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Summary 

This investigation details the development of two pulsed field magnetometers which 

allow novel measurements of particulate recording media to be performed. The samples 

studied are indicative of advanced metal particle recording media which are currently 

utilised for high density data storage applications, such as Imation Travan™ linear tape. 

In the first part of this investigation, a magnetometer has been developed to 

study reversal processes in metal particle dispersions. The instrument consists of a 

MOSFET pulse generator which produces well-defined current pulses of over 12SA, 

with selectable pulse widths between 2Sµs and 130µs. The current pulse is driven into a 

small field coil assembly, the geometry of which is such that a magnetic field of over 

4.7kOe is generated, with symmetrical rise and fall times of around lSµs . Extensive 

proving studies are presented, which reveal that differences in chemical formulation and 

dispersion quality may be monitored through pulsed remanence curves. 

The second part of this investigation concerns the highly topical issue of high 

speed reversal in particulate media. A son pressurised nitrogen spark gap switch has 

been developed, capable of producing well-defined single-shot voltage pulses of over 

3kV. The pulse width is adjustable from 7ns to S6ns, with rise times of under 3ns. The 

magnetometer consists of a charged coaxial line connected through the spark gap to an 

improved son microstrip structure, the geometry of which allows pulsed magnetic 

fields to be produced with a maximum amplitude of l .8kOe. Again, extensive proving 

studies have been performed and the results are compared with recent models of 

thermally activated reversal. 

These pulsed field studies have revealed a correlation between the degree of 

particle orientation in the tape and high speed reversal properties. The origins of this 

effect are complex, and are related at different timescales to the crystallite or activation 

volume, particle interactions and phenomena influenced by gyromagnetic effects. The 

implications of this are that larger head fields are required to write high frequency 

transitions on increasingly textured systems. Clearly, this promotes conflicting 

requirements in terms ofrecording performance and media durability. 
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CHAPTER 1 Introduction 1.1 

Chapter 

1 
Introduction 

1.1 Introduction to the Thesis 

This investigation details the development of two pulsed field magnetometers which 

allow novel measurements of particulate recording media to be performed. In the first 

part of this investigation, a magnetometer has been developed to study reversal 

processes in metal particle dispersions, and is an extension to previous studies of low 

coercivity media (Hancock 1995). The instrument consists of a MOSFET pulse 

generator which produces well-defined current pulses of over 125A, with selectable 

pulse widths between 25 µs and 130µs. The current pulse is driven into a small field coil 

assembly, the geometry of which is such that a magnetic field of over 4.7kOe is 

generated, with symmetrical rise and fall times of around 15 µs. This short duration 

magnetic field impulse magnetises the wet dispersion sample, while an anti-phase sense 

coil and integrator stage process the magnetisation of the sample under the field pulse. 

The output is monitored using a 500MHz digitising storage oscilloscope, allowing the 

dynamic magnetisation response to the applied pulsed field to be viewed in real-time. 

Extensive proving studies are presented, which reveal that differences in chemical 

formulation and dispersion quality may be monitored through pulsed remanence curves. 

The second part of this investigation concerns the highly topical issue of high 

speed reversal in particulate media. The magnetometer developed is again an extension 

to previous work, in which an instrument capable of producing nanosecond duration 

pulsed fields of up to 450 Oe was described (Hancock 1995). Unfortunately, the field 

produced by this instrument is not of sufficient magnitude to switch advanced high 
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CHAPTER 1 Introduction 1.2 

coercivity metal particle media. Consequently, a son pressurised nitrogen spark gap 

switch has been developed, capable of producing well-defined single-shot voltage 

pulses of over 3kV. The pulse width is adjustable from 7ns to 56ns, with rise times of 

under 3ns. The magnetometer consists of a charged coaxial line connected through the 

spark gap to an improved son microstrip structure, the geometry of which allows 

pulsed magnetic fields to be produced with a maximum amplitude of l.8kOe. Again, 

extensive proving studies have been performed and the results are compared with recent 

models of magnetisation reversal (Sharrock, et al. 1981) (el-Hilo, et al. 1992). 

1.2 Motivation for the Work 

Presently, in a society which is driven by information technology, the role of the 

magnetic recording industry is fundamental. In recent years, the requirements for both 

data storage and transfer rates have exploded. To illustrate this, a current NASA project 

is collecting over 1000GB of new data every day from earth watching satellites. 

Furthermore, with multimedia and Internet applications still emerging, the amount of 

data stored by both major corporations and private individuals is sure to grow 

enormously. More surprisingly, these astonishing storage requirements are currently 

being outstripped by recent advances in rigid disk media (Li, et al. 1999). Unfortunately 

these improvements tend to overshadow other advanced recording technologies, and it is 

often the case that significant advances in particulate recording media are disregarded. 

However, the appeal of particulate media is simple; it provides both the lowest cost and 

highest storage capacity in a removable format, and as such dominates the market in 

reliable backup applications for both desktop and mainframe computer systems. 

Historically, the development of particulate media for backup applications 

advanced dramatically in the early 1980s, when the accepted open reel technique was 

replaced by a much more convenient cartridge based system. At this time, significant 

improvements in media and compression techniques also occurred, which allowed up to 

2GB of data to be stored on a single 4inch square cartridge. The half inch wide tape 

was coated using either CrO2 (IBM 3480 standard) or cobalt modified y-Fe2O3 particles 

having a coercivity of around 480 Oe. Perhaps more significantly, the first marketing of 

metal particles for applications in compact 8mm video recording followed in 1985 
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CHAPTER 1 Introduction 1.3 

(Tamagawa, et al. 1983), although the dominance of the VHS system at that time 

restricted the commercial success. 

Today, there are two main data storage formats utilising metal particle 

technology: linear and helical scan recording. Using helical scan, signals are recorded 

diagonally across the tape using a rapidly rotating head (Mee, et al. 1988), similar to 

that employed in a home video recorder. Accordingly, the relative speed between the 

tape and the head is such that the tape needs to be highly durable to withstand the 

heating and wear caused by repeated contact with the head (Hisano, et al. 1998). 

Conversely, in linear recording the tracks are recorded in the direction of the tape. In 

common to both formats, several technological advances have been made in recent 

years. These include increasing the number of data tracks using multi-channel heads to 

provide higher transfer rates, and utilising a tracking servo system to reduce track 

spacing and width, which allows improved data capacity. Of course, the introduction of 

smaller particles provides significant improvements in recording density by virtue of the 

shorter recording wavelength and track pitch (Richter, et al. 1995), which is common to 

both of these technologies. It is widely accepted that linear recording offers the greatest 

scope for future improvements to both data capacity and transfer rates, as helical 

recording has already had to develop each technology further, due to its limited tape 

area. 

The reason for selecting either of these formats for backup applications is not 

only the low intrinsic cost, but is also dependent upon the low cost per MB of 

information stored. Accompanying the advances in track servo mechanisms, particle 

size and morphology have been significant developments in the resin systems used, 

which has enabled much thinner base films to be used. Consequently, a standard DDS3 

helical scan cartridge consists of 125m of tape which is capable of storing 12GB of 

information before compression. This data is stored within a cassette measuring 5cm x 

7.5cm, with a 4mm wide tape. Remarkably, this represents data storage costing less 

than 10 US cents per MB (O'Grady, et al. 1999). As such, the samples under 

investigation in this study are representative of advanced metal particle media currently 

utilised for high density data storage applications in either recording format, although 

the samples are particularly indicative oflmation Travan™ linear recording tape. 
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The first part of this investigation concerns the characterisation of metal particle 

dispersions using microsecond duration pulsed magnetic fields. It is well known that 

the most critical stage in the production of particulate media is the preparation of a 

homogenous and stable pigment dispersion (Mathur, et al. 1991). However, the 

magnetic characterisation of a dispersion is often difficult to interpret as the application 

of a DC magnetic field alters the microstructure (O'Grady, et al. 1991). Conversely, if 

the dispersion is rapidly changed using a pulsed field of short duration, this may be used 

to _give an indication of the state of the microstructure without having to make 

allowances for field induced aggregation of particles, and is the basis for this study. 

Pulsed field measurements of low coercivity oxide dispersions have been 

reported previously (Hancock 1995), using a novel pulsed field magnetometer capable 

of generating fields up to 1270 Oe. These studies have shown that pulsed field 

techniques are a useful tool for assessing the quality of dispersions, allowing the 

dispersion to be characterised non-destructively. This work has now been extended and 

a completely new magnetometer which generates pulsed magnetic fields over a 4.7kOe 

range has been developed to characterise the latest metal particle pigment dispersions. 

Proving studies of a series of advanced metal particle pigment formulations are 

pre_sented. Differences in chemical formulation and dispersion quality may be 

monitored through pulsed remanence curves, and real-time imaging of the dynamic 

magnetisation. These findings are substantiated from further diverse magnetic and non

magnetic studies of the dispersion samples and their coatings. 

The second part of this investigation concerns the highly topical issue of high 

speed reversal in particulate media. In recent years, the need for both higher storage 

densities and data transfer rates has led to the development of metal particle pigment 

formulations with a small physical size, where thermal activation is significant. For 

example, a modem linear tape drive running at 20ms·1 and recording 4kfcmrn•1 would 

have a bit length of around l 5ns and a write head flux rise time of 6ns. 

Co~espondingly, over these short timescales, substantial increases in remanent 

coercivity have been observed (Doyle, et al. 1993) (Hancock, et al. 1996). As a result, 

the characterisation of these advanced particulate materials to find their switching speed 

limits is of fundamental scientific and commercial interest. With future recording 

systems requiring data to be written at near nanosecond duration, this raises an 
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interesting question: how fast can the magnetisation in magnetic recording media be 

switched? Since conventional laboratory methods cannot easily resolve switching 

behaviour in this time regime, novel pulsed field techniques have been developed to 

probe nanosecond reversal. 

The switching characteristics of a series of metal particle tape samples are 

examined over a wide range of timescales. Pulsed field measurements are performed as 

DC demagnetisation curves which closely resemble the digital recording process. As 

the_ behaviour of recording media is strongly dependent on the timescale of the reversal 

process (Neel 1949), the coercivity relevant to writing may be considerably higher than 

that required for archival storage. Of course, in practical recording systems, the 

capabilities of available recording transducers limit the writing coercivity, whereas the 

signal intensity recovered from the media is constrained by the storage coercivity. 

The high speed experimental data obtained are compared with the widely 

recognised thermal switching models of (Sharrock, et al. 1981) (el-Hilo, et al. 1992), in 

order to relate thermal activation to fundamental media parameters associated with high 

speed coercivity. However, at high frequencies, the limitations of these models to map 

the reversal of samples which are dominated by precessional switching, represents an 

important limitation in terms of recording speed which is attributable to the breakdown 

of the Arrhenius-Neel formalism. Over extremely short timescales, the behaviour of the 

moments is governed by the dynamics of the atomic spins, which is effectively 

described by the Landau-Lifshitz-Gilbert gyromagnetic equation (Gilbert 1955). 

Consequently, an attempt to validate switching models has been made, the implications 

of which suggest that further theoretical models accounting for both gyromagnetic 

precession and thermal switching are required. 
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Magnetism of Particulate Recording Media 

2.1 Introduction 

All atomic matter consists of electrons orbiting a nucleus containing one or more 

protons and neutrons. The electrons in the atom experience two separate motions which 

are responsible for the net magnetic moment: specifically the orbital moment as the 

electron orbits the nucleus and the spin moment as the electron spins on its own axis. 

The atomic nucleus is also found to have a very small magnetic moment due to its spin 

angular momentum, but is insignificant when compared to the moments due to the 

electrons. The total magnetic moment for an atom may be considered as the vector 

addition of all components of orbital and spin angular momentum. 

The electrons exist in prescribed orbits which are determined by the laws of 

quantum mechanics (French, et al. 1979). In an atom that contains several electrons, the 

orbits exist in opposite directions so that the total orbital moment is small or zero. In 

the solid state, the orbits from neighbouring atoms tend to further diminish the orbital 

angular momentum. Moreover, as the spin of an electron exists in one of two 

directions, the spin moment 1s again reduced by neighbouring interactions. 

Consequently, in the majority of elements the total magnetic moment is small. 

However, in certain materials such as the transition elements, the ordering of the 

electrons is irregular and the outer electron orbits are occupied before the inner ones are 

completely filled. Since the partially filled orbits can have a large spin moment, whilst 

the interactions from neighbouring atoms are partially screened by electrons in the outer 

orbits, there are two possibilities for the vector sum of the magnetic moments. In the 
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first instance, the magnetic moments of all the electrons cancel out, resulting in an atom 

with no net moment, a condition classed as diamagnetism. In the second instance, the 

magnetic moments of all the electrons only partially cancel, resulting in an atom with a 

net magnetic moment. Depending upon how the moments align, these elements are 

classified as either paramagnetic, ferromagnetic, antiferromagnetic or ferrimagnetic. 

The magnetic properties of materials may be characterised by the manner in 

which the magnetisation varies with the applied field, with the ratio of these quantities 

termed the susceptibility. Atoms or ions with a large net moment exhibit large positive 

values of susceptibility if the materials order as in ferro or ferrimagnets, and non-linear 

magnetisation curves result that retain some magnetisation when the applied field is 

removed. It is the properties of this particular class of materials which are exploited for 

use as particulate recording media. 

2.2 Single Domain Particles 

In zero field, ferromagnetic and ferrimagnetic materials have a structure which consists 

of regions or domains, each of which is spontaneously magnetised to saturation. The 

magnetisation vector of each domain is oriented in a direction to minimise the 

magnetostatic energy. The section between neighbouring domains consists of a gradual 

rotation of spin orientations, which is termed a domain wall. In these bulk materials, the 

magnetisation process is achieved by domain wall motion. 

(Frenkel, et al. 1930) predicted that below a critical size, a ferromagnetic or 

ferrimagnetic particle will be single domain, as the magnetostatic energy is insufficient 

to allow the formation of domain walls. A single domain particle aligns with an applied 

field by rotation of the magnetisation vector, and so remains saturated along the 

direction of the vector. The spontaneous magnetisation is primarily governed by 

anisotropy effects (§2.3), thermal fluctuations (§2.5) and particle interactions (§2.5.6). 

Particles selected for particulate recording media are predominately single domain. 

The critical size at which the transition from multi-domain to single domain 

behaviour occurs is typically 150A (Kittel 1946) to 600A (Kittel, et al. 1956), for the 

common ferromagnetic elements. However, the size of a single domain particle 

strongly depends on the particle shape and saturation magnetisation (Sato, et al. 1982). 

For example, in spherical iron particles the critical size is around 500A, whereas 
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elongated rod shaped particles with much lower demagnetising fields and hence lower 

magnetostatic energy have a much larger maximum volume. According to (Stoner and 

Wohlfarth 1948), a rod with an aspect ratio of 10: 1 has a critical length of at least five 

times that of a sphere. 

The existence of single domain particles was proved experimentally by 

(Morrish, et al. 1956). These workers observed an approximately square hysteresis loop 

for a single domain y-Fe20 3 particle, as shown in figure 2.l(a). The double step in the 

loop was due to the fact that they were actually measuring two particles stuck together, 

each of which being a single domain. More recently, (Richter, et al. 1989) measured the 

hysteresis curve of a single domain barium ferrite particle using a vibrating reed 

magnetometer, as shown in figure 2.l(b). The characteristic rectangular magnetisation 

curve is clearly observed. 
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Figure 2.1 Measured hysteresis loops for (a) two single domain y-Fe20 3 particles 

(b) single domain BaFe particle. 

2.3 Magnetic Anisotropy 

A magnetically anisotropic material has preferred directions of magnetisation. These 

directional preferences correspond to a set of energy minima within the particle, which 

in tum, are the basis for irreversible magnetisation and remanence. The anisotropy has a 

powerful influence on the shape of the hysteresis loop when measuring in different 

directions, and hence also on parameters which characterise the media, such as 

coercivity, squareness and time dependence. Of the different anisotropies described in 
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the following sections, only crystalline is intrinsic to the material. The other 

anisotropies are extrinsic properties, influenced by the shape of the material or outside 

forces which may be mechanical or thermal. For recording media, it is the crystalline 

and shape anisotropy contributions that are most relevant to the material, and are 

therefore discussed in the greatest detail. 

2.3.1 Crystalline Anisotropy 

Crystalline anisotropy is a result of the spin-orbit coupling of electrons. If an external 

field is applied to a material, it tries to align the spin and orbit of an electron. However, 

as the orbits are strongly coupled to the lattice, moments in certain directions are more 

difficult to rotate. Consequently, the crystalline anisotropy energy is the energy 

required to overcome the spin-orbit coupling, which leads to energetically preferred 

orientations, or easy directions, in the crystal lattice. Therefore, to magnetise a crystal 

away from the preferred easy direction requires additional crystalline energy density EK. 

For a crystal with multiaxial cubic anisotropy, as is the case for y-Fe2O3 and metal 

particles, the expression for EK is given by equation 2.1 (Cullity 1972). 

(2.1) 

K 1 and K 2 are the material specific anisotropy constants, and a 1, a 2 and a 3 are the 

directional cosines of the magnetisation vector with respect to the easy axes. 

For materials such as cobalt and hexagonal barium ferrite with uniaxial 

anisotropy, the crystallographic c-axis is the easy axis. The crystalline anisotropy 

energy density is expressed in terms of the angle ~ between the magnetisation vector 

and the easy axis. 

(2.2) 

The value of EK is a minimum for~= 0 and n, i.e. the preferred easy axis. For materials 

which have a small value of K2 with their easy axes aligned parallel to the field, the 

anisotropy field HK, which is the field required to rotate the magnetisation vector over 

an anisotropic energy barrier in the absence of thermal fluctuations, is given by 
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(2.3) 

where Msb is the bulk saturation magnetisation. A more generalised expression is given 

by (Luborsky 1961). 

(2.4) 

The constant a.K depends on the crystal structure and the degree of particle orientation. 

For cubic crystals a.K varies between 0.64 and 2.0, and between 0.96 and 2.0 for uniaxial 

systems as the system goes from a random to aligned state. 

2.3.2 Shape Anisotropy 

If a material retained a spherical shape with no preferred crystallographic orientations, 

then the magnetic properties would be isotropic. Clearly, this is not the case for 

elongated particles, as it is easier to magnetise the crystal along its long axis, since the 

demagnetising field along the long axis is a minimum (Neel 1947). For the case of 

ellipsoidal ferromagnetic particles, the shape anisotropy may be described from the 

internal demagnetising field Hd, 

(2.5) 

where Nd is the demagnetising factor which depends on particle geometry. A prolate 

spheroid with geometry illustrated in figure 2.2, has a weak demagnetising field along 

the c-axis, which results in uniaxial anisotropy with the c-axis as the easy direction . 

... ,. 

C 

Figure 2.2 The prolate spheroid. 
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The shape anisotropy energy Es vanes with angle ~ between the c-axis and the 

magnetisation vector, such that (Cullity 1972) 

(2.6) 

where N. and Ne are the demagnetising factors along the semi-axes, and Ms is the 

saturation magnetisation. This expression is of the same form as the second term of 

equation 2.2, and may be written as 

(2.7) 

where ~ is the shape anisotropy constant. The total anisotropy constant ~ for a prolate 

spheroid can then given by the equation: 

(2.8) 

The value of ~ for a material may be increased by utilising particles with a larger 

aspect ratio. The majority of particles used in particulate recording media are acicular, 

and the contribution of the shape anisotropy is dominant over the crystalline anisotropy. 

The exception to this is barium ferrite, which is controlled almost exclusively by 

crystalline anisotropy, hence ~ is negative. 

2.3.3 Other Anisotropies 

Exchange anisotropy is a form of surface anisotropy which is attributed to exchange 

coupling between an antiferromagnetic surface layer and a ferromagnetic or 

ferrimagnetic core. Exchange anisotropy is observed as a displaced hysteresis loop with 

finite anhysteretic magnetisation in zero applied field (Meiklejohn and Bean 1956). 

Stress anisotropy due to deformation of the crystal lattice by either mechanical 

forces or thermal gradients causes additional uniaxial anisotropy, which may create a 

new easy direction of magnetisation. However, in a collection of particles the overall 

effect is isotropic, and can usually be ignored. 
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Surface anisotropy is a further class of anisotropy which originates when surface 

spins on a material are aligned by bonded species or inclusions at the surface which 

change the localised crystallographic distribution, and hence create a localised easy axis. 

2.4 Reversal Modes 

The process of magnetisation reversal in single domain particles is achieved through 

rotation of the magnetisation vector under the application of a reversing field. These 

processes have been extensively studied in order to explain inconsistent experimental 

observations (Luborsky 1961), and separate into models where the magnetisation rotates 

coherently and those that reverse incoherently. Coherent rotation of the magnetisation 

may be explained using the Stoner and Wohlfarth model, as described in §2.4.1, 

whereas incoherent modes of reversal are explained from the fanning and curling 

models, as discussed in §2.4.2. A schematic representation of the various processes of 

magnetisation reversal is shown in figure 2.3. 
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Figure 2.3 Schematic illustration of the various modes of magnetisation reversal. 

2.4.1 Stoner-Wohlfarth Theory 

The basic mode of magnetisation reversal for uniaxial single domain particles is 

uniform rotation of the magnetisation (Stoner and Wohlfarth 1948). This model of 

magnetisation reversal assumes that the spins of all the atoms in the particle remain 

parallel during rotation, as shown in figure 2.3(a). As the applied field rotates the 
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magnetisation vector out of the easy axis direction, it does so against the restoration 

force of the particle anisotropy, as described in §2.3. For a prolate spheroid with 

uniaxial anisotropy Ku, the total energy density E1 is the sum of the anisotropy energy Ea 

and the magnetostatic energy EP as a result of applying a field H, such that 

(2.9) 

The angles 0 and ~ are defined in figure 2.4 for a particle of long axis c and short axis a. 

H 

easy axis 

a 

Figure 2.4 Axis system for the Stoner-Wohlfarth prolate spheroid. 

Solutions to the equilibrium position of Ms are found on differentiating equation 2.9 

(2.10) 

with the magnetisation in the field direction resolved by 

(2.11) 

When the applied field is zero the magnetisation vector lies either parallel or antiparallel 

to the easy axis, depending upon the earlier magnetic field history. Figure 2.5(a) shows 

calculated hysteresis loops for various orientations of the applied field. It is clearly seen 

that the shape of the magnetisation curve is strongly influenced by the particle 

orientation. In general, these loops consist of both reversible and irreversible 

components of magnetisation. For the case when the applied field is perpendicular to 

the easy axis (0 = 90°), equations 2.10 and 2.11 then become 
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2Ku sin~cos~ = HMscos~ 

M = M s sin~ 

Hence, in terms of the reduced magnetisation m (m = M/Ms), then 

2.9 

(2.12) 

(2.13) 

(2.14) 

Equation 2.14 indicates that the moment rotates out of the easy direction as a linear 

function, with respect to the applied field, until saturation at H = HK = 2K/Ms. When 

the field is removed the magnetisation is able to relax back into its easy axis with no 

hysteresis observed, a completely reversible process. 

(a) 0, 10, 90 (b) 
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Figure 2.5 Calculated hysteresis loops for (a) various orientations of applied field for a 

uniaxial single domain particle (b) a random distribution of easy axes orientations. 

For the case when the applied field is along the easy axis but in the opposite 

direction to the moment, such that 8 = 180°; as the field is increased the anisotropy 

retains the position of the magnetisation vector until at a certain applied field the 

magnetisation becomes unstable at ~ = 0°, and processes such as thermal activation 

reverse the magnetisation to 8 = 180°. This reversal at h = H/HK = -1 , as shown in 

figure 2.5(a), is an irreversible change and produces a magnetisation curve which now 

contains hysteresis. For an assembly of randomly orientated particles, Stoner and 

Wohlfarth found that 
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(2.15) 

as indicated in figure 2.5(b ). For aligned elongated particles the coercivity due to the 

shape anisotropy is given by 

(2.16) 

where Na and Ne are the demagnetising factors along the short and long axes. The 

maximum coercivity for infinite elongation obtained from the shape anisotropy is 2nM5• 

Hence, for iron particles with an axial ratio of 10, the predicted coercivity from equation 

2.16 is over 1 0kOe (Stoner and Wohlfarth 1948). However, (Luborsky 1961) found that 

the coercivity of aligned elongated iron particles did not exceed 1. 8kOe. 

This discrepancy between theoretical and experimental observations has led to 

the development of new models of rotation, such as fanning and curling, in which the 

individual spins of the atoms do not remain parallel during rotation, as discussed in 

§2.4.2. 

2.4.2 Incoherent Modes 

Early electron micrograph studies of elongated iron particles found that the edges of 

particles were not regular, but consisted of a series of bulges with a periodic nature 

(Mendelsohn, et al. 1955). The fanning model was proposed by (Jacobs and Bean 1955) 

from observations of elongated particles approximated by the 'chain of spheres'. This 

model considers each sphere as a single domain particle with no anisotropy of its own, 

and suggests two possible reversal mechanisms: symmetric fanning and coherent 

fanning, as shown in figure 2.3(b ). The symmetric fanning model implies that the 

magnetisation vectors of successive spheres rotate in opposite directions, whilst for 

coherent fanning the moments of all the spheres remain parallel. For calculations of the 

int:tj.nsic coercivity Hci of more than two particles, the magnetostatic coupling between 

the spheres produces uniaxial anisotropy with the easy axis along the length of the 

chain, such that 
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1tM S fi H . = -- or symmetric fanning 
Cl 6 (2.17) 

H . = nM s for coherent fanning 
Cl 2 (2.18) 

Using axial ratios equivalent to the length of the chain of spheres, (Jacobs and Bean 

19 5 5) found the symmetric and coherent fanning models produced coercivities of 

2.3k0e and 5.6k0e respectively, in closer agreement with experimental observations. 

The curling mode of incoherent rotation was developed by (Frei, et al. 1957) 

using micromagnetic techniques. For a single domain prolate spheroid particle initially 

magnetised along its +z direction parallel to the long axis, the application of a field in 

the -z direction causes a rotation of the magnetic moments parallel to the x-y plane, as 

shown in figure 2.3(c). An elongated particle with an aspect ratio approaching infinity 

may be approximated by a infinite cylinder. As a result, the spins are always parallel to 

the surface during reversal, so no free poles are formed and no magnetostatic energy is 

involved. Accordingly, the curling reversal process is completely dependent on the 

exchange energy from neighbouring spins within the material. Calculations of the 

coercivity in the curling mode show a significant size dependence, unlike the coherent 

and fanning mechanisms. In terms of a fundamental length D 0 and exchange constant 

Ae, the reduced intrinsic coercivity hci for a infinite cylinder, as a function of the reduced 

diameter D/D
0 

is given by 

2A i12 

D = e 
o M 

s 

h ·= Hci = 1.08 
ci 21tMs (D/D

0
)2 

(2.19) 

(2.20) 

Hence, the intrinsic coercivity is proportional to l/D2
• Figure 2.6 shows the variation of 

coercivity with particle size for an infinite cylinder, along with a comparison of the 

values obtained for the other reversal modes, using iron whiskers (Luborsky, et al. 

1964). 
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Figure 2.6 Size dependent coercivity for coherent, fanning and curling modes. 

2.5 Thermal Activation 

Magnetisation reversal in recording media is governed by the Stoner-Wohlfarth theory 

which describes the behaviour of the magnetisation vector of a single domain particle at 

absolute zero. However, at finite temperatures (Neel 1949) proposed the thermal 

activation model for a system of fine particles undergoing coherent reversal. 

Essentially, at H = 0, a uniaxial single domain particle has two energetically preferred 

ori~ntations of opposing magnetisation separated by an energy barrier. On applying an 

external magnetic field, the barrier is reduced and if the field is large enough, thermal 

fluctuations are sufficient to overcome the barrier, and the magnetisation is reversed. 

Moreover, if a single domain particle is sufficiently small, thermal fluctuations may 

overcome the anisotropy forces and spontaneously reverse the magnetisation of the 

particle, an effect termed superparamagnetism (Bean and Livingston 1959). Numerical 

expressions for the energy barrier to reversal have been formulated for coherent 

reversal, as described in §2.5 .1. 

In recent years, the mechanism of thermally activated switching has been of 

considerable interest to the magnetic storage industry because of the large difference 

between the timescales of the recording process and the required storage stability 

(Sharrock 1994). In particular, the dependence of the remanent coercivity upon the 

timescale of the reversal process, as the value of the field required to reduce the 

magnetisation from saturation to zero decreases, as the time that it is allowed to act 

increases, as discussed in §2.5.3 and §2.5.4. Likewise, other magnetic time effects such 
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as the observation of magnetisation changes during exposure to a constant field, termed 

thermal decay or magnetic viscosity, is a consequence of thermal agitation which leads 

to the concept of the activation volume, as described in §2.5.2.2. 

2.5.1 Energy Barrier to Reversal 

From the theories of (Neel 1953) (Brown 1959) (Brown 1963), the total energy of a 

uniaxial single domain particle with volume V, with its easy axis aligned parallel to the 

applied field H, is given by 

(2.21) 

where Ku is the anisotropy constant, and the angles ~ and 0 are defined in figure 2.4. At 

equilibrium, the magnetisation vector Ms will point in a direction such that the total 

energy is minimised, given by 

dE 1 = sin~ cos~ - h sin ( 0 - ~) = O 
d0 

(2.22) 

where the reduced field h = H/HK and HK = 2K/Ms is the anisotropy field. In applied 

fields H < HK for a particle with its easy axis aligned in the direction of H (8 = 0), 

equation 2.22 yields minima at ~min = 0 and 180°, and a maximum at ~max = cos·1(-h). 

The energy barrier to reversal ~Eis then given by the difference between the maximum 

and minimum values of equation 2.22, such that 

(2.23) 

Hence the application of a magnetic field will reduce the energy barrier for rotation. In 

zero applied field ~E = ~ V as the magnetisation vector experiences the same energy 

barrier regardless of the particle orientation. The effect of an applied field on the energy 

barrier is illustrated in figure 2.7, after (Bean and Livingston 1959). 
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Figure 2.7 The dependence of the energy barrier 6.E on the angle 8 between the 

moment and the easy axis for a particle with its easy axis aligned in the direction of the 

field H in ( a) zero field and (b) an applied field. 

From equation 2.23 it is apparent that when H = HK the energy barrier disappears and 

the magnetisation vector may make the transition between minima. Consequently, the 

anisotropy field HK corresponds to the coercivity at O K. However, at finite 

temperatures the coercivity is somewhat lower as there is a finite possibility of a 

thermally activated transition over the energy barrier (Neel 1949). In addition, the 

coercivity of an assembly of particles is further reduced for several reasons: 

Primarily, particles in actual media always exhibit an angular distribution of 

easy axes, despite efforts to orient them during coating. For instance, recording media 

with a squareness approaching 0.8 display mean deviations of roughly cos·1(0.8), or 35° 

from the intended direction (Sharrock 1994). This deviation away from the easy axis 

strongly influences the shape of the hysteresis loop, as shown in figure 2.5(a). 

Furthermore, the value of the coercivity is compounded by the variety of 

interparticle interactions which occur in media, as described in §2.5 .6. The importance 

of these interactions is demonstrated by the packing fraction dependence of the 

coercivity, first proposed by (Neel 1947) and subsequently observed in several 

investigations (Luborsky 1961) (Knowles 1981) (Bertram 1986a). These studies found 

that for particles where the shape anisotropy dominates, the coercivity decreases as the 

packing density increases. 

Likewise, the coercivity of an assembly of particles is strongly influenced by the 

mode of magnetisation reversal, as discussed previously in §2.4.2. Studies of iron, 
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cobalt and iron-cobalt particles (Luborsky, et al. 1960) confirmed that small particles 

reverse coherently whilst larger particles reverse incoherently, as shown in figure 2.8. 

The particle diameter which corresponds to the maximum value of coercivity is the 

critical diameter for the transition between coherent and incoherent behaviour. 
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Figure 2.8 Variation of coercivity with particle size at 76 K. 

Finally, particles in practical recording media invariably exhibit distributions of 

particle size, shape and possibly composition (Sharrock 1990). This distribution of 

physical properties leads to a subsequent distribution of magnetic properties such as V, 

~ and ~E (O'Grady, et al. 1981) resulting in a spread of particle coercivities, again 

illustrated in figure 2.8. 

2.5.2 Time Dependence Effects 

At any finite temperature, an irreversible change in magnetisation of a uniaxial single 

domain particle occurs when an applied field reduces the effective height of an energy 

barrier under the assistance of thermal energy. Hence, magnetisation reversal depends 

not only on the strength of the magnetic field, but also the length of time the field is 

applied; the phenomenon termed 'time dependence' . Time dependent behaviour in 

magnetic materials arises due to thermal activation of magnetic vectors over localised 

energy barriers ~- The time dependent decay for a system of particles after the 

removal of a saturating field is expressed by equation 2.24, where m(t) is the reduced 

magnetisation relative to saturation (Chantrell, et al. 1985) 
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m(t) = 2 exp( ~t)-1 (2.24) 

For the case of a uniaxial single domain particle having an anisotropic energy barrier 

described by equation 2.23, the relaxation time 't for magnetisation reversal is given by 

the Arrhenius-Neel law, such that (Neel 1949) 

(2.25) 

In fact, the exponential behaviour would only be observed for a system of non

interacting particles having identical magnetic properties. In actual recording media, 

there is a distribution of particle sizes (§4.6.1.5) and anisotropy constants, which gives 

rise to a distribution of relaxation times. In most materials the magnetisation is 

observed to decay linearly with the logarithm of time (Street, et al. 1949), as discussed 

in §2.5.2.1. The parameter f0 is termed an 'attempt frequency' of the order of 109Hz 

(Brown 1959) to 1012Hz (Gaunt 1986), and represents the number of fluctuations per 

second of the magnetisation vector around its mean position. The product kT is the 

thermal energy. In his classic work, (Neel 1949) suggested that in the absence of 

thermal agitation, the natural response of the magnetisation vector is to precess around 

the easy axis of the particle. Thus, the relaxation time tis influenced by random torques 

acting on the magnetic moment, the origins of which are due to thermal fluctuations. 

Clearly, as both particle volume and temperature occur in the exponent of 

equation 2.25, these parameters strongly influence the relaxation time, which is the time 

tak~n for the magnetisation to fall to 37% of its original value. To illustrate, a 68A 

spherical cobalt particle has a relaxation time of 10-1 seconds at room temperature, 

whereas a 90A particle has a relaxation time of 100 years (Cullity 1972). Clearly, using 

standard measurements (§2.6) an assembly of 68A particles would display zero 

remanence and appear to be superparamagnetic. Conversely, 90A particles would seem 

to be thermally stable, with M, essentially fixed at its initial value. From equation 2.25, 

it is possible to define a critical volume VP for superparamagnetic behaviour. 

Substituting a value of 't = 100 seconds, typical of a DC measurement, into equation 

2.25 gives the condition (Bean and Livingston 1959). 
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(2.26) 

Co~sequently, the transition to stable behaviour occurs when the energy barrier becomes 

equal to 25kT, so that the expression for VP is given by equation 2.27. 

V = 25kT 
P K 

u 

(2.27) 

Similarly, for an assembly of uniaxial particles of constant size, there exists a 'blocking 

temperature' T 8 above which the magnetisation will be unstable. 

KUY 
T =-

8 25k 

2.5.2.1 Magnetic Viscosity 

(2.28) 

Pioneering studies of magnetic viscosity in Alnico permanent magnets were performed 

by (Street and Woolley 1949). These workers observed that the magnetisation decayed 

linearly with the logarithm of time over several decades in the presence of a constant 

field. This arises due to the summation of the exponential relaxation times over the 

distribution of energy barriers present in actual magnetic materials. For a measurement 

time f0t >> 1, the variation of the magnetisation M with time is given by 

M(t) = M(0) ± S ln(t) and 

S = -dM / d[ln(t)] 

(2.29) 

(2.30) 

where M(0) is the magnetisation at t = 0, and the coefficient S is termed the 'magnetic 

viscosity'. The assumption of a ln(t) dependence has been criticised on the grounds that 

equation 2.30 is only applicable over limited time intervals and for a special distribution 

of energy barriers (Aharoni 1985). However, for materials with a wide distribution of 

energy barriers, a linear variation of M with ln(t) is observed, e.g. fine cobalt particles 

(O'Grady, et al. 1981), y-Fe20 3, Co-doped and Co-Cr particles (Oseroff, et al. 1987), 

NdFeB magnets (Givord, et al. 1987), y-Fe20 3 media (Flanders and Sharrock 1987), 
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CrO2 tapes (Uren, et al. 1988) and metal particles (Stinnett, et al. 1998a). Similarly, a 

ln(t) dependence was observed for the series of metal particle samples examined in this 

study, as detailed in §4.6.1.4 and §6.2.4. 

(Neel 1951) suggested that the effect of thermal agitation may be characterised 

by an internal 'fluctuation field' Hr. As time dependence effects are related to the 

distribution of energy barriers in the system, it follows that they are related in some way 

to the irreversible susceptibility X;r/H). The irreversible susceptibility occurs since the 

thermal relaxation process is one of irreversible magnetisation changes, and is obtained 

from the differential of the appropriate remanence curve (Uren, et al. 1988), as 

discussed in §2.6.2.3. Measurements of the time dependence of magnetisation are made 

using the method detailed by (Gaunt 1986). Specifically, data is obtained in the second 

and third quadrants of the hysteresis loop by first saturating the sample in first quadrant, 

and then applying a constant negative field to the sample. The fluctuation field Hr is 

then given by equation 2.31 (Neel 1951) (Street, et al. 1952). 

Hr (H) = S(H) I X;rr (H) (2.31) 

Hr is typically several oersted, as shown in figure 2.9, and may be thought of in terms of 

thermal energy acting on the magnetic moment as would a fluctuating magnetic field. 

For the case of a fully aligned system of uniaxial single domain particles, the 

fluctuation field can be shown for fields below HK to be (Chantrell, et al. 1986) 

(2.32) 

The numerical factor of 50 arises from the appearance of 2ln(tf0) . This relationship is 

particularly useful as X;rr(H) can be readily obtained from the differential of the DC 

demagnetisation curve, as detailed in §2.6.2.2. Experimental studies have found that 

although equation 2.32 produces the correct variation of S with H for a partially aligned 

y-Fe2O3 tape, the magnitude of S is incorrect (Uren, et al. 1989). On comparing 

equations 2.31 and 2.32, these workers found that the best fit to the experimental data 

was obtained with the factor 50 replaced with 203 for a tape with a squareness of 0.8. 
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Interestingly, studies by (Barbier 1954) have shown a near liner relationship 

between the fluctuation field and the coercivity for a range of materials, as shown in 

figure 2.9. This phenomenological plot has been the focus of further theoretical studies, 

which effectively describe the relationship between the magnetic viscosity and 

coercivity for a wide range of interacting systems (Liu, et al. 1990) (Liu, et al. 1991 ). 
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Figure 2.9 Plot of Hr against He for 1. Co ferrite 2. magnetite 3. Alnico 4. Alnico 5. iron 

powder 6. Alnico 7. Alnico (annealed) 8. nickel powder 9. iron-cobalt 10. iron-cobalt 

11. Ni-Zn ferrite 12. soft iron A. Alnico B. hard steel 1 '. semi-hard steel 2'. soft steel. 

2.5.2.2 Activation Volumes 

The concept of the activation volume u was introduced by (Wohlfarth 1984). Arguing 

on dimensional grounds he outlined two definitions of the activation energy E, such that 

H 
_ kT 

f -
uMs 

(2.33) 

(2.34) 

The activation volume describes the volume of magnetic material which reverses 

coherently, and "will be the actual particle volume for an isolated single-domain particle 

and the effective volume of the material covered by a single jump between pinning 

centres for a domain-wall motion process" (Wohlfarth 1984). In his pioneering work 
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(Wohlfarth 1984) also extended the (Barbier 1954) plot of figure 2.9. From the slope of 

this empirical study, the coercivity as a function of activation volume is given 

H - x 
C :::,: \.) X = 0.73 (2.35) 

in agreement with several theoretical models (Hilzinger, et al. 1976) (Zijlstra 1982). 

(Gaunt 1986) extended equation 2.34 and considered the effect of a distribution 

of activation energies. Consequently, the fluctuation field is related to the dependence 

of the energy barrier ~Eon the applied field H, so that 

H = kT 
r (-8~E / 8H) T 

(2.36) 

Using equations 2.3, 2.23 and 2.31, along with equation 2.36, solving for u gives 

(2.37) 

Generally, u obtained from equation 2.37 will be larger than that obtained from 2.34. 

(Gaunt 1986) interpreted u in terms of the change in magnetic moment, such that the 

activation volume may be defined as "the volume associated with the magnetisation 

change between maximum and minimum energy positions of a domain wall or 

maximum and minimum orientations for the case of a single domain". The 

interpretation of the activation volume has been investigated by a host of workers, with 

u referred to as the Barkhausen volume (Bruno, et al. 1990), the switching unit (Corradi, 

et al. 1990), the switching volume (Malhotra, et al. 1996) and the critical volume 

(O'Grady, et al. 1998). 

However, studies involving the switching model of (Sharrock, et al. 1981) 

(Flanders and Sharrock 1987) (Sharrock 1990) (Sharrock 1994) also use the terms 

'switching volume' and 'switching unit' in their investigations of the time dependence 

of coercivity, as described presently in §2.5.3. In order to avoid confusion, these 

workers have determined that this switching volume V cannot be identified with the 
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explicitly field-dependent activation volume u. An activation volume reversal is 

considered as an essentially simultaneous event involving a single energy barrier, 

likewise for switching by coherent rotation, V would be considered to be the entire 

particle volume. In more complex reversal modes, the switching unit V may be a 

fraction of the particle volume. However, if the reversal mechanism is incoherent but 

simultaneous, as in fanning (§2.4.2), Vis the entire particle volume (Sharrock 1994). 

2.5.3 Thermal Switching Model 

The mechanism of thermally activated reversal is of considerable interest to the 

magnetic storage industry because of the large difference between the timescales of the 

recording process and the required storage stability. High density recording media must 

have a sufficient coercivity to resist demagnetisation effects for archival storage 

stability, within the practical capabilities of available recording transducers. However, 

it is well known that the coercivity is dependent on the timescale of the reversal process 

(Neel 1949) which provokes conflicting requirements for writing and storage 

coercivities. Historically, coercivity measurements of particulate media over short 

timescales have been reported as early as 1974 (Thomley, et al. 1974). However, these 

measurements are somewhat difficult to perform, which has led to the development of 

the thermal switching model of (Sharrock, et al. 1981). With this model, the coercivity 

may be measured over two appreciably different and convenient timescales, using 

standard techniques (§2.6.1), to predict the coercivity over many orders of magnitude. 

This is shown schematically in figure 2.10, after (Sharrock 1990). 
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Figure 2.10 Typical variation of the effective coercivity Hc(t) upon the timescale of the 

measurement process, according to equation 2.40. 
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For simplicity, the model assumes an assembly of identical, non-interacting 

uniaxial single domain particles having their easy axes aligned parallel to the applied 

field. Undertaking an Arrhenius-Neel relaxation, the time dependence of the reduced 

magnetisation m(t) can be represented using equations 2.24 and 2.25, such that 

(2.38) 

The energy barrier height t..E for a single particle with its easy axis aligned parallel to 

the applied field is given by equation 2.23, and reproduced 

(2.39) 

Using the criterion m = 0 at the coercivity, equations 2.38 and 2.39 yield an expression 

for-the time variation of the coercivity Hc(t), often referred to as Sharrock's Law. 

HJt) = HK(1-[~1n(~)]

112

] 
KUY 0.693 

(2.40) 

However, in common with the model described presently in §2.5.4, equation 2.40 

artificially limits He ~ HK which is not meaningful when the timescale approaches 1/f0• 

In a further modification of equation 2.40, (Sharrock 1994) incorporated the theoretical 

argument of (Yictora 1989), who suggested that for case of the applied field not aligned 

with the preferred axis, the exponent in equation 2.39 is predicted to be 3/2. 

Consequently, recent investigations by Doyle and his co-workers, e.g. (He, et al. 1996) 

(Stinnett, et al. 1998b), varied the exponent in equation 2.40 between 1/2 and 1. 

Equation 2.40 contains only two unknowns: HK and the product KuY. These 

may be determined if the coercivity is measured over at least two considerably different 

timescales, i.e. hysteresis loop tracer and slowly swept vibrating sample magnetometer 

(YSM). Furthermore, if the saturation magnetisation Ms is known, ~ and Y can be 

individually resolved using equation 2.3. The effectiveness of this approach was 
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demonstrated by (Sharrock, et al. 1981) from studies of y-Fe20 3 tape media. The two 

coercivity measurements were 322 Oe from the 60Hz loop tracer, and 288 Oe from the 

VSM, with Ms found to be 330 emu cm·3• Fitting equation 2.40 to the experimental data 

gives HK = 386 Oe, K.i = 6.37 x 104 erg cm·3 and V = 2.38 x 10·16 cm3
. The attempt 

frequency f0 was set at 2 x 109 Hz from the studies of (McNab, et al. 1968). 

Subsequently, equation 2.40 predicts the coercivity over a wide timescale, as calculated 

and shown as curve (a) in figure 2 .11. 
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Figure 2.11 Dependence of the coercivity upon the timescale of the measurement 

process for y-Fe20 3 recording media. 

The predicted result of reducing the particle volume by a factor of two is illustrated in 

curve (b); likewise, curve (c) shows the expected coercivity for the original system with 

the temperature raised from 21 °C (298K) to 100°C (377K). 

The model has also been recognised as applicable for the study of print-through, 

which is the unintentional transfer of the recording on one layer of magnetic tape to the 

adjacent layers during storage on a reel (Bertram, et al. 1980). Print-through increases 

with time and temperature, and as such, is a consequence of thermal activation, although 

the fields responsible are considerably less than the required coercivity. In a classic 

study, (Flanders and Sharrock 1987) observed a relationship between print-through and 

the thermal stability factor (K.i V/kT). Therefore, for a constant value of K.i, print

through is associated with the particle size distribution. 
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Specifically, print-through effects particles toward the lower end of the size 

distribution, as very small particles are unable to retain a printed signal and large 

particles are too stable, in broad agreement with (Berkowitz, et al. 1985). Consequently, 

a useful estimation of the level of print-through in a final coated product may be 

obt.ained from time dependent coercivity measurements of the magnetic pigment prior to 

the manufacturing process. 

2.5.4 Sweep-rate Model 

A model describing the time dependence of magnetisation explicitly in terms of the 

sweep-rate dependence of coercivity HcCR) was derived by (el-Hilo, et al. 1~92a). For 

an uniaxial particle with its easy axis aligned parallel to the applied field, the inverse of 

the relaxation time is given by (Brown 1963) 

(2.41) 

where "± describes the relaxation time in and out of the field direction, h is the reduced 

field H/HK and a= KuV/kT. Upon the application of a field, the time variation of the 

magnetisation is described using the rate equation of (Muller-Krumbhaar, et al. 1973) 

(2.42) 

where me is the reduced equilibrium magnetisation of the particle, and h is the reduced 

time dependent field H(t)/HK. In equation 2.41, the probability of a transition into the 

field direction is dominant and consequently only the relaxation of exp[-a(l- h)2] is 

considered. Accordingly, for a system previously saturated in a positive direction, the 

time variation of the magnetisation during the application of a negative field may be 

determined on substituting equation 2.41 into 2.42, and performing the integration 

(2.43) 
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where R is the sweep-rate dH/dt and ts is the time that elapses during the field sweep. In 

equation 2.43, at fields approaching the coercivity, the contribution of exp(--a) is 

negligible compared to that of exp[--a(l-h)2]. Therefore, on specifying a distribution of 

particle volumes and using the criterion m = 0 at coercivity, equation 2.44 yields a 

relationship for the coercivity as a function of sweep-rate R 

(2.44) 

where a.m = Ku V m/kT and V m is the median particle volume, such that 

(2.45) 

This variation which depends on physical parameters, produces a well defined 

behaviour of coercivity with sweep-rate. In a similar approach to that described in 

§2.5.3, fitting the relation to experimental data may be used to determine HK, Ku and Vm. 

However, in previous studies of particulate media, V m has been substituted by the 

activation volume u for an optimum fit (de Witte, et al. 1993), as discussed in §6. 

2.5.5 Gyromagnetic Switching 

Upon the application of a magnetic field, the dynamic response of the magnetisation is 

to precess around the field axis at the Larmor frequency (Doyle, et al. 1998). After 

some time, which depends on the rate at which the magnetic energy can be dissipated to 

the lattice, static equilibrium is reached. Over moderate timescales, these dynamic 

processes may be ignored, and as such, the coercivity may be effectively described by 

either Sharrock's Law or the el-Hilo relation, as discussed in §2.5.3 and §2.5.4. 

However, with modern rigid disk systems recording 200kbpi whilst revolving at 15000 

rpm (Sharrock 1999), the corresponding bit cell length of only 2ns is on the margin of 

these models' applicability. 
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Over these very short timescales, the reversal of the magnetic moment 1s 

described by the Landau-Lifshitz-Gilbert gyromagnetic equation (Gilbert 1955) 

dM ad ( dMj -=-y (MxH)-- Mx-
dt 

O Ms dt 
(2.46) 

where the gyromagnetic ratio Yo is -1.76 x 107 s-1 oe-1 and ad is a damping factor. The 

Gilbert modified Landau-Lifshitz equation appears more representative of a physical 

system as, unlike the Landau-Lifshitz formalism, dM/dt does not tend to infinity as the 

damping goes to infinity. In the absence of damping, the first term of equation 2.46 

leads to infinite precession. The effect of the second term is to produce a damped 

precessional motion which eventually leads to an equilibrium position in which the 

magnetisation is collinear with the applied field. However, since this expression is only 

applicable at absolute zero, there have been recent attempts to model the effects of 

thermal agitation on the reversal process (Chantrell, et al. 1998). This was achieved by 

adding an effective field to equation 2.46, which also included terms for the exchange, 

magnetostatic, anisotropy and applied fields. A random field component was also 

added to reproduce the effect of thermal energy, following the work of (Brown 1979). 

Utilising this approach, a series of simulations have concentrated on fast 

switching in longitudinal thin film media (Chantrell, et al. 1997) (Chantrell, et al. 1998) 

(Hannay, et al. 1999a) and (Hannay, et al. 1999b). These workers modelled a physically 

realistic microstructure with a lognormal grain size distribution and a random 

distribution of easy axes. As expected, the introduction of exchange coupling has the 

effect of increasing the remanence and reducing the coercivity, which leads to a very 

square hysteresis loop, as discussed in §2.6.2.4. The inclusion of exchange coupling 

tends to speed up the overall switching process, as the exchange helps realign the 

moments into the negative direction. However, over very short timescales, strongly 

exchange coupled media is found to exhibit a large rate of increase in coercivity which 

is not predicted by the Arrhenius-Neel law. This work in agreement with experimental 

observations of CoCrPtTa media over longer timescales (Richter, et al. 1999). 

Likewise, very recent simulations of advanced metal particle media have revealed a 

rapid increase in dynamic coercivity in the nanosecond regime, which is made steeper 
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both by increased texture and dipolar interactions (Coverdale, et al. 2000), similar to 

that observed in §6.4.2. This represents an important limitation in terms of recording 

speed which is attributable to the breakdown of the Arrhenius-Neel formalism. Of 

course, the field dependence of the attempt frequency predicted by (Brown 1959) is a 

further complication, and further theoretical models accounting for both gyromagnetic 

precession and thermal switching are required (Doyle, et al. 1998). 

2.5.6 Particle Interactions 

The properties of magnetic materials are strongly influenced by interactions between 

magnetic domains. In the case of particulate recording media, which consists of densely 

packed particles, interactions often play a critical role in determining the magnetic and 

recording performance (Chantrell, et al. 1986). The nature of these interparticle 

interactions may be considered using figure 2.12, after (Cullity 1972). 

(a) (b) 

'Z 

Figure 2.12 Particle interactions of (a) a simple three particle system (b) a complicated 

many-body problem. 

It is clear from figure 2.12(a), that the external demagnetising field attributed to 

particle A acts to enhance the +z field direction of particle B, and opposes in the -z 

direction the field acting on particle C. Consequently, with respect to the applied field 

direction +z, the magnetostatic interaction field has the effect of magnetising particle B, 

along with a demagnetising effect on particle C. If the field is now reversed in the -z 

direction, the magnetostatic field of particle A now aids the reverse field acting on 
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particle C, thus resulting in a local reduction of the coercivity of particle C. Conversely, 

particle B tends to reverse at a higher field due to the interaction with particle A. 

Therefore, the field at which a particle reverses depends on both the relative position 

and separation of neighbouring particles. 

If a similar approach is considered to the many-bodied problem of figure 

2.12(b ), it is evident that the field acting on the shaded particle is virtually impossible to 

determine quantitatively. Moreover, as the volume fraction of the magnetic particles in 

the assembly increases, the particles come closer together, the interactions become 

stronger, and the effective coercivity is reduced (Neel 1947), as discussed in §2.5.1. 

With acicular metal particle media, the interactions tend to be predominately 

dip.olar in nature (Mayo, et al. 1990a) and are characterised by a negative 8M parameter, 

as described in §2.6.2.4. Physically, the demagnetising effect of dipolar coupled 

interactions tend to lead to long-range flux closure configurations, thereby stabilising 

the demagnetised state, with the vast majority of particles reversed in lower than 

expected fields (Spratt, et al. 1988). This is in agreement with Monte Carlo simulations 

of fine particles (Chantrell, et al. 1996), which found that dipolar interactions decrease 

both the coercivity and remanence, and increase the temperature above which the 

magnetisation will become superparamagnetic. 

Recently, the effects of interactions on thermally activated magnetisation 

reversal at high frequencies has been simulated by a number of workers using a model 

based on the Landau-Lifshitz-Gilbert equation of motion (Gilbert 1955). Simulations of 

thin film media by (Greaves, et al. 1999) have found that the most stable medium, in 

terms of resistance to thermal demagnetisation, is one in which the overall interactions 

are close to zero. In terms ofrecording properties, the introduction of positive exchange 

coupling was also found to increase the minimum transition width, as discussed in 

§2.6.2.3. The effect of changing dipolar interactions on the switching properties of 

metal particle media at both DC and high frequencies has also been studied in this 

investigation, and described in §6. 

2.6 Characterisation of Media 

With the advent of magnetic recording media, various types of measurement techniques 

have developed to characterise these materials. These techniques provide an 
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understanding of the underlying physical processes of magnetisation and how this 

relates to media performance and stability. With the need for higher storage densities 

and faster access times demanded by the information storage industry, a reliable 

measure of the magnetic properties of recording media is essential to ensure their 

continued successful development and manufacture. The characterisation of recording 

media may be achieved through the series of magnetic measurements described in 

§2.6.2, using a variety of instruments and techniques discussed in §2.6.1. 

2.6.1 Magnetometry 

"There appear to be more methods and modifications of magnetic measuring techniques 

than there are magneticians" (Foner 1981). Although this rather perceptive observation 

maybe somewhat derisory, there has indeed been a wide variety of instruments 

developed over the years to measure the properties of magnetic materials. 

Many measurements rely on detecting the motion of the sample in response to an 

externally applied field or field gradient, e.g. torque magnetometry (Miller 1950), 

alternating gradient force magnetometry (AGFM) (Zijlstra 1970), various Faraday 

methods discussed by (Cheetham, et al. 1987) and techniques such as cantilever 

magnetometry (Naughton, et al. 1997). 

The measurement of magnetic induction is the basis of a wide variety of 

techniques, e.g. hysteresis loop tracers (Crittenden, et al. 1951 ), vibrating coil 

magnetometry (VCM) (Smith 1956), vibrating sample magnetometry (VSM) (Foner 

1959), AC susceptibility, e.g. (Abel, et al. 1964) and superconducting quantum 

interference device magnetometry (SQUID) (Webb 1972). 

Finally, there are magnetic imaging and resonance techniques, e.g. 

ferromagnetic resonance (FMR) (Snoek 1948), Mossbauer spectroscopy (Mossbauer 

1958), nuclear magnetic resonance (NMR) (McCausland, et al. 1979), Lorentz 

microscopy (Hwang, et al. 1986) and magnetic force microscopy (MFM) (Binnig, et al. 

1986). 

The design and operation of the main instruments used to characterise the 

recording media samples studied in this investigation are detailed in the following 

sections; specifically the vibrating sample magnetometer (§2.6.1.1) and the alternating 

gradient force magnetometer (§2.6.1.2). 
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2.6.1.1 Vibrating Sample Magnetometer 

The vibrating sample magnetometer (VSM) is a versatile instrument often used for the 

characterisation of magnetic recording media (Mee, et al. 1987). First proposed by 

(Foner 1959), the VSM is an induction instrument where the sample is sinusoidally 

vibrated perpendicular to a uniform DC field, as shown in figure 2.13. 

Reference coils 

Pick-up coils 

\ 
1 

Sample 

DC 
Electromagnet 

Field sensor 

Figure 2.13 Schematic diagram of a vibrating sample magnetometer. 

For the PAR 4500 vibrating sample magnetometer used in this study, the sample is 

vibrated at 81Hz with an amplitude of vibration of around 2mm. The sinusoidal 

vibration of the sample causes an analogous field distortion, and a voltage is developed 

in a pair of pick-up coils situated close to the sample by the changing flux <D. The 

search coils are securely positioned on the pole pieces of the electromagnet for 

mechanical stability. Specifically, a coil having N number of turns and cross sectional 

area A induces a voltage which is proportional to the magnetic moment of the sample, 

as given by Faraday's law 

v=-Nd<D =NA dM 
dt dt 

(2.47) 
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similar to that described in §3.4.1. This voltage is now passed to a phase sensitive 

detector, either as part of a lock-in amplifier or digital signal processor (DSP), which 

recovers and amplifies the required signal from the system noise. The reference signal, 

at the same frequency as the sample oscillation, may be provided directly from the 

vibrator drive or from an oscillating permanent magnet which induces a voltage in a 

separate search coil. The inclusion of such a reference feedback loop makes the 

measurement procedure insensitive to vibration and frequency changes (Cullity 1972). 

Studies using a VSM only provide a relative magnetic measurement which must 

be calibrated against a reference of similar size and moment to that of the sample under 

investigation, if an absolute measure is required (Foner 1959). In recent years, careful 

pick-up coil design (Mallinson 1966) and detection techniques (Flanders, et al. 1993) 

have allowed commercial instruments to attain sensitivities better than 10·5 emu. 

2.6.1.2 Alternating Gradient Force Magnetometer 

The alternating gradient force magnetometer (AGFM) was developed from the vibrating 

reed magnetometer (Zijlstra 1970). Due to the continued improvement of piezoelectric 

sensing elements (Roos, et al. 1980), and further developments by (Flanders 1988) and 

(Richter, et al. 1988), commercial instruments regularly achieve sensitivities of 1 o-s 
emu, making the AGFM 1000 times more sensitive than the VSM. 

The principle of operation is shown schematically in figure 2.14. The sample is 

magnetised via a DC field from the electromagnet, whilst simultaneously subjected to a 

small alternating gradient field. This alternating gradient produces a periodic force on 

the sample which is detected, via the rod assembly, by a piezoelectric transducer (PZT). 

The PZT generates an appropriate output voltage as a function of force, hence magnetic 

moment of the sample. The alternating gradient field is supplied by a pair of stationary 

coils mounted on the pole pieces of the electromagnet, connected to an AC supply 

capable of producing a field at frequencies between 1 0Hz and lkHz. 

In order to obtain maximum sensitivity, the sample rod 1s driven at the 

mechanical resonant frequency f
0 

of the system (Flanders 1988), such that 

f=~~ O 2 
2nlr p 

(2.48) 
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where ~ and wr are the length and thickness of the rod respectively, Y is the elastic 

modulus and p is the density. Unlike the pick-up coils in a VSM, any noise generated 

by the PZT is independent of magnetic field (Flanders 1988), and the output voltage is 

measured using a low noise pre-amplifier and lock-in amplifier, with the frequency of 

the applied gradient field used as the reference signal. Alternatively, a DSP system can 

be employed as in the case of the commercial system used in this work. 

Piezoelectric 
bimorph 

Alternating 
gradient coils 

\ 
Figure 2.14 Schematic diagram of an alternating gradient force magnetometer. 

Studies by (O'Grady, et al. 1993) have found that the magnitude of the AC field 

gradient is important when interpreting results, as the effect of the gradient is to act as 

an additional field to assist moment reversal. These workers examined samples of CrO2 

tape and NiFe thin film in a modified commercial AGFM capable of producing field 

gradients between 0.04 Oe mm-1 and 4 Oe mm-1
, and found that the most reliable results 

were obtained with a minimum field gradient. Typically, a 2mm sample measured with 

the minimum gradient experiences a maximum AC field at the sample edge of only 0.04 

Oe, and zero field at the centre of symmetry. 

In common with the VSM, the AGFM reqmres calibration with a Pauli 

paramagnet if an absolute measure of the moment is required. This may be achieved by 
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compensating for the magnetic moment of the sample using a loop current that 1s 

adjusted using a zero detection circuit (Frey, et al. 1988). 

The system installed in our laboratories is a Princeton Measurement 

Corporation™ MicroMag™ 2900 AGFM. The instrument is equipped with an 

automated tuning feature to ensure operation at resonance, and software to aid 

positionirlg of the sample at the centre of symmetry of the gradient coils. This 

instrument has a measured sensitivity of 2 x 10·3 emu for a time constant of 1 second 

(O'Grady, et al. 1993). 

2.6.2 Magnetic Measurements 

The primary characterisation of recording media is achieved from the static properties 

obtained from VSM or AGFM measurements (Chantrell, et al. 1992). Magnetic 

measurements may be performed by plotting the magnetisation against a cyclic variation 

of the applied field to produce a hysteresis loop. From a measure of hysteresis, the 

primary characterisation parameters are obtained (§2.6.2.1). However, as irreversible 

magnetisation changes are the basis for remanence and coercivity, the measurement of 

the principal remanence curves (§2.6.2.2) provides useful information about the 

distribution of switching fields (§2.6.2.3) and interaction effects in particles (§2.6.2.4). 

2.6.2.1 Hysteresis Loops 

The measurement of hysteresis is extremely important in the characterisation of 

recording media. A typical hysteresis loop, along with the definition of several useful 

magnetic parameters is shown in figure 2.15. 

M/M (arb.) 

Applied Field (kOe) 

Figure 2.15 Hysteresis loop and measurement parameters. 
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The magnetisation curve from the demagnetised state to saturation is termed the initial 

magnetisation curve, whilst the hysteresis loop from positive to negative saturation is 

known as the major hysteresis loop. The basic parameters determined from such a 

hysteresis loop are specified as follows (O'Grady 1990) (Chantrell, et al. 1992). 

i. Coercivity He, which is the reverse field necessary to reduce the previously 

saturated magnetisation to zero. 

ii. Squareness is the ratio of the remanent magnetisation M, to the saturation 

magnetisation Ms, i.e. Sq.= Mr/ Ms. For uniaxial single domain particles, squareness is 

an indication of the degree of particle alignment in a tape, and a measure of the ability 

of the media to exhibit a sharp transition of reversal. 

iii. Orientation ratio is a measure of the anisotropy of the remanent 

magnetisation. By rotating the sample so that it is measured perpendicular to the 

coating direction, the orientation ratio may be defined through OR = Sq.11 I Sq . .L. In 

terms of recording properties, the signal to noise ratio of highly oriented systems is 

enhanced due to the narrower switching field distribution (Koster 1984). 

iv. Switching field distribution (SFD) is the measured spread of particle 

coercivities, as discussed in §2.5 .1. The width of the SFD strongly influences the 

recording performance of media, and may be measured in several ways from the 

hysteresis loop. The SFD may be determined from the differential of the loop in the 

second and third quadrants, and is simply quoted as the full width at half maximum 

(FWHM) of the derivative ~he (Manly 1973). However, the most popular method to 

characterise the SFD width is to use the (1-S*) figure of merit determined by (Williams, 

et al. 1971) and endorsed by (Koster 1984). The parameter S* is the length of the line 

joining the magnetisation axis to a tangent to the curve at H = He, as shown in figure 

2.15, and represented by equation 2.49. 

(2.49) 

It has been suggested that (1-S*) is the best single parameter for the 

characterisation of recording media, mainly due to the ease of measurement (Koster 

1984). Nevertheless, is should be noted that since (1-S*) and ~ c are determined at 
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fields around the coercivity, these parameters will be susceptible to time dependence 

and sweep-rate effects. Consequently, an accurate measure of the SFD may be 

determined from the differential of the remanence curve, where reversible components 

of magnetisation do not contribute (Koster 1984), as described in §2.6.2.3. 

2.6.2.2 Remanence Curves 

Remanence curves, unlike hysteresis loops, measure only irreversible changes in 

magnetisation. There are two principal remanence curves, the isothermal remanent 

magnetisation (!RM) curve MrCH) and the DC demagnetisation (DCD) curve M/H), as 

shown in figure 2.16. 

The IRM curve 1s obtained by measunng the remanence of a previously 

demagnetised sample as the applied field is increased. Specifically, a small positive 

field is applied to the sample, which is then removed and the remanent magnetisation 

recorded. This process is then repeated for progressively larger fields until the 

saturation remanence Mr(<x:>) is reached. Obviously, in order to minimise time 

dependence effects, the positive field is applied for a constant period of time, typically 

30 seconds, prior to each remanence measurement. The remanent coercivity Her' of the 

IRM curve is the field that gives rise to half of the saturation remanence. 

M (arb.) 
1 

0.5 

-0.5 

-1 
-4 -2 0 

dMr / dH 

DCD MiH) 

dMd/dH 

2 

Applied field (kOe) 

4 

Figure 2.16 Typical isothermal and DC demagnetisation remanence curves with their 

appropriate switching field distributions. 
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The DCD curve is obtained by initially saturating the sample in a large positive 

field. A small reverse field is then applied in the opposite direction, which is then 

removed and the remanent magnetisation is measured. This process is repeated for 

increasingly larger negative fields until reverse saturation is reached. The remanent 

coercivity Her of the DCD curve is then defined as the field required to reduce Md to 

zero, as shown in figure 2.16. 

Pulsed field measurements of metal particle recording media, presented in §6, 

are performed as pulsed DCD curves, and closely resemble the digital recording process 

where positive saturation remanence is used to represent logic 1, and negative saturation 

remanence is used to represent logic 0. These measurements are similar to those 

described by (Doyle, et al. 1993) and (Hancock, et al. 1996). In this way, the high speed 

switching characteristics may be determined by measuring Her for varying short duration 

field pulses. 

Conversely, pulsed field studies of metal particle dispersions, described in §4, 

are performed as pulsed IRM curves, to give an indication of the dispersion quality. 

Applying pulsed fields to an initially demagnetised sample provides an indication of the 

state of a dispersion without field induced aggregation of the particles, as discussed by 

(Hancock, et al. 1996) (Greaves, et al. 1997). 

2.6.2.3 Switching Field Distributions 

As· discussed in §2.5 .1 , particles in recording media invariably exhibit distributions of 

particle size, shape and composition (Sharrock 1990) which leads to a subsequent 

spread of energy barriers fi~E) and, as a result, coercivities. In general, the fraction of 

particles that give rise to remanence is given by (O'Grady, et al. 1992) 

co 

Mr = Mr ( 00) f f(~E)d~E (2.50) 
LI.Ee 

where ~Ee is some critical energy barrier above which a thermally activated transition is 

possible. To measure a remanence curve, the applied field is progressively increased, 

wluch raises the lower limit of the integral in equation 2.50 over the energy barrier 
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distribution. In this way the energy barrier distribution, which governs the switching 

field distribution, may be obtained from the differential of the remanence curve. 

Clearly, the width of the SFD is an important parameter for characterising 

recording media, as it is known to influence the recording performance (McCary 1971) 

(Bertram, et al. 1978). Apart from the ability to magnetise spontaneously, the main 

requirement for recording media is that the remanent magnetisation is sufficiently large 

so that the signal amplitude may be detected during reproduction. Highly textured 

media with a narrow distribution of easy axes exhibits a narrow SFD, high squareness 

and negligible demagnetising loss. The minimum transition length a allowed by 

demagnetisation effects in longitudinal recording is given by the analysis due to 

(Williams, et al. 1971) 

a= (M,8d) i12 

2nHc 

which was later extended by (Bertram 1986b) to give 

d(l- S*) 
a=----+ 

nQ (
d(l- S*)) 

2 

+ M,8d 
nQ nQHc 

(2.51) 

(2.52) 

where 8 is the thickness of the magnetic coating, d is the head to medium spacing and Q 

is a head field constant. At higher densities, as the transitions become shorter, the 

demagnetising field and the loss associated with it becomes progressively larger. 

However, it is clear from equation 2.52, that a narrow SFD (increasing S*) yields a 

shorter minimum transition length. 

The differential of M with respect to H is the susceptibility, and as remanence 

curves are a measure of irreversible magnetisation changes, the differential of a 

remanence curve is termed the irreversible susceptibility Xirr(H). (Neel 1951) suggested 

that the effect of thermal agitation may be related in some way to the irreversible 

sus_ceptibility, as shown by equation 2.31 ; where the magnetic viscosity S is obtained in 

the second and third quadrants of the hysteresis loop by first saturating the sample in 

first quadrant, similar to the manner in which the DCD curve is measured. 
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Consequently, (Uren, et al. 1988) claimed that the value of the irreversible susceptibility 

obtained from the differential of the DCD curve is the most appropriate selection. In the 

absence of interactions, (Wohlfarth 1958) demonstrated that the differentials of both the 

IRM and DCD curves should be equal, such that 

(2.53) 

where the overscore indicates that the value is normalised to MrC co). As a result, the 

differential of the DCD curve requires a correction factor of two since the saturation 

remanence MctCco) changes from +l to -1, as indicated in figure 2.16. 

2.6.2.4 8M Studies 

As discussed in §2.5.6, particle interactions play a critical role in determining the 

properties of media. The study of interactions was first demonstrated by (Henkel 1964) 

who plotted MctCH) against MrCH). In the absence of interactions, the so called 'Henkel 

plo,t' is linear and follows the Wohlfarth relation of equation 2.53. Deviations above 

and below this line indicate negative and positive interactions respectively. 

(Kelly, et al. 1989) used a similar technique, in which a further term oM(H) was 

added to equation 2.53 in order to retain field information, given by 

8M(H) = Md (H) -[1 - 2M, (H)] (2.54) 

Consequently, a 8M curve is determined from a comparison of the two principal 

remanence curves, and shows the effective magnitude of the interactions at various 

fields as the magnetisation reversal occurs, as shown in figure 2. l 7(b ). The oM 

parameter is generally positive where exchange coupling dominates (Kelly, et al. 1989) 

and negative for dipolar coupled systems (O'Grady, et al. 1992). 

It is clear from figure 2 .17, as with all acicular particulate media, a negative oM 

parameter is observed over the entire field range indicating that it is easier for the 

system to be demagnetised rather than magnetised (O'Grady, et al. 1992). Physically, 

during demagnetisation, the local magnetic field from dipolar interactions between the 

particles tends to promote the demagnetised state. 
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1 
Xirr(H) oM 
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0 1 2 3 4 0 1 2 3 4 
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Figure 2.17 (a) Switching field distributions and obtained (b) 8M curve for a metal 

particle tape sample. 

In thin film media, the general trend for the plot is to increase to a positive peak 

at low fields, then decrease rapidly around the coercivity to a negative 8M peak during 

the demagnetisation transition region (Kelly, et al. 1989). Significantly, the maximum 

slope of the 8M curve at the region where the character of the interactions change from 

magnetising to demagnetising has been found to correlate well with the media noise; 

presently a popular approach originated by (Mayo, et al. 1991) ( el-Hilo, et al. 19926 ). 

In a further application of this technique, (Mayo, et al. 19906) examined the 8M 

curves of a BaFe dispersion during the manufacturing process. A decrease in 

interactions was observed, resulting from the weakening in stacks of particles as the 

milling process continued. 
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CHAPTER 3 Dispersion Pulsed Field Magnetometer 3.1 

Dispersion Pulsed Field Magnetometer 

3.1 Introduction 

This chapter details the development of a pulsed field magnetometer which allows the 

reversal processes of metal particle dispersions to be monitored, as presented in §4. The 

motivation behind the instrument lies with the fact that standard magnetic measurements 

of dispersions, using DC magnetic fields, alter the dispersion microstructure and yield 

results that are difficult to interpret and often not reproducible. Conversely, if the 

dispersion is rapidly changed using a pulsed field of short duration, this may be used to 

give an indication of the state of the microstructure without having to make allowances 

for. field induced aggregation of particles. 

The magnetometer consists of a pulse generator which produces well defined 

current pulses of over 125A, which are free from overshoot and ringing, with selectable 

pulse widths between 25µs and 130µs. The current pulse is driven into a small field coil 

assembly, the geometry of which is such that a magnetic field of over 4.7kOe is 

generated, with symmetrical rise and fall times of around 15µs. This short duration 

magnetic field impulse magnetises the wet dispersion sample, while a pair of anti-phase 

sense coils and integrator stage monitor the magnetisation of the sample under the field 

pulse. The output is monitored using a 500MHz digitising storage oscilloscope, 

allowing the dynamic magnetisation response to the applied pulsed field to be viewed in 

real-time. 

The magnetometer presented here is an extension to previous work, where an 

instrument capable of producing fields of up to 1270 Oe enabled y-Fe2O3 and CrO2 
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dispersions to be studied in a similar manner (Hancock 1995). Accordingly, particular 

emphasis is placed on improvements in terms of field amplitude and homogeneity. 

3.2 System Outline 

Pulsed magnetic field generators have been developed by a host of workers (Wheeler, et 

al. 1987) (Ratcliffe 1987) (Herlach 1988) (Kido, et al. 1989) (Noggle, et al. 1990) 

(Herlach, et al. 1995) (Nojiri, et al. 1997) (Portugall, et al. 1997) (Jones, et al. 1998). 

Unfortunately, each of these systems does not meet the specification required for this 

study, which is a portable, controllable instrument capable of generating homogenous 

single-shot pulsed magnetic fields of greater than 3.0kOe in a small wire wound field 

coil. The termination of the pulse must return to zero in order to ensure that no DC field 

is applied to the dispersion giving rise to misleading low field particle orientation. The 

pulse width should be in the microsecond region, and should be adjustable to enable the 

marked difference in the mechanical and Neel reversal characteristics to be tracked. 

The system is based upon the design of a magnetometer capable of generating 

pulsed magnetic fields ofup to 1270 Oe (Hancock, et al. 1998). The instrument consists 

of a trickle-charged bank of four 4700µF capacitors, each rated at 250V, which are 

discharged in a controlled manner through eight power MOSFET differential current 

drivers into a field coil assembly. Each of the eight current drivers uses three 

International Rectifier™ IRF250 power MOSFETs, which are configured to drive 20A 

into the field coil. The power circuits are controlled using a digital control board 

consisting of a synchronous state machine clocked with a quartz oscillator. This allows 

the eight current sources to be turned on, and be in steady state, before the pulse which 

controls the switching of the gates of the devices arrives. 

The dispersion sample is enclosed in a plastic tube, and upon application of a 

pulsed field, two anti-phase search coils connected to a bridge balance circuit cancel the 

common field, generating a voltage which is amplified and integrated, so that the signal 

recovered represents the change in magnetisation due to the sample alone. This voltage 

is monitored using a Tektronix™ TDS640 500MHz digitising oscilloscope, allowing the 

dynamic magnetisation response to the pulsed field to be viewed in real-time, as 

described in §4. 
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A block diagram representing the pulsed field magnetometer as a complete 

system is shown in figure 3 .1. 

Figure 3 .1 Pulsed field magnetometer system block diagram. 

3.3 Pulsed Field Generation 

This section outlines the techniques and circuitry used to generate short duration 

magnetic fields in the pulsed field magnetometer. From figure 3 .1, this includes the 

capacitive energy source, MOSFET current drivers, pulse width controller and field coil 

assembly. 

From the previous study of low coercivity pigment dispersions (Hancock 1995), 

the successful utilisation of differentially connected power MOSFETs to switch the 

pulsed current through small field coils via current 'steering' has also been applied to 
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this system. As a result, in order to produce a pulsed field of almost 5kOe, it was 

decided at an early stage to double the number of current drivers from four to eight. 

Further developments have permitted each driver to produce a peak pulse current of 20A 

into a modified field coil assembly, the geometry of which has increased both field 

magnitude and homogeneity. Of course, this is associated with increased coil 

inductance, and hence extended pulse rise and fall times. 

As mentioned in §3.1, only improvements and modifications are presented in 

detail. The outline of the pulsed field system is also included for completeness. 

3.3.1 Capacitive Power Supply 

The DC power supply consists of a modified Kingshill™ NTM1515A linear unit 

configured to supply 150mA at 166V. The output of the supply is limited by R1, a 

2.2kQ, 25W series resistor which is connected to the capacitor bank. The charged 

capacitor bank provides the necessary stored energy for the high current pulse, and 

co~sists of four 4700µF, 250V capacitors, C1 to C4, connected in parallel, which are 

connected to the field coils through the power MOSFET drivers. The main supply 

decoupling is provided by capacitors C5 and C6, whilst R2 allows a discharge path for the 

capacitors, as indicated in figure 3.2. 

Kingshill 
NTM1515,A; 

180V 150mA 

R1 2.2kn 25W 

o, ~ 

Berg 3060 1 0k.Q 

.__ __ _.__16_6_V ___ _._ __ .,__ _ __._ __ _.__ _ _ .__ _ __,__~_.__1_1W_;:) 0V 
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Regulated 

PS 

~ 15CXl 17W 

Figure 3 .2 Capacitive energy source. 

Figure 3.2 also shows a regulated -14.6V, IA capacitive source that is used to 

supply the current source transistor T3• The supply is provided by means of a bridge 

rectifier and National Semiconductor® LM337T linear voltage regulator. As with the 
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166V supply, capacitors C7 and C8 provide the capacitive charge, again decoupled 

through C9 and C10• Accompanying direct voltages of ±21V, 19V, -14.3V, 12V and SV 

were also taken from the regulated supply with voltage levels specified from the 

adjustable regulators. 

3.3.2 MOSFET Current Driver 

A current driver incorporating power MOSFETs was chosen to switch the stored charge 

in the capacitor bank into the field coil assembly. Metal oxide field effect transistors 

(MOSFETs) were preferred to other semiconductor power devices such as power 

bipolar junction transistors (BJTs) and insulated gate bipolar transistors (IGBTs) as they 

have a large power handling capability, since there are no secondary breakdown effects 

which occur with fast switching transients in BJTs. This leads to a large safe operating 

area when used in switch mode operation, which is an important attribute when 

switching high levels of current into an inductive load because of the excessive levels of 

induced voltage generated. Power MOSFETs also exhibit a very low on-state resistance 

rds(onJ• which for the International Rectifier™ IRF250 device is 0.850., along with a high 

drain-source breakdown voltage BV 0 5 of SOOY. Furthermore, the gate current 

requirement for power MOSFETs are significantly less than the base current of 

equivalently rated power transistors. Figure 3.3 shows the construction of an n-channel 

enhancement MOSFET, similar to the IRF250 device, together with its circuit symbol. 

Drain lJ----i 

Gate 

Source o---i 

Figure 3.3 Construction of an n-channel enhancement MOSFET with its circuit symbol. 

An enhancement MOSFET is a voltage-operated device requiring only a small 

gate current in order to tum it on and maintain it in the on state. From figure 3.3, 

application of a voltage which biases the gate positive with respect to the source will 
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convert the silicon surface beneath the gate oxide into a n-type layer or channel, thus 

connecting the source to the drain. Such an inversion layer is formed only if V Gs 

exceeds a threshold voltage VT" As the voltage on the gate increases, the number of 

induced negative charges in the semiconductor increases, and as a result, the 

conductivity of the channel and the drain current id also increase. Thus, the drain 

current is enhanced by the positive gate voltage, with the on-state resistance rds(on) 

governed primarily by the geometry of the source region (Millman, et al. 1987). 

From figure 3.3, the dielectric oxide layer, the metallic contact regions and the 

semiconductor layers form a large gate-source capacitance Cgs of around l 600pF for the 

IRF250 device. If a single MOSFET is used to drive current through the field coil, then 

Cgs has to be charged to the gate-source threshold voltage VT before the device can 

switch on, thus creating long switching times. To overcome this problem, two 

differentially connected MOSFETs can be arranged so that the gate capacitances are 

always partially charged to allow the transistor with the field coil load to be turned on 

quickly. This configuration is shown schematically in figure 3.4. 

Field coil 

+VGs2 de 

LJ 
R source 

Figure 3 .4 Differential driver field switching arrangement. 

In this arrangement, one MOSFET is in a state of conduction, whilst the second 

is held at the gate-source threshold voltage VT· Consequently, the time required to make 
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the second MOSFET fully conduct after the arrival of the gate pulse is comprehensively 

reduced. Specifically, when the gate-source voltage V Gsi is positive, MOSFET T 1 

conducts and allows a steering current idump to flow. Accordingly, the source voltage Vs 

increases, and transistor T 2 is turned off since its gate-source voltage (V Gsz-Vs) is less 

than the required threshold voltage VT· When V Gsi is negatively triggered, the gate

source voltage of T 2 is greater than the threshold voltage (V 052> VT), T I is turned off and 

T2 conducts, thus a current ifield is switched through the field coils Lr and damping 

resistor Rdamp· 

The response of the output current ifietd is further determined by how rapidly 

charge can be injected into the gate terminal of transistor T,. A gate pulse at T, 

activates the device in the transition region, the charge characteristics of which, are 

altered by the apparent increase in the gate-source capacitance Cgs· This Miller effect is 

established through the interaction of the gate-drain feedback capacitance C
8
ct, the result 

of which causes the gate voltage to stall with an associated loss of speed (Horowitz, et 

al. 1989). Accordingly, if a short turn-on time is required, a large gate current is 

essential to turn on the transistor rapidly. To inject a high current into the gate at 

switching, a Harris™ ICL7667 dual MOSFET driver was chosen to control transistor T,. 

Furthermore, the driver has a low output impedance of 7Q, with a variable output level 

that can be controlled by TTL inputs, as discussed in §3.3.2.1. 

If the operation of transistors T, and T2 is assumed to be identical, the current 

through the field coil ifield is given by equation 3 .1, 

i = 1source + field 2 -

(µn Cox ~) isourcc 

4 
V GSI-VGS2 (3.1) 

where µ
0 

is the electron mobility, C
0
x is the gate-oxide capacitance, W is the inversion 

channel width and L is the channel length. Equation 3.1 indicates that the current 

switched through the field coils is controlled by physical device parameters, the constant 

current source isource and the difference between the gate voltages V Gs1-V 052. Therefore, 
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in order to increase the configured field current in the practical driver to 20A, the value 

of~ource was reduced to 0.270, as discussed in §3.3.2.1. 

3.3.2.1 Practical Current Driver 

A schematic diagram of one of the eight practical current drivers is shown in figure 3.5. 
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Figure 3.5 Full schematic diagram ofMOSFET differential current driver. 

To overcome the problem of high power dissipation, when either transistor T, or T2 is in 

a state of conduction, a third IRF250 MOSFET T3 was required to switch on the 

constant current resistor ~ource just before the field pulse is initiated. The timing was 

arranged so that the current source is turned on long enough to allow the system to settle 

in a steady state condition ahead of the field pulse, as described in §3 .5. A gate driver 

consisting of a level shifting network and an elantec™ EL2009 buffer amplifier provide 

the required current at the gate of transistor T 3 • Connected to the gate of transistor T 2 
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was a decoupling filter consisting of a 1 00µF tantalum capacitor and a 0.1 µF capacitor 

in parallel across a lQ resistor. This arrangement isolated voltage spikes at the gate of 

T 2 that were found to occur during switching, producing unacceptable pulse overshoot. 

Series resistors were used at the gates of all three transistors to prevent spurious high 

frequency oscillations which may be produced from the resonant circuit formed between 

the highly capacitive gate terminal and any stray circuit inductance. 

In order to remove excessive overshoot and oscillations from the output current 

pulse, it was necessary to include some external resistive damping in the switching 

circuit. As indicated in figure 3.5, damping resistors R01 and R02 were connected in 

parallel with the field coil, the values of which were optimised by modelling the 

sw~tching circuit as a parallel resonant circuit, as shown in figure 3.6. 

jcoil 

20A 
1600pF 

Lt1 
5.4µH 

Ldrain T2 
3.5nH 

Figure 3.6 Parallel resonant model of switching circuit. 

c.q is the total equivalent capacitance, which for the IRF250 device is 1600pF, with the 

drain inductance ofT2 L c1rainT2 quoted as 3.5nH from manufacturer's data. The field coils 

Ln and L12 each have an inductance of 5.4µH, as discussed in §3.3.3. Therefore, the 

value of the lumped damping resistance Rd, mp can then be calculated from equation 3.2, 

(3.2) 

where Q is the quality factor of the coil, which for a critically damped system is 0.707. 

Th~ resulting value of a single damping resistor was calculated to be 58Q. However, 

experimentally it was found that pulse overshoot could be optimised by placing two 
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resistors of 82Q and 36Q across the field coils, and the resulting measured current pulse 

is shown in figure 3.7. The pulse was monitored using a Tektronix™ TDS640 digitising 

oscilloscope connected to a Tektronix™ A6303 current probe and Tektronix™ AM503 

current probe amplifier. From figure 3.7, it is clearly seen that the pulse is free from 

ringing and overshoot, whilst maintaining acceptable rise and fall times. 

1l!l<Stopped: 92 Acquisitions 
[ T 

--~ ........ --... · . .. • • . ... . . . . 

H+-H-H-+++-ll++++t-+-H-1-H-<4-H-++<·+-ll:-++++-i·+++++ H+< 

...... .. .. . . .. . ... 

. ..... 

tn 

Ch2 +Width 
98.90µs 

Ch2 Rise 
8.40µs 

Ch2 Fall 
6.60µs 

Ch2 +Over 
700m% 

Figure 3.7 Measured current pulse for a single current driver with 82Q and 36Q parallel 

damping (5A per vertical division). 

Interestingly, the current switched through the field coil by a single MOSFET 

driver is 30A. These improvements were obtained by arranging the current drivers in 

pairs and grouping on individual boards with parallel supplies. Further improvements 

were realised by increasing the size of the interconnecting leads in the switching circuit 

with l .5mm2 PVC insulated cable. Most significantly, winding the coils using Litz wire 

minimises the resistance losses that occur at high frequencies due to the skin effect, and 

allows an increased current to extend uniformly throughout the conductor, as discussed 

in §3.3.3 . 

The design of the driver board ensured that radiated emission and supply noise 

were sufficiently minimised by the use of ground plane on both sides of the board. 

Techniques such as proper grounding, power supply decoupling, short interconnecting 

leads and straight PCB tracks were employed to minimise transient conditions occurring 

at high frequencies (Ott 1988). 
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Finally, in order to simplify the design of the magnetometer, the field level was 

determined simply by selecting the required number of drivers from a bank of eight 4A 

rated switches connected in series with the current source resistor. This allows eight 

discrete field levels to be generated, as described in §3.3 .3.3. 

3.3.3 Field Coils 

The development of the field coils presented in this section is broadly based upon earlier 

investigations of distributed windings in small coils (Hancock 1995). The basic design 

of the field coil assembly is shown in figure 3.8. 
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90 turns of 37 strand 
44SWG Litz wire 

reference 

Internal ~ 4.5 
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12 

t 
12 
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Panel front 

Figure 3 .8 Plan view of field coil arrangement ( dimensions in mm). 

From figure 3.8, the field coil assembly consists of two identical, senes 

connected coils having an internal diameter of 4.5mm. One field coil is attached to the 

front panel of the magnetometer through a M8 threaded nylon coupling to allow access 
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for the dispersion sample, whilst the empty reference coil is situated orthogonally to 

reduce mutual inductance effects. The length of each coil is 31mm wound with 90 turns 

of New England Electric Wire Corporation™ 37 strand 44SWG Litz wire on a brass 

former. Each of the eight individual current drivers described in §3.3.2.1 supplies four 

separate strands of wound Litz wire. The term 'Litz' is derived from the German word 

'Litzendraht' which describes a conductor consisting of a number of separately 

insulated strands that are twisted or braided together. As each strand tends to take all 

possible positions in the cross section of the entire conductor, this arrangement equalises 

the flux linkages and reactances of the individual strands causing the current to spread 

uniformly throughout the conductor, producing a larger magnetic field. Studies 

concerning the generation of a 10 Oe 20kHz magnetic field in larger coils have also 

confirmed the benefits of Litz wire (Jones, et al. 1999). 

The majority of the components in the field coil former shown in figure 3.8 were 

manufactured from brass. This material was chosen for its good mechanical and 

magnetic properties, and the ease with which it could be machined. Unfortunately, as 

brass is a good conductor, eddy currents generated in the solenoid core will tend to 

oppose the main pulsed field (Cullity 1972). In order to prevent this eddy loss, a 2mm 

wide slot was machined down the length of both coil formers to electrically isolate the 

circulating current. 

The calculation of the inductance of a single layer coil has been performed using 

the formula for a cylindrical current sheet. This analysis assumes that the coil wire is 

flattened to form a layer of tape of negligible thickness, with each tum of wire at the 

centre of each tum of tape (Grover 1946). In this approach, using look up tables and 

suitable formula, the value of the coil inductance can be determined to a degree of 

accuracy greater than can be measured in practice. The inductance of a cylindrical 

current sheet of infinite length Lr, with a correction to take account of end effects and 

differences in self and mutual inductance between the current sheet and the coil is given 

by equation 3 .3 

(3.3) 
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where r is the coil radius, 1 is the coil length, N is the number of turns and K is a factor 

which models end effects. Values ofK are tabulated as a function of the ratio of the coil 

diameter to its length. 

The inductance of a coil of wire is rather different to that of the cylindrical 

current sheet. As a result, a correction for evaluating the coil winding as a conducting 

tape can be determined. The inductance of a coil differs from that of the equivalent 

current sheet, as each tum of wire has a differing self and mutual inductance from the 

corresponding tape. The correction for the insulating space LiLr may be evaluated over 

the length of the coil, as given by equation 3.4 (Grover 1946). 

LiLr = 0.0041trN(G + H) (3.4) 

In this equation, G is a function of the ratio of the enamelled wire bare diameter to the 

overall diameter of the winding, whilst values of H are tabulated as a function of the 

number of coil turns N. The calculated value of LiLr can then be subtracted from the 

inductance of the current sheet Lr to accurately obtain the inductance of the coil. Using 

equations 3.3 and 3.4, the field coil inductance connected to a single current driver was 

found to be 5.376µH. 

By increasing the length and number of turns of the coil, enhanced field 

magnitude and homogeneity has been compromised by greater inductance and hence 

longer pulse rise and fall times. For a maximum current pulse of over 125A, the 

ge~metry of the field coil is such that a magnetic field of over 4. 7kOe is generated, as 

discussed in §3.3 .3.1. Accordingly, the field over the middle half of the coil is 

markedly uniform to 1.0%, as described in §3.3.3.2. The drawback of this, is that pulse 

rise and fall times are now of the order of 15µs , as discussed in §3.3.3.1. However, this 

is an acceptable value, as the timescale over which particles can rotate in the dispersion 

solution is several times greater (Prichard, et al. 1998). 

3.3.3.1 Sample Field Pulses 

A final optimised 50µs current pulse through the series field coils Ln and L12, is shown 

in figure 3.9. For the vertical scale, l0mV represents 20A, i.e. 20A per division, 
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consequently with all eight current drivers connected, a pulse current of approximately 

125A is switched. 

"n!l<.Stopped: 17 Acquisitions 
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18. 16µs 

·Figure 3.9 50µs current pulse for eight current drivers (20A per vertical division). 

From figure 3.9, it is clearly seen that the pulse is well defined, with measured rise and 

fall times of around 15 µs . The magnetic field generated in the coils was found to be 

4.7kOe, calculated using the steady state current amplitude together will a scale factor 

obtained from the coil geometry, as discussed in §3.3.3.2. 

The pulse width is selected by switching a combination of binary weighted 

resistors through seven 4A rated switches on the front panel of the instrument. This 

data is latched through a Texas Instruments™ 74ALS574 octal flip-flop into a digital 

counter implemented in an AMD™ P AL22Vl 0. To produce a pulsed field, the counter 

is triggered by a state machine implemented in an AMD™ MACHl 10 gate array which 

provides a TTL signal to the ICL 7667 MOSFET driver connected to the gate of 

transistor T1, as illustrated in figure 3.5. When the counter is empty, a signal is passed 

back to the state machine to end the TTL field pulse signal, as discussed in §3.5. This 

configuration allows 27 
- 1 = 127 discrete pulsed field widths to be selected. 

Figure 3 .10 shows a measured 1 00µs duration current pulse, again with all eight 

current drivers connected. As before, a well defined pulse with a steady state current of 

125A is observed, having symmetrical rise and fall times of approximately 15µs. The 

majority of the pulsed field measurements presented in §4 were performed using 1 00µs 

pulsed magnetic fields. 
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Figure 3.10 l00µs current pulse for eight current drivers (20Aper vertical division). 

An interesting feature may be observed in the longest duration 130µs pulse, as 

shown in figure 3.11. It is clearly seen that the trailing edge of the pulse is of lower 

amplitude than the leading edge, i.e. the pulse suffers from amplitude droop. There are 

two possible explanations for this phenomenon. 

1l!l< Stopped: 643 Acquisitions 

Ch2 +Width 
128.SOµs 

Ch2 Rise 
... . ....... 14.2Sµs 

Ch2 Fall 
17.SSµs 

Figure 3 .11 130µs current pulse for eight current drivers (20A per vertical division). 

Pri~arily, this may be due to the capacitive power supply not being able to provide 

enough energy over a prolonged pulse length, although this is not observed over a 125A 

l00µs duration pulse, as shown in figure 3.10. One further explanation may be that as a 

MOSFET has a positive temperature coefficient, the value of rc1scon) increases as the 

junction temperature increases (Lander 1993). Consequently, the transconductance or 
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FET gain parameter decreases as a function of temperature, and the drain current is 

reduced. The thermal characteristics of the die under a current pulse have been 

examined in order to explain, as least in part, the amplitude droop observed in figure 

3.11. 

If a pulse of energy is supplied to a semiconductor device, the temperature of the 

junction does not rise instantaneously, it has a thermal time constant •a given by 

(Hewlett-Packard 1998) 

(3.5) 

where p is the density, CP is the specific heat and Krn is the thermal conductivity of the 

semiconductor. The parameter Fis the die thickness, which is 15 mils or 381µm for the 

IRF2501
• For this device with a silicon based die1, equation 3.5 yields a thermal time 

constant of 646µs. At time t < •a• the semiconductor junction temperature Ti can be 

determined from (Pritchard 1967) 

(3.6) 

where P0 is the power dissipated, 81A is the junction to ambient thermal resistance and 

TA is the ambient temperature. 

Using manufacturer's data, substitution into equation 3.6 yields the dynamic 

junction temperature as a function of pulse width, as shown in figure 3.12(a). It is 

evident from figure 3.12(b) that the maximum rate of change of rds(on) occurs at junction 

temperatures over 100°C, which from figure 3.12(a) is consistent with longer pulse 

durations over l00µs. Consequently, for extended pulse widths of over lO0µs , there is a 

variation of gain over the pulse waveform which tends to reduce the drain current at the 

tail of the pulse, as shown in figure 3 .11. 

1 Allen Askey, International Rectifier™, personal communication, 1999. 
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Figure 3.12 (a) Transient junction temperature (b) on-state resistance rc1s(on) as a function 

of junction temperature from IRF250 datasheet. 

3.3.3.2 Field Distribution Inside Coils 

A current through a straight wire produces a magnetic field which is circular around the 

wire axis. If the wire is formed into a circular loop, a magnetic field distribution is 

produced similar to that shown in figure 3 .13. 

Figure 3.13 Magnetic field distribution of a circular current loop. 

For a solenoid consisting of a number of wound turns, the contributions to the field from 

each tum tend to reinforce the resultant field inside the coil. Consequently, the 

subsequent field is approximately uniform and parallel to the axis of the solenoid. 

Outside the coil, the contributions to the field from each tum tend to cancel out, and the 

resultant field is relatively small. For the ideal case of a coil of effective infinite length, 
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the current distribution in the windings is equivalent to a cylindrical current sheet, as 

shown in figure 3.14. The magnetic field inside the ideal solenoid is parallel to the axis 

and the field outside the coil is zero (Keller, et al. 1993). 

d 1-----------, C 
I 
I 
I L 
1--------

1 

• • • • • • • • 

i ds 
a 1 - ►---------' b 

Figure 3 .14 Field distribution of an ideal solenoid. 

By applying Ampere's law to the closed path abed as shown in figure 3.14, the 

magnetic field inside the ideal solenoid can be determined. The integral around the 

closed path is the sum of the integrals along each of the four line segments. 

b c d a 

cf B · ds = f B · ds + f B · ds + f B · ds + f B · ds (3.7) 
b C d 

The integrals along the lines be and da are zero since B and ds are perpendicular, 

making B-ds = JB jjdsj cos90° = 0. Along segment ed, which is outside the ideal 

solenoid, the field is negligible and so is assumed to be zero B = 0, hence the integral is 

zero. The only contribution to the closed path integral is from the line ab, with the field 

B parallel to ds, so B-ds = B ds. As the field is constant in the region of interest, B has 

the same value at each point, therefore 

b b 

cf B · ds = f B ds = B f ds = BL (3.8) 
a a 
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where L is the length of the line ab. For a solenoid with n turns per unit length, the 

number of turns within the closed path is nL. Since each turn carries a current In.id, the 

net current linking this closed path is nLineid· This results in Ampere's law. 

f B · ds =BL= µ 0 nLi field (3 .9) 

B = µ onl field (T) (3.10) 

B=µ 0µ,H (3.11) 

H = nl field (Am-I) (3.12) 

To use Ampere's law, the field must be invariable, so that B can be taken outside 

of the integral sign, as in equation 3.8. Of course, this is not the case for regions of a 

real coil where the field distribution is divergent, i.e. at either end. In this instance, the 

Biot-Savart law can be used to determine the axial field of a single current loop, and 

extended by n turns to represent the complete coil. The field at any axial position inside 

a real solenoid may be calculated using equation 3.13, 

(3 .13) 

and - I ( Lright) <p 2 = tan --
r 

(3.14) 

where r is the coil radius, L,.n and Lright represent the effective field coil length, left and 

right of the point of interest. Clearly, from equations 3.10 and 3.13, the significant 

factor when designing a solenoid to have a uniform field profile is the ratio of the coil 

length to its diameter. 

Although, equations 3 .13 and 3 .14 calculate precisely the field at any axial 

position in the coil, they are qualitatively accurate over the entire cross section. The 

field distribution profile for the coil geometry described in §3.3.3 is shown in figure 

3.15. For a maximum current pulse of 125A, the flux density at the centre of the coil is 

470mT or 4.7kOe. It can be clearly seen that the field is homogeneous over a wide 

section of the coil. If the dispersion is held in the middle half of the coil, the field 

experienced by the sample is uniform to 1.0%. 
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Figure 3 .15 Field distribution profile of field coils. 

3.3.3.3 Field Linearity 

A graph showing the variation of magnetic field generated in the field coils as a function 

of the number of connected current drivers is shown in figure 3.16. For a constant pulse 

width of 1 00µs, the steady state current through the field coils was monitored using a 

Tektronix™ A6303 current probe and Tektronix™ AM503 current probe amplifier. The 

magnetic field was determined using the procedure described in §3.3.3.2. 
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Figure 3 .16 Pulsed magnetic field as a function of connected current drivers. 

It is evident that the current, and hence the field, produced in the coils becomes 

non-linear as more of the MOSFET drivers are connected. This may be explained, at 

least in part, by considering the nature of the load, which consists of eight tightly 

coupled coils of Litz wire. Specifically, Lenz's law indicates that a considerable emf 

will be induced in coupled coils, which will tend to oppose the change in magnetic flux. 
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Further explanations for this current non-linearity, may be due to the fact that the 

coil inductance is now comparable with the current driver circuit inductance, hence the 

drain-source voltage Vos of transistor T2 is reduced through an effective voltage divider. 

With all eight current drivers switched on, the field coils consist of eight 5.4µH coils 

connected in parallel, giving a total coil inductance of approximately 675nH. The 

inductance of the current driver circuit, which includes the IRF250 MOSFET internal 

source and drain inductance1, the current source resistor lead inductance2, and the PCB 

track inductance3 may equal the parallel coil inductance. 

This, coupled with the fact that the power supply consists of a bank of severely 

inductive electrolytic capacitors4 connected through long supply leads might indicate 

that the MOSFET driver performs as a potential divider. Consequently, as more current 

drivers are switched on, anything up to half of the supply voltage, +V 00, may be 

dropped across the driver circuit, obviously reducing the anticipated output current. 

This may in part account for the saturated pulsed current, and hence the magnetic field 

shown in figure 3.16. 

3.3.3.4 PSpice® Simulations 

The current driver and field coil arrangement described in §3.3.2 and §3.3.3 was 

evaluated and optimised using the PC-based MicroSim™ v8.0 PSpice® circuit simulator. 

In order to obtain an accurate model of the circuit, the components in the driver circuit 

must be properly characterised. The IRF250 MOSFET was simulated using a model 

developed by Symmetry Design Systems, Inc. The passive components were also 

1 Datasheets for the International Rectifier™ IRF250, quote the internal drain inductance L0 between the 
lead, 6mm from the package and the centre of the die contact as 3 .5nH, with the internal source 
inductance L5 given as 7.5nH. 
2 http://nwd2www1.analog.com/publications/magazines/Dialogue/ Anniversary/ I 0.htrnl 
Lead inductance is given by the equation 

LLEAD = 0.0002L[ 1n( ~ )-0.75 JµH) 

EXAMPLE: 10mm of0.5mm o.d. wire has an inductance of7.26nH. 
3 ibid. 
PCB track inductance is given by the equation 

LTRACK = 0.0002L[ 1n( w2
~H) +0.223s(w ~H) +o.sJµH) 

EXAMPLE: 10mm of 0.25mm wide track, with a thickness of 0.038mm has an inductance of 9 .59nH. 
4 For capacitors with a small physical size (length less than 25mm and diameter below 15mm), parasitic 
inductances in the range 10 to 30nH have been reported (Whalen, et al. 1977). 
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accurately specified to include lead inductance and interelectrode capacitances, as 

described by (Whalen, et al. 1977). 

Figure 3.17 shows a PSpice® simulated single MOSFET current driver with 

damping resistors of 820 and 360 connected in parallel across the field coils. It is 

clearly seen that the simulated 1 OOµs current pulse switched through the field coils is 

well defined and attains a steady state value of 30A, in good agreement with the 

measured current pulse shown in figure 3. 7. 

30 

20 

10 

0 

Current through field coil (A) 

20 Voltage (V) 

0 
VGS T1 

VGS T3 
-20 

0 100 200 
Time (µs) 

300 

Figure 3.17 PSpice® simulated field coil current pulse for a single driver with 820 and 

360 parallel damping, along with associated digital timing pulses. 

From figure 3.17, in order to control the current source transistor T3, drive levels of -SV 

and -16V were simulated with a 200µs pulse with rise and fall times of lOOns. The gate 

voltage of transistor T1 was simulated with a l OOµs drive pulse with the desired levels 

of 14V and OV, as discussed in §3.5. 

The corresponding induced voltage at the drain of transistor T 2 was also 

simulated for the l OOµs current pulse, as shown in figure 3.18. As the drain of 

MOSFET T2 is connected to the field coils, excessive induced voltages may be 

generated which may damage the device. Clearly, from figure 3 .18, this is not the case 

as the maximum level of induced voltage is below the rated drain-source breakdown 

voltage Y caR)os of 500V for the IRF250 device. 
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Figure 3.18 PSpice® simulated induced voltage at the drain of transistor T2• 

3.23 

In order to simulate all eight current drivers connected to the field coils, PSpice® 

provides a facility for coupling inductors. In this way, eight individual current drivers, 

each configured to drive 30A as shown in figure 3.17, can be simulated simultaneously 

by specifying the mutual coupling between the eight distinct coils. As the degree of 

coupling is dependent upon the geometry and position of the individual layers, a 

coupling factor of 0.98 was found appropriate for tightly wound Litz coils. Using this 

technique, the simulated current through the field coils for all eight current drivers 

connected is shown in figure 3.19, in good agreement with a measured l00µs current 

pulse obtained in figure 3.10. The predicted steady state current amplitude is 124A, 

wi~h symmetrical rise and fall times of around l 7µs 

Current through field coils (A) 
150 ,-------------~ 

100 

50 · 

o~---'---------~--1 

50 100 150 200 250 

Time (µs) 

Figure 3.19 PSpice® simulated l00µs current pulse for eight current drivers. 
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3.4 Signal Processing 

In this section, the signal processing used to detect the magnetisation change of a wet 

dispersion under the application of a pulsed magnetic field is described. As discussed 

previously in §3.3, a pulsed field is used to impulse magnetise the sample, which is held 

in one of two series connected field coils. Depending upon the dispersion 

microstructure, and the magnitude and duration of the applied field, the aligning 

magnetic moments will produce a flux change which is detected by two differentially 

connected search coils. Following the cancellation of the common field, the voltage 

from the search coils is passed to a bridge balancing stage and instrumentation 

amplifier. The scaled integral of this voltage gives the change in magnetisation due 

solely to the dispersion sample. As a result, dispersion magnetisation processes can be 

monitored in real-time using a digital storage oscilloscope, as described in §4. 

As mentioned briefly in § 3 .1, only improvements and modifications are 

presented in detail. The techniques developed are based upon the earlier 1270 Oe 

instrument (Hancock 1995). 

3. 4 .1 Search Coils 

The search coil arrangement consists of two identical anti-phase connected coils, which 

are fixed axially with the field coils. The location of a single search coil around the 

sample field coil, is shown in figure 3.20. 

---37 ------< 

~g --j$ 16 
j_ 

$19 

L:rns of 
36 SWG wire 

M4 shakeproof 
washer 

Figure 3 .20 Side view of search coil arrangement ( dimensions in mm). 
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As with the field coils, the brass search coil formers were manufactured with a 2mm slot 

to prevent circulating eddy losses, and each wound with 27 turns of 36SWG enamelled 

copper wire over the coil length of 9mm. Empirically, this was found to be the 

optimum coil geometry considering the comprise between output sensitivity and system 

response time. 

In order to approximately null the coils before the bridge balancing stage, the 

coils were positioned by turning the threaded adjuster, as shown in figure 3.20. The 

induced voltage in the search coils under the application of a field pulse is given by 

Faraday's law 

d<D 
v= -N-

dt 
(3.15) 

where <D is the magnetic flux, and N is the number of turns of the coil. Since the 

magnetic field is spatially uniform and parallel to the axis of the coil, the flux linking 

each tum is given by 

<D=BA (3.16) 

where B is the magnetic flux density and A is the cross sectional area of the coil. 

Hence, Faraday's law may be re-written as 

dB 
V=-NA

dt 
(3 .17) 

However, in the reference coil B = µ0H, whereas in the sample coil B = µo(H + M). 

Accordingly, if the voltage in the reference coil is subtracted from the voltage generated 

in the sample coil, equation 3.17 becomes 

dM 
v=NA

dt 
(3.18) 

It is this voltage which is amplified and integrated, so that the signal recovered 

represents the change in magnetisation due to the sample, scaled by a factor 'ti / NA, 

where 'ti is the time constant of the circuit, as described in §3.4.4. 
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The induced voltages from the search coils under the application of a field pulse, 

were found initially to suffer from excessive pulse ringing. Using the technique 

described in §3.3.2.1, it was necessary to include some external resistive damping by 

modelling the search circuit as a parallel resonant system. For a coil inductance of 

3.73µH, critical damping was achieved by placing a damping resistor of 36Q in parallel 

with each search coil. Figure 3.21 shows the measured induced voltage from a single 

damped search coil for a 125A l00µs pulse through the field coils. In order to display 

the· response, 26d.B of attenuation was provided at the input channel of the oscilloscope. 

~ Stopped: 153 Acquisitions 

. . 
. ... ' ' ... . ·•·· ·· · .. 
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t1i1J 1.00 V 
m 

Figure 3.21 Induced voltage from a single search coil (20V per vertical division). 

On providing the differential connection, the measured deviation voltage from 

the search coils is shown in figure 3.22. 
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Figure 3 .22 Measured deviation voltage from the differentially connected search coils. 
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The null signal from the search coils with no sample present has a RMS value of 

103m V, indicating good common field cancellation considering the high levels of 

induced voltage present, as indicated in figure 3 .21 . Although the null deviation voltage 

shown in figure 3.22 is of a reasonable level, an additional balancing stage was utilised 

to further optimise the null value and improve the resultant signal to noise ratio, as 

described presently in §3.4.2. 

3.4.2 Balancing Stage 

The bridge balancing arrangement used to cancel the common deviation voltage V dev is 

shown in figure 3.23. 

Z4 z1 
vx 

Vnull 

VY 

Z3 z2 

Figure 3.23 Schematic diagram of bridge balancing arrangement. 

If the circuit in figure 3.23 is solved using Kirchhoff s voltage law, then the resultant 

null voltage Vnun is given by equation 3.19. 

(3 .19) 

For optimum sensitivity, the impedance ratios Z/ Z2 and Z/ Z3 should be balanced and as 

close to unity as possible. In the practical balancing circuit, a Burr-Brown® INA103 

instrumentation amplifier was chosen to perform the subtraction of the two bridge 

voltages. The advantages of this instrumentation amplifier are that it has a wide unity 

gain bandwidth of 3MHz, a high common mode rejection ratio (CMRR) of 11 OdB and a 
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low input noise level of lnV.JHz-
1

• The design of the practical balancing circuit is 

shown in figure 3.24. 

21 Offset Offset 

9.20 -Gain Drive Null Null 

• 
24 R2 

Ls1 360 1000 vx 
R1 • 

Ls2 23 100 
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360 1000 

9.20 ov 
22 

c1 
+Gain Drive V+ V-

R4 R5 Rs 
2490 2490 1nF 10k0 

10 V 
>-----'----o null 

-15V 

Figure 3.24 Bridge balancing stage. 

As the values of the bridge impedances Z3 and Z4 were fixed at 360 for optimum 

damping, as described in §3.4.1, the values of the impedances Z 1 and Z2 were chosen to 

match the parallel impedance ofjwL51 and Z4 , withjwL.2 and Z3 • The bridge can then be 

nulled by fine adjustment of the 100 potentiometer R1, in parallel with resistors R2 and 

R3 • The two bridge voltages V~ and VY were then taken to the input of the 

instrumentation amplifier through decoupling resistors R4 and R5, the values of which 

were chosen to limit the input current to less than lOmA, and hence limit the common 

mode voltage. Resistors R6 and R7 provide a return path for the floating input signals, 

and are rated at 1 OkO to prevent source loading. Connected in parallel across R6 and R7 

are lnF capacitors C1 and C2 to reduce inductive ringing. 

Since the bridge balancing stage attenuates the input voltage by a factor of two, 

the 1 OkO potentiometer R8 was adjusted to approximately 6k0 to compensate the gain 
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of the amplifier, which is given by 1 + 6kQ/R8
1

• The output offset voltage was then 

nulled through the 50kQ potentiometer ~- Although not shown on figure 3.24, the 

±15V supplies to the INA103 were decoupled through parallel l00nF ceramic and lµF 

tantalum capacitors. 

Figure 3 .25 shows the resultant nulled signal V nun from the balancing stage with 

no sample present. For a 125A l00µs current pulse, the RMS noise at the output of the 

instrumentation amplifier is 68m V, a significant improvement. 
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Figure 3.25 Nulled signal from the balancing stage with no sample present. 

3.4.3 Amplification Stage 

The voltage from the balancing stage Vnun is passed to a Burr-Brown® OPA37 ultra low 

noise precision operational amplifier, configured as a noninverting amplifier with a 

vol_tage gain of 11. The advantages of this operational amplifier are that it has a typical 

input offset voltage of only 6µ V, a low temperature coefficient of 0.2µ V 0 C-1 and a high 

CMRR of 128dB. The design of the amplification stage is shown in figure 3.26, with 

the gain specified by resistors R 10 and R 11 • The offset voltage was trimmed using the 

1 0kQ potentiometer R12• The output of the amplifier Vamp is then passed to the resetable 

integrator described presently in §3.4.4. 

1 IN Al 03 datasheet PDS-1016H '°1990 Burr-Brown Corporation 
2 OPA37 datasheet PDS-466H '°1989 Burr-Brown Corporation 
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Figure 3.26 Amplification stage. 

3.4.4 Resetable Integrator 

3.30 

In order to determine the flux change of the dispersion under the application of a pulsed 

magnetic field, the voltage generated in the search coil, described in equation 3 .18, is 

integrated to give the change in magnetisation due solely to the sample. This is 

accomplished using a resetable integrator circuit, shown schematically in figure 3.27, 

where Vio(t) is the output of the gain stage Vamp, as shown in figure 3.26. The 

integration time constant "Ci = R;0Cr is chosen to be at least ten times the selected pulse 

width to prevent the output of the operational amplifier from saturating (Hancock 1995). 

ov 

Figure 3.27 Schematic diagram ofresetable integrator circuit. 
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A significant problem with this form of circuit is that the output tends to suffer from 

residual drift, consequently it is necessary to place a high value resistor Rdc across Cr to 

provide DC feedback with a gain of RdclR;n for stable biasing. This has the effect of 

discharging the feedback capacitor Cr to reduce any DC offsets at the inverting input. 

Furthermore, in order to minimise any input offset current, the two input bias currents 

must be of equal magnitude and phase. This is achieved by balancing the input 

impedances, so that Cr= e x and Rdc = ~-

The output voltage of the resetable integrator shown in figure 3.27 is given by 

(3.20) 

so that the output voltage is the time integral of the input voltage plus a constant offset. 

The constant Kdc• produces an output offset at the start of the integration period which 

may be due to charge accumulation on the feedback capacitor Cr. In order to minimise 

this effect, switches S1 and S2 are closed momentarily prior to the commencement of the 

integration period to discharge capacitors Cr and Cx. At the start of the integration S1 

and S2 are then opened. In the final design, these switches are provided by CMOS 

analogue switches with the timing arranged from the digital control board. Motorola® 

74HC4316 quad bilateral switches were selected as they exhibit a low on-state 

resistance of 1200, and may be interfaced directly with the TTL signal levels developed 

by the timing circuitry described in §3.5. 

In the practical balancing circuit, an elantec™ EL2006 high gain fast FET input 

operational amplifier was configured as the resetable integrator. The advantages of this 

operational amplifier are that it has a maximum input bias current of only 500pA, a high 

open loop gain of 90dB and wide 40MHz bandwidth 1• It is critical to use an amplifier 

with a very low input bias which otherwise may charge Cr and generate a large output 

offset voltage. 

The final design of the resetable integrator is shown in figure 3.28. 

1 EL2006/EL2006A, 'High performance analog integrated circuits databook' p. 9-28, 0 1994 elantec™ 
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Figure 3.28 Final resetable integrator circuit. 

3.32 

100n 

The integrator time constant 'ti, determined by the values of R;" and Cr, was fixed at ten 

times the most prevalent field pulse width, which is 1 00µs. Hence, R;" was chosen to be 

1 00kQ in order to avoid excessive loading of the source, and the value of the feedback 

capacitor Cr fixed at 1 0nF, so that the time constant of the integrator is lms. The value 

of the DC feedback resistor Rdc was set at 1 0MQ to give a DC gain of -100, which has 

the effect of rolling off the integrator action at low frequencies, less than 1/RdcCr 

(Horowitz, et al. 1989). 

A 1 00Q series resistor at the output of the EL2006 was included to remove 

oscillations which were subsequently found to occur. The ringing was believed to be 

due to coupling of the load capacitance to the inductive part of the open loop output 

impedance forming a resonant LC circuit. Further problems of transient conditions 

benefited from power supply decoupling through 1 0µF tantalum capacitors, and careful 

attention to board layout and grounding. The output offset voltage was trimmed using 

the 20kQ potentiometer. Compensation components were also located close to the 

appropriate pins to minimise any stray reactance. 
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The criterion for stability against oscillation for a feedback amplifier is that the 

open loop phase shift must be less than 180° at the frequency of unity loop gain. 

Unfortunately, as the operational amplifier shown in figure 3.28 is configured as a 

follower, the output is 180° out of phase with the input signal. Considering the 

feedback capacitor Cr produces a further 90° lagging phase shift at the output, the high 

gain of the EL2006 will almost certainly cause the circuit to suffer instability and 

oscillations. The easiest way to compensate this effect, is to add additional feedback 

capacitance at the point in the circuit that produces the initial roll off. As the EL2006 

has no internal compensation, external compensation has to be provided around the 

main gain stage of the amplifier. For this particular device, this is achieved between 

pins 2 and 3, and pin 4 and ground, as indicated in figure 3.28. Empirically, it was 

found that optimum compensation was obtained with a 1 0pF capacitor across pins 2 and 

3, along with a 33pF capacitor between pin 4 and ground. 

3.4.4.1 Integrator Testing 

The resetable integrator detailed m figure 3 .28 was initially tested using reset and 

integration pulses developed using a Global Specialties™ 4001 pulse generator and 

monostable multivibrator network, as shown in figure 3.29. The advantage of these 

useful integrated circuits is that when the output is forced to the other state by an input 

pulse, it will return to the original state after a time delay determined by the capacitor 

value and circuit parameters. 
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4 4 

reset 
A1 A1 

3 7 3 7 
Figure 3.28 

ov ov 

Figure 3.29 Resetable integrator test circuit. 
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The circuit, implemented usmg Texas Instruments™ 74121N precision 

monostable multivibrators, is triggered on the trailing edge of a 20µs duration TTL 

signal developed by the pulse generator. This pulse also resets the resetable integrator 

by closing the CMOS analogue switches across the integration capacitor Cr, as shown in 

figure 3.28. The output of triggered IC1 is then held positive for a time period of 33µs, 

determined by 0.7R1C1, before the trailing edge of this signal triggers IC2, which 

produces a TTL output pulse of 126µs duration. It is this signal which is passed to the 

input of the resetable integrator, in a similar manner to the timing circuitry described in 

§3.5. The test pulses developed, and the real-time integrator output are shown in figure 

3.30. The uppermost trace is the reset signal, the middle response is the data to be 

integrated and the bottom response is the output of the resetable integrator. 
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Figure 3.30 Resetable integrator test measurements. 

It is clear from figure 3.30 that the output of the resetable integrator performs 

correctly, with the output falling with a constant slope over the duration of the pulsed 

input. As discussed in §3.4.4, the output offset voltage was nulled by fine adjustment of 

the 20kQ potentiometer shown in figure 3.28. Consequently, at the end of the 

integration period, the observed integrator output voltage remains essentially constant. 

Further measurements were also taken over extended timescales in order to ensure that 

the output of the integrator did not suffer any form of residual drift. From figure 3.30, 

the final integrated level is found to be very close to an eighth of the magnitude of the 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 3 Dispersion Pulsed Field Magnetometer 3.35 

input signal. On solving equation 3.20, the final value of the integrated output may be 

calculated from equation 3 .21, 

(3.21) 

where 1i,uise is the input pulse width. With the integrator time constant•;= R,0 Cr fixed at 

lO00µs, a TTL level 4.12V 126µs input pulse gives rise to a final output level of 

482mV, in good agreement with figure 3.30. 

To complete the detection circuitry described in §3.4, a further amplification 

stage was made available at the output of the resetable integrator for lower moment 

dispersion samples. The amplifier was configured using a Burr-Brown® OPA37 

operational amplifier with a voltage gain of 16, similar to that detailed in figure 3.26. 

3.5 Digital Timing 

The digital timing board provides control signals for both the MOSFET current driver 

described in §3 .3 .2.1, and the resetable integrator outlined in §3 .4.4. The circuit 

develops three single-shot TTL signal levels, as shown in figure 3 .31. 

system on 7~----------------~' 
integrator 

reset 

field pulse 

Figure 3.31 TTL signals developed by the digital control board. 

When a pulsed field is required, the system activation button is pressed and the 

uppermost pulse initialises the system. From figure 3.5, this signal controls the constant 

current source transistor T3• At the same point in time, a pulse of duration t1 is executed 

to reset the resetable integrator by closing the CMOS analogue switches across the 
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integration capacitor Cr, as indicated in figure 3.28. After a further short delay~, which 

allows the integrator to settle into a steady state condition, the third indicated pulse t3 is 

initialised which controls the duration of the field pulse, i.e. switches the gate signal of 

transistor Tt> as shown in figure 3.5. Finally, after time period t4 the system activation 

pulse returns high, and the constant current source transistor T3 is turned off. A system 

diagram of the digital timing board is shown in figure 3.32. 

t,ti ~ t, 
I 11 I I 

----r.::1--- source pulse 

~ reset integrate r 

~ field p u I se 
I I I I I 

Figure 3.32 System diagram of digital control board. 

The digital controller is designed as a synchronous state machine with the timing 

performed using a pre-loaded countdown counter implemented using a logic device 

programmed with P ALASM™, a programmable array logic assembler, thoroughly 

documented for this application by (Hancock 1995). The counter is clocked at 1MHz 

using an IQD™ IQX0-1 00C quartz oscillator module, giving a system time resolution of 

1 µs. The numbers to be loaded into the counter determine the time segments t1 to t4, and 
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are stored in four separate Texas Instruments™ 74ALS574 octal flip-flops. Each time 

segment is selected by switching a combination of resistors before the data is latched 

through the register into an AMD™ P AL22Vl O digital counter. Specifically, the 

contents of the appropriate register are latched into the counter after an enable register 

signal (ENR) from the AMD™ MACHllO state machine. The countdown counter is 

triggered by an enable counter signal (ENC) from the state machine, which now counts 

down from its pre-loaded value to zero. When the counter reaches zero, a counter 

empty signal (CE) is passed back to the state machine which causes a progression to the 

next state. Consequently, each state produces an output which constitutes part of the 

timing signals. 

The numbers stored in the four 74ALS574 registers are loaded simultaneously 

on the rising edge of a debounced load pulse, which is fed into the clock input of the 

latches. The system activation pulse is also protected by a similar debounce circuit, 

implemented using 74ALSOO NAND gates, to prevent multiple triggering of the system. 

The time segment which controls the width of the field pulse t3 is simply selected by 

setting seven 4A rated switches on the front panel of the magnetometer, thus enabling 

field pulses of between 25µs and 130µs to be generated. The TTL level timing pulses 

obtained from the digital controller, measured on the Tektronix™ TDS640 oscilloscope, 

are shown in figure 3.33. 

'1t!l<Stopped: 61 Acquisitions 

tllll 2:00 V 

. .... . . .. . . .. . . . 
:source pulse 

Chl - Width 
471.Gµs 

Ch2 +Width 
110.0µs 

i 11 11 j 1 +++j-++++j-i-H-+-j Ch3 +Width 

: reset integrator 127 
.sµs 

. . 
: . _fielcl p_uls_e . 

m 

Figure 3.33 Measured TTL timing pulses obtained from the digital control board. 
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3.6 Concluding Remarks 

This chapter has detailed the design and development of a pulsed field magnetometer 

used to study the reversal processes of advanced metal particle dispersions. The results 

obtained from the instrument are presented in §4, with publications derived from the 

work included in Appendix A. The majority of the pulsed field measurements were 

performed during two separate visits to the laboratories of the industrial collaborators in 

this project, Imation Research Limited, Harlow, UK. Problems concerning safety, 

reliability and portability were addressed by securely mounting the components in a 

19inch racking enclosure. Photographs of the complete pulsed field magnetometer are 

shown in figures 3.34 and 3.35. 

Signal processing 
and timing circuitry - -ll:--i-............ 

under mumetal® 
shielding 

Field coil 
assembly 

Front of panel 

Capacitive 
energy bank 

Figure 3.34 Photograph of the interior of the pulsed field magnetometer. 

Pulsed field magnetometer 

l-EtT--~'f: 
i C I 

i;- --~E:;,._·•--=..::;...;J 

Figure 3.35 Photograph of the pulsed field magnetometer. 
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CHAPTER 4 Pulsed Field Measurements of Advanced Metal Particle Dispersions 

Pulsed Field Measurements of Advanced 

Metal Particle Dispersions 

4.1 Introduction 

4.1 

This chapter outlines the proving studies performed using the pulsed field magnetometer 

developed in §3. In this investigation, pulsed field measurements of a series of 

advanced metal particle pigment formulations are presented. Differences in chemical 

formulation and dispersion quality were monitored through pulsed remanence curves, 

and real-time imaging of the dynamic magnetisation. These findings are substantiated 

from further diverse magnetic and non-magnetic studies of the dispersion samples and 

their coatings. These include rheological and optical measurements, as well as standard 

magnetic characterisation of simple hand-spread tapes. A comprehensive pigment 

evaluation along with time dependence studies provide a full analysis of the dispersion 

process. 

This chapter also exammes the components and preparation of particulate 

recording media, along with an extensive review of the variety of characterisation 

techniques employed to ensure the production of a coated product with good magnetic 

and mechanical properties. 

4.2 Components of Particulate Media 

The most critical stage in the production of particulate media is the preparation of a 

homogenous and stable pigment dispersion (Mathur, et al. 1991). In addition to the 

wide range of pigments that have been developed in order to satisfy the requirements of 
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the recording industry, the diverse components also required to produce a good quality 

dispersion are outlined in this section. 

y-Fe2O3 pigments are still widely used materials for low-cost recording 

applications where medium to long access time is permissible. Acicular iron oxide 

particles have lengths typically 0.2µm to 0.8µm, with aspect ratios between 4: 1 and 

12:1. The coercivity is controlled by particle elongation, and is generally between 250 

Oe and 400 Oe, having a saturation magnetisation of around 75 emu g-1
• On coating, 

values of squareness up to 0.8 have been achieved providing reasonable resistance to 

demagnetising effects, and a useful output signal at lower densities. A full review of the 

preparation of y-Fe2O3 particles and other pigments for use as recording media is given 

by (Bate 1980). 

CrO2 pigments are popular in the manufacture of high quality audio and video 

tapes. The ferromagnetic particles are again acicular, with lengths typically of the order 

0.2µm to 0.5µm and aspect ratios between 10:1 and 15:1. The particles possess a bulk 

saturation magnetisation similar to that of y-Fe2O3, typically 73 emu g-1
, with 

coercivities in the range 400 Oe to 650 Oe. Excellent morphology allows squareness 

ratios of up to 0.9 to be realised, with a resulting higher output signal recovered from 

the tape. CrO2 particles are prepared from the hydrothermal reduction of CrO3 in 

pressurised and heated water (Swoboda, et al. 1961). 

Ferromagnetic metal particle (MP) pigments are currently used for high density 

data storage, where a high magnetic moment and coercivity are required. These 

particles consist of an iron metal core surrounded by a passivating oxide layer that 

prevents corrosion with the atmosphere, dispersants, and binders. Particles are obtained 

from iron oxyhydroxide, by reduction with hydrogen. The particles are coated with a 

number of anti-oxidising and anti-sintering agents and are partially oxidised to provide 

chemical stability. The process provides very small uniform particles which allows for 

the addition of cobalt, added via its hydroxide at the precipitation stage. The presence 

of cobalt serves to increase the magnetisation of the particles, along with improving 

corrosion resistance (Kisomoto, et al. 1991) and morphology (Okamoto, et al. 1996). 

For the latest MP technology, various oxides of aluminium and yttrium are also 

deposited in the passivation layer to improve their chemical stability (Morales, et al. 

1998). Consequently, the passivation layer can be smaller, hence a greater volume of 
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the particle contributes to the recorded signal. Typical values of bulk saturation 

magnetisation are in the range 130 to 190 emu g-1
, with coercivities between 1000 Oe 

and 2800 Qe_ Particle lengths for advanced media are typically 0.06µm to 0.1 µm. 

Innovations such as the 100MB iomega zip™ disk, the 120MB Imation SuperDisk™, 

and the 200MB Sony HiFD™ disk are all based on advanced metal particle technology. 

As well as the magnetic pigment, the role of the non-magnetic components in a 

dispersion are just as significant. Dispersants, which are also known as wetting agents 

are used to improve the uniformity of the dispersion. They separate particle 

agglomerates which are formed primarily by Van der Waals attraction between 

particles. The type of dispersant is chosen such that it bonds readily with the particle 

surface, allowing the solvent to wet the pigment. 

Binders, also known as resins, are of prime importance as they ensure that a 

strong, durable, and well-dispersed magnetic coating is bound to the substrate. The 

binder must exhibit high wear resistance and flexibility, combined with long term 

chemical and physical stability. Formulations of polyurethane resins provide elasticity, 

whilst vinyls supply strength and durability. 

Various solvents are used in the preparation of dispersions. The main function 

of the solvent is to dissolve the binder into which the magnetic pigment is dispersed, 

whilst the evaporation rate of the solvent is critical to both the coating and orientation 

processes. In a commercial dispersion, a number of solvents are used, which evaporate 

at rates controlled by their differing boiling points. Typical solvents include Methyl 

ethyl ketone, Methyl isobutyl ketone, Cyclohexanone, and Toluene. 

Abrasive agents are added to clean the surface of the recording transducer. The 

build-up of debris and tape particles can adversely affect the performance of the 

recording system, and abrasives such as aluminium oxide help to prevent this. These 

particles are of similar size to the magnetic pigment, between 0.4µm and 0.6µm, and are 

added to the dispersion at the milling stage. 

Anti-static agents are included to prevent the build up of large electrostatic 

charges which may occur during recording or playback. These electrostatic charges 

attract airborne particles to the tape, causing drop-outs, noise, and tape stacking 

problems. The most popular anti-static agent is carbon black, which also acts as a tape 

lubricant. 
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Finally, cross-linking agents are used to improve the mechanical properties of 

the tape, providing increased resistance to adverse thermal and humidity effects. 

Typical chemical cross-linking agents are poly functional isocyanates. 

The substrate or web is the backing layer onto which the dispersion is coated, the 

properties of which are critical to the quality of the recording media. The substrate must 

have good mechanical properties, high wear resistance, and smooth surface 

characteristics. A common substrate being polyethylene terephthalate. Typically, a 

finished substrate will have a thickness in the region of Sµm to 30µm. 

4.3 Preparation of Media 

The principles of dispersing and coating particulates, which originated in the paint 

industry, have been borrowed heavily by the manufacturers of flexible recording media. 

In this section, the processing and production of particulate media is described. In order 

to produce a uniform and robust magnetic coating, with the desired thickness and 

surface properties, the magnetic particles must be well-dispersed in a binder, solvent, 

and dispersant formulation (Mee, et al. 1987). Other additives such as lubricants, anti

static agents and fillers are included to improve mechanical durability (O'Grady, et al. 

1991 ). The dispersion is then coated onto a substrate, whilst allowing the particles to 

align and dry to an orienting field in order to improve the recording performance of the 

medium (McCary 1971 ). The preparation of dispersions can be separated into a number 

of stages, each of which influences the quality of the final product. Likewise, other 

processes after dispersion production, such as coating, orientation, and calendering have 

a significant effect on the quality of the media, and are equally discussed. 

4.3.1 Premixing 

The first stage of the dispersion process is the premix. Premixing combines together the 

individual components of the dispersion, allowing the dispersant to coat the surface of 

the pigment to prevent agglomeration. In the first stage of the process, the pigment is 

preworked in a water-cooled kneader or sawtooth mixer to form a high viscosity paste, 

thus ensuring high shear. During preworking, the mixing vessel is sealed, and the paste 

milled under an inert gas to prevent ignition of the pyrophoric metal particles. The 
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second stage of the process involves the gradual addition of solvents and binders to the 

vessel to maintain optimum shear. The mix is then blended for several hours, whilst 

carefully monitoring the solids ratio and viscosity to check solvent loss. After 

premixing, the dispersion may be allowed to stand for a short period to enhance pigment 

wetting. 

4.3.2 Milling 

The purpose of milling is to disperse the particles in order to produce a homogenous 

dispersion for coating. The high shear process is provided by rotation of the dispersion 

in a bead mill, as shown in figure 4.1. The mill consists of a series of pegs fixed along 

the length of a shaft which rotates at several thousand revolutions per minute in a 

chamber filled with ceramic beads. The beads generate large tear forces to break down 

agglomerates and structures. In large-scale production, the dispersion will pass through 

several different mills during the manufacturing process. For small batches, a single 

mill may be used with the dispersion recirculated by pumping. The milling process is 

highly energetic, and the chamber is water-cooled to prevent solvent evaporation. 

dispersion in water inlet 

out 

with beads 

water outlet 

Figure 4.1 Schematic diagram of a high shear bead mill. 

4.3.3 Letdown 

At the end of the milling stage, the viscosity of the dispersion is too high for coating. 

The letdown involves the careful addition of solvents and binders to achieve a suitable 

coating viscosity, typically 50% of that during milling. The delicate process is 
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undertaken in several stages in the high shear environment of the mill in order to 

prevent flocculation of the particles. Despite these precautions, flocculates, 

agglomerates, and other debris which can be inadvertently synthesised in the dispersion, 

may be removed by series filtering. 

4.3.4 Activation and Coating 

The final process before coating is to activate the dispersion to provide cross-linking of 

the resin system. The cross-linking process bonds long chains of resins together, to 

afford a coated tape product with increased mechanical durability and enhanced 

resistance to temperature and humidity effects. 

There are several methods of coating the dispersion onto a substrate which are 

described clearly by (Mee, et al. 1987). Essentially, the techniques are similar, in that a 

cylindrical roll is used to pick-up the dispersion from a bath or pressure-fed nozzle, 

before depositing a uniform coating onto the substrate passing between a knife-blade or 

secondary coating roll. The thickness of the coating is approximately 6 to 10 times as 

thick as the dry coating, and is controlled by a combination of roll separation, coating 

viscosity and velocity. In a production environment, automated coaters manage 

substrates as thin as 6µm, as wide as 1.5m, at coating speeds in excess of 5m s-1
• 

4.3.5 Orientation and Calendering 

Directly after coating, unless an isotropic media is required as is the case for flexible 

disks, a magnetic field parallel to the coating direction is applied to orientate the 

particles. The process of orientation improves the recording properties of the media, by 

increasing the remanent magnetisation and signal to noise ratio (Chantrell, et al. 1992). 

One of the most popular longitudinal orientation processes consists of a pair of opposing 

permanent magnets followed by a solenoid (Sumiya, et al. 1983). The orienting fields 

produced by the permanent magnets are of equal magnitude and opposite sign, thus 

cancelling any residual field outside of the orienting system. The additional solenoid is 

adjusted to compensate for insufficient cancellation of fields which may oppose the 

alignment field. This is critical, as even small fields may alter particle alignment. The 

web is then allowed to dry in a controlled manner inside the enclosed atmosphere of an 
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oven in order to recover solvent vapours. The final stage of manufacture involves 

slitting the tape with rotating knife blades and winding onto spools. 

4.4 Characterisation of Dispersions 

A magnetic suspension in its liquid form is a very complex material, with a number of 

different forces acting between the particles. Attractive forces within a dispersion arise 

from both Van der Waals attraction and dipolar interactions; the repulsive forces 

between particles are due to steric repulsion and electrostatic interactions. Full 

analytical expressions for these forces can be found in the review paper by (Mathur, et 

al. 1991). It has been found by the same author, that the dominating forces acting 

within a dispersion are the long-range dipolar attraction and the short-range steric 

repulsion. The stability and quality of a dispersion is therefore controlled by balancing 

these forces, and as a result, recent studies have been undertaken to model these 

interactions. A series of molecular dynamic (MD) models of acicular particles under 

varying shear conditions have been developed in order to study dispersion 

microstructure (Coverdale, et al. 1993) (Deymier, et al. 1994) (Gunal, et al. 1996). 

More recently, a cluster analysis algorithm based upon maximisation of the entropy of 

the system, has provided an alternative approach for characterisation of dispersion 

microstructure (Coverdale, et al. 1998). 

4.4.1 Magnetisation Processes in Dispersions 

In order to outline the reversal processes in dispersions, it is worth considering some of 

the possible states of a dispersion, which are illustrated schematically in figure 4.2. 

single particles aggregates agglomerates flocculates 

Figure 4.2 Microstructure of a dispersion. 
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Generally, the microstructure contains particles in four configurations. Firstly, there are 

dispersed single particles which can easily align to an external field, producing a tape 

with a maximum remanence. Secondly aggregates are formed, which are tightly bound 

clusters of unwetted single particles unlikely to be broken down by milling due to the 

large Van der Waals forces involved. Agglomerates are more loosely bound structures 

of wetted single particles and aggregates. These are predominately formed as networks 

in the dry pigment, but may be separated during milling. Finally, flocculation of the 

particles can sometimes occur if steric repulsive forces are sufficient. 

Studies of metal particle systems have found that there are three main processes 

which contribute to magnetisation reversal in dispersions (Greaves, et al. 1996a). At 

low fields there is a localised deformation of the flocculates as they acquire a net 

moment. As the field increases, single particles and small aggregates are able to rotate 

into the applied field direction. These processes of mechanical orientation are generally 

reversible, with considerable relaxation effects taking place after removal of the applied 

field. For dispersions containing large aggregates, the couple due to the field is too 

small to allow them to rotate, and Neel switching of the magnetic moments is observed 

with increasing field. This is an irreversible process with no observed time or rate

dependent effects. In real systems there is a distribution of aggregate sizes and both 

processes are observed. Therefore, standard measurements of dispersions are difficult to 

resolve as the magnetic field alters the microstructure. 

4.4.2 Magnetic Characterisation of Dispersions 

The production of high quality particulate media is only possible if the suspension of 

magnetic particles used to coat the substrate is well-dispersed. The quality of a 

dispersion is assessed by the number and type of agglomerates, while the stability is 

measured by the formation of flocculates or agglomerates as a function of time (Mathur, 

et al. 1991). Several magnetic techniques have been used to study both the quality and 

stability of dispersions. However, the high magnetic volume fraction gives rise to a 

strongly interacting dynamic system, which yields results that are difficult to interpret 

and often not reproducible, as the application of a magnetic field alters the dispersion 

microstructure (O'Grady, et al. 1991). 
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The properties of wet, frozen, and oriented y-Fe2O3 dispersions have been 

studied using a VSM (Fisher, et al. 1982). The effects of milling, formulation, and 

viscosity on the dispersion and the final coated product were compared through standard 

measurements of He, Her, M/Ms, and s·. Dispersion stability was also determined by 

measuring time dependence as a function of DC field. Good correlation between the 

magnetic properties of the oriented frozen dispersion and the coating was observed, 

suggesting that this technique could be performed to forecast the quality of the finished 

product from the dispersion attributes. More recently, by using low temperature 

magnetometry to effectively limit particle rotation, studies of BaFe media have been 

undertaken (Greaves, et al. 1996b ). The interactions in the dispersion were studied 

using the well-established 8M technique (Kelly, et al. 1989), as a function of milling. 

Hysteresis measurements of samples cooled to 77K in a 1 0kOe orienting field revealed 

a monotonic increase in M/Ms with milling, resulting from the greater mobility of 

particles able to rotate in the DC field. From 8M measurements, a decrease in 

interactions was noted, resulting from the weakening in stacks of particles as the milling 

process continued. 

Studies which invoke mechanical shear to a dispersion during a magnetic 

measurement have been found to destroy particle networks and structures, which 

simplifies the interpretation of results. By using a VSM constructed with a vertical 

solenoid (Scholten, et al. 1990a), measurements were performed on CrO2 samples 

sheared at 1 0os·1 between the walls of a cylindrical viscometer. Samples of dispersion 

were subjected to increasing DC fields to measure the initial magnetisation curves for 

both sheared and unsheared samples. The unsheared sample exhibits a steep increase in 

magnetisation at low fields which is due to particle rotation. By comparing the ratio of 

the two responses, the proportion of the particles that are free to rotate can be gained, 

and hence an indication of dispersion quality. The dynamic properties of the suspension 

were studied in AC magnetic fields. The most interesting aspect is the frequency 

dependence of the initial susceptibility in freshly prepared and aged samples. This work 

was extended to include Co-y-Fe2O3 dispersions during stages of milling, letdown, and 

ageing (Balkenende 1994). The interpretation of these results led to a model of low 

field magnetisation processes to be developed from Langevin behaviour. This technique 

was further extended to cover MP dispersions (Veitch, et al. 1994). The shear cell was 
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improved to give a maximum shear of approximately 12000s·1 in a field of 4.8kOe. 

Again, results obtained from this magnetometer correlated well with the orientation of 

resulting tapes and revealed that metal particle formulations can be dispersed to single 

particles by kneading in an appropriate dispersant. 

Measuring the DC magnetic field response of 1'1P media in the form of 

isothermal remanence curves (Mayo, et al. 1992), and DC demagnetisation remanence 

curves (Mayo, et al. 1993a), as described in §2.6.2.2, again reveals information 

concerning the dispersion quality. Theoretical interpretation of the data using a 

Brownian motion relaxation model has been used to estimate the mean aggregate size of 

the particle networks in the dispersion. This work has been continued to clarify the 

magnetisation processes and microstructure in metal particle dispersions (Greaves, et al. 

1996a). 

The study of transverse susceptibility has been found to be a useful technique for 

the quality assessment of CrO2 dispersions (Sollis, et al. 1993). The procedure involves 

the application of a small AC field, typically 3 Oe at 1 0kHz, situated perpendicular to a 

large DC bias field, with the transverse susceptibility Xt measured in the AC field 

direction. Tape samples oriented to the AC field have been found to exhibit a strong 

peak around the anisotropy field HK (Sollis, et al. 1992), however, well-dispersed 

suspensions are able to align to the DC field and the peak is reduced. Thus, by 

monitoring the linearity of a plot of 1/Xt for a field reduction from high field gives a 

measure of particle alignment, and hence dispersion quality. This work was extended to 

correlate remanence curve data, time dependence studies, shear magnetometry, and 

neutron depolarisation studies with transverse susceptibility measurements of CrO2 

dispersions (Mayo, et al. 1993b). An associated technique known as DIMAG 

(Dlspersion by MAGnetic measurement) has been used successfully to assess the 

quality of 1'1P dispersions (Jung, et al. 1992), and Co-y-Fe2O3 dispersions (Jung, et al. 

1993), by comparison with standard measurements of hand-spread coatings. In this 

procedure, a dispersion sample initially subjected to a 60 Oe AC field, is then exposed 

to a perpendicular DC bias of up to 840 Oe for a short duration. During the application 

and removal of DC field, the amplitude and phase response is related directly to the 

dispersion quality. 
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A major focus of study in Bangor has been the development of pulsed field 

magnetometry in order to study reversal mechanisms of dispersions. The technique 

involves precluding particle rotation by applying short duration magnetic fields to the 

sample. This approach was first established in 1975 to investigate the dynamic 

magnetisation properties of ferrofluids (Bogardus, et al. 1975). Using a Velonex™ 360 

pulse generator connected to a drive coil, pulsed magnetic fields between lµs and 3ms 

could be selected with a maximum field of lkOe. The magnetisation of the sample was 

determined from the time integral of the signal from a pair of opposed sense coils. Over 

wide timescales, these workers observed both particle rotation and Neel switching in 

commercial ferrofluids, using the terms of 'slow' and 'fast' decay of magnetisation 

reversal, as described in §4.5. On fitting an exponential term to the magnetisation 

decay, and using a simple particle rotation model developed by (Janak 1971), an 

estimation of the 'particle size' could be made. 

Recently this topic has been revisited for the characterisation of recording media. 

Studies of y-Fe2O3 and CrO2 dispersions have been performed using a purpose-built 

magnetometer capable of generating field pulses up to 1270 Oe, with pulse widths from 

4µs to 127µs (Hancock, et al. 1996) (Greaves, et al. 1996c). These studies found that 

for pulsed fields of less than 1 0Oµs duration, particle rotation appeared to be eliminated 

to give a useful assessment of dispersion quality, in agreement with low temperature 

measurements and studies of simple hand-spread coatings. This work has been 

extended for metal particle dispersions, with the development a pulsed field system 

capable of producing magnetic fields of up to 4.7kOe, as described in §3 . In agreement 

with (Greaves, et al. 1997), pulsed field studies of MP dispersions have revealed that 

particle rotation can occur in response to pulsed fields of less than 1 00µs length. By 

comparison with standard measurements of the coated tape, differences in chemical 

formulation and dispersion quality could be monitored through pulsed remanence 

curves. 

4.4.3 Non-magnetic Techniques 

Typical non-magnetic measurements of dispersions include techniques based on optical 

microscopy and rheological studies. Optical microscopy is a powerful qualitative tool 

for studying the uniformity and surface properties of coatings. One of the most widely 
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used optical techniques in the media industry is the measure of gloss. Gloss is a term 

used to describe the intensity of light specularly reflected at a fixed angle from the plane 

of a magnetic coating. With this simple technique, higher gloss values are obtained 

when particles are well-dispersed with milling, whilst a dispersion containing a large 

number of structures will have a reduced reflectivity (J akusch 1987). The disadvantage 

of this approach is that only the surface of the media is probed, which is influenced by 

the uniformity and reproducibility of the coating process. 

Other optical techniques have been developed usmg transmission electron 

microscopy (TEM) images of coated tapes (Scholten, et al. 1990b), and also rapidly 

frozen BaFe dispersions (Potanin, et al. 1997). These studies provide a representation of 

the dispersion microstructure at various stages of production. A completely non

invasive technique which measures the intensity of the small angle light scattering 

(SALS) from a suspension of sheared erythrocyte particles has been developed (Salem, 

et al. 1985). By relating the recorded SALS pattern to the alignment and orientation of 

the sheared suspension, an indication of the dispersion quality can be gained. Similar 

results have been obtained from static and dynamic light scattering measurements of 

various iron oxide particles (Chu, et al. 1987), and X-ray scattering of a series of 

magnetite ferrofluids (Anthore, et al. 1980). The disadvantage of these studies is that 

the dispersion must be highly dilute to allow transmission of light to a detector, whilst 

X-ray scattering is limited to small particles below 100nm. 

In addition to optical microscopy, the other popular technique used to 

characterise dispersions is rheology. The rheological properties of a magnetic 

suspension are complex, yet yield valuable information concerning the state of the 

dispersed particles to give a measure of the dispersion quality. In fact, the behaviour of 

magnetic dispersions is similar to non-magnetic systems (Smith, et al. 1979). 

A rheogram is a plot of shear stress against shear rate and is usually measured 

using a viscometer. The curve obtained provides several useful characteristics such as 

the yield point and viscosity which have been found to change considerably with milling 

(Dasgupta 1984). In this study, a measure of the viscosity of y-Fe20 3 dispersions 

obtained from a low shear viscometer, was extrapolated to approach the high shear 

environment of the mill, and was found to correlate well with measurements of M/Ms, 

orientation ratio, and SFD of hand-spread coatings. A similar study from extrapolated 
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rheograms of y-Fe2O3 and CrO2 suspensions has yielded useful results in regard to 

optimum mill times and dispersion microstructure (Kuin 1987). 

Recently, a novel rheomagnetic technique has been developed for studying the 

concentration and orientation of dispersions (Kwon, et al. 1992). This on-line 

measurement procedure has been used to continuously estimate the quality of y-Fe2O3 

and BaFe dispersions prior to coating. Essentially, the system consists of a flow cell 

connecting a large tube to a narrow one. In the large tube the dispersion flow is 

quiescent, and the orientation of the particles is random. As the flow passes to the 

narrow tube, the particles are oriented by the flow, and the permeability of the 

suspension becomes anisotropic. The change in permeability is detected by measuring 

the change in inductance across the cell. Consequently, a dispersion can be 

characterised through the interpretation of inductance against flow rate to yield useful 

results. Similarly, the use of such an instrument has provided an indirect measure of 

dispersion quality for spin-coating of particulate rigid disks (Shah, et al. 1992). 

4.5 Pulsed Field Measurements 

Exposing a dispersion to DC field will invoke a combination of both particle rotation 

and Neel switching, which is dependent upon the microstructure and suspension 

viscosity (O'Grady, et al. 1991). Accordingly, pulsed magnetic fields provide an 

indication of the state of a dispersion without field induced aggregation of the particles. 

Indeed, for both y-Fe2O3 and CrO2 formulations, a short duration pulse of typically 

1 00µs has been found to effectively 'freeze' the dispersion, whilst still lasting long 

enough to initiate Neel switching of the magnetisation (Hancock, et al. 1996). For MP 

dispersions, some degree of mechanical orientation is observed due to the large torque 

acting upon dispersed particles with high magnetisation (Prichard, et al. 1998), as 

included in Appendix A. 

Pulsed field studies allow the dynamic reversal properties of dispersions to be 

monitored, therefore, alignment and relaxation processes can be observed in real-time. 

The first study of this kind was initiated by (Bogardus, et al. 197 5), for formulations of 

spherical Fe3O4 particles. Figure 4.3 indicates the dynamic magnetisation response of 

three different ferro fluid formulations to a 400 Oe pulsed field of 200µs duration. After 

the applied field is removed, two distinct relaxation mechanisms are observed. The 
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magnetisation is characterised primarily by a fast decay occurring in less than 1 µs, 

together with a slow decline that can be as long as lms. From additional measurements 

of frozen ferrofluids, the authors concluded that the 'fast' component of reversal was 

due to magnetisation switching within the particle, whilst bulk particle rotation 

characterised the 'slow' relaxation. 

Figure 4.3 Waveforms of magnetisation against time for three water-based ferrofluids 

of 200, 400, and 600 gauss saturation moment, in response to a pulsed field of 400 Oe. 

More recently, pulsed field studies have been used to provide an assessment of 

dispersion quality in the manufacture of particulate recording media (Hancock 1995). 

In this study, a magnetometer capable of producing pulses between 10 Oe and 1270 Oe, 

with selectable pulse widths from 4µs to 127µs was used to study the reversal 

mechanisms of y-Fe2O3 and CrO2 dispersions. Figure 4.4 shows the magnetisation 

response of a y-Fe2O3 dispersion after one hour of milling (Hancock, et al. 1996). It is 

observed that the magnetisation closely follows the field pulse, consistent with the 'fast' 

reversal reported by (Bogardus, et al. 1975). Hancock et al concluded that over short 

timescales, particle rotation was precluded, providing a means of monitoring differences 

in chemical formulation and dispersion quality through pulsed remanence curves, as 

described in §4.5.1. 

This work has been extended for advanced MP technology using a combination 

of dynamic magnetisation studies, pulsed remanence curves, optical techniques, 

standard measurements of hand-spread coatings, pigment characterisation and time 
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dependence studies. Results from this comprehensive study are presented m the 

remaining sections of this chapter. 

Pulsed field (kOe) M/M5 (arb.) 
1r---------------, 

0.5 
0.5 

-50 0 50 100 150 

Time (µs) 

Figure 4.4 y-Fe2O3 dispersion response to an applied pulsed field of 800 Oe. 

4.5.1 Pulsed Remanence Curves 

Fundamentally, pulsed field measurements are performed as pulsed remanence curves, 

which are identical to conventional IRM studies, as described in §2.6.2.2. The 

measurement procedure is illustrated in figure 4.5. 

Pulsed field (kOe) M/M5 (arb.) 
5 ~~~~~~;;:----7 
4 (a) 1 

Pulsed field (kOe) M/M5 (arb.) 
~ ----------~ 0.6 

(b) 

3 
1 0.4 -2 0.5 0.5 

1 

o~-.w---...L_-~~~~o 

-50 0 50 100 150 200 
Time (µs) 

-50 0 50 100 150 200 
Time (µs) 

Figure 4.5 Pulsed measurement technique: (a) saturation pulse (b) remanence pulse. 

For each appropriate pulsed field H, the remanence Mr can be determined 

directly from the oscilloscope (b ). This is then compared to saturation level determined 

by applying a maximum pulsed field of 4.7kOe to the sample (a). The remanence ratio 

is given simply M/Ms (H). As IRM curves are measured from the demagnetised state, a 

fresh sample is used for each field pulse. The normalising parameter in the calculation 
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is the sample volume, which must be kept constant for each measurement. Also, in 

order to reduce demagnetising effects, the sample is enclosed in plastic tubing, with an 

axial ratio of around 8: 1. 

4.6 Dispersion and Milling Trial 

In order to relate the pulsed field characteristics of dispersions to the properties of the 

final coated product, a dispersion and milling trial was conducted in conjunction with 

the industrial collaborators in this project, Imation Research Limited, Harlow, UK. Two 

very similar magnetic formulations, termed samples #1 and #2, containing the same 

advanced MP pigment were prepared to form dispersions with a solids ratio of 40% by 

weight. The preparation of the dispersion samples is illustrated in figure 4.6. 

l 

Dispersant is dissolved in 
solvent for 10 mins in an 
ultrasonic bath. 

Premixing Addition of polymers 
( a ) D i s p e r s a n t and lubricants to form 
solution and pigment a b i n d e r. F i rs t 
for 20 mins at 500rpm dissolved on a rolling 
under N2. mill for 1 hour. 
(b) Addition of 
solvents, 40 mins at 
1500rpm. 

~ ~--

(c) Gradual addition 
of binder to mixture 
over 20 mins. Further 
40 mins mixing at 
1500rpm. 

Milling 
Total mi ll time is 8 hours, with 
samples drawn from the mill at 
hourly intervals. The mill operates 
at 4000rpm. After 7 hours, anti
static agents are added. 

Letdown 
Gradual addition of solvents over 
15 mins, to reduce viscosity to 
30cp. 

Figure 4.6 Preparation of MP dispersion samples used in this study. 
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The dispersions were composed of a proprietary blend of binders, solvents, 

dispersants, and lubricants similar to those found in any commercially available MP 

tape formulation. The only difference between the formulations was that one of the 

dispersing agents was not included in sample #2, leading to a poorer dispersion. 

Using similar procedures to those described in §4.3, the dispersions were 

initially premixed at high solids ratio in a Ross™ LDM-lQT double planetary mixer 

before being transferred to a Dispermat® SL504 high shear recirculating bead mill where 

the dispersion was milled to completion over 8 hours. The final dispersions were 

subsequently letdown to approximately 30% solids ratio and coated using a simple 

knide-blade coater with a separation of 70µm. The tapes were oriented using a pair of 

1000 Oe permanent magnets, and allowed to dry in a 400 Oe field, provided by an 

electromagnet, for 1 minute. During milling, wet samples drawn from the mill at 

hourly intervals were monitored using rheological measurements and analysis of hand

spread coating gloss, as discussed in §4.4.3. Dispersion samples were also taken for 

pulsed field analysis at various stages of milling and letdown, together with standard 

magnetic measurements of hand-spread coatings. 

4.6.1 Characterisation of MP Pigment 

As previously discussed in §4.6, the two dispersion samples analysed in this study were 

produced from the same advanced MP pigment. This section details the structure and 

properties of the pigment through a variety of techniques. Conventional bulk magnetic 

measurements including basic hysteretic information, along with studies of the 

switching behaviour determined by remanence curves is presented. The well

established 8M technique has been used to study the nature of interactions on reversal. 

Measurements of the time dependence of magnetisation were made using the 

method detailed in §2.5.2. The activation volume of reversal was determined and 

related to the physical particle volume from transmission electron microscopy (TEM) 

images, allowing an observation of the crystallite nature of the particles to be 

undertaken. 

Recently, studies have focused on the distribution of grain sizes in thin film 

media (Jones, et al. 1999). In order to explain, at least in part, the anomalously wide 
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switching field distribution observed in MP recording media, a comparable investigation 

has been performed. 

4.6.1.1 Basic Magnetic Characterisation 

AH the magnetic measurements reported in §4.6.1 were produced using a PAR 4500 

vibrating sample magnetometer. The MP pigment sample was prepared by packing the 

powder into a plastic tube such that the axial ratio was greater than 5: 1. In this way, the 

need to correct for sample shape demagnetising effects was eliminated. 

M/M5 (arb.) 

Applied field (kOe) 

Figure 4.7 Hysteresis loop for advanced MP pigment. 

The loop has a squareness of around 0.5, which is to be expected in single domain 

acicular particles where there is no preferential orientation of the particles, accordingly 

the easy axes are randomly distributed according to (Stoner and Wohlfarth 1948). The 

characteristics obtained from figure 4. 7 are shown in table 4.1 . 

He (Oe) 
M/Msa 
1-S* 
Ms (emu g·1y 
• M, = M at 1 0kOe 

MP pigment 
2040 
0.51 

0.589 
154.2 

Table 4.1 Hysteresis loop properties of dry pigment. 
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4.6.1.2 Remanence Curves 

Using the procedure described in §2.6.2.2, an IRM curve was measured as indicated in 

figure 4.8(a). The isothermal remanence M.(H) is obtained after the application and 

removal of a field H, with the sample initially demagnetised. Figure 4.8(b) shows the 

irr~versible susceptibility X;rr(H), obtained by differentiation of the IRM curve, as 

discussed in §2.6.2.3. 
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Figure 4.8 VSM measured IRM curve (a) and irreversible susceptibility (b) for 

pigment. 

From figure 4.8, the onset of Neel reversal occurs at approximately 1300 Oe, 

with the remanent coercivity He;, the peak of the susceptibility curve, equal to 2780 Oe. 

It is also interesting to note that some particles have apparent switching fields of over 

5k0e. Figure 4.9(a) indicates a DCD measurement, along with the appropriate 

irreversible susceptibility curve, as shown in figure 4.9(b ). 

Mi Md(cx:l) 
1 

0 .5 

0 

0
_
001 

X;rr (arb.) 

(a) 
0.0008 - A (b) 

■ ... 
■ 

0.0006 ■ 
■ ■ 
■ ■ 

0.0004 ■ ■ 
■ ■ 

-0.5 ■ ■ 

0.0002 ■ 

-1 

0 2 4 6 2 4 6 

Applied field (kOe) Applied field (kOe) 

Figure 4.9 VSM measured DCD curve (a) and irreversible susceptibility (b) for 

pigment. 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 4 Pulsed Field Measurements of Advanced Metal Particle Dispersions 4.20 

The DCD remanence MiH) is obtained from the saturation remanent state by the 

application of increasing demagnetising fields. Specifically, a small negative external 

field is applied to the sample, and then removed. The remanent magnetisation in zero 

field is then recorded in terms of reversing field. As with the IRM measurement, in 

order to negate the effects of time dependent magnetisation, care is taken to apply the 

external field for a constant period of time for each remanence measurement. From 

figure 4.9(a), the remanent coercivity Her, at the crossover point of the DCD curve is 

2620 Oe. 

From figures 4.8 and 4.9, parameters obtained from the remanence curves are 

summarised in table 4.2. The full width at half maximum (FWHM) provides an 

indication of the breadth of the switching field distribution. 

He, (Oe) FWHM (Oe) 
IRM" 2780 2030 
DCDb 2620 1990 
a M,(Hc;) = 0.5 X Mr(co) b M/Hc,) = 0 

Table 4.2 Remanence curve parameters for MP pigment. 

In the absence of many-body interaction effects, the switching field distributions 

obtained from the IRM and DCD curves would be identical (Wohlfarth 1958). Clearly, 

from figures 4.8(b) and 4.9(b) this is not the case. The peak of the DCD curve occurs at 

a lower field than in the IRM curve, indicating that it is easier for the system to be 

demagnetised rather than magnetised. In this case, this is termed a negative interaction, 

and could well be an indication of the effects of the strong dipolar interactions in the 

system, consistent with remanence studies of CrO2 pigments (Spratt, et al. 1987). 

It should be reiterated at this stage, that remanence measurements provide 

information on the irreversible Neel component of reversal only, whilst the pulsed 

remanence curves presented in §4.6.3 and §4.6.4 are due to a combination of reversible 

mechanical orientation of the particles together with Neel reversal. 

4.6.1.3 8M Studies 

In a densely packed system of fine particles, it is well known that interactions between 

the particles play a central role in determining the magnetic behaviour. To examine the 
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role of interactions, the 8M technique, as discussed in §2.6.2.4, provides a simple 

quantitative approach. The 8M curve obtained for the MP pigment sample in this 

investigation is shown in figure 4.10. It is clearly seen that a negative 8M parameter is 

observed over the entire field range, indicating that it is easier for the system to be 

demagnetised rather than magnetised, a negative interaction. The 8M curve is 

characterised by a rapid deviation at low fields continuing until a minimum is reached 

around the remanent coercivity. Finally, a gradual decay to linearity is noted at higher 

reversing fields. Qualitatively, this may be explained by considering the pigment to 

contain closed-loop particle configurations from dipolar interactions, which tend to 

stabilise the demagnetised state (Spratt, et al. 1988). 

oM (arb.) 

0 
• • 

-0.1 

"' -0.2 • • • 

-0.3 'V 
0 2 4 6 

Applied field (kOe) 

Figure 4.10 8M plot for MP pigment sample. 

The existence of negative interactions suggest that the vast majority of the 

particles are rapidly reversed in lower than expected fields . The mechanism for reversal 

is probably linked to the co-operative switching of 'random agglomerated' particles 

(Mayo, et al. 1990). Accordingly, long-range flux closure configurations are formed 

which may reverse more readily. 

4.6.1.4 Time Dependence Studies 

Time dependent effects occur in all magnetic materials that exhibit hysteresis, and are 

due to thermal activation of transitions over local energy barriers, as discussed in §2.5.2. 

Measurements of the time dependence of magnetisation were made using the method 

detailed by (Street, et al. 1949) and interpreted according to the framework of (Gaunt 
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1986). In this technique, it is assumed that the magnetisation varies linearly with ln(t). 

This assumption is only correct if the width of the energy barrier distribution is large 

(Aharoni 1985). In the case of the pigment in this study, due to the wide variation of 

switching fields present and the random orientation of the anisotropy axes, a near linear 

variation of magnetisation with ln(t) is expected, as shown in figure 4.11. However, on 

careful inspection of this decay, it is evident that the magnetisation is curved slightly 

downwards, which would be indicative of moments at a somewhat higher energy barrier 

relaxing and becoming involved in the time dependence process, as suggested by the 

work of ( el-Hilo, et al. 1993). 

M/M5 (arb.) 

0.04 
• • • • • ••••• 2087 Oe 

0.02 
• • • • • ••••• 2135 Oe 
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• • • • • •••••• 2184 Oe 

-0 .02 

• • • . . ······-· -0.04 -

2237 Oe 
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Figure 4.11 Variation of magnetisation with time at fields around the coercivity. 

Specifically, data is obtained in the second and third quadrants of the hysteresis 

loop by first saturating the sample in the first quadrant, reducing the field to zero, and 

then applying a constant negative field to the sample. Measurements of the 

magnetisation are plotted against ln(t), as discussed in §2.5.2.1. By evaluating this data 

using a least squares straight line fit, the value of the magnetic viscosity S is obtained, 

such that 

S=- dM 
dln(t) 

(4.1) 

Figure 4.12 shows the variation of the magnetic viscosity with field for the MP 

pigment sample. It is clearly seen that the coefficient S varies with the applied field in a 
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well-defined manner. In agreement with (O'Grady, et al. 1981) and (Uren, et al. 1988), 

the magnetic viscosity experiences a broad maximum at a field slightly greater than the 

coercivity. Clearly, if the coercivity is defined as the field required to reduce the 

magnetisation to zero, its value will depend on the time at which the zero crossing 

occurs. The position of the peak of -dM/dln(t) in figure 4.12 could be used as a 

definition of coercivity, but its position will depend upon the measurement time 

(Sharrock 1990). 

-S (arb.) 
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Figure 4.12 Variation of magnetic viscosity with applied field. 

Using the theory described in §2.5.2.2, the fluctuation field Hr, and the activation 

volume ofreversal u, can be obtained from the equations, 

(4.2) 

where the fluctuation field represents the effect of thermal energy on the magnetisation 

of the sample, and is determined from figures 4.12 and 4.9(b). The activation volume 

describes the volume of magnetic material which reverses coherently, and has been 

determined using HK= 6.5kOe (Igaki, et al. 1998) and Ms = 1500 emu cm·3 consistent 

with the thin oxide layer present and manufacturers data (Morales, et al. 1998). Using 

equation 4.2, the fluctuation field and activation volume as a function of field are shown 

in figures 4.13(a) and 4.13(b) respectively. 
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Figure 4.13 ( a) Fluctuation field and (b) activation volume of pigment with applied 

field. 

From figure 4.13( a), it is clear that a broad minimum of fluctuation field Hr is 

observed around the coercivity, in agreement with theoretical (Coverdale, et al. 1990) 

and experimental studies (de Witte, et al. 1993). Although, for compacted pigments of 

elongated particles, the morphology of the particles may present a larger Hr due to the 

switching process nucleating at the ends of the particle where demagnetising fields are 

stronger (Morales, et al. 1995). Clearly from figure 4.13(b ), the activation volume is 

also not independent of the applied field. Physically, this arises from the fact that the 

energy barrier to reversal is lowered by the applied field, and consequently larger 

particles may become involved in the time dependence process ( de Witte, et al. 1990). 

The peak of the activation volume occurs at approximately 9.4 x 10-18 cm3
• 

Accordingly, this activation volume of reversal can be related to the physical particle 

volume from TEM analysis, allowing an observation of the crystallite nature of the 

particles to be undertaken, as discussed presently in §4.6.1.5. Consequently, a study of 

the magnetisation reversal mechanisms occurring in the particles can be achieved. 

4.6.1.5 TEM Analysis 

Information regarding the dimensions and size distribution of the magnetic pigment 

used in this study can be investigated through Transmission Electron Microscopy 

(TEM). TEM sample grids were prepared from a highly dilute pigment and water 

suspension. Specifically, a small amount of pigment was dissolved in approximately 

20ml of water in an ultrasonic bath for 10 minutes, before coating the grids. The copper 
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TEM grids, evaporated with a layer of carbon to reduce static electricity build-up, were 

carefully drawn through a single bead of the suspension placed upon dental wax, before 

subsequent drying with a tissue. Microscope observations were made using a Philips™ 

EM301 TEM, an example of which is shown in figure 4.14. 

Figure 4.14 is a false greyscale image which was obtained by allocating different 

shades of grey to the of the original monochrome image. In this way, various features 

are more easily identified, for instance the surface passivation layer around the particles 

can be clearly noticed due to the different diffraction condition of the oxide. Dark and 

light zones are observed inside some of the particles which suggests that the particles 

consist of several crystallites. The best example of this can be seen in the particle in the 

upper right-hand portion of the figure. 

Figure 4.14 False greysacle TEM image of the magnetic pigment. 

The crystallite nature of the particles is further confirmed by determination of 

the size distribution using a Zeiss™ particle size analyser which uses an equivalent 

circle technique. The procedure involves matching the length of an individual particle 

from the TEM micrograph to an equivalent circle provided by an illuminated iris, which 

is logged in 1 of 48 measurement units or bins. The particle size analyser has been 

calibrated so that each bin corresponds to a established length, and by using the correct 

scale for the image, it is possible to obtain a size distribution. 
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Consistent with studies of thin film media (Jones, et al. 1999), the measured 

distribution of particle lengths which has been fitted by a lognormal function of the 

form 

(4.3) 

where L is the particle length, cr is the standard deviation of ln(L) with µ the mean 

value. Figure 4.15 shows the lognormal fit to the data, the median value of the 

distribution of particle lengths Dm, given by Dm = eµ, was found to be 94nm, with a 

standard deviation of 18nm. However, it must be noted that the orientation of the 

particles to the TEM grid can significantly influence the estimation of the size 

distribution. A true assessment of particle size can only be made if the particle length 

lies parallel to both the grid and electron beam, which from figure 4.14 is the case for 

the bulk of particles. Accordingly, for the particles studied with an axial ratio of 6: 1, the 

physical volume was calculated to be 4.8 x 10-17 cm3
• 

Probability function 

-Lognormal fit 
0.002 

0.001 -

Particle length (nm) 

Figure 4.15 Particle length distribution fitted with lognormal function for MP pigment. 

By comparison with the activation volume measured in §4.6.1.4, this suggests 

that there are between 4 and 5 crystallites within each particle, in agreement with figure 

4.14. These results are indicative of incoherent magnetisation reversal in the particles, 

which may account for a lower than expected coercivity (Chantrell, et al. 1992) and 

broad switching field distribution (Morales, et al. 1998) as observed in figure 4.8(b). 
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4.6.2 Dispersion Response to Pulsed Magnetic Fields 

The magnetic pigment studied in §4.6.1 was now used to prepare two dispersion 

samples using the procedure described in §4.6. The only difference between the 

formulations was that one of the dispersing agents was not included in sample #2, 

leading to a poorer dispersion. In order to examine the real-time response of the 

dispersions to pulsed magnetic fields, the output signal from the integrator stage is 

monitored using a Tektronix™ TDS640 digitising oscilloscope connected to a PC 

through an IEEE 488 interface bus. Figure 4.16 shows the dynamic magnetisation 

response of (a) dispersion #1 and (b) dispersion #2 to a 1200 Oe pulsed magnetic field 

of 1 00µs duration. 

The response of the well-dispersed sample #1 to this particular magnetic field 

pulse shows that there is a pronounced change in the magnetisation, even though the 

pulsed field is less than that required for Neel reversal as shown in figure 4.8(b). The 

most probable explanation for this phenomenon is that the particles have undergone a 

physical rotation into the field direction. This is a somewhat surprising result, as it was 

previously thought that measurements of this type, over such small timescales, would 

effectively ' freeze' the mechanical orientation of the particles and allow only the Neel 

reversal of the dispersion to be tracked, as indicated in figure 4.4 (Hancock, et al. 1996). 

Pulsed field (kOe) M/Ms (arb.) 
,--------------, 0.6 

Pulsed field (kOe) M/Ms (arb.) 
,------------~ 0.6 

(a) 

0.4 

0.5 

0 

-50 0 50 100 150 200 -50 0 50 100 150 200 

Time (µs) Time (µs) 

Figure 4.16 Dispersion (a) #1 and (b) #2 response to a 1200 Oe pulsed field of l00µs 

duration after one hour of milling. 

The evidence for mechanical orientation of the particles in sample #1 is 

substantiated by the magnitude of the remanence. If the increase in magnetisation 

during the field pulse (i.e. O➔lOOµs) were due solely to reversible rather than 
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irreversible changes, the magnetisation beyond the 1 00µs point would very rapidly relax 

and return to zero in a few microseconds. This is clearly the case for the poorly 

dispersed sample #2, figure 4. l 6(b ), as the mechanical torque on the aggregates is too 

small to allow physical rotation. Further confirmation of the mechanical orientation of 

dispersed particles is given in figure 4.17. The magnetisation response of (a) sample #1 

and (b) sample #2 to a saturating field pulse of 4750 Oe and l00µs duration is 

presented. 

The response of the well-dispersed sample #1 (a) exhibits three distinct 

magnetisation processes. During the growth of the pulsed field, there is an observed lag 

and deformation of the response which may be due to distortion of flocculates and 

networks as they acquire a net moment (Greaves, et al. 1996a). For the duration of the 

field pulse, a combination of mechanical orientation and Neel reversal is tracked as the 

field pulse is of sufficient magnitude to switch the particles and agglomerates, in 

agreement with (Bogardus, et al. 1975). The combination of particle rotation and Neel 

switching is confirmed as the value of the remanence is slightly greater than the 

expected value of 0.5 for a system with randomly orientated easy axes (Stoner and 

Wohlfarth 1948). During relaxation, after the field pulse is removed, mechanical 

orientation is observed as the principal reversal mechanism. 

Pulsed field (kOe) M/M5 (arb.) Pulsed field (kOe) M/M5 (arb.) 

5 
(a) 

. 1 5 
(b) 

4 . 4 

3 3 
0.5 . 0.5 

2 2 

1 1 

O Mi•lkf-----___:~~~H O O ~..,_M------~....,."""°"'~ 0 

-50 0 50 100 150 200 -50 0 50 100 150 200 

Time (µs) Time (µs) 

Figure 4.17 Dispersion (a) #1 and (b) #2 response to a 4750 Oe pulsed field of l00µs 

duration after one hour of milling. 

The poorly dispersed sample #2 (b) is characterised by predominately Neel 

reversal as the magnetisation closely follows the field pulse profile (Greaves, et al. 

1997). Although, there is evidence of particle rotation during relaxation, with a more 
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gradual decay noted between approximately 11 0µs and 130µs. Further evidence for 

Neel reversal is given as the value of the remanence is below 0.5 indicating that the 

pulsed field is not fully saturating the dispersion, in agreement with figure 4.8(b ). The 

distinct difference between the reversal mechanisms of the dispersions is further 

confirmed by studies of dispersion relaxation as discussed presently in §4.6.2.1, and 

pulsed remanence measurements presented in §4.6.4. 

4.6.2.1 Relaxation Characteristics 

Figure 4.18 shows the magnetisation relaxation of dispersions #1 and #2 after the 

removal of a 3680 Oe pulsed field of 1 00µs duration after eight hours of milling. The 

red trace represents a first order exponential fit to the experimental decay using a non

linear least squares Levenberg-Marquardt algorithm. 

M/M5 (arb.) 
. 1 ~-----------~ 

(a) 

0.8 

0.6 . 

Time (µs) 

0.8 

0.6 

0.4 

M/M5 (arb.) 

(b) 

Time (µs) 

Figure 4.18 Sample ( a) #1 and (b) #2 relaxation after the removal of a 1 00µs duration 

3680 Oe pulsed field after 8 hours of milling. 

From figure 4.18, the step change in field causes the magnetisation to approach its new 

value at a rate which decays exponentially with time, as indicated in equation 4.4, 

m(t) = m(0) exp( ~t) (4.4) 

where m(0) is the initial magnetisation before removal of the field and m(t) is the 

magnetisation at any time t. 't is a relaxation time which describes how rapidly the 
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magnetisation approaches its final value. For a pulsed field of 3680 Oe, the relaxation 

coefficient -r of the dispersion will incorporate a combination of Arrhenius-Neel 

relaxation, as described in §2.5.2, and Brownian motion relaxation 1:8 (Debye 1929), 

(4.5) 

where V is the particle volume, ri is the carrier viscosity, and the product kT is the 

thermal energy. The exponential form of the Arrhenius-Neel law generally leads to a 

shorter relaxation time than that obtained from equation 4.5. The transition from 

dominant Neel to dominant Brownian relaxation depends on the particle volume 

(Popplewell, et al. 1990), and hence dispersion quality. As a result, a longer relaxation 

time would tend to indicate a dispersion consisting of well-dispersed particles, in 

agreement with sample #1, figure 4.18(a). The poorly dispersed sample #2 displays a 

much shorter relaxation, indicating predominately Neel reversal (b). 

The measured relaxation time is the time taken for the magnetisation to fall to 

36.8% of its original value from the fit to the experimental data, which for sample #1 

was found to be 22.15µs, and for sample #2 10.15µs, as presented in table 4.3. 

Sample 
#1 1 hour 
#1 4 hour 
#1 8 hour 

#2 1 hour 
#2 8 hour 

1:3680 Oe (µS) 
14.31 
20.96 
22.15 

9.48 
10.15 

Tl (cp) 
36 
34 
34 

48 
34 

Table 4.3 Relaxation times and milling viscosity of dispersion samples. 

From table 4.3, the relaxation time of both dispersions is seen to increase with milling 

consistent with the break up of structures. It is worth reiterating at this stage that the 

relaxation of the dispersion magnetisation for both samples #1 and #2 is achieved 

through a combination of Neel reversal and particle rotation, and accordingly the 

measured relaxation time serves purely as an indication of the predominate reversal 
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mechanism present. Similarly, this is the case for further pulsed field studies presented 

in §4.6.3 and §4.6.4. 

4.6.3 Variation of Pulse Width 

Note: For results presented in §4.6.3 and §4.6.4, the markers represent actual 

data points, whilst the connecting lines are included only as a guide to the eye. 

Using the technique described in §4.5 .1, figure 4.19 shows a series of pulsed remanence 

curves for dispersion #1 as a function of pulsed field duration (80, 100 and 127µs) and 

field magnitude (0 ➔ 4750 Oe). The data was obtained by normalising the remanent 

magnetisation resulting from each pulse with respect to the maximum magnetisation 

obtained following a 4750 Oe pulsed field of the same duration. The resulting curves 

are. therefore analogous to the IRM curve of figure 4.8(a). However, it must be noted 

that in figure 4.19, the remanence curve changes are due to both mechanical and Neel 

reversal effects, whereas in figure 4.8(a) the magnetisation changes are due to Neel 

reversal only. 

0
_
6 

M/M(4750 Oe) 
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0.2 

2 

.... 127µs pulse 

* 1 00µs pulse 
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3 4 

Pulsed field (kOe) 

5 

Figure 4.19 Pulsed IRM curves performed at various pulse duration for dispersion # 1 

after one hour of milling. 

From figure 4.19, the value of the remanence is around the Stoner-Wohlfarth 

value for a system with randomly oriented easy axes, as described in §2.4.1. It is also 
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clear that the relative magnetisation is greater for the longer duration pulses of the same 

pulsed field magnitude. This observation is probably associated with the visco-elastic 

nature of the dispersion microstructure and the relative ease and timescale over which 

the well-dispersed particles can rotate in the binder/solvent medium. This may also be 

attributed to the effect of sweep-rate on coercivity, where increasingly larger fields are 

required to reverse media at higher frequencies, as described in §2.5 .4. 

4.6.4 Pulsed Quality Assessment 

Results have also been obtained to determine the potential of this measurement 

technique in assessing magnetic particle dispersion and orientation quality. Figure 4.20 

shows the pulsed magnetic field measurements for the two different formulations after 

one and eight hours of continuous horizontal bead milling, as a function of applied 

magnetic field and for a constant pulsed field duration of 1 00µs. The data shows 

marked differences in the mechanical and Neel reversal characteristics of these 

dispersions. In dispersion #1 the onset of mechanical rotation in fields lower than that 

for the onset of Neel reversal implies that a greater fraction of the magnetic particles are 

free to rotate into the applied field direction. The ratio of mechanical to Neel orientation 

is also greater for the eight hour milled sample of dispersion #1 compared with the one 

hour milled sample of the same dispersion. 

0.6 
M/M(4750 Oe) 

•#1 8 hour 

+#1 1 hour 

0.4 * #2 8 hour 

~#2 1 hour 

• pigment 

0.2 

Pulsed field (kOe) 

Figure 4.20 Pulsed !RM response to a pulsed field of l 00µs duration for dispersions #1 

and #2 at various milling times. 
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By comparison, the results for dispersion #2 show significantly less mechanical 

rotation and the reversal process would appear to be dominated by Neel reversal. 

Evidence for a relative increase in particle rotation as a function of dispersion milling 

time for this dispersion are less conclusive. Of course some mechanical rotation occurs 

in sample #2 leading to an M/Ms value greater than 0.5 as expected for the exclusively 

Neel switching case. This is visualised more readily by the inclusion of the dry pigment 

!RM, from figure 4.8(a), normalised to 0.5. 

A similar study has been undertaken at the various stages of milling and letdown 

for sample #1 for a constant pulse width of l00µs, as shown in figure 4.21. The data 

shows that as the aggregates and structures are broken down with milling, the particles 

are more easily aligned into the applied field direction in fields lower than that required 

for the onset of Neel reversal. The results for the letdown samples of 30% and 22% 

solids ratio reveal the mechanical orientation is enhanced by viscosity changes, allowing 

a greater proportion of the particles to rotate. Clearly, as the magnetic fraction is 

decreased, the signal detected is also reduced, which is exhibited as increased noise in 

the letdown responses. 
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·Figure 4.21 Pulsed !RM response to a pulsed field of 1 00µs duration for dispersion #1 

at various stages of milling and letdown. 

4.6.5 Characterisation of Coated Tapes 

The marked difference in the mechanical and Neel reversal characteristics of dispersions 

#1 and #2, as described in §4.6.2 and §4.6.4, is confirmed by bulk magnetic 
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measurements of simple hand-spread coatings taken during milling. The hand-spreads 

were produced by depositing approximately 10ml of the dispersion onto a 6" wide PET 

substrate, which is pulled through a knife-blade coater and a lkOe orienting magnet 

prior to being allowed to dry in a 400 Oe drying field. The portion of the web dried in 

the solenoid is identified, and all magnetic measurements are performed on this specific 

section of the resulting media. A series of hysteresis loops were then measured as a 

function of milling, as indicated in figure 4.22. 
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Figure 4.22 Hysteresis loops performed after (a) one and (b) eight hours of continuous 

bead milling. 

For a system of uniaxial single domain particles, tape squareness indicates the 

degree of alignment of the particles in the tape. It is clear from figure 4.22 that the tape 

produced from dispersion #1 has a higher squareness and coercivity. This can be 

explained in terms of the Stoner-Wohlfarth model for an assembly of uniaxial single 

domain particles, in which the critical field required for switching depends on the 

orientation of the applied field to the easy axis, as described in §2.4.1. It is also 

interesting to note that dispersion #1 is not significantly improved with milling, in fact 

from table 4.4, the squareness drops from 0. 703 after one hour of milling to 0. 700 after 

eight hours. The poorly dispersed sample #2 is to some extent recovered during milling, 

and as agglomerates are broken down, the squareness is increased from 0.591 to 0.608. 

A similar effect was also noted by (Veitch 1996), who found that for two MP 

dispersions of contrasting quality, the change produced by 10 hours of milling is much 

less than the initial difference between the dispersions. This is also consistent with the 
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pulsed remanence curve shown in figure 4.20, which for sample #2 reveals a relative 

increase in particle rotation with milling time. 

The effects of mechanical orientation can be visualised more easily through 

examination of differentiated isothermal remanent magnetisation curves. Remanence 

curves are used for the characterisation of recording media as they measure purely 

irreversible magnetisation changes. Figure 4.23 shows differentiated IRM curves for 

samples #1 and #2 as a function of milling. As discussed in §2.6.2.3, the differential of 

magnetisation with respect to applied field gives an accurate measure of the switching 

field distribution. 
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Figure 4.23 Irreversible susceptibility curves for (a) sample #1 and (b) sample #2 as a 

function of milling. 

In figure 4.23, the general trend shows a narrowing of the switching field 

distribution as the dispersion is milled, consistent with the break up of agglomerates and 

increased alignment. A measure of this may be obtained by determining the full width 

at half maximum (FWHM) of the switching distribution, as shown in table 4.4. The 

values of the FWHM decrease steadily with continuous bead milling, markedly so for 

both dispersions after 8 hours. From figures 4.23(a) and 4.23(b), it is also observed that 

the peak of the irreversible susceptibility curve occurs at lower fields with mill duration. 

Although slight changes in tape squareness are observed for both samples, the reduction 

in remanent coercivity must be associated with the separation of agglomerates and 

structures. 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 4 Pulsed Field Measurements of Advanced Metal Particle Dispersions 4.36 

The data shown in table 4.4 confirms the improved magnetic and surface 

characteristics of dispersion #1 compared to sample #2. The measurement of the 

reflectance was performed using a Rhopoint™ Novo-Gloss 45° glossmeter, with the 

coating viscosity monitored using a cone and plate viscometer, as described in §4.4.3. 

Sample He (Oe) M/Ms 1-S* FWHM (Oe) 0 Reflectance Coating ri ( cp) 
#1 1 hour 2163 0.703 0.386 1640 90 36 
#1 4 hour 2173 0.697 0.393 1650 34 
# 1 8 hour 2158 0.700 0.397 1340 102 34 

#2 1 hour 2059 0.591 0.491 1680 33 48 
#2 4 hour 2086 0.613 0.479 1620 36 
#2 8 hour 2065 0.608 0.481 1480 93 34 

Table 4.4 Properties of the hand-spread tapes. 

From table 4.4, smaller 1-S* values for sample #1 indicate a narrower switching 

field distribution, and hence narrower bit transitions at higher recording densities, as 

discussed in §2.6.2.1. Equally, it is clear that the state of the dispersion is such that the 

well-dispersed particles in sample #1 can orientate more readily to an alignment field 

during coating, in agreement with pulsed field measurements described previously in 

§4.6.2, §4.6.3 and §4.6.4. The poorly dispersed sample #2 cannot react to small pulsed 

and DC fields, consequently Neel switching is the predominant reversal mechanism. As 

a result, mechanical orientation is the critical reversal mechanism for obtaining good 

particle orientation in the final coated tape. 

4.6.6 Concluding Remarks 

From the results presented in this chapter, it has been shown that pulsed field studies 

allow differences in chemical formulation and dispersion quality to be monitored. The 

assessment of the quality of dispersions is of great importance in the tape manufacturing 

industry, as poor dispersions are often only detected after coating, resulting in a high 

volume of wastage. Pulsed field techniques applied in a manufacturing environment 

may facilitate increased production yield whilst reducing both production time and 

media variation. This is especially important for the development of future metal 
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particle media which will have to be manufactured to even tighter tolerances (Veitch, et 

al.1999). 

Principally, this study has found that mechanical orientation can occur in high 

quality MP dispersions when the duration of the pulsed field is less than l00µs. 

Consequently, for well-dispersed systems, particle rotation has been identified as the 

critical reversal mechanism for obtaining good particle orientation in the final coated 

product. In contrast, poorly dispersed systems cannot react and rotate to modest pulsed 

fields, hence Neel switching is the predominant reversal mechanism. The marked 

difference in the mechanical and Neel reversal characteristics of the dispersion samples 

has been confirmed in the resulting bulk magnetic measurements of hand-spread 

coatings taken during the milling process. Publications derived from this study are 

included in Appendix A (Prichard, et al. 1998). 
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Nanosecond Pulse Techniques 

5.1 Introduction 

In recent years, the mechanism of thermally activated switching has been of 

considerable interest to the magnetic storage industry because of the large difference 

between the timescales of the recording process and the required storage stability 

(Sharrock 1994). Today, the need for higher storage densities has led to the 

development of metal particle pigment formulations with a small particle size, where 

thermal activation is significant. Correspondingly, over short timescales, substantial 

increases in remanent coercivity have been observed (Doyle, et al. 1993) (Veitch, et al. 

1994) and (Hancock, et al. 1996). An understanding of the switching speed limitation 

of recording media is of fundamental interest to the scientific community, and may be 

performed by measuring the remanent coercivity of the medium as the duration of the 

magnetic field is dramatically reduced. 

This chapter details the development of the various techniques used to produce 

nanosecond duration pulsed magnetic fields inside a microstrip transmission line, of 

which the magnetic sample forms a part. Essentially, the pulse forming network 

consists of a short length of coaxial line charged to some high potential. The energy 

stored in the line is transferred into the matched microstrip line (§5.5) on closing a HV 

rated switch; which may comprise of a mercury-wetted relay (§5.3) or pressurised 

nitrogen spark gap switch (§5.4). Propagation of a pulse along the microstrip line 

causes an electromagnetic wave to be transmitted, the transverse components of which 

are used to impulse magnetise the sample. Using this technique, studies of the high 
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speed switching properties of advanced metal particle recording media have been 

undertaken, and are described in §6. 

5.2 High Voltage Pulse Technology 

Many of the pioneering developments in high power pulse generation were published in 

the years shortly after the Second World War; principally due to the sensitive nature of 

the research. The interested reader is referred to an excellent review of the operation of 

various high power switches by (Burkes, et al. 1979). Approaches utilising gas 

ignitrons (Cummings 1963), thyratrons (Weiner, et al. 1980), Marx generators (Richley 

1987), avalanche transistors (Fulkerson, et al. 1994), power MOSFETs (Baker, et al. 

1994) and drift step recovery diodes (Focia, et al. 1996) have produced kV pulses with 

rise times of less than lns. Unfortunately, example pulses are often ill-defined, or the 

techniques are complex in nature and do not allow for simple instrument duplication. 

Previously, studies of low coercivity y-Fe2O3 and CrO2 media have been 

performed using a charged son coaxial line connected to a mercury wetted reed relay 

and microstrip line (Hancock, et al. 1996). This instrument is capable of producing 

well-defined single-shot voltage pulses in excess of lkV with pulse widths between 

0. 7ns and 250ns, having rise times of less than 500ps. Termination of the voltage pulse 

in the 50.Q microstrip line allowed pulsed fields of up to 450 Oe to be generated. 

Although preliminary studies of advanced metal particle media have been 

performed using the mercury wetted relay generator (Prichard, et al. 1999a), the field 

produced by the instrument is not of sufficient magnitude to switch all of the particles, 

and consequently a DC bias field supplied from an electromagnet is used to assist the 

pulsed magnetic field. Consequently, a new pulse generator has been developed based 

around a pressurised nitrogen spark gap switch, as part of a delay line, which is capable 

of producing well-defined voltage pulses of over 3kV in a son environment. The pulse 

width is adjustable from 7ns to 56ns, with rise times of under 3ns. Details of this 

instrument are presented in (Prichard 1999), and described in §5.4. Various techniques 

have also been investigated in §5.4.4 which may be capable of sharpening the edge 

times of a high voltage pulse, and as a result reduce the overall pulse width. 

Consequently, a matched son ferrite pulse sharpener similar to that described by 

(Seddon, et al. 1988) and (Bolton, et al. 1994) has been developed. 
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5.3 Mercury Wetted Relay Generator 

This particular class of pulse generator was first proposed by (Garwin 1950) who 

described an instrument capable of producing pulses with rise and fall times of 200ps, at 

a repetition rate of 120Hz. Pulses of over l00V could have a width varied between 

0.5ns and 1 µs by altering the length of the coaxial pulse forming line from 5cm to 

1 00m, in a similar manner to the instrument developed by (Hancock, et al. 1997). 

Essentially, the generator consists of a short open-ended section of coaxial line charged 

to some potential V. On closing the mercury wetted reed relay, a rectangular pulse of 

energy with amplitude V /2 and duration twice the electrical length of the pulse forming 

line is transferred to the matched load. Clearly, special care must be taken to ensure that 

the characteristics of the relay are closely matched to those of the pulse forming line, in 

order to avoid attenuated replicas of the main pulse being reflected back into the line, as 

discussed in §5.3.2. 

5.3.1 Generator Theory 

In principle, a charged lossless coaxial transmission line will give rise to a rectangular 

pulse of energy if it is connected through an ideal switch to an output impedance that is 

equal to the characteristic impedance of the line ( Glasoe, et al. 1948). The width of the 

pulse is therefore proportional to the length of the coaxial line. This is illustrated in 

figure 5.1, where a voltage source Vs is used to charge up the line through a series 

resistor Rs. The line is connected through an ideal switch to the load ZL. For the 

purpose of analysis, the physical coaxial line length La and the effective increase in 

len_gth due to the switch L~ are combined and denoted by L
1

. To produce a pulse, the 

charged line is discharged into the load impedance ZL by means of closing the switch. 

line Z 0 ov 
swit~ 

zj_ 
ov 

Figure 5.1 Coaxial pulse forming network. 
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The total pulse width T tot can be calculated from equation 5 .1, where it is shown 

to be dependent upon the coaxial line length, including the son switch Ly, and also the 

characteristic inductance La and capacitance Ca of the coaxial line. 

(5.1) 

If the coaxial line and switch are matched to the load and there are no attenuated 

reflections, the pulse current i(t) is given by 

and the voltage supplied at the load V L is given by the equation 

V = ZL V 
L z +Z s a L 

(5.2) 

(5 .3) 

Consequently, for a system where the characteristic impedance of the load (ZL = son) is 
designed to match the characteristic impedance of the pulse forming line (Za = son), the 

load voltage V L is given by V sf 2, and the pulse current i(t) in this case will be V sf 100. 

5.3.2 Practical Design 

The circuit diagram showing the design of the practical pulse generator is given in 

figure 5.2. In contrast with figure 5.1, the charging resistor R5 and the HV supply Vs are 

connected at the switch end of the line. This is because for illustrative purposes, it is 

often easier to visualise pulse propagation by having the supply at the opposite end of 

the switch, although practically, it is difficult to construct the generator in this way as 

changing the delay line length becomes more involved. The DC high voltage was 

supplied from a brandenburg™ PU2707 0-15kV unit, through a 3Mn charging resistor 

which has a voltage rating of l0kV. The pulse forming lines were manufactured from 

son URM43 coaxial cable which has a breakdown rating of 2 lkV oc and gives a delay 
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of around 5ns m·1• The length of the coaxial delay lines varied between 10cm and 20m; 

with the open circuit end of each delay line sealed using an epoxy resin adhesive. 

Furthermore, the outer braid was trimmed back approximately 5mm from the end of the 

cable to prevent flashover. High voltage PETlO0 connectors were used to connect the 

HV supply, coaxial delay lines and microstrip load to the reed relay. 

Charging resistor 
Rs= 3Mn Mercury wetted 

reed relay 
Charged delay line ~ ~~~~~--1---o----
URM43 .la = 50.0 "- - " • 

av 

Microstrip load 
ZL = 50.0 

Figure 5 .2 Practical design of mercury wetted relay pulse generator. 

The 3kV rated mercury wetted relay, supplied by Pickering Electronics Limited, 

is similar to the relay described by (Garwin 1950), where an external magnetic field 

forces the flexible ferromagnetic contact onto the fixed contact, thus closing the switch. 

As shown in figure 5.3, the hermetically sealed contacts are continuously wet with 

mercury by capillary action to bridge mechanical chatter. In order to minimise 

discontinuities, the geometry of the switch assembly must be matched to son. 
Consequently, the relay was mounted in a brass housing with dimensions chosen in such 

a way that the characteristic impedance approximates to that of a son coaxial line 

incorporating an ideal switch, as discussed by (Hancock 1995). In a similar manner, 

this procedure is described for the spark gap switch in §5.4.2. 

The construction of the mercury wetted reed relay is detailed in figure 5.3, where 

the closing coil consists of 2000 turns of 42SWG enamelled wire. 
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Pulse output j 

Brass housing Nylon surround 

Closing coil Moving contact 

Mercury 

HV0 c input _,. 

PET100 

Pulse forming line j 
Figure 5.3 Construction of the mercury wetted reed relay. 

5.3.3 Generator Characterisation 

Pulse measurements were carried out to ensure that the output pulses do not suffer from 

excessive pulse overshoot and that there are no reflections of the main pulse when the 

output is terminated with a son load. The output voltage pulses produced by the 

generator were measured for various pulse forming delay line lengths. The pulses were 

obtained from the son input of a Tektronix™ TDS640 500MHz digitising oscilloscope. 

Two Barth™ 142-NMFP 20dB high voltage attenuators1 and a conventional 20dB type 

'N' microwave attenuator were coupled to provide 60dB of attenuation to the input 

channel of the oscilloscope. Consequently, the measured voltage pulses presented in 

§5 .3 .3 .1 are a factor of 1000 down on the actual values. Furthermore, the bandwidth of 

the oscilloscope becomes an issue when the edge speed of the signal approaches the rise 

time of the instrument, which is around 700ps for the 500MHz TDS640 (Tektronix 

1998). The actual rise time of the signal RTsig in relation to inherent rise time of the 

oscilloscope RTscope is approximated by (Tektronix 1998) 

RTmeas = .JRTscope 
2
+RTprobe

2 
+ RTsig

2 (5.4) 

1 Barth Electronics Inc., 1300 Wyoming Street, Boulder City, NV 89005, USA. 
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wh_ere RT probe is the rise time of the probe and RT meas is the rise time measured on the 

oscilloscope. 

5.3.3.1 Sample Field Pulses 

On closing the mercury wetted relay with 10cm of coaxial delay line connected at the 

switch end of the line, the measured pulse at the 500 input of the oscilloscope is shown 

in figure 5.4. 

7l!I<. Stopped: 19 Acquisitions 

+~~4-,~q: .. + . <11:11:::::::~~-
. . . . . . . . . . . -· 

Ch1 +Width 
2.482ns 

Ch 1 Rise 
890ps 

Chl Fall 
1.062ns 

Ch1 High 
1. 120 V 

Figure 5 .4 10cm coaxial delay line output (200V per vertical division). 

With the high voltage supply fixed at 2.3kV, the amplitude of the measured pulse is 

1.1_2kV and the calculated pulse current is 22.4A. From figure 5.4, it is clearly seen that 

the edges of the pulse are somewhat rounded, which is possibly due to the fact that the 

Tektronix™ TDS640 oscilloscope has insufficient bandwidth to capture the signal. This 

particular oscilloscope captures data every 500ps and then implements a sin(x)/x 

interpolation between the sampled data. The effect of this algorithm on signals with fast 

edge times is the introduction of overshoot, undershoot and rounding into the measured 

response (Tektronix 1998). 

The measured output pulse with 20cm of coaxial delay line attached is shown in 

figure 5.5. With a similar appearance to the response of the 10cm pulse forming line 

shown in figure 5.4, the observed pulse edges are not particularly sharp, with a resulting 

peclk load voltage of l.08kV at the supply potential of 2.3kV. 
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~ Stopped: 336 Acquisitions 

m 

Chi +Width 
4.060ns 

Chi Rise 
950ps 

Chi Fall 
1. 164ns 

Chi High 
1.084 V 

Figure 5.5 20cm coaxial delay line output (200V per vertical division). 

5.8 

Figure 5.6 shows the response of the mercury wetted relay with lm of pulse 

forming line connected to the supply. The pulse has a well-defined rectangular shape 

and is reasonably free from ringing and overshoot. The magnitude of the pulse is 

1.12kV with a corrected pulse width of 11.4ns. The corrected rise and fall times of the 

pulse are 580ps and 970ps respectively, as shown in table 5.1 (§5.3.3.2). 

1'ek Stopped: 21 Acquisitions 

-l 
.. t-

>++j-+++; : H-++j-+-+-H-t++-< 

m 

Chi +Width 
12.0l0ns 

Chi Rise 
910ps 

Chi Fall 
t. 19Sns 

Chl High 
1. 116 V 

Figure 5.6 lm coaxial delay line output (200V per vertical division). 

During testing the timescale was increased to 1 0ns/div, 25ns/div and 50ns/div to 

establish whether there were any pulse reflections in the system. It was found in all 

cases, that the pulses were reasonably free from replicas, either positive or negative, of 

the main pulse, confirming that the generator is well-matched to son. Consequently, 
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figure 5.7 shows a 21.6A 3.5ns pulse from a 20cm coaxial delay line over an extended 

timescale of 50ns/div. 

Tel<. Stopped: 577 Acquisitions 

Chi +Width 
s.2ns 

Ch i Rise 
1.6ns 

Ch1 Fall 
2.2ns 

Ch1 High 
1.072V 

Figure 5.7 21.6A pulse over an extended timescale (200V per vertical division). 

5.3.3.2 Generator Specification 

The characteristics of the corrected pulses measured from the son input of the 

oscilloscope are summarised in table 5 .1. It can be clearly seen that each of the pulse 

widths is greater than the corresponding electrical length of the pulse forming line, as 

described in equation 5 .1. Consequently, the average value for this additional delay due 

to the mercury relay, the parameter L11 in figure 5.1 , was found to be around 950ps. 

Delay line length ( cm) 10 20 100 400 
Corrected rise time (ps) 550 640 580 740 
Corrected fall time (ps) 800 930 970 8960 
Corrected pulse width (ns) 1.86 3.51 11.44 50.01 
Supply voltage Vs (kV) 2.30 2.30 2.30 2.30 
Load voltage V L (kV) 1.12 1.08 1.12 1.12 
Pulse current (A) 22.4 21.6 22.4 22.4 

Table 5.1 son impedance pulse characteristics for the mercury wetted relay. 

As detailed in §5.5, propagation of a current pulse in a son microstrip line 

allows pulsed magnetic fields of over 650 Oe to be produced. Using short duration 

pulses, studies of the switching speed limitation of advanced metal particle media have 

been performed. The results obtained using the mercury wetted relay are presented in 
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§6, with publications derived from the work included in Appendix A (Prichard, et al. 

1999a). 

5.4 Spark Gap Switch 

As discussed in §5.2, the pulsed magnetic field produced by the mercury wetted relay is 

not of sufficient magnitude to switch high coercivity metal particle recording media. 

Therefore, a pressurised nitrogen (Nz) spark gap switch has been developed which 

allows single-shot voltage pulses of over 3kV to be generated in the son microstrip 

load. Spark gaps are among the most widely used switches in pulsed power 

applications. They can cover an impressive range of voltages, currents, power transfer 

and repetition rates (Burkes, et al. 1979), although only a limited range of spark gaps are 

available commercially considering the wide range of applications and requirements. 

Typical applications of spark gap switches include driving the antenna of 

ulttawideband radar systems (Taylor 1995), triggering optical shutters (Subhash, et al. 

1984) and lasers (Golnabi 1992), particle accelerators (Birx, et al. 1982), pollution 

control (Penetrante 1993), surface elemental analysis (Van Patten, et al. 1996) and 

medical applications (Boyer, et al. 1998), along with missile and nuclear weapon 

technologies. More recently, for studies of high speed magnetic switching, Doyle and 

his co-workers have developed a pressurised N2 spark gap switch under the direction of 

Dr. Jon Barth (Stinnett, et al. 1998). This simple device is similar to the spark gap 

presented in this study and detailed in (Prichard 1999). 

5.4.1 Generator Theory 

Essentially, the pressurised spark gap switch directly replaces the mercury wetted relay 

described in §5.3, to switch the energy stored in the delay line into the matched load. 

The design of the spark gap developed in this work is based upon the pioneering studies 

of high pressure spark gaps performed by (Fletcher 1949). The main difference between 

the spark gap developed by Fletcher and the one presented in this study is the process of 

triggering the gap. In Fletcher's arrangement the pulse generator is triggered by 

applying a voltage pulse to a third intermediate electrode of the main spark gap. The 

triggered spark gap is particularly suited for repetition rated operation, and several 

additional techniques may be employed to initiate the main anode to cathode discharge, 
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e.g. thermionic emission (Broadbent, et al. 1955), mechanically triggered (Palmer, et al. 

1971), UV illumination (Aranchuk, et al. 1982) and laser triggered (Kimura, et al. 

1988). However; in the simple design presented here for single-shot operation, the 

spark gap is made to breakdown by overvolting the dielectric separating the current 

carrying electrodes. The design of the pressurised N2 spark gap switch is shown in 

figure 5.8. 

Vs 0-15kV 

URM43 ~ = 50n 

N2 0-10bar 

gauge 

ov 

Figure 5.8 Schematic diagram of pressurised N2 spark gap switch pulse generator. 

The spark gap is overvolted by reducing the pressure in the spark chamber to a 

critical level determined by Paschen's Law, which for a uniform system (Paschen 1889) 

(5.5) 

where A, B and y are functions of the gas. The product pd is given by the gap pressure 

and distance respectively. Consequently, the breakdown voltage of the gap Vb is a 

function of pd alone. In order to initiate a spark, the spark chamber is first pressurised 

with N2 with the gap width fixed, hence the breakdown voltage of the spark gap can be 

determined. If the delay line is charged to a potential Vs, and the pressure in the 

chamber reduced, when Vb = Vs the gap will breakdown and the switch is closed. The 
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charge stored in the line is now delivered into the microstrip load. As the breakdown 

process is achieved by the avalanche of ionised gas molecules, a higher gas pressure 

exhibits a greater density of charge carriers, and hence faster rise times. 

The mechanism of gaseous breakdown is thoroughly reviewed by (Cobine 

1958), following the pioneering investigations of (Townsend 1900). Townsend's 

description of breakdown considers a gas between two electrodes; the charge carriers 

which exist in the gap are electrons from field emission and also gaseous ions. When a 

voltage is first applied, the current increases slowly as the charge carriers move through 

the gas with a drift velocity determined by their mobility. As the potential is steadily 

increased, the electrons and ions are accelerated to very high kinetic energies before 

colliding with other particles. At a critical potential, the kinetic energies of the particles 

are sufficient to ionise secondary charge carriers (both electrons and ions) from 

collisions between gas molecules. An avalanche process now occurs as these secondary 

particles are accelerated by the high field which produces more cascades of secondary 

particles. Consequently, the current in the gap very rapidly increases, and a visible 

spark is observed as the excited ions return to the ground state. This is a self-sustaining 

breakdown which depends on the discharge path and the nature of the electric circuit. 

Obviously, at higher gas pressures the mean free path between collisions is considerably 

reduced, hence the avalanche process proceeds rapidly. 

5.4.2 Practical Design 

The design of the pressurised N2 spark gap switch is shown in figure 5.9. The 

dimensions of the inner and outer conductors, along with the electrodes are chosen in 

such a way that the wave impedance of the coaxial line formed is 500. The 

characteristic impedance Z0 of the assembly may be calculated from (Weiner 1982) 

138 b 
Zo = ~ log10-

--.JEr a 
(5.6) 

where a and b are the inner and outer radii of the conductors respectively, Er is the 

relative permittivity of the dielectric, which in this case is 4.0 at 106Hz for the glass 
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filled nylon insulator1, and 1.0006 for nitrogen gas1
• The insulator was also chosen for 

its high dielectric strength >45kVmm·1 and good mechanical properties. Using equation 

5 .6, the 50Q geometric structure was designed with a = 8.0mm and b = 42.5mm, as 

indicated in figure 5.9. The majority of the other components in the switch were 

manufactured from brass, mainly due to the ease with which elements may be 

machined, and superior conduction losses over other suitable materials, such as 

aluminium. 

K 

·· ... ... ·· ,:-_::• c: ·· ... 
1...---..... · ··.::·.:·.;,.:·--···_..;,, 

C 

D 

Figure 5.9 Construction of spark gap switch A. spark electrodes B. N2 inlet C. insulator 

D. main housing E. N2 outlet F. spark chamber G. moving piston H. inner conductor 

I. PETlO0 connector J. pressure end cap K. gap adjuster L. main 'O' ring seal. 

To address the problem of electrode erosion, the hemispherical electrodes were 

likewise constructed from brass, but with tungsten tips. Comprehensive studies of 

electrode erosion rates in high energy spark gaps have revealed large scale melting and 

pitting of brass electrodes after only 2000 pulse discharges (Donaldson, et al. 1984) and 

(Donaldson, et al. 1986). In a high power electrical discharge, as discussed in §5 .4.1, 

high speed streams of ionised vapour are produced in the space adjacent to the electrode 

surface. As these streams pass between the electrodes, regions of the spark are thought 

to be superheated (above 4 x 104K) and upon impact with the opposite electrode 

produce macroscopic surface damage. In order to reduce erosion, low atomic weight 

'Handbook of chemistry and physics Weast, R. C., Ed. (CRC Press. ed.70th, 1989) 
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electrodes such as graphite and copper tungsten exhibit good performance. For the 

hemispherical tungsten-tipped electrodes described in this study, no visible pitting or 

dendrites were observed, even after at least 3000 pulse discharges. 

To facilitate changing the gap distance and hence breakdown voltage, the gap 

was made adjustable by turning an knurled collet onto a moving piston which is forced 

against an 'O' ring seal. The gap distance can be readily checked using a feeler gauge 

through an inspection port. Additionally, in order to improve the pressure rating of the 

spark gap, the insulator and housing are slightly tapered to connect positively (this taper 

has been exaggerated in figure 5.9 for visualisation purposes only). The physical size of 

the- spark gap housing is 12cm in diameter and 22cm in length. 

A reliable connection between the URM43 coaxial cable and the PETl00 

connector is crucial when manufacturing high voltage rated cables. In order to maintain 

the voltage rating it is very important to force the cable right into the back of the 

connector, not leaving any voids. Silicone grease was then used as a packing element 

around the pin and the end of the URM43 cable dielectric. In this form, the pulse delay 

lines and interconnecting coaxial cables were repeatedly able to withstand both DC and 

pulsed voltages over 6kV. 

As detailed in §5.4.1 , the spark gap is made to breakdown by overvolting a 

gaseous dielectric separating the electrodes. A variety of gases have been utilised for 

spark breakdown, e.g. nitrogen (Fletcher 1949), hydrogen (Aleksandrin, et al. 1976), 

sulphur hexafluoride (SF6) (MacGregor, et al. 1993), air (Tou, et al. 1993) and vacuum 

(Osmokrovic, et al. 1996). Generally, the mobility of charge carriers is increased for 

smaller and lighter gas species, which produces a faster ionisation process. However, 

hydrogen is obviously extremely flammable and SF 6 decomposes into a carcinogen after 

a high energy discharge1
• Consequently, although operating the gap with these 

particular gases may produce moderate improvements, they are clearly unsuitable for 

our limited laboratory resources. The primary benefit of nitrogen over air is the higher 

relative breakdown strength, VnitrogenNair = 1.15 (Orgler 1900), which permits a shorter 

gap at a higher pressure. In this configuration, the actual ion transport time across the 

gap is reduced, and the accelerating force from the field gradient is increased, which 

correspondingly produces faster rise times. 

1 David Pacholok, Creative Electronics Consultants™, personal communication, 1999. 
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With nitrogen selected as the gaseous dielectric, the breakdown voltage as a 

function of gap distance and pressure may be calculated directly from equation 5.5 for a 

parallel plate system, as shown in figure 5 .10. The gas parameters A, B and y were 

obtained from (Cobine 1958), assuming an ambient temperature of 20°C. Clearly, the 

geometric shape of the hemispherical electrodes will tend to concentrate the electric 

field, and effectively decrease the breakdown voltage (Van Planck 1938). However, 

using this approximation, it is evident that a broad range of pulse magnitudes are 

available using a spark gap designed to withstand nitrogen pressures up to 1 Obar, whilst 

maintaining variable gap distances between 0.05mm and 0.5mm. 

20 
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Figure 5 .10 Breakdown voltage for parallel plate electrodes as a function of gap 

distance and nitrogen pressure at 20°C. 

5.4.3 Generator Characterisation 

Voltage pulses were obtained from the 500 input of a Tektronix™ TDS640 500MHz 

digitising oscilloscope, as described in §5.3.3. In order to reduce the energy to a safely 

measurable level, two Barth™ 142-NMFP 20dB high voltage attenuators and a 

conventional 20dB type 'N' microwave attenuator were coupled to provide 60dB of 

attenuation to the input channel of the oscilloscope. The high voltage attenuators are 

designed and tested to withstand 5kV over 60ns, and reduce the voltage to a level which 

any reasonable quality microwave attenuator may easily withstand. 

In order to ensure reliable measurements, resistance logging similar to that 

described by (Richner, et al. 1991) was regularly performed. Using a Fluke® 8062A 

digital multimeter, the input impedance of each port was recorded to predict partial 

failure following an overvoltage or pulse width condition. Breakdown of these 
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components may be determined by a measured increase of input impedance greater than 

almost 0.25%, or 0.125n in a son system (Richner, et al. 1991). 

5.4.3.1 Sample Pulses 

Figure 5.11 shows a measured pulse at the son input of the Tektronix™ TDS640 

oscilloscope from the spark gap switch with lm of pulse forming line connected. The 

high voltage brandenburg™ PU2707 supply was set to 6kV, with the gap fixed at 

0.3mm, and a nitrogen pressure of 4bar. 

~ stopped: 913 Acquisitions 

. . . .. . .. . .. .. ...... . .... . 

m 

. · Chl +Width 
16.2S0ns 

Chl Rise 
2.90Sns 

Ch i Fall 
4 .31 sns 

Chl High 
3.001/ 

Figure 5.11 lm coaxial delay line output (500V per vertical division). 

The measured output pulse has a well-defined rectangular shape which is reasonably 

free from ringing and overshoot with an amplitude of 3kV and a pulse width of 16.2ns. 

The corrected rise and fall times of the pulse are 2.8ns and 4.2ns respectively, as shown 

in table 5.2 (§5.4.3.2). The pulse current can be estimated to a reasonable degree of 

accuracy to be 60A ± 1. 

Figure 5 .12 shows the response of the spark gap with 20cm of delay line 

connected. The high voltage supply was set to 5.2kV, with the gap fixed at 0.25mm, 

and a nitrogen pressure of 4bar. The magnitude of the pulse is over 2kV, with a pulse 

width of under 7ns. An interesting feature of this pulse is observed on the rising edge, 

which appears to be a two-stage process. This may be due to the minor mismatch 

attributed to the length of the transmission line containing the hemispherical electrodes. 

The effect is not significant, as the length of the mismatched section is small compared 
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to the overall system, and is illustrated by the slight increase in rise time. Similarly, 

under close examination, the same feature can be observed in the rising edge of the 

pulse shown in figure 5 .13. 

1t!k stopped: Single seq 

Chl +Width 
~.662ns 

Chl Rise 
2.26Sns 

Chl Fall 
2.596ns 

Chl High 
2.01 V 

Figure 5 .12 20cm coaxial delay line output (5 00 V per vertical division). 

The measured output pulse with 4m of pulse forming line attached is shown in 

figure 5.13. As with figure 5.12, the high voltage supply was fixed at 5.2kV, with the 

gap set at 0.25mm for a nitrogen pressure of 4bar. 

il!k. stopped: Sing le Seq 

Chl +Width 
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Figure 5 .13 4m coaxial delay line output (5 00 V per vertical division). 

The magnitude of the pulse obtained is 2.65kV, with a pulse width of 56ns. The 

response is characterised by a fast rise time of around 3ns, together with a more gradual 
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fall of 13ns. Again, the pulse has a well-defined rectangular shape, and is free from 

overshoot and oscillations. 

During testing the timescale was increased to l0ns/div, 25ns/div and 50ns/div to 

establish whether there were any pulse reflections in the system. It was found in all 

cases, that the pulses were reasonably free from replicas, either positive or negative, of 

the main pulse, confirming that the generator is well-matched to 500. Figure 5.14 

shows a 2.85kV 16ns pulse from a lm coaxial delay line over a timebase of 25ns/div. 

Clearly, a slight negative overshoot of under 4% is observed at the end of the pulse, 

which is most likely attributed to the minor mismatch of the hemispherical electrodes. 
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. . . . 
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m 
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1 s. 7Sns 
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2.85 II 

Figure 5 .14 57 A pulse over an extended timescale (5 00 V per vertical division). 

In order to study the effect of the mismatch at the spark gap electrodes, the 

propagation of an electromagnetic wave may be resolved at the interface of a 

mismatched section of transmission line. As discussed in §5 .3 .1, with the pulse forming 

line charged to potential V, a spark causes a +V/2 pulse to go forward in the direction of 

the load, and a - V/2 pulse to go backwards towards the delay line. Reflection and 

transmission processes then occur at the interface between the impedance of the 

mismatched hemispherical electrodes ZE, and the impedance of the load ZL and pulse 

forming line Z0• The voltage reflection coefficients towards the load p, and in the 

direction of the pulse delay line p' are given by (Chen 1995). 
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(5.7) 

The propagation time 't through an effective section of mismatched transmission 

line L is given by 't = L / C, where C is the phase velocity of the electromagnetic pulse. 

To illustrate the effect, if the characteristic impedance of the mismatched spark 

electrodes is estimated to be 100.Q, the voltage reflection coefficients may be obtained 

from equation 5.7, which in this case gives p = 2/3 and p' = 1/3. Assuming a step input 

function, the reflection and transmission processes at the interface are shown in figure 

5.15(a), with the associated voltage developed at the load illustrated in figure 5.15(b). 
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Figure 5.15 (a) Reflection and transmission of an electromagnetic pulse at the 

impedance interface and (b) the associated voltage developed at the load. 

From figure 5 .15, it is evident that a short section of mismatched transmission 

line will tend to lengthen the rise time of an incident pulse. Specifically, the 

mismatched impedance ratio and the actual length of the mismatched section determine 

the rise time of the pulse, which may partially account for the shape of the measured 

pulses observed in figures 5.11, 5.12 and 5.13. 
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5.4.3.2 Generator Specification 

The characteristics of the corrected spark gap pulses from the son input of the 

oscilloscope are summarised in table 5.2. All of the pulses were obtained with the high 

voltage supply set at 6kV, with the gap fixed at 0.3mm and a nitrogen pressure of 4bar. 

Similar to the mercury wetted relay, it is apparent that each of the pulse widths is greater 

than the corresponding electrical length of the pulse forming line, as described in 

equation 5 .1. Consequently, the average value for this additional delay due to the spark 

gap switch, the parameter Lp in figure 5.1, was estimated to be around 4.9ns. This is 

considerably larger than the observed value for the mercury relay, although this may be 

expected for a larger structure with a higher inductance and capacitance per unit length. 

Delay line length ( cm) 20 50 100 400 
Corrected rise time (ns) 2.29 2.79 2.82 2.97 
Corrected fall time (ns) 2.78 3.22 4.31 13.02 
Corrected pulse width (ns) 6.60 10.56 16.15 55.75 
Supply voltage Vs (kV) 6.00 6.00 6.00 6.00 
Load voltage VdkV) 2.27 2.96 3.00 3.01 
Pulse current (A) 45.4 59.2 60.0 60.2 

Table 5.2 son impedance pulse characteristics for the spark gap switch. 

The dependence of the pulse rise time on the nitrogen pressure in the spark 

chamber is shown in figure 5 .16. The pulses were obtained by varying the gap distance 

and pressure accordingly, so that the magnitude of the measured output pulse is 2.5kV. 

Each pulse was obtained with lm of delay line connected. 
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Figure 5 .16 Corrected pulse rise time as a function of nitrogen pressure. 
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From figure 5.16, it is evident that the rise time of a pulse decreases as the nitrogen 

pressure increases. Obviously, simple kinetic theory implies that at higher gas pressures 

the mean free path between collisions is considerably reduced, as discussed in §5.4.1. 

Using the pressurised N2 spark gap switch developed in §5.4, pulsed magnetic 

fields of over l .8kOe may be generated in the son microstrip line, as discussed in §5.5. 

Details of the spark gap switch are similarly described in (Prichard 1999), with 

measurements obtained from this instrument presented in §6 and also included in 

Appendix A (Prichard, et al. 1999b ). 

5.4.4 Pulse Sharpening 

In recent years, the need for both higher storage densities and data transfer rates has led 

to the development of metal particle pigments with a small physical size, where thermal 

activation is significant (Veitch, et al. 1994). To illustrate, a modem tape drive running 

at 20ms·1 and recording 4kfc mm·1 would have a bit length of around 15ns and a write 

head flux rise time of 6ns. As outlined in §5.4, the shortest available pulse from the 

spark gap switch is just under 7ns in duration, marginally narrower than the 8ns duration 

pulse reported by (Stinnett, et al. 1998). In order to probe magnetisation reversal over 

even shorter timescales, various techniques have been investigated which may be 

capable of sharpening the edge times of a high voltage pulse, and as a result reduce the 

overall pulse width. 

The technique of positioning a secondary pulse sharpening gap after the main 

spark gap was first described by (Fletcher 1949). In order to utilise the rapid breakdown 

of a very narrow high pressure secondary gap, it is necessary to isolate it from the main 

gap. This may be achieved by including a sufficiently long transmission line between 

the two gaps to prevent reflections, as shown in figure 5.17, after (Fletcher 1949). 

TRIGGER GAP 

Figure 5.17 Triggered spark gap and secondary sharpening gap. 
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With Fletcher's arrangement, a 15kV pulse from the triggered gap establishes a large 

overvoltage on a secondary 0.025mm 150bar nitrogen gap. This gap breaks down very 

rapidly causing the rise time of the pulse to be sharpened from 20ns to under lns. Using 

this approach, similar pulse improvements have been reported by (Usov, et al. 1968) 

(Kukhta, et al. 1976) and (Aranchuk, et al. 1982). 

A further method of increasing the rise time of a thyratron or spark gap pulse is 

to use a ferrite pulse sharpener similar to that developed by (Seddon, et al. 1988) and 

(Bolton, et al. 1994). These devices consist of a coaxial transmission line with a 

die'lectric composed of a ferrite compound. Propagation of an electromagnetic wave 

down the coaxial sharpening line causes reflection and dispersion of the leading edge of 

the pulse by the ferrite, which produces a corresponding reduction in rise time. Using 

this approach, pulse sharpening of 1 0kV pulses with rise times of under 2ns have been 

reported by (Weiner, et al. 1981), improved to around 300ps for 70kV pulses by 

(Seddon, et al. 1988) and finally 60ps 20kV pulses outlined by (Dolan, et al. 1997). 

This technique is particularly attractive; utilising the high frequency properties of 

magnetic materials to in tum measure the high frequency properties of magnetic 

materials. The design and development of a ferrite sharpener under the guidance of Dr. 

John Dolan' is described in §5.4.4.1. 

Other techniques employing stub tuners were briefly investigated. The basic 

principle involves filtering the unwanted frequency components of the propagating 

pulse using a short section of transmission line which presents a pure reactance at that 

particular frequency (Edwards 1992). This may be implemented using a coaxial tuner 

(Jessop 1983) or a monolithic microwave integrated circuit MMIC (Ishii 1989). For 

pioneering studies of microstrip filters, the interested reader is referred to (Cohn 1958), 

(Matthaei 1960) and (Kompa, et al. 1980). 

5.4.4.1 Ferrite-Loaded Coaxial Line 

Of the pulse sharpening techniques described in §5.4.4, the ferrite-loaded coaxial line 

appeared to offer the greatest improvements. As a result, a matched son ferrite 

1 Electrical Engineering Division, Cardiff School of Engineering, University of Wales Cardiff, East 
Building, Newport Road, Cardiff, CF2 IXH, UK. 
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sharpener was developed, with sample pulses shown presently in §5.4.4.2. The 

principle of operation may be described from figure 5.18, after (Dolan, et al. 1995). 

Hy =-My 

My 

precession of M from z- to x-axis 

Figure 5.18 Principle of operation of a ferrite-loaded coaxial line. 

The pulse sharpener shown in figure 5 .18 consists of a coaxial transmission line 

structure containing a ferrite dielectric. The central conductor of the coaxial line passes 

through the ferrite bead, with the axial field along the z axis supplied by a solenoid. 

With the magnetisation vector initially aligned along the z direction, the pulse current 

produces a circumferential I/2m field which rotates the magnetisation towards this new 

field. The trajectory of M with H develops a transient radial (y axis) component 

directed out of the ferrite surface giving rise to a demagnetisation field component HY 

(§2.3.2) and also induced surface currents in opposition to the flux. The net 

demagnetisation field is dominant over both the axial and circumferential field 

components, and has a major effect in accelerating the rate at which the magnetisation 

becomes aligned with the new net field. Since a ferrite has a finite relaxation time 

(§2.5.2), a 'shock front' now develops at the leading edge of the propagating pulse, the 

rise time of which is determined by the magnitude of the input pulse and the ferrite 

switching coefficients (Bolton, et al. 1994). 

The design of the ferrite-loaded coaxial line is shown in figure 5.19. The ferrite 

beads and heatshrink sleeving form the dielectric of a coaxial structure matched to a 

50.Q environment using equation 5.6, as discussed in §5.4.2. 
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PET100 connector Ferrite beads Connector housing 
Brass tubing 

Figure 5 .19 Cross sectional view of the ferrite-loaded coaxial line. 
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The relative permittivity of the NiZn beads is quoted as 12.01
, together with 2.1 

for the polyolefin heatshrink sleeving2
• Subsequently, a son geometric structure may 

be achieved with an inner conductor diameter of 1.2mm, and an outer return conductor 

diameter of 3.9mm, as illustrated in figure 5.19. At this particular pulse voltage and 

grade of ferrite, the optimum length of line was found to be 25cm (Dolan, et al. 1997). 

The axial bias illustrated in figure 5.18, was supplied from a solenoid developed in our 

laboratories by Dr. Andrew Goodman which allows homogenous fields of up to 500 Oe 

to be produced over an effective length of 30cm. 

The particular grade of NiZn ferrite is Philips™ 4Al 1. Previously, when 

arranged as a pulse sharpener, this material has introduced a significant reduction in 

pulse rise time (Dolan, et al. 1997). Notably, it has a high saturation magnetisation 

4rcMs of 3 .5kG and a low coercivity of less than 0.4Oe at room temperature1
• The ferrite 

is commercially available as a toroid3 with an inner and outer diameter of 1.5mm and 

2.5mm respectively, and a length of 1.0mm. 

5.4.4.2 Sample Voltage Pulses 

Figure 5.20 shows a measured pulse at the son input of the Tektronix™ TDS640 

oscilloscope taken directly from the spark gap switch with 20cm of pulse forming line 

connected. The high voltage brandenburg™ PU2707 supply was set to 4kV, with the 

gap fixed at 0.25mm, for a lower nitrogen pressure of 2bar. 

1 Soft ferrites data handbook MA0l, Philips Components™ Limited, 1998. 
2 Handbook of chemistry and physics Weast, R. C., Ed. (CRC Press. ed.70th, 1989) 
3 A small quantity of these particular beads were kindly supplied by Hawnt Electronics Limited, 
Firswood Road, Garretts Green, Birrninghan, B33 0TQ, UK. 
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Figure 5.20 20cm coaxial delay line output (500V per vertical division). 
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The magnitude of the measured output pulse is 1.57kV, with a pulse width of over 

7.6ns. The rise and fall times of the pulse are 2.4ns and 3.6ns respectively. Figure 5.21 

shows the effect of including the matched ferrite pulse sharpener after the spark gap 

switch. In agreement with (Dolan, et al. 1995), the optimum axial field supplied from 

the solenoid was fixed at 300 Oe. 
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Figure 5.21 (a) Measured pulse from the spark gap switch, along with (b) sharpened 

pulse from the ferrite-loaded coaxial line (5 00 V per vertical division). 

From figure 5.21, it is evident that the ferrite pulse sharpener produces a 

marginal improvement in pulse shape. The rise time of the pulse is reduced to under 

1.8ns, with a subsequent reduction in overall pulse width to 5.8ns. Nevertheless, the 
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performance of the pulse sharpener is significantly inferior to that reported by (Seddon, 

et al. 1988) and (Dolan, et al. 1997). Further evidence of the limited performance of the 

ferrite pulse sharpener is shown in figure 5 .22. 
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Figure 5.22 (a) Measured pulse from the spark gap switch, along with (b) sharpened 

pulse from the ferrite-loaded coaxial line (500V per vertical division). 

Figure 5.22 shows pulses at the son input of the oscilloscope taken from the spark gap 

switch with lm of pulse forming line connected. Along with figure 5.21, the high 

voltage supply was fixed at 4kV, with the gap set at 0.2mm for a nitrogen pressure of 

2bar. Considering the lower gas pressure, the observed pulse from the spark gap switch 

(a) has a characteristic rise time of under 5.0ns. Similarly, the pulse obtained from the 

300 Oe axially biased ferrite-loaded coaxial line (b) does not display significant pulse 

steepening, with a marginally improved rise time of under 4.8ns. Putting aside 

problems of corona discharge in the line and connectors, the problem appeared to be 

more fundamental. 

The pulse steepening effect corresponds to the switching time of the ferrite and 

the consequent development of an electromagnetic shock wave (Dolan, et al. 1997). If 

the ferrite is simply biased to a point on the hysteresis loop, the switching time is 

essentially the magnetisation reversal time. For the case of axial bias, the switching 

time may be accounted for in terms of coherent precession of the magnetisation vector 

from its initial axial alignment towards the final circumferential alignment. The shock 
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wave nse time is defined by the combination of pulsed and static magnetic field 

components (Dolan 1993). 

Solution of the Landau-Lifshitz-Gilbert gyromagnetic equation m the time 

domain (§2.5.5) shows that the precessional switching time is reduced as the pulse 

amplitude is increased. The basic assumption made in the design presented in this study 

is that the value of the damping factor a.d is determined solely by the magnitude of the 

bias field. In most gyromagnetic devices, the axial bias field is the dominant field 

component and this assumption would be reasonable. However, for ferrite-loaded 

coaxial lines in axially biased mode, the damping factor varies with the pulse field 

amplitude, in addition to the bias field1
• Essentially, as the pulse amplitude is reduced, 

the damping factor increases (Gyorgy 1957), which leads to a much slower switching 

time than is expected. 

These results indicate that, for a given size of ferrite bead, there is a definite 

lower limit on the pulse amplitude below which the axially biased mode becomes 

ineffective. Unfortunately, for the limited range of pulse amplitudes available in this 

study, the corresponding pulse steepening effect is small. 

5.5 Microstrip Structure 

As mentioned briefly in §5 .1, the energy stored in the pulse forming line is transferred 

into a matched microstrip load on closing a high voltage switch. Propagation of a short 

duration pulse along the microstrip line causes an electromagnetic wave to be 

transmitted, the transverse magnetic components of which are used to impulse 

magnetise the sample. However, consideration of the electromagnetic fields associated 

with a microstrip line is somewhat compounded by the effect of the inhomogeneous 

dielectric interface which modifies the mode of propagation, as discussed in §5 .5 .1. 

This section outlines the development of a matched 50Q microstrip line, of 

which the magnetic sample under investigation forms a part. Due to the popularity of 

microstrip transmission lines in planar microwave technology, several standard texts 

have been consulted (Howe Jr 1974) (Gupta, et al. 1979) (Hoffmann 1987) (Ishii 1989) 

and (Edwards 1992). 

1 John Dolan, University of Wales Cardiff, personal communication, 1999. 
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5.5.1 Microstrip Technology 

A microstrip is a two conductor transmission line having a general geometric structure 

illustrated in figure 5.23 . Specifically, a narrow conducting strip is separated from the 

ground plane by a thin dielectric sheet (Wu 1957). 

Conducting strip 

,e: 

Insulating substrate--. • Pulse propagation 

Ground plane ---,.iil'l!III 

Figure 5.23 Geometric structure of a microstrip line. 

The introduction of the microstrip transmission line in the 1950s has now practically 

replaced conventional microwave coaxial and waveguide technologies. Historically, the 

microstrip line evolved from the triplate stripline which consisted of an inner conductor 

enclosed on either side by ground plane. Moreover, with the advent of 

photolithography, the microstrip became increasingly favoured for the intensifying 

demands of microwave integrated circuits (MIC), and more recently monolithic 

microwave integrated circuits (MMIC). With MMIC technology, transmission lines 

along with other electronic components such as resistors, capacitors, diodes and 

transistors may be manufactured monolithically on a single substrate (Ishii 1989). 

Conceptually, a microstrip structure may be visualised using the parallel wire 

transmission line of (Lecher 1890). Figure 5.24 shows the development of the 

microstrip line from a parallel wire line, with a cross sectional view of the electric and 

magnetic field distribution, after (Gupta, et al. 1979). The transformation from (a) to (b) 

is essentially a change in conductor geometry, whereas from (b) to (c) involves placing 

a conducting sheet at the plane of symmetry. The final microstrip configuration (d) is 

obtained by inserting a thin dielectric substrate between the two conductors. The 

introduction of the dielectric effectively multiplies the flux in the region bounded by the 

microstrip and ground plane, along with providing mechanical support for the circuit 

(Hoffmann 1987). However, the dielectric medium of the transmission line becomes 
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inhomogeneous, and a microstrip structure cannot support a pure transverse 

electromagnetic mode (TEM) of propagation, as detailed in §5.5.1.1 and §5.5.1.2. 

Figure 5 .24 Development of the microstrip line from a parallel wire transmission line. 

Historically, dynamic magnetisation studies involving microstrip lines were first 

performed by (Kakuno, et al. 1973). In this investigation, magnetisation reversal in 

NiFeCo thin films was detected optically using the Kerr effect through a window in the 

ground plane of the stripline. A single pulse of energy was delivered into the microstrip 

line on closing a mercury wetted relay, similar to that described in §5.3. More recently, 

a modified approach using an optically triggered microstrip line has been utilised to 

study fast magnetic phenomena in a wide variety of systems; the interested reader is 

referred to (Freeman 1994) and (Hicken, et al. 1999). 

As a precursor to recent studies of high frequency magnetisation reversal m 

recording media, the speed limited performance of magnetic tapes has been reported as 

early as 1974 (Thomley, et al. 1974). In this investigation, a series of commercial tapes 

were studied using a continuous microstrip recording system, in which a DC erased tape 

was passed under a microstrip line in order to rapidly switch the magnetisation. The 

effect of the field pulse duration was then measured with a read head to give an 

estimation of the switching time (Thomley 1975). 

5.5.1.1 Pure Transverse Electromagnetic Mode 

Pure transverse electromagnetic mode (TEM) will occur on a transmission line which 

consists of two electrodes separated by an entire cross section of homogeneous 

dielectric (Hoffmann 1987). Consequently, the pure TEM mode is commonly excited in 
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coaxial lines and triplate structures. TEM modes are distinguished by having no electric 

and magnetic field components in the direction of wave propagation, and with only 

longitudinal currents flowing in the electrodes, the E and H components lie entirely in 

the transverse plane. As the potential difference between the two electrodes is 

independent of the path, the pure TEM line is characterised by a unique characteristic 

impedance and phase velocity, both of which are independent of frequency. 

5.5.1.2 Quasi-Transverse Electromagnetic Mode 

A microstrip structure cannot support a pure TEM mode of propagation as the area 

containing the fields consists of inhomogeneous dielectric, as indicated in figure 5.23. 

Propagation of an electromagnetic wave along a microstrip line therefore supports a 

quasi-TEM mode, as the wave velocity in air is faster than in the dielectric substrate. 

Consequently, parts of the propagating wave have different velocities and cannot 

produce a single transmission mode (Hoffmann 1987). However, as two isolated 

electrodes are present (as opposed to a waveguide), the quasi-TEM mode is a special 

type of hybrid wave in which the transverse field components dominate. The lower the 

frequency, then the closer the wave propagation approaches pure TEM. An 

approximate static analysis of quasi-TEM lines at low frequencies, below 3GHz (Ishii 

1989), is described in §5 .5 .2.1. This approach takes account of the dominance of the 

TEM mode, and ignores the longitudinal field components to obtain a frequency 

independent value for the characteristic impedance and phase velocity. 

5.5.2 Microstrip Geometry 

Planar technology implies that the characteristics of a microstrip line may be controlled 

in a single plane. As a result, the width of a microstrip line on a dielectric substrate may 

be adjusted to control the characteristic impedance, so that it closely matches that of the 

50.Q switch assembly. In the previous study of low coercivity y-Fe2O3 and CrO2 media 

(Hancock 1995), a microstrip line was constructed which developed a magnetic field of 

22 OeA1, as detailed in §5.5.3. Therefore, for the maximum available current pulse of 

22A from the mercury wetted relay, a pulsed field of around 450 Oe was generated. 

Details of the design of this microstrip line are outlined in (Hancock, et al. 1996). 
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Although preliminary studies of advanced metal particle media have been 

performed using this particular microstrip line (Prichard, et al. 1999a), the magnetic 

field produced is not of sufficient magnitude to switch all of the particles. 

Consequently, in order to obtain a larger current density and hence an enhanced 

magnetic field, a narrower microstrip line has been developed, similar to that described 

by (He, et al. 1995). In order to maintain the required 500 matching impedance, the 

geometry of this narrower microstrip line has been altered by using a substantially 

thinner dielectric substrate. Of course, the insertion of a magnetic tape sample between 

the substrate and ground plane will also influence the geometry of the microstrip, as 

shown in figure 5.25. Modifying the geometry of the microstrip line has led to an 

increased field calibration of 30 OeA1
, with the design procedure outlined in §5 .5 .2.1. 

The particular dielectric material favoured in this study was Kapton® polyimide. 

This homogeneous material has a high dielectric strength of up to 195kV mm·i, together 

with excellent wave conducting properties1
• A sheet of Pyralux® LF laminate with a 

35µm layer of copper on one side was kindly provided by DuPont® Electronic 

Materials. Copper is diamagnetic, therefore it retains no remanent magnetisation after 

the removal of the field pulse. The thickness of both the Kapton® substrate and the 

acrylic adhesive layer is 25µm, as shown schematically in figure 5.25. The thickness of 

the magnetic coatings under investigation are typically around 18µm. 

w 

Figure 5.25 Cross sectional view of the microstrip line. 

1 Pyralux® LF flexible composites datasheet, DuPont® Electronic Materials, 1995. 
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5.5.2.1 Line Impedance Calculations 

Exact equations for microstrip circuit parameters do not exist due to the inhomogeneous 

dielectric interface. However, functional approximations have been derived by a 

number of workers (Wheeler 1965) (Gunston, et al. 1969) and (Bahl, et al. 1977). Using 

the assumption that the microstrip line has no dielectric and that the thickness of line is 

zero, (Wheeler 1977) revealed that over the entire range 0 < w/h < oo, the line width w 

may be calculated with an error ofless than 1 % using equation 5.8 

w 8.jexp(Z0 /30)-l+(n2 /4) 
=---'----------

h [ exp(Z0 / 30)-1] 
(5.8) 

where Z0 is the characteristic impedance of the line. The parameter h is the separation 

between the microstrip line and ground plane, as shown in figure 5.25. To ensure that 

the geometry of the microstrip line is well-matched to 50.0, the line width was found to 

be 329.4µm. Similarly, (Hilberg 1971) derived a practical approximation with an error 

ofless than 0.6% for all microstrip lines with Z0 < 132.0, such that 

w 2 [60n
2 

{60n
2 

} l - =- --ln(2)-ln --ln(2) -1 
h 1t Z0 Z0 

(5.9) 

Using equation 5.9, the line width of a 50.Q microstrip line was calculated as 334.9µm. 

For a practical microstrip line of finite thickness t, fringing fields will occur at 

the· vertical edges of the conducting strip. This effectively increases the apparent line 

width and suggests that the characteristic impedance Z0 will decrease (Ishii 1989). To 

preserve the desired 50.0 environment, (Wheeler 1977) showed that the line width may 

be corrected using a broadening factor jj,w which accounts for the additional stray field 

at the edges of the microstrip line, given by 

/j,w = _.!_ ln---;:::====4=e=x=p= === 

1t ( /h)2 { 1/n }
2 

t + (w/t)+l.10 

(5.10) 
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For the microstrip line described by equation 5.9, the width correction factor /j_w was 

found to be 33.9µm. Consequently, a 301.0µm wide microstrip line was manufactured 

via wet etching and secured in a housing, the design of which is outlined in figure 5.26. 

M2 tapped hole 

Aluminium housing 

Magnetic tape sample 

$2 clearance hole 

Figure 5 .26 Microstrip line housing. 

Perspex® cover 

500 SMA 
connector 

Ground plane 

The design of the aluminium housing shown in figure 5.26 allows the magnetic 

tape sample to be easily inserted between the microstrip line and removable ground 

plane. In order to secure the sample firmly in position, the microstrip line is clamped 

between the Perspex® block and ground plane. To avoid attenuated replicas of the main 

pulse being reflected back along the microstrip line, a 500 SMA plug termination was 

connected at end of the line. 

5.5.3 Magnetic Field under the Microstrip 

As discussed in §5.5, propagation of a short duration pulse along the microstrip line 

causes an electromagnetic wave to be transmitted. However, the magnitude of the 

transverse magnetic field components HY are not easily resolved. Using the assumption 
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that the microstrip line has an electric and magnetic field distribution similar to that 

shown in figure 5.24, both (Thomley, et al. 1974) and (Doyle, et al. 1993) estimated the 

magnetic field using equation 5.11, from earlier studies by (Kalamo, et al. 1973). 

(5.11) 

In order to obtain a larger current density and hence an enhanced magnetic field, the 

narrower microstrip line described in §5.5.2 has led to an increased field calibration of 

over 30 OeA1
• Therefore, for the maximum available current pulse Iz of 60A from the 

spark gap switch, a pulsed field of around l .8kOe is produced. 

5.~ Concluding Remarks 

This chapter has detailed the design and development of the various techniques used to 

produce nanosecond duration pulsed magnetic fields inside a microstrip transmission 

line, of which the magnetic sample forms a part. Using these techniques, studies of the 

high speed switching properties of advanced metal particle recording media have been 

undertaken, and described in §6. Publications derived from the work are included in 

Appendix A. Photographs of the mercury reed relay, microstrip line and ferrite pulse 

sharpener are shown in figure 5.27. A photograph of the pressurised nitrogen spark gap 

switch is shown in figure 5.28. 

Mercury wetted relay 

Microstrip line .. 
Ferrite-loaded line 

5.27 Photograph of the mercury relay, microstrip line and ferrite-loaded coaxial line. 
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5.28 Photograph of the pressurised nitrogen spark gap switch. 
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High Speed Switching in 

Metal Particle Recording Media 

6.1 Introduction 

6.1 

The speed limited performance of magnetic tapes has been reported as early as 1974 

(Thomley, et al. 1974). In recent years, the need for both higher storage densities and 

data transfer rates has led to the development of metal particle pigment formulations 

with a small physical size, where thermal activation is significant. For example, a 

modem tape drive running at 20ms-1 and recording 4kfcmm•1 would have a bit length of 

around l 5ns and a write head flux rise time of 6ns. Correspondingly, over these short 

timescales, substantial increases in remanent coercivity have been observed (Doyle, et 

al. 1993) (Veitch, et al. 1994) and (Hancock, et al. 1996). As a result, the 

characterisation of these advanced particulate materials to find their switching speed 

limits is of fundamental scientific and commercial interest, as highlighted in recent 

investigations (Stinnett, et al. 1998a) (Stinnett, et al. 1999) and publications derived 

from this study (Prichard, et al. 1999a) (Prichard, et al. 1999b) included in Appendix A. 

In this chapter, the switching characteristics of a series of five metal particle tape 

samples are examined over a wide range of timescales. Pulsed field measurements are 

performed as DC demagnetisation (DCD) curves which closely resemble the digital 

recording process. As the behaviour of recording media is strongly dependent on the 

timescale of the reversal process (Neel 1949), this provokes conflicting requirements for 

writing and storage coercivities. Consequently, in order to relate high frequency 
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recording properties to archival storage stability, the results are compared with recent 

models of magnetisation reversal (Sharrock, et al. 1981) (el-Hilo, et al. 1992). 

6.2 Sample Characterisation 

A series of metal particle (MP) tape samples have been studied using pulsed and swept 

DC fields. The samples were produced by the industrial collaborators in this project, 

Imation Corporation, MN1
• The first four samples were prepared from the same 

magnetic pigment to form a dispersion with a solids ratio of 40% by weight. The 

acicular magnetic particles had an average length of 150nm, with an aspect ratio of 9: 1, 

and a SSA of 50m2 g·1
• The dispersion was composed of a proprietary formulation of 

binders, dispersants, lubricants and head cleaning agents. The formulations were 

initially premixed at high solids ratio in a double planetary mixer before being 

transferred to a high shear recirculating bead mill, similar to that described in §4.3.2. 

After milling, the dispersion was subsequently letdown to approximately 25% solids 

and coated as a single layer using a fully automated coater. During coating, changes in 

the speed of the polyester web and the initial viscosity of the coated formulation were 

varied, so that a series of tape samples were produced with an increasing degree of 

particle orientation. The samples are typical of media used in high speed digital tape 

systems, such as the Imation Travan™ linear cartridge. 

The fifth tape sample was prepared from a very small pigment, with an average 

particle length of only 65nm. With the trend to ever smaller particles for advanced 

recording media (Richter, et al. 1995), thermally activated switching becomes more 

significant as the thermal limit to data density is approached (Sharrock 1994). The 

classical explanation is that very small particles are easier to switch since the energy 

barrier to reversal is assumed to be proportional to the total particle volume (Neel 1953). 

This section details the basic magnetic characterisation of the samples using a 

variety of measurement techniques, as described in §2.6. Conventional bulk magnetic 

measurements including basic hysteretic information, along with studies of the 

switching behaviour determined by remanence curves are presented. The well

established 8M technique has been used to study the nature of interactions and there 

1 Data Storage and Information Management, Imation Corporation, Discovery-2D-37, 1 Imation Place, 
Oakdale, MN 55128-3414, USA. 
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effect on reversal. Measurements of the time dependence of magnetisation were 

performed using the method detailed in §2.5.2.1 , and as a result, the activation volume 

of reversal may be determined allowing an observation of the sub-crystallite nature of 

the particles to be obtained. 

6.2.1 Basic Magnetic Characterisation 

All of the magnetic measurements reported in §6.2 were performed using a PMC 

MicroMag™ 2900 alternating gradient force magnetometer. The hysteresis loops of the 

five samples, measured in the coating direction, are shown in figure 6.1. The 

measurements were performed at a linear sweep-rate of 511 Oe s-1
• 

M/Ms (arb.) 

1 
- #1 

0.5 
-#2 
-#3 

0 -#4 
-#5 

-0.5 -

-6 -4 -2 0 2 4 6 

Applied Field (kOe) 

Figure 6.1 Hysteresis loops for samples #1 to #5. 

As discussed in §2.6.2.1 , the basic characteristics obtained from the hysteresis loops in 

figure 6.1, are shown in table 6.1. 

Sample #1 #2 #3 #4 #5 
He (kOe) 1.55 1.60 1.64 1.66 2.29 
M/Ms" 0.70 0.77 0.83 0.88 0.86 
Mr (memu cm-2

/ 36.9 40.7 44.2 46.5 33.9 
1-S* 0.501 0.420 0.356 0.333 0.360 
• M, = M at l 0kOe b Measurement performed using a PAR 4500 VSM 

Table 6.1 Hysteresis loop properties of the tape samples. 

From figure 6.1, the increase in tape squareness M/Ms from 0.70 for sample #1 

to 0.88 for sample #4 is clearly evident. The smaller particle sample #5 has a loop 
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squareness of 0.86. In particulate recording media, one of the more desirable magnetic 

properties is that of high tape squareness (Chantrell, et al. 1992). For acicular metal 

particles with uniaxial magnetisation, squareness gives an indication of the magnetic 

texture, i.e. the degree of alignment of the particles easy axes. In terms of recording 

properties, the signal to noise ratio of textured systems is enhanced due to the narrower 

switching field distribution (Koster 1984) which gives sharper transitions between 

recorded bits (Williams, et al. 1971), as detailed in §2.6.2.3 . Although, a corresponding 

increase in time dependent behaviour has also been observed (Uren, et al. 1989). 

From table 6.1, it is clear that the coercivity increases with sample texture. This 

may be explained from Stoner-Wohlfarth theory for uniaxial single domain particles 

(Stoner and Wohlfarth 1948), as described in §2.4. 1. These workers predicted that an 

increase in coercivity accompanies the alignment of an isolated particle into the applied 

field direction. The behaviour of an assembly of non-interacting uniaxial particles is 

simply the summation of the behaviour of each individual particle. As a result, for well 

aligned media, the switching field will be narrow. For poorly textured media, each of 

the particles will switch at its own coercivity to give broadened switching field 

distribution, as confirmed by the (1-S*) values in table 6.1. 

6.2.2 Remanence Curves 

Remanence curves, unlike hysteresis loops, measure only irreversible changes in 

magnetisation (O'Grady 1990). The two principal remanence curves considered in this 

study were measured as a function of magnetising and demagnetising field. As 

discussed in §2.6.2.2, the isothermal remanence M,(H) is obtained after the application 

and removal of an increasing applied field, with the sample initially demagnetised. The 

DCD remanence MiH) is measured from the saturation remanent state by the 

application of increasing demagnetising fields. Figure 6.2 shows the measured IRM and 

DCD remanence curves for the four samples prepared from the same magnetic pigment. 

For the IRM curve in figure 6.2(a), the sample demagnetisation was achieved 

through the application of a slowly decreasing 50Hz field supplied by a LDJ Electronics 

Inc.orporated™ 7000H loop tracer. For the remanence curves presented in figure 6.2, it 

is evident that a wide range of switching fields are present. Previous studies have 

shown that a wide distribution of switching fields may result in thermal loss of data for 
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the low coercivity particles and lead to significant overwrite problems caused by the 

high coercivity particles (Bertram 1986) and (Flanders and Sharrock 1987). 

Investigations by (Morales, et al. 1999) have shown that the formation of sub

crystallites within the particles may account for the broadened range of switching fields, 

in addition to effects of the particle size distribution and angular dependence of the 

coercivity. The crystallites are most likely formed during the hydrogen reduction 

process; nucleating at the ends of the original oxide particle (Morales, et al. 1998). An 

observation of the crystallite nature of the particles is described in §6.2.4, from a 

comparison of the activation volume of reversal and the physical particle volume 

determined from TEM analysis. 

M/M, (oo) 

1 
(a) 

0.5 
-#1 
- #2 
- #3 

0 t::=====~======;::==========#4::::::::! 
0 2 3 4 

Applied field (kOe) 

(b) 

0 f-----------------< 
-#1 
- #2 
- #3 

-1 - #4 
-4 -3 -2 -1 0 

Applied field (kOe) 

Figure 6.2 (a) Isothermal remanent magnetisation and (b) DC demagnetisation curves 

obtained for samples #1 to #4. 

As detailed in §2.6.2.3, the irreversible susceptibility X;rr(H) is obtained from the 

differential of the principal remanence curves, as shown in figure 6.3. 
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X;rr (arb.) X;rr (arb.) 

0.001 #1 -d(IRM)/dH 0.001 #2 -d(IRM)/dH 
-d(DCD)/dH -d(DCD)/dH 

0 0 

0 2 4 0 2 4 
Applied field (kOe) Applied field (kOe) 

X;rr (arb.) X;rr (arb.) 

0.001 #3 -d(IRM)/dH 0.001 #4 -d(IRM)/dH 
-d(DCD)/dH -d(DCD)/dH 

0 1---~- ----___:::_~-.1 

0 2 4 0 2 4 
Applied field (kOe) Applied field (kOe) 

Figure 6.3 Irreversible susceptibility curves for tape samples #1 through #4. 

Irreversible susceptibility curves provide a measure of the switching field distribution 

(Chantrell, et al. 1992), as the process by which remanence is acquired is related to the 

energy barrier distribution of the system (O'Grady, et al. 1992). Accordingly, the 

switching field distributions of the four tape samples were obtained by normalising the 

area under the irreversible susceptibility curves to unity, as indicated in figure 6.3. 

Comparison of each pair of differentiated remanence curves shown in figure 6.3, 

indicates that for all samples the differentiated IRM curve is displaced to higher fields 

relative to the DCD curve. In the absence of interactions, (Wohlfarth 1958) 

demonstrated that the differentials of both the IRM and DCD curves would be identical, 

as discussed in §2.6.2.4. Consequently, this observation is indicative of demagnetising 

dipolar interactions between the particles, which indicate that it is easier for the system 

to be demagnetised rather than magnetised, in agreement with (Mayo, et al. 1991). In 

addition, it is also evident that as the particle orientation increases, the shape and lateral 

position of the differentiated remanence curves become successively closer, which 

would seem to suggest that the level of demagnetising interaction decreases with 

increasing magnetic texture. 
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From figures 6.2 and 6.3, parameters obtained from the remanence curves are 

summarised in table 6.2. As defined in §2.6.2.2, the remanent coercivity Her' of the IRM 

curve is the field at half of the level of the saturation remanence. The remanent 

coercivity Her of the DCD curve is the field required to reduce the magnetisation to zero. 

Sample #1 #2 #3 #4 #5 
Her' (Oe) 1935 1890 1860 1860 2580 
Her (Oe) 1785 1750 1745 1740 2410 
FWHM1RM (Oe) 1055 960 900 880 1340 
FWHMoco (Oe) 975 950 875 840 1260 

Table 6.2 Remanence parameters for the tape samples. 

For samples #1 through #4, there is a general narrowing of the irreversible susceptibility 

curves with particle orientation in both IRM and DCD measurements. However, there 

is a more pronounced narrowing of the switching field distribution which originates 

from the IRM curve. This arises since reversal from the DC saturated state always 

begins from a micromagnetic configuration in which the majority of the moments are 

aligned parallel, which leads to reversal largely in unison and hence a narrower SFD 

with less influence of texture. However, for the IRM case, which originates from a 

demagnetised state, the initial configuration is that of flux closure which is not well 

defined. Hence, there can be many starting conditions leading generally to a wider 

SFD. Under these circumstances, the influence of texture becomes more significant as 

it reduces the possible initial configurations. Thus, the effect of texture on Xirr(H) from 

the IRM curve is greater. Furthermore, the significant reduction in remanent coercivity 

Her' with increasing magnetic texture may be an indication of increased cooperative 

switching between the more aligned particles (Mayo, et al. 1991). 

Consistent with other traditional acicular particulate systems (Spratt, et al. 1988) 

and (Mayo, et al. 1990), the smaller particle sample #5 also exhibits demagnetising 

interactions between the particles, with the differentiated IRM curve displaced to higher 

fields relative to the DCD curve. This high coercivity sample is typical of a tape 

medium for future high-density recording. Since the energy barrier in materials with 

dominant shape anisotropy depends on the square of the magnetisation, as shown in 

equation 2.8, extremely small stable particles of iron-cobalt have been reported by 
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(Richter, et al. 1995) (Hisano, et al. 1998) and (Morales, et al. 1998). For other recent 

developments in all aspects of MP technology, the interested reader is referred to 

(Okamoto, et al. 1999) and (Veitch, et al. 1999). 

6.2.3 8M Studies 

Interaction effects have been studied using the oM technique. As discussed in §2.6.2.4, 

the oM curve is determined from a comparison of the two principal remanence curves. 

A plot of oM(H) shows the effective magnitude of the interactions at various fields as 

the magnetisation reversal occurs (Kelly, et al. 1989), which is shown for all samples in 

figure 6.4. 
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-0.1 ♦• ~ 
• I 
•• I 

-0.2 \_/ 
(b) ♦ #5 
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Figure 6.4 Comparison of oM curves for all tape samples. 

As with all acicular particulate systems, a negative oM parameter is observed 

over the entire field range, indicating that the interactions serve to favour the 

demagnetised state (O'Grady, et al. 1992). From figure 6.4(a), it is clear that the level of 
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interaction decreases with particle orientation. Physically, the local magnetic field from 

dipolar interactions between the more aligned particles tends to hinder magnetisation 

reversal (Bottoni, et al. 1992). 

Dipolar coupling occurs in all particulate media as a result of the demagnetising 

field from one particle influencing the environment of the other particles, as outlined in 

§2.5 .6. The demagnetising effect of dipolar interactions tends to lead to flux closure 

configurations, thereby stabilising the demagnetised state, with the vast majority of 

particles reversed in lower than expected fields (Spratt, et al. 1988). Similarly, the 

results presented here are in agreement with simulations of fine particles using a Monte 

Carlo approach (el-Hilo, et al. 1996) and (Chantrell, et al. 1996). These workers found 

that dipolar interactions tend to decrease both the coercivity and remanence, and 

mcrease the temperature above which the magnetisation will become 

superparamagnetic. 

6.2.4 Time Dependence Studies 

Measurements of the time dependence of magnetisation were made using the method 

detailed by (Stoner and Wohlfarth 1948) and interpreted according to the framework of 

(Gaunt 1986). Specifically, data is obtained in the second and third quadrants of the 

hysteresis loop by first saturating the sample in first quadrant, and then applying a 

constant negative field to the sample. For all five samples with a wide distribution of 

energy barriers, a quasi linear variation of magnetisation with ln(t) was observed, as 

shown in figure 6.5 for sample #1. 

M/M5 (arb.) 

0.1 • • • • • ••••• 1394 Oe 

• • • • • •••• 1442 Oe 

0 
• • • • • ••••• 1491 Oe 

• • • • • ••••• -0.1 
1540 Oe 

3 4 5 6 7 

In (t) 

Figure 6.5 Variation of magnetisation with time at fields around the coercivity. 
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Using the procedure described in §2.5.2, the fluctuation field Hr and activation 

volume o of all five samples are shown in figure 6.6. The activation volume describes 

the volume of magnetic material which reverses coherently, and was calculated using a 

saturation magnetisation Ms = 1500 emu cm·3 which is consistent with the thin oxide 

layer present (Morales, et al. 1998). 
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Figure 6.6 (a) Fluctuation fields and (b) activation volumes for all samples. 

From figure 6.6(a), it is evident that for each sample the fluctuation field exhibits a 

broad minimum around the coercivity, in agreement with previous studies of particulate 

media ( de Witte, et al. 1993). As the fluctuation field represents the effects of thermal 

energy on the magnetisation of the sample (Neel 1951), it appears that increasingly 

aligned media are more susceptible to the effects of thermal activation. This is in 

agreement with similar studies of y-Fe20 3 recording media (Uren, et al. 1989). These 

workers suggested that since time dependence effects are related to the distribution of 
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energy barriers in the system, it follows that they are related m some way to the 

irreversible susceptibility and hence the magnetic viscosity. 

Figure 6.6(b) shows the measured activation volumes at fields around the 

coercivity. For the four tape samples prepared from the same magnetic pigment, the 

data indicates that increasing the degree of particle orientation essentially reduces the 

activation volume. From comparison with TEM images, the activation volume is 

between 3 and 4 times smaller than the physical volume. This would indicate the 

existence of about 3 to 4 crystallites per particle, with magnetisation reversal occurring 

through incoherent rotation. The apparent decrease in activation volume with 

orientation may be due to changing dipolar interactions between aligned particles 

(Morales, et al. 1995), as discussed in §6.2.3. 

Interestingly, sample #5 has an activation volume which is only marginally 

smaller than that determined for samples #1 through #4. Furthermore, the measured 

activation volume is comparable to the physical particle volume obtained from TEM 

analysis, which suggests that reversal is achieved through a somewhat more coherent 

mechanism, i.e. a single domain particle. In essence, although produced from distinctly 

different sized pigments, the tape samples under investigation do appear to consist of 

sub-crystallites of similar volume. Empirically, (Veitch, et al. 1994) found that thermal 

activation was related to the size of the crystallographic sub-units within the particle. 

Consequently, very small particles can be less susceptible to thermal effects than larger 

ones (Stinnett, et al. 1998), as investigated in the remaining sections of this chapter. 

The parameters obtained from time dependence studies are summarised in table 6.3. 

Sample #1 #2 #3 #4 #5 
Hr (Oe) 10.0 10.5 12.5 13.4 18.9 
U (lo•IS Cm3) 7.2 6.9 5.8 5.4 4.2 
Vphys (10-IS Cm3

)" 22.1 22.1 22.1 22.1 4.4 
V 11/U 3.0 3.2 3.8 4.1 1.1 
• Calculated from TEM images 

Table 6.3 Parameters obtained from time dependence measurements. 

6.3 Low Frequency Sweep-rate Measurements 

At any finite temperature, an irreversible change in magnetisation occurs when an 

applied field reduces the effective height of an energy barrier under the assistance of 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 6 High Speed Switching in Metal Particle Recording Media 6.12 

thermal energy, as discussed in §2.5.2. Therefore, magnetisation reversal depends not 

only on the strength of the magnetic field, but also the length of time the field is applied 

(Sharrock, et al. 1981). One further manifestation of time dependence in recording 

media is the sweep-rate dependence of coercivity (el-Hilo, et al. 1992), where the 

coercivity relevant to the writing process, which takes place on nanosecond timescales, 

may be considerably higher than that required for archival storage, where stability is 

required for years. The measurements presented in this section are performed as DCD 

curves which closely resemble the digital recording process, and it is assumed that the 

remanent coercivity behaves in a similar manner to the coercivity (He, et al. 1995). 

The variation in remanent coercivity with sweep-rate was measured initially 

using the AGFM, as detailed in §6.3.1. It was ensured that the field step between 

magnetisation measurements was constant for all sweep-rates. Furthermore, the time 

constant was kept as short as possible, which provides a quasi continuous field sweep 

(O'Grady, et al. 1993). Measurements over microsecond timescales were performed 

using the pulsed field magnetometer described in §3 which is capable of generating field 

pulses up to 4.7kOe, with variable widths between 25µs to 130µs. 

6.3.1 Alternating Gradient Force Magnetometer Results 

The variation in remanent coercivity with sweep-rate R for samples #1 and #4 is shown 

in figure 6.7. The measurements were performed as DC demagnetisation (DCD) curves 

over a wide range of sweep-rates using a PMC MicroMag™ 2900 alternating gradient 

force magnetometer. As discussed in §6.3, it was ensured that the field step between 

magnetisation measurements was kept constant at 10 Oe, along with the minimal setting 

of the time constant at l0ms in order to secure a near continuous field sweep. 

Figure 6. 7 indicates how magnetisation reversal proceeds at relatively slow field 

sweeps. Clearly, the remanent coercivity increases as a function of sweep-rate, as 

reversal depends not only on the strength of the magnetic field, but also the length of 

time the field is applied (Neel 1949), as detailed in §2.5.2. Furthermore, it is clear that 

the most aligned sample #4 exhibits a significant rate of increase in remanent coercivity. 

Assuming that the remanent coercivity behaves logarithmically over these limited 

timescales (Oseroff, et al. 1987), sample #1 shows a remanent coercivity increase of 

almost 0.75% per decade, whereas sample #4 exhibits an increase in remanent 
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coercivity of over 0.95% per decade. Consequently, it appears that increasingly 

textured media are more susceptible to the effects of thermal agitation, in agreement 

with the results presented in §6.2.4. 
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1750 
He, (Oe) 

• •• 
1790 • 1740 • • • • 1780 • 1730 • 

• • 
1770 • 1720 • • • • 
1760 • #1 1710 • • #4 • • • • • 1750 1700 

10 100 1000 1 10 100 1000 
Sweep-rate (Oe s·1) Sweep-rate (Oe s·1) 

Figure 6. 7 Measured variation in remanent coercivity as a function of sweep-rate. 

Using the theory developed by (el-Hilo, et al. 1992) and (de Witte, et al. 1993), 

the value of the mean anisotropy field HK may be estimated from figure 6.7. This 

approach is particularly useful, as the remanent coercivity at infinite frequency 

approaches that of the anisotropy field (Neel 1949), and provides an estimate of the 

head field required to write high frequency transitions on the samples. 

The sweep-rate dependence of the remanent coercivity may be expressed as a 

logarithmic power series, as described in equation 6.1 ( el-Hilo, et al. 1992). This 

relation is obtained from the expansion of equation 2.43, as outlined in §2.5.4. The 

resultant variation in remanent coercivity involves errors of less than 2% for values of 

sweep-rate up to 106 Oe s·1
, such that 

(6.1) 

where Ro is the initial value of the sweep-rate. The constants Ao, A1 and A2 are given by 

(6.2) 
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A 1 =HK!2.Jamln(C) 

A2 =HK / 8-Ja:[ In( c) ]3'2 

6.14 

(6.3) 

(6.4) 

where am = Ku V m/kT and C = f0HK/2amRo· Figure 6.8 shows the measured variation in 

remanent coercivity for samples #1 and #4 fitted with a second order polynomial of the 

form given in equation 6.1. Using expressions for Ao and A1, the value of the 

anisotropy field may be determined from 

H = A + 2A ln([ kT ]

112 

~ H 
312

] 
K o I 21tMsVm Ro K 

(6.5) 

where the gyromagnetic ratio Yo is - 1.76 x 107 s-1 oe-1
• Equation 6.5 contains only two 

unknowns: the median particle volume and the saturation magnetisation. However, in 

order to optimise the fit, the median particle volume may be substituted by the 

activation volume u (de Witte, et al. 1993), as detailed in §6.2.4. Specific coefficients 

involved in the calculation of the anisotropy field are included in table 6.4. 
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Figure 6.8 Calculated variation in remanent coercivity as a function of sweep-rate. 

Parameter 
#1 
#4 

0.70 
0.88 

1500 
1500 

7.2 
5.4 

1756.3 
1712.9 

2.79 
5.53 

Table 6.4 Characterisation and fitting parameters for samples #1 and #4. 
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Table 6.4 indicates that the calculated effective anisotropy field HK for the more 

aligned sample #4 is notably higher than for sample #1, in agreement with Stoner

Wohlfarth theory of uniaxial single domain particles, as described in §2.4.1. 

Consequently, using a similar approach to (Sharrock, et al. 1981), the sweep-rate 

dependence of the remanent coercivity may be used to predict the head field required to 

write high frequency transitions on media. Clearly, whilst it may not be entirely 

appropriate to infer high speed properties from these measurements, this technique 

provides a useful estimate with which to compare measurements over short timescales. 

Additionally, it is not affected by the uncertainties involved in comparing pulsed and 

swept measurement systems. 

Interestingly, the values of HK are somewhat below that expected from the 

closure point of the hysteresis loop, but are probably an effective average for the system 

which contains a relatively wide distribution of switching fields arising from either the 

distribution of the anisotropy constant or more likely the distribution of sub-crystallites 

(Morales, et al. 1999). This is confirmed in a recent experimental study of anisotropy 

field distributions in a similar series of progressively aligned metal particle tape samples 

(Jones, et al. 2000), as included in Appendix A. 

6.3.2 Dispersion Pulsed Field Magnetometer Results 

In order to study switching characteristics over a wide range of frequencies, pulsed field 

me_asurements were performed using the solenoid-based magnetometer developed to 

monitor the reversal processes of metal particle dispersions (Prichard, et al. 1998). As 

discussed in §3, this instrument is capable of generating field pulses up to 4.7kOe, with 

variable widths between 25µs and 130µs. A typical 40µs duration pulsed field with a 

magnitude of over 2. lkOe is shown in figure 6.9. In assigning an appropriate sweep

rate to the pulse, a triangular pulse shape is assumed with a constant slope both rising 

and falling, similar to that described by (Shimatsu, et al. 1999). To illustrate, the sweep

rate of the field pulse displayed in figure 6.9 is approximately 0.85 x 108 Oe s·1
• 

Intriguingly, measurements over microsecond timescales, which are somewhere 

between those available from a hysteresis loop tracer and those observed during the 

wtjting process, are distinctly different from those timescales arising through standard 

measurements or archival storage, as indicated schematically in figure 2.10. 
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Figure 6.9 Typical magnetic field pulse obtained from the dispersion magnetometer, 

together with its corresponding sweep-rate. 

Accordingly, whilst it may not be entirely appropriate to compare pulsed and 

swept measurement systems, novel characterisation techniques are essential to optimise 

future head and media design, as recently highlighted in studies of FePt thin films over 

similar timescales (Shimatsu, et al. 1999). Figure 6.10 shows the measured variation in 

remanent coercivity with sweep-rate for samples #1 and #4, including additional pulsed 

fields of 40µs and 1 00µs duration. As a guide to the eye, the data is fitted with a simple 

second order polynomial. 
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Figure 6.10 Measured variation in remanent coercivity as a function of sweep-rate. 

Figure 6.10 indicates how magnetisation reversal proceeds as the field sweep 

increases. As suggested in §6.3.1 , the most aligned sample #4 displays a much steeper 

variation in remanent coercivity over longer timescales. The implications of this are 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 6 High Speed Switching in Metal Particle Recording Media 6.17 

that transitions written on increasingly textured systems are more likely to suffer 

thermal demagnetisation, which promotes conflicting requirements in terms of 

recording performance (Bertram 1986) and media durability (Okamoto, et al. 1999). Of 

course, over these timescales the mechanism of thermally activated switching is 

effectively described using the Arrhenius-Neel formulation, as given in equation 2.25. 

In this classic study, (Neel 1949) proposed that thermal fluctuations can assist an 

external field to overcome an anisotropic energy barrier. Accordingly, in a system of 

uniaxial single domain particles, increasing the degree of texture is found to increase 

both the mean effective anisotropy field (Stoner and Wohlfarth 1948) and anisotropy 

constant (Luborsky 1961 ), as outlined in §2.3 .1. However, the results presented in 

§6.2.4 indicate that the effective sub-crystallite volume is significantly reduced as the 

particle orientation increases, and, since both the anisotropy constant and switching 

volume occur in the exponent of equation 2.25, these parameters strongly influence the 

switching process. 

Referring again to figure 6.10, it is apparent that the poorly aligned sample #1 

displays a steeper variation in remanent coercivity as the field sweep increases. This is 

a somewhat surprising observation, as the results obtained from both conventional time 

dependence studies (§6.2.4) and relatively slow field sweeps (§6.3 .1) indicate that, over 

these timescales, it is increasingly textured media which are more susceptible to the 

effects of thermal agitation. This may be explained, at least in part, by considering the 

switching behaviour of an interacting uniaxial dipole pair, which forms the simplest 

possible micromagnetic system (Bertram, et al. 1970). This system was further 

extended by (Lyberatos, et al. 1993) to simulate the effect of thermal agitation on the 

mode of magnetisation reversal. 

In terms of these simulations, it is interesting to consider the case in which the 

bond angle between the particles is parallel to the applied field, with the easy axes 

oriented in the same direction. In the absence of thermal agitation, the symmetric 

fanning mode of reversal does not occur, as essentially there is zero torque acting on the 

magnetic moments. Consequently, the moments always reverse simultaneously to a 

parallel state. The introduction of thermal fluctuations in a weakly interacting system 

tends to break the symmetry of the arrangement, which leads to nucleation of the 
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fanning mode at the correct field. Therefore, the concept of thermal activation may be 

seen as being an intrinsic part of the reversal process (Chantrell, et al. 1998). 

In terms of magnetic recording, the effect of thermal activation on the relaxation 

time -c of an interacting system is significant. As discussed in §2.5 .2, the relaxation time 

ofreversal may be defined as the average switching time as given by the Arrhenius-Neel 

law in equation 2.25. By substituting a value for the energy barrier into equation 2.25, 

(Lyberatos, et al. 1993) calculated relaxation times in order to obtain an estimate of the 

attempt frequency f0• In agreement with (Brown 1963), the attempt frequency was 

found to increase for low values of temperature and reverse field. However, a strong 

dependence of the attempt frequency on the level of interaction was also observed. 

Specifically, an increase in dipolar interaction results in a reduction of the attempt 

frequency, and a consequent increase in the relaxation time. The implications of this, 

extended to magnetic recording, are that a larger increase in coercivity with frequency 

would be observed than is predicted from the Arrhenius-Neel formalism. Therefore, 

this is consistent with the results presented in figures 6.4( a) and 6.10, from which it is 

clear that the effects of the interaction, i.e. less flux closure, decreases with particle 

orientation, and a steeper variation in remanent coercivity is measured as the field sweep 

mcreases. 

6.4 Nanosecond Pulsed Field Studies 

The characterisation of advanced particulate materials to find their switching limits is of 

fundamental scientific and commercial interest. In recent years, the need for both higher 

storage densities and data transfer rates has led to the development of metal particle 

pigment formulations with a small physical size, where thermal activation is significant. 

For example, a modem tape drive running at 20ms·1 and recording 4kfcmm•1 would have 

a bit length of around 15ns and a write head flux rise time of 6ns, whilst the internal 

demagnetising fields act over the duration of the desired storage, which may be several 

years. Conventional laboratory methods cannot easily investigate switching behaviour 

over this extended timescale, although in recent years pulsed field measurements have 

begun to probe nanosecond reversal (Doyle, et al. 1993) (Hancock, et al. 1996). With 

future recording systems requiring data to be written at near nanosecond duration, this 
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raises an interesting question: how fast can the magnetisation in magnetic recording 

media be switched? 

Recent attempts to answer this question have been made usmg picosecond 

pulsed field studies (Back, et al. 1998) (Back, et al. 1999). Generating field pulses 

using finely focused relativistic electron bunches at the Stanford Linear Accelerator 

Center, these workers found that ultrafast magnetic field pulses as short as 2ps were able 

to reverse the magnetisation of CoPt thin films. Applying the pulsed field perpendicular 

to the magnetisation exerts maximum torque on the spins, and reversal can be triggered 

in fields as low as 2.3k0e. Of course over these extremely short timescales, the 

behaviour of the moments is governed by the dynamics of the atomic spins, which is 

described by the Landau-Lifshitz-Gilbert gyromagnetic equation, as outlined in §2.5.5. 

The magnetic information was imaged using spin-resolved scanning electron 

microscopy (Allenspach 1994). 

Further techniques such as optical pump-probe spectroscopy have been used to 

observe picosecond timescale spin dynamics in ferromagnetic thin films (Freeman 

1994). Using this approach, an optically triggered transient magnetic field is propagated 

past the sample under study, perturbing the spin system, with the subsequent evolution 

of the spin system monitored through its interaction with a time delayed optical probe 

beam. The non-resonant nature of this experimental technique allows parameters such 

as the damping factor ad to be determined accurately (Hicken, et al. 1999). 

As a precursor to recent studies of nanosecond magnetisation reversal in 

recording media, the speed limited performance of magnetic tapes has been reported as 

early as 1974 (Thomley, et al. 1974). In this investigation, a series of commercial tapes 

were studied using a continuous microstrip recording system, in which a DC erased tape 

was passed under a microstrip line in order to rapidly switch the magnetisation. The 

effect of the field pulse duration was then measured with a read head to give an estimate 

of the switching time (Thomley 1975). Subsequent pulsed field investigations have 

been performed on a wide range of particulate recording media (Doyle, et al. 1993) (He, 

et al. 1996) (Hancock, et al. 1996) (Stinnett, et al. 1998a) and publications derived from 

this study (Prichard, et al. 1999a) (Prichard, et al. 1999b) included in Appendix A. 

However, in recent years, the emphasis of these microstrip line studies has shifted to 

thin film media (Stinnett, et al. 1998b) (Doyle, et al. 1998), where a current trend of 
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40% annual growth in data transfer rates prevails, and sub-nanosecond recording may be 

required in two to three years (Klaassen, et al. 1998). 

Very recently, spinstand measurements of the time dependence of the remanent 

coercivity have been reported (Richter, et al. 1998). The basis for this measurement 

technique involves using the reverse DC erased noise as an indicator for the remanent 

coercivity (Bertram, et al. 1986). Specifically, after saturating a band of tracks in one 

direction, an increasing DC field is then applied in the reverse direction. As this reverse 

field is increased, the broadband medium noise exhibits a broad maximum around the 

remanent coercivity. Pulse duration may be varied by altering the linear velocity and 

gap length, or by subjecting the recording medium to many such field pulses rather than 

just one. As outlined by ( el-Hilo, et al. 1993) (Lewis, et al. 1993), this 'reptation' 

process can be traced directly to magnetic viscosity. Using this approach, experimental 

data has been obtained over timescales close to the actual writing process, down to 5ns, 

in order to analyse the stability ofrecorded transitions (Richter, et al. 1999). For further 

developments concerning spinstand measurements and thermal stability, the interested 

reader is referred to an excellent review by (Weller, et al. 1999). 

6.4.1 Mercury Wetted Relay Measurements 

High speed switching measurements were initially performed usmg a charged son 
coaxial line connected to a mercury wetted relay and microstrip line. This instrument is 

capable of producing extremely well-defined single-shot voltage pulses in excess of 

lkV with pulse widths between 0.7ns and 250ns, having rise times of less than 500ps. 

Termination of the voltage pulse in the son microstrip line allows pulsed fields of up to 

450 Oe to be generated. Consequently, in order to allow measurements to be achieved 

over a full switching range, a DC bias field is used to assist the pulsed field. Details of 

this instrument have been described by (Hancock, et al. 1997), and outlined in §5.3. 

Pulsed field measurements are performed as DC demagnetisation (DCD) curves 

which closely resemble the digital recording process, and are similar to those described 

by (Doyle, et al. 1993). The sample is initially saturated positively in the coating 

direction of the tape with a field of 5kOe in a PAR 155 vibrating sample magnetometer, 

before being subject to a DC bias and pulsed field in the opposite direction. The tape is 

then returned to the VSM, and the remanent magnetisation Md measured. To complete 
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the· measurement, the sample is saturated with a field of 5kOe in the negative direction, 

so that the change in magnetisation can be determined. The magnitude of the opposing 

pulsed and biased field are repeatedly increased to create a DCD curve. The remanent 

coercivity Her is then defined as the field required to reduce the remanent magnetisation 

to zero, as discussed in §2.6.2.2. 

Figure 6.ll(a) shows a series of pulsed DC demagnetisation curves obtained for 

the poorly aligned sample #1. The measurements were performed for pulse widths of 

l.8ns, 5.8ns and 10.9ns duration. The quasi-DC measurement was achieved by 

retaining the sample in the reversed DC bias field for a period of 5s, before measuring 

the remanent magnetisation Md. The effect of sweep-rate on the remanent coercivity is 

clearly demonstrated as the pulsed curves are shifted to the right of the DC response. 

This effect is particularly marked for the 1.8ns pulse. The corresponding switching field 

distributions (SFD) are shown in figure 6.ll(b), which are calculated from the 

differential (dM/dH) of the DCD curve, as described in §2.6.2.3. It is evident that the 

peak of the differential decreases as the pulse width is reduced. An observed 

broadening of the SFD is also noted, the full width at half maximum of which has been 

found to increase with decreasing pulse width, in agreement with (He, et al. 1996). 
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Figure 6.11 (a) Pulsed DC demagnetisation curves measured using the mercury wetted 

relay, together with their appropriate (b) switching field distributions. 

The implications of figures 6.11 (a) and 6.11 (b) are that, as well as the larger 

head field required to write at higher frequencies, the output signal recovered from the 

tape is also reduced. This observation may be explained in terms of the model proposed 

Studies of Reversal Processes in Particulate Recording Media using Pulsed Field Magnetometry 



CHAPTER 6 High Speed Switching in Metal Particle Recording Media 6.22 

by (Neel 1951 ), which suggests that the effect of thermal agitation can be characterised 

by an internal fluctuation field Hr, as discussed in §2.5.2.1. For an assembly of identical 

uniaxial particles, it is straightforward to show that (Gaunt 1986) 

(6.6) 

where u is the activation volume (Wohlfarth 1984), as determined in §2.5.2.2. Clearly, 

equation 6.6 indicates that the fluctuation field is independent of time, which has been 

verified experimentally for y-Fe2O3 media (Hancock, et al. 1996) and CrO2 tape 

(Stinnett, et al. 1999). These workers found that over timescales greater than l0ns, the 

shape of the irreversible susceptibility curve does not change, although significant 

variations in remanent coercivity occur. However, for field pulses under 1 0ns, in the 

region where precessional dynamics of the atomic spins become important, a distinct 

broadening of the irreversible susceptibility curve is apparent, similar to that shown in 

figure 6.1 l(b). Therefore, this strongly suggests that the onset of gyromagnetic 

switching tends to increase the switching time of the high coercivity particles relative to 

those with a lower coercivity (Stinnett, et al. 1999). 

Figure 6.12 shows the measured variation in remanent coercivity with sweep

rate for the smaller particle sample #5. These results indicate how magnetisation 

reversal proceeds over a wide range of field sweeps, and includes both AGFM and 

solenoid pulsed field data, which span some ten orders of magnitude. For the shortest 

pulse duration of l .8ns, the remanent coercivity is increased to around 1.31 times the 

value of the DC level, as shown in table 6.5. 

From table 6.5, it is clear that sample #5 experiences only a marginal increase in 

high speed remanent coercivity over the much larger sized pigment used to prepare 

samples #1 through #4. Although produced from distinctly different sized particles, the 

tape samples under investigation do appear to consist of crystallites of similar volume, 

as discussed in §6.2.4. Empirically, (Veitch, et al. 1994) found that thermally activated 

reversal is better explained in terms of the activation volume as opposed to the physical 

particle volume. Consequently, very small particles can be less susceptible to the 
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effects of thermal activation than larger ones (Stinnett, et al. 1998), similar to that 

observed in table 6.5. 
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Figure 6.12 Measured variation in remanent coercivity as a function of sweep-rate. 

Sample #1 #2 #3 #4 #5 
He (kOet 1.55 1.60 1.64 1.66 2.29 
\) c10•l8 Cm3? 7.2 6.9 5.8 5.4 4.2 
Hc,(l .8ns)/Hc,(5s) 1.30 1.15 1.26 1.29 1.31 
He,{ 1 0. 9ns )/He,{ 5 S) 1.24 1.18 1.23 1.21 1.26 

• Measured at a sweep-rate of 511 Oe s·' b §6.2.4 

Table 6.5 Parameters obtained from mercury wetted relay measurements. 

Unfortunately, no correlation between particle orientation and the high speed 

switching properties was identified, although this is subject to further investigation in 

§6.4.2. Furthermore, in order to relate high frequency recording properties to archival 

storage stability, the experimental results reported in this section are compared with 

recent models of magnetisation reversal (Sharrock, et al. 1981) (el-Hilo, et al. 1992), as 

described in §6.5. 

6.4.2 Spark Gap Switch Measurements 

Although useful information regarding the high speed properties of metal particle media 

was revealed by the results presented in §6.4.1 and (Prichard, et al. 1999a), the field 

produced by the mercury wetted relay was not of sufficient magnitude to switch all of 

the particles, and consequently a DC bias field supplied from an electromagnet was used 
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to assist the pulsed field. Although the magnitude of the DC bias has been found to be 

negligible (He, et al. 1996), the samples were further investigated using the pulse 

generator which is based around a pressurised nitrogen spark gap switch. Pulsed 

magnetic fields of up to l .8kOe can be produced having widths between 7ns and 56ns. 

Details of this instrument have been described by (Prichard 1999), and outlined in §5.4. 

Figure 6.13 shows a series of pulsed DC demagnetisation curves obtained for the 

set of four tape samples prepared from the same magnetic pigment. In order to enhance 

the sensitivity of the measurement, the effect of the field pulse was determined using a 

PMC MicroMag™ 2900 alternating gradient force magnetometer, which has revealed a 

correlation between particle orientation and high speed switching properties. As 

expected, substantial increases in remanent coercivity are observed as the pulse width 

decreases. Furthermore, it is evident that for the shortest pulse duration of 7ns, the 

remanent coercivity is found to increase with orientation for all four samples, as 

indicated in table 6.6. Indeed, the most aligned sample #4 exhibits a very large rate of 

increase in remanent coercivity at the shortest pulse widths. The implications of this are 

that larger head fields are required to write high frequency transitions on more aligned 

media. This is in agreement with recent spinstand measurements (Richter, et al. 1999) 

and simulations (Hannay, et al. 1999) of increasingly textured thin film media. 

Likewise, very recent simulations of advanced metal particle media have revealed a 

rapid increase in dynamic coercivity in the nanosecond regime, which is made steeper 

both by increased orientation and dipolar interactions (Coverdale, et al. 2000). 

The origin of this dramatic rate of increase in remanent coercivity with 

increasing particle alignment is complex, and is subject to further investigation in §6.5. 

Clearly, for timescales greater than a few nanoseconds, the mechanism of thermally 

activated switching is effectively described using the Arrhenius-Neel formulation. For 

relatively slow field sweeps, the results presented in §6.3.1 indicate that increasing the 

degree of particle alignment effectively diminishes the height of the energy barrier since 

the activation volume is reduced through decreasing interactions. This results in 

reducing both the switching time and the field at which reversal proceeds, similar to that 

observed in figure 6.7. As field sweep increases, the results presented in §6.3.2 suggest 

that the inverse is observed. Specifically, decreasing the degree of particle orientation 

tends to increase the level of stable configurations, which results in a reduction of the 
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attempt frequency, and a consequent increase in relaxation time (Lyberatos, et al. 1993). 

The implications of this, over these timescales, are that a larger increase in coercivity 

with frequency would be observed than is predicted from the Arrhenius-Neel law, 

similar to that shown in figure 6.10. 
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Figure 6.13 Pulsed DC demagnetisation curves obtained for samples #1 through #4. 

Sample #1 #2 #3 #4 #5 
He (kOe)° 1.55 1.60 1.64 1.66 2.29 
M/Msab 0.70 0.77 0.83 0.88 0.86 
He/7 .0ns)/He/5s) 1.22 1.20 1.19 1.20 1.19 
He/ 16. 0ns )/He/ 5 S) 1.27 1.28 1.29 1.30 1.29 

• Measured at a sweep-rate of 511 Oe s·1 
b §6.2.1 M, = M at lOkOe 

Table 6.6 Parameters obtained from nitrogen spark gap switch measurements. 

However, as the timescale of the reversal process approach the nanosecond time 

regime, it is well known that phenomena influenced by gyromagnetic effects, in 

addition to thermal ones, become significant (Doyle, et al. 1993). The same 

me.chanisms which allow the magnetisation to dissipate energy through the lattice, also 

allow the thermal energy in the lattice to couple to the magnetisation and raise its 

energy. Consequently, when changes in magnetic energy are relatively slow or the 
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activation volume is small, thermally activated reversal will dominate. However, when 

the magnetic energy changes are relatively fast or the sub-crystallite volume is large, 

gyromagnetic switching tends to dominate (He, et al. 1996). Additionally, studies by 

(Yu, et al. 1994) have suggested that the reversal mechanism in acicular particles 

becomes more coherent at the onset of gyromagnetic switching, which tends to increase 

both the switching time and the switching field of these high coercivity particles 

(Stinnett, et al. 1999). The implications of this, are that at nanosecond timescales, 

textured media exhibit a larger increase in coercivity than is predicted from the 

Arrhenius-Neel formalism, similar to that observed in figure 6.13. The correlation 

between particle orientation and high speed switching is discussed further in §6.5. 

6.5 Theoretical Considerations 

Coercivity measurements of recording media over short timescales have been reported 

as early as 1974 (Thornley, et al. 1974). However, these measurements are difficult to 

perform, which has led to the development of the thermal switching model of (Sharrock, 

et al. 1981). With this semi-empirical model, the coercivity may be measured over two 

appreciably different and convenient timescales, using standard techniques, to predict 

the coercivity over many orders of magnitude; an approach popularised by (Doyle, et al. 

1998). The Arrhenius-Neel relaxation gives rise to a time variation of the coercivity 

Hc(t) that may be described by Sharrock's Law, as outlined in §2.5.3, such that 

(6.7) 

where K is the anisotropy constant, V is the switching volume and the product kT is the 

thermal energy. The parameter f0 is the attempt frequency which represents the number 

of fluctuations per second of the magnetisation vector around its mean position. 

Furthermore, a micromagnetic model describing the time dependence of 

magnetisation in terms of the sweep-rate dependence of coercivity Hc(R) was derived 

explicitly by (el-Hilo, et al. 1992), and may be written as equation 6.8. To obtain a 

good fit, the median particle volume V m may be substituted by the activation volume u. 
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(6.8) 

This variation which depends on physical parameters, produces a well-defined 

behaviour of coercivity with sweep-rate. In a similar approach to that described in 

equation 6.7, fitting the relation to experimental data may be used to accurately 

determine parameters such as the mean anisotropy field, anisotropy constant and 

switching volume. 

6.5.1 Thermal Switching Model 

The variation in high speed remanent coercivity for the smaller particle sample #5, 

shown in figure 6.12, was fitted to the thermal switching model described by equation 

6.7. Clearly, the advantage of this approach which defines a time variation of 

coercivity, obviates any uncertainties which may arise in assigning a pulse width to an 

appropriate sweep-rate, as shown in figure 6.14. 
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Figure 6.14 Predicted time variation in remanent coercivity for sample #5. 

Figure 6.14 demonstrates the effectiveness of this model, as equation 6.7 is used 

to~ether with pulsed field measurements to predict the coercivity of the sample over 

some eighteen orders of magnitude. The predicted values of remanent coercivity are in 

excellent agreement with the experimental high speed measurements, with the switching 

volume V substituted in this study by the measured activation volume u, which was 
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found to be 4.2 x 10·18 cm3
• Other parameters obtained from the fit to the data include 

the anisotropy field HK= 3320 Oe, and anisotropy constant~= 2.96 x 106 erg cm·3• 

These values give a resulting value for the saturation magnetisation Ms (HK = l .8K/Ms) 

of 1600 emu cm·3, which is consistent with the thin oxide layer present and 

manufacturers data (Morales, et al. 1998), as included in Appendix A. The value of the 

attempt frequency was set at 109Hz, following the studies of (Brown 1959). 

Although archival storage stability will be further addressed in §6.5.4, it is 

interesting to note that figure 6.14 predicts a l0ns writing coercivity of 3010 Oe and a 

10 year storage coercivity (3 x 108s) of2130 Oe. Obviously, the storage coercivity must 

be of sufficient magnitude to provide long-term stability against transition broadening or 

other forms of signal degradation (Sharrock 1990), and may be characterised by the 

thermal stability factor KuV/kT. Using the fit to the experimental data obtained from 

equation 6.7, the value obtained for sample #5, with an average particle length of only 

65nm, was 304. Setting a stability criterion of 100 for this factor (Sharrock 1994) 

would suggest that particle volumes could be reduced by 1/3 if the values of~ and HK 

were maintained. Of course, this would necessitate significant improvements in 

crystallinity, but does imply that further advances can be made in pigment technology 

before the thermal limit to data density is approached. Incidentally, the volume of these 

particles would not be significantly larger than volumes predicted for unstable 

superparamagnetic behaviour in iron particles; 1.0 x 10·18 cm3 (Bean, et al. 1959). 

Figure 6.15 shows the variation in high speed remanent coercivity for tape 

samples #1 and #4, fitted to equation 6.7. As discussed in §6.4.2, it is evident that the 

most aligned sample #4 exhibits a very large rate of increase in remanent coercivity at 

the shortest pulse widths. The fit to the data was achieved using values of HK = 2450 

Oe and Ku= 1.53 x 106 erg cm·3 for sample #1, together with Ku= 1.57 x 106 erg cm·3 

and HK = 2460 Oe and for sample #4. However, it is clear from figure 6.1 5 that the fit 

to the experimental data is poor, markedly so for the most aligned sample #4. 

The most probable explanation for the poor fit of Sharrock's Law to the high 

speed data of sample #4, is that increasingly textured media appear more likely to be 

influenced by gyromagnetic effects in the nanosecond regime, similar to that observed 

in figure 6 .15. Furthermore, since equation 6. 7 is based upon the mechanism of 

thermally activated reversal, the larger increase in remanent coercivity displayed by 
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sample #4 may be evidence of the breakdown of the Arrhenius-Neel formalism. 

However, despite uncertainties in assigning an appropriate sweep-rate to a pulse width, 

the el-Hilo micromagnetic model exhibits a much improved fit, as described in §6.5.2. 
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Figure 6.15 Predicted time variation in remanent coercivity for samples #1 and #4. 

6.5.2 el-Hilo Model 

In comparison with §6.5.1, the variation in high speed remanent coercivity for the 

smaller particle sample #5, was fitted to the el-Hilo model described by equation 6.8. 
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Figure 6.16 Predicted variation in remanent coercivity as a function of sweep-rate. 

The predicted values of remanent coercivity are m excellent agreement with the 

experimental high speed measurements, with the median particle volume V m substituted 

in this study by the activation volume. Parameters obtained from the fit to the data 

include HK= 3270 Oe and Ku= 2.64 x 106 erg cm-3, using a value of 1011Hz for the 
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attempt frequency. The resulting figure obtained for the thermal stability factor 

Ku V m/kT is 271, which is in reasonable agreement with that predicted from Sharrock's 

Law. Furthermore, inasmuch as sample #5 is representative of advanced media, having 

an average particle length of only 65nm, the values obtained for the stability factor are 

consistent with other recent studies of particulate media (Suzuki 1999) (Sharrock 1999). 

The fitting parameters involved in the characterisation of sample #5 are summarised in 

table 6.7. 

Coefficient f0 (Hz) HK (Oe) Ku (106 erg cm-3
) K V/kT"d u 

Sharrock's Lawa 109 3320 2.96 304 
el-Hilo modelb 1011 3270 2.64 271 
a §2.5.3 b §2.5.4 c Assuming V = 4.2 x 10·18 cm3 

d At room temperature 

Table 6.7 Characterisation and fitting parameters for sample #5. 

Table 6. 7 indicates that the values of HK are somewhat below that expected from 

the closure point of the hysteresis loop, as shown in figure 6.1, but are probably an 

effective average for the system which contains a relatively wide distribution of 

switching fields arising from either the distribution of the anisotropy constant or more 

likely the distribution of crystallographic sub-units within the particle (Morales, et al. 

1999). This is confirmed in a recent experimental study of the determination of 

anisotropy field distributions in a similar series of progressively aligned metal particle 

tape samples (Jones, et al. 2000), as included in Appendix A. 

To obtain an acceptable fit to the experimental data, large differences in attempt 

frequency are noted in table 6. 7. This is possibly due to the uncertainties involved in 

comparing pulsed and swept measurement systems. Essentially, the attempt frequency 

represents the number of fluctuations per second of the magnetisation vector around its 

mean position, and lies in the range l09Hz (Brown 1959) to 1012Hz (Gaunt 1986). 

Therefore, the attempt frequency determines the shortest times to which both models are 

applicable. For the data shown in figure 6.16, a triangular pulse shape is assumed with a 

constant sweep-rate both rising and falling, as shown schematically in figure 6.9. 

However, according to (Flanders and Sharrock 1987), the effective timescale of the 

measurement is related to the sweep-rate R through equation 6.9, 
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(6.9) 

which gives a sweep-rate which is roughly two orders of magnitude smaller than that 

obtained assuming a triangular pulse1
• Clearly, the effect of shifting the sweep-rate to 

higher values also necessitates an appropriate increase in attempt frequency. However, 

results are often found to be relatively insensitive to the value chosen for the attempt 

frequency (Sharrock 1994), similar to that observed in table 6.7. 

Figure 6.17 shows the measured variation in remanent coercivity with sweep

rate for samples #1 and #4, fitted with equation 6.8. As discussed in §6.4.2, it is 

apparent that the most aligned sample #4 exhibits a considerable rate of increase in 

remanent coercivity at the shortest pulse widths, which may be explained in terms of the 

transition to gyromagnetic switching (Doyle, et al. 1993). 
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Figure 6.17 Predicted variation in remanent coercivity as a function of sweep-rate for 

tape samples #1 and #4. 

The predicted values of remanent coercivity are in excellent agreement with the high 

speed measurements for the poorly aligned sample #1. The fit to this data was achieved 

using values of HK = 2250 Oe and Ku= 2.47 x 106 erg cm·3 • However, for the more 

aligned sample #4, a poorer fit to the data is evident using values of HK = 2270 Oe and 

~ = 2.64 x 106 erg cm·3 . Likewise, an adequate fit to the experimental data cannot be 

1 Michael Sharrock, Imation Corporation, MN, personal communication, 1999. 
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obtained when AGFM results are included due to the uncertainties in assigning an 

appropriate sweep-rate to a pulse width when comparing pulsed and swept systems. 

The implications of figure 6.17 are clear; the change in remanent coercivity for 

sample #1 is most likely thermal in origin (Neel 1949). This is in agreement with the 

thermal decay measurements presented in §6.2.4, in which the poorly aligned sample #1 

presents a smaller fluctuation field due to the changing interparticle interactions 

(Morales, et al. 1995). For the most aligned sample #4, the local magnetic field from 

the. dipolar interaction tends to hinder magnetisation reversal (Bottoni, et al. 1992), and , 

a higher field is required for reversal over short timescales. The steeper variation in 

remanent coercivity of sample #4 cannot be resolved by the micromagnetic el-Hilo 

model, and may be indicative of the onset of precessional effects (Stinnett, et al. 1999) 

or a sudden change in the mode ofreversal (He, et al. 1995). The relationship between 

particle orientation and high speed switching properties is also shown in table 6.8. 

Since the high speed remanent coercivity is found to increase with alignment for all 

samples, the corresponding fit to the data reveals a consequent reduction in the thermal 

stability ratio KuV m/kT. 

Sample #1 #2 #3 #4 
M/M/ 0.70 0.77 0.83 0.88 
HK (Oe) 2250 2260 2270 2270 
v m (lo-is cm3l 7.2 6.9 5.8 5.4 
Ku (106 erg cm-3) 2.47 2.34 2.51 2.64 
Ku Vm/kT" 431 394 352 343 

• §6.2.1 M. = Mat l0kOe b §6.2.4 < At room temperature 

Table 6.8 Characterisation and fitting parameters for samples #1 through #4. 

6.5.3 Inclusion of Low Frequency Results 

Figure 6.18 shows the measured variation in remanent coercivity over a wide range of 

frequencies for samples #1 and #4. Similar to that described in §6.5.2, the el-Hilo 

model is fitted to the experimental data, which includes slowly swept AGFM results 

(§6.3.1), solenoid-based microsecond measurements (§6.3.2) and nanosecond timescale 

studies from the spark gap switch (§6.4.2). The specific coefficients involved in the fit 

were obtained from the high speed data only, that is those parameters defined in table 

6.8. 
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Figure 6.18 Predicted variation in remanent coercivity as a function of sweep-rate for 

tape samples #1 and #4. 

It is apparent from figure 6.18, that a reasonable fit to the poorly aligned tape 

sample #1 is achieved over a wide range of sweep-rates, which correspond to both 

writing and long measurement times. However, the fit to the most aligned sample #4 

suffers significant departures at low field sweeps. Although there are uncertainties in 

assjgning an appropriate sweep-rate to a pulse timescale, as suggested in §6.5.2, it 

appears that the poor fit to sample #4 is indicative of the limitations of this thermal 

model to map the reversal of samples which are dominated by precessional switching at 

high frequencies. Conversely, in agreement with the results presented in §6.5.l and 

§6.5 .2, the poorly aligned sample #1 appears to be dominated by thermally activated 

reversal over the entire range. 

In addition, using a similar approach to (Sharrock, et al. 1981), the sweep-rate 

dependence of the remanent coercivity was used to predict the head field required to 

write high frequency transitions on tape samples #1 and #4. Specifically, the el-Hilo 

model was fitted to both AGFM and solenoid pulsed field data only, as shown originally 

in :figure 6.15. Clearly, whilst it may not be entirely appropriate to infer high speed 

properties from these measurements, this technique provides a useful estimation with 

which to compare measurements over short timescales. As before, figure 6.19 indicates 

that the poorly aligned sample #1 is dominated by thermal switching, inasmuch as a 

reasonable fit to the data is observed with HK= 2270 Oe and Ku= 2.60 x 106 erg cm-3. 

These values give an acceptable thermal stability ratio KuV m/kT of 457. 
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Figure 6.19 Predicted variation in remanent coercivity as a function of sweep-rate for 

tape samples #1 and #4. 

Unsurprisingly, the fit to the most aligned sample #4 is found to deviate at high 

frequencies , as equation 6.8 artificially limits the remanent coercivity over timescales 

which approach the nanosecond regime. The coefficients involved in the fit to the data 

are given by HK= 2110 Oe and Ku= 5.49 x 106 erg cm·3• This affirms the limitations of 

this approach for samples which appear to be dominated by gyromagnetic switching 

over short timescales. 

6.5.4 Long Term Archival Observations 

The fundamental requirements of a recording medium are that it retains a magnetisation 

signal of adequate intensity and transition density for the desired storage time (Bertram 

1986). Furthermore, the medium must be adequately resistant to spurious external 

demagnetisation fields, but not be too difficult to overwrite or erase (Sharrock 1990). 

Since the behaviour of recording media is strongly dependent on the timescale of the 

reversal process (Neel 1949), this provides conflicting requirements for writing and 

storage coercivities. Having a storage coercivity significantly below the writing 

coercivity is not necessarily a source of difficulty, indeed it is characteristic of smaller 

particles which present an enhanced signal to noise. Of course, the practical capabilities 

of available recording transducers limit the writing coercivity, whereas the signal 

intensity recovered from the media is constrained by the storage coercivity. The ratio 
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between the writing and storage coercivities is characterised by the thermal stability 

factor~ V/kT, as discussed in §2.5. 

The utilisation of the switching models developed by (Sharrock, et al. 1981) and 

(el-Hilo, et al. 1992) have been well documented in this study. To illustrate, figure 6.20 

indicates the variation in remanent coercivity for the smaller particle sample #5. As 

mentioned in §6.5.2, this sample is representative of advanced development media, 

having an average particle length of only 65nm. From Sharrock's Law, the predicted 

variation in remanent coercivity is in excellent agreement with the experimental data 

over a wide range of timescales, as indicated by curve (a). This is characterised by a 

thermal stability factor of 304, as described in table 6. 7. 
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Figure 6.20 Predicted time variation in remanent coercivity for sample #5. 

The expected result of reducing the sub-crystallite volume by a factor of three is 

illustrated in curve (b ). This has the effect of reducing the stability ratio to around the 

suggested limit of 100 (Sharrock 1994), if the values of~ and HK are maintained. It is 

interesting to note that curve (b) predicts a 1 0ns writing coercivity of 2810 Oe, along 

with a 10 year storage coercivity (3 x 108s) of 1280 Oe. Consequently, the storage 

coercivity is only around 46% of the writing coercivity, which is at the very limit of 

thermal stability. Additionally, curve (c) shows the predicted remanent coercivity for 

this new system, with the ambient temperature elevated from 21 °C (298K) to 40°C 

(317K). This value is consistent with the observed operating temperatures in modem 

high speed tape drives. Clearly, thermal fluctuations assist the external field to 

overcome the anisotropic energy barrier (Neel 1949), which results in the apparent 
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reduction of remanent coercivity. Specifically, the small increase of ambient 

temperature to 40°C, corresponds to a reduction in the predicted 10 year storage 

coercivity of approximately 100 Oe. 

6.6 Concluding Remarks 

The switching characteristics of a series of five metal particle tape samples have been 

studied over a wide range of timescales. These measurements reveal that the remanent 

coercivity in the nanosecond regime is generally around 30% higher than the value at 

the DC level. Furthermore, a distinct broadening of the switching field distribution can 

also be observed at high frequencies. The implications of this are that, as well as the 

larger head field required to write high frequency transitions, the output signal 

recovered from the tape is also reduced. In agreement with (Veitch, et al. 1994), 

thermally activated reversal is better explained in terms of the sub-crystallite or 

activation volume as opposed to the physical particle volume. Consequently, very small 

particles can appear less susceptible to the effects of thermal activation than larger ones. 

The results presented in this chapter have also revealed a correlation between the 

degree of particle orientation in the tape and high speed reversal properties. The origins 

of this effect are complex, and are related at different timescales to the sub-crystallite or 

activation volume, particle interactions and phenomena influenced by gyromagnetic 

effects. The implications of this are that larger head fields are required to write high 

frequency transitions on increasingly textured systems. Clearly, this promotes 

conflicting requirements in terms of recording performance (Bertram 1986) and media 

durability (Okamoto, et al. 1999). Therefore, for certain applications, e.g. helical scan, 

in common with recent recording measurements of advanced metal particle media 

(Jackson, et al. 1999), it may be that a high degree of texturing is not of such critical 

importance. 

Additionally, in order to relate high frequency recording properties to archival 

storage, the results have been compared with recent models of magnetisation reversal 

(Sharrock, et al. 1981) ( el-Hilo, et al. 1992). By fitting these models to the experimental 

data, parameters such as the mean anisotropy field and anisotropy constant may be 

accurately determined. Consequently, the ratio KuV/k:T, which is commonly cited as a 

measure of magnetic stability, has been found to lie in the range 271 to 457. Setting a 
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stability criterion of 100 for this factor (Sharrock 1994 ), suggests that particle volumes 

could be reduced by between 1/3 and 1/4 if the values of K.i and HK were maintained. 

Certainly, this would necessitate significant improvements in crystallinity, but does 

imply that further advances in pigment technology can be made before the thermal limit 

to data density is approached. Incidentally, the volume of these particles would not be 

significantly larger than volumes predicted for unstable superparamagnetic behaviour in 

iron particles. 

The series of publications derived from this study are included in Appendix A 

(Prichard 1999) (Prichard, et al. 1999a) (Prichard, et al. 1999b ). 
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Conclusions and Further Work 

7.1 Discussion of Work 

This investigation has detailed the development of two pulsed field magnetometers 

which allow novel measurements of particulate recording media to be performed. The 

samples studied are indicative of advanced metal particle recording media which are 

currently utilised for high density data storage applications, such as Imation Travan™ 

linear tape. 

The first part of this investigation concerned the characterisation of metal 

particle dispersions using microsecond duration pulsed magnetic fields. It is well 

known that the most critical stage in the production of particulate media is the 

preparation of a homogenous and stable pigment dispersion (Mathur, et al. 1991 ). 

However, the magnetic characterisation of a dispersion is often difficult to interpret as 

the application of a DC magnetic field alters the microstructure (O'Grady, et al. 1991). 

Conversely, if the dispersion is rapidly changed using a pulsed field of short duration, 

this may be used to give an indication of the state of the microstructure without having 

to make allowances for field induced aggregation of particles and is the basis for this 

study. 

The magnetometer developed in this investigation is an extension to previous 

work, in which an instrument capable of producing fields ofup to 1270 Oe allowed low 

coercivity dispersions to be studied in a similar manner (Hancock 1995). However, the 

field produced by the magnetometer was not of sufficient magnitude to switch higher 
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coercivity metal particles. Accordingly, particular emphasis has been placed on 

improvements in terms of field amplitude and homogeneity. 

Specifically, a magnetometer has been developed which consists of a MOSFET 

pulse generator which produces well-defined current pulses of over 125A, with 

selectable pulse widths between 25µs and 130µs. The current pulse is driven into a 

small field coil assembly, the geometry of which is such that a magnetic field of over 

4.7kOe is generated, with symmetrical rise and fall times of around 15µs. This short 

duration magnetic field impulse magnetises the wet dispersion sample, while an anti

phase sense coil and integrator stage process the magnetisation of the sample under the 

field pulse. The output is monitored using a 500MHz digitising storage oscilloscope, 

allowing the dynamic magnetisation response to the applied pulsed field to be viewed in 

real-time. 

Proving studies performed with this instrument have somewhat surprisingly 

revealed that mechanical orientation can occur in high quality metal particle dispersions 

when the duration of the pulsed field is less than l00µs. Consequently, for well 

dispersed systems, particle rotation has been identified as the critical reversal 

mechanism for obtaining good particle orientation in the final coated product. In 

contrast, poorly dispersed systems cannot react and rotate to modest pulsed fields, hence 

Neel switching is the predominant reversal mechanism. The marked difference in the 

mechanical and Neel reversal characteristics of the dispersion samples have been 

confirmed in the resulting bulk magnetic measurements of hand-spread coatings taken 

during the milling process (Prichard, et al. 1998). Happily, this instrument is 

co11.tinually proving to be a useful addition to the laboratory, see for instance 

(Blackwell, et al. 2000). 

The second part of this investigation concerned the highly topical issue of high 

speed reversal in particulate media. In recent years, the mechanism of thermally 

activated switching has been of considerable interest to the magnetic storage industry 

because of the large difference between the timescales of the recording process and the 

required storage stability (Sharrock 1994). With future recording systems requiring data 

to be written at near nanosecond duration, this raises an interesting question: how fast 

can the magnetisation in magnetic recording media be switched? Since conventional 
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laboratory methods cannot easily resolve switching behaviour in this time regime, novel 

pulsed field techniques have been developed to probe nanosecond reversal. 

The second magnetometer developed in this investigation is again an extension 

to previous work, in which an instrument capable of producing nanosecond duration 

pulsed fields of up to 450 Oe was described (Hancock 1995). Similarly, the field 

produced by the magnetometer was not of sufficient magnitude to switch high 

coercivity metal particle media. Consequently, a son pressurised nitrogen spark gap 

switch has been developed capable of producing well-defined single-shot voltage pulses 

of over 3kV. The pulse width is adjustable from 7ns to 56ns, with rise times of under 

3ns. The magnetometer consists of a charged coaxial line connected through the spark 

gap to an improved son microstrip structure, the geometry of which allows pulsed 

magnetic fields to be produced with a maximum amplitude of l.8kOe (Prichard 1999). 

Proving studies using this instrument have been performed on a series of five 

advanced metal particle tape samples. These measurements reveal that the remanent 

coercivity in the nanosecond regime is around 1.3 times the value of the DC level. 

Furthermore, a distinct broadening of the switching field distribution can also be 

observed at high frequencies. The implications of this are that, as well as the larger 

head field required to write high frequency transitions, the output signal recovered from 

the tape is also reduced. Interestingly, thermally activated reversal may be better 

explained in terms of the crystallographic sub-unit volume as opposed to the physical 

particle volume, and as such, very small particles can appear less susceptible to the 

effects of thermal activation than larger ones (Prichard, et al. 1999a). 

Furthermore, these pulsed field studies have revealed a correlation between the 

degree of particle orientation in the tape and high speed reversal properties. The origins 

of this effect are complex, and are related at different timescales to the crystallite or 

activation volume, particle interactions and phenomena influenced by gyromagnetic 

effects. The implications of this are that larger head fields are required to write high 

frequency transitions on increasingly textured systems (Prichard, et al. 1999b). Clearly, 

this promotes conflicting requirements in terms of recording performance (Bertram 

1986) and media durability (Okamoto, et al. 1999). 

In order to relate high speed properties to archival storage, the results have been 

compared with recent models of reversal (Sharrock, et al. 1981) ( el-Hilo, et al. 1992). 
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By fitting these models to the experimental data, a prediction of the remanent coercivity 

over many orders of magnitude may be obtained, and parameters such as the mean 

ani'sotropy field and anisotropy constant may be accurately determined. However, for 

samples which appear to be dominated by precessional dynamics, both models are 

unable to map the reversal at high frequencies, and theoretical approaches using the 

deterministic Landau-Lifshitz-Gilbert equation of motion may seem more appropriate 

(Chantrell, et al. 1998). 

Finally, the thermal stability factor ~ V/kT, which is commonly cited as a 

measure of magnetic stability, has been found to lie in the range 271 to 457 for all 

samples. Setting a stability criterion of 100 for this ratio (Sharrock 1994) suggests that 

particle volumes could be reduced by between 1/3 and 1/4 if the values of Ku and HK are 

maintained. Certainly, this would necessitate significant improvements in crystallinity, 

but does imply that further advances in pigment technology can be made before the 

thermal limit to data density is approached. Incidentally, the volume of these particles 

would not be significantly larger than volumes predicted for unstable superparamagnetic 

behaviour in iron particles. 

7.2 Future Work 

In recent years, the phenomenal increase in rigid disk capacity has been achieved 

astoundingly quickly, even by the standards of the IT industry. To illustrate, it is hard 

to imagine a personal computer being supplied with a 10MB hard disk, yet that was 

standard of an IBM PC of the mid 1980s. Less than eight years ago, an entry level PC 

had a 100MB hard disk. Today, an equivalent machine is supplied with 12GB of 

storage. Likewise, data transfer rates have risen dramatically: a modem rigid disk 

recording 200kbpi whilst revolving at 15000 rpm has a corresponding bit cell length of 

only 2ns (Sharrock 1999). Clearly, it is appropriate at this time to enquire where the 

likely fundamental limitations of this form of recording media lie. Unfortunately, in 

order to perform measurements of high speed reversal on rigid disk media, four separate 

issues will need to be considered. 

Firstly, in order to probe magnetisation reversal over timescales even shorter 

than the bit cell length mentioned above, significant improvements to the present system 

need to be envisaged. Currently, the shortest available pulse from the spark gap switch 
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is just under 7ns in duration, marginally narrower than the 8ns duration pulse reported 

by (Stinnett, et al. 1998). Various techniques have been briefly evaluated in this study 

which may be capable of sharpening the edge times of a high voltage pulse, and as a 

result, reduce the overall pulse width. These include, positioning a high pressure 

secondary gap after the main spark gap (Fletcher 1949), filtering the unwanted 

components of the propagating pulse by employing a stub tuner (Edwards 1992), or 

most promisingly, utilising a ferrite pulse sharpener (Seddon, et al. 1988). The fact that 

only a very limited pulse steepening effect was encountered using the latter approach in 

this investigation, should not detract from what may be possible; 20kV pulses having 

rise times below 60ps (Dolan, et al. 1997). 

The second issue that needs to be addressed if measurements of high speed 

reversal in rigid disk media are to be realised, is one of pulsed field amplitude. Current 

state-of-the-art 12Gbits/in2 rigid disk media possess a coercivity of around 3.5 kOe 

(Weller, et al. 1999), which is significantly greater than the l.8kOe maximum pulse 

available from the spark gap switch. Clearly, substantial increases in pulse voltage, and 

hence magnetic field, need to be developed. Currently, the output voltage of the spark 

gap is limited to 3kV, which is predominately due to electrical breakdown of the 

PETI00 coaxial connectors. Significant improvements could be quite easily gained by 

changing over to 1 0kV rated HN connectors, remembering that the interface to the spark 

gap should maintain a 50Q wave impedance. Of the other HV techniques identified 

which may give improvements whilst preserving pulse edge times, the most promising 

candidates include drift step recovery diodes (Focia, et al. 1996) and avalanche 

transistors (Fulkerson, et al. 1994) (Klaassen, et al. 1999). 

The third problem which needs to be considered, is that of detecting the fraction 

of the grains that switch under the pulsed field. It is well known that for an equivalently 

sized sample of rigid disk media, the magnetisation signal associated with it is 

dramatically smaller than for particulate media. Consequently, the continued use of 

AGFM to measure the remanent magnetisation is likely to be problematic. Another 

approach, favoured by (Doyle, et al. 1998), is to measure the switched fraction by 

placing a Hall probe in close proximity to the microstrip line. However, the problem 

with both of these techniques, is that they are static measurements of the remanent state. 

They provide no information about the dynamics of the reversal process, and in 
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particular whether the magnetisation continues to precess after the removal of the field. 

Experiments to observe this are critically important, as precessional effects become 

more apparent at the highest frequencies. Recently, such methods for detecting the 

dynamic response of the magnetisation have been developed. The interested reader is 

referred to: spin-resolved scanning electron microscopy (Allenspach 1994), magneto

optic Kerr effect (Freeman 1994) (Siegmann, et al. 1995) (Hiebert, et al. 1997), spin

polarised tunneling (Koch, et al. 1998) and inductive probing (Silva, et al. 1999). 

Finally, there are significant practical problems to be overcome in actually 

performing the experiment. For a tape sample, the thickness of both the web and 

coating are known to a reasonable precision. Since the sample under investigation 

forms part of the matched microstrip line, a small deviation in sample thickness is likely 

to cause attenuated replicas of the main pulse being reflected back into the line. Clearly, 

the increased thickness of a rigid disk sample is such that the current density, and hence 

magnetic field under the microstrip line, would be dramatically reduced. Doyle and his 

co-workers overcome this problem by breaking the media into tiny fragments. These 

fragments are then examined under an optical microscope for candidates of the 

approximate dimensions, before accurately determining the thickness of the sample 

using a profilometer (Stinnett, et al. 1998). Of course, this then creates problems 

associated with determining the orientation of anisotropic samples. 

On a final note, the reader may be interested to learn that a substantial research 

grant has recently been allocated to this laboratory to study high speed magnetisation 

reversal in rigid disk media. To resolve the difficulties in measuring the switched 

fraction, a combined pulsed field and magneto-optic Kerr effect system is planned, 

whereby the sensing of the magnetisation can be performed almost simultaneously. Of 

course, this would necessitate stabilised optics to allow for the measurement of absolute 

values of magnetisation, similar to that described by (Hiebert, et al. 1997). It is also 

envisaged that experimental data will be provided for comparison with the widely 

recognised theoretical model of (Chantrell, et al. 1998), in order to relate thermal 

activation to the fundamental media parameters associated with high speed coercivity. 

It is also anticipated that studies of perpendicular rigid disk media may be undertaken, 

since it is broadly recognised that longitudinal media will cease to provide the gains 

demanded for densities over 50Gbits/in2, and as such, perpendicular media is 
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increasingly seen as the only viable option for future ultrahigh density storage 

applications. 
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