WASHINGTON UNIVERSITY SEVER INSTITUTE OF TECHNOLOGY

PHYSICALLY BASED MODELS FOR MAGNETIC RECORDING CHANNELS by Donald G. Porter Prepared under the direction of Dr. J.A. O’Sullivan

A Thesis presented to the Sever Institute of Washington University in partial fulfillment of the requirements for the degree of Master of Science May, 1993 Saint Louis, Missouri

WASHINGTON UNIVERSITY

SEVER INSTITUTE OF TECHNOLOGY

ABSTRACT

PHYSICALLY BASED MODELS FOR MAGNETIC RECORDING CHANNELS

by Donald G. Porter

ADVISOR : Dr. J.A. O’Sullivan

May, 1993

Saint Louis, Missouri

Magnetic recording systems may be viewed as communications systems. Information theoretic analysis requires a model of the medium as a channel. Conventional models separate the physics of the medium from information storage analysis by several layers of abstraction. The applied physics literature includes detailed models used to represent magnetic microstructures. We present a model which shares many features with these models, including exchange, anisotropy, and demagnetization effects. Preliminary applications to information storage analysis are presented.

Table of Contents

Acknowledgments v

1 Introduction 1 Magnetic Recording as an Information Channel . . . . . . . . . . . . 2 Magnetic Recording as a Physical Process . . . . . . . . . . . . . . . 8

2 Micromagnetic Properties of Magnetic Recording Media 11 Anisotropy Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 Dipole-Dipole Interactions . . . . . . . . . . . . . . . . . . . . . . . . 18 Exchange Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 18 Magnetostriction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3 A Micromagnetic Model for Magnetic Recording Media 20 Description of the Model . . . . . . . . . . . . . . . . . . . . . . . . 21 Similarity to Neural Networks . . . . . . . . . . . . . . . . . . . . . . 26 Limitations of the Model . . . . . . . . . . . . . . . . . . . . . . . . 28

4 A Channel Model Based on the Physical Medium Model 31 Defining a “Use” of the MRC . . . . . . . . . . . . . . . . . . . . . . 31 Medium Storage Using Stable States . . . . . . . . . . . . . . . . . . 34

5 Conclusions 39 ii

A Derivation of Dipole-Dipole Interaction Coefficients 42 B Bibliography 47 C Vita 50

List of Figures

1.1 A Communication System . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2 An Information Channel . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 Magnetic Recording Channel . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Reference Framework for Anisotropic Grain . . . . . . . . . . . . . . 13 2.2 Energy Versus Angle for Stoner-Wohlfarth Particle . . . . . . . . . . 14 2.3 The Stoner-Wohlfarth Astroid . . . . . . . . . . . . . . . . . . . . . . 17 2.4 Simple Illustration of Exchange Interaction . . . . . . . . . . . . . . . 19

3.1 Medium Model Geometry . . . . . . . . . . . . . . . . . . . . . . . . 21 3.2 Simulated “Hysteresis” Loop . . . . . . . . . . . . . . . . . . . . . . . 29

4.1 Histogram of Number of Unstable Grains . . . . . . . . . . . . . . . . 36 4.2 Gaussian Density Matched to Data . . . . . . . . . . . . . . . . . . . 37

Acknowledgments

The work described in this thesis was completed with the support of many individuals and institutions. The author wishes to acknowledge their support and encouragement. The work was performed in the laboratories of the Electronic Systems and Signals Research Laboratory of Washington University’s Department of Electrical Engineering with frequent consultation with the “THINGS MAGNETIC” lab. These laboratories in particular and the Department of Electrical Engineering in general provided the resources and environment which served as the foundation of this work.

The author’s committee consisted of faculty members Dr. Joseph A. O’Sullivan, Dr. Ronald S. Indeck, and Dr. Marcel Muller of the Department of Electrical Engineering. Their guidance, advice, and patience were instrumental in the completion of this work. The author looks forward to continued work with them.

Finally, it should be acknowledged that this work was supported in part by a grant from the U.S. Department of Education under the Graduate Assistance in Areas of National Need program.

PHYSICALLY BASED MODELS FOR MAGNETIC RECORDING CHANNELS

1. Introduction

Magnetic recording systems store information. Their information storage capability may be analyzed by viewing them as information channels. This identification of a magnetic recording system with an information channel requires the selection of a channel model to represent the storage medium and the recording and reading processes. Once an appropriate model is selected, problems concerning the storage capacity of a recording medium, and recording and reading processes for optimum storage may be posed in a information theory framework. To achieve the most accurate results, we seek to base our models on the underlying physics of the micromagnetic properties of the recording medium.

. Encoder Decoder

Source Sink

Channel

Figure 1.1: A Communication System x ∈ X y ∈ Y p(x) p(y|x) p(y) = ∑ x∈X p(y|x)p(x) Figure 1.2: An Information Channel

1.1 Magnetic Recording as an Information Channel

Figure 1.1 is a block diagram of the conventional model of a communication system. The purpose of such a system is to convey information from the source to the sink (or destination) through the use of a channel connecting the two. A typical example of such a system is a telephone line carrying voice or data signals. Within the framework established by this block diagram, many analysis and design problems may be posed. For example, given a statistical description of the channel block, we may wish to design the encoder and decoder blocks for most reliable transmission of information. As another example, we may ask what limits exist on the amount of information that may be reliably conveyed through the channel. The study of information theory and communication theory provides the tools to approach these problems.

Figure 1.2 focuses on the middle block of Figure 1.1, providing a statistical description of the input/output relationship of the channel. A symbol x, which takes on values from a set X . is presented to the channel input. The channel produces as its output a symbol y, which takes on values from a set Y. The selection of the output symbol is governed by the transition probability function p(y|x). This indicates that the output symbol is not a deterministic function of the input symbol, but it has a statistical dependence on the input symbol. Transmitting information through the channel means making use of the output symbol to estimate or otherwise characterize the input symbol with greatest reliability. Note that this view of an information channel is highly abstract. The “symbols” referred to in the diagram may correspond to sequences of what are usually thought of as symbols, e.g., the 1’s and 0’s of a binary data stream, or may correspond to continuous time waveforms.

Information channels are meant to convey any of several messages in an unpredictable order. If the message could be predicted, there would be no need for the communication channel. The information sink could use the prediction procedure to generate the message without any connection to the information source through the channel. To model this unpredictability, we view the input symbol x as a random variable drawn from X according to some probability function p(x). This function may be a probability density function or a probability distribution function as appropriate to the type of data. Knowledge of this probability function can be used in the design of output symbol processing to recover information from the output symbol. Thus, the probability functions p(x) and p(y|x) characterize the function of the information channel, and hence, its ability to transmit information. Knowledge of these functions permits us to analyze the capacity of the channel, and to design strategies of input encoding and output processing to achieve reliable transmission of information. Moreover, if we have not a single channel, but an entire family of channels with probability functions indexed by a set of parameters, we may seek the best choice of parameters for maximum reliable information transmission.

. . . .

Medium

Encoder

Pre-recorded Medium

Transducer Decoder

Transducer

Figure 1.3: Magnetic Recording Channel

Figure 1.3 is a block diagram of a magnetic recording system. It comprises two subsystems: one for recording information, and one for reading pre-recorded information. The purpose of such a system is the reliable storage of information. Between the blocks of Figure 1.3, the information is carried by signals. These signals are of different types at different locations in the MRC. The input to the encoder is a sequence of abstract symbols, typically bits of binary data, to be stored. The signal between the encoder and the first transducer is a current waveform. The signal produced by the first transducer is a recording magnetic field that writes upon the recording medium. The second transducer reacts to the magnetization patterns on the medium, so these patterns themselves are the signal between the medium and the second transducer. The second transducer produces voltage waveforms as output. Finally, the decoder translates these voltage waveforms back into a sequence of abstract symbols.

This system has an information source and an information sink, just as the communication system does. In fact, this system can be placed in the general framework just described for an information channel. This is accomplished by linking the two subsystems, noting that after recording information on a medium, it becomes a prerecorded medium. This view of the magnetic recording and reading processes as an information channel leads to a system we will call the magnetic recording channel (MRC).

When this connection is made, though, there remains an unanswered question: What is the channel? Shall we view the entire magnetic recording system as the channel block of a communication system? Shall we view only the medium as the channel block, identifying the rest of the magnetic recording system with other blocks of a communication system? Is some other correspondence preferable? Each choice leads to a different view of the magnetic recording channel.

If we draw our channel block boundaries symmetrically around blocks of Figure 1.3, there are three choices. At the outermost level, we may view the entire MRC as the channel block, viewing it as a system which transforms an input sequence of bits into an output sequence of bits. The next outermost level groups the medium and transducers as the channel block, viewing them as a system which transforms input current waveforms into output voltage waveforms. The transformation of input bits into current waveforms is viewed as an encoding procedure, and the transformation of voltage waveforms into output bits is viewed as a decoding procedure. The innermost level places only the medium in the channel block, viewing it as a system which transforms recording magnetic fields into magnetization patterns. The transformation function of the channel block is described by the physics of the recording medium. The encoder and decoder blocks are the entire recording and reading subsystems, respectively.

Once a choice is made, we may examine the performance of our chosen channel. To do this, we view the channel as though it were predetermined. That is, our design is limited to the parts of the communication system outside the channel block. The channel block is described by the transition probability function p(y|x), and the design problem is to determine the best encoder and decoder blocks to exploit the information transmission capacity of the channel block.

As we change views from the outermost to the innermost level of description of the MRC, the description of the transformation function of the channel becomes less symbolic and abstract, and more closely related to the detailed physics of the recording medium. Also less and less of the MRC is viewed as predetermined; more of it is included in the encoder and decoder blocks, which are free for us to design. As this informal description suggests, the further inward we go in drawing the boundaries of the channel block, the greater the information capacity we can possibly achieve. A formal justification of this idea is provided by the Data Processing Inequality, a well-known result of information theory. This motivates a desire to model a magnetic recording system in the MRC framework with the innermost selection of the channel block – the channel corresponding to the recording medium itself. At this level, the storage capacity of the recording medium may be expressed in units of bits per unit area. Note that this approach does not mean we can not change the medium. Indeed one of the motivations of this research is to provide insights into how best to select recording media. It is only in the examination or testing of each medium that we hold it fixed. Then comparison of experiments involving different media may be used to compare their performance.

We may now pose the general questions applied to any information channel directly to the MRC: What is the capacity of the MRC to store and retrieve information? What is the best design of the encoder and decoder blocks , i.e., the recording and reading processes to achieve this capacity? If the transition function of the channel can be described in terms of its dependence on a set of parameters, what parameter values provide the best performance? The answers to these questions should produce techniques of analyzing magnetic recording media, motivate novel designs of magnetic recording systems, or provide guidelines for choosing materials for manufacture of recording media. If enough of the MRC is left unspecified, this analysis can include examination of adaptive recording and reading schemes.

Several examples of this view of magnetic recording systems as information channels have been published in the literature. The most abstract consider the magnetic recording channel as represented completely by its effect on a sequence of bits. An example is the bit-shift model described by Shamai and Zehavi [1]. These models do not directly model the physics of the recording media, but base their transition function on observed behavior, and on constraints imposed by the recording and reading processes which are viewed as predetermined.

At a lower level of abstraction are models which attempt to model the analog readback voltage of a magnetic recording system. These models are also based on a predetermined recording process. Properties such as intersymbol interference are visible at this level of abstraction, and a goal of reading process designs derived from these models is to overcome the effects of intersymbol interference. Partial response models have been a common approach at this level [2–4, ?–5], and have proved useful in modeling recording levels over a wide range of bit recording densities in contemporary use. As recording densities increase, however, the applicability of these models becomes less certain. Other models directly model the readback voltage pulse observed as a Lorentzian form corrupted by magnetic and electronics noise [6, 7]. Some models include non-linear as well as linear effects by modeling the channel as a finite-state Markov process [8]. More recently, adaptive detection schemes have been proposed for such models [9, 10].

The thread common to all of these models of magnetic information storage is that they all use a “black box” approach. That is, certain input/output properties of physical magnetic recording channels are observed, and models are developed to have these properties. The models are often simple, and have proved effective in practice. However, our previous discussion indicates that there are gains to be realized by viewing the channel block of the MRC to be the innermost component of the magnetic recording system – the recording medium itself. This view treats only the medium as given, and views all transducers and processing to be designed. Also, a focus on the medium itself can provide insights into understanding effects observed in conventional recording systems such as media noise and bit shift. Thus, the capacity of this MRC is truly the capacity of the medium itself, not the capacity of any particular recording process. As performance demands grow, the need for optimal recording systems increases. The quest for optimal systems must take us inside the “black box,” to models based on the physical processes involved in magnetic recording.

1.2 Magnetic Recording as a Physical Process

Magnetic recording is feasible because it is possible to induce long-term changes in magnetic materials. That is, these materials exhibit memory. In general terms, through a recording process a magnetic material can be placed into a state that can later be detected by a reading process. Furthermore, previous stable medium states can be changed to new stable medium states, providing overwrite capability. The stability of this state of the material, and the predictability of induced states, given recording process parameters, are the source of magnetic information storage capability. These physical processes provide the structure of magnetic recording to which we wish to match the function of information storage.

Experimental measurements of the fine details of the behavior of magnetic materials are becoming available. Much work has been done recently in the area of thin-film magnetic media. With the advent of these experimental results, detailed physical models of the micromagnetic properties of magnetic media have been developed.

Hoinville has reported measurements of the readback voltage of magnetic recording systems and proposed a model to describe his observations [11, 12]. Mian, et. al. have developed a method of estimating the transverse correlation length of thin film media [13]. This method permits non-destructive measurement of the micromagnetic properties of thin film media as it is in use. The correlation length characterizes the scale of micromagnetic features. The scale of these features is one source of the fundamental limits of the capacity of magnetic storage channels.

Computer simulations of micromagnetic behavior of magnetic recording media have been reported in the literature by Mansuripur and Giles [14] and Zhu and Bertram [15, 16]. The computer simulations focus on the physical processes at the micromagnetic level. These processes are the fundamental source of the transformation mapping from recording magnetic fields to medium magnetization patterns. The models must form the basis for a channel model with the least abstract, most physically based choice of channel block – the medium itself. However, the full detail of these models may not be necessary if simpler models can simulate the physical properties closely enough to produce similar information storage capability.

The challenge presented in this thesis is to move from these models of the physical processes of magnetic recording to a tractable model of the magnetic information channel. Such a model promises to be more accurate and more general than current models, because of its basis in the physics of the underlying magnetic processes. It is expected that properties explicitly designed into simpler channel models, such as bit error rates, bit shift, and media noise will emerge from a more physically based model.

Chapter 2 describes several properties of magnetic recording media observed at the micromagnetic scale. Chapter 3 devises a simplified model of a recording medium which exhibits the properties described in Chapter 2. Some similarities of the model to models of neural networks are noted, as are some of the limitations of the model in providing an accurate physical description of magnetic recording media. Chapter 4 discusses using this simplified medium model as the basis of a channel model of the MRC and uses an information theoretic approach to derive an upper bound on the storage capacity of a simulated medium. Chapter 5 briefly summarizes the thesis and suggests some directions for future work.

2. Micromagnetic Properties of Magnetic Recording Media

In order to create a useful model of thin-film recording media, we must first examine and describe the properties observed in such media that we wish our model to reflect. The media must be examined apart from any recording system or method, so that the properties measured are those of the media, not those of a particular recording process. Further, a model must be sufficiently detailed to accurately reflect the limits on the medium’s storage capacity.

Micromagnetic models view media as large collections of magnetic particles, with interactions governed by magnetic forces. We refer to these magnetic particles as grains. We assume each grain is uniformly magnetized so that its magnetization may be represented by a single vector. Magnetization has the dimensions of magnetic dipole moment per unit volume. Thus, we may use the volume of a grain as a scale factor and view the grain as a magnetic dipole characterized completely by its magnetic dipole moment. For convenience throughout this chapter, we use the term magnetic moment to describe the vector which characterizes the magnetic state of a grain.

The usefulness of micromagnetic models and their simulation on computers has been established by Mansuripur and Giles [14] and Zhu and Bertram [15, 16]. Like them, we wish to base our models on the physics of the magnetic media. However, our interest is not in the physics itself, but in what the physics can tell us about the capacity of the media to store information and the mechanisms by which information is stored. Thus, we simplify their models to yield a physically-based model that is more computationally tractable.

Mansuripur and Giles model magnetic media as regular arrays of magnetic dipoles interacting through an effective magnetic field. The components of the effective field are the external field and fields derived from the anisotropy, exchange, and demagnetization energies. Our model also classifies the interactions of magnetic dipoles under these four categories, though, in the interest of computational simplicity, we use simpler formulations for some of these effects than do Mansuripur and Giles.

2.1 Anisotropy Effects

Anisotropy describes the tendency of the magnetic moment of a grain to prefer a few directions of orientation over others. The anisotropy energy which gives rise to this tendency is associated with the crystal structure and/or grain shape. The simplest form of anisotropy is uniaxial, where only one axis of orientation is preferred over all others. This preferred axis of orientation is called the easy axis of the grain. This effect can be modeled by a component of the magnetic field, as Mansuripur and Giles do. We take a different approach.

For a uniaxial grain which has its magnetic moment restricted to a plane, we use the Stoner-Wohlfarth model [17]. In Figure 2.1, the magnetic moment of a grain is drawn with respect to a pair of coordinate axes in the plane. The horizontal axis is the easy axis of anisotropy; the vertical hard axis is perpendicular to the easy axis in the plane. The magnetic moment ⃗M lies at an angle α with the easy axis.

hard

⃗H ⃗M α easy

Figure 2.1: Reference Framework for Anisotropic Grain

The effective magnetic field ⃗H is also depicted in the figure. Note that since we are using the Stoner-Wohlfarth model to represent the effect of anisotropy, our effective magnetic field does not contain an anisotropy component. The precise composition of our effective magnetic field is described in the later sections of this chapter.

The energy associated with a magnetic moment ⃗M and a magnetic field ⃗H is proportional to the negative of the dot product of the two vectors. In order to include the preference of the magnetic moment ⃗M for the easy axis, we include in the energy expression an additional term representing the anisotropy energy. This term is dependent on the angle of deviation from the easy axis, α. The modified energy expression is:

E(α) = K_A sin^2 α − MH_e cos α − MH_h sin α. (2.1)

The first term of this expression is the anisotropy energy. The remainder is an expression of the negative dot product of ⃗M and ⃗H using subscripts to indicate the components of ⃗H along the easy and hard axes.

Figure 2.2: Energy Versus Angle for Stoner-Wohlfarth Particle

The grain seeks a state which minimizes energy. When the effective magnetic field, ⃗H, is zero, the energy is minimized by an angle of α = 0 or α = π, that is, by an alignment of the magnetic moment with one of the two directions along the easy axis.

As the magnitude of the effective magnetic field is increased, the direction of the magnetic moment which minimizes energy changes. A particular example illustrates the general pattern. Figure 2.2 plots energy versus the angle α for several magnitudes of effective magnetic field. The magnetic field makes an angle of −^{3π}_4 radians with the easy axis in this example. The constants K_A and M are set to unity for purposes of this illustration. The curves plotted in Figure 2.2 are for magnetic fields with magnitudes 0.00, 0.25, 0.50, 0.75, and 1.00. Note that the horizontal axis includes values from −^{3π}_2 to^π_2 . As the field magnitude is increased, one minimum of the energy plot becomes shallower. At the critical magnetic field magnitude of 1.00, the minimum is eliminated, and there is only one energy minimum where there had been two. If the magnetic moment was in the energy minimum which has disappeared, the magnetic moment of the grain suddenly shifts into the one remaining state which provides an energy minimum. If we then reduce the magnetic field magnitude back to zero, the vanished energy minimum reappears, but the grain’s magnetic moment remains in the new direction. It does not return to its previous direction. The grain has changed state.

If the critical magnetic field magnitude had not been reached, then the magnetic moment would always return to the local minimum in which it began. The response of the grain to a changing magnetic field would be rotation through small angles away from its zero-field position on the easy axis.

The response of the grain to changing magnetic fields, then, is different depending on the magnitude of the effective magnetic field. When the magnitude exceeds a critical value, there may be discontinuous changes of state of the grain. When it stays below that critical value, the response can only be rotation through small angles, and when the field is removed, the grain returns precisely to its initial state. The key to distinguishing these two responses is to find the critical field value which separates them. This value depends on the constants K_A, M, and the angle that the effective magnetic field makes with the easy axis.

At an energy minimum the first derivative of the energy with respect to the orientation angle is zero, and the second derivative is positive. The minimum disappears when the second derivative goes to zero. In solving for the critical field value, it is convenient to normalize the quantities involved. We normalize the effective field to the anisotropy field, H_A =^{2KA}_M , yielding the normalized quantity:

⃗h = ⃗H H_A . (2.2)

This normalized vector can be described by its components in the directions of the easy and hard axes, indicated by subscripts e and h respectively.

The normalized energy is:

Ẽ(α) = 1 2 sin^2 α − h_e cos α − h_h sin α. (2.3)

which has first and second derivatives: ∂Ẽ ∂α = sin α cos α + h_e sin α − h_h cos α (2.4) ∂^2Ẽ ∂α^2 = cos 2α + h_e cos α + h_h sin α. (2.5)

Setting both of these expressions equal to zero yields a linear system of equations to solve for h_e and h_h. The solution is

h_e = − cos^3 α (2.6) h_h = sin^3 α. (2.7)

If there is an α between −π and π such that ⃗h is of the form indicated by this solution, then ⃗h is the critical magnetic field which may cause a change of state in the grain. This set of critical magnetic field values can be graphed in the plane by letting α vary between −π and π, and tracing the curve described by the solutions.

Figure 2.3: The Stoner-Wohlfarth Astroid

The resulting graph is known as the Stoner-Wohlfarth astroid, and is plotted in Figure 2.3. If we deal with the normalized magnetic field ⃗h, then our discussion above lets us use the Stoner-Wohlfarth astroid to predict the response of a grain’s magnetic moment. We draw the normalized magnetic field vector ⃗h on the plot of the astroid with its tail at the origin. If it lies entirely within the astroid, then there is only rotation of the magnetic moment through small angles around the easy axis. If the vector extends outside the astroid, though, then there may be a discontinuous change of state of the grain. Since a finite applied field is required to bring a permanent reversal of the grain’s magnetic moment, a grain governed by the astroid exhibits coercivity.

2.2 Dipole-Dipole Interactions

We now describe the composition of the effective magnetic field. In addition to the externally applied magnetic magnetic field, several other effective field components act on the grains of an assembly.

The grains which form the basis of micromagnetic models may be viewed as magnetic dipoles, each of which generates a magnetostatic field. The dipolar interaction falls off slowly with distance, and through it, every grain in the assembly influences every other grain. The interaction complicates any micromagnetic model because as the number of grains increases, the computation required to model this effect becomes large very quickly.

Because the computation of this interaction views each grain as a magnetic dipole, the interactions are called dipole-dipole interactions. The magnetic field generated by the material is sometimes called a demagnetizing field, because its global effect in a bounded body is to oppose uniform magnetization of all the grains.

2.3 Exchange Interactions

Another magnetic interaction observed at the microscopic level of magnetic materials is the tendency of neighboring spins to align their magnetic moments parallel. This quantum mechanical effect may be described by having a large energy associated with rapid changes in the direction of the magnetic moment .

Figure 2.4 gives an idea of this effect. Because of exchange interactions, it is energetically unfavorable for a grain with “up” magnetic moment to be positioned next to a grain with “down” magnetic moment. In the absence of some other counteracting magnetic force (for example, high anisotropy energy), in order to

Figure 2.4: Simple Illustration of Exchange Interaction

complete a transition from a region of “up” magnetic moment to a region of “down” magnetic moment within the medium, the exchange interactions will produce a transition region with width spanning several grains over which the transition occurs. Then each step in the transition from one grain to its neighbor is small enough to produce a small exchange energy. When other forces are present, this particular effect may not be observed, depending on the relative strengths of each magnetic energy.

2.4 Magnetostriction

Another micromagnetic effect which we note here, but do not include in the model is magnetostriction. As a magnetic grain changes its magnetic properties (for example, the direction of its magnetic moment), it undergoes mechanical changes as well, including changes in size and shape. If a grain were constrained to maintain a constant size or shape, then this constraint would influence the ease with which the grain may enter certain magnetic states. This effect is called magnetostriction, and can be modeled by another energy term. We assume the effect of magnetostriction is negligible compared to other magnetic effects in the medium [18].

3. A Micromagnetic Model for Magnetic Recording Media

The preceding chapter described several of the micromagnetic interactions observed in recording media. Designing a model based on these observations requires that we choose a representation of each observation in mathematical terms. The models of Mansuripur and of Zhu, on which we base our model, make use of the Landau- Lifshitz-Gilbert (LLG) equation to relate the states of magnetic moments to the evolving values of the global magnetic field. The LLG equation at a point is: d ⃗M dt = γ ⃗M × ⃗H_{eff} + α | ⃗M|^2 ⃗M × d ⃗M dt . (3.1)

Recall that the effective magnetic field, ⃗H_{eff} , at a grain depends on the magnetic moments of all other grains, so this single equation represents an entire system of mutually dependent equations to be solved. The solution of these equations requires a great deal of computation. This computational complexity is the reason that these models are simulated on such high-powered computing machinery as the Connection Machine or a Cray supercomputer.

Our model focuses more narrowly on the aspects of medium behavior which are of interest in magnetic recording. This narrower focus allows us to simplify the model to the point that we need not solve such a complicated set of mutually dependent

.

.

i x z d_z

d_x Figure 3.1: Medium Model Geometry

equations. The justification for these assumptions will be made clear as we build up the model.

3.1 Description of the Model

We represent a thin-film magnetic medium as a collection of magnetic grains interacting through magnetic forces. The grains are assumed to lie on the vertices of a regular rectangular lattice (see Figure 3.1). The rows of the lattice are separated by a distance d_x and the columns are separated by a distance d_z. The rectangular lattice determines a global x-z coordinate system in which magnetic interactions may be described. To each grain there is associated a single magnetic moment vector which completely characterizes its magnetic state. We make an assumption of identical grains in our model, so every magnetic moment vector is assumed to have the same magnitude. We use N to represent the number of grains in the medium, and index each grain and each variable associated with a grain with a subscript i which can take values in {1, ..., N}.

Following our discussion of anisotropy in the preceding chapter, we assume each grain exhibits uniaxial anisotropy, and assign to each grain an easy axis of anisotropy. When the effective magnetic field at a grain has magnitude near zero, that grain’s magnetic moment will point nearly along the easy axis. When we make use of a medium to record information, there will be long periods of time between the writing of information onto the medium and the reading back of the information during which there will be no applied magnetic field present at the medium surface. During these periods, the effective magnetic field at each grain will comprise only that portion of the field due to the magnetic moments of other grains in the medium. If we assume that the anisotropy constant is large compared to exchange and dipoledipole interactions, then the normalized effective magnetic field will be near zero during these periods and each grain’s magnetic moment will be nearly aligned with its easy axis.

Based on this discussion, we will assume that the magnetic moment of every grain is always aligned with the grain’s easy axis of anisotropy. Then the magnetic state of a grain is specified by the orientation angle of its easy axis, and a variable which takes one of the two values −1 or +1, indicating the direction along this axis in which the magnetic moment points. The expression of the magnetic moment of the i-th grain in global x-z coordinates is:

⃗M_i = Mσ_i[cos θ_i, sin θ_i]^T , (3.2)

where θ_i is the angle that the easy axis of grain i makes with the global x-axis, and σ_i takes on the value of either +1 or −1. M is a constant determining the magnitude of magnetic moment of every grain in the collection.

The angles of orientation, θ_i, determine the easy axes of the grains. We assume that these axes are fixed properties of the grains of the medium, determined in the manufacturing process. By introducing field biases in the deposition process used to manufacture recording media, a variety of probability distributions can be induced on these angles. We choose to assume that these angles are chosen randomly from a uniform distribution over 0 to π radians and are chosen independently from one grain to another. This model for easy axis orientation is chosen for its simplicity. It can be changed if knowledge of the deposition process or measurements indicate it is an unwarranted assumption.

At each grain, there is also an effective magnetic field ⃗H_i. This magnetic field includes all the interactions due to magnetic forces. As described in the preceding chapter, we will consider three sources of the magnetic field: exchange interactions with neighboring grains, dipole-dipole interactions with more distant grains, and the applied magnetic field. Each of these sources may be modeled as a component of the effective magnetic field, so that the total effective magnetic field is the sum of the three component parts:

⃗H_i = ⃗H_{e,i} + ⃗H_{d,i} + ⃗H_{a,i}. (3.3)

The effective magnetic field due to exchange interactions, ⃗H_{e,i}, models the tendency of the magnetic moment of a grain to align with those of its neighbors. Since magnetic dipoles tend to align with the effective magnetic field, this effect is modeled by letting the exchange field component be a magnetic field vector proportional to the magnetic moments of the neighbor grains. This leads to:

⃗H_{e,i} = K_e ∑ j∈N(i) ⃗M_j, (3.4)

where N(i) is the set of grains which are neighbors of grain i, and K_e is a proportionality constant. In our model, the neighborhood consists of the four nearest grains which share one coordinate in common with a given grain; i.e., there are no “diagonal” neighbors. Also, we assume the proportionality constant is the same for all pairs of neighboring grains.

The magnetic field component due to dipole-dipole interactions, ⃗H_{d,i}, models the magnetostatic interactions of a collection of magnetic dipoles. Appendix A presents a derivation from well-known magnetostatic equations in the framework of our model to the final relationship given by:

⃗H_{d,i} = ∑ k≠i A(i, k) ⃗M_k, (3.5)

where A(i, k) is a linear operator which determines the effect of magnetic moment ⃗M_k on the field value at grain i. When grains i and k are separated by an x displacement r_x and a z displacement r_z, and ⃗H and ⃗M are expressed in x-z coordinates, the linear operator is expressed in matrix form as:

A(i, k) = K_d (r^2_x + r^2_z )^52

2r^2_x − r^2_z 3r_xr_z 3r_xr_z 2r^2_z − r^2_x

, (3.6) where the constant K_d depends on the volume of a grain. Note that this expression implies that the operator is spatially invariant, depending only on displacements r_x and r_z.

Finally, the component of magnetic field due to an applied magnetic field does not arise from the dipole collections. It plays the role of the input variable to our information channel. Often we are interested in situations where this applied field is zero.

Now that the dipoles and their magnetic fields have been defined, all that remains is to describe their method of interaction. Rather than model the details of micromagnetic switching dynamics, we develop our model to focus on long-term stable configurations. We have already used this narrow focus to restrict a grain’s magnetic moment in our model to one of two directions along its easy axis. Because of this, the evolution of the state of a grain can only take one form, a “flip” from one direction to the opposite. Thus, the interaction of a grain with the magnetic field is completely defined for our model if we determine the conditions under which a flip will occur. We refer to the value of a grain’s magnetic moment as the state of the grain.

The state of a grain i is completely determined by the sign value σ_i. The interaction definition reduces to determining which value of +1 or −1 each σ_i will take given the field value ⃗H_i at that grain site. Since we know that magnetic dipoles tend to align with the effective magnetic field, the simplest approach is to choose the direction which is most nearly aligned with the effective magnetic field. However, this approach neglects the effect of anisotropy. To include this effect, we make use of the Stoner-Wohlfarth astroid to first determine if the effective magnetic field has great enough magnitude to overcome the coercivity of the grain. If so, then the grain changes state if it is energetically favorable to do so.

This description is complete for a single grain. However, our model consists of an entire collection of grains. When one grain changes state, the effective magnetic field seen by every other grain changes. Thus, in order to complete our specification, we must determine an update procedure for examining and possibly switching grains. The chosen update procedure is to choose grains in a random order for update. This choice guarantees that eventually a stable configuration must be reached, as discussed in the following section.

3.2 Similarity to Neural Networks

Once a fixed set of anisotropy angles {θ_i} is determined, the global state of the medium is completely determined by assigning the value +1 or −1 to each σ_i. Furthermore, if we assume the applied magnetic field is constant, the effective magnetic field value at grain i, ⃗H_i, is a linear function of the set of σ_j for j ≠ i. Thus, the simulation of one grain update may be described by the computation of a linear function of the states of the other grains (computing ⃗H_i) followed by the update of value σ_i according to a non-linear function of the current σ_i value and ⃗H_i. Grains are chosen at random for update according to this rule. From this perspective, our model appears very similar to the Hopfield model for a neural network [19].

Our grains correspond to the neurons, or units, of a neural network model. In particular, the linear relationship between the σ_i values and the ⃗H_i values may be described by a matrix with symmetric entries. In the realm of magnetics this signifies that magnetic forces are reciprocal; they obey Newton’s third law that every action has an equal and opposite reaction. In the notation of neural networks we may write the update operation for one of our grains as:

σ^{(k)}_i = f( ∑ j w_{ij}σ^{(k−1)}_j )

where f is the non-linear threshold function, the w_{ij} are the matrix entries of the linear relationship between the σ values and the normalized magnetic field values, and the k superscripts indicate iteration or time steps. In a neural network model, this property allows us to define a function of the global state of the neural network such that every step in the network’s evolution causes a non-increasing change in the value of this function. In the neural network notation this function is:

H(σ^{(k)}) = − ∑ ij w_{ij}σ^{(k)}_i σ^{(k)}_j

This function is often called an energy function, but it should not be confused with the energy function used in Chapter 2 to derive the Stoner-Wohlfarth astroid.

The difference between our model and the Hopfield model is that the Hopfield model uses a simple threshold function as its non-linear operation, while our model uses a more complicated function based on the Stoner-Wohlfarth astroid. However, based on the similarities of the models we can make use of some results in the study of neural networks to examine our model.

In particular, it is a standard proof [19] in the study of Hopfield neural networks to show that the evolution of a symmetric Hopfield neural network must eventually lead to a stable state of the network, that is, a state in which no neuron will change state when it is selected for update. As mentioned above, the proof is performed by defining an energy function of the network state which is non-increasing with the evolving state of the network. The additional complication of our model, the Stoner- Wohlfarth threshold, can only prevent updates that might otherwise occur. Thus, any condition satisfied by an update in the Hopfield model must also be satisfied by an update in our model. In particular, the proof just cited is still valid; the energy function is non-increasing during the evolution of the model under the condition of constant applied magnetic field. Since there are only finitely many global states, it follows that under these conditions, the system must converge to a stable global state with probability one.

3.3 Limitations of the Model

Our model does not accurately describe all properties of a physical magnetic medium. A number of physically unrealistic assumptions have been made in an attempt to keep the complexity of the model manageable. We hope, though, that our simplified model still has characteristics similar to those observed in physical recording media.

The most restrictive simplifying assumption is that the states of the media are modeled as completely described by a sign value at each grain site. That is, the grains’ magnetic moments are assumed to lie only along their easy axes of anisotropy. Physical grains obey no such restriction, but align in whatever manner yields a minimum of energy. In particular, when very large magnetic fields are applied to physical media, the grains align with the applied field, departing from their easy axes of anisotropy. Such behavior can not be observed within the constraints of our model. When we seek to observe hysteresis loops in our medium model, this

Figure 3.2: Simulated “Hysteresis” Loop

effect appears as the inability of our modeled medium to reach a full saturation magnetization.

We illustrate this shortcoming in Figure 3.2. The figure is a plot of the magnetization of a computer simulation of the physical model just described versus the applied magnetic field. The simulated medium consists of 100 grains. Only the components of applied field and magnetization along the global z-axis are plotted. The units are arbitrary for purposes of the illustration. Like a hysteresis loop, this plot demonstrates the properties of remanence and coercivity of the simulated medium. However, a true hysteresis loop would exhibit a maximum magnetization value of 100 of our arbitrary units of magnetization, as all 100 grains turn completely to align with a large applied field.

The structure of our modeled medium is also unrealistically simple. Grain sites are constrained to a rectangular lattice, completely within a plane. Such regularity is not observed in physical media. We may observe spatially periodic states or sharper transitions in the model than appear in physical media, due to the presence of this regular structure.

Several other simplifying assumptions of identical grains and interaction parameters may also not be physically realistic, but have been made to keep the model simple. The model can be improved at the cost of greater complexity if these assumptions lead to simulations in significant disagreement with physical observations.

Finally, the focus of this model is on stable magnetization states. The transient behavior of a magnetic medium is not modeled accurately. This approach has advantages of greater simplicity and a focus on the properties of the medium most relevant to long-term storage, but it also has the disadvantages of ignoring much detail that may be relevant particularly to the recording process.

4. A Channel Model Based on the Physical Medium Model

The physical model presented in the preceding chapter may be used to compute patterns of magnetization on a medium surface which form in response to applied magnetic fields. The model is not deterministic, so these computations simulate the stochastic input-to-output transformation of the medium we seek to understand. Referring back to Figure 1.2, the physical model provides the raw material needed to characterize the transition probability function p(y|x). Completing this characterization will produce a physically based channel model of the magnetic recording medium.

4.1 Defining a “Use” of the MRC

An important aspect of the channel in Figure 1.2 has not yet been specified – the sets of input and output values. These sets may be restricted by physical constraints on the transducers used for reading and writing. More fundamentally, though, to specify these sets, we must determine a definition of a “use” of the channel.

Information channels are only useful if they can be used repeatedly. Capacity is usually expressed in bits transmitted per channel use. To transmit a stream of information across a channel, we must break the stream into a sequence of symbols.

Each symbol must carry an amount of information not greater than the singleuse capacity of the channel. The channel is then used repeatedly to transmit the sequence of symbols. Each use of the channel is assumed to require an interval of time. So long as the sequence is generated sufficiently slowly, the channel can “keep up”. This matter is the subject of the information theory study of data rates. Frequently, channel capacities are expressed in terms of a maximum rate of information flow that repeated use of the channel can achieve.

This view is problematic for the magnetic recording channel for several reasons. First, recall that the MRC is the joining together of two subsystems, a recording process and a reading process. These two processes may be separated in time by a long interval. The notion of a data rate does not match this circumstance. Instead, we are interested in capacity as a measure of storage capability. We seek to continue storing more symbols on the medium as long as we can, without interfering with the ability to recover those symbols already stored.

Second, the usual correspondence of input to output found in information channels is not present in the MRC. Data can be recorded just once, then read many times. Data bits may be read out in a different order than they are recorded because of the random access nature of many magnetic recording systems. Previously written data may be corrupted by later writes on the same medium. When reading information from a medium, the input to the channel is the entire history of applied fields at the medium surface.

We would like to make best choice, in some sense, of the definition of a use of the MRC. However, the problems just mentioned make the concept of a use of the MRC difficult to fathom. Furthermore, the sense in which a definition is “best” must be chosen. Maximizing storage capacity is of little use if the recording and reading time increases greatly as a result.

These conceptual difficulties are to some degree avoided by the standard methods of magnetic recording. Bits are recorded in a localized manner on the medium. Each bit of information to be stored has its own region on the medium devoted to its storage. Furthermore, bits are recorded in tracks composed of several bit storage regions in a sequence. Recording and reading are achieved by passing transducers over the tracks in a single direction. Thus, there is a correspondence of a sequence of input bits recorded to a sequence of bits read out, and defining a use is more straightforward. Random access is provided at a coarser scale so that blocks of bits may be called up by reference, but the bit by bit readback is sequential. The sequence read back matches the sequence recorded, so the familiar correspondence from information channels is present.

Standard methods of magnetic recording relieve us of the difficulty in defining a channel use. However, they also take us back where we started, to conventional methods with little insight into other schemes gained from the physically-based modeling. Also, the difficult details which sent us retreating back to conventional methods have not disappeared. Recording new data bits can still corrupt previously stored bits. Long-range magnetic interactions at the medium surface still occur. Conventional methods do not escape these physical effects. Conventional methods name each effect and treat each one separately: bit shift, track-edge noise, media noise, intersymbol interference, and cross-talk between adjacent tracks. The physically based media modeling considers all these effects in a unified manner.

Thus, it is still desired that we find an appropriate way to define a use of the MRC, or find another way to look at the physical medium model as an information channel. There is a great deal more work to be done on this issue.

4.2 Medium Storage Using Stable States

Fortunately, we are not at a standstill. We may look at the two subsystems of the MRC depicted in Figure 1.3 separately. Each is a perfectly good information channel on its own, with none of the difficulties that the storage device, the medium, introduces when included as the middle block. In these information channels, the medium serves as an information sink or an information source. The symbol set at the medium surface is just the set of global states of the medium.

Looking at the reading subsystem, we see that the medium is the information source of this subsystem. The amount of information generated by this information source is the entropy of the random variable representing the global medium state. This entropy is determined by the transition probability functions relating the global medium state to the entire history of recording magnetic fields presented to the medium, and by the probability distribution on those recording fields themselves. If we can determine this entropy, we will have a bound on the storage capacity of the recording medium.

A simple upper bound on this entropy serves as a first approximation to this capacity. We assume that “storage” of data refers to its preservation on the medium over a period of time when no recording field is applied to the medium. Then only those global medium states which are stable under a condition of zero-applied field may have non-zero probability when the data is read back from the medium. An estimate of the number of such stable states provides us with a bound on the storage capacity of the medium.

The entropy, expressed in bits, of a random variable which takes its values from a finite set is bounded above by the base 2 logarithm of the number of values with nonzero probability. This bound is achieved only when all of these values with non-zero probability are assumed with the same probability. That is, a uniform probability distribution over the set of possible values governs their relative probabilities.

We seek the number of possible (that is, having non-zero probability) magnetization states for long-term storage. We know from the discussion in the preceding chapter that given a long enough relaxation time during which the applied magnetic field is constant, our model of the medium guarantees that a stable global magnetization state will be reached which will not change unless the applied magnetic field is changed. For storage purposes, the long-term constant magnetic field has zero magnitude. Thus, our set of possible storage magnetization states is precisely the set of magnetization states which are stable under the condition of zero applied magnetic field.

The number of such states may be estimated by a random sampling approach. We select a magnetization state at random and use the dynamics of our model to determine whether the state is stable under a condition of zero applied magnetic field. Unfortunately, even for the modest scale of a model of 100 grains in a 10 × 10 grid, the number of states to consider, 2^{100}, is far too great to be tested for an accurate count of the number of stable states. When we try to test a small sample of states to estimate the proportion of stable states to the whole, we find that stable states are sufficiently rare that random sampling does not find even one stable state in 10^6 samples. We are faced with the problem of trying to estimate the probability

Figure 4.1: Histogram of Number of Unstable Grains

of a rare event with a limited number of samples. Direct sampling cannot provide the answer.

Another approach is suggested by recalling what it means for a state to be stable. A state is stable if every grain is in a state such that if it is selected for update, it will not change state. An unstable state has at least one grain which will change state if selected for update. We say this grain is unstable. The number of such grains in the medium is a random variable we may simulate. Using the same 10^6 randomly chosen magnetization states, we collect data on the number of unstable grains in each state. Figure 4.1 is a plot of these data showing the relative proportion of states having each number of unstable grains. The data were generated using arbitrary choices for the medium parameters. They do not represent any particular physical medium.

Figure 4.2: Gaussian Density Matched to Data

The smallest number of unstable grains observed in the collection of data was 12. A stable magnetization state would have zero unstable grains. In order to estimate the probability of a stable state, we wish to estimate the intercept of the histogram plot above with the ordinate axis. To do this we must extrapolate from the collected data by making some assumption about the probability distribution.

Figure 4.2 is a plot of a Gaussian probability density with mean and variance given by the sample mean and sample variance of the collected data. The values are 34.54 and 35.85 respectively. Comparison of the two plots reveals a close match over the interval of support of the data plot. Based on this favorable comparison, we extrapolate based on the Gaussian plot.

Our collected data are integer-valued and restricted to non-negative values. The Gaussian density describes a real-valued random variable with values taken from the entire real line. In matching the Gaussian density to our restricted domain, we assume that any value less than zero will be mapped to zero. Thus, in our extrapolation, we estimate the ordinate-axis intercept as corresponding with the integral of the entire Gaussian density over values less than zero:

∫_0 −∞ 1 √ 2πσ^2 exp(−

(z − μ)^2 2σ^2

)dz (4.1)

Since we wish to estimate this error function quantity at a value far from the mean, we may use the well-known approximation [20, for example]:

≈ 1 (2π)^12 σ μ exp(− μ^2 2σ^2

) (4.2)

Multiplying this estimate of the probability of a stable state by the total number of stable states yields an estimate of the number of stable states of 2^{72.14}. The upper bound on storage of this simulated medium is then 72.14 bits, or .7214 bits per grain.

5. Conclusions

We have presented physical descriptions of the micromagnetic characteristics of magnetic recording media. We have devised a simple model of the medium based on these physical descriptions. A discussion of placing this physical medium model into an information channel context revealed a number of difficulties in matching the MRC to the usual information channel. In spite of these difficulties, the storage capacity of a medium may still be bounded by the entropy of the medium’s global state. A method for computing an upper bound on this entropy was demonstrated on a simulated medium with arbitrary parameters.

This work raises many questions to be pursued in further study. The primary quantitative result presented in this thesis is a limit to storage capacity based on an estimate of the entropy of the magnetic state of a magnetic medium. Within this work, the simulated medium has been constructed with arbitrary parameters. An important improvement will be to determine better parameter values to represent physical media in use in contemporary magnetic recording systems.

The difficulties encountered in Chapter 4 need to be addressed. Perhaps an exploration of alternative information theory models, in particular, an investigation of channels with memory, will provide a better match of the observed behavior of magnetic recording systems to a theoretical framework useful for analysis.

More work may also be done in developing a justification for the model used in this thesis, or for developing improvements to it. The most restrictive feature of the model presented in this thesis is its requirement that every magnetic moment be aligned with a single easy axis of anisotropy. The advantage of such a restriction is that it makes the number of possible magnetic states of the medium finite and easy to count. Without such restrictive assumptions, however, it may be possible to prove that the number of stable magnetization states must be finite based on more fundamental physical notions of energy minima rather than a priori model constraints. Work is underway on this point.

Further work needs to be done investigating the implications of this medium model beyond simple counting arguments about numbers of stable states. One simple exploration may be to repeat experiments similar to those presented in this thesis with testing of broader ranges of values for all medium parameters. This exploration should provide insights into the trends and tradeoffs involved in the choice of parameters for physical media.

Beyond this exploration, however, this model provides the opportunity to examine the behavior of magnetic media in greater simulated detail than is easily possible for physical media. For instance, the relationship between initial states and final states of a simulated medium undergoing a write process can provide insights in how to more efficiently write information for greater readback reliability. Simulating the writing of a transition between regions of magnetization on the medium may provide insight into the types of irregularities observed at transition boundaries, and a deeper understanding of the sources of media noise.

The insights gained from these studies may provide enough understanding of the relationship between the writing process and the states of the medium to allow the development of adaptive schemes of magnetic recording. For example, knowledge of the current magnetic state of a medium may be used to modify the write process to more efficiently record information. This approach can be called a pre-compensation approach. By adapting the write process on the fly to compensate for the effect of the pre-existing magnetic state, greater efficiency, reliability, and storage capacity are expected to be achievable. Other adaptive schemes may also be explored.

APPENDICES

PHYSICALLY BASED MODELS FOR MAGNETIC RECORDING CHANNELS

A. Derivation of Dipole-Dipole Interaction Coefficients

In this appendix we derive the form of the linear operator which describes the effective magnetic field at a grain i due to the dipole-dipole interaction influence of the magnetization vector at grain k.

From Cheng [21] , if we place a magnetic dipole with moment ⃗m at the origin of a spherical coordinate system aligned with the axis where θ = 0, and consider a point in space described in spherical coordinates (R, θ, φ), the magnetic flux density at that point is ⃗B(R, θ) = μ^0m 4πR^3 (⃗a_R2 cos θ + ⃗a_θ sin θ), (A.1) where ⃗a_R and ⃗a_θ are the usual unit vectors in spherical coordinates at the point in question and m is the magnitude of the magnetic dipole moment vector.

As a first step, we convert this equation to an equivalent one in an x^′-y^′-z^′ Cartesian coordinate system defined so that the z^′-axis is aligned with the dipole, and the x^′-z^′ plane is the plane of the medium in our model. The primes are used to distinguish this coordinate system from the global x-y-z coordinate system used in the definition of the model. Applying the appropriate conversions yields: ⃗B(R, θ) = μ^0m 4πR^3 [⃗a_x′ (±3 cos θ sin θ) + ⃗a_z′ (2 cos^2 θ − sin^2 θ)], (A.2) where the ± choice is made based on the location of the point in question with respect to the coordinate system. Let ⃗R be the position vector of the point in question. If ⃗R · ⃗a_x′ > 0, then choose +; otherwise, choose −.

At this point, we observe that: ⃗m · ⃗R = mR cos θ (A.3) |⃗m × ⃗R| = mR sin θ. (A.4) Using these equations, we may rewrite the magnetic flux density expression in a form which does not explicitly include θ: ⃗B( ⃗R) = μ^0 4πmR^5 [⃗a_x′ (±3|⃗m × ⃗R|(⃗m · ⃗R)) + ⃗a_z′ (2(⃗m · ⃗R)^2 − |⃗m × ⃗R|^2)]. (A.5) Now, we recall that our model consists of a large number of dipoles, each with its own orientation. This magnetic flux density component is due to just one of those dipoles, and is expressed in a coordinate system with the z^′-axis aligned with the source dipole. We wish to compute a total field due to all dipoles in the model, so we must describe all field components in a single global coordinate system. Since the model already defines an x-y-z coordinate system in which to place rows and columns of grains, we use it as our global coordinate system.

Let α denote the angle between the global z-axis and the local z^′-axis. Since the z^′-axis is aligned with the dipole moment vector ⃗m:

cos α = m_z m (A.6) sin α = m_x m , (A.7)

where ⃗m = [m_x m_z]^T in x-z coordinates.

Using these expressions, and applying the rotation transformation yields: ⃗B( ⃗R) = μ^0 4πm^2R^5

· (A.8) [⃗a_x(±3|⃗m × ⃗R|(⃗m · ⃗R)m_z + [2(⃗m · ⃗R)^2 − |⃗m × ⃗R|^2)]m_x) (A.9) + ⃗a_z(∓3|⃗m × ⃗R|(⃗m · ⃗R)m_x + [2(⃗m · ⃗R)^2 − |⃗m × ⃗R|^2)]m_z)]. (A.10) We may also express ⃗R in terms of its x-z components: ⃗R = [R_x R_z]T , (A.11)

so that:

⃗m · ⃗R = m_xR_x + m_zR_z (A.12) ±|⃗m × ⃗R| = m_zR_x − m_xR_z. (A.13) Substituting these expressions, we may write the components of the field vector as: ⃗B( ⃗R) · ⃗a_x = μ^0 4πm^2R^5

[3(m_zR_x − m_xR_z)(m_xR_x + m_zR_z)m_z (A.14) + 2(m_xR_x + m_zR_z)^2m_x − (m_zR_x − m_xR_z)^2m_x] (A.15) ⃗B( ⃗R) · ⃗a_z = μ^0 4πm^2R^5

[−3(m_z R_x − m_xR_z)(m_xR_x + m_zR_z)m_x (A.16) + 2(m_xR_x + m_zR_z)^2m_z − (m_zR_x − m_xR_z)^2m_z]. (A.17) Simplifying this expression, and making use of m^2 = m^2_x + m^2_z yields: ⃗B( ⃗R) · ⃗a_x = μ^0 4πR^5 [(2Rx^2 − R^2_z)m_x + 3R_xR_zm_z] (A.18) ⃗B( ⃗R) · ⃗a_z = μ^0 4πR^5 [3R_xR_zm_x + (2R^2_z − R^2_x)m_z]. (A.19)

When the last expression is multiplied by the appropriate constant to compute magnetic field intensity from the magnetic flux density and is put into matrix form, the result is the expression cited in Chapter 3.

B. Bibliography

[1] S. Shamai (Shitz) and E. Zehavi, “Bounds on the capacity of the bit-shift magnetic recording channel,” IEEE Trans. Inform. Theory, vol. 37, pp. 863– 872, May 1991.

[2] R. W. Wood and D. A. Petersen, “Viterbi detection of Class IV partial response on a magnetic recording channel,” IEEE Transactions on Communications, vol. 34, pp. 454–461, May 1986.

[3] H. Thapar and A. M. Patel, “A class of partial response systems for increasing storage density in magnetic recording,” IEEE Trans. Magn., vol. 23, pp. 3666– 3668, September 1987.

[4] H. K.Thapar, J. Rae, C. Shung, R. Karabed, and P. Siegel, “On the performance of a rate 8/10 matched spectral null code for Class-4 partial response,” IEEE Trans. Magn., vol. 28, pp. 2883–2888, September 1992.

[5] H. Shafiee and J. Moon, “Low-complexity Viterbi detection for a family of partial response systems,” IEEE Trans. Magn., vol. 28, pp. 2982–2894, September 1992.

[6] S. W. McLaughlin and D. L. Neuhoff, “Upper bounds on the capacity of the digital magnetic recording channel,” IEEE Trans. Magn., vol. 29, pp. 59–66, January 1993.

[7] S. W. McLaughlin and D. L. Neuhoff, “Source-channel coding of analog data for digital magnetic recording,” IEEE Trans. Magn., vol. 30, pp. 128–144, January 1994.

[8] K. D. Fisher, J. M. Cioffi, and H. K. Thapar, “Modeling thin-film storage channels,” IEEE Trans. Magn., vol. 25, pp. 4081–4083, September 1989.

[9] J. M. Cioffi, W. L. Abbott, H. K. Thapar, C. M. Melas, and K. D. Fisher, “Adaptive equalization in magnetic-disk storage channels,” IEEE Commun. Mag., pp. 14–29, February 1990.

[10] K. D. Fisher, J. M. Cioffi, W. L. Abbott, P. S. Bednarz, and C. M. Melas, “An adaptive RAM-DFE for storage channels,” IEEE Transactions on Communications, vol. 39, pp. 1559–1568, November 1991.

[11] J. R. Hoinville, R. S. Indeck, and M. W. Muller, “Spatial noise phenomena of longitudinal magnetic recording media,” IEEE Trans. Magn., vol. 28, pp. 3398– 3406, November 1992.

[12] J. R. Hoinville, Spatial Media Noise Studies of Longitudinal Magnetic Recording Media. PhD thesis, Washington University, St. Louis, MO, December 1991. Department of Electrical Engineering.

[13] G. Mian, R. S. Indeck, and M. W. Muller, “Transverse correlation length in thin film media,” IEEE Trans. Magn., vol. 28, pp. 2733–2735, September 1992.

[14] M. Mansuripur and R. Giles, “Simulation of the magnetization-reversal dynamics on the Connection Machine,” Comput. Phys., vol. 4, pp. 291–302, 1990.

[15] J.-G. Zhu and H. N. Bertram, “Reversal mechanisms and domain structures in thin-film recording media,” J. Appl. Phys., vol. 69, pp. 6084–6089, April 1991.

[16] J.-G. Zhu and H. N. Bertram, “Self-organized behavior in thin-film recording media,” J. Appl. Phys., vol. 69, pp. 4709–4711, April 1991.

[17] E. C. Stoner and E. P. Wohlfarth, “A mechanism of magnetic hysteresis in heterogeneous alloys,” Phil. Trans. Royal Soc. London, vol. A240, pp. 599–642, 1948.

[18] S. Chikazumi, Physics of Magnetism. Robert E. Krieger Publishing Company, 1964.

[19] J. Hertz, A. Krogh, and R. G. Palmer, Introduction to the Theory of Neural Computation. Redwood City, California: Addison-Wesley, 1991.

[20] H. L. Van Trees, Detection, Estimation, and Modulation Theory, vol. 1. John Wiley & Sons, 1968.

[21] D. K. Cheng, Field and Wave Electromagnetics. Reading, Massachusetts:

Addison-Wesley, 2d ed., 1989.

49

C. Vita

Donald G. Porter

Date of Birth: November 4, 1967

Place of Birth: Miami, Florida

Undergraduate Study: Washington University, St. Louis, Missouri B. S. in Electrical Engineering, May, 1990 B. S. in Computer Science, May, 1990 Cum Laude

Graduate Study: Washington University, St. Louis, Missouri M. S., May, 1993

Professional Societies: I.E.E.E., Tau Beta Pi, Eta Kappa Nu

Honors/Awards: 1986 National Merit $2000 Scholarship, The Alexander S Langsdorf Fellowship, Washington University, 1986-1990 The Paric Corporation Scholarship, Washington University, 1988-1990 The Computer Science Departmental Award for Professional Excellence, Washington University, 1990 U. S. Department of Education Graduate Assistance in Areas of National Need Fellowship, Washington University, 1990-1994

Publications: J. A. O’Sullivan, P. Moulin, D. L. Snyder, and D. G. Porter; “An Application of Estimation Theoretic Radar Imaging,” to appear in International Journal of Imaging Systems & Technology Special Issue on Radar Imaging, 1993.

J. A. O’Sullivan, D. G. Porter, R. S. Indeck, and M. W.

Muller; “A Physically Based Approach to Information Theory for Thin Film Magnetic Recording,” Proceedings of the Thirteenth Annual Allerton Conference on Communication, Control, and Computing, p. 792 (2 October 1992).

R. S. Indeck, J. A. O’Sullivan, D. G. Porter, and M. W.

Muller; “Physically Based Information Science of Magnetic Recording: I. Information Capacity of a Medium Model,” submitted to I.E.E.E Transactions on Magnetics, 1993.

May, 1993

Short title: MAGNETIC MEDIA MODELS Porter, M. Sc. 1993