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Abstract

In this work, the field generated by a magnetic recording head is measured by sensing the
magnetization of a transducer film that is placed in proximity to the ABS of the head. The
magnetization is measured by sensing Kerr rotation of a 250 nm diameter laser spot as it
Is scanned over the transducer with a step size of 55 nm. Since this measurement provides
transducer normal magnetization, rather than normal field, the associated head fields are
computed by iteratively solving the torque balance on the transducer magnetization and
Laplace s equation. This yields a vector field consistent with the observed transducer
magnetization and the transducer magnetization gradients. Using this technique the
fringing fields of a head with a 0.330 um gap and a 2 pm trackwidth have been

measured.

The head field can be calculated provided that the transducer used is thin enough such
that the magnetic properties of the transducer do not cause substantial error to the applied
head fields by influencing the magnetization in the recording head, but thick enough so
that any light that may transmit through it and reflect back to the detector is attenuated
sufficiently so as not to add a false signa. In addition, awareness of the subtleties of
Laplace s equation and the fast Fourier transform (FFT) is necessary as they are used

extensively in this study.
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1. Introduction

1.1 Motivation
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Figure 1.1- Trend of increasing capacity of hard drives since the introduction of the
technology [1].

Over the past decade, the capacity of hard drives has increased 60% per year, and has
recently began increasing to 100% per year, as seen in Figure 1.1. Recently (June 2000),
Fujitsu has demonstrated recording at a density of 56.0 Ghit/in? [2], and Readrite has
demonstrated recording at a density of 63.2 Ghit/in? (October 2000) [3]. This means that
the surface of one 3.5 diameter disk contains approximately 80 gigabytes of raw

information. The advantage of rigid disk technology is that it offers gigabytes of



information that can be retrieved at high datarates (on the order of 500-1000 Mb/sec) at a
low cost (< 1¢/Mb). As the overal capacity of hard drives increases, the technology is
approaching fundamental physical limitations that need to be understood, as these
phenomena determine the overall speed and storage capacity of the system. Examples of
such limiting phenomena are the magnitude of the head field, the head field rise-time, and
the spacing between the head and the media. Studies of these phenomena will become
more challenging as storage densities increase. This is because tools needed to measure at
the sub-micron and sub-nanosecond levels need to be developed as well as the

technology itself.

The goal of our research is to measure the fields [4] generated by magnetic write heads
for high-density recording applications. By developing a technique for measuring head
fields, we will be able to better characterize the performance of write heads in high-
density environments. In addition, this technique can be used to image and measure
switching dynamics of recording media and the dynamics of soft magnetic underlayers
for perpendicular magnetic recording applications [5]. The performance of recording
heads is measured using standard spin-stand tests, which are typically quick and can
identify the limit of the device being tested. In addition, direct Kerr imaging of the air-
bearing surface (ABS) has been used to measure the magnetic rise-time of recording
heads. This test, however, just shows the speed the magnetization switches in the poles of
the recording head and not the field generated by the recording head. If a recording head
saturates in the region being measured, the field that is produced by the head does not

linearly correspond to the magnetization measured.



1.2 Rigid disk magnetic recording

1.2.1 Magnetic recording systems

Magnetic disk drives are used for storing large amounts of information. The disk drives
are comprised of a single or a set of spinning disks that are coated with a magnetic
medium. Information is stored and read back from these disks using a magnetic
transducer. The data tracks are stored in concentric rings on the disk, as shown in
Figure 1.2. As could be seen in Figure 1.1, the area density has continued to increase
with time. This increase in density is accomplished by increasing the linear bit density

and the track density.

Figid, magneti
disk
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Figure 1.2- Schematic of data stored on a magnetic disk.

The other components of the disk drive consist of channel electronics that encode the data
to be written and decode the bits that are read from the disk. There is also a servo system
that maintains the position of the dider onto the appropriate data tracks. The dider also

functions to keep the recording head a fixed distance above the magnetic disk. The dlider



contains the magnetic recording head, which is the transducer that writes and reads the

recorded information. A schematic of the dlider is shown in Figure 1.3.

*— Slider suspension

Magnetic
poles Transducer
Flying height
Bottom view of the slider Diskmotion - Media

(a) (b)

Figure 1.3- (a) Pole-tips of the recording head on the ABS of the dider.
(b) Schematic of the dider flying over a magnetic disk.

As shown in Figure 1.3(a), the magnetic recording head is located towards the trailing
end of the dider. The underside is called the air-bearing surface (ABS) that is precision
machined or etched. The structure of the ABS alows the dider to maintain a very small
(~10 to 50 nm) separation over the media due to the air bearing that is formed when the
disk spins beneath the dider. The flying height is one of the more critical parameters that
are used to characterize a magnetic recording system. The suspension shown in
Figure 1.3(b) applies a constant downward force to the dider. The connection of the
dider to the suspension is by a gimbal. This alows the dider to adjust its pitch, roll, and
yaw so0 the dlider will move smoothly over the air bearing. The collective term head-

gimbal assembly (HGA) is used to describe the combined slider, gimbal, and suspension.



1.2.2 Longitudinal inductive write heads

Current magnetic recording is accomplished by magnetizing media in the plane of the
disk with a field generated by an inductive write head. A standard inductive write head
consists of a core, or yoke, in a ring-like geometry with a small gap, as shown in
Figure 1.4. A coil of wire passes through the yoke. The coil of wire magnetizes the yoke
when current is applied it. The yoke is made from a magnetically soft materia
(Hc< 400 A/m, [5 Oe€]) with a high saturation magnetization (Ms~ 640 to 1,600 kA/m).
The fringe fields from the gap are used to magnetize the media as it moves beneath the

recording head.
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Figure 1.4 - Schematic of a longitudinal ring head and a thin-film inductive head.

A schematic of the recording process is shown in Figure 1.5. It can be seen in Figure 1.5

that the recorded transitions are under the trailing pole, P2. This means the sharpness of



the trangition is determined mainly by the gradient of the longitudinal field from P2. If
the flying height of the dlider were to be reduced, the gradient would increase thus

making a sharper transition, as shown in Figure 1.6.
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Figure 1.5- A schematic of the recording processwith a longitudinal recording head.
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¥
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Figure 1.6- Schematic showing that changing the fly height will sharpen the written
trangition. (a) Gradient isthe sharpest. (b) Gradient decreases, the transition
broadens. (c) Gradient isgreatly reduced and the switching field does not penetrate
depth of the media.



1.3 Experimental goals
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Flgure 1.7- Schematic of what standard Kerr microscopy Is capable of measuring.

One feature of the recording process that has been challenging to measure is the magnetic
fields generated by a thin film recording head. Standard Kerr microscopy [6]-[15] can
only measure magnetization on the ABS or where magnetic material is visible, as shown
in Figure 1.7. It is important to note that this view of magnetization alone does not give
all the information needed to calculate the magnetic fields generated by the write head.
There have been experiments using a small inductive micro-loop (1 pm wide), measuring
the field at a step size of 200 nm [16]-[20]. In addition, fields in three dimensions have
been successfully calculated using a micro-loop [16]. As the dimensions of recording
heads become smaller (track widths < 2.5 pum), alternative techniques need to be used to
perform measurements like these. One reason an dternative technique has been
considered is that the signal obtained from the micro-loop is proportiona to the size of
the micro-loop. To increase the resolution requires that micro-loop be made smaller.

Similar experiments using Kerr microscopy have been done to measure the fringe field



contours using a glass substrate coated with a thin film of CoNi over the ABS of the
recording head and then image the head field [21]. This report will show a technique that
will utilize principles from each of the aforementioned techniques to measure the head
field from a thin-film recording head. By measuring the head fields, it will be possible to
see where the magnetic fields are located that degrade performance during the recording
process. These problem areas can be pinpointed and given to head designers so that they

can improve on their designs.

The technique developed in this dissertation, as implemented, has a spatial resolution four
times better than the micro-loop (250 nm spot size to a 1 pm micro-loop, and a 55 nm
step size as compared to 200 nm). Although this improvement is modest, the optical

technique may have good extensibility using near field optics.



2. Experimental Techniques

2.1 Introduction

In this chapter, the experimental methods and procedures that were followed will be
described. Results obtained using the vibrating sample magnetometer (VSM) [22],
section 2.4.4, magnetization versus magnetic field tracer (M-H loop tracer), section 2.4.5,
and the magneto-optic loop tracer (M-O loop tracer) [23], section 2.4.6, are given. These

results were used in the subsequent chapters.

2.2 Kerr microscopy

2.2.1 Kerr effect

For a more thorough mathematical derivation of the Kerr effect (and other magneto-
optical effects), the paper by M.J. Freiser [24], is a good reference. For the purpose of

this dissertation, this section gives a smpler explanation of the Kerr effect.

When light is reflected from the surface of a material, photons interact with the electronic
structure of the material, which absorbs the photons, and then re-emits the radiation.
Magnetized materias affect polarized light by rotating the plane of polarization by an
angle that is proportional to the magnitude of the magnetization of the material in a
specific direction. There are three things that determine the change in polarization
produced by the Kerr magneto-optic effect:

1. The orientation of the incident light beam with respect to the sample's surface, i.e. if

it isnormal to or at an oblique angle of incidence to the surface.



2. The components of the magnetization perpendicular to the surface or parale to the
surface of the sample. If the components of the magnetization are paralel to the
sample surface, the components of the magnetization are either along or
perpendicular to the plane of incidence of the light.

3. The plane of polarization of the light: p polarized which is parallel to the plane of
incidence or s polarized which is perpendicular to the plane of incidence.

The five possible configurations taking into account all of the above considerations are

shown in Figure 2.1.

Polar configuration Propagation of the laser *
MMagnetization vector * M
E-field component -*P F

of the laser

M t Kerr component |:> K

§ polarized, longitudinal M s polarized, transverse M

K (O <mumm 7

Figure 2.1- Magneto-optic Kerr effect configurations.
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For the polar Kerr effect, a normally incident beam of light is used, and the measured
magnetization is the component perpendicular to the surface. When the beam is reflected
off the magnetic sample, the reflected beam’s plane of polarization is rotated from its
origina plane of polarization. The reflected light component that constitutes the plane of
polarization rotation is known as the Kerr component. As seen in Figure 2.1, where the
sample is magnetized upward, the determined Kerr component is indicated as coming out
of the page. If the magnetization were reversed (downward) the Kerr component would

be equal but opposite in sign.

The longitudinal Kerr effect occurs when the magnetization is oriented paralel to the
surface and parallél to the plane of incidence of the light beam. The orthogonal states of s
polarization and p polarization are considered separately as seen in Figure2.1. The s
polarization state (s comes from the German senkrecht, for perpendicular) is when the
plane of polarization is oriented perpendicular to the plane of incidence. The p
polarization (p for paralel) state is when the plane of polarization is oriented parallel to

the plane of incidence.

The transverse Kerr effect occurs when the magnetization is oriented parallel to the
surface but perpendicular to the beam’s plane of incidence. For s polarized light, the E
field of the light and the magnetization in the sample being measured are parallel. The
cross product of the magnetization, M, and the E field results in no net vector, therefore
there is no Kerr rotation of the reflected beam [25]. For p polarization, the transverse
Kerr effect is seen. In this case the Kerr component is either parallel or anti-parallel to the
incident polarization and yields an intensity variation that trandates to a change in the
reflectivity of the magnetic sample. This is not easily observed because the overal level

of light is many times larger than the Kerr component.
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In this report, we primarily use the polar Kerr angle for measurement. With the
equipment that is used, the polar Kerr angle is accurately measured. We can also measure
the longitudinal Kerr angle. However, accuracy in measuring the longitudinal Kerr angle

is limited by some artifacts, which are explained below.

2.2.2 Time Domain Scanning Kerr Effect Micraoscope (SKEM)

Scanning Kerr microscopy has been a tool useful in imaging domain structures and their
dynamics in various regions of thin-film recording heads [6]-[15],[21]. The scanning
Kerr effect microscope (SKEM) that was used for this project was custom built here at
Carnegie Mellon University by Shingo Tamaru [26]. A schematic of the SKEM is shown

in Figure 2.2 and a photograph of the system is shown in Figure 2.3.
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Figure 2.2- Schematic of the time domain scanning Kerr effect microscope. *Sum
and difference circuitry isdescribed in more detail (Figure 2.6).
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Figure 2.3- Photograph of the time domain scanning K err effect microscope.

A description of the parts and characterization of this system is summarized in

appendix B of this report, and explained in detail in S. Tamaru's M.S. project report [26].

One clear advantage of this system is that it is capable of measuring both the polar and
longitudinal Kerr effect simultaneously through the use of dua element photodiodes.

Thisis explained further in Section 2.2.4.

2.2.3 Measuring the Kerr angle using differential detection

The amplitude of the light in a differential detection system, A.(t) (detector 1: [+],
detector 2: [-]), following [27], with some dlight correction, illuminating each set of dual

photodiodes is given by the equation:

13



A.(t)= A sin(B £, )
Equation 1

where AQ is the maximum amplitude of the light, 6« is the small angle of magneto-optic

rotation at saturation, Mg, of the magnetic sample, B is the orientation angle of the
analyzer relative to the plane of extinction at one of the photodetectors (90 -( for the
other detector), and y (0 < y< 1) represents the fraction of saturation to which the sample
is magnetized, i.e. y=M/Ms. Simplifying Equation 1, the following expression is obtained:
A.(t) = A, (sin Beos(yBy ) cosBsin(yy )
Equation 2

The irradiance of the beam, Int(t), is given by the equation:
in. ()= A A ()
Equation 3
Substituting Equation 2 into Equation 3 gives.
Int, (t) = A%(sin? Bcos?(y8, )+ cos® Bsin?(y8, )+ 2sin B cosBsin(y8, )cos(yo, )
Equation 4
By smplifying Equation4 using a smal angle approximation, sin(y6x)U Yok,
sin?(y8x)0, and cos(yBk) L, the following expression is obtained:
Int, (1) 047 [n°(8)£sn(2B)8, )
Equation 5

Since the anode current of each photodiode, i(t), is proportiona to Int(t), we can say:
()08, (8n*(8)£sn(2B)8, )

Equation 6
where 1o is the incident laser intensity, (Ao?) and S is the photo sensitivity of the
photodiode, in amperes/(W/cn?). This current is then input to a trans-impedance
amplifier to obtain a proportional voltage, v(t). If we set the analyzer to an angle of 45 ,

light at each photodiode would be oriented at 45 with respect to the plane of extinction,

14



thus splitting the intensity of light evenly to each set of photodiodes. Therefore, we set

p=45" and rewrite Equation 6 as:
v. (t) 09 ,RO05£sn(y8,))
Equation 7

where R is the trans-impedance of the amplifier. By taking the difference of each set of

photodiodes and normalizing by the sum of the photodiodes, we obtain the following

expression:
ool o,
Equation 8
and:
Equation 9

So at each point a vaue is obtained, 2yg,, which is proportiona to the magnetization of

the sample a that point. By finding the change in Kerr angle with respect to the
magnetization and Ms for a given material, the magnetization can be ascertained

quantitatively by measuring the Kerr angle.

2.2.4 Simultaneously measuring the longitudinal and polar Kerr effect

One clear advantage of the microscope system used in this work is the ability to
simultaneously measure the polar and longitudinal Kerr effect. To see how this is
accomplished, let us examine a laser spot whose plane of incidence is norma to the

surface of the magnetic sample in our Kerr microscope, as seen in Figure 2.4. Using the
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analysis described in the previous section for measuring the polar Kerr angle, diode 1 is

the sum of 1A and 1B, and diode 2 is the sum of 2A and 2B.

Split photodiodes

Polarized beam

splittter
1A+1B 2A+2B

Reflected beam Intec.5+sin6) o, Intec.5-siN6 ).

—— Objective lens \

Focused spot on sample

2sino =20
surface (250 nm) Kpolar= “YKpalar

“— Magnetic sample

Figure 2.4- Optical configuration of a laser spot with normal incidenceto the
magnetic sample. Measuring polar Kerr angle.

The longitudinal Kerr angle is measured by dividing the laser spot along the direction it is
polarized, as shown in Figure 2.5. The difference between the intensity of the upper half
and lower half of each photodiode is proportional to the in-plane magnetization [8].
Measurement of the longitudinal Kerr angle in this manner has been done by others [8],
[9], and has been proven heuristically. This effectively makes the plane of incidence in
the direction of the magnetization we wish to measure. Therefore we can measure the
signal from each of the four individual photodiodes, provided they are aligned properly,

and obtain the longitudinal and polar Kerr angles.
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1A

1B Split photodiodes
2A 2B
Polarized beam
splittter
1A+2B 2A+1B
Reflected beam Intec.5+sin6, ., Intec.5-sindy

— Objective lens

Focused spot on sample
surface (250 nm)

Aﬂ Magnetic sample

2sin eKmngE 28Klung

Figure 2.5- Optical configuration of a laser spot with normal incidenceto the
magnetic sample. Measuring longitudinal Kerr angle.

Trans-impedance amplifiers were used to convert the current from each photodiode to a
voltage. The output of the circuit is then fed into each of the lock-in amplifiers,
referenced at the 2.3 kHz chop frequency, that provide the voltages proportiona to the

polar and longitudinal Kerr angles, as shown in Figure 2.6.

/l\‘l A+1B+25+28
) INTEMSITY
18+1B8-24-28
4 POLAR
&
18+28-20-18
“’E‘Q LONGITUDINAL

Transmvpedance amphifiers

Figure 2.6- Summing circuitry for calculating polar and longitudinal Kerr angles,
and laser intensity.
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In the future it may be possible to measure all three components of magnetization. This
would require four element photodiodes and a device to rotate the polarization angle of
the laser by 90° [8], [9].

2.3 Measurement artifacts

2.3.1 Influence of large magnetization gradients

1A
1B

2A 2B 1A=-25+8K\Dng +8Kp0|ar

1B=.25- 8Klong 'SKpDIar

2A= -25'8Klung 'SKpolar
2B= -25+5Klong +8Kp0|al’

Net polar signal: Net longitudinal signal:
1A+1B-2A-2B=0 1A+2B-2A-1B= 48, +4301ar
T

S @M

Figure 2.7- Aliasing effect of the polar Kerr angle on thelongitudinal Kerr angle.

A problem that may occur in this measurement configuration is that the polar Kerr effect
may influence the resulting longitudina Kerr angle measurements. If there is a large
gradient in the magnetization normal to the surface, as shown in Figure 2.7, the detectors
will produce a voltage proportional to the longitudinal Kerr angle plus an additional
voltage that is proportional to the spatia derivative of the polar Kerr angle along the

direction of the longitudina magnetization (downtrack in this case). This effect can be
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substantial since the polar Kerr effed is a much larger signal compared to the

longitudinal Kerr effed.

2.3.2 Correcting longitudinal image for large normal gradients

As described in the previous dion, large gradients of magnetizaion in the normal
diredion produce an artifad in the longitudinal Kerr angle measurement. Typicdly, the
magnetization should follow the gplied field. In Figure 2.8, a plot of a Karlgvist field is
shown. A magnetic transducer film exposed to this field should have severa fedures.
First, the downtrad or longitudina magnetization should al be oriented in the same
diredion. Second, the longitudina magnetization should pe& at the ceiter of the gap. As
seen in Figure 2.8, the downtradk field (and the total field) pe&ks at the gap center and is

always positive.

Figure 2.8- Simple Karlqvist plot toillustrate what the magnetization should
resemble.
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