

improved sputtering growth.  These properties increased the nucleation rate thus

decreasing the recording layer’s average grain size.
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Figure 4.3: The cross-section for the conventional longitudinal magnetic recording film.

Figure 4.4: The schematic of magnetron sputtering.  The chamber is filled with a plasma
consisting of Ar+ ions and electrons.  The ion is accelerated by an applied voltage and
collides with the target material.  Collisions break off Cr atoms, which form into
columnar grains upon the NiP under layer.
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4.2.2 Seed Layer

 The recording layer was composed from a cobalt-based thin film alloy, which

exhibits the crystalline phase of hexagonal closed packed (hcp).  If the recording layer

was sputtered directly onto the Al substrate then the grain’s c-axis would lie out of the

sample plane.  This crystalline property is undesirable for longitudinal magnetic

recording where the c-axes must lie within the sample plane.  In fact the recording layer

was fabricated on a seed layer that allows one to grow the c-axes within the sample

plane. The seed layer was deposited onto the NiP substrate where a certain degree of

crystalline texture will form at the seed layer surface.  For LMRM sample, the recording

layer was grown on the bodied centred cubic (bcc) CrMo seed layer.  The bcc textures

of (110), (112) and (200) arrange their c-axes parallel to the sample plane.  The cobalt

textures of (100), (101) and (110) provide the closest lattice match to their respective

seed layers.  The possible texture interfaces were Co(100)/Cr(110), Co(110)/Cr(200)

and Co(100)/Cr(112) [81].  Figure 4.5 depicts lattice matching for the recording/seed

layer interface.  The c-axes of the interfaces Co(110)/Cr(200) and Co(100)/Cr(112)

were randomly oriented in the plane, which was desirable for longitudinal recording.

Figure 4.5: The crystal lattice matching for Co(101)/C(110) and Co(100)/Cr(112).
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4.2.3 Recording Layer

The conventional LMRM recording layer was formed from the crystalline

texture interface of Co(100)/Cr(112).  The recording grains were composed of the

ferromagnetic CoCrPt-X based alloy where X is the non-magnetic doping atom.

Figure 4.6(a) illustrates a section of the recording layer approximately 1000.0 Å across.

The recording grains form the Voronoi structure [82] where the grain size distribution

was represented by a lognormal or gamma-Shultz distribution function.  The black cell

represents the grain’s core region, which was highly enriched with cobalt.  The cores

were segregated from its neighbours by the grain boundary shown in white.  The single

recording grain of the order of 100.0 Å is shown in Figure 4.6(b). The grain’s in-plane

c-axis defines the easy axis of magnetisation.  In Figure 4.6(c) the grain’s crystalline

lattice structure is shown at the length scale of 2.5 Å.  The Co and Cr atoms form the

hcp structure where the c-axis lies parallel to the (112) plane.  The remaining fraction of

Pt atoms was randomly distributed throughout lattice structure.

Figure 4.6: The CoCrPt longitudinal recording layer’s (a) granular ensemble, (b) single
grain and the (c) crystalline lattice.
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The recording layer of AX341 was fabricated using the crystalline texture

interface of Co(110)/Cr(200).  This lattice match results in the formation of bi-crystal

recording grains.  The formation of bi-crystals comes about by the following process.

When the recording layer was deposited onto the lattice plane Cr(200), an equal fraction

of Co crystallites orient their c-axes parallel and anti-parallel to the respective lattice

planes of Cr(110) and Cr(110) [22].  Due to these lattice formations, adjacent recording

grains arrange their c-axes in orthogonal moment pairs.  Figure 4.7 illustrates the

magnetic structure of the bi-crystal recording layer.

The advantage of bi-crystal media was that they refine the grain size and

possibly increase the recording system’s SNR.  The drawbacks were the formation of

granular clusters, which is linked to strong exchange forces between bi-crystals.  In

previous compositional studies the bi-crystal grain boundary has less Cr-segregation

than the conventional recording grain [22].  In this case the bi-crystal grain boundary

cannot provide an effective non-magnetic barrier between the neighbouring grains.

When the bi-crystal grains were exchanged coupled, there was a marked reduction in

the grain’s magneto-crystalline anisotropy energy.  It is shown later that a reduction in

the anisotropy energy increases the grain’s likelihood of thermal activation.

Figure 4.7: The schematic of a bi-crystal longitudinal recording layer.  The bi-crystal
grains form orthogonal moment pairs, which are coupled via exchange forces.



4.2 The Recording Media Sample                                                                                   76

A single recording grain was composed of ferromagnetic core and a weakly

magnetic grain boundary.  The grain boundary or shell component was fabricated by

doping the Co atoms with the non-ferromagnetic Cr atom.  The magnetisation of the

core or shell was dependent on the percentage of Cr within each region.  The increase of

Cr atoms will displace the cobalt atoms thereby giving the magnetic alloy a reduced

moment density.  Figure 4.8 plots the saturation magnetisation of the CoCrPt alloy as a

function of Cr percentage.  At 12-15% Cr the material is highly ferromagnetic while at

25% Cr the material is close to a soft ferromagnetic state [83].

The grain’s shell component was mainly composed Cr, which provides a

physical barrier against inter-granular exchange coupling. Fabrication conditions such

as high substrate temperatures and low sputtering pressures drive the Cr atoms to the

grain boundary thus forming the shell component.  For example the fabrication of the

alloy Co81Cr15Ta4 consists of a Cr rich grain boundary with a thickness of 1.0 nm [83].

The atomic percentages within the core and shell components are ≈15% and ≈25%

respectively.  The high Cr percentage at the grain boundary leaves the shell component

non-magnetic or possibility ferromagnetically soft.  This type of chemical segregation is

known as vacancy exchange diffusion.  The diffusion process was improved by doping

the recording grains with the elements Ta or B.

Figure 4.8: The saturation magnetisation of the CoCrPt alloy as a function of the atomic
percentage of Cr [83].
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The thermal activation of magnetic recording media depends on the recording

grain’s magneto-crystalline anisotropy and thermal energies.  The condition for a

thermally stable grain is defined by the energy ratio, 

   ,1
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where Eaniso and EThermal are the anisotropy and thermal energies respectively.  The

grain’s anisotropy energy is defined as the product of the anisotropy constant KU (J/m3)

and the magnetic volume V.  The increase in storage density results in a decrease in the

grain volume.  This reduces the size of the anisotropy energy thereby increasing the

likelihood of thermal activation.  The energy ratio was maintained by increasing the

magnitude of the anisotropy constant, KU.  This was achieved by alloying the recording

grain with the element Pt.  The anisotropy field of the alloy CoCrPtB was found to

increase rapidly as one increases the atomic percentage of Pt, see Figure 4.9. The

variation of the magneto-crystalline anisotropy field with Pt concentration possibility

results from the formation of the fcc crystalline phase [84].

Figure 4.9: The magneto-crystalline anisotropy field HK of the compound CoCrPtB as a
function of the atomic percentage of Pt [84].
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4.3 Bulk Magnetisation

In this section the bulk magnetisation of the LMRM sample was investigated

using the characterisation technique of SQUID magnetometry [85].  The magnetisation

measurements extracted the recording layer’s in-plane hysteresis loop as a function of

applied field and temperature.  The shape of the hysteresis loop was determined by the

recording layer’s magnetic properties such as saturation magnetisation Ms, remanent

magnetisation Mr and coercive field Hc.  The saturation magnetisation measures the

CoCrPt recording grain’s average moment density. The magnitude of Ms gauges the

grain’s ferromagnetic hardness with respect to the bulk value of cobalt.  The remanent

field measures the grain’s magnetisation at zero field.  In certain cases the magnitude of

the remanent field will give information on the demagnetisation and anisotropy fields.

The coercive field defines the state where the ensemble undergoes magnetisation

reversal.  The size of Hc depends on the grain’s anisotropy, demagnetisation and thermal

activation fields. These hysteresis measurements in combination with SANS studies

were later used to characterise the recording grain’s magnetic diffraction pattern.

4.3.1 Measurements

The SQUID magnetometer was calibrated using a highly pure palladium sample

with a ferromagnetic purity of less than 30 ppm [85].  This property insures that the

calibration measurement was not distorted by any ferromagnetic contributions.  The Pd

moment was measured for the in-plane field of 1.0 T<H<5.0 T at room temperature.  For

this field range, the total moment is dominated by the paramagnetic contribution. The

Pd sample shows a paramagnetic moment of the order of 10-2 emu at the field of 5.0 T.

The in-plane magnetisation of the LMRM samples AX1646, AX341 and AX1821 were

characterised using the SQUID magnetometer.  The sample’s chemical and physical

microstructure are listed table 4.1.  The sample disc of diameter 0.6 cm was attached to

drinking straw and lowered into the SQUID cryostat.  The sample plane lied parallel to

the longitudinal axis of the superconducting solenoid where the applied magnetic field

was positioned in-plane to the sample surface.  The total moment was measured for the

field range of –5.0 T<H<5.0 T at the temperature range of 5 K-300 K.
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4.3.2 Results and Discussion-AX1821

The hysteresis measurements of AX1821 are show in Figures 4.10 and 4.11 for

the respective temperatures of 5 K and 300 K.  The measured total moment of AX1821

was a superposition of magnetic contributions from the NiP layer and Al substrate. At

either temperature the total moment traces out a thin hysteresis loop where the coercive

field and remanent moment were near zero, see the inset of Figure 4.10.  The magnetic

hysteresis loop originates from the NiP underlayer, which was characteristic of a soft

ferromagnet.  At high field, the total moment increases linearly as a function of applied

field. This magnetic response was characteristic of paramagnetism, which originates

from the Al substrate and possibly the NiP layer.  Furthermore it was observed that the

paramagnetic moment was independent of temperature.  The paramagnetic contribution

from the Al substrate was due to the phenomenon of Pauli paramagnetism.  It was

assumed the Pauli moment is independent of the measured temperature range. This is a

reasonable assumption for the first order approximation of Pauli paramagnetism.

The magnetic moment from the NiP layer was extracted by correcting for the

Pauli paramagnetic contribution.  The Pauli moment as a function of applied field H is

given by, µAl=χAlVsubH where χAl=1.67×10-6 emuOe-1cm-3 [34] is the Pauli susceptibility

of Al and Vsub is the volume of the substrate.  The volume is defined by Vsub=πR2
discL

where Rdisc and L are the radius and thickness of the sample disc respectively.  The disc

radius was 0.3 cm with a substrate thickness of 0.02 cm.  These calculations were used

as the initial fit parameters to model the paramagnetic moment.  In Figure 4.10 the fit

equation was used to subtract off the Pauli paramagnetic contribution.

The inset shows the magnetic hysteresis loop at 5 K to be slightly wider than the

300 K measurement. This temperature variation in coercive field was understood in

terms of the energy barrier argument.  At 300 K the domains rest in a micromagnetically

stable state where the energy barrier prevents the moments from magnetisation reversal.

The magnitude of the energy barrier depends on the domain’s Zeeman, anisotropy,

demagnetisation and thermal energies. The applied Zeeman field reduces the height of

the energy barrier thereby increasing the probability of the moment reversal.  When the

temperature was decreased, the thermal switching field was reduced thus increasing the

height of the energy barrier.  This has the effect of increasing the magnitude of the

coercive field.
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Figure 4.10: The AX1821 in-plane magnetic hysteresis at the temperature of 5 K.

Figure 4.11: The AX1821 in-plane magnetic hysteresis at the temperature of 300 K.
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The corrected NiP hysteresis loop appears to show no significant paramagnetic

moment at the temperatures of 5 K and 300 K.  This shows the NiP layer to exhibit only

the ferromagnetic phase.  The magnetic moment density of NiP (magnetisation) was

extracted by normalising the moment to the layer’s volume.  The layer thickness of was

of the order of 10,000 Å.  Figures 4.12(a) and 4.12(b) show the magnetisation plots for

the temperatures of 5 K and 300 K respectively.  The saturation magnetisation at either

temperature was very small when compared to the bulk magnetisation of nickel of

magnitude Ms=500 emu/cm3 [31].  This clearly shows that the NiP layer was a soft

ferromagnetic material.  The loop squarness of S<<1 was further evidence that this

sample was magnetically soft.

Figure 4.12: The AX1821 magnetisation at the temperatures of (a) 5 K and (b) 300 K.
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4.3.3 Results and Discussion-AX1646

The hysteresis measurements of AX1646 at 5 K and 300 K are shown in Figures

4.13 and 4.14.  The total magnetic moment was composed of a superposition of hard

and soft ferromagnetic components.  The hard ferromagnetic loop originates from the

recording layer while the soft magnetic component arises from the NiP underlayer.  The

ferromagnetic moment was superimposed on a paramagnetic background that mainly

originates from the aluminium substrate.  The total moment from the recording layer

was extracted by subtracting off the aluminium and NiP background.

The hysteresis measurements performed on the sample AX1821 represent a

possible background subtraction for AX1646.  In this case the total moment of AX1821

was much larger than the background component of AX1646 making it unsuitable for a

background subtraction.  The alternative was to measure the background moment from

the AX1646 sample with its recording layer etched away.  This required the removal of

the sample’s carbon overcoat (50 Å), seed layers (200 Å) and recording layer (150 Å)

leaving the NiP and aluminium substrate.  The net thickness of these over-layers was

not less than 400 Å therefore it was essential to develop an accurate method to etch

down to the NiP underlayer.  The first experiment tried was to remove the over-layers

by using an ion beam etch.  Through the use of an applied potential, a beam of Ar ions

was impacted onto the sample surface.  The beam exposure time ranged from 3-30 min.

Hysteresis measurements determined that the ion beam etch failed to fully remove the

magnetic recording layer. It may be possible that the carbon layer was quite resistant to

the etching process resulting in a partial removal of the over-layers.

Another etching experiment was to remove the over-layers by finely sanding the

sample surface with emery paper.  This removal technique proved efficient in removing

material from the sample surface.  The disadvantage of this process was the inability to

accurately measure the amount of material sanded off the sample surface.  The magnetic

hysteresis loop of the etched sample was measured at the temperature of 5 K.  Note for

the background measurements the total moment did not vary significantly over the

temperature range of 5-300 K, see also AX1821 measurements.  Hence the background

measurement at 5 K was used to correct the hysteresis for the measured temperature

range.  In Figures 4.13 and 4.14 the background measurements are plotted alongside the

total and recording layer moments at 5 K and 300 K.
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Figure 4.13: The AX1646 in-plane magnetic hysteresis measurements of the total
moment, background and recording layer at the temperature of 5 K.

Figure 4.14: The AX1646 in-plane magnetic hysteresis measurements of the total
moment, background and recording layer components at the temperature of 300 K.
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The magnetisation was obtained by normalising the ferromagnetic moment to

the volume of the recording layer.  The recording layer’s thickness was approximately

150 Å.  The magnetisation loops at 5 K and 300 K are shown in Figure 4.15.  At the

temperature of 5 K the saturation magnetisation was Ms=424 emu/cm3.  According to

the current literature, the saturation magnetisation was comparable for a cobalt-enriched

recording grain [86].  The width of the magnetisation loop, defined by the coercive

field, was of the order of Hc=4700 Oe.  The small Hc of AX1821 indicates that the NiP

layer possesses no significant in-plane crystalline anisotropy.  However AX1646 gives a

much larger value of Hc indicating that the recording grain exhibits a strong in-plane

magneto-crystalline anisotropy field.

At the temperature of 300 K, the recording layer’s saturation magnetisation was

Ms=362 emu/cm3.  This result was moderately smaller than the values quoted in the

literature at Ms~450 emu/cm3 [86].  The Co/Cr percentage within the recording grain

was extracted by using the magnetisation plot of Figure 4.8.  At the magnetisation of

Ms=362 emu/cm3, the cobalt-chromium percentage was approximately 82% and 18%

respectively.  The coercive field at room temperature was Hc=2560 Oe.  It is shown in

the following section that the decrease in coercive field was attributed to changes in

anisotropy and thermal activation energies as a function of temperature.

Figure 4.15: The AX1646 magnetisation at the temperatures of (a) 5 K and (b) 300 K.
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 4.3.4 Results and Discussion-AX341

The hysteresis measurements of AX341 were performed at the temperatures of

5 K and 300 K, see Figure 4.16.  In a similar fashion the ferromagnetic hysteresis loop

from the recording layer was extracted by subtracting off the NiP and Al background.

Due to time constrains it was not possible to prepare a background sample for AX341.

The underlayer and substrate background was approximated using the etched sample of

AX1646 at 5 K.  The background measurement proved to have a much smaller moment

than the total moment of AX341.  In this case the background moment was scaled

appropriately to subtract off any paramagnetic contributions.

The total moment was normalised to the volume of the recording layer.  For the

sample AX341 the recording layer has a thickness of 240.0 Å.  The magnetisation loops

at 5.0 K and 300 K are plotted in Figure 4.17.  At 5 K the saturation magnetisation was

of the order of Ms=633 emu/cm3.  This indicates that the recording grain of AX341 was

slightly more ferromagnetic than AX1646.  This can only occur if the percentage of

cobalt was larger within the AX341 grain.  The coercive field of Hc=2750 Oe was much

smaller than the value obtained for AX1646.  Due to the sample’s larger saturation

magnetisation, the recording grain’s demagnetisation field shifts the coercive field to

smaller values.  The reduction in the coercive field could also be due to AX341 smaller

in-plane magneto-crystalline anisotropy field.

At the temperature of 300 K the saturation magnetisation reduces to the value

Ms=576 emu/cm3.  The saturation value was again lower than the quoted measurement

of the order of 650 emu/cm3 [86].  However, this discrepancy may be due to a slightly

miscalibrated background measurement.  By using the Ms plot in Figure 4.8, the cobalt-

chromium percentage within the recording grain was approximately 88% and 12%

respectively.  According to these results the recording grain has a smaller percentage of

chromium with respect to AX1646 recording grain.  The low faction of Cr within the

AX341 sample results in less Cr segregating to the grain boundary.  This was a

characteristic of the bi-crystal media where the recording grain becomes more prone to

inter-granular exchange coupling.
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Figure 4.16:The AX341 in-plane magnetic hysteresis measurements of the total moment,
background and recording layer at the temperatures of (a) 5 K and (b) 300 K.

Figure 4.17: The AX341 magnetisation at the temperatures of (a) 5 K and (b) 300 K.
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The magnetic stability of the recording grain was determined by the anisotropy

to thermal energy ratio, see equation 4.2.  The recording grain was considered stable

when the energy barrier was much greater than the thermal energy.  For longitudinal

grains, the energy ratio of 60.0 is most commonly quoted.  The magnitude of the energy

barrier was dependent on the anisotropy density Ku and the average volume of the

recording grain.  These physical properties were characterised and compared for the

samples AX1646 and AX341.  In Figure 4.18 the saturation magnetisation is plotted for

the temperature range of 5-300 K.  The difference between the sample’s saturation

values was attributed to AX341 having a larger fraction of cobalt within the recording

grain.  The least squares fit was performed on each data set.  The small variation of Ms

over the temperature range was characteristic for a ferromagnetic alloy at T<<Tc.

Figure 4.18: The saturation magnetisation of the LMRM samples AX1646 and AX341
plotted as a function of temperature.
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 The coercive field as a function of temperature is plotted in Figure 4.19.  The

coercive slope reveals information on the grain’s magneto-crystalline anisotropy energy.

The coercive field was approximated by the following equation Hc=H0(1-kBT/Ea) where

H0 is the zero temperature coercive field and Ea=KUV is the recording grain’s crystalline

anisotropy energy [87].  The coercive field slope of AX1646 was twice that of AX341,

which shows that the anisotropy energy was larger for the sample AX341.  The large

energy barrier of AX341 was attributed to the large magnetic volume of the recording

grain rather than the anisotropy energy density.  For example the AX341 sample has an

inherently smaller anisotropy density due the recording grain’s bi-crystal structure.

This occurs when exchange coupled grains form a new c-axis that effectively reduces

the anisotropy constant.  This fact leads one to assume that the in-plane anisotropy field

was smaller than AX1646.  However the grain size of AX341 was approximately twice

that of AX1646.  This results in an overall increase in AX341 anisotropy energy and

hence energy barrier.

Figure 4.19: The coercive field of AX1646 and AX341as a function of temperature.
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Summary 4.3.5

The in-plane hysteresis loop of the LMRM sample was measured using the

SQUID magnetometer.  The magnetisation measurements were performed at the applied

in-plane field range of –5.0 T<H<5.0 T over the temperature of 5-300 K.  The magnetic

recording medium and underlayer were characterised by the saturation magnetisation,

remanent magnetisation and coercive field.  These magnetic properties were used to

better understand how the grain’s energy barrier was influenced by the demagnetisation,

magneto-crystalline anisotropy and thermal fields.

The background sample AX1821, composed of the ferromagnetic alloy NiP,

exhibited magnetic hysteresis at 5 K and 300 K.  The measured magnetic moment was a

superposition of paramagnetic and soft ferromagnetic components. The paramagnetic

contribution known as Pauli paramagnetism, emanated from the sample’s aluminium

substrate. The soft ferromagnetic moment originated from the NiP layer.  The magnetic

hysteresis loop was characterised by a small saturation magnetisation and a coercive

field of less than a few hundred Oersteds.

The magnetisation measurement of the sample AX1646 showed magnetic

hysteresis over the measured temperature range of 5 K-300 K. The hysteresis loop at

5 K exhibited three magnetic phases: soft ferromagnetism, Pauli paramagnetism and

hard ferromagnetism.  The soft-ferromagnetic and paramagnetic contributions emanated

from the sample’s NiP underlayer and Al substrate respectively.  The hard-ferromagnet

originated from recording grains composed of the cobalt-based alloy CoCrPtB.  The

etched sample of AX1646 was used to subtract off any background components from

the soft underlayer.  The recording layer exhibited a large saturation magnetisation and

coercive field.  These magnetic properties were characteristic of a cobalt enriched

recording grain with a large in-plane magneto-crystalline anisotropy field.

The third set of magnetisation measurements was performed on the sample

AX341 composed of the bi-crystal grain CoCrPtTa. The recording layer was found to

have a larger saturation magnetisation than AX1646.  As a consequence the percentage

of cobalt within the recording grain was greater for AX341 sample.  The larger fraction

of Co within the recording grain led to an increase in the saturation magnetisation and a

reduction in the coercive field.  Further analysis showed that AX341 exhibited a larger

energy barrier than AX1646 making it less prone to thermal activation during the

read/write process.
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4.4 Unpolarsied SANS

In the previous section the in-plane magnetisation of longitudinal magnetic

recording media (LMRM) was measured by the characterisation technique of

magnetometry.  Magnetic hysteresis measurements showed that the total moment was a

superposition of magnetic contributions from the recording layer, underlayer and

substrate.  The recording layer was composed of the cobalt-based alloy CoCrPt.  The

layer’s magnetic response was characteristic of a hard-ferromagnet.  The magnetisation

was calculated by normalising the total ferromagnetic moment to the recording layer’s

volume.  The magnetisation was interpreted as the recording grain’s moment density

averaged over the granular ensemble.  Since the recording layer’s magnetisation was a

bulk measurement one cannot expect to extract reliable information regarding the

grain’s local magnetism of the order of 1.0-10.0 nm.  The characterisation technique

known as small angle neutron scattering (SANS) has the ability to measure the

recording grain’s magnetic structure on the sub-granular length scale.  In the following

section, the local magnetism of the LMRM samples AX1821, AX1646 and AX341 was

investigated by using the characterisation technique of unpolarised SANS.

4.4.1 Scattering Model

The unpolarised SANS experiment measured the sample’s diffraction pattern

within a two-dimensional scattering plane oriented normal to the incident neutron beam,

see section 3.1.2 SANS Geometry.  In general the total scattering intensity from the

LMRM recording layer was composed of nuclear and magnetic scattering components

from a single grain.  The interference scattering of neighbouring grains modulates the

scattering intensity from the single grain.  The scattering physics of the single grain was

analogous to single slit diffraction in optics where the slit dimensions correspond to the

grain’s local length scale.  The scattering intensity was described using the expression

I(q)∝F2(q) where F(q) is the form factor function [51].  The form factor expresses the

grain’s scattering density in reciprocal q-space.  The Fourier transform of the form

factor extracts information on the recording grain’s scattering potential.  The potential

in real space characterises the target’s physical or magnetic properties such as grain

size, size distribution and probability of the scattering event.
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The scattering intensity from an ensemble of recording grains is analogous to the

interference pattern from a diffraction grating.  In this case the grating type corresponds

to the grain’s spatial order where the slit dimensions define the inter-granular spacing.

The scattering intensity will exhibit constructive and destructive interference between

neighbouring grains.  The scattering intensity was described by the modulated function,

I(q)∝F(q)2S(q).  The function S(q) is known as the structure factor, which models the

interference scattering for an ensemble of grains [61].  The peak positions in reciprocal

space correspond to density correlations in real space.  The total correlation function

h(r) relates these spatial correlations to the pair separation distance.

The above scattering expression assumes that the form factor and structure

factor have a zero grain size distribution.  In this case the grain size distribution was

represented by a delta function.  This was known as the monodispersed scattering

model.  In reality no grain ensemble is truly monodispersed and one must average the

scattering intensity over a finite size distribution.  The term polydispersed describes an

ensemble scattering objects with a finite size distribution [52].  The scattering intensity

for a polydispersed system of grains was approximated by

       I(q)=N[<F2(q)>-<F(q)>2]  +N<F(q)>2<S(q)>   (counts s-1 srad-1 ),            (4.3)

where N is the normalisation constant and < > represents the average over the grain size

distribution.  The details of the derivation were expressed in Chapter 2 section 2.5.1.

Equation 4.3 was only valid for moderately sized distribution widths.  If for example the

granular distribution width was greater than 30% then the structure factor reduces to

unity hence equation 4.3 simplifies to the following I(q)=N<F2(q)>.

The scattering model for the LMRM grain was determined by obtaining analytic

expressions for the form factor and structure factor.  To derive the form factor, one must

search for a mathematical function (with a solvable Fourier transform) that describes the

grain’s shape and size.  The analysis can be simplified by having prior knowledge on

the grain’s physical microstructure.  Figure 4.20 shows TEM measurements [88] for the

conventional LMRM sample at the granular resolution of 10.0 nm.  The in-plane image

shows a closed packed ensemble of irregular shaped grains with a finite grain size

distribution.  The grains were arranged in a cellular type pattern known as the Voronoi

construction [82].  It would be mathematically difficult to determine an analytic form

factor based on the Voronoi cell.
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The shape and size of the Voronoi grid was modelled by replacing the irregular

shaped cells with cylindrical objects.  The form factor expression was reduced to the

Fourier transform of a cylindrical object with a finite length.  To account for the grain’s

irregular shaped cells, the form factor function was averaged over the gamma-Shultz

size distribution function,

                                                    g(r)=b-1Γ-1(c)(r/b)c-1exp(-r/b),                                  (4.4)

where rmean=bc and σ2
mean=b2c represent the ensemble’s mean radius and variance

respectively [50].  The symbol Γ(c) defines the gamma function.  At a large variance the

distribution function becomes broad and asymmetric.  This type of distribution function

was ideal for modelling recording grains that have formed through the process of

nucleation.  During the sample fabrication, the recording grains cannot be smaller than

the critical nucleus size (smallest possible grain size).  Hence the grain size distribution

function will be truncated on the left-hand side.  This property gives the distribution

function its characteristic asymmetric shape.

Figure 4.20: The TEM image of the conventional LMRM film [88]. The granular
structure is modelled using cylindrical objects embedded in the grain boundary matrix.
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The proposed scattering model assumes that the granular form factor was a rigid

cylindrical object.  This was a good approximation for nuclear and x-ray diffraction

since the scattering potential most likely matches the shape and boundary conditions set

out by the physical grain.  The scattering model for the ferromagnetic grain was slightly

more complicated due to the weakly magnetic grain boundary, which acts to ‘soften’ the

magnetic scattering potential.  Magnetic softening results from surface effects such as

dipolar and exchange fields.  The SANS scattering geometry for the softening effect is

demonstrated in Figure 4.21.  The recording grain starts out as a cylindrical object S1

with no weakly magnetic grain boundary.  The neutron beam scatters off multiple slices,

which makes up the cylindrical object.  The scattering potential as a function of radius

was defined using the top-hat function.  In object S2 the grain boundary was introduced

resulting in the recording grain’s magnetic softening.  This effect was represented by the

multiple step scattering potential.  Further magnetic softening leads to a near spherical

object S3 where the scattering potential approaches a continuous limit.  The magnetic

SANS measurements performed on the LMRM samples found that the recording grain’s

magnetic structure was correctly modelled using the spherical core-shell form factor.

Figure 4.21: The magnetic recording grain is represented as a series of scattering
surfaces.  The effect of magnetic softening occurs at the grain’s surface where S1→S3

represents the transition from cylindrical to spherical grain.  The scattering potential V0

is plotted as a function of the grain’s radius R.
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The magnetic recording grain was partitioned into a spherical core-shell

structure as shown in Figure 4.22. The Fourier Transform of the spherical core-shell

grain is expressed by

       π
− π

η∆+ π
η∆= )R,q(

3

R4
)R,q(

3

R4
)R,q(

3

R4
)q(F c

3
c

s

3
sM

sc

3
cM

cM fff ,(4.5)

where f(q,R)=(qR)-3[sin(qR)-qRcos(qR)] represents the shape function for a solid

spherical object, see section 2.5.1  The first term represents the core form factor where

Rc defines the core radius.  The terms grouped within the square brackets express the

outer shell form factor where Rs defines the radius of the shell.  The coefficient’s ∆ηc
M

and ∆ηs
M define the magnetic scattering contrast for the core and shell components

respectively.  The contrast parameters are proportional to the magnetisation of the core

and shell components. The core contrast was decomposed into its x and y components

where ∆ηcx=∆ηc
Mcos(ϕc) and ∆ηcy=∆ηc

Msin(ϕc).  Similarly the shell components were

expressed by ∆ηsx=∆ηs
Mcos(ϕs) and ∆ηsy=∆ηs

Msin(ϕs). The angle’s ϕc and ϕs define the

direction of the core and shell magnetisation.

Figure 4.22: The proposed spherical core-shell structure for the longitudinal recording
grain composed of the cobalt-based alloy CoCrPtX.  The cross-section image shows the
local micromagnetics within the grain’s core and shell components.
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4.4.2 Instrumentation

The LMRM samples AX1821, AX1646 and AX341 were characterised using

the D11 instrument at the ILL, Grenoble France [63].  The overview of the D11 SANS

instrument is depicted in Figure 4.23(a).  The D11 instrument parameters are listed in

Table 4.2.  Measurements for the sample AX341 were performed on the D22 SANS

instrument [64].  The initial task of the SANS experiment was to mount the LMRM

sample at the target region, see Figure 4.23(b).  The media sample was fabricated into

the shape of a disc with a diameter of 1.72 cm and an approximate thickness of 0.02 cm.

It was observed that the neutron scattering from a single sample was much smaller than

the background scattering from instrument components such as the cryostat.  The

magnetic scattering statistics of the recording layer were improved by assembling the

target sample into a stack of 26 identical sample discs.  The LMRM samples were

shuffled to ensure that the zero field magnetic diffraction pattern was isotropic within

the scattering plane.  This scattering property was further explained in the following

section on measurements

SANS SPECIFICATIONS DETAILS
Neutron Guide Cold Neutron Guide H15

Monochromator Helical Slot Velocity Selector

Wavelength 0.45 nm < λ < 4.0 nm

Resolution 100×∆λ/λ=9%

Incident Neutron Flux 10x10 mm2 sample 3.20×107 n cm-2s-1

q-Range 5.0×10-3 nm-1< q < 4.40 nm-1

Detector 2D 3He 64×64 elements of 10×10 mm2

Collimation 1.5-40.5 m

Sample-Detector Distance 1.1-36.7 m continuously

Table 4.2: The instrument parameters for the D11 SANS machine [63].
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Figure 4.23: Snapshots of the D11 SANS instrument.  The first image (a) shows an
overview of the SANS tube which houses the 3He position sensitive detector.  The tube
extends to the far end of the instrument hall with a maximum sample-detector distance
of 36.7 m.  The second image (b) depicts the SANS sample target while the following
image shows the (c) cryostat fixed to the table mount.
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The sample stack shown in Figure 4.24 was encased in an aluminium foil and

secured to the aluminium sample holder.  The sample holder was lined with cadmium

strips, which reduced the nuclear background scattering from the instrument

components.  In this SANS experiment the sample AX1821 was magnetised using an

electromagnet.  The electromagnet reaches a maximum magnetic field of 1.3 T, which

was adequate to saturate the NiP sample.  The samples AX1646 and AX341 saturate at

the in-plane field of 2.0 T.  Hence these samples were magnetised using the cryomagnet.

The samples were inserted into their respective magnet and bolted onto the table mount,

see Figure 4.23(c).  The Dornier velocity selector channelled the incident neutron beam

with an average wavelength of λ=4.5 Å.  The SANS instrument was aligned by centring

the sample on the collimated beam spot.

Figure 4.24: The schematic of the aluminium sample holder.  The 26 samples are
fastened to an aluminium ring located at the centre of the holder. The Cd mask is
fabricated with a 1.4 cm aperture that allows the incident beam to illuminate the sample.
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4.4.3 Measurements

The SANS measurements were performed at the sample-detector distances of

1.5, 5.0, 8.0, 12.0 and 20.5 m.  The neutron beam has a neutron wavelength of 4.5 Å.

The momentum transfer argument spans the q-range of 6.26×10-3 Å-1<|q|<0.27 Å-1. This

scattering q-range was adequate to measure the recording layer’s sub-granular structure

of the order of 10-100 Å.  The measurements consisted of three separate parts (a) zero

field sample transmission intensity IT, (b) zero field background scattering IB(q) and (c)

magnetic field foreground scattering IF(q).  The foreground and background scattering

measurements at different sample-detector distances were matched up by calculating the

solid angle correction.

The transmission measurement IT was used to determine the q=0 position on the

detector and to extract the instrument’s incident flux.  In Figure 4.25, the transmission

intensity is measured as a function of q at the collimator distance of 1.5 m.  The IT

measurement was performed with the appropriate attenuator, which protects the detector

from the full intensity of the incident beam.  The inset defines the q=0 position of the

straight through beam.  The flux on the sample was expressed by Φ=AIT/S, where S is

the sample area exposed to the incident beam and A is the beam attenuation.  The A-

attenuator depends on the collimation and sample-detector distance.  The S-area was

determined using a Cd mask with an aperture diameter of 1.4 cm. The incident flux as a

function of collimation distance is plotted in Figure 4.26.  The plot shows the effective

flux was modified for a change in collimation distance. These calculations were used to

correct the corresponding flux change at each scattering measurement.  The flux was

also used to normalise the scattering intensity to cross-section units of cm2.

The background scattering was composed of nuclear scattering and isotropic

magnetic scattering from the sample and instrument components.  The background

measurement was used to subtract the nuclear scattering intensity from the foreground

measurements. The total background scattering was expressed by the following

IB(q)=I′N(q)+{I N(q)+IM
iso(q)}.  The first term represents the nuclear scattering from the

instrument such as the magnet and sample holder. The curly bracket term represents the

isotropic nuclear and magnetic scattering from the sample stack.  In this experiment, the

nuclear scattering from the instrument dominates the background measurement where

I ′
N(q)>>{IN(q)+IM

iso(q)}.  The nuclear scattering intensity IN(q) was a superposition of

the Al substrate, soft underlayer and recording layer multiplied by 26 sample layers.
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Figure 4.25: The transmission measurement at the detector distance of 1.5 m.

Figure 4.26: The incident neutron beam flux as a function of collimator distance.
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The magnetic scattering component IM
iso(q) at zero field was the superposition

of scattering intensities from 26 recording layers.  The isotropic magnetic scattering was

achieved by shuffling the stack of 26 discs which effectively randomises the in-plane

magnetisation.  This ensures that the background subtraction contains no anisotropic

magnetic components that can distort the foreground measurements.  The method for

randomising the stacks in-plane magnetisation was understood in terms of the following

argument.  The recording layer consists of an ensemble of granular moments that

exhibit a strong in-plane magneto-crystalline anisotropy.  At zero field the moment

ensemble forms the remanent state whereby the average magnetisation <M> lies along a

preferred in-plane direction.  The magnetic diffraction pattern was anisotropic within

the scattering plane.  When the discs were shuffled and combined into the sample stack

the average magnetisation of each disc points in a random direction.  The superposition

of 26 magnetisation pattern results in a demagnetised sample and hence an isotropic

magnetic scattering pattern. Figure 4.27 illustrates a series of recording layers alongside

their simulated diffraction patterns.

Figure 4.27: The magnetisation map within the recording layer where <M> defines the
sample’s remanent magnetisation.  The anisotropic magnetic diffraction plot is
illustrated for each remanent state.
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The foreground measurement IF(q) was composed of nuclear scattering and

magnetic scattering components from the instrument and sample respectively.  The

foreground scattering at an applied magnetic field was expressed by the following

IF(q)=I′N+{I N(q)+IM
aniso(q)}.  The nuclear scattering components remain unchanged for

the foreground measurement.  The term IM
aniso(q) represents the anisotropic magnetic

scattering from the sample stack where the granular moments within all 26 recording

layers align along the field direction.  The magnetic scattering intensity was expressed

by IM
aniso(q)=IM(q)sin2α where α defines the azimuthal angle between the scattering and

magnetisation unit vectors q and m respectively.  The foreground measurements were

performed within the applied in-plane field range of 0.45 T<H<2.20 T at the quoted

sample-detector distances.

For the purposes of illustration, the background and foreground diffraction

patterns were modelled within the two-dimensional scattering plane.  The nuclear and

magnetic scattering components were modelled by the simplified function I(q)=Aq-4+B

known as the Porod scattering function [28].  The left plot of Figure 4.28 shows an

isotropic diffraction pattern at zero field where the magnetisation vectors were

randomised in-plane.  In the right plot, the in-plane magnetic field was applied along the

qx axis.  The diffraction pattern exhibits magnetic scattering lobes along the qy-axis.

Figure 4.28: The modelled diffraction patterns for the isotropic background scattering
IB(q) and the foreground scattering intensity IF(q) where the magnetisation unit vector m
is defined along the qx axis.  The nuclear and magnetic components are represented by
the Porod scattering intensity.
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The magnetic diffraction pattern contained within the foreground simulation was

extracted by subtracting off the zero field background components.  The remaining

scattering intensity consists of a difference between the magnetic anisotropic and

isotropic components.  The left-plot of Figure 4.29 shows the modelled difference

pattern where ∆IM=IM
aniso(q)-IM

iso(q).  The diffraction plot shows a strong positive (red)

anisotropic scattering within the two-dimensional scattering plane.  Due to the moment

orientation factor, sin2α, the magnetic scattering component vanishes along the qx axis.

The anisotropic scattering was superimposed on the isotropic magnetic diffraction

pattern contoured in dark blue.  The right difference plot of Figure 4.29 shows the three-

dimensional pattern for isotropic and anisotropic scattering components.  The scattering

lobes were superimposed on the magnetic isotropic component, which falls below zero.

Figure 4.29: The simulated 2D and 3D magnetic difference plots resulting from the
superposition of anisotropic and isotropic scattering components.
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The magnetic difference plot was composed of the anisotropic magnetic

scattering component, which was superimposed on the isotropic magnetic scattering

background.  The amplitude was defined as the magnetic scattering intensity at an

applied in-plane field.  The offset was defined as the magnetic scattering intensity at

zero field.  These scattering components were extracted from the difference plot by

using the GRASP fitting program ANCOS2 [89].  The program fits the scattering

function IANCOS
2=Ia+Ibcos2(θ+δc) to the difference plot defined within an annulus of

radius qi and width ∆qi.  The intensity terms Ia and Ib represent the offset and amplitude

respectively.  The moment orientation function was described by the cosine squared

function where θ defines the polar angle.  The angular parameter δc defines the phase

shift of the moment orientation factor.  Spatially this represents a change in direction for

the in-plane average magnetisation.  The ANCOS2 program outputs three sets of data;

(a) amplitude Ib(q), (b) offset Ia(q) and (c) phase shift δc. Figure 4.30 illustrates the

ANCOS2 program using the simulated difference plot.

Figure 4.30: The simulated difference plot for an in-plane moment along the qx and qy
axes. The ANCOS2 function fits the difference plot over an annular ring of radius qi and
width ∆qi.  The amplitude Ib, offset Ia and phase shift δc are defined on the azimuthal
scattering intensity plot.
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4.4.4 Results and Discussion-AX1821

The SANS diffraction pattern of AX1821 was measured at the in-plane field of

1.0 T.  Due to the samples soft ferromagnetic nature, the applied field was adequate to

saturate the moments, refer back to section 4.3.2 for the hysteresis measurements of

AX1821.  The background measurements were performed in the zero field state where

the moments were randomly oriented within the sample plane.  The measured scattering

intensity was converted to the differential scattering cross-section by the direct beam

correction, dσ/dΩ=I(q)/Φinc where I(q) is the foreground or background scattering

intensity and Φinc is the incident flux on the sample.  Figure 4.31 shows the foreground

and background scattering measurements at the sample-detector distance of 1.5 m.  This

distance corresponds to the q range of 0.04 Å-1<q<0.30 Å-1.  Below the diffraction plot

was a schematic of the magnetic scattering geometry, note the image represents the

stack of 26 samples.  The grey arrow depicts the direction of the incident neutron beam.

The zero field background was subtracted from the foreground scattering at 1.0 T

resulting in the magnetic difference plot.

Figure 4.31: The AX1821 1.0 T foreground IF(q) and background IB(q) measurements at
the sample-detector distance of 1.50 m. The subtraction results in the magnetic
difference expressed in cross-section units.
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The difference plot defined by ∆IM shows an anisotropic diffraction pattern

about the two-dimensional scattering plane.  This was characteristic of a system of

magnetic domains aligned along the field direction. The GRASP program extracts the

azimuthal scattering data as a function of θ=900-α, see Figure 4.32.   The azimuthal data

exhibits the sin2α dependence where α is the angle between the q and m vectors.  The

difference plot was fitted using the scattering function ∆IM(q)=Ia+Ibcos2(θ+δc) where Ia

and Ib represent the magnetic scattering intensities at zero and 1.0T respectively.

Figure 4.33 compares the foreground and anisotropic magnetic scattering

intensities at the in-plane field of 1.0 T.  The foreground scattering was on average a

factor of 10 larger than the anisotropic component.  This shows that the foreground

component was dominated by the nuclear background scattering.  The majority of the

background scattering originates from the electromagnet used to magnetise the sample.

The magnetic scattering intensity exhibits Porod Scattering which was characteristic of

a magnetically amorphous material.  The anisotropic scattering intensity was modelled

using the Porod function IM
U(q)=A/qn+B where A, B and n are the fitting parameters.

Figure 4.34 plots the anisotropic magnetic scattering data and fit on a log-log scale.

Figure 4.32: The AX1821 1.0 T magnetic difference plot measured at the sample-
detector distance of 1.5 m.  The azimuthal scattering intensity is calculated over the q
range 0.04 Å-1 <q1.5m<0.30 Å-1.  The orientation dependence is expressed by sin2α.  The
azimuthal scattering intensity is fitted by the function Ia+Ibcos2(θ+δc) where θ=900-α.
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Figure 4.33: The AX1821 1.0 T foreground measurement and the anisotropic magnetic
scattering intensity.

Figure 4.34: The AX1821 1.0 T anisotropic magnetic scattering intensity fitted to the
Porod scattering function IM

aniso(q)=Aq-4+B.



4.4 Unpolarised SANS                                                                                                  107

The SANS diffraction pattern of AX1821 was also measured at the remanent

state.  The two-dimensional magnetic difference plot at the sample-detector distance of

5.0 m is shown in Figure 4.35.  The anisotropic magnetic scattering was quite noisy

within the scattering plane.  The azimuthal scattering data shows a less than ideal sin2α

dependence.  It would appear that the magnetic scattering signal was too weak to

measure any definite anisotropy within the scattering plane.  The magnetic scattering

intensity shows Porod type scattering behaviour, see Figure 4.36.  The Porod fit remains

questionable due to the sample’s noisy scattering statistics.  The severity of the poor

scattering statistics was demonstrated by plotting the ANCOS2 phase as a function q, see

Figure 4.37.  The ANCOS2 fit shows multiple phase shifts.  The scattering data appears

to exhibit no preferred moment orientation factor over the measured q range. The poor

scattering statistics were attributed to the reduced magnetic scattering contrast at

remanence.  By referring back to the AX1821 hysteresis measurement at 300 K, the

remanent magnetisation was approximately sixteen times the size of its saturation value.

As a result the magnetic contrast, which is proportional to the sample’s magnetisation,

was reduced by a similar magnitude.

Figure 4.35: The AX1821 remanent magnetic difference plot measured at the sample-
detector distance of 5.0 m.  The azimuthal scattering intensity is calculated over the q
range 0.02 Å-1<q5.0m<0.09 Å-1.
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Figure 4.36: The AX1821 magnetic scattering intensity at remanence fitted to the Porod
scattering function IM

aniso(q)=Aq-4+B.

Figure 4.37: The AX1821 ANCOS2 phase at remanence.  The zero phase refers to a
moment orientation along the qx axis while for the π/2 phase the moments are aligned
along the qy-axis.
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4.4.5 Results and Discussion-AX1646

 The SANS diffraction pattern for AX1646 was measured at the applied in-plane

field of 2.2 T.  The hysteresis measurements of AX1646 showed the recording layer was

fully saturated at the in-plane field of 2.2 T.  Figure 4.38 shows the SANS foreground

and background diffraction patterns at the sample-detector distance of 1.50 m.  This

distance corresponds to the q range of 0.04 Å-1<q<0.27 Å-1.  The magnetic scattering

geometry was shown for the stack of 26 samples.  For the foreground measurement, the

magnetic moments within the soft underlayer (grey) and recording layer (green) were

saturated in-plane.  The background scattering measurements show the recording layer’s

in-plane moments aligned along their easy axis.  The dark-grey arrows represent the

direction of the incident beam with respect to the applied magnetic field.  The scattering

measurements were normalised to the incident flux calculation.  The difference plot

exhibits strong scattering anisotropy about the detector plane.  The contour plot shows

the preferred magnetic scattering as red coloured lobes.  Due to the moment orientation

factor, the anisotropic magnetic scattering drops off along the x-axis. The blue region

represents the offset of the zero field magnetic scattering intensity.

Figure 4.38: The AX1646 2.2 T foreground and background scattering measurements at
the sample-detector distance of 1.50 m.  The background subtraction gives the magnetic
difference plot.
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The azimuthal scattering intensities were shown for the detector distances of

measurements of 1.5 m and 20 m, see Figure 4.39.  The black annulus defines the

respective measurements of 0.04 Å-1<q1.5m<0.30 Å-1 and 0.01 Å-1<q20m<0.02 Å-1.  The

magnetic scattering was fitted using the function I(q)=Ia+Ibcos2(θ+δc).  In Figure 4.39(a)

the cosine2 function closely fits the magnetic intensity within the scattering plane.  The

scattering function does not change phase where δc=0. This indicates that the in-plane

magnetisation was fully aligned along the qx-axis.  In Figure 4.39(b), the larger detector

distance shows no phase change in the cosine2 function.  There was a uniform saturation

of moments throughout the underlayer and recording layer.  Note for this low q-range

the scattering anisotropy mainly originates from the NiP soft underlayer.

Figure 4.39: The AX1646 2.2 T magnetic difference plot measured at the sample-
detector distance of (a) 1.5 m and (b) 20.0 m. The azimuthal intensity was calculated
over the respective q ranges of 0.04 Å-1<q1.5m<0.30 Å-1 and 0.01 Å-1<q20m<0.02 Å-1.
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The foreground and anisotropic scattering components were plotted on log-log

scale, see Figure 4.40.  The foreground scattering was on average 100 times larger than

the magnetic scattering intensity.  This intensity difference was due to the dominance of

the nuclear background scattering, which originates mainly from the cryostat window.

Note the foreground scattering of AX1646 was greater than the AX1821 experiment.  It

appears that the nuclear scattering background from the cryostat was approximately ten

times larger than the electromagnet background.  The magnetic anisotropic scattering

was a superposition of the recording layer and underlayer scattering components.  At

low q the magnetic scattering intensity was characteristic of Porod scattering.  The NiP

underlayer dominates the magnetic scattering where the amorphous grains form a

random size distribution of domain clusters.  At q>0.04 Å-1 the magnetic scattering

intensity deviates from Porod scattering behaviour.  There was an immediate increase in

the scattering intensity at q=0.1 Å-1 and q=0.25 Å-1.  These magnetic features originate

from the samples recording layer that contain structural information on the grain size

and grain size distribution.

Figure 4.40: The AX1646 2.2 T foreground measurement and anisotropic magnetic
scattering intensity.
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The anisotropic magnetic scattering intensity was expressed by the following,

IM
aniso(q)=IM

R(q)+IM
U(q) where the terms IM

R(q) and IM
U(q) represent the scattering

intensity from the recording layer and soft underlayer respectively.  The recording layer

scattering intensity was modelled using equation 4.3.  The grain size distribution was

represented by the gamma-Shultz function, equation 4.4.  The sub-granular structure in

q-space was modelled by the spherical core-shell form factor, see equation 4.5.  To test

the validly of the core-shell form factor, the scattering data was also fitted with the solid

sphere model.  The interference scattering was described by the structure factor S(q)

which was calculated using the Percus-Yevick method.  The magnetic scattering from

the NiP underlayer was expressed by the Porod relation IM
U(q)=Aq-n+B.  The magnetic

scattering data was fitted using the Nonlinear Least Squares Method (NLS) [90].

The magnetic scattering intensity at the in-plane field of 2.2 T was fitted with the

solid sphere form factor.  Figure 4.41 shows a series of fits for the granular diameters of

20.0 Å, 30.0 Å and 106 Å with a grain size distribution of 30%.  The solid sphere model

at 20.0 Å shows the closest fit to the scattering data.  At q<0.04 Å-1 the magnetic

scattering data was easily modelled using the Porod function.  For the q-range q>0.04 Å-1

the form factor partially fits the scattering structure though fails to predict the intensity

peak at q=0.10 Å-1.  As the diameter was increased, the tail of the form factor intensity

was absorbed into the Porod scattering term where the scattering intensity takes the

form, IM
aniso(q)∝q-4.  These fit results provide evidence that the recording grain were not

entirely single phased magnetic particle.

The recording grain’s multi-phased magnetic structure was modelled using the

spherical core-shell model.  Figure 4.42 shows the NLS fit to the magnetic scattering

intensity at the in-plane field of 2.2 T.  The model shows reasonable agreement with the

scattering data where the closeness of fit χ2=1.33.  Table 4.3 shows the NLS fit

parameters.  The magnetic scattering was devoid of any interference scattering between

magnetic grains.  This scattering characteristic occurs for highly amorphous magnetic

grains where the size distribution, about 26%, damps out any interference effects from

neighbouring grains.  As a consequence the Percus-Yevick structure factor reduces to

unity where S(q)≈1.0.  The scattering intensity expression, equation 4.3, simplifies to

the following relation, IM
aniso(q)=N<F2(q)>.
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Figure 4.41: The AX1646 2.2 T anisotropic magnetic scattering intensity fitted to the
solid sphere model of diameter 20 Å, 30 Å and 106 Å.

Figure 4.42: The AX1646 2.2 T anisotropic magnetic scattering intensity fitted to the
spherical core-shell model.
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The spherical core-shell form factor FM(q) provides information on the recording

grain’s ferromagnetic sub-granular structure.  The average core and shell diameter were

60.0 ± 1.00 Å and 112.0 ± 1.50 Å respectively.  The grain ensemble was polydisperse

with a grain size distribution of 26%.  These results moderately agree with the physical

grain size of the order of 120.0 Å with a grain size distribution of 33% [76].  The

difference between the physical and magnetic grain size defines the weakly magnetic

region of the outer shell known as the grain boundary. For example the thickness of this

grain boundary was approximately t=|120-112|=8.0 Å.  This thickness is typical for a

Cr-enriched grain boundary of order 6-12%.

The form factor scaling constants provided the grains core and shell magnetic

contrast components.  The core component was expressed by ∆ηc
M=ηc-ηs where ηc and

ηs represent magnetic scattering length density of the core and shell components. The

magnetic scattering length density was proportional to the core or shell magnetisation at

q=0.  The grain’s shell contrast takes the form ∆ηs
M=ηs-<M> where <M> is the volume

averaged magnetisation of the recording grain. The average magnetisation of the core

and shell components was expressed by the following expression <M>=vcMc+vsMs

where vc=Vc/Vt and vs=Vs/Vt represent the core and shell volume fractions respectively.

The core and shell contrast components were expressed by ∆ηc
M=(3.11 ±0.1)×10-6 Å-2

and ∆ηs
M=(−6.58±0.20)×10-7 Å-2 respectively. The contrast ratio of |∆ηc/∆ηs|≈5.0 shows

that the core component dominates the magnetic scattering density.  This result possibly

indicates that the granular core was more ferromagnetic than the shell component.  In

Figure 4.43 the magnetic scattering contrast is plotted as a function of granular radius.

Another interesting feature of the spherical core-shell model was the negative

shell contrast.  There were two explanations on why the shell component exhibited a

negative shell contrast.  The first hypothesises that the negative shell contrast represents

a magnetisation shift below the average value <M>.  The other explanation relates to the

onset of an ANCOS2 phase shift, which was represented by the smoothed out scattering

node at q=0.05 Å-1.  The negative contrast value was required to fit the scattering node

forming at the quoted q−position.  In the following low field SANS studies, it is shown

that the scattering node pinpoints a π/2 phase shift in the azimuthal scattering intensity.
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 The magnetic contrast difference between the core and shell components was

explained in terms of the grain’s alloy composition.  Consider the recording grain

composed of the alloy Co82Cr18Pt6B6.  The Pt was uniformly distributed throughout the

grain while the B atoms segregated to the grain boundary.  The Cr atoms mainly

segregate to the grain boundary leaving only a small percentage within the granular

core.  This results in an enriched ferromagnetic core with a magnetically depleted shell.

The formation of these distinct ferromagnetic phases leads to the variation in the core

and shell contrast components.

The in-plane hysteresis of AX1646 found that the recording grain’s average

magnetisation at room temperature was Ms=362 emu/cm3.  It was known from the

scattering model that the magnetic core contrast was five times larger than its shell

counterpart.  By utilising the average magnetisation formula, the core and shell values

were 1120 emu/cm3 and 224 emu/cm3 respectively. Note the bulk value for pure Co is

approximately 1400 emu/cm3.  The magnetisation of the core was characteristic of hard

ferromagnet with a high percentage of cobalt.  The shell component was much smaller

than the bulk value, which was due to a Cr enriched grain boundary.  Calculations show

that the shell magnetisation corresponds to the Cr atomic percentage of 25%.  It was

unclear if the outer shell was a soft ferromagnet or behaves as a paramagnet.

Figure 4.43: The magnetic scattering contrast profile of the AX1646 recording grain.
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Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (3.11 ± 0.1)×10-6   Å-2

Magnetic Shell Contrast∆ηs Free (−6.58 ± 0.20)×10-7 Å-2

Core Radius Rc Free 30.0 ± 0.70 Å

Shell Radius Rs Free 56.0 ± 1.10 Å

F(q)

γ-Distribution Width σ Fixed 15.0 Å

Porod exponent n Fixed 2.60

Scale factor A Fixed 1.3×10-4

IPorod (q)

Background Factor B Fixed 1.3×10-5

Closeness of Fit χ2 --- 1.33

Table 4.3: The AX1646 2.2 T fit parameters for the form factor F(q) and Porod IPorod(q)
scattering functions.  The third column shows which parameter was varied (Free) or
held constant (Fixed) during the NLS fitting routine.

The SANS foreground diffraction pattern for AX1646 was measured at the in-

plane magnetic field of 1.45 T.  Figure 4.44(a) shows the difference plot for the detector

distance of 1.5 m.  By using the momentum transfer argument, the measured q range

corresponds to 0.04 Å−1<q1.5m<0.30 Å−1.  Within the black annulus, the plot exhibits

strong anisotropic magnetic scattering where IM
aniso(qy)>IM

aniso(qx).  The cosine2 fit

closely fits the azimuthal scattering intensity which was characteristic of the moment

orientation factor sin2α.  The foreground scattering performed at the sample-detector

distance of 5.0 m is shown in Figure 4.44(b).  Calculations show the measured q-range

of 0.02 Å-1<q5.0m<0.09 Å-1.  In these measurement the maximum magnetic scattering

intensity undergoes a shift from qy→qx where IM
aniso(qy)<IM

aniso(qx).  This phenomenon

was observed in the azimuthal scattering intensity where the cosine2 function undergoes

a phase shift of π/2. At the sample-detector distance of 12.0 m the maximum magnetic

scattering intensity shifts back to the qy axis for the q range 0.0045 Å−1<q12m<0.02 Å−1.

Note as the detector moves further out, the magnetic scattering statistics gradually

decrease.  This effect was attributed to the noisy scattering signal near the beam stop.
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Figure 4.44: The AX1646 1.45 T magnetic difference plot and azimuthal scattering
intensities for the q range (a) 0.04 Å-1<q1.5m<0.30 Å-1, (b) 0.02 Å-1<q5.0m<0.09 Å-1 and
(c) 0.0045 Å−1<q12m<0.02 Å−1.
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The difference plots were fitted using the cosine2 function where its phase varies

as a function of q.  This phenomenon results from the variation between the magnetic

scattering contrast components ∆ηy
M and ∆ηx

M.  In this situation the magnetic scattering

intensity was modelled by a two-dimensional function which accounts for the scattering

variation along the qy and qx axes.  The magnetic scattering intensity was expressed by

the following equation IM
aniso(q)={I M

R(qy)-IM
R(qx)}+I M

U(q) where the intensity terms

IM
R(q) and IM

U(q) represent the magnetic scattering from the recording layer and soft

underlayer respectively.

The program ANCOS2 fits the magnetic difference plot by using the function

∆IM(q)=Ia+Ibcos2(θ+δc).  This equation outputs the magnetic scattering intensity Ib and

cosine2 phase shift δc as a function of q.  Figure 4.45 plots the ANCOS2 phase for the

measured q range of 0.0045 Å-1<q<0.30 Å-1. The noisy regions on the phase plot were

due to poor fitting results of the ANCOS2 scattering function.  This undoubtedly was

caused by low scattering statistics at the detector’s edge.   The data exhibited multiple

phase shifts at δc=0 and δc=π/2 which correspond to the maximum magnetic scattering

about the qy and qx directions respectively.  According Figure 4.45 the phase steps

occurred for the following co-ordinates,

             <<π
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<<
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       (4.6)

In Figure 4.46 the magnetic scattering intensity at the respective phase co-ordinates is

plotted onto a log-log scale.  The scattering intensity exhibits phase shifts at the q-nodes

of q=0.02 Å-1, 0.057 Å-1 and 0.18 Å-1.  The maximum scattering intensity results from

the superposition of the recording layer and soft underlayer scattering components. The

magnetic scattering intensity was modelled using the spherical core-shell form factor

and Porod scattering functions as derived section 4.4.1.  The scattering intensity and

cosine phase were combined onto a linear plot that expresses the magnitude and

direction of the preferred magnetic scattering.  The scattering intensity was assigned a

positive value when the cosine2 phase was zero while a negative value corresponded to

the phase shift of π/2.  These scattering conditions were expressed by the functions,

IM(q,δ=0)={IM
R(qy)-IM

R(qx)}+I M
U(q)>0 and IM(q,δ=π/2)={I M

R(qy)-IM
R(qx)}+I M

U(q)<0.
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Figure 4.45: The AX1646 ANCOS2 phase at the applied in-plane fields of 1.45 T.  The
zero phase refers to a moment orientation along the qx axis while for the π/2 phase the
moments are aligned along the qy-axis.

Figure 4.46: The AX1646 1.45 T magnetic scattering intensity for the ANCOS2 phase
steps of q1, q2, q3 and q4.
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The magnetic scattering intensity is plotted on a linear scale as shown in

Figure 4.47. The sample’s total magnetic scattering was modelled using the expression

IM(q)=Ny<F2(qy)>−Nx<F2(qx)>+IPorod(q). The functions F(qy) and F(qx) represent the

spherical core-shell form factors in qy and qx space and IPorod(q) represents the magnetic

scattering from the soft underlayer.  Table 4.4 lists the NLS fit parameters for the form

factor and Porod functions.  The scattering model bears good agreement with the data

with a closeness of fit χ2=1.43.   The intensity shows no signs of interference scattering,

which was characteristic of an amorphous ensemble of magnetic grains. The absence of

interference scattering was due to the recording layer’s large grain size distribution.

The ensemble of irregular shaped grains was characterised with by a gamma-Shultz size

distribution of order 30%.  This introduces spatial disorder to the grains thus dampening

out any interference effects.  Hence the Percus-Yevick structure factor reduces to unity.

The sample’s magnetic scattering behaviour was best understood by plotting the

individual form factor and background intensities, see Figure 4.48.  The majority of

magnetic scattering within the q1 range originates from the sample’s NiP underlayer

expressed by the inequality IPorod(q)>{F2(qy)−F2(qx)}.  As was the case with the

saturated measurement, the underlayer component was modelled using the Porod

scattering function.  Within the q2 range the magnetic scattering becomes negative

showing a cosine2 phase shift of π/2.  The total magnetic scattering was dominated by

the form factor along the qx-axis where F2(qx)>{F2(qy)+IPorod}.  For the q3 range the

magnetic scattering shifts back to zero phase indicating that granular moments have

aligned along the qx-axis.

The multiple phase shifts within the recording layer can be explained in terms of

a magnetic contrast variation between the form factors FM(qy) and FM(qx).   At low q the

form factor intensity along the qx-axis takes the form F(qx)
2>F(qy)

2.  This condition

shows that the contrast variation along the qy-axis was greater than the x-component.

The form factor intensities cross over at q=0.05 Å-1 where F(qx)
2<F(qy)

2.  This indicates

that the contrast variation was now larger along the qy-axis. The contrast variation was

attributed to the grain’s in-plane magnetic anisotropy.  Within the granular core, there

exists a magneto-crystalline anisotropy field, which determines the moment’s easy axis

of magnetisation.  The contrast variation occurs at low fields where the magnetisation no

longer lies along the applied field direction.  This hypothesis was tested in Chapter 7 by

performing micromagnetic simulations for an ensemble of magnetic recording grains.
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Figure 4.47: The AX1646 1.45 T magnetic anisotropic scattering intensity fitted to the
spherical core-shell model.  The inset shows IM>0;δc=0 and IM<0; δc=π/2.

Figure 4.48: The AX1646 1.45 T form factor and Porod scattering intensities for the
ANCOS2 phase steps of q1, q2, q3 and q4.
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 The recording grain’s magnetic structure within the x-y plane was determined

from the form factors FM(qy ) and FM(qx).  The form factor along the qy-axis shows a

core and shell diameter of 29.4 ± 1.0 Å and 93.8 ± 2.5 Å respectively.  The form factor

along the qx-axis gives the core and shell diameter of 57.6 ± 4.0 Å and 101.0 ± 3.5 Å

respectively. The grain size distribution was approximately 33%.  The magnetic length

scales were consistent with the physical grain size of the order of 100 Å.  The magnetic

contrast ratio was slightly smaller than the saturated case where |∆ηc/∆ηs|≈20.0.  The

grain’s core and shell angles were ϕc=14.70 and ϕs=10.50 respectively.  The following

result of ϕc>ϕs suggests that the grain’s magneto-crystalline anisotropy field was largest

in the core component.  This provides further evidence that the core was magnetically

harder than its shell component.  Figure 4.49 shows the micromagnetic map for the in-

plane fields of 0.45 T, 1.38 T, 1.45 T and 2.2 T.

Figure 4.49: The micromagnetic diagram of the AX1646 recording grain for the in-
plane field of 0.45T, 1.38T, 1.45T and 2.0T.  The in-plane magnetic hysteresis loop
shows the total moment for each SANS measurement.
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Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (2.13 ± 0.1)×10-6   Å-2

Core Moment Angle ϕc Free 15.4± 2.00

Core Radius Rcy Free 14.7 ± 1.0 Å

Shell Radius Rsy Free 46.9 ± 1.8 Å

γ-Distribution Width σy Fixed 15.0 Å

Magnetic Shell Contrast∆ηs Free (1.12 ± 0.4)×10-7 Å-2

Shell Moment Angle ϕs Free 10.5 ± 1.5 0

Core Radius Rcx Free 28.8 ± 3.0 Å

Shell Radius Rsx Free 50.7 ± 2.5 Å

F(q)

γ-Distribution Width σx Fixed 19.0 Å

Porod exponent n Fixed 2.90

Scale factor B Fixed 5.5×10-8

IPorod(q)

Background factor A Fixed -5.6×10-5

Closeness of Fit χ2 --- 1.01

Table 4.4: The AX1646 1.45T fit parameters for the form factor-F(q) and Porod-IPorod(q)
scattering functions.
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The SANS measurements were performed at the applied in-plane field of 0.45 T.

Figure 4.50 shows the magnetic difference plot for the detector distances of (a) 1.5 m,

(b) 5.0 m and (c) 12.0 m. At the detector distance of 1.5 m, the azimuthal scattering

intensity was calculated within the q-range 0.073 Å-1<q<0.17 Å-1.  The cosine2 fit

clearly shows anisotropic magnetic scattering however the signal was much weaker than

the corresponding measurement at 1.45 T.  The poor statistics were attributed to the

sample’s reduced background scattering from the NiP underlayer. For the detector

distance of 5.0 m, the azimuthal scattering intensity was calculated for the q range of

0.02 Å-1<q5.0m<0.07 Å-1.  The cosine2 fit shows a strong anisotropic diffraction pattern

within the scattering plane.  Due to the increased magnetic scattering along the qx-axis,

the cosine2 fit exhibits a phase shift of δ=π/2.  The ANCOS2 phase steps were observed

for the following q ranges,
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These co-ordinates were mapped onto a linear plot where the positive and negative

scattering intensity represents the ANCOS2 phase of zero and π/2 respectively.

The magnetic scattering intensity at 0.45 T was fitted to the spherical core-shell

model, see Figure 4.51.  The NLS fit parameters are listed in table 4.5 for the form

factors and background components.  As before the magnetic scattering behaviour was

understood by plotting the individual form factor and background intensities as a

function q, see Figure 4.52. The reduction in the applied magnetic field has increased

the form factor intensities along their respective axes.  This again was attributed to the

increase in moment variations within the core and shell components, see micromagnetic

diagram in Figure 4.49.  Within the q1 range the negative scattering intensity originates

mainly from the recording layer’s in-plane magnetisation along the qy-axis where

F2(qx)>{F2(qy)+Iporod(q)}.  The Porod scattering intensity no longer dominates the

magnetic scattering intensity due to a slight reduction in underlayer magnetisation.  This

effect was somewhat unusual since one should expect the soft underlayer to be fully

saturated at 1.45 T.  Within the q2 range the scattering intensity shifts to positive values

where F2(qy)>{I porod(q)-F2(qx)}.  This shows that the recording grain’s magnetic contrast

along qx was larger than its qy component.  For the final q-range, the scattering intensity

shifts back to negative values.
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Figure 4.50: The AX1646 0.45 T magnetic difference plot and azimuthal scattering
intensity for the q range (a) 0.073 Å-1<q1.5m<0.17 Å-1, (b) 0.02 Å-1<q5.0m<0.07 Å-1 and
(c) 0.0045 Å−1<q12m<0.02 Å−1.
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Figure 4.51: The AX1646 0.45 T magnetic scattering intensity fitted with the spherical
core-shell model. The inset shows the phase at δ=0 and π/2 for the (+) and (-) scattering
intensities respectively.

Figure 4.52: The AX1646 0.45 T form factor and Porod scattering intensities for the
ANCOS2 phase steps of q1, q2, and q3
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Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (1.47 ± 0.3)×10-6   Å-2

Core Moment Angle ϕc Free 26.5 ± 4.00

Core Radius Rcy Free 18.8 ± 2.8 Å

Shell Radius Rsy Fixed 50.6 ± 5.5 Å

γ-Distribution Width σy Fixed 15.8 Å

Magnetic Shell Contrast∆ηs Free (1.81 ± 0.70)×10-7 Å-2

Shell Moment Angle ϕs Free 21.9 ± 8.0 0

Core Radius Rcx Free 30.0 ± 8.0 Å

Shell Radius Rsx Fixed 56.4 ± 11.0 Å

F(q)

γ-Distribution Width σx Fixed 19.5 Å

Porod exponent n Fixed 2.50

Scale factor A Fixed 1.6×10-8

IPorod(q)

Background factor B Fixed -7.5×10-5

Closeness of Fit χ2 --- 1.26

Table 4.5: The AX1646 0.45T fit parameters for the form factor-F(q) and Porod-IPorod(q)
scattering functions.
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4.4.6 Results and Discussion-AX341

The D11 SANS instrument was used to investigate the sub-granular magnetic

structure of AX341.  The sample’s diffraction pattern was extracted for the in-plane

magnetic field of 2.2 T.  Figure 4.53 shows the two-dimensional difference plot for the

sample-detector distance of 1.5 m. This detector distance corresponds to the q range

0.04 Å-1<q1.5m<0.30 Å-1.  The foreground and background measurements were divided

by the incident flux,Φinc, which normalises the scattering data to the cross-section units

of cm2.  The azimuthal scattering was averaged over the entire scattering plane and

fitted with the cosine2 function.  The diffraction data shows strong anisotropic magnetic

scattering with the detector plane.  This indicates that the sample’s underlayer and

recording layer were saturated along the applied field direction.  For the sample-detector

distances of 5.0 m the anisotropic scattering remains along the qy axis showing no

evidence of the cosine2 phase shift.

Figure 4.53: The AX341 2.2 T magnetic difference plot and azimuthal scattering
intensity at the sample-detector distance 1.5 m.  This corresponds to the scattering q-
range of 0.04 Å-1<q1.5m<0.30 Å-1
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The ANCOS2 function ∆IM(q)=Ia+Ibcos2(θ+δc) was used to fit the difference plot

where the magnetic scattering intensity was defined by Ib(q)=IM
aniso(q)=IM(qy)-IM(qx).

As in the previous measurements, the magnetic scattering originates from the recording

layer and NiP underlayer.  At saturation, the moment orientation factor eliminates any

magnetic scattering components along the qx-axis where IM(qx)=IM
R(qx)+IM

U(qx)≈0.0.

In this analysis, the magnetic recording grain was modelled using two different types of

structures.  The first model assumes that the magnetic grain was a solid spherical object

with no weakly magnetic grain boundary.  The solid sphere model was compared to the

core-shell structure where the Co-enriched core was segregated by the Cr-enriched grain

boundary.  The interference scattering from neighbouring grains was non-existent since

the ensemble has a large grain size distribution.  This spatial property averages the

Percus-Yevick structure factor to unity where S(q)→1. Therefore the sample’s magnetic

scattering intensity simplifies to the following IM
aniso(q) =N<F2

 (qy)>+IPorod(q).

The anisotropic magnetic scattering was fitted with the solid sphere form factor

shown in Figure 4.54.  The solid sphere model-A fits the magnetic scattering without

using the Porod background component.  The form factor only fits a slight section of the

scattering intensity.  The model’s mismatch with the data suggests that the scattering

function needs to account for the sample’s NiP background component.  In model-B,

the addition of the Porod scattering function achieves an improved agreement with the

data with a closeness of fit χ2=1.13.   The form factor function extracts the average grain

diameter of 38.0 ± 4.0 Å with a grain size distribution of 41%.  However these results

disagree significantly with TEM measurements, which show an average grain diameter

of 170 Å and the grain size distribution of 120% [76].

The solid sphere model failed to correctly fit the magnetic scattering data at the

saturation state.  This suggests that the recording grain’s magnetic structure cannot be

simply modelled using a solid ferromagnetic sphere.  Alternatively the recording grain

was modelled using the spherical core-shell structure.  The grain’s core component was

enriched with ferromagnetic cobalt with an atomic percentage of the order of 75%.  The

weakly magnetic shell was enriched with Cr and Ta atoms.  According to Figure 4.8 the

Cr percentage of 20-25% was adequate to render the grain boundary magnetically soft.

The scattering intensity is fitted to the spherical core-shell form factor as shown in

Figure 4.55.  The model shows reasonable agreement with the scattering data where the

closeness of fit is χ2=1.11.  Table 4.6 lists the form factor and Porod fit parameters.
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Figure 4.54: The AX341 2.2 T anisotropic magnetic scattering intensity fitted to the
solid sphere model.

Figure 4.55: The AX341 2.2 T anisotropic magnetic scattering intensity fitted to the
spherical core-shell model.
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 The spherical core-shell form factor defined by F(qy) extracts a core and shell

diameter of 40.0 ± 1.80Å and 146.0 ± 2.2 Å respectively with a grain size distribution of

36%.  The outer diameter was closer to the TEM measurements though the result falls

short by 20.0 Å.  This length scale may be attributed to the grain’s non-magnetic region.

In this situation a high percentage of Cr atoms have segregated to the outer edge of the

grain boundary thus rendering this region non-magnetic.  Figure 4.56 plots the magnetic

scattering contrast profile as a function of the granular radius.  In a similar fashion to

AX1646 the granular core and shell contrast were shifted with respective to the average

magnetisation.  The shell’s magnetic contrast of ∆ηM
s=(-2.29±0.7)×10-7 Å-2 indicates

that the grain’s outer magnetisation was slightly below the average.  The contrast ratio

of |∆ηc/∆ηs|≈26.0 shows the granular core to have a much larger magnetisation than the

shell component.  The contrast ratio suggests the core component was highly enriched

with cobalt, which leaves the shell magnetically depleted.  Further evidence for the

enriched grain was obtained by comparing the core contrasts of AX1646 and AX341.

The core contrast inequality of ∆ηc(AX341)>∆ηc(AX1646) shows that AX341 has a

greater magnetisation within the core component. Hysteresis measurements confirm this

result where the saturation magnetisation of AX341 was greater than AX1646.

Figure 4.56: The AX341 recording grain’s magnetic scattering contrast profile at the
applied in-plane field of 2.2 T.
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The LMRM sample AX341 was characterised using the D22 SANS instrument.

The change over to this SANS instrument was meant to increase the incident beam flux

to the sample thereby improving the scattering statistics.  For example the maximum

beam flux at the sample for D11 and D22 were 1.2×108 ncm-2s-1 and 3.2×107 ncm-2s-1

respectively [63,64].  The D22 beam flux was approximately 3 times larger than D11.

The SANS measurements were performed for the sample-detector distances of 4.5 m

and 14.0 m at the in-plane field of 0.50 T.  Their respective magnetic difference plots

are shown in Figure 4.57.  The azimuthal scattering intensity was averaged over the

scattering plane and fitted with the cos2θ function.  At the detector distance of 4.5 m the

anisotropic magnetic scattering was along the qy-axis where IM
aniso(qy)>IM

aniso(qx).

Within this q-range the granular moments were saturated along the field direction.  For

the detector distance of 14.0 m the azimuthal scattering intensity undergoes a phase shift

of δ=π/2 where the anisotropic scattering flips from qy→qx, IM
aniso(qy)<IM

aniso(qx).

Figure 4.57: The AX341 0.5 T magnetic difference plot and azimuthal scattering
intensity for the q-ranges (a) 0.02 Å-1<q4.5m<0.15 Å-1 and (b) 0.004 Å-1<q14m<0.04 Å-1.
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The magnetic scattering data were partitioned into positive and negative values.

The ANCOS2 phase shifts occurs at q1=0.031 Å-1.  This phase shift was due to the

recording grain’s large scattering contrast variation along the qx-axis.  The magnetic

anisotropic scattering intensities IM
aniso(qy)>IM

aniso(qx) and IM
aniso(qy)<IM

aniso(qx) were

recast onto linear plot shown in Figure 4.58.  In these SANS measurements there was no

magnetic interference effects as a result the scattering intensity simplifies to the

following IM
aniso(q)=Ny<F2(qy)>-Nx<F2(qx)> where F(q) represents the spherical core-

shell form factor.  The NLS fit shows good agreement with the magnetic scattering

intensity with a closeness of fit χ2=1.27, see Table 4.7. The form factor and background

scattering intensities were plotted in Figure 4.59. The intensity difference between the

respective form factors was quite small indicating that the moment variations along the

qx and qy axes were similar in magnitude. It may be possible that the recording layer’s

large demagnetisation field prevents the granular moments from aligning along the easy

direction of magnetisation.  This effect results in a slight contrast variation between the

scattering form factors.  Within the q1 range the magnetic scattering intensity originates

from the recording layer where F2(qx)>{F2(qy)+IPorod(q)}.  Since the D22 measurements

were performed at a higher q-range than the AX1646 measurements, there was no

significant magnetic background scattering from the underlayer.

 The scattering form factor F(qy) gives a core and shell diameter of 55.2 ± 4.0 Å

and 129.6 ± 5.6 Å respectively with a grain size distribution of 39%.  These results were

confirmed by the positive peak at q=0.045 Å-1, which corresponds to an outer diameter

of 140.0 Å.  Similarly the scattering form factor F(qx) gives a core and shell diameter of

64.6 ± 2.8 Å and 172.8 ± 6.3 Å respectively with a grain size distribution of 29%.  The

grain’s outer diameter along either scattering axis was comparable to the independent

TEM measurements.  The size distribution again disagrees with the TEM measurement

of 120%.  This discrepancy may result from the accuracy of the gamma-Shultz weighted

form factor <F2(q)>.  The form factor was averaged with a grain size distribution of 30-

40%.  Within this distribution width, the averaged form factor approaches the Porod

scattering function, see Griffiths [52].  Any further increase in the distribution width

leaves the form factor function unchanged.  The fitting routine will essentially converge

to the minimum distribution width that smoothes out the scattering intensity function

which in this case was of the order of 30%.
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Figure 4.58: The AX341 0.50T magnetic scattering intensity fitted to the spherical core-
shell model.

Figure 4.59: The AX341 0.50 T form factor and Porod scattering intensities for the
ANCOS2 phase steps of q1 and q2.
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Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (6.02 ± 0.2)×10-6   Å-2

Magnetic Shell Contrast∆ηs Free (-2.29 ± 0.7)×10-7 Å-2

Core Radius Rc Free 20.3 ± 1.30 Å

Shell Radius Rs Free 73.0 ± 3.5 Å

F(q)

γ-Distribution Width σ Fixed 27.0 Å

Porod exponent n Fixed 2.40

Scale factor A Fixed 9.3×10-9

IPorod(q)

Background factor B Fixed -1×10-7

Closeness of Fit χ2 --- 1.11

Table 4.6: The AX341 2.2 T fit parameters for the form factor-F(q) and Porod-IPorod(q)
scattering functions.

Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (5.07 ± 0.50)×10-5   Å-2

Core Moment Angle ϕc Free 32.4 ± 1.40

Core Radius Rcy Free 27.6 ± 2.80 Å

Shell Radius Rsy Free 64.8 ± 4.0 Å

γ-Distribution Width σy Fixed 25.0 Å

Magnetic Shell Contrast∆ηs Free (1.68 ± 0.70)×10-6 Å-2

Shell Moment Angle ϕs Free 36.8 ± 3.8 0

Core Radius Rcx Free 32.3 ± 2.0 Å

Shell Radius Rsx Free 86.4 ± 4.5 Å

F(q)

γ-Distribution Width σx Fixed 25.0 Å

Porod exponent n Fixed 3.10IPorod(q)

Scale factor A Fixed -3.0×10-13

Closeness of Fit χ2 --- 1.27

Table 4.7: The AX341 0.5 T fit parameters for the form factor-F(q) and Porod-IPorod(q)
scattering functions
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4.4.7 Summary

The LMRM sample’s sub-granular magnetic structure was investigated using the

characterisation technique of unpolarised SANS.  The SANS experiment measured the

sample’s foreground diffraction pattern at an applied in-plane magnetic field for a range

of detector distances.  The background diffraction pattern was measured at the zero field

state.  The recording layer’s anisotropic and isotropic magnetic scattering intensities

were extracted via the zero field background subtraction.

The background sample AX1821 was composed of the soft ferromagnetic film

layer of NiP.  At the applied in-plane field of 1.0 T, the sample’s magnetic diffraction

pattern was highly anisotropic within the scattering plane.  This showed that the soft

ferromagnetic moments easily saturated within the sample plane.  The q-dependent

magnetic scattering exhibited Porod-type scattering, which resulted from the soft layer’s

polydisperese ensemble of domains.  These measurements revealed that the NiP layer

has a negligible scattering intensity within the recording layer’s measured q-range.

The LMRM sample AX1646 was composed of the cobalt-based alloy CoCrPtB.

The measurements were performed at the in-plane fields of 0.45 T, 1.45 T and 2.2 T.  At

the field of 2.2 T, the magnetic diffraction pattern was highly anisotropic about the

scattering plane.  The moments within the recording layer and underlayer were fully

along the field direction.  The magnetic scattering exhibited a cosine2 phase shift at the

fields 0.45 T and 1.45 T.  This behaviour was attributed to the recording grain’s

magnetic contrast variation within the scattering plane.  The scattering intensity from

the recording layer was modelled using a spherical core-shell structure.  The model

showed that the recording gain was composed of a cobalt-enriched core while the grain

boundary consisted of a weakly magnetic shell of Co, Cr and B atoms.

 The LMRM sample AX341 was composed of the cobalt-based alloy CoCrPtTa.

The SANS measurements were performed at the in-plane fields of 0.5 T and 2.2 T.  At

2.2 T, the recording layer’s magnetic diffraction pattern was highly anisotropic within

the scattering plane.  At the field of 0.5 T the diffraction pattern exhibited the cosine2

phase shift characteristic of the recording grain’s contrast variation within the scattering

plane.  The magnetic scattering data were fitted using the spherical core-shell model.  It

was found that the recording grain exhibited a Co enriched core with a Cr-depleted

shell.  Further contrast calculations showed that it was possible to accurately measure

the relative core-shell magnetisation of the AX341 recording grain.
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4.5 Polarised SANS

In the previous section the characterisation technique of unpolarised SANS was

used to investigate the recording grain’s local magnetic structure.  The grain’s magnetic

scattering intensity was modelled by the spherical core-shell form factor.  The magnetic

nature of these core and shell components depends on the physical grain size and its

chemical composition.  Initially TEM and ELL-TEM measurements were used to

characterise a grain’s physical structure and chemical composition respectively [15,22].

These measurements were used as a guide when extracting the magnetic grain size.

However it would be advantageous to develop a characterisation technique which could

simultaneously measure the grain’s physical and magnetic length scales.  In this

situation the measurement would contain no uncertainties between the physical and

magnetic grain size.

The obvious characterisation technique to perform the physical and magnetic

measurements was unpolarised SANS.  In neutron scattering, the physical length scale

was extracted by the nuclear scattering intensity.  The nuclear scattering from the SANS

experiment originated from the sample layers, instrument and apparatus.  Only a small

fraction of the nuclear scattering results from the sample underlayer while even a

smaller fraction emanates from the recording layer.  The task of separating the recording

layer’s nuclear scattering intensity was complicated by the superimposed magnetic

scattering component.  Regardless of the magnetic field, the magnetic scattering cannot

be removed by direct a background subtraction.  In short this nuclear scattering

component cannot be extracted by the conventional SANS experiment due to the

aforementioned reasons.  However it was shown that the characterisation technique

known as POLSANS has the ability to directly measure the recording layer’s nuclear

and magnetic scattering components.

The POLSANS technique measures the SANS diffraction pattern for an incident

beam of spin polarised neutrons.  The advantage of polarised neutron scattering was that

it allows one to extract the sample’s nuclear-magnetic interference, which was directly

proportional to the grain’s nuclear and magnetic scattering form factor.  By using an

appropriate scattering model, one can extract the recording grain’s physical structure

and compositional phase.  In the following section, the POLSANS technique was used

to investigate the local magnetic and nuclear structure of the LMRM sample AX1646.
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4.5.1 Instrumentation

The sample AX1646 was characterised using the SANS1 instrument at PSI,

Villigen, Switzerland [65].  Figure 4.60(a) shows a snapshot of the collimator/guide.

The incident neutron beam was collimated into the target region, see second image of

Figure 4.60(b).  In section 3.1.1, the incident beam was polarised by using the magnetic

super-mirror.  The polariser was built into the system of neutron guides.  The spin

flipper was used to switch the neutrons between the spin up (+) and spin down (-) states.

Table 4.8 lists the instrument specifications.   The scattering statistics were improved by

combining 26 identical sample discs into a sample pile.  Similarly the diameter of each

disc was 1.4 cm.  The pile was wrapped in Al foil and inserted into the sample holder

depicted in Figure 4.24.  The samples were shuffled beforehand to ensure that the in-

plane magnetisation was randomised within the scattering plane.  The recording layer of

AX1646 saturated at the applied in-plane field of 2.0 T.  Therefore the 11 T Oxford

Instruments cryomagnet was used to magnetise the sample in-plane, see Figure 4.60(c).

SANS SPECIFICATIONS DETAILS
Neutron Guide Cold Neutron Guide 1RNR16; λ>0.42 nm

Monochromator Helical Slot Velocity Selector

Wavelength 0.45 nm < λ < 4.0 nm

Resolution 100×∆λ/λ=10%

Incident Neutron Flux for 10x10 mm2 sample 5.0×106 n cm-2s-1

q-Range 6.0×10-3 nm-1< q < 10.5 nm-1

Detector 2D 3He 128×128 elements of 7.5×7.5 mm2

Collimation 1-18 m

Sample-Detector Distance 1-20 m continuously

Lateral Displacement 0-0.5 m

Table 4.8: The instrument parameters for the SANS1 machine [65].
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Figure 4.60: Snapshots of the SANS1 instrument. The first image shows the (a) neutron
beam collimator/guide.  The second image depicts the (b) target region where the (c)
cryomagnet and sample are fixed to the table mount.
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4.5.2 Measurements

The POLSANS measurements were performed for the sample-detector distances

of 2.0 m and 8.0 m at the neutron wavelength of 6.0 Å.  By applying the momentum

transfer argument, the SANS instrument spanned the q-range of 0.007 Å-1<q<0.25 Å-1.

The measurements consisted of three parts (a) zero field sample transmission IT
±, (b)

zero field background scattering IB
± (q) and the (c) applied field foreground scattering

IF
±(q).  The solid angle correction was applied to the scattering measurements.  Through

polarisation analysis, the magnetic and nuclear-magnetic scattering measurements were

used to extract the recording layer’s nuclear scattering component.  The recording

layer’s sub-granular physical structure was related to the nuclear scattering intensity.

The sample transmission IT
± measures the intensity of the straight through beam

for the ± neutron spin states.  Figure 4.61 shows the transmission measurement for an

incident beam of spin up neutrons at the sample-detector distance of 2.0 m.  These

measurements extracted the incident flux on the sample target. The incident flux was

expressed by Φ=AIT
±/S where S is the sample area exposed to the incident neutron beam

A is the beam attenuator.  Again these calculations were used to correct for beam flux-

collimation and to normalise the scattering intensity to the cross-section units (cm2).

Figure 4.61: The transmission measurement for the SANS1 instrument at the detector
distance of 2.0 m.  The intensity plot is calculated within the dotted perimeter.
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The background measurements for the ± neutron spins states were expressed by

the scattering intensities IB
+(q) and IB

-(q) respectively.  The unpolarised background

scattering intensity was recovered by averaging the polarised background terms where

IB(q)={I B
+(q)+IB

-(q)}/2.  The background scattering was a superposition of nuclear and

magnetic scattering components.  The nuclear scattering component originates from the

sample, sample holder and cryostat.  The magnetic scattering component emanates from

remanent state of the sample’s magnetic recording layer and underlayer.   The polarised

background scattering was expressed by the following,

                               }II2)q(I)q(I{)}q(I)q(I{)q(I MN
'

MM
'

NNB ±+++=
±

.             (4.8)

The terms IN(q) and IM(q) represent the nuclear and magnetic scattering from the

recording layer respectively.  The nuclear background term IN
′(q) defines all other

scattering components not from the recording layer while IM
′(q) represents the magnetic

scattering from the underlayer.  The term (INIM)1/2
 defines the recording layer’s nuclear-

magnetic interference scattering.  The background scattering from the instrument and

non-magnetic underlayers do not exhibit magnetic scattering at the measured q-range,

hence there was no nuclear-magnetic interference term.

The polarised foreground measurements for ± the spins states were expressed by

the intensity terms IF
+(q) and IF

-(q).  The foreground scattering intensity was expressed

by the following,

          α±+++=
± 2

MN
'

MM
'

NNF sin}II2)q(I)q(I{)}q(I)q(I{)q(I .            (4.9)

The variable α defines the angle between the magnetic moment m and scattering q

vectors.  The ± foreground intensities within the 2D-scattering plane are illustrated in

Figure 4.62. Equation 4.9 was normalised to the maximum scattering intensity either

along the qx or qy axis.  The nuclear and magnetic components were modelled using the

Porod scattering function.  The background terms have been neglected to emphasise the

in-plane scattering anisotropy.  The unpolarised foreground intensity was determined by

averaging the ± foreground states where IF(q)={I F
+(q)+IF(q)}/2.  The nuclear-magnetic

interference term was extracted by calculating the difference between the ± foreground

states where IF
+(q)-IF

-(q)=4(INIM)1/2sin2α.  In Figure 4.63, the left-plot illustrates the

unpolarised magnetic scattering intensity while the right-plot simulates the nuclear-

magnetic interference term.
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Figure 4.62: The simulated foreground scattering for the polarised scattering intensities,
IF

±(q).  In this analysis, the recording layer’s nuclear and magnetic scattering intensities
are modelled using the Porod scattering function.  The background scattering from the
substrate and instrument has been neglected to highlight the scattering anisotropy.

Figure 4.63: The simulated unpolarsied magnetic scattering intensity and the nuclear-
magnetic interference term. The background scattering from the substrate and
instrument has been neglected to highlight the scattering anisotropy.
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4.5.3 Results and Discussion

The first stage of the experiment was to extract the magnetic diffraction pattern

from unpolarsied SANS measurements.  The foreground and background diffraction

pattern was measured at the sample-detector distance of 2.0 m at the in-plane field of

1.38 T.  The respective polarised measurements were averaged to obtain the unpolarised

diffraction patterns shown in Figure 4.64.  Note the q=0 position was shifted to the right

of the detector centre.  This q-shift allows one to measure the scattering intensity at

larger qx values.  For each diffraction pattern the magnetic scattering geometry was

shown for the target sample of 26 recording layers.  The grey arrow depicts the incident

neutron beam.  The black arrow defines the neutron beam’s ± spin states.  At the

magnetic field of H=1.38 T, the recording layer’s magnetic moments were partially

saturated along the field direction.  The magnetic difference plot was determined by

subtracting off the nuclear scattering and zero magnetic scattering components.

Figure 4.64: The AX1646 1.38 T unpolarised foreground and background measurements
at the sample-detector distance of 2.0 m.  Note in this SANS experiment the unpolarised
diffraction pattern is extracted by averaging the ± foreground and background
intensities.  The subtraction gives the magnetic difference plot.
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The azimuthal scattering intensity was extracted from the magnetic difference

plot at detector distances of 2.0 m and 8.0 m.  In Figure 4.65(a) the diffraction pattern

was highly anisotropic within the scattering plane.  This was demonstrated by the close

fit of the moment orientation factor where the sample's in-plane magnetisation was fully

saturated along the in-plane field direction.  In Figure 4.65(b) the azimuthal scattering

intensity remains anisotropic within the scattering plane although the scattering data

was quite noisy at the detector’s edge.  The ANCOS2 phase steps were identified by,
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The magnetic scattering intensity was partitioned into its positive and negative values

through the application of equation 4.10.  The recording layer’s magnetic scattering

intensity is plotted in Figure 4.66.  Within the q1-range a large fraction of the magnetic

scattering originates from the NiP underlayer.  For the q2-range the magnetic scattering

was dominated by the sample’s recording layer.  The ANCOS2 phase switches to π/2,

which indicates that the grain’s contrast variation along the qy-axis was greater than its

orthogonal component.  The scattering intensity returns to zero phase for q>0.064 Å-1

where the grain’s contrast variation was now greater along the qx-axis.

The magnetic scattering intensity was modelled using the two-dimensional

expression, I(q)=Ny<F(qy)
2>−Nx<F(qx)

2>+IPorod(q).  The form factor was modelled using

the spherical core-shell structure while the background term was expressed using the

Porod scattering function.  The NLS fitting program obtained a closeness of fit χ2=1.16.

Table 4.9 lists the parameters for the form factors and Porod function. The magnetic

scattering along the qy-axis described by the form factor F(qy).  The model gives a core

and shell diameter of 40.0 ± 2.0 Å and 99.4 ± 3.0 Å respectively with a grain size

distribution of the order of 30%.  The form factor F(qx) gives a core and shell diameter

of 70.6 ± 5.0 Å and 124 ± 4.0 Å respectively with a grain size distribution of 28%.  The

magnetic grain size and size distribution, obtained from the form factor, shows

moderate agreement with respect the physical grain size of 100.0 Å with a size

distribution of 30% [51].  In the latter half of the section, polarisation analysis will be

used to extract the recording grain’s nuclear scattering intensity.  This calculation will

provide a direct comparison between the magnetic and physical grain size.
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Figure 4.65:The AX1646 1.38 T magnetic difference plot at (a) 2.0 m and (b) 8.0 m for
the q ranges 0.04 Å-1<q2.0m<0.25 Å-1, (b) 0.008 Å-1<q8.0m<0.09 Å-1 respectively.

Figure 4.66: The AX1646 1.38 T anisotropic magnetic scattering intensity fitted to the
spherical core-shell model.  The inset shows the positive and negative intensities for the
respective ANCOS2 phase of zero and π/2.
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 The magnetic scattering intensity at the in-plane fields of 1.38 T (SANS1) and

1.45 T (D11) are compared in Figure 4.67.  The scattering intensities at either field

exhibits similar features with respect to background and form factor intensities.  The

significant difference between the data sets relates to the relative q-shift of the scattering

nodes so defined by ∆q1 and ∆q2.  The scattering node defines the π/2 phase shift for the

ANCOS2 fitting function.  For the magnetic field of 1.38 T the scattering nodes were

shifted towards larger q-values.  This q-shift was linked to the grain’s in-plane magneto-

crystalline anisotropy field.  As the applied magnetic field was reduced, the granular

moments begin to align along their easy axis of magnetisation.  At the field 1.45 T, the

in-plane moment variations were smaller than that of 1.38 T.  Therefore the magnetic

contrast variation along the y-axis for was greater than the 1.45 T measurement where

∆ηM
y(1.38T)>∆ηM

y(1.48T).  The third scattering node was absent from the SANS1

scattering data.  It was most likely that this scattering node was shifted beyond the

maximum q-range of q>0.25 Å-1.

Figure 4.67: The AX1646 comparison between the SANS1 and D11 magnetic scattering
intensity data at the in-plane magnetic fields of 1.38 T and 1.45 T respectively.  The
values ∆q1 and ∆q2 represent the q-shift of the scattering nodes.
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Scattering

Function

Description Parameter NLS

Switch

Value

Magnetic Core Contrast∆ηc Free (1.54 ± 0.10)×10-6   Å-2

Core Moment Angle ϕc Fixed 24.0 ± 40

Core Radius Rcy Free 19.8 ± 1.5 Å

Shell Radius Rsy Fixed 49.7 ± 3.0  Å

γ-Distribution Width σy Fixed 15.0 Å

Magnetic Shell Contrast∆ηs Free (2.01 ± 0.50)×10-7 Å-2

Shell Moment Angle ϕs Fixed 8.2 ± 2 0

Core Radius Rcx Free 35.3 ± 3.0 Å

Shell Radius Rsx Fixed 62.0  ±4.0 Å

F(q)

γ-Distribution Width σx Fixed 19.0 Å

Porod exponent n Fixed 2.9

Scale factor A Fixed 7.6×10-8

IPorod(q)

Background B Fixed 9.5×10-7

Closeness of Fit χ2 --- 1.16

Table 4.9: The AX1646 1.38 T fit parameters for the form factor-F(q) and Porod-
IPorod(q) scattering functions.
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The second stage of the POLSANS experiment was to calculate the intensity

difference between the ± foreground scattering states.  Figure 4.68 shows the nuclear-

magnetic interference pattern at the sample-detector distance of 2.0 m.  The azimuthal

intensity was calculated over the q range of 0.05 Å-1<q<0.25 Å-1.  The cos2θ fit shows a

strong anisotropic diffraction pattern within the scattering plane.  It was known that the

scattering anisotropy stems from the moment orientation factor while the intensity

results from the interference of magnetic and nuclear scattering components.

The recording grain’s physical structure was determined by extracting the

nuclear scattering intensity from the interference pattern.  The interference intensity was

expressed by, INM(q)=4(INIM)1/2 where the intensities IN(q) and IM(q) represent the

recording layer’s nuclear and magnetic scattering components respectively.  By dividing

out the magnetic scattering component, the nuclear scattering intensity was expressed

by IN(q)={I 2
NM(q)/(IM(q)16)}.  The interference term INM(q) and the magnetic scattering

intensity IM(q) were inserted into the nuclear scattering expression.  Figure 4.69 shows

the magnetic, nuclear and nuclear-magnetic scattering intensities on the log-log scale.

Figure 4.68: The AX1646 nuclear-magnetic interference pattern at the sample-detector
distance of 2.0 m. The azimuthal scattering intensity is calculated for the nuclear-
magnetic interference where the cos2θ function fits the scattering anisotropy.
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The interference term exhibits similar scattering features when compared to the

magnetic scattering intensity.  The Porod-like interference scattering was observed for

the q range of 0.0089 Å-1<q<0.06 Å-1.  It would appear that this interference component

originates from the sample’s magnetically soft underlayer.  In this case the underlayer’s

magnetic scattering component was interfering with its corresponding nuclear scattering

intensity.  Within the range of q>0.06 Å-1 the interference term and magnetic scattering

intensity exhibit matching nodes at q=0.06 Å-1 and q=0.20 Å-1.  These nodes give the

first indication that the magnetic and physical grain sizes were similar in magnitude.

The nuclear scattering intensity exhibited a much weaker contrast value, however the

scattering behaviour was comparable to its magnetic component.  This result allows one

to model the nuclear scattering with the spherical core-shell structure.

In Figure 4.70, the nuclear scattering intensity was fitted using the expression

IN(q)≈<FN(q)>2+IPorod(q).  The scattering form factor was modelled using the spherical

core-shell structure.  The scattering model shows moderate agreement with a closeness

of fit χ2=3.25.  The form factor extracted the core and shell diameter of 33.5±0.9 Å and

108.0±1.0 Å respectively.  The outer shell was comparable to its magnetic counterpart,

which confirms that the magnetic and nuclear grain size were equivalent.  The grain size

distribution was negligible for the scattering form factor. The TEM measurements show

a physical size distribution of 30% [76].  This discrepancy was attributed to the nuclear

scattering extraction procedure.  When the magnetic scattering intensity was divided out

from the interference term, the resulting nuclear component inherited sharper scattering

features.  In response the NLS routine fits these sharp scattering features by using a

monodisperse averaged form factor.

The nuclear scattering core and shell contrast components were expressed by

∆ηc
N=ηc-ηs and ∆ηs

N=ηs-<η> respectively.  The terms ηc, ηs, <η> represent the grain’s

nuclear scattering length density for the core, shell and average component.  The model

extracted a core and shell contrast of (1.43 ± 0.10)×10-8 Å-2 and (-1.05 ± 0.04)×10-9 Å-2

respectively.  The core contrast was about ten times the shell component as a result the

core’s nuclear scattering length density was greater than the outer shell structure.

Another feature of the contrast components was that the shell component was slightly

shifted below the average scattering density.  Similar behaviour was observed for the

magnetic contrast components at the saturation, however no physical explanation could

be found on why the nuclear contrast resulted in a negative value.
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Figure 4.69: The AX1646 1.38T magnetic, nuclear-magnetic interference and nuclear
scattering intensities.

Figure 4.70: The AX1646 nuclear scattering intensity fitted to the spherical core-shell
form factor and Porod scattering function.
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The nuclear scattering contrast components were compared with theoretical

calculations.  The recording grain’s composition consisted of a cobalt-enriched core

(Co84Cr10Pt6) and a chromium/boron segregated shell (Co72Cr18Pt6B6).  Within the grain

it was assumed that the majority of the boron atoms segregate to the outer shell.  The

density of the cobalt enriched core was approximated by the bulk value of cobalt

ρc=8.9 g/cm3 [34].  The shell component was slightly enriched with chromium resulting

in the reduction in the alloy density.  The shell density was approximated by the bulk

value of chromium ρs=7.5 g/cm3 [34]. The grain’s nuclear scattering length density was

calculated by using the formula η=Σi(ciρ/NA)ηi where ci is the atomic fraction of the ith

element, ρ is the compound’s bulk density and ηi is the ith element’s bound nuclear

scattering length density [91].  The density formula was used to calculate the core and

shell nuclear scattering densities of ηc=2.47×10-6 Å-2 and ηs=2.35×10−6 Å-2 respectively.

The calculated core and shell nuclear scattering contrasts were ∆ηc=1.2×10-7 Å-2

and ∆ηs=-1.10×10-7 Å-2 respectively.  Figure 4.71 shows the grain’s nuclear scattering

contrast profile for the (a) SANS measurements and (b) theory calculations.  The theory

result shows how the grain’s core and shell components were equally displaced above

and below the average scattering density <η>.  The experimental result gives a similar

contrast profile however the shell contrast was much smaller than its core component.

It was most likely that the contrast calculations have overestimated the percentage of

boron and chromium within the outer shell thereby increasing the shell’s nuclear

scattering length density.

Figure 4.71: The recording grain’s nuclear scattering contrast profile as a function of
radius for the (a) theory calculations and (b) SANS measurements.
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4.5.4 Summary

The POLSANS technique was used to characterise the recording layer’s

magnetic and physical structure at the sub-granular scale.  The experiment measured the

diffraction pattern for an incident beam of spin polarised neutrons at the applied in-

plane magnetic field of 1.38 T.  The anisotropic magnetic scattering was extracted from

the unpolarsied foreground diffraction pattern. The nuclear-magnetic interference term

was extracted by taking the difference between the polarised foreground measurements.

The nuclear scattering intensity was determined by dividing the interference term by the

magnetic scattering intensity at 1.38 T.  The nuclear scattering component was modelled

using the spherical core-shell structure. The form factor showed a large core contrast

with respect to the outer shell.  This was attributed to the grain’s cobalt-enriched core,

which has a larger scattering length density then its shell component.  It was shown that

the physical grain size was comparable to its magnetic counterpart.  These results

demonstrate that POLSANS can simultaneously extract an accurate length scale for the

magnetic and physical grain size.

4.6 Conclusion

In this chapter, SANS studies in conjunction with SQUID measurements were

used to investigate the magnetic and physical structure of longitudinal recording grains.

The first SANS experiment used unpolarised neutron scattering to measurement the

recording layer’s magnetic sub-granular structure.  It was successfully shown that the

spherical core-shell form factor could extract the recording layer’s magnetic grain size.

The form factor model was proved correct by showing close agreement between the

magnetic and physical grain size.  The scattering model also showed that the recording

grain was composed of a hard-ferromagnetic core (Co-enriched) and a weakly magnetic

shell (Cr-enriched). An accurate characterisation of the grain’s magnetic composition

was important for determining the medium’s recording properties.  For example the

magnetic grain size was proportional to the magneto-crystalline anisotropy energy.

This property was linked to the grain’s thermal activation energy, which determined the

stability of the storage medium over long periods of time.  The soft magnetic volume

was linked to the effectiveness of the granular segregation.  The well-segregated grain

improves the recording media’s SNR.
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The second experiment used polarised SANS studies to investigate the recording

layer’s sub-granular length scale.  It was demonstrated that the magnetic and physical

grain size could be simultaneously extracted from the nuclear-magnetic interference

term.  These scattering measurements confirmed that the magnetic and physical grain

size were of comparable magnitude.  Further analysis of the nuclear scattering intensity

similarly showed that the recording grain consisted of a spherical core-shell structure.

Spatial information on the recording grain’s physical length scale was important for

characterising the grain boundary’s magnetic and chemical composition.

The methodology developed from these experiments was applied to other

projects that involve characterisation and simulation of nano-sized magnetic structures.

The emergence of perpendicular-based recording media has resulted in further

reductions in the magnetic grain size.  This requires a characterisation method that can

measure the recording properties at smaller sub-granular length scales.  In the following

chapter, SANS and POLSANS measurements were used to characterise perpendicular

magnetic recording media.  The SANS technique was also useful for investigating

highly ordered magnetic nano-structures.  In Chapter 6, SANS measurements were used

to investigate the magnetic structure of self-assembled cobalt nanowires. Finally in

Chapter 7 the SANS studies of longitudinal recording grains and cobalt nanowires were

simulated using the micromagnetic method.
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Chapter 5

Perpendicular Magnetic Recording Media
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5.1 Introduction

In the last few years, the research and development of longitudinal magnetic

recording media (LMRM) has focused on increasing the areal density of the recording

layer. The latest longitudinal hard disk drive can achieve areal densities of the order of

100 Gbits/inch2.  Consequently the decrease in grain volume leaves the recording bits

susceptible to thermal activation effects such as super-paramagnetism.  For instance the

reduction in grain volume decreases the energy barrier separating a pair of magnetised

bits.  At the threshold density, the energy barrier can no longer prevent thermal forces

from switching the recording bits to alternate magnetic states.  At the extreme case,

thermal forces will drive the bit’s magnetisation to zero.  This translates into bit pattern

instabilities, which in turn leads to data erasure.  Due to these physical limitations, the

storage capacity of LMRM is quickly approaching its maximum areal density.  The next

generation of recording medium known as perpendicular magnetic recording media

(PMRM), is set to surpass the maximum storage density of 100 Gbits/inch2.  In the

following decades it is reasonable to assume that PMRM storage device will come close

to breaking the areal density mark of 1.0 Tb/inch2.

  The perpendicular recording media reads and writes information on magnetised

bits aligned perpendicular to the sample plane.  The recording layer is fabricated from

either a super-lattice or alloy-based structure, see Figure 5.1.  The super-lattice sample

consists of a basic repeating structure of ferromagnetic and non-ferromagnetic thin

films.  Some examples of the super-lattice are Co/Pt/Co/Pt and Co/Pd/Co/Pd [93].  The

recording bit is formed through generation of a large perpendicular magneto-crystalline

anisotropy from the numerous interfaces.  The typical energy densities are of the order

of 108 ergs/cm3.  At these energy densities, the super-lattice has the potential to exhibit

large coercivities, which are beneficial for perpendicular recording.  The disadvantage

of super-lattice media is the strong inter-granular exchange coupling, which leads to a

large transition noise.

The alloy-based structure is fabricated from a single layered film composed of

the ferromagnetic alloy such as CoCrPt.  The recording bits are columnar shaped where

each bit consists of 50-100 grains with a diameter of 80-100 Å.  The recording grains

are segregated by a grain boundary that is typically composed of a non-magnetic

material such as SiO2.  The boundary thickness can vary from 10-20 Å.  The following

chapter focuses on the alloy-based recording media.
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In previous studies of alloy-based perpendicular media, the recording bit’s

magnetic and physical structure were investigated using magnetic force microscopy

(MFM) and transmission electron microscopy (TEM) respectively [94].  Due to the

challenges of measuring small-scale structures, fewer studies have been reported on the

recording bit’s granular structure.  Studies on the recording media’s physical grain size

and chemical composition were performed using the TEM and EDS measurements [95].

Further studies have examined the recording grain’s crystalline properties using x-ray

scattering [96].  Magnetic measurements such as MOKE and VSM have studied the

recording layer’s hysteresis behaviour as a function of the applied field [97,98].

With further improvements to the areal density, the perpendicular recording

media becomes more prone to thermal activation and stray magnetic fields.  Typically

these interactions occur at a length scale of a few nanometers.  To properly understand

these magnetic interactions, one must develop a characterisation technique that can

measure the recording grain’s magnetic structure of the order of 10-100 Å.  The above

characterisation methods fail to extract any local information on the recording grain’s

magnetisation due to limitations in spatial resolution.  In this chapter small angle

neutron scattering (SANS) was used to investigate the local magnetism of perpendicular

recording grains.

Figure 5.1: The PMRM recording layer for the super-lattice and alloy-based thin films.
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5.2 The Recording Media Sample

The PMRM sample H114 was fabricated by Hitachi San Jose Research Center,

San Jose, CA, USA [99].  The thin film sample was double sided which improves the

magnetic scattering statistics for SANS characterisation.  Figure 5.2 shows the cross-

section of the PMRM sample.  The sample multi-layers were grown on a glass substrate

of thickness 0.6 cm.  The soft magnetic underlayer (SUL) of thickness 1000 Å was

deposited on the substrate.  The SUL was composed of a highly permeable alloy Fe-Co.

The function of the SUL was to provide the template for physical grain nucleation.  In

addition the SUL forms an essential component for the reading and writing of magnetic

bits.  A thin seed layer of Ru was deposited upon the SUL, which ensures that the c-

axes of the recording grains grow orthogonal to the sample plane.  The recording layer,

approximate thickness of 150.0 Å, was deposited onto the seed layer.  The recording

grains were composed of CoCrPt-SiO2 alloy with a grain size of 80-100 Å.  A layer of

carbon of thickness 50 Å was sputtered onto the recording layer. The carbon layer

protects the recording layer from physical damage, electrical discharge and oxidation.

Figure 5.2: The multi-layered cross-section of the CoCrPt-SiO2-based PMRM sample.



5.2 The Recording Media Sample                                                                                 158

5.2.1 Recording Layer

The recording layer was composed of the ferromagnetic alloy CoCrPt-SiO2.

Typically the ensemble of grains forms a Voronoi type structure as shown in Figure 5.3.

The grain’s core region was mainly composed of cobalt with an atomic percentage of

the order of 70-80%.  The core was also doped with a small fraction of Cr, Pt, Si and O.

Note the elements Si and O form into the non-magnetic compound SiO2.  The addition

of Cr reduces the grain’s saturation magnetisation thus improving the SNR during the

read-write process.  The addition of Pt increases the recording grain’s perpendicular

magneto-crystalline anisotropy field, which improves the medium’s magnetic stability.

The small fraction of SiO2 only slightly reduces the grain’s saturation magnetisation.

The grain boundary was composed mainly of the non-magnetic compound SiO2 with an

atomic percentage of the order of 90%.  The SiO2 boundary segregates the magnetic

recording grain, which reduces the inter-granular exchange coupling.

Figure 5.3: The physical microstructure of CoCrPt-SiO2 perpendicular recording grains.
The c-axis of a single grain is oriented perpendicular to the sample plane.
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5.2.2 Seed Layer

The recording grain’s crystalline structure was hexagonal closed packed (hcp).

The c-axis lies perpendicular to the sample plane defined by the Miller index (002).

The perpendicular geometry was achieved by sputtering the grains upon a Ru seed layer

with a crystal texture of hcp (002).  Figure 5.4 shows the PMRM sample’s multi-layers

and corresponding crystalline structure.  The matching of textures at the recording-seed

interface provides perpendicular alignment for the granular moments.  The Ru layer also

provides exchange de-coupling between the recording and soft under-layer.  The crystal

structure of CoCrPt-SiO2/Ru was characterised using powder x-ray diffraction (XRD).

Figure 5.5 shows the XRD measurements of the PMRM sample H114.  The Bragg peak

at 2θ≈43.00 originates from the recording layer’s CoCrPt (002) reflection.  The second

peak at 2θ≈930 was from the CoCrPt (004) reflection.  There was no Bragg reflection

from the Ru seed layer due to the low incident flux of the x-ray beam.  Crystallography

tables show the Ru (002) reflection should occur at 2θ≈42.170.  Figure 5.6 compares the

Bragg peaks for the calculated Ru (002) and measured CoCrPt (002) reflections.

Figure 5.4: The cross-section of CoCrPt-SiO2 perpendicular recording media showing
the crystalline structure for each the respective layer [17].
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Figure 5.5: The H114 XRD measurements of the CoCrPt-SiO2/Ru interface.

Figure 5.6: The simulated Bragg reflection of Ru(002) compared to the measured
reflection of CoCrPt (002).
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5.2.3 Soft Magnetic Underlayer

The sample’s SUL was composed of the soft ferromagnetic alloy Co-Fe.  The

SUL is an essential component for the perpendicular writing process.  In longitudinal

recording media, magnetic data were written by using the pole-head fringe field HF, see

Figure 5.7.  In perpendicular recording, the pole-head gap field HG is used to record

information.  The write process is understood in terms of the image pole concept.  When

the pole field saturates the perpendicular media, the gap field is “funnelled” through the

highly permeable SUL effectively creating an image of the single pole.  The magnetic

field above the SUL boundary is equal to the net sum of the fields generated by the

write poles and their images.   This magnetic phenomenon essentially doubles the write

field amplitude and provides sharper write field gradients.

Figure 5.7: The write process for (a) longitudinal recording media using the fringe field
HF and (b) perpendicular recording media using the gap field HG [17].
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5.3 Bulk Magnetisation

The magnetisation of H114 was investigated for the out of plane and in-plane

geometry as shown in Figure 5.8.  The out of plane measurement was performed using

the Magnetic Optical Kerr Effect (MOKE) where the applied magnetic field and

moment orientation lied perpendicular to the sample plane [100].  The theory and

application of MOKE was covered in section 3.2.2.  The main advantage of MOKE was

its ability to directly measure the magnetisation within the recording layer.  Since the

measurement was performed within a single layer, there was no magnetic background

component from the Co-Fe underlayer.  These measurements could be performed using

the SQUID instrument, however the total moment would be dominated by the SUL’s

large magnetic moment.  The in-plane measurement was carried out using the vibrating

sample magnetometer (VSM) where the applied magnetic field lies parallel to the

sample plane [101].

Figure 5.8: The out of plane and in-plane field geometries for the MOKE and VSM
measurements respectively.  In the out of plane field geometry, the perpendicular media
is magnetised along the c-axis.  For the in-plane geometry, the media is saturated within
the a-b plane.
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5.3.1 Results and Discussion

The MOKE instrument was used to measure the recording layer’s out of plane

hysteresis for the applied field range of -1.30 T<H<1.30T at temperature of 300 K, see

Figure 5.9.  In the MOKE measurement, the observed Kerr rotation was proportional to

the recording layer’s total moment.  The total moment was normalised to the saturation

value at 1.3 T (1.3×104 Oe) defined by the symbol µ.  The remanent moment was nearly

identical to the saturation value with a loop squareness of 0.98.  This result shows the

recording grains to have a strong out of plane magnetic anisotropy where the easy axis

of magnetisation lies along the out of plane field direction.  The magnetic anisotropy

originates from the recording grain’s magneto-crystalline field.  For longitudinal based

recording grains, the effective anisotropy field was smaller than the perpendicular grain.

This property was attributed to the longitudinal grain’s strong in-plane demagnetisation

field, which reduces the strength of the magneto-crystalline field.  The perpendicular

grain’s strong anisotropy field was beneficial for stable recording bits during the

read/write process.  The hysteresis loop also exhibits a large coercive field of the order

of ±0.5 T.  The coercive field was twice the size of the longitudinal result, which was

indicative of stronger anisotropy energy

The VSM instrument was used to measure H114’s in-plane moment for the

applied field range of −4.0 T<H<4.0 T, see Figure 5.10. The VSM measurements were

normalised to the saturation moment at the in-plane field of 4.0 T (4×104 Oe).  The VSM

measurement was a superposition of the recording layer (µ′) and soft underlayer (µ′′)

moments where the total moment was expressed by µ=µ′+µ′′.  The total moment shows

no high anisotropy moment indicative of the CoCrPt recording layer. The inset in

Figure 5.10 shows a hysteresis loop within the applied field range of −0.05 T<H<0.05 T.

This hysteretic behaviour was characteristic of the sample’s SUL, which was composed

of the alloy Co-Fe.  The recording layer’s moment was extracted by subtracting off the

SUL background.  For the in-plane loop, there was no direct measurement of the SUL

moment to perform the background subtraction.  Alternatively the SUL background was

simulated using a tangent function µ′′(H, Hc, µs, µr) [104].  The input parameters Hc, µs

and µr define the coercive field, saturation moment and remanent moment respectively.
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Figure 5.9: The H114 MOKE out of plane magnetic hysteresis loop for the field range
of -1.30 T<H<1.30 T.  The total moment was normalised to the saturation value [102].

Figure 5.10: The H114 VSM in-plane magnetic hysteresis loop for the field range of
-4.0 T<H<4.0 T. The total moment µ was normalised to the saturation value [103].
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The input parameters of the SUL function were obtained by fitting the model to

the in-plane data for the field range −0.025 T<H<0.025 T.  The magnetic field limit of

0.025T defines the SUL’s saturation magnetisation.  Figure 5.11(a) shows the hysteresis

loop of the SUL background modelled using the tangent function.  According to the

background fit, the SUL moment accounts for 95% of the sample’s total moment.  This

property is a characteristic of the perpendicular medium where the large SUL moment is

essential for imaging the recording layer and pole-head.  The SUL’s small squarness and

coercive field shows that the Co-Fe underlayer exhibits a sizeable demagnetisation field.

The hysteresis loop for the recording layer was extracted by subtracting off the

moment’s background component so defined by the tangent function µ′′(H,Hc,µs,µr),

see Figure 5.11(b).  The recording layer’s saturation moment at 4.0 T contributes only a

small fraction of the sample’s total moment.  As stated previously the SUL moment

dominates the hysteresis measurement.  The loop squareness was approximately 0.02.

The small squareness was indicative of the recording layer’s strong demagnetisation

field that rotates any granular moments out of plane.  The inset of Figure 5.11(b) shows

a loop area of nearly zero.  As a result the coercive field of 16 Oe was a small fraction

of the out of plane value.  Since the recording layer’s easy axis of magnetisation lies out

of plane, the magneto-crystalline energy plays no role in determining the magnitude of

the coercive field.

Figure 5.11: The in-plane hysteresis loop for the (a) SUL moment µ′′ and (b) the
recording layer moment µ′.
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5.4 Unpolarised SANS

In the previous section, the characterisation technique of VSM was used to

measure the in-plane hysteresis loop of perpendicular recording media.  The magnetic

hysteresis loop extracted information on the recording layer’s bulk magnetic properties

such as the saturation, remanent and coercive field.  However these VSM measurements

provided little information on the recording layer’s sub-granular magnetisation. The

characterisation technique of small angle neutron scattering (SANS) has the ability to

measure the recording grain’s magnetic and nuclear structure within the local length

scale of 10-20 nm.  In the following sections, unpolarised SANS studies were used to

investigate the local magnetisation of the perpendicular recording media sample H114.

5.4.1 Scattering Model

The scattering intensity for a monodisperse ensemble of grains is described by

I(q)∝F(q)2S(q) where F(q) is the granular form factor and S(q) is the structure factor.

For elastic neutron scattering, the recording grain’s physical spatial parameters such as

grain size were determined by the nuclear scattering form factor.  The form factor was

modelled by calculating the Fourier transform of the grain’s scattering potential.  The

geometry and density of the scattering potential was characterised using TEM and x-ray

measurements respectively.  It was observed in TEM measurements that the recording

layer was composed of columnar grains with an approximate thickness of 15.0 nm [99].

Compositional EDS measurements showed that the CoCrPt-SiO2 recording grain

was composed of a core-shell structure [95].  The granular core was mainly composed

of the cobalt-based alloy CoCrPt.  The core region was highly enriched with cobalt with

an atomic percentage of the order of 80%.  The shell was doped with the non-magnetic

compound SiO2.  The shell component effectively segregates the grain’s ferromagnetic

core region.  The scattering potential was modelled using a cylindrical core-shell

structure with finite length L and a core and shell radius of Rc
N and Rs

N respectively.

The core-CoCrPt and shell-SiO2 scattering contrasts were defined as ∆ηc
N and ∆ηs

N

respectively.  These respective values are proportional to the nuclear scattering length

densities of the compounds CoCrPt and SiO2.  The top plot of Figure 5.12 depicts the

cylindrical dimensions and nuclear contrast of the recording grain.
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  The grain’s magnetic scattering potential was modelled using the spherical

core-shell form factor expressed in equation 4.3.  The magnetic grain was defined with a

core and shell radius of Rc
M and Rs

M respectively.   The spherical shaped object was

used in place of the cylindrical model due to the apparent magnetic softening along the

grain’s perpendicular axis.  This effect was identical to magnetic softening of recording

grains explained in section 4.3.  The magnetisation of the core and shell components

was proportional to their respective magnetic scattering contrast ∆ηc
M and ∆ηs

M.  The

magnitude of these contrast values was used to characterise the magnetic phase of the

core and shell components.  For example if ∆ηc
M>∆ηs

M than it is assumed that core

component has a higher magnetisation than the outer shell.  It was shown in the SANS

measurements that shell contrast is non-magnetic, hence the magnetic recording grain

was modelled using a solid sphere structure.  The bottom plot of Figure 5.12 shows the

solid sphere model and its magnetic scattering contrast profile.

Figure 5.12: The nuclear and magnetic scattering contrast profile for the perpendicular
recording grain. The nuclear grain was modelled using a solid cylinder while its
magnetic counterpart is represented by a solid sphere structure.
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5.4.2 Instrumentation

The PMRM sample H114 was characterised using the D11 SANS instrument at

the ILL, Grenoble France [63].   The sample was cut in the shape of a 2×2 cm2 square.

The SUL and recording layer were fabricated on both sides of the glass substrate. The

additional recording layer increases the magnetic volume available to the incident

neutron beam thereby improving the magnetic scattering statistics relative to the

cryostat’s background scattering.  The scattering statistics were further improved by

stacking a series of 12 sample wafers, a total of 24 recording layers, into a target pile.

The pile was encased in an aluminium foil covering and secured in an Al sample holder

by a series of cadmium strips.  A cadmium mask with an aperture diameter of 1.4 cm

defines the area of the sample exposed to the incident neutron beam.  To reduce neutron

scattering from the aluminium sample holder a cadmium shield was fastened to the

exposed area of the holder.  The H114 in-plane hysteresis loop in Figure 5.11(b) shows

that the sample saturates at fields greater than 1.0 T.  Therefore the Oxford Instruments

cryostat was used to magnetise the sample at the in-plane field of 2.0T see Figure 5.13.

Figure 5.13: The instrument components for the D11 SANS experiment. The cryostat
chamber immerses the target mount in an external magnetic field that lies parallel to the
sample plane.
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 5.4.3 Measurements

The SANS measurements were performed at the sample-detector distances of

1.5, 4.0, 8.0 and 20.5 m.  The momentum transfer argument, |q|=4π/λsinθ shows the

instrument to span the q-range of 6.26×10-3 Å-1<|q|<0.30 Å-1. The SANS measurement

consisted of three separate parts (a) zero field sample transmission IT, (b) low in-plane

field background scattering IB(q) and (c) high in-plane field foreground scattering IF(q).

The scattering measurements performed at different detector distances were matched up

by calculating the solid angle correction.

The sample transmission IT measured the straight through beam intensity at q=0.

The details of this measurement were outlined in section 4.4.3 on longitudinal magnetic

recording media.  The intensity measurement was used to calculate the incident flux on

the sample, Φ=AIT/S where S is the sample area exposed to the incident beam. The flux

calculation was used to correct for flux-collimation and to normalise the scattering

measurements to cross-section units of cm2.

The zero field background measurement was prepared by first saturating the

recording layer’s moments out of plane.  The applied field was then ramped down to a

zero value.  This procedure insures that the magnetic diffraction pattern at remanence

was isotropic within the scattering plane. The background scattering intensity at zero

field was expressed by IB(q,H=0)=IN(q)+IM(q) where IN(q) and IM(q) represent the

nuclear and magnetic scattering components respectively.  The magnetic scattering was

given by IM(q,H=0)=IM
R(q)+IM

U(q) where IM
R(q) and IM

U(q) represent the isotropic

magnetic scattering intensities from the recording layer and SUL respectively.  Within

the recording layer, the granular moments were oriented perpendicular to the sample

plane.  The magnetic scattering intensity from the recording grain was expressed by,

IM
R(q,H=0)∝I0

R(q,H=0)[1−(q•m)2]≈I0
R(q,H=0)                     (5.1)

where q and m form an orthogonal vector pair. Since the moments were parallel to the

incident neutron beam, the magnetic diffraction pattern was isotropic within the two-

dimensional scattering plane.  Within the SUL the zero field moments were randomly

oriented which results in isotropic magnetic scattering where IM
U(q,H=0)=I0

U(q,H=0).

For the purpose of illustration the zero field diffraction pattern was simulated in

Figure 5.14(a).  The nuclear, recording and SUL scattering intensities where represented

by the Porod functions IN(q)=Aq-4, I0
R(q)=Bq-4 and I0

U(q)=Cq-4 respectively.
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The background scattering intensity at the in-plane magnetic field of 250 Oe was

expressed by IB(q,H=250Oe)=IN(q)+IM(q). The magnetic scattering from the recording

layer was equal to the zero field case where IM
R(q,H=250Oe)∝IM

R(q,H=0).  Due to the

grain’s strong magneto-crystalline anisotropy field the sample’s magnetisation remains

perpendicular to the plane.  The magnetic scattering from the soft underlayer was

expressed by

          IM
U(q,H=250Oe)∝I0

U(q)[1−(q•m)2]≈I0
U(q,H=250Oe)sin2α                  (5.2)

Equation 5.2 exhibits an anisotropic magnetic diffraction pattern within the scattering

plane.  According to the in-plane hysteresis measurements the SUL will fully saturate at

the in-plane field of 250 Oe hence the magnetic moments should easily align along the

field direction.  Again for the purposes of illustration, the background diffraction pattern

at 250 Oe was simulated within the scattering plane, see Figure 5.14(b).

Figure 5.14: The simulated diffraction patterns for the (a) zero field and (b) background
scattering components. The Porod scattering function was used to calculate the nuclear
and magnetic scattering components.
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The foreground scattering intensity was measured at the in-plane saturation field

of 2.0 T  where IF(q,H=2T)=IN(q)+IM(q). The magnetic scattering intensity from the

recording layer was IM
R(q,H=2T)∝I0

R(q,H=2T)sin2α while the magnetic scattering

from the SUL was given by IM
U(q,H=2T)∝I0

U(q,H=250Oe)sin2α.  In Figure 5.15(a) the

foreground scattering was simulated for the in-plane saturation field.  The magnetic

scattering from the recording layer was extracted by subtracting the background

scattering IB(q,H=250Oe) from the foreground component, IF(q,H=2T), where

           )Oe250H,q(Isin)T2H,q(I)q(I)q(II R
0

2R
0BFM =−α==−=∆ .          (5.3)

The first term represents the magnetic scattering intensity at 2.0T while the second term

gives the magnetic scattering at the in-plane field 250 Oe.  Notice that by subtracting off

the in-plane background at 250 Oe rather than at remanence, one has totally removed

the SUL magnetic scattering component.  Figure 5.15(b) shows the magnetic difference

plot for the simulated scattering functions. The GRASP routine ANCOS2 extracts the

magnetic scattering intensity (term 1) and offset (term2) from the magnetic difference

plot defined by equation 5.3.  Details of the GRASP fit were outlined in section 4.3.4.

Figure 5.15: The simulated (a) foreground and (b) magnetic difference patterns at the in-
plane saturation field.  The relevant scattering intensities are modelled using the Porod
scattering functions.
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5.4.4 Results and Discussion

The background measurements were performed at the in-plane field of 250 Oe.

The anisotropic magnetic scattering from the sample’s underlayer was extracted by

subtracting off the zero field measurement.  Figure 5.16 shows the background and zero

field diffraction patterns at the detector distance of 1.5 m.  The scattering measurements

correspond to the q range of 0.04 Å-1<q<0.30 Å-1.  For each diffraction plot, a schematic

shows the sample’s magnetic scattering geometry.  The green layer depicts the sample’s

recording layer while the grey regions represent the SUL.  At either background

measurement the recording layer moments were aligned perpendicular to the sample

plane.  At zero field the SUL moments were randomly oriented while at the applied

field, the moments were saturated in-plane.  The scattering intensities were converted to

cross-section units by the direct beam measurement, dσ/dΩ =I(q)/Φ0 where I(q) is the

measured scattering intensity and Φ0 is the incident flux on the sample.   

Figure 5.16: The H114 background measurements IB(q,H=250Oe) and IB(q,H=0) at the
sample detector distance of 1.50 m.The incident neutron beam was normal to the sample
plane.  The background subtraction gives the magnetic difference plot.
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The magnetic difference plot at 1.5 m is shown in Figure 5.17.  The azimuthal

scattering intensity was extracted within the two-dimensional scattering plane, see the

right plot in Figure 5.17. The cosine2 fit appears to show no magnetic scattering

anisotropy within the scattering plane.  This result was somewhat puzzling since the

saturated SUL sample exhibited a strong anisotropic diffraction pattern.  This property

was observed in Chapter 4 where the sample, AX1821, showed a strong anisotropic

scattering intensity at the in-plane field of 1.0 T.  In the case of H114, the weak

scattering anisotropy was attributed to the sample’s poor scattering statistics.  Another

possibility relates to the SUL’s strong demagnetisation field that rotates the moments

out of plane.  At zero field the SUL moments were randomly oriented throughout the

scattering volume.  At the in-plane field of 250Oe, the SUL moments were forced to

align along the field direction.  Within this magnetised state the demagnetisation field

may have prevented the SUL moments from fully saturating.  The independent VSM

measurement of H114 have suggested that the soft saturated moment was approximately

5% larger than the SANS result at 250Oe.  This field difference could account for the

large noise encountered in the SANS measurements.

Figure 5.17:The H114 250 Oe magnetic difference plot measured at the sample-detector
distance of 1.5 m, which corresponds to the q-range of 0.04 Å-1<q1.5m<0.30 Å-1.  The
moment orientation dependence is expressed by sin2α. The azimuthal scattering
intensity is fitted to the cos2θ function where θ=900-α.
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The GRASP function ANCOS2 was used to extract the anisotropic magnetic

scattering intensity.  The background and magnetic scattering intensities are plotted in

Figure 5.18. The background scattering at 250 Oe was a superposition of magnetic and

nuclear components.  The large majority of nuclear scattering originates from the

sample’s cryostat.  The sample’s magnetic scattering originates from the SUL in-plane

moments.  The nuclear scattering intensity was approximately 100 times the size of the

magnetic scattering intensity.  This shows that the background scattering was mainly

dominated by the nuclear scattering intensity.  The magnetic component exhibits no

distinct scattering features such as Bragg scattering.  In actual fact the SUL does not

form an ordered system of magnetic grains.  This was due to the amorphous nature of

the SUL’s magnetic domains.  In this case the magnetic scattering was modelled using

the Porod function, I(q)=Aq-n+B where A and B represent the scaling constants.

Figure 5.18: The H114 background and magnetic scattering intensity at the applied in-
plane field of 250 Oe.  The magnetic scattering data is fitted with the Porod function
defined by IPorod(q)=Aq-n+B.
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The SANS foreground of H114 was measured at the applied in-plane field of

2.0 T.  The in-plane hysteresis measurements showed that the recording layer saturates

at the applied field of 2.0 T.  The background scattering was measured at the in-plane

field of 250 Oe.  The SANS foreground and background diffraction patterns at the q-

range of 0.04 Å-1<q1.5m<0.30 Å-1 is shown in Figure 5.19.  The sample’s magnetised

state was depicted for the recording layer (green) and SUL (grey).  At the saturation

field, the moments within the recording layer and SUL were aligned along the field

direction.  The diffraction pattern at either field was uniform within the scattering plane.

The majority of the scattering originates from the nuclear scattering components such as

the sample holder and cryostat.  The recording layer’s magnetic scattering was extracted

by calculating the difference between the foreground IF(q,H=2.0T) and background

IB(q,H=250Oe) measurements.  Since IB(q,H=250Oe) represents the SANS pattern of

a partially saturated SUL then one should expect the magnetic difference plot to contain

the residue background component.

Figure 5.19: The H114 2.0 T foreground and 250 Oe background scattering components
at a sample-detector distance of 1.50 m.  This distance corresponds to the q range of
0.04 Å-1<q1.5m<0.30 Å-1.  The resulting subtraction gives the magnetic difference plot.
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The azimuthal scattering intensity was extracted from the magnetic difference

pattern.  In Figure 5.20(a) the azimuthal data were analysed within the broad q-range of

0.04 Å-1<q1.5m<0.30 Å-1.  The magnetic scattering was highly anisotropic within the

scattering plane.  This scattering behaviour indicates that the recording grain’s local

magnetisation was fully saturated along the field direction.  Note the difference pattern

was asymmetric along the negative qx axis.  This effect may have resulted during

foreground measurements where the applied magnetic field had slightly twisted the

sample out of plane.  In Figure 5.20(b) the measurements were performed at the q-range

of 0.02 Å-1<q4.0m<0.10 Å-1.  Within this q-range, the magnetic structure was investigated

at a larger length scale.  The magnetic difference plot remains anisotropic about the

scattering plane.  Hence the local magnetisation at larger length scales remains saturated

along the applied field direction.

Figure 5.20: The H114 2.0T magnetic difference plot measured at the sample-detector
distance of (a) 1.5 m [0.04 Å-1<q1.5m<0.30 Å-1] and (b) 4.0m [0.02 Å-1<q4.0m<0.10 Å-1]
The azimuthal scattering intensity was calculated over their respective q-range.
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The ANCOS2 function was used to extract the recording layer’s magnetic

scattering intensity, IM
R(q,H=2T), and offset, IM

R(q,H=250Oe).  Figure 5.21 compares

the foreground and magnetic scattering components at the in-plane field of 2.0T.  As

was with the background measurements, the large majority of the foreground scattering

originates from the sample’s cryostat.  This background scattering was approximately

100 times the size of the magnetic scattering component.

Within the q1 range the magnetic scattering appears to originate from the

sample’s SUL.  Ideally the background subtraction should have removed this Porod-

type scattering.  It would appear that the SANS measurements at 250 Oe underestimated

the magnitude of the magnetic background scattering at 2.0 T.  The SUL background

scattering does not fully saturate at the in-plane field of 250 Oe.  Within this q range, the

intensity piques at q=0.023 Å-1.  The scattering peak may possibly originate from the

interference scattering of clustered recording grains.  The physics behind this feature is

covered later in the chapter.  Within the q2 range the scattering intensity exhibits peaks

at q=0.07 Å-1 and q=0.13 Å-1.  These q-values correspond to the magnetic interference

scattering between the recording grains.

Figure 5.21: The H114 foreground and anisotropic magnetic scattering intensities at the
in-plane field of 2.0 T.  The q1-range defines residue scattering from the SUL while the
q2-range represents the dominant scattering intensity from the magnetic recording layer.
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The anisotropic magnetic scattering was fitted using the scattering expression

equation 4.3. The residue background from the SUL was modelled using the Porod

scattering function IPorod(q)=Aq-n+B.  The recording grain’s magnetic structure in

reciprocal space was represented by the spherical core-shell form factor expressed by

equation 4.5. The interference effects were modelled using the Percus-Yevick structure

factor, S(q).  Figure 5.22 shows the magnetic scattering at 2.0 T fitted to the spherical

core-shell model. The data fit was performed using the non-linear least squares program

which gave a closeness of fit χ2<1.  However the scattering model had problems finding

a convergent solution to the NLS fitting routine.  The output parameters exhibited large

statistical errors for q<0.05 Å-1.  This was attributed to the noisy background scattering

near the detector’s edge.  By setting the Porod input parameters to the fixed state one

was able to reduce the background fitting errors.

The form factor F(q) extracts the spatial dimensions of the recording grain.  The

grain’s core and shell diameter were 21.6 Å and 70.0 Å respectively with a grain size

distribution of 20%.  The magnetic scattering contrasts of the core and shell components

were (5.37±0.3)×10-7 Å-2 and (1.97±1.0)×10-9 Å-2 respectively.  The magnetic contrast

ratio shows the core was about 200 times the size of its shell component.  The relatively

small size of the shell contrast suggests that the weakly magnetic shell had a negligible

effect on the form factor.  It may be possible that the grain’s magnetic structure consists

only of a solid spherical core of CoCrPt segregated by non-magnetic shell of SiO2.

In Figure 5.23 the magnetic scattering intensity was re-fitted using the solid

sphere model. Table 5.1 lists the output parameters for the Porod, form factor and

structure factor functions.  For the NLS routine, the input parameters d, ρ, ∆η and R

were set to the Free state.  The solid sphere model shows good agreement with the

scattering data with a closeness of fit of χ2<1.  The form factor gives a magnetic grain

size of 24.8±0.4 Å with a grain size distribution of 16%.  The physical (dotted) and

magnetic (black core) grain were shown in the figure inset.  The magnetic grain size

was comparatively small with respect to the physical grain size of 90.0Å [99].  The

validity of the solid sphere model is in question since conventional recording media

requires that the magnetic grain must be comparable to the physical grain size.  If the

magnetic grain size were much smaller than the physical counterpart, then the recording

media would become thermally active resulting in super-paramagnetic grains.
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Figure 5.22: The H114 magnetic scattering intensity at the in-plane field of 2.0T fitted
to the spherical core-shell model (solid line).  The residue background was modelled by
the Porod scattering function (dashed).  The inset shows the local magnetic dimensions
of the spherical core-shell grain.

Figure 5.23: The magnetic scattering intensity at the in-plane field of 2.0T fitted to the
solid sphere model.  The inset shows the local magnetic dimensions of a trio of grains.
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The Percus-Yevick structure factor calculates an inter-granular separation of

d=82.5±2.0 Å, see Figure 5.24.  The magnetic grain size was smaller than the inter-

granular separation where d>2Rs.  This possibly suggests that the magnetic grains were

not closed packed (touching) but surrounded by a non-magnetic shell or grain boundary.

The grain boundary was mainly composed of SiO2 that acts to reduce inter-granular

exchange coupling.  By knowing the grain size and inter-granular separation one can

calculate the grain boundary thickness.  The approximate thickness of the non-magnetic

grain boundary was t={d/2-R}≈28.8±1.0 Å.  The boundary thickness was considerably

larger than the grain boundary of LMRM grains.  For example the Cr-enriched grain

boundary of the CoCrPtTa medium ranges from 10.0 Å-23.0 Å [14].  These t-values

suggest that the perpendicular calculations have overestimated the boundary thickness.

The boundary thickness was larger than expected due to the small magnetic grain size.

Figure 5.24: The Percus-Yevick structure factor extracted from the magnetic scattering
intensity at 2.0 T.  The inset shows the local physical dimensions for a trio of grains.
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The ANCOS2 offset represents the magnetic scattering intensity at the in-plane

field of 250 Oe.  At this small field the granular magnetic moments were oriented

perpendicular to the recording layer while the majority of the SUL moments were

saturated in-plane.  In this sample geometry, the granular moments were oriented

parallel to the incident neutron beam, hence the magnetic diffraction pattern was

isotropic within the scattering plane.  The magnetic scattering from the recording layer

was modelled using the solid sphere model.  The scattering offset and fit are shown in

Figure 5.25.  The scattering model fits the offset fairly well with closeness of fit χ2<1.

The form factor gives a magnetic grain size of 21.2±0.40 Å with a gamma-Shultz grain

size distribution of 18.8%.  Again the magnetic grain was very much smaller than the

physical grain size.  The Percus-Yevick structure factor shows an inter-granular

separation of d=84.9±1.4 Å.   For the in-plane field of 2.0 T the structure factor peak

was noticeable sharper than then the offset result.  The damped structure factor may be

due to the increase in the offset’s grain size distribution.

Figure 5.25: The magnetic scattering offset at the in-plane field of 250 Oe fitted to the
solid sphere model.  The inset shows the local magnetic dimensions for a trio of grains.
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Scattering

Function

Description Parameter NLS

Switch

Value

Grain Separation d Fixed 82.5 ± 2.0 ÅS(q)

Packing density ρ Fixed (9.92±0.6)×10-7 Å-3

Magnetic Contrast ∆ηM Free (4.51±0.3)×10-7 Å-2

Radius R Free  12.4 ± 0.3 Å

F(q)

γ-Distribution Width σR Fixed  2.0 Å

Porod exponent n Fixed  2.9

Scale factor A Fixed 6.1×10-10

IPorod(q)

Background Factor B Fixed 1×10-18

Closeness of Fit χ2 ---  <1.0

Table 5.1: The H114 2.0 T fit parameters for the structure factor-S(q), form factor-F(q)
and Porod-IPorod(q) scattering functions.

Scattering

Function

Description Parameter NLS

Switch

Value

Grain Separation d Free 84.9 ± 1.4 ÅS(q)

Packing density ρ Free (6.60±0.3)×10-7 Å-3

Magnetic Contrast ∆η Free (6.44±0.4)×10-7 Å-2

Radius R Free  10.6 ± 0.3 Å

F(q)

γ-Distribution Width σR Fixed  2.0 Å

Porod exponent n Fixed  2.9

Scale factor A Fixed 6.1×10-10

IPorod(q)

Background Factor B Fixed 1×10-18

Closeness of Fit χ2 ---  <1.0

Table 5.2: The H114 offset fit parameters for the structure factor-S(q), form factor-F(q)
and Porod-IPorod(q) scattering functions.
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A further set of H114 SANS measurements was performed at the in-plane fields

of 1.3 T and 0.8 T.  The ANCOS2 routine extracted the recording layer’s magnetic

scattering intensity and phase at the respective magnetic field values.  The recording

grain’s in-plane moment orientation was investigated by plotting the ANCOS2 phase as

a function of q, see Figure 5.26.  It was found that the moment orientation, regardless of

field strength, averaged along the field direction where the average phase was zero.

Within the recording layer the saturation magnetisation was always aligned along the

field direction.  At fields below saturation, the in-plane moments did not align along a

preferred direction of magnetisation.  This shows that the sample’s in-plane magnetism

does not exhibit a shape or magneto-crystalline anisotropy field.  Therefore the phase

remains constant as a function of q-space.  This was not the case for longitudinal media

where the grain’s easy axis of magnetisation was oriented in-plane resulting in multiple

ANCOS2 phase shifts at the applied fields 0.45 T, 1.38 T and 1.45 T.

Figure 5.26: The ANCOS2 phase at the applied in-plane fields of 0.8 T, 1.30 T and 2.0 T.
The zero phase refers to a moment orientation along the qx axis while a π/2 phase shows
a moment alignment along the qy-axis.
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The ANCOS2 phase behaviour exhibited for perpendicular and longitudinal

recording grain was understood in terms of the Stoner-Wohlfarth model. In Figure 5.27,

the longitudinal recording grain’s energy states are plotted as a function of the in-plane

moment angle.  At remanence, the granular moments were aligned along their easy axis

of magnetisation.  The magneto-crystalline anisotropy and dipolar fields will determine

the direction of the easy axis.  Due to the grain’s sizeable demagnetisation field, it is not

necessarily the case that the easy axis coincides with its c-axis. The recording grain’s

anisotropy, exchange, dipolar and thermal energies determine the energy barrier height.

Application of an in-plane field reduced the energy barrier height thereby increasing the

grain’s likelihood of switching to an alternate magnetised state.  At the saturation field,

the energy barrier was breached whereby all granular moments were aligned along the

field direction.  The SANS studies showed that the diffraction pattern at saturation was

highly anisotropic within the scattering plane with no ANCOS2 phase shifts.  When the

applied field was reduced, the moments began to align along their easy axes.  The finite

moment orientation factor resulted in the variation between the contrast components

∆ηM(qx) and ∆ηM(qy). Therefore the ANCOS2 phase shift was a direct consequence of

the grain’s in-plane magneto-crystalline anisotropy field.

The perpendicular recording grain’s energy states as a function of the moment

angle are plotted in Figure 5.28.  At remanence, the grain exhibits a strong out of plane

magneto-crystalline anisotropy where the easy axis of magnetisation lies parallel to the

c-axis.  For the perpendicular textured grain, the c-axis lies normal to the sample plane.

Upon application of an in-plane magnetic field, the moments begin to align themselves

along the field direction. Since the recording grains possessed no in-plane crystalline

magneto anisotropy field, the magnetic moments show no preferred alignment within

the sample plane.  As a result the in-plane energy barrier separating the magnetised

states was solely determined by the grain’s applied and demagnetisation fields.  At the

saturation field, the SANS studies showed an anisotropic magnetic diffraction pattern.

When the field was reduced, the moments begin to rotate towards their perpendicular

easy axes.  The moments that remained magnetised in-plane were still aligned along the

field direction.  In this case, the moment orientation remains unchanged for lower fields.

For the low field SANS studies, there was no magnetic contrast variation between the qx

and qy form factor functions.  As a consequence there was no observed ANCOS2 phase

shift over the measured q-range.
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Figure 5.27: The Stoner-Wohlfarth model of a longitudinal magnetic recording grain.
The simulations are performed for the in-plane remanent, intermediate and saturated
states.  At remanence, the recording grains align along their easy axis of magnetisation.

Figure 5.28: The Stoner-Wohlfarth model of a perpendicular magnetic recording grain.
The simulations are performed for the out of plane remanent, intermediate and saturated
states. At remanence, the recording grains align along their easy axis of magnetisation.
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5.4.5 Summary

The magnetic structure of perpendicular recording media was characterised

using unpolarised small angle neutron scattering.  The recording grain’s diffraction

pattern was measured at the in-plane fields of 250 Oe, 0.8 T, 1.3 T and 2.0 T.  At the

applied field of 2.0 T, the recording grains were fully saturated in-plane resulting in an

anisotropic magnetic diffraction pattern.  The magnetic scattering intensity and offset

were modelled using a solid sphere form factor averaged over the gamma-Shultz grain

size distribution. The scattering model determined that the granular core was highly

enriched with the ferromagnetic cobalt while the shell component was enriched with the

non-magnetic substance SiO2.  However the form factor extracted a magnetic grain size

that was much smaller than its physical counterpart.  The magnetic grain size was too

small for a magnetically stable recording media.  The diffraction pattern also exhibited

interference scattering between the recording grains.  The scattering was modelled using

the Percus-Yevick structure factor, which was characteristic of an amorphous ensemble

of particles with a narrow size distribution.

5.5 Polarised SANS

The previous SANS studies allowed one to extract the magnetic grain size via

the magnetic scattering component.  It was not possible to characterise the recording

layer’s physical structure since the magnetic scattering was always superimposed on its

nuclear scattering counterpart.  Due to this fact the physical structure of the recording

layer was characterised using conventional methods such as TEM and small angle x-ray

diffraction.  However the characterisation technique of polarised small angle neutron

scattering (POLSANS) has been developed to measure the recording grain’s physical

structure.  This characterisation technique differs from the unpolarised method by using

a polarised incident neutron beam to measure the sample’s diffraction pattern.  Through

polarisation analysis these measurements extract the recording layer’s magnetic-nuclear

interference term, which is proportional to the nuclear scattering form factor.  By using

the appropriate scattering model, the form factor extracts useful information on the

recording layers’s physical properties such grain size and chemical composition.  In the

following sections, the POLSANS method was used to study the local magnetic and

physical structure of the PMRM sample H114.
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5.5.1 Instrumentation

The sample H114 was characterised using the using the SANS1 instrument at

PSI, Villigen, Switzerland [65].  Sample preparation was similar to the unpolarised

measurements performed for the D11 instrument.  The sample scattering statistics were

improved by stacking 12 sample wafers, total of 24 recording layers, into a single target.

The sample pile was encased in aluminium foil and secured in the Al sample holder.

The sample holder was lined with cadmium strips, which reduce background scattering

from the instrument components.  A cadmium mask with an aperture diameter of 1.4 cm

was fixed over the surface of the sample pile.  The POLSANS experiment requires

magnetic fields greater than 1.3 T, hence the H114 sample was magnetised using the

Oxford Instruments 11 T cryostat.  The scattering measurements were performed in the

in-plane and out of plane field geometries as shown in Figure 5.29.  Since the cryostat

coils were fixed along a particular direction, the magnet must be physically rotated to

change the field geometry.

Figure 5.29: The SANS1 11.0 T horizontal cryomagnet used to measure the polarised
diffraction pattern for the (a) in-plane and (b) out of plane field geometries.
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5.5.2 Measurements

The POLSANS studies of H114 were performed for the in-plane and out of

plane geometries.  The in-plane geometry was measured at the sample-detector distance

of 3.0 m with an average neutron wavelength of 5.0 Å.  By performing momentum

transfer calculations, the SANS1 instrument spans the q-range of 0.02 Å-1<q<0.18 Å-1.

The polarised measurements consisted of three separate parts (a) zero field transmission

I±
T, (b) low field in-plane 250 Oe background scattering IB

±(q) and (c) high in-plane

field H=3.0 T foreground scattering IF
±(q).  The solid angle correction was applied to the

foreground and background scattering measurements.  For purposes of illustration, the

polarised foreground scattering intensity was modelled using equation 4.9.  The nuclear

and magnetic background components were neglected in these simulations.  In the left

plot of Figure 5.30, the foreground diffraction pattern was shown for the ± spin states.

The magnetic moment lies along the qx axis where the magnetic scattering anisotropy

undergoes a phase shift for a change in the spin state |+>→|−>.  The right plot calculates

the difference between ± foreground intensities.

Figure 5.30: The simulated diffraction pattern for the in-plane foreground scattering
intensities IF

±(q).  The anisotropic nuclear-magnetic cross-term is extracted by taking
the difference between the ± foreground intensities.
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The out of plane field geometry was measured at the sample-detector distance of

2.0 m with an incident neutron wavelength of 5.0 Å.  This corresponds to the q-range of

0.02 Å-1<q<0.27 Å-1.  The zero field transmission and background measurements were

performed as outlined in the in-plane field measurements.  The polarised foreground

intensity was measured at the out plane fields of 0.0250 T, -0.31 T, -0.57 T and -0.81 T.

The out of plane foreground scattering intensity was modelled by using equation 4.9.

The moment vector m lies perpendicular to the scattering plane hence the foreground

expression simplifies to the following, IF
±(q)=IN(q)+[IM(q) ± 2(INIM)1/2].  In Figure 5.31,

the left plot shows an isotropic diffraction pattern for the polarised foreground states.

Due to the perpendicular field geometry, the moment orientation factor was unity within

the scattering plane.  The right figure depicts the nuclear-magnetic interference pattern.

Similarly the difference calculation between the polarised foreground intensities results

in an isotropic diffraction pattern.

Figure 5.31: The simulated diffraction pattern for the out of plane foreground scattering
intensities IF

±(q). The isotropic nuclear-magnetic cross-term is extracted by taking the
difference between the ± foreground intensities.
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5.5.3 Results and Discussion

The sample’s foreground scattering intensity was measured for the ± spin states

at the in-plane field of 3.0 T.  Figure 5.32 shows the diffraction patterns for their

respective spin states at the sample-detector distance of 3.0 m.  The schematic shows the

alignment of the incident polarised neutron relative to the applied magnetic field and

sample magnetisation.  If the interacting neutron was in the spin up or down state than

the applied magnetic field will instantaneously rotate the neutron spin along the field

direction.  The foreground measurements exhibit distorted diffraction patterns which

was attributed to background scattering from the cryostat.  The nuclear-magnetic

interference pattern was extracted by calculating the difference between the IF
+(q) and

IF
−(q) foreground scattering intensities.  The polarised foreground scattering intensities

were converted to cross-section units (cm2) by normalising the data with respect to the

incident beam flux calculation.

Figure 5.32: The extraction of the nuclear-magnetic interference INM(q) at the in-plane
field of 3.0 T (red arrow). The foreground scattering components IF

+(q) and IF
-(q) were

measured for the respective ± spin states. The spin state of the incident neutron beam
(grey arrow) is represented by the spherical object.
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The GRASP routine was used to extract the azimuthal scattering data as a

function of θ=900-α, see Figure 5.33. The azimuthal scattering data was fitted using the

sin2α dependence where α is the angle between the q and m vectors.  The q-dependent

scattering intensity was described by the following expression INM(q)=4(INIM)1/2sin2α.

The interference pattern was highly anisotropic about the two-dimensional scattering

plane.  The difference plot exhibits similar scattering behaviour with respect to the D11

measurements at the applied in-plane field of 2.0 T.  The major difference was that the

scattering intensity contains no SUL and zero field background scattering components,

hence the anisotropic scattering originates solely from the sample’s recording layer.

Additionally the D11 measurement was purely a magnetic scattering intensity while the

interference term was a cross between the nuclear and magnetic scattering components.

Figure 5.33: The in-plane nuclear-magnetic diffraction pattern for the sample-detector
distance of 3.0 m, which corresponds to the q-range of 0.02 Å-1<q<0.18 Å-1. The
azimuthal scattering intensity was averaged over the q-plane and fitted with the cos2θ
function where θ=900-α.
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The recording grain’s nuclear scattering intensity was calculated using the

expression IN(q)=I2NM(q)/{I M(q)16} where INM(q) and IM(q) represent the interference

and magnetic scattering measurements respectively at the applied in-plane field of 3.0 T.

It was observed that the magnetic measurements exhibited poor scattering statistics.

This was attributed to the weak incident flux of the SANS1 instrument.  The scattering

statistics were improved by interchanging the magnetic scattering data at 3.0 T with the

D11 scattering data at 2.0 T, see Figure 5.23.  The magnetic scattering intensities at the

fields of 2.0 T and 3.0 T were equivalent since they correspond to the recording layer’s

in-plane saturation magnetisation.  The extraction procedure was further simplified by

replacing the magnetic scattering data with the solid sphere fit expressed by the function

IM(q)=N[<F2(q)>-<F(q)>2]+N<F(q)>2S(q).  Since the interference scattering contains no

SUL background components, the Porod function was subtracted from the magnetic

scattering equation. Figure 5.34 plots the nuclear-magnetic interference, magnetic, and

nuclear scattering intensities.

The nuclear-magnetic interference exhibits scattering peaks at q1=0.025 Å-1 and

q2=0.065 Å-1.  The first peak originates from magnetic interference scattering between

granular clusters.  This scattering feature was also observed for the D11 measurements

at 2.0 T.  The Percus-Yevick calculation gives a cluster separation of 265 Å.  The cluster

peak also appears on the nuclear scattering intensity, however this feature represents an

artifact from the residue magnetic background.  The formation of magnetic granular

clusters is understood in terms of the recording grain’s competing energy components.

The grain’s energy is a superposition of exchange and Zeeman energies.  For the in-

plane geometry, the anisotropy energy is zero. As a result the inter-granular exchange

energy has a stronger influence between recording grains.  It may be possible that the

stronger exchange forces are coupling neighbouring recording grains into clusters.

  The nuclear scattering component was modelled using a solid cylindrical object

of length L and radius R where L>R [54].  Figure 5.35 shows the cylinder fit to the

nuclear scattering data.  The form factor function gives a grain size of 80.0 Å with an

inter-granular separation was of the order of 90.0 Å.  The cylindrical length was of the

order of 150 Å.  These spatial parameters show moderate agreement with independent

TEM measurements, however the model poorly fits the scattering data within the low q-

range of q<0.05 Å-1.  The poor fit was attributed to the noisy scattering statistics in and

around the beam stop at q=0.  The fitting results may be improved by truncating the

noisy data sets or by remeasuring the interference pattern at larger detector distances.
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Figure 5.34: The H114 magnetic, nuclear-magnetic interference and nuclear scattering
intensities for the in-plane field of 3.0 T.

Figure 5.35: The H114 nuclear scattering intensity fitted to the solid cylinder model.
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The POLSANS diffraction pattern was measured for the out of plane geometry

at the sample detector distance of 2.0 m. The sample-detector distance corresponds to

the scattering q range of 0.02 Å-1<q<0.27 Å-1.  The polarised foreground intensities at

the out of plane field of 3.0 T is shown in Figure 5.36. The schematic illustrated below

the foreground measurement shows the saturation-state of the recording layer and soft

underlayer.  The incident neutron beam was polarised in the spin up (+) or spin down (-)

state.  The spin vector will undergo adiabatic polarisation by aligning along the applied

field direction.  For example when an incident neutron in the spin down state encounters

the applied field, the magnetic torque will flip the spin down state parallel to the field

direction.  The nuclear-magnetic interference scattering was determined by taking the

difference between the polarised foreground intensities.  Within the scattering plane, the

diffraction pattern exhibits an interference ring, which was characteristic of a pseudo-

crystalline Bragg peak.

Figure 5.36: The extraction of the nuclear-magnetic interference INM(q) at the out of
plane field of 3.0 T (red arrow).  The foreground scattering components IF

+(q) and IF
-(q)

were measured for the respective ± spin states.  The spin state of the incident neutron
beam (grey arrow) is represented by the spherical object.
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A further set of SANS measurements was performed at the out of plane fields of

0.00250 T, -0.31 T, -0.57 T and -0.81 T.  In Figure 5.37 the H114 out of plane hysteresis

loop is plotted for the first half of the hysteresis measurement.  For each POLSANS

measurement, the moment position was numbered on the hysteresis loop.  The first

position at 3.0 T was extrapolated from the hystesesis measurements where the

recording layer saturates at the field 1.3 T.  The nuclear-magnetic interference terms for

the field range are shown in Figures 5.38 and 5.39.  Alongside each diffraction pattern

is plotted the radial intensity average, calculated over the q range 0.02 Å-1<q<0.27 Å-1.

Figure 5.37: The H114 out of plane magnetic hysteresis loop.  The red circle marks the
hysteresis position of the diffraction measurements at the out of plane fields of (1) 3.0 T,
(2) 250 Oe, (3)-0.31 T, (4) -0.57 T and (5) –0.81 T.
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The nuclear-magnetic interference term was extracted for the out of plane field

of 3.0 T, see Figure 5.38(a).  The scattering intensity was positive over the measured q

range where IF
+(q)>IF

-(q).  This scattering condition shows that the neutron’s spin up (+)

frame was aligned along the applied field direction.  The scattering intensity shows a

broad diffraction peak at q=0.065 Å-1.  The P-Y structure factor calculation shows this

q-position to correspond to the inter-granular separation of 85.0 Å.  At the applied out

plane field of 250 Oe, essentially remanence, the interference pattern shows only a slight

reduction in scattering intensity with respect to the saturated case.  This small reduction

was attributed to the decrease in the grain’s magnetic scattering contrast.  Since the

recording grain has a strong perpendicular anisotropy field, the magnetic contrast at

saturation and remanence will have similar values.  The interference diffraction pattern

is illustrated in Figure 5.38(b).  The radial intensity plot shows that the interference

peak was only slightly smaller than the saturation value.

Figure 5.38: The nuclear-magnetic interference term for the out of plane magnetic fields
of (a) 3.0 T and (b) 250 Oe.  The interference intensity within the scattering plane is
plotted as a function q.
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The following interference measurements were performed within the hysteresis

loop’s negative field range of -0.30 T<H<-0.81 T. The neutron spin up state was now

aligned along the negative field direction.  This results in a relative sign change for the

foreground scattering states where IF
+(q)<IF

-(q).  To compare the scattering data within

the neutron’s spin up frame, the negative interference term was multiplied by minus

one.  The interference scattering at H=-0.31 T is shown in Figure 5.39(a).  The magnetic

scattering component, contained within the interference term, was reduced as the

recording grain’s magnetisation approaches zero.  At the coercive field of H=-0.57 T,

the interference scattering shows a negative scattering contrast.  This was characteristic

of the recording grain’s switching behaviour where the magnetisation components begin

to align anti-parallel to the applied field direction.  At the out of plane field of -0.81 T,

the negative interference pattern becomes larger due to increases in the recording layer’s

out of plane magnetisation, see Figure 5.39(b).

Figure 5.39: The nuclear-magnetic interference term at the out of plane magnetic fields
of (a) -0.31 T and (b) -0.81 T.  The interference intensity within the scattering plane is
plotted as a function q.
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The nuclear scattering intensity was extracted from the interference term at the

applied out of plane field of 250 Oe.  The extraction procedure was similar to the

method used for the in-plane measurements.  The interference term was expressed as a

cross between the nuclear and magnetic intensities defined by INM(q)=(INIM)1/2sin2π/2.

The term IM(q) expresses the recording layer’s magnetic scattering intensity at the out of

plane field of 250 Oe.  This magnetic scattering component was approximately equal to

the offset measurement at the in-plane field of 3.0 T.  Similarly the SANS1 scattering

statistics were quite noisy.  Therefore the offset fit shown in Figure 5.25 was used in

place of the SANS1 measurement.  The Porod background was subtracted off the offset

intensity.  The nuclear-magnetic interference and offset terms are plotted in Figure 5.40.

The peak at q=0.065 Å-1 characterises the interference scattering between recording

grains.  At q<0.023 Å-1 the scattering shows no cluster peak as was observed in the in-

plane measurement.  In this case, the out of plane magneto-crystalline anisotropy energy

was much larger than the inter-granular exchange coupling.  Hence the magnetic grains

do not coalesce into granular clusters.

The nuclear scattering intensity IN(q) was extracted from the nuclear-magnetic

interference term, see Figure 5.41.  The nuclear scattering intensity resembles the shape

of the interference, however there was a reduction in scattering contrast.  The scattering

behaviour resembles that of a solid core form factor where the nuclear contrast was

uniform over the recording grain.  The nuclear scattering data was modelled using a

solid cylinder structure with a length L and radius R.  The global fit was quite poor in

modelling the nuclear scattering data.  At low q the form factor fails to fit the sharp drop

off in nuclear scattering intensity.  The Percus-Yevick structure factor partially fits the

interference peak with an average grain size of 86.0 Å.  However, the structure factor

function cannot properly match the peak width.  This was attributed to the overly sharp

drop off in scattering intensity at low q.  The form factor gives an average grain size of

86.0 Å with a grain size distribution of 6%.  The grain size and separation distance

compare closely with the physical grain size of 90.0 Å [99].

The nuclear contrast profile was represented by a top-hat wave function.  The

nuclear scattering length density of the recording grain and grain boundary determines

the relative magnitude of these steps.  In this case the nuclear scattering length does not

appear to vary across the grain boundary interface resulting in a single-phase nuclear

scattering.  In the following analysis, the validity of the solid cylinder model was tested

by calculating the nuclear scattering contrast for the perpendicular recording grain.
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Figure 5.40: The H114 nuclear-magnetic interference and magnetic scattering offset at
the in-plane field of 250 Oe.

Figure 5.41: The H114 nuclear scattering intensity fitted to the solid cylinder model.
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The sample’s nuclear scattering contrast was calculated by first extracting the

grain’s nuclear scattering length density.  In energy dispersive x-ray measurements it

was shown that the recording grain was composed of a core-shell structure.  The core

component contains a high fraction of cobalt while the shell component was enriched

with SiO2.  It was assumed that the recording grain’s core and shell atomic proportions

were Co70Cr18Cr6−(SiO2)2 and Co10Cr18Cr6−(SiO2)22 respectively.  These proportions

give the core and shell components the cobalt percentage of 70% and 10% respectively.

The nuclear scattering length density was calculated by the density formula expressed in

the previous chapter on polarised SANS, see section 4.5.3.  The NIST nuclear scattering

length density calculator [91] extracted the core and shell densities of ηc=2.77×10-6
 Å−2

and ηs=6.59×10-6
 Å−2 respectively.  In the second stage, the density calculations were

used to determine the core and shell nuclear scattering contrasts.  The respective nuclear

contrast components were expressed by |∆ηc|=|ηc-ηs| and |∆ηs|=|ηs-<η>| where the term

<η>=vcηc+vsηs defines the volume averaged scattering length density.  The coefficients

vc and vs represent the core and shell volume fractions respectively where vc+vs=1.0.

The relative values of the core and shell contrast components will determine if

the nuclear scattering intensity originated from a homogenous particle.  The core-shell

contrast ratio ∆ηc/∆ηs was used investigate the recording grain’s physical composition

as a function of core volume fraction, see Figure 5.42.  For small core fractions vc<0.2,

the contrast ratio shows a non-linear increase which was indicative of a heterogeneous

particle with a SiO2 enriched grain boundary.  When vc→0 and vs→1 the core contrast

value dominates the scattering form factor.  As the core volume faction increases to 0.8

the contrast ratio approaches unity.  This fraction defines the contrast match between the

core and shell components.  In this state the recording grain behaves as a homogeneous

particle whose scattering form factor was modelled using the solid sphere structure.

Figure 5.43 plots the recording grain’s nuclear scattering contrast profile for a series of

core volume fractions vc=0.1-0.9.  At small core fractions vc, the grain exhibits the core-

shell model where the contrast profile traces out a stepped top-hat function over the

entire volume.  For high vc, the recording grain approaches a single top-hat function.  In

this analysis evidence from SANS measurements and contrast calculations show that the

H114 recording grain possesses a uniform scattering contrast for core fractions of the

order of vc≥0.8.  These results confirm the TEM measurements where the enriched core

was segregated by a thin shell of SiO2.



5.5 Polarised SANS                                                                                                       201

Figure 5.42: The recording grain’s nuclear scattering contrast ratio as a function of the
core volume fraction vc.  The ratio of unity defines the matching point between the core
and shell contrast components.

Figure 5.43: The recording grain’s nuclear scattering contrast profile at the core volume
fraction 0.1<vc<0.9 was plotted as a function of radius.
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5.5.4 Summary

The characterisation technique of POLSANS was used to study the magnetic

and physical structure of perpendicular recording media at the in-plane and out of plane

field geometries.  In the first experiment, the unpolarised and polarised foreground

scattering intensities were measured at applied in-plane field of 3.0 T.  At this applied

field, the magnetic recording layer was fully saturated in-plane.  The unpolarised SANS

studies successfully measured the recording layer’s anisotropic magnetic diffraction

pattern.  The magnetic scattering intensity was used to characterise the recording grain’s

local magnetic structure.  The polarised scattering measurements extracted the recording

layer’s nuclear-magnetic interference pattern.  The interference term was proportional to

the recording layer’s nuclear scattering intensity, which successfully extracted the

recording grain’s physical length scale and composition.

In the second experiment the polarised scattering measurements were performed

at the applied out of plane field of 250 Oe.  At this applied field, the magnetic recording

layer was saturated perpendicular to the sample plane.  The recording grain’s nuclear-

magnetic interference pattern was determined by calculating the difference between the

polarised foreground scattering intensities.  The grain’s nuclear scattering component

was extracted by dividing the nuclear-magnetic interference by its magnetic scattering

intensity at the remanent state.  It was demonstrated that the nuclear scattering intensity

originated from a solid sphere recording grain where the contrast profile was described

using the top-hat density function.  The solid cylindrical form factor was used to model

the physical grain size of the order of 80-90 Å.  The grain size was in good agreement

with the TEM measurements of these materials.

In the final experiment, the recording grain’s magnetic switching behaviour was

investigated by using POLSANS studies.  The scattering measurements were performed

at the out of plane field range -0.8 T<H<3.0 T.  At the saturation and remanent fields of

3.0 T and 250 Oe respectively, the nuclear-magnetic interference pattern was isotropic

about the scattering plane.  The magnetic scattering intensity at either applied field

remained virtually unchanged, which was due to the recording grain’s strong magneto-

crystalline field.  At the coercive field of -0.57 T, the interference pattern exhibited a

negative magnetic scattering amplitude. The negative scattering value characterised the

recording grain’s local magnetic length scale-of the order of 90 Å-at the switching field.
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5.6 Conclusion  

In this chapter, SANS studies have been used to characterise the magnetic and

physical structure of CoCrPt-SiO2-perpendicular recording media.  It was demonstrated

that the unpolarised SANS experiment could be used to extract the recording layer’s

magnetic grain size and size distribution function.  The sub-granular magnetic structure

was modelled using a solid sphere with a diameter of 24.8±0.4 Å with a gamma-Shultz

distribution of 16%.  In these unpolarised SANS studies, the scattering model extracts a

small magnetic grain size with respect to the TEM measurements.  If the magnetic grain

size is smaller than its physical counterpart, then the recording grain is more prone to

thermal activation.  This thermally excited state could lead to a magnetically unstable

recording media.  Future work is required on deriving the scattering form factor that

gives a comparable magnetic and physical grain size.

In the latter half of the chapter, the recording layer’s sub-granular structure was

characterised using the POLSANS technique.  It was established through polarisation

analysis that the nuclear-magnetic interference was proportional to the recording grain’s

nuclear scattering intensity.  The recording grain was adequately modelled by using the

cylindrical structure with a physical grain size of the order of 80-90 Å.  However the

form factor only partially fits the nuclear scattering intensity.  Further work is required

on modelling the physical scattering structure of the recording gain.  In may be possible

to derive the scattering intensity by using the Voronoi construction.  The asymmetric

cells of a Voronoi pattern represent a more accurate description of the recording grains.

Future experiments are planned for the SANS instruments D22 and SANS1.

These experiments are planned to investigate a new set of perpendicular media samples

fabricated from a thin Silicon substrate.  It is hoped that the Si substrate will reduce the

background scattering encountered from the H114 glass-substrate samples.  In addition

neutron reflectometry experiments are planned to investigate the recording layer and

SUL switching behaviour.  Further characterisation studies using energy resolved x-ray

scattering are planned to investigate the recording layer’s physical and magnetic grain

size.  The advantages of x-ray measurements are the marked increase in photon flux and

the ability to spatially correlate the recording grain’s physical composition with its sub-

granular magnetism



204

Chapter 6

Ferromagnetic Nanowires
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6.1 Introduction

In the last few decades, research and development into patterned media such as

self-assembled magnetic nano-structures has attracted considerable interest within the

fields of biology and materials science.  The applications include cell separation,

biosensing, studies of cellular function and magnetic recording media [105,106,107].

The research work into self-assembled magnetic recording media has focused on a cost

effective fabrication process that can achieve areal densities in excess of 1 Tb/inch2.

The patterned magnetic recording media is fabricated through the process known

as self-assembly, see top diagram of Figure 6.1.  The self-assembly process is driven by

a large number of weak interactions such as hydrogen bonding and van der Waals

forces.  Typically self-assembly is assisted by a molecular or physical template, which

secures the ensemble of particles onto the substrate.  The bottom figure shows a

molecular template where the solvent particles attach themselves to SiO3 sites.  These

fabrication processes allow the growth of discrete ferromagnetic structures with very

small size distribution.  For example fabrication of iron platinum spheres has achieved

size distributions of the order of 5% [19,20].  This spatial characteristic gives the

patterned media a reduced size distribution over continuous media resulting in an

improvement in the signal to noise ratio.

Figure 6.1: Depiction of the self-assembly fabrication process.  The top diagram shows
the self-assembly by the evaporation of solvent particles.  The bottom figure shows
template assisted self-assembly using SiO3 nucleation sites.
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The self-assembled structure known as ferromagnetic nanowires is the ideal

sample for investigating the magnetic properties of discrete perpendicular recording

media.  This is mainly due to their relatively cheap fabrication process, which allows

the growth of metallic nanowires within a template-assisted assembly of aluminium

oxide (anodised).  The current research has characterised the nanowire’s physical and

magnetic properties by using transmission electron microscopy (TEM) and bulk

magnetisation measurements respectively [109].  With ongoing improvements to the

fabrication process comes the reduction of the nanowire’s magnetic volume.  In this

situation the wires are more prone to demagnetisation fields and thermal activation.

These magnetic interactions were better understood by accurately characterising the

local magnetism to within a few nanometers.  In this chapter, the local magnetism of

self-assembled cobalt nanowires was investigated by the characterisation technique of

small angle neutron scattering (SANS).

6.2 Physical Microstructure

The self-assembled nanowires were fabricated by electroplating ferromagnetic

cobalt onto a nano-porous template composed of anodic aluminium oxide (AAO).

Initially the template was composed of a thin film of high purity aluminium (99.99%)

with a thickness of 6.0 µm [109].  The electrochemical process known as anodization

was used to grow the nano-porous template [110].   The aluminium foil and an electrical

conductor act as the anode and cathode respectively.  The Al electrochemically reacts

with the water molecules to form the growth layer composed of Al2O3.  Anodization is

described by the reaction equation, 2Al+3H2O→Al2O3 +6H-+6e-.  During formation, the

pores begin to take shape within the Al2O3 matrix.  Figure 6.2 depicts the formation of

nanopores within the Al foil.  The pore diameter was of the order of 2R=200 Å with an

inter-pore separation of d=300 Å.  The pore length was approximately L=1.0 µm.  The

deposition of Co atoms was performed by a two-electrode electrochemical cell under a

constant potential of approximately 1.0 V at the temperature of 300 K.  The electrolyte

CoS2O•H2O was electrochemically deposited into the porous template.  The nanowire’s

diameter was roughly equal to the average diameter of the cobalt filled pore.

Figure 6.3(a) shows a TEM image of cobalt nanowires embedded within the AAO

matrix. The nanowires were separated from the Al2O3 matrix by using a chemical bath

of NaOH. Figure 6.3 (b) shows the TEM image of a separated wire bundle.
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Figure 6.2: The cobalt nanowires Al2O3 template. The top figure shows the anodization
of Al foil resulting in the formation of nanosized pores.  The bottom image shows the
porous template electroplated with bulk cobalt.

Figure 6.3: The TEM image in (a) shows the top view of Co nanowires embedded in the
AAO matrix.  The image (b) shows a nanowire bundle that has been removed from the
matrix by using a NaOH bath [108].
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6.3 Bulk Magnetisation

The cobalt nanowire’s bulk magnetisation was characterised using the magnetic

hysteresis loop.  Figure 6.4 shows the hysteresis measurement for the in-plane (//) and

out of plane (z) geometries [111].  The out of plane measurement exhibits a large loop

area with a squareness of 0.80.  Hence at remanence, the nanowire’s magnetisation

remains perpendicular to the longitudinal axis.  This behaviour characterises a strong

magnetic shape anisotropy along the nanowire’s axis.  The shape anisotropy originates

from the dipolar field of atomic moments that align themselves along the wire’s length

dimension.  The nanowire does possess a magneto-crystalline anisotropy along the

longitudinal axis, however this component was very weak when compared to the shape

anisotropy.  The coercive field of 1.76 kOe was further evidence of the nanowire’s

strong shape anisotropy.  The in-plane hysteresis gives a squareness of the order of 0.2.

The small loop area was indicative of the nanowire’s hard-axis of magnetisation.  The

small remanent and coercive values show the in-plane moments to be susceptible to

strong demagnetisation fields.

Figure 6.4: The self-assembled cobalt nanowires magnetic hysteresis measurements for
the in-plane (//) and out of plane (⊥) configuration [111].



6.4 Unpolarised SANS                                                                                                  209

6.4 Unpolarised SANS

The characterisation technique known as unpolarised SANS was used to

measure the local magnetisation of the self-assembled cobalt-based nanowires. The

TEM images in Figure 6.3 have shown that the nanowires form a columnar structure

where the wire length was approximate hundred times the size of it radius so defined

L>>R.  TEM measurements allow one to devise a scattering model that approximates

the physical and magnetic structure of nanowires.  In the following sections, the

polydisperse ensemble of solid cylinders with radius R, length L and separation distance

d was used to model the nanowire’s magnetic diffraction pattern at the applied in-plane

saturation field of 1.3 T.

6.4.1 Scattering Model

The scattering intensity for a polydisperse ensemble of nanowires was expressed

by the following, I(q)= N{<F2(q)>-<F2(q)>2}+<F2(q)>2S(q). The structure factor, S(q),

was approximated using the hard sphere model [61].  Note the rigorous solution to the

structure function involves solving the correlation function for the two-dimensional

hard-disc ensemble.  There only exists a numerical solution to the hard-disc correlation

function, which makes it impractical for fitting scattering data.  The hard sphere model

gives an exact structure factor that is nearly identical to its two-dimensional counterpart.

The magnetic scattering form factor F(q) was expressed by the Fourier transform

of the real space scattering potential defined by the cylindrical top-hat function Π(r).

The potential function was zero and unity for r>R and r<R respectively where R is the

cylindrical radius.  The form factor was expressed by, F(q)=∆η(πr2L)J1(|q|r)/|q|r, where

∆η is the scattering contrast, L is the cylinder length and J1(|q|r) is a first order Bessel

function of the first kind, refer to Appendix section 8.1.2.  The scattering geometry has

the nanowires aligned with the incident beam, hence the q vector lies perpendicular to

the to wire’s longitudinal axis.  The scattering intensity was simulated for an ensemble

of rigid cylinders, see Figure 6.5(a).  The scattering peak at q=0.04 Å-1 characterises the

pair correlations between the cylindrical objects.  The form factor intensity decays as a

function of F(q)∝Aq-2.  It was observed that the scattering model only partially fits the

magnetic scattering data at high q.  This form factor discrepancy was attributed to the

wire’s slight misalignment with respect to the incident beam.
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The scattering potential for a misaligned cylinder was approximated by the

convolution V(r)=Π(r)⊗exp(-r/ε)/r where ε represents the decay parameter [112].  The

misalignment effectively smoothes out the rigid scattering potential.  In Figure 6.5(b),

the scattering intensity is plotted for the smoothed cylinder approximation. The Fourier

transform of the smoothed cylinder results in a sharper drop off in the scattering

intensity, which was proportional to the function Bq-4.  The exponential smoothing was

equivalent to multiplying the rigid form factor by q-1.  The smoothed cylindrical form

factor function is expressed by,
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The decay parameter ε expresses the degree of misalignment with respect to the

longitudinal axis.  For ε→0 the rigid form factor reduces to perfectly aligned cylinders.

Figure 6.5: The cylindrical scattering potential and its Fourier transform squared (FT)2

for the (a) rigid and (b) smoothed  models.  The scattering potentials are modelled using
the spatial parameters of R=60.0 Å and d=132.0 Å.
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6.4.2 Instrumentation

The cobalt nanowires were characterised using the D11 SANS instrument at the

ILL, Grenoble France [63].  The sample was fastened to an aluminium sample holder,

which was similar to the type used in section 5.4.3 Instrumentation.  The sample was

inserted between the poles of an electromagnet. Figure 6.6 shows the sample position

from the front and top perspectives.  This SANS experiment requires one to measure the

anisotropic magnetic scattering from an ensemble of nanowires where the sample

magnetisation was fully saturated in-plane.  According to the in-plane hysteresis plot the

sample saturates at fields greater than 1.0 T.  The magnetic field of 1.30 T was applied

parallel to the sample plane thereby saturating the magnetic moment in-plane.

Figure 6.6: The 1.3 T electromagnet used in the SANS measurements.  The magnetic
field is applied parallel to the sample plane.  The incident neutron beam lies normal to
the sample’s magnetisation.
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6.4.3 Measurements

The nanowires’s scattering intensity was measured for the sample-detector

distances of 1.5, 2.0, 3.5, 8.0 and 16.0 m at the neutron wavelength of 5.0 Å.  This range

of detector distances corresponds to the q-range of 0.051 Å-1<|q|<0.30 Å-1.  The SANS

experiment consist of three separate measurements (a) zero field sample transmission

intensity IT, (b) zero field background scattering IB(q) and (c) applied field foreground

scattering IF(q).  The scattering measurements at different detector distances were

matched up by applying the solid angle correction while the transmission measurement

corrected for the instrument’s flux-collimation.  The scattering intensity was normalised

with respect to the incident flux Φinc.

The background scattering state was prepared by applying a saturation field

perpendicular to the sample plane.  The field was then ramped down to its remanent

state.  This ensures that the sample contains no remanent in-plane magnetisation

components.  The background scattering intensity was measured at zero field where

IB(q,H=0)=IN(q)+IM
iso(q,H=0).  The nuclear scattering, IN(q), originates from the cobalt

nanowires, aluminium template, sample holder and electromagnet. The magnetic

scattering intensity, IM
iso(q,H=0), was isotropic within the scattering plane.  This type of

magnetic scattering originates from the nanowire’s magnetic moments that were aligned

perpendicular to the sample plane.  At remanence the nanowire’s magnetic moments lie

parallel to the incident neutron beam.  The magnetic scattering within the q-plane was

expressed by IM
iso(q,H=0.0)=IM(q,H=0) where m•q=|m||q|cos(π/2).

The foreground scattering intensity measured the nuclear and magnetic

scattering components for the in-plane saturation field of 1.3 T.  The foreground

intensity was expressed by IF(q,H=1.3T)=IN(q)+IM
aniso(q).  The second term defines the

anisotropic magnetic scattering intensity, IM
aniso(q)=IM(q)sin2α where α defines the

azimuthal angle between momentum transfer and magnetisation unit vectors q and m

respectively.  The nuclear scattering was separated from the foreground component by

performing a background subtraction.  The magnetic difference equation was expressed

by the following ∆IM=IM(q,H=1.3T)sin2α-IM(q,H=0).  The first term represents the

anisotropic magnetic scattering intensity while the second term was known as the

magnetic scattering offset.  The offset term represents magnetic scattering from the out

of plane remanent state.
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6.4.4 Results and Discussion

The nanowire’s foreground diffraction pattern was measured at the in-plane

saturation field of 1.3 T.  This applied field was adequate to saturate the in-plane

moments as shown in the in-plane hysteresis loop.  The background measurements were

performed in the remanent state where the magnetic moments were oriented

perpendicular to the sample plane.  The measured scattering intensity was converted to

the differential scattering cross-section by the direct beam correction, dσ/dΩ=I(q)/Φinc

where I(q) was the foreground or background scattering intensities.  Figure 6.7 shows

the foreground and background diffraction patterns at the sample-detector distance of

8.0 m.  This corresponds to the q range of 0.01 Å−1<q<0.04 Å-1.  The foreground and

background measurements show a diffraction ring, which originates from interference

scattering of neighbouring nanowires.  The wire schematic shows the magnetic structure

for the zero field and saturated state.  The background subtraction extracted the

magnetic difference plot.

Figure 6.7: The self-assembled cobalt nanowires 1.3 T foreground and background
scattering measurements at the sample-detector distance of 8.0 m. The resulting
background subtraction gives the magnetic difference plot.  The diagrams show the
sample’s in-plane (x-y) saturated and out of plane remanent states.  The incident neutron
beam is parallel to the wire’s longitudinal axis.
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The magnetic difference plot at 8.0 m exhibits a strong anisotropic magnetic

scattering within the scattering plane where ∆IM(qy)>∆IM(qx).  The diffraction pattern

shows darken red lobes along the qy-axis.  This scattering behaviour was indicative of

an ensemble of moments saturated along the qx-axis.  Hence the anisotropic magnetic

scattering was expressed by the relation IM
aniso(q)=IMsin2α.  The difference plot about

the x-axis drops below the positive scattering plane represented by dark blue lobes.

This region represents the magnetic scattering intensity at the zero field measurement.

The GRASP program calculates the azimuthal scattering intensity over the two-

dimensional q-plane as a function of θ=900-α.  The scattering data was fitted using the

cos2θ function, see the right plot of Figure 6.8.  The difference plots for the remaining

detector distances show similar scattering behaviour within the q-plane.  Due to the

sample’s strong demagnetisation fields, the anisotropic magnetic scattering shows no

evidence of the ANCOS2 phase shift.

Figure 6.8: The self-assembled cobalt nanowire 1.3 T magnetic difference plot measured
at the sample-detector distance of 8.0 m.  The azimuthal scattering intensity is calculated
over the q range 0.01 Å-1 <q8.0m<0.05 Å-1.  The azimuthal data is fitted by the cos2θ
function where θ=900-α.
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The magnetic scattering intensity was extracted from the difference plot using

the GRASP program ANCOS2, see section 4.3.4 Measurements.  In Figure 6.9, the

foreground and magnetic scattering components are compared on a log-log scale. The

foreground scattering was on average 10 times larger than the magnetic scattering

intensity.  The larger foreground intensity was attributed to the electromagnet’s nuclear

background scattering.  Instrument components such as the aluminium template and

sample holder should only contribute a small fraction to the background component.

The foreground intensity shows a sharply defined scattering peak at q=0.023 Å-1 which

represents interference scattering from the magnetic and nuclear scattering components.

For q>0.050 Å-1 the scattering intensity decreases as a function of q−4 characteristic of

the smoothed scattering potential.  The foreground intensity tails off to a constant value

at q=0.26 Å-1.  This q-region represents the nuclear scattering from the electromagnet.

The magnetic interference peaks mirror their nuclear counterparts with respect to the q

position.  For q>0.05 Å-1 the magnetic scattering decreases as a function of q-4 showing

a deviation from the constant nuclear scattering background.

Figure 6.9: The self-assembled cobalt nanowire foreground and magnetic scattering
intensity components.
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The rigid cylindrical model was fitted to the magnetic scattering data shown in

Figure 6.10.  The Percus-Yevick structure factor fits the magnetic interference peaks at

q=0.023 Å-1 and q=0.05 Å-1.  At q>0.05 Å-1 the form factor intensity was observed to

deviate from the magnetic scattering by a factor of q-2.  The rigid cylinder model fails to

predict the q-4 scattering behaviour.  In this case the nanowires cannot be modelled

using the scattering potential for an aligned cylinder.  The model must account for the

nanowire’s misalignment along the longitudinal axis.  The magnetic scattering intensity

was fitted using the smoothed cylindrical model shown in Figure 6.11.  The scattering

function shows a closeness of fit χ2=3.0.  Table 6.1 lists the NLS fit parameters for the

form factor and structure factor functions.

In Figure 6.12 the structure factor is calculated using the Percus-Yevick model.

The wire’s average separation distance was 249.0±1.0 Å with a size distribution of 16%.

The form factor gives an average wire diameter of 197.2±0.3 Å with a size distribution

of 17%.  The wire’s diameter agrees with the TEM measurement of 200 Å [113].  The

nanowire’s magnetic scattering contrast was expressed by ∆ηM=(1.20±0.01)×10-5
 Å-2.

The magnetic contrast was proportional to the nanowire’s Ms value at q=0. The wire’s

relative magnetisation was extracted by comparing the contrast with the perpendicular

recording grains respective value.  The wire’s contrast was approximately twenty times

the size of the recording grain.  The result was much larger than one should expect for

bulk cobalt.  The recording grain has a q=0 magnetisation of Ms=400.0 emu/cm3 while

the bulk value was Ms=1400 emu/cm3.  This clearly shows that the wire’s magnetisation

and hence contrast is not twenty times the size of the recording grain.

In Figure 6.13, the scattering potential profile is plotted for the rigid and

smoothed cylindrical models.  At ε=0 the wires were aligned along the incident beam.

When a misalignment was introduced into the system, the scattering potential showed a

spatial distortion of ε=20.2±0.2 Å.  In real space, the smoothed potential results in a

sharper decay in q-space thereby fitting the q-4 scattering behaviour.  Further analysis

has shown that the smoothed cylinder derivation was an approximate solution to the

scattering potential.  It is suggested that the correct scattering potential depends on the

nanowire’s alignment with respect to the scattering vector. The form factor is expressed

by F(q)∝J1(qRsinδ)/(qRsinδ)sin(qLcosδ)/(qLcosδ) where δ represents the zenith angle

between the q and L vectors, see Appendix section 8.1.2 for derivation.  However this

fit was beyond the scope of this thesis.
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Figure 6.10: The self-assembled cobalt nanowire’s magnetic intensity at the in-plane
field of 1.3 T fitted to the rigid cylinder model.  The inset shows the spatial parameters
for a set of aligned cylinders.

Figure 6.11: The self-assembled cobalt nanowire’s magnetic scattering intensity at the
in-plane field of 1.3 T fitted to smoothed cylindrical model.  The inset shows the spatial
parameters for a set of misaligned cylinders.
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Figure 6.12: The Percus-Yevick Structure factor for smoothed cylinder model.  The
inset shows the spatial image of the hexagonal ordered cobalt nanowires.

Figure 6.13: The cobalt nanowire’s magnetic potential profile as a function of radius for
the rigid and smoothed scattering models.



6.4 Unpolarised SANS                                                                                                  219

The magnetic offset IM(q,H=0) at remanence was fitted to the smoothed cylinder

model.  When the NLS parameters were set in the Free state, the cylinder model did not

converge to a reasonable set of output parameters.  The wire diameter and inter-wire

separation were found to be many times the size of their physical counterparts.  Due to

the offset’s weak scattering features, the parameter fit could not determine a convergent

solution.  The scattering data was refitted using a simplified routine where the input

parameters were switched to the Fixed state, see Table 6.2.  The spatial parameters were

assigned to values obtained from the saturated fit.  Figure 6.14 shows the magnetic

scattering offset fitted to the smoothed cylinder model. The form factor was comparable

to the saturated case indicating that the wire’s magnetic structure remains unchanged at

smaller fields.  The interference peak located at q=0.02 Å-1 was modelled using the P-Y

structure factor.  This peak position matches the in-plane value at saturation though the

remanent intensity was much weaker than expected.  It was known that the nanowire’s

exhibit a strong out of plane shape anisotropy, hence the remanent peak intensity should

be comparable to the saturated case.  It was unclear on what caused this reduction in

magnetic scattering contrast.

Figure 6.14: The self-assembled cobalt nanowire’s magnetic scattering intensity at
remanence fitted to the smoothed cylindrical model.  The inset depicts the magnetic
spatial parameters for a trio of misaligned cylinders.
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Scattering

Function

Description Parameter NLS

Switch

Value

Wire Separation d Free 249.0 ±1.0 Å

Packing density ρ Free (4.93±0.03)×10-8 Å-3

S(q)

γ-Distribution Width σd Fixed 40.0 Å

Magnetic Contrast ∆ηM Free (1.20±0.01)×10-5 Å-2

Radius R Free 98.6 ± 0.3 Å

γ-Distribution Width σR Free 17.5 ± 0.2 Å

F(q)

Decay Constant ε Free 20.2 ± 0.2 Å

Closeness of Fit χ2 --- 3.00

Table 6.1: The cobalt nanowire 1.3 T fit parameters for the structure factor S(q) and
form factor F(q).

Scattering

Function

Description Parameter NLS

Switch

Value

Wire Separation d Fixed 250.0 Å

Packing density ρ Fixed 4.00×10-8 Å-3

S(q)

γ-Distribution Width σd Fixed 40.0 Å

Magnetic Contrast ∆ηM Fixed 3.21×10-5 Å-2

Radius R Fixed 100.0 Å

γ-Distribution Width σR Fixed 31.0 Å

F(q)

Decay Constant ε Fixed 19.8 Å

Closeness of Fit χ2 --- ---

Table 6.2: The cobalt nanowire remanent fit parameters for the structure factor S(q) and
form factor F(q).
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The cobalt nanowire’s nuclear scattering intensity was extracted by averaging

the foreground intensity along the qx-axis.  Since the applied magnetic field saturated

the sample along the qx-axis, there were no magnetic scattering components contained

within the nuclear scattering intensity.  Figure 6.15 shows the smoothed cylinder model

fitted to the nuclear scattering data.  The cylinder model shows partial agreement with a

closeness of fit χ2=24.0.  Table 6.3 shows the output parameters for the form factor and

structure factor functions.  The solid cylinder form factor gives an average diameter of

196.0 ±0.4Å with a gamma-Shultz size distribution of 25%.  The nanowires’s physical

structure consists of a cobalt core embedded in an Al matrix, see Figure 6.16.  The Al

matrix has a weak nuclear scattering contrast, hence the solid cylinder model was a

reasonable approximation to the scattering form factor.  The Percus-Yevick structure

factor gives a pair separation distance of 292.4±0.3Å.  The nuclear scattering peak was

slightly broader than its magnetic counterpart.  This distortion in peak intensity was

attributed to the nuclear background scattering from the instrument’s electromagnet.  In

the unpolarised foreground measurement, the nanowire’s nuclear scattering intensity

cannot be fully separated from the background scattering components.

Figure 6.15: The self-assembled cobalt nanowire nuclear scattering intensity fitted to
smoothed cylindrical model.
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Figure 6.16: The schematic shows the cobalt nanowire’s chemical composition and
corresponding nuclear scattering contrast.  The Al matrix has a weak nuclear scattering
length density, hence the core contrast is much larger than the matrix component where
∆ηN(Co)>>∆ηN(Al ).

Scattering

Function

Description Parameter NLS

Switch

Value

Wire Separation d Free 292.4 ±0.3 Å

Packing density ρ Free (3.83±0.01)×10-6 Å-3

S(q)

γ-Distribution Width σd Fixed 40.0 Å

Magnetic Contrast ∆ηN Free (3.64±0.01)×10-4 Å-2

Radius R Fixed 98.0 ± 0.3 Å

γ-Distribution Width σR Free 25.0 Å

F(q)

Decay Constant ε Free 37.6 Å

Closeness of Fit χ2 --- 24.0

Table 6.3: The cobalt nanowire nuclear scattering fit parameters for the structure factor
S(q) and  form factor F(q).
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6.4.5 Summary

The characterisation technique of unpolarised SANS was used to investigate

magnetic and nuclear scattering structure of self-assembled cobalt nanwires.  The SANS

experiment measured the foreground diffraction pattern at an in-plane saturation field of

1.3 T.  The magnetic diffraction pattern at saturation was extracted by subtracting off

the nuclear scattering components. It was observed that the magnetic diffraction pattern

was highly anisotropic about the scattering plane where the in-plane magnetisation was

aligned along the field direction.  The magnetic scattering intensity exhibited an

amorphous interference peak characteristic of the wire’s short-range magnetic order.

The nuclear scattering intensity was extracted from the foreground measurement at

saturation.  The nuclear diffraction pattern was isotropic with the scattering plane.  The

nuclear scattering intensity showed similar scattering features with respect to the

magnetic measurements.  The magnetic and nuclear scattering intensities were modelled

using the smoothed cylindrical scattering potential.  The nanowire’s magnetic and

nuclear length scales were similar with respect to wire diameter, size distribution and

smoothing parameter.  

 6.5 Conclusion

In this chapter, unpolarised SANS studies were successful in measuring the

nanowire’s spatial parameters such as wire diameter, inter-wire separation and

scattering contrast.  For the magnetic length scale, these parameters can be used to

determine the sample’s areal density and local magnetisation.  These properties are

important for gauging a sample’s potential use as magnetic recording media.  The

corresponding set of physical parameters, obtained from the nuclear scattering intensity,

is useful for characterising the nanowire’s chemical composition.  For cobalt nanowires

this type of measurement is not particularly useful.  However, if the sample was alloyed

with another element such as platinum then the nuclear scattering contrast could be used

to spatially correlate the nanowire’s chemical composition.  The cylinder model used in

this chapter provided an accurate approximation to the nanowire’s scattering physics.

However, the scattering model was derived using a phenomenological approach, which

failed to give an adequate description of the magnetic smoothing effect.  Further work is

required on deriving the correct magnetic form factor function from first principles.
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Chapter 7

Magnetic SANS Simulations



7.1 Introduction                                                                                                             225

7.1 Introduction

In previous chapters, the local magnetisation of recording media grains and self-

assembled nanowires was investigated by using the characterisation technique of small

angle neutron scattering (SANS).  The diffraction pattern from the magnetised sample

was modelled using an analytic scattering function.  The magnetic scattering from the

discrete object, for example a single recording grain, was represented by the spherical or

cylindrical form factor.  The interference scattering between grains was simulated using

an amorphous structure factor derived from the Percus-Yevick solution for hard spheres.

The analytic scattering model was successful in approximating the grain’s magnetic

spatial parameters such as the grain diameter and scattering contrast.  However the

analytical scattering function, derived in reciprocal space, represents an ideal snapshot

of the grain’s local magnetisation.  For example the form factor was modelled using a

spherical object where in reality the recording grain takes the form of an irregular

shaped object.  Further insight into the grain’s magnetic structure was achieved by

simulating the sample’s magnetisation map in Cartesian space.  Figure 7.1 outlines how

a micromagnetic map can be used to extract the sample’s magnetic scattering structure.

In the following sections, the micromagnetic method was used to study the local

magnetic structure of self-assembled nanowires (Chapter 6) and longitudinal magnetic

recording media (Chapter 4).

Figure 7.1: The micromangetic map of an ensemble of magnetised grains in two-
dimensional Cartesian space.  The scattering amplitude is calculated via a Fourier
transform (FT) of the micromagnetic map.  The scattering intensity by definition is the
square of the magnetic scattering amplitude.
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7.2 Micromagnetic Method

The sample’s local magnetic structure can be represented by a vector array of

discrete dipole moments.  At the remanent state (H=0), the dipole moments exist in the

ground state where each moment aligns along the easy axis of magnetisation.  With the

application of a strong magnetic field, the moments will minimise their total energy by

aligning along the field direction.  The moment’s response at the remanent or saturated

state is described by the micromagnetic method.  The total energy of the ith dipole

moment mi at zero temperature is defined by,
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The first term represents the moment’s Zeeman energy where HZeeman is the applied

magnetic field.  The second term describes the magnetostatic energy resulting from the

ith dipole moment interacting with the ensemble’s dipolar field.  These magnetostatic

interactions are linked to the sample’s magnetic bulk properties that include domain

formation and shape anisotropy.  The third term expresses the moment’s uniaxial

magneto-crystalline anisotropy energy.  The angle φ defines the direction of the ith

moment with respect the crystal’s easy axis of magnetisation where K is the anisotropy

energy constant.  The final term describes the exchange energy between pairs of

moments where J is the exchange constant.

In magnetic recording media, equation 7.1 describes the energetic terms of the

recording grain under coherent rotation.  In reality extrinsic properties such as lattice

geometry and impurity atoms can damp the spin wave motion.  In this case the granular

Hamiltonian was approximated using perturbation theory where the magnetic damping

energy was small compared to the ground state energy.  For most bulk materials this

type of calculation was impractical due to the complex nature of the multi-bodied

problem.  The micromagnetic problem was simplified by using the semi-empirical

differential equation known as the Landau-Lifshitz-Gilbert equation (LLG) [114],
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The LLG equation describes the behaviour of the time dependent moment vector, mi(t),

immersed in an effective field Heff.
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The effective field Heff is a superposition of magnetostatic, exchange, crystalline

anisotropy and Zeeman fields.  The leading term of the LLG equation represents the

coherent precession of the ith dipole moment.  The constant γ defines the moment’s

gyromagnetic ratio.  The second term models the damping effects from the ensemble.

The empirical constant α relates to the strength of the damping force.  Conventionally

the α-constant of a magnetic substance is determined by the characterisation technique

of Ferromagnetic Resonance (FMR).  The program known as OOMMF [115] illustrates

the micromagnetic simulation by solving the LLG equation for a trio of in-plane

magnetised discs.  The micromagnetic grid was mapped onto the disc trio where the

effective field of a single moment was defined by Heff=HZeeman+Hdipolar+Haniso+Hexe.

Before the Zeeman field was applied, the disc’s easy axis of magnetisation was

randomly oriented in-plane.  The simulated magnetic hysteresis plot is illustrated in

Figure 7.2.  The total moment was normalised to its saturation value.  The insets show

the micomagnetic map at the remanent and saturated states.

Figure 7.2: The in-plane magnetic hysteresis loop for a trio of magnetised grains is
determined by using micromagnetic simulations.  The insets show the total normalised
moment at the remanent and saturation states.  The simulations are performed using the
NIST software known as OOMMF.
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7.2.1 OOMMF Simulations

The micromagnetic simulations were performed by the NIST software package,

Object Oriented Micromagnetic Framework (OOMMF) [115].  The OOMMF package

is a graphically based micromagnetic solver that can solve the Gilbert equation for a

three-dimensional rectangular grid holding three-dimensional spins.  The OOMMF

computational engine is based on the C++\TCL programming language.  The engine is

built around a series of programs known as OOMMF blocks.  Each block performs a

specific task within the simulation such as defining the rectangular mesh or assigning

spin energies.  To set-up a micromagnetic simulation, a script file was composed from

the required OOMMF blocks listed in Table 7.1.  The script file was read into the

OOMMF solver which than runs the series of blocks.  The simulation performs all

calculations in SI units.  In this chapter the grain’s spatial dimensions were quoted in

units of Angstroms.

Table 7.1: The micromagnetic simulation is programmed using the TCL script file.  The
OOMMF compiler runs the script file by executing the above list of block commands.

OOMMF Block Description

Specify  Oxs_ImageAtlas Sets up the micromagnetic grid

Specify  Oxs_RectangularMesh Sets up a rectangular mesh

Specify  Oxs_UniaxialAnisotropy Input uniaxial anisotropy field

Specify_Oxs_UniformExchange Input uniform exchange field

Specify_Oxs_Demag Input demagnetisation field

Specify_Oxs_Uzeeman Input an applied magnetic field

Specify  Oxs_EulerEvolve Differential equation solver

Specify  Oxs_TimeDriver Time counter



7.2 Micromagnetic Method                                                                                           229

The first step in the OOMMF simulation was to construct a moment map of the

granular ensemble.  The OOMMF software sets up the moment grid using the atlas

block.  The box atlas defines the grid within a predefined region of space.  The size and

shape of the ensemble were defined by a subset of regions defined within the box.  The

geometric shapes such as discs were used to assign moment distribution to the

micromagnetic grid.  The image atlas defines the moment grid via the input of a two-

dimensional image of the granular ensemble.  The colour image simultaneously defines

the magnitude and boundary conditions of each grain.  For example an ensemble of

ferromagnetic grains embedded in a non-magnetic matrix was represented by an image

of black discs superimposed onto a white background.  The colour black was assigned a

non-zero magnetisation while the white region was set to a zero value.  The advantage

of the image atlas is that one can avoid any complex grid calculations for a large

granular ensemble.  The image atlas becomes especially useful for generating the

moment map of magnetic recording media where the ensemble consists of polydisperse

magnetic grains.  The input image was generated using the programming code known as

ROOT [116].  The image file was read into the block, Specify Oxs_ImageAtlas, see

Figure 7.3.  The image was defined within a rectangular box, which was scaled to the

dimensions of the ensemble.  The following block, Specify Oxs_RectangularMesh, sets

up the simulations rectangular mesh.

Figure 7.3: The two-dimensional image of an ensemble of magnetic particles embedded
in non-magnetic matrix.  The OOMMF function Oxs_ImageAtlas translates the image
map to the micromagnetic grid.
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The recording grain was composed of a cobalt-based alloy while the nanowires

consisted of bulk cobalt.  For either sample the crystalline phase was hexagonal closed

packed (hcp).  Hence the moment exhibits a uniaxial magneto-crystalline anisotropy.

The block, Specify Oxs_UniaxialAnisotropy, assigns each dipole moment a magneto-

crystalline anisotropy field.  The magnitude of the anisotropy field was set by the

energy constant K.  The direction of the easy axis was defined using an array of unit

vectors which was inputted via a data file.  The OOMMF exchange calculation was

performed using the block Oxs_UniformExchange.  This block assumes that the

exchange force was uniform for its immediate neighbours.

The block, Specify Oxs_Demag, calculates the sample’s demagnetisation field.

The OOMMF calculation assumes that the demagnetisation field was uniform within

each cell.  The Zeeman field was simulated using the block, Specify Oxs_Uzeeman.

The field can be set to any direction within the defined atlas.  Figure 7.4 shows a two-

dimensional micromagnetic grid for a trio of magnetic particles.  The OOMMF

simulation assigns each magnetic particle with exchange, anisotropy, demagnetisation

and Zeeman energies.  The LLG equation was solved using the Euler method.  The

calculations were performed using the block Specify EulerEvolve.  The final block,

Specify Oxs_TimeDriver, controls the time evolution of the simulator.  The OOMMF

simulation exits when the LLG equation satisfies the following condition dmave/dt<<1.

Figure 7.4: The micromagnetic grid shows a trio of in-plane saturated ferromagnetic
particles defined by the total energies Ea, Eb and Ec. The particle energy at Eb is a
superposition of the ith exchange, anisotropy, demagnetisation and Zeeman energies.
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7.2.2 Magnetic Scattering Theory

The micromagnetic simulation generates a moment map of the magnetised body.

The moment map contains information on the sample’s magnetic grain size and moment

orientation.  The simulations were compared to the magnetic SANS data by calculating

the moment map’s Discrete Fourier Transform (DFT) [112].  The magnetic scattering

intensity is expressed by,

                                              V/]ˆ)ˆˆ(ˆ[)q()(I
2

mmqqmq −= • .                                   (7.3)

The total moment vector over all reciprocal space is expressed by the Fourier Transform

m(q)=|∫m(r)exp(iq•(r-ri)dr| where ri defines the position of the ith unit cell.  In real

space the total moment is expressed by the m(r)=Σiδ(r-ri)mi where mi defines the ith

moment per unit cell.  The unit vectors m̂ and q̂ define the direction of the total moment

and momentum transfer argument respectively. The scattering intensity, equation 7.3 is

normalised to the sample volume V.  Figure 7.5 illustrates the moment map and the

scattering intensity within the Cartesian and reciprocal space respectively.

Figure 7.5: The two-dimensional magnetic moment map where mi, mi+1 define the
sample’s spin moment for the ith unit cell.  The sample’s total moment in reciprocal
space is extracted by calculating the Fourier Transform (FT) of the moment map.  The
square of the transform is proportional to the diffraction pattern I(q).
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7.3 Ferromagnetic Nanowires

In the previous chapter, the unpolarised SANS measurement was used to

characterise the local magnetic structure of ferromagnetic nanowires.  The sample’s

foreground measurement was performed in the in-plane geometry where the moments

were saturated at an in-plane field of 1.3 T.  The SANS diffraction pattern exhibited a

strong magnetic scattering anisotropy.  This scattering feature was used to separate the

nanowire’s magnetic scattering intensity from the background scattering components.

The smoothed cylindrical form factor was used to fit the magnetic SANS data.  It was

observed that the magnetic dimensions agreed with the TEM measurements.  However a

proper physical interpretation of the analytic model was lacking with respect to the

smoothed scattering potential.  In the following section, micromagnetic simulations

were used to study the local magnetisation of ferromagnetic nanowires.  In addition

these simulations were used to test the reliability of the analytic scattering model

devised in Chapter 6.

7.3.1 Simulations

In the micromagnetic simulation, the nanowire’s local magnetic structure was

modelled using a hexagonal ensemble of cylinders of radius R, length L and separation

distance D.  The cylinder’s radius was set to 100.0 Å with a size distribution of 14%.

The approximate length of the cylinder was 10,000 Å. The wire’s average separation

distance was of order D=240.0 Å.  The ROOT compiler was used to input these spatial

parameters into a program that generated a polydisperse system of discs. The size

distribution was calculated by the Gamma-Schultz distribution function.  The output

image consisted of red coloured discs populated onto a white background.  The red disc

represents the ferromagnetic nanowire while the white background defines the sample’s

non-magnetic AAO matrix. The image was read into the image atlas and mapped onto a

rectangular grid.  The box dimension was defined by 1550.0×1550.0×10 Å3 with a mesh

grid of 10 Å per cell.  In this case the length dimension was truncated to save time

during the simulation run.  Truncation of the length component will undoubtedly reduce

the nanowire’s shape anisotropy and change the orientation of the easy axis.  However

in the OOMMF simulation the anisotropy constant was independent on the sample’s

length dimension.  This restricts these simulations to in-plane scattering features.



7.3 Ferromagnetic Nanowires                                                                                        233

  The OOMMF program maps the three-dimensional magnetisation field to red

coloured images.  The AAO matrix, coloured white, was assigned a zero magnetisation

value.  The red discs were assigned the saturation magnetisation of metallic cobalt at

room temperature Ms=1.4×106 A/m [117].  As shown in Chapter 6, the nanowires

exhibit a strong out of plane shape anisotropy.  This magnetic property was modelled by

mapping a perpendicular anisotropy field to micromagnetic grid.  The strength of the

anisotropy field was approximately 1.0 T.  The exchange constant for cobalt at room

temperature was set at approximately 3.0×10-11 J/m3 [117].  The Zeeman field was set to

the in-plane saturation field of 2.0 T.  This Zeeman field value was adequate to align the

nanowire’s magnetic moments in-plane.

The Euler method for solving differential equations was determined by the block

Specify EulerEvolve. The gyromagnetic ratio was set to γ=2.21x105 m/A•s.  The

damping constant α for most magnetic materials was much less than one.  In order for

the OOMMF simulation to reach convergence in a reasonable time period, the α

constant was set to unity.  The solver exits the simulation when the ensemble reaches a

specified tolerance dmave/dt<0.01.  The micromagnetic simulations were performed at

the remanent and in-plane saturation states.  Figure 7.6 depicts the moment maps for the

respective magnetised states.  The simulations were repeated for an additional fifteen

snap shots where each ensemble was randomly shuffled.  This procedure was intended

to simulate thermal averaging of the ensemble.

Figure 7.6: The ferromagnetic nanowire moment map for the out of plane remanent and
in-plane saturated states.  The easy axis of magnetisation and c-axis are oriented along
the nanowire’s longitudinal axis.
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7.3.2 Results and Discussions

The local magnetism of ferromagnetic nanowires was investigated for the

remanent state.  The magnetic structure was represented by a three-dimensional array of

cylindrical objects.  The OOMMF program maps an ensemble of spins onto an image

plane of red discs where the magnetic moments line parallel to the longitudinal axis.

The left-plot of Figure 7.7 shows a snap shot of the hexagonal ensemble within the two-

dimensional spatial plane.  The out of plane magnetisation was defined by Mz=V-1Σmiz

where miz represents the ith moment on the micromagnetic grid.  The set of fifteen

OOMMF simulations was converted to q-space via the Fourier transform expressed by

equation 7.3.  The diffraction pattern was extracted by superimposing the fifteen Fourier

images.  The right-plot of Figure 7.7 shows the simulated diffraction pattern about the

scattering plane.  The isotropic diffraction pattern results from magnetic moments

aligned perpendicular to the sample plane.  It was observed that the diffraction pattern

does not exhibit a continuous structure factor ring as shown in the nanowire SANS

measurements.  In order to simulate the continuous diffraction ring, one must apply

azimuthal rotational disorder to the spatial grid.

Figure 7.7: The two-dimensional moment map for an ensemble of ferromagnetic discs
at remanence.  The operation FT×FT of the magnetic moment map gives the SANS
diffraction pattern.
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The in-plane saturated state was investigated for the hexagonal ensemble of

cylinders.  The left-plot of Figure 7.8 shows the moment map at the saturated state.  The

inset magnifies the moment distribution for a pair of cylinders.  Within the image plane,

the field vectors M and HZeeman lie collinear.  This was due to the strong in-plane

magnetic field whereby the magnetic moments were forced to align along the field

direction.  The OOMMF solver extracts a further set of fifteen moment maps at

saturation.  The simulated SANS diffraction pattern was highly anisotropy about the

scattering plane.  This behaviour is highlighted in Figure 7.9 where the azimuthal

intensity is calculated for the q range 0.006Å-1<q<0.27 Å-1.

The magnetic scattering intensity was extracted from the SANS simulations, see

Figure 7.10.  The simulations were compared to the D11 SANS measurements at 1.3 T.

The SANS simulation was successful in replicating the position and shape of the

amorphous structure factor.  However at high q the magnetic scattering deviates from

the q-4 scattering intensity.  In Chapter 6, this scattering feature was corrected by

applying a smoothing function to the cylindrical scattering potential.  The origin of this

smoothing was possibly linked to the wire’s misalignment.  If this was the case, then the

current magnetisation map must account for nanowire’s length dimension and its degree

of misalignment.

Figure 7.8: The two-dimensional moment map for an ensemble of ferromagnetic discs
at the saturated state.  The operation FT×FT of the magnetic moment map gives the
SANS diffraction pattern.
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Figure 7.9: The azimuthal magnetic scattering intensity for the anisotropic diffraction
pattern calculated over the q range 0.006 Å-1<q<0.27 Å-1.

Figure 7.10: The anisotropic magnetic scattering intensity is extracted from OOMMF
simulations for the q-range of 0.006 Å-1<q<0.27 Å-1.  The simulation is compared to the
D11 SANS measurement at the in-plane field of 1.3 T.
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7.3.3 Summary

In this section the nanowires’s magnetic structure was modelled using the

micromagnetic program OOMMF.  At the remanent field the SANS diffraction pattern

was isotropic about the scattering plane with a sharply defined structure factor peak.

The diffraction pattern was simulated for the in-plane saturated state.  The magnetic

scattering intensity exhibited a highly anisotropic diffraction pattern about the scattering

plane.  This effect was a consequence of the strong applied magnetic field that forced all

dipole moments to align along the x-axis.  The magnetic scattering intensity was

compared to the measured scattering data at 1.3 T.  The simulation reproduced the shape

and position of the structure factor.  However at high q the form factor intensity

deviated from the scattering data by a factor of q-2.  The magnetic scattering model

failed to give an adequate explanation for the q-4 intensity decay.  These micromagnetic

simulations were successful in reproducing the nanowire’s magnetic scattering features

such as moment orientation and interference effects.  However the scattering model was

over simplified to account for the magnetic smoothing effects encountered in the D11

SANS measurements.

7.4 Longitudinal Magnetic Recording Media

In chapter four the in-plane magnetisation of longitudinal recording media was

investigated using magnetic SANS measurements.  At the in-plane saturation field of

2.2 T the magnetic diffraction pattern was highly anisotropic about the scattering plane.

The magnetic scattering intensity was modelled using a spherical core-shell structure.

The cobalt-enriched core was characterised as a high anisotropic ferromagnet while the

chromium-enriched shell was identified as a soft ferromagnet.  When the applied field

was decreased, the magnetic scattering anisotropy varied as a function of q.  This

scattering property was termed the ANCOS2 phase shift.  The phase shift was attributed

to the recording grain’s magnetic properties such as the magneto-crystalline anisotropy

field.  In the following section, the micromagnetic simulation was used to model the in-

plane saturated state of longitudinal recording media.  In the latter half, low field studies

were used to study the underlying scattering physics of the ANCOS2 phase shift.
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7.4.1 Simulations

The ensemble of longitudinal recording grains was modelled using an array of

ferromagnetic cores embedded within a soft ferromagnetic matrix. The physical

dimensions of the granular core were determined from magnetic SANS measurements.

The average core size was of the order of 53.0 Å with a grain size distribution of 30%.

An array of highly disordered cylindrical objects was used to model the microstructure

of the ferromagnetic cores, see left plot of Figure 7.11. The program ROOT generates a

two-dimensional image of fifty cylindrical objects with a normalised core size of 0.03

and a gamma-Shultz distribution of 30%.  The ferromagnetic cores were mapped out

using the OOMMF software package.  The micromagnetic grid was defined within a

rectangular box of dimension 600×600×30 Å3 with a mesh size of 3.0 Å per cell.  The

image atlas scales the ROOT image to the grid dimensions.

The ferromagnetic cores, coloured red, were assigned a saturation magnetisation

of 5×105 J/T.  It was determined in Chapter four that the recording grain possessed a

strong in-plane remanent magnetisation.  This magnetic property was modelled by

mapping an in-plane uniaxial anisotropy field to each ferromagnetic core where the bulk

anisotropy energy density was set to KU≈300×103 J/m3 [118].  This value was typical for

longitudinal recording media composed of the alloy CoCrPtB.  The cores were saturated

along the x-axis by setting the Zeeman field to HZeeman=(2.0 T, 0, 0).

Figure 7.11: The two-dimensional moment map for an ensemble of ferromagnetic cores
embedded within a non-magnetic matrix.  The core radii are generated using a gamma-
Shultz size distribution function.
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 The soft ferromagnetic matrix was modelled by populating the vector space

with paramagnetic moments.  In this simulation, the paramagnetic approximation was

only valid for small increments in applied field where the soft ferromagnetic response

was linear as a function of field.  The paramagnetic model neglects thermal effects by

assuming the T=0 state.  At zero field, the ferromagnetic cores induce a small magnetic

moment within the paramagnetic matrix.  When an external magnetic field was applied

to the matrix, the magnetisation linearly increases as a function of the Zeeman field.

The matrix magnetisation is related linearly to the total magnetic field,

Mmatrix=χpar(HZeeman+Hmatrix)                   (7.4)

where χpar is the paramagnetic susceptibility, HZeeman is the applied magnetic field and

Hmatrix is the induced magnetic vector field within the matrix.  The field Hmatrix was

calculated using a monopole system of magnetic charges [119].  The magnetisation for

the core Mcore and matrix Mmatrix components were combined into a three-dimensional

magnetisation map shown in Figure 7.12.

Figure 7.12: The x-y and x-z magnetisation map for the ferromagnetic core (black
arrow) and paramagnetic matrix (green arrow).
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7.4.2 Results and Discussion

The core and matrix magnetisation components as a function of field were

extracted using micromagnetic simulations.  The left plot of Figure 7.13 depicts the

two-dimensional image of the magnetisation map at the in-plane saturation field of

Hx=2.0 T.  The core magnetisation Mcore was partially aligned along the magnetic field

direction.  These moment deviations where attributed to the core’s strong in-plane

anisotropy field.  The exchange and demagnetisation fields had little influence on the

saturation magnetisation.  The paramagnetic magnetisation Mmatrix was fully saturated

within the spatial plane.  Simulations showed that the core magnetisation was less than

the matrix component where |Mcore|<|Mmatrix|.  In terms of magnetic scattering, the core

contrast was smaller than the matrix value.  This result disagrees with the Chapter 4

LMRM measurements where the core’s magnetic contrast was larger than the shell

(matrix) component.  It was most likely that the paramagnetic susceptibility of was

incorrectly scaled with respect to the ferromagnetic cores.

Figure 7.13: The recording grain’s two-dimensional magnetisation map for the Mcore

and Mmatrix components at the in-plane field of 2.0 T. The operation FT×FT of the
magnetisation map gives the SANS diffraction pattern.
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The magnetic scattering intensity was extracted by calculating the Fourier

transform of 15 randomised magnetisation maps.  The simulated scattering intensity

was calculated by taking the square of the transform.  The right-plot of Figure 7.13

shows the magnetic diffraction pattern for the q range 0.02 C-1<q<0.29 C-1.  The pattern

exhibited pronounced lobes along the y-axis which were characteristic of saturated

magnetisation components Mxi along the field direction.  The diffraction pattern shows

yellow diffraction spots along the x-axis.  These features originate from the magnetised

core’s Myi components.  The magnetic scattering intensity at the in-plane field of 2.2 T

was compared to the simulation results at saturation, see Figure 7.14.  At q<0.05 C-1 the

scattering intensity shows a plateau which was characteristic of the form factor function

near q=0.  The simulations shows a peak at q=0.08 C-1 which corresponds to the form

factor’s core component.  The scattering model partially fits the SANS measurements,

however there was a slight shift towards smaller q values.  This q-shift was due to an

incorrectly scaled micromagnetic grid.  The simulations can be re-scaled to fit a smaller

box size, which would shift the scattering intensity in line with the measured data.

Figure 7.14: The simulated magnetic scattering intensity at Hx=2.0 T () compared to
the D11 measurement at 2.2 T (x).
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When the in-plane field was reduced the matrix magnetisation decreased within

the x-y plane.  The magnetisation response of core and matrix components is plotted in

Figure 7.15(a).  The core magnetisation was normalised to unity and remains at its

remanent state regardless of the field strength.  The matrix magnetisation increases

linearly with applied field as expected for a paramagnet.  The intersection point, known

as the matching field, represents a uniform magnetisation state between the core-matrix

components.  The matching field was analysed by plotting the magnetisation profile

across a magnetic grain, see Figure 7.15(b).  The core component was represented by

the top-hat function.

The ensemble of longitudinal recording grains was simulated for the low field

range of 0.0<Hx<1.7 T.  The magnetisation map of a recording grain is depicted in the

left-plot of Figure 7.16.  Within the scattering plane, a dashed black circle marks out the

boundary between the core Mcore and matrix Mmatrix components.  The variation of My

across the grain was defined on the colour plot.  The right-plot shows the respective

diffraction pattern for the q-range 0.02 C-1<q<0.29 C-1. The ANCOS2 program extracted

the scattering intensity and phase as shown in Figure 7.17.  The phase was linked to the

variation between the x and y magnetisation contrast components.  The zero phase

condition was expressed by δ=0→∆Mx>∆My while the phase shift occurs when

δ=π/2→∆My>∆Mx.

Figure 7.15: The recording grain’s core and matrix magnetisation components as a
function of (a) in-plane field Hx and (b) outer cylinder radius R0.
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  At the in-plane field of 1.7 T the grain’s core magnetisation was partially

saturated along the field direction.  Within the circular boundary, the yellow surface plot

gives a variation of |∆My|≈0.1.  At the core-matrix boundary the red and blue regions

mark out a variation of the order of |∆My|≈0.45.  These regions represent a transition

from ferromagnetic grain to the paramagnetic matrix.  Further out from the core, the

variation decays to zero where the applied field has saturated the paramagnetic matrix.

The diffraction pattern was anisotropic about the scattering plane though the intensity

was slightly distorted along the x-axis.  The magnetic scattering intensity exhibits a

form factor peak at q=0.08 C-1 which compares closely with the SANS simulation at

Hx=2.0 T.  Again this scattering feature originated from the grain’s core component.

However the simulated scattering exhibits two nodes at q1=0.14C-1 and q2=0.24C-1.

The former node corresponds to the ANCOS2 phase shift of δ1=900 while the latter q-

value represents a shift of δ2=700.

The phase shifts were understood by analysing the grain’s magnetic contrast

components within the x-y plane.  The core and matrix contrast were calculated by

∆Mc=|Mc-Mm| and ∆Mm=|Mm-<M>| respectively where <M>=1/NΣi{M i} represents the

average magnetisation over the ensemble.  The core and matrix components were

extracted from the magnetisation map of Figure 7.16(a).  The core components were

|∆Mx|≈0.71 and |∆My|≈0.10, hence the zero phase condition |∆Mx|>|∆My| was satisfied.

This contrast variation occurs within the core, hence the zero phase magnetic scattering

originates mainly from the grain’s ferromagnetic centre. The matrix variation were

|∆Mx|≈0.03 and |∆My|≈0.45 where |∆My|>|∆Mx|.  This condition showed a variation in

matrix magnetisation along the y-axis that was responsible for the π/2 phase shift.

At the field of Hx=1.4 T the maximum scattering intensity was oriented along the

field direction.  The ANCOS2 phase of δ=π/2 now extends over the entire q-range.  The

core contrasts were |∆Mx|≈0.41 and |∆My|≈0.45 while the matrix components were

|∆Mx|≈0.04 and |∆My|≈0.41.  This shows the core and matrix contrast components have

simultaneously satisfied the π/2 phase condition where |∆My|>|∆Mx|.  The diffraction

pattern at Hx=0.5 T was highly anisotropy about the scattering plane where the phase

has shifted back to zero.  When below the matching field, the matrix magnetisation

values were much smaller than their respective core components.  Hence the core and

matrix contrast values will satisfy the zero phase condition |∆Mx|>|∆My|.
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Figure 7.16: The recording grain’s magnetisation map is plotted for the in-plane field of
(a) 1.7 T,(b) 1.4 T and (c) 0.5 T.  The colour countour defines the variation in y-
magnetisation across the grain.  The magnetic diffraction pattern was calculated for the
q-range 0.02 C-1<q<0.29 C-1 at the respective field values.
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Figure 7.17: The SANS simulation of the ANCOS2 scattering intensity and phase for
the q-range 0.02C-1<q<0.29C-1 at the in-plane field of (a)1.7 T, (b) 1.4 T and (c) 0.5 T.
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7.4.3 Summary

The magnetisation of longitudinal recording media was characterised using

micromagnetic simulations.  The recording media was composed of a closed packed

system of ferromagnetic grains with an average grain size of 106 C and a size

distribution of 30%.  The SANS measurements in Chapter 4 determined that the

recording grain was composed a hard ferromagnetic core and a soft ferromagnetic

matrix. The core component was modelled using a three-dimensional grid of cylindrical

objects where each was assigned an in-plane magneto-crystalline anisotropy field. The

soft matrix was modelled by using an array of paramagnetic moments.

The core and matrix magnetisation map was extracted for the applied field range

of 1.7 T<Hx≤2.0 T.  The core magnetisation was fully saturated along the field direction

though there was a slight moment deviation due to grain’s in-plane anisotropy field.

The paramagnetic matrix was fully saturated along the field direction.  The majority of

the core and matrix moments were saturated along x-axis resulting in a highly

anisotropic diffraction pattern.  The simulated scattering intensity showed moderate

agreement with the measured D11 data at 2.2 T.

The core and matrix magnetisation was extracted for the low field range of

0.5 T<Hx≤1.7 T.  The diffraction pattern at Hx=1.7 T exhibited anisotropic scattering

though the moment orientation was now slightly distorted along the field direction.

This intensity distortion corresponded to the ANCOS2 phase shift of π/2.  The phase

shift was related to an increase in the matrix contrast components along the y-axis.  The

diffraction pattern at Hx=1.4 T exhibited a constant ANCOS2 phase of π/2 over the

entire q-range.  In this case the magnetic scattering was dominated from the core and

matrix contrast components along the y-axis.  The field value at Hx=0.5 T showed a

recovery of zero phase scattering where the scattering originated from core and matrix

contrast components along the x-axis.
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7.5 Conclusion

In this chapter, we have demonstrated the capabilities of the micromagnetic

simulation for investigating the scattering properties of ferromagnetic nanowires and

longitudinal recording media.  For these simulations the sample’s bulk magnetisation

was modelled using a three-dimensional micromagnetic grid.  The local magnetic

structure was represented using an ensemble of cylindrical objects of finite length. The

spatial dimensions of these cylinders were obtained through TEM and magnetic SANS

measurements.  By using the simulation software known as OOMMF, the sample’s

spatial magnetisation was extracted as a function of applied magnetic field.  The SANS

measurements were compared to the simulations by calculating the Fourier transform of

the micromagnetic grid.

In the first half of the chapter, the micromagnetic method was successful in

approximating the nanowire’s magnetic scattering intensity at the in-plane saturation

field.  The simulations were in close support of the magnetic SANS data.  This result

was important for validating the analytical scattering model derived in Chapter 6.

However, the micromagnetic simulations could not fully account for deviations in

scattering intensity at high q.  It was postulated that this deviation might originate from

the nanowire’s misorientation within the scattering plane.  Future work is required on

the current micromagnetic simulation to account for the nanowire’s misalignment.  This

may possibly involve expanding the magnetisation map to multiple layers

In the final section, micromagnetic simulations were successful in studying the

magnetic structure of longitudinal recording grains.  The recording grain was modelled

using a ferromagnetic core and paramagnetic matrix.  At the saturation field, the

simulations showed moderate agreement with the D11 measurements.  However, there

were disagreements between the analytic and micromagnetic models.  For example at

saturation, the local matrix magnetisation was always larger than the core component.

This result contradicts the analytic scattering model where the shell magnetisation was

always smaller than the ferromagnetic core.  For any meaningful comparison between

simulation and measurement, the magnetic susceptibility must properly scale the shell

magnetisation.  The future work involves a detailed analysis of the paramagnetic

susceptibility and its agreement with empirical results.  In addition further OOMMF

simulations are planned to investigate the magnetism of perpendicular recording media

such as its recording layer and soft magnetic underlayer.
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Chapter 8

Appendices
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8.1 The Form Factor

The form factor is a mathematical function in reciprocal space that describes the

scattering intensity from a massive target. By definition the form factor is expressed as

the Fourier transform of the scattering potential function ρ(r),

rrqrq 3

V

)d)exp(-()(F ∫ •ρ= i     (8.1)

where the integral is calculated over the target’s volume V.  The potential function,

expressed in real space, contains information on the target’s scattering characteristics

such as particle size and scattering length density. In the following sections the

monodisperse form factor was derived for the spherical and cylindrical geometries.

8.1.1 Sphere

The scattering structure of gases, liquids and amorphous bodies exhibit a high

degree of spatial symmetry.  In this situation it is adequate to model the scattering

structure as a spherical target, see left diagram of Figure 8.1.  The spherical scattering

potential is defined by the piece-wise function, >
<ρ

=ρ
R|r|if0

R|r|if
)r( 0                                                    (8.2)

where ρ0 defines the sphere’s uniform scattering potential of a sphere of radius R.  The

scattering potential defined by equation 8.2 is substituted in the form factor equation,

  ∫ ∫ ∫π π

φθθθ−ρ=
2

0 0

2
R

0

0 dddrsin)rqrcosexp()q(F i        (8.3)

Through solving the azimuthal-φ and zenith-θ parts of 8.3, the spherical integral is

expressed by, ∫πρ=
R

0

2
0 dr

qr

)qrsin(
r4)q(F       (8.4)

The above integral is easily solved using integration by parts.  The spherical form factor

is given by,

                                    −ρπ=
30
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3

4
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8.1.2 Cylinder

The scattering structure of elongated particles such as nanopillars and micelles

exhibit less spatial symmetry then the case of spherical particles.  For this class of

materials, the scattering structure is modelled using a cylindrical object with radius R

and length L, see right diagram of Figure 8.1.  The cylinder is oriented at the angle δ

with respect to the scattering vector q.  The scattering potential is defined using the

cylindrical top-hat function,

      <<−>
<<−<Π

=Π
2/L2/LandR|r|if0

2/L2/LandR|r|if
),r( 0

l

l
l   (8.6)

where Π0 represents a uniform scattering potential throughout the cylinder’s volume.

The cylinder form factor is derived by inserting equation 8.6 into 8.1,

              ∫∫∫ π

−

φδφ−δ−=δ
2

0
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2/L

2/L
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The form factor function is solved by separately transforming the l and r-φ integrals.

The l-integral transforms into a sinc function while the r-φ integral is solved in terms of

a Hankel function transform.  The expression of the cylinder form factor is given by

              
δ
δ

δ
δΠπ=δ

sinqR

)sinqR(J

cos2/qL

)cos2/qLsin(
)LR2(),q(F 1

0
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Figure 8.1: The spatial geometry for the spherical and cylindrical form factors.
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8.2 The Structure Factor

This appendix derives the structure factor S(q) for an ensemble of monodisperse

spheres with bulk density ρ and separation distance d.  The structure factor determines

the linear response of an ensemble of particles interacting via the pair potential u(r) [56]

where r defines the pair separation variable.  In Cartesian space, the system’s linear

response is described using the total pair correlation function h(r).  If the system of

particles is homogeneous and isotropic than the total correlation function is expressed

using the integral equation, ∫ ′′′−ρ+=
V

d)(c)(h)(c)(h rrrrrr   (8.9)

This equation is defined as the continuous form of the Ornstein-Zernike (O-Z)

relation [53,57].  The leading term, known as the direct correlation function, describes

the system’s short-range pair interactions.  The convolution term describes the long-

range pair interactions.  The concept of the O-Z expression is demonstrated by

considering the monatomic liquid system.  In Figure 8.1(a) the direct correlation

function shows the pair interaction between particles A-B.  The total correlation

function in Figure 8.1(b) is a superposition of the A-B interaction including the indirect

influence of long range interactions A-C and A-D.

Figure 8.2: The (a) direct correlation function and (b) total correlation function for a
monatomic liquid.  The inset illustrates the short and long range effects of the pair
potential [56].
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The direct correlation function is given by the Percus-Yevick (P-Y) approximation [58]

for hard spheres first solved by Thiele and Wertheim  [59,60],

        }1)Tk/)(){exp(()(c B −−τ= rrr u         (8.10)

where τ(r) is the tau pair distribution function.  Note the P-Y approximation was

derived for the low-density limit, however the theory has proven to be consistent for

high-density systems.  The total correlation function can be expressed in terms of the

tau function,

1)()Tk/)(exp()(h B −τ−= rrr u                                (8.11)

By substituting equations 8.10 and 8.11 into 8.9 one obtains an integral equation for the

tau function,
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When inserting the hard sphere potential defined by {u(r)=∞, r<d; u(r)=0, r>d} into

equation 8.12, the tau function simplifies to the following,∫∫
>′

<′<′

′′−τ′τρ′′τρ+=τ

d
dd

r-r
r     

rrrr -rrr d)(d)(1)(
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Equation 8.13 is solved in terms of a polynomial function via a complex series of

Laplace transforms.  The direct correlation function is expressed by the piece-wise

polynomial,
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where η=1/6πρd3 defines the ensemble’s packing fraction.  By definition the structure

factor is expressed as the Fourier transform of h(r)-1,

        
)q(c1

1
)q(S

ρ−
=     (8.16)

where the integral c(q)=4π∫c(r)r2sin(qr)/qrdr represents the direct correlation function in

reciprocal space [61].
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8.3 Publications  

The following list of papers relates to the research covered in the thesis.

1. Neutron Studies of Magnetic Recording Media.  S.L. Lee, T. Thomson, F.Y. Ogrin,

C.Oates, M.Wismayer, C.D. Dewhurst, R.Cubitt and S.Harkness.  Materials Research

Society Symposium Proceedings volume 803 (2004).

2. Using small angle scattering to probe the local magnetic structure of perpendicular

magnetic recording media.  M.P Wismayer, S.L. Lee, T. Thomson, F.Y. Ogrin, C.D

Dewhurst, S.M. Weekes and R. Cubitt. Journal of Applied Physics 99, 08E707 (2006).

3. Micromagnetic simulation of small-angle neutron scattering from magnetic

recording media.  F. Y. Ogrin, S. L. Lee, M. Wismayer, T. Thomson,C. D. Dewhurst

and R. Cubitt and S. M. Weekes. Journal of Applied Physics 99, 08G912 (2006).
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